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Abstract 

Intracerebral hemorrhage (ICH) is a form of stroke caused by bleeding into the brain paren-

chyma following blood vessel rupture. It is associated with high mortality and morbidity and, 

unlike ischemic stroke (IS), still lacks an approved, curative treatment despite several prom-

ising preclinical candidates. While IS therapies aim to restore blood flow by resolving vascu-

lar blockages, ICH management is focused on blood pressure control and preventing hema-

toma expansion. Critically, no approved therapy addresses the secondary injury caused by 

clot breakdown products, despite several candidates have been identified in preclinical stud-

ies. 

One factor contributing to poor translation may be the use of preclinical models with limited 

predictive value. Rodent models, although useful in early-stage research, have lissencephalic 

brains and different gray-white matter architecture compared to humans. In contrast, large 

animals (e.g. pigs) provide a more suitable model that would help overcome critical short-

comings in ICH preclinical research. 

A core focus of this thesis work is the evaluation of human apotransferrin (hATf) as a ther-

apeutic for ICH. hATf significantly improved sensorimotor performance at early time points 

in mice without affecting hematoma size, edema, or coagulation. hATf rapidly reduced 

plasma transferrin saturation (TSAT) within 24 hours, accumulated in the injured brain, and 

reduced oxidative stress (4-HNE). These effects were independent of canonical ferroptosis 

pathways (GPX4/xCT or FSP1). Instead, hATf preserved the iron chaperone PCBP2, de-

creased expression of TfR1 (a hallmark ferroptosis marker), and blocked caspase-2 activa-

tion, indicating combined antiferroptotic and anti-apoptotic action.  

Notably, hATf reduced TSAT and improved neurological outcomes more rapidly than pre-

viously described for deferoxamine, which has shown a delayed effect on TSAT and only 

modest benefits in the iDEF and TANDEM trials. hATf’s demonstrated safety and efficacy 

in both ICH and ischemic rodent models support its potential as a broadly applicable stroke 

therapy. 

This study also highlights that in ICH, functional recovery rather than hematoma volume is 

the most relevant and reliable preclinical endpoint. To improve its evaluation, an automated 
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DeepLabCut-based motion tracking tool was developed to analyze the neurobehavioral per-

formance of mice in the adhesive tape removal test. This system provided a sensitive, objec-

tive assessment of neurobehavioral deficits and accurately classified stroke severity in both 

ischemic and hemorrhagic models. The tool is currently being adapted for pig studies to 

enhance translational value. 

To further bridge the gap between preclinical and clinical research, a novel, minimally inva-

sive swine ICH model was developed using autologous injection of blood, avoiding surgical 

trauma. Although the study pig population should be expanded, early MRI imaging and bi-

omarker shifts validated the model’s relevance. 

Together with prior work, this thesis builds a compelling case for hATf as a rapid-acting, 

multi-target stroke therapy. Its efficacy in both stroke types supports its potential as a pre-

hospital intervention.  
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Resum 

L’hemorràgia intracerebral (ICH) és una forma d’ictus causada per un sagnat al parènquima 

cerebral arran de la ruptura d’un vas sanguini. S’associa a una elevada mortalitat i morbiditat 

i, a diferència de l’ictus isquèmic (IS), encara no disposa d’un tractament curatiu específic i 

aprovat, malgrat l’existència de diversos candidats prometedors en fase preclínica. Mentre 

que les teràpies per l’IS busquen restaurar el flux sanguini resolent les obstruccions vasculars, 

el tractament de la ICH se centra en el control de la pressió arterial i la prevenció de l’expan-

sió de l’hematoma. És especialment crític que no hi ha cap teràpia aprovada que abordi el 

dany secundari causat pels productes de degradació del coàgul, tot i a ver-se trobat diverses 

molècules candidates en estudis preclinics. 

Un dels factors que podria contribuir a aquesta mala traducció clínica és l’ús de models pre-

clínics amb valor predictiu limitat. Els models en rosegadors, tot i ser útils en les fases inicials 

de la investigació, tenen cervells lisencèfals i una arquitectura de substància grisa i blanca 

diferent de la dels humans. En canvi, els animals grans (p. ex. el porc) ofereixen un model 

més adequat per superar mancances crítiques de la recerca preclínica sobre la ICH. 

Un dels punts centrals d’aquest treball de tesi és l’avaluació de l’apotransferrina humana 

(hATf) com a teràpia per a l’ICH. Aquesta, va millorar significativament el rendiment sen-

soriomotor en ratolins a temps curts, sense afectar la mida de l’hematoma, l’edema ni la 

coagulació. L’hATf va reduir ràpidament la saturació de transferrina plasmàtica (TSAT) en 

menys de 24 hores, es va acumular al cervell lesionat i va disminuir l’estrès oxidatiu (4-HNE). 

Aquests efectes van ser independents de les vies canòniques de ferroptosi (GPX4/xCT o 

FSP1). En lloc d’això, l’hATf va preservar la xaperona del ferro PCBP2, va disminuir l’ex-

pressió del receptor de transferrina TfR1 (un marcador característic de ferroptosi), i va blo-

quejar l’activació de la caspasa-2, indicant una acció combinada antiferroptòtica i antiapop-

tòtica. 

És destacable que l’hATf va reduir la TSAT i va millorar els resultats neurològics de manera 

més ràpida que el descrit prèviament per la deferoxamina, la qual ha mostrat un efecte retar-

dat sobre la TSAT i beneficis modestos en els assaigs iDEF i TANDEM. La seguretat i 
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eficàcia demostrades de l’hATf en models rosegadors de ICH com d’ictus isquèmic donen 

suport al seu potencial com a teràpia aplicable per l’ictus. 

Aquest estudi també posa de manifest que, en el context de l’ICH, la recuperació funcional, 

i no el volum de l’hematoma, és el criteri preclínic més rellevant i fiable. Per tal de millorar 

la seva avaluació, es va desenvolupar una eina automatitzada de seguiment del moviment 

basada en DeepLabCut per analitzar el comportament neurofuncional dels ratolins en la 

prova de retirada de cinta adhesiva. Aquest sistema va permetre una avaluació sensible i 

objectiva dels dèficits neuroconductuals i va classificar amb precisió la gravetat de l’ictus tant 

en models isquèmics com hemorràgics. Actualment, l’eina s’està adaptant per a estudis amb 

porcs, per tal d’incrementar el valor traslacional. 

Per tal de reduir encara més la distància entre la recerca preclínica i clínica, es va desenvolupar 

un nou model porc de ICH mínimament invasiu mitjançant injecció autòloga de sang, evitant 

així el trauma quirúrgic. Tot i que cal ampliar la població de porcs de l’estudi, les primeres 

imatges per ressonància magnètica i els canvis en biomarcadors van validar la rellevància del 

model. 

Juntament amb treballs previs, aquesta tesi construeix un argument sòlid a favor de l’hATf 

com a teràpia per a l’ictus de múltiples dianes i acció ràpida. La seva eficàcia demostrada en 

ambdós tipus d’ictus reforça el seu potencial com a intervenció prehospitalària.
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Resumen 

La hemorragia intracerebral (ICH) es una forma de ictus causada por sangrado en el parén-

quima cerebral tras la ruptura de un vaso sanguíneo. Se asocia con una alta mortalidad y 

morbilidad y, a diferencia del ictus isquémico (IS), todavía carece de un tratamiento curativo 

aprobado y específico, a pesar de la existencia de varios candidatos prometedores en estudios 

preclínicos. Mientras que las terapias para el IS buscan restaurar el flujo sanguíneo resol-

viendo obstrucciones vasculares, el manejo de la ICH se centra en el control de la presión 

arterial y a la prevención de la expansión del hematoma. De forma crítica, no existe ninguna 

terapia aprobada que aborde el daño secundario causado por los productos de degradación 

del coágulo, a pesar de haberse encontrado moléculas candidatas en estudios preclínicos. 

Uno de los factores que contribuyen a esta mala traducción clínica podría ser el uso de mo-

delos preclínicos con valor predictivo limitado. Los modelos en roedores, aunque útiles en 

fases tempranas de investigación, tienen cerebros lisencefálicos y una arquitectura de sustan-

cia gris y blanca distinta a la de los humanos. En contraste, los animales grandes (p. ej. el 

cerdo) representan un modelo más adecuado que ayudaría a superar deficiencias críticas en 

la investigación preclínica de la ICH. 

Un foco central de este trabajo de tesis es la evaluación de la apotransferrina humana (hATf) 

como tratamiento para la ICH. La cual mejoró significativamente el rendimiento sensorio-

motor en puntos de tiempo tempranos en ratones, sin afectar el tamaño del hematoma, el 

edema ni la coagulación. La hATf redujo rápidamente la saturación de transferrina plasmá-

tica (TSAT) en menos de 24 horas, se acumuló en el cerebro lesionado y redujo el estrés 

oxidativo (4-HNE). Estos efectos fueron independientes de las vías canónicas de ferroptosis 

(GPX4/xCT o FSP1). En su lugar, la hATf preservó la chaperona de hierro PCBP2, dismi-

nuyó la expresión del receptor de transferrina TfR1 (marcador característico de la ferropto-

sis), y bloqueó la activación de caspasa-2, lo que indica una acción combinada antiferroptó-

tica y antiapoptótica.  

De forma notable, la hATf redujo la TSAT y mejoró los resultados neurológicos de manera 

más rápida que la deferoxamina, la cual ha mostrado un efecto retardado sobre la TSAT y 

beneficios modestos en los ensayos iDEF y TANDEM. La seguridad y eficacia demostradas 
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de hATf en modelos de ICH y de isquemia cerebral en roedores respaldan su potencial como 

terapia aplicable para el ictus. 

Este estudio también resalta que, en la ICH, la recuperación funcional, y no el volumen del 

hematoma, es el criterio preclínico más relevante y fiable. Para mejorar su evaluación, se 

desarrolló una herramienta automatizada de seguimiento de movimiento basada en Dee-

pLabCut, utilizada para analizar el rendimiento neuroconductual de los ratones en la prueba 

de retirada de cinta adhesiva. Este sistema proporcionó una evaluación sensible y objetiva 

de los déficits neuroconductuales y clasificó con precisión la gravedad del ictus en modelos 

isquémicos y hemorrágicos. Actualmente, esta herramienta está siendo adaptada para estu-

dios en cerdos con el fin de aumentar su valor traslacional. 

Para acercar aún más la investigación preclínica a la clínica, se desarrolló un modelo porcino 

novedoso y mínimamente invasivo de ICH mediante inyección autóloga de sangre, evitando 

el trauma quirúrgico. Aunque la población del estudio de cerdo debe ampliarse, las primeras 

imágenes por resonancia magnética y los cambios en biomarcadores validaron la relevancia 

del modelo. 

Junto con trabajos previos, esta tesis construye un caso convincente para la hATf como una 

terapia multiblanco de acción rápida para el ictus. Su eficacia demostrada en ambos tipos de 

ictus respalda su potencial como intervención en fase prehospitalaria.
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 Introduction 

1. STROKE 

1.1. Historical milestones 

The term “stroke” was first used in a medical context during the 19th - 20th century (Storey 

and Pols, 2010). In the past, physicians used the term “apoplexy”, which was present in 

Hippocrates's writings, to describe a catastrophic illness that caused a sudden loss of con-

sciousness and often resulted in death (Clarke, 1963; Schutta and Howe, 2006). The term 

“apoplexy” envelops various conditions or illnesses, including some cases that probably re-

ferred to strokes.  

It was not until the arrival of anatomists in the 17th century that the association between 

apoplexy and cerebral hemorrhages, as well as other causes like tumors and cerebral ab-

scesses, began to be recognized (Schutta and Howe, 2006; Sacco et al., 2013). Over time, 

apoplexy came to be primarily understood as a vascular disease and was further classified in 

two types: sanguinea (hemorrhagic) and ischaemica (ischemic) (Storey and Pols, 2010). 

Towards the end of the 19th century and the beginning of the 20th, there was a growing 

interest in the study of vascular anatomy and, more specifically, the relationship between 

clinical syndromes and regions affected by stroke. As insights of stroke advanced and new 

technologies emerged, clinicians began to speculate about the pathological mechanisms un-

derlying stroke and explore new therapeutic and diagnostic options (Storey and Pols, 2010).  

Today, we understand stroke as a critical medical emergency that annually affects millions 

of individuals, resulting from a disruption of blood flow within the brain. It is triggered by 

either arterial blockage or the rupture of an intracranial blood vessel, resulting in primary 

and secondary damage (Kathirvelu and Carmichael, 2015; Tejada Meza et al., 2019; Martin et 

al., 2025). The understanding of these damages is still far from complete. 

Overall, the historical evolution of stroke as a medical term reflects the progress of medical 

knowledge, and this knowledge has provided new diagnostic techniques and available treat-

ment options to address this serious condition. This thesis dissertation aims to contribute to 

deepening the understanding of intracerebral hemorrhagic stroke and to lay the foundations 

for exploring innovative therapeutic alternatives and new research models. 
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1.2. Definition, clinical signs and epidemiology 

A stroke is classically defined by the World Health Organization (WHO) as the rapid devel-

opment of clinical signs indicating focal (or global) disturbance of cerebral function that lasts 

more than 24 hours or leads to death, with no apparent cause other than of vascular origin 

(WHO MONICA Project Principal Investigators, 1988). The most prevalent indications of 

a stroke include sudden numbness or weakness in the face, arm, or leg, and primarily affects 

only one side of the body. Additionally, individuals experience other typical symptoms such 

as confusion, difficulties in speech or understanding, vision problems, walking impairments, 

dizziness, loss of balance, unexplained severe headaches, and lack of coordination (WHO, 

2021). 

The WHO’s definition, which primarily relies on symptoms, is considered outdated by the 

American Heart Association (AHA) and the American Stroke Association (ASA) due to the 

advancements in the understanding of pathophysiology and its clinical implications. These 

organizations have released a consensus statement that provides definitions for different 

types of strokes based on factors such as nature, timing, and clinical recognition of stroke 

and its mimics (Table 1.) (Sacco et al., 2013). 

Table 1. Definition of stroke 

Definition of stroke 

Ischemic stroke (IS) 
Episode of neurological dysfunction caused by focal cerebral, spinal, or 

retinal infarction. 

Intracerebral hemor-

rhage (ICH) 

A focal collection of blood within the brain parenchyma or ventricular 

system that is not caused by trauma (this includes parenchymal hemor-

rhages after CNS infarction). 

Stroke caused by ICH 

Rapidly developing clinical signs of neurological dysfunction attributable 

to a focal collection of blood within the brain parenchyma or ventricular 

system that is not caused by trauma. 

Silent cerebral hemor-

rhage 

A focal collection of chronic blood products within the brain paren-

chyma, subarachnoid space, or ventricular system on neuroimaging or 

neuropathological examination that is not caused by trauma and without 

a history of acute neurological dysfunction attributable to the lesion. 



Introduction  

23 

 

In
tr

o
d

u
ct

io
n

 

Subarachnoid hemor-

rhage 

Bleeding into the subarachnoid space (the space between the arachnoid 

membrane and the pia mater of the brain or spinal cord). 

Stroke caused by sub-

arachnoid hemorrhage 

Rapidly developing signs of neurological dysfunction and/or headache 

because of bleeding into the subarachnoid space (the space between the 

arachnoid membrane and the pia mater of the brain or spinal cord), 

which is not caused by trauma. 

Stroke caused by cere-

bral venous throm-

bosis 

Infarction or hemorrhage in the brain, spinal cord, or retina because of 

thrombosis of a cerebral venous structure. Symptoms or signs caused by 

reversible edema without infarction or hemorrhage do not qualify as 

stroke. 

Stroke, not otherwise 

specified 

An episode of acute neurological dysfunction presumed to be caused by 

ischemia or hemorrhage, persisting ≥24 hours or until death, but without 

sufficient evidence to be classified as one of the above. 

Extracted from: (Sacco et al., 2013) 
 

Stroke presents a health challenge, affecting millions of people across different regions. The 

global prevalence of all stroke subtypes in 2021 was 93.82 million cases. From these, 69.94 

million were ischemic strokes (IS), 16.60 million were intracerebral hemorrhages (ICH) and 

7.85 million cases were subarachnoid hemorrhages (Martin et al., 2025). Stroke is ranked as 

the second leading cause of death and a leading cause of serious long-term disability, right 

behind ischemic cardiopathies (World Health Organization (WHO), 2020; GBD 2019 Strole 

Collaborators, 2021). 

Despite advances in the management and treatment of stroke over the years, between 1990 

and 2019 there has been a 70% increase in the absolute number of stroke incidents (Martin 

et al., 2025). When considering the average age of stroke patients, trends reveal an increase 

in cases among young adults and middle-aged people (Martin et al., 2025). When considering 

age-specific incidence rates, females exhibit lower rates than males in middle-aged groups 

(Brea et al., 2013; Martin et al., 2025). Reinforcing this trend, a recent systematic review of 

epidemiological studies highlights that the incidence for cerebrovascular diseases tends to be 

lower in women compared to men in most of the studies (Purroy and Montalà, 2021). 

Certain countries from the Eastern Europe experience higher stroke incidence and preva-

lence rates compared to other European subregions. The stroke burden is influenced by 
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demographic, environmental and genetic factors, lifestyle, as well as healthcare infrastructure 

(Prendes et al., 2024).  

Despite significant advancements in stroke management in Europe, the incidence of stroke 

is on the rise. In Spain, for instance, the incidence of stroke exceeds 100 cases per 100,000 

persons a year. In fact, the Ibericus study reports an annual stroke incidence of 187 cases 

per 100,000 persons (Díaz-Guzmán et al., 2012), while data from Spain’s National Statistics 

Institute suggests a slightly higher annual incidence, estimated at around 252 cases per 

100,000 persons (Brea et al., 2013). Considering these numbers, stroke also imposes a signif-

icant economic burden (Brea et al., 2013; Martin et al., 2025).  

Looking ahead, the concerning statistics associated with the occurrence and economic im-

pact of stroke, both in Spain and globally, emphasize the urgency of novel therapies, ad-

vanced therapeutic strategies, innovative diagnostic tools, and rehabilitation strategies. These 

efforts aim to improve the quality of life of post-stroke patients. 

1.3. Stroke types 

Depending on the nature/underlying pathology of the stroke, we classify them into two 

types: ischemic and hemorrhagic stroke (Amarenco et al., 2009). 

The ischemic stroke (IS) is the most common type of stroke, being 87% of all stroke cases 

(Martin et al., 2025). It is caused by a temporary or permanent reduction in the blood flow 

in one or multiple brain regions (Bonkhoff et al., 2022). This reduction is mostly due to a 

clot/thrombus or a decrease in the blood supply (Figure 1.) (Campbell et al., 2019). The 

extent of the damage depends on the duration of the obstruction, severity and localization 

(Deb, Sharma and Hassan, 2010).  
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The classification of the ischemic stroke subtypes based on their etiology was established by 

the Trial of Org 10172 in Acute Stroke Treatment (TOAST) (Adams et al., 1993). This cate-

gorization differentiates five subtypes of ischemic stroke:  

• Large-artery atherosclerosis. This subtype involves an important stenosis or occlu-

sion of a large artery or a branch cortical artery.  

• Cardioembolism. It is a stroke subtype characterized by an arterial occlusion caused 

by an embolus originating in the heart.  

• Small-artery occlusions (lacune). The ischemic stroke is produced because of the 

occlusion of brain arterioles, resulting in lesions with a diameter of less than 1.5 cm. 

• Stroke of other determined etiology. Patients in this category have rare causes of 

stroke, such as systemic diseases like hematologic disorders or hypercoagulable 

states.  

• Stroke of undetermined etiology. In this case, the cause of the stroke is not identi-

fied, or the patient exhibits two or more probable causes of stroke. 

Figure 1. Schematic representation of a brain showing the pathophysiological differences in the 

mechanisms of two types of strokes: ischemic/IS (left side of the brain) and hemorrhagic/HS (right 

side of the brain). The ischemic stroke is associated with an occluded blood vessel, and the hemor-

rhagic stroke is characterized by a ruptured blood vessel, both shown by the arrow pointing to the 

blocked/broken vessel.  

Stroke types 
IS 

HS 
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Hemorrhagic subtypes of stroke (HS), although being less common than ischemic strokes, 

are characterized by greater severity, worse prognosis, and higher mortality rates (Kathirvelu 

and Carmichael, 2015; Shoamanesh et al., 2021). Cerebral hemorrhages within the central 

nervous system are classified as hemorrhagic stroke if they result from a blood vessel rupture 

(mainly arteries) into the surrounding brain areas (Figure 1.) (Fewel, Thompson and Hoff, 

2003; Sacco et al., 2013). These hemorrhages are classified in subtypes based on their loca-

tion, which will determine the treatment, prognosis, etiology, complications and risk factors 

(Figure 2.):  

• Intraparenchymal hemorrhage or intracerebral hemorrhage (ICH). ICH involves the 

extravasation of blood within the brain parenchyma or ventricular system (Martin et 

al., 2025). In intraventricular hemorrhages (IVH) the blood is in the ventricular sys-

tem or has extended to it, indicating a poor prognosis (Roh et al., 2022). 

• Subarachnoid hemorrhage. This type of hemorrhage takes place in the subarachnoid 

space (Seki et al., 2016). 

• Epidural hemorrhage. Blood accumulates between the skull and the dura mater and 

is usually associated with head trauma (Ng, Yeo and Seow, 2004; Aromatario et al., 

2021).  

• Subdural hemorrhage. The hemorrhage is produced between the arachnoid and the 

dura mater, and is mainly due to head trauma (Aromatario et al., 2021). 

In addition to macrohemorrhages, we can find “microbleeds”, also known as silent cerebral 

hemorrhages or chronic small parenchymal hemorrhages. They share pathophysiology with 

macrohemorrhages and are frequently observed in patients with cerebral amyloid angiopathy 

and/or chronic hypertension. Despite their lack of immediate clinical manifestations, an el-

evated quantity of microbleeds is associated with cognitive decline and an increased risk of 

ICH (Sacco et al., 2013). 

Other causes that lead to the appearance of hemorrhages in the brain involve the rupture of 

veins resulting from a thrombus-induced occlusion, known as cerebral venous thrombosis 

(CVT). CVT may involve intracranial venous sinuses, the deep venous system, and cortical 

veins (Sacco et al., 2013).   
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It is essential to differentiate between stroke types and discriminate from other neurological 

conditions that do not have a vascular origin but mimic the symptoms (e.g. stroke mimics). 

Not only for the different treatments that are applied according to the stroke subtype, but 

also to implement preventive strategies in order to reduce the risk of recurrent strokes, as 

well as for conducting research and clinical trials. There are several tissue injury mechanisms 

involved in stroke damage, and knowing them is crucial to develop neuroprotective and 

diagnostic strategies (Deb, Sharma and Hassan, 2010). 

This thesis focuses on the hemorrhagic stroke type, specifically in the non-traumatic intrac-

erebral hemorrhagic subtype.  

  

Figure 2. Coronal slice of a human head representing different types of hemorrhages in the brain or 

surrounding areas. The image shows the presence of hemorrhages at different locations: subarach-

noid, epidural, subdural, intraparenchymal, and intraventricular. Each hemorrhage type is indicated 

in the corresponding regions, highlighting the diverse patterns of bleeding within the brain. 

Epidural 

hemorrhage 

Subdural 

hemorrhage 

Subarachnoid 

hemorrhage 

Subarachnoid 

space 

Dura mater 

Skull 

Intraventricular 

hemorrhage 

Intraparenchymal 

hemorrhage 
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2. INTRACEREBRAL HEMORRHAGES 
 

Intracerebral hemorrhages (ICH) are bleeds into the brain parenchyma, either with or with-

out communication into the ventricular system, due to the rupture of an intracranial vessel 

(Sacco et al., 2013; Sheth, 2022). ICH is mainly caused by hypertension (which produces 

structural damage to the small arteries and arterioles), followed by others such as cerebral 

amyloid angiopathy (CAA), aneurysms or arteriovenous malformations rupture, ICH result-

ing from anticoagulation therapy, tumors, and hemorrhagic transformations of ischemic 

stroke among others (Ziai and Carhuapoma, 2018; Sheth, 2022; Ohashi et al., 2023). 

2.1. Specific epidemiology and costs 

Among all stroke cases, intracerebral hemorrhages represent around 10% of all strokes (van 

Asch et al., 2010; Martin et al., 2025). It seems to have higher incidence rates in the elderly, 

in Eastern countries such as Japan, and in black and hispanic populations in the United States 

(Magid-Bernstein et al., 2022; Martin et al., 2025).  

Characterized as the deadliest form of acute stroke with a 30-40% mortality rate in early 

stages, survivors are frequently left with long-term functional impairment with a high risk of 

recurrent hospitalization (Yousufuddin et al., 2020; Greenberg et al., 2022). 

This condition has an important economic impact on healthcare systems, not only direct 

costs such as hospitalization, drugs, and rehabilitation but also indirect costs. These ones 

exceed the direct costs and include those associated with informal caregivers, reduction in 

work capacity, and both permanent and temporary incapacity (Navarrete-Navarro et al., 

2007). Indeed, in the United States, only the average accumulated direct costs per patient 

during the first three years after an ICH are approximately 48,000 $ (Yousufuddin et al., 

2020); in Spain, the costs are around 12,000 € (Navarrete-Navarro et al., 2007). 

2.2. Neurological signs 

Intracerebral hemorrhages produce sudden, not instantaneous, focal neurological signs that 

develop over minutes. The manifestation of these signs depends on the location and the 

extension of the hemorrhage. In general, ICH produces decreased level of consciousness, 

headaches, nausea and/or vomiting (Montaño, Hanley and Hemphill, 2021). Some authors 
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have specified the clinical signs depending on the location of the hemorrhage (Table 2.) 

(Qureshi et al., 2001; Sheth, 2022): 

2.3. Risk factors 

The identification of risk factors that underlie these hemorrhages is important in order to 

reduce the incidence and prevalence of ICH as well as to improve the prognosis, manage-

ment and diagnosis of the patients. 

2.3.1. Non-modifiable risk factors 

The incidence of ICH varies according to age, sex, race, circadian and circannual patterns, 

environmental factors, and the prevalence of cerebral amyloid angiopathy (Ariesen et al., 

2003; Fewel, Thompson and Hoff, 2003; van Asch et al., 2010; Garg et al., 2019; Martin et al., 

2025).  

Table 2. Potential neurological signs depend on the hemorrhage location 

Brain location Neurological signs 

Upper brain stem and 

arousal nuclei 
Depressed level of consciousness. 

Ventricles 
Headache and vomiting (if the ventricular hemorrhage is combined with 

hydrocephalus, it can cause stupor). 

Basal ganglia 
Hemiplegia and sensory-motor deficits in the non-damaged side (contra-

lateral). Gaze preference to the damaged side (ipsilateral). 

Thalamus 

Hemiplegia and hemisensory loss (contralateral sensory-motor deficits), 

and eye signs such as downward and inward deviation, miotic pupils and 

“wrong-way” eyes with gaze preference to the contralateral side. 

Cerebral hemispheres 

(lobes) 

Hemiparesis and hemisensory loss, seizures, aphasia, neglect, hemiano-

pia and gaze preference to the ipsilateral side. 

Brain stem (pons) 

Impaired level of consciousness, contralateral motor deficits, cranial 

nerve palsies, facial weakness, dysarthria, pinpoint (but reactive) pupils, 

absent or impaired horizontal gaze, ocular bobbing and coma. 

Cerebellum (dentate 

nucleus) 
Nystagmus, vertigo, vomiting, dysmetria and limb ataxia. 

Fourth ventricle Stupor or coma. 

Extracted from: (Qureshi et al., 2001; Passero et al., 2002; Sheth, 2022) 
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Elevated ICH risk has been associated with advanced age, race, and ethnicity, with Asian 

countries and black individuals in the United States presenting a higher incidence compared 

to white individuals (Qureshi et al., 2001; Ariesen et al., 2003; Fewel, Thompson and Hoff, 

2003; van Asch et al., 2010; Martin et al., 2025).  

As previously mentioned, cerebral amyloid angiopathy (CAA) is an important risk factor 

for ICH, particularly prevalent in aged people (van Asch et al., 2010). In CAA, β-amyloid 

protein is deposited in arteries, arterioles, and capillaries of the cortex, leptomeninges, and 

cerebellum, causing mainly lobar hemorrhages (Fewel, Thompson and Hoff, 2003; An, Kim 

and Yoon, 2017). Autosomal-dominant types of CAA and the presence of ε2 and ε4 alleles 

in the gene encoding apolipoprotein E are associated with recurrent hemorrhages 

(O’Donnell et al., 2010; Greenberg et al., 2022). 

Temporal factors such as circadian and circannual patterns, alongside environmental 

elements like pollution, CO2, and noise levels, are related to ICH incidence due to their 

effect on blood pressure.  For instance, a peak in the ICH incidence in winter has been 

proposed to be a result of differences in barometric pressures that affect arterial distensibility 

(Fewel, Thompson and Hoff, 2003; Poon, Bell and Al-Shahi Salman, 2015; Garg et al., 2019).  

2.3.2. Modifiable risk factors 

Among the different ICH modifiable risk factors, hypertension is the most important one 

(Fewel, Thompson and Hoff, 2003; Greenberg et al., 2022). Chronic hypertension induces 

degenerative changes in blood vessels, reducing arterial compliance and increasing the 

chances of an ICH, particularly in both lobar and small deep areas supplied by small perfo-

rating vessels and their bifurcations (Qureshi et al., 2001; Hemphill et al., 2015). These 

changes result in lipohyalinosis, Charcot-Bouchard aneurysms, atrophy and fragmentation 

of smooth muscle, granular or vesicular cellular degeneration, and fibrinoid necrosis 

(Qureshi, Mendelow and Hanley, 2009; Magid-Bernstein et al., 2022). 

Hypertension is not only associated with a higher risk of recurrent stroke but also with a 

high hazard ratio for ICH mortality compared to ischemic stroke (Martin et al., 2025). Effec-

tive control of hypertension has been shown to improve ICH incidence, highlighting the 

importance of blood pressure management in ICH patients (Qureshi et al., 2001; Fewel, 

Thompson and Hoff, 2003; Martin et al., 2025). 
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Anticoagulant treatment (Fewel, Thompson and Hoff, 2003; An, Kim and Yoon, 2017; 

Gulati et al., 2018; Greenberg et al., 2022), coagulopathies, COVID-19, and antiplatelet 

therapy (An, Kim and Yoon, 2017; Magid-Bernstein et al., 2022), especially in elderly pa-

tients (Fewel, Thompson and Hoff, 2003), increase the risk of ICH. In fact, the use of war-

farin and newer generations of anticoagulant agents have been correlated with an increased 

risk of fatal outcomes following ICH. Other drugs, such as sympathomimetics or cocaine, 

are also associated with an increased ICH risk (Fewel, Thompson and Hoff, 2003; An, Kim 

and Yoon, 2017; Magid-Bernstein et al., 2022). 

Total cholesterol is inversely associated with ICH risk (Segal et al., 1999; Fewel, Thompson 

and Hoff, 2003; O’Donnell et al., 2010; Martin et al., 2025). Actually, low triglyceride levels 

and the use of low-density lipoprotein-cholesterol (LDL-C)-lowering drugs have been as-

sessed to increase the risk of ICH (Sturgeon et al., 2007; Martin et al., 2025). Low cholesterol 

levels result in a weakened arterial endothelium that can be easily broken, producing hemor-

rhages and a slower repair after the incident (Sturgeon et al., 2007). 

The association between alcohol consumption, smoking, and increased ICH risk remains 

unclear (Martini et al., 2012; Carlsson et al., 2019). High alcohol consumption has been linked 

to increasing the risk of ICH (Qureshi et al., 2001; O’Donnell et al., 2010, 2016; Poon, Bell 

and Al-Shahi Salman, 2015; An, Kim and Yoon, 2017) affecting the integrity of cerebral 

vessels, probably by inducing hypertension (Gorelick, 1987; Klatsky, Armstrong and 

Friedman, 1989) and/or impairing the coagulation (Qureshi et al., 2001). However, this rela-

tionship has not been found across all studies (Sturgeon et al., 2007; Martini et al., 2012). 

In contrast, the association between smoking and ICH risk is weaker than that with alcohol 

(Fewel, Thompson and Hoff, 2003; O’Donnell et al., 2010), and in some studies, it has not 

been associated at all (Martini et al., 2012; Sallinen et al., 2020). 

There are other risk factors related to ICH, including prior ICH, ischemic stroke, imaging 

biomarkers (microbleeds) (An, Kim and Yoon, 2017; Greenberg et al., 2022), as well as late 

menopause and gestational hypertension (Martin et al., 2025). However, inconsistencies per-

sist in the associations between ICH risk and physical inactivity, body mass index (BMI), and 

diabetes, requiring further research (Fewel, Thompson and Hoff, 2003; O’Donnell et al., 

2010, 2016; Poon, Bell and Al-Shahi Salman, 2015; Greenberg et al., 2022). 
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2.4. Location 

Intracerebral hemorrhages typically originate from the anterior, middle, posterior cerebral, 

or basilar arteries (Qureshi, Mendelow and Hanley, 2009), thus producing bleeding mainly 

in the lobes of the brain, basal ganglia, thalamus, brain stem, and cerebellum (Qureshi et al., 

2001; Qureshi, Mendelow and Hanley, 2009). Some authors have specified arteries as the 

source of bleeding depending on the location of the hemorrhage (Figure 3.) (Qureshi et al., 

2001; Fewel, Thompson and Hoff, 2003): 

• In the cerebral lobes the blood arises from penetrating cortical branches of the 

anterior, middle, or posterior cerebral arteries. 

• Basal ganglia hemorrhages originate from the ascending lenticulostriate branches 

of the middle cerebral artery. 

• In thalamic hemorrhages, the blood comes from ascending thalamogeniculate 

branches of the posterior cerebral artery. 

• In brain stem hemorrhages, which are commonly produced in the pons, the blood 

arrives from paramedian branches of the basilar artery. 

• Cerebellar hemorrhages result from the rupture of penetrating branches of the 

posterior inferior, anterior inferior, or superior cerebral arteries. 

Figure 3. Coronal slice of a human brain highlighting various types of intracerebral hemorrhages. The 

image shows hemorrhages located in different regions, including, the basal ganglia, thalamus, lobar 

areas, brain stem, and cerebellum.  
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Accurate diagnosis and location of ICH requires imaging techniques such as computed to-

mography (CT) scan, magnetic resonance imaging (MRI), and angiography (Greenberg et al., 

2022).  

2.5. Neurological evaluation (scales) 

The neurological signs and highest percentage of mortality resulting from an intracerebral 

hemorrhage depend on the location of the extravasated blood (Rindler et al., 2020; Sheth, 

2022). The presence of a decreased level of consciousness and scoring alterations on neuro-

logical scales strongly suggests the possibility of an ICH (Qureshi et al., 2001). However, an 

accurate diagnosis requires an initial assessment, including a complete anamnesis, and phys-

ical and neurological examination as well as additional tests (Greenberg et al., 2022).  

Complementary examinations such as laboratory assessments, electrocardiography, and 

thorax radiography play an important role in the diagnosis. Nevertheless, for diagnostic con-

firmation and differentiation between ischemic and hemorrhagic stroke, brain imaging using 

rapid CT scan or MRI is essential (Greenberg et al., 2022).  

The neurological examination of patients is accompanied by neurological scales to simplify 

the neurological evaluation and to facilitate communication among clinicians. However, 

there is currently no available scale capable of discriminating ICH from other stroke types 

without neuroimaging (Hemphill et al., 2015). 

Prehospital tools for ICH diagnosis are very limited, and it is not clear if it is better to use 

scales that incorporate severity instead of just stroke presence. Currently, prehospital scales, 

such as FAST (Face, Arm, Speech, Time to call 911 Scale), LAPDD (Los Angeles Prehospi-

tal Stroke Scale), CPSS (Cincinnati Prehospital Stroke Scale), and ROSIER (Recognition of 

Stroke in the Emergency Room Scale) are used for stroke patients but are not specifically 

made for ICH (Greenberg et al., 2022). The decreased level of consciousness in ICH patients 

affects neurological scoring, guiding triage decisions and referral to appropriate care facilities 

(Qureshi et al., 2001). 
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In the Emergency Department, one of the simplest and most widely used neurological as-

sessment tools for ICH patients is the Intracerebral Hemorrhage score, which incorporates 

the Glasgow Coma Scale (GCS) (Sheth, 2022). Another scale that is also useful in ICH pa-

tients is the National Institutes of Health Stroke Scale (NIHSS), commonly used for ischemic 

stroke, although a limited level of consciousness could reduce its utility (Tables 3 and 4.) 

(Smith et al., 2013; Greenberg et al., 2022). 

Table 3. Glasgow Coma Scale (GCS) 

Domain Response Score 

Eye opening 

Spontaneous 
To speech 
To pain 
No opening 

4 
3 
2 
1 

Verbal response 

Oriented 
Confused patient 
Inappropriate response 
Incomprehensive response 
No response 

5 
4 
3 
2 
1 

Motor response 

Obeying correctly 
Localize painful stimuli 
Response to the painful stimuli without localizing it 
Response with an abnormal flexion of the limbs 
Response with an abnormal extension of the limbs 
No motor response  

6 
5 
4 
3 
2 
1 

Total 3-15 

 Extracted from: (Teasdale et al., 1979) 
 
 

 

Table 4. National Institutes of Health Stroke Scale (NIHSS) 

Item Name Score 

Conscious level 

Alert 
No alert, response to minimum verbal stimuli 
No alert, response to repeated or painful stimuli 
Coma. Only reflexes or no responses 

0 
1 
2 
3 

Questions (age and 
current month) 

Both correct 
One correct 
None correct or coma 

0 
1 
2 

Motor commands 
(close and open 
eyes and hands) 

Both correct 
One correct 
None correct or coma 

0 
1 
2 

Gaze 
Normal 
Partial paresis 
Total paresis 

0 
1 
2 

Visual fields 

Normal 
Partial hemianopsia  
Complete hemianopsia 
Blind 

0 
1 
2 
3 
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Facial paresis 

Normal 
Minor paralysis (asymmetric smile) 
Partial paralysis 
Complete paralysis 

0 
1 
2 
3 

Arms (both) 

No drift 
Drift before 10 seconds 
Falls before 10 seconds 
No effort against gravity 
No movement 

0 
1 
2 
3 
4 

Legs (both) 

No drift 
Drift before 5 seconds 
Falls before 5 seconds 
No effort against gravity 
No movement 

0 
1 
2 
3 
4 

Ataxia 
No ataxia 
One limb 
Both limbs 

0 
1 
2 

Sensory 
Normal 
Hypoesthesia. Mild sensory loss 
Anesthesia. Complete sensory loss 

0 
1 
2 

Language (words 
and drawings) 

Normal 
Light or moderate aphasia 
Severe aphasia (misunderstanding) 
Mute or non-comprehension 

0 
1 
2 
3 

Dysarthria 
Normal 
Light or moderate 
Severe, unintelligible  

0 
1 
2 

Inattention/Extinc-
tion 

No alterations 
Inattention or extinction in one modality 
Severe negligence or extinction in more than 1 modality 

0 
1 
2 

 Extracted from: (Lyden et al., 1994) 

2.6. ICH diagnostic requires imaging techniques 

In a prehospital environment, it is not possible to discriminate between the different types 

of strokes. Because of this, early recognition of stroke symptoms is important, as well as 

transport to an appropriate facility, and notification of the arrival of the stroke patient to 

ease the clinician-stroke response. An earlier diagnosis and immediate treatment will improve 

the patient's outcome (Greenberg et al., 2022). 

Imaging techniques are essential to diagnose ICH and to be able to differentiate between 

different types of strokes (Greenberg et al., 2022). They play a crucial role in determining the 

cause of ICH, which determines the appropriate treatment to reduce the chances of ICH 

recurrence. They are also capable of spotting specific characteristics of the hemorrhage or 

its underlying pathology that could influence the prognosis and recovery of the patient 

(Rindler et al., 2020). 
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Computed tomography scanning (CT) is the preferred method for ICH because of its 

widespread accessibility, fast obtention of results, and the capacity to quickly identify small 

hemorrhages (Fewel, Thompson and Hoff, 2003; Hemphill et al., 2015; Greenberg et al., 

2022). CT scans are not only able to show the size and location of the hemorrhage, but also 

if the cause is due to vascular malformations or tumors. Using CT scans, clinicians are also 

able to identify complications that happen in an ICH, such as hemorrhage extension over 

time, blood drainage to the ventricles, or edema that affects actions addressed to patient 

stabilization and management (Fewel, Thompson and Hoff, 2003).  

Some patients require emergency surgical procedures, and because of this, some hospitals 

use intraoperative CT scanners and C-arm cone-beam CTs. These can use digital subtraction 

angiography (DSA), which characterizes the direction and rate of intracranial blood flow and 

is useful in populations with a risk of macrovascular pathology. When DSA is not available, 

intraoperative 3D rotational fluoroscopy after the injection of contrast can be used (Rindler 

et al., 2020).  

The intracerebral hemorrhage in a CT scan is presented as a hyperdense area of 30 to 80 

Hounsfield units in the brain parenchyma (Fewel, Thompson and Hoff, 2003). ICH volume 

and location are crucial in the prognosis of the patient; for instance, hemorrhages that are 

deep in the brain, in the brainstem or larger than 30 mL, are linked to higher mortality rates 

(Rindler et al., 2020). The CT scan allows us to determine the volume of the hemorrhage 

directly using software or by using the formula ABC/2 or the simplified ABC/2 (sABC/2) 

(Kwak, Kadoya and Suzuki, 1983; Kothari et al., 1996; Qureshi et al., 2001).  

The accuracy of both methods varies depending on the size and shape of the ICH. In larger 

or irregularly shaped hemorrhages, both methods are inaccurate, overestimating or underes-

timating the ICH volume (Khan et al., 2017; Oge et al., 2021).  

The sABC/2 formula is easier and quicker, and it is commonly used in clinical studies and 

screening programs; however overestimates the ICH size (Oge et al., 2021). If rapid estima-

tion is a priority and overestimation is acceptable in clinics, sABC/2 is useful. If a more 

accurate volume estimation is crucial, careful considerations about which method should be 

used is essential. 
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CT angiography (CTA) is a fast and non-invasive technique to evaluate cerebral vasculari-

zation, which allows us to assess vascular abnormalities that result in secondary ICH 

(Qureshi et al., 2001; Sheth, 2022).  

Magnetic resonance Imaging (MRI) is another imaging method to diagnose ICH. MRI 

allows us to assess changes in white matter, cavernous malformations, lacunar infarcts, ve-

nous thrombosis, hemorrhagic transformations, and small vessel diseases such as CAA, 

among others (Greenberg et al., 2022). MRI helps date hemorrhages, as the hematoma ap-

pearance changes over time due to the release of the different components present in the 

extravasated blood (Rindler et al., 2020). Depending on the MRI sequence, the visualization 

of the hemorrhage is different (Fewel, Thompson and Hoff, 2003). In hyperacute hemor-

rhages (0 up to 6 hours since the beginning of the bleeding) for instance, the signal is iso-

intense for the T1 sequence, hyperintense in T2, and hypointense in the borders, and iso-

intense in the nuclei in T2* sequences (Table 5.) (Fewel, Thompson and Hoff, 2003). Other 

MRI sequences (susceptibility-weighted imaging (SWI) for Siemens and flow-sensitive black 

blood (FSBB) for Canon) allow us to localize vascular lesions, and contrast administration 

helps us determine the location of secondary ICH (Qureshi et al., 2001; Rindler et al., 2020).  

MRI angiography is also performed to assess underlying structural lesions such as vascular 

abnormalities and tumors (Hemphill et al., 2015). 

Table 5. Evolution of ICH intensity over time  

Time after ICH 
MRI signal intensity 

T1 – Weighted T2 – Weighted T2* 

Hyperacute (0 – 6 hours) 
Isointense to hy-

pointense 
Hyperintense Hypointense 

Acute (6 hours – 3 days) 
Isointense to hy-

pointense 
Hypointense Hypointense 

Early subacute (3 days – 1 
week) 

Hyperintense Hypointense Hypointense 

Late subacute (1 week – 1 
month) 

Hyperintense Hyperintense Hypointense 

Chronic (>1 month) Hypointense Hypointense 
Hyperintense or iso-

intense core with a hy-
perintense surrounding 

  Extracted from: (Fewel, Thompson and Hoff, 2003; Rindler et al., 2020) 
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Cerebral arteriography is used for the diagnosis of the underlying neurovascular pathology 

(Fewel, Thompson and Hoff, 2003). This technique is employed when there is a clinical 

suspicion of subarachnoid or intraventricular hemorrhages, intracerebral calcifications, 

prominent vascular structures or specific locations, and/or when non-invasive radiological 

scans suggest a vascular origin of the ICH (Fewel, Thompson and Hoff, 2003). The location 

of the hemorrhage in deep structures, elderly patients, and hypertension history are factors 

to consider before performing angiography because, for instance, if the hemorrhage is lo-

cated in thalamic structures and the patient is old and hypertense there is no benefit in the 

performance of a cerebral angiography (Fewel, Thompson and Hoff, 2003). 

Summarizing, the use of imaging techniques provides diagnostic information about the ICH 

patient, as it identifies imaging features suggestive of complications (Greenberg et al., 2022). 

2.7. Complications in ICH   

Among the most important complications of ICH, factors such as hematoma expansion, 

large hematoma volume (>30 mL), intraventricular hemorrhage extension, and hyperglyce-

mia are major predictors of early mortality and poor outcome (Broderick et al., 1993; Qureshi 

et al., 1995, 2001; Balami and Buchan, 2012; Hemphill et al., 2015; An, Kim and Yoon, 2017; 

Magid-Bernstein et al., 2022; Sheth, 2022).  

2.7.1. Hematoma expansion  

Initial reports considered that the bleeding stopped fast because of clotting, but CT scans 

have shown that hematomas expand over time (Qureshi et al., 2001; Magid-Bernstein et al., 

2022). In fact, 26% of the patients had hemorrhagic growth within one hour of the baseline 

CT, and 12% of the patients had a hemorrhagic growth between 1 to 20 hours after the 

baseline CT scan (Brott et al., 1997). In general, hematoma expansion after 24 hours is rare 

(Kazui et al., 1996). 

Hematoma expansion occurs shortly after ICH in a considerable number of patients and is 

associated with poor outcomes, neurologic deterioration, and mortality. Also, it increasingly 

compresses nearby brain structures, leading to the well-known mass effect (Qureshi et al., 

2001; Greenberg et al., 2022; Sheth, 2022).  
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Several radiological signs indicate the risk of ICH expansion. These include heterogeneous 

hematoma densities, irregular hematoma margins, and the presence of a “black & white” 

and “spot” sign. The black and white sign is defined as any spot sign (contrast within the 

hematoma detectable in contrast-enhanced CT or CTA) seen on a CTA scan that shows up 

inside or right next to a darker area on the matching non-contrast CT scan (Pensato et al., 

2025). These markers influence prognosis, patient monitoring, and clinical decision-making 

(Greenberg et al., 2022; Magid-Bernstein et al., 2022; Pensato et al., 2025; Blacquiere et al. 

2015). Routine serial CT scans at different post-stroke times can be useful for monitoring 

ICH progression (Hemphill et al., 2015; Greenberg et al., 2022). 

Several factors have been associated with the assessment of hematoma enlargement such as 

early admission after symptom onset (shorter time between symptom onset and baseline 

CT), heavy alcohol consumption, irregularly shaped hematoma, decreased level of mental 

alertness, low fibrinogen level, anticoagulant use, and anemic patients (Fujii et al., 1998; 

Greenberg et al., 2022; Sheth, 2022). 

