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Summary 

The cerebrovascular accident (ACV) or stroke, is one of the main causes of mortality, the 

first cause of permanent disability and the second cause of dementia in the developed 

countries.  Nowadays this pathology presents no effective treatments and it is under a 

very active research. This memory presents several studies performed in a global 

cerebral ischemia model where interactions between inflammation and stroke are 

analysed. The first chapter describes different responses in old and young animals at 48 

h of I/R, including different patterns of apoptotic labelling, GFAP reactivity, and 

molecules involved in high and low affinity binding of neutrophils. These age-dependent 

differences seem represent changes in the time-course response to I/R and should be 

taken into account in the studies addressed for searching new therapeutic targets 

against stroke.  

The second chapter shows that the treatment with the unfolded protein response (UPR) 

enhancer, salubrinal (Sal), presents a neuroprotective role in CA1, the hippocampal area 

with highest vulnerability to the ischemia. CA1 is suggested to present a limited UPR 

against the ischemia and Sal treatment is proposed to enhance this response thus 

reducing the cell delayed mortality. The neurovascular unit (NVU) presents structure-

dependent inflammatory properties to ischemic injury mainly mirrored in the 

differences in the time course of the inflammatory response in the different brain areas. 

This is also supported by the Sal treatment. In addition, this chapter shows the 

responsiveness of endothelial cells and, to a much lesser degree, of astrocytes to the Sal 

treatment. Sal treatment affects in different way the different cell populations, resulting 

in local rather than systemic effects. This chapter evidences that UPR modulators are 

able to modify the inflammatory response. The effectiveness of Sal when administered 

after the ischemic insult suggest therapeutic possibilities for UPR modulators in stroke 

that, up to date, have not been taken into account. 

The third chapter analysed the effect of the combined effect of Sal and a highly selective 

anti COX-2 agent, robenacoxib (Rob). Despite its anti-inflammatory effect, Rob moves 

the neuronal demise forward instead of increasing neuroprotection. However, the 

combined effect of Sal and Rob prevents the early neuronal loss induced by this anti-
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inflammatory agent. Moreover, glial activation is strongly increased by Rob, poorly or 

non-activated by Sal, and reverted by the combined administration of Sal–Rob. Finally, 

the synergic action on the microglia by the combined effect of an anti-ER stress agent 

followed by an anti-inflammatory agent suggests that a proper combination of different 

neuroprotective agents could provide a stronger neuroprotective effect. 
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Resumen 

El accidente cerebro vascular (ACV) es una de las principales causas de mortalidad, la 

primera causa de incapacidad permanente y la segunda causa de demencia en los países 

desarrollados. Actualmente no se dispone de una terapia efectiva frente a esta patología 

por lo que existe una investigación muy activa sobre la misma. Esta memoria presenta 

una serie de estudios hechos en un modelo experimental de isquemia cerebral global 

en el que se analiza la interacción entre el accidente cerebrovascular y la inflamación. 

En el primer capítulo se muestran las diferentes respuestas entre animales jóvenes y 

viejos a las 48 h de reperfusión, incluyendo los diferentes patrones de expresión de 

marcado de apoptosis, la reactividad de la proteína acídica fibrilar glial (GFAP) y las 

moléculas responsables de la adhesión de alta y baja afinidad entre el endotelio y los 

neutrófilos. Se considera que las diferencias dependientes de la edad representan 

cambios en la dinámica de respuesta a la isquemia/reperfusión (I/R), lo que debería 

tenerse en cuenta en los estudios encaminados a la búsqueda de nuevas dianas 

terapéuticas contra el ACV  

El segundo capítulo muestra que el tratamiento con salubrinal (Sal), un potenciador de 

la respuesta a las proteínas mal plegadas (UPR), presenta un papel neuroprotector en 

una de las regiones del hipocampo más vulnerables a la isquemia, el área CA1. Se sugiere 

que CA1 presenta una capacidad limitada para desencadenar la UPR y el Sal potencia 

esta capacidad, lo que da lugar a una disminución de la mortalidad neuronal retrasada. 

También se sugiere que las propiedades inflamatorias en respuesta a la isquemia en la 

unidad neurovascular (NVU) dependen de la estructura, en particular en el tiempo de 

respuesta inflamatoria en las diferentes regiones cerebrales. Estas diferencias se ponen 

más claramente de manifiesto tras el tratamiento con Sal. Además, el estudio demuestra 

diferencias en los diferentes tipos celulares de la NVU. Las células endoteliales presentan 

una alta respuesta al tratamiento con Sal mientras que los astrocitos apenas responden. 

El tratamiento con Sal muestra la existencia de respuestas locales en la NVU. En este 

capítulo se pone de manifiesto la importancia de los moduladores de UPR en la 

respuesta inflamatoria. La efectividad del Sal administrado después de la isquemia 
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sugiere que los moduladores de la UPR pueden representar terapias efectivas contra el 

ACV que aún no han sido exploradas. 

El tercer capítulo analiza el efecto combinado de Sal y un inhibidor muy selectivo de 

COX-2, robenacoxib (Rob), especialmente en CA1. A pesar de sus efectos anti-

inflamatorios, Rob adelanta la pérdida neuronal en vez de aumentar la neuroprotección. 

Sin embargo, el efecto del tratamiento combinado con Sal y Rob impide la pérdida 

neuronal temprana inducida por el tratamiento con Rob. Además, la activación glial está 

enormemente aumentada por el tratamiento con Rob y contrarrestada por los 

tratamientos de Sal y de Sal y Rob. La acción sobre la microglia causada por el 

tratamiento combinado de un agente potenciador de la UPR, seguida por un agente anti-

inflamatorio sugiere que una combinación apropiada de diferentes agentes 

neuroprotectores puede potenciar el efecto neuroprotector contra el ACV. 
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Abbreviations 

CVA: Cerebrovascular accident 

CA: Cornu Ammonis 

BBB: Blood brain barrier 

NVU: Neurovascular unit 

MPP: Matrix metalloproteinase 

ICAM-1: Intercellular adhesion molecule 

1 

VCAM-1: Vascular adhesion molecule 

TNF-α: Tumour necrosis factor 

INOS: Inducible nitric oxidase synthase 

ROS: Reactive oxygen species 

NOS: Reactive nitrogen species 

ER: Endoplasmic reticulum 

UPR: Unfolded protein response 

SOD: Superoxide dismutase 

CNS: Central nervous system 

OGD: Oxygen and glucose deprivation 

qPCR: Quantitative qPCR 

I/R: Ischemia/reperfusion 

VO: Vessel occlusion 

TJ: Tight junction 

CAM: Cell adhesion molecule 

IL: Interleukin 

ISR: Integrated stress response 

PG: Prostaglandin 

COX: Cyclooxygenase 

HIF-1: Inducible hypoxia factor 1 

GFAP: Glial fibrillary acidic protein 

IF: Intermediate filament 

 

 

Cx: Cerebral Cortex 

ANOVA: Analysis of variance 

SEM: Standard error of the mean 

PERK: Protein kinase RNA-like 

endoplasmic reticulum kinase 

IRE-1: Inositol requiring enzyme 1 

ATF-6: Activation transcription factor 6 

CHOP: C/EBP homologous protein 

ERAD: Endoplasmic reticulum 

associated degradation pathway 

PDI: Protein disulfide isomerase 

JAMs: junctional adhesion molecules 

ZO: Zonula occludens 

LFA-1: Lymphocyte function-associated 

antigen 1 

VLA-4: Very late antigen factor 4 

eIF2α: Eukaryotic initiation translation 

factor α subunit 

TX: Tromboxane 

NEMO: NF-κB essential modulator 

PGH2: Unstable endoperoxide 

prostaglandin 

IKK: IK kinase 

IK: Inhibitor kβ 

TGF-β: Tumour grow factor β 

BCL-2: Endonuclease G and B-cell 

lymphoma 2 

TNFR: Tumor necrosis factor receptor 

AIF: Apoptosis inducible factor 
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BNIF3: Adenovirus E1B 19 kDa-

interacting protein 

ECM: Endothelial extracellular matrix 

NF-kB: Nuclear factor kB 

tPA: Tissue plasminogen activator 

Sal: Salubrinal

Rob: Robenacoxib 

Salrob: Salubrinal + robenacoxib 

AD: Adherents junction 

APO: Apochromatic 

RT: Room temperature 
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Stroke  

Cerebrovascular accident (CVA), or stroke, has been defined by the World Health 

Organization (WHO) as “the rapid developing clinical signs of focal (at times, global) 

disturbances of cerebral function, lasting more than 24 hours or leading to death with 

no apparent cause other than that of vascular origin”. Stroke is one of the leading causes 

of death in the developed world (WHO 2011), the main cause of permanent disability 

and the second leading cause of dementia (Olesen et al., 2012). In Spain, CVA is the third 

leading cause of death (Table 1), only surpassed by cancer and pathologies of the 

vascular system, specifically heart diseases. Progressive ageing in the population plays a 

crucial role in the prevalence of CVA (INE 2017), which can result in hemiplegia, facial 

paralysis, aphasia, and other temporal or permanent disabilities that can affect 

functions such as walking, talking, speech, balance, co-ordination, vision, spatial 

awareness, swallowing, bladder control and bowel control. In Spain, social and sanitary 

costs of this pathology have been estimated to be 6% of the total sanitary costs (Spanish 

Neurology Society, 2015). In Spain, the average cost in 2000 for the treatment of a stroke 

patient was estimated to be about €5,000; 54% of the cost corresponded with the acute 

phase following the stroke, and the remaining 46% correspond to the first year after the 

stroke (Morales Ortiz et al., 2010). More recent reports estimate costs at about €9,000 

per patient and can reach up to €12,500 depending on the nature of the disability 

(Creutzfeldt and Holloway, 2012).  

Table 1. Total mortality in Spain in 2014. Last data of Instituto Nacional de Estadística (INE) (2017) 

*Range based on the number of death. 

Range* Cause of death Death number Death percentag Mortality rate 

 All causes 395.830 100% 852.1 

1 Cancer 106.269 26.9% 228.8 

2 Hearth attack 79.707 20.2% 171.6 

3 Cerebrovascular diseases 27.579 7% 59.4 

4 Chronic diseases of the lower 
respiratory tract 

15.546 3.9% 33.5 

5 Alzheimer disease 14.022 3.5% 30.2 

6 Unintentional accidents 10.313 2.6% 22.2 

7 Diabetes mellitus 9.625 2.4% 20.7 

8 Pneumonia and influenza 8825 2.2% 19 

9 Nephritis, nephrosis and 
nephrotic syndrome  

6556 1.7% 14.1 

10 Hypertensive disease 4533 1.1% 9.8 

 Rest of causes  98563 28.6% 242.8 
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Risk factors 

Risk factors for stroke are closely related to lifestyle. Being overweight and having a daily 

smoking habit increases the risk of stroke. Some pathologies, such as high blood 

pressure, diabetes mellitus, atrial fibrillation and high blood cholesterol, also contribute 

to an enhanced risk of stroke. Age is the most important risk factor of stroke (Ay et al., 

2005; Baltan et al., 2008; Barnett, 2002; Broderick, 2004; Schaller, 2007; Seshadri et al., 

2006); the incidence of stroke starts to be relevant from the age of 60 and it increases 

almost exponentially from the age of 65 (Table 2) (INE 2017). This makes stroke one of 

the most important causes of death in the elderly population (Davis et al., 1995; Suzuki 

et al., 2003; Taoufik and Probert, 2008). 

 

Table 2. Absolute deaths and death rate in Spain in 2014 caused by cerebrovascular diseases 

* Number of deaths 

 

Etiologic classification of human stroke 

Approximately 85% of strokes are caused by a blockage of a blood vessel (ischaemic 

stroke). The remaining 15% of strokes are caused by a leaking blood vessel in the brain 

(haemorrhagic stroke) (Figure 1). Both cases result in the deprivation of blood flow in a 

brain area, and the size of the blood vessel that has been impaired is a crucial factor in 

how extensive the damage is to the brain (Isabel et al., 2016). 

 Range of age 

Sex < 1 1-
4 

5-14 15-24 25-34 35-44 45-54 55-64 65-74 75-84 > 85 

Men 
and 
women* 

0 2 8 16 41 196 565 1101 2658 8725 14270 

Men* 0 2 2 9 26 117 373 752 1589 4155 4548 

Women* 0 0 6 7 15 76 192 349 1069 4570 9722 

Rate of death 

Men 
and 
women 

0 0.1 0.2 0.4 0.7 2.5 8 20.3 63 289.6 1118.3 

Men 0 0.2 0.1 0.4 0.9 2.9 10.5 28.3 80.1 329.7 1089.9 

Women 0 0.0 0.3 0.3 0.5 2 5.5 12.6 47.8 260.7 1132.1 
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Figure 1. Types of stroke. Figure shows how the haemorrhagic and ischemic stroke are produced. Taken 
from the Heart and Stroke Foundation of Canada 

 

Ischemic insults 

The Spanish Neurology Society clinic guide for the diagnosis and treatment of stroke 

(Arboix et al., 2002) the divides ischaemic stroke into the following categories:  

 Atherothrombotic cerebral infarction (15-20%): Characterised by a large 

infarction area in the cortical or subcortical regions. This type of infarction affects 

vessels in the carotid or vertebrobasilar systems Atherothrombotic cerebral is 

characterised in the following ways: 

o Aterosclerosis with stenosis: The reduction of the diameter of the vessels 

is equal to or greater than 50% by the stenosis. 

o Aterosclerosis without stenosis: Lesser stenosis and the presence of 

atherosclerotic clots. It has to present at least two of the following risk 

factors: high blood pressure, diabetes mellitus or high cholesterol levels. 

 

 Cardioembolitic infarction (15-20%): Characterised by a large infarction area, 

usually in the cerebral cortex, and the presence of cardiopathologies such as the 

intracardiac presence of a tumour or a clot, atrial fibrillation, myocardial 

infarction or endocarditis. 
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 Small vessel occlusive disease (lacunar stroke) (25-30%): Characterised by a small 

infarction area (< 15 mm of diameter) in the cerebral perforating artery that 

usually causes a lacunar syndrome in patients with several stroke risks. 

 

 Cerebral infarction of unusual cause (3-5%): Types of stroke of different sizes that 

affect the carotid or vertebrobasilar systems and for which an aterotrombotic, a 

carioembolic or a lacunar origin have been discarded. 

 

 Cerebral infarction of undetermined origin (30%): Strokes included in this 

category present with a wide range of sizes and are of an origin that does not fit 

in any of the previous categories. 

Haemorrhagic stroke:  

Haemorrhagic stroke was defined in 1998 (Roda et al., 1998) and takes into account the 

localisation of the broken vessel. Haemorrhagic strokes localised in the brain 

parenchyma are named intracerebral haemorrhagic strokes, and haemorrhagic strokes 

localised in the large arteries that irrigate the brain are named subarachnoid 

haemorrhagic strokes (Roda et al., 1992).  

Current therapies. 

Currently, the sole effective drug therapy against stroke is the tissue plasminogen 

activator (tPA), which dissolves the clot. However, treatment can only be administrated 

following a few types of ischaemic stroke. This therapy, as well as the physical removal 

of the clot, are uniquely effective in the first hours after the onset of the stroke; 

treatment must usually be administered within the first four hours after the insult, and 

can sometimes can be expanded for up to six hours after the insult (Saver et al., 2009). 

After this time, a detrimental interaction has been reported between tPA and the N-

methyl-D-aspartate receptors (Broderick, 1997).  

Given the high incidence of stroke, its social and medical costs and the lack of effective 

therapies, the search for targets that will lead to the development of effective therapies 

against CVA is urgent. 
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Experimental models of stroke 

Experimental models of stroke can be performed in large animals (for example, dog, cats 

and non-human primates) and small animals (for example, rodents). The structures and 

functions of the brain of large animals are closer to the human when compared to those 

of small animals, making easier to monitor and track the evolution of the damage using 

imaging techniques. However, the use of large animals presents several limitations, 

including economical costs, welfare concerns, and higher mortality and variability during 

the surgery procedures due to the procedures being more invasive compared to those 

in small animals. Altogether, these limitations make the use large animals in research 

more difficult. 

In comparison, the development of genetically homogeneous strains of animals and the 

lower costs for production, genetic modifications and delivery of treatment, makes 

easier to use small animals. This use of small animals for research has allowed for the 

development of standardised models for ischaemic injury with high reproducibility and 

low economic costs. Behavioural tests in models of ischaemic stroke also have a better 

level of standardisation for small animals. Main limitations in small animal models are 

the number of samples required (especially in the case of blood volume or repetitive 

sampling) and the fact that their lissencephalic brain makes anatomical and functional 

aspects more distant from those of the human brain (Traystman, 2003) 

Models of global cerebral ischemia 

Global cerebral ischaemia models are usually classified as complete and incomplete 

cerebral ischaemia (Table 3). Complete ischaemia implies that brain blood flow has 

ceased completely. Incomplete ischaemia occurs when brain blood flow is severely 

reduced and insufficient to maintain cerebral metabolism and function. Table 5 1 

illustrates different types of complete and incomplete cerebral ischaemia (Lo, 2008). 
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Table 3. Different models of global cerebral ischemia 

Complete cerebral ischemia Incomplete cerebral ischemia 

Cardiac arrest: Ventricular fibrillation is used 
to simulate cardiac arrest. 

Haemorrhage: Intracranial infusion of 
external blood or surgical brain vessel 
disruption. 

Aortic occlusion: Clamping of aortic arteria. Intracranial hypertension: Haemorrage as a 
consequence of increases in the intracranial 
pressure. 

Neck Cuff: Carotid arteries are blocked by 
using a neck cuff that can swell. This model is 
only used in large animals. Moreover, the 
paravertebral arteries must be occluded 
separately due to vertebrae encapsulation. 
It presents many limiting factors such as vagal 
compression and venous congestions.  

2 Vessel occlusion (2VO): Bilateral common 
carotid artery occlusion by clamping. It 
requires hypotension (under 50 mmHg) 
either by pharmacologic agents or by 
bleeding or partial exsanguination, to prevent 
that blood flow from the paravertebral 
arteries reach the brain. 

Cephalic Artery Occlusion: Surgical blocking 
of a cephalic artery. 

4 Vessel occlusion (4VO): It combines the 
blocking of carotid arteries and the electro-
cauterization of paravertebral arteries. The 
surgical procedure has a low successful 
percentage (around 50-25%). 

Decapitation: The head can be connect to an 
extracorporeal circulation system to simulate 
short reperfusions. 

 

Ageing and Stroke 

Ageing is related to a progressive loss in the functionality of the locomotor, 

sensory and cognitive systems(Clayton et al., 2002; Grady and Craik, 2000; Mesches et 

al., 2004; Navarro et al., 2005), which result in morphological, behavioural and 

neurochemical changes (He et al., 2006; Sutherland et al., 1996b). Unfortunately, 

studies that resulted in neuroprotection in animal models of stroke have not been 

successful in clinical assays (Fisher and Bastan, 2008; Gorelick, 2002; Petcu et al., 2008). 

A possible explanation of the discrepancies between research results in animals and 

clinical assays could be the different response to an ischaemic insult that occurs as a 

consequence of age. Most studies in animal models are performed in young animals, 

which are not accurate models since. This is because the transformation of ischaemic 

tissue to infarcted tissue increases with age (Ay et al., 2005) and, therefore, do not 

correctly represent the ischaemic effects on the neural tissues in the elderly individuals 

(Brown et al., 2003; Markus et al., 2005; Popa-Wagner et al., 1998; Wang et al., 1995). 
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Thus, age should be taken into account in experimental models of research on this 

pathology (Baltan et al., 2008). 

Ischaemic cascade and oedema 

After an ischaemic insult in the brain, two different areas of damage can be 

recognised on the basis of blood flow deprivation (Figure 2). The area where the blood 

flow is less than 12 ml/100g/min represents the ischaemic core where the complete or 

partially lack of energy results in the rapid cell death by necrosis. The surrounding area 

is characterised by partial blood flow that is estimated to be less than 30 ml/100g/min 

from close arteries and is called penumbra. The energetic metabolism in the penumbra 

presents some activity that can be restored when the normal perfusion of blood 

(reperfusion) is recovered (Dirnagl et al., 1999; Hossmann, 2008). The lack of recovery 

of blood flow over time causes the penumbra area to become part of the ischaemic core, 

preventing the tissue from having the possibility of being rescued. The impairment of 

this region is characterised by hypoxia and reoxygenation stress, brain blood barrier 

(BBB) disruption, oedema and inflammation. The crosstalk between neurons, 

endothelial cells and glial cells (in particular astroglia and microglia) is crucial in the 

recovery of penumbra (Østergaard et al., 2013). This area is considered to be the most 

important therapeutic target in post-ischaemic treatments that are aimed at preventing 

neuronal death after an ischaemic stroke. Penumbra is estimated to remain viable for 

16 to 48 hours after stroke, allowing possible clinical actions (Candelario-Jalil, 2009; 

Dirnagl et al., 1999; Durukan and Tatlisumak, 2007; Kadhim et al., 2008; Kriz, 2006; 

Lakhan et al., 2009; Meisel et al., 2005).  

Neuronal tissue requires a high level of oxygen and glucose, and the blood flow 

deprivation causes a rapid loss of energy, represented by ATP depletion. This leads to 

the depolarisation of plasmatic membranes, the accumulation of intracellular Ca2+ and 

the lipolysis caused by lipid peroxidation. The Ca2+ influx induced by ischaemia elicits the 

release of large amounts of the excitotoxic neurotransmitter, glutamate, another 

characteristic of ischaemia/reperfusion (Figure 3) (Kuroda and Siesjo, 1997).  
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Figure 2. Ischemic core and penumbra regions. Modified from Dirnagl et al., 1999 

 

Furthermore, Ca2+ increases in the cytosol promotes the influx of water into the 

neurons. The sum of these events leads to the excitotoxic oedema, which causes rapid 

cell death by necrosis (Liang et al., 2007). A large amount of compounds that are derived 

from the lipid breakdown remain during reperfusion. Those compounds react with 

oxygen, yielding an overproduction of reactive oxygen species (ROS) (J.Marc Simard et 

al., 2007). In addition, arachidonic acid and products of lipid peroxidation inhibit the 

reuptake of glutamate, which causes an increase in excitotoxicity (Braughler et al., 1985; 

Chan et al., 1983). 
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Figure 3. Excitotoxicity process in brain ischemia. Modified from Vandenberg and Ryan, 2013 

 

The release of ROS and reactive nitrogen species (NOS) promotes the production of 

cytokines and quimioquines, the activation of extracellular enzymes such as matrix 

metalloproteinases (MMPs) and the activation of microglia. MMPs degrade the 

extracellular matrix of the endothelium and contribute to the inflammatory response 

(Jin et al., 2010a). After hours to days of ischaemic stroke, the BBB disruption, oedema 

cytotoxicity and neuroinflammation may lead to the haemorrhagic transformation of 

the ischaemic tissue (Wang et al., 2003).  

