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Stroke remains the second leading cause of death worldwide and the third cause of disability-adjusted life-years. Most strokes are ischemic in nature, meaning they are caused by the disruption of cerebral blood flow resulting from obstructed blood vessels. Reperfusion therapies such as thrombolysis with tissue plasminogen activator and endovascular mechanical thrombectomy are very effective and are becoming game changers for eligible patients. Despite these advances, the achieved effects are insufficient from the perspective of the entire population of stroke patients. Therefore, there is an urgent need to expand eligibility for reperfusion therapies and implement adjuvant therapeutic measures. Animal stroke models are at the forefront of these efforts, helping to untangle complex pathophysiology and providing valuable preclinical data to guide further clinical trials. Various stroke models are available, including direct blocking of cerebral arteries or using other means to recapitulate stroke pathophysiology. International advisory boards recommend initial in vivo experiments be performed in smaller animals, such as rodents. However, second testing would be more desirable in larger animals such as cats, pigs, dogs, and non-human primates. Due to larger cerebral volume, gyrencephalization, and higher white/gray matter ratio, large animals are crucial in translational stroke research. Animal stroke models differ in the time and complexity of the stroke induction procedure, the reproducibility rate, the level of similarity to the human condition, and the possibilities for analysis, imaging, and follow-up studies. The choice of the most appropriate stroke model may translate to better bench-to-bedside translation of preclinical stroke research; ideally, this choice should be based solely on scientific merit.
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1. Introduction

Every year, October 29th marks World Stroke Day (Sandercock, 2018). This initiative raises awareness about stroke, the second leading cause of death worldwide and the third cause of disability-adjusted life-years (Vos et al., 2020). Although the term stroke encompasses neurological injuries resulting from any vascular cause, 87% of human strokes are ischemic in nature (Benjamin et al., 2018; Mazuryk et al., 2021). Essentially, ischemic stroke is caused by the disruption of cerebral blood flow (CBF) resulting from the obstructed blood vessel. There are only two clinically approved therapies to restore blood flow in the occluded vessel: intravenous thrombolysis with tissue plasminogen activator (tPA) and endovascular mechanical thrombectomy (EMT). Developed initially using rabbits, tPA is a serine protease that dissolves blood clots (Matsuo et al., 1981). Unfortunately, both therapies can only be introduced within a narrow therapeutic window: (3-4.5 hours after the stroke event) for tPA (Bluhmki et al., 2009), which effectively applies to only 1-8% of stroke patients (Dhaliwal et al., 2019), and 6 hours for EMT, which can be further expanded till 24 hours for a narrow group of selected patients (Zivelonghi and Tamburin, 2018). Additionally, intracranial hemorrhage is a common complication following tPA treatment (Maïer et al., 2020). This limited set of therapeutic options has been the main driving force behind development of thousands of neuroprotective agents that have been tested in preclinical studies; however, none of them have been successfully translated into clinical practice. The failure of successful bench-to-bedside translation of new therapies for stroke energized the scientific community to establish the Stroke Therapy Academic Industry Roundtable (STAIR). This consortium issues guidelines regarding the quality and reproducibility of preclinical stroke research and, according to the 2009 update, recommends that initial in vivo experiments should be performed in rodents. More advanced preclinical testing studies are to be performed in gyrencephalic animals such as cats, pigs, and non-human primates (NHPs) (Fisher et al., 2009; Cai and Wang, 2016).

Since strokes are heterogenous diseases with complex etiologies, one of the most vital aspects of stroke studies is the selection of the most appropriate in vivo model. There are three main groups of stroke models, including the global, hemorrhagic, and focal models (Li and Zhang, 2021). Global models mimic the global cerebral ischemic event, which occurs when CBF is compromised and is usually triggered by a heart attack in adults or in neonatal hypoxic ischemic encephalopathy (HIE) in newborn. These models are generally easier to induce and are widely used to study the mechanisms of action of novel neuroprotectants (Woodruff et al., 2011). The hemorrhagic stroke models mimic the situation of spontaneous bleeding either into the brain parenchyma or subarachnoid space. It subsequently leads to the formation of hematoma and compression of brain structures (Zille et al., 2022). The induction of a focal ischemic stroke model, on the other hand, usually is based on a permanent or transient cerebrovascular occlusion, leading to a local disruption of cerebral blood flow (Kleinschnitz et al., 2015). Focal models seem to be the most clinically relevant so we will focus on them later in this article (Woodruff et al., 2011). An additional critical aspect we will discuss here is the phylogenetic complexity of the model species. Stroke can be modeled in small animals, allowing for greater throughput, lower cost and lower ethical burden. For larger, higher mammals, the advantage is much greater clinical relevance including more similar vasculature, brain size and white to gray matter ratio. Also, imaging is performed using the same methods and instruments as in human (Figure 1).
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FIGURE 1
 Size matters: advantages of small and large animals of stroke.




2. Transcranial occlusion

Transcranial models allow direct access to and closure of the superficial cerebral arteries at the base of the skull. Electrocoagulation of the artery causes permanent occlusion, whereas the use of removable microclips or sutures allows for transient occlusion and subsequent reperfusion.

In Robinson et al. (1975) was the first who described distal middle cerebral artery (MCA) occlusion via a craniectomy approach, which was developed in Sprague-Dawley rats. This was followed by Tamura et al. (1981), who used the same approach however, occluded the middle cerebral artery proximally, where it origins from the internal carotid artery (ICA). Modifying this technique includes ipsilateral ICA electrocoagulation to generate a tandem occlusion (Brint et al., 1988), or bilateral ICSs, the three-vessel occlusion, resulting in large hemispheric infarcts (Chen et al., 1986). Proximal M1 segment MCA occlusion produces reproducible cortical and basal ganglia infarcts; however, the more distally the artery is occluded, the smaller and more variable infarcts are due to collateral blood flow in the cerebral cortex.

Besides rodents, transcranial occlusion may also be used in large animals including dogs, sheep, pigs, and NHPs. In 1970, Hudgins described a method of direct MCA occlusion in squirrel monkeys via a transorbital approach with the total eyeball, optic nerve, and posterior orbital wall removal (Hudgins and Garcia, 1970). This method allows for direct proximal and distal M1 occlusion and anterior cerebral artery (A1) occlusion. However, the transorbital approach does not allow for distal MCA occlusion. Thus, the craniectomy model was developed to target distal M2 branches (Marshall and Ridley, 1996).

