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Summary 

There is an increasing burden of the stroke worldwide and low chances of reducing the 

mortality and disabilities derived from this pathology. Therefore, there is urgent need 

for the identification of novel stroke targets for clinical use. Here we investigate 

autophagy response to ischemia and its relationships with reticulum stress. Our aim is 

to gain insight into these mechanisms as potentially useful target pathways against 

stroke.  

In the first chapter, a comparative study of the autophagy response in structures with 

different vulnerability to ischemia (cerebral cortex and hippocampus) was performed 

using brain slices; an ex vivo animal model of stroke. This model allows the comparison 

of various structures under identical conditions (namely, maintained for 30 min under 

oxygen and glucose deprivation [OGD], followed by 3 h under normoxic conditions that 

simulates the reperfusion that follows ischemia in vivo [RL, reperfusion-like]). Various 

markers for both autophagy induction and autophagy flux were measured to 

characterize the whole autophagy process. We conclude that OGD induces a rapid 

autophagy response in the cerebral cortex that plays a neuroprotective role, but this 

could not be demonstrated in the hippocampus. Polyubiquitination levels and control of 

the glutamate release appear to be involved in the neuroprotective role of autophagy. 

The second chapter compares the in vivo autophagy response using a global cerebral 

ischemia model. This model allows the analysis of the in vitro response of the structures 

studied in the previous chapter. The whole autophagy process in response to ischemia 

was also studied, as well as its links with the unfolded protein response (UPR) induced 

by endoplasmic reticulum (ER) stress. Both cerebral cortex and CA1 presented an 

autophagy response that could not be detected in CA3. Autophagy response in CA1 is 

unable to counteract the ER stress, which leads to the presence of sequestosomes in 

this structure. The enhancement of UPR increased the autophagy response and 

eliminates sequestosomes, as well as providing neuroprotection for this area. 

The third chapter analyzes the relationships between the UPR-PERK pathway and 

autophagy in a model of organotypic hippocampal slice culture under OGD and RL 
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conditions. This model allows the maintaince of concentrations of the UPR modulators 

and immediate sampling to measure changes in these pathways. OGD-induced eIF2α 

phosphorylation in this model presented a quick and short response. Moreover, when 

this phosphorylation was enhanced, there was a rapid and significant neuroprotective 

effect through the activation of transcription factor 4 (ATF4), which elicits a 

cytoprotective response called integrated stress response (ISR). This response includes 

autophagy activation and increases in the anti-oxidant response. In this model, ATF4 

neuroprotective response seemed to be mediated by the control of oxidative stress, 

rather than autophagy in contrast with other hypoxia models. We concluded that the 

weight of the different components of the integrated stress response depends on the 

cellular context and the experimental model. 
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Resumen 

El coste social y económico del accidente cerebrovascular (CVA) está continuamente en 

aumento y hasta la fecha hay pocas posibilidades de reducir la mortalidad o la 

discapacidad derivadas de esta patología. Por ello la búsqueda de nuevas dianas 

terapéuticas para su aplicación en clínica constituye una necesidad prioritaria. En el 

presente estudio se estudió la respuesta autofágica a la isquemia cerebral y su relación 

con el estrés del retículo. El objetivo era profundizar en el conocimiento de estos 

mecanismos, que constituyen potenciales dianas terapéuticas contra el CVA. 

En el primer capítulo, se realizó un estudio comparativo de la respuesta autofágica entre 

dos estructuras cerebrales (corteza cerebral e hipocampo) que presentan una 

vulnerabilidad diferencial a la isquemia. Para ello, se utilizó un modelo ex vivo de 

isquemia basado en el uso de secciones cerebrales. Este modelo permite la comparación 

de respuestas de diferentes estructuras en idénticas condiciones experimentales (en 

particular, se utilizaron 30 minutos de privación de oxígeno y glucosa [OGD] seguido de 

3 horas en condiciones normóxicas [RL, reperfusion like]. Para caracterizar la actividad 

autofágica se midieron los niveles tanto de marcadores de inducción de autofagia como 

de sustratos específicos de autofagia (estimando así el flujo autofágico). Los resultados 

obtenidos permitieron concluir que la OGD induce una respuesta autofágica rápida en 

la corteza cerebral que no se observó en el hipocampo. El papel neuroprotector de la 

autofagia en la corteza cerebral parece implicar el control de los niveles de 

poliubiquitina y de la liberación de glutamato. 