Cytosolic microvacuolation of neurons appears from the first stages of ischaemia and 

the subsequent reperfusion (Krause et al., 1988). Some brain areas, such as cortical 

pyramidal layers 3 and 5, hippocampal Cornu Ammonis 1 (CA1) and Purkinje neurons, 

present high vulnerability to ischaemia (Sato et al., 1990). Protein synthesis is strongly 

suppressed in these vulnerable neurons during reperfusion (Cooper et al., 1977). CA1 is 

reported to have the highest vulnerability to global ischaemia (Kirino, 1982; Petito et al., 

1987; Zhu et al., 2012). A summary of this processes can be observed in the Figure 4. 
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Figure 4 Ischemic cascade. Modified from Dirnagl et al., 1999 
 

Oedema 

Brain excitotoxic and vasogenic oedema are the main alterations observed following a 

CVA. Excitotoxic oedema occurs when there is an intracellular accumulation of water 

from the extracellular space. It starts in the first minutes after the loss of blood flow but 

before BBB impairment. This oedema produces astrocyte and neuronal dendrite 

swelling. Vasogenic oedema occurs after BBB impairment. It drives the diffusion of blood 

protein into the nearest neuronal parenchyma, followed by the accumulation of water 

in the extracellular space (Unterberg et al., 2004).  
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Figure 5: Different oedemas after brain ischemia. Modified from Kahle et al., 2009 

 

Shortly after excitotoxic oedema occurs, oxygen and glucose deprivation modifies the 

ionic equilibrium in the endothelial membranes, allowing an influx of Na2+ and a 

depletion of ATP depletion in the endothelial cells. This ionic oedema is a new type of 

oedema that is not currently included in the traditional classification (Figure 5) (Simard 

et al., 2007). Endothelial cells also require high levels of energy, and ATP depletion 

impairs the cell function. Furthermore, the part of the vascular tree that is not subjected 
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to reperfusion suffers an overpressure; the overpressure causes laminar shear stress, 

which produces an early transitory permeability of the BBB; the impairment in the BBB 

results in an influx of water (through endothelial cells) into the neural parenchyma; and 

the influx of water leads to the ionic oedema that is observed 30 minutes after 

reperfusion. Early reperfusion would probably mitigate the BBB alterations; however, 

the delayed reperfusion enhances the damage in endothelial cells (Hirt et al., 2009). The 

later vasogenic oedema occurs when tight junctions (TJs) in endothelial cell are 

damaged. This increases the BBB permeability to blood proteins, such as albumin, and 

activates MMPs feeding positiverly the vasogenic oedema and the degradation of the 

basal lamina (Berezowski et al., 2012). 

 

Reperfusion 

The delayed re-establishment of the blood flow in the penumbra area, associated with 

neuronal apoptosis, increases ROS production and decreases the concentration of 

antioxidants that appear to be responsible for most of the cellular damage that is 

observed in ischaemic stroke (Figure 6). In several animal models of stroke, putative 

irreversible changes have been described that occur during reperfusion and that lead to 

neural death (Kidwell et al., 2001; Kuroda and Siesjo, 1997). These changes involve 

increases in the expression of hypoxia inducible factor-1 (HIF-1) and nuclear factor-κb 

(NF-κB) in endothelial and glial cells, especially in microglia cells. The upregulation of the 

signalling pathways activated by these transcription factors plays a key role in the 

disruption of the BBB and in the neuroinflammation (Lochhead et al., 2012) that is 

responsible for most of the brain damage that occurs during reperfusion (Pan et al., 

2007), as detailed below in the BBB disruption and neuroinflammation sections. 

Activated platelets are also involved in the damage caused by reperfusion because they 

increase ROS and NOS levels, thus contributing to oxidative stress of the surrounding 

tissue and an enhanced inflammatory response (Chong et al., 2001; Wong and Crack, 

2008; Zeller et al., 2005). In addition, areas with post-ischaemic hyperperfusion 

contribute to brain oedema and occasionally to brain haemorrhage.  
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Figure 6: Events after ischemia reperfusion. 

 

Recanalization and reperfusion 

Recanalisation is defined as the ‘’reopening of an occluded artery’’, whereas reperfusion 

means the ‘’restoration of microcirculatory blood flow downstream of the recanalised 

artery’’. Complete recanalisation does not necessarily result in reperfusion, a state 

named as ‘’no-reflow phenomenon’’ (Bai and Lyden, 2015a). Human and animal studies 

show that most cases of recanalisation do not lead to proper reperfusion of brain tissue 

(Anwar et al., 1988; Christou et al., 2000; Marler et al., 2000; del Zoppo et al., 1991). 

Mechanisms involved in impaired reperfusion include capillary constriction and vessel 

luminal narrowing, which results when swollen astrocyte endfeet cause extra-luminal 

compression and when the intraluminal space becomes filled with entrapped 

erythrocytes, leukocytes and platelets. These events increase the BBB permeability and 

activate tissue factors that elicit fibrin deposition, microvascular occlusion, and 

uninterrupted shrinkage of pericytes despite the recanalisation of an occluded artery 

(Belayev et al., 2002; Choudhri et al., 1998; Garcia et al., 1994; Liu et al., 2002; Yemisci 

et al., 2009; del Zoppo et al., 1991). During reperfusion, the damage to the vascular 

endothelium exposes the subendothelial extracellular matrix to blood components. This 

triggers the adhesion and aggregation of blood platelets to the brain microvasculature 

(del Zoppo, 1998), which is assumed to play a major role in the pathogenesis of 
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reperfusion failure after recanalization (Adams et al., 2008; Elvers et al., 2010; 

Kleinschnitz et al., 2007). 

Mitochondria and reperfusion 

Under physiological conditions, mitochondria constantly produce ROS, which are 

inactivated by superoxide dismutase, glutathione peroxidase and other antioxidants 

(including glutathione and ascorbic acid). Overproduction of ROS in the mitochondria 

during reperfusion rapidly exhausts endogenous antioxidant scavenging capacity (Li et 

al., 2012; Saito et al., 2005). High ROS levels directly oxidise cellular macromolecules 

(such as proteins, lipids and nucleic acids) and cause mitochondrial swelling, cell injury 

and death (Figure 7). Indirectly, ROS lead to the exhaustion of superoxide dismutases, 

which inhibit molecular switches for apoptosis signalling pathways during cerebral 

ischaemia and reperfusion (Chan, 2001; Schild and Reiser, 2005).  

  

 

Figure 7: Reperfusion events that leads to mitochondrial dysfunction. 

 

Furthermore, an excess of ROS inactivates NO produced by the endothelial NO synthase, 

causing the dysfunction of cerebral arteries and arterioles (Didion et al., 2002; Iadecola 

et al., 1999). Excess ROS production is only one of the initial causes that results in cell 

injury because mitochondrial dysfunction drives a variety of other subcellular processes. 

The impaired capacity of mitochondria to regulate calcium homeostasis leads to the 

mitochondrial membrane permeability transition, which is a Ca2+-dependent increase in 
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the permeability of the mitochondrial membrane. This results in the loss of the 

mitochondria transmembrane potential, mitochondrial swelling and rupture of the 

outer mitochondrial membrane (Jornayvaz and Shulman, 2010; Solenski et al., 2002; 

Tsujimoto et al., 2006). 

Protein synthesis inhibition during reperfusion 

Decreases in the incorporation of [14C]-labelled amino acids in the brain after ischaemia 

and during reperfusion are thought to be the result of the suppression of protein 

synthesis (Kleihues and Hossmann, 1971). The suppression of protein synthesis also 

occurs in the unfolded protein response (UPR) that is elicited by the overload of 

unfolded proteins, a state called endoplasmic reticulum (ER) stress (Walter and Ron, 

2011). Post-ischaemic reperfusion promotes several factors that contribute to ER stress, 

such as ATP depletion, decreased ER-associated degradation, inhibition of protein 

glycosylation, ER-reducing conditions and Ca2+ depletion in the ER (Bai and Lyden, 

2015b). UPR and ER stress will be explained in more detail in the section ER stress and 

UPR. 

Apoptosis 

The characterisation of the pathways that lead to cell death following CVA is crucial in 

the search for new therapies against stroke. Traditionally, necrosis has been believed to 

be the main type of cell death type following CVA; however, in recent years, other cell 

death processes, mainly apoptosis and necroptosis, have been discovered (MacManus 

and Buchan, 2000; Mehta et al., 2007; Vieira et al., 2014). Many vulnerable neurons, 

particularly in the penumbra area, undergo ischaemic-induced damage that can trigger 

a delayed cell death, mainly by different types of apoptosis. The hallmark of apoptosis 

is the activation of specific proteases called caspases, although the concept of 

programmed cell death is under active redefinition and caspase-independent apoptosis 

has been described (Galluzzi et al., 2015). Intrinsic apoptosis can be elicited by 

ischaemic-induced mitochondrial damage that releases cytochrome c into the cytosol 

and activates procaspase-9 which, in turn, activates caspase-3 (Figure 8).  
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Figure 8: Intrinsic apoptotic pathway after ischemia. Modified from Broughton et al., 2009 

 

Ischaemia also elicits extrinsic apoptosis that is triggered through cell-surface receptors 

belonging to the tumour necrosis factor receptor (TNFR) family. Once triggered, TNFR 

activates procaspase-8, which results in activation of caspase-3 (Figure 9). The effector 

caspase-3 is a key mediator of apoptosis, and its cleavage leads to the proteolysis of 

multiple proteins and causes the cell to be dismantled. Ischaemia has also been reported 

to induce caspase-independent apoptosis, during which proapoptotic proteins other 

than caspases (for example, apoptosis-inducing factor, endonuclease G and B-cell 

lymphoma-2 and adenovirus E1B 19 kDa-interacting protein (BNIP3) are released via 

mitochondrial transition pores (Broughton et al., 2009). 
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Figure 9: Extrinsic apoptotic pathway after ischemia. Modified from Broughton et al., 2009 

 

Inflammatory response after cerebral ischemia 

After stroke, neuronal death in the damaged areas, especially the resultant necrotic-cell 

debris, elicits an inflammatory process that modifies BBB permeability. This increases 

the expression of endothelial cell adhesion molecules (CAMs) that are responsible for 

the recruitment and infiltration of leukocytes into the neural parenchyma (Wang et al., 

2007). Inflammation triggers the activation of cells in the immune system, mainly 

phagocytic cells (Lelekov-Boissard et al., 2009; Lucas et al., 2006; Luheshi et al., 2011; 

Simi et al., 2007). A part of these cells are derived from microglia that, upon activation, 

are transformed into phagocytes, which are recruited to areas of cell damage as part of 

the ischaemic process (Abraham and Lazar, 2000; Bendel et al., 2005). An inflammatory 

response has been classically been considered to be beneficial in the restoration of 

damage following the ischaemic accident. In recent years, the post-ischaemic 
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inflammatory response has been linked to the progression of brain ischaemia-induced 

damage (Amantea et al., 2009; Chamorro and Hallenbeck, 2006; Rodriguez-Yanez and 

Castillo, 2008; Barone and Feuerstein, 1999), revealing that the inflammatory response 

could also be detrimental (Ceulemans et al., 2010).  

Inflammation without benefits for the body is often referred to as sterile inflammation 

(Figure 10). Thus, part of the cell damage that occurs happens rapidly after the ischaemic 

insult, but the remaining inflammation during the next several days contributes to the 

damage and delayed cell death (Wang et al., 2007). Thus, the prolonged inflammatory 

response makes it possible to use new long-term therapeutic strategies that treat the 

damaged area after the ischaemic accident (Barone and Feuerstein, 1999b). 

 

 

Figure 10 Sterile inflammation. Modified from Monsel et al., 2014 
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A crucial role in the inflammatory process is the ischaemic-induced increase of ROS that 

modifies the homeostasis of several types of cells, including endothelial cells, astroglia, 

microglia and leukocytes (that is, granulocytes, macrophages and lymphocytes). ROS has 

an important role in the activation of microglia cells and astrocytes, which exacerbates 

the inflammatory reaction. The inflammatory response involves many mediators, 

including chemokines and cytokines such as interleukins [IL]-1, IL-6 and IL-10; tumour 

necrosis factor α (TNF-α); tumour grow factor-β; cell adhesion molecules (for example, 

selectins, integrins and immunoglobulins); eicosanoids and other proinflammatory 

mediators that contribute to neural damage (Brouns and De Deyn, 2009; Iadecola and 

Alexander, 2001). 

NFkB activation after cerebral ischemia 

Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) is a transcription 

factor that belongs to the Rel-homology domain (RHD). Its interaction with the inhibitor 

κB (IκB), which is regulated by IκB kinase (IKK), acts a regulated molecular switch known 

as the NF-κB pathway. NF-κB subunits (RelA [p65], cRel, RelB, p50 [NF-κB1] and p52 [NF-

κB2]) present a nuclear localisation sequence. These subunits also bear 

homodimerisation and heterodimerisation motifs that bind to κB sites in DNA promoter 

regions in the genes controlled by NF-κB (Hoffmann and Baltimore, 2006).  

A large number of genes are NF-κB dependent. The most prominent gene transcription 

programs associated with NF-κB are: (1) inflammation (for example, IL-6, inducible oxide 

nitric synthase, intercellular adhesion factor [ICAM-1], MMP-9 and cyclooxygenase 

[COX]-2; (2) regulation of apoptosis, typified by the B-cell lymphoma-2 family; and (3) 

regulation of IκBs (α, β, ε, γ, ζ, p105 and p100). Different isoforms of NF-κB bind to 

specific IκB types, which are involved in a classic negative feedback loop for which the 

transcription factor is sequestered in the cytosol by binding their ankyrin repeats to the 

nuclear localisation sequence. Inhibition of NF-κB by IκB is eliminated by a series of 

events, beginning with the phosphorylation of specific serines (32 and 36 in IκBα) by the 

IKK complex. The IKK complex is composed of two serine kinases (IKK1/α and IKK2/β) 

and a regulatory subunit (IKKγ/NF-κB essential modulator[NEMO]) (Chariot, 2009; Israël, 

2010). The phosphorylation of IκB triggers its polyubiquitination by ubiquitin ligases. It 
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is then led to 26S proteasome for degradation and NF-κB is released so that it can 

translocate to the nucleus. 

Interesting IκB exceptions are p105 and p100, which contain both Rel homology and 

ankyrin repeat domains. Upon phosphorylation they are cleaved into p50 (NF-κB1) and 

p52 (NF-κB2), respectively, and join to other subunits (RelA for example) to become 

transcription factors. 

 

Figure 11 NF-κB regulation. Modified from Harari and Liao, 2010 

 

For example, the canonical NF-κB switch that is associated with inflammation is 

dependent on NEMO,the NF-κB essential modulator which integrates upstream stimuli, 

activates IKK2 and drives to the RelA/p50 heterodimer (Hayden and Ghosh, 2004; 

Viatour et al., 2005). In the resting state, this switch is “off”, and upon activation, the 
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“de novo” synthesis of IκBs produce a negative feedback loop. This feedback presents 

different “on” peaks (two to four) during the next three days after stroke and each 

successive peak presents progressively less amplitude. IκBs tightly control the strength 

and duration of the signal, which provides specificity to the different pathways that are 

modulated by NF-κB. This control has proven to be dependent on the duration of the 

inducing stimulus rather than its strength. Short-length stimulus results in typical 

patterns of activation and downregulation over one hour, while prolonged stimulation 

results in more variable activation (Hoffmann and Baltimore, 2006; Oeckinghaus and 

Ghosh, 2009). This provides a differential response to different inflammatory triggers in 

order to prevent an excessive inflammation response and subsequent damage (Shih et 

al., 2015; Simmons et al., 2016). 

The contribution of COX-1 and COX-2 to global ischemia 

COXs are highly conserved enzymes (Grosser et al., 2002) with two distinct isoforms — 

COX-1 and COX-2 —  that are encoded by two separate genes. Both COX-1 and COX-2 

catalyse the transformation of arachidonic acid, released from cell membranes by 

phospholipases, into the unstable endoperoxide prostaglandin (PGH2). PGH2, in turn, is 

metabolised by PG-synthases and isomerases into thromboxane and D, E, F and I series 

of prostaglandins (PGs) (Smith and Langenbach, 2001). PGs are local mediators and, 

therefore, only activate neighbouring membrane receptors that trigger different 

signalling events. COX-2 was characterised by several research groups in the early 1990s 

as the isoform that is inducible by cytokines, growth factors and tumour promoters and 

that is responsive to glucocorticoids (Marnett and DuBois, 2002). COX-2 is considered as 

the main enzyme responsible for the formation of PGs in inflammation, pain and 

possibly tumour growth (Seibert et al., 1995). COX-1 isoform is constitutively expressed 

in most tissues (Figure 12) and has been suggested to be the main enzyme responsible 

for homeostatic functions, and it is considered the sole isoform involved in the 

protection of the gastroduodenal mucosa (Grosser et al., 2010). 
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Figure 12: Effects of COX-1 and COX-2 in different organs Modified from Grosser et al., 2010 

 

The development of preferential inhibitors for COX-2 in recent years has led to new 

conclusions about the contribution of both COX-1 and COX-2 isoforms to the 

inflammatory process. COX-2 is more inducible by inflammatory stimuli (O’Banion et al., 

1992), but both isoforms are expressed in circulating inflammatory cells.COX-1 was 

found to be upregulated in some inflammatory conditions, for example in arthritic 

synovia (Crofford et al., 1994) and in atherosclerotic plaque (Schönbeck et al., 1999). 

COX-1 also contributes to the synthesis of PGs in experimental inflammation in humans 

(McAdam et al., 2000). Additional support to the notion that both COX-1 and COX-2 play 

important roles in inflammation and pain is derived from mouse genetics (Vardeh et al., 

2009; Yu et al., 2005). The relative contributions of each isoform to these processes are 

still not well understood. Recent studies reveal that COX-2 is expressed not only during 
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inflammation, pain, and fever but also under physiological conditions (Grosser et al., 

2010). 

Both isoforms are expressed during development, are co-regulated in some embryonic 

tissues (Grosser et al., 2002) and are postnatally expressed in uninflamed tissues, 

including the vasculature, kidney, spinal cord, brain and gastric epithelium. Interestingly, 

COX-2 has been observed to be induced at the margins of gastric erosions and 

ulcerations (Hatazawa et al., 2007; Schmassmann et al., 2006), suggesting a role for COX-

2 in ulcer healing. PGI2 is a potent inhibitor of platelet function and a vasorelaxant in 

vitro, and it is thought to confine local prothrombotic and proatherogenic stimuli in vivo. 

Endothelium is a major source of PGI2, and laminar shear stress induces COX-2 

expression in endothelial cells, suggesting that COX-2-dependent PGI2 formation in the 

vasculature can be regulated by hemodynamic control (Cairns, 2007). These 

observations have led to the conclusion that the suppression of COX-2-induced PGI2 

might increase thrombotic events. In addition, mature platelets do not express COX-2 

and therefore their activation is COX-1 dependent. Thus, the platelet activation results 

in thrombotic activity that cannot be inhibited by selective COX-2 inhibitors (Grosser et 

al., 2010). COX-1 is also crucial in microglia activation that occurs in the 

neuroinflammatory response (Aïd and Bosetti, 2011; Fiebich et al., 2014). More 

information is still required to understand the contribution of COX isoforms to the 

neuroinflammatory response.  

Anti-inflammatory agents  

The critical role of the inflammatory response in the progression of tissue damage, 

particularly damage caused by sterile inflammation, has been studied for many years in 

the search for stroke therapies (Perez-Polo et al., 2013; Szekely and Zandi, 2010; Yilmaz 

and Granger, 2010). The administration of anti-inflammatories after stroke has been 

widely tested in both in vivo and in vitro models of ischaemia (Llorente et al., 2015; De 

los Reyes and Céspedes 2014; Ugidos et al., 2017). The search for targets and new agents 

to treat the damage caused by stroke is a very active field, and particularly with regard 

to the role of COX-1 and COX-2 in the neuroinflammatory process (Grosser et al., 2010).  
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The first studies of anti-inflammatory agents as putative neuroprotectors used 

acetylsalicylic acid and traditional non-steroidal anti-inflammatory drugs (NSAIDs) that 

inhibited both isoforms of COX. NSAIDs present a wide range of percentages for the 

inhibition of COX-1 and COX-2 (Figure 13) (Patrono, 2016b). Nimesulide and meloxicam 

are the preferred COX-2 inhibitors, and they also present some ability to inhibit COX-1. 

COX-1 plays an important role in the maintenance of the gastrointestinal barrier; 

therefore, the inhibition of COX-1 has a detrimental effect in peripheral area (Patrono, 

2016a). For that reason, the prolonged used of NSAIDs can lead to gastrointestinal 

haemorrhages and even death (Cairns, 2007).  

The studies that investigated acetylsalicylic acid revealed that COX-1 inhibition plays an 

important role in the subacute phases of stroke because the inhibition of COX-1 in 

platelets prevents their activation. In this regard, the antithrombotic effect of 

acetylsalicylic acid has led to its common use in clinic as a preventative treatment for 

ischaemic stroke in patients with previous episodes of stroke (Antithrombotic Trialists’ 

(ATT) Collaboration et al., 2009; Antithrombotic Trialists’ Collaboration, 2002). 

Moreover, the inhibition of this isoform has a critical role in microglia activation, as 

mentioned above (Aïd and Bosetti, 2011; Fiebich et al., 2014). The results obtained in 

traditional NSAID studies reveal a neuroprotective effect in most models of stroke.  

 

Figure 13:  Percentage of inhibition of COXs by NSAIDs and “coxibs”. Modified from Cairns, 2007 
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Because of the detrimental peripheral effect of inhibiting COX-1, the pharmaceutical 

industry put much effort into creating COX-2 inhibitors that were more and more 

selective, and they have developed a new generation of very selective COX-2 agents 

called the ‘’coxib’’ family (Figure 13). These agents have provided very good results in 

the prevention of the general inflammatory response in non-central nervous system 

(CNS) pathologies (King et al., 2009). However, the use of “coxibs” in clinic has revealed 

that some of them, such as rofenacoxib and valdecoxib, enhance the risk of the cardiac 

arrest and stroke, especially as age increases; in fact, rofenacoxib and valdecoxib were 

withdrawn from the market (Cairns, 2007; Jüni et al., 2004; Patrono, 2016a, 2016b). The 

increased risk of stroke and cardiac arrest are associated with the COX-1 induced 

platelet activation and the protective effects of COX-2 on the BBB as a consequence of 

the constitutive expression of this isoform in the vascular endothelial cells. Therefore, 

blocking the expression of both isoforms seems to be necessary to prevent the 

thrombotic effect (FitzGerald et al., 2001; Roumie et al., 2008). Additional effects have 

also been described for different coxibs. For example, celecoxib presents pro-apoptotic 

effects in cell culture but (Schonthal, 2007), interestingly, is used as a neuroprotector in 

haemorrhagic stroke (Chu et al., 2004). Etoricoxib has been described as having a 

neuroprotective effect in focal ischaemia; it triggers the translocation of the cAMP 

responsive element binding protein into the nucleus and cjun transcription factors 

control the expression of pro-survival genes (Maheshwari et al., 2011). The different 

responses of members of the ‘’coxib’’ family make it necessary to test each one to find 

out whether it has a neuroprotective effect in stroke.  

The debacle in the inhibition of these two isoforms provides a final lesson because each 

COX isoform has different indispensable functions that do not overlap and cannot 

functionally replace each other (Fiebich et al., 2014). 

Astrocytes as inflammatory markers after cerebral ischemia 

Following cerebral ischaemia, activation of astrocytes increases the glial fibrillary acidic 

protein (GFAP) expression, a typical marker of "reactive gliosis" that is characterised by 

both functional and morphological changes. GFAP is an intermediate filament protein 

that is expressed in astrocytes and ependymal cells of the CNS, but not expressed in 
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oligodendrocytes or neurons (Sofroniew and Vinters, 2010). Reactive astrocytes 

increase in size and acquire a characteristic star-shaped morphology (Badawi et al., 

2012; Che et al., 2001; Pekny and Nilsson, 2005). The phosphorylation of GFAP is 

increased after the ischaemic process (Gudino-Cabrera and Nieto-Sampedro, 2000; 

Sullivan et al., 2012). Astrocytes are also capable of secreting inflammatory factors, such 

as cytokines, chemokines and inducible oxide nitric synthase (Dong and Benveniste, 

2001; Lively and Schlichter, 2012). These cells normally perform functions related to the 

maintenance of neurons, but activated astrocytes can also contribute to ischaemic brain 

damage. (Lively and Schlichter, 2012; Sullivan et al., 2012; Wang et al., 2007). GFAP 

could be a possible blood biomarker of cerebral haemorrhage in patients with symptoms 

of acute stroke because it is rapidly released into the blood after haemorrhagic stroke 

and in a more gradual way after ischaemic stroke (Wasserman et al., 2008). 