Craniectomy models are invasive, cause significant morbidity independent of stroke, and require microsurgical skills. On the other hand, it offers good reproducibility in infarct size, and neurological deficits, with relatively low mortality. However, neural and vascular structures may be directly damaged during the procedure; dura opening affects intracranial pressure and cerebrospinal fluid circulation, and may result in surgical site infection. In addition, the transorbital approach causes one-sided blindness, affecting the animals' neurobehavior assessment. The use of removable micro clips allows for reperfusion studies; however, it causes very rapid restoration of the blood flow rather than progressive reperfusion, which is observed in human stroke.



3. Endovascular filament middle cerebral artery occlusion

The goal of the endovascular filament Middle Cerebral Artery Occlusion (MCAO) is to block blood flow by a filament or suture placed within the artery lumen. Introduced by Koizumi et al. (1986), followed by many modifications of a kind, coating, length of monofilament, access route, rodent strains, and occlusion time (Longa et al., 1989), it became the most popular method in ischemic stroke studies, used in more than 40% of animal models (Howells et al., 2010). Technically, MCAO is relatively less invasive since it does not require craniectomy; however, first steps of the procedure require microsurgical exposure of the common, internal, and external carotid arteries. Next, through the ICA, a filament with a round tip is advanced into the MCA until it interrupts blood supply, which may be confirmed by laser doppler flowmetry. Moreover, besides MCA, anterior and posterior cerebral arteries are usually occluded. The model may be used for permanent or transient ischemia, depending on the time of filament placement within the artery lumen. Infarct area and severity depend on occlusion time. Short-lasting MCA occlusion induces disseminated neuronal injury in the striatum, most vulnerable to ischemic injury, because of lack of collateral flow (Garcia et al., 1995). More prolonged or permanent occlusions produce severe hemispheric infarcts with minimal penumbra territory, also affecting the hypothalamus, which causes hyperthermia in rats, a complication rarely seen in humans (Li et al., 1999). The significant drawback of intraluminal occlusion is the reperfusion process. In humans, vessel occlusion is frequently incomplete because of gradual, spontaneous reperfusion (Zanette et al., 1995). In contrast, after filament retrieval, the blood flow is rapidly restored to the baseline level. However, this mimics the clinical scenario with mechanical thrombectomy when a blood clot is removed using endovascular devices, and blood flow is rapidly restored.

Because of its lower invasiveness, intraluminal MCAO models were also adapted to large animals. In Bihel et al. (2010) showed the feasibility of inducing transient and permanent intraluminal MCAO in marmoset, which resulted in subcortical and cortical brain ischemia evidenced by magnetic resonance imaging (MRI), histology, immunohistochemistry, and long-lasting functional deficits. Especially, MRI monitoring showed a lesion evolution similar to humans rather than rodents. Extension of the intraluminal MCAO model in rodents are endovascular occlusions performed under digital subtraction angiography in large animals (see later).



4. Embolic occlusion

Embolic occlusion models fall into two major categories: thromboembolic and non-thromboembolic. Thromboembolic models are based on applying autologous or allogenic spontaneous blood clots or thrombin-induced blood clots. Blood is obtained from a tested animal (autogenous) or another species, usually human (allo-/xenogeneic), left for clot formation and intraarterially injected to cause vessel occlusion.

In Kudo et al. (1982) described thromboembolic occlusion in rats, generated by blood clot injection into the internal carotid artery (Kudo et al., 1982). The surgical technique with common, internal, and external carotid arteries exposition was the same as with the intraluminal filament model. Distribution of infarct was extensive and variable, from large hemispheric occlusions, within different territories of the ipsilateral hemisphere: parietotemporal cortex, hippocampus, basal ganglia, reaching even opposite hemisphere. To provide more accuracy and reproducibility, the intracarotid injection was replaced by direct MCA catheterization in rats (DiNapoli et al., 2006). By microsurgical exposition, a microcatheter was inserted into the carotid artery and introduced into MCA. Catheter position and artery occlusion were confirmed by a laser Doppler probe placed on the cranium at the temporal region. Ischemia was monitored for 120 min, tPA was administered IV, and a Doppler probe again confirmed MCA blood flow restoration.

Because most human ischemic strokes have a thromboembolic origin, this model is excellent for thrombolytic therapy studies. It is worth mentioning that the only approved thrombolytic drug, alteplase, was developed in rabbit embolic stroke model (Zivin, 1988). The response of the thromboembolic models to tPA depends on the composition and volume of the emboli and animal strain. Thrombin-induced clots are fibrin-rich and have a longer response to tPA than spontaneously forming clots. Also, different animals have different susceptibility to alteplase; in vitro, human tPA can dissolve over 95% human clots, 80% primate clots, and only 10% rat clots, consequently choosing rats for thrombolysis studies; alteplase dose should be tenfold higher (Korninger and Collen, 1981).

Embolic occlusion models may also be induced by artificial micro/macrospheres injections directly into CCA, ICA, MCA, in small and large animals. However, due to significant progress in interventional neuroradiology techniques and imaging, endovascular occlusion models in large animals are more precise and reproducible (see below). Microspheres induced-stroke results in multifocal and heterogenous infarcts in the parietotemporal cortex, corpus callosum, hippocampus, and basal ganglia (Miyake et al., 1993). Development of the lesion is gradual and slow, may last 24-48h, and mimics transient ischemic attack in humans. In contrast, embolization models are more reproducible and produce more focal ischemic infarcts similar to intraluminal suture occlusion, without the risk of developing hypothalamic injury and hyperthermia. The substantial difference between thromboembolic and artificial sphere models is that artificial spheres do not dissolve, causing permanent occlusion.



5. Endovascular occlusions in large animal models

Many methods of inducing vessel occlusion in small animals have been translated to large animals, such as thromboembolic and intraluminal suture-based techniques, and even further improved by the use of endovascular coils and balloons.

Besides gyrencephalization and favorable white/gray matter ratio, large animals have larger vascular diameters than rodents, making them suitable candidates for endovascular models (Taha et al., 2022). Intracranial vessel accessibility also depends on head-neck vascular anatomic configurations. Rete mirabile (RM) is a complex of anastomosing vessels located proximal to the intracranial ICA in pigs and sheep. Humans, NHPs, and dogs do not have RM, and their extracranial-intracranial vascular anatomy allows for precise microcatheter manipulations, producing accurate and reproducible ischemic infarcts. An essential advantage of endovascular techniques is the possibility of delivering targeted drugs, or stem cells, during mechanical thrombectomy procedures in the same setting as well as in sub-acute or chronic stroke phases.