Several clinical trials have been initiated to identify the most effective strategies for reducing 

mortality and improving outcomes in ICH patients by targeting hematoma expansion. Trials 

such as TICH-NOAC and STOP-MSU investigated the use of tranexamic acid to limit he-

matoma growth, but found no significant clinical benefit, nor in hematoma expansion, nor 

in clinical outcome (Polymeris et al., 2023; Yassi et al., 2024). The STOP-IT and SPOT-

LIGHT trials evaluated the use of the spot sign tool and the recombinant factor VIIa 

(rFVIIa) as potential treatments for ICH without finding improvements in clinical outcomes 

or radiographically. Prospective trials including INTERACT II, ATACH II, JAMA2015, and 

RAINS have explored the effects of aggressive blood pressure reduction on hematoma ex-

pansion, resulting in contradictory results depending on the specific study (Brouwers and 

Greenberg, 2013).  

2.7.2. Perihematomal edema 

The edema is produced due to the presence of the hematoma (Qureshi et al., 2001). The fluid 

is collected in the region around the extravasated blood, which can result in mass effect, 

increasing the intracranial pressure and the neurological impairment (Balami and Buchan, 

2012).  
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2.7.3. Intraventricular hemorrhage 

Intraventricular hemorrhage (IVH) expansion occurs in 21% of ICH patients (Balami and 

Buchan, 2012; Greenberg et al., 2022; Magid-Bernstein et al., 2022; Sheth, 2022). These hem-

orrhages often lead to hydrocephalus. Both IVH volume and hydrocephalus are independent 

predictors of mortality and poor prognosis after ICH and typically lead to a decreased level 

of awakening/consciousness and worse clinical outcomes (Hallevi et al., 2009; Balami and 

Buchan, 2012; Greenberg et al., 2022; Magid-Bernstein et al., 2022). IVH results in a mechan-

ical disruption, ventricular wall distention, and increased intracranial pressure, thus reducing 

the brain perfusion (Mayer, Thomas and Diamond, 1996; Mayfrank et al., 1997; Hallevi et al., 

2009). In animal models, IVH has been shown to increase cerebrospinal fluid (CSF) produc-

tion and subsequent posthemorrhagic hydrocephalus (Lolansen et al., 2022). IVH is fre-

quently diagnosed via CT or MRI, with CT being the key tool for early detection and rating 

the grade of IVH extent (Dastur and Yu, 2017). 

Several trials have explored strategies to accelerate blood clearance from ventricles, such as 

the CLEAR III trial, which validated the use of very low-doses of thrombolytic drugs (Naff 

et al., 2004) when combined with an external ventricular drainage (EVD) (Qureshi, 

Mendelow and Hanley, 2009; Hanley et al., 2017; Magid-Bernstein et al., 2022).  

2.7.4. Other complications 

Thrombotic events, such as pulmonary embolism or deep vein thrombosis, are also com-

mon and life-threatening complications that reduce rehabilitation and recovery of the ICH 

patient, and the incidence is approximately 7% in hospitals. In order to reduce the risk of 

these thrombotic events, it has been proposed the use of intermittent pneumatic compres-

sion devices, prophylaxis with low-molecular-weight or no fractionated heparin, or insertion 

of an inferior vena cava filter (Greenberg et al., 2022). Early treatment of hematoma expan-

sion, hyperglycemia, fever, and impaired swallowing reduces mortality, disability, and in-

hospital time (Greenberg et al., 2022).  

2.8. Pathophysiology  

The cerebral damage produced after the ICH is commonly classified into primary and sec-

ondary brain injury, both of which are interrelated yet differ pathophysiologically. The pri-

mary cerebral damage refers to the immediate events after the bleeding, such as tissue 
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disruption due to hematoma expansion and mass effect, defined as the pressure made by the 

hematoma on surrounding tissues, leading to displacement, compression, and potential neu-

rological deficits. On the other hand, the secondary brain damage relates specifically to the 

activation of cellular and molecular mechanisms that are triggered by substances released by 

the hematoma that underlie cerebral damage due to ICH (Figure 4.) (Qureshi et al., 2001; 

Keep, Hua and Xi, 2012; Mracsko and Veltkamp, 2014; Magid-Bernstein et al., 2022). 

2.8.1. Primary brain injury 

As mentioned, the primary brain injury occurs after the onset of the bleeding and is mainly 

due to the tissue disruption, defined as mechanical cell alterations, including neurons, that 

cause the release of excitotoxic neurotransmitters such as glutamate (Qureshi et al., 2003). 

These changes are the result of brain structures' compression and blood deposition in the 

brain parenchyma, leading to an increase in the intracranial pressure (ICP) and causing mass 

effect (Mracsko and Veltkamp, 2014). In some cases, the increase in the ICP can lead to 

brain structure herniation, compromising the arterial perfusion (Herweh et al., 2007).  

 

Figure 4. General schema of primary and secondary brain injury mechanisms in intracerebral hem-
orrhage (ICH). Primary brain injury results from hematoma expansion and mass effect, leading to 
increased intracranial pressure (ICP) and tissue disruption. Secondary brain injury involves blood-
brain barrier (BBB) breakdown, edema, oxidative stress, and erythrocyte lysis, contributing to inflam-
mation and microglial activation. These cascades ultimately drive cell/neuronal death mechanisms. 
ROS: reactive oxygen species. 

Modified from (Magrid-Bernstein et al., 2022) 
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There is no consensus on the time-course development of the perihematomal edema (PHE) 

around the hemorrhagic area after the ICH. Historically, the PHE has been considered a 

prognostic factor in the outcome of ICH patients, as it can increase both ICP and mass 

effect (Qureshi et al., 2001; Xi, Keep and Hoff, 2006). However, its relationship with the 

clinical outcome is not completely clear (Arima et al., 2009; Venkatasubramanian et al., 2011). 

In the first hours, the PHE is characterized by a hyperactive phase due to the disruption of 

the blood-brain barrier (BBB) and the diffusion of blood and serum proteins into the brain 

parenchyma. In the following days, the edema expands as a result of thrombin release, iron-

induced damage, and inflammation, reaching its maximum volume between 1 and 2 weeks 

post-ICH. Afterward, the volume of edema gradually decreases (Mracsko and Veltkamp, 

2014; Chen et al., 2021; Magid-Bernstein et al., 2022; Krishnan et al., 2023).  

2.8.2. Secondary brain injury 

The secondary brain injury (SBI) occurs as a consequence of the complex and adverse mech-

anisms activated after the ICH, including oxidative stress pathways, intense inflammatory 

responses, excess iron in the brain parenchyma, microglial activation, and excitotoxicity. The 

breakdown of the erythrocytes in the brain parenchyma and the molecules released during 

their rupture, together with coagulation factors, complement components, and immuno-

globulins, contribute to this secondary brain injury that is not yet fully understood (Qureshi 

et al., 2001; Aronowski and Zhao, 2011; Keep, Hua and Xi, 2012; Mracsko and Veltkamp, 

2014; Zhou et al., 2014; Magid-Bernstein et al., 2022; Alsbrook et al., 2023). Some of these 

molecules related to ICH secondary damage are explained in the following sections. 

2.8.2.1. Thrombin damage 

Thrombin, a serine protease generated through activation of the coagulation cascade, plays 

a central role in mediating SBI following ICH. Upon vascular rupture, high concentrations 

of thrombin are rapidly produced in the brain parenchyma, where they exert predominantly 

neurotoxic effects (Tao et al., 2024). Thrombin activates protease-activated receptors (PARs), 

particularly PAR-1 and PAR-4, on neurons, astrocytes, microglia, and endothelial cells, trig-

gering a cascade of pathological responses that include BBB disruption, neuroinflammation, 

and neuronal apoptosis (Tao et al., 2024; Shao, Tu and Shao, 2019). These effects are medi-

ated by activation of downstream signaling pathways such as mitogen-activated protein ki-

nases (MAPKs), nuclear factor kappa B (NF-κB), and the NOD-, LRR- and pyrin domain-
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containing protein 3 (NLRP3) inflammasome, leading to increased expression of proinflam-

matory cytokines (e.g., tumor necrosis factor-α (TNF-α), interleukin 1β (IL-1β)) and matrix 

metalloproteinases (MMP), which further compromise BBB integrity (Tao et al., 2024). 

In experimental models, direct intracerebral injection of thrombin induces brain edema, mi-

croglial activation, and neuronal loss, closely replicating features of SBI seen in ICH (Zheng 

et al., 2016; Wan et al., 2016; Krenzlin et al., 2020). Thrombin also enhances excitotoxicity by 

potentiating N-methyl-D-Aspartate (NMDA) receptor function, promoting calcium influx 

and oxidative stress in neurons (Gingrich et al., 2000). Clinically, elevated thrombin activity 

and thrombin-antithrombin (TAT) complex levels in the cerebrospinal fluid of ICH patients 

are associated with worse neurological outcomes, suggesting thrombin as a biomarker of 

injury severity (Krenzlin et al., 2020). Although thrombin is essential for hemostasis, its 

pathological signaling post-ICH has prompted investigation of therapeutic strategies aimed 

at selective thrombin inhibition or downstream blockade (e.g., PAR-1 antagonists). Preclin-

ical studies using direct thrombin inhibitors such as hirudin and argatroban demonstrate 

reduced edema and improved neurological function without significantly increasing rebleed-

ing risk when administered appropriately (Hua et al., 2009; Tao et al., 2024). 

2.8.2.2. Inflammation and immune system damage 

Secondary brain injury is also mediated by neuroinflammation and immune responses trig-

gered by blood extravasation into the brain parenchyma. Toll-like receptors (TLRs), partic-

ularly TLR2 and TLR4, are crucial pattern recognition receptors that detect damage-associ-

ated molecular patterns (DAMPs) such as hemoglobin, heme, and thrombin released after 

ICH. Their activation initiates intracellular signaling cascades that culminate in NF-κB trans-

location to the nucleus, driving the transcription of pro-inflammatory cytokines including 

interleukin-1β (IL-1β), TNF-α, and interleukin-6 (IL-6) (Zhou et al., 2014; Dasari, Bonsack 

and Sukumari-Ramesh, 2021). NF-κB is therefore a master regulator of inflammation post-

ICH, linking TLR activation to downstream immune responses and contributing to BBB 

disruption, edema formation, and neuronal apoptosis (Zhou et al., 2014). Pharmacological 

inhibition of TLR4 or NF-κB signaling reduces neuroinflammation and improves functional 

outcomes in animal models (Teng et al., 2009). 

Resident microglia, together with infiltrating peripheal macrophages, also play a central role 

in the inflammatory response in the brain after ICH. These cells rapidly respond to 
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hemorrhagic injury by exhibiting phenotypic plasticity, adopting either a pro-inflammatory 

M1 phenotype, characterized by the release of cytokines and reactive oxygen species (ROS), 

which exacerbate neuronal injury and vascular permeability (Gong et al., 2025), or an anti-

inflammatory M2 phenotype, which promoted hematoma resolution and tissue repair (Jiao 

et al., 2023; Zhang et al., 2023). 

M1 microglia are typically activated in the acute phase after ICH and secrete pro-inflamma-

tory cytokines such as TNF-α, IL-6, IL-1β, and IL-12, along with chemokines like CCL2 

(chemokine (C-C motif) ligand 2). In contrast, M2 microglia contribute to tissue repair by 

promoting the phagocytosis of cellular debris and misfolded proteins, supporting extracel-

lular matrix remodelling, and releasing neurotrophic factors that enhance neuronal survival 

(Gao et al., 2023). 

Astrocytes also become reactive, differentiating into neurotoxic A1 or neuroprotective A2 

phenotypes, with A1 astrocytes releasing matrix MMPs that further degrade BBB integrity 

(Gong et al., 2025; Liddelow et al., 2017). The inflammasome, activated by DAMPs including 

thrombin and hemoglobin breakdown products, mediates caspase-1-dependent maturation 

of IL-1β and IL-18, amplifying the inflammatory response (Zhou et al., 2014). Inhibitors of 

NLRP3 have demonstrated efficacy in reducing edema and improving neurological recovery 

in preclinical ICH models (Zhang et al., 2024). 

The complement system, a key component of innate immunity, is activated following ICH 

and contributes to SBI by opsonizing erythrocytes and cell debris, recruiting immune cells, 

and promoting inflammation via anaphylatoxins such as C3a and C5a (Ducruet et al., 2009). 

Complement activation exacerbates neuronal damage and BBB disruption, while comple-

ment inhibition attenuates brain edema and improves neurological function in rodent hem-

orrhagic stroke models (Holste et al., 2021). 

Peripheral immune cells, including neutrophils and monocytes, infiltrate the perihematomal 

brain region. Neutrophils release myeloperoxidase, MMP-9, and form neutrophil extracellu-

lar traps (NETs), worsening BBB damage and edema (Zhou et al., 2014). Monocytes re-

cruited via C-C chemokine receptor type 2 (CCR2) differentiate into macrophages that con-

tribute both to inflammatory damage and tissue repair (Zhou et al., 2014; Dasari, Bonsack 

and Sukumari-Ramesh, 2021). Adaptive immune cells, notably CD4+ T helper 17 (Th17) 
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cells, secrete IL-17 which aggravates neuroinflammation and BBB breakdown, while regula-

tory T cells (Tregs) counterbalance inflammation through IL-10 and transforming growth 

factor-beta (TGF-β) production (Zhou et al., 2014). Modulation of lymphocyte trafficking 

via agents such as fingolimod reduces lymphocyte infiltration and ameliorates outcomes after 

ICH (Wan et al., 2023). 

Systemic inflammatory responses are also implicated in ICH prognosis. Elevated circulating 

cytokines (IL-6, TNF-α) and increased neutrophil-to-lymphocyte ratios correlate with hema-

toma expansion, perihematomal edema, and worse clinical outcomes (Gong et al., 2025). 

These peripheral immune parameters reflect the interplay between central neuroinflamma-

tion and systemic immune activation and may serve as biomarkers or therapeutic targets. 

Given the complex role of inflammation in ICH pathophysiology involving TLR-mediated 

NF-κB activation, inflammasome signaling, complement cascade engagement, and diverse 

immune cell infiltrations, the immune system represents a promising therapeutic target. 

However, the dual nature of microglia requires strategies that not only suppress harmful 

inflammation but also promote healing responses. Several agents, such as minocycline, 

siRNA targeting chemokine (C-X-C motif) ligand 16 (CXCL16), and sinomenine, have 

shown potential in preclinical studies by promoting M2 polarization while inhibiting the M1 

phenotype (Dinc and Ardic, 2025). 

2.8.2.3. Damage by erythrocytes’ released products 

The molecules released by the damaged or lysed red blood cells worsen the injury produced 

by the ICH by increasing oxidative stress, lipid peroxidation, and inflammation. Oxidative 

stress and lipid peroxidation play a crucial role in secondary brain injury caused by intracer-

ebral hemorrhage (Mracsko and Veltkamp, 2014; Zhou et al., 2014). As erythrocytes break 

down, inflammatory cells are recruited, and hemoglobin (Hb) is released. The Hb is then 

degraded into heme group and iron. These products generate free radicals and ROS, pro-

ducing neuronal membrane damage, deoxyribonucleic acid (DNA) disruption, and triggering 

a range of responses that result in different cell death mechanisms (Zhou et al., 2014), such 

as apoptosis, necrosis, ferroptosis, and autophagy, among others (Wan, Ren and Wang, 

2019). Recent evidence suggests that the released heme group and iron are among the pri-

mary causes of brain damage produced by ICH (Zille et al., 2017). However, the brain has 

protective mechanisms that can be activated after ICH and erythrocyte lysis, the most 
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important one being the Hb-scavenging molecule haptoglobin (Hp) and the heme scaveng-

ing system hemopexin (Hpx), the role of these molecules in ICH has been reviewed 

(DeGregorio-Rocasolano, Martí-Sistac and Gasull, 2019). 

Among the different cell death mechanisms, ferroptosis is an iron-driven programmed cell 

death characterized by the excessive accumulation of lipid peroxides, which causes signifi-

cant damage to plasma membranes (Dixon et al., 2012; DeGregorio-Rocasolano et al., 2018; 

DeGregorio-Rocasolano, Martí-Sistac and Gasull, 2019; Dixon and Olzmann, 2024). Fer-

roptosis is a cell death mechanism that has generated a renewed interest, since it can be 

activated and regulated in many ways depending on the cell type and the triggering factors, 

and provides several molecular targets for intervention (Dixon and Olzmann, 2024).  

Since the neurons have a large amount of membrane, and membranes are very rich in lipids, 

the brain is particularly susceptible to lipid peroxidation and free radicals damage (Duan et 

al., 2016; DeGregorio-Rocasolano, Martí-Sistac and Gasull, 2019). This vulnerability wors-

ens with the accumulation of iron released from hemoglobin degradation after an ICH. Iron, 

by catalyzing the formation of hydroxyl radicals through the Fenton reaction, increases the 

oxidative stress and damages the lipid structures of neurons/brain cells (Dixon et al., 2012; 

DeGregorio-Rocasolano, Martí-Sistac and Gasull, 2019). 

Of note, this iron-induced ferroptosis is a mechanism of cell death common to both is-

chemic and hemorrhagic stroke types (Figure 5.). 

2.8.3. Iron and ferroptosis 

Iron, in the form of ferric iron (Fe3+), is transported and distributed by transferrin (Tf), a 

protein that is abundant in blood. When iron is bound to transferrin, it does not participate 

in redox activities. Tf is present in the blood in different isoforms depending on the number 

of iron atoms it transports: transferrin loaded with two iron atoms (diferric or holotransfer-

rin, HTf), transferrin with one iron atom (monoferric, mFe), and iron-free transferrin 

(apoferric or apotransferrin, ATf). The amount of free (ATf) and iron-loaded transferrin is 

presented as the percentage of transferrin saturation (TSAT), which is approximately 30% 

in humans (DeGregorio-Rocasolano et al., 2018).  
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Iron reaches the brain through systemic circulation mainly bound to Tf, and its levels in 

systemic blood depend on diet, intestinal absorption, and the release of iron from hepatic 

and macrophagic stores (DeGregorio-Rocasolano, Martí-Sistac and Gasull, 2019). The entry 

of iron in the brain is finely regulated by the BBB (DeGregorio-Rocasolano, Martí-Sistac 

and Gasull, 2019). Iron bound to Tf circulates until it binds to transferrin receptors (TfR) 

located in cellular membranes, with TfR-Tf being the main entry route for iron into neurons 

(Figure 5.) (DeGregorio-Rocasolano et al., 2018; DeGregorio-Rocasolano, Martí-Sistac and 

Gasull, 2019). Tf binds to its receptor in the cell membrane and is internalized by endocytosis 

mainly in the form of HTf, as this form has a higher affinity for the receptor than ATf 

(DeGregorio-Rocasolano, Martí-Sistac and Gasull, 2019). Once inside the cell, in the acidic 

environment of the endosome, ferric iron (Fe3+) is converted to ferrous iron (Fe2+) before 

being translocated into the cytosol through metal-transporting proteins such as the divalent 

Figure 5. Lipid peroxidation and iron are central mediators of ferroptosis. Via transferrin receptor 

(TfR), transferrin-bound iron enters to the cell, increasing intracellular iron levels and promoting lipid 

peroxidation, ultimately leading to ferroptosis. Neuroprotection against ferroptosis is primarily me-

diated by antioxidant molecules. The most prominent are listed in the deep blue circle of the image, 

with two concentric circles at the right of the figure, with glutathione peroxidase 4 (GPX4) being the 

most extensively studied antioxidant. The function of GPX4 (in green on the left of the image re-

quires glutathione (GSH) as a cofactor that indeed requires cell cystine imported through the system 

xc
-/xCT cystine/glutamate antiporter. Abbreviations: GSH-dependent hydroperoxidase 4 (GPX4), 

hydroxylated polyunsaturated fatty acids (PUFA-OH), hydroperoxide polyunsaturated fatty acids 

(PUFA-OOH), transferrin receptor (TfR), divalent metal transporter 1 (DMT1), tetrahydrobiopterin 

(BH4) and ferroptosis suppressor protein 1 (FSP1). 
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metal transporter 1 (DMT1) also called solute carrier family 11 member 2 (SLC11A2) 

(Berndt et al., 2024).  

Following the rupture of the brain vessels and disruption of the BBB in hemorrhage, the 

iron is released from hemoglobin and accumulates in the brain tissue after an ICH. This 

process leads to an increase in intracellular iron, which, in turn, induces the expression of 

intracellular iron-storing proteins, such as ferritin (FT) or iron chaperones like poly(rC)-

binding proteins (PCBPs) (DeGregorio-Rocasolano et al., 2018; DeGregorio-Rocasolano, 

Martí-Sistac and Gasull, 2019). However, the iron storage capacity is rapidly exceeded in an 

ICH, and free iron catalyzes ROS formation, causing severe oxidative damage to neu-

rons’/brain cells membranes, proteins, and DNA, ultimately leading to ferroptosis (Figure 

5.) (Zhou et al., 2014; DeGregorio-Rocasolano et al., 2018; Gaasch et al., 2007).  

TfR has been proposed as a new ferroptosis marker and the TfR-Tf-iron pathway identified 

as a common mechanism in brain injury in both ischemic and hemorrhagic stroke (Zille et 

al., 2017; DeGregorio-Rocasolano et al., 2018; DeGregorio-Rocasolano, Martí-Sistac and 

Gasull, 2019; T. Liu et al., 2021; Tang et al., 2021; Berndt et al., 2024). In fact, blocking the 

receptor protects from excitotoxic/ferroptotic/oxidative damage after ischemic stroke 

(DeGregorio-Rocasolano et al., 2018).  

One of the most studied antioxidant molecules, pivotal to prevent ferroptosis, is glutathione 

(GSH)-dependent hydroperoxidase 4 (GPX4), a selenoenzyme that normally protects cells 

against lipid peroxidation (Friedmann Angeli et al., 2014; Yang et al., 2014; Dixon and 

Olzmann, 2024). GPX4 catalyzes the reduction of lipid peroxides to non-damaging lipid 

alcohols, using GSH as a cofactor. Without GPX4, lipid peroxides accumulate, leading to 

ferroptosis (Yang et al., 2014). GSH synthesis primarily depends on the xCT transporter, a 

cystine/glutamate antiporter that exchanges cystine and glutamate through the cell mem-

brane. Cystine, inside the cell, is then converted to cysteine, which is used for GSH synthesis. 

Inhibition of the xCT system leads to reduced intracellular cystine levels, and therefore GSH, 

resulting in an increased susceptibility to ferroptosis (Dixon et al., 2012). 

In parallel, other mechanisms limit lipid peroxidation either using radical-trapping antioxi-

dants (RTAs), such as α-tocopherol (the most active form of vitamin E), tetrahydrobiopterin 

(BH4), or ferroptosis suppressors such as the ferroptosis suppressor protein 1 (FSP1) 
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(Dixon and Olzmann, 2024). FSP1 and BH4 are key molecules in ferroptosis suppression, 

acting independently or in conjunction with GPX4 (Doll et al., 2019; Berndt et al., 2024). 

These molecules generate reduced forms of coenzyme Q10 (CoQ10), and FSP1 also gener-

ates reduced forms of vitamin K, both of which have RTA activity (Berndt et al., 2024; Dixon 

and Olzmann, 2024). FSP1 reduces hydroxyl lipid radicals through a mechanism that is not 

dependent on GSH, providing an alternative protective route when GPX4 is inhibited or 

GSH levels are low (Doll et al., 2019). 

Recently, acyl-CoA synthetase long-chain family member 4 (ACSL4), the tumor suppressor 

p53 pathway, mechanistic target of rapamycin complex I (mTORC1) pathway, NAD(P)H, 

and nuclear factor erythroid 2-related factor 2 (Nrf2) have been related to ferroptosis (Berndt 

et al., 2024; Dixon and Olzmann, 2024).  

2.9. ICH treatment: clinical guidelines, clinical trials and pre-

clinical treatments 

While in ischemic stroke recombinant tissue-type plasminogen activator (rtPA), and endo-

vascular thrombectomy (EVT) are the gold standard treatments in eligible patients, ICH is 

still in search of effective curative treatments. The rapid identification of the type of stroke 

in a given patient is pivotal since thrombolysis with rtPA and EVT are to be used in a subset 

of ischemic stroke patients only, and contraindicated in ICH patients.  

The ICH guideline (Greenberg et al., 2022) provide a framework for clinical ICH manage-

ment, focusing on control of blood pressure (BP), pyrexia and hyperglycemia, as well as 

anticoagulant treatment reversal, and to use surgical interventions when adecuate. In addi-

tion to these guidelines, new treatment protocols and therapies are being developed and 

tested in clinical trials.  

2.9.1. Current guideline for intracerebral hemorrhage 

The 2022 Guideline for the Management of Patients With Spontaneous Intracerebral Hem-

orrhage is a current and comprehensive update of a prior guideline, published by the Amer-

ican Heart Association (AHA) and the American Stroke Association (ASA) in 2015 

(Hemphill et al., 2015). This guideline is specifically focused on spontaneous ICH; its main 

goal is to offer evidence-based guidance using available clinical trial data and published 
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research for the diagnosis, treatment, rehabilitation, and prevention of hemorrhagic stroke. 

Additionally, it aims to optimize clinical decision-making in order to improve functional 

outcomes and reduce mortality in patients with ICH (Greenberg et al., 2022). 

One of the important topics covered in this guideline is the importance of early stroke recog-

nition and type identification, emphasizing the importance of education among healthcare 

professionals, the general population and relatives of ICH patients (Greenberg et al., 2022). 

Furthermore, it highlights the need to transfer patients to specialized centers when the initial 

healthcare center does not have the necessary facilities to manage stroke patients (Abid et al., 

2013; Parry-Jones et al., 2019). 

Early stroke recognition allows early treatment initiation, including fever control, hypergly-

cemia management, and swallowing assessment (Middleton et al., 2011; Greenberg et al., 

2022). The QASC (ACTRN12608000563369) and INTERACT III (NCT03209258) trials 

demonstrated that the early multimodal interventions and multidisciplinary team care signif-

icantly reduce hospital length of stay, mortality, and the degree of disability in ICH patients 

(Middleton et al., 2011, 2017; Ma et al., 2023). 

An early ICH diagnosis is a key point in the management of intracerebral hemorrhage (Ruff 

et al., 2024). CT and MRI are fast imaging techniques that help identify the cause of bleeding 

and differentiate between hemorrhagic and ischemic strokes in patients with stroke-like 

symptoms (Kidwell et al., 2004; Lummel et al., 2012; Charidimou et al., 2017). Follow-up 

imaging studies are essential to evaluate hematoma expansion, hydrocephalus, and perihe-

matomal edema (Brott et al., 1997; Greenberg et al., 2022). 

The treatment of ICH has to be individualized based on the patient’s preexisting conditions, 

particularly anticoagulant or antiplatelet use (Ruff et al., 2024). Anticoagulant therapy should 

be discontinued immediately, with reversal agents administered if blood anticoagulant levels 

are clinically significant (Hanger et al., 2013). The impact of antiplatelet therapy on prognosis 

remains uncertain (Feldman et al., 2019; Schmidt et al., 2019; Mengel et al., 2020). However, 

in emergency craniotomies for hematoma evacuation, platelet transfusion has demonstrated 

benefits in reducing postoperative hemorrhagic volume (Li et al., 2013; Ruff et al., 2024). 

Blood pressure (BP) control is crucial in ICH management, as elevated BP contributes to 

hematoma expansion, worsens neurological deficits, and increases mortality and 
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dependency. Clinical trials, including INTRACT I (NCT00226096), INTERACT II 

(NCT00716079), and ATACH II (NCT01176565) demonstrated that intensive BP control 

for ICH is safe, feasible, and may improve functional outcomes (Anderson et al., 2008, 2013; 

Qureshi et al., 2018). In fact, the primary recommendation is to keep systolic blood pressure 

between 130-140 mmHg (Moullaali et al., 2019; Greenberg et al., 2022; Ruff et al., 2024). 

Other important aspects of ICH management include glycemic control, emphasizing the 

need to avoid both hyperglycemia and hypoglycemia (Passero et al., 2002; Kim et al., 2017). 

However, strict glycemic control increases the risk of hypoglycemia (Van den Berghe et al., 

2001; Oddo et al., 2008; NICE-SUGAR Study Investigators et al., 2009). Temperature man-

agement is also essential, as fever worsens functional outcomes (Iglesias-Rey et al., 2018). 

While therapeutic hypothermia has been proposed to reduce perihematomal edema, no sig-

nificant clinical benefit has been demonstrated (Greenberg et al., 2022). Finally, antiepileptic 

treatment is recommended for patients with clinically evident seizures or epileptic activity 

detected by electroencephalogram (EEG) (Vespa et al., 2003; Mehta et al., 2018). 

The efficacy and safety of surgical intervention in ICH patients depends on hematoma loca-

tion, volume, and neurological status. For large hematomas with moderate GCS scores (5-

12), surgical evacuation of the hematoma is recommended if accesible, as demonstrated in 

the clinical trials STICH (ISRCTN19976990), STICH II (ISRCTN22153967) and MISTIE 

III (NCT01827046) trials (Mendelow et al., 2005, 2013; Hanley et al., 2019), favoring mini-

mally invasive surgery (MIS) over medical management alone (Xia et al., 2018; Hanley et al., 

2019; G. Guo et al., 2020). The ENRICH trial (NCT02880878) further supports MIS, show-

ing reduced mortality compared to craniotomy when surgical evacuation is necessary 

(Akhigbe et al., 2015; Scaggiante et al., 2018; Xia et al., 2018; G. Guo et al., 2020; Sondag et al., 

2020; Pradilla et al., 2024). However, the effectiveness of craniotomy for supratentorial he-

matomas remains uncertain (Mendelow et al., 2005, 2013; Gregson et al., 2012; G. Guo et al., 

2020; Sondag et al., 2020), though it is a lifesaving in cases of severe neurological deteriora-

tion (Mendelow et al., 2013; Bhaskar et al., 2017; Sondag et al., 2020). 

For cerebellar hemorrhages with brainstem compression and/or hydrocephalus, surgical 

evacuation is recommended to reduce mortality (Witsch et al., 2013; Kuramatsu et al., 2019; 

Singh et al., 2020). Furthermore, in patients in coma with massive supratentorial ICH, mid-

line shift, and increased intracranial pressure, decompressive craniotomy has been shown to 
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lower mortality rates (Fung et al., 2012; Heuts et al., 2013; Yao et al., 2018; Gildersleeve et al., 

2019; Iwuchukwu et al., 2020). 

The management of hemorrhagic stroke requires a multidisciplinary approach, emphasizing 

education for both healthcare professionals and patients to facilitate early recognition and 

reduce ICH recurrence (Greenberg et al., 2022). 

2.9.2. Clinical trials in ICH 

The vast majority of the clinical trials focus on testing measures of medical and surgical 

management of ICH. However, some recent studies have tested additional strategies to re-

duce brain damage after the bleeding. These include reducing iron toxicity, enhancing he-

matoma clearance, and controlling perihematomal swelling and inflammation. Early-phase 

trials have already begun investigating some of these strategies. 

Given the role of hematoma-derived toxins in secondary brain injury, several trials have 

investigated the hematoma clearance. Trials such as the CLEAR III (NCT00784134), which 

assessed intraventricular alteplase administration in IVH patients (Hanley et al., 2017), and 

the FAST trial (NCT00127283), which tested the use of rFVIIa to reduce the hematoma 

growth and improve patient survival (Mayer et al., 2008), concluded that there was no survival 

benefit in its use without improving functional outcomes, although it improved clot resolu-

tion. TICH-NOAC (NCT02866838) and STOP-MSU (NCT03385928) evaluated the use of 

tranexamic acid (TXA), an antifibrinolytic agent, for limiting the hematoma expansion in 

ICH. Both studies found that TXA did not reduce the hematoma growth nor improve the 

functional outcomes in ICH patients (Polymeris et al., 2023; Yassi et al., 2024).  

Similarly, the i-DEF trial (NCT02175225) investigated the effects of deferoxamine (DFO) 

in ICH patients, confirming its safety. Although no significant improvements were observed 

in the primary analysis (90 days), a post-hoc analysis found a potential benefit in functional 

outcome up to 6 months after ICH (Selim et al., 2019; Foster et al., 2022). 

Other recent trials investigating novel treatments targeting secondary brain injury (SBI) have 

started but have not yielded promising results (see some examples in Table 6.). 
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Table 6. Clinical trials of new ICH treatments 

Treatment 
Mechanism 

of action 

Clinical trial 

number 
Status Outcome Ref 

Ciraparantag Binds to anti-
coagulants 

NCT04593784 
AMAG-977-

213 

Ongoing - - 

Mesenchymal 

Stem cells 
- NCT03371329 

Com-

pleted 

The administration of 

the stem cells is safe 

(Durand 

et al., 

2023) 

Minocycline 

(MACH) 

Antibacterial 

and anti-in-

flammatory 

NCT01805895 
Com-

pleted 

The drug is safe but 

should not be used in 

critically ill patients 

(Fouda et 

al., 2017) 

Remote is-

chemic condi-

tioning (RICH) 

- NCT03930940 
Com-

pleted 

No differences were 

found regarding func-

tional outcome 

(Wenbo 

et al., 

2025) 

Anakinra 

(BLOC-ICH) 

Recombinant 

IL-1 receptor 

antagonist 

NCT03737344 
Com-

pleted 

The treatment is safe, 

but the trial lacked of 

power to test the effects 

of edema 

(Parry-

Jones et 

al., 2023) 

Celecoxib 
COX-2 inhib-

itor 
NCT03741530 Ongoing - - 

Glibenclamide 

(GATE-ICH) 

Antidiabetic 

drug 
NCT03741530 

Com-

pleted 

Glibenclamide did not 

improve functional out-

come and could result 

in hypoglycemia 

(Zhao et 

al., 2022) 

Atorvastatin 

(STATIC) 

Anti-inflam-

matory and 

antioxidant 

NCT04857632 Ongoing - 
(Gao et 

al., 2024) 

Conivaptan 
Vasopressin 

inhibitor 
NCT03000283 

Com-

pleted 
The drug is safe 

(Corry et 

al., 2020) 

DFO (i-DEF) 

Iron chelator 

intermediate 

dose 

NCT02175225 
Com-

pleted 

The drug is safe and im-

prove outcomes > 90 

days 

(Selim et 

al., 2019; 

Foster et 

al., 2022)  

DFO (HI-

DEF) 

Iron chelator 

high dose 
NCT01662895 

Com-

pleted 

Discontinued for ad-

verse effects 

(Yeatts et 

al., 2013) 

 Modified from: (Chiang, Tsai and Tsai, 2024) 
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2.9.3. Treatments in preclinical stages 

Preclinical research testing of experimental treatments with the potential to help attenuate 

SBI in ICH has produced encouraging evidence for treatments that target BBB disruption, 

iron overload, inflammation, and reactive oxygen species. These are able to reduce hema-

toma expansion or increase the speed of hematoma resolution, or multi-component treat-

ments that are multi-target, multi-pathway. Some of the most promising have evolved into 

clinical trials currently ongoing or to be performed in the near future. 

Probably because in the East Asian countries such as China, Japan, and Korea, ICH accounts 

for at least 20-30% of all strokes, a large amount of preclinical studies have been published 

by Chinese/Japanese researchers using Chinese medicine extracts/herb formulas or medic-

inal herb-derived compounds used traditionally to treat ICH. Most of them are multi-com-

ponent, multi-target, multi-pathway mixtures that provide some benefit (Sun et al., 2025; Li 

et al., 2024; Q. Guo et al., 2020; Feng et al., 2023; Wu et al., 2021; Lai et al., 2019; Zhou et al., 

2021; Zeng et al., 2020; King et al., 2011). Other mixtures of compounds, e.g., cerebrolysin, 

ameliorate SBI in ICH (Yang et al., 2016). 

Besides these far East studies, the specific compounds tested so far preclinically as treat-

ments for ICH and reported in the literature can be grouped in the following categories: 

Preventers of BBB disruption, hematoma preventers, and hematoma aspiration 

The early hematoma reducer 17β-estradiol has been shown to prevent BBB disruption and 

to improve neurological deficits (Zheng et al., 2015). The initial arterial rupture and chemo-

kines activation have a role in the mechanisms of damage (F. Guo et al., 2020), and the 

antifibrinolytic agent CM352, administered early after ICH (1 hour), was efficient in reducing 

hematoma expansion (Rodríguez et al., 2017) and was associated with benefit. Also, it has 

been shown that aspiration of the hematoma after an experimental ICH model improves 

functional outcome and reduces neuronal loss (Hu et al., 2025). 

Neuroprotective molecules 

A number of molecules, such as the glycoprotein osteopontin (Gong et al., 2018), the vascu-

loprotector angiopoietin-like 4 (Qiu et al., 2018), COA-Cl, a novel synthesized adenosine 

analog (Lu et al., 2016), apelin-13 (Bao et al., 2016), or statins (Karki et al., 2009), have been 

found beneficial in ICH through reducing inflammation, edema, and/or neuronal death. 
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Antioxidant compounds 

Nuclear factor erythroid 2-related factor 2 (Nrf2) activators (Chen-Roetling and Regan, 

2017), tert-butylhydroquinone (TBHQ) (Sukumari-Ramesh and Alleyne, 2016), or edava-

rone, with or without hypothermia (Zhou, Chen and Zhang, 2009; Nakamura et al., 2007; Li 

et al., 2025; Zhu, Liu and Sun, 2015), have been reported protective in ICH by improving 

barrier function, attenuating edema, inflammation, neuronal loss and/or neurological defi-

cits. Also, GSH/glutathione improves the prognosis of mice with ICH by attenuating neu-

rological impairment, decreasing neural damage, and inhibiting apoptosis, through the up-

regulation of mitochondrial oxidative respiration function. (Diao et al., 2020). 

Iron chelation or hemoglobin (Hb)-haptoglobin (Hp) targeting  

Iron plays a critical toxic role in ICH, which can be reduced by the highly CNS-penetrant 

antibiotic minocycline, at least in part through the inhibition of metalloproteinase activity 

(Zou et al., 2017; Y. Liu et al., 2021; Xue and Yong, 2020). The iron chelators 2,2’-bipyridyl, 

deferasirox, and deferoxamine (DFO) have been demonstrated to have neuroprotective ef-

fects and to improve neurological outcome in animal models of ICH (Okauchi et al., 2010; 

Auriat et al., 2012; Wu et al., 2012; Chen et al., 2022; Cui et al., 2015), even in aged rats 

(Hatakeyama et al., 2013). Building on this concept of iron toxicity in ICH, it has been shown 

that Hb-induced hypohaptoglobinemia aggravates ICH-induced brain damage, while sul-

foraphane-induced increase in brain Hp reduces brain damage. In agreement with these find-

ings, Hp deficiency worsens, whereas Hp overexpression alleviates ICH-induced brain injury 

(Zhao et al., 2009). 

Antiinflammatory treatments 

The suppression of proinflammatory microglia (M1 phenotype) is neuroprotective in ICH 

(Rahman et al., 2020; Ohnishi et al., 2020). The thrombin inhibitor argatroban attenuates 

inflammation and edema without enlarging the hematoma in experimental ICH models 

(Kitaoka et al., 2003; Nagatsuna et al., 2005) and, unlike rtPA, it acts independently of the 

fibrinolytic system (Hamada and Matsuoka, 2000). The aforementioned antibiotic minocy-

cline has also shown antioxidant activity and to inhibit proinflammatory signaling activity in 

ICH (Hamada and Matsuoka, 2000), although some studies have reported minimal benefit 

in this regard (Wang, 2010). Another class of immunomodulation arises from sphingosine-

1-phosphate receptor (S1PR) modulators, such as fingolimod. These agents reduce T-cell 
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infiltration and BBB disruption, resulting in recovered behavioral outcomes (Xue and Yong, 

2020). Prostaglandins and cyclooxygenase (COX) enzymes also play a role in secondary brain 

injury after ICH (Leclerc et al., 2015; B. Chen et al., 2019). The COX-2 inhibitor celecoxib 

reduces inflammation, prostaglandin synthesis, and brain edema, leading to better functional 

recovery (Chu et al., 2004). Statins also exert neuroprotective antiinflammatory effects (Xue 

and Yong, 2020) through reducing leukocyte infiltration in preclinical ICH models (Keep, 

Hua and Xi, 2012; Xue and Yong, 2020). R-7050, a cell-permeable triazoloquinoxaline in-

hibitor of the tumor necrosis factor receptor (TNFR) complex, showed benefit after ICH in 

mice (King, Alleyne and Dhandapani, 2013). 

Other approaches 

The use of stem cells, small RNAs, exosomes, neurotropic factors, such as neuritin (Lu et 

al., 2021), and nanoparticles are currently being investigated for the ICH treatment. While in 

its infancy, these approaches offer great promise for future clinical translation (Seyfried et 

al., 2010; Zille et al., 2022). For instance, intravenous (IV) administration of human adipose-

derived stem cells ameliorates motor and cognitive function in an ICH mouse model (Ku-

ramoto et al., 2019). 

In addition, several potentially repurposable treatments with anti-inflammatory, antioxida-

tive, neuroprotective, or hematoma clearance effects have been tested and listed in a review 

by Crilly and colleagues in 2021 (Crilly et al., 2021). Other approaches, such as self-assembly 

peptide nanofibrous scaffold (SAPNS), have been found to aid functional recovery (Zhang 

et al., 2016). 

2.10. Animal models of ICH 

Preclinical research models are basic to study specific characteristics of a disease and perform 

clinical tests of new treatments. The choice of a model will mainly depend on the questions 

posed beforehand by the researchers, as well as the cost, opportunity, and the stage and 

scope of the research, among others.  

2.10.1. Rodents 

Rodents are the most commonly used species in animal research, and they are useful for 

initial in vivo testing of new therapeutic strategies. They are small, have good reproductive 

characteristics, and easily allow the application of new reproductive biotechnology 
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techniques, such as transgenesis, knock-out animals, and CRISPR, to develop new disease 

models. The lower body weight of small animals results in reduced drug quantities needed 

for dose-ranging and efficacy studies, thereby decreasing cost relative to studies in larger 

species at the same dosage (Bryda, 2013). Additionally, they are well-domesticated laboratory 

animals, easy to handle, and drugs can be administered in the required route (Domínguez-

Oliva et al., 2023).  

Rodents have a great dissimilarity with humans regarding cerebral anatomy (Figure 6.), be-

cause their brains are lissencephalic, unlike the human brain, which is gyrencephalic, and 

they also have lower proportions of white matter (Melià-Sorolla et al., 2020). Moreover, they 

are nocturnal animals, affecting their circadian cycle (which is the opposite of humans, who 

are active performing research and testing neurological deficits in the stroke models in the 

diurnal period), and their neural network structure and functionality differ from humans 

(Corbett et al., 2017). It is also important to mention that most studies conducted on rodents 

are performed during the day, in young, healthy animals without comorbidities and with 

optimized diets, raised in controlled, pathogen-free environments (Lourbopoulos et al., 

2021). 

Figure 6. Sagittal cross-sections of the human, pig, and mouse brains, shown to scale, with an en-

larged view of the mouse brain for clarity. The illustration compares structural differences among 

these species, highlighting the gyrencephalic nature of the human and pig brains, which exhibit greater 

cortical folding and a higher white-gray matter ratio. In contrast, the lissencephalic mouse brain has 

a smoother surface and a relatively higher proportion of gray matter, making it structurally distinct. 

The olfactory bulb is more developed in pigs and mice compared to humans. 

Corpus callosum 

Corpus 

callosum 

Cortex 

Cortex 

Thalamus 

Thalamus 

Cortex 

Thalamus 

Olfactory 

bulb Olfactory 

bulb 

Pig brain 

Human brain 
Mouse brain 



Introduction 

58 

 

2.10.1.1. Rodent brain vasculature 

The circle of Willis (CoW) is an arterial ring/anastomosis at the base of the brain that sup-

plies blood to both the brain and its surrounding structures, present in most vertebrates 

(Vrselja et al., 2014). In humans, the CoW encompasses the anterior cerebral arteries (ACAs), 

which are connected by the anterior communicating artery (AComA), the internal carotid 

artery (ICAs), which branch into the middle cerebral arteries (MCAs), the posterior cerebral 

arteries (PCAs), which are connected by the posterior communicating arteries (PComA), and 

the basilar artery (BA), forming the arterial ring (Figure 7A.) (Ayre et al., 2022).   

In mice, the ICA bifurcates into the MCA, and it then continues as the ACA, which branches 

to the anterior communicating artery (AComA) until it becomes the olfactory artery. How-

ever, in several mouse strains, the PCAs do not connect to the BA, resulting in independent 

units of blood supply. This makes the CoW of the mouse an open circuit, in contrast to 

humans (Okuyama et al., 2004). Additionally, numerous anatomic variants can be found 

Figure 7. Ventral view of the human and mouse brains, illustrating the arterial vasculature. (A) The 

image is drawn to scale, with the mouse brain surrounded by a black circle (see magnified view of the 

mouse brain in B). Major cerebral arteries are depicted. The circle of Willis (CoW) is visible in both 

species. The mouse brain displays a more simplified arterial pattern compared to the human brain, 

which has a more complex and extensive vascular network. (B) Magnified ventral view of a mouse 

brain, highlighting common anatomical variants. (B, left) Variations in the middle cerebral artery 

(MCA in green, pointed with a blue arrow). (B, right top) Unilateral presence of the first segment of 

the posterior cerebral artery (P1 in green). (B, right bottom) Absence of the P1 segment. Abbrevia-

tions: anterior communicating artery (AComA), anterior cerebral artery (ACA), basilar artery (BA), 

internal cerebral Artery (ICA), posterior communicating artery (PComA), posterior cerebral artery 

(PCA), first segment of the PCA (P1), middle cerebral artery (MCA), ascending pharingeal artery 

(APA), common carothid artery (CCA). 
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(Figure 7B.). The most common variants include the absence or unilateral presence of the 

first segment of the posterior cerebral artery (P1) and variations in the MCA, such as acces-

sory MCAs originating from the distal ICA (Qian et al., 2018).  

Regarding the mouse brain venous vasculature, important connections between intra- and 

extracranial veins are important drainage pathways in brain circulation (Mancini et al., 2015). 

In both humans and mice, the superior sagittal sinus (SSS), inferior sagittal sinus (ISS), 

straight sinus (StS), vein of Galen (GV), internal cerebral vein (ICV), transverse sinus (TS), 

and sigmoid sinus (SiS) are present.  

2.10.1.2. Intracerebral hemorrhagic stroke models in ro-

dents 

Injection-based ICH models 

Autologous blood or bacterial collagenase-specific intracerebral injections are the most com-

monly used methods to induce ICH in rodents. Both models require craniotomy and allow 

researchers to induce hemorrhages at the desired location while controlling the speed and 

size of the hematoma (Mracsko and Veltkamp, 2014). These models require invasive proce-

dures. 

• The autologous blood model involves the production of a hematoma by using a 

stereotaxic frame to inject freshly-obtained arterial blood, usually from the femoral 

artery of the same animal, into the brain parenchyma (Bullock et al., 1984).  

• The intracerebral injection of bacterial collagenase model dissolves the basal 

lamina of adjacent blood vessels, resulting in continuous bleeding for up to several 

hours (MacLellan et al., 2008; Da Silva-Candal et al., 2015).  

The human condition typically results from the spontaneous rupture of an intracerebral ar-

tery, and this differs from the two prevous models (Mracsko and Veltkamp, 2014). 