 

 

Figure 14 Reactivity of astrocytes following brain injury. Modified from Pekny and Pekna 2014 
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Neurovascular unit (NVU) 

Blood brain barrier (BBB) 

In mammals, including humans, endothelial cells that line capillary walls form the most 

external layer of the BBB that separates the blood and the neural parenchyma (Figure 

15). Epithelial cells of the choroid plexus form a blood–cerebrospinal fluid barrier. 

Vascular arachnoid epithelium, which underlies the dura mater, completes the seal 

between the extracellular fluids of the CNS and the rest of the body (Abbott et al., 2006).   

 

Figure 15 Barriers in brain. Modified from Abbott et al., 2006 
 

The BBB represent the largest interface between blood and brain. It has many different 

functions (Abbott et al., 2010), for example: 
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 Ion regulation: The BBB contributes to ion homeostasis in combination with 

specific ion channels and transporters, keeping the ionic composition optimal for 

neural signalling. 

 Neurotransmitters: The BBB maintains separate pools of some molecules that 

act as either neurotransmitters or as metabolites in different molecular 

pathways. For example, blood plasma contains high concentrations of the amino 

acid glutamate, which is a metabolite in the Krebs cycle, but glutamate is also an 

excitatory neurotransmitter in some neurons. The BBB prevents the movement 

of some of these blood molecules because they can result in synaptic signalling 

in the CNS. 

 Macromolecules: The protein content in cerebrospinal fluid is much lower than 

blood plasma, and the BBB preserves the difference in protein concentrations. 

In addition, the leakage of some serum protein macromolecules (for example, 

plasminogen and thrombin) into the neural parenchyma as a consequence of 

BBB impairment can result in severe pathological consequences. 

 Neurotoxins: Endogenous metabolites or proteins, as well as xenobiotics 

ingested in the diet or otherwise acquired from the environment, can act as 

toxins in the neural parenchyma. The BBB prevents these molecules from 

reaching the neural tissue. 

 Brain nutrition: The BBB provides a low, passive permeability to many essential 

water-soluble nutrients and metabolites that are required by nervous tissue. The 

presence of specific transport systems that are expressed in the BBB ensures that 

there is an adequate supply of these substances. 

 Immunoprivileged state: The BBB allows an immune surveillance that is specific 

to the neural parenchyma (microglia) with minimal inflammation and cell 

damage, and it prevents the action of the blood cell immune response.  

Tight junctions 

TJs are dynamic structures that consist of transmembrane and membrane-associated 

cytoplasmic proteins assembled in a multimolecular complex. TJs are composed of 

integral membrane proteins (occludin, claudins and junctional adhesion molecules) that 
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are involved in intercellular interactions with cytoplasmic scaffolding proteins such as 

zonula occludens (ZO). TJs are also composed of actin cytoskeleton and associated 

proteins such as protein kinases, small GTPases and heterotrimeric G-proteins (Figure 

16). Extremely tight TJs (for example, ZO) are a key feature in the BBB function. They 

reduce the permeation of polar solutes through paracellular diffusional pathways 

between vascular endothelial cells into the brain extracellular fluid (Wolburg et al., 

2009). Adherens junctions maintain endothelial cells, which gives the tissue structural 

support, and they are critical for the formation of TJs. The disruption of TJs leads to 

impairment of the BBB (Wolburg and Lippold, 2002). 

 

Figure 16 The composition of the tight junctions. Modified from Abbott et al., 2010 
  

The blocking of paracellular diffusional pathways by TJs results in a high in vivo electrical 

resistance of the BBB (about 1800 Ω/cm2). TJs seem to be regulated via intercellular 

scaffold proteins (ZO-1, ZO-2 and ZO-3) which link claudins and occludin to intercellular 

actin and the cytoskeleton (Lauer et al., 2004; Wolburg et al., 2009). Modifications of 

Ca2+ concentrations or changes to electrical resistance limit the effectiveness of the TJs 

as a barrier. Many cell types associated with brain microvessels — for example, 

astrocytes, neurons, pericytes, monocytes and microglia — release reactive vasoactive 

agents and cytokines that can modify the assembly and permeability of TJs (Abbott et 

al., 2006; Nakagawa et al., 2009). 
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Transport across the BBB 

Excellent reviews such as Abbot et al., 2010 of potential routes for different molecules 

(figure17 ) to cross BBB can be summarized as follows: 

 

Figure 17: Different routes from blood to the neural parenchyma. Modified from Abbott et al., 2010 
 

 Passive transport: Bases with a positive charge have an advantage over acids 

when crossing the BBB. The cationic nature of these molecules likely interact 

with the negatively charged glycocalyx and phospholipid head groups, 

facilitating their entry. The exchange of blood gases oxygen and carbon dioxide 

across the BBB is diffusive, and dissolved gases move according to a 

concentration gradient. The bicarbonate anion has a very restricted passive 

permeability across the BBB.  

 Solute transporters across the BBB: The blocking of paracellular diffusion 

potentially isolates the brain from many essential polar nutrients that are 

necessary for brain metabolism, such us glucose and amino acids. This requires 

the brain endothelium to contain specific solute transporters that allow the 

entry of these substances into the neural parenchyma. The structure of TJs 

makes the BBB behave as a continuous cell membrane whose permeability 
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depends essentially of the membrane lipid bilayer and its specific transporters. 

Endothelial cell transporters are specific for a wide variety of solutes and 

nutrients, and they mediate the traffic into and out of the neural parenchyma. 

 ATP-binding cassette transporters (ABC transporters) across the BBB: ABC 

transporters in the BBB play a major role as ATP pumps that transport diverse 

lipid-soluble compounds out of the brain capillary endothelium and the CNS. 

They consume ATP and are responsible for decreasing the concentration of 

some lipid-soluble drugs in the brain.  

 BBB transport of macromolecules: Transcytosis of macromolecules across the 

BBB provides the main route via which macromolecules, such as proteins and 

peptides, reach the intact neural parenchyma. Two vesicle transcytotic 

mechanisms — receptor-mediated transcytosis (specific) and adsorptive-

mediated transcytosis (non-specific) — allow the transport of a variety of 

macromolecules into the brain.  

 Cell movement across the BBB: Cells derived from monocyte lineage are 

recruited in the brain during embryonic development and become resident 

microglia (Glezer et al., 2007). In addition, mononuclear leukocytes, monocytes 

and macrophages can reach the neural parenchyma in pathological conditions, 

displaying a microglial phenotype and playing complementary roles to those of 

the resident microglia (Bechmann et al., 2005; Davoust et al., 2008). Sites of BBB 

inflammation attract circulating neutrophils and mononuclear cells that cross 

the BBB. They accumulate between endothelia cells and the parenchyma basal 

membrane, forming special zones named perivascular cuffs (especially in 

venules) (Konsman et al., 2007). This strictly regulated immune cell traffic makes 

the CNS an immunoprivileged site, where the neutrophil infiltration is much 

lower than in peripheral tissues. This immunoprivileged condition is lost after 

trauma or ischaemia events when activated neutrophils damage the BBB (Scholz 

et al., 2007). 
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The NVU components 

The BBB is formed by specialised vascular endothelial cells, but it is tightly controlled by 

pericytes embedded in the vascular basement membrane, perivascular microglial cells, 

astrocytes and neurons. Taken together, the components constitute the neurovascular 

unit (NVU), a concept that highlights the functional cell–cell interactions that support 

BBB function (Figure 18).  

The NVU concept integrates many aspects of cellular function, including the BBB 

integrity and physiology (Sengillo et al., 2013; Winkler et al., 2013). The different cell 

types of NVU are closely associated. In this regard, TJs of cerebral endothelial cells 

restrict paracellular pathway diffusion; pericytes partially envelop the endothelial cells 

and share a common basal lamina with them; and astroglial endfeets ensheath the blood 

microvessel wall and neurons. Pericytes and astrocytes are important in the BBB 

maintenance and its embryonic development. Thus, the initial concept of a static barrier 

has been replaced in recent years by a dynamic concept that implies different cell types 

working together in the homeostasis maintenance of the CNS (Wong et al., 2013; Yepes, 

2013). The NVU underlies neurovascular coupling, which allows cerebral blood flow to 

be locally regulated according to the neuronal activity in specific areas of the brain, 

which in turn contributes to the normal functioning of the CNS (da Fonseca et al., 2014). 

Recent in vivo studies provide evidence that perivascular microglia in the neural 

parenchyma interact with CNS blood microvessels, and studies suggest that the 

microglia cells play a role in regulating BBB properties in both development and disease 

(Tammela et al., 2011). 

Microglia cells represent the population of innate immune cell in e CNS, which migrate 

from the yolk sac into the neural parenchyma during embryogenesis (Alliot et al., 1999). 

Microglia perform an essential role in the immune response, but they are also included 

by some authors as a component of the NVU (Spindler and Hsu, 2012). 

Microglia are dynamic cells that are able to change their morphology. Thus, in 

physiological conditions (resting state), microglia cells present a ramified morphology 

with small somata and dynamic processes showing an extensive arborisation. These cells 

are rapidly activated in response to an ischaemic insult, which is evidenced by striking 

morphological changes that are characterised by deramification —that is, the branch 
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number and the length of processes are progressively attenuated, leading to an 

amoeboid morphology (activated state). Changes in the microglial morphology mirror 

the extent of severity of ischaemic damage (Walker et al., 2014; Yenari et al., 2010). 

Microglia become activated under brain injury and undergo several alterations from the 

resting state to the active state. This last state mirrors the presence of 

neuroinflammation, which is involved in the progression of neurodegenerative diseases 

(Kettenmann et al., 2011). 

 

 

Figure 18 The neurovascular unit. Modified from Abbott et al., 2006 
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The contribution of the microglia to the BBB maintenance has been highlighted in recent 

years, suggesting that microglial activation may be related to BBB disruption (Fonseca 

et al., 2014). Activated microglia have been suggested to increase ROS concentration 

through the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase system (a 

typical immune mechanism of microglia), which seems to be the main producer of 

superoxide anion and an important contributor to increase the BBB impairment (Rojo et 

al., 2014; Sumi et al., 2010). The reduction in ROS concentrations by inhibiting both 

microglial activation and infiltration of blood macrophages would limit disruption to the 

BBB and would reduce vasogenic oedema in ischaemic stroke (Jiao et al., 2011; Sandoval 

and Witt, 2008). 

The importance of microglia in recovery following ischaemic damage has also been 

highlighted by the results of research studies. In this regard, the absence of proliferating 

microglia cells contributes to the extension of the damage, while the 

intracerebroventricular injection of microglia protects the BBB integrity (Kitamura et al., 

2004; Lalancette-Hebert et al., 2007). All these data support a role for microglia in 

endothelial damage and BBB disruption in stroke, making microglia a putative target for 

the minimisation of ischaemic damage in stroke patients (da Fonseca et al., 2014). 

Cell adhesion molecules (CAMs) in vascular endothelium 

Leukocyte traffic across the brain endothelium is strictly regulated by the low expression 

of luminal CAMs under normal healthy conditions, minimising the first stages of 

leukocyte adhesion. Leucocyte transmigration during inflammation occurs 

predominantly in vessels on the meningeal pial surface of the brain and postcapillary 

venules (Engelhardt and Ransohoff, 2012). 

Selectins mediate cell–cell adhesion, particularly between leukocytes and vascular 

endothelium of the post-capillar venules. Three main types of selectins have been 

identified: P-selectin, E-selectin and L-selectin (Carlos and Harlan, 1994; Hallenbeck, 

1996; Kim, 1996). These molecules are expressed in the luminal endothelial membrane 

immediately after their activation by stimulants such as thrombin and histamine. P- and 

E-selectin are involved in the recruitment of leukocytes during first stages of leukocyte 
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activation while L-selectin helps to discard non-activated leukocytes (Bargatze et al., 

1994). 

  

The low affinity binding: rolling 

The recruitment of the leukocytes and platelet in the brain venules after the BBB 

impairment is a striking coordinated process, regulated by the expression of different 

CAMs in the vascular endothelium membranes and their ligands in leukocyte 

membranes (Figure 19). 

 

Figure 19: Adhesion process. Modified from Broughton et al., 2013 
 

The recruitment involves two different stages. The first stage is called “labile adhesion” 

and is characterised by a low-affinity binding adhesion between leukocytes and 

endothelial cells. This process requires the rolling of the leukocytes and is followed 

shortly thereafter by high-affinity binding (“firm adhesion”) between leukocytes and 

endothelial cells. The “labile adhesion” process requires an initial capture process 

mediated by P-selectin (Yilmaz and Granger, 2008). In the leukocytes, the main ligand 

for P-selectin is PSGL-1 (P-selectin glycoprotein ligand) (Frenette et al., 2000). This is 

followed by a characteristic leukocyte rolling process mediated by E-selectin, which is 
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not pre-synthetised in the vascular endothelial cells (except in the skin where is 

constitutively expressed together with P-selectin) (Hwang et al., 2004). The expression 

of E-selectin can be observed after two hours of stimulation by TNF-alpha. During 

inflammation, cytokine-induced E-selectin expression presents maximal transcript levels 

between two and four hours, and after 24 hours it returns to the baseline (Kansas, 1996). 

E-selectin overlaps with that of P-selectin and contributes to the enhanced recruitment 

of the leukocytes during the inflammatory process. E-selectin reduces the speed of 

leukocyte rolling, increasing the probability of adhesion (Kunkel and Ley, 1996). 

The high affinity binding 

Rolling leukocytes bound through E-selectin are induced to express β2 integrin (CD11) 

as a consequence of laminar shear stress, which leads to the high-affinity binding stage 

(Green et al., 2004; Kunkel et al., 2000). In particular, neutrophil adhesion is mediated 

by the β2 integrin lymphocyte function-associated antigen 1 (LFA-1) to the endothelium 

intercellular ICAM-1. This binding is extremely important to prevent the loss of adhesion 

that results from the lamina shear stress from the blood flow. Interaction between β2 

integrin and its ligands, ICAM-1 and ICAM-2, is also crucial for the proper diapedesis of 

leukocytes in the transmigration sites (Schenkel et al., 2004). 

Transmigration of leukocytes through the vascular endothelial cells is a dynamic process 

for both cell types. Endothelial cells play a crucial role in this process and proactively 

form microvilli-like projections that are enriched in ICAM-1 and vascular adhesion 

molecule 1 (VCAM-1), and that form cup-like structures around populations of adherent 

leukocytes dependent on LFA-1 and very late antigen-4 (VLA-4) (Barreiro et al., 2002; 

Carman and Springer, 2004; Shaw et al., 2004). ICAM-1 and VCAM-1 are connected to 

the endothelial cell cytoskeletal actin by scaffold proteins. This protein complex leads to 

the cytoskeleton reorganisation that allows the leukocyte to cross the vascular 

endothelial cells (Barreiro et al., 2004). 

The presence of pro-inflammatory mediators (such as TNF-α) increases ICAM-1 

expression, which is related to increases in BBB permeability as observed in acute 

inflammation. A region-specific correlation has been reported between the ICAM-1 

induction and microglial activation (Huber et al., 2006). During cerebral ischaemia, the 

platelet accumulation in microvessels triggers the activation of brain endothelial cells. 
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ICAM-1 expression is then increased, which enhances neutrophil infiltration into the 

brain parenchyma and contributes to cerebrovascular inflammation (Thornton et al., 

2010). 

Leukocyte transmigration 

Perivascular macrophages and microglia are activated in several pathological states. 

Normal blood mononuclear cells are able to cross the BBB by a process of diapedesis 

through the cytoplasm of the endothelial cells without TJs disruption. Instead, the 

mononuclear cells use the paracelullar route that involves the opening and re-

arrangement of TJs (Abbott, 2013). The BBB plays an essential role in the control of the 

leukocyte traffic, the immune response during brain infection and the cleaning of the 

debris by microglia and macrophages after brain trauma (Shechter and Schwartz, 2013). 

The brain inflammatory response is characterised by the rapid activation of brain 

resident cells, especially microglia, followed by the infiltration into the neural 

parenchyma of blood immunoreactive components, including neutrophils, T cells and 

monocytes and macrophages (Yilmaz and Granger, 2010). The recruitment of blood 

immune cells occurs under conditions that represent biphasic dynamics. In the acute 

phase (minutes to hours), the damaged tissue releases ROS, cytokines and chemokines 

that promote the rapidly recruitment of microglia to the injury site. Activated microglia 

enhance ROS release (mediated by nicotinamide adenine dinucleotide phosphate 

oxidase), cytokines (IL-6, TNF-α) and chemokines. In this phase, mediators are also 

released to stimulate endothelial cells, which results in the expression of the adhesion 

molecules P-selectin, E-selectin, ICAM-1 and VCAM-1. Adhesion ligands (lectins) are also 

upregulated in circulating leukocytes, allowing the cell diapedesis in the subacute 

phase(Enzmann et al., 2013; Obermeier et al., 2013). All of these processes enhance the 

adhesion of leukocytes to the endothelium and their subsequent transmigration (Figure 

20) (Jin et al., 2010b). The degradation of the basal lamina of the vascular endothelial 

cells by MMPs facilitates contact between the leukocytes and the endothelial CAMs, 

allowing transmigration. In the subacute phase (hours to days), the infiltrated leukocytes 

release chemokines and cytokines that increase ROS production and activates MMPs 

(especially MMP-9). In turn, ROS and MMPs enhance the inflammatory response, 

increase the activation of the resident brain macrophages and facilitate the 



Introduction 
 

47 

transmigration of neutrophils and peripheral macrophages. Finally, these events result 

in BBB disruption, which can lead to the neuronal death (Berezowski et al., 2012; Rosell 

et al., 2006; Stanimirovic and Satoh, 2000). 

 

Figure 20: Leukocyte transmigration. Modified from Collard and Gelman, 2001. 

 

Blood brain barrier impairment  

In inflammatory pathological states, the BBB TJs may be opened by the action of 

cytokines and other agents, allowing mononuclear cells to reach the neural parenchyma 

by both paracellular and transcellular routes (Abbott, 2013; Konsman et al., 2007). In 

most CNS disorders, a BBB impairment appears that is associated with inflammation 



Introduction 
 

48 

prior to the neuronal loss. This impairment may play a causative or exacerbating role in 

neuronal dysfunction or loss. Neuroinflammation with microglial activation is detectable 

before the neuronal loss and involves the BBB impairment with extravasation of large 

molecular weight tracers (Farfel-Becker et al., 2011; Vitner et al., 2012). 

BBB disruption after stroke also presents with biphasic dynamics. The reversible early 

opening (around 12 hours after insult) of the BBB is mainly caused by oxidative stress; 

the most important mediators are ROS produced predominantly by astrocytes and 

microglia. In addition, ROS and NO can induce a reorganisation of endothelial 

cytoskeleton, modulate TJs and activate latent MPP-2. The activated MPP-2 is the most 

important factor in the early disruption of the BBB. Despite its reversibility, the first 

opening of the BBB activates microglia and upregulates inflammatory mediators during 

the first 48 hours (Bauer et al., 2010; Lee et al., 2004; Obermeier et al., 2013).  

A delayed secondary opening of the BBB occurs in the following 48  to 72 hours, and the 

sustained inflammatory response in the brain parenchyma causes a continuous BBB 

impairment. In this second opening, MPPs (MPP-2 and MPP-9) are the most important 

mediators released by astrocytes and pericytes, which are stimulated by the increase of 

the microglial ROS and NO and cytokines production (Rosenberg et al., 2001; Takahashi 

et al., 1999). This permeability contributes to haemorrhagic transformation and 

vasogenic oedema. MPPs are stimulated by NF-kB and HIF-α and disrupt TJs, 

contributing to the BBB impairment (Gu et al., 2012; Obermeier et al., 2013). The most 

active metalloprotease is MPP-9. It is considered to be the main molecule responsible 

for the disruption of the TJs and the irreversible phase of the BBB impairment (Bauer et 

al., 2010; Lee et al., 2004).  

The continuous production of proinflammatory mediators in the damaged area, such 

the mediators TNF-α, IL-6 and NO, also interferes with the late phase of the BBB 

disruption. TNF-α and IL-1beta downregulate the TJ protein expression in vascular 

endothelial cells (Jiao et al., 2011) and, together with IL-6, modulate the expression of 

ICAM-1 and VCAM-1 (Hallenbeck, 2002). These actions enhance the diapedesis of 

peripheral leukocytes and contribute to the vasogenic oedema, allowing the diffusion of 

sodium and water into the neural parenchyma (Sandoval and Witt, 2008). 
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ER-stress, UPR and stroke. 

The ER is a highly specialised organelle where the proper folding of proteins occurs. 

Those proteins are destined to be secreted or delivered to different cellular organelles. 

These events require ATP and Ca2+-dependent post-translational modifications to the 

nascent peptides, including disulfide bond formation, glycosylation, controlled 

proteolysis and chaperone-mediated folding (Schroder and Kaufman, 2005). To carry 

out these functions and for a protein to achieve is final functional conformation, the ER 

must maintain an oxidising environment, elevated Ca2+ concentrations and an 

environment rich in molecular chaperones, isomerases and glycosylation enzymes 

(Kaufman, 1999). 

The ER is highly sensitive to changes in cytoplasm and the extracellular environment. 

Thus, when neuronal homeostasis is impaired, ATP levels drastically decrease and Ca2+ 

is released from the ER. The accumulation of damaged and misfolded proteins in the 

cytoplasm and ER lumen is known as ER stress, a situation that happens during an 

ischaemic insult and is accompanied with increases in ROS and NOS (Wu and Kaufman, 

2006). ER-stress has been reported in models of global and focal ischaemia and in 

cultured neurons subjected to oxygen and glucose deprivation (OGD) (Llorente et al., 

2013; Petito and Pulsinelli, 1984; Wu and Kaufman, 2006). Moreover, ER stress can 

result in inflammatory signalling (Hasnain et al., 2012). 

Unfolded protein response (UPR) 

In response to ER-stress, cells ignite an adaptive response known as UPR. UPR includes 

a number cellular responses, such as  1) a reduction in the rate of protein synthesis; 2) 

an upregulation in genes that encode for ER chaperones, enzymes and structural 

components of the ER, thus increasing its capacity for processing proteins; 3) the 

activation of degradation pathways to overcome the excess of misfolded and damaged 

proteins and 4) the initiation of a program of delayed cell death (apoptosis) if the stress 

is too severe or impossible to overcome (Meusser et al., 2005; Muchowski, 2002; 

Schröder and Kaufman, 2005). 
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There are three transmembrane proteins, known as “UPR sensors, that are located in 

the membrane of the ER and that are involved in UPR ignition: inositol-requiring enzyme 

1 (IRE1), double-stranded RNA-activated protein kinase-like ER kinase (PERK) and 

activating transcription factor 6 (ATF6). Each of the three transmembrane proteins 

activates a different UPR pathway (Figure 21). The ER molecular chaperone glucose-

related protein-78/binding immunoglobulin protein (GRP-78/BiP) is considered to be 

the main protein that is responsible for the activation of th UPR “sensors”. GRP-78 is 

expressed constitutively in ER lumen and, under physiological conditions, binds the 

luminal domains of PERK, IRE1 and ATF6. Upon accumulation of misfolded proteins in 

the ER lumen, GRP-78 binds the exposed hydrophobic residues of misfolded proteins 

which leads to its dissociation from the UPR sensors (Chapman et al., 1998. However, 

the activation of UPR sensors independently of GRP-78 has been described in recent 

years, indicating that the mechanism of UPR-sensor activation may be more complex 

than just GRP-78 dissociation (Gardner and Walter, 2011). 
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Figure 21: The UPR pathways. Modified from Malhotra and Kaufman, 2011 

 

The immediate response to cellular stress is a decrease in protein synthesis, which 

reduces the cargo load in the ER. This early pathway of the UPR is elicited by PERK. The 

increase in the folding capacity of the ER takes one to two hours and involves later 

transcriptional regulation that is elicited by IRE1 and ATF6 (DeGracia et al., 2002). 