Historically, due to RM, endovascular thromboembolic models were not available in swine. However, in 2020 Golubczyk et al. (2020) introduced an endovascular thrombin-induced ischemic stroke model in swine. Under digital subtraction angiography a catheter was introduced to ascending pharyngeal artery just proximal to RM. This pioneering experiment was conducted under the guidance of interventional magnetic resonance imaging. First, gadolinium contrast was pre-injected via an arterial catheter to assess perfusion areas of the brain in the ipsilateral hemisphere. Next, a thrombin-gadolinium mixture was injected, and dynamic GE-EPI MRI scans showed hyperintense regions in the ipsilateral hemisphere indicating vascular occlusion. This model was later used to study the therapeutic potential of neuroprotective agent glycolic acid with combined systemic and intra-arterial administration in the acute phase of stroke (Chovsepian et al., 2022). This experiment demonstrated the possibility of inducing endovascular ischemic stroke in swine (Figure 2), which raises less ethical controversies than NHPs and dogs.
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FIGURE 2
 Novel endovascular model of focal ischemic stroke in a large animal. (A) Intra-arterial administration of thrombin mixed with gadolinium allows real-time visualization of the occlusion with magnetic resonance imaging (MRI). (B) Placement of the microcatheter proximally to rete mirabile allows trans-catheter perfusion of the ipsilateral hemisphere, as visualized by contrast-enhanced perfusion MRI. The study has overcome the long-lasting challenge of inducing endovascular stroke model in pigs. Reproduced from Golubczyk et al., 2020, licensed under CC BY 4.0. APA/AP, ascending pharyngeal artery; BBB, blood-brain-barrier; CCA/CC, common carotid artery; ECA/EC, external carotid artery; RM, rete mirabile. Red arrow indicates placement of the microcatheter.


Endovascular occlusion models provide precise and reproducible methods to induce focal, permanent, or transient ischemia in any desired brain territory. However, these techniques require costly infrastructure including an X-ray angiography suite for catheterization, microcatheters, and microwires. These are significant limitations because of economic and logistical factors, further compounded by the ethical issues.



6. Photothrombosis model

The photothrombosis model of ischemic stroke is induced by localized intravascular photo-oxidation. The procedure relies on intraperitoneal (in mice) (Lee et al., 2007) or intravenous (in rats and larger animals) (Kuroiwa et al., 2009; Khateeb et al., 2022) administration of a photosensitive dye, such as rose Bengal or erythrosine B, followed by focal irradiation of the cranium. It generates free oxygen radicals, which lead to endothelial damage, platelet aggregation, and blood clot formation (Braeuninger and Kleinschnitz, 2009; Li and Zhang, 2021). The major advantages of the photothrombosis model are minimal invasiveness and relatively simple methodology, high reproducibility of the ischemic lesion, and low mortality. Also, as recently shown by Weber et al., photothrombosis can be effectively applied to study blood-brain barrier leakage even beyond the acute stroke stage (Weber et al., 2020). However, due to the lack of ischemic penumbra, this model does not ideally reflect the clinical scenario, where the formation of cytotoxic edema is a hallmark of focal ischemic stroke and a common therapeutic target. Besides the lack or marginal local collateral blood flow (no penumbra), reperfusion is also not observed after photothrombosis (Uzdensky, 2018). However, some improvements were achieved by UV laser-based clot dissolution (Watson et al., 2002) and modulation of neutrophil extracellular trap formation (NETs). NETs are extracellular DNA strings secreted by neutrophils related to platelet aggregation and thrombi formation, hence contributing to tPA treatment resistance (Peña-Martínez et al., 2019).

Photothrombosis was initially developed in rats to study cortical ischemia (Watson et al., 1985) and was soon adapted to other small animals such as mice and Mongolian gerbils (Kuroiwa et al., 2016). The benefit of inducing photothrombosis in smaller animals is minimal invasiveness (no need for craniotomy); however, additional live brain imaging with modalities such as intravital microscopy would still necessitate bone removal (Nowak et al., 2022). The protocol for smaller animals was significantly improved with a ring-shaped laser beam, which upon dye photoactivation, led to the formation of a penumbra-mimicking ischemic zone (Wester et al., 1995). Further, photothrombosis was made possible beyond the cortex in the subcortical structures such as the internal capsule (Kim et al., 2014; Han et al., 2017) or striatum (Lv et al., 2018). Recently, Fukuda et al. (2022) established a photothrombosis protocol for mice that can specifically target even a single vessel in the cortical parenchyma by two-photon excitation with a success rate of 84.9 ± 1.7% and an irradiation time of < 80 s (Fukuda et al., 2022).

Due to the complexity of the brain structure and limited light penetration, adaptation of the photothrombosis model to larger animals usually requires craniotomy before illumination. It makes the procedure more invasive and limits both throughput and reproducibility. Nonetheless, photothrombosis was already successfully introduced in larger animals such as piglets (Kuluz et al., 2007) and NHPs, including cynomolgus macaques (Maeda et al., 2005), marmosets (Ikeda et al., 2013), and rhesus monkeys (Zhang et al., 2021). Notably, Yang et al. (2020) used rhesus monkeys after photothrombotic stroke to demonstrate that circular RNA SCMH1 promotes functional recovery by enhancing neuronal plasticity, inhibiting glial activation and peripheral immune cell infiltration (Yang et al., 2020). Recently, a piglet-based photothrombotic stroke model was used to test a hand-held transcranial photoacoustic imaging device. Authors concluded that oxygen saturation metric alone could be used to identify regional lesions within 2 h after stroke induction in a gyrencephalic brain (Kang et al., 2021).



7. Endothelin-1 model

The endothelin-1 model of focal ischemic stroke is induced by applying a strong, reversible vasoconstrictor endothelin-1. This 21-amino acid peptide causes significant CBF reduction, leading to local ischemia with negligible edema followed by gradual reperfusion. The strength and duration of endothelin-1-induced vasoconstriction are strictly dose-dependent (Traverse et al., 1996) and can be reversed, hence progressing to the reperfusion phase (Macrae et al., 1993). Endothelin-1 can be administered: topically onto the brain surface, through intracerebral injection, or directly into the exposed artery. Topical application induces a semicircular infarction involving all cortical layers (Fuxe et al., 1997); however, such delivery route causes uncontrollable diffusion, being a source of variability (Trotman-Lucas and Gibson, 2021). Meanwhile, direct infusion into the MCA or stereotaxic injection into the adjacent cortex endothelin-1 causes a rapid reduction of CBF in various brain areas, including the corpus callosum and caudate nucleus (Sharkey, 1993).