Other ICH models 

• Spontaneous models. Although less commonly used, spontaneous ICH models 

have been described to encompass several characteristics of human ICH or to 

mimic hemorrhage development (Bai, Liu and Wang, 2020; Withers et al., 2020). In 
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these models, the hemorrhage location and size cannot be controlled (Withers et al., 

2020). 

o Hypertension-induced models. These models spontaneously generate mi-

crohemorrhages, petechial hemorrhages, and larger hemorrhages in the cer-

ebellum. Hypertension is produced experimentally by using deoxycorti-

costerone acetate salts, angiotensin, or by genetic modifications (Ogata et 

al., 1982; Iida et al., 2005; Wakisaka et al., 2010; De Silva and Faraci, 2023). 

o CAA models. Developed due to mutations in a region of the amyloid pre-

cursor protein gene. The hemorrhages appear in old animals with this mu-

tation (Winkler et al., 2001; Herzig et al., 2004). 

o Cerebral small vessel disease (CSVD) models. Induced by mutating 

isoforms of the collagen type IV gene (Jeanne, Jorgensen and Gould, 2015). 

• Periventricular/intraventricular hemorrhages (PVH/IVH). More common in 

premature infants due to the high blood supply required for developing neurons, 

and having incompletely formed blood vessels (Whitelaw, 2012). In PVH/IVH an-

imal models, the injection of glycerol (Conner et al., 1983) or phenylephrine 

(Goddard et al., 1980) produces intracranial hypotension or hypertension, respec-

tively, leading to IVH hemorrhages. Other approaches involve autologous blood 

injection directly in the ventricles or the periventricular tissue (Xue and Del Bigio, 

2003). 

• To study specific ICH parameters, such as the mass effect, microballoon insertion 

models are used. These simulate the hematoma expansion effect by increasing the 

intracranial pressure and reducing the cerebral blood flow in the ipsilateral hemi-

sphere (Sinar et al., 1987). To study the secondary brain injury caused by thrombin 

released from the initial hematoma, thrombin injection models are used (Xue and 

Del Bigio, 2001). 

2.10.2. Large animals 

To improve the translationality of preclinical findings, new humanized stroke models have 

been developed in large animals and non-human primates (Combs et al., 1990; Watanabe et 

al., 2007; Boltze et al., 2008; Rink et al., 2008; Cook and Tymianski, 2012; Golubczyk et al., 

2020; Kaiser and West, 2020; Castaño et al., 2023). Most of these animals have gyrencephalic 

brains with vascular anatomy similar to humans (Figure 6 and Figure 8.) (Wagner et al., 
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1996; Küker et al., 2000; Mun-Bryce et al., 2001; Rohde et al., 2001; Zhu et al., 2013; 

Gerhardson et al., 2020; Withers et al., 2020; Castaño et al., 2023). 

The advantage of modeling ICH in large animals lies in their larger size, with a higher per-

centage of white matter (Melià-Sorolla et al., 2020; Withers et al., 2020) and structurally more 

human-like brains (Kaiser and West, 2020; Melià-Sorolla et al., 2020). A variety of species, 

such as pigs, sheep, non-human primates, cats, and dogs, have been used to establish ICH 

models. However, due to social concerns, research costs, and availability issues, the last three 

are used much less frequently (Wagner et al., 1996; Küker et al., 2000; Mun-Bryce et al., 2001; 

Rohde et al., 2001; Zhu et al., 2013; Liu et al., 2014; An et al., 2015; Dai et al., 2018; Boltze et 

al., 2019; Gerhardson et al., 2020; Withers et al., 2020). The use of farm animals like sheep 

and pigs raises fewer concerns than the use of non-human primates, and their use is crucial 

for understanding the pathophysiology of stroke.  

Most large-animals ICH models are performed in pigs (Wagner et al., 1996; Küker et al., 2000; 

Mun-Bryce et al., 2001; Rohde et al., 2001; Zhu et al., 2013; Gerhardson et al., 2020; Withers 

et al., 2020). The advantages of porcine models over ovine models focus on the pre-surgical 

preparation of the animal. Ruminants produce a large amount of saliva and have a high risk 

of regurgitation, necessitating esophageal, as well as tracheal intubation, and positioning their 

head downwards (Seddighi and Doherty, 2016). Additionally, there are increasing numbers 

of successful transgenic pig models for metabolic, neurodegenerative, and genetic diseases 

(Adam et al., 2007; Renner et al., 2010; Yu et al., 2016; Perleberg, Kind and Schnieke, 2018; 

Andersen et al., 2022; Wei et al., 2022; Slijkhuis et al., 2024).  

These large animal models are much more expensive than rodent models. It also requires 

specialized personnel for their handling, control, and review, as well as appropriate facilities 

for their housing. Moreover, most large animals (including pigs) have a network of small 

arteries at the base of the brain, before the internal carotid artery, called the rete mirabile (RM), 

which prevents reaching the CoW through catheters (Figure 8.) (Melià-Sorolla et al., 2020; 

Castaño et al., 2023). 

2.10.2.1. Swine vasculature  

Pigs are animals that possess significant similarities with humans and are the most used 

model for experimental surgery and the development of medical devices, especially for 
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research in vascular diseases, transplants, and xenotransplants (Tanaka and Kobayashi, 

2006). Additionally, pigs have interesting brain characteristics and broad social acceptance 

to be used in research. Domestic pig breeds are among the most commonly used in experi-

mentation, with juvenile animals reaching a weight of 40-50 kg. The use of adult mini-pigs, 

weighing around 40 kg, enables long-term studies, including those involving geriatric ani-

mals. Due to their tendency to form individualized relationships, it is essential to acclimate 

these animals to routine procedures and ensure they receive sufficient environmental enrich-

ment. 

Being large animals, pigs allow the use of the same multimodal imaging techniques used in 

humans, as well as repeated and substantial biological sampling. This enables the longitudinal 

study of imaging and blood biomarkers (Melià-Sorolla et al., 2020; Castaño et al., 2023). Re-

cently, new porcine models have been developed with comorbidities and pathologies found 

in human patients (Melià-Sorolla et al., 2020; Castaño et al., 2023).  

The brain and vascular anatomy of the pigs are comparable to humans (Scheulin et al., 2021). 

The main difference is the RM, a network of small arteries connecting the ascending 

Figure 8. View of the human (ventral) and pig (ventral and sagittal) brains, illustrating the arterial 

vasculature (in red). Major cerebral arteries are depicted. The circle of Willis (CoW) is visible in both 

species. The rete mirabile (RM) is present in the pig vasculature in contrast to the human. The basilar 

artery (BA, blue arrowhead) is thinner in pigs, and the anterior brain circulation in pigs (anterior 

communicating artery, AComA) is very important in contrast to humans. Normally, in pigs, several 

middle cerebral arteries (MCAs) are present (see blue arrow; differences in the number of MCAs in 

the right and left hemispheres are also described). Abbreviations: internal cerebral artery (ICA), pos-

terior communicating artery (PComA), posterior cerebral artery (PCA), ascending pharyngeal artery 

(APA).  
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pharyngeal artery (APA) and the ICA, present in farm animals like pigs, sheep, and goats, 

but not in humans, dogs, or cats (Melià-Sorolla et al., 2020) (Figure 8.). Other subtle differ-

ences include the presence of multiple branches of the MCA in pigs, the formation of the 

ICA by the convergence of arterioles from the RM, and the proportional size difference of 

the BA and AComA compared to other arteries in the CoW. Additionally, the CoW is con-

sistently complete in pigs, meaning there are almost no variations between individuals of the 

same breed, whereas variations are common in humans (e.g. hypoplasia, aplasia, and dupli-

cation) (Unpublished results by our lab).  

At the venous level, there is much less information available. However, pigs also appear to 

share the main structures of cerebral venous circulation with humans. Few researchers have 

explored the intricate cerebral venous system in pigs. In fact, only Fries in 1992, Wang in 

2010, and Pasarikovski in 2020 have successfully accessed and described common structures 

with humans via angiography, such as the SSS, StS, TS, and SiS (Figure 9.) (Fries et al., 1992; 

Wang et al., 2010; Christopher R. Pasarikovski et al., 2020).  

2.10.2.2. Intracerebral hemorrhagic stroke models in swine  

Most large animal ICH models are generally very invasive procedures that require specialized 

personnel, a stereotaxic frame, and typically involve intracerebral injection of autologus 

Figure 9. Sagittal cross-sections of the human and pig brains and venous system (depicted in blue). 

The illustration compares the cerebral venous vasculature of both species. Abbreviations: superior sag-

ittal sinus (SSS), inferior sagittal sinus (ISS), straight sinus (StS), vein of Galen (GV), internal cerebral 

vein (ICV), transverse sinus (TS), sigmoid sinus (SiS), internal jugular vein (IJV). 
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blood or collagenase via craniotomy (Table 7.) (Wagner et al., 1996; Küker et al., 2000; Mun-

Bryce et al., 2001; Rohde et al., 2001; Zhu et al., 2013; Gerhardson et al., 2020), although other 

models do exist (Aviv et al., 2014; Xu et al., 2015). The procedure to develop these models is 

very similar to that described in rodents, with some modifications for the autologous blood 

injection model (Küker et al., 2000; Rohde et al., 2001; Zhu et al., 2013).  

• Autologous blood injection model. Similar to small animal models, this involves 

an intracerebral injection of autologous blood (Wagner et al., 1996; Gerhardson et 

al., 2020). However, due to the larger volume of blood to be injected, there is a 

significant risk of reflux, leading to slight modifications in the procedure, such as a 

double injection (Zhu et al., 2013), balloon dilation along with double injection 

(Rohde et al., 2001), or balloon dilation with a single injection (Küker et al., 2000). 

This model has been performed in various animal species, including cats, rabbits, 

dogs, monkeys, and pigs (Andaluz, Zuccarello and Wagner, 2002). 

• Intracerebral collagenase injection model. As in small animal models, colla-

genase is injected intracerebrally (Mun-Bryce et al., 2001). This model has been used 

in various large animal species, including pigs, dogs, monkeys, and rabbits (Mun-

Bryce et al., 2001; Liu et al., 2014; An et al., 2015; Dai et al., 2018). 

Table 7. List of pig-ICH stroke models available in the literature 
 

Approach Method Target 
Ad-

vantages 

Disad-

vantages 
Ref 

Craniotomy 

MRI-guided fo-

cused ultrasound 

Brain pa-

renchyma 

Reproduci-

ble 
Invasive 

(Xu et al., 

2015) 

Collagenase injec-

tion 

Brain pa-

renchyma 

Reproduci-

ble 

Invasive and 

only used in 

juvenile pigs 

(Mun-Bryce 

et al., 2001) 

Single blood injec-

tion 

Brain pa-

renchyma 

Reproduci-

ble 
Invasive 

(Gerhardson 

et al., 2020) 
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Cranial burr 

hole 

Double blood injec-

tion 

Brain pa-

renchyma 

Reproduci-

ble 
Invasive 

(Zhu et al., 

2013) 

Balloon catheter di-

lation and double 

blood injection 

Brain pa-

renchyma 

Reproduci-

ble 
Invasive 

(Rohde et 

al., 2001) 

Balloon catheter di-

lation and single 

blood injection 

Brain pa-

renchyma 

Reproduci-

ble 
Invasive 

(Küker et al., 

2000) 

Single blood injec-

tion 

Ventricles 

and brain 

paren-

chyma 

Reproduci-

ble 
Invasive 

(Wagner et 

al., 1996) 

Extracted from: (Melià-Sorolla et al., 2020) 

2.11. Neurological evaluation in ICH stroke animal models 

Intracerebral hemorrhage leads to specific neurological symptoms that develop within 

minutes. Symptoms vary widely, ranging from stupor or coma to seizures, nystagmus, gaze 

preference, sensory-motor deficits, and contralateral motor deficits. These symptoms need 

to be measured to assess the degree of neurological deterioration.  

To better understand stroke, its pathophysiology, and to develop new drugs or therapeutic 

strategies that improve the lives of stroke patients, animal models are currently necessary. 

After stroke induction in animal models, they exhibit neurobehavioral and sensorimotor 

deficits similar to those seen in humans (Grabowski, Brundin and Johansson, 1993; 

Perleberg, Kind and Schnieke, 2018). Therefore, it is crucial to use the most appropriate 

neurological tests to evaluate the extent of neurological impairment. When selecting these 

tests, factors such as the location of the injury, the duration of the experiment, and the spe-

cific interventions applied must be considered, along with the expected improvements based 

on the treatment being tested. For instance, if a treatment is anticipated to improve learning 
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and memory impairments, cognitive function tests should be used in addition to other sen-

sorimotor tests.   

2.11.1. Small animals 

Rodents are widely used as animal models for studying stroke, and choosing the right tests 

is essential for effective translational research. Generally, these tests are classified into motor 

and sensorimotor, cognitive and emotion-related, and sensory tests.  

2.11.1.1. Motor and sensorimotor tests 

They measure changes in the animal’s ability to perform tasks that require the integration of 

sensory input and motor output. 

Similar to human assessments, different scoring systems have been developed to assess the 

functional outcome in animal models of stroke, such as the modified neurological severity 

score (mNSS), Garcia’s test, and the neurological deficit scoring (NDS) scale. The main dis-

advantages of these scoring systems are their subjective component, their difficulty in con-

ducting them, and their limited utility for long-term studies (Balkaya et al., 2018; Ruan and 

Yao, 2020; Fang et al., 2023).  

Apart from the neuroscores, other motor and sensorimotor tests are frequently per-

formed. These are generally more objective than scoring systems, but a significant disad-

vantage is that they often require both animal and researcher training (Table 8.) (Balkaya, 

2018). 

2.11.1.2. Cognitive and emotion-related tests 

These tests are designed to assess emotional and behavioral changes, such as anxiety, de-

pression-like behavior, and stress response, as well as cognitive functions like learning, 

memory, attention, and decision-making (Table 8.) (Schaar, Brenneman and Savitz, 2010; 

Ruan and Yao, 2020; Fang et al., 2023). 

2.11.1.3. Sensory tests 

Sensory tests are not commonly used to evaluate neurological impairments in stroke models 

but are valuable for identifying increased sensitivity to pain, such as mechanical allodynia, 

mechanical hyperalgesia, cold hyperalgesia, and thermal hyperalgesia (Fang et al., 2023). 
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Table 8. Most common behavioral tests and their objectives 

Behavioral test Purpose Ref 

Motor and 

sensorimo-

tor tests 

Neurological se-
verity scores 

(mNSS) 

Assesses reflexes to different 
stimuli, coordination, and basic 
movements to determine overall 
score for significant behavioral 
impairment. 

(Zhao et al., 2017; Lin et al., 
2018; Qiu et al., 2018; Liang 

et al., 2019; Li et al., 2020; 
Yu et al., 2020) 

Garcia’s test 

Assesses the level of neurologi-
cal impairment by evaluating six 
factors: autonomic activity, 
symmetry, forelimb extension 
function, screen experiment, bi-
lateral tactile sensation, and bi-
lateral beard reflex. 

(Yu et al., 2017; Yang, X. 
Zhang, et al., 2018; Lu et al., 
2019; S. Chen et al., 2019; 

Ding et al., 2020) 

Neurological 
deficit scoring 
(NDS) scale 

Assesses the neurological deficit 
by scoring an open field section, 
a hanging tail section, and grid 
walking with an incline. Neuro-
logical deficit scoring. This test 
includes: the open field part, 
hanging tail part, and grid walk-
ing with an inclination. 

(Leclerc et al., 2015, 2018, 
2019; Williamson and 

Colbourne, 2017; Sosa, De 
Souza and Mello-Carpes, 

2018; Bao et al., 2020) 

Modified rank-
ing scale (mRS) 

score 

Assessed neurological deficits 
by evaluating basic movements, 
general coordination and ability 
to perform everyday tasks. 

(Kinder, Baker and West, 
2019; Spellicy et al., 2020; 

Scheulin et al., 2021) 

Adhesive tape 
removal test 

Assesses tactile reactions, imbal-
ances, and motor deficiencies 
(sensorimotor). 

(MacLellan et al., 2008; Min 
et al., 2016; Alim et al., 2019; 

Xu et al., 2020; García-
Serran et al., 2023) 

Pole test 
Assesses general motor dys-
function and striatal movement 
disorders. 

(Masuda et al., 2010) 

Rotarod test 
Assesses locomotor coordina-
tion and equilibrium behavior. 

(Glushakov et al., 2013; Yu 
et al., 2017; Zhao et al., 

2017; Lin et al., 2018; Qiu et 
al., 2018; Sosa, De Souza 
and Mello-Carpes, 2018; 

Yang, X. Zhang, et al., 2018; 
Hayashi et al., 2020) 

Corner test 
Assesses sensorimotor function 
and position asymmetries in 
turning preference. 

(Ni et al., 2016; Yu et al., 
2017; Li et al., 2017, 2019, 

2020; Qiu et al., 2018; Alim 
et al., 2019; B. Chen et al., 
2019; S. Chen et al., 2019; 
Tan et al., 2019; Jing et al., 

2019; Lu et al., 2019; Bao et 
al., 2020; Han et al., 2021b) 

Cylinder test 
Assesses the spontaneous use of 
forelimbs. 

(Ni et al., 2016; Chang et al., 
2020; Diaz Diaz et al., 2020; 

Xu et al., 2020) 
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2.11.2. Large animals 

Large gyrencephalic animal stroke models are recommended by the STAIR to improve the 

translationability of the results (Stroke Therapy Academic Industry Roundtable (STAIR), 

1999). The assessment of motor impairment, and the performance of functional tasks are 

widely used to evaluate the outcome and severity of the lesion (Duberstein et al., 2014; Baker 

et al., 2019; Kinder, Baker and West, 2019; Kinder, Baker, Howerth, et al., 2019; Kinder, 

Baker, Wang, et al., 2019; Scheulin et al., 2021; Kaiser et al., 2022; Jeon et al., 2023; Sun et al., 

2024). In contrast to rodents, large animals are not that handy, and the neurological/func-

tional outcome assessment can be challenging. Most of the neurological assessments in large 

animals are focused on scales (Table 9.) that evaluate features such as consciousness, motor 

function, sensory function, head position gaze, hemianopia, and circling.  

Beam walking 
test 

Assesses sensorimotor coordi-
nation. 

(Yang, X. Zhang, et al., 
2018; W. Chen et al., 2019; 

Hayashi et al., 2020) 

Grid walking 
(foot-fault) test 

Assesses sensorimotor skills, 
motor coordination, and diffi-
culties with placing during 
movement. 

(Yu et al., 2017, 2020; Diaz 
Diaz et al., 2020; Xu et al., 

2020) 

Limb plac-
ing/vibrissae-
evoked test 

Assesses the coordination of 
fore and hindlimb movements 
and proprioceptive input. 

(Yu et al., 2017; B. Chen et 
al., 2019; Li et al., 2019; Lu 
et al., 2019; S. Chen et al., 

2019; Bao et al., 2020; 
Chang et al., 2020) 

Montoya’s stair-
case test 

Assess the reaching abilities, 
grasping capabilities, preference 
for one side, and separate use of 
forelimbs (sensorimotor test 
generally performed in rats). 

(Williamson et al., 2019) 

Hanging test 
Assess various elements of mo-
bility. 

(Diaz Diaz et al., 2020; Han 
et al., 2021b) 

Cognitive 
and emo-

tion-related 
tests 

Open field test Assess general coordination. 

(Glushakov et al., 2013; 
Sosa, De Souza and Mello-

Carpes, 2018; Yang, X. 
Zhang, et al., 2018) 

Morris water 
maze test 

Assesses cognitive abilities for 
spatial learning and memory. 

(Chen et al., 2020; Ding et 
al., 2020; Xu et al., 2021) 

Sucrose test 

Assess depression-like symp-
toms. 

(Yang, K. Zhang, et al., 
2018) 

Forced swim 
test 

(Yang, K. Zhang, et al., 
2018) 

New object 
recognition test 

(Zhu et al., 2014) 

Table adapted from: (Schaar, Brenneman and Savitz, 2010; Balkaya et al., 2018) 
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Table 9. Modified Rankin Scale (mRS) score 

Deficits Points 

No symptoms. 0 

The animal is able to perform normal activities, although some neurological deficits 

can be found. 
1 

Slight disability can be found but the animal can eat without assistance. 2 

Moderate deficits (such as facial paralysis). Assistance for eating and drinking is nec-

essary but can walk without help. 
3 

Moderate-severe disability (circling, head pressing, unable to stand). Unable to per-

form normal activities without assistance. 
4 

Severe deficits. The animals need constant attention and aids. 5 

Dead. 6 

Extracted from: (Spellicy et al., 2020) 
 

Apart from the neurological scales, in swine, gait assessments using video recordings are 

especially popular (Baker et al., 2019; Kinder, Baker and West, 2019; Kinder, Baker, Howerth, 

et al., 2019; Kinder, Baker, Wang, et al., 2019; Kaiser et al., 2022; Taha et al., 2022; Jeon et al., 

2023; Sun et al., 2024).  

Here is a description of some of the most commomly used tests in large animals: 

• Gait analysis is a walkway mattress system associated with a software evaluation of 

swing time, stance time, step and stride length, step velocity, stance time and pres-

sure parameters (Duberstein et al., 2014; Kinder, Baker and West, 2019; Kinder, 

Baker, Howerth, et al., 2019; Kinder, Baker, Wang, et al., 2019; Scheulin et al., 2021).  

- Step length: distance between the hoof prints of the front or hind hooves 

(right and left) during gait cycle. 

- Stride length: distance between the hoof prints of the same foot during gait 

cycle. 

- Velocity: mean speed of the animal during gait cycle.  

- Cadence: strides (complete cycles of movement of the legs) performed by 

the animal in a minute. 

- Swing: the time during which the limb of the animal is not in contact with 

the ground, it is expressed as a percentage of the total gait cycle. 
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- Stance: the time during which the limb of the animal is in contact with the 

ground, it is expressed as a percentage of the total gait cycle. 

- Pressure parameters: percentage of weight distribution across the paws of 

the animal during movement. 

• Open field (Kinder, Baker and West, 2019; Kinder, Baker, Howerth, et al., 2019; 

Scheulin et al., 2021) test consists of tracking the movement of the animal for 10 

minutes in a controlled pen using software. Different parameters are extracted from 

it, such as the distance travelled, the average velocity, and the movement duration. 

In this test, stroked animals move a shorter distance.  

• Modified ranking scale (mRS) score (Kinder, Baker and West, 2019; Spellicy et 

al., 2020; Scheulin et al., 2021)  from 0 to 6 (death). As in rodents, they are used to 

assess neurological deficits according to the researcher’s criteria.  

• New/Novel object recognition test measures the functional outcome of pigs. In 

this test, pigs are placed in a pen with two similar objects. After several minutes, one 

of these objects is replaced with a new one. A video tracking software records the 

pig’s speed, time spent in the area near each object, and distance traveled (Kaiser et 

al., 2021). 

• Social recognition test, although is not a common test performed in large animal 

stroke models, assesses social memory, anxiety, and exploration tendencies (Souza 

et al., 2006). In this test, the pig is exposed to a new object and an unfamiliar pig. 

After a break, the new object is replaced by another unfamiliar pig, making the first 

unfamiliar pig familiar. The pig is expected to spend more time with the unfamiliar 

pig than with the new object or the familiar pig. As in the new object recognition 

test, this process is recorded by a software tracking system.  

The use of software tracking systems in these video-recorded tests opens the door for inte-

grating machine-deep learning techniques, which helps to reduce researcher subjectivity, to 

standardize procedures, and to provide a more objective and comprehensive understanding 

of large animal behavior (Hakansson and Jensen, 2023; Wei et al., 2023). 
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Contextualisation 
 

Intracerebral hemorrhage (ICH) is one of the most severe forms of stroke, accounting for 

approximately 10–15% of all strokes and associated with significantly higher morbidity and 

mortality rates compared to ischemic stroke. Despite advances in stroke research, current 

therapeutic strategies for ICH are primarily supportive rather than curative. Understanding 

the pathophysiological mechanisms driving neuronal death and secondary brain injury fol-

lowing ICH is critical for identifying novel therapeutic targets and improving patient out-

comes.  

Our laboratory is particularly interested in identifying the specific deleterious mechanisms 

that are common to all strokes. This approach will provide a common intervention target 

for both stroke types, ischemic and hemorrhagic. Once these common targets have been 

identified, the opportunity arises to develop therapies beneficial for both ischemic and hem-

orrhagic stroke patients, by allowing an early administration, before the differential diagnosis 

between ischemic or hemorrhagic stroke is confirmed. As in stroke “time is brain”, our ap-

proach holds significant clinical value.  

Among the mechanisms under investigation, the accumulation of excess iron in the brain 

following both ischemic and hemorrhagic stroke has emerged as a critical contributor to 

injury. Clinical trials such as i-DEF and TANDEM have demonstrated the potential benefit 

of the iron chelator deferoxamine in patients with either ischemic stroke or ICH.  However, 

as the use of deferoxamine has intrinsic limitations, other approaches to target this excess 

iron are needed. 

This dissertation aims to address several critical aspects of ICH pathophysiology and poten-

tial treatment strategies, focusing on the treatment with apotransferrin. Our research group 

has already published that apotransferrin is neuroprotective for ischemic stroke in rodents, 

appears to be superior to deferoxamine, and is currently being tested in our laboratory in a 

preclinical study in an ischemic stroke model in swine. The results of this thesis are presented 

as a compendium of 3 publication-styled manuscripts: one of them has already been pub-

lished in a D1 journal, the second one is currently submitted, and the third one is presented 

in a short communication format (we are currently in the process to increase the number of 

swine in the study). 
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• The first manuscript explores the role of iron in neuronal death mechanisms in 

ICH and evaluates the safety and efficacy of apotransferrin treatment in improving 

the neurological outcome. Confirming its effectiveness in a preclinical model would 

potentially expand the number of patients eligible for this early treatment (an Annex 

with post-publication obtained relevant results of ICH growth has been included). 

• The second manuscript introduces a more objective and standardized tool for 

evaluating stroke outcomes in preclinical research, indicating that neurological im-

pairment correlates with the infarct size in ischemic stroke but not with the volume 

of hemorrhage in ICH preclinical models. According to this particularity of the ICH 

models, the development of predictive and objective algorithms to refine the assess-

ment of neurological impairment providing more precise, objective, and unbiased 

systems is a must. 

• The third manuscript describes the establishment of a minimally invasive ICH 

model in pigs. We designed this model to overcome some of the serious limitations 

of existing ICH in large animal models, eliminating the need for greatly invasive 

craniotomies that alter intracranial pressure and affect translational validity.  

Although rodent models have traditionally been and are still a cornerstone of pre-

clinical stroke research, as they are very useful for initial testing of new therapeutic 

drugs, their translational limitations have resulted in a high failure rate of preclinical 

promising therapies when tested in clinical trials. In particular, ICH models in ro-

dents often fail to replicate human pathophysiological features, such as intracranial 

pressure dynamics and brain complexity, i.e. simpler brain structure and lower 

white-to-gray matter ratio than those of humans. For these reasons, developing and 

validating stroke models in pigs, whose gyrencephalic brains more closely resemble 

the human brain, is of crucial importance for improving translational success. 
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Hypothesis 

 

Hypothesis I 

Apotransferrin (ATf) treatment, administered as a single intravenous bolus, 

will reduce neurological impairment induced by intracerebral hemorrhage (ICH) in 

mice. The ICH will be induced via intrastriatal stereotaxic injection of collagenase, and neu-

rological impairment will be evaluated using mouse-validated neurobehavioral tests.  

Hypothesis II 

The neuroprotective effect of ATf is mediated by modulation of brain mole-

cules involved in iron homeostasis and ferroptosis rather than reducing the hematoma 

size. Identification of these molecular changes will reveal novel therapeutic targets for ICH. 

Hypothesis III 

Application of the open-source, machine learning-based tracking software 

DeepLabCut to video recordings of validated neurobehavioral and neurological tests for 

assessing stroke-induced impairments in mice will enhance the quality and reproducibil-

ity of preclinical stroke research by enabling automated, objective evaluations of neuro-

logical deficits and recovery.  

Hypothesis IV 

A novel pig model of ICH induced via an endovascular approach can be es-

tablished to minimize invasiveness, more accurately recapitulate human ICH pa-

thology, and reduce confounding factors such as parenchymal damage caused by 

more invasive methods. Validation of ATf therapy in this large animal model is essential 

prior to undergoing clinical studies. 

Hypothesis V 

This new endovascular ICH pig model will facilitate investigation of specific 

pathophysiological questions, including the effects of parenchymal hematoma on sys-

temic coagulation and the impact of hematoma-derived iron release into systemic circulation, 

while avoiding confounding variables. 
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Objectives 

 

Objective I 

To determine the effect of ATf, previously demonstrated as protective by reduc-

ing ischemic infarct size and neurological impairment in ischemic stroke in mice, when 

tested in a preclinical ICH stroke rodent model. 

Objective II 

To study how the iron- and ferroptosis-related molecules that are altered dur-

ing the ICH stroke are modulated with the specific treatment with ATf in order to 

identify new intervention targets. 

Objective III 

To determine the effect of ATf treatment on the volume of ICH or on coag-

ulation/clotting time. 

Objective IV  

To develop an automated machine learning model capable of predicting in-

dividual outcomes in mice subjected to experimental stroke using only a single neuro-

behavioral test. 

Objective V  

To establish a minimally invasive hemorrhagic stroke model in pigs, as close 

as possible to the human ICH scenarios, and to study pathophysiological mecha-

nisms related to coagulation, and iron-related molecules in serum and brain paren-

chyma. 
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Materials and methods 
 

1. STUDY DESIGN 

To address the aims of this thesis, three independent research studies were conducted, each 

of which is presented in Manuscripts I through III. 

Animals were divided into different experimental groups based on the specific purpose of 

each study. An overview of the animal groups, the techniques employed, and the corre-

sponding goals are provided in Figure 10.  
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Figure 10. Overview diagram of the studies presented as manuscripts in this thesis. The diagram 

illustrates the study groups (highlighted in colored boxes) along with the number of subjects in each 

group. Each of the three main studies is represented by a separate box, summarizing the methods 

used and their specific objectives, which are shown in pink boxes at the beginning of each scheme. 

Abbreviations: digital subtraction angiography (DSA), intracerebral hemorrhage (ICH), human ap-

otransferrin (hATf), immunohistofluorescence (IHF), messenger ribonucleic acid (mRNA), mag-

netic resonance imaging (MRI) and percentage of transferrin saturation (TSAT). 
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2. METHODS AND PROCEDURES  

2.1. Experimental animals 

The mouse models used were 9-week-old male C57BL/6J mice obtained from Charles River 

Laboratories (Saint-Germain-Nuelles, France). Animals were maintained under controlled, 

standardized environmental conditions, including regulated temperature, humidity, and a 12-

hour light/dark cycle, environmental (such as tissue paper and tunnels for mice; and rubber 

balls, hanging ropes, chains, or chewable toys for pigs) and social enrichment. Food and 

water were available without restriction.  

For the new pig ICH model, 3-month-old Duroc × Landrace pigs (castrated males and fe-

males), with a mean body weight of 40.1 ± 3.3 kg, were sourced from Mir Ramadera (Tona, 

Spain). Upon arrival at the Comparative Medicine and Bioimage Centre of Catalonia 

(CMCiB), the animals underwent an acclimatization period of at least one week in a con-

trolled environment. 

All procedures received ethical approval from both the Germans Trias i Pujol Research In-

stitute Animal Ethics Committee and the Generalitat de Catalunya (Authorization numbers 

for mouse models: references 11131, 11182; Authorization numbers for pig model: 10671) 

and adhered strictly to EU Directive 2010/63/EU. Randomization was used to allocate an-

imals to experimental groups, and the investigator was blinded to treatment conditions 

throughout the experiments. Experiments were performed in compliance with Animal Re-

search: Reporting of In Vivo Experiments (ARRIVE) guidelines and the 3Rs principle (Re-

placement, Reduction and Refinement). Housing and procedures were carried out at the 

CMCiB.  

2.2. Hypoxic/ischemic stroke model 

A hypoxic-ischemic (H/I) stroke model involving unilateral transient cerebral ischemia was 

implemented based on a protocol modified from Guan et al. (Guan et al., 1993). Animals 

were anesthetized with isoflurane (4% induction, 1.5% maintenance; Zoetis Inc.; Parsippany, 

NJ, USA) using a 30:70 mix of oxygen (O2) and nitrous oxide (N2O). The right common 
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carotid artery (CCA) was transiently ligated using sterile 5-0 silk suture material (Ethicon, 

LLC.; San Lorenzo, Puerto Rico).  

After recovery and a 2-hour rest period with unrestricted food and water, animals were 

transferred to a hypoxia chamber pre-warmed to 35.5°C, where they inhaled a humidified 

8% O2/92% nitrogen (N2) mixture for 20 minutes at an airflow rate of 1 L/min. The CCA 

occlusion was then reversed under isoflurane anesthesia (using the same concentrations as 

before), and blood flow restoration was visually confirmed. The skin incision was closed 

using a simple interrupted 4-0 silk non-absorbable suture (Silkam; B.Braun; Rubí, Spain) 

(Figure 11.). 

This procedure induces ischemic injury in the ipsilateral hemisphere and results in motor 

deficits contralateral to the lesion.  

2.3. Collagenase-induced intracerebral hemorrhagic stroke 

model 

For hemorrhagic stroke induction, a collagenase-based model adapted from Klebe et al. 

(Klebe et al., 2018) was used. Under isoflurane anesthesia (4% induction, 1.5% maintenance; 

using a 30:70 mix of O2 and N2O), mice were secured in a stereotactic frame (Model 940 

Small animal; Kopf instruments; Tujunga, CA, USA), using ear bars and a face mask. The 

Figure 11. Schematic representation of the hypoxic/ischemic model. First, the common carotid 

artery (CCA) is exposed and transiently ligated. After two hours of recovery, the animals are placed 

in a hypoxic environment for 20 minutes with a gas mixture of 92% nitrogen (N2) and 8% oxygen 

(O2). After this period, the CCA ligature is released, and restoration of the blood flow is verified de 

visu.  
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animals are then shaved, and the skull was exposed and perforated. Subsequently, 0.06 units 

of Clostridium histolyticum type VII-S collagenase (Sigma-Aldrich; Saint Louis, MO, USA) in 

0.4 µL sterile saline was infused into the right striatum using a microinjection system (Model 

UMP3T-A; Kopf Instruments) and a NanoFil 26G syringe (World Precision Instruments; 

Sarasota, FL, USA). Injection coordinates were set at 0.5 mm anterior, 1.7 mm lateral, and 

3.0 mm depth relative to Bregma (Figure 12.). Infusion proceeded at 200 nL/min, and the 

needle remained in situ for 10 minutes post-injection while isofluorane was reduced to 1% 

for this period of time. Withdrawal was made at a controlled speed of 1 mm/min to avoid 

reflux, and the burr hole was sealed with bone wax (Bone Wax; B.Braun). Then, the skin 

wound was sutured using a simple interrupted 4-0 silk non-absorbable suture. Sham-oper-

ated controls underwent the same procedure without the collagenase; only sterile saline was 

injected. 

2.3.1. hATf treatment protocol after the ICH mouse model 

Human apotransferrin (hATf; Sigma-Aldrich) was selected to differentiate it from murine 

endogenous transferrin. Treatment with hATf was made by diluting it in sterile saline and 

injecting it intravenously (IV), at a dose of 230 mg/kg, 40 minutes post-collagenase injection. 

Figure 12. Schematic representation of the collagenase-induced hemorrhagic stroke model. A total 

of 0.06 units of Clostridium histolyticum type VII-S collagenase, diluted in 0.4 µL sterile saline, is injected 

intracerebrally into the striatum. The injection is performed using the following Bregma coordinates: 

0.5 mm anterior, 1.7 mm lateral, and 3.0 mm in depth.  
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Animals were randomly divided into two treatment groups (n = 8 per group): one received 

hATf and the other sterile saline. 

2.4. Minimally invasive intracerebral hemorrhagic stroke 

model in pig 

2.4.1. Preoperative procedures 

Preoperative protocols followed the methodology outlined by Castaño et al. (Castaño et al., 

2023). Before neurointervention, pigs were fasted for 12 hours. Anesthesia was induced via 

intramuscular injection of atropine (0.04 mg/kg; B.Braun), dexmedetomidine (0.03 mg/kg; 

Orion Corporation; Espoo, Finland), ketamine (3 mg/kg; VetViva Richter GmbH; Wels, 

Austria), buprenorphine (0.01 mg/kg; Ecuphar; Sant Cugat del Vallès, Spain), and midazo-

lam (0.3 mg/kg; Normon; Tres Cantos, Spain). Once sedation was achieved, the animals 

received corneal protection with ophthalmic ointment, an intramuscular injection of tulath-

romycin (2.5 mg/kg; Zoetis Inc.), and intravenous administration of propofol (1 mg/kg; 

Zoetis Inc.). For analgesia, a dermal fentanyl patch (2 μg/kg/h; Johnson & Johnson Inno-

vative Medicine; Beerse, Belgium) was applied.   

Tracheal intubation (tubes of 6-6.5 mm Ø) was facilitated using lidocaine spray (Inibsa Den-

tal; Lliçà de Vall, Spain), and anesthesia was maintained with 1.5–2% isoflurane administered 

through a closed mechanical ventilation system. Continuous intravenous fluid therapy with 

sterile saline solution was provided at a rate of 100 mL/h. Once anesthetized, the animals 

were transferred to either the neurointerventional or magnetic resonance imaging (MRI) 

suite for the procedure. 

2.4.2. Neurointerventional procedure 

In the angiography room, animals were positioned supine. To prevent thrombus formation 

during the intervention, a bolus of physiological saline containing 3,000 units of heparin was 

administered. Under ultrasound guidance, 7F sheath introducers (Prelude® Sheath Intro-

ducer PRO-7F-11-035MT; Merit Medical; South Jordan, UT, USA) were placed in both the 

right femoral vein and left femoral artery.  

Real-time vascular imaging was conducted using a Canon Alphenix monoplane angiography 

system (Canon Medical Systems Corporation; Ōtawara, Tochigi, Japan) at 3 frames per 
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second. A 7F Envoy Guide Catheter (778-256-00; Codman; Integra LifeSciences; Princeton, 

NJ, USA) was advanced into the left ascending pharyngeal artery until reaching the rete mira-

bile entrance. Simultaneously, a second 7F Envoy Guide Catheter was introduced into the 

right internal jugular vein using a Terumo Glidewire (RadifocusTM Guide Wire M Standard 

RF*GA35183M; Terumo Corporation; Shibuya, Tokio, Japan). 

To visualize the venous anatomy and the junction between the internal jugular vein (IJV) 

and the sigmoid sinus (SiS), iodine-based contrast agent (Iodixanol; VisipaqueTM 320 

mg/mL; GE Healthcare; Chicago, IL, USA) was injected through both catheters. Using a 

Stryker Synchro2 Guidewire (Synchro2® Strandard; 2641; Stryker Corporation; Kalamazoo, 

MI, USA) and a Terumo Headway Duo Microcatheter (Headway Duo! Microcatheter 

MC162156S; Terumo Corporation), access to the brain’s venous system was achieved via 

navigation through the transverse sinus (TS), straight sinus (StS), vein of Galen (GV), inter-

nal cerebral veins (ICV), and thalamostriate veins (TSV). 

Once the target site in the right cerebral hemisphere was reached, venous perforation was 

performed. Iodine contrast was subsequently injected to confirm extravasation. Then, 1.5 

mL of autologous arterial blood was slowly infused through the microcatheter at a rate of 

0.5 mL/min to induce a controlled hemorrhage (Figure 13.).  

Figure 13. Schematic overview of the neurointerventional procedure for inducing intracerebral hem-

orrhage in the swine model. The pig is positioned supine within a C-arm angiography suite. Two 7F 

vascular sheaths are inserted into the right femoral vein (blue), allowing catheter navigation through 

the vertebral venous system. Under fluoroscopic guidance, the catheters are advanced to the thala-

mostriate vein (TSV). Once the target vein is reached, it is mechanically ruptured using a microcath-

eter, followed by the controlled injection of 1.5 mL of autologous arterial blood to induce hemor-

rhage.  

TSV 
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After the ICH-induction, all catheters were carefully withdrawn, and a final rotational angi-

ography scan was conducted. This allowed the reconstruction of both extracranial and in-

tracranial vasculature using Vitrea® Advanced Visualization software (Canon Medical Sys-

tems Corporation). Manual pressure was applied to the femoral artery for 30 minutes to 

ensure hemostasis before the animals were moved out of the vascular radiology suite. 

A separate cohort of four pigs was assigned to the sham group. These animals underwent 

identical preparatory and anesthetic protocols as those in the experimental group but did not 

receive the intracerebral hemorrhage induction. They were maintained under general anes-

thesia for a total of five hours to replicate the procedural duration of the experimental inter-

vention.  

2.4.3. Postoperative care, follow-up, and euthanasia 

Upon completion of the neurointerventional and MRI procedures, general anesthesia was 

reversed using an intramuscular injection of atipamezole (0.1 mg/kg; Antisedan; Zoetis Inc.). 

Animals were continuously monitored for vital signs, including heart rate, respiratory rate, 

reflexes, and body temperature, until fully stabilized. Once the swallowing and palpebral 

reflexes returned, pigs were extubated and transferred back to their housing units, where 

they were observed under continuous video surveillance during the first night.  

To support thermoregulation, thermal foil blankets were used initially, followed by the in-

stallation of heat lamps positioned 1.5 meters above the pens. Animals had unrestricted ac-

cess to food and water once they regained consciousness. In some cases, intravenous le-

vetiracetam (10 mg/kg; Normon) was administered every 12 hours as a prophylactic anti-

convulsant.  

At the end of the experimental period, animals were euthanized using an intravenous injec-

tion of sodium pentobarbital (200 mg/kg; Dolethal; Vetoquinol; Madrid, Spain). 
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2.5. Functional assays 

2.5.1. Tail bleeding test  

To evaluate the coagulation effects of hATf, a tail bleeding assay was conducted in nine 

C57BL/6J male mice (hATf n = 4; vehicle n = 5). Animals were anesthetized as described 

in Section 2.2. and received an IV injection of hATf at a dose of 230 mg/kg. Ten minutes 

after administration, the distal tail tip was excised and immersed in 37°C saline. Bleeding 

duration was recorded as the duration until complete hemostasis (Denis et al., 1998). Vehicle 

animals are injected with the same volume of sterile saline (Figure 14.). 

2.5.2. Coagulation assays in human blood 

To simulate in vivo exposure of the hATF in blood in the collagenase-induced ICH mice 

model, ex vivo coagulation assays were conducted using freshly collected human plasma. 

Plasma was treated with one of the following: hATf or human holotransferrin (hHTf) (both 

at 50 mg/mL from Sigma‐Aldrich) or sterile saline solution (vehicle). Equal concentrations 

and volumes were matched to reflect therapeutic exposure levels in the mouse model.  

Human blood samples were collected from healthy adult donors into 1.8 mL BD™ Vacu-

tainer™ Citrate Tubes (Thermo Fisher Scientific; Waltham, USA) and processed within 1 

hour of collection to isolate plasma.  

All coagulation assays (e.g., prothrombin time, activated partial thromboplastin time, throm-

bin time) were performed under standardized clinical laboratory conditions by the Hematol-

ogy service of the Germans Trias i Pujol Hospital (Badalona, Spain).  

 
10 min 

cut 
3 mm 

Physiological 

saline solu-

tion at 37ºC 

hATf/vehicle  

injection 

Figure 14. Overview of the tail bleeding test to assess coagulation effects of the human apotransferrin 

(hATf).  
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2.5.3. Behavioral assessment 

Mice were weighed daily and subjected to a battery of behavioral tests. In the first manu-

script, neurological performance was measured using the pole, rotarod, and adhesive tape 

removal tests (Figure 15.), whereas in the second manuscript, it was measured by the tail 

hanging, rotarod, and adhesive tape removal tests. All of the tests are described below. All 

behavioral tests were performed at 24-, 48-, and 72-hours post-ICH, and mice were pre-

trained for 2–3 days prior to stroke induction to ensure familiarity with the procedures.  

Pre-training in behavioral tests is essential because it reduces stress, improves task perfor-

mance and ensures more reliable data. It helps mice get familiar with the environment and 

procedures, which minimize variability, providing more interpretable results. Pretraining 

standardizes baseline performance, allowing researchers to detect real experimental effects. 

• The rotarod test involved an accelerating rod (Rota Rod LE8200; Harvard Appa-

ratus; Holliston, USA), which increased speed from 4 to 40 revolutions per minute. 

Latency to fall was measured and averaged across three trials per time point, with 

rest intervals of 5 to 10 minutes between trials (Figure 15A.).  

• In the pole test, mice were placed facing upwards on top of a vertical pole (55 cm 

height, 1 cm diameter), and the time to turn around and descend was recorded (Fig-

ure 15B.).  

• In the adhesive tape removal test, mice were placed inside a transparent open-top 

box with a square base of 25 × 25 cm and a height of 30 cm. Small circular adhesive 

tapes, measuring 6 mm in diameter, were alternately applied to the pads of each 

forepaw, both ipsilateral and contralateral to the lesioned hemisphere. Two metrics 

were recorded: the detection time (latency to first notice the tape) and the removal 

time (TR time), defined as the time taken for the animal to actively remove the tape, 

typically by biting or pulling it off.  

Each session was video recorded from beneath the transparent box using a 

smartphone controlled by a smartwatch, oriented orthogonally to the center of the 

box (Figure 15C and 16A.). Videos captured for each forepaw were independently 

analyzed and scored by two trained investigators. Typically, two daily sessions were 

recorded per paw, ending once the adhesive tape was removed, though some videos 

continued for up to 200 seconds to accommodate longer response times.  



Material and Methods 

91 

 

M
 &

 M
 

• In the tail hanging test, mice were suspended by their tails, and the first lateral 

bending direction was recorded over 20-30 trials to minimize variability. 

Figure 15. Overview of some of the neurobehavioral tests performed: (A) rotarod test, (B) pole test, 

and (C) adhesive tape removal test.  

A  

B  

C  
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Neurological function in pigs was assessed daily post-intervention by a certified veterinarian 

using an adapted version of the NIHSS score (Table 10.). A maximum score of 5 was de-

fined as a humane endpoint criterion. Short video recordings were taken twice daily to mon-

itor behavior.  

 

2.5.4. DeepLabCut, postprocessing and computational 

prediction models 

This segment of the study also contributed to several undergraduate thesis projects (“Tre-

balls de Final de Grau”) conducted by students from Universitat Politècnica de Catalunya 

and Universitat de Barcelona. 

2.5.4.1. DeepLabCut for pose estimation and behavioral 

feature extraction 

Video footage of the adhesive tape removal tests was analyzed using DeepLabCut (DLC) 

for pose estimation, implemented in a Python 3.8 Anaconda environment (Anaconda; Aus-

tin, TX, USA). Prior to analysis, video files were preprocessed by resizing to 900 x 900 pixels, 

masking the outer box area, and trimming to the first frame in which the mouse’s body parts 

were fully visible, thereby excluding any frames with the researcher’s hand (Figure 16C.).  

Frame selection for manual annotation was guided by k-means clustering, and eight body 

landmarks along with the adhesive tape were labeled (Figure 16B.). A label at the tail mid-

point was finally excluded due to poor tracking consistency. The position of the adhesive 

Table 10. Neurological score system and welfare assessment score 
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tape was annotated during both attachment and post-removal periods. Manual quality con-

trol was performed on DLC’s initial automated outputs to correct mislabeling, and additional 

complex motion scenarios were incorporated to enhance model robustness. Each model 

training session consisted of 200,000 iterations with an 80/20 split between training and 

validation datasets. Training proceeded iteratively until the network achieved satisfactory 

performance metrics.  