 

1.- PERK-pathway 

When the folding capacity of the ER is compromised, GRP-78 dissociates and promotes 

the PERK homodimerisation. The subunits of the homodimer activate each other by 

autophosphorylation, which activates PERK. Next, PERK phosphorylates the eukaryotic 

initiation factor 2 subunit α (eIF2α) at serine 51, a crucial component of the ribosome-

initiation complex. This event attenuates the translation of most proteins in the cell, 
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thus contributing to the prevention of ER overload. Nevertheless, several mRNAs are 

preferentially translated when eIF2α is phosphorylated. Moreover, some other cytosolic 

kinases that are able to phosphorylate eIF2α in response to cellular stress contribute to 

the integrated stress response, linking the cytosol and ER lumen events (Wiseman and 

Balch, 2005). 

The PERK pathway is attenuated by the dephosphorylation of eIF2α by a protein 

complex containing the enzyme phosphatase protein phosphatase 1(PP1) and its 

essential non-enzymatic cofactor growth arrest and DNA damage (GADD34). The 

expression of GADD34 is upregulated by eIF2α phosphorylation, resulting in a tight auto-

feedback loop (Anderson and Kedersha, 2002; Novoa et al., 2003). After global 

ischaemia, protein synthesis inhibition initially affects the whole brain, but normal 

translation levels are not recovered in the most vulnerable CA1 hippocampal region 

(Hossmann, 1993). 

 

2.- ATF6 pathway 

ATF6 is an ER-membrane-bound transcription factor. After dissociating from GRP78, the 

inactive 90 kDa ATF6 translocates from the ER membrane to the Golgi apparatus. In the 

Golgi apparatus, ATF6 is cleaved by site 1 proteases (S1P) and site 2 proteases (S2P). 

Cleaved ATF6 (50 kDa) is the active transcription factor that is able to translocate to the 

nucleus, bind to ER stress response elements and form complexes with several co-

activators. This pathway increases the expression of molecular chaperones (GRP78, 

GRP94 and protein disulfide isomerase) and CCAAT-enhancer-binding proteins (C/EBP) 

homologous protein (CHOP). CHOP is a transcription factor that promotes the activation 

of the apoptotic pathway (Korennykh et al., 2009).. 

 

3-IRE1-XBP1 pathway  

IRE1 follows the same activation mechanism as PERK. After the release of GRP-78, IRE1 

oligomerises, which leads to its autocatalytic phosphorylation and endoribonuclease 

activation. Activated IRE1 splices a 26-nucleotide sequence in the coding region of X-box 

binding protein 1 (XBP1) mRNA, which promotes a change in the reading frame. In the 

absence of stress, XBP1 mRNA is translated into a 33 kDA XBP1 protein; after IRE1 

activation, the spliced XBP1 mRNA form is translated into a 54 kDa protein, the 
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processed XBP1 (XBP1proc). XBP1proc is a transcription factor that activates the expression 

of molecular chaperones and the components of the ER-associated degradation (ERAD) 

system, thus counteracting the accumulation of misfolded proteins in the cell 

(Korennykh and Walter, 2012).  

ER stress modulators  

Therapeutic agents that target the components involved in ER stress have a putative 

high value for the treatment of pathologies for which ER stress and UPR play prominent 

roles. This is mainly accomplished by controlling the pro-apoptotic signalling that is 

associated with ER stress. This signalling pathway following ischaemia is primarily 

mediated by three signalling pathways: CHOP, c-Jun N-terminal kinase and caspase-12 

(Ivanova and Orekhov, 2016). 

One of the possible mechanisms to alleviate ER stress is the use of chemical chaperones, 

for example, phenylbutyrate and tauroursodeoxycholic acid (Engin and Hotamisligil, 

2010). These agents facilitate protein folding and trafficking in a non-selective way, 

thereby decreasing the protein load when the ER is under conditions of stress. Protein 

kinase A activators, such as isoproterenol and forskolin, use this mechanism to 

attenuate ER stress and associated apoptosis (Asai et al., 2009).  

Other agents act by inhibiting p-eIF2α dephosphorylation, which results in protective 

effects against ER stress. In this regard, by inhibiting the eIF2α phosphatases and CHOP-

mediated pro-apoptotic signalling, salubrinal prevents ER stress-induced apoptosis in 

cardiomyocytes (Fu et al., 2010). 

Agents such as SB203580, which inhibits p38 mitogen-activated protein kinase (MAPK), 

or SP600125, which inhibits c-Jun N-terminal kinase (JNK), could suppress mechanical 

stress induced by the activation of CHOP phosphorylated (Cheng et al., 2009; Wang and 

Ron, 1996). A different pathway can be elicited by valproate, which induces the 

expression of the ER chaperone BiP, thus blocking the induction of CHOP and caspase-

12 activation (Zhang et al., 2011). Other compounds, for example EN460 and QM295, 

have been shown to alleviate the ER stress by inducing an adaptive UPR response (Blais 

et al., 2010; Kim et al., 2009). On the other hand, activators of AMP-activated protein 

kinase, which acts as an energy sensor in the cell, have protective effects on cardiac cells 
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by reducing the ER stress; examples include 5-aminoimidazole-4-carboxyamide-1-β-D-

ribofuranoside (AICAR), atorvastatin, A-769662 and PT1 (Jia et al., 2012; Kimata and 

Kohno, 2011). 

The recovery of calcium homeostasis in the ER is another promising avenue for the 

alleviation of ER stress-induced apoptosis. Several drugs, including verapamil and 

diltiazem, can inhibit ER calcium efflux and enhance its protein folding capacity (Mu et 

al., 2008; Ong and Kelly, 2011). Literature related to a wide spectrum of natural 

components that have the potential to alleviate ER stress and prevent apoptosis has 

recently been reviewed. Those include proteasome inhibitors (such as brefeldin A, 

tunicamycin and lactacyclin); regulators of calcium homeostasis (such as thapsigargin, 

basiliolide A1 and agelasine B); and IRE1/PERK signalling inhibitors (such as resveratrol 

and withaferin A) (Pereira et al., 2015).  

Salubrinal  

The relevance of ER stress to the damage of a cell has led researchers to look for small 

molecules that modulate UPR and that could potentially be useful for the treatment of 

several human diseases. One of these molecules, salubrinal, has been reported to confer 

resistance to apoptosis induced by ER stress. This small molecule inhibits PP1-GADD34 

phosphatase activity, which results in sustained eIF2α phosphorylation (Boyce et al., 

2005). Salubrinal does not interfere with the induction of XBP1 or ATF6; therefore, it is 

a very selective tool for the analysis of the UPR–PERK pathway. Salubrinal is 

cytoprotective against ER stress at micromolar concentrations, and it has the advantage 

of having low toxicity (Li and Herlyn, 2005). 

Crosslinking between UPR and inflammation. 

The effect of ER stress on inflammation 

ER stress initiates a molecular cascade that involves the coordinated activation of 

specific enzymes and transcription factors that recover ER homeostasis. However, this 

cascade can result in inflammatory signalling or apoptosis in chronic or severe ER stress 

(Kimata and Kohno, 2011). ER stress-induced inflammation can be dependent or 

independent of UPR. In the UPR-dependent mechanism, the IRE1 alpha subunit forms a 

complex with the IkB kinase leading to the degradation of IkBα. When TNF-receptor 



Introduction 
 

55 

activation 2 is induced, NF-κB transcription factor becomes activated and is translocated 

to the nucleus(Kaneko and Nomura, 2003) , providing one of the direct links between 

ER stress and NF-κB activation. In addition, PERK-induced inhibition of protein synthesis 

in ER-stressed cells results in a decreased translation of IkBα. As mentioned above, this 

increases the translocation of NF-kB transcription factors into the nucleus (Deng et al., 

2004; Jiang et al., 2003).  

ER stress overload (even in the absence of significant misfolding) can also result in NF-

kB activation in a UPR-independent, but Ca2+- and ROS-dependent manner. This 

activation is the consequence of the leaking of GRP-78 into the cytosol during ER stress 

and of the direct interaction with the NF-kB protein–IkB kinase complex (Shkoda et al., 

2007). 

Evidence mentioned above suggests that ER stress activates NF-kB, but there is an 

emerging body of evidence that ER stress can, conversely, make some cell types 

refractory to NF-kB activation and inflammatory stimulation. In this regard, a previous 

exposure to ER stressors, such as tunicamycin or thapsigargin, decreases the severity of 

the disease in models of renal inflammation (Cybulsky et al., 2005; Inagi et al., 2008). In 

a similar way, mesangial cells preconditioned to ER stress show a decrease in NF-kB 

activation in response to lipopolysaccharides. This response is mediated by a PERK- and 

IRE1-dependent increase of CHOP, which is known to act as an NF-kB inhibitor in the 

presence of inflammatory cytokines (Hayakawa et al., 2010; Nakajima et al., 2011). The 

zinc finger protein A20 is thought to be the main protein responsible for NF-kB inhibition 

in preconditioning studies (Nakajima et al., 2010). 

ER stress can also contribute to inflammation by an NF-kB-independent mechanism. The 

apoptosis triggered by UPR can interfere with the normal functioning of antigen-

presenting cells, leading to an increased production of inflammatory cytokines (Peters 

and Raghavan, 2011). Also, ER stress or an impaired UPR can increase the cytokine 

production of T and B immune cells (Goodall et al., 2010; Iwakoshi et al., 2003).     

The effect of inflammation on the ER stress 

Inflammatory cytokines can induce oxidative stress and activate granulocytes and the 

release of oxidative stressors by macrophages, which is known to increase protein 

misfolding. ROS and NOS can activate UPR by inhibiting the production of protein 
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disulphide isomerases, resulting in the accumulation of proteins within the ER (Uehara 

et al., 2006; Xue et al., 2005). Inflammatory cytokines can also induce ER stress by 

increasing the synthesis of secretory proteins, which arese produced in mucosal defence 

and which are complex proteins that are susceptible to misfolding. In a very limited 

study, TNF-α has also been reported to induce ER stress in colon cells(Hao et al., 2011). 

The interconnection between ER stress and inflammatory signalling pathways in general 

is supported by substantial evidence. However, there is still limited evidence for this link 

in cerebral ischaemia (Anuncibay-Soto et al., 2016). Neuroprotective agents that target 

both ER stress and neuroinflammation will possibly result in strong beneficial effects 

against cerebral ischaemia injury (Xin et al., 2014)..
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WORK HYPOTHESIS AND AIMS 

Stroke is one of the main health problems in developed countries, both in terms of its 

clinical and its social effects. The search for therapeutic targets and putative therapies, 

either palliative or regenerative, is the basic aim of many research teams working on 

stroke. As previously described, inflammation and the subsequent events related to its 

response, leukocyte adhesion and BBB impairment appear to play crucial roles in the 

damage that follows a stroke. In addition, the close relationship between ER stress, UPR 

and inflammation that has been discovered in recent years provides researches with 

new and relevant therapeutic targets to alleviate the damage caused by stroke. In this 

research, the differences in vulnerability to ischaemia in different parts of the brain 

make it necessary to choose models that allow for a comparison between structures of 

similar conditions, such as the global cerebral ischaemia model.  

Our research aims to analyse the inflammatory response following a stroke. Our 

proposed working hypothesis is that local properties of the BBB, including age-

dependent changes, explain the differences in vulnerability and that the BBB could be 

used as the main target for the reduction of sterile inflammation. This inflammation 

could be alleviated not only by a direct effect on inflammation, but also by controlling 

ER stress or by combining agents that affect both ER stress and inflammation.  

To test this hypothesis, we proposed the following objectives and questions: 

1) Are there local differences or age-dependent differences in the BBB? To 

answer these questions, we analysed the steps involved in the adhesion 

process in structures with different vulnerabilities and in young and old 

animals. 

2) Does ER stress modify the inflammatory response acting on the BBB? We 

used a blocker of ER stress, salubrinal, to analyse the role of UPR in the 

adhesion process and the inflammatory response triggered by ischaemia. 

3) Can we observe a synergic neuroprotective effect combining an ER stress 

blocker and an anti-inflammatory agent? We checked the effect of salubrinal 

and the preferred COX-2 inhibitor independently and combination, and we 

analyised the effects on different NVU components.   
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Age-dependent modifications in vascular adhesion 

molecules and apoptosis after 48-h reperfusion in a rat 

global cerebral ischemia model 

Background 

Stroke is one of the most important cause of death worldwide according to the WHO 

(Llorente et al. 2013a) and the main cause of permanent disability (Donnan et al. 2008). 

Ischemia causes necrosis in neurons in the first hours after insult in the area where blood 

flow has been reduced to less than 15% (ischemic core) (Tamura et al. 1981; Nedergaard 

et al. 1986; Duverger and MacKenzie, 1988). After longer periods, areas with blood flow 

up to 40% (penumbra areas) (Ginsberg and Pulsinelli, 1994; Hossmann, 1994; Back, 

1998) present delayed cell death, mainly by apoptosis (Mehta et al. 2007). Thus, the goal 

of neuropharmacological targeting is mainly addressed to preserve or rescue the 

neurons in the penumbra area of apoptotic delayed cell death (Rami et al. 2008; Fricker 

et al. 2013). Apoptosis is also tightly related with the strong neuroinflammation elicited 

by stroke and the impairment of the BBB (Amor et al. 2010). In the inflammatory 

response, adhesion molecules play crucial roles since they mediated recruitment and 

infiltration of neutrophils across the vascular endothelium (Sughrue et al. 2004; Petri et 

al. 2008). This process requires the sequential action of different selectins and CAMs 

(Stanimirovic and Satoh, 2000; Yilmaz and Granger, 2008) and we hypothesised that the 

balance of these molecules could mirror the time-course of this recruitment. In addition, 

the impairment of the BBB is neutrophil-dependent (Anthony et al. 1997; Perry et al. 

1997; Blamire et al. 2000) and, therefore, should be mirrored by the expression of these 

molecules. This expression could help to identify the BBB permeability at different ages. 

The impairment of the BBB is also related to astrocyte activation (Ivens et al. 2007; 

Cacheaux et al. 2009), where quiescent astrocytes become reactive astrocytes. This 

process modified these cells substantially, inducing crucial changes in the expression of 

cytoskeletal molecules, such as GFAP (Sofroniew and Vinters, 2010; Colangelo et al. 

2014). Reactive astrocytes release soluble factors that are related to the recruitment of 
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leukocytes for crossing the BBB and initiate neuroinflammation in the central nervous 

system (CNS) (Li et al. 2011). 

Ischemia focal models reveal an intrinsic gradient of damage from the ischemic core that 

has to be considered when a structure is studied (Ayuso et al. 2010). Most of the results 

from focal models are morphological data based on immunofluorescence and magnetic 

resonance imaging (MRI) (Dziennis et al. 2011; Liu and McCullough, 2012), and many of 

them are based on the leukocyte response (Stevens et al. 2002a; Gelderblom et al. 

2009). In addition, despite the fact that strokes mainly occur in the elderly, current 

studies are mainly performed on young animals and data from old animals are very 

scarce (Collins et al. 2003; Wasserman et al. 2008). Particularly, studies on 

transcriptional expression of specific molecules that bind neutrophils (e.g. selectins and 

CAMs) are very limited and are practically non-existent in old animals (Liu and 

McCullough, 2012), despite their importance for gaining insight into the leukocyte 

infiltration process.  

Age is considered the most relevant factor for stroke risk (Rojas et al. 2007; Rosamond 

et al. 2008). Since many biochemical parameters are decrease with aging (Sinha et al. 

2005; Bala et al. 2006; Arumugam et al. 2010; Liu and McCullough, 2011; Liu et al. 2012), 

it would be expected a lessened ability of response to the stroke. However, age-

dependent differences in the time-course of the stroke-induced response of different 

molecules could play crucial roles in the discovery of new therapeutic targets or 

therapies (Anyanwu, 2007). In this regard, we present here a study comparing for the 

first time the ischemic-induced apoptotic damage (delayed cell death), GFAP, and 

selectin and CAM adhesion molecules involved in leukocyte infiltration and GFAP, and 

show their age dependence.  

 

Material and Methods 

Animals 

Young (3 months old) and old (18 months old) male Sprague–Dawley rats, 400 ± 50 g 

and 750 ± 80 g, respectively, were housed at 22 ± 1 °C in a 12 h light/dark controlled 

environment with free access to food and water. Twenty rats of each age group were 
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divided randomly into ischemic and sham-operated groups. Experiments were 

performed in accordance to the Guidelines of the Council of the European Union 

(63/2010/EU), following Spanish regulations (RD 53/2013, BOE 8/2/2013) for the use of 

laboratory animals. Experimental procedures were also approved by the Scientific 

Committee of the University of Leon. All efforts were made to minimise animal suffering 

and to reduce the number of animals used. 

Transient global ischemia 

Animals were anesthetised in an anaesthesia induction box supplied with 4% halothane 

(Sigma-Aldrich) at 3 L/min in 100% oxygen. After induction, anaesthesia was maintained 

with 1.5 to 2.5% halothane at 800 mL/min in 100% oxygen using a rat face mask. 

Trimetaphan (kindly provided by Roche Applied Science) was used as the main 

hypotensor agent (15 mg/mL, 0.3 mg/min), administered through the femoral artery, to 

obtain moderate hypotension (40–50mm Hg). This prevents blood flow through the 

circle of Willis in the two vessel occlusion models of global ischemia. Arterial tension was 

also modulated by changing the halothane concentration, which has intrinsic 

hypotensive effects (Bendel et al. 2005). Body temperature was controlled with a rectal 

probe and maintained at 36 ± 1 °C during surgery using a feedback-regulated heating 

pad. Both common carotid arteries were exposed and occluded with atraumatic 

aneurysm clips for 15 min of transient global ischemia. Then, animal arterial blood 

pressure was left to recover, the femoral artery catheter was removed, and the animal 

was sutured. 

After recovering consciousness, rats were maintained in standard conditions for 48 h 

(reperfusion time). Procedures in sham-operated rats were performed exactly as for 

ischemic animals except that carotid arteries were not clamped. 

RNA and protein studies 

Forty-eight hours after the ischemic insult, animals were decapitated, their brains 

quickly removed and transferred into a brain rodent matrix (ASI instruments) at 4 °C in 

order to obtain2 mm thick sagittal slices at a distance of 1 mm to the medial line. The 

Cornu Ammonis 1 hippocampal region (CA1), Cornu Ammonis 3 hippocampal region 

(CA3) and cerebral cortex (CX) were dissected from those slices under a microscope, 

frozen in dry ice, and stored at -80°C. Total RNA and protein of each of these regions 
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were extracted using the TripureTM isolation reagent (Roche Applied Science) following 

the manufacturer’s instructions, and then stored at -80 °C. 

 

Reverse transcription (RT) and quantitative real-time PCR (qPCR) 

RNA integrity was assessed using the Experion RNA HighSens Analysis Kit (Biorad 

Laboratories) following the manufacturer’s instructions. Possible contamination with 

DNA was prevented by incubation with DNase (Sigma-Aldrich) and checked by PCR. 

The concentration of the total RNA in each sample was determined by measuring its 

absorbance (260/280 nm) using a NanoDrop ND-3300 spectrophotometer (NanoDrop 

Technologies). Six hundred nanograms of total RNA of each sample was used as a 

template for reverse transcription using the High Capacity cDNA Reverse Transcription 

Kit (Applied Biosystems) according to the manufacturer’s instructions. The cDNA 

obtained was used as a template for the qPCR assays. Primers were designed using 

Primer Express software (Applied Biosystems) and those with efficiencies lower than 

90% were discarded. Forward and reverse primers used in this study (efficiency values 

between 90 and 110%) are shown in Table 1.  

Table 1. Sequences of the primers used for RT-qPCR and GenBank Accession Numbers. 
Gene Forward primer  Reverse primer  Accession number 

p-selectin 5’acaggcagccctccaatgtgtg 5’atttgacggctctgcacacggg [NM_013114.1] 

e-selectin 5’tgcttcccgtctttgccacacc 5’tccgtccttgctcttctgtgcg  [NM_ 017211.2] 

vcam-1 5’tgctcctgacttgcagcaccac  5’tgtcatcgtcacagcagcaccc [NM_ 012889.1] 

icam-1 5’tgcagccggaaagcagatggtg 5’atggacgccacgatcacgaagc  [NM_012967.1] 

gapdh 5’gggcagcccagaacatca 5’tgaccttgcccacagcct [NM_017008] 

 

Real-time PCR was performed using a StepOnePlus TM Real-Time PCR System, and SYBR 

Green PCR Master Mix (Applied Biosystems) was used as the fluorescent DNA binding 

dye. Optimal qPCR conditions in our assays were obtained with 2 μl of 1/10 cDNA and 

300 nM of primers. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as 

a reference gene for normalisation of different transcript values The normalised 

messenger RNA (mRNA) levels were expressed as 2−ΔCt (ΔCt=Ct target−Ct GAPDH), and 

fold changes were compared using the 2−ΔΔCt method (Livak and Schmittgen, 2001). All 

of the qPCR assays in this study were performed according to MIQE Guidelines (Taylor 

et al. 2010). 

Western blot 
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Proteins were resuspended in 8 M urea and 4% SDS in the presence of a protease 

inhibitor (complete protease inhibitor cocktail, EDTA free; Roche Applied Science) and 

their concentrations were determined using the DC Protein Assay (BioRad) based on the 

Lowry method. Protein samples (25 μg per lane) were resolved on a 10% polyacrylamide 

gel (SDS-PAGE; BioRad) at 110 V for 120 min. Then, proteins were transferred onto a 

nitrocellulose membrane using a dry transfer system (Invitrogen) at 20 V for 7 min. 

Nitrocellulose membranes were blocked in 5% bovine serum albumin and 0.2% Tween-

20 (Sigma Aldrich) in Tris-buffered saline (TBS-T) for 60 min at 25 °C. Then, membranes 

were incubated overnight, at 4 °C, with the primary antibodies (Table 2).  

Table 2. Primary antibodies and concentration used. 
Primary antibodies Manufacturer Concentration 

P-selectin raised in rabbit Abcam 1 μg/ml 

E-selectin raised in rabbit Abcam 0.67 μg/ml 

ICAM-1 rabbit in rabbit  Abcam 0.75 μg/ml 

GFAP raised in mouse Dako 1 μg/ml 

β-Actin raised in mouse Sigma Aldrich 0.2 μg/mL 

 

Primary antibodies were labelled with their appropriate secondary anti-rabbit or anti-

mouse antibodies complexed with horseradish peroxidase (Dako) at a dilution of 1:3000. 

After incubation in Chemiluminescence Luminol Reagent (Life Technologies), the 

nitrocellulose membranes were exposed onto the proper films (ECL films, Amersham) 

to obtain images of the protein bands labelled with the enzyme. Densitometry analysis 

of the bands was performed with ImageJ 1.46r (ImageJ software). 