The endothelin-1 model was first established in rats (Li and Zhang, 2021) and was the first stroke model inducible in conscious animals (Sharkey, 1993), with cerebral infarctions comparable to those achieved in anesthetized MCAO models (Abeysinghe and Roulston, 2018). Interestingly, endothelin-1 is around four times more effective in freely moving than in anesthetized rats (Bogaert et al., 2000). The endothelin-1 model has prominent advantages, including relatively low invasiveness; flexible selection of infarct area; reversibility, good spatial control, and low animal mortality. Unfortunately, endothelin-1 is much less potent in mice where it produces insignificant infarctions (Horie et al., 2008), likely due to difference in endothelin-1 receptor expression pattern in mice (Wang et al., 2020), which effectively limits mice-based studies. Meanwhile, larger animals demonstrate excellent utility for endothelin-1-based stroke induction, as shown in pigs (Zhang et al., 2016), and NHPs, including marmosets (Virley et al., 2004) and rhesus monkeys (Dai et al., 2017). Recently, Boghdadi et al. utilized the endothelin-1-induced marmoset stroke model to transcriptomically characterize astrocytes in the infarcted visual cortex, demonstrating NogoA-mediated anti-inflammatory response limiting macrophage infiltration into the surviving parenchyma (Boghdadi et al., 2021). However, despite these promising results, aside from its vasoconstrictive properties, endothelin-1 is also involved in neural transmission and modulation, and endothelin-1 receptors are also expressed by neurons and astrocytes (Giaid et al., 1989; Nakagomi et al., 2000). Therefore, endothelin-1 administration can cause additional side effects which could interfere with the experiment outcome, affecting and complicating interpretation of the stroke study.



8. Ouabain model

Alongside the many available, already described techniques of inducing focal stroke, one final that is worth mentioning is based on the administration of ouabain. Ouabain is an inhibitor of Na/K-ATPase, which causes cellular energy deprivation upon intracerebral delivery, mimicking a stroke-like cascade of events (Veldhuis et al., 2003; Janowski et al., 2008), including severe neuroinflammation (Dabrowska et al., 2021) (Figure 3). Moreover, as we have already shown, this model can be effectively implemented to study the therapeutic potential of intra-arterially delivered, modified mesenchymal stem cells (MSCs) (Andrzejewska et al., 2020; Nowak et al., 2021) as well as MSC-derived extracellular vesicles (Dabrowska et al., 2019).
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FIGURE 3
 Ouabain-induced deep brain lacunar infarct model in a small animal. Intra-cerebral administration of ouabain, an inhibitor of Na/K-ATPase, causes cellular energy deprivation, inducing a stroke-like cascade of events, including severe immune response. Significant changes are visible in the histological picture of brain hemisphere and the level of pro-inflammatory and anti-inflammatory cytokines and chemokines, as well as composition of immune cell populations in the injured brain. Reproduced from Dabrowska et al., 2021, licensed under CC BY-NC-ND 4.0. The number of colored dots represents the level of each factor 3, 5, and 9 days after ouabain-induced brain injury, relative to control. The significant changes in the number of immune cells are reflected by multiplication of their graphical counterparts.




9. Discussion

An in vivo research model is established when a non-human animal species is used to mimic a human condition, usually after a standardized, external intervention. Each model has its strengths and weaknesses, affecting the induction time and complexity; reproducibility rate; level of similarity to the human condition; and potential for analytics, imaging, and follow-up studies. In a clinical scenario, ischemic stroke is usually caused by an acute blood vessel obstruction, likely affected by the patient's age, sex, overall condition, comorbidities, and all these features are challenging to reproduce in animal model. The transient vessel occlusion seems to mimic clinical situation more closely, additionally allowing to precisely control the occlusion period hence reperfusion, which could be valuable for therapeutic window screening, and especially if induced in diabetic or hypertensive animal. Meanwhile, model animals are usually grouped by size and brain anatomy. They include smaller animals with lissencephalic brains, such as mice, rats, or gerbils, and larger animals with more human-like, gyrencephalic brains, including pigs, cats, and NHPs. Although smaller animals are usually easier to operate, manage and have lower cost, they demonstrate substantial anatomical differences from humans and have limited potential for behavioral evaluation. On the other hand, larger animals have white matter-rich brain content with strong tentorium cerebelli, more pronounced cerebral vasculature with collateral blood flow, and, especially in NHPs, can be subjected to reliable neurological assessment; however, the main disadvantages are high costs and ethical issues. Besides behavioral and neurological examination, appropriate imaging is obligatory to fully evaluate the study subject f.ex., regeneration potential of transplanted stem cells. Larger animals can often be analyzed with human-scale equipment such as computed tomography, magnetic resonance or positron emission tomography; however, it does not allow for detailed evaluation of cell viability and function. This drawback can be overcome by imaging techniques used in small animals such as bioluminescence, intravital microscopy and magnetic resonance microscopy (Driehuys et al., 2008; Nowak et al., 2022). Photon emission by luciferase-expressing cells is a principle of bioluminescence, which allows detection of living cells. Because of photon absorption in soft tissue and bones, it is only used in small animals. Intravital microscopy shows cells' function at cellular and subcellular level in living animal through small skull window. Hardware and software development expanded MRI to microscopic scale, allowing observation of brain structures 10–20 micrometers in size in magnetic resonance microscopy. The choice of animal model and imaging technique depends on the study type and should ideally be based solely on scientific merit. However, other non-scientific criteria that must be considered are ethical issues and overall research costs, including equipment, animal care, and maintenance.

Regardless of stroke induction technique and animal choice, in vivo models are still at the forefront of the preclinical battle against stroke. Alarmingly, however, the devastating socio-economic impact of stroke on societies and individual households seems not to bother European legislators. Instead, with initiatives such as 2021/2784(RSP) (“Resolution on plans and actions to accelerate the transition to innovation without the use of animals in research, regulatory testing and education”), the European Parliament hinders further scientific advancements and future clinical trials in Europe. We urge the research community to speak up and educate European societies that such actions will only benefit non-European governments, research institutions, and companies, limit scientific independence, and ultimately bury the enormous potential of animal studies to advance science and benefit humanity.



Author contributions

All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Funding

This work was supported by the European Social Fund (POWR.03.02.00-00-I028/17-00) and the Kosciuszko Foundation (2022/2023 KF Exchange Program to the United States).