The final trained network was then applied to the full set of video recording to extract body 

part coordinates and their corresponding confidence scores for each frame. To facilitate 

spatial calibration, a separate DLC model was trained to identify the boundaries of the test 

chamber, enabling conversation fromm pixel-based to centimeter-based measurements.  

Figure 16. Automated setup and analysis pipeline for the tape removal test in mice. (A) Schematic 

representation in a transparent box, while their behavior during the tape removal test was recorded 

using a smartphone controlled remotely via a smartwatch. (B) Illustration of the anatomical body 

parts selected for labeling in the DeepLabCut project used for pose estimation and behavioral track-

ing. (C) Example of automated frame processing showing background removal outside the test box 

and identification of the frame in which the researcher’s arm is no longer visible. 

A B 

C 
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Finally, to assess labeling accuracy, a single random frame from each video was visually in-

spected by two independent reviewers who confirmed whether the predicted label positions 

aligned correctly with anatomical landmarks.  

2.5.4.2. Post-Processing and feature extraction 

The output data generated from DLC were further processed and analyzed using MATLAB 

R2022b (MathWorks; Portola Valley, CA, USA) and R version 4.2.2 (R Foundation; Vienna, 

Austria). Initially, DLC-generated coordinate points with confidence scores below 0.95 were 

excluded and replaced through linear interpolation to maintain data continuity. Following 

this, paw labels were reassigned, distinguishing left/right and fore/hind limbs, based on their 

positions relative to the nose and the bottom of the mouse’s body in each frame. In parallel, 

the tail midpoint was computationally estimated using the coordinates of the tail base and 

tip, employing image-based algorithms to approximate this location for subsequent kine-

matic analysis. 

To facilitate spatial quantification, all coordinate values were converted from pixel units to 

centimetres using the known dimensions of the testing chamber and the vertex positions of 

the box, which were also detected using DLC. With this transformation, pairwise distances 

between specific anatomical landmarks were calculated for each frame. Videos in which 

more than 10% of the frames showed implausible body part distances, for instance, exceed-

ing biologically feasible thresholds, were excluded from downstream analyses to ensure data 

integrity. 

One key metric extracted from the pose data was the time to remove the tape (TR time), 

which was algorithmically determined based on the trajectories and velocities of the tape, 

nose, and forepaws (see script 01_Features/tapeRemovalTime.m in the GitHub repository). 

To validate this automatic method, TR times were compared to manually assessed values 

from trained behavioral researchers. Algorithm-derived values that fell within ±2 seconds of 

the visual scores were considered accurate. All code used in data processing and behavioral 

feature extraction is openly accessible via the GitHub repository: https://github.com/nmer-

cadeb/DeepLabCut_to_predict_stroke_on_mice. 

https://github.com/nmer-cadeb/DeepLabCut_to_predict_stroke_on_mice
https://github.com/nmer-cadeb/DeepLabCut_to_predict_stroke_on_mice
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2.5.4.3. Computational prediction models 

Two distinct computational models were developed to predict behavioral outcomes: one for 

the classification of stroke occurrence and another for the estimation of stroke severity, 

based on the percentage of brain volume affected (BVA). Behavioral variables were analyzed 

independently at each post-H/I time point (24, 48, and 72 hours), with only post-stroke data 

used for model training. Feature selection was performed using the least absolute shrinkage 

and selection operator (LASSO) regression. Logistic LASSO was employed for binary clas-

sification of stroke presence, while linear LASSO was used for continuous prediction of 

BVA.  

Each LASSO regression was repeated 200 times using 5-fold cross-validation to ensure ro-

bustness and avoid overfitting. Predictor variables that were selected in more than 75% of 

these iterations were retained in the final models. Model performance was evaluated by train-

ing on randomly selected 80% subsets of animals and predicting outcomes on the remaining 

20%. This process was repeated across 300 iterations to account for variability across train-

ing/test splits. 

For the classification model, performance was assessed using specificity (SP), sensitivity 

(SE), accuracy (ACC), and both positive and negative predictive values (PPV and NPV). The 

regression model for stroke severity was evaluated using the coefficient of determination 

(R2), adjusted R2, and root mean square error (RMSE), providing a comprehensive assess-

ment of its predictive accuracy.  

2.6. Sample processing 

2.6.1. Plasma or serum collection 

In the mouse models, blood was drawn at three time points: baseline (pre-surgery), post-

injection, and 24 hours post-ICH from the submandibular vein. Plasma samples were ob-

tained using ethylenediaminetetraacetic acid (EDTA)-K or lithium heparin-coated tubes (Mi-

crovette CB 300 EDTA or Microvette CB 300 lithium heparin; Sarstedt; Nümbrecht, Ger-

many).  

In the pig model, samples were drawn from the cranial vena cava at several time points: pre-

intervention, and at 1 hour, 4 hours, 24 hours, 1 week, and 2 weeks post-ICH. For the sham 
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pigs, blood samples were collected at two specific time points: one hour prior to the onset 

of anesthesia (baseline) and at 4.5 hours, corresponding to the one-hour post-ICH time point 

in the experimental group. 

Swine blood collection was performed with an 18 G needle inserted into the supraclavicular 

region of the cranial vena cava. Approximately 10 mL of blood was collected into two types 

of BD Vacutainer tubes (Becton Dickinson; Franklin Lakes, NJ, USA): SST II Advanced 

tubes for serum and K2-EDTA tubes for plasma.  

For plasma collection, EDTA tubes, containing blood samples, were inverted to mix and 

then centrifuged at 2,500 × g for 15 minutes at room temperature using an NF-400 benchtop 

centrifuge (Nüve, Ankara, Turkey). The supernatant was transferred to a new tube, centri-

fuged again under the same conditions, and the final plasma supernatant was aliquoted (0.5-

1 mL) and stored at -80°C.  

For serum preparation, blood samples in SST II Advanced tubes were left at room temper-

ature for at least 30 minutes to allow clot formation, followed by centrifugation at 2,500 × g 

for 15 minutes using the NF-400 benchtop centrifuge. The resulting serum was aliquoted 

and stored at -80°C.  

2.6.2. Brain collection 

Brain collection and sampling of the mice was performed at day 3 post-treatment. Mice were 

euthanized via cervical dislocation, and brains were rapidly extracted and sectioned into 2 

mm-thick coronal sections using a brain coronal matrix (Harvard Apparatus; Massachusetts, 

USA). Both hemispheres and sides of each slice were photographed using a Samsung Note 

10+ smartphone (Samsung; Suwon, South Korea) for infarct/hemorrhage quantification as 

described in Section 2.8.1.  

For molecular analyses (real-time-quantitative polymerase chain reaction (RT-qPCR) and 

Western Blot (WB)), the third rostro-caudal 2 mm-slice, corresponding to peak lesion area, 

was bisected along the midline. Tissue was immediately snap-frozen in liquid nitrogen in 

Eppendorf tubes (Eppendorf; Hamburg, Germany), then lyophilized for 24 hours at -20 °C 

and 0.008 mbar using a freeze dryer (B.Braun; Melsungen, Germany), smashed until a fine 

powder was obtained, and finally stored at -80°C until use. This workflow ensured standard-

ized and reproducible tissue collection while minimizing selection bias.  
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For immunohistofluorescence (IHF), the adjacent second rostro-caudal-2 mm slice (S2) was 

conserved in optimal cutting temperature compound (OCT; Sakura Finetek; Barcelona, 

Spain) and stored at -80ºC. Cryosectioning was performed using a Leica CM1950 cryostat 

(Leica Biosystems; Nussloch, Germany), generating 15 µm-thick sections mounted on Pol-

ysine® adhesion microscope slides (Menzel Gläser; Thermo Fisher Scientific). Sections were 

stored at -20ºC until staining (Figure 17.).  

Fresh pig brains were placed in a brain slicer matrix and cut into 5 mm-thick coronal sections 

using a steel blade. These brain sections were then photographed using a Samsung Note 10+ 

smartphone.  Next, the brain slices were fixed in a 4% paraformaldehyde solution (Thermo 

Fisher Scientific) prepared in 1X PBS and stored at 4ºC for 1-5 days. After fixation, the 

hemispheres were separated and further divided to ensure the tissue fragments could fit on 

a standard microscope slide. Then, tissue fragments were gradually incubated in increasing 

concentrations of sucrose (Sigma-Aldrich) in 1X PBS (up to 30%) at 4ºC for cryoprotection. 

Once the samples had fully sunk in the solution, they were carefully blotted dry using filter 

paper, transferred into embedding moulds, and embedded in OCT compound. For cryo-

preservation, the samples were snap-frozen by immersing them for 30 seconds in nitrogen–

chilled isopentane (2-Methylbutane; Sigma-Aldrich). The frozen tissue blocks were stored at 

-80ºC until further analysis. 

Figure 17. Overview of sample collection of the various ex vivo techniques following brain extraction. 

Abbreviations: Slice 1, 2, 3, and 4 (S1, S2, S3, and S4, respectively), optimal cutting temperature com-

pound (OCT), real-time-quantitative polymerase chain reaction (RT-qPCR), and Western Blot (WB).  
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2.7. Sample analysis 

2.7.1. Specific analysis of pig blood samples  

Blood samples were collected at five time points: before intervention, 1-hour post-hemor-

rhage induction, and at 24 hours, 7 days, and 14 days post-ICH. Samples were analyzed to 

assess systemic physiology and hematological profiles, including glucose, calcium, albumin, 

total protein, globulins, and various electrolytes. Hematological analyses included complete 

blood counts, hematocrit, hemoglobin, platelet counts, and leukocyte levels. Liver and kid-

ney function markers, alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

alkaline phosphatase (ALP), total bilirubin (TBIL), and blood urea nitrogen (BUN), were 

also evaluated. 

2.7.2. Heme and hemoglobin concentrations 

For biochemical assessment, mouse lyophilized brain tissue, standardized by packing an ap-

proximate equivalent amount of 1 mg of protein using the cut tip of a 1 mL pipette tip, was 

reconstituted in radioimmunoprecipitation assay (RIPA) buffer, composed of 20 mM Tris-

Cl (pH 7.6), 137 mM NaCl, 2.6 mM KCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 

1X Complete EDTA-free protease inhibitor cocktail, and 1 mM PMSF (all reagents from 

Sigma-Aldrich). Protein concentration in the sample was determined using the Pierce™ bi-

cinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific). Results were expressed 

as μmol of analyte/g of total protein (see Section 2.7.4.1.).  

From these reconstituted samples, hemoglobin and heme concentrations were measured us-

ing colorimetric assays according to the manufacturer’s protocols: the QuantiChrom Heme 

Assay Kit (https://bioassaysys.com/wp-content/uploads/DIHM.pdf) and QuantiChrom 

Hemoglobin Assay Kit (https://bioassaysys.com/wp-content/uploads/DIHB.pdf) (BioAs-

say Systems; Hayward, CA, USA). 

2.7.3. Gene expression analysis by RT-qPCR 

2.7.3.1. RNA isolation 

Total ribonucleic acid (RNA) was isolated using the miRNeasy tissue/cells advanced mini 

kit (Qiagen; Hilden, Germany); all the specific materials (e.g., buffers, columns) were pro-

vided by the kit. Lyophilized brain tissues (corresponding to approximately 1 mg of protein) 

https://bioassaysys.com/wp-content/uploads/DIHM.pdf
https://bioassaysys.com/wp-content/uploads/DIHB.pdf
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from the ipsilateral and contralateral hemispheres were rehydrated separately in 450 μL of 

the RLT buffer, supplemented with 0.01% β-mercaptoethanol. Homogenization was 

achieved by repeatedly passing the lysate through a 21G needle at least five times to ensure 

complete cell disruption and RNA release. Then, centrifuge the lysate for 5 min at maximum 

speed in the NF-400 benchtop centrifuge and collect the supernatant.     

To remove genomic deoxyribonucleic acid (gDNA), 140 µL of buffer AL was added to the 

supernatant and mixed thoroughly. The mixture was incubated at room temperature for 3 

minutes, then loaded onto a gDNA eliminator spin column placed in a 2 mL collection tube. 

The column was centrifuged at 8,000 × g for 30 seconds in the benchtop centrifuge and 

discarded once the flow-through was collected, ensuring that no liquid remained on the col-

umn membrane. 

The resulting flow-through was transferred to a new 1.5 mL Eppendorf tube. To precipitate 

protein and other inhibitors, 20 µL of buffer RPP was added. Samples were vortexed vigor-

ously for at least 20 seconds and incubated at room temperature for 3 minutes. After cen-

trifugation at 12,000 × g for 3 minutes in the benchtop centrifuge, the supernatant was 

transferred to a new tube. 

The volume of the sample was estimated, and isopropanol (1 volume) was added and mixed 

thoroughly. The solution was then loaded onto a RNeasy mini spin column placed in a 2 mL 

collection tube and centrifuged at 8,000 × g for 15 seconds in the benchtop centrifuge. For 

samples exceeding 700 µL, multiple loading steps were performed using the same column, 

discarding the flow-through between spins. 

Subsequently, 700 µL of buffer RWT were added to the column. The column was centri-

fuged for 15 seconds at 8,000 × g, and the flow-through discarded. This step was repeated 

using 500 µL of buffer RPE, followed by centrifugation under the same conditions. Finally, 

500 µL of 80% ethanol were pipetted, and the column was centrifuged for 2 minutes at 8,000 

× g. 

The column was transferred to a new 2 mL collection tube and centrifuged at full speed for 

1 minute. It was then placed in a fresh 1.5 mL collection tube, and RNA was eluted by 

applying 30 µL of RNase-free water (Sigma-Aldrich) directly to the center of the membrane. 
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After a 1-minute incubation at room temperature, the column was centrifuged for 1 minute 

at full speed. RNA concentration and purity were assessed using a NanoDrop ND-1000 

spectrophotometer (NanoDrop; Thermo Fisher Scientific).  

Complementary DNA (cDNA) was synthesized using the QuantiTect reverse transcription 

kit (Qiagen), which includes a gDNA elimination step. All reactions were performed on ice 

unless otherwise specified. 

To eliminate residual gDNA, RNA samples were adjusted to contain 500 ng of RNA in a 

final volume of 12 μL using RNase-free water. To each reaction, 2 μL of 7× gDNA wipeout 

buffer was added, yielding a total reaction volume of 14 μL (Table 11.). Samples were gently 

mixed and kept on ice.  

 

 

 

 

Samples were incubated in a thermocycler at 42 °C for 2 minutes to allow gDNA digestion, 

then cooled to 4 °C and kept on ice for immediate reverse transcription.  

2.7.3.2. Reverse transcription 

A reverse transcription master mix (Table 12.) was then prepared on ice for cDNA synthe-

sis, except RNA, and scaled for the number of samples with an additional 10% volume to 

account for pipetting error. 

Table 12. Reverse transcription master mix 

Component Volume/reaction Volume for 5 reactions (+10%) 

Quantiscript Reverse Transcriptase 1 μL 5.5 μL 

Quantiscript RT Buffer, 5x 4 μL 22 μL 

RT primer mix 1 μL 5.5 μL 

Total volume 6 μL 33 μL 
 

 

Table 11. gDNA elimination 

Component Volume/reaction 

gDNA wipeout buffer, 7x 2 μL 

Sample RNA Volume of 500ng RNA 

RNase-free water Rest 

Total volume 14 μL 
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For the no-reverse transcription (NRT) control, reverse transcriptase was replaced with 1 μL 

of RNase-free water (Table 13.): 

Table 13. NRT control  

Component Volume/reaction 

RNase-free water 1 μL 

Quantiscript RT buffer, 5x 4 μL 

RT primer mix 1 μL 

Total volume 6 μL 
 

Each purified RNA sample received 6 μL of the corresponding master mix (or NRT control 

mix), resulting in a final reaction volume of 20 μL. Samples were gently mixed and kept on 

ice. 

Reverse transcription was carried out at 42 °C for 15 minutes, followed by enzyme inactiva-

tion at 95 °C for 3 minutes, and finally cooled at 4ºC. At the end, 80 μL of RNase-free water 

was added to each tube to bring the final cDNA volume to 100 μL. Samples were stored at 

-20 °C until further use. 

2.7.3.3. Quantitative PCR 

The resulting cDNA and negative control were subjected to qPCR. The cDNA was com-

bined with LightCycler® 480 SYBR Green I master mix (Roche Applied Science; Penzberg, 

Germany) and gene-specific PrimeTime® qPCR mouse primers (Integrated DNA Technol-

ogies; Coralville, IA, USA) (Table 14.). All reagents and samples were briefly centrifuged 

before use to ensure contents were collected at the bottom of the tubes. 

Table 14. PCR reaction mix  

Component Volume/reaction 

SYBR Green I master mix, 2x 10 μL 

RNase-free water 8 μL 

Primers, 20x  1 μL 

Total volume 19 μL 
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A PCR master mix was prepared on ice for each primer pair and for all samples, including 

triplicates (technical replicates) and appropriate controls (Universal Reference, NRT, and no 

template control (NTC)). 

A total of 19 μL of the reaction mix was dispensed into each well of a LightCycler® 480 96-

well multiwell plate, kept on ice. Then, 1 μL of cDNA sample was added per well. Samples 

were mixed gently by pipetting up and down. The plate was sealed with LightCycler® 480 

sealing foil and centrifuged at 1,000 × g for 1 minute to eliminate air bubbles. Plates were 

stored on ice or at 4 °C until thermal cycling. 

The qPCR was performed on a Roche LightCycler 480 I (Roche Applied Science) instrument 

using the following cycling conditions: initial denaturation at 95 °C for 5 minutes, followed 

by 45 cycles of 95 °C for 10 seconds, 60 °C for 10 seconds, and 72 °C for 10 seconds.  

All reactions were run in triplicate. A melting curve analysis was performed to verify ampli-

fication specificity. No-template controls, substituting cDNA with RNase-free water, and 

positive controls using universal mouse reference RNA (Invitrogen; Waltham, MA, USA) 

were included in the assay.  

Relative gene expression was quantified using the ΔΔCp (crossing point) method, with 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) used as the internal reference 

mRNA. Primer sequences are provided in Table 15. 

ΔΔCp method: 

- Calculate the mean Cp for the different technical replicates. 

- Calculate ΔCp: 

𝛥𝐶𝑝 = 𝐶𝑝(𝑔𝑒𝑛𝑒 𝑜𝑓 𝑖𝑛𝑡𝑒𝑟𝑒𝑠𝑡) − 𝐶𝑝(𝐻𝑜𝑢𝑠𝑒𝑘𝑒𝑒𝑝𝑖𝑛𝑔) 

- Calculate ΔΔCp: 

     𝛥𝛥𝐶𝑝 = 𝛥𝐶𝑝(𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑛𝑡) − 𝛥𝐶𝑝(𝑐𝑜𝑛𝑡𝑟𝑜𝑙) 

- Calculate Fold change: 

                                    𝐹𝑜𝑙𝑑 𝑐ℎ𝑎𝑛𝑔𝑒 =  2−𝛥𝛥𝐶𝑝 
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Table 15. Commercially available pre-designed qPCR primers from IDT 

Gene Protein IDT name Forward Primer  Reverse Primer  

Aifm2 Ferroptosis suppres-

sor protein 1 (FSP1) 

Mm.PT.58.

30983091 

5’‐GAC-

CTTCTCATCTCCAC

AAGC‐3’ 

5’‐ 

GCCTCTCTTCCACA

GTTAACC‐3’ 

Ftl1 Ferritin light chain 1 Mm.PT.58.

32413506.g 

5’‐GACTTAGAG-

CAGCGCCTTG‐3’ 

5’‐GAAGCGAG-

TACAGTGG-

GAATC‐3’ 

Gapdh Glyceraldehyde-3-

phosphate dehydro-

genase 

Mm.PT.39a.

1 

5’‐

AATGGTGAAGGTC

GGTGTG‐3’ 

5’‐GTGGAGTCAT-

ACTG-

GAACATGTAG‐3’ 

Gpx4 Glutathione peroxi-

dase 4 

Mm.PT.58.

5454337 

5’‐CACTGTG-

GAAATGGATGAAA

GTC‐3’ 

5’‐

CGCAGCCGTTCTT

ATCAATG‐3’ 

Pcbp2 Poly(rC)-binding 

protein 2 

Mm.PT.58.

7663496 

5’‐

CATTCCACAGCCAG

ATTTGAC‐3’ 

5’‐CATGA-

GAAGTAGTTT-

GAGCAGATG‐3’ 

Slc11a2 Divalent metal trans-

porter 1 (DMT1) 

Mm.PT.58.

16122997 

5’‐GCTTGCATCTT-

GCTGAAGTATG‐3’ 

5’‐CATGTCAGAAC-

CAATGATTGCC‐3’ 

Slc3a2 Solute carrier family 

3 member 2 

Mm.PT.58.

41156435 

5’‐ACCTCAC-

TCCCAACTACCA‐3’ 

5’‐

CATTCATCAGCTTT

CCCACATC‐3’ 

Trf Transferrin Mm.PT.58.

23794874 

5’‐AGATAGAG-

TGTGAGTCAG-

CAGA‐3’ 

5’‐TCTCGTAG-

TACTCTGCCATGA‐

3’ 

Tfrc Transferrin receptor Mm.PT.39a.

22214833.g 

5’‐TCAA-

GCCAGATCAG-

CATTCTC‐3’ 

5’‐AGCCAG-

TTTCATCTCCACAT

G‐3’ 

Extracted from: (García-Serran et al., 2023) 
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2.7.4. Western Blot  

2.7.4.1. SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by West-

ern blotting, is a used to identify specific proteins using antibodies, after separating them 

based on their molecular weight. 

SDS is a strong anionic detergent that denatures proteins. This is due to proteins binding to 

SDS within their hydrophobic regions and resulting in them becoming negatively charged. 

This allows SDS-highly negatively charged protein complexes to migrate directionally 

through the polyacrylamide gel under an electric field. In denaturing SDS-PAGE, protein 

migration is determined by molecular weight, not intrinsic electrical charge. 

Brain protein homogenate preparation 

Protein homogenates were prepared from lyophilized brain samples (see Section 2.6.2.), 

reconstructed at 4ºC in RIPA buffer (20 mM Tris-Cl (pH 7.6), 137 mM NaCl, 2.6 mM KCl 

1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 1x complete EDTA-free protease inhib-

itor cocktail, 1 mM PMSF; all from Sigma-Aldrich). These protein homogenates were col-

lected into microcentrifuge tubes, passed 7 times through a 23 G needle, and incubated on 

ice for 30 minutes. Lysates were then centrifuged at 12,000 × g at 4°C for 15 minutes. The 

supernatant was carefully collected and transferred to new labeled microcentrifuge tubes. A 

7 µl aliquot was used for protein quantification. All aliquots were stored at -20ºC until further 

analysis. 

Protein concentration determination 

Total protein concentration was determined using the BCA protein assay kit. This assay 

relies on biuret reaction: proteins reduce Cu²⁺ to Cu⁺, which then forms a purple complex 

by chelating bicinchoninic acid (BCA). This complex aborbs at 562 nm, and the aborvance 

correlates linearly with protein concentration across a defined. This allows the creation of a 

standard curve and the interpolation of absorbance values from the samples to determine 

their protein concentration.  
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Bovine serum albumin (BSA; Sigma‐Aldrich) was used to prepare a standard curve with final 

concentrations of 2.0, 1.0, 0.5, 0.25, 0.125, and 0.0625 mg/mL. A blank with 1X only phos-

phate-buffered saline (PBS; provided by IGTP) was included. 

For each sample, 2 µL of each protein homogenate was diluted with 23 μL of PBS, resulting 

in a total volume of 25 µL. Duplicate 25 µL aliquots of both standards and diluted samples 

were pipetted into a 96-well microplate. Then, 200 µL of BCA working reagent (prepared at 

a 50:1 ratio of reagent A to reagent B provided in the kit) were added to each well. The plate 

was then covered and incubated at 37 °C for 30 minutes. 

Absorbance was measured at 562 nm using a Varioskan® Flash microplate reader (Thermo 

Fisher Scientific). A standard curve was generated by plotting the average absorbance of the 

BSA standards versus their known concentrations (mg/mL). The protein concentration of 

each sample was determined by interpolating the corresponding absorbance value on the 

standard curve. Finally, the resulting concentration (in mg/mL) was corrected for the initial 

dilution by dividing by the dilution factor (12.5×). 

Sample preparation 

Brain protein homogenates were thawed on ice, and the volume required to load 30 µg of 

protein per sample was taken and mixed with 4x Laemmli Sample Buffer (Bio-Rad Labora-

tories Inc.; Hercules, CA, USA), 2.5% 2-mercaptoethanol (Bio-Rad Laboratories Inc.) and 

deionized water to a final volume of 15 µL. The mixtures were incubated at 95ºC for 5 

minutes to denature the proteins. 

Plasma samples were diluted 1:15. Based on previous measurements, the expected endoge-

nous concentration of transferrin in mouse plasma is similar to the one found in rat plasma 

(3.8 µg/µL). After dilution, the final Tf concentration was estimated at 0.253 µg/µL, which 

is approximately 0.5 µg of transferrin per well. 

Protein electrophoresis 

Thirty µg of total protein from brain homogenates or 0.26 µL of plasma were loaded onto 

NuPAGETM Midi 10% Bis-Tris (Invitrogen). Additionally, 2.5 µL of precision plus proteinTM 

dual color standards (Bio-Rad laboratories Inc.) were loaded at both the beginning and end 

of each gel to verify protein molecular weights. Polypeptides were separated by 
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electrophoresis using MOPS-SDS running buffer (50 mM MOPS, 50 mM Tris-Base, 0.1% 

SDS, 1 mM EDTA; pH 7.7; from Sigma-Aldrich) using an X-Cell4TM superlock midi gel 

system chamber (Thermo Fisher Scientific) at 200 V for 45 minutes. Upon completion, gels 

were removed and equilibrated in 1X Tris-glycine transfer buffer (27 mM Tris, 192 mM 

glycine, pH 8.3, with 20% methanol) for 15 minutes and then electroblotted (see Section 

2.7.4.3.) 

2.7.4.2. Urea-polyacrylamide gel electrophoresis (U-

PAGE) 

To determine transferrin saturation in plasma or serum samples, we developed a method for 

analysing the iron isoforms of transferrin by combining the urea-polyacrylamide gel electro-

phoresis (U-PAGE), based on the technique by Makey and Seal (Makey and Seal, 1976), with 

Western immunoblotting. This method separates transferrin obtained from serum or cell 

culture samples into the ATf form, two monoferric forms, and the diferric form based on 

their electrophoretic mobilities in U-PAGE gels. 

Standards preparation 

Human apotransferrin (hATf) and diferric holotransferrin (hHTf) (Sigma-Aldrich) were 

used as electrophoretic standards to identify transferrin isoforms. Because commercial 

mouse- and pig-specific standards are unavailable, we prepared apo- and holo-forms from 

the respective species’ plasma or serum. 

To prepare mouse-specific ATf and HTf standards, transferrin is either depleted of iron or 

fully saturated. In order to generate HTf, we followed a procedure described by Nagaoka et 

al. in 2000 with minor modifications (Nagaoka and Maitani, 2000). Five µL of plasma or 

serum were diluted in 10 mM Tris-HCl (pH 7.5) containing 25 mM sodium bicarbonate. A 

fresh Fe-citrate solution (25 mM) was added in either equimolar or 2:1 Fe:Tf ratios. The 

solution was mixed and incubated at room temperature for 1 hour to ensure full Fe-binding. 

The resulting mouse- and pig-ATf preparations were aliquoted and stored at -20°C until 

electrophoretic analysis. 

To prepare apotransferrin, iron release is promoted. For this, plasma or serum samples were 

incubated in fresh iron removal buffer (IRB; 50 mM sodium acetate and 5 mM EDTA, pH 

4.9; all reagents from Sigma-Aldrich) for 1 hour at room temperature, following the protocol 



Material and Methods 

107 

 

M
 &

 M
 

of Byrne and Mason (Byrne and Mason, 2009). Aliquots of the resulting ATf were also stored 

at -20°C until use. 

U-PAGE Electrophoresis 

Precast 6% TBE urea gels (U-PAGE; Invitrogen) were loaded with 0.26 µL of either mouse 

plasma or pig serum samples. Transferrin iron- isoforms are separated by electrophoresis in 

Tris-borate-electrophoresis buffer (100 mM Tris, 10 mM boric acid, pH 8.3) at 150 V for 2 

hours at 4ºC in a SuperLockTM mini gel system chamber (Thermo Fisher Scientific). After 

electrophoresis, gels were removed and rinsed for 10 minutes in 0.05% SDS and prepared 

for electroblotting (see Section 2.7.4.3.) 

2.7.4.3. Electroblotting 

Immobilon®-FL PVDF membranes (Polyvinylidene fluoride; Millipore) were cut to fit the 

dimensions of the gel, and activated in methanol for 30 seconds, rinsed in water for 2 

minutes, and equilibrated in transfer buffer. Filter paper and fiber pads were also equilibrated 

by soaking them in the same buffer. The transfer “sandwich” was assembled with the PVDF 

membranes positioned adjacent to the polyacrylamide gel and oriented toward the anode, 

flanked by thick blotting filter paper (Bio-Rad Laboratories Inc.) and fiber pads. Protein 

transfers were carried out at 100 V for 1 hour at 4ºC using the Mini Trans-Blot® Module 

(Bio-Rad Laboratories Inc.). Membranes were air-dried for at least 40 minutes before further 

processing. 

However, in serum pig samples, prior to immunodetection, total protein staining was em-

ployed as a loading control using the RevertTM 700 total protein stain kit (Li-COR Biosci-

ences). The PVDF membrane was briefly immersed in methanol, rinsed in MiliQ water, and 

equilibrated in 1X Tris-buffered saline (TBS) for 5 minutes. The membrane was then stained 

for 5 minutes with RevertTM 700 solution, followed by two 30-second washes in the kit’s 

wash solution. After a final MiliQ rinse, the membrane was scanned at 700 nm using the 

Odyssey® CLx imaging system (Model 9120; Li-COR Biosciences), ensuring the membrane 

remained moist during scanning.  

De-staining was performed by shaking in RevertTM 700 de-staining solution for up to 10 

minutes, followed by rinsing in MiliQ water. Membranes were subsequently blocked and 

processed (see Section 2.7.4.4.). 
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2.7.4.4. Immunodetection 

Dried PVDF membranes were briefly rehydrated in methanol, rinsed in MiliQ water, and 

equilibrated in 1X TBS. Membranes are blocked in Intercept® (TBS) blocking buffer (Li-

COR Biosciences; Lincoln, NE, USA) for 1 hour at room temperature. 

After blocking, membranes were incubated overnight at 4ºC with target-specific primary 

antibodies diluted in blocking buffer. The following day, the membranes were washed three 

times for 5 minutes each in TBS-T (1X TBS with 0.1% Tween® 20; Sigma-Aldrich) and then 

incubated for 1 hour at room temperature in the dark with near-infrared-conjugated second-

ary antibodies diluted in blocking buffer (see Table 16. for antibody list). All steps from this 

point onward were conducted under light-protected conditions.  

Commercial secondary antibodies are solid-phase adsorbed to ensure minimal cross-reaction 

with serum proteins from several species, but not with serum proteins from pig. We devel-

oped an in-house solid-phase pre-adsortion using pig serum blotted onto PVDF membranes 

(retaining membrane). This method captures and retains antibodies that might cross-react 

with pig immunoglobulins. Before incubating with the membrane of interest (with the pig 

samples), secondary antibodies diluted in blocking buffer are incubated for 1 hour with the 

"retaining membrane." 

After the incubation with the secondary antibody, membranes were washed again (three 

times for 5 minutes with TBS-T), rinsed in 1X TBS to remove residual detergent, and air-

dried prior to imaging. Membranes are allowed to air-dry before imaging. Fluorescence was 

detected using the Odyssey® CLx imaging system at 800 nm. Band intensity was quantified 

using Image Studio Lite software (version 5.2; Li-COR Biosciences), measuring the inte-

grated density of each band after subtracting background OD. 

2.7.5. TSAT assessment  

Baseline transferrin saturation (TSAT) levels were measured prior to intracerebral hemor-

rhage induction to confirm that mice exhibited physiologically relevant TSAT levels, con-

sistent with typical human levels (<40%). Following stroke induction, TSAT was measured 

at 24, 48, and 72 hours post-ICH. For pig samples, TSAT measurements were taken at base-

line, 1 hour, 4 hours, 24 hours, 1 week, and 2 weeks post-ICH. 
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Quantification of TSAT in the serum pig samples or plasma mice samples was determined 

using the OD obtained from the U-PAGE/WB bands (visualized on PVDF-LF membranes) 

and the formula used by Agarwal (Agarwal et al., 2004): 

𝑇𝑆𝐴𝑇 (%) =
(

1
2  𝑥 𝑚𝐹𝑒 𝑇𝑓 𝑂𝐷 + 𝑑𝑖𝐹𝑒 𝑇𝑓 𝑂𝐷) 𝑥100

𝐴𝑇𝑓 𝑂𝐷 + 𝑚𝐹𝑒 𝑇𝑓 𝑂𝐷 + 𝑑𝑖𝐹𝑒 𝑇𝑓 𝑂𝐷
 

However, in the experiment from Manuscript I, mice, after receiving IV exogenous human 

apotransferrin, the mixture of mouse and human iron-loaded transferrin forms present in 

the mouse blood determines a new transferrin saturation index that we named total TSAT. 

We used a modification of the Agarwal formula (previously used by DeGregorio-Rocasolano 

et al. (DeGregorio-Rocasolano et al., 2018)) to calculate total TSAT in these samples using 

concentrations instead of OD as follows: 

𝑇𝑆𝐴𝑇 (%) =
(

1
2  𝑥 𝑡𝑜𝑡𝑎𝑙 𝑚𝐹𝑒 𝑇𝑓 + 𝑡𝑜𝑡𝑎𝑙 𝑑𝑖𝐹𝑒 𝑇𝑓) 𝑥100

𝑡𝑜𝑡𝑎𝑙 𝐴𝑇𝑓 + 𝑡𝑜𝑡𝑎𝑙 𝑚𝐹𝑒 𝑇𝑓 + 𝑡𝑜𝑡𝑎𝑙 𝑑𝑖𝐹𝑒 𝑇𝑓
 

Where:  

- Total ATf is the concentration of mouse apotransferrin + concentration of 

human apotransferrin 

- Total mFe Tf is the concentration of mouse monoferric transferrin + con-

centration of human monoferric transferrin 

- Total diFe Tf is the concentration of mouse diferric transferrin + concen-

tration of human diferric transferrin 

Concentrations in the formula were obtained using: 

1. The mean concentration of mouse endogenous transferrin was 5.4 mg/mL (deter-

mined in previous experiments of the group). The human transferrin concentration 

in blood was 3.4 mg/mL, because 230 mg/kg were injected into the mice.  

2. The OD of each one of the mouse transferrin iron isoforms and each one of the 

human transferrin iron isoforms present in a given sample, loaded in a U-

PAGE/WB. 



Materials and Methods 

110 

 

2.7.6. Platelet Factor 4 detection by ELISA 

The detection of pig platelet factor 4 (PF4) was made using pig plasma samples by enzyme-

linked immunosorbent assay (ELISA) following manufacturer instructions (MBS2701434, 

96 Tests; MyBiosource Inc.; San Diego, CA, USA).   

2.7.7. Immunohistofluorescence 

Frozen pig and mouse brain tissues were cryosectioned into 15 μm-thick slices using a Leica 

CM1950 cryostat (Leica Biosystems; Deer Park, TX, USA) and mounted onto poly-L-lysine-

coated glass slides (Menzel-Gläser Polysine slides; Thermo Fisher Scientific).  

The tissue sections were first left at room temperature to adhere properly to the slides and 

then stored at -20ºC until further processing. Prior to staining, slides were equilibrated to 

room temperature for 15 minutes, followed by heating at 50ºC for 30 minutes, and then 

returned to room temperature for an additional 15 minutes. Tissue fixation was carried out 

by incubating the slides in 4%paraformaldehyde in PBS (Thermo Fisher Scientific) for 20 

minutes. Rehydration was performed through a graded ethanol series (100%, 95%, 70%, 

50%) with brief 30-second immersions, followed by rinsing in 1X PBS. 

To permeabilize the tissue, sections were washed three times for 5 minutes each in 0.25% 

Triton X-100 (Prolabo; Paris, France) prepared in 1X PBS. Antigen retrieval was then 

achieved by heating the slides in citrate buffer (pH 6; Sigma-Aldrich) at 95ºC for 20 minutes. 

After cooling, the sections were washed three times in 20 mM glycine (Thermo Fisher Sci-

entific) in 1X PBS. Blocking was performed at room temperature for 1 hour using a solution 

containing 3% (w/v) BSA (Sigma-Aldrich); 5% normal donkey serum (Sigma-Aldrich); and 

0.25% Triton X-100 in 1X PBS. This was followed by a single 5-minute wash in 20 mM 

glycine before incubating the sections overnight at 4ºC with primary antibodies diluted in a 

buffer containing 0.025% Triton X-100 and 3% normal donkey serum in PBS (200 µL/slide). 

After primary antibody incubation, the sections were washed three times in 20 mM glycine 

before being exposed to secondary antibodies for 2 hours at room temperature in the dark 

(see Table 16. for antibodies list). Post-secondary incubation, slides were washed three times 

with 1X PBS, then counterstained with Hoechst 33342 (0.4 µg/mL in 1X PBS; Invitrogen; 

Waltham, MA, USA) for 10 minutes to visualize cell nuclei. Following three additional 

washes with 20 mM glycine were performed. Then, the sections were dehydrated via a graded 
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ethanol series (50%, 70%, 90% and 100%, 30 seconds each), and coverslips were applied 

using FluoromountTM mounting medium (Sigma-Aldrich). Coverslips were sealed with clear 

nail polish to preserve the aqueous mounting.  

For broader visualization, in the mouse samples, neuronal nuclei (NeuN) immunohisto-

chemistry was performed on brain sections and analyzed using the Odyssey imaging system 

using infrated secondary antibodies listed in Table 16. Slices were incubated with anti-NeuN 

primary antibody followed by a near-infrared-conjugated secondary antibody compatible 

with Odyssey Imaging. Areas lacking NeuN staining, particularly those overlapping with he-

matoma sites, were indicative of neuronal loss. Cortical regions surrounding the hematoma, 

identified using anatomical references such as the corpus callosum and lateral ventricles, were 

examinated for peri-infarct damage. In these regions, 4-hydroxynonenal (4-HNE) immuno-

reactivity was evaluated specifically within NeuN-positive neurons across serial sections.  

After the broader visualization, in mouse slides, fluorescence imaging was performed on an 

AxioObserver Z1 microscope (Carl Zeiss; Oberkochen, Germany) at the IGTP Microscopy 

Platform Core Facility, with a 40x/1.3 plan objective and using the secondary antibodies 

coupled with widefield fluorophores (Alexa Fluor™; listed in Table 16.), and image analysis 

was carried out using ImageJ software. These images were then used for quantification. 

For pig slides, images were acquired using the ZEISS Axioscan 7 (Carl Zeiss Microscopy 

GmbH; Jena, Germany) equipped with a 20x/0.8 objective. Fluorophores were excited with 

LED-modules and excitation and emission filters isolated the fluorescence bands. 

2.7.8. Antibodies 

The primary and secondary antibodies utilized for IHF and WB are listed below (Table 16.): 

Table 16. List of antibodies used by experimental method 

Primary antibody Dilution Method RRID/Ref. Company 

Mouse anti‐transferrin receptor 

(H68.4) (TfR)  
1:1,000 WB AB_2533029 Thermo Fisher 

Scientific (Wal-

tham, MA, 

USA) 

Mouse anti‐glyceraldehyde‐3‐phos-

phate dehydrogenase (GAPDH) 
1:2,000 WB AB_2536381 
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Rabbit anti‐ferritin light chain 1:1,000 WB AB_1523609 

Abcam (Cam-

bridge, UK) 

Rabbit anti‐glutathione peroxidase 

4 (GPX4) 
1:2,000 WB AB_10973901 

Rabbit anti-4-hydroxynonenal (4‐

HNE) 
1:100 

Mouse 

IHF 
AB_722490 

Goat anti‐mouse transferrin (mTf) 1:1,000 WB AB_1147328 

Novus Biologi-

cals (Centen-

nial, CO, USA) 

Rabbit anti‐xCT complex 

(SLC7A11 subunit - solute carrier 

family 7 member 11) 

1:1,000 WB AB_2239445 

Mouse anti‐neuronal nuclei 

(NeuN) 
1:100 

Mouse 

and pig 

IHF 

AB_2298772 

Sigma‐Aldrich 

(Saint Louis, 

MO, USA) 

Mouse anti‐NRAMP 2 (G‐5), so 

called divalent metal transporter 1 

(DMT1) 

1:200 WB AB_10610255 

Santa Cruz Bio-

technology 

(Dallas, TX, 

USA) 

Mouse anti‐human transferrin (Tf) 

(GMA‐099) 
1:250 WB Lot#109052B 

Green Moun-

tain Antibodies 

(Burlington, 

VT, USA) 

Rabbit anti‐rat Tf 
1:150/ 

1:50 

WB/pig 

IHF 
Cat#55729 

Cappel, ICN 

Pharmaceuti-

cals (Costa 

Mesa, CA, 

USA) 

Rabbit anti-pig ferritin (FTH) 1:50 Pig IHF ABIN7440041 

Antibodies 

online (Limer-

ick Township, 

PA, USA) 
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Seconday antibody Dilution Method RRID Company 

IRDye‐800CW donkey anti‐mouse 1:25,000 WB/IHF AB_2716622 
Li‐COR Bios-

cience (Lincoln, 

NE, USA) 

IRDye‐680RD donkey anti‐rabbit 1:15,000 WB/IHF AB_2716687 

IRDye‐680RD donkey anti‐goat) 1:10,000 WB AB_2650427 

Donkey anti‐rabbit IgG (H+L) 

Alexa Fluor™ 555 
1:500 

Mouse 

IHF 
AB_162543 

Thermo Fisher 

Scientific (Wal-

tham, MA, 

USA) 

Donkey anti‐mouse IgG (H+L) 

Alexa Fluor™ 555 
1:500 

Mouse 

IHF 
AB_141607 

Donkey anti-mouse IgG (H+L) 

Alexa Fluor™ 647 (A-31571)  
1:500 Pig IHF AB_162542 

Donkey anti-rabbit IgG (H+L) 

Alexa Fluor™ 488 (A-21206)  
1:500 Pig IHF AB_2535792 

Extracted and modified from: (García-Serran et al., 2023)  

2.8. Lesion quantification 

In mice models, at 72 hours post-treatment, infarct and hemorrhage volumes were quanti-

fied. However, hemorrhage extension was measured via MicroCT system at 0.5, 1.5, 5, and 

24 hours after ICH-collagenase-induced. In hemorrhagic pigs, hemorrhage volumes were 

measured at 4 hours, 24- or 2-weeks post-ICH via MRI.  

2.8.1. Ex vivo lesion quantification 

For infarct quantification, fresh brains were obtained as in Section 2.6.2. and were coronally 

sectioned into 2 mm-thick slices and incubated in 1% 2,3,5-triphenyltetrazolium chloride 

(TTC) (Sigma‐Aldrich) prepared in PBS at 37°C for 11 minutes. TTC reacts with active 

mitochondrial enzymes, staining viable tissue red, while infarcted areas remain white (Beder-

son et al., 1986) (Figure 18A.).   

Digital photographs of the serial slices were taken. From each image we measured the area 

of infarcted tissue (white), the area corresponding to the ipsilateral hemisphere (Ipsi) and the 

area corresponding to the contralateral hemisphere (Contra) using ImageJ software (version 

1.53; Wayne Rasband, NIH; Bethesda, MD, USA). 
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Conversely, hemorrhagic volume was assessed in unstained brain sections. Digital photo-

graphs of the serial slices were taken. From each image we manually outlined the blood-filled 

regions as well as the area corresponding to the Ipsi and the area corresponding to the Con-

tra. These areas were analyzed using the ImageJ software following established protocols 

(Zhang et al., 2022) (Figure 18D.). 

For each section, the infarct/hemorrhagic (lesion) area, the total area of the ipsilateral, and 

the contralateral and were determined in mm2, and the volume was calculated in mm3 by 

considering section thickness. The final lesion volume (mm3) resulted from the sum of the 

lesion volumes of all sections corrected by the ratio of the total volume of the contralateral 

hemisphere to that of the ipsilateral one; that is, corrected by edema. The final lesion volume 

results are given as % of the ipsilateral hemisphere (Figure 18D.).  

The edema was determined as a percentage of the subtraction of ipsilateral hemisphere vol-

ume from the of the contralateral one divided by the addition of both volumes.  

S1                           S2                        S3                          S4 

L R 

1 cm 

Ischemic stroke – TTC staining Hemorrhagic stroke – unstained 

A B 

C 
D 

Figure 18. Brain slicing for stroke models and stroke volume measurement. (A) 2-mm-thick coronal 

slices of an ischemic mouse brain stained with 1% 2,3,5-triphenyltetrazolium chloride (TTC). (B) 2-

mm-thick coronal slices of a hemorrhagic stroke mouse brain, unstained. (C) Schematic representation 

of the slices of the brain after slicing and the matrix used for positioning. (D) Illustration of the manual 

delineation of the brain hemispheres (ipsilateral, Ipsi and contralateral, Contra) and the stroked area 

(lesion). Abbreviations: Section 1, 2, 3, and 4 (S1, S2, S3, and S4, respectively). 

Ipsi Contra 

Lesion 
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2.8.2. MicroCT system, acquisition and reconstruction pa-

rameters 

Hematoma progression was monitored using in vivo MicroCT imaging (SkyScan 1076; 

Bruker; Kontich, Belgium) with the administration of the contrast agent Viscover Ex-

iTron™ nano 12000 (Viscover; Berlin, Germany) (Figure 19.). Imaging revealed hematoma 

stabilization within the first five hours following induction. For MicroCT acquisition, mice 

were anesthetized with isofluorane (4% for induction, 1.5% for maintenance) delivered in 

oxygen at a flow rate of 1 L/min.   

Specific parameters of the MicroCT system, acquisition and reconstruction are specified in 

Table 17. 

Table 17. MicroCT specific parameters 

System 

Parameter Value 

Scanner Skyscan1076 

Instrument SN 09H02068 

Hardware C 

Secure mode OFF 

Software Version 3.2 (build 1) 

Home Directory C:\Skyscan 

Tube Hamamatsu 100/250 

Figure 19. (A) Diagram of the assessment of hemorrhagic growth expansion in the collagenase-

induced ICH model. (B) Schematic representation of the function of the MicroCT. (C, left) recon-

structed images obtained and (C, right) sliced brain corresponding to the reconstructed image.  