Immunofluorescence assays 

Animals used for this technique were perfused via the aorta with a saline solution 

followed by a fixer solution (PFA) made of 4% paraformaldehyde (Merck) in 50 mM 

phosphate buffer saline (PBS; pH 7.4) at 4 °C. The brains were removed, maintained 

overnight in PFA at 4 °C, and then stored until sunk in a cryoprotectant solution made of 

30% sucrose in PBS, pH 7.4. Brains were sectioned into 40 μm thick sagittal slices with a 

freezer microtome, and then were maintained in 0.025% sodium azide (Sigma-Aldrich) 

in PBS (pH 7.4) at 4 °C until analysis. Sections were labelled with a rabbit primary 

antibody against the activated caspase 3 (Cell Signalling) overnight at 4 °C. A biotinylated 

goat anti-rabbit antibody (Vector; 1:500) was used as the secondary antibody and was 

labelled with stravidin complexed with Dyelight Alexa 592 (Molecular probes; 1:100). 
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Nuclei were labelled with DAPI (Sigma Aldrich; 1:1000) and mounted in 3% DABCO 

(Sigma Aldrich) in glycerol-water (1:1) to preserve the fluorescence. Slices were kept at 

4 °C in the dark. Images were obtained using a confocal Nikon TE 2000 EZ.C1 microscope 

(Nikon).  

Quantification of cleaved caspase-3-positive cells was performed on six 40 µm thick 

equidistant sagittal sections that were between 1 and 4 mm lateral to the middle line 

per rat. An optical dissector method modified from (Zarow et al. 2005) was used. A 60X 

objective was used to perform the quantification. The counting frame for the dissector 

was a 35 x 35 µm square, and for the fractionator volume, we used a 30 µm height 

(discarding five microns of both lateral and medial sides that were damaged in the 

cutting process). In each of the sections, seven equidistant dissectors along the cerebral 

cortex internal pyramidal layer, seven along CA1, and four along the CA3 pyramidal 

layers were used per section. Cells were scored as apoptotic when the nucleus was 

stained by the cleaved caspase 3 antibody and was condensed, or if at least 30% of the 

cytosol surrounding the nucleus was labelled. Other staining patterns were considered 

as artefacts. The results were expressed as the percentage of cleaved caspase-3-positive 

cells with respect to the total number of cells. 

Statistical analysis 

Two-way ANOVA tests followed by Bonferroni t-test were conducted to detect 

interactions between age and ischemia. The significance was set at the 95% confidence 

level. The statistical analysis was carried out using Graph Pad Prism 5 (Graph Pad 

software). 

 

Results 

E-selectin mRNA levels on the hippocampus and cerebral cortex 

The analysis of the effect of age revealed that the cerebral cortex and CA1 showed 

significantly lower mRNA levels in the aged sham-operated animals than in the young 

sham-operated animals. However, we failed to find differences in CA3. In contrast, we 

only detected an age-dependent effect, with increased E-selectin transcript levels, in the 

CA3 of injured animals (Figure 1A). In all of the structures studied, the ratios between 
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old/young sham-operated animals were significantly lower than the ratios for old/young 

ischemia/reperfusion (I/R) injured animals. 

In young animals, we only detected the I/R effect in the CA1 and CA3 hippocampal 

structures where E-selectin mRNA levels of ischemic animals were significantly lower 

than those of their respective sham-operated animals. In old animals, E-selectin 

transcript levels were significantly higher than those of their respective sham-operated 

animals in all of the structures studies. Also, E-selectin mRNA levels were higher in old 

injured animals than in young injured animals (Figure 2A).  

Two-way ANOVA analysis of E-selectin transcripts revealed significant interactions for 

both age and ischemia in all of the structures studied. 

 

Figure 1. Effect of age on mRNA levels. Fold change (2-ΔΔCt) in A) E-selectin, B) VCAM-1, and C) ICAM-1 
mRNA levels in old sham-operated animals (open columns) as compared with young sham-operated 
animals (represented as a value of 1, dotted line) in the CA1 and CA3 hippocampal structures and the CX. 
Black columns represent old I/R injured animals as compared to their respective young I/R animals 
(represented as a value of 1, dotted line). Age-dependent significant differences are represented by * and 
significant differences between old animals are indicated by ¥ (p < 0.05, two way ANOVA, n = 5). 

 

Figure 2. Effect of 48 hour I/R on mRNA levels. Fold change (2-ΔΔCt) in A) E-selectin, B) VCAM-1, and C) 
ICAM-1 mRNA levels between I/R injured animals when compared with their respective sham-operated 
animals in the CA1 and CA3 hippocampal structures and the CX. Three month old I/R animals (open 
columns) and 18 month old animals (black columns) are compared with their respective sham-operated 
animals (represented as a value of 1, dotted line). I/R-dependent significant differences are represented 
by # and significant I/R difference as a consequence of age is represented by ¥ (p < 0.05, two way ANOVA, 
n = 5). 
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E-selectin protein levels on the hippocampus 

In the cerebral cortex, E-selectin protein levels were significantly higher in both sham-

operated and injured old animals when compared to the young animals. However, in 

the hippocampus, we failed to detect significant differences in old animals when 

compared to young animals. 

I/R elicited increases in E-selectin in the cerebral cortex and CA3 in young animals, but 

we could not detect I/R-dependent differences in any of the structures in the old animals 

(Figure 3D-F). 

P-selectin protein levels on the hippocampus and cerebral cortex 

We only detected age-dependent significant P-selectin decreases in the cerebral cortex 

of sham-operated animals and in the CA3 of old I/R animals when compared with the 

respective young animals. I/R induced significant changes only in young animals, with 

significant decreases in P-selectin levels in the cerebral cortex and significant increases 

in P-selectin in the CA3. Age and I/R showed a significant interaction only in the CA3 of 

old animals (Figure 3A-C). 

 

ICAM-1 mRNA levels on the hippocampus and cerebral cortex 

In the hippocampus and cerebral cortex, I-CAM1 transcripts of old sham-operated 

animals were significantly higher when compared to young sham-operated animals. In 

contrast, I-CAM 1 transcripts in old injured animals were significantly lower than those 

of young animals in both the cortex and hippocampus (Figure 1C). 

I/R elicited increases in I-CAM transcript levels in all the structures of both young and 

old animals. However, in young animals this effect was more noticeable. We found 

significant interactions between I/R and age in all structures studied (Figure 2C). 
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Figure 3. Effect of age and I/R on selectin protein levels. Representative protein bands of P-selectin (84 
kDa) and E-selectin (67 kDa) in the CX (A and D), CA1 (B and E), and CA3 (C and F) in young (open columns) 
and old animals (black columns). The averages of the densitometric analysis corresponding to five rats 
(mean ± SEM) normalised to respect to β-actin (40 KDa) are indicated above the bands. Age-dependent 
significant differences are represented by *, I/R-dependent significant differences are represented by #, 
and significant interactions between and age and I/R are represented by ¥ (p < 0.05, two way ANOVA, n 
= 5). 

 

ICAM-1 protein levels on the hippocampus and cerebral cortex 

We only found age-dependent significant increases in ICAM-1 protein levels in the CA1 

of sham-operated animals. However, old injured animals had higher levels of this protein 

in the cerebral cortex and CA1 than young injured animals. We only found I/R-

dependent increases of ICAM-1 levels in the CA3 in both young and old injured animals 

(Figure 4A-C). 
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Figure 4. Effect of age and I/R on ICAM-1 and GFAP protein levels. Representative protein bands of 
ICAM1 and GFAP in the CX (A and D), CA1 (B and E), and CA3 (C and F) in young (open columns) and old 
animals (black columns). The averages of the densitometric analysis corresponding to five rats (mean 
±SEM) normalised to respect to β-actin (40 KDa) are indicated above the bands. Age-dependent significant 
differences are represented by *, I/R-dependent significant differences are represented by #, significant 
interactions between and age and I/R are represented by ¥ (p < 0.05, two way ANOVA, n = 5). 
 
VCAM-1 mRNA levels on the hippocampus and cerebral cortex 

Considering the effect of age, VCAM-1 transcripts in the cerebral cortex were 

significantly lower in the old animals when compared to the young animals in both 

sham-operated and I/R-injured animals. However, VCAM-1 mRNA levels in the 

hippocampus of old sham-operated animals were significantly higher than in the young 

animals. The transcripts in old injured animals were significantly lower than in young 

injured animals in both the cerebral cortex and hippocampus (Figure 1B). 
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The result if the effect of I/R are shown in Figure 2B. Significant I/R-dependent increases 

in VCAM-1 transcript levels were observed in young animals for all of the structures 

studied when compared with their young sham-operated animals. This is in contrast to 

the significant decreases observed in old injured animals with respect to old sham-

operated animals in all the structures studied. 

GFAP protein levels on the hippocampus and cerebral cortex 

GFAP mRNA levels at 48 hours after reperfusion in young and old animals has been 

previously described (Montori et al. 2010c) and, therefore, we only present the results 

corresponding to the GFAP protein levels. Regarding the effect of age, young sham-

operated animals had significantly lower GFAP levels in the cerebral cortex when 

compared with the hippocampal structures. In contrast, GFAP levels of old sham-

operated animals were lower in the hippocampus than in the cerebral cortex. With 

respect to the effect of I/R, we observed that GFAP levels decreased 48 h after I/R in 

young animals in all structures when compared with the sham-operated animals. This is 

in contrast with the increase in GFAP levels observed in the old injured animals when 

compared with their respective sham-operated animals (Figure 4D-F). 

Cleaved caspase-3 immunolabelling on the hippocampus and cerebral cortex 

In the cerebral cortex, the quantification of the apoptosis was performed in the cerebral 

cortical layer V pyramidal cells and in the CA1 and CA3 pyramidal cells by determining 

the percentage of cleaved caspase 3-positive with respect to the total number of cell 

pyramidal DAPI stained nuclei. Two different immunocytochemical patterns of cleaved 

caspase 3 labelling were observed (Figure 5). One of them was characterised by a 

cytoplasmic labelling, while the other showed labelling of mainly the nuclear area that 

correlated with abnormal nuclear morphology (Figure 6D). The first pattern was 

significantly higher in the pyramidal cells of old animals than in young animals, while the 

nuclear staining was significantly higher in young animals than in old animal (Figure 6D). 

Age-dependent effects on apoptosis (measured as the percentage of cleaved caspase 3 

cells) were only observed in the CA3 of sham-operated animals and in the CA1 of injured 

animals. However, a noticeable I/R-dependent increase was observed in all of the 

structures for both young and old animals (Figure 6A-C). 
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Figure 5. Different labelling patterns of apoptosis. Labelling of cleaved caspase-3 shows two different 
patterns: nuclear labelling (B) (arrows), which is predominant in young animals; and cytoplasmic labelling 
(E) (asterisks), which is predominant in old animals. Nuclear labelling with DAPI (A and D) and merged 
images (C and F). Bar = 20 µm. 

Figure 6. Age- and I/R-dependent apoptosis. Comparison of the percentage of apoptosis between young 
and old animals in the CX (A), CA1 (B), and CA3 (C) in sham-operated (open columns) and I/R injured (black 
columns) animals. The pattern of staining in both young and old I/R injured animals in the different 
structures are also shown (D). Age-dependent significant differences are represented by * and I/R-
dependent significant differences are represented by #. No significant interactions between age and I/R 
were found (p < 0.05, two way ANOVA, n = 5). 
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Discussion 

The main results of this study can be summarized as follows: a) the effects on the 

leukocyte transmigration markers, E-selectin, VCAM-1 and ICAM-1 transcription is 

modified by both ischemia and age and there is a significant interaction between these 

two factors; b) some of the results did not reach significance in the protein analysis of 

this process but significant effects of both age and ischemia and its interaction is 

consistent with the mRNA results; and c) in a similar way the results of GFAP as a marker 

of gliosis and the cleaved caspase-3 as a marker of cell mortality show the effect of age 

and ischemia and their significant interaction.   

Selection of times and markers 

The process of brain inflammation that follows I/R starts within the first hours after 

injury and continues for weeks (Schilling et al. 2003; Tanaka et al. 2003; Yilmaz et al. 

2006). However, the maximal recruitment of circulating inflammatory cells in the brain 

occurs two days after ischemia (Stevens et al. 2002b; Gelderblom et al. 2009; Jin et al. 

2010). Thus, comparison between young and old animals at this time is crucial to 

determining age-dependent differences. The onset of apoptotic morphology in the core 

of the lesion has been described to occur between 6–12 h, but the development of cell 

death in the penumbra is difficult to know (Lipton, 1999). Some studies on focal ischemia 

indicate that 48 h after ischemia, 30% of cells in the ischemic core appear damaged, but 

show no signs of death, and 15% of cells are apparently healthy (Li et al. 1998). On the 

other hand, 48 h after ischemia is considered the limit of the viability for cells in the 

penumbra area (Meisel et al. 2005; Durukan and Tatlisumak, 2007; Kadhim et al. 2008; 

Lakhan et al. 2009; Kriz and Lalancette-Hebert, 2009; Candelario-Jalil, 2009). Thus, we 

chose this time for the study because it seems to be critical in the analysis for both 

inflammation and mortality.  

One of the hallmarks of inflammation in the brain is the activation of glia, and GFAP is 

probably the best marker of gliosis (Busch and Silver, 2007; Rolls et al. 2009). In this 

regard, gliosis drives a change in morphology that requires the expression of GFAP, 

which is a necessary marker to evaluate neuroinflammation. Adhesion molecules are 

markers that should be monitorized since the recruitment of neutrophils requires an 

adhesion process to allow the cell transmigration across the vascular endothelium 
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(Wang et al. 2007). In this regard, selectins and CAMs are the most relevant molecules 

involved in the adhesion process (Stanimirovic and Satoh, 2000; Wang et al. 2007; Petri 

et al. 2008). In an attempt to estimate the role of neuroinflammation in apoptosis we 

used the effector cleaved caspase-3, which is considered the main marker in apoptosis 

(He et al. 2006; Wang et al. 2013; Fan et al. 2014). 

Cell death 

Although we did not find age-dependent changes in the number of apoptotic cells at 48 

hours after I/R, differences in the apoptotic activity modulated by age have been 

described at 8 days after global ischemia in the hippocampal CA1 (He et al. 2006). Our 

results show differences in the apoptotic labelling, indicating age-dependent differences 

in the time-course of apoptosis. In this regard, the pattern of a predominant nuclear 

staining has been described as a later stage in the apoptosis process than the 

cytoplasmic staining (Eckle et al. 2004). Our data indicate that at 48 hours after I/R, old 

animals exhibit earlier apoptotic stages than young animals, which could represent a 

higher ratio of mortality in young rats, or age-dependent differences in the time-course 

of the apoptosis. The similar amounts of the total number of neuronal nuclei for the 

different conditions and the general similar percentages of apoptotic cells, led us to 

assume that differences in the pattern of caspase labelling mirrors differences in the 

apoptotic time-course rather than the total amount of death due to apoptosis. Studies 

carried out using a middle cerebral artery occlusion (MCAO) model indicate that cell 

death in aged animals is higher after 3 days of the injury (Popa-Wagner et al., 2007). 

However, the time course of cell death in this model and the one studied here is difficult 

to compare. The areas studied in the MCAO model are close to the infarct core (Popa-

Wagner et al., 2007) while our model simulates only the penumbra area. The distance 

of a cell to the infarct core is crucial in deciding whether the cell survives or dies and 

obviously the onset of apoptosis can be radically different. A secondary conclusion of 

the results of the analysis of the ischemic and sham-operated cell ratios in both young 

and old animals is that 48 h after I/R is too early to properly measure age-related 

differences in the caspase-dependent delayed cell death. 

The low affinity binding  

Our data show that both P and E selectins are expressed in brains of young (3 month) 

and old (24 month) rats, and that there are age-dependent differences between them 
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in the 48 h I/R response. Thus, while E-selectin transcript levels observed in old sham-

operated animals are lower than their corresponding young sham-operated animals, 48 

h I/R rats reveal an age-dependent increase in transcription. This indicates that E-

selectin transcription is maintained at least until the age studied in this report, which is 

in contrast with our initial hypothesis. In this regard, we thought that age-dependent 

decreases in the enzymatic activity (Sinha et al. 2005; Bala et al. 2006) could be due to 

decreases in their expression. 

E-selectin has been reported to induce the expression of CD11/CD18 integrins, which 

are required for the neutrophils to bind with high affinity to vascular CAMs (Petri et al. 

2008). Thus, our results (both in mRNA and protein) support that the low affinity binding 

(rolling) is maintained in at least the old animals studied here. Protein results also 

indicate that CA3 and Cx, but not CA1, presented and increased I/R-dependent 

responses in young animals, which correlates with the lower vulnerability of the CA3 and 

cortex to ischemic damage. However, this difference was not maintained in the older 

animals, as has been recently reported (Lalonde and Mielke, 2014). 

P-selectin presented a constitutive expression in peripheral tissues, but not in the 

cerebral endothelium (Gotsch et al. 1994; Barkalow et al. 1996). The mRNA transcript 

levels were too low to study accurately and, therefore, we only analysed the P-selectin 

protein levels. Our data suggest that in old animals, this protein presents a lessened 

ability of response, in contrast to what was observed for E-selectin. It is also possible 

that at 48 hours after I/R that P-selectin is not at its highest concentration since it is 

released earlier than E-selectin (Zhang et al. 1998). Therefore, we must note that, 

although the transcription of the E-selectin gene is maintained, we cannot be sure what 

happened with P-selectin since it could follow a different time-course. We also found 

I/R-dependent differences in P-selectin in young animals, both in the cerebral cortex and 

CA3, but not in CA1, as was observed for E-selectin, although in P-selectin the CA3 and 

CX present a diametric response. These types of differences suggest different types of 

regulation of the cerebrovascular unit in different areas of the brain. Differences in the 

endothelium along different areas of the brain have already been described (McIntosh 

and Warnock, 2013). Our data support that these differences could be lessened by age. 
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High affinity binding  

Our results indicate an age-dependent diametric response in the CAMs and E-selectin 

transcripts in sham-operated animals, thus indicating that the transcriptional response 

of the molecules related with low and high affinity binding of neutrophils is modified by 

aging. The protein response is not as clear, but it must be taken into account that the 

method of protein detection is less accurate than qPCR detection. In addition, some 

overlap in the function of ICAM-1 and selectins (Salas et al. 2006) could explain why the 

differences are less evident when protein expression was compared. The results for 

ICAM-1 expression support the idea that transmigration or the high affinity binding is 

maintained or even increased in all of the structures of older animals after the ischemic 

damage. 

Thus, the response of the selectins and CAMs observed in I/R injured animals adds 

further support to the idea that there are age-dependent differences for the molecules 

involved in low and high affinity binding of the neutrophils. Thus, this study shows that 

age modifies the response of these adhesion molecules either by altering their 

transcription or their time-course expression.  

GFAP 

One of the most noticeable findings in our study was the diametric response of GFAP to 

the ischemic insult in young and old animals. The results from the young animals confirm 

the ischemia-dependent decrease in GFAP expression that was previously described 48 

h after reperfusion in a 4VO model of global ischemia in young Wistar rats (Zhang et al. 

2007). Several studies provide evidence that aging brain reacts stronger to ischemia 

reperfusion with an early inflammation response (Badan et al., 2003, Popa-Wagner et 

al., 2007; Buga et al 2013) and it has been reported that aged Sprague-Dawley rats 

present an early glial scar in an MCAO model (Popa-Wagner et al., 2006 ). Also, GFAP 

reactivity in humans has been described to depend on the age of patient (Dziewulska, 

1997), which agrees with our results. However, a perfusion model of global ischemia 

showed increases in GFAP expression at 6 h of I/R in the cerebellum of 4–5 months old 

Wistar rats (Blanco et al. 2007). Also, a haemorrhagic animal model of stroke revealed 

increases in immunopositive GFAP cells in young animals when compared to old animals 

3 days after I/R (Gong et al. 2004). Thus, results seem to be dependent on the model 
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used, but all of the reports show differences in GFAP protein expression between young 

and old animals. 

The hippocampus and cerebral cortex have been reported to have different 

vulnerabilities to the ischemia (Kirino et al. 1985; Dijkhuizen et al. 1998; Xu et al. 2001). 

This difference is consistent with differences observed in the expression of different 

neurotransmitter system genes (Montori et al. 2010a; Montori et al. 2010b; Montori et 

al. 2010c) or markers of reticulum stress (Llorente et al. 2013b). Our results show that 

changes induced by age modify this structure-dependent vulnerability.  

In summary, this study shows different responses in old and young animals at 48 h of 

I/R, including different patterns of apoptotic labelling, GFAP reactivity, and molecules 

involved in high and low affinity binding of neutrophils. We think that these age-

dependent differences represent changes in the time-course response to I/R and should 

be taken into account in the treatments of or during the development of therapeutic 

targets for stroke. 
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Post-ischemic salubrinal treatment results in a 

neuroprotective role in global cerebral ischemia  

Background 

Stroke is reported to be one of the major causes of death, the leading cause of 

permanent disability and the second-ranked cause of dementia in developed countries 

(Donnan et al. 2008; World Health Organization (WHO) 2011). Its main cause is a 

reduction in blood flow (ischemic stroke) that leads to an impairment in neural tissue 

homeostasis. The extent of brain damage after stroke depends on the ability of the brain 

to recover homeostasis (Doll et al. 2015; Posada-Duque et al. 2014). At the cellular level, 

ischemia results in accumulation of unfolded proteins in the ER stress. This elicits the so-

called UPR, which attempts to restore cell homeostasis and prevent cell death (Kaufman 

1999; Walter and Ron 2011). At a systemic level, ischemia elicits a protective 

inflammatory response whose excess results in the so-called sterile inflammation that 

contributes to increase the neural damage (Ceulemans et al. 2010; Corps et al. 2015). 

Much evidence supports the crosstalk between UPR and inflammation, suggesting new 

targets for stroke therapies (Aarts et al. 2003; Hasnain et al. 2012; Zhang and Kaufman 

2008).  

 

The ischemia-induced inflammatory response has been reported to modify the BBB, also 

called the neurovascular unit (Hawkins and Davis 2005). Inflammation contributes to 

BBB impairment by increasing the expression of the CAMs in the endothelium (Jin et al. 

2010), as well as promoting the release of MMPs. These enzymes degrade the 

extracellular matrix and assist leukocyte migration through the endothelium, allowing 

blood proteins to extravasate into the cerebral parenchyma (Wang et al. 2007; Yilmaz 

and Granger 2010). In turn, this increases the BBB permeability and the inflammatory 

response, increasing the ischemia-induced damage. 

 

One key marker of inflammation is TNF-α, the major pro-inflammatory cytokine (Joussen 

et al. 2009), which ignites the canonical NF-κB activation and is considered the main 
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pathway in the inflammatory response (Rius et al. 2008). TNF-α promotes the expression 

of CAMs and MMPs and is also a strong inducer of ER stress (Li et al. 2011; Xue et al. 

2005). In turn, ER-stress is able to induce a non-canonical activation of NF-κB, inhibiting 

the canonical NF-κB activation induced by the inflammatory stimuli (Kitamura 2009; 

Nakajima and Kitamura 2013). The earlier UPR pathway is activated by PERK (Nakka et 

al. 2014). The PERK pathway is characterized by eIF2α phosphorylation (Schroder and 

Kaufman 2005; Schroder 2008), which leads to a general blocking of protein translation 

(Fernandez et al. 2002; Harding et al. 2000). The eIF2α phosphorylation has been 

reported to be the necessary and sufficient requirement for the non-canonical ER-stress 

dependent activation of NF-κB (Deng et al. 2004; Jiang et al. 2003). Salubrinal, an 

inhibitor of phosphatase PP1, blocks the dephosphorylation of eIF2α (Boyce et al. 2005), 

thus enhancing the PERK pathway. This enhancement could be a protective therapeutic 

strategy to prevent vascular inflammation (Halterman et al. 2008; Li et al. 2011). In fact, 

treatment with salubrinal prior to ischemic insult presents a neuroprotective effect 

(Nakka et al. 2010) and a recent study has also demonstrated a neuroprotective role of 

salubrinal in traumatic brain injury (Rubovitch et al. 2015).  