Conflict of interest

MJ and PW are co-owners of Ti-com, LLC, a CRO that offers animal models of neurological disorders.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The authors MJ and PW declared that they were an editorial board member of Frontiers, at the time of submission. This had no impact on the peer review process and the final decision.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 Abeysinghe, H. C. S., and Roulston, C. L. (2018). “A Complete Guide to Using the Endothelin-1 Model of Stroke in Conscious Rats for Acute and Long-Term Recovery Studies,” in Traumatic and Ischemic Injury Methods in Molecular Biology, ed. B. Tharakan (New York, NY: Springer New York), 115–133.

 Andrzejewska, A., Dabrowska, S., Nowak, B., Walczak, P., Lukomska, B., Janowski, M., et al. (2020). Mesenchymal stem cells injected into carotid artery to target focal brain injury home to perivascular space. Theranostics. 10, 6615–6628. doi: 10.7150/thno.43169

 Benjamin, E. J., Virani, S. S., Callaway, C. W., Chamberlain, A. M., Chang, A. R., Cheng, S., et al. (2018). Heart disease and stroke statistics−2018 update: a report from the american heart association. Circulation. 137, 558. doi: 10.1161/CIR.0000000000000558

 Bihel, E., Pro-Sistiaga, P., Letourneur, A., Toutain, J., Saulnier, R., Insausti, R., et al. (2010). Permanent or transient chronic ischemic stroke in the non-human primate: behavioral, neuroimaging, histological, and immunohistochemical investigations. J Cereb Blood Flow Metab. 30, 273–285. doi: 10.1038/jcbfm.2009.209

 Bluhmki, E., Chamorro, Á., Dávalos, A., Machnig, T., Sauce, C., Wahlgren, N., et al. (2009). Stroke treatment with alteplase given 3·0–4·5 h after onset of acute ischaemic stroke (ECASS III): additional outcomes and subgroup analysis of a randomised controlled trial. The Lancet Neurol. 8, 1095–1102. doi: 10.1016/S1474-4422(09)70264-9

 Bogaert, L., Scheller, D., Moonen, J., Sarre, S., Smolders, I., Ebinger, G., et al. (2000). Neurochemical changes and laser Doppler flowmetry in the endothelin-1 rat model for focal cerebral ischemia. Brain Res. 887, 266–275. doi: 10.1016/S0006-8993(00)02959-0

 Boghdadi, A. G., Spurrier, J., Teo, L., Li, M., Skarica, M., Cao, B., et al. (2021). NogoA-expressing astrocytes limit peripheral macrophage infiltration after ischemic brain injury in primates. Nat. Commun. 12, 6906. doi: 10.1038/s41467-021-27245-0

 Braeuninger, S., and Kleinschnitz, C. (2009). Rodent models of focal cerebral ischemia: procedural pitfalls and translational problems. Exp. Trans. Stroke Med. 1, 8. doi: 10.1186/2040-7378-1-8

 Brint, S., Jacewicz, M., Kiessling, M., Tanabe, J., and Pulsinelli, W. (1988). Focal brain ischemia in the rat: methods for reproducible neocortical infarction using tandem occlusion of the distal middle cerebral and ipsilateral common carotid arteries. J Cereb Blood Flow Metab. 8, 474–485. doi: 10.1038/jcbfm.1988.88

 Cai, B., and Wang, N. (2016). “Large Animal Stroke Models vs. Rodent Stroke Models, Pros and Cons, and Combination?,” in Brain Edema XVI Acta Neurochirurgica Supplement., eds. R. L. Applegate, G. Chen, H. Feng, and J. H. Zhang (Cham: Springer International Publishing), 77–81.

 Chen, S. T., Hsu, C. Y., Hogan, E. L., Maricq, H., and Balentine, J. D. (1986). A model of focal ischemic stroke in the rat: reproducible extensive cortical infarction. Stroke. 17, 738–743. doi: 10.1161/01.STR.17.4.738

 Chovsepian, A., Berchtold, D., Winek, K., Mamrak, U., Ramírez Álvarez, I., Dening, Y., et al. (2022). A Primeval Mechanism of Tolerance to Desiccation Based on Glycolic Acid Saves Neurons in Mammals from Ischemia by Reducing Intracellular Calcium-Mediated Excitotoxicity. Advanced Science. 9, 2103265. doi: 10.1002/advs.202103265

 Dabrowska, S., Andrzejewska, A., Kozlowska, H., Strzemecki, D., Janowski, M., Lukomska, B., et al. (2021). Neuroinflammation evoked by brain injury in a rat model of lacunar infarct. Experimental Neurology. 336, 113531. doi: 10.1016/j.expneurol.2020.113531

 Dabrowska, S., Andrzejewska, A., Strzemecki, D., Muraca, M., Janowski, M., Lukomska, B., et al. (2019). Human bone marrow mesenchymal stem cell-derived extracellular vesicles attenuate neuroinflammation evoked by focal brain injury in rats. J Neuroinflammation. 16, 216. doi: 10.1186/s12974-019-1602-5

 Dai, P., Huang, H., Zhang, L., He, J., Zhao, X., Yang, F., et al. (2017). A pilot study on transient ischemic stroke induced with endothelin-1 in the rhesus monkeys. Sci Rep. 7, 45097. doi: 10.1038/srep45097

 Dhaliwal, J., Ferrigno, B., Abiola, O., Moskalik, A., Sposito, J., Wolansky, L. J., et al. (2019). Hospital-based intervention to reduce tPA administration time. Interdisciplinary Neurosurg. 15, 15–18. doi: 10.1016/j.inat.2018.09.005

 DiNapoli, V. A., Rosen, C. L., Nagamine, T., and Crocco, T. (2006). Selective MCA occlusion: a precise embolic stroke model. J. Neurosci. Methods. 154, 233–238. doi: 10.1016/j.jneumeth.2005.12.026

 Driehuys, B., Nouls, J., Badea, A., Bucholz, E., Ghaghada, K., Petiet, A., et al. (2008). Small animal imaging with magnetic resonance microscopy. ILAR J. 49, 35–53. doi: 10.1093/ilar.49.1.35

 Fisher, M., Feuerstein, G., Howells, D. W., Hurn, P. D., Kent, T. A., Savitz, S. I., et al. (2009). Update of the stroke therapy academic industry roundtable preclinical recommendations. Stroke. 40, 2244–2250. doi: 10.1161/STROKEAHA.108.541128