El segundo capítulo compara la respuesta autofágica entre estructuras utilizando un 

modelo de isquemia cerebral global. Este modelo permitió extender los resultados 

descritos en el capítulo anterior a un modelo in vivo. Se analizó tanto la respuesta 

autofágica a la isquemia como su relación con la respuesta a las proteínas mal plegadas 

(UPR) inducida por el estrés de retículo endoplásmico. Tanto en la corteza cerebral como 

en la estructura hipocampal CA1 se observó actividad autofágica que no pudo ser 

detectada en la región hipocampal CA3. La respuesta autofágica en CA1 no parece 

suficiente para combatir el estrés de retículo, lo que explica la presencia de 
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secuestosomas (agregados de proteínas mal plegadas) observados en las neuronas de 

esta estructura. La activación farmacológica de la UPR incrementó la actividad 

autofágica, eliminando los secuestosomas y reduciendo el daño isquémico. 

El tercer capítulo analiza la relación entre autofagia y la vía PERK de la UPR en un modelo 

de cultivos organotípicos de hipocampo sometidos a OGD y RL. Este modelo permite 

controlar la concentración de fármaco que llega a las neuronas y obtener muestras de 

una forma rápida, lo que permite estudiar diferencias en las respuestas entre tiempos 

muy cortos. El estudio mostró que la fosforilación de eIF2α (marcador de la activación 

de la vía PERK) presentó una respuesta rápida y de corta duración. Cuando está 

fosforilación se mantuvo a lo largo de la RL, se produjo un efecto neuroprotector 

mediado por ATF4 (activating transcription factor 4). Se ha descrito que ATF4 es capaz 

de producir una respuesta citoprotectora conocida como respuesta integrada al estrés 

(ISR, integrated stress response). La ISR incluye la activación de la autofagia y el aumento 

de la actividad antioxidante. Al contrario de lo observado en otros modelos de hipoxia, 

en el modelo aquí utilizado el efecto neuroprotector de ATF4 se debe a una respuesta 

antioxidante más que a una activación de la autofagia. Esto permitió concluir que el peso 

específico de los distintos componentes de la ISR depende del contexto celular y del 

modelo experimental.  
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2VO: 2-vessel occlusion 

3-MA: 3-methyladenine 

4VO: 4-vessel occlusion 

A 
AMPA: alpha-amino-3-hydroxy-5-

methyl-4 isoxazole propionate 

AMPK: Adenosine monophosphate-

activated protein kinase 

ASK1: Apoptosis signal-regulating 

kinase 1 

ATE: 3-aminopropyl trithoxysilane 

ATF2: Activating transcription factor 2 

ATF3: Activating transcription factor 3 

ATF4: Activating transcription factor 4 

ATF6: Activating transcription factor 6 

atg: autophagy –related gen 

ATP: Adenosine 5’-triphosphate 

B 
BCL2: B-cell lymphoma 2 

BIM: BH3-only protein 

BSA: Bovine serum albumin 

bZIP: Basic leucine zipper 

C 
CA1: Cornu Ammonis 1 

CA3: Cornu Ammonis 3 

CARE: C/EBP-ATF response element 

CBF: Cerebral blood flow 

CHOP: C/EBP homologous protein 

CMA: Chaperon-mediated autophagy 

CVA: Cerebrovascular accident 

Cvt: Cytoplasm to vacuole targeting 

D 
DALYs: Disability-adjusted-life-years 

DFCP1: Double FYVE domain-containing 

protein 1 

DNP-hydrazone: 2,4-

dinitrophenylhydrazone 

DNPH: 2,4-dinitrophenylhydrazine 

E 
eiF2α: Eukaryotic initiation factor 2 α-

subunit 

EM: Electron microscopy 

ER: Endoplasmic reticulum 

ERAD: ER associated degradation 

ERSE: ER-stress response element 

F 
FDA: Food and drug admnisnitration 

agency 

FJ-B: Fluorojade-B 

G 
GABARAPs: gamma-aminobutyric acid 

receptor-associated proteins 

GADD34: grow arrest and DNA damage-

inducible protein 34 

GCLM: glutamate-cysteine ligase 

regulatory subunit 
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GCN2: General control 