 

We hypothesize that the enhancement of UPR would reduce both ER stress and the 

inflammatory response, thus reducing the ischemic damage. In this report we 

demonstrate for the first time the neuroprotective role of salubrinal treatment 

administered after an ischemic insult and show that this agent modifies the 

inflammatory response triggered by ischemia. We also show that ischemic insult induces 

structure-dependent differences in the BBB permeability. 

 

 

Material and methods 

Animals 

Sixty three-month-old Sprague-Dawley male rats (350–450 g) were housed at standard 

temperature (22 ± 1 ºC) in a 12 h light/dark cycle with food (Panlab, Barcelona, Spain) 

and water ad libitum. The experimental groups were set up as indicated in Table 1. 
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Table 1. Experimental groups 

Time of I/R Sham animals Ischemic animals 

5 h   Treated (5IR-Sal) Vehicle(5IR-

Vehicle) 

24 h Treated (24S-Sal) Vehicle (24S-

Vehicle) 

Treated (24IR-Sal) Vehicle(24IR-

Vehicle) 

48 h Treated (24S-Sal) Vehicle (24S-

Vehicle) 

Treated (48IR-Sal) Vehicle(48IR-

Vehicle) 

7 days  Vehicle (7D-S) Treated (7DIR-Sal) Vehicle(7DIR-

Vehicle) 

 

All experimental procedures were carried out in compliance with the ARRIVE guidelines, 

in accordance with the Guidelines of the European Union Council (63/2010/EU) 

following Spanish regulations (RD 53/2013, BOE 8/2/2013) for the use of laboratory 

animals and were approved by the Scientific Committee of the University of Leon. All 

efforts were made to minimize animal suffering and to reduce the number of animals 

used. 

Transient global cerebral ischemia 

Animals injured following a two-vessel occlusion global cerebral ischemia model (IR) and 

their corresponding sham operated controls (without carotid clamping) were obtained 

following the procedure previously described (Vieira et al. 2014). Briefly, induction of 

anesthesia was carried out with 4% isoflurane (IsoFlo, Abbott Laboratories Ltd) in 3 

L/min in 100% oxygen and then animals were maintained under anesthesia with a flux 

of 1.5–2.5% isoflurane at 800 mL/min in 100% oxygen, through a face mask. After 

exposing both carotid arteries, the femoral artery was exposed and catheterized to 

record blood pressure along the whole procedure. This pathway was also used to 

maintain a moderate hypotension (40–50 mm Hg) by partial exsanguination (about 8 ml 

of blood slowly extracted at 1 ml/min) to prevent the blood flow to the brain through 

the paravertebral arteries. To prevent clot formation, 50 UI heparin/kg were supplied to 

the animal through this catheter and 50 UI heparin were maintained in 3 ml saline in the 

syringe used for storing extracted blood. When hypotension values were stable, the 

transient global ischemia was induced by clamping both common carotid arteries for 15 
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min. Temperature of the body was maintained at 36 ± 1 °C during surgery with a 

feedback-regulated heating pad using a rectal probe. After ischemia, blood was returned 

to the animal at 1 ml/min until the arterial blood pressure recovered. After removing 

the catheter, the animal was sutured and once consciousness returned it was 

transported to an air-conditioned room at 22 ± 1 °C until sacrificed. The same procedure 

was carried out in sham operated rats, except the carotid arteries clamping. 

Salubrinal treatment 

One hour after surgery, all animals were injected intraperitoneally either with 1 mg/kg 

of salubrinal (TOCRIS, Bristol, UK) in saline with 1.5% DMSO, or vehicle. Animals with 

48h and 7 days of IR were injected with a second dose of salubrinal or vehicle 24 h after 

surgery. 

Tissue dissection ant total RNA and protein extraction 

After decapitation, brains were quickly removed and placed on a brain rodent matrix 

(ASI Instruments, Warren, MI) at 4 ºC to obtain 2 mm thick sagittal slices at a distance 

of 1 mm to the medial line. Cornu Ammonis 1 (CA1) and Cornu Ammonis 3 (CA3) 

hippocampal regions, as well as the cerebral cortex (Cx) above them, were dissected 

under a light microscope. Samples were frozen in dry ice and stored at -80ºC. Total RNA 

and protein were extracted from each dissected brain region using the Tripure Isolation 

Reagent® (Roche Diagnostics, Barcelona, Spain) following the manufacturer’s 

instructions and then stored at -80ºC. 

Reverse transcriptase reaction and qPCR 

All qPCR assays in this study were performed following the Minimal Information for 

Publication of Quantitative Real-Time PCR Experiments (MIQE) Guidelines (Taylor et al. 

2010). RNA integrity and retrotranscription was performed as previously described 

(Anuncibay-Soto et al. 2014). Quantitative PCR (qPCR) was performed in a Step One Plus 

thermocycler (Applied Biosystems, Foster City, CA) using the following primers: mmp-9: 

(f5’ttctgtccagaccaagggtaca, r5’gcgcatggccgaactc, NM_ 031055.1); vcam-1: 

(f5’tgctcctgacttgcagcaccac, r3’tgtcatcgtcacagcagcaccc, NM_ 012889.1); icam-1: 

(f5’tgcagccggaaagcagatggtg, r3’atggacgccacgatcacgaagc, NM_012967.1); gapdh: 

(f5’gggcagcccagaacatca, r3’tgaccttgcccacagcct, NM_017008). 

Optimal qPCR conditions in our assays were obtained using 2 µl of 1/10 cDNA and 300 

nM of, using SYBR Green Master Mix as the fluorescent DNA dye (Applied Biosystems, 
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Foster City, CA). The results were analysed following the 2-ΔΔCt method (Livak and 

Schmittgen 2001). using gapdh housekeeping gene as a reference to normalize the Ct 

values for each gene to be analysed. Fold changes were expressed as 2-ΔΔCt, where ΔΔCt 

represents the transcript variation between the different conditions (ΔCtischemic -ΔCtsham) 

and (ΔCtsalubrinal-ΔCtvehicle). 

Western blot analysis 

Protein samples were resuspended in 8 M urea with 4% SDS in the presence of a 

protease inhibitor (complete protease inhibitor cocktail EDTA free; Applied Biosystems, 

Foster City, CA) and quantified using a DC Protein Assay Kit (Bio-Rad, Hercules, CA). Band 

gels were obtained from 25 µg of each sample as previously described(Anuncibay-Soto 

et al. 2014) using the following primary antibodies: NF κB raised in rabbit (Abcam, 

Cambridge, UK, 1 μg/ml); MMP-9 raised in rabbit (Abcam, 1 μg/ml); ICAM-1 raised in 

rabbit (Abcam, 0.75 μg/ml); GFAP raised in rabbit (Dako, Glostrup, Denmark, 1 μg/ml); 

TNF-α raised in rabbit (Abcam, 1 μg/ml) and β-actin raised in mouse (Sigma Aldrich, 

Madrid, Spain, 0.2 μg/ml). 

The resulting bands were digitalized in a GS-800 Calibrated Densitometer (Bio-Rad, 

Hercules, CA) and band optical densities were quantified with ImageJ Software (NIH, 

Washington, MD). The corresponding β-actin bands were used to normalize the optical 

density of the bands. 

Immunofluorescence assays 

Another 15 rats with 7 days of reperfusion were euthanized with an intraperitoneal dose 

of 200 mg/kg of sodium pentobarbital (Vetoquinol, Vernois, France) and immediately 

perfused via intra-aortic delivery of 4% paraformaldehyde as previously described 

(Anuncibay-Soto et al. 2014). Fixed brains were cut in 40 µm thick coronal sections for 

immunohistochemical assays. 

An epitope-retrieval step was conducted transferring the sections to 0.05% Tween-20 in 

10 mM sodium citrate buffer, pH 6.0, at 80 ºC for 30 minutes followed by blocking in 

20% goat serum with 0.2% TritonX-100 in PBS for 1 h at RT. Sections were incubated 

overnight at 4 ºC with anti-NeuN antibody raised in mouse (1:500) (Millipore, 

Darmstadt, Germany) and then with a rabbit anti-mouse IgG conjugated with Alexa-568 

(1:500)(Life Technologies, Carlsbad, CA). Nuclei were counterstained with DAPI (Sigma, 

Madrid, Spain) and sections mounted using Fluoromount G Mounting Medium (Life 
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Technologies, Carlsbad, CA). The number of cells stained with NeuN in different areas 

was measured following the principles of the optical dissector method (serial random 

sections, section sampling fraction, area sampling fraction and thickness sampling 

fraction) (Gundersen et al. 1988; Zarow et al. 2005). Six equidistant non-overlapping 40 

µm thick sections between Bregma -1.8 to -4.3 mm (rostro-caudal axis), following 

Paxinos and Watson (1996), were analysed per animal using optical dissectors with 50 x 

50 µm grid squares and a height of 30 µm for the fractionator volume (5 µm of both the 

top and the bottom of the section with putative damage from the cutting process were 

discarded). Five equidistant dissectors in the layer III of the frontoparietal cortex, motor 

area between 1 and 5 mm lateral to the midline, 5 equidistant dissectors in hippocampal 

CA1 and 4 in hippocampal CA3 areas were analyzed per section. Final results are 

expressed as the number of cells/mm3. Image acquisition was carried out with a Nikon 

Eclipse TE-2000 Confocal Microscope (Nikon Instruments, Amsterdam, Netherlands). 

Image processing and analysis were performed using ImageJ Software (NIH, 

Washington, MD). 

 C reactive protein: 

Blood samples from each animal were centrifuged at 1500 x g for 15 minutes and the 

supernatant was frozen at -80 ºC until the ELISA test for C-reactive protein (RayBiotech, 

Norcross, GA) could be performed following the manufacturer's instructions.  

Statistical analysis 

Graph Pad Prism 6.0 Software (Graph Pad Software Inc, La Jolla, CA) was used for 

statistical analyses. Quantitative results are expressed as mean ± SEM. Two-way ANOVA 

following by Bonferroni post-hoc test, one-way ANOVA following by Tukey post-hoc test 

or Student t test followed by unpaired t test were conducted setting the confidence level 

at 95%. 

 

Results 

Salubrinal effect on UPR-PERK pathway 

The treatment previous to the ischemic insult with salubrinal has been reported to 

increase the eIF2α phosphorilation in the first hours after the insult (Nakka et al. 2010) 
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. We observed that the post-ischemic treatment with salubrinal also increased the IF2α 

phosphorylation 5 h after ischemia in treated vs. non-treated insulted animals. We 

analysed it to prove the UPR enhancement in the model here presented (Fig. 1A). This 

effect disappeared at 24 hours. (Fig. 1B). 

 

Figure 1. Effects of salubrinal on UPR and inflammation. Salubrinal treatment elicited an enhancement 
of UPR in the different structures studied but did not promote a significant effect on blood inflammation 
markers. Representative protein bands of A) phosphorylated eIF2α (38 kDa) at 5 IR hours, B) 
phosphorylated eIF2α (38 kDa) at 24h IR hours and C) C reactive protein at 48 IR hours. The averages of 
the densitometric analysis corresponding to five rats (mean ± SEM) normalized with respect to β-actin (40 
kDa) are indicated above the bands. # indicates significant differences between the IR-Sal and IR-vehicle 
groups. * indicates significant differences between IR and sham in treated and non-treated animals. In all 
cases p<0.05 by two tails unpaired Student t test, n=5. 

 

Inflammation markers 

C-reactive protein, TNF-α, and NF-κB were used as inflammation parameters. C-reactive 

protein blood levels were measured at 48 h and appeared significantly increased as a 

consequence of IR. Salubrinal treatment following IR did not present significant changes 

(Fig. 1B). TNF-α levels were almost undetectable in Cx both at 24 h and 48 h after the 

insult; however, hippocampal levels were noticeable at both times (Fig. 2A, B). 

Significant ischemia-dependent TNF-α increases were observed in CA1 comparing 48IR-
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vehicle with 48S-vehicle animals (Fig. 2B) and in CA3 comparing 24IR-vehicle with 24S-

vehicle animals (Fig. 2A). Also, strikingly higher levels of TNF-α were observed in both 

structures comparing 48IR-vehicle with 24IR-vehicle animals. Interestingly, the 

treatment with salubrinal decreased the TNF-α levels in sham animals both at 24 and 48 

h but resulted in significant increases in 24IR-Sal compared to 24IR-vehicle and non-

significant when 48IR-Sal were compared to 48IR-vehicle animals. Significant 

interactions between salubrinal treatment and IR were observed in CA1 at 24 h. 

 

NF-κB levels were detectable in all the structures studied (Fig. 2C, D). Significantly 

increased levels of this protein as a consequence of the IR were observed only in CA3 at 

24 h. After salubrinal treatment we observed significant increases in NF-κB in Cx when 

comparing 24IR-Sal with 24IR-vehicle animals, and in CA1 when comparing 24S-Sal with 

24S-vehicle animals (Fig. 2C). This contrasts with the significant decreases observed for 

48IR-Sal with respect to 48IR-vehicle animals (Fig.2D). The same comparisons in CA3 

revealed a diametric response to that observed in Cx and CA1 with a salubrinal-

dependent decrease at 24 h and a salubrinal-dependent increase at 48 h. A significant 

interaction between salubrinal treatment and IR was observed in Cx at 48 h. 
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Figure 2. Effect of IR time and treatment on protein levels of inflammatory markers. Representative 
protein bands of TNF-α (23 kDa) at A) 24 h and B) 48 h and NF-κB (55 kDa) at C) 24 h and D) 48 h in the 
different structures studied. Averages of the densitometric analysis corresponding to five rats (mean ± 
SEM) normalized with respect to β-actin (40 kDa) are indicated above the bands. Of note, TNF-α 
expression is undetectable in Cx. Statistics between the different conditions, indicated at the bottom of 
the image, are represented by an asterisk when IR are compared, by a number sign when treatments are 
compared and by a yen sign for significant interactions between IR and treatment. In all cases p<0.05 by 
two way ANOVA, n=5. 

 

Neurovascular unit 

GFAP is used as an inflammatory marker of the brain (Wang et al. 2007). IR animals 

treated with salubrinal showed a significant decrease in their GFAP levels at 24 h in Cx 

and CA1 when compared with sham animals (Fig 3A). This effect disappeared at 48 h (Fig 

3B). In turn, CA3 displayed a different response, with no changes under the different 

conditions at 24 h and significant increases as a result of the ischemic insult (48 IR-

vehicle versus 48S-vehicle), in contrast with the significant decreases as a result of the 

salubrinal treatment (48IR-Sal compared to 48S-Sal). Also, salubrinal treatment 



Chapter 2 
 

87 

significantly increased the CA3 GFAP protein levels in sham animals at 48 h. This effect 

also seemed to appear at 24 h but we failed to detect any statistical significance (Fig 3B). 

Matrix metalloproteinase 9 (MMP-9) protein levels appeared significantly increased as 

a consequence of the ischemia in all the structures at 48 h but only in the Cx at 24 h (Fig 

3 C, D). The treatment with salubrinal resulted in significant decreases of MMP-9 levels 

in Cx and CA1 (48IR-Sal compared with 48IR-vehicle). Interestingly, this comparison in 

CA3 revealed a diametrically opposed effect with a significant salubrinal-induced 

increase in MMP-9 levels. A significant interaction between ischemia and salubrinal was 

observed in Cx at 48 h. 

 

MMP-9 transcript level did not reveal significant differences in any of the structures 

studied when ischemic vehicle animals where compared to sham vehicle animals (Fig 4 

A, B). The treatment with salubrinal resulted in significant MMP-9 transcript level 

decreases in all the structures when ischemic treated animals were compared with the 

corresponding sham treated animals at 24 h (Fig 4A). However, at 48 h, only CA1 still 

showed these significant transcript decreases observed in the treated animals (Fig 4B). 

Similar levels of MMP-9 transcripts were observed between sham animals treated and 

non treated with salubrinal, except in CA1 at 24 h (Fig 4C). Interestingly, this comparison 

in ischemic animals revealed that salubrinal induced significant decreases in CA1 and 

CA3 at 24 h and in CA1 at 48 h (Fig 4 C, D).  

 

ICAM-1 protein levels significantly increased as a consequence of the IR in CA3 at 24 h 

as well as in CA1 and in Cx at 48 h (Fig 3E, F). The treatment with salubrinal in IR animals 

showed a trend to decrease the ICAM-1 levels in CA1 and Cx that was significant in CA3 

at 24 h and in Cx at 48 h. Interestingly, the treatment with salubrinal was able to increase 

the ICAM-1 levels in CA3 of sham animals at 24 h, but decreased them in the Cx. 
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Figure 3. Effect of IR time and treatment on protein levels of different neurosvacular unit components. 
Representative protein bands of GFAP (50 kDa) at A) 24 h and B) 48 h, MMP-9 (87 kDa) at C) 24 h and D) 
48 h and ICAM-1 (58 kDa) at E) 24 h and F) 48 h in the different structures studied. Averages of the 
densitometric analysis corresponding to five rats (mean ± SEM) normalized with respect to β-actin (40 
kDa) are indicated above the bands. Statistics between the different conditions, indicated at the bottom 
of the image, are represented by an asterisk when IR are compared, by a number sign when treatments 
are compared and by a yen sign for significant interactions between IR and treatment. In all cases p<0.05 
by two way ANOVA, n=5. 
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Figure 4. Effect of IR time and salubrinal treatment on neurovascular unit MMP-9 mRNA levels. Fold 
changes (2-ΔΔCt) at 24 and 48 hours showing the effect of ischemia (A, B) and the effect of salubrinal (C, D) 
on MMP-9 transcripts. The controls (respective sham animals in A and B, and respective non-treated 
animals in C,D) are represented by a value of 1, dotted line. Statistics between the different conditions 
are represented by * when IR are compared, by # when treatments are compared and a ¥ for significant 
interactions between IR and treatment. In all cases p<0.05 by two way ANOVA, n=5. 

ICAM-1 transcript levels appeared significantly increased by IR in CA3 at 24 h (Fig 5A, C) 

and in Cx and CA1 at 48 h (Fig 5B, D). The treatment with salubrinal resulted in blocking 

or decreasing the effect of the IR both at 24 h and 48 h (Fig 5A, B). In sham animals, the 

salubrinal treatment did not elicit an intrinsic effect on ICAM-1 transcript levels, but 

decreased them significantly in all the structures in 48IR animals (Fig 5C, D). Significant 

interactions between salubrinal treatment and IR were observed in CA3 at 24 h and in 

all structures at 48 h. 
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Figure 5. Effect of IR time and salubrinal treatment on neurovascular unit ICAM-1 mRNA levels. Fold 
changes (2-ΔΔCt) at 24 and 48 hours showing the effect of ischemia (A, B) and the effect of salubrinal (C, D) 
on ICAM-1transcripts. The controls (respective sham animals in A and B, and respective non-treated 
animals in C,D) are represented by a value of 1, dotted line. Statistics between the different conditions 
are represented by * when IR are compared, by # when treatments are compared and a ¥ for significant 
interactions between IR and treatment. In all cases p<0.05 by two way ANOVA, n=5. 
VCAM-1 transcript levels increased significantly as a consequence of IR in Cx and CA1 at 

48 h but only in Cx at 24 h. These ischemia-induced increases in VCAM-1 mRNA levels 

were abolished or decreased by the treatment with salubrinal (Fig 6). Of note, the 

salubrinal treatment resulted in a tendency to increase these transcripts in CA3 both at 

24 h and 48 h that was significant in the comparison between IR treated and non-treated 

animals (Fig 6A, C). No intrinsic effect of salubrinal on these transcripts was observed in 

sham animals (Fig 6C, 6D). Significant interactions between salubrinal treatment and IR 

were observed for Cx at 24h and 48 h, in CA3 at 24 h and in CA1 at 48 h. 
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Figure 6. Effect of IR time and salubrinal treatment on neurovascular unit VCAM-1 mRNA levels. Fold 
changes (2-ΔΔCt) at 24 and 48 hours showing the effect of ischemia (A, B) and the effect of salubrinal (C, D) 
on VCAM-1 transcripts. The controls (respective sham animals in A and B, and respective non-treated 
animals in C,D) are represented by a value of 1, dotted line. Statistics between the different conditions 
are represented by * when IR are compared, by # when treatments are compared and a ¥ for significant 
interactions between IR and treatment. In all cases p<0.05 by two way ANOVA, n=5. 
 

Cell demise  

An IR-induced significant decrease in the number of NeuN-labelled cells was observed 

in pyramidal layers of CA1, CA3 and Cx. The treatment with salubrinal significantly 

reduced the neuronal demise only in the CA1 pyramidal layer (Fig 7A, B). 
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Figure 7. Neuronal demise after salubrinal treatment. A) Cortex, CA1 and CA3 labelled with NeuN and 
with NeuN+DAPI in the the different conditions studied. Bar= 50 µm. B) Graph shows the number of 
neurons stained with NeuN in IR non-treated (white columns) and treated (black columns) with salubrinal. 
Significant differences as a consequence of IR are represented by * and significant differences between 
treatments are indicated by #. (p<0.05, one way ANOVA, n=5). 
 

Discussion  

The inflammatory response after global ischemia is structure-dependent 

TNF-α levels observed in this study reveal a lower inflammatory response in Cx 

compared to hippocampus, suggesting that hippocampus would be more prone to 

sterile inflammation. In addition, the inflammatory response is different in CA3 and CA1. 

Thus, CA3 presented a faster response that disappeared at 48 h, compared to the 

delayed and striking response at 48 h observed in CA1. This suggests that the 

hippocampal sterile inflammation is limited to CA1 and could account for its greater 
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neuronal demise at 7 days, in accordance with the greater ischemic-induced 

vulnerability described for CA1 (Kirino et al. 1985; Petito et al. 1987; Zhu et al. 2012). 

Moreover, the treatment with salubrinal brings forward to 24 h the CA1 TNF-α peak and 

increases the TNF-α levels in CA3 at 24 h, indicating that enhancing UPR-PERK pathway 

modifies the time course of the inflammation, which would be in agreement with the 

increases of NF-κB observed at 24 h. Of note, salubrinal acts at a local level and does not 

modify the inflammation markers in blood, as reveals the lack of reponse of C-reactive 

protein in the blood. 

 

UPR inhibits NF-κB activation by inflammatory stimuli (canonical pathway) but ER stress 

is able to activate NF-κB through the non-canonical pathway, as described in cell culture 

(Deng et al. 2004; Jiang et al. 2003). Thus the similarity in the NF-κB levels in Cx and CA1, 

despite their striking differences in the TNF-α inflammatory stimulus, suggests an almost 

exclusively non-canonical expression of NF-κB in Cx, in a similar way as reported in cell 

culture (Nakajima et al. 2011). In CA1, NF-κB levels could mirror the balance between 

the activation of the canonical and non-canonical pathways. Thus, the similarity in NF-

κB levels and differences in TNF-α levels support the idea of different inflammatory 

properties for Cx and CA1, although additional experimental support is required to prove 

it. In addition, the salubrinal-induced decrease in CA3 NF-κB levels at 24 h contrasts with 

the later CA1 and Cx decrease (at 48 h), suggesting a delayed response in these 

structures. The faster IR-dependent increases in CA3 TNF-α levels compared to those in 

CA1 provides additional support for the idea of different properties in BBB permeability 

between this structures.  