 Fukuda, M., Matsumara, T., Suda, T., and Hirase, H. (2022). Depth-targeted intracortical microstroke by two-photon photothrombosis in rodent brain. Neurophoton. 9, 1910. doi: 10.1117/1.NPh.9.2.021910

 Fuxe, K., Bjelke, B., Andbjer, B., Grahn, H., Rimondini, R., Agnati, L. F., et al. (1997). Endothelin-1 induced lesions of the frontoparietal cortex of the rat. A possible model of focal cortical ischemia. NeuroReport. 8, 2623–2629. doi: 10.1097/00001756-199707280-00040

 Garcia, J. H., Liu, K. F., and Ho, K. L. (1995). Neuronal necrosis after middle cerebral artery occlusion in wistar rats progresses at different time intervals in the caudoputamen and the Cortex. Stroke 26, 636–643. doi: 10.1161/01.STR.26.4.636

 Giaid, A., Gibson, S. J., Ibrahim, B. N., Legon, S., Bloom, S. R., Yanagisawa, M., et al. (1989). Endothelin 1, an endothelium-derived peptide, is expressed in neurons of the human spinal cord and dorsal root ganglia. Proc. Natl. Acad. Sci. U.S.A. 86, 7634–7638. doi: 10.1073/pnas.86.19.7634

 Golubczyk, D., Kalkowski, L., Kwiatkowska, J., Zawadzki, M., Holak, P., Glodek, J., et al. (2020). Endovascular model of ischemic stroke in swine guided by real-time MRI. Sci Rep. 10, 17318. doi: 10.1038/s41598-020-74411-3

 Han, C.-W., Lee, K.-H., Noh, M. G., Kim, J. M., Kim, H. S., and Kim, H. S., et al. (2017). An experimental infarct targeting the internal capsule: histopathological and ultrastructural changes. J Pathol Transl Med. 51, 292–305. doi: 10.4132/jptm.2017.02.17

 Horie, N., Maag, A.-L., Hamilton, S. A., Shichinohe, H., and Bliss, T. M., Steinberg, G. K., et al. (2008). Mouse model of focal cerebral ischemia using endothelin-1. Journal of Neuroscience Methods. 173, 286–290. doi: 10.1016/j.jneumeth.2008.06.013

 Howells, D. W., Porritt, M. J., Rewell, S. S., O'Collins, V., Sena, E. S., van der Worp, H. B., et al. (2010). Different strokes for different folks: the rich diversity of animal models of focal cerebral ischemia. J Cereb Blood Flow Metab. 30, 1412–1431. doi: 10.1038/jcbfm.2010.66

 Hudgins, W. R., and Garcia, J. H. (1970). Transorbital approach to the middle cerebral artery of the squirrel monkey: a technique for experimental cerebral infarction applicable to ultrastructural studies. Stroke. 1, 107–111. doi: 10.1161/01.STR.1.2.107

 Ikeda, S., Harada, K., Ohwatashi, A., Kamikawa, Y., Yoshida, A., Kawahira, K., et al. (2013). A new non-human primate model of photochemically induced cerebral infarction. PLoS ONE. 8, e60037. doi: 10.1371/journal.pone.0060037

 Janowski, M., Gornicka-Pawlak, E., Kozlowska, H., Domanska-Janik, K., Gielecki, J., Lukomska, B., et al. (2008). Structural and functional characteristic of a model for deep-seated lacunar infarct in rats. J. Neurol. Sci. 273, 40–48. doi: 10.1016/j.jns.2008.06.019

 Kang, J., Liu, X., Cao, S., Zeiler, S. R., Graham, E. M., Boctor, E. M., et al. (2021). Transcranial photoacoustic characterization of neurovascular physiology during early-stage photothrombotic stroke in neonatal piglets in vivo. J. Neural Eng. 18, 065001. doi: 10.1088/1741-2552/ac4596

 Khateeb, K., Bloch, J., Zhou, J., Rahimi, M., Griggs, D. J., Kharazia, V. N., et al. (2022). A versatile toolbox for studying cortical physiology in primates. Cell Reports Methods. 2, 100183. doi: 10.1016/j.crmeth.2022.100183

 Kim, H.-S., Kim, D., Kim, R. G., Kim, J.-M., Chung, E., Neto, P. R., et al. (2014). A rat model of photothrombotic capsular infarct with a marked motor deficit: a behavioral, histologic, and micropet study. J Cereb Blood Flow Metab. 34, 683–689. doi: 10.1038/jcbfm.2014.2

 Kleinschnitz, C., Fluri, F., and Schuhmann, M. (2015). Animal models of ischemic stroke and their application in clinical research. DDDT. 3445. doi: 10.2147/DDDT.S56071

 Koizumi, J., Yoshida, Y., Nakazawa, T., and Ooneda, G. (1986). Experimental studies of ischemic brain edema. JPN. J. Stroke. 8, 1–8. doi: 10.3995/jstroke.8.1

 Korninger, C., and Collen, D. (1981). Studies on the specific fibrinolytic effect of human extrinsic (tissue-type) plasminogen activator in human blood and in various animal species in vitro. Thromb Haemost. 46, 561–565. doi: 10.1055/s-0038-1653411

 Kudo, M., Aoyama, A., Ichimori, S., and Fukunaga, N. (1982). An animal model of cerebral infarction. Homologous blood clot emboli in rats. Stroke. 13, 505–508. doi: 10.1161/01.STR.13.4.505

 Kuluz, J. W., Prado, R., He, D., Zhao, W., Dietrich, W. D., Watson, B., et al. (2007). New pediatric model of ischemic stroke in infant piglets by photothrombosis: acute changes in cerebral blood flow, microvasculature, and early histopathology. Stroke. 38, 1932–1937. doi: 10.1161/STROKEAHA.106.475244

 Kuroiwa, T., Tabata, H., Xi, G., Hua, Y., Schallert, T., Keep, R. F., et al. (2016). “Analysis of Small Ischemic Lesions in the Examinees of a Brain Dock and Neurological Examination of Animals Subjected to Cortical or Basal Ganglia Photothrombotic Infarction,” in Brain Edema XVI. Acta Neurochirurgica Supplement., eds. R. L. Applegate, G. Chen, H. Feng, and J. H. Zhang (Cham: Springer International Publishing), 93–97. doi: 10.1007/978-3-319-18497-5_16