nonderepressible 2 kinase 

GRP78/Bip: Glucose-related protein 

78/binding inmunoglobulin protein 

GRP94: Glucose-related protein 94 

GSA: Glucose induced selective 

autophagy 

H 
HMOX1: Heme oxygenase 1 

HRI: Heme-regulated eIF2α kinase 

I 
IL-1β: Interleukin-1β 

IP3PR: Inositol 1,4,5-triphosphate 

receptor 

IRE1: Inositol requiring enzyme 1 

J 
JIK: c-jun-N-terminal-inhibiting kinase 

JNK: c-jun kinase 

K 
KEAP1: Cullin3-ubiquitin E3 ligase 

complex adaptor protein 

L 
LAMP 1/2: Lysosome-associated 

membrane glycoprotein 1/2 

LC3: Microtubule associated protein 1 

light chain 3 

LDH: Lactate dehydrogenase 

LIR: LC3 interacting region 

M 
MCAO: Middle cerebral artery occlusion 

MIQE: Minimal information for 

publication of quantitive real-time PCR 

experiments 

MMP-9: Matrix metalloproteinase-9 

MPTP: Mitochondrial permeability 

transition pore 

MRI: Magnetic resonance imaging 

mTOR: Mammalian target of rapamycin 

mTORC1: mTOR complex 1 

MTT: Thiazolyl blue tetrazolium 

bromide 

N 
NF-κB: Nuclear factor kappa-light-chain-

enhancer of activated B cells 

NMDA: N-methyl-D-aspartate 

NOS: Nitric oxide synthase 

NQO1: NAD(P)H quinone 

dehydrogenase 1 

NRF2: Nuclear factor (erythroid-derived 

2)-like 2 

NVU: Neurovascular unit 

O 
OGD: Oxygen and glucose deprivation 

OHSC: Organotypic hippocampal slice 

culture 

ORF: Open reading frame 

P 
P62/SQSTM1: Sequestosome 1 

PAG: Peroxisome degradation via 

autophagy 

PAZ: Pexophagy zeocin-resistant 
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PB1: Phax and Bem1 domain 

PBS: 50 mM phosphate buffered saline 

PDD: peroxisome degradation deficient 

PDI: Protein disulfide isomerase 

PE: Phosphatydil ethanolamine 

PERK: Double-stranded RNA-activated 

protein kinase-like ER kinase 

PI3K: Phosphatidil inositol 3 phosphate 

kinase 

PI3P: Phosphatidil inositol 3 phosphate 

PKR: Protein kinase R 

PP1: Protein phosphatase 1 

PSI: Protein synthesis inhibition 

PVDF: Polyvinylidene difluoride 

R 
RL: Reperfusion-like 

RT-qPCR: Real-time quantitative 

polymerase chain reaction 

rt-PA : Recombinant tissue plasminogen 

activator 

RyR: Ryanodine receptor 

S 
SDS: Sodium dodecyl sulphate 

SEF: Second energy failure 

SERCA: Sarcoplasmic/endoplasmic 

reticulu calcium ATPase pump 

SNARE: Soluble N-ethylmaleimide-

sensitive factor activating protein 

receptor 

SOD: Superoxide dismutase 

T 
TBS: 50 mM Tris buffered saline pH 7.4 

TBST: 0.2% Tween-20 in TBS 

TIA: Transient ischemic accident 

TRAF2: Tumor necrosis factor receptor 

associated factor 2  

U 
UBA: Ubiquitin-associated domain 

UPR: Unfolded protein response 

UTR: Untranslated region 

UVRAG: UV radiation resistance-

associated gene 

V 
Vps34: Vacuolar protein sorting 34 

W 
WHO: World health organization 

X 
XBP1: X-box binding protein 1
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Basics of stroke 

According to the World Health Organization (WHO) criteria, the definition of 

cerebrovascular accident (CVA) or stroke is ‘the rapid developing clinical signs of focal 

(at times, global) disturbances of cerebral function, lasting more than 24 h or leading to 

death with no apparent cause other than that of vascular origin’. Additionally, WHO 

defines Transient Ischemic Accident (TIA) as ‘a brief episode of neurologic dysfunction 

caused by focal brain or retinal ischemia, with clinical symptoms typically lasting less 

than 1 h, and without evidence of acute infarction’. 

Costs of stroke 

In developed countries, stroke is the second leading cause of death, the main cause of 

permanent disability, and the second most common cause of dementia after 

Alzheimer’s disease (Olesen et al., 2012). However, the burden of a specific disease is 

better estimated by the disability-adjusted-life-years (DALYs) (Murray, 1994), which 

takes into account the years of healthy life lost both by premature mortality and by 

disability. In this regard, stroke is the third leading cause of DALYs worldwide, only 

surpassed by ischemic heart disease and respiratory infections (Murray et al., 2012). 

Overall, stroke has a strong negative impact on quality of life, since it results in 

hemiplegia, facial paralysis, aphasia, and other temporal or permanent disabilities that 

affect walking, talking, speech, balance, co-ordination, vision, spatial awareness, 

swallowing, bladder control, and bowel control. Additionally, almost 50% of the patients 

suffer from depression in the first year after stroke and 30–92% suffer from fatigue 

(Béjot et al., 2015). Despite rates of stroke mortality decreasing in the last two decades, 

the absolute number of people who suffer a stroke every year has increased, as well as 

the stroke-related deaths and the overall burden of stroke (DALYs lost) (Feigin et al., 

2015; Hankey, 2013). 