How long lasting is the salubrinal effect? Our data on phosphorylated eIF2α showed a 

salubrinal-induced enhancement of UPR-PERK pathway at 5 h, in agreement with 

previous reports (Nakka et al. 2010). The inflammatory effect elicited by eIF2α 

phosphorylation does not require sustained phosphorylation in cell culture (Kitamura 

2009) which would agree with our data where eIF2α show similar phosphorylation for 

treated and non treated ischemic animals at 24 hours. We think that the second dose of 

salubrinal has no effect on the inflammatory markers, since it resulted in a decrease in 

NF-κB levels and in TNF-α levels in treated and non-treated IR animals at 48 h.  
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Different response to ischemia in different cell types of the neurovascular unit 

The distinct levels of TNF-α in Cx, CA1 and CA3 reveal local differences in the 

inflammatory response. These differences also appeared after the salubrinal treatment, 

adding consistency to the data. It is not clear to what extent the different cells that form 

the BBB contribute to their local properties and we hypothesized that local 

inflammatory properties in the different structures mirror not only differences in the 

neuronal response, but also differences in the neurovascular unit. To prove this 

hypothesis we studied the ischemic response of the cell types that form the 

neurovascular unit in different brain structures. 

 

Astrocytes 

Following salubrinal treatment, GFAP decreases at 24 h in CA1 and Cx while no changes 

are detected at 48 h, contrasting with the lack of response at 24 h and the decrease at 

48 h in CA3.This supports the idea of a delayed response in CA3 with respect to CA1 and 

Cx and our hypothesis of local properties for the BBB. In addition, our data together with 

the lack of response to salubrinal reported at 72 h after spinal cord injury (Ohri et al. 

2013) suggests that ER stress in astrocytes is limited to a few days rather than a lack of 

responsiveness. 

 

Pericytes 

Pericytes are the main producers of MMP-9 (Takata et al. 2011), a typical marker of BBB 

impairment (Rosenberg et al. 1992; Rosenberg et al. 1996; Ueno et al. 2009) that in our 

hands prove a general ischemic-induced BBB impairment at 48 h. The early increase in 

MMP-9 expression and the maintenance of this high level of expression in Cx compared 

with the delayed MMP-9 increase in CA1 suggest that BBB damage occurs more rapidly 

in Cx. Given the reduced vulnerability to ischemia of Cx compared to CA1 (Kirino et al. 

1985; Petito et al. 1987; Zhu et al. 2012), the faster peak in Cx MMP-9 expression 

supports the idea that vulnerability depends on an intrinsic neuronal resistance to 

ischemia (Tecoma and Choi 1989) rather than a greater protective role of the 

neurovascular unit in this structure. The different time courses of BBB impairment in the 

different structures studied also provides support for local inflammatory properties in 

the neurovascular unit. 
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Salubrinal treatment was not able to prevent the early BBB impairment observed in Cx; 

however, its effects on MMP-9 at 48 h reveal two critical aspects: 1) the enhancement 

of differences between CA1, CA3 and Cx by salubrinal, supporting structure-dependent 

properties in the neurovascular unit following ischemia, and 2) the ability of salubrinal 

to prevent or at least minimize the late BBB impairment in CA1 and Cx. The MMP-9 

mRNA levels at 24 h suggest that the response observed in the protein at 48 h has 

already been elicited 24 hours earlier in all the structures studied. The decreased levels 

of both MMP-9 mRNA and protein in CA1 and Cx after the treatment with salubrinal 

suggest that the UPR enhancement helps to decrease the BBB impairment. Interestingly, 

salubrinal was not able to prevent the BBB impairment in CA3 in spite of the ability of 

this agent to increase the eIF2α phosphorylation.  

 

Endothelial response 

Changes in the role of endothelial cells in the properties of the BBB have been related 

with age. Thus, embryonic neural progenitor cells have been reported as inducers of BBB 

properties in cerebral endothelial cells (Weidenfeller et al. 2007). Also, ICAM-1 and 

VCAM-1, the key players in the adhesion of circulating blood cells to the endothelium (Li 

et al. 2011; Norman et al. 2008), present aging-dependent differences in various brain 

areas after ischemic insult (Anuncibay-Soto et al. 2014). Here we show that structural 

differences in the endothelial cells also appear in young adult animals. Therefore, local 

differences in expression and time course of adhesion molecules support a role for 

endothelial cells in local differences of the neurovascular unit in response to the 

ischemic insult.  

 

The time-course pattern of MMP-9 expression after the ischemic insult seemed to be 

delayed 24 h with respect to that observed for ICAM-1, suggesting an increased 

adhesion between endothelium and circulating blood cells at 48 h in CA1 and Cx. The 

treatment with salubrinal also reproduced the delayed time-course of expression for 

these molecules. Therefore, the consecutive steps played by these molecules in BBB 

impairment, described for MCAO (Wang et al. 2007), also appear in global ischemia. 

Ischemia-induced changes in ICAM-1 expression in CA3 appeared 24 h earlier than in Cx 

and CA1. This is corroborated by the VCAM-1 increase in CA3 at 24 h after salubrinal 
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treatment, contrasting with its decreased or absent effects on Cx and CA1. This provides 

additional support for differences in adhesion properties between CA3 and the other 

structures studied. Therefore, all the markers here analysed are consistent and reinforce 

the idea that, following ischemia, the neurovascular unit in CA3 present different 

properties than in CA1 and Cx. Further studies are necessary to determine if these 

differences also exist in naive animals or are a consequence of ischemic insult.  

Neuroprotective role of post-ischemic UPR-PERK pathway modulation  

Treatment with salubrinal decreased the levels of both CAMs and MMP-9 in CA1 and Cx, 

giving credence to the ideas that 1) a reduction in leukocyte transmigration would help 

to reduce BBB impairment and 2) the neuroprotective role of salubrinal involves the 

inflammatory response. This molecular correlation is not clear in CA3 but contributes to 

the hypothesis of differences in neurovascular unit properties following ischemia 

between different brain structures. 

 

Is the salubrinal treatment helpful for neuronal protection? The reduction in neuronal 

demise in CA1 7 days after injury in salubrinal treated animals and the decrease in BBB 

impairment (measured as MMP-9 levels and supported by the rest of molecules here 

studied) support a neuroprotective effect for this agent, involving crosstalk between the 

inflammatory response and UPR. The smaller UPR response in CA1 using a global 

ischemia model (Llorente et al. 2013) suggests a reduced ability of CA1 to ignite the UPR 

that could be compensated by the salubrinal treatment. This reduced UPR could explain 

its greater vulnerability to ischemia and salubrinal would neuroprotect CA1 by 

promoting its limited UPR which in turn, would modify the inflammatory response.  

 

In accordance with the idea of the dual role of inflammation, both protective and 

deleterious (Ceulemans et al. 2010), the comparable and strikingly high levels of TNF-α 

at 48 h in both treated and non-treated animals suggests that levels of sterile 

inflammation have been reached at 48 h in the hippocampus. Since salubrinal was able 

to increase inflammation at 24 h followed by reducing the BBB impairment at 48 h, we 

think that the effect of salubrinal on inflammation at 24 h is still protective. 
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CONCLUSIONS 

In conclusion, this study shows that salubrinal treatment presents a neuroprotective 

role in CA1. We suggest that CA1 presents a limited UPR against the ischemia and 

salubrinal treatment enhances this response thus reducing the cell delayed mortality. 

We also suggest that the neurovascular unit presents structure-dependent 

inflammatory properties to ischemic injury and differences in the time course of the 

inflammatory response for CA1/Cx and CA3, which is also supported by the salubrinal 

treatment. In addition, our study demonstrates the responsiveness of endothelial cells 

and, to a much lesser degree, of astrocytes to the salubrinal treatment. Therefore, the 

salubrinal treatment affects in different way the different cell populations, resulting in 

local rather than systemic effects. Finally, this study demonstrates that UPR modulators 

are able to modify the inflammatory response.  The effectiveness of salubrinal when 

administered after the ishemic insult suggest therapeutic posibilites for UPR modulators 

in stroke that, up to date, have not been taken into accout. 
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The detrimental effect of robenacoxib can be 

prevented when combined with salubrinal, which leads to a 

synergic decrease of glial activation in a global cerebral 

ischemia model  

Background 

The impairment of the BBB that follows a cerebrovascular accident is one of the most 

critical events in the progression of neuronal death, since it plays a crucial role in the 

inflammatory response(Berezowski et al., 2012; Rom et al., 2016). The BBB is crucial in 

the recovery of brain functionality (Abbott, 2013) and has been recently renamed as the 

NVU to include the different components involved in its complex functionality. Thus, the 

NVU includes astrocytes, endothelial cells, pericytes, and neurons (Abbott et al., 2010), 

and some authors include the surrounding microglia (da Fonseca et al., 2014). Hallmarks 

of the impairment of the NVU are the release of MMP-9 as well as increases in CAMs 

involved in the transmigration of leukocytes through the BBB endothelium (Rosenberg 

et al., 1996). CAMs promote the so-called firm adhesion of endothelial cells to 

leukocytes, a critical step that allows the blood cells to cross the BBB and reach the 

neural parenchyma (Jin et al., 2009). Another cell type, astrocytes, exerts multiple 

effects in the NVU, including neuronal support, modulation of endothelial cells, 

regulation of glutamate uptake, and different roles in the brain inflammatory response. 

In fact, the overexpression of GFAP, a typical astrocyte marker, is used as a 

neuroinflammation marker (Pekny et al., 2016; Wang et al., 2007). The impairment of 

the NVU breaks the immunoprivileged state of the brain, increases the neural damage, 

and results in local recruitment of microglia, enhancing its macrophagic function (Pun et 

al., 2009; Yenari et al., 2006). In normal conditions, resting microglia cells present small 

somata whose long processes show many branches, displaying a ramificate shape. After 

ischemic injury, microglia activate, which is mirrored by striking changes in cell 

morphology that show an ameboid shape with large somata and short processes with 

few ramifications (Walker et al., 2014; Yenari et al., 2010). 
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Stroke has been reported to increase the unfolded/misfolded proteins in the cell, a 

phenomenon described as ER stress, which exacerbates the cell damage (Kaufman, 

1999; Walter and Ron, 2011). Control of ER stress by pharmacological agents that 

enhance cell survival has been widely described in in vivo and in vitro models (Cai et al., 

2014; Kitamura, 2009; Nakajima and Kitamura, 2013; Nakka et al., 2010). In recent years, 

evidence of crosslinking between inflammation and ER stress response has suggested 

the possibility of modulating one another (Hasnain et al., 2012; Zhang and Kaufman, 

2008). Thus, the use of agents, such as salubrinal (Sal), that reduce ER stress by 

enhancing the UPR has been reported to reduce NVU impairment and to play a role in 

the inflammatory response (Anuncibay-Soto et al., 2016; Barreda-Manso et al., 2017). 

 

Anti-inflammatory agents have been considered as neuroprotective agents against 

neurodegenerative diseases, stroke, and traumatic brain injury (Perez-Polo et al., 2013; 

Szekely and Zandi, 2010; Yilmaz and Granger, 2010). COX-1 blocking induces 

gastrointestinal side effects elicited by traditional NSAIDs. The lack of selectivity of 

NSAIDs has driven the pharmaceutical industry to develop selective anti COX-2 

treatments (Patrono, 2016a). This has led to the development of different families of 

NSAIDs, namely the coxib family, with the most recent developed in the 1990’s (King et 

al., 2009). Some of these coxibs (rofecoxib and valdecoxib) have been withdrawn based 

on their cardiovascular risks (Roumie et al., 2008). These risks have been related with 

both the vascular damage dependent on the inhibition of COX-2 as well as the platelet 

activation as a consequence of the lack of COX-1 inhibition (Cairns, 2007). The debacle 

in the use of NSAIDs has provided essential notions on the different and non-

exchangeable roles of COX-1 and COX-2, whose specific cell-type roles remain 

indispensable for some functions (Fiebich et al., 2014). Robenacoxib (Rob), one of the 

most recent members of the coxib family, is used in veterinary medicine based on its 

preferential COX-2 inhibition. It belongs to a new generation of coxibs, without the 

sulphur-containing group of other coxibs (celecoxib, rofecoxib), which makes Rob 

chemically distinct. Moreover, its chemical composition allows quick clearance from the 

blood and its accumulation in inflamed tissue. These properties, together with the high 

specificity for COX-2 and the low and reversible inhibition of COX-1, make Rob a perfect 
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COX-2 inhibitor (King et al., 2009). The pharmacological action of Rob has not yet been 

explored in global cerebral ischemia.   

The quick neuroprotection assessed by the ER stress control (Anuncibay-Soto et al., 

2016; Barreda-Manso et al., 2017; Rubovitch et al., 2015), the later contribution of COX-

2 to extend the damage described in global cerebral ischemia models (Candelario-Jalil 

et al., 2003; Chu et al., 2004), as well as the close relationships between inflammation 

and ER stress in pathological changes in neurodegenerative diseases (Hasnain et al., 

2012; Xin et al., 2014) led us to test if the combined used of an ER stress inhibitor with 

an anti-inflammatory agent could enhance the neuroprotection against stroke. In this 

report, we describe for the first time the detrimental effect of Rob treatment after 

ischemia, how the combined treatment of Sal and Rob prevents the Rob effect on the 

neuronal damage, as well as the modifications in the glial response and the effect on 

some hallmarks of NVU impairment by these treatments. 

 

Material and Methods 

Animals 

Eighty three-month-old Sprague–Dawley male rats (450–550 g) were housed in standard 

conditions: standard temperature (22 ± 1°C), 12 h light/dark cycle, and food (Panlab, 

Barcelona, Spain) and water ad libitum. The experimental groups used are indicated in 

Figure 1. All experimental procedures were approved by the Scientific Committee of the 

University of Leon and performed in compliance with the ARRIVE guidelines, in 

accordance with the Guidelines of the European Union Council (63/2010/EU) and 

Spanish regulations (RD 53/2013, BOE 8/2/2013) for the use of laboratory animals. All 

efforts were made to reduce the number of animals used and to minimize animal 

suffering. 

 

Transient global cerebral ischemia  

The ischemia/reperfusion (I/R) assays were performed in a two-vessel occlusion global 

cerebral ischemia model as previously described (Vieira et al., 2014). In summary, 

anesthesia was induced with 4% isoflurane (IsoFlo, Abbott Laboratories Ltd, Madrid, 
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Spain) in 3 L/min in 100% oxygen. Then, a facemask was used to maintain the anesthesia 

using a flux of 1.5–2.5% isoflurane at 800 mL/min in 100% oxygen. Both common 

carotids and femoral arteries were exposed. A catheter was introduced in the femoral 

artery to record blood pressure along the whole procedure and control the blood 

volume. Blood flow to the brain through the paravertebral arteries was prevented by 

maintaining a moderate hypotension (40–50 mmHg) using partial exsanguination (slow 

draining of blood at 1 ml/min). Fifty UI heparin/kg were administered through the 

catheter, and 50 UI heparin were maintained in the syringe, which contained 3 mL of 

saline, to avoid clot formation during the blood collection. 

 

When a stable hypotension was reached, both common carotid arteries were clamped 

for 15 min. Body temperature was maintained at 36 ± 1°C during surgery with a 

feedback-regulated heating pad monitored with a rectal probe. After ischemia, 

microclamps were withdrawn and returned to the animal at 1 mL/min until the recovery 

of arterial blood pressure. Then, the catheter was removed, and the animal was sutured 

and monitored during the recovery from anesthesia. The animals were then returned to 

the animal house and maintained in standard conditions for the different times of 

reperfusion to study. Sham-treated animals followed the same procedure except for the 

carotid clamping. 

Drug treatment  

The different treatments are summarized in Figure 1. Rob (10 mg/kg) was administered 

subcutaneously, and Sal (1mg/kg in vehicle 1.5% DMSO) was administered 

intraperitoneally.  
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Figure 1. Experimental procedure. 
 

Tissue dissection and total RNA extraction 

Fifty animals (25 after 24 h I/R and 25 after 48 h I/R) were used for RNA assays. After 

decapitation, the brains were quickly removed and placed on a brain rodent matrix (ASI 

Instruments, Warren, MI, USA) at 4°C. Using the sagittal guides of the matrix for inserting 

the blades, 2-mm-thick sagittal slices were obtained at a distance of 1 mm to the medial 

line, In these slices, the Cornu Ammonis 1 (CA1) hippocampal region, as well as the 

cerebral cortex (Cx) above its was dissected under microscopy. Samples were frozen in 

dry ice and stored at -80°C. From each brain area dissected, total RNA was extracted 

using the Tripure Isolation Reagent (Roche Diagnostics, Barcelona, Spain), following the 

manufacturer’s instructions, and then stored at -80°C. 

Reverse transcriptase reaction and qPCR  

Minimal Information for Publication of Quantitative Real-Time PCR Experiments (MIQE) 

Guidelines (Taylor et al., 2010) were followed in the quantitative PCR (qPCR) assays. RNA 

integrity and retrotranscription were performed as previously described (Anuncibay-

Soto et al., 2014). The following primers were used for qPCR: mmp-9: 

(f5’ttctgtccagaccaagggtaca, r5’gcgcatggccgaactc, NM_ 031055.1); vascular adhesion 

molecule 1 (vcam-1): (f5’tgctcctgacttgcagcaccac,r5’tgtcatcgtcacagcagcaccc, NM_ 
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012889.1); intercellular adhesion molecule 1 (icam-1): (f5’tgcagccggaaagcagatggtg, 

r5’atggacgccacgatcacgaagc, NM_012967.1); glyceraldehyde 3-phosphate 

dehydrogenase (gapdh): (f5’gggcagcccagaacatca, r5’tgaccttgcccacagcct,NM_017008). 

The qPCR was performed as previously described (Anuncibay-Soto et al., 2016) using a 

Step One Plus thermocycler (Applied Biosystems, Foster City, CA, USA). The results were 

analyzed following the 2ΔΔCt (Livak and Schmittgen, 2001) method using the gapdh 

housekeeping gene. Fold changes were expressed as 2-ΔΔCt, where ΔΔCt represents the 

transcript variation between the different conditions (ΔCtischemic-ΔCtsham). 

Immunofluorescence assays 

Thirty rats with 48 h or seven days of reperfusion were killed with an intraperitoneal 

dose of 200 mg/kg of sodium pentobarbital (Vetoquinol, Vernois, France) and 

immediately perfused via intra-aortic delivery of 4% paraformaldehyde (PFA) as 

previously described (Anuncibay-Soto et al., 2014). The brain was cut in 40 μm-thick 

coronal slices with a freezing microtome. 

Sections were incubated in 0.05% Tween-20 in 10 mM sodium citrate buffer, pH 6.0, at 

80°C for 30 min for epitope-retrieval. Then a successive blocking of endogenous biotin 

with an avidin-biotin kit and immunoglobulins (Ig) with 1% bovine serum albumin (BSA) 

in 0.2% Triton X-100 in phosphate buffer saline (PBS) at room temperature was 

performed. A summary of the antibodies (Ab) used is shown in Table I. Double staining 

for microglia and astroglia was carried out, incubating the sections overnight at 4°C in 

1% BSA, 0.2% Triton X-100 in PBS with anti-IBA-1 (ionized calcium binding adaptor 

molecule 1) Ab and anti-GFAP Ab. Anti-IBA-1 Ab was recognized by a biotinylated Ab, 

which, in turn, was labelled with extravidin conjugated with Alexa-647 (1:500). A 

secondary Ab complexed with Alexa-488 was used to recognize the anti-GFAP Ab. 

Afterwards, sections were incubated overnight at 4°C in anti-NeuN Ab in 1% BSA and 

0.2% Triton X-100 in PBS and then recognized with a secondary Ab complexed with 

Alexa-568. Nuclei were counter-stained with 4,6-diamidino-2-phenylindole (DAPI), and 

sections were mounted using Fluoromount G mounting medium.  
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Host species and 
specificity 

Target Concentration Brand 

Mouse monoclonal Anti-NeuN  1:500 Millipore 

Goat polyclonal Anti-IBA-1 1:2000 Abcam 

Rabbit polyclonal Anti-GFAP 1:500 Dako 

Horse polyclonal Anti-goat IgG 
biotinilated 

1:500 Vector 

Goat polyclonal Anti-rabbit IgG Alexa 
488 

1:500 Life Technologies 

Horse polyclonal Anti-mouse IgG Alexa 
568 

1:500 Life Technologies 

 

Image acquisition 

Image analysis was made on animals perfused with 4% PFA.  For each brain, three 

coronal sections were obtained every 960 µm between Bregma -2.30 mm and Bregma -

4.30 mm (Figure 2A). Sections were immunolabeled for IBA-1, GFAP, and NeuN, and 

nuclei were stained with DAPI and images obtained with a Zeiss LSM 800 confocal 

microscope. Each section was scanned to obtain a tile image of the whole hippocampus 

with a resolution of 1.25 µm/pixel using the Tile Scan Module (included in Zen Blue 

software) with a Plan-Apochromat 10x/0.45 M27 objective. An optical dissector method 

was used to count cells and to perform morphometric and densitometric analyses of 

glial populations. In brief, three equidistant dissectors of 0.255 mm2 with a lateral 

resolution of 0.156 µm/pixel were obtained with a Plan-Apochromat 40x/1.3Oil DIC (UV) 

VIS-IR M27 along the hippocampal CA1 pyramidal layer. Each dissector was formed by 

nine images were taken each 3 µm (21 µm in total) in z-axis. The different 

immunofluorescence stainings were included in each image. Bias in image quantification 

was prevented by keeping constant the detector gain, pinhole, laser power, and pixel 
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dwell. 

 

Figure 2. Microscope image analysis workflow. A) Schematic representation of the sections included in 
analysis of each animal. Three 960 µm equidistant coronal sections obtained between bregma -2.30 mm 
and bregma -4.30 mm were used. B) In each section, three equidistant optical dissectors (160 x 160 µm, 
separated 350 µm between them) along the hippocampal CA1 pyramidal layer were obtained. Each 
dissector is formed by nine images separated 3 µm in z-axis, which discards about 7 µm top and 7 µm 
bottom regions of the 40 µm-thick section. The triple immunolabeling allowed us to use the same images 
of each dissector for the study of astroglia, microglia, and neurons. C) Workflow used to measure microglia 
process branches and length. A skeletonization of IBA-1 z-stack images was used by converting microglia 
processes in interconnected tridimensional 1 pixel-thick lines. Skeleton analysis allowed to estimate the 
process length and the end-point number per cell. D) Workflow to estimate astrocyte area and GFAP TFI. 
Each GFAP z-stack image was converted to 256 gray levels. Each image was also binarized, thus creating 
a mask to measure both the area of GFAP labeling and its gray average value (TFI value). TFI values for 
each of the nine images of the z-stack were summed and divided by the number of astrocyte nuclei, 
expressing the final results as TFI/cell. E) Workflow used to neuron count. A second dissector of 70 x 70 
µm was obtained from each image and NEUN+ cells were counted in the nine z-stack levels. Results were 
estimated as NEUN+ cells/dissector. 
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Microglia activation analysis  

The density of microglia indicated as cells/mm3 was obtained from the average of IBA-

1-labeled cells in all dissectors in each region. The degree of microglia activation was 

estimated by quantifying the number of branches and the cell process length following 

the method developed by Morrison and Filosa, 2013, with minor modifications. In brief, 

each IBA-1 image of the z-stack was transformed to an 8 bits grayscale image and then 

binarized, skeletonized, and analyzed with Analyze Skeleton 2D/3D plugin in ImageJ. The 

number of microglia nuclei in each dissector was used for normalize the results and 

obtain the averages of the number of process endpoints/cell and the summed process 

length/cell (Figure 2C).  