 Kuroiwa, T., Xi, G., Hua, Y., Nagaraja, T. N., Fenstermacher, J. D., Keep, R. F., et al. (2009). Development of a rat model of photothrombotic ischemia and infarction within the caudoputamen. Stroke. 40, 248–253. doi: 10.1161/STROKEAHA.108.527853

 Lee, J.-K., Park, M.-S., Kim, Y.-S., Moon, K.-S., Joo, S.-P., Kim, T.-S., et al. (2007). Photochemically induced cerebral ischemia in a mouse model. Surgical Neurology. 67, 620–625. doi: 10.1016/j.surneu.2006.08.077

 Li, F., Omae, T., and Fisher, M. (1999). Spontaneous hyperthermia and its mechanism in the intraluminal suture middle cerebral artery occlusion model of rats. Stroke 30, 2464–2471. doi: 10.1161/01.STR.30.11.2464

 Li, Y., and Zhang, J. (2021). Animal models of stroke. Anim Models Exp Med. 4, 204–219. doi: 10.1002/ame2.12179

 Longa, E. Z., Weinstein, P. R., Carlson, S., and Cummins, R. (1989). Reversible middle cerebral artery occlusion without craniectomy in rats. Stroke. 20, 84–91. doi: 10.1161/01.STR.20.1.84

 Lv, Z.-M., Zhao, R.-J., Zhi, X.-S., Huang, Y., Chen, J.-Y., and Song, N.-N., et al. (2018). Expression of DCX and transcription factor profiling in photothrombosis-induced focal ischemia in mice. Front. Cell. Neurosci. 12, 455. doi: 10.3389/fncel.2018.00455

 Macrae, I. M., Robinson, M. J., Graham, D. I., Reid, J. L., and McCulloch, J. (1993). endothelin-1-induced reductions in cerebral blood flow: dose dependency, time course, and neuropathological consequences. J Cereb Blood Flow Metab. 13, 276–284. doi: 10.1038/jcbfm.1993.34

 Maeda, M., Takamatsu, H., Furuichi, Y., Noda, A., Awaga, Y., Tatsumi, M., et al. (2005). Characterization of a novel thrombotic middle cerebral artery occlusion model in monkeys that exhibits progressive hypoperfusion and robust cortical infarction. J. Neurosci. Methods 146, 106–115. doi: 10.1016/j.jneumeth.2005.01.019

 Maïer, B., Desilles, J. P., and Mazighi, M. (2020). Intracranial hemorrhage after reperfusion therapies in acute ischemic stroke patients. Front. Neurol. 11, 599908. doi: 10.3389/fneur.2020.599908

 Marshall, J. W., and Ridley, R. M. (1996). Assessment of functional impairment following permanent middle cerebral artery occlusion in a non-human primate species. Neurodegeneration. 5, 275–286. doi: 10.1006/neur.1996.0036

 Matsuo, O., Rijken, D. C., and Collen, D. (1981). Thrombolysis by human tissue plasminogen activator and urokinase in rabbits with experimental pulmonary embolus. Nature. 291, 590–591. doi: 10.1038/291590a0

 Mazuryk, J., Puchalska, I., Koziński, K., Slusarz, M. J., and Ruczyński, J., Rekowski, P., et al. (2021). PTD4 Peptide Increases Neural Viability in an In Vitro Model of Acute Ischemic Stroke. Int J Mol Sci. 22, 6086. doi: 10.3390/ijms22116086

 Miyake, K., Takeo, S., and Kaijihara, H. (1993). Sustained decrease in brain regional blood flow after microsphere embolism in rats. Stroke. 24, 415–420. doi: 10.1161/01.STR.24.3.415

 Nakagomi, S., Kiryu-Seo, S., and Kiyama, H. (2000). Endothelin-converting enzymes and endothelin receptor B messenger RNAs are expressed in different neural cell species and these messenger RNAs are coordinately induced in neurons and astrocytes respectively following nerve injury. Neuroscience. 101, 441–449. doi: 10.1016/S0306-4522(00)00345-6

 Nowak, B., Andrzejewska, A., Rogujski, P., Zawadzki, M., Walczak, P., Dorobek, M., et al. (2022). “Imaging of Stem Cell Therapy for Stroke and Beyond,” in Regenerative Therapies in Ischemic Stroke Recovery, ed. S. S. Raza (Singapore: Springer Nature Singapore), 137–156.

 Nowak, B., Rogujski, P., Janowski, M., Lukomska, B., and Andrzejewska, A. (2021). Mesenchymal stem cells in glioblastoma therapy and progression: How one cell does it all. Biochim Biophys Acta Rev Cancer 1876, 188582. doi: 10.1016/j.bbcan.2021.188582

 Peña-Martínez, C., Durán-Laforet, V., García-Culebras, A., Ostos, F., Hernández-Jiménez, M., Bravo-Ferrer, I., et al. (2019). Pharmacological modulation of neutrophil extracellular traps reverses thrombotic stroke tPA (tissue-type plasminogen activator) resistance. Stroke. 50, 3228–3237. doi: 10.1161/STROKEAHA.119.026848

 Robinson, R. G., Shoemaker, W. J., Schlumpf, M., Valk, T., and Bloom, F. E. (1975). Effect of experimental cerebral infarction in rat brain on catecholamines and behaviour. Nature 255, 332–334. doi: 10.1038/255332a0

 Sandercock, P. (2018). World stroke day: a day of global action. Stroke. 49, 2809–2809. doi: 10.1161/STROKEAHA.118.023089

 Sharkey, J. (1993). Perivascular microapplication of endothelin-1: a new model of focal cerebral ischaemia in the rat. J Cereb Blood Flow Metab. 13, 865–871. doi: 10.1038/jcbfm.1993.108

 Taha, A., Bobi, J., Dammers, R., Dijkhuizen, R. M., Dreyer, A. Y., van Es, A. C. G. M., et al. (2022). Comparison of large animal models for acute ischemic stroke: which model to use? Stroke. 53, 1411–1422. doi: 10.1161/STROKEAHA.121.036050

 Tamura, A., Graham, D. I., McCulloch, J., and Teasdale, G. M. (1981). Focal cerebral ischaemia in the rat: 1. description of technique and early neuropathological consequences following middle cerebral artery occlusion. J Cereb Blood Flow Metab. 1, 53–60. doi: 10.1038/jcbfm.1981.6

 Traverse, J. H., Judd, D., and Bache, R. J. (1996). Dose-dependent effect of endothelin-1 on blood flow to normal and collateral-dependent myocardium. Circulation. 93, 558–566. doi: 10.1161/01.CIR.93.3.558