A 

B C 
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Camera Princeton Instruments (Trenton, NJ, USA) 

Camera Pixel Size (µm) 12.32 

Camera X/Y Ratio 1.0067 

Acquisition 

Parameter Value 

Source Voltage (kV) 59 

Source Current (µA) 167 

Filter No filter 

Object to Source (mm) 121.000 

Camera to Source (mm) 165.000 

Number Of Files 494 

Number Of Rows 1336 

Number Of Columns 2000 

Optical Axis (line) 650 

Image Pixel Size (µm) 17.7700 

Image Format TIFF 

Depth (bits) 16 

Data Offset (bytes) 264 

Horizontal overlap (pixel) 0 

Camera horizontal position Center 

Visual Camera ON 

Screen LUT 0 

Exposure (ms) 160 

Rotation Step (deg) 0.400 

Frame Averaging On (4) 

Scanning position 141.150 mm 

Suggested beam-hardening correction 10 

Suggested HU-Calibration 86,000 

Number of connected scans 2 

Number of lines to be reconstructed 703 

Use 360 Rotation NO 

Rotation Direction CC 

Scanning Trajectory ROUND 

Type Of Motion STEP AND SHOOT 

Camera Offset OFF 

Scanning Start Angle 0.000 

Scan duration 00:29:05 

Reconstruction 

Parameter Name 

Reconstruction Program NRecon (Micro Photonics; Allentown, PA, USA) 

Program Version Version: 1.7.0.4 

Program Home Directory C:\Skyscan 

Reconstruction engine NReconServer (Micro Photonics) 

Engine version Version: 1.7.0 

Reconstruction from batch No 

Postalignment -50.50 (this value can vary depending acquisition) 

Reconstruction servers I11073 

Reconstruction mode Standard 

Dataset Origin Skyscan1076 

Section to Section Step 1 

Sections Count 526 
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Result File Type BMP 

Result File Header Length (bytes) 1,134 

Result Image Width (pixels) 2,000 

Result Image Height (pixels) 2,000 

Pixel Size (µm) 17.77462 

Reconstruction Angular Range (deg) 197.60 

Use 180+ OFF 

Angular Step (deg) 0.4000 

Smoothing 3 

Smoothing kernel 0 (Asymmetrical boxcar) 

Ring Artifact Correction 20 

Draw Scales ON 

Object Bigger than FOV ON 

Reconstruction from ROI OFF 

Filter cutoff rel. to Nyquist freq. (%) 100 

Filter type 0 

Filter type description Hamming (Alpha=0.54) 

Undersampling factor 1 

Threshold for defect pixel mask (%) 0 

Beam Hardening Correction (%) 56 

CS Static Rotation (deg) 0.00 

Min for CS to Image Conversion 0.015986 

Max for CS to Image Conversion 0.080390 

HU Calibration OFF 

BMP LUT 0 

Cone-beam Angle Horizontal (deg) 16.713697 

Cone-beam Angle Vertical (deg) 11.208715 
 

2.8.2.1. CT lesion quantification 

The quantification of the CT lesion was performed using 3 different ways:  

- Same as the ex vivo quantification (see Section 2.8.1.). 

- Using the 𝑠
𝐴𝐵𝐶

2
. In this formula, A is the biggest hemorrhagic diameter on 

the CT, B is the largest transverse diameter measured at 90º perpendicular 

to A, and C is the number of CT slices with hemorrhage multiplied by the 

slice thickness (Figure 20.) (Kwak, Kadoya and Suzuki, 1983). 

- Using the 
𝐴𝐵𝐶

2
. Here, A and B are defined as in the sABC/2, however C not 

only considers the number of cuts on the CT where the hemorrhage is pre-

sent, but also the size of the hemorrhage area in each cut. Depending on the 

percentage of the hemorrhagic area observed in the current slice compared 

to the largest hemorrhagic area noted it is counted as either a complete, half, 

or it is not considered as a hemorrhage slice. If a slice’s hemorrhage area is 
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more than 75% of the largest hemorrhagic area, it is counted as one com-

plete hemorrhage slice for C. If the area is around 25 to 75% of the largest 

hemorrhage, the slice is considered half a hemorrhage slice. And finally, if 

the area is less than 25% of the largest hemorrhage, the slide is not consid-

ered a hemorrhage slice in the calculation (Figure 20C.) (Kothari et al., 

1996).  

Figure 20. Schematic representation of the assessment and calculation of intracerebral hemorrhage 

(ICH) volume using drawn computed thomography (CT) brain cuts. (A) Dorsal views of different 

brain cuts as seen in a CT scan. A white area is present in the thalamus, representing a hemorrhage. 

Below each drawing there is a percentage indicating the relative size of the hemorrhage in compar-

ison to the cut with the largest hemorrhage, which is marked with 100% and surrounded by a pink 

square. (B) Drawing of the cut with the largest hemorrhage, with an amplified view of the hemor-

rhage where two perpendicular red arrows are shown together with its measures. (C) Mathematical 

formulas used to calculate the ICH volume. The first formula is the simplified sABC/2 formula, 

where A is the largest hemorrhagic diameter, B is the largest transverse diameter perpendicular to 

A, and C is the number of CT slices with hemorrhage multiplied by the slice thickness. The second 

formula is the ABC/2 formula, where A and B are defined in the same way, but C takes into account 

both the number of slices with hemorrhage and the size of the hemorrhagic area in each slice. The 

slice is categorized based on the proportion of the hemorrhagic area observed compared to the 

largest hemorrhage, classifying it as either full (1 when is higher than 75%), partial (1/2 when is 

between 25 and 75%), or not considered (0 when is less than 25%) as a hemorrhage slice. A numer-

ical example is provided in both, demonstrating how the ICH volume is measured using the data 

from part A and B of the figure. 

A  

C  

B  
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2.8.3. Magnetic resonance imaging 

MRI scans were performed using a Vantage Galan 3T scanner (Canon Medical Systems). 

The initial imaging session took place 90 minutes after hemorrhage induction, with follow-

up scans at 24 hours, 1 week, and 2 weeks post-ICH for animals with lobar hemorrhages. 

The MRI protocol included sequences such as T2*-weighted imaging (T2*), diffusion tensor 

imaging (DTI), 3D flow-sensitive black blood imaging (FSBB), fluid-attenuated inversion 

recovery (FLAIR), and apparent diffusion coefficient (ADC) mapping (Table 18.).  

T2*-weighted images were utilized for the measurement of hemorrhagic volume using 3D 

Slicer software v5.6.1 (https://www.slicer.org/). Additionally, diffusion-weighted imaging 

(DWI) and DTI maps were generated from the DTI sequence using Olea Sphere 3.0-SP22 

(Olea Medical; La Ciotat, France) software. 

 

2.8.3.1. MRI lesion quantification 

Hemorrhage lesion volume was quantified using axial T2*-weighted MRI DICOM images 

analyzed in 3D Slicer. Hypointense regions representing hemorrhages were manually delin-

eated in all the supratentorial planes for the scans acquired at 90 minutes and 24 hours after 

stroke, as well as hyperintense/hypointense regions observed at 2 weeks after ICH induc-

tion. Volumes were expressed in milliliters (mL) and as a percentage of the ipsilateral hemi-

sphere. Ex vivo volume measurements were performed as described in Section 2.8.1. and 

also expressed as a percentage of total brain volume for comparison with MRI-based esti-

mates.  

Table 18. MRI sequences and specifications 

https://www.slicer.org/
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2.9. Distribution of the animals 

For the first manuscript, animals were randomized before distributing them in the experi-

mental groups.  

Animals in the second manuscript were classified based on post-mortem stroke size anal-

ysis using TTC staining. Mice were categorized into either a stroke (S) or no stroke (NS) 

group depending on the presence or absence of an infarct. Subsequently, mice within the 

stroke group were further subdivided into mild stroke (MS) or severe stroke (SS) based on 

infarct volume. An infarct involving less than 28% of the affected brain hemisphere was 

classified as mild, whereas an infarct equal to or exceeding this threshold was classified as 

severe. 

2.10. Statistics 

For the first manuscript, all statistical evaluations were performed using GraphPad Prism 

9 (Dotmatics; Boston, MA, USA). Depending on the data distribution and comparison type, 

t-tests or one-way ANOVA (with Tukey’s multiple comparisons) were applied. Normality 

was verified; log transformations were used when needed. Statistical significance was set at 

p<0.05. Results are shown as mean ± standard error of the mean (SEM). 

For the second, both observationally and algorithmically derived data were analyzed using 

one-way ANOVA, with statistical significance set at p<0.05. LASSO regression was used for 

feature selection and model construction. All quantitative results are presented as means ± 

SEM. 

Finally, in the third manuscript, statistical analyses were conducted using GraphPad Prism 

version 10. For datasets involving multiple time point comparisons, repeated-measures two-

way ANOVA was performed, followed by Tukey’s post-hoc test where applicable. Statistical 

significance was defined as p<0.05. All quantitative data are presented as means ± SEM.
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Targeting Pro-Oxidant Iron with Exogenously Administered 

Apotransferrin Provides Benefits Associated with Changes in 

Crucial Cellular Iron Gate Protein TfR in a Model of Intrac-

erebral Hemorrhagic Stroke in Mice 

Alexia García-Serran 1 , Jesús Ordoño 1, Núria DeGregorio-Rocasolano 1 , Marc Melià-Sorolla 1 , 

Karla Odendaal 1,2, Octavi Martí-Sistac 1,3* and Teresa Gasull 1* 

1 Cellular and Molecular Neurobiology Research Group, Department of Neu-
rosciences, Germans Trias i Pujol Research Institute, 08916 Badalona, Cata-
lonia, Spain; agarcias@igtp.cat (A.G.-S.); jesus.ordono@imdea.org (J.O.); 
ndgregorio@igtp.cat (N.D.-R.); mmelia@igtp.cat (M.M.-S.); kk.o@btinter-
net.com (K.O.) 

2 School of Biosciences, University of Cardiff, Cardiff CF10 3AT, UK  
3 Department of Cellular Biology, Physiology and Immunology, Universitat 

Autònoma de Barcelona, 08193 Bellaterra, Catalonia, Spain  
*  Correspondence: octavi.marti@uab.cat (O.M.-S.); tgasull@igtp.cat or         

teresagasull@yahoo.com (T.G.); Tel.: +34-93-0330-531 (T.G.) 
 

Abstract: We have previously demonstrated that the post-stroke admin-
istration of iron-free transferrin (apotransferrin, ATf) is beneficial in dif-
ferent models of ischemic stroke (IS) through the inhibition of the neu-
ronal uptake of pro-oxidant iron. In the present study, we asked whether 
ATf is safe and also beneficial when given after the induction of intrac-
erebral hemorrhage (ICH) in mice, and investigated the underlying mech-
anisms. We first compared the main iron actors in the brain of IS- or 
collagenase-induced ICH mice and then obtained insight into these iron-
related proteins in ICH 72 h after the administration of ATf. The infarct 
size of the IS mice was double that of hemorrhage in ICH mice, but both 
groups showed similar body weight loss, edema, and increased ferritin 
and transferrin levels in the ipsilateral brain hemisphere. Although the 
administration of human ATf (hATf) to ICH mice did not alter the hem-
orrhage volume or levels of the classical ferroptosis GPX4/system 
xcpathways, hATf induced better neurobehavioral performance, de-
creased 4-hydroxynonenal levels and those of the second-generation fer-
roptosis marker transferrin receptor (TfR), and restored the mRNA levels 
of the recently recognized cytosolic iron chaperone poly(RC) binding 
protein 2. In addition, hATf treatment lowered the ICH-induced increase 
in both endogenous mouse transferrin mRNA levels and the activation 
of caspase-2. In conclusion, hATf treatment provides neurobehavioral 
benefits post-ICH associated with the modulation of iron/oxidative play-
ers.  

Keywords: ischemic stroke; intracerebral hemorrhage; iron; oxidation; 
apotransferrin; mouse 
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1. Introduction 

A global consensus exists throughout the literature reporting the detrimental effects of systemic 
iron overload in ischemic stroke, and the protective effect of iron chelators and the iron-binding 
protein apotransferrin (ATf) in ischemic stroke models [1–3] and ischemic stroke patients [4]. More-
over, iron chelators and ATf have been studied as neuroprotectors in hemorrhagic stroke models. 
Chen-Roetling J et al. reported the protective effect of ATf in cortical neurons [5], and deferoxamine 
has been reported to be beneficial in hemorrhagic stroke patients [6,7]. In preclinical studies, our 
laboratory has shown that ATf, the iron-free form of transferrin (Tf), is a potent neuroprotective 
agent in ischemic stroke because it reduces the saturation of blood transferrin with iron (TSAT) and 
inhibits the entry of iron-Tf into the neurons [3].  

Intracerebral hemorrhage (ICH), besides the damage it induces through an increase in intracra-
nial pressure derived from a sudden accumulation of spilled blood in the brain parenchyma, brings 
about toxic effects produced by substances of the leaked blood [8,9]. In particular, the breakdown of 
erythrocytes leads to the release of hemoglobin, from which heme and, ultimately, high amounts of 
iron are released to the cerebral parenchyma [10–12]. These compounds lead to oxidative stress, 
blood–brain barrier disruption, and the activation of different death pathways in the hematomal and 
perihematomal regions that lead to neuronal death [13,14].  

Ferroptosis, a non-apoptotic and iron-dependent programmed cell death [15], has been de-
scribed as playing a crucial role, especially at early time points, in the ICH model induced by colla-
genase [16]. Nevertheless, contrasting results have been reported regarding the effect of ICH on the 
expression of some iron- and classical ferroptosis-related proteins [17–19]. Such discrepancies might 
by due, at least in part, to the severity of the model and experimental design/time course or the brain 
region analyzed. Alternatively, beyond the classical ferroptotic mechanisms directly linked to iron and 
loss of reactive oxygen species (ROS) detoxifying potential, the ferroptosis field is evolving and the 
most recently discovered ferroptotic pathways might have specific roles that have not yet been iden-
tified.  

To date, the whole picture of the mechanisms driving hemorrhagic stroke damage is still far 
from complete. Specifically, the therapeutic potential and safety profile of ATf in hemorrhagic stroke 
is not known, although ferroptosis, an iron-mediated type of cell death, has been previously suggested 
to be implicated [16]. We hypothesized that ATf, which has demonstrated benefits in ischemic stroke, 
could reduce the detrimental consequences of ICH and, thus, is a potential pre-hospital and pre-
triage frontline treatment for stroke patients. The present work aimed to investigate (1) the effect of 
early treatment with ATf on the hematoma size, antioxidant status, and neurological outcome in a 
mouse model of ICH, and (2) the effect of ICH and ATf on the levels and expression of iron- and 
ferroptosis-related molecules relevant in stroke. 

2. Materials and Methods 
2.1. Animals 

Adult 9-week-old male C57BL/6J mice purchased from Charles River Laboratories were 
used in this study. They were housed in controlled standard conditions of temperature, humidity, and 
photoperiod, and had food and water ad libitum. The animal experiments were approved by the An-
imal Research Ethics Committee (CEEA) of the Germans Trias i Pujol Research Institute (IGTP) 
and the Catalan Government (references 11182 and 11131) and were conducted in a randomized 
manner and according to international guidelines (EU Directive 2010/63/EU) at the Comparative 
Medicine and Bioimage Centre of Catalonia (CMCiB). We followed the ARRIVE guidelines and were 
committed to the 3Rs of laboratory animal research. As postoperative care and until complete recov-
ery, the operated animals were placed onto a heating pad and 0.8 mL subcutaneous sterile saline was 
injected. Euthanasia was performed by cervical dislocation after completion of the experiments.  

2.2. Hypoxic/Ischemic Stroke Model (IS) 
The mice (n = 12) were exposed to transient unilateral brain ischemia followed by a global 

hypoxia procedure adapted from Guan et al. [20]. In brief, the mice were anesthetized with isoflurane 
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(4% for induction and 1.5% for maintenance) in a 30–70% mixture of oxygen (O2) and nitrous oxide 
(N2O) and the right common carotid artery (CCA) was transiently occluded by ligature (using a 5-0, 
black braided silk non-absorbable suture) (Ethicon, LLC.; San Lorenzo, Puerto Rico). The mice were 
allowed to recover with free access to food and water for 2 h and then placed in a hypoxia chamber 
at 35.5 ◦C for 20 min, ventilated with a humidified gas mixture of 8% O2/92% N2 at an airflow rate 
of 1 L/min. Then, under general anesthesia with isoflurane, the suture occluding the CCA was re-
moved, blood flow restoration in the CCA was verified de visu, and the wound was sutured with a 4-
0, black braided silk non-absorbable suture (Silkam, B.Braun; Rubí, Spain). 

2.3. Intracerebral Hemorrhage Stroke Model (ICH) 
The ICH procedure was adapted from Klebe et al. [21]. Briefly, the mice were anesthetized 

with isoflurane (4% for induction and 1.5% for maintenance) in a 30/70 mixture of O2/N2O and 
placed in a stereotaxic frame (Model 940 Small animal; Kopf instruments, Tujunga, CA, USA) for the 
intrastriatal injection of sterile bacterial collagenase type VII-S (collagenase from Clostridium histo-
lyticum Type VII-S; Sigma-Aldrich, Saint Louis, MO, USA). Using a microinjection pump (Model 
UMP3T-A; Kopf Instruments, Tujunga, CA, USA) and a NanoFil 26 G syringe (World Precision 
Instruments; Sarasota, FL, USA), 0.06 U of collagenase in 0.4 µL sterile saline was injected into the 
right striatum at a rate of 200 nL/min. The coordinates from Bregma for the stereotaxic injection 
were 0.5 mm anterior, 1.7 mm lateral, and 3.0 mm ventral. After the infusion and before syringe 
withdrawal, the needle was left in place for 10 min and the isoflurane was decreased to 1%. The 
syringe was removed at a rate of 1 mm/min in order to avoid retrograde flow, and the cranial burr 
hole was sealed with bone wax (B.Braun Vertcare; Rubí, Spain). The animals of the sham group re-
ceived the same surgical procedure and were injected with 0.4 µL vehicle. Once the common iron-
related protein response in ischemic (n = 12) and hemorrhagic (n = 7) stroke models was established, 
the effect of hATf was tested in experimental ICH. The mice were randomly assigned to the groups 
ICH-vehicle (sterile saline) and ICH-human apotransferrin (hATf; Sigma-Aldrich, Saint Louis, MO, 
USA) at the dose of 230 mg/kg (n = 8 in each group). Exogenous hATf was used to be able to 
distinguish it from endogenous mouse ATf. Forty minutes after collagenase administration, vehicle 
or hATf was administered intravenously 

 
2.4. Tail Bleeding Test  

Nine male C57BL/6J mice were used to test a putative effect of exogenously administered 
hATf on coagulation (vehicle n = 5, hATf n = 4). Ten minutes after an i.v. administration of sterile 
saline or 230 mg/kg hATf, the tip of the tail was cut, the tail was submerged in physiological saline at 
37 ◦C to ease bleeding, and the time elapsed until the tail stopped bleeding was measured. 
 
2.6. Blood and Brain Sampling and Processing 

Blood samples were obtained using EDTA-K or lithium heparin tubes (Microvette CB 300 
EDTA or Microvette CB 300 lithium heparin; Sarstedt, Nümbrecht, Germany) before surgery, after 
the i.v. injection, and 24 h after the ICH induction. The plasma obtained after centrifugation was 
stored at −20 ◦C.  

Three days after the treatments, the mice were euthanized via cervical dislocation, and the 
brains were quickly obtained and cut into 2 mm thick slices using a coronal mouse brain slicer matrix. 
Then, the slices were photographed on both sides. For Western blot and qPCR, the third fronto-
caudal brain slice, the one showing the highest level of infarct or hematoma in the ischemic or hem-
orrhagic stroke models, respectively, was divided and saved separately into ipsilateral and contralateral 
hemispheres, flash-frozen in liquid N2, and stored at −80 ◦C. Further, the samples were lyophilized 
(Freeze Dryer; B.Braun Biotech; Melsungen, Germany) following Aliena-Valero et al.’s protocol [22] 
and stored at −80 ◦C until analysis. This way, we obtained a bias-free selection of the tissue for both 
WB and qPCR analyses. We chose this conservative procedure, despite it potentially underestimating 
the molecular changes in the ipsilateral hemisphere due to it also containing healthy tissue, as it allows 
for an objective standardization of the tissue collected for analyses. For immunohistochemistry, the 
second rostro-caudal 2 mm thick slice obtained from the brain slicer matrix was preserved and stored 
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at −80 ◦C. The most caudal side of this 2 mm slice, adjacent to the tissue used for qPCR and Western 
blot, was sliced using a cryostat into 15 µm thick slices to be used to detect 4-HNE and NeuN. 

 
2.7. Assessment of the Ischemic Infarct Volume in the IS Model, Hemorrhage Volume, and Brain Hemoglobin and 
Heme Concentration in the ICH Model 

The infarct volume and hemorrhage volume were quantified 72 h after treatments by meas-
uring the 2,3,5-triphenyltetrazolium chloride (TTC)-unstained area or the hematoma area, respec-
tively, in 2 mm thick coronal slices using ImageJ v1.53 (Wayne Rasband; NIH; Bethesda, MD, USA) 
and calculated as previously reported [23]. The brain hemoglobin and heme levels were measured 
using colorimetric detection assay kits (QuantiChrom Hemoglobin Assay Kit and QuantiChrom 
Heme Assay Kit; BioAssay Systems; Hayward, CA, USA) following the manufacturers’ instructions. 

 

2.8. RT-qPCR 

A miRNeasy Tissue/Cells Advanced Mini Kit (Qiagen; Hilden, Germany) was used for 
RNA isolation. Briefly, lyophilized brain tissue samples (ipsi and contralateral hemispheres separately) 
were resuspended in the supplied lysis buffer with 0.01% β-mercaptoethanol and homogenized by 
passing the lysate through a 21 G needle at least 5 times in order to isolate the RNA. The RNA was 
finally recovered in RNase-free water and its concentration and purity were assessed using a 
NanoDrop ND-1000 Spectrophotometer (NanoDrop; Thermo Fisher Scientific; Waltham, MA, 
USA). The same amount of RNA was used for the reverse transcription of each sample following 
QuantiTect Reverse Transcription Kit (Qiagen; Hilden, Germany) instructions. The samples were 
first incubated with a gDNA elimination reaction for 2 min at 42 ◦C and immediately placed on ice. 
The reverse transcription reaction was performed at 42 ◦C for 15 min, followed by inactivation at 95 
◦C for 3 min. A no-reverse transcription control was also prepared by replacing the reverse transcrip-
tase with water. The obtained cDNA was then mixed with LightCycler 480 SYBR Green I Master 
(Roche Applied Science; Penzberg, Germany) and PrimeTime® qPCR Primers for different genes 
(Integrated DNA Technologies; Coralville, IA, USA). Real-time PCR was performed in a Real-Time 
PCR Roche LightCycler 480 I (Roche Applied Science; Penzberg, Germany). The reaction was initi-
ated using a pre-incubation step of 5 min at 95 ◦C, followed by 45 cycles of amplification at 95 ◦C for 
10 s, 60 ◦C for 10 s, and 72 ◦C for 10 s. Triplicates of the samples and melting curve analysis were 
also performed. A no-template control was included, replacing the sample cDNA with RNase-free 
water, as well as a positive control using Universal Mouse Reference RNA (Invitrogen; Waltham, MA, 
USA). Data analysis was performed using the ∆∆Cp method and GAPDH was utilized as a house-
keeping gene. Commercial proprietary predesigned qPCR forward and reverse primers obtained from 
IDT (Integrated DNA Technologies; Coralville, IA, USA) were used (Table S1).  

 
2.9. Western Blot (WB) 

Lyophilized brain samples were reconstituted in the same lysis buffer used for the hemo-
globin and heme quantification. The protein content of the reconstituted samples was determined 
using a Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific; Waltham, MA, USA). Then, 30 
µg of total protein from the brain was loaded in Precast NuPAGE Midi 10% Bris-Tris (Thermo 
Fisher Scientific; Waltham, MA, USA). A molecular weight marker (Precision Plus ProteinTM Stand-
ards; Bio-Rad; Hercules, CA, USA) was included in the gels and GAPDH was used as a tissue sample 
loading control.  

For the TSAT assessment, 0.15 µL of plasma sample was loaded in Precast 6% TBE urea 
gels (U-PAGE) (Thermo Fisher Scientific; Waltham, MA, USA). These gels included human apo-
transferrin and human holotransferrin (hHTf) (Sigma-Aldrich; Saint Louis, MO, USA), as well as in-
lab prepared mouse ATf and HTf standards, which were prepared following the methods described 
in Byrne S et al. and Nagaoka MH et al. [24,25]. PVDF-LF membranes (Millipore; Burlington, VT, 
USA) were used for the electroblotting of the gels, which were blocked with Intercept® Blocking 
Buffer (Li-COR Biosciences; Lincoln, NE, USA) for 1 h. Then, the membranes were incubated 
overnight at 4 ◦C with the specific primary antibodies. After that, they were incubated with NIR-
conjugated secondary antibodies. The bands were measured using an Odyssey Imaging system and 



Results – Manuscript I 

129 

 

R
es

u
lt

s 

Image Studio Lite software v5.2 (Li-COR Biosciences; Lincoln, NE, USA). The values were meas-
ured in terms of mean integrated density (ID) in arbitrary units ((mean optical density of pixels of 
the specific signal) − (mean background optical density)). Then, for each protein, 1.00 was assigned 
to the ID of the contralateral brain hemisphere and the ID of the ipsilateral hemisphere was ex-
pressed in terms of the fold-change of that of the contralateral hemisphere. 

 

2.10. Determination of 4-Hydroxynonenal (4-HNE) Using Immunohistochemistry (IHC) 
In this stage, 15 µm thick brain slices from frozen tissue were obtained using a cryostat 

(Leica CM1950; Leica Biosystems; Deer Park, TX, USA) on poly-L-lysine-coated glass slides and fixed 
in 4% paraformaldehyde. They were exposed to antigen retrieval (90–95◦ in 0.01 mol/L citrated 
buffer, pH 6.0, for 20 min), incubated overnight with the primary antibodies at 4 ◦C, and then with 
the secondary antibodies and Hoechst (33342; Thermo Fisher Scientific; Waltham, MA, USA). Fluo-
romount (Sigma-Aldrich F4680; Saint Louis, MO, USA) was used as the mounting medium. Images 
were obtained using an AxioOberver Z1 microscope (Carl Zeiss; Oberkochen, Germany) in the Mi-
croscopy Platform Core Facility at the IGTP and analyzed using ImageJ. NeuN immunohistochem-
istry was macroscopically imaged on an Odyssey Imaging System. In brief, the 15 µm thick brain slice 
that preceded the slice used for microscopy studies was subsequently incubated with anti-NeuN an-
tibody and with an NIR-conjugated secondary antibody for Odyssey imaging. Due to the loss of 
neurons, almost no NeuN staining was observed within the hematoma in the whole picture of the 
Odyssey-imaged brain slice. The cortical areas neighboring the hematoma had neurons potentially 
exposed to ICH-produced toxic compounds. Under the microscope, the areas devoid of NeuN, 
which are hematoma, together with the anatomical brain references easily identified in the slice under 
the microscope (e.g., corpus callosum, ventricles), enabled us to identify periinfarct areas of interest in 
the nearby cortex. Several different series of images were obtained and 4-HNE was detected and 
quantified in NeuN-positive neurons in the areas of interest.  

 

2.11. TSAT Assessment 
Basal TSAT levels were determined before the onset of the experimental stroke procedures 

to check that mice had TSAT levels similar to those in the human population (<40%), and 24, 48, 
and 72 h after ICH induction.  

The U-PAGE gels mentioned above separate transferrin into ATf (Tf devoid of iron), mon-
oferric Tf (mFe, an Fe atom in the C-terminal region or in the N-terminal region) and diferric Tf 
(diFe, holotransferrin, HTf), giving different bands according these Tf isoforms. The % TSAT was 
calculated using the measurement of the bands from the U-PAGE gels and the TSAT formula previ-
ously used by us and others [3,26]: 

2.12. Antibodies 

The primary and secondary antibodies used for WB and IHC (see Table S2) were from 
Thermo Fisher Scientific (Waltham, MA, USA), Abcam (Cambridge, UK), Novus Biologicals (Cen-
tennial, CO, USA), Santa Cruz Biotechnology (Dallas, TX, USA), Green Mountain Antibodies (Bur-
lington, VT, USA), Cappel, ICN Pharmaceuticals (Costa Mesa, CA, USA), and Sigma-Aldrich (Saint 
Louis, MO, USA), Li-COR Bioscience (Lincoln, NE, USA) and Thermo Fisher Scientific (Waltham, 
MA, USA). 

 
2.13. Statistics 

Original or log-transformed data were analyzed using GraphPad Prism 9. A paired or un-
paired Student’s t-test or independent or repeated-measures one-way ANOVA followed by the mul-
tiple comparisons Tukey’s test were used, as appropriate. Statistical significance was considered at p 
< 0.05. Data are presented as the mean and SEM. 
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3. Results 
3.1. Gross Differences and Commonalities between Ischemic and Hemorrhagic Stroke Models 

The nature, extent, and location of the brain regions affected by stroke differ between the 
two stroke models. There is a large corticostriatal infarct in ischemia, and smaller, mainly striatal, 
hemorrhage in ICH (Figure 1B,F). Despite this, body weight loss followed the same pattern in both 
ischemic and ICH mice (Figure 1E,I), and the same applied for edema (Figure 1C,G) and the cerebral 
midline shift induced by the ipsilateral hemisphere enlargement (Figure 1D,H). 

 

Figure 1. (A) Timeline scheme of the experimental groups and procedures. Effect of (B–E) ischemic 
stroke and (F–I) intracerebral hemorrhage on (B,F) infarct or hemorrhage volume, (C,G) edema, 
(D,H) stroke-induced maximum hemispheric midline shift (broken white line) vs. the theoretical mid-
line (solid black line), and (E,I) body weight loss; ** p < 0.01 and *** p < 0.005 vs. pre-stroke (repeated 
measures one-way ANOVA and Tukey’s test). Data are represented as the mean and SEM. Contra: 
contralateral; ipsi: ipsilateral. Representative images of ischemic regions (regions in white in the brain 
slices in (B) and hemorrhagic regions (reddish areas in the brain slices in (F) in coronal brain slices 
are shown and were used to quantify ischemic infarct volume and hemorrhagic stroke volume, re-
spectively.  
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3.2. Ischemic and Hemorrhagic Stroke Share a Common Profile of Iron-Binding, Ferroptosis-Related Proteins in the 
Ipsilateral Brain Hemisphere 72 h after Stroke Induction 

Importantly, compared with the contralateral brain hemisphere, both ischemic and hemor-
rhagic stroke increased the protein levels of iron-storage ferritin and the iron-binding and carrier 
transferrin in the ipsilateral hemisphere (Figure 2A,B). A modest increase in the levels of divalent 
metal transporter 1 (DMT1), which imports ferrous iron to the cytosol, was observed in the ipsilateral 
hemisphere of the ischemic stroke mice only (Figure 2A); no changes were observed in the levels of 
transferrin receptor (TfR) (Figure 2A,B), which plays a pivotal role as the main gate for iron entry 
into the endothelial cells of the brain capillaries and into neurons; also, TfR has recently been identi-
fied as a ferroptosis biomarker [27].  

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

 

 
 

Figure 2. Graphs depicting the effect of (A) ischemic stroke and (B) intracerebral hemorrhage on 
ipsilateral brain levels of iron- and ferroptosis-related proteins 72 h after stroke onset, expressed as 
fold change of those of the contralateral hemisphere (CLH, mean represented by the dotted line at y 
= 1.0); * p < 0.05, ** p < 0.01, *** p < 0.005, and **** p < 0.0001 vs. contralateral hemisphere (paired 
t test), n = 6–7. Mean and SEM are shown. (C,D) Representative WB of the bands of the proteins of 
interest in the contralateral (contra) and ipsilateral (ipsi) hemispheres of (C) ischemic stroke (IS) and 
(D) intracerebral hemorrhage (ICH). DMT1: divalent metal transporter 1; GAPDH: glyceraldehyde3-
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phosphate dehydrogenase; mTf: mouse transferrin; TfR: transferrin receptor. GAPDH was used as 
the housekeeping protein and is shown in the figure as the bottom row in each one of the four 
representative membranes depicted (no more than four antibodies were tested in the same mem-
brane). 

 
3.3. Early Peripheral Administration of hATf into the Bloodstream after ICH Induction Does Not Reduce Paren-
chymal Hemorrhage 

The common iron-binding, ferroptosis-related protein signature we observed in both the 
ischemic and the hemorrhagic models above, together with the fact that our group has previously 
demonstrated that ATf exerts neuroprotection in ischemic stroke models in rats [3], provided the 
rationale to study the neuroprotective potential of iron-devoid ATf in the ICH mouse model. We 
administered i.v. human ATf (hATf) to be able to distinguish it from endogenous mouse ATf in the 
WB, using the appropriate gel conditions and the specific species antibodies already tested in our lab 
[3].  

Figure 3C shows that ICH itself did not alter blood transferrin saturation with iron, also 
known as TSAT, which remained at around 40% before, and 45 min and 24 h after ICH induction. 
By contrast, hATf reduced TSAT to approximately half the pre-ICH values 5 min after administration 
(hence, 45 min after ICH induction), and TSAT remained low in these animals 24 h later. These 
observations are very similar to those we reported in ischemic stroke models in rats [3].  

On the other hand, blood extravasation in the ipsilateral hemisphere in both ICH-vehicle 
and ICH-hATf mice was evident and of comparable magnitude in the gross histology (Figure 3D), 
and no significant difference was observed in the hemorrhagic volume 72 h after ICH onset (Figure 
3E), or in terms of hemoglobin (Figure 3F) or heme levels (Figure S2). In the WB, hATf was not 
detected in the cerebral hemisphere of the mice administered the vehicle, as expected, and the hATf 
signal was very low in the contralateral hemisphere and high in the ipsilateral hemisphere of the mice 
given hATf (Figure 3G,H). Also, hATf treatment altered neither body weight loss (Figure 3B) nor 
the tail bleed clotting time (Figure 3I). 

 

3.4. hATf Reduces ICH-Induced Sensorimotor Impairment in the Adhesive Tape Detection and Removal Test 
As expected, ICH considerably increased the time the mice took to detect (Figure 4A) and 

to remove (Figure 4B) the tape from the contralateral paw compared to the training session prior to 
ICH induction. The administration of hATf after ICH induction progressively reduced the ICH-
induced sensorimotor impairment, reducing the time required to detect the tape at 48 and 72 h and 
to remove the tape at 72 h (ns: non-significant) compared with their performance before ICH (train-
ing). ICH mice treated with hATf also showed significant improvement at 72 h when compared with 
their post-ICH performance at 24 h (# p < 0.05). Vehicle-treated, but not ATf-treated, ICH animals 
had increased 4- HNE levels in the perihematomal tissue of the ipsilateral hemisphere, as determined 
by immunohistochemistry (Figure 4C,D). 

 
3.5. Effect of hATf on Iron Storage/Transport-Related mRNA and Protein Levels in ICH Mice 

As shown in Figure 5, ICH plus either vehicle or hATf increased ferritin and endogenous 
transferrin mRNA and protein levels in the ipsilateral hemisphere compared with the respective con-
tralateral hemisphere (CLH) and with sham mice. However, the increases in mouse transferrin mRNA 
and protein levels were of less magnitude in the hATf-treated mice than they were in the vehicle mice. 

 

3.6. Effects of hATf on Classical Key Ferroptosis mRNA and Protein Levels in ICH Mice 
No statistically significant effects of ICH were found in glutathione peroxidase 4 (GPX4) 

mRNA and protein levels. Nonetheless, GPX4 mRNA levels showed a trend of being lower in the 
ipsilateral hemisphere of the ICH mice when compared with sham animals (p = 0.0624 in ICH-
vehicle and p = 0.0681 in ICH-hATf mice) (Figure 6). ICH increased system xc- gene expression 
(Slc3a2 mRNA) irrespective of the treatment; at the protein level (xCT), it did not reach statistical 
significance (Figure 6). ICH induced a similar decrease in TfR mRNA levels in both vehicle and hATf 
mice, but only hATf provoked a concomitant decrease in TfR at the protein level. 
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Figure 3. (A) Timeline scheme of the experimental groups and procedures to determine the effect 
of hATf administration in ICH mice. (B) Body weight loss; ## p < 0.01 vs. respective Pre (repeated-
measures (RM) one-way ANOVA and Tukey’s test). (C) Time course of %TSAT before and after 
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ICH induction and i.v. administration of vehicle or hATf; * p < 0.05 and **** p < 0.0001 vs. pre-
administration (−1 h) measure (RM one-way ANOVA and Tukey’s test), # p < 0.05 vs. ICH-Vehicle 
(t test). (D) Representative images of hemorrhage in coronal brain slices and (E) quantification of the 
hemorrhage volume. (F) Hemoglobin levels in the contralateral (contra) and the ipsilateral (ipsi) hem-
ispheres of ICH mice given vehicle or hATf; a group of sham mice was included; *** p < 0.005 vs. 
respective contra (paired t test), # p < 0.05 vs. Sham-ipsi (t test). (G) Representative WB showing 
hATf levels in the contralateral (contra) and the ipsilateral (ipsi) hemispheres of ICH mice adminis-
tered vehicle or hATf and (H) its quantification; * p < 0.05 versus contralateral (CLH, mean repre-
sented by the dotted line at y = 1.0; paired t test). (I) Tail bleed clotting time in mice given vehicle or 
hATf. Mean and SEM are shown. 
 

 
 

Figure 4. Effect of ICH and hATf on the neurobehavioral performance and brain 4-HNE levels. 
(A,B) Graphs depicting the hATf-induced improvement in the adhesive tape detection/removal test 
of the contralateral paw showing (A) time to detect and (B) the time to remove the tape at 24, 48, and 
72 h post-ICH. * p < 0.05 and *** p < 0.005 vs. respective training; ns means non-significant versus 
training (mice performance before being exposed to ICH), # p < 0.05 vs. respective 24 h (repeated-
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measures one-way ANOVA and Tukey’s test). (C) Representative immunohistofluorescence images 
of 4-hydroxynonenal (4-HNE) and NeuN in the perihematomal cortical area of the ipsilateral hemi-
sphere of ICH-Vehicle and ICH-hATf mice; scale bar, 20 µm. (D) Graph depicting 4-HNE levels in 
neurons in the perihematomal cortical area in fold change of mirror areas of the CLH (mean repre-
sented by the dotted line at y = 1.0). * p < 0.05 vs. vehicle. Mean and SEM are shown. 

 

3.7. Effect of hATf on the mRNA Expression of Newly Reported Key Ferroptosis Players AIFM2/FSP1 and 
PCBP2 in ICH Mice 

Neither ICH nor hATf changed the mRNA expression of apoptosis-inducing factor 2 
(AIFM2, also known as ferroptosis suppressor protein 1, FSP1), a newly identified ferroptosis player 
(Figure 7A). We found a slight decrease in the mRNA levels of the cytosolic iron chaperone poly 
(rC)-binding protein 2 (PCBP2) in the ICH-vehicle animals that was no longer observed in the ICH-
hATf-treated animals (Figure 7B). 

 

 

Figure 5. Graphs showing the effect of ICH and hATf on mRNA (top) and protein (bottom) levels 
of ferritin, endogenous mouse transferrin (mTf), and divalent metal transporter 1 (DMT1) in theip-
silateral cerebral hemisphere 72 h after ICH induction, expressed as fold change of the contralateral 
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hemisphere (CLH, mean represented by a dotted line at y = 1.0). ** p < 0.01, *** p < 0.005, and**** 
p < 0.0001 vs. CLH (paired t test); # p < 0.05, and ### p < 0.005 vs. sham (one-way ANOVA 
andTukey’s test). Mean and SEM are shown. Bottom panel: representative WB of the contralateral 
(contra) and ipsilateral (ipsi) hemispheres; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was 
used as the housekeeping protein.  

 

Figure 6. Graphs showing the effect of ICH and hATf on mRNA (top) and protein (bottom) levels 

of glutathione peroxidase 4 (GPX4), Tf receptor (TfR), and the cysteine/glutamate antiporter system 

xc- in the ipsilateral cerebral hemisphere 72 h after ICH induction, expressed as fold change of the 

contralateral hemisphere (CLH, mean represented by a dotted line at y = 1.0). * p < 0.05 and ** p < 

0.01 vs. contralateral hemisphere (paired t test), ## p < 0.01 vs. sham and ICH-vehicle (TfR protein), 

### p < 0.005 vs. sham (TfR mRNA) (one-way ANOVA and Tukey’s test), $ 0.06 < p < 0.07 vs. 

contralateral hemisphere (GPX4 mRNA) (paired t test). Mean and SEM are shown. Representative 

WB of GPX4, xCT, and TfR in the contralateral (contra) and ipsilateral (ipsi) hemispheres of vehicle 

and hATf-treated mice are shown; glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used 

as the housekeeping protein.  
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3.8. hATf Reduces ICH-Induced Caspase 2 Activation 
ICH increased the levels of cleaved Casp2 p18 form, which was partly prevented by the 

administration of hATf (Figure 8A). 

 

 

 

 

 

 

 

 

 

Figure 7. Effect of ICH and hATf on mRNA levels of (A) ferroptosis-related apoptosis-inducing 

factor 2 (AIFM2/FSP1) and (B) the iron chaperone poly(rC)-binding protein 2 (PCBP2) in the ipsi-

lateral cerebral hemisphere 72 h after ICH induction, expressed as fold change of the contralateral 

hemisphere (CLH, mean represented by a dotted line at y = 1.0). * p < 0.05 vs. contralateral hemi-

sphere (paired t test). Mean and SEM are shown.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. (A) Effect of ICH and hATf on brain caspase-2 (proCasp2) activation by cleavage into the 

p18 form (cleaved p18) in the ipsilateral cerebral hemisphere 72 h after ICH induction, expressed as 
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fold change of the contralateral hemisphere (CLH, mean represented by a dotted line at y = 1.0). (B) 

Representative WB showing proCasp2 and cleaved Casp2 in the contralateral and ipsilateral hemi-

spheres of vehicle- and hATf-treated mice. # p < 0.05 vs. respective sham (one-way ANOVA and 

Tukey’s test). Mean and SEM are shown. 

4. Discussion 
Here we demonstrate, in an in vivo collagenase-induced ICH model in mice, that a single 

intravenous administration of hATf shortly after stroke induction is not only safe, but shows efficacy 
in reducing the sensorimotor impairment of the affected forepaw (Figure 4). The results of the study 
also suggest that the benefits of the hATf treatment might be exerted through an antiferroptotic 
mechanism independent of the canonical inhibitor of the ferroptosis system xc-/GPX4 axis.  

Our results show that both stroke models, ischemic and hemorrhagic, provoked similar 
body weight loss, and swelling and a shift of the ipsilateral brain hemisphere beyond the sagittal mid-
line (Figure 1). We also observed similar effects in both stroke models (a 2.8- to 5.3-fold increase) in 
the levels of the main iron storage and transport proteins, ferritin and endogenous mouse Tf, respec-
tively, in the ipsilateral hemisphere with a minor effect, or none at all, of ICH on the levels of the 
main molecular gates for iron passage into the cytosol: TfR at the cell membrane and DMT1 (also 
known as SLC11A2, DCT1, or Nramp2) as the lysosome-to-cytosol gate (Figure 2). This points to a 
common picture of iron dyshomeostasis with the need to safely store excess cellular iron in the intra-
cellular iron-storage protein ferritin in stroke arising from both etiologies, which is in agreement with 
previous literature on the issue [3,11,28–31]. Therefore, molecules with the ability to prevent iron 
overload in neurons would be good putative candidates to alleviate strokeinduced neurodegeneration, 
as has also been previously reported for deferoxamine in ICH or ischemic stroke patients [4,32]. Our 
group has also already reported the protective effect for hATf in ischemic stroke models [3].  

The clearance and iron status in the blood of the hATf administered in ICH mice is similar 
to that previously reported in ischemic stroke in rats [3]. Thus, hATf administration immediately 
reduced plasma TSAT compared to mice given the vehicle (as assessed 5 min later), an effect that 
lasted for at least 24 h post-ICH (Figure 3C). Also, exogenous hATf reached and remained in the 
brain, as assessed at 72 h, at higher levels in the ipsilateral than in the contralateral hemisphere (Figure 
3G,H). Of note, the presence of hATf in the brain parenchyma is associated with a reduction in the 
neuronal levels of 4-HNE in the ICH-affected perihematomal areas of the hemisphere (Figure 4C,D). 
Interestingly, previous work demonstrates that the addition of hATf in vitro to the extracellular me-
dium of excitotoxically challenged neurons in culture, being equivalent to lowering TSAT in vivo, de-
creases neuronal oxidative stress [3], whereas the addition of iron-loaded transferrin (holotransferrin, 
HTf) to ischemic or excitotoxically challenged neurons increases ROS production and harmful neu-
ronal iron uptake [3]. As for the neurological outcome, we found that treatment with hATf induced 
better performance in the sensory aspects of the adhesive tape removal test when compared to pla-
cebo mice. The hATf-treated ICH mice regained sensorimotor skills in this test, which measured 
front paw tasks (Figure 4A), although they did not regain general coordination (Figure S1). There was 
no statistical difference in the contralateral paw detection performance of hATf-treated mice at 48 
and 72 h, nor in the time taken to remove the tape 72 h after the ICH onset compared to the results 
from pre-ICH training sessions. This was different to mice given the vehicle, and, thus, hATf-treated 
mice show an improvement in their post-ICH performance in a complex task requiring sensory, mo-
tor, and coordination skills.  

While searching for other underlying mechanisms through which hATf provides sensorimo-
tor improvement in ICH mice, we investigated the effects of hATf administration on: (1) the size of 
the brain hematoma and changes in blood coagulation, and (2) iron- and ferroptosis-related molecules 
relevant to stroke. 

Regarding the size of the hematoma, despite hATf reaching the hemorrhagic brain hemi-
sphere, it did not reduce the ICH-induced hemorrhage volume, the edema, or the hemoglobin and 
heme concentration in the ipsilateral hemisphere when administered in a relevant time window (40 
min post-collagenase) (Figures 3 and S2). In addition, we did not find any effect of hATf treatment 
on the clotting time assessed in the tail-bleeding time test in the systemic circulation in healthy mice 
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(Figure 3I). Moreover, there was no any significant alteration in the parameters of the coagulation 
cascade when hATf was incubated in vitro with freshly obtained human blood in experimental in vitro 
conditions that mimic as closely as possible (1) the concentration of hATf in blood, and (2) the blood 
dilution produced when adding the treatment volume in the mice blood (Figure S3). Of note, we 
tested these parameters and obtained these negative results in two species, in physiological conditions, 
and in acute scenarios, all of which presented as very relevant for stroke. However, other studies 
tested the effects of transferrin on coagulation in other conditions, reporting either procoagulant 
effects, e.g., chronically elevated transferrin levels or blood processed much further than we did 
[33,34] or, in contrast, higher transferrin associated with protection from thrombosis [35].  

Regarding the iron- and classical ferroptosis-related molecules relevant to stroke, we found 
no significant effect of ICH, suggesting that a physiological attempt to maintain normal GPX4 protein 
levels and to provide enough supply of cystine, through system xc, cysteine, and, ultimately, the GPX4 
cofactor GSH to reduce the ICH-induced lipid peroxidation is taking place. Neither ICH nor hATf 
altered the protein levels of GPX4 or xCT (SLC7A11), although GPX4 mRNA levels showed a trend 
of being reduced (0.06 < p < 0.07) and the mRNA levels of the heavy-chain subunit of the system 
xc- (Slc3a2) were increased in the ipsilateral hemisphere of the ICH mice, irrespective of whether they 
had received vehicle or hATf (Figure 6). Neither ICH nor hATf altered the mRNA levels of ferrop-
tosis suppressor protein 1 (FSP1 or AIFM2) (Figure 7), which stands for another key ferroptosis axis, 
the FSP1/CoQ10/NAD(P)H pathway, which has only received attention very recently [36,37]. Inter-
estingly, ICH reduced the mRNA levels of the cytosolic iron chaperone PCBP2; this reduction was 
prevented by hATf treatment and is relevant, since knocking down PCBP2 has been recently reported 
to promote ferroptosis [38].  