Astroglia reactivity analysis 

The degree of astroglial reactivity was estimated by measuring both the volume of 

astrocytes and the GFAP protein levels using image analysis. Each GFAP image of each 

dissector (nine images per dissector) was converted to an 8 bits grayscale image and it 

was also binarized. Binary images were used to create a mask outlining each astrocyte 

soma and its processes, thus allowing to measure the whole area of the astrocyte. The 

mask of each level was overlapped on the corresponding gray image, allowing to 

measure the mean gray value. The product of the mask area and the mean gray value 

has been named the total fluorescence intensity (TFI) and was measured in each level. 

Therefore, in each dissector, the nine TFIs (one for each level) were summed and divided 

by the number of astroglial nuclei, which was expressed as TFI/cell (Figure 2D). 

Neuronal counting 

In each dissector a central smaller 70 x 70 µm subdissector was used to count the NeuN 

positive cells. Thus the nine z-stack levels were used to count neurons in each dissector. 

Results were estimated as NEUN+ cells/subdissector. 
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Results 

Neuronal demise 

 After 48 h of reperfusion, similar neuronal densities were observed in the CA1 

hippocampal area when sham-, vehicle-, and Sal-treated animals were compared. 

 

Figure 3. Neuronal demise. Neuronal densities (mean ± SEM) at 48 h (A,B) and seven days (A,C) of 

reperfusion in the CA1 were represented. Values of sham-operated animals are represented by a dotted 
line. * indicates significant differences with respect to sham-operated animals; brackets indicate the 
significant differences between treatments, and the # above them shows the significance: one symbol 
p<0.05, two symbols p<0.01, and three symbols p<0.001. One-way ANOVA followed by Tukey’s test, n=3. 

The treatment with Rob resulted in a significant neuronal demise with respect to the 

vehicle- or Sal-treated animals. The treatment with Sal–Rob resulted in a significant 

neuronal density decrease with respect to vehicle- and Sal-treated animals (Figure 3A, 

B).  

We had previously reported that ischemia induced a significant neuronal demise seven 

days after the insults that was prevented by Sal in CA1 (Anuncibay-Soto et al., 2016). In 

this structure, the neuronal demise in animals treated with Rob is similar to that 

observed in ischemic untreated animals at seven days. However, the treatment with 
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Sal–Rob presented values significantly higher than those observed in vehicle animals 

and similar to those observed in Sal-treated animals (Figure 3A, C). 

Microglia 

Microglia density 

We could not detect significant changes in microglia densities in the CA1 after global 

cerebral ischemia at either 48 h (Figure 4A, C) or seven days (Figure 4B, F) after the insult. 

Interestingly, at both times, Rob treatment elicited a significant increase in the microglia 

density that was not observed after the treatment with Sal or the combined effect of Sal 

and Rob. 

Microglia branch length 

After 48 h of reperfusion, the branch length of microglia in vehicle animals showed a 

trend to increase compared to that observed in sham animals, but we could not find 

significant differences. Animals treated with Rob showed a significant microglia lower 

branch length than that observed in the CA1 in vehicle, Sal, and sham animals. The Sal–

Rob combination also showed a trend to present higher branch length than the Rob 

treatment, but we could not find significance between them (Figure 4A, D). Seven days 

after the insult, the microglia branch length was significantly reduced in vehicle animals, 

and animals treated with Rob with respect to sham animals. Interestingly, the treatment 

with the combination of Sal and Rob significantly increased the branch length values 

(Figure 4B, G). 
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Figure 4. Ischemic-dependent effect in microglia of the CA1. Microglia density (mean ± SEM) for each 
experimental condition after 48 h (A, C, D, E) and seven days (B, F, G,H) after reperfusion. Figures C and F 
show microglia density, D and G show branch lengths (mean ± SEM) of microglial cells, and E and H show 
the number of endpoints (mean ± SEM) in microglial cells. Values of sham-operated animals are 
represented by a dotted line. * indicates significant differences with respect to sham-operated animals; 
brackets indicate the significant differences between treatments, and the # above them shows the 
significance: one symbol p<0.05, two symbols p<0.01, and three symbols p<0.001. One-way ANOVA 
followed by Tukey’s test, n=3.  
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Microglia endpoints 

After 48 h of reperfusion, the number of microglia endpoints was similar in sham, 

vehicle, Sal, and the combination of Sal and Rob in the CA1. The treatment with Rob 

resulted in a decreased number of endpoints, but we could not find significant decreases 

in the CA1 (Figure 4A, E). 

Seven days after the insult, vehicle- and Rob-treated animals presented a significant 

decrease in the endpoints. The treatment with Sal resulted in a lower but non-significant 

number of endpoints compared with sham animals in all areas studied. The number of 

microglia endpoints in Sal-treated animals was significantly higher than in those of the 

vehicle- and Rob-treated animals. The treatment with the combination of Sal and Rob 

resulted in a trend to increase the microglia endpoints with respect to those observed 

in Sal-treated animals; therefore, this number was significantly higher with respect to 

those observed in vehicle- and Rob-treated animals (Figure 4B, H). 

Astroglia 

Density 

Astroglia density was not modified by the ischemic insult after either 48 h or seven days 

(Figure 5A, B, C, F).  

Area 

The astroglial area was not significantly modified by the global ischemia after 48 h in 

CA1. The treatment with Rob resulted in an increased astroglial area that reached 

significance when compared with that observed in sham or vehicle animals 48 h after 

the reperfusion. In a similar way, a moderate increase was also found after the 

treatment with Sal (Figure 5A, D).  

Seven days after the insult, we could detect only a significant decrease in the astroglia 

area in the CA1 as a consequence of the ischemia. The treatment with the combination 

of Sal and Rob displayed significant increases in astroglia area values with respect to the 

vehicle- and Sal-treated animals (Figure 5B, G). 
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Figure 5. Ischemic-dependent effect in astroglial of cerebral CA1. Astroglia density (mean ± SEM) for each 
experimental condition after 48 h (A, C, D, E) and seven days (B, F, G, H) after reperfusion. Figures C and 
D show astroglia density, D and G show the area (mean ± SEM) of astroglia, and E and H show the TFI/cell 
(mean ± SEM). Values of sham-operated animals are represented by a dotted line. * indicates significant 
differences with respect to sham- operated animals; brackets indicate the significant differences between 
treatments, and the # above them shows the significance: one symbol p<0.05, two symbols p<0.01, and 
three symbols p<0.001. One-way ANOVA followed by Tukey’s test, n=3. 

TFI 
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Similar values of TFIs were observed in sham-, vehicle-, and Sal-treated animals after 48 

h of reperfusion. The treatment with Rob showed a trend to increase TFI, but we failed 

to detect significant differences with respect to those observed in sham and vehicle 

animals. At this time, we could not find significant differences in the TFI values 

comparing the treatment with Sal, the combination of Sal and Rob, vehicle animals, or 

sham animals (Figure 5A, E). 

After seven days of reperfusion, we detected a significant decrease in TFIs as a 

consequence of the ischemia in the CA1. The treatment with the combination of Sal and 

Rob displayed significant increases in TFI values compared with vehicle- and Sal-treated 

animals (Figure 5B, H). 

Transcriptional levels in MMP-9 and CAMs  

MMP-9 

We have previously reported the effect of treatment with Sal on MMP-9 in the same 

model of global cerebral ischemia, indicating its ability to reduce MPP-9 transcripts in 

the CA1, CA3, and Cx at 24 h and in the CA1 at 48 h (Anuncibay-Soto et al., 2016). Here 

we observed that treatment with Rob or the combined effect of Sal–Rob decreases the 

transcript levels of MMP-9 in the Cx at both 24 h and 48 h after ischemia with respect 

to sham animals. However, treatment with the combination of Sal–Rob resulted in 

significant decreases of MMP-9 transcript levels in the CA1, whereas treatment with Rob 

resulted in similar or even increased MMP-9 transcript values with respect to those 

observed in sham and vehicle animals (Figure 6A, B).   

VCAM-1 

We have previously reported an ischemic-dependent increase in the VCAM-1 transcript 

levels after 48 h of reperfusion in the Cx and CA1, as well as the capacity of Sal to reduce 

these transcript levels after 48 h of reperfusion (Anuncibay-Soto et al., 2016). The 

treatment with Rob at 24 h resulted in significant decreases of the VCAM-1 transcript 

levels with respect to those of the vehicle and sham animals in the Cx and CA1. The 

treatment with the combination of Sal–Rob resulted in a more moderate reduction of 
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VCAM-1 transcript levels, only reaching significance in the hippocampal areas studied 

compared to those observed after the treatment with only Rob after 24 h of reperfusion. 

After 48 h of reperfusion, treatment with Rob and with Sal–Rob showed a similar 

response, with similar values with respect to sham animals in the Cx, and significantly 

lower VCAM-1 transcript levels in the CA1. Importantly, these treatments resulted in 

significantly lower values compared to those observed in the vehicle (Figure 6C, D).  

ICAM-1 

We have previously reported an increase in the ICAM-1 transcript levels especially after 

48 h of reperfusion in the Cx and CA1, as well as the capacity of Sal to reduce these 

transcript levels after 48 h of reperfusion (Anuncibay-Soto et al., 2016). We included the 

treatment with Rob and the combination of Sal and Rob at both 24 h and 48 h that 

resulted in significant decreases of the ICAM-1 transcript levels with respect to those of 

vehicle and sham animals in the Cx. The treatments with Rob and with Sal–Rob resulted 

in similar significant decreases of the ICAM-1 transcript levels (Figure 6F, G). 
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Figure 6. Effect of I/R time and treatments on the neurovascular unit in mRNA levels. Fold changes of 
MPP-9 (2-ΔΔCt) after 24 h I/R (A) and 48 h I/R (B). Fold changes of VCAM-1 (2-ΔΔCt) at 24 h I/R (C) and 48 h 
I/R (D). Fold changes of ICAM-1 (2-ΔΔCt) at 24 h I/R (E) and 48 h I/R (F). Values of sham-operated animals 
are represented by a dotted line.  * indicates significant differences with respect to sham-operated 
animals; # indicates significant differences between the treatment and the vehicle. Y indicates significant 
differences between the treatment with Rob and Sal–Rob. One symbol represents p<0.05, two symbols 
p<0.01, and three symbols p<0.001. One-way ANOVA followed by Tukey’s test, n=5.  
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Discussion 

Looking for a synergic effect against stroke 

We have previously demonstrated in the same global cerebral ischemia model that Sal 

administered 1 h and 24 h after insult results in increased neuroprotection of the CA1 

(Anuncibay-Soto et al., 2016), one of the most ischemic-vulnerable brain areas (Kirino et 

al., 1985; Petito et al., 1987; Zhu et al., 2012). The Sal treatment included anti-

inflammatory changes that suggested that its combination with anti-inflammatory 

agents could result in positive synergic effects against stroke. In this regard, the 

neuroprotective effect of some anti-inflammatory agents such as meloxicam or 2-OAA 

has been proved in global and other cerebral brain ischemia models (Llorente et al., 

2015; De los Reyes and Céspedes 2014; Ugidos et al., 2017). The development of 

preferential COX-2 inhibitors such as “coxibs” has resulted in surprisingly different 

effects, making it necessary to test for each coxib member the risks and benefits in each 

application (Cairns, 2007). In this regard, detrimental effects by increasing the risks of 

cardiovascular events and stroke have been reported for some members of the coxib 

family, such as rofecoxib (Jüni et al., 2004) or valdecoxib (Patrono, 2016b), although 

other “coxibs” do not seem to increase the stroke risk (Roumie et al., 2008). The effects 

of Rob on these pathologies have not been published, as far as we know. However, the 

strong preferential effect of Rob on COX-2:COX-1 in isolated cells (967:1) (King et al., 

2009) seemed to make this drug ideal for testing specific effects of blocking COX-2 as 

well as detecting possible synergies of anti-COX2 agents and Sal. In addition, Rob can be 

administered subcutaneously (King et al., 2009), which makes easier the combined 

treatment and the use of the same vehicle in both Sal and Rob, thus reducing the 

number of experimental groups. 

The problem with robenacoxib 

Neuronal demise in the global cerebral ischemia model has been widely described to be 

detected at seven days after the ischemic insult (Castro et al., 2014; Hartman et al., 

2005; Pulsinelli et al., 1982). Then, why the treatment with the anti-inflammatory agent 

Rob accelerates the neuronal loss and therefore becomes detrimental in CA1? This 

detrimental effect (Figure 3) could be the result of the COX-2 blocking in the endothelial 

cells, which could lead to vasoconstriction. Clot formation by platelet activation would 
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not be prevented by coxibs, since they do not block COX-1 (Cairns, 2007; Patrono, 

2016b). In fact, tromboembolic complications due to inflammation-induced platelet 

activation are among the most common problems in patients with cerebrovascular 

disease (Koudstaal et al., 1993). However, the combined administration of a single dose 

of Sal 1 h after the insult followed by Rob administration was able to prevent the 

ischemic-induced neuronal loss detected at seven days, in contrast with the inability of 

Rob to prevent this demise. These data support the hypothesis that ER stress plays a 

crucial role in the progression of the inflammatory response (Hasnain et al., 2012; Xin et 

al., 2014). Therefore, the effect of preventing neuronal demise after Sal–Rob 

administration seems to be dependent only on Sal. In addition, animals treated with Sal 

at 1 h and 24 h present the same neuronal demise as those treated by the combination 

of Sal at 1 h and Rob at 8 h and 32 h, indicating that the second dose of Sal 24 h after 

insult has low or no efficacy, as previously hypothesized (Anuncibay-Soto et al., 2016). 

In fact, our data showed that two doses of Rob are able to elicit a detrimental effect in 

the CA1, suggesting that this coxib would increase the cerebrovascular accident damage. 

This supports the notion that early control of ER stress is crucial in neuroprotection. 

Glia, the NVU, and imbalance in the activity of COX isoforms 

The glial response to Rob treatment provides some hints about the detrimental effect 

of Rob on the neuronal population. In this regard, Rob treatment unexpectedly 

promotes strong microglia activation in the CA1 at 48 h, despite its anti-inflammatory 

effects, which can be observed on the BBB parameters analyzed here (MMP-9 and those 

CAMs responsible for firm adhesion) (Figure 6). Microglia activation has been 

hypothesized to be responsible for neuronal death (Baron et al., 2014), which would be 

consistent with our data of high microglia density, neuronal loss, and high MMP-9 

transcript levels, indicating strong damage to the BBB in the CA1. In fact, Sal treatment 

and the Sal–Rob combined treatment led to the decrease or absence of microglia 

activation and did not reveal cell death seven days after the insult in the CA1 (Figure 4).  

Modifications in the balance in the activity of COX-1 or COX-2 that play different 

indispensable functions and cannot functionally substitute one another (Fiebich et al., 

2014) could explain the detrimental effect of a selective blocking of COX-2 with Rob. A 

two-hit model involving COX-1 and COX-2 activities has been proposed to explain the 

neuroinflammation process. COX-1 has been described as the predominant form of COX 
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in resting microglia and its activation. The first hit would result in microglial activation 

(Aïd and Bosetti, 2011; Choi et al., 2009; Schwab and McGeer, 2008; Tecoma and Choi, 

1989) and the second hit would be elicited by neuronal injury, death, or persistent glial 

activation, resulting in potentiation of the microglial activation. Thus, 

neuroinflammation activated by COX-1 induced by ischemia is not stopped by Rob. This 

imbalance would explain the microglia reactivity and neuronal damage. The presence of 

Sal counteracts the neuroinflammation induced by microglia reactivity (Huang and Feng, 

2013; Logsdon et al., 2016), which is confirmed in this report mainly at seven days. The 

highest combined effect of Sal and Rob on the microglia activation seems to depend on 

a decrease in both isoforms of COX. In fact, a primary contribution of COX-1 and a 

delayed contribution of COX-2 in the progression of the damage have been reported in 

a global cerebral ischemia model (Candelario-Jalil et al., 2003). Thus, the use of NSAIDs 

with activity against COX-1 and COX-2, which have proved to have a strong 

neuroprotective effect in tMCAO models, has been claimed (Candelario-Jalil and Fiebich, 

2008; Ugidos et al., 2017). Traditional NSAIDs seem to be able to balance the inhibition 

of the synthesis of platelet tromboxane (anti-trombotic activity) and the synthesis of 

prostacyclin in endothelial cells (prothrombotic activity). This balance involves the 

modulation of COX-1 and COX-2 activities and could explain the absence of 

cardiovascular risk and stroke with these agents (FitzGerald et al., n.d.; Roumie et al., 

2008). 

Why does a selective anti-COX-2 promote BBB impairment in the CA1? The effect of Rob 

on both area and TFI parameters shows astroglia activation that is reduced in Sal and 

Sal–Rob treatment (Figure 5) and is consistent with that observed in microglia. These 

results provide additional support to the detrimental effect of Rob that can be remedied 

when administered in combination with Sal. 

CAMs are expressed mainly by vascular endothelial cells (Feng et al., 2017; Jin et al., 

2010). The specific intrinsic COX-2 activity in the endothelial vascular cells (Patrono, 

2016a) would explain why Rob treatment decreases VCAM-1 and ICAM-1 transcription, 

thus preventing impairment of the NVU at an endothelial level. However, the treatment 

with Sal reveals that ER stress seems to present a striking effect on the BBB impairment 

in the CA1 mirrored by the MMP-9 release (Anuncibay-Soto et al., 2016). This would 
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explain why Rob is unable to protect from the MMP-9 release, but the combination with 

Sal results in a decrease of MMP-9 (Figure 6). Therefore, reducing the ER stress seems 

to play a more crucial role than inhibiting COX-2 in preventing BBB impairment. In fact, 

the prevention of BBB impairment by Sal treatment has been reported in other models 

(Barreda-Manso et al., 2017; Logsdon et al., 2016). 

The detrimental effects of treatment with Rob could be the consequence of an 

imbalance in COX-1 and COX-2 activities. In this regard, the treatment with Rob would 

inhibit COX-2, resulting in an intrinsic detrimental effect in vascular endothelial cells, 

while microglia activation would not be stopped, since COX-1 is not inhibited. The early 

neuroprotection provided by Sal, which reduces microglia activation and protects the 

BBB, could provide time for a beneficial effect based on late blocking of COX-2. However, 

we cannot deny that Rob presents additional detrimental effects unrelated to its anti-

COX2 properties. 

In summary, this study shows that the use of the highly selective anti-COX2 Rob, despite 

its anti-inflammatory effect, moves the neuronal demise forward instead of increasing 

neuroprotection. However, the combined effect of Sal and Rob prevents the early 

neuronal loss induced by this anti-inflammatory agent. This study also confirms that 

acute treatment with Sal provides a neuroprotective effect that can be observed even 

seven days after insult. We also prove that glial activation is strongly increased by Rob, 

poorly or non-activated by Sal, and reverted by the combined administration of Sal–Rob. 

Finally, the synergic action on the microglia by the combined effect of an anti-ER stress 

agent followed by an anti-inflammatory agent suggests that a proper combination of 

different neuroprotective agents could provide a stronger neuroprotective effect, 

although the agents and times have to be chosen carefully. 
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Conclusions 

1) The comparative study between young and old animals reveals that the 

inflammatory response induced by ischaemia-reperfusion are age-

dependent. 

2) Age modifies the time course of apoptosis and the pattern of labelling, but 

does not seem to modulate the cell demise. 

3) Age modifies the adhesion molecules involved in the recruitment of 

neutrophils, leading to differential changes in the low-affinity binding and the 

high-affinity binding to leukocytes.  

4) Age lessens the differences in vulnerability to ischaemia between cerebral 

cortex and hippocampus and supports the idea of local differences in the 

BBB.  

5) The enhancement of the UPR–PERK pathway is able to reduce the 

inflammatory response and suggest new therapeutic possibilities for UPR 

modulators in stroke. 

6) Salubrinal treatment has a neuroprotective role in CA1 in the global cerebral 

ischaemia model. In this model of ischaemia, CA1 presents a limited UPR, and 

salubrinal treatment enhances the ability of CA1 to overcome ER stress, thus 

reducing delayed cell death. 

7) Treatment with salubrinal provided additional support to our hypothesis of 

local differences in the neurovascular unit response to inflammation.  

8) Salubrinal treatment elicit different responses in the neurovascular unit 

components that range from practically no response in astrocytes to a strong 

endothelial and neuronal response, resulting in local rather than systemic 

effects.  

9) Post-ischaemic treatment with the selective COX-2 inhibitor robenacoxib 

results in a detrimental effect on the neuronal population and an 

exacerbation of glial activation. 
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10) The combined treatment of robenacoxib and salubrinal results in a 

neuroprotective effect that seems to be provided by the acute administration 

of salubrinal.  

11) The combined treatment of robenacoxib and salubrinal results in a synergic 

decrease in glia activation, which suggests that a proper combination of ER 

stress inhibitors and anti-inflammatory agents could result in an enhanced 

neuroprotective effect. 
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Conclusiones 

1) El estudio comparativo entre animales jóvenes y viejos muestra que la 

respuesta inflamatoria inducida por el proceso de isquemia-reperfusión 

es dependiente de la edad.  

2) La edad modifica la dinámica temporal y el patrón de marcaje de la 

apoptosis, pero no parece modular la pérdida celular.  

3) La edad modifica las moléculas de adhesión involucradas en el 

reclutamiento de los neutrófilos, dando lugar a cambios diferenciales en 

las moléculas relacionadas con la adhesión de baja afinidad y en las de 

alta afinidad a leucocitos.  

4) La edad disminuye la vulnerabilidad diferencial frente a la isquemia entre 

la corteza cerebral y el hipocampo y da soporte a la idea de propiedades 

locales a lo largo de la barrera hematoencefálica.  

5) El aumento de la activación de la vía UPR-PERK es capaz de reducir la 

respuesta inflamatoria, proponiendo de manifiesto las posibilidades de 

los moduladores de la UPR como terapia frente al accidente 

cerebrovascular.  

6) El tratamiento con salubrinal presenta un papel neuroprotector en CA1 

en el modelo de isquemia cerebral global. El CA1 parece que presenta 

una limitada capacidad para activar la UPR en este modelo de isquemia y 

que el tratamiento con salubrinal mejora la capacidad del CA1 para hacer 

frente al estrés de retículo endoplasmático, reduciendo así la muerte 

celular retrasada. 

7) El tratamiento con salubrinal proporciona un soporte adicional nuestra 

hipótesis de la existencia de diferencias locales en la respuesta de la 

unidad neurovascular a la inflamación.  

8) El tratamiento con salubrinal provoca una respuesta diferencial en los 

componentes de la unidad neurovascular, desde una respuesta 

prácticamente nula en astrocitos hasta una fuerte sensibilidad en 
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neuronas y en células endoteliales, dando lugar a efectos a nivel local más 

que a nivel sistémico. 

9) El tratamiento post-isquémico con robenacoxib, un inhibidor selectivo de 

COX-2, provoca un efecto perjudicial en la población neural y aumenta la 

activación glial.   

10) El tratamiento combinado con robenacoxib y salubrinal da lugar a un 

efecto neuroprotector que parece ser debido a la administración aguda 

de salubrinal.  

11) El tratamiento combinado de robenacoxib y salubrinal provoca un 

descenso sinérgico en la activación glial. Esto sugiere que la combinación 

de agentes inhibidores del estrés de retículo endoplasmático y agentes 

anti-inflamatorios podría resultar en un mayor efecto neuroprotector. 
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