 Trotman-Lucas, M., and Gibson, C. L. (2021). A review of experimental models of focal cerebral ischemia focusing on the middle cerebral artery occlusion model. F1000Res 10,242. doi: 10.12688/f1000research.51752.2

 Uzdensky, A. B. (2018). Photothrombotic stroke as a model of ischemic stroke. Transl. Stroke Res. 9, 437–451. doi: 10.1007/s12975-017-0593-8

 Veldhuis, W. B., van der Stelt, M., Delmas, F., Gillet, B., Veldink, G. A., Vliegenthart, J. F. G., et al. (2003). In Vivo Excitotoxicity Induced by Ouabain, a Na + /K + -ATPase Inhibitor. J Cereb Blood Flow Metab. 23, 62–74. doi: 10.1097/01.WCB.0000039287.37737.50

 Virley, D., Hadingham, S. J., Roberts, J. C., Farnfield, B., Elliott, H., Whelan, G., et al. (2004). A new primate model of focal stroke: endothelin-1—induced middle cerebral artery occlusion and reperfusion in the common marmoset. J Cereb Blood Flow Metab. 24, 24–41. doi: 10.1097/01.WCB.0000095801.98378.4A

 Vos, T., Lim, S. S., Abbafati, C., Abbas, K. M., Abbasi, M., Abbasifard, M., et al. (2020). Global burden of 369 diseases and injuries in 204 countries and territories, 1990–2019: a systematic analysis for the Global Burden of Disease Study 2019. The Lancet. 396, 1204–1222. doi: 10.1016/S0140-6736(20)30925-9

 Wang, J., Zhang, P., and Tang, Z. (2020). Animal models of transient ischemic attack: a review. Acta Neurol Belg. 120, 267–275. doi: 10.1007/s13760-020-01295-5

 Watson, B. D., Dietrich, W. D., Busto, R., Wachtel, M. S., and Ginsberg, M. D. (1985). Induction of reproducible brain infarction by photochemically initiated thrombosis. Ann Neurol. 17, 497–504. doi: 10.1002/ana.410170513

 Watson, B. D., Prado, R., Veloso, A., Brunschwig, J.-. P, and Dietrich, W. D. (2002). Cerebral blood flow restoration and reperfusion injury after ultraviolet laser–facilitated middle cerebral artery recanalization in rat thrombotic stroke. Stroke. 33, 428–434. doi: 10.1161/hs0202.102730

 Weber, R. Z., Grönnert, L., Mulders, G., Maurer, M. A., Tackenberg, C., Schwab, M. E., et al. (2020). Characterization of the blood brain barrier disruption in the photothrombotic stroke model. Front. Physiol. 11, 586226. doi: 10.3389/fphys.2020.586226

 Wester, P., Watson, B. D., Prado, R., and Dietrich, W. D. (1995). A photothrombotic ‘ring' model of rat stroke-in-evolution displaying putative penumbral inversion. Stroke. 26, 444–450. doi: 10.1161/01.STR.26.3.444

 Woodruff, T. M., Thundyil, J., Tang, S.-.C., Sobey, C. G., Taylor, S. M., Arumugam, T. V., et al. (2011). Pathophysiology, treatment, and animal and cellular models of human ischemic stroke. Mol Neurodegeneration. 6, 11. doi: 10.1186/1750-1326-6-11

 Yang, L., Han, B., Zhang, Z., Wang, S., Bai, Y., Zhang, Y., et al. (2020). Extracellular vesicle–mediated delivery of circular rna scmh1 promotes functional recovery in rodent and nonhuman primate ischemic stroke models. Circulation. 142, 556–574. doi: 10.1161/CIRCULATIONAHA.120.045765

 Zanette, E. M., Roberti, C., Mancini, G., Pozzilli, C., Bragoni, M., Toni, D., et al. (1995). Spontaneous middle cerebral artery reperfusion in ischemic stroke: a follow-up study with transcranial doppler. Stroke 26, 430–433. doi: 10.1161/01.STR.26.3.430

 Zhang, R., Bertelsen, L. B., Flø, C., Wang, Y., and Stødkilde-Jørgensen, H. (2016). Establishment and characterization of porcine focal cerebral ischemic model induced by endothelin-1. Neuroscience Letters. 635, 1–7. doi: 10.1016/j.neulet.2016.10.036

 Zhang, Z., Wang, S., Du, L., Xu, L., Lin, Y., Liu, K., et al. (2021). A pilot behavioural and neuroimaging investigation on photothrombotic stroke models in rhesus monkeys. J. Neurosci. Methods. 362, 109291. doi: 10.1016/j.jneumeth.2021.109291

 Zille, M., Farr, T. D., Keep, R. F., Römer, C., Xi, G., Boltze, J., et al. (2022). Novel targets, treatments, and advanced models for intracerebral haemorrhage. eBioMedicine. 76, 103880. doi: 10.1016/j.ebiom.2022.103880

 Zivelonghi, C., and Tamburin, S. (2018). Mechanical thrombectomy for acute ischemic stroke: the therapeutic window is larger but still "time is brain≫. Funct Neurol. 33, 5–6. doi: 10.11138/FNeur/2018.33.1.005

 Zivin, J. A. (1988). Tissue plasminogen activator: reduction of neurologic damage after experimental embolic stroke. Arch Neurol. 45, 387. doi: 10.1001/archneur.1988.00520280033012



OPS/images/fstro-02-1165231-g003.gif
e

Deep brain lacunar infarct O L A

W = _Hoh
é/ 9 5‘-:“‘5:-.

me o
Bie. 8






OPS/xhtml/Nav.xhtml




Contents





		Cover



		Animal models of focal ischemic stroke: brain size matters



		1. Introduction



		2. Transcranial occlusion



		3. Endovascular filament middle cerebral artery occlusion



		4. Embolic occlusion



		5. Endovascular occlusions in large animal models



		6. Photothrombosis model



		7. Endothelin-1 model



		8. Ouabain model



		9. Discussion



		Author contributions



		Funding



		Conflict of interest



		Publisher's note



		References

















OPS/images/cover.jpg
@ frontiers | Frontiers in Stroke

Animal models of focal ischemic
stroke: brain size matters





OPS/images/fstro-02-1165231-g001.gif





OPS/images/fstro-02-1165231-g002.gif









OPS/images/crossmark.jpg
(®) Check for updates





OPS/images/logo.jpg
& frontiers | Frontiers in Stroke