In addition, and of special interest regarding a putative anti-ferroptotic effect of hATf, ICH 
decreased TfR1 mRNA levels in both vehicle- and hATf-injected mice, whereas only the hATf-treated 
animals showed a concomitant reduction in TfR protein levels (Figure 6), which, as the main mem-
brane cellular gate of iron entry into the cell, might be directly implicated in the benefit induced by 
hATf treatment. TfR1 abundance, especially at the cell membrane, is a known hallmark promotor of 
ferroptosis [27,39]. This is in line with a recent report that shows that the knockdown of TfR1 inhibits 
ischemia/reperfusion-induced ferroptosis in the rat heart through the inactivation of the p53/TfR1 
pathway [40]. Another recent study reports that ferroptosis in the hippocampus and cognitive dys-
function induced by the i.c.v. injection of lipopolysaccharide are prevented by the downregula-
tion/suppression of TfR1 expression [41,42]. Of note, the reduction in the TfR mRNA levels ob-
served in ICH would be in accordance with the reported in vitro effect of hemin as an epigenetic 
negative regulatory factor upon transcription of the transferrin receptor gene [43].  

The effect of ICH on the parenchymal levels of the key molecule involved in ferroptosis 
GPX4 is controversial, with some authors reporting no changes at 72 h [18,19], whereas others report 
reductions in mRNA and protein expression at 72 h [17,43–45]. Our results, which only show a trend 
of reduction in the mRNA levels, added to the disparities in the literature. It is plausible that the 
differences in the methodology of the few studies carried out to date on this issue may account for 
the discrepancies. With regard to this, we found large differences in the GPX4 levels present in 
young/undifferentiated neurons in culture compared to differentiated ones, with young neurons con-
taining low levels of GPX4 being more susceptible to ferroptosis (Figure S4). Moreover, isoflurane 
has been reported to have either neuroprotective or neurotoxic effects [46], and it has been recently 
reported to reduce hippocampal GPX4 levels after long exposures (1.5% for more than 2h) [47]. In 
the present experiments, although no mice were exposed to more than 1 h isoflurane, we cannot rule 
out that an isoflurane-induced reduction in GPX4 levels in both hemispheres might have masked the 
ICH-induced effect in the ipsilateral hemisphere to some degree.  

Wang et al. reported that the restoration of GPX4 and FSP1/AIFM2 levels through the early 
administration of the antioxidant dexpramipexole maintains white matter integrity and improves lo-
comotion and motor coordination in the model of ICH induced by the injection of autologous blood 
in the striatum [48]. Our results here suggest that even when the two pathways mentioned are not 
significantly affected, iron-burden-dependent ferroptosis is occurring, and this could take place mainly 
through the p53/TfR1 pathway. This fits the recent understanding of ferroptosis as a flexible process 



Results – Manuscript I 

140 

 

under the regulation of many different functionally related molecules. The fact that hATf binding to 
the remaining TfR1 exerts a competitive effect on the iron-loaded transferrin binding and internali-
zation through this receptor suggests that exogenous hATf plays a decisive role in preserving brain 
parenchyma and neuronal iron homeostasis. The recent identification of a novel lncRNA that consti-
tutively represses p53 and apoptosis in cooperation with PCBP2 [49] provides a nexus between the 
p53/TfR1 pathway, PCBP2, and apoptosis, and strongly suggests that there is crosstalk between the 
pathways driving to apoptosis and to ferroptosis. Since, in vitro, PCBP2-specific siRNA-transfected 
neurons show a significant decrease in apoptosis following glutamate stimulation [50], we investigated 
the effect of ICH and hATf treatment on the activation of caspase-2, one of the upstream caspase 
effectors. We observed that the ICH-induced cleavage of procaspase-2 that renders an increase in 
active caspase-2 was abrogated by treatment with hATf (Figure 8). The fact that PCBP2 knockdown 
significantly increases the sensitivity to erastin-induced ferroptosis in cancer cells, whereas it reduces 
glutamate-induced apoptosis in neurons [38,50], points to a prominent dual antiferroptotic and 
proapoptotic role of PCBP2; the balance between the two processes probably depends on the cell 
type and its physiological status, with all of these together finally determining the cell fate.  

The mechanisms that finally underlie the improvement in the sensorimotor abilities of ICH 
mice treated with hATf are likely to be multifactorial and related to its effect on ferroptosis players, 
such as TfR1 and PCBP2, and on the inactivation of caspase-2. In addition, the previously reported 
effects of ATf increasing the proliferation and maturation of remyelinating oligodendrocytes and on 
myelin deposition [51] might also contribute.  

In summary, ATf administration is safe and provides sensorimotor improvement to mice 
exposed to experimental ICH. The present results, together with the benefit previously demonstrated 
for ATf in experimental ischemic stroke, allow the proposal of ATf as a pre-hospital frontline treat-
ment that could be administered to patients very early on, even en route to an accurate in-hospital 
differential diagnostic. 
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Neurobehavioral tests 

In the pole test, the mouse was placed head up on the top of a pole (55 cm high and 1 cm diameter) 

and the time that the mice required to turn around and go down was measured. In the rotarod test 

the mice was placed on an accelerating rod (Rota Rod LE8200; Harvard Apparatus, Holliston, 

USA), and the amount of time the mouse spent on the accelerating rod before it fell down was 

measured. In each session (at 24, 48 or 72 h post ICH), the test was repeated thrice and mean value 

was depicted. Mice received a 2‐3‐day training in the test before ICH induction. 

Coagulation tests of human blood 

Coagulation tests in human blood were performed by the Hematology service of the Germans Trias 

i Pujol Hospital using 1.8 mL BD™ Vacutainer™ Citrate Tubes (Thermo Fisher Scientific; Wal-

tham, USA). A total amount of 129 μL of hATf (Sigma‐Aldrich, Saint Louis, USA) or hHTf (Sigma‐

Aldrich, Saint Louis, USA) at a concentration of 50 mg/mL was placed in the tubes. Physiological 

saline serum was used as a control. For the test in vitro in human blood samples, we performed the 

experiment as close as possible to the in vivo conditions by adding the same amount, concentration, 

and relative volume of hATf to the freshly extracted human blood plasma samples that ought to be 

in the blood of mice minutes/hours after the treatment.  
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Neuronal cell culture 

Neuronal cultures were obtained from rat‐fetuses (Sprague‐Dawley rats from Envigo/Harlan)‐corti-

cal neurons and prepared as previously described [3]. At 3 and 11 days‐in‐vitro (DIV), cultures were 

exposed to either Erastin 20 μM (MedChem Express; Quimigen; Madrid, Spain) or vehicle (DMSO 

0.5%) (Quimigen; Madrid, Spain) for 48 h. Viability was determined using a 3‐(4,5‐dimethylthiazol‐2‐

yl)‐2‐5‐diphenyltetrazolium bromide colorimetric assay (MTT #M2128; Sigma‐Aldrich; Saint Louis, 

USA) which measures the conversion of the MTT to formazan, a compound that can be quantified 

by light absorbance at a specific wavelength (490 nm) using a spectrophotometer (Varioskan flash 

reader; Thermo Fisher Scientific; Waltham, USA). Three experimental replicates for each treatment, 

or condition were made, in three or four biological replicates (each primary culture comes from a 

different gestation). 

To detect and analyze GPX4 and xCT in WB total protein was isolated from the cortical cultures at 

different time points of maturation (3, 6, 10 and 13 DIV). Ten μg of protein were loaded to 4–15% 

precast polyacrylamide gel (Mini‐PROTEAN TGX Precast Protein Gels; Bio‐Rad; Hercules, USA) 

with a molecular weight marker (Precision Plus ProteinTM Standards; Bio‐Rad; Hercules, USA) and 

blotted onto PVDF‐LF membranes (Millipore; Burlington, USA). Blocking, incubation and band 

measurements procedures were made as described in Material and methods section. 
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Table S1. Commercial proprietary predesigned qPCR forward and reverse primers obtained from 

IDT 
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Table S2. Antibodies used for WB and immunohistochemistry (IHC) 
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Figure S1 

 

Figure S1. Effect of ICH and treatment with vehicle or hATf on the neurobehavioral performance 

of mice at 24, 48 and 72 h post‐ICH induction in (A) the pole test and (B) the rotarod. * p<0.05, ** 

p<0.01 and *** p<0.005 vs respective training (repeated measures one‐way ANOVA and Tukey’s 

test). Mean and SEM are shown. 
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Figure S2 

 

Figure S2. Heme levels in homogenates of the contralateral (contra) and the ipsilateral (ipsi) hemi-

spheres of ICH mice treated with vehicle or hATf; a group of sham mice was included to determine 

the effect of the surgery associated to the administration of collagenase i.c.v.; * p<0.05 and ** p<0.01 

vs respective contra (paired t-test). 
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Figure S3 

 

Figure S3. Effect of the addition of human ATf or human HTf on coagulation parameters of freshly 

obtained human blood: (A) activated partial thromboplastin time, (B) prothrombin time, and (C) 

fibrinogen. No significant differences were found (one‐way ANOVA and Tukey’s test). 
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Figure S4 

 

Figure S4. (A) Effect of the ferrostatin inducer erastin on neuronal viability in vitro. Young/undiffer-

entiated (3‐5 days‐in‐vitro/DIV) and differentiated (11‐13 DIV) cell cultures were treated with 0 or 20 

μM erastin for 48 h, and MTT levels were measured to determine % of viable cells. (B) Representative 

Western Blot images of triplicate wells showing the levels of glutathione peroxidase 4 (GPX4) and 

cysteine/glutamate antiporter xCT in undisturbed neuronal primary cell cultures at different days in 

vitro (DIV). *** p<0.005 vs 3‐5 DIV (t test). 
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Figure S5 

 

Figure S5. Body weight of (A) sham H/I (n=4) and (B) sham ICH (n=4) mice over the course of 

the experimental period; no statistically significant changes were observed. For the purpose of com-

parison, body weight loss of (A) H/I and (B) ICH mice are also depicted in pale gray. 
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Membrane S1 (Figure 2C)  
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Membrane S1 (Figure 2D)  
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Membrane S3 (Figure 3G) 
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Membrane S4 (Figure 5) 
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Membrane S5 (Figure 6) 

 

 



Results – Manuscript I 

159 

 

R
es

u
lt

s 

Membrane S6 (Figure 8B) 
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Imaging Techniques 

At the time of the manuscript submission, we had tried unsuccessfully to see the hemorrhage ex-

pansion at the MicroCT (SkyScan 1076; Bruker; Kontich, Belgium) available in our facilities using 

the iodine contrast used in the clinics (Iodixanol; VisipaqueTM 320 mg/mL; GE Healthcare; Chi-

cago, IL, USA). This microCT system, in contrast with clinical used CTs, does not detect hematoma 

blood or low-performance contrasts, e.g. Iodixanol.  

 

Figure AP1. Coronal section of a mouse brain acquired via MicroCT scan. The same image was 

observed with and without contrast administration. Proper contrast delivery was verified de visu by 

confirming its presence in the bladder and kidneys. (Left) Reconstructed MicroCT image. (Right) Ex 

vivo slice of the brain imaged on the MicroCT showing the corresponding hemorrhagic lesion.  
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After the manuscript was accepted, we tested a preclinical-high-performance contrast (ExiTron™ 

nano 12000 CT contrast agent; Viscover; Berlin, Germany) injected in the blood of the mice shortly 

after the surgical collagenase-ICH procedure finished. We were finally able to detect the bleeding in 

the intracerebral parenchyma in MicroCT images starting 30 min, 1.5 hours, 5 hours and 24 hours 

after collagenase injection.  The hemorrhage volume calculated in vivo on the CT images at 24 hours 

and that measured ex vivo at 24 hours was similar. 

The measurement of the hemorrhage was made using the simplified ABC/2 formula, the ABC/2 

formula as well as in Image J software (all methods explained in Materials and Methods, Section 

2.8.2.1.).  

 

Figure AP2. Coronal sections of a mouse brain acquired via MicroCT scan with ExiTronTM nano 

12000 CT contrast agent. (A) Reconstructed MicroCT images at different time points after ICH-

collagenase induction with the corresponding ex vivo brain slice 24h after collagenase administration. 

(B) Hemorrhagic measurements using different formulas. (C) Percentage of growing respect to the 

mean at 24 hours calculated with the sABC/2 formula. (D) Volume of ICH at different time points 

calculated from MicroCT images with the sABC/2 formula compared to the ex vivo ICH volume 

mean; ex vivo mean ICH volume is depicted as a red dot. 

  

Ex vivo 
A 
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Hemorrhage volume 

During the ex vivo hemorrhage quantification in the different experiments, we could see two differ-

ent regions in the hemorrhagic area; that we called the hemorrhagic core and the hemorrhagic ex-

tension. 

 

Figure AP3. Differences in the hemorrhagic areas when considering a restrictive or a less restrictive 

criterion. Coronal sections of a mouse brain and the measurement of the hemorrhagic core and 

hemorrhagic extension areas in 14 animals. We defined the hemorrhagic core area as the darker 

zone of the hemorrhage. The hemorrhage extension is all the area in which blood was visible.  
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Machine learning analysis of behavior-related data from a single 

neurobehavioral test predicts the occurrence and severity of 

stroke in mice 
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3R animal research 

Background and objective: Stroke-induced neurological impairment is commonly assessed with re-

searcher-annotated, semiquantitative scoring methods, which are prone to bias. This study aimed to 

develop computational algorithms to automatically detect and grade experimental strokes in mice 

using video recordings by: 1) quantifying neurobehavioral variables, and 2) using these data to build 

models to predict stroke presence and severity in each mouse. 
 

Methods: Adult C57BL/J mice were subjected to hypoxia/ischemia (H/I) to generate a range of 

stroke severities. Performance in neurobehavioral tests, including the tape removal (TR) test, was 

recorded before and after stroke and visually assessed. Infarct volume was determined ex vivo. Body 

part positions in TR test videos were tracked with DeepLabCut (DLC). Data were processed in 

MATLAB, and predictive variables were selected by LASSO regression to train models for stroke 

detection and severity grading. The model was also tested in a second experiment with collagenase-

induced intracerebral hemorrhage (ICH), in which hematoma burden was determined ex vivo. 
 

Results: Infarcted mice, especially with severe lesions, showed significant neurobehavioral decline 

compared to non-infarcted controls in classical scores. The TR test provided the highest suitability 

for computational analysis. Several DLC-derived variables related to posture, motor control, and 

performance in the TR test correlated with stroke presence and severity. DLC-based models pre-

dicted stroke with high accuracy: 96% in ischemic stroke and 90% in ICH, and classified mice by 

severity. 
 

Conclusions: We have developed an objective, quantitative, and time-efficient deep learning method 

for consistent behavioral assessment across time points and stroke subtypes. This approach im-

proves preclinical research by: 1) standardizing outcome evaluation, and 2) enabling exclusion of 

animals predicted not to develop stroke damage before treatment allocation. 

ABSTRACT 
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1. Introduction 

Each year, more than 12 million people 

suffer a stroke, with 4 million deaths, and one-

third of the stroke survivors having long-term 

cognitive impairment [1]. Animal disease 

modelling is essential in preclinical stroke re-

search. It contributes to shed light on patho-

physiological hallmarks of the disease and is 

required to test new treatments [2]. An is-

chemic stroke modelling in rodents with min-

imal surgical procedure (no invasion of the 

brain, only using systemic procedures) was 

first developed several decades ago by induc-

ing a brain hemisphere ischemia by unilateral 

common carotid artery occlusion followed by 

inhalational hypoxia in adult rats, that was 

coined the hypoxic/ischemic (H/I) method 

[3] and later adapted to adult mice [4,5]. When 

using moderate periods of hypoxic exposure, 

a high inter-individual variability to develop 

lesion is observed in this method, from no in-

farct to large lesions, as compared with other 

stroke-inducing procedures [4]. This variabil-

ity mimics what is observed in the stroke out-

come in human populations, being of interest 

to test the effectiveness of a prediction/clas-

sification method for stroke outcome assess-

ment in mice. 

In the clinical arena, the assessment of 

the neurological impairment caused by stroke 

uses stroke rating scales based on nominal or 

ordinal data. This involves clinical judgments 

that can introduce a degree of subjectivity, de-

pending on the observer's experience and in-

terpretation. Similar scoring systems, not de-

void of possible unintended subjective 

bias/error and semiquantitative as well, are 

used in most preclinical experimental set-ups 

of stroke in rodents [6,7], although some other 

neurobehavioral tests rely in researcher-anno-

tated quantitative data [8,9,10]. Then, an accu-

rate assessment of post-stroke deficits is cru-

cial in experimental research. The implemen-

tation of quantitative, objective, and auto-

mated methods to assess the neurological dis-

function is a must to: 1) provide consistent 

data collection over extended timeframes, 

through multiple observations, and across 

different laboratories in order to set up multi-

centric high quality preclinical studies, and 2) 

test neurological benefits provided by new 

treatments or rehabilitation programs in pre-

clinical studies to select the best treatment op-

tions to go into clinical trials. In this regard, 

the state-of-the-art algorithm DeepLabCut 

(DLC) provides an opportunity for non-inva-

sive animal tracking [11,12] by obtaining the 

coordinates of predefined body parts of the 

animal from video recordings in different spe-

cies [11-14], which is useful for assessing mo-

tor deficits. This neural network model is 

based on transfer learning, thus requiring little 

training to later assess multiple and challeng-

ing behaviors. 

We aimed to develop a machine learning-

based predictive method to: objectively de-

tect, quantify, and analyze the abnormal neu-

robehavior of mice exposed to experimental 

stroke; to infer the occurrence of cerebral 

damage from these anomalies; and to classify 

each mouse according to stroke severity, with-

out requiring costly imaging equipment (e.g. 

MRI). We used DLC on video recordings of 

freely moving mice in a single neurobehav-

ioral test, the tape removal (TR) test, and de-

veloped machine learning (ML) algorithms to 

create a quantitative, objective, time-efficient, 

and predictive system. This system enabled 

the identification of mice without brain is-

chemic damage, and the classification of each 

mouse as having no infarct, mild infarct, or se-

vere infarct after exposure to hypoxia/ische-

mia (H/I). The system was also tested in a col-

lagenase-induced intracerebral hemorrhage 

(ICH) mouse model, and the tool also pre-

dicted neurological impairment in these mice. 

Ultimately, this innovation offers a novel 

computational tool to improve the quality of 

preclinical trials and to quantify the benefits of 

potential neuroprotective or neurorepair 

treatments in preclinical stroke research. 

2. Materials and methods 
 

2.1. Animals 

A total of 73, 9-10-week-old, C57BL/6J 

male mice were used in the whole study. Fifty 
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six of them were exposed to cerebral H/I and 

were used to: 1) in the initial experiments, to 

find the optimal time of H/I exposure provid-

ing a good percentage of mice with infarct, 

low mortality, and high inter-individual varia-

bility; 2) to assess the adequacy of the TR test 

to properly correlate with the infarct volume; 

and 3) in the main experiment to develop the 

predictive model (see Supplementary: Table 1, 

Figure S1 and Figure S2). Seventeen mice 

were exposed to ICH, and fifteen underwent 

the evaluation of the model’s performance in 

this stroke subtype.  

The procedures used to induce stroke, to 

perform and video record the neurological 

tests, to determine infarct/hematoma volume, 

and the timings to assess neurological impair-

ment in the video recordings are explained in 

detail in Supplementary materials and sche-

matically depicted in Figure 1 [10]. It should 

be noted that the total sample size of mice to 

be exposed to the H/I protocol in the main 

experiment was calculated based on previous 

data from the group, in order to ensure a suf-

ficient number of animals in each experi-

mental group for meaningful statistical com-

parisons.  

After the H/I experiment, mice were 

categorized into groups based on ex vivo in-

farct assessment by 2,3,5-triphenyltetrazolium 

chloride (TTC) staining, according to the per-

centage of brain volume affected, as follows: 

no stroke (NS) (considered sham or controls) 

and stroke (S), which was further divided into 

mild stroke (MS) and severe stroke (SS). Each 

mouse was considered an experimental unit, 

and no randomization was required. The sam-

ple size (n) of each experimental group is re-

ported in Supplementary Table S4. The ex vivo 

hematoma assessment after the ICH experi-

ment can be assessed by delineating either 

deep red areas (DR) or extensive red areas 

(ER) (see Supplementary material). 

After the stroke induction, neurological 

impairment was assessed by several neurobe-

havioral tests as explained in the Supplemen-

tary material. From them, the TR test was se-

lected, and video recordings of the 

performance of mice in it were used. In brief, 

in each TR test, a small piece of adhesive tape 

was placed on the mouse’s forepaw, and the 

time taken to remove it (TR time) was as-

sessed.  

2.2. Computational assessment of the neurolog-
ical impairment 

Detailed methods for applying DLC ma-

chine learning to video recordings, MATLAB 

post-processing for in vivo pose estimation, 

and the development of predictive ML mod-

els are provided in the Supplementary Materi-

als. Two models were generated: one to pre-

dict the occurrence of stroke and another to 

predict its severity. 

In each video of the test, DLC was used 

to track predefined body parts, including the 

tape, and MATLAB processing of the result-

ing datasets yielded up to 22 behavioral varia-

bles such as distances, velocities, TR time, and 

turning bias (Supplementary Video S1, S2; 

Supplementary Table S2). Among them, TR 

time emerged as a key variable because of its 

correlation with brain injury. TR time was es-

timated computationally based on the posi-

tions and velocities of the paws, nose, and the 

tape (see Supplementary Figures S3 and S4). It 

was also found to increase after ICH. To 

avoid tracking errors caused by the re-

searcher’s hand, the first analyzable frame was 

automatically detected, and incoherent dis-

tance estimates between body parts were pre-

established using preset thresholds (see Sup-

plementary Figure S6 and Table S3). 

For quality control, computational TR 

times were validated against expert annota-

tions in rodent neurobehavior. Differences of 

≤2 s were considered acceptable, as similar 

variability occurs between independent hu-

man raters. For model construction, a set of 

potential predictors derived from DLC varia-

bles was introduced into Least Absolute 

Shrinkage and Selection Operator (LASSO) 

regressions. A logistic LASSO regression was 

used to identify predictors of stroke occur-

rence, while a linear LASSO regression was 

applied to predict stroke severity. 
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Figure 1. Infographics of the experimental and computational workflow. (A) Chronological se-

quence of experimental interventions on mice over the course of the experiment; mice performance 

in the neurobehavioral tests was recorded using a smartphone at different time points pre- and post-

stroke induction. (B) Scheme of the experimental setup; the mice performance in a transparent box 

in the tape removal test was recorded with a smartwatch-controlled smartphone (video of the behav-

iour test methodology and target body parts virtual labelling are shown in the Supplementary Video 

S1). (C) Overview of the body parts selected to be labelled in each mouse in the DLC project training. 

(D) Flowchart depicting the steps of DLC video processing and subsequent data analysis of mice 

neurobehavior in the tape removal test; quality controls were implemented along the procedure. TTC: 

2,3,5-triphenyltetrazolium chloride, FR paw: front right paw, FL paw: front left paw, HR paw: hind 

right paw, HL paw: hind left paw, DLC: DeepLabCut. 

A 
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2.3. Statistics 

Sample size (n), and mean, SD, and SEM 

of each experimental group and time point are 

depicted in Table S4 and S5 in Supplementary 

materials. Original or log-transformed data 

were normally distributed (Kolmororov-

Smirnov test) and showed homoscedasticity 

of variances (F-test of Bartlett test). Data, ei-

ther measured de visu or obtained computa-

tionally, were analyzed with t-test or one-way 

ANOVA using MATLAB or GraphPad 

Prism.  Data are shown in the graphs as 

Mean±SEM; statistical significance was con-

sidered at p<0.05. LASSO regression used to 

select the best predictor variables and to con-

struct the computational predictive models 

was implemented in MATLAB.  

The analytical code for DLC data is publicly 

available on the internet at 

https://github.com/nmer-

cadeb/DeepLabCut_to_pre-

dict_stroke_on_mice. 

3. Results 
 

3.1. Automated DLC video processing and 
subsequent data analysis 

A total of 562 videos were generated in 
the main H/I experiment that were pre-pro-
cessed by resizing them to 900x900 pixels, 
processing only the ROI (within the box pe-
rimeter), trimming the start frame, and select-
ing, based on k-means algorithm, the frames 
used to carry out the initial DLC training. 
Once DLC was trained, videos were analyzed 
automatically by DLC; this provided for each 
video a large csv file with the coordinates of 
each one of the selected body parts of the 
mouse along all the duration of the tape re-
moval test (see flowchart in Figure 1D). These 
data were converted into 22 neurobehavioral 
features/variables (Figure 1D, DLC data pro-
cess, step 4) which were statistically evaluated 
as predictive of stroke occurrence or severity 
as compared with the same variables pre-
stroke induction.  

Only the videos post-stroke induction (50% 
of the videos recorded) were used for the in-
dividual prediction of the stroke occurrence 

and infarct outcome (i.e., infarct volume) in 
each mouse (Figure 1D, DLC data process, 
step 6). The 279 videos from the ICH experi-
ment were processed similarly to extract rele-
vant features and feed them into the predic-
tion models. 

3.2. Effects of H/I on TTC-assessed infarct 
size, body weight loss, and researcher-scored 
neurobehavioral performance in several 
tests. Effectiveness of the tape removal test 
to distinguish between stroke severity groups 

In the main experiment, 12 out of 24 
mice exposed to H/I developed infarct (50%), 
as assessed post-mortem using TTC staining 72h 
after the H/I procedure (Figure 2A). Due to 
the high variability intentionally introduced by 
the chosen experimental H/I method, the in-
farct volume in individual mice that developed 
stroke ranged from 4.1% to 56.5% of the ip-
silateral (stroked) hemisphere, with a mean 
value of 27.8% (Supplementary Figure S2B). 
Half of the stroked mice (n=6) were classified 
as mild stroke (MS) and the other half (n=6) 
as severe stroke (SS), as they presented an in-
farct volume smaller or larger than 28%, re-
spectively. This mean of brain infarct is similar 
to the mean of brain infarct observed in a 
population of mice after 60 minutes ischemia 
exposure by middle cerebral artery occlusion 
using the intraluminal filament method [15] or 
that reported for a similar procedure and ex-
posure time in rats [16]. Despite that in our 
previous pilot experiment (n=12) the percent-
age of infarcted mice was higher (67%), in 
both experiments, we observed a significant 
correlation between infarct size and TR time 
(Supplementary Figures S1B and S2C). 

Group comparison showed that 1) 
stroked (S) mice lost body weight; this effect 
was more pronounced and long-lasting in SS 
than in MS mice (Figure 2B), 2) Neurological 
assessment in the tail hanging test showed that 
SS mice doubled the % of contralateral turns 
as compared to themselves pre-intervention 
or to the non-stroke group post-intervention 
(Figure 2C and 3) in the rotarod test, SS mice 
underperformed as they stood less time onto 
the rotating rod at 24h (Figure 2D). 

The tape removal test (Figures 2E-F) al-
lows to statistically distinguish NS from SS, 
NS from MS and, interestingly, mild (MS) 

https://github.com/nmercadeb/DeepLabCut_to_predict_stroke_on_mice
https://github.com/nmercadeb/DeepLabCut_to_predict_stroke_on_mice
https://github.com/nmercadeb/DeepLabCut_to_predict_stroke_on_mice
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from severe (SS) stroke. Thus, mice that de-
veloped infarct increased the time needed to 
remove the tape from the contralateral fore-
paw (Figure 2E); in particular, SS mice re-
quired more time than MS mice to remove the 
tape. In addition, SS mice also showed some 
impairment of the ipsilateral forepaw perfor-
mance (Figure 2F). The tape removal test has 
been reported to be able to measure the neu-
rological damage in the subacute phase and, 
interestingly, to measure the improvement af-
ter a rehabilitation program in stroke animals 
when assessed by human raters [17]. In addi-
tion, in our hands, the tape removal test suc-
cessfully measured the neurological impair-
ment in mice exposed to experimental intrac-
erebral hemorrhage when measured at 24h 

and up at least 3 days after the ICH induction 
procedure (Supplementary Figure S5). 

3.3. Following DLC training, computationally 
assigned labels to tape and body parts were 
accurately tracked in the TR test videos of 
H/I-exposed mice 

DLC network was trained to computa-
tionally assign labels to nine selected mice 
body parts of interest (and the tape); eight of 
them were successfully placed whereas the 
one at the mid-point of the tail was inconsist-
ently placed (see Supplementary Figure S3) 
and was not further considered in the DLC 
project. The resultant trained network was ap-
plied to the 562 videos obtained at different 
time points pre- and post-stroke H/I 

Figure 2. Researcher-scored experimental output of the H/I procedure in mice using several 

neurobehavioral tests indicate that the tape removal test distinguishes between different levels 

of stroke severity. (A) Stacked column graph showing the percentage of mice with no stroke (NS, 

blue), mild stroke (MS, orange) and severe stroke (SS, maroon) after exposure to H/I (left), and rep-

resentative pictures of TTC-stained brain slices (right). Effect of the stroke occurrence and severity 

on researcher-assessed (B) body weight change, (C) percentage of contralateral turns in the tail hanging 

test, (D) performance in the rotarod test as determined by the time to fall from the roller, (E) contra-

lateral stroke-induced paretic front paw performance and (F) ipsilateral front paw performance, as 

assessed as the time required by the mice to remove the tape from the paw. Contralateral front paw is 

more affected because is mainly under control of the ipsilateral (stroked) brain hemisphere. Tests were 

video recorded and assessed independently by 2 researchers. Mean and SEM are shown. For compar-

isons between the three groups of mice at the same time point: * p<0.05, *** p<0.005 and **** p<0.001 

vs no infarct; # p<0.05 severe infarct vs mild infarct; $ p<0.05 mild infarct vs no infarct (one-way 

ANOVA followed by Tukey’s test). 
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induction. Sequential steps in DLC processing 
are depicted in Figure 1D and Supplementary 
Video S2. 

Manual validation of DLC raw data 
showed that, on average, 95.50% of all the la-
bels (body parts and the tape) were correctly 
placed (Figure 3A). Most of the remaining 
4.50% misplaced labels had a small likelihood, 
so they had a reassigned value resulting from 
lineal interpolation of data obtained from the 
closest videoframes, as explained in the DLC 
post-processing section in the Supplementary 

materials, finally reducing this misplacement 
to only 0.65% of the data. Figure 3B shows 
the Receiver Operating Characteristic (ROC) 
curves for each one of the labels, showing 
good Area Under the Curve (AUC) values. 

There was a good agreement between compu-
tational and experimental tape removal time, 
even when considering a difference of less 
than 2 seconds (Figure 3C). The mean differ-
ence between computational and experi-
mental TR time was 1.77 seconds. 

  

Figure 3. Evaluation of computationally-obtained results. (A) Boxcharts depicting the DLC like-

lihood for the tape and each one of the 8 body parts finally selected to be tracked computationally in 

the tape removal test to be classified as “True” (green) and “False” (rosy). The percentage of correctly 

placed labels are depicted on top of each body part panel. (B) ROC curves to assess the correct 

assignment of each DLC label. (C) Tape removal time estimated in the laboratory by researchers 

(experimental time) versus that calculated computationally from DLC-extracted results (computa-

tional time). FL paw: front left paw, FR paw: front right paw, HL paw: hindlimb left paw, HR paw: 

hindlimb right paw. 

A 

B C 
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3.4. Computational identification of tracking 
variables most related with stroke 

Values of the 22 features obtained (Supple-

mentary Table S2) were compared in Figure 4 

in two conditions: 1) pre-H/I vs post-H/I val-

ues of the same mice, and 2) between the dif-

ferent groups at the same time point. Figure 4 

plots ANOVA test results for S, MS, and SS, 

as compared to NS separately. Variables 

showing differences between groups at the 

pre-surgery time point were poorly informa-

tive and, thus, were not considered for further 

comparisons. 

Distance travelled and tape removal time pre-

sented differences at the 3 time points post-

H/I investigated when comparing NS vs S, 

NS vs MS or NS vs SS. Other features such as 

the mean velocity of the contralateral forepaw 

presented differences only beyond 24 h post 

H/I and did not differentiate NS from MS.  

Figure 4. Colormap of the normalized relative difference (NRD) of all the computationally-

extracted neurobehavioral variables. NRD was calculated as follows: NRD= ((X-XNS)) ⁄ 

√(X2+X2
NS), where X is the variable’s median at a given time (Pre, 24, 48 or 72 h post H/I exposure, 

shown on the abscissas axes of the three 4-column panels) in a group of stroke mice showing is-

chemic brain damage (S: stroke, MS: mild stroke, and SS: severe stroke, shown on the left, middle 

and right panels, respectively), and XNS is the median of the same variable at the same time point in 

the group of no stroke (NS) mice. *p<0.05 and ** p<0.01 for the variable indicated in the row and 

the time indicated in the column. F: fore, H: hind, FI paw: fore ipsilateral paw, FC paw: fore contra-

lateral paw, this being the paretic limb in the stroked mice, HI paw: hind ipsilateral paw, HC paw: 

hind contralateral paw, distance between Fpaws and Hpaws: mean distance between the forepaws 

and hind paws, respectively, Time tail and Time body I or C means the time at which these features 

are turned to the ipsilateral (I) or contralateral (C) side of the lesioned hemisphere. Tape removal I, 

C, are the time the mice require to remove the adhesive tape that the researcher stuck to the ipsilateral 

or contralateral forepaw, respectively, in the tape removal test. 
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3.5. Computational analysis of videos predicted 

the stroke condition with a 96% accuracy 

in H/I-exposed mice and allowed to deter-

mine severity 

Only variables showing statistically sig-

nificant differences between groups at post-

H/I time points and not at pre-surgery were 

considered mathematically for stroke predic-

tion purposes. Therefore, according to Figure 

4, the variables introduced in the LASSO 

regressions were distance traveled, moving 

time, all body part mean velocities, distance 

between front paws, time with the tail curved 

to contralateral side, and tape removal times. 

Predictor variables finally selected for 

the stroke occurrence model obtained from 

the logistic LASSO regression were 6: TR time 

in ipsilateral front paw at 24 and 48h, TR time 

in contralateral front paw at 48 and 72h, and 

distance traveled at 24 and 72h. 

Figure 5. Confusion matrix identifying and categorizing the true prediction of stroke in the 

mice population exposed to the H/I condition; this condition induces infarct in half of the 

animals. (A) Confusion matrix uses the logistic regression prediction score threshold of 0.5 to clas-

sify as true stroke or true positive >0.5 (TP) or true no stroke or true negative <0.5 (TN) (within 

green areas), or false positives (FP) or false negatives (FN) (within pink areas) to assess the stroke 

occurrence and severity in the H/I (a condition that induces infarcts in approximately half of the 

animals, exhibits high inter-individual variability in brain damage, and shows a correlation between 

infarct volume and neurological impairment). For logistic regression prediction score, 96.4% of the 

cases were correctly classified, 45.5% were TP and 50.92% were TN. Each mouse underwent the 

process over 200 iterations as stated in Supplementary. ACC: accuracy, SE: sensitivity, SP: specificity, 

PPV: positive predicted values, NPV: negative predicted values, RMSE: root mean square (B) Graph 

showing the correlation plot between the observed infarct volume using the gold standard ex vivo 

TTC staining method and the BVA (brain volume affected) predicted computationally in the H/I 

videos analysed. Dashed lines mark the 28% BVA threshold for MS and SS classification. Green 

areas allocate mice in which computational and experimental predictions are consistent with the de-

fined thresholds. 

A B 
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Importantly, predictor variables finally 

selected for the prediction of the brain vol-

ume affected (BVA)/stroke severity model 

based on Linear LASSO regression were TR 

time in the contralateral front paw at 24h, and 

TR time in the contralateral and ipsilateral 

front paws at 72h.  

For the stroke occurrence model, train 

accuracy (ACC) was 100%, and test ACC was 

96.41% (Figure 5A depicts the resulting con-

fusion matrix; in the green squares, true as-

signments TP+TN= 96%). For the BVA 

stroke severity model, the R2 adjusted param-

eters were 0.849 and 0.620 for the train and 

test, respectively. Dashed lines in Figure 5B 

mark the 28% BVA threshold for MS and SS 

classification. The fully trained model success-

fully classified mice into MS or SS in 11 out of 

12 infarcted mice (dark green dots, green 

squares); of note, the extent of the infarct of 

the animal classified incorrectly was very close 

to the infarct threshold (28%) used to classify 

mice into mild or severe stroke. 

3.6. Computational analysis of videos predicted 

the ICH condition with a 90% accuracy in 

collagenase-exposed mice and allowed to de-

termine severity 

  For the ICH experiment the stroke occur-

rence model shows a test accuracy of 90% 

(Figure 6A, green squares TP 40% & TN 

50%); only 3 out of 30 sets of videos were in-

correctly classified, two of them correspond-

ing to mice having the lowest hemorrhage, 

and being misclassified as non-ICH/non-

stroke mice. When using the percentage of af-

fected brain volume (BVA) model, trained to 

predict lesion volume in an ischemic scenario, 

the algorithm consistently predicted neurolog-

ical impairment consistent with a large per-

centage of the brain being affected. A mean 

13.43±7.991% of the hemisphere was 

Figure 6. Confusion matrix identifying and categorizing the true prediction of stroke in the 

mice population naïve or exposed to ICH. (A) Confusion matrix uses the logistic regression pre-

diction score threshold of 0.5 to classify as true stroke or true positive >0.5 (TP) or true no stroke 

or true negative <0.5 (TN) (within green areas) or false positives (FP) or false negatives (FN) (within 

pink areas). The assessment of stroke occurrence in an ICH-induced condition and in naïve mice 

shows that 90% (40% TP & 50% TN) of all cases (individual mice) were correctly classified. (B) 

Graph depicting the haemorrhage volume delineated as deep red (DR) (blue line & bar) or extended 

region with red coloration (ER) (orange line & bar). The gradation in the intensity of red introduces 

a subjective component when delineating as DR or ER. The grey bar shows the DLC-predicted 

volume affected (PVA) or BVA based on the neurological impairment. ICH-exposed mice showed 

computationally BVA larger than that assessed with the haemoglobin method. Mean and SEM are 

shown. 

A B 
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measured based on ER (extended region) ex 

vivo, and 21.77±3.52 % of the hemisphere was 

predicted by the BVA (Figure 6B). 

4. Discussion 

The present study shows that computa-

tional machine/deep learning algorithms, de-

veloped based on the performance of mice in 

a single neurobehavioral test, can automati-

cally predict the occurrence of H/I ischemic 

stroke in individual mice with 96% accuracy. 

These algorithms also enable automated clas-

sification of H/I mice into groups according 

to stroke severity, as reflected by ischemic le-

sion volume. Similarly, the same algorithms 

predict ICH occurrence with 90% accuracy 

and provide assessment of ICH-induced neu-

rological severity. 

Preclinical stroke research commonly re-

lies on researcher-annotated behavioral tests 

to assess impairment and recovery; however, 

these tests have limitations in fully capturing 

the extent of brain damage and could be en-

hanced by incorporating automated tracking-

based measures. To identify test providing the 

most valuable information, we initially evalu-

ated several researcher-assessed sensorimotor 

tests. Our results indicate impairment in the 

stroked mice in the TR test performance in 

the acute phase (Figure 2E), and the test has 

also been reported to be useful for measuring 

the protective effects of therapies or the long-

term effects of rehabilitation [10,17,18]. The 

time to remove the tape in the TR test strongly 

correlates with the volume of brain damage, 

with R²>0.76 (Supplementary Figures S1B 

and S2C) as the test may provide valuable in-

formation about 1) impairment in perceiving 

tactile stimulation in the affected forepaw and 

2) the fine motor impairment when attempt-

ing to actively remove the tape. In contrast, 

the rotarod test loses its ability to differentiate 

between mice that develop infarcts and those 

that do not beyond 24 hours (Figure 2D), as 

highlighted in a recent systematic review and 

meta-analysis of post-stroke behavior in mice 

[19]. Additionally, the TR test statistically dis-

criminates between MS and SS groups, 

whereas the rotarod and tail hanging tests do 

not (Figure 2). Even with the availability of re-

liable tests, the inherent limitations of re-

searcher assessments underscore the contin-

ued need for automated and objective tools to 

evaluate the complex changes induced by 

stroke. The TR test makes it possible to con-

tinuously monitor motor and behavioral pa-

rameters in freely moving mice using recent 

advances in automatic posture (or “pose”) es-

timation tools that use deep learning training 

of neural networks to accurately quantify a 

wide range of behavioral profiles from video 

recordings. Among the available tools, 

DeepLabCut (DLC) is particularly efficient 

for body part tracking [11-14] and was se-

lected in this study to analyze the TR test vid-

eos. To capture detailed neurobehavioral dis-

turbances, we initially tracked a large set of re-

liable body key points, eight anatomical land-

marks (as shown in Figure 1C) and one exter-

nal point marking the location of adhesive 

tape on the paw (either contralateral or ipsilat-

eral). This allowed us to extract 22 behavioral 

features (see Figure 4 and Supplementary Ta-

ble S2 for the complete list). Importantly, the 

number of labeled key points used does not 

affect computational inference speed, as sup-

ported by previous work. Additionally, we re-

duced the video frame size to optimize pro-

cessing efficiency while preserving sufficient 

tracking accuracy, consistent with findings 

from prior studies [20].  

DLC-based tools have been reported to 

detect group-level behavioral changes in both 

healthy and diseased mice [21], including re-

ward-seeking behavior, obesity, dystonic fea-

tures [22-24], and stroke-related impairments 

in gait kinematics in tests including the hori-

zontal ladder rung walking (foot fault test), 

grid walking, staircase tasks in mice, and 

ledged beam walking tests in rats [25-27]. 

However, even with DLC-assisted acquisition 

of refined neurobehavioral data, no tool has 

yet been reported to be able to translate such 

neurobehavioral data into an accurate predic-

tion of the percentage of brain damage follow-

ing stroke induction in individual mice. This 

lack of prediction in previous reports might be 

related to the fact that, even when DLC-
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dedicated data-processing toolbox such as 

MouseReach have been used to assess fore-

limb function in stroked mice, lesion volume 

showed only a moderate correlation R2<0,6 

with DLC-based success coefficient in the 

staircase test, and no correlation at all with the 

traditional staircase score or the slip depth 

[27]. In contrast, as stated above, we observed 

a strong correlation, providing a clear ra-

tionale for using TR test video recordings to 

develop an automated predictive classification 

tool. In our hands DLC accurately measured 

the time mice took to remove the tape from 

the front paws (Figure 3C) and allowed to de-

termine other parameters unrelated to the tape 

removal activity itself, such as the mean dis-

tance between forepaws, mean velocities of 

previously defined body parts of interest, or % 

of time each mouse spent maintaining a cer-

tain pose. Once the database of the time-

course longitudinal animal’s body key points 

was obtained, we required computational sup-

port to classify complex behaviors. Although 

software packages such as MARS [28], SimBA 

[29] or BehaviorDEPOT [30] have been used 

to analyze the results to classify complex be-

haviors so far none of them has been tested in 

the tape removal test in stroke. We, thus, have 

generated here a new algorithmic tool for this 

purpose.  

The independent assessment of the right 

and left forepaws’ performance disclosed in 

silico in the present study is pivotal for the 

neurological evaluation of a focal damage lo-

cated in one of the brain hemispheres. This 

pathophysiological situation represents the 

most common clinical presentation of stroke 

in humans, which is usually recapitulated in 

the animal studies, thereby allowing a clearer 

distinction between strategic compensation 

and true functional recovery [31]. In the H/I 

stroke-exposed mice, the neurobehavioral 

data-based computational approach was able 

to predict 1) infarct occurrence with a 96% ac-

curacy (Figure 5A), and 2) the degree of in-

farct severity (Figure 5B). In our study, H/I 

mice developed ischemic strokes affecting an 

average of 28% of the ipsilateral hemisphere 

as assessed by TTC-staining, this matching 

with the average 25% of the ipsilateral hemi-

sphere damaged predicted from DLC-data-

based algorithms (dark green dots in Figure 

5B). Moreover, the algorithms provided esti-

mation of the infarct volume allowing the 

classification of each individual mouse into no 

stroke, mild or severe stroke using only the 

video recordings. This novel tool provides re-

searchers with a costless and time-saving 

method for an objective a priori allocation of 

mice with a computationally predicted ‘stroke 

severity’ to the placebo or treatment groups in 

preclinical studies without the need of MRI 

assessment.  Moreover, we also found that 

both the researcher-annotated TR test (Sup-

plementary Figure S5) and the DLC-TR-test-

based computational algorithm approach 

(Figure 6A), effectively assessed functional 

impairment resulting from ICH stroke, de-

spite the algorithm's predictive models were 

tailored for ischemic stroke. Based on neuro-

logical impairment, the model accurately pre-

dicted the presence or absence of hemorrhage 

in 90% of cases and consistently estimated 

larger hemorrhagic volumes than those quan-

tified ex vivo using the hemoglobin-red method 

three days post-stroke, this recapitulating the 

observed in the clinic scenario. ICH-exposed 

mice showed hemoglobin deposition in 13% 

of the hemisphere but depict functional im-

pairment comparable to that found in an is-

chemic scenario in which 22% of the hemi-

sphere (BVA) was affected (Figure 6B). This, 

indeed has translational value since it is well 

known in the clinics that ischemic and hemor-

rhagic strokes of similar volume can produce 

very different patient neurological outcomes. 

For instance, a 70 mL lesion (approximately 

10% of the brain, or 20% of one hemisphere) 

may result in only mild to moderate deficits in 

ischemic stroke, whereas a similarly sized 

ICH, especially if deep-seated, often causes 

more severe symptoms and carries a higher 

risk of coma or death. 

Moreover, the use of a shared, automated 

computational tool to assess neurological 

damage in both ischemic and hemorrhagic 

stroke models could enable the development 

of a Neurological Impairment Equivalence 
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Index, which may be particularly valuable in 

preclinical studies of ICH. In ischemic stroke, 

brain damage is commonly measured using 

TTC staining, which determine areas where 

neurons have died. The size of the damaged 

area usually matches the level of functional 

impairment. In contrast, in ICH, injury sever-

ity is not based on direct signs of neuronal 

death. Instead, it is estimated by how far the 

bleeding has spread (hematoma volume) or 

how much blood has built up in the brain (he-

moglobin density assay). Quantification of the 

hematoma volume is influenced by subjectiv-

ity when delineating the boundaries of the le-

sion (Figure 6B) or other issues (e.g. extension 

of hematoma into the ventricles or hematoma 

shrinkage in the firsts days after injury). More-

over, no correlation was found between the 

hemoglobin concentration in the ipsilateral 

hemisphere and the hemorrhage volume as 

determined by red-color-based delineation of 

brain slices (Supplementary Figure S5D); a 

lack of concordance between these measures 

has been previously reported [32]. No correla-

tion was observed between hemoglobin levels 

and the degree of functional impairment pre-

dicted by the DLC model (Supplementary 

Figure S5C). 

Our results suggest that the information 

obtained through this methodology is suffi-

cient to make a computational selection of 

mice to be randomized into preclinical trials 

of new treatments in all types of stroke (is-

chemic and hemorrhagic), with no need for 

additional and/or more intrusive tests (ani-

mals that meet exclusion criteria e.g. non 

stroke developers can be identified and ex-

cluded). More features can be observed and 

measured in an objective manner that those 

able to be measured by expert researchers and 

using a method that consumes less time of the 

researchers. Homogenizing the criteria to en-

roll the experimental stroke mice in preclinical 

studies by being able to anticipate the severity 

of brain damage computationally will contrib-

ute to increase the quality of preclinical re-

search and to reduce the number of animals as 

demanded by current guidelines [33,34]. This 

also represents one step beyond towards the 

implementation of the 3R principle in animal 

research (Replacement, Reduction, Refine-

ment), for the time-course evaluation of the 

animal’s behavior with the algorithm allows a 

reduction of the number of animals per exper-

iment, and the refinement of the in vivo proce-

dures by reducing the distress of undergoing a 

battery of multiple behavioral tests. 