In Spain, stroke represents 7% of the total number of deaths, making it the third most 

common cause of mortality, behind cancer and heart diseases (Table 1).  
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Table 1. Mortality causes in Spain in 2014. (Instituto Nacional de Estadística [INE] 2017) 
Range Cause of death Death number % of deaths  

 All causes 395.830 100 
1 Cancer 106.269 26.9 
2 Heart attack 79.707 20.2 
3 Cerebrovascular diseases 27.579 7 

4 Chronic diseases of the 
lower respiratory tract 15.546 3.9 

5 Alzheimer disease 14.022 3.5 
6 Unintentional accidents 10.313 2.6 
7 Diabetes mellitus 9.625 2.4 
8 Pneumonia and influenza 8.825 2.2 

9 Nephritis, nephrosis and 
nephrotic syndrome 6.556 1.7 

10 Hypertensive disease 4.533 1.1 
 Rest of causes 98563 28.6 

 

Social and sanitary costs of stroke have been estimated to account for 6% of the total 

Spanish Health expenditure (Spanish Neurology Society, 2015). The total cost per 

patient in Spain is estimated as €13,329 (€3,461 direct medical costs, €9,032 direct non-

medical costs, and €835 indirect costs, Figure 1) (Parés-Badell et al., 2014). 

 
Figure 1. Per patient costs by disorder in Spain in 2010 (modified from Parés-Badell et al., 2014) 

 

Risk factors and stroke prevention 

CVAs can appear at any age, but their incidence starts to be relevant from the age of 60 

and exponentially increases from the age of 65 (Figure 2). This makes aging as the most 

important risk factor for stroke (Baltan et al., 2008; Broderick, 2004; Seshadri and Wolf, 
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2007). However, other main risk factors for stroke are directly related to lifestyle habits. 

The INTERESTROKE study for 2016, carried out in 32 countries including more than 

25,000 stroke patients, revealed that 10 potentially modifiable risk factors account for 

88.1% of all strokes: hypertension, smoking, high waist-to-hip ratio, unhealthy diet, 

insufficient regular physical activity, diabetes, excessive alcohol consumption, 

psychosocial factors such as stress, cardiac pathologies, and high ratio of proatherogenic 

lipoproteins measured either as apolipoprotein B (ApoB) to ApoA1 or the cholesterol 

ratio (total cholesterol:high-density lipoprotein cholesterol) (O’Donnell et al., 2016).  

 
Figure 2. Absolute deaths in 2014 in Spain caused by cerebrovascular diseases (INE, 2017) 

Types of human stroke 

Two main types of stroke (depending on their origin) are usually distinguished: 

hemorrhagic and ischemic strokes. Hemorrhagic stroke is defined as the spontaneous 

leaking of blood into the brain and extravascular spaces and can be elicited by several 

pathologies, such as hypertension, vascular malformations, and amyloid angiopathy or 

coagulation problems (Mayer, 2003). This type of CVA accounts for 15% of all strokes 

and presents the highest mortality and disability rates. Ischemic stroke accounts for 

approximately 85% of all strokes and is defined as a blood flow decrease in the brain 
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tissue. Ischemic stroke can be further subdivided into three categories: thrombosis, 

embolism, and decreased systemic perfusion (Caplan, 2009). 

1. Thrombosis is the obstruction of blood flow by a localized occlusive process 

within one or more blood vessels. The lumen of the vessel is narrowed or 

completely occluded by alterations in the vessel wall or by an overlaid clot 

formation. Atherosclerosis is the most common cause of thrombosis (Elkind, 

2010). 

2. Embolism is defined as the blockage of a blood vessel by a material formed 

elsewhere, in contrast to thrombosis where the blockage is originated in the 

blocked vessel (Broussalis, Killer, et al., 2012a). The material comes from the 

neighborhood of the occlusion, especially from the heart, and have multiple 

origins, such as pieces of atheromatous plaque, clots, fibrin, fat, air, and tumors 

(Dudney and Elliott, 1994). 

3. Decreased systemic perfusion is the reduction in blood flow to the brain caused 

by low blood pressure. The most common causes of decreased systemic 

perfusion are heart failure (due to myocardial infarction or arrhythmia) and 

systemic hypotension (due to blood loss or hypovolemia) (Jovićević et al., 2010). 

Although hypoperfusion affects the whole brain, the greatest damage appeared 

in the watershed area, localized between the territories of the major cerebral 

and cerebellar arteries. 