5. Limitation of study 

A limitation of the study is the relatively 
small sample size. A future objective will be to 
further train and validate the algorithm using 
a large cohort of stroked mice, ideally within 
the framework of a large, multicentrical pre-
clinical study. A tool such as the one devel-
oped in this study will be pivotal for compre-
hensive preclinical assessment in multi-center, 
collaborative preclinical trials that are encour-
aged in the STAIR XI [35], allowing the stand-
ardization of functional outcome measures 
demanded [36]. 
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MATERIALS AND METHODS 

Animals 

A total of 73 mice were used in the study (9- to 10-week-old C57BL/6J males; Charles River Labor-

atories); seven mice did not complete the follow-up, four of them in the initial pilot study when 

exposed to 30 min hypoxia; 1 overnight in the main H/I experiment, and 2 during the intracerebral 

hemorrhagic (ICH) procedure. Mice were housed under standard temperature and humidity condi-

tions in the IGTP/CMCiB facility, 4 per cage, with nest-building materials and a shelter during the 

acclimatization (8–10 days), the training in the neurobehavioral tests, and the post-stroke follow-up 

periods. Twelve mice were exposed to 20 min cerebral hypoxia/ischemia (H/I) and completed a pilot 

experiment to determine the correlation between infarct volume and time to remove the tape in the 

tape removal test (Supplementary Figure S1) and other 19 mice were exposed to different times of 

H/I to determine the best option. Twenty-four mice were exposed to cerebral H/I and completed 

the main experiment of the machine learning analysis of behavior as predictor of the occurrence and 

severity of stroke (Supplementary Figure S2). Fifteen mice were exposed to ICH and completed the 

72h follow-up. The experiments were designed to comply with reduction in the number of animals 

of the 3R principle in animal research. The total sample size used in the experiments was determined 

based on previous experiments conducted in our lab using this exact duration of hypoxia, which 

provided data on the average percentage of mice in which the H/I model did not produce brain 

infarction, the percentage of infarcted mice, and the individual variability of the model. The animals 

within each cage were labeled, and each mouse was assigned a unique identification number through-

out the experiment. This number corresponded to each individual mouse as an experimental unit and, 

along with the date and session, was visibly displayed and verbally stated by the researcher in each 

recorded video for analysis. The pre-established protocol stated that only the mice that did not com-

pleted the follow-up were excluded from the study. The mice were monitored daily for inability to 

move limbs or complete paralysis, severe weight loss, severe dehydration, and pain/distress. Ethical 

requirements were followed according to EU Directive 2010/63/EU, and the study was approved by 

the Committee of Ethics in Animal Research of the Institut d’Investigació Germans Trias i Pujol 

(IGTP) and the Catalan Government (Permit numbers: reference 11131, FUE-2020-01691361 and 

ID HYNMX7RXG, and reference 11182, FUE-2020-01734578 and ID YXVFPXYJ4). 

Cerebral hypoxia/ischemia procedure (H/I) 

An initial study was performed to determine the optimal time of H/I exposure providing a good 

percentage of mice with infarct and producing low mortality; Table S1 indicates that 20 min exposure 

to hypoxia as the most convenient time. Mice were exposed to a transient single hemisphere sub-

ischemic condition for 2.5 h and to an intercalated 20-min period of global hypoxia adapted from 

Guan et al. 1993 [38], as recently reported by us [10]), resulting in ischemic damage in that hemisphere 

in a percentage of mice and, due to decussation, an impaired function of the forepaw contralateral to 

the damaged hemisphere. In brief, mice were anesthetized with isoflurane and a single common ca-

rotid artery (CCA) was transiently occluded by ligature. Two hours after the CCA occlusion, mice 

were placed in a hypoxia chamber at 35.5ºC for 20 min with 8% O2/92% N2 at an airflow rate of 1 

L/min. Two and a half hours after initiation of ischemia, the suture occluding the CCA was removed 

(Figure 1A). Euthanasia was done at the completion of the experiment (72h after H/I exposure) by 

cervical dislocation.  
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Table S1. Effect of hypoxia exposure time on percentages of infarcted and non-infarcted mice, as 

measured by TTC (2,3,5-triphenyltetrazolium chloride) staining, and H/I-induced mortality. 

Hypoxia time 

(min) 
Mice (n) 

Infarcted mice 

(%) 

Non-infarcted 

mice (%) 

H/I-induced mor-

tality (%) 

30 12 50 17 33 

20 12 67 33 0 

17 7 27 73 0 

 

Intracerebral hemorrhage stroke model (ICH) 

The ICH procedure was conducted as previously described [10]. In short, mice were anesthetized 

using isoflurane, and 0.06 U of collagenase type VII-S in 0.4 µL of saline were injected into the right 

striatum at a rate of 200 nL/min. The coordinates for the injection were 0.5 mm anterior, 1.7 mm 

lateral, and 3.0 mm ventral from Bregma. After the injection, the syringe was left in place for 10 

minutes before being carefully withdrawn at a rate of 1 mm/min. 

Time-course evaluation of the hematoma/hemorrhagic area was conducted in vivo using microCT 

imaging with contrast agent Viscover ExiTronTM nano 12000 and indicated that the hema-

toma/hemorrhage area did not increase beyond 5 hours. At the end of the experiment at 72 h, brain 

tissue was collected, sectioned into 2 mm thick coronal slices, and the red hemorrhagic area was 

measured using ImageJ (Wayne Rasband, NIH, Bethesda, MD, USA) [10]. The hematoma was as-

sessed by two blind researchers, and deep red areas (DR) or extensive red areas (ER) were measured 

as shown in Figure 6B. 

Measurement of the actual infarct volume 

At the end of the experiments, freshly excised brains were cut into 2 mm-thick coronal slices using a 

mouse brain slicer matrix; slices were used to calculate ischemic or hemorrhagic volume as the main 

outcome. H/I brain slices were immediately stained with 1% 2,3,5-triphenyltetrazolium chloride 

(TTC) in PBS at 37º C for 11 min; this staining method gives viable brain grey matter tissue a reddish 

color while leaving infarcted tissue unstained (whitish). Conversely, ICH brain slices were not stained 

to allow to see and measure blood-filled regions. Digital photographs of the serial slices of H/I and 

ICH brains were taken. Infarct volume or hemorrhage volume were measured in pictures taken from 

the TTC-dipped or unstained slices, respectively, using ImageJ. For each slice, the infarct/hemor-

rhagic (lesion) area, and the total area of the ipsilateral and the contralateral hemisphere were manually 

outlined and measured in mm2, and the volume was calculated in mm3 by considering section thick-

ness. The final lesion volume (mm3) resulted from the sum of the lesion volumes of all sections cor-

rected by the ratio of the total volume of the contralateral hemisphere to that of the ipsilateral one; 

that is, corrected by edema. The final lesion volume results are given as % of the hemisphere. Mice 

exposed to H/I were assigned to stroke (S) and no stroke (NS) groups according to whether they did 

or did not show infarct in the post-mortem analysis. Mice in the S group were subsequently assigned 

to mild stroke (MS) and severe stroke (SS) if the infarct volume was under or over 28% of the brain 

hemisphere, respectively. 
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Researcher-assessed neurological impairment 

Mice were weighed on a daily basis and trained in the tail hanging, rotarod, and the tape removal tests 

72, 48 and 24h prior to the H/I procedure, and tested 24, 48 and 72h after H/I exposure. In the tail 

hanging test, the mouse was held by the tail upside down by the researcher and the side the mouse 

first bent within seconds, left or right, was noted down; the mouse was then gently left onto the 

bench. To minimize experimental error, the action was repeated 20-30 times per session to have 

enough trials per mouse. In the rotarod test, the amount of time a mouse spent on an accelerating 

spinning rod before it fell down was measured (2 trials per session for each mice). In the tape removal 

test of the main experiment, an open lid, 30 cm high and a squared 25x25 cm transparent bottom box 

(from now on, the box) was used. A round 6 mm diameter tape was adhered to the pads of the 

mouse’s forepaws, alternating between the paw ipsilateral and the paw contralateral to the CCA oc-

clusion. A video of each tape removal test was recorded from below the box using a smartwatch-

controlled smartphone located at an orthogonal position relative to the box center (Supplementary 

Video S1 depicts the experimental procedure), and the time the mouse took before actively removing 

the tape from the paw, usually by pulling it off with the mouth, was noted down as the time to remove 

the tape (TR time). After H/I and throughout the 72-hour follow-up, the severity of stroke damage 

in each individual mouse was unknown to all personnel involved in the research. Once the mice were 

euthanized, only the two researchers responsible for brain slice TTC staining and the team leader were 

aware of the mouse’s infarct size. Mouse performance in the tests was video recorded, and the videos 

were analyzed for neurobehavioral features (main outcome) by: 1) visual inspection to annotate the 

tape removal time independently by two researchers trained for the task, and 2) computational analysis 

by experts responsible for DLC training and data extraction. All researchers involved in the acquisi-

tion of neurobehavior-related data were blinded to the final infarct volume of the mice. 

Video acquisition 

For the tape removal test, two sessions per forepaw per animal were performed and recorded each 

day. In 90% of the videos the recording stopped shortly after the mouse removed the tape, whereas 

for the remaining videos mice were recorded for up to 200 s. 

Machine learning for labels coordinates extraction and pose estimation 

DeepLabCut (DLC) was used in Anaconda environment, Python 3.8, to analyze videos of the tape 

removal test for pose estimation (see Supplementary Video S1 and Video S2). Before analyzing the 

recordings, the videos were pre-processed by resizing them to 900x900 pixels, and the external part 

of the box was blacked out. Then, the videos were trimmed to set the start at the frame where the 

body parts of the mouse to be tracked were identifiable for first time and the hand of the researcher 

leaving the mouse into the box was no longer visible. Although this can be done manually, we set up 

an automatic method to do it. Supplementary Figure S6 shows the rationale and explains the mathe-

matic formulae behind the automatic detection of the first video frame to be considered in the TR 

test. 

To carry out the initial DLC training, frames from each one of the videos used were selected based 

on k-means algorithm, and the body parts of interest and the tape were further hand-labelled by a 

researcher. Figure 1C of the main text illustrates the tape and the eight key body points of the mouse 

that were finally tracked; a ninth body site of interest at the middle of the tail was not further 
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considered for it was inconsistently placed by DLC (Supplementary Figure S3 and Supplementary 

Video S1). Additionally, the sticky tape was monitored both while attached to the mouse's forepaw 

during movement and after being removed, when it remained stationary following the mouse's active 

removal (Supplementary Figure S4). After an initial evaluation of the goodness of labelling, the auto-

matic labelling was refined manually by correcting the frames that were not visually correctly posi-

tioned, and by adding videos thought to capture challenging scenarios for pose prediction. Each la-

belling training consisted of 200,000 iterations, and evaluation consisted in a split of data into com-

puting training (80%) and testing (20%) by DLC. This active-learning process was done iteratively 

until optimal results were achieved. 

Next, all videos were analyzed with the trained neural networks. For each video, the (x, y) coordinates 

of each one of the labels on every frame, together with the corresponding likelihood indicating the 

algorithm’s confidence in the prediction, were obtained. Additionally, a second network was trained 

to estimate the position of box edges with the aim to automatize the conversion of pixels to centime-

ters of the mice body parts and the tape coordinates. DLC data extraction was performed by biomed-

ical engineering and computational and applied physics experts who were blinded to each animal’s 

allocation into the non-stroke, mild stroke, or severe stroke groups. 

DLC results from mice pose estimation were manually assessed by randomly selecting a single frame 

for each video and plotting the label coordinates. Each body part estimate was categorized as true or 

false by two investigators in an independent manner to determine if the label was correctly placed by 

DLC. 

Post-processing for features extraction 

DeepLabCut (DLC) assignment of the tail midpoint label were not satisfactory (Figure S3). Files re-

sulting from DLC were processed and analyzed in MATLAB R2022b and R 4.2.2 as follows: 1) a 

coordinate with a likelihood <0.95 was excluded and instead estimated using lineal interpolation of 

the preceding and subsequent coordinates; 2) paw positions were relabeled (right/left and front/hind) 

based on the nose and bottom coordinates.  

Body part positions were converted from pixels to centimeters using the results from the box vertices 

position extracted with DLC and the known distances between them. Then, distances between several 

body parts were estimated for each video and frame, and videos rendering distances between body 

parts above threshold limits imposed (see Supplementary Table S2) in more than 10% of the frames 

were excluded from subsequent analyses.Code used for processing and analyses is available at 

https://github.com/nmercadeb/DeepLabCut_to_predict_stroke_on_mice. 

Computational prediction models 

We constructed two predictive models: one to determine the occurrence of stroke, and a second one 

to predict the severity using a prediction of the percentage of brain volume affected (BVA). 

For each mouse, the variables descriptive of its behaviour (Supplementary Table S1) were treated 

separately according to test recording time after H/I. Comparisons between groups and before and 

after H/I were done (Figure 4 in the main text) to obtain the stroke-modified behaviour measures to 

be used as potential predictors. Only the measures obtained 24, 48 and 72h after the H/I procedure 

https://github.com/nmercadeb/DeepLabCut_to_predict_stroke_on_mice
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were run in the prediction model. The set of selected potential predictors was introduced into a Least 

Absolute Shrinkage and Selection Operator (LASSO) regression to select the predictor variables. For 

the stroke occurrence model, we used logistic LASSO regression, and for the BVA model a linear 

LASSO regression was used. In both cases, LASSO was performed 200 times using 5-fold cross val-

idation. Variables that were selected in more than 75% of the iterations were chosen as predictors for 

the corresponding model. 

Both models were evaluated by choosing randomly 80% of the mice to fit the logistic/linear regres-

sion model. This model was later used to predict the stroke/BVA outcome in the other 20% of mice. 

This process was repeated over 200 iterations. 

The goodness of both models was assessed according to the train and test parameters obtained. Train 

parameters refer to the values obtained when all available data is used to train and predict, while test 

parameters are based on the prediction results obtained when data is repeatedly split into 80% to train 

and 20% to test the prediction. Reported parameters for the stroke occurrence model were accuracy 

(ACC), specificity (SP), sensitivity (SE), and positive and negative predicted values (PPV and NPV, 

respectively), while for evaluating the BVA model we used R2, R2 adjusted, and the root mean square 

error (RMSE). 
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Figure S1. Pilot experiment showing correlation between infarct volume induced by H/I ex-

posure and researcher-measured tape removal (TR) time of the contralateral forepaw. 

(A) Representative frame from a video of the pilot experiment; twelve mice exposed to H/I in con-

ditions similar to those specified in Materials & Methods were used. In this pilot experiment, mice 

were exposed to the TR test in a caging (translucent) box and videos were recorded (up 60 s) from 

below using a camera located in angle and used for researcher annotation. (B) A significant correlation 

was found between researcher-measured TR time of the contralateral forepaw and infarct volume as 

measured by TTC staining. 
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Figure S2. Infarct volume/outcome induced by H/I exposure and researcher-measured tape 

removal (TR) time of the contralateral forepaw in the main experiment. 

(A) Stacked bar showing the percentage (%) of the H/I-exposed mice that developed stroke (50%) 

and those that did not (50%); these percentages are expected in this model. (B) Graph showing the 

variability of the individual infarct volumes induced in the mice that developed stroke; mean (SD) 

infarct volume was 27.8% (16.6%) (closed circles: mice assigned to mild stroke, open circles: mice 

assigned to severe stroke); mean and SEM is shown. (C) Significant correlation between TR time of 

the contralateral forepaw and infarct volume in percentage of the hemisphere (in this main experiment 

and to allow automated DLC-tracking, mice were exposed to the TR test in a transparent wall box 

and videos were recorded from below, orthogonally to the center of the box bottom; see Supplemen-

tary Video S1). 
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Figure S3. Representative images of the DeepLabCut (DLC) assignment of the tail midpoint 

label.  

White rectangles enclose the tail and white circles enclose the tail midpoint label. Note that the label 

assignment to tail midpoint is misplaced is many frames so this reference point was not considered 

for further analyses. 
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Figure S4. Representative images of the processing of videos during DeepLabCut (DLC) la-

belling and tracking.  

Video frames of a mouse in the tape removal test; white arrows indicate the position of the adhesive 

tape. Top images show the mouse with the tape attached to the paw (A) before and (B after DLC 

assignment of labels. Bottom images show the mouse once it has removed the tape (C) before and 

(D) after DLC assignment of labels. Note that on (B), the labels of the right forepaw and the tape 

overlap. 
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Figure S5. The tape removal (TR) test detects impairment in both ischemic and hemorrhagic stroke 

mice models.  

(A) The tape removal (TR) test detects the neurological impairment of H/I stroked mice as compared 

with the no stroke mice. Interestingly, the TR test also detects the neurological deficit of mice exposed 

to intracerebral hemorrhagic stroke (ICH). *** p<0.005 H/I and ICH stroke vs no stroke; mean and 

SEM are shown. (B) Representative images of coronal ex vivo (top) and MicroCT (bottom) sections 

of a mouse brain with ICH; hemorrhage appears red on the top image and hyperdense on the bottom 

image. (C) No correlation was found between the functional impairment-based prediction of the brain 

volume damaged and the volume of hemorrhage quantified based on deep red (DR) or extensive red 

(ER) areas. (D) No correlation was found between the hemoglobin concentration in homogenates of 

the ipsilateral hemisphere and the volume of hemorrhage quantified based on deep red (DR) or ex-

tensive red (ER) areas. 
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Figure S6. Method to automate the decision of which is the first frame to be analyzed by 

DLC.  

The analysis of the pixels along the first seconds of video acquisition allows to detect automatically 

the frame at which the arm of the researcher is no longer seen and the frame at which the TR test 

counting should start. 

The timelines of the tape removal test videos show the initial frames depicting only the box (left 

image), followed by frames depicting both the mouse and the researcher’s arm when introducing the 

mouse in the box (middle image), and afterwards the frames when the mouse moves freely after the 

researcher’s arm is no longer visible (right image). The peak in the Figure S6 graph represents the 

maximum exposure of the researcher’s arm. Frames around this maximum were visualized by expe-

rienced researchers manually to decide, according to previous experience, at which frame the video 

should start to be processed to determine the tape removal time. The frame of choice was placed 

between the maximum and the first third part of the peak when decreasing. Therefore, the equation 

proposed to automate the first frame in the videos to be considered for further processing is the 

following: 

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐹𝑟𝑎𝑚𝑒 = |
𝑓𝑟𝑎𝑚𝑒(𝑚𝑎𝑥) − 𝑓𝑟𝑎𝑚𝑒(min)

3
| + 𝑓𝑟𝑎𝑚𝑒(max) 

where frame(max) is the frame at which the sum of the pixels is maximum, and frame(min) is the first 

frame close to 0 after the maximum. A comparison of the frame chosen manually and automatically 

results in a mean delay of 0.1 seconds. 
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Table S2. Features of the mice’s activity extracted computationally from the video recordings in the 

tape removal test 
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Table S3. List of thresholds for the distances between body parts considered non-realistic to curate 

data obtained after DLC pose estimation. Exceeding these thresholds recommended to exclude either 

the videos or subsequent data filters. FC paw: contralateral forepaw, FI paw: ipsilateral forepaw, HC 

paw: contralateral hindlimb, HI paw: ipsilateral hindlimb 
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Tables S4: Means ± SD (SEM) in the main H/I experiment 

Body weight change (%) 

 Pre 24 h 48 h 72 h 

No stroke (n=12) 
100.0±7.4 

(2.1) 
96.6±2.5    

(0.7) 
95.8±2.5   

(0.7) 
96.0±2.8    

(0.8) 

Mild stroke (n=6) 
99.3±10.4 

(4.3) 
93.1±0.9    

(0.4) 
92.3 ±1.9  

(0.8) 
94.9 ±1.9   

(0.8) 

Severe stroke (n=6-7) 
100.6±8.0 

(3.0) 
88.8±4.2    

(1.6) 
85.5 ±6.5   

(2.5) 
85.7±8.9    

(3.4) 
 

Tail hanging: contralateral turns (%) 

 Pre 24 h 48 h 72 h 

No stroke (n=12) 
39.3±19.6 

(5.6) 
32.9±25.0  

(7.2) 
43.3±25.6  

(7.4) 
51.3±29.0 

(8.4) 

Mild stroke (n=6) 
31.1±14.9 

(6.1) 
65.6±38.8 

(15.8) 
61.9±36.7 

(15.0) 
59.4±27.4 

(11.2) 

Severe stroke (n=5-7) 
44.3±16.7 

(6.3) 
80.7±26.0 

(15.8) 
84.4±26.2 

(10.7) 
90.0±24.5 

(10.0) 
 

Rotarod: time to fall (s) 

 Pre 24 h 48 h 72 h 

No stroke (n=12) 
47.3±15.2 

(4.4) 
49.5±15.9 

(4.6) 
44.9±10.9   

(3.1) 
42.8±11.9 

(3.4) 

Mild stroke (n=6) 
46.5±10.8 

(4.4) 
43.9±19.1 

(7.8) 
52.7±25.6 

(10.4) 
50.4±17.4 

(7.1) 

Severe stroke (n=6-7) 
42.7±16.5 

(6.2) 
25.9±14.6 

(6.0) 
31.6±23.8   

(9.7) 
32.0±11.4 

(4.7) 
 

Tape removal time: contralateral (s) 

 Pre 24 h 48 h 72 h 

No stroke (n=11-12) 
18.4±19.4 

(5.6) 
7.7±4.5     

(1.3) 
10.5±6.0     

(1.7) 
8.4±4.2     

(1.2) 

Mild stroke (n=6) 
27.8±28.0 

(11.4) 
49.3±34.2 

(14.0) 
58.8±46.3 

(18.9) 
37.9±38.2 

(15.6) 

Severe stroke (n=6-7) 
11.4±4.1 

(1.6) 
92.7±43.8 

(17.9) 
122.7±25.6 

(10.4) 
93.3±18.9 

(7.7) 
 

Tape removal time: ipsilateral (s) 

 Pre 24 h 48 h 72 h 

No stroke (n=11-12) 
20.4±23.4 

(6.7) 
8.6±4.6     

(1.4) 
10.2±6.4     

(1.8) 
8.6±4.9     

(1.4) 

Mild stroke (n=6) 
24.8±21.5 

(8.8) 
23.7±9.4   

(3.9) 
43.0±62.3 

(25.4) 
13.6±8.3    

(3.4) 

Severe stroke (n=6-7) 
22.7±24.1 

(9.1) 
21.7±13.0 

(5.3) 
63.8±59.8 

(24.4) 
34.5±20.5 

(8.4) 
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Table S5: Means ± SD (SEM) Figure S5A 

Tape removal time: contralateral front paw (s) 

 Pre 24 h 48 h 72 h 

No stroke (n=11-12) 
18.4±19.3 

(5.6) 
7.3±4.4     

(1.3) 
10.1±6.1   

(1.8) 
7.9±4.2)   

(1.2) 

H/I stroke (n=12) 
18.1±17.5 

(5.0) 
53.3±22.4 

(6.5) 
57.1±20.6 

(6.0) 
50.3±25.2 

(7.3) 

ICH stroke (n=15) 
15.6±8.9   

(2.3) 
61.3±20.4 

(5.3) 
49.9±21.7 

(5.6) 
45.0±22.8 

(5.9) 

  

  

  



 

 

 

MANUSCRIPT III

 
 

Establishing an endovascular model of intracerebral hemorrhage 

in swine for translational stroke research



Results – Manuscript III                         

198 

 

 

  



Results – Manuscript III 

199 
 

R
es

u
lt

s 

Article- Short communication format 

 

Establishing an endovascular model of intracere-
bral hemorrhage in swine for translational stroke re-
search 

Alexia García-Serran, DVM1 ; Carlos Castaño, MD PhD2; Marc Melià-Sorolla, PhD1

; Núria DeGregorio-Rocasolano, PhD1 ; Octavi Martí-Sistac, PhD1,3 ; Teresa Ga-
sull, PhD1*  

Background: Intracerebral hemorrhage (ICH) is a devastating condition caused by the sudden spill-
over of blood in the brain parenchyma. It remains among the leading causes of disability and death. 
Until now, most of the new experimental therapies for stroke tested in rodents have not achieved a 
positive result in clinics. Most ICH models require craniotomy surgeries, thus altering the intracranial 
blood pressure and not mimicking the human pathology. To have a successful bench-to-bedside pro-
cess, it is recommended to test new therapies in big animal models with human-like characteristics, 
like swine models (which also develop coronary disease similar to humans). We intended to establish 
an alternative endovascular approach to generate a new ICH model in pigs, mammals with gyrence-
phalic brains, and a comparable proportion of white-to-gray matter ratio to humans.  
 

Methods: To establish an ICH model in pigs, catheterization of the cerebral venous vasculature was 
performed, under angiography guidance, in order to access the thalamostriatal vein. The vein was 
then perforated, and 1.5 mL of arterial blood was injected. In vivo Magnetic Resonance Imaging (MRI) 
was conducted at different time points. Blood samples were collected at designated intervals, and 
brains were obtained at the end of the experiment. Iron-related proteins were determined by immuno-
histofluorescence (IHF), transferrin levels, and transferrin saturation in blood (TSAT) by Western 
Blot, and platelet factor 4 (PF4) by ELISA.  
 

Results: We successfully accessed various brain regions through the pig’s venous vasculature. Our 
ICH model reliably induced ICH in all the pigs, confirmed by contrast extravasation into the brain 
parenchyma on rotational angiography and by MRI sequences (FLAIR, Axial T2*, DWI, ADC) as 
early as 1 hour post-ICH. This minimally invasive approach enabled hemorrhage induction in differ-
ent brain regions, including striatum and occipital cortex, leading to neurological impairment without 
hemorrhage volume increase at 24 hours nor systemic plaquetary activation at 1 hour post-venous 
perforation. Blood and brain analysis of iron-related proteins revealed a significant increase in the 
percentage of serum TSAT at 1 hour after ICH onset, as well as an increase in the transferrin and 
ferritin amount in the perihematomal area at short timepoints. 
 

Conclusions: We have successfully developed a novel ICH model in pigs using a minimally invasive 
endovascular approach without using craniotomy and we have evaluated effects on iron-related pa-

rameters and platelet activation. 
  

1 Cellular and Molecular Neurobiology Research Group, Department of Neurosciences, Germans 

Trias i Pujol Research Institute (IGTP), Universitat Autònoma de Barcelona (UAB), Badalona, Spain.  
2 Interventional Neuroradiology Unit, University Hospital Germans Trias i Pujol, Badalona, Spain.  
3 Department of Cellular Biology, Physiology and Immunology, UAB, Bellaterra, Spain.  

 e-mail: tgasull@igtp.cat or teresagasull@yahoo.com  
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Introduction 

Intracerebral hemorrhage (ICH) is the deadli-
est subtype of stroke, accounting for signifi-
cant morbidity and mortality worldwide 1,2. 
While many clinical trials focus on medical 
management 2, only a few specifically target 
secondary brain injury, and most of these tri-
als have not yielded significant improvements 
3. This lack of progress is partly due to the re-
liance on rodent models in preclinical re-
search, which have lissencephalic brains and a 
relatively high proportion of gray matter, mak-
ing them less representative of the human 
condition 4. The Stroke Therapy Academic In-
dustry Roundtable (STAIR) recommends the 
use of large animal models, whose brains are 
more similar to the human, in order to im-
prove the translation of preclinical findings to 
clinical applications 5.  

Currently, ICH stroke-pig models primarily 
rely on craniotomy for autologous blood or 
collagenase intracerebral injection to mimic 
human pathology 4,6–11. However, these meth-
ods are invasive and can alter intracranial 
blood pressure 12, posing significant limita-
tions. Additionally, catheterizing pig cerebral 
arteries is challenging due to the presence of 
the rete mirabile (RM), which complicates ac-
cess to the brain’s vascular system 13. In this 
study, we aimed to develop an alternative, less 
invasive, endovascular approach to generate a 
novel ICH model in pigs, which are omniv-
orous and diurnal animals with gyrencephalic 
brains and have a more comparable white-to-
gray matter ratio to humans than rodents. This 
new model will provide a more accurate plat-
form for studying ICH pathophysiology and 
evaluating therapeutic interventions. 

Methods 

In this study, five pigs (3-month-old castrated 
males and females) were used to model intrac-
erebral hemorrhage. For the neurointerven-
tional procedure, a catheter was navigated 
through the transverse sinus (TS), vein of Ga-
len (GV), and internal cerebral veins (ICV) to 
the thalamostriate veins (TSVs). An intracere-
bral hemorrhage was induced by perforating 
the TSV in the right hemisphere at specific lo-
cations as assessed using the digital subtrac-
tion angiography (DSA) to determine whether 
the catheter tip was in the venous system close 

to the cortical lobe or in a deeper striatal loca-
tion, followed by autologous arterial blood in-
jection to simulate hemorrhage. Magnetic 
Resonance Imaging (MRI) scans were per-
formed at several time points post-occlusion 
to measure hemorrhagic volumes using 3D 
Slicer software. Blood samples were collected 
before and after the ICH to assess physiolog-
ical parameters and molecule levels, including 
the percentage of serum transferrin saturation 
(TSAT), transferrin (Tf), and platelet factor 4 
(PF4) via Western blot and ELISA analysis.  

At the end of the experiment, brain samples 
were collected and fixed for immunohisto-
fluorescence (IHF) analysis of transferrin and 
ferritin.  

Approval for animal experimentation and de-
tailed descriptions of the methods can be 
found in the Supplementary Material. 

Results 

Reaching the brain venous system 

Access to the cerebral venous system was suc-
cessfully achieved in all pigs in this study via 
the internal jugular vein (IJV) (Figure 1A-C 
and Supplementary video S1), as previously 
described by Pasarikovski 14 and Fries 15. In 
80% of the cases, access was feasible through 
the right IJV, while in the remaining 20%, the 
left IJV was used; in both cases, the right hem-
isphere was reached.  

Consistent with previous reports, we ob-
served that the cerebral venous system of pigs 
closely resembles that of humans across all an-
imals studied, regardless of sex. Furthermore, 
navigation through the brain venous system 
was successfully performed, revealing an ex-
tensive distribution within the brain paren-
chyma (Figure 1D). 

Establishment of intracerebral stroke 
models 

After successfully accessing the cerebral ve-
nous system, we advanced the catheter into 
the TSV (Figure 2A and Supplementary 
video S2) and subsequently navigated to the 
targeted parenchymal region. Given that the 
most common intracerebral hemorrhages oc-
cur in deep brain structures 16, we aimed to 
replicate this distribution. 
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Figure 1. Endovascular access to the brain venous circulation. (A) digital subtraction angiography 
of the brain venous system. Cerebral brain vasculature exhibited similarities to that of humans, 
allowing identification of the superior sagittal sinus (SSS), inferior sagittal sinus (ISS), straight 
sinus (StS), vein of Galen (GV), transverse sinus (TS), sigmoid sinus (SiS), thalamostriate vein 
(TSV), internal cerebral vein (ICV), basilar vein (BV), and internal jugular vein (IJV). (B) Access 
to the cerebral venous circulation through the IJV (catheter depicted in blue for clarity), and (C) 
direct connection between the IJV and the SiS (entrance surrounded by a blue circle). (D) Angi-
ography and schema of the cerebral arteries, the rete mirabile (RM) prevents catheter passage to 
the cerebral arteries. Abbreviations: posterior communicating artery (PComA), posterior cerebral 
artery (PCA), ascending pharyngeal artery (APA), middle cerebral arteries (MCAs), and internal 
cerebral artery (ICA). 
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While venous rupture leads to venous blood 
extravasation, intracerebral hemorrhage in hu-
mans typically results from arterial rupture 17. 
To achieve a more translationally relevant 
model, 1.5 mL of autologous arterial blood 
was injected at a rate of 0.5 mL/min in lobar 
or subcortical areas (Figure 2B). 

This procedure resulted in hemorrhages cor-
responding to 4.85% of the ipsilateral hemi-
sphere (Figure 2C), with blood accumulation 
observed in various locations, including lo-
bar/cortical, striatal, subcortical, and intra-
ventricular regions (Supplementary Figure 
S1). The autologous injected blood was clearly 
visible during the procedure due to contrast 
extravasation (Supplementary Figure S2) 
and was further confirmed by rotational angi-
ography (computed tomography (CT)-like re-
construction) performed immediately after 
hemorrhage induction (Figure 2D). 

At 90 minutes post-induction, hemorrhages 
were visualized across multiple MRI se-
quences, including fluid-attenuated inversion 
recovery (FLAIR), axial T2*-weighted 
(AxT2*), axial T2 post-gadolinium contrast 
(AxT2PostGd), apparent diffusion coefficient 
(ADC), diffusion-weighted imaging (DWI), 
and flow-sensitive black blood (FSBB) imag-
ing. Among these, the AxT2* sequence pro-
vided the clearest hemorrhagic visualization 
(Figure 2D and Figure 3B, left). 

Hemorrhage evolution 

The hemorrhage was visible during all MRI 
scans, though its appearance changed over 
time (Figure 3A). In the hyperacute phases 
(90 minutes post-induction), the hemorrhage 
appeared as a hypointense region on MRI 
(Figure 3A, 90 minutes and Figure 3B, left). 
However, after several weeks, both hy-
pointense and hyperintense areas were ob-
served (Figure 3A, 2 weeks), especially in the 
pigs in which we induced subcortical hemor-
rhage. The hyperintense regions did not cor-
respond to a residual blood clot (Figure 3B, 
right) but likely represented released blood 
components during hematoma clearance, 
such as hemoglobin and iron.  

No evidence of hemorrhage expansion was 
observed in the MRI performed at 24 hours 
compared to the scan at 90 minutes, 

suggesting that the presence of the blood that 
we administered into the brain parenchyma 
does not induce vessel damage that produces 
additional bleeding (Figure 3C). 

Neurological signs 

Neurological signs in pigs began to manifest 
at 4 hours post-ICH induction and persisted 
for up to 3 days. Observed symptoms in-
cluded head lateralization, nystagmus, ataxia, 
ipsilateral circling, trembling, menace re-
sponse, and head shaking. A representative 
video of pig behavior is provided in Supple-
mentary Video S3 and Supplementary Fig-
ure S3.  

Changes in secondary brain injury-related 
proteins 

Blood degradation products, including iron 
and coagulation components, are released 
over time. We investigated whether iron-re-
lated molecules such as transferrin (Tf), ferri-
tin (FT), or platelet factor 4 (PF4) showed 
changes.  

Early after the ICH induction, we observed a 
reduction of PF4 in all the pigs, indicating al-
terations in the systemic platelet response 
(Figure 4C). Other parameters of the coagu-
lation, such as antithrombin/thrombin activ-
ity, might be difficult to assess as heparin is 
used in the model to prevent clot production 
during the endovascular approach. Pigs with 
ICH seem to increase Tf levels in serum in a 
time-course study, beginning at 24 hours and 
persisting up to 2 weeks post-hemorrhage 
(Figure 4A); this will be verified in the next 
months when increasing the cohort of pigs ex-
posed to this model of ICH. To further assess 
iron parameters, we measured TSAT in blood. 
A significant increase in TSAT was detected 
in a time-course study as early as 1 hour post-
ICH induction, compared to both the sham 
(p<0.01) group and the baseline sample (-1 
hour) (p<0.05) (Figure 4B and D).  

An increase in the Tf levels was also observed 
in perihematomal areas in the brain 
parenchyma (Figure 5A), and ferritin in 
NeuN+ cells in the ipsilateral hemisphere (IL) 
versus the contralateral hemisphere (CL). 
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Figure 2. Development of the intracerebral hemorrhagic model. (A) Route of the catheter to the 

deep venous circulation through the sigmoid sinus (SiS), straight sinus (StS), and vein of Galen (GV) 

to reach the internal cerebral vein (ICV), and finally the thalamostriate veins (TSV). (B) Graphical 

representation of the rupture of the target vein and the injection of 1.5 mL of autologous arterial 

blood at a rate of 0.5 mL/min. (C) Quantification of the hemorrhagic volume (4.85% of the total 

brain (n=5)), comparable to human large hemorrhage volumes (>30 mL). (D) Visualization of the 

hemorrhage (see yellow arrows) in the rotational study performed in the angiography room and in 

different magnetic resonance imaging (MRI) sequences, including fluid-attenuated inversion recov-

ery (FLAIR), axial T2-weighted post-gadolinium (AxT2PostGd), axial T2*-weighted (AxT2*), ap-

parent diffusion coefficient (ADC), diffusion-weighted imaging (DWI), and flow-sensitive black 

blood (FSBB). The contrast extravasation in the coronal slide of the rotational study (D, right-

bottom, surrounded by a yellow square) corresponded to the hemorrhage visualized in the coronal 

slide of the AxT2* sequence (D, right-top, sorrounded by a yellow square). 
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Figure 3. Hemorrhage evolution. (A, left) Dorsal cut angiographies of hemorrhage induction, with the 

catheter highlighted in red to ease visualization of the route. For cortical hemorrhage, access to the brain 

venous circulation was through the left internal jugular vein (IJV), while for subcortical hemorrhage, access 

was through the right IJV. (A, right) Evolution of the hemorrhages was assessed using the axial T2*-

weighted (AxT2*) sequence at 90 minutes, 1 day, 1 week and 2 weeks post-ICH. (B) Hemorrhage (see 

blue arrows) at different time points (4 hours and 2 weeks post-ICH) in ex vivo coronal brain slices was 

compared with the hemorrhage visualized in the coronal brain slices from AxT2* sequence obtained just 

before euthanasia. (C) Quantification of the hemorrhagic volume at 90 minutes and 1-day post-ICH (n=2). 
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Discussion 

Gyrencephalic swine models provide a valua-
ble bridge for translating preclinical stroke re-
sults into clinical applications. Several porcine 
models of hemorrhagic stroke have been de-
veloped, most of which involve highly inva-
sive procedures requiring specialized person-
nel and direct injection of autologous blood or 
collagenase into the brain via craniotomy, re-
quiring a pig-specific stereotaxic frame 6–11. 
Also, craniotomy increases the risk of infec-
tion 18 and reduces translational relevance, as 
it does not accurately mimic the pressure-de-
livered mass effect associated with the intrac-
erebral hemorrhage in an intact skull 16. In 
fact, decompressive craniotomy is often used 
in clinical practice to reduce intracranial pres-
sure and improve patient outcomes in cerebel-
lar hemorrhages 12. 

We aimed to create a less invasive, endovascu-
lar pig model of ICH that better mimics hu-
man pathology, offering a more relevant plat-
form for studying ICH mechanisms and test-
ing treatments. 

Along the literature, and also previous results 
from our group, demonstrate that current 
commercially available catheters cannot reach 
the circle of Willis in pigs, and thus, the intra-
cranial arteries, due to the presence of the rete 
mirabile 13. However, studies by Pasarikovski 
and Fries showed that endovascular access to 
the venous brain vasculature, specifically to 
the SSS via the IJV, is feasible with commer-
cially available catheters in swine (Figure 1B) 
14,15. Building on this, we successfully devel-
oped a minimally invasive porcine ICH model 
using endovascular access, reaching the TSV 
and perforating it in the desired region of the 
brain (Figure 2B). This novel approach al-
lows for the induction of different ICH sce-
narios, including lobar, striatal, and intra-
ventricular hemorrhages (IVH) (Supplemen-
tary Figure S1) 17,19.  

The method was feasible in 100% of the ani-
mals, either through the right IJC (80% of the 
animals) or the left (20% of the animals) (Sup-
plementary Video S1). This is similar to the 
previus reported by Wang et al. describing that 
some swines had a narrow venous passage be-
tween the IJV and the distal spinal venous 

plexus and allowing only to pass some micro-
catheters to reach the cerebral venous sinus 20. 

In clinical practice, ICH most commonly re-
sults from the rupture of an intracranial artery 
1,19,21,22. To recapitulate human ICH, and since 
venous perforation alone would induce ve-
nous bleeding, we injected 1.5 mL of autolo-
gous arterial blood at a controlled rate to bet-
ter mimic clinical hemorrhagic conditions. We 
assessed that when only the perforation of a 
vein was performed, the bleeding was non-sig-
nificant (Figure 3C) despite the use of hepa-
rin during the ICH induction procedure. This 
is notable considering that anticoagulation 
therapy has been shown to increase the risk of 
secondary hemorrhage 23. Our results allow to 
demonstrate that ICH by endovascular ap-
proach does not increase the systemic platelet 
activation, as assessed by measuring levels of 
PF4; in fact, we found reduced levels of PF4 
after the ICH, in agreement with clinical stud-
ies showing lower platelet counts in ICH pa-
tients than control patients 24,25. 

The severity and clinical presentation of ICH 
depend on hemorrhage volume and location. 
We found that blood deposition performed in 
lobar locations is contained around the initial 
administration area, whereas the striatally-ad-
ministered blood reaches the ventricular sys-
tem (IVH). In human patients, lobar hemor-
rhages are associated with neurological defi-
cits such as visual neglect, hemianopia, and 
contralateral gaze preference 16,19; these symp-
toms align with the findings produced by our 
ICH swine model. The gaze preference results 
in a marked circling towards the ipsilateral 
hemisphere that can be quantified (Supple-
mentary Video S3 and Supplementary Fig-
ure S3). Furthermore, IVH is linked to partic-
ularly high mortality rates and poor functional 
outcomes 2,16,22. In our study, pigs with IVH 
exhibited severe neurological deterioration 
and were euthanized according to the pre-es-
tablished welfare assessment threshold score 
within 4 hours post-ICH following MRI con-
firmation of hemorrhage extent.  
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Figure 4. Changes in plasma and serum iron and coagulation-related molecules. (A) Representative 

Western Blot (WB) showing variations in transferrin (Tf) levels in serum samples at different time 

points post-ICH, along with its quantification. (B) Percentage of transferrin saturation (TSAT) over 

time before and after ICH induction; # p<0.05 vs. baseline sample (-1 hour) (repeated measures two-

way ANOVA), ** p<0.01 vs. Sham (repeated measures two-way ANOVA). Mean and SEM are 

shown. (C) Graph showing variations in the concentration of platelet factor 4 (PFA4) in plasma 

samples at baseline (-1 hour) and 1 hour after ICH induction ** p<0.01 vs. baseline sample (-1 hour) 

(paired t-test). Mean and SEM are shown. (D) Representative U-PAGE/WB showing the electro-

phoretic pattern of transferrin isoforms (apotransferrin, ATf; monoferric transferrin, mFe-Tf; and 

diferric transferrin or holotransferrin, HTf) in serum pig samples at different time points post-ICH 

(indicated with a yellow square). In-lab prepared pig standards are loaded in the first two lanes, and 

each sample was loaded as naïve, with the iron removed (- Fe), and with iron loaded (+ Fe), which 

changes all transferrin to ATf or diFe-Tf, respectively. Representative sham samples are also shown 

(with a blue square), including baseline samples and those taken after 4.5 hours of anesthesia (4.5h 

iso), which corresponds to the 1-hour post-ICH sample. Full gels are available in the Supplementary 

material. 
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During the procedure of ICH induction, con-
trast was used to identify the desired area of 
brain parenchyma to produce the hemor-
rhage, then the blood was injected, and expan-
sion of contrast was visualized (Supplemen-
tary Figure S2). Subsequently, the location of 
the hemorrhage was confirmed using MRI 
(Figure 2D). Axial T2*-weighted sequences 

were employed to determine hemorrhage vol-
ume, which was found to span an average of 
4.85% ± 0.75 of the ipsilateral hemisphere 
(Figure 2C). This proportion is comparable 
to large human hemorrhages exceeding 30 
mL, which represent approximately 4.44% of 
the ipsilateral human brain (2.23% of the total 
human brain volume ~1,345 cc) 1,2,26. 

C 

Figure 5. Changes in brain iron-related molecules. (A) Representative immunohistofluorescence im-

age expressing transferrin in an ex vivo coronal brain cut. The green square in the MRI and ex vivo 

images corresponds to the analyzed area. (B) Graph showing Ferritin optical density levels in NeuN+ 

neurons relative to the total cells. * p<0.05 ipsilateal (IL) vs. contralateral (CL) (t-test). Mean and 

SEM are shown. (C) Representative immunohistofluorescence images of ROI’s for analysis of ferri-

tin expression. 
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MRI findings were consistent with the ex-
pected evolution of hemorrhagic lesions. In 
hyperacute (2-hour) and acute (1-day) phases, 
hemorrhages appeared hypointense on Axial 
T2*-weighted images. During the early sub-
acute (1-week) and later subacute (2-week) 
phases, lesions show mixed hyperintense and 
hypointense signals, reflecting the breakdown 
of blood components such as hemoglobin and 
iron 27 (Figure 3A and B). Remarkably, no hy-
pointense or hyperintense regions were ob-
served on DWI/ADC or FLAIR sequences, 
suggesting the absence of ischemic regions or 
excitotoxic damage (Figure 2D).  

Iron metabolism plays a crucial role in second-
ary brain injury following ICH, showing both 
central and systemic changes. 

Of note, the iron-related molecules, transfer-
rin and ferritin, were also increased in the 
brain ipsilateral hemisphere parenchyma com-
pared to the contralateral hemisphere of each 
one of the pigs in the study. This is probably 
due to blood extravasation, as transferrin is a 
protein that transports iron through the 
blood, and due to the vessel rupture and blood 
is accumulated in the perihematomal area. 
Iron is also one of the main components re-
leased 22. The iron accumulation in the brain 
parenchyma induced the expression of iron-
storage proteins such as ferritin 28. The in-
crease in ferritin was observed at 4 and 2 
hours after ICH. 

Here, we present a new minimally invasive 
porcine ICH model with the potential to rep-
licate several clinical hemorrhage location sce-
narios while maintaining a more clinically rel-
evant pathophysiology. Unlike conventional 
craniotomy-based models, our approach pre-
serves intracranial integrity, avoiding surgical 
decompression effects that could alter ICH 
progression. Additionally, the use of gyrence-
phalic, diurnal animals with a white-to-gray 
matter ratio closer to humans enhances the 
translational potential of this model. 

Limitations of the study 

The primary limitation of this study is the 
modest sample size and the use of domestic 
pig strains, which limits the age of the animals, 
requiring the use of juvenile animals. How-
ever, this limitation could be addressed in 

further studies by using minipigs, which reach 
adult body weights of 40 kg while maintaining 
a cerebral vasculature comparable to domestic 
pigs and to humans 13.  
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Material and methods 

Animals 

In this study, we utilized five 3-month-old female and castrated male Duroc x Landrace pigs with an 

average weight of 40.1 ± 3.3 kg from Mir Ramadera (Tona, Spain). These pigs were housed under 

controlled standard conditions of temperature, humidity, and photoperiod, with ad libitum access to 

food and water. Upon arrival at the Comparative Medicine and Bioimage Centre of Catalonia 

(CMCiB), the animals were allowed to acclimate undisturbed in their pens for a minimum of one 

week. 

The animal experiments received were approved by both the Animal Research Ethics Committee 

(CEEA) of the Germans Trias i Pujol Research Institute (IGTP) and the Catalan Government (ref-

erence 10671, FUE-2019-01138108 and ID 26Q7BHRXN). The experiments were conducted in a 

randomized manner and adhered to international guidelines (EU Directive 2010/63/EU) at the 

CMCiB. Additionally, we followed the ARRIVE guidelines (https://arriveguidelines.org/) and ad-

hered to the 3Rs principles (Reduce, Refine, Replace) in laboratory animal research. 

Throughout all the procedures (preoperative, neurointerventional, and MRI), vital signs were contin-

uously monitored under general anesthesia. These included electrocardiogram, heart and respiratory 

rates, oxygen saturation, capnography, body temperature, and non-invasive arterial blood pressure. A 

forced-air warmer (Bair Hugger 77514 240 V-SPA-A; Minnesota Mining and Manufacturing Com-

pany, 3M; Saint Paul, MN, USA) was used to maintain body temperature. 

Preoperative procedures 

The pre-neurointerventional procedures followed the protocol outlined by Castaño et al. 2023 1. 

Briefly, the pigs underwent a 12-hour fasting period before anesthesia administration. Premedication 

consisted of intramuscular (IM) administration of atropine (0.04 mg/kg), ketamine (3 mg/kg), dex-

medetomidine (0.03 mg/kg), midazolam (0.3 mg/kg), and buprenorphine (0.01 mg/kg). Once se-

dated, corneal ointment, IM antibiotic (tulathromycin, 2.5 mg/kg), and intravenous propofol 

(1mg/kg) were given. Additionally, a dermal fentanyl patch (2 µg/kg/h) was applied for analgesia. 

For tracheal intubation, lidocaine spray was applied to the larynx to facilitate the procedure. After 

intubation, the pigs were connected to a closed mechanical ventilation system to maintain anesthesia 

with isoflurane (1.5 – 2%). Intravenous sterile saline solution was administered at 100 mL/h. The pigs 

were then transferred to either the large animal neurointerventionism room or the magnetic resonance 

imaging (MRI) room. 

Neurointerventional procedure 

The neurointerventional procedure was performed with the pig in a supine position. To prevent 

thrombus formation, a physiological saline containing 3,000 units of heparin was administered as a 

bolus during catheterization. 

Using ultrasound guidance, a 7F (French) sheath introducer (Prelude® Sheath Introducer PRO-7F-

11-035MT; Merit Medical; South Jordan, UT, USA) was inserted into both the right femoral vein and 

the left femoral artery. 
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For in vivo vascular imaging, a Canon Alphenix monoplane angiography systemTM (Canon Medical 

Systems Corporation; Ōtawara, Tochigi, Japan) was utilized, following the approach described by 

Pasarikovski et al. 2 to access the pig’s brain venous circulation. Briefly, a 7F Envoy guide catheter 

(778-256-00; Codman; Integra LifeSciences; Princeton, NJ, USA) placed in the artery was navigated 

into the left ascending pharyngeal artery without entering into the rete mirabile. Simultaneously, a sec-

ond 7F guide catheter and a Terumo glidewire (RadifocusTM Guide Wire M Standard 

RF*GA35183M; Terumo Corporation; Shibuya, Tokyo, Japan) were introduced into the right internal 

jugular vein. 

To visualize the interrelation between the sigmoid sinus (SiS) and the internal jugular vein (IJV), iodine 

contrast agent (Iodixanol; VisipaqueTM 320 mg/mL; GE Healthcare; Chicago, IL, USA) was injected 

through the Envoy catheter positioned in the left ascending pharyngeal artery. A second injection was 

administered via the catheter in the right IJV when the late-venous phase became visible. 

In order to access the brain venous circulation, we navigate through the transverse sinus (TS) using a 

Stryker Synchro2 guidewire (Synchro2® Strandard; 2641; Stryker Corporation; Kalamazoo; MI, USA) 

and a Microvention Headway® Duo microcatheter (Headway Duo! Microcatheter MC162156S; 

Terumo Corporation; Shibuya, Tokio, Japan) until reaching the superior sagittal sinus (SSS). Subse-

quently, we continued the navigation through the straight sinus (StS) and the vein of Galen (GV) to 

the internal cerebral veins (ICV) to reach the thalamostriate veins (TSV) (Figure 2.). 

Intracerebral hemorrhage 

The intracerebral hemorrhage was induced in multiple brain regions, including the lobes, striatum, 

putamen, and ventricles (Supplementary Figure S1). Once the catheter reached the intended loca-

tion, a targeted venous perforation was performed in the right hemisphere, followed by an iodine 

contrast injection to confirm extravasation. After this, 1.5 mL of arterial blood was extracted from 

the same animal at that moment and subsequently injected through the Headway® duo microcatheter 

at a rate of 0.5 mL/min to simulate hemorrhage. 

At the end of the intervention, all catheters were carefully removed. A final rotational angiography 

scan was performed to check the ICH. To prevent bleeding, manual pressure was applied to the 

femoral artery for 30 minutes before the animal was moved from the vascular radiology suite. 

Magnetic resonance imaging (MRI) 

MRI scans were performed on all animals using a Vantage Galan 3T (Canon Medical Systems) 

equipped with a 16-channel Flex SPEEDER coil. Imaging was conducted 90 min after ICH, and in 

cases of lobar hemorrhages, additional scans were performed at 24 hours, 1 week, and 2 weeks post-

ICH. The MRI protocol included multiple sequences: diffusion tensor imaging (DTI), fluid-attenu-

ated inversion recovery (FLAIR), T2*-weighted (T2*), 3D flow sensitive black blood (FSBB), and 

apparent diffusion coefficient (ADC). T2* images were used to measure hemorrhagic volume, utiliz-

ing the following parameters: TE = 12 ms, TR = 411 ms, 15 slices, slice thickness = 3 mm, inter-slice 

gap = 0.3 mm, in-plane resolution = 0.2 x 0.2 mm, matrix size = 320 x 256, field of view = 170 x 100 

mm, and a total scan time of 7 minutes and 24 seconds. 
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Postoperative care, follow-up, and euthanasia 

Following the neurointerventional and MRI procedures, anesthesia was reversed with an IM injection 

of atipamezole (0.1 mg/kg). Vital parameters, including pulse, reflexes, respiratory rate, and body 

temperature, were continuously monitored until they returned to normal. Once the swallowing reflex 

was fully restored, the pigs were extubated and transferred back to their pens for overnight recovery 

under continuous video monitoring. 

To maintain body temperature during the early postoperative phase, pigs were initially covered with 

a thermal foil blanket. Later in their pens, pigs were provided with a heat lamp positioned 1.5 meters 

above the pen, which remained active for the first night post-surgery. Once fully alert, they had free 

access to food and water. 

Neurological function was assessed visually by veterinarians and researchers. Blood samples to eval-

uate physiological status and hematological changes were collected at multiple time points: before the 

procedure, 1 hour post-ICH, 24 hours, 1 week, and 2 weeks post-ICH. 

Comprehensive blood analyses were performed, including complete blood counts, hematocrit, plate-

let counts, hemoglobin, leukocyte, hemoglobin, blood urea creatinine (CRE), alkaline phosphatase 

(ALP), total bilirubin (TBIL), urea nitrogen (BUN), alanine aminotransferase (ALT), glucose (GLU), 

albumin (ALB), calcium (CA), aspartate aminotransferase (AST), total protein (TP), globulins 

(GLOB), and electrolytes. 

At the end of the study, euthanasia was performed via IV injection of sodium pentobarbital (200 

mg/kg). 

Hemorrhagic volume measurement 

The volume of infarcted tissue was quantified using Axial T2* MRI sequence, analysed with 3D Slicer 

software v5.6.1 (available at https://www.slicer.org/). Lesion volumes were manually delineated as 

hypointense regions in this sequence, taken at 90 min and 1 day post-occlusion. 

Blood sampling to assess Tf in blood 

Blood samples were collected from anesthetized swine from the cranial cava vein at multiple time 

points: prior to the ICH, and at 1 hour, 4 hours, 1 day, 1 week, and 2 weeks after ICH. The blood 

samples were processed to obtain serum or EDTA plasma, which were then aliquoted and stored at 

-80°C for future analysis. 

Sham 

The pigs of the sham group underwent the same preoperative procedure and were then kept anesthe-

tized for 5 hours (n=4). Blood samples were obtained at baseline (-1 hour) and at 4.5 hours of anes-

thesia, which corresponds to 1 hour post-ICH. 

Western Blot analysis (WB) 

To assess Tf protein levels, serum samples were diluted 1:15 and loaded in Mini-PROTEAN® 

TGX™ precast gels (Bio-Rad; Hercules, CA, USA) alongside a molecular weight marker (precision 

plus proteinTM standards; Bio-Rad; Hercules, CA, USA). For the percentage of transferrin saturation 
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(TSAT) assessment, 0.15 µL of serum sample was loaded in Precast 6% TBE urea gels (U-PAGE) 

(Thermo Fisher Scientific; Waltham, MA, USA). These gels included in-lab prepared pig apotransferrin 

(ATf) and holotransferrin (HTf) standards made of each sample, which were prepared following the 

methods described in Nagaoka MH et al and Byrne S et al.3, 4. 

The proteins were transferred to PVDF-LF membranes (Millipore; Burlington, VT, USA) by elec-

troblotting, followed by blocking with Intercept® blocking buffer (Li-COR Biosciences; Lincoln, NE, 

USA) for 1 hour. Membranes were then incubated overnight at 4ºC with primary antibodies: goat 

anti-mouse transferrin (Tf) antibody (1:1,000; AB_1147328, Novus Biologicals) for measuring trans-

ferrin levels, and rabbit anti-rat Tf antibody (1:250; Cat#55729, Cappel, ICN Pharmaceuticals) for the 

TSAT assessment. Secondary antibodies: IRDye-680RD donkey anti-goat (1:10,000; AB_2650427, 

Li-COR Biosciences; Lincoln, NE, USA) and IRDye-680RD donkey anti-rabbit (1:15,000; 

AB_2716687, Li-COR Biosciences; Lincoln, NE, USA) were incubated in PVDF-LF membranes with 

pig serum samples in order to remove pig IgGs cross-reactivity from the secondary antibodies solu-

tion (in lab preabortion). After that, the membranes with our samples were incubated with the 

cleaned-NIR-conjugated secondary antibodies for 2 hours. Band intensity was quantified using the 

Odyssey Imaging system and Image Studio Lite software v5.2 (Li-COR Biosciences; Lincoln, NE, 

USA). 

TSAT assessment 

Basal TSAT levels were measured before the ICH induction in the pigs to confirm that the pigs had 

TSAT levels comparable to the human population (<40%) 5. Subsequent TSAT assessments were 

performed at 1 hour, 4 hours, 1 day, 1 week, and 2 weeks after ICH onset. 

The U-PAGE gels separate transferrin into 3 different bands that correspond to its isoforms: Tf 

without iron (apotransferrin, ATf), Tf with one Fe atom in the C-terminal or N-terminal region (mon-

oferric Tf or mFe-Tf), and iron-loaded Tf with two Fe atoms (diferric Tf, diFe-Tf, holotransferrin, 

HTf). These isoforms were visualized as different bands. TSAT percentages were calculated using 

band intensity measurements and the formula previously used by us and others 5, 6, 7: 

𝑇𝑆𝐴𝑇 (%) = (

𝑚𝐹𝑒 · 𝑇𝑓
2

 + 𝑑𝑖𝐹𝑒 · 𝑇𝑓

𝐴𝑇𝑓 + 𝑚𝐹𝑒 · 𝑇𝑓 + 𝑑𝑖𝐹𝑒 · 𝑇𝑓
)  𝑥100 

Immunohistofluorescence (IHF) 

Following euthanasia, brains were extracted and sectioned coronally into 5 mm slices using a pig brain 

slicer matrix. The resulting slices were fixed in 4% paraformaldehyde at 4ºC for 24-48 hours. Each 

slice was then bisected into left and right hemispheres and trimmed into fragments. These fragments 

were incubated in 30% sucrose in PBS at 4ºC until they sank, gently blotted dry, embedded in OCT 

compound (Sakura Finetek; Barcelona, Spain), snap-frozen in isopentane (Sigma-Aldrich; Saint Louis, 

MO, USA) pre-chilled with liquid nitrogen, and stored at -80ºC. Cryosections (15 μm thick) were 

obtained using a Leica CM1950 cryostat (Leica Biosystems; Deer Park, TX, USA) and mounted on 

poly-L-lysine-coated glass slides (Thermo Fisher Scientific; Waltham, MA, USA), which were stored 

at -20ºC until immunohistofluorescence (IHF). Prior to staining, slides were acclimated to room tem-

perature for 15 min, then incubated at 50ºC for 30 min, followed by another 15 min at room temper-

ature. Rehydration was performed through a descending ethanol gradient. 
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For IHF, antigen retrieval was performed by immersing slides in citrate buffer (pH 6.0) heated to 

95ºC for 20 min, and blocked for 1 hour in 5% NDS, 3% BSA, 0.25% Triton before primary antibody 

incubation. Slides were incubated overnight at 4ºC with the following primary antibodies diluted in 

PBS with 3% donkey serum and 0.25% Triton X-100: mouse anti-NeuN (1:100; Millipore; Sigma-

Aldrich; MAB377; AB_2298772; Saint Louis, MO, USA), Rabbit anti‐rat Tf (1:50; Cappel; INC Phar-

maceuticals; Cat#55729; Costa Mesa, CA, USA), and Rabbit anti‐pig ferritin FTH (1:50; Antibodies 

online; ABIN7440041; Limerick Township, PA, USA). The next day, slides were incubated for 2 

hours at room temperature with the following secondary antibodies: Alexa Fluor™ 647 donkey anti-

mouse IgG (1:500; Thermo Fisher Scientific; A-31571; AB_162542) and Alexa Fluor™ 488 donkey 

anti-rabbit IgG (1:500; Thermo Fisher Scientific; A-21206; AB_2535792) in PBS containing 1% BSA 

and 0.25% Triton X-100. Unbound secondary antibodies were removed with three quick PBS rinses, 

followed by 10 min staining with 0.4 µg/mL Hoechst (33342; Thermo Fisher Scientific; Waltham, 

MA, USA) in PBS. Fluoromount™ (Sigma-Aldrich F4680; Saint Louis, MO, USA) was used as a 

mounting medium. Imaging was performed on an AxioScan 7(Carl Zeiss; Jena, Germany) in the Ad-

vanced Microscopy Unit at the Institute Josep Carreras and analyzed using ImageJ.  

Statistical analysis 

All data were analyzed using GraphPad Prism 10. Statistical comparisons were performed using re-

peated-measures two-way ANOVA followed by Tukey’s multiple comparisons test, where appropri-

ate. Statistical significance was set at p<0.05. Data are presented as mean ± SEM. 

Supplemental videos S1, S2 and S3. 

Video S1. Angiography that shows the access with catheter (black arrowhead) to the cerebral venous 

circulation through the internal jugular vein (IJV), and the connection between the IJV and the sagittal 

sinus (SiS). 

Video S2. Angiography that show the access with catheter (black arrowhead) to the deep venous 

circulation. Abbreviations: straight sinus (StS), vein of Galen (GV), sigmoid sinus (SiS), thalamostriate 

vein (TSV), and internal cerebral vein (ICV). 

Video S3. Representative video, at increased speed, of circling behavior of pig at 48 hours post-ICH. 
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Supplementary Figure 1 (S1) 

Figure S1. Dorsal sections in axial T2*-weighted sequence of the different pig brains at 90 minutes 

post-ICH. The hemorrhage is visible as a hypointense area.   
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Supplementary Figure 2 (S2) 

 

Figure S2. (A) Angiography that shows the access with catheter (black arrowhead) to the deep cere-

bral venous circulation. (B) Contrast injection though the catheter to locate hemorrhage. 
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Supplementary Figure 3 (S3) 

Figure S3. Screenshots of Supplementary video 3 to facilitate circling behavior visualization. 
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Membrane S1 (Figure 4A) 
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Membrane S2 (Figure 4D) 
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Discussion 

 

This doctoral dissertation represents a multi-faceted contribution to the field of stroke re-

search in ICH. It strategically integrates three critical domains: the rigorous testing of novel 

therapeutic agents, the development of cutting-edge automated computational methods for 

behavioral assessment, and the establishment of innovative translational models utilizing 

large animals, specifically pigs. The objective of this work is to address fundamental limita-

tions within current preclinical stroke research paradigms, thereby accelerating the bench-

to-bedside translation of promising new therapies. By fostering a more robust and clinically 

relevant preclinical research ecosystem, this dissertation aims to bridge the persistent gap 

between experimental findings and their successful application in patient care.  

1. Therapeutic efficacy of hATf in ICH: Unraveling mecha-

nisms and therapeutic potential 

Manuscript I of this thesis details the investigation into the therapeutic potential of human 

apotransferrin (hATf) to become a good option to provide benefit in intracerebral hemor-

rhage (ICH). This work provides evidence for the safety and efficacy of a single intravenous 

administration of hATf in significantly reducing sensorimotor impairment in a well-estab-

lished collagenase-induced ICH model in mice. The selection of hATf for this study was 

informed by prior research conducted in our laboratory, which had already demonstrated its 

protective effects in models of ischemic stroke, suggesting a broader neuroprotective capac-

ity (DeGregorio-Rocasolano et al., 2018). Extending these findings to ICH, a distinct and 

devastating form of stroke characterized by bleeding within the brain parenchyma (Sheth, 

2022), was a critical next step. The precise timing of hATf administration, shortly after ICH 

induction and within a defined therapeutic time window is crucial for translationality. This 

early intervention strategy led to a statistically significant and functionally relevant reduction 

in sensorimotor deficits of the affected forepaw, assessed using the highly sensitive and re-

liable adhesive tape removal test (Manuscript I, Figure 4.). This improvement in a critical 

motor function, observed starting 48 hours after (Manuscript 1, Figure 4.), underscores 

the remarkable therapeutic potential of hATf. Of note, in general, other therapeutic options 

usually report some improvement starting at later time points (beyond 7 days) (Hatakeyama 

et al., 2013). The reliability of the adhesive tape removal test, which requires fine 
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sensorimotor coordination, allowed for the detection of subtle yet significant neurological 

improvements that might be missed by less sensitive assays (O’Neill et al., 2022). 

Further detailed investigation into the pharmacokinetic profile of hATf in these ICH mice 

provided critical insights into its systemic and central nervous system disposition. The clear-

ance and iron status dynamics of hATf were found to be remarkably consistent with prior 

observations in hATf-treated ischemic stroke rats (DeGregorio-Rocasolano et al., 2018), sug-

gesting a conserved mechanism of action across different stroke etiologies and species. No-

tably, an immediate reduction in plasma transferrin saturation (TSAT) was observed, a phe-

nomenon that persisted for at least 24 hours post-ICH (Manuscript I, Figure 3C.). Im-

portantly, elevated levels of exogenous hATf were detected in the ipsilateral hemisphere 72 

hours following a single administration (Manuscript I, Figure 3G and 3H.). This accumu-

lation of hATf directly at the site of injury in the affected brain tissue is crucial, as it confirms 

its ability to cross the blood-brain barrier in a post-ICH scenario and reach the vulnerable 

neural tissue. The localized presence of hATf in the perihematomal region correlated 

strongly with a significant reduction in neuronal levels of 4-hydroxynonenal (4-HNE) in the 

hATf-treated animals compared to untreated controls (Manuscript I, Figure 4C and 4D.). 

4-HNE is a well-established byproduct of lipid peroxidation, a key indicator of oxidative 

stress and cellular damage (Perluigi, Coccia and Allan Butterfield, 2012). The attenuation of 

this noxious process by hATf highlights a pivotal neuroprotective mechanism, suggesting 

that hATf directly mitigates oxidative injury following ICH. 

The observed sensorimotor recovery in hATf-treated ICH mice, particularly in tasks involv-

ing forepaw dexterity as measured by the adhesive tape removal test (Manuscript I, Figure 

4A.), demonstrates improvements in sensory perception, motor control, and fine coordina-

tion skills. It is important to acknowledge, however, that general coordination was not fully 

regained (observed in pole and rotarod tests (Manuscript I, Figure S1.), at least at these 

early time points (24 to 72 hours post-ICH). This nuanced outcome highlights the complex-

ity of neurological recovery after ICH and underscores the need for comprehensive and 

multifaceted assessment tools to capture the full spectrum of functional improvements and 

residual deficits. Crucially, and perhaps one of the most significant findings, these therapeu-

tic benefits were achieved independently of any discernible effects on hematoma size, cere-

bral edema, hemoglobin or heme concentration in the ipsilateral hemisphere, or systemic 
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blood coagulation. This is a pivotal finding, especially given the ongoing debate and some 

reports suggesting procoagulant effects of transferrin or processed blood under certain ex-

perimental conditions (e.g., chronically elevated transferrin levels) (Tang, Zhang and Fang, 

2020; Tang, Fang and Chen, 2020). The absence of such effects in our study is paramount 

for the potential clinical translation of hATf, as any procoagulant activity of hATf would 

compromise its use in ischemic stroke patients and, thus, the potential use of ATf as an early 

universal treatment for all stroke patients. To further solidify this point, and subsequent to 

the acceptance of Manuscript I, we assessed the time-course of hematoma growth in the 

collagenase-induced ICH model. This analysis revealed that the majority of hematoma ex-

pansion occurs rapidly within the first 5 hours post-ICH induction. Since hATf was admin-

istered 40 minutes after collagenase injection, effectively hours before the hematoma reached 

its maximal size, our consistent observation that hATf did not reduce hematoma volume 

further supports the absence of procoagulant properties of hATf under our specific experi-

mental conditions. This critical distinction demonstrates that the benefits of hATf are not 

derived from altering the initial bleeding or clot formation but rather through intrinsic neu-

roprotective and anti-inflammatory actions, making it a safer and more viable candidate for 

clinical translation in ICH. 

2. Antiferroptotic mechanisms of hATf action: A novel path-

way to neuroprotection 

The intricate mechanisms underlying the therapeutic benefits of hATf in ICH appear to 

converge on a novel antiferroptotic pathway, operating distinctly and independently of the 

canonical system xCT/GPX4 axis, which is a well-recognized and intensively studied path-

way in ferroptosis regulation. Our investigations revealed that neither ICH induction itself 

nor hATf treatment significantly altered the protein levels of key ferroptosis hallmark pro-

teins such as GPX4 or xCT (SLC7A11), nor the mRNA levels of ferroptosis suppressor 

protein 1 (FSP1 or AIFM2) (Manuscript I, Figures 6-7.). These proteins represent the core 

components of both the GPX4/xCT pathway and the FSP1/CoQ10/NAD(P)H pathway, 

another crucial ferroptosis axis (Doll et al., 2019; Bersuker et al., 2019). This compelling evi-

dence indicates that the protective effects of hATf are not merely a consequence of a broad, 

non-specific activation of known ferroptosis inhibitors, but rather involve distinct, nuanced, 

and potentially unexplored pathways within the complex landscape of iron-dependent cell 
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death. This specificity suggests a targeted intervention rather than a generalized cellular re-

sponse. 

Intriguingly, a significant finding was that hATf treatment prevented the ICH-induced re-

duction in the cytosolic iron chaperone PCBP2 (Manuscript I, Figure 7.). PCBP2 is an 

essential protein for maintaining cellular iron homeostasis, primarily by chaperoning iron to 

ferritin for storage. Its knockdown has been definitively shown to promote ferroptosis (Yue 

et al., 2022), highlighting its critical role in cellular resilience against iron-mediated damage. 

The preservation of PCBP2 levels by hATf strongly suggests a direct role in upholding cel-

lular iron buffering capacity and maintaining a stable iron environment within the neuron, 

thereby enhancing its resistance to ferroptotic insults. Furthermore, hATf-treated animals 

consistently exhibited a significant reduction in transferrin receptor 1 (TfR1) protein levels 

(Manuscript I, Figure 6.). TfR1 is the primary membrane cellular gate for iron entry into 

the cell, and its upregulation is considered a hallmark of ferroptosis, indicating increased 

cellular iron demand and susceptibility (Feng et al., 2020; Jin et al., 2022). This reduction in 

TfR1 by hATf might directly explain, or at least significantly contribute to, the beneficial 

effects observed. By limiting the influx of iron into vulnerable cells, namely neurons, hATf 

can effectively mitigate the intracellular iron overload that serves as a potent trigger for fer-

roptosis. This suggests a direct mechanism by which hATf modulates cellular iron import, a 

crucial step in preventing ferroptotic cell death. 

Our collective findings in Manuscript I strongly suggest that even in the absence of signif-

icant alterations in the primary GPX4/xCT or FSP1/CoQ10/NAD(P)H ferroptosis path-

ways, iron-burden-dependent ferroptosis is indeed occurring in the context of ICH, and this 

takes place predominantly through the p53/TfR1 pathway. This highlights a specific vulner-

ability in ICH pathophysiology that hATf appears to target effectively. A dual action of hATf 

is proposed: (1) it directly contributes to reducing the overall availability of TfR1 on the cell 

surface, thereby decreasing the number of potential entry points for iron, and (2) it can com-

petitively bind to the remaining TfR1, thereby inhibiting the binding and subsequent inter-

nalization of iron-loaded transferrin through this receptor. This competitive inhibition ef-

fectively blocks the existing iron entry mechanisms. This sophisticated, two-pronged mech-

anism underscores the decisive role of exogenous hATf in preserving brain parenchyma 

function and maintaining critical neuronal iron homeostasis following the hemorrhagic 
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insult. By modulating both the quantity and function of TfR1, hATf provides a powerful 

protective strategy against iron-mediated damage. 

The recent identification of a novel long non-coding RNA (lncRNA) that constitutively re-

presses p53 and apoptosis in cooperation with PCBP2 (Iwai et al., 2023) provides a compel-

ling and insightful nexus linking the p53/TfR1 pathway, PCBP2, and apoptosis. This dis-

covery strongly suggests a significant and intricate crosstalk between these pathways, all of 

which appear to be modulated by the therapeutic intervention of hATf. This finding points 

to a complex regulatory network that hATf effectively manipulates, indicating its ability to 

influence multiple interconnected cellular death pathways. Given that PCBP2-specific 

siRNA-transfected neurons exhibit a notable decrease in apoptosis following glutamate stim-

ulation (Mao et al., 2016), we were prompted to investigate the effect of ICH and hATf 

treatment on caspase-2 activation, a key initiator caspase in certain apoptotic pathways 

(Vigneswara and Ahmed, 2020). Our results definitively demonstrated that the ICH-induced 

cleavage of procaspase-2, which leads to an increase in active caspase-2, was robustly abro-

gated by treatment with hATf (Manuscript I, Figure 8.). This direct inhibition of caspase-

2, a crucial mediator of programmed cell death (Vigneswara and Ahmed, 2020), provides 

another critical layer of neuroprotection exerted by hATf, actively preventing apoptotic cell 

death in the injured brain parenchyma. 

Collectively, the intricate mechanisms underlying the observed improvements in sensorimo-

tor abilities in hATf-treated ICH mice are likely linked to its multi-modal effect on key fer-

roptosis-related players, specifically TfR1 and PCBP2, as well as its direct influence on the 

inactivation of caspase-2. These three distinct but interconnected molecular targets thus rep-

resent promising novel therapeutic avenues for the design and development of future ICH 

treatments. The demonstration of hATf's ability to act on these diverse but functionally in-

terconnected pathways makes it a particularly attractive and potent candidate for interven-

tion in a complex neurological condition like ICH, where multiple pathological processes 

converge to cause neuronal damage. 
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3. Challenges in lesion assessment and its relationship with 

the primacy of neurobiological outcome in ICH: Time to 

revisit preclinical functional endpoints 

Throughout the course of the rodent ICH study, we consistently encountered significant 

and inherent challenges in accurately and precisely delineating the "true" hemorrhagic vol-

ume affected. This difficulty is not trivial; it has profound implications for how preclinical 

ICH studies are designed, interpreted, and ultimately translated. In coronal sections of 

mouse brains, the hemorrhagic-affected areas were observed to be remarkably heterogene-

ous (Figure AP3. in Annex Manuscript I), presenting irregular boundaries and varying 

degrees of tissue involvement. This inherent heterogeneity makes precise volumetric meas-

urements challenging and prone to subjective interpretation. Furthermore, conventional mi-

cro-computed tomography (MicroCT) imaging of the hemorrhage, while useful, relies on 

visualizing the extravasated experimental contrast agent alongside the blood. This means we 

are effectively observing a proxy for the hemorrhage rather than a direct, clear image of the 

blood/hematoma itself, precluding a direct and unequivocal volumetric measurement. While 

assessing brain damage volume in ischemic stroke models is relatively straightforward using 

ex vivo TTC (2,3,5-triphenyltetrazolium chloride) staining, which metabolically highlights vi-

able tissue (Bederson et al., 1986), the accurate assessment of lesion size in ICH models ex 

vivo is complicated by a continuous and indistinct color gradient. This gradient ranges from 

the pale pink of unaffected brain parenchyma, transitioning to a more reddish color nearby 

the hemorrhagic area, and culminating in an intense red in the center of the hemorrhage. 

Under these challenging conditions, establishing a clear and objective threshold to discrimi-

nate unaffected from lesioned tissue cannot be clearly delineated (as illustrated in the Figure 

AP3. in Annex of Manuscript I). This inherent methodological difficulty in precise volu-

metric assessment in ICH models underscores a critical need for alternative, more reliable, 

and clinically relevant outcome measures that are less dependent on subjective anatomical 

interpretations. 

A well-established and generally accepted correlation exists between infarct size in ischemic 

stroke and the degree of neurological impairment. However, it is crucial to recognize that 

this relationship is not always strictly linear in clinical settings. Various influencing factors 

can modulate this correlation, such as the specific brain region affected (e.g., eloquent vs. 
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non-eloquent areas) (Munsch et al., 2016; Sheth, 2022; Rindler et al., 2020) or the presence 

of robust collateral circulation that can mitigate tissue damage (Ginsberg, 2018). Similarly, in 

patients suffering intracerebral hemorrhagic stroke, a relationship between the initial volume 

of the hemorrhage and the subsequent severity of neurological impairment is widely recog-

nized (Sheth et al., 2022; Magid-Bernstein et al., 2022). Yet, a common and clinically signifi-

cant complication, such as hemorrhage widening into the ventricles (intraventricular hemor-

rhage), frequently results in a far larger and disproportionate neurological impairment (Hal-

levi et al., 2009; Balami and Buchan, 2012; Greenberg et al., 2022; Magid-Bernstein et al., 

2022) than would be expected based solely on the initial volume of blood extravasated. This 

phenomenon highlights that simple volumetric measures may not fully capture the complex-

ity of ICH pathology and its functional consequences. In the preclinical ICH setting, most 

experimental models attempt to standardize the hemorrhage by inducing it at specific coor-

dinates within the mouse striatum (Sun et al., 2025; Zeng et al., 2020; Rodríguez et al., 2017; 

Gong et al., 2018). However, even with standardized procedures, a percentage of animals will 

inevitably experience some degree of hemorrhage widening into the ventricles or extension 

into the corpus callosum. Both of these conditions are consistently associated with signifi-

cantly worse neurological outcomes (Matsushita et al., 2013). Consistent with the clinical and 

preclinical observations explained above, a clear correlation was indeed observed between 

ischemic volume and neurological impairment in ischemic mice (e.g., as measured by the 

tape removal test in Manuscript II, Figures S1 and S2.). In stark contrast, and critically, 

no statistically significant correlation was found between hematoma volume and neurologi-

cal impairment using hemoglobin-based methods in the ICH model (data not shown). This 

compelling lack of correlation is a pivotal finding, indicating that relying solely on hematoma 

volume as a primary outcome measure in preclinical ICH studies may be fundamentally mis-

leading and could obscure true therapeutic effects. Therefore, given the consistent observa-

tion that the improvements induced by hATf treatment occurred robustly without any meas-

urable effect on hematoma volume, neurological impairment emerges as the primary and 

arguably most critical outcome in preclinical studies evaluating novel treatments for ICH 

that are intended for clinical translation. This fundamental shift in focus from purely ana-

tomical lesion size to robust and objective measures of functional recovery is paramount for 

more accurately reflecting clinical relevance and significantly enhancing the probability of 

successful translation of preclinical findings into effective patient therapies. 
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4. Automated computational behavioral assessment for en-

hanced preclinical stroke research: Pioneering objective 

and scalable endpoints 

Traditional preclinical stroke research in rodents heavily relies on observing and annotating 

changes in behavior across a battery of different tests. These annotations, typically per-

formed manually by trained researchers, are used to infer both the extent of neurological 

impairment and the trajectory of functional recovery. While valuable, this manual annotation 

process is inherently subjective, prone to significant inter-observer variability, time-consum-

ing, and ultimately limits the scalability and standardization of preclinical trials. These limi-

tations pose a substantial barrier to robust, reproducible, and translatable research. Manu-

script II details the development of novel computational tools, specifically a machine/deep 

learning algorithm, designed to objectively and precisely assess mouse performance in a sin-

gle, well-established neurobehavioral test: the adhesive tape removal test. This approach lev-

erages DeepLabCut (DLC), an open-source deep-learning package for markerless pose esti-

mation and tracking of animal body parts in motor function tests (Weber et al., 2022; Ruiz-

Vitte et al., 2025). DLC has already demonstrated its utility in analyzing animal behavior 

across a diverse range of disease models, including stroke, diabetes, and dystonia (Andreoli 

et al., 2021; Bühler et al., 2023; Ruiz-Vitte et al., 2025; Skrobot et al., 2024; Weber et al., 2022). 

This existing foundation of robust, validated technology provided a strong platform upon 

which to build our novel applications. In our study, we systematically analyzed video record-

ings of mice performing the adhesive tape removal test, applying DLC to precisely track 

predefined body parts and subsequently extract a rich array of kinematic features indicative 

of neurological impairment and recovery. 

For our comprehensive behavioral analysis, we precisely tracked multiple anatomical points 

on the mice, including the nose, neck, forelimbs, hindlimbs, the base of the tail (bottom), 

and the very end of the tail. Crucially, we also incorporated tracking of the adhesive tape 

itself, which was affixed to the mice’s paws. This meticulous multi-point tracking enabled 

not only the precise measurement of tape removal time, a standard quantitative measure of 

sensorimotor function (O’Neill et al., 2022), but simultaneously allowed us to quantify nu-

merous additional kinematic parameters. These included, but were not limited to, mean ve-

locities of different body parts (e.g., forepaws, hindpaws), distances between paws (reflecting 
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gait and coordination), and total distance traveled (an indicator of general activity and explo-

ration). This rich, high-dimensional dataset of kinematic features provides a far more objec-

tive and detailed characterization of behavioral performance and functional recovery com-

pared to traditional, less informative, scoring methods. The ability to automatically extract 

these complex movement patterns transforms subjective observations into quantifiable, re-

peatable data. 

Beyond merely tracking and quantifying behavior, a more ambitious objective was to explore 

the application of advanced machine learning techniques to directly predict stroke occur-

rence and severity based on these derived movement patterns. This represents a significant 

leap forward in preclinical assessment. Similar computational approaches have already found 

considerable clinical utility, with deep neural networks, random forest models, and logistic 

regression successfully predicting long-term stroke prognosis in human patients based on 

clinical parameters (Heo et al., 2019). Building on this precedent, our newly developed meth-

odology achieved a 96% accuracy in automatically predicting the occurrence of stroke for a 

specific mouse in the hypoxic-ischemic (H/I) model. Furthermore, it enabled the automated 

classification of H/I mice into distinct groups based on the severity of stroke, which corre-

lated accurately with the ischemic lesion volume (Manuscript II, Figure 5.). This remark-

able accuracy demonstrates the profound power of computational methods to non-inva-

sively and objectively diagnose and grade stroke severity in experimental animals. Im-

portantly, the same sophisticated algorithms demonstrated a highly respectable 90% accu-

racy in predicting ICH occurrence (Manuscript II, Figure 6.) and provided an objective 

and quantitative assessment of the ICH-derived neurological severity. This validates the 

broad generalizability and robustness of our computational approach across different stroke 

etiologies and underscores its immense potential for widespread application in preclinical 

research. 

Our results strongly suggest that the comprehensive information obtained through this ad-

vanced computational methodology, as detailed in Manuscript II, is entirely sufficient to 

facilitate the computational selection of mice for randomization into preclinical trials of new 

treatments. This means that preclinical researchers can effectively screen and select animals 

based on objective neurological deficit metrics, entirely obviating the need for additional 

and/or more intrusive behavioral tests. This represents a paradigm shift, offering a 
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significant breakthrough in streamlining preclinical research by substantially reducing the 

number of animals and animal handling stress, minimizing human bias inherent in manual 

scoring, and significantly accelerating the screening process for novel therapeutics. We an-

ticipate that tools such as the one developed in this study will help to standarize and improve 

the quality in comprehensive preclinical assessment in future multi-center, collaborative pre-

clinical trials, providing, for instance, an objective tool to exclude mice that fail to develop 

ICH from randomization in the study. These collaborative efforts are strongly encouraged 

by international guidelines such as the STAIR XI recommendations (Lyden et al., 2021), 

which advocate for more rigorous and harmonized preclinical research. By providing objec-

tive and automated measures, our tools will facilitate the much-needed standardization of 

functional outcome measures across different laboratories and studies (Hietamies et al., 

2018). Such standardization is absolutely crucial for improving the reproducibility and trans-

latability of preclinical findings, thereby increasing confidence in moving promising candi-

dates forward into clinical development. Furthermore, our growing experience with 

DeepLabCut software will prove invaluable for extending these advanced analytical capabil-

ities to assess sensorimotor disturbances associated with stroke induction and treatment im-

provements when applied to large animal models of stroke. This includes ongoing evaluation 

of complex behaviors like pig circling after stroke, demonstrating the adaptability and scala-

bility of our computational framework. This ability to apply these sophisticated tools across 

species, from rodents to larger animal models, is critical for bridging the translational gap 

between basic discovery and eventual human clinical trials. 

5. Developing a novel translational intracerebral hemorrhage 

model in swine: Bridging the translational gap 

A primary objective of this thesis is to strategically promote the critical actions needed to 

effectively transition new treatments from preclinical research to human clinical trials and 

ultimately to patients. This fundamental goal necessitates rigorous and comprehensive test-

ing of therapeutic candidates in large animal models prior to initiating human clinical trials. 

This step is particularly vital, as rodent models, despite their utility in initial screening, often 

fail to fully recapitulate the complex anatomical, physiological, and pathological nuances of 

human neurological diseases. To address this critical need, we embarked on the ambitious 

endeavor of developing a novel, highly translational model of ICH in swine. Manuscript 
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III details the intricate development process and the subsequent characterization of key 

pathophysiological hallmarks of this innovative ICH model. 

Our newly developed porcine ICH model incorporates several significant advancements. 

Crucially, it allows for the skull to remain intact throughout the procedure, thereby signifi-

cantly minimizing parenchymal damage unrelated to the hematoma itself. This is a consid-

erable improvement over traditional methods that often involve craniotomy and mechanical 

trauma during stereotaxic needle advancement for collagenase injection (Melià-Sorolla et al., 

2020). By reducing these confounding factors, our intact-skull approach provides a more 

faithful and less iatrogenic representation of spontaneous ICH as observed in humans. A 

cornerstone of this model is its sophisticated endovascular approach, through which we suc-

cessfully accessed specific lobar and striatal areas via the pig's brain venous vasculature. This 

is a crucial methodological distinction and a major innovation, allowing access for the precise 

targeting of specific brain regions without the need for an invasive craniotomy. It is im-

portant to explicitly note, as discussed in Manuscript III, that there is no conventional 

endovascular access to the pig brain parenchyma through the arterial system, which high-

lights the unique anatomical considerations and the innovative nature of our chosen venous 

approach. Once positioned in the region of interest as assessed by digital subtraction angi-

ography, the selected vein was carefully pierced, and ICH was induced in all pigs by injecting 

a precise volume of 1.5 mL of fresh autologous arterial blood after a contrast bolus. The 

precise location and initial morphology of the induced hematoma were immediately con-

firmed by real-time contrast extravasation into the brain parenchyma on rotational angi-

ography/CT, and subsequently by various advanced MRI sequences (FLAIR, Axial T2*, 

DWI, ADC) as early as 1 hour post-ICH. This real-time imaging capability allows for imme-

diate verification of the hemorrhage, provides valuable data on its initial characteristics (e.g., 

size, shape, location), and enables longitudinal follow-up imaging. This minimally invasive 

endovascular approach consistently produced discernible neurological impairment once the 

pig recovered from the anesthesia, a critical and highly translatable outcome for preclinical 

studies, while importantly showing no evidence of secondary bleeding, thereby demonstrat-

ing the safety and stability of the model. Interestingly, and somewhat counterintuitively, we 

observed a reduction in systemic platelet activation 1 or 24 hours post-venous perforation, 

a finding that warrants further detailed investigation into the intricate interplay between 



Discussion 

236 

 

localized brain injury and systemic hemostasis in this novel model. This unexpected systemic 

response could provide valuable insights into the broader physiological impact of ICH. 

Comprehensive analysis of iron-related proteins in both blood and brain tissue provided 

profound insights into the dynamic iron dysregulation following ICH in this large animal 

model. A significant increase in the percentage of transferrin saturated with iron was ob-

served in the blood at 1 hour after ICH onset, critically, without altering the total blood 

levels of transferrin. This intriguing observation could reflect a rapid drainage of free or 

heme-bound iron from the parenchymal hematoma into the systemic circulation, where it 

quickly saturates the available transferrin. This finding suggests a dynamic and rapid interplay 

between brain and systemic iron homeostasis following intracerebral bleeding, indicating 

that the systemic circulation acts as a sink for released iron. This provides valuable insights 

into the broader systemic response to intracerebral hemorrhage. Furthermore, levels of 

transferrin and ferritin, both key iron-handling proteins, significantly increased in the peri-

hematomal area and the parenchyma of the ipsilateral hemisphere. Notably, ferritin signal 

was observed to co-localize extensively with the neuronal marker NeuN, indicating an early 

and robust neuronal response to iron overload and suggesting the activation of protective 

mechanisms within affected neurons; this is in agreement with previous reports in rodents 

(DeGregorio-Rocasolano et al., 2018; Wu et al., 2003; Wang et al., 2016; Yang et al., 2021; 

Hatakeyama et al., 2013; Ding et al., 2011). Critically, elevated ferritin levels in the affected 

parenchyma were found to persist for at least one week post-ICH induction, highlighting 

the prolonged nature of iron dysregulation and subsequent oxidative stress in the brain after 

hemorrhage. This prolonged iron burden suggests the therapeutic window and the potential 

for long-term interventions targeting iron metabolism to mitigate ongoing secondary injury. 

This characterization of iron dynamics in a large animal model provides crucial and clinically 

relevant insights into the pathophysiology of ICH, laying the groundwork for iron-targeting 

therapies. 

6. Conclusion and future directions: A strategic pathway for 

translational stroke research 

In conclusion, this doctoral dissertation presents a body of work that significantly contrib-

utes to the advancement of stroke research across multiple critical frontiers. The 
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demonstrated therapeutic benefits of hATf in the collagenase-induced ICH rodent model, 

particularly its novel antiferroptotic mechanisms of action, represent a significant stride in 

identifying promising pharmacological agents. Concurrently, the development and validation 

of advanced DeepLabCut-based methodologies for objective and automated neurological 

outcome assessment in rodents, with clear applicability to the newly developed pig ICH 

model, address a long-standing need for more standardized, efficient, and unbiased preclin-

ical evaluation tools. Finally, the pioneering establishment of a novel, minimally invasive, 

and highly translational ICH model in swine, coupled with the ongoing evaluation of hATf 

in both ischemic and hemorrhagic large animal/pig models, collectively represents Preclin-

ical Strategic Advances in the Therapeutic Landscape of Intracerebral Hemorrhagic 

Stroke. 

The individual components of this thesis, when viewed in concert, articulate an integrated 

translational pipeline designed to accelerate the journey of novel therapies from laboratory 

discovery to clinical application. The elucidation of the precise antiferroptotic mechanisms 

of hATf in ICH mice provides a scientific rationale for its continued therapeutic exploration, 

offering a targeted approach to mitigate a key cell death pathway after hemorrhage. The 

development and validation of automated behavioral assessment tools directly address crit-

ical limitations inherent in traditional preclinical study designs. By providing objective, high-

throughput, and reproducible measures of functional recovery, these tools pave the way for 

more efficient, standardized, and ultimately more predictive research outcomes in preclinical 

studies. Furthermore, the establishment of a novel, minimally invasive ICH model in swine 

represents a crucial and indispensable step towards bridging the persistent translational gap. 

This physiologically relevant large animal model allows for the evaluation of therapeutic ef-

ficacy and safety profiles in an anatomical and physiological context far more analogous to 

humans than rodent models, thereby increasing the likelihood of successful translation to 

human clinical trials. 

We are confident that these integrated and synergistic efforts will serve as a robust and en-

during foundation for the future translation of promising therapies, ultimately improving the 

lives and functional outcomes for stroke patients worldwide. The foundational findings from 

this dissertation lay compelling groundwork for further comprehensive investigations into 

hATf as a leading potential therapeutic agent for ICH. Concurrently, they validate cutting-
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edge advanced computational tools for robust preclinical assessment, and most importantly, 

they establish a valuable and clinically relevant large animal model that will significantly ac-

celerate the development and testing of new treatments for this devastating neurological 

condition. This comprehensive approach, integrating novel therapeutics, advanced assess-

ment, and translational models, sets a new standard for preclinical stroke research.  
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Conclusions
 

The findings of this doctoral dissertation are as follows: 

Conclusions from Manuscript I ─ Hypotheses I and II 

o Ischemic and hemorrhagic strokes share a common altered profile of iron-binding 

and ferroptosis-related molecules. 

o The administration of apotransferrin is safe and beneficial, as assessed by a neuro-

logical sensorimotor improvement in mice exposed to experimental ICH in a com-

plex sensorimotor neurobehavioral test, the tape removal test. This is associated 

with a reduction of the byproduct of lipid peroxidation 4-hydroxynonenal. 

o These results, along with previously demonstrated benefits of apotransferrin in is-

chemic stroke, support the potential of ATf as an early, pre-hospital frontline treat-

ment. Apotransferrin could be administered immediately, even before an accurate 

in-hospital differential diagnosis. 

o The study of the effect of apotransferrin on brain molecules involved in iron ho-

meostasis/ferroptosis has identified a reduction of the transferrin receptor protein 

levels, an increase of PCBP2, and a reduction of the cleaved, active caspase 2, and 

thus they are potential candidates to become targets of therapeutic intervention. 

o At the doses used as a treatment, IV administration of ATf neither prevents the 

extension of hemorrhage nor affects the systemic coagulation. 

o Neurobehavioral tests other than the tape removal test, which are more addressed 

at assessing slow movements, balance, and motor coordination learning, and with-

out the sensory component (pole test or rotarod), were found inadequate to reflect 

the apotransferrin-induced neurological improvement. 

Conclusions from Manuscript II ─ Hypothesis III 

o We developed a machine learning model capable of the automated assessment of 

the tape removal time, and an algorithm able to predict individual outcomes in mice 

subjected to experimental stroke using only a single neurobehavioral test, the adhe-

sive tape removal test. 



Conclusions 

 

 

o This computational approach is quantitative, objective, eliminates human observa-

tional error and bias, and significantly reduces time and resource consumption. 

o This computational method is able to predict damage from ischemic stroke and also 

from intracerebral hemorrhagic stroke in rodents.  

o By enhancing data accuracy while minimizing animal use and saving researchers’ 

time, this methodology aligns with the 3Rs principle (replace, reduce, and refine) 

and has the potential to become the gold standard for preclinical stroke research in 

rodents. 

Conclusions from Manuscript III ─ Hypotheses IV and V 

o We successfully established a novel, minimally invasive, endovascular ICH model 

in pigs, avoiding the need for craniotomy (3R) while better replicating the clinical 

pathophysiology of human hemorrhagic stroke. 

o This model enables the induction of hemorrhages in various pre-determined brain 

regions without damaging the parenchyma during the blood administration, offering 

a more translational approach for preclinical studies. 

o Additionally, our findings reveal significant changes in serum iron-related proteins, 

changes in the platelet factor 4, increased ferritin in neurons and transferrin in the 

parenchymal areas near the hemorrhage, further supporting the role of iron metab-

olism in secondary brain injury following ICH in gyrencephalic brains.
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