According to the size of the brain region affected, ischemic stroke is considered as focal 

when the reduction in blood supply is limited to a discrete region in the brain or global 

when blood flow decreases affect the whole brain (Traystman, 2003). Thrombotic and 

embolic strokes can be focal or multifocal, while decreased systemic perfusion is usually 

a global ischemia.  

Current stroke treatments 

Stroke treatments aim for a rapid recovery of cerebral blood flow to the damaged area 

and the neuroprotection of the neural parenchyma after the ischemic insult. To date, 

the most effective treatment of the ischemic stroke is rapid thrombus removal, either 
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by endovascular intervention or using drug-mediated thrombolysis. The mechanical 

intervention for removing the clot is intra-arterial. Two types of devices are used: clot 

retrieval devices that physically grasp the cerebral thrombus and pull it out of the 

cerebral circulation; and suction thrombectomy devices that aspirate occlusive material 

from the vessel (Broussalis, Killer, et al., 2012a). 

For thrombolysis, the recombinant tissue plasminogen activator (rt-PA) is the only drug 

approved by the US Food and Drug Administration (FDA) for the treatment of acute 

stroke (Hacke et al., 1995). However, this treatment is only effective in the first 4–5 h 

after stroke onset. However, the use of this molecule is currently controversial due to 

its deleterious effects on neural N-methyl-D-aspartate (NMDA) channels promoting 

excitotoxicity (Nicole et al., 2001). In addition, rt-PA upregulates plasma matrix 

metalloproteinase-9 (MMP-9) levels, which is correlated with haemorrhagic conversion 

after thrombolysis (Ning et al., 2006). 

The basic aim of neuroprotection is to prevent the death of brain cells, and the main 

targets explored are related to the ischemic cascade events (O’Collins et al., 2006). 

However, most of the promising molecules in animal models of stroke have failed in 

clinical trials. Several hypotheses have been put forward to account for this (Broussalis 

et al., 2012b): 

1. Time window: In animal models, the neuroprotective drug is administered 

shortly after, or even before, the onset of stroke, contrasting with longer times 

between stroke onset and drug administration in patients. 

2. Outcome measurement: Monitoring of the damage evolution in preclinical trials 

is shorter and use magnetic resonance imaging (MRI) or histology, in contrast 

with long-term monitoring in patients mainly based on behavioral tests such as 

Rankin Scale and Bartel Index. 

3. Differences in comorbidities: Animal models use young healthy animals, which is 

in contrast with normal aged patients, which usually present additional 

pathologies (comorbidities) and are under different medications. 
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4. The diversity of stroke types: Models of stroke do not completely mimic the 

pathophysiological complexity in patient stroke types, which also has higher 

variability in extent and severity. 

5. Differences in physiological variables: Laboratory animals are tightly controlled 

regarding blood pressure, temperature, and metabolic factors, which is not the 

case for human patients. 

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

therapies have created an urgent need for effective neuroprotective therapies.  

Experimental models of stroke 

Experimental models of stroke allow us to gain insight into the pathophysiology 

mechanisms of ischemia, to look for possible therapeutic targets, and to check the 

neuroprotective effects of different compounds as potential medicines. The main 

requirement in the experimental models of stroke is obtaining reproducible lesions in 

the brain, with little variability among individuals. In this regard, a strict control of the 

physiological parameters involved in the tissue damage (e.g., the age and sex of animals) 

is crucial (Prieto-Arribas et al., 2011, 2008). 

Two main categories are considered in experimental stroke models: in vivo assays, closer 

to human stroke and more used for studies of damage or neuroprotection; and ex vivo 

assays, using tissues or cells, used to gain insight into the specific mechanism since they 

allow a strict control of experimental conditions, such as oxygen and glucose levels, 

temperature, and drug concentration. 

For this study, various models of global ischemia (both in vivo and ex vivo) were used. In 

vivo models of global ischemia are usually considered as complete or incomplete 

ischemia. Complete ischemia is defined as a complete stop of the blood flow into the 

brain, whereas, in incomplete ischemia, global blood flow is severely reduced to levels 

insufficient to maintain cerebral metabolism and function (Traystman, 2003). There are 

multiple models of complete global ischemia, including: 
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1. Cardiac arrest: This model of cardiac arrest is performed by ventricular 
fibrillation or cardioplegic agents and is usually followed by cardiopulmonary 
resuscitation (Hossmann and Hossmann, 1973; Kofler et al., 2004). 

2. Aortic occlusion: To perform this model, simultaneous clamping of the aorta and 

inferior cava vein is carried out, thus blocking blood flow through the three major 

vessels supplying the brain (Jackson and Dole, 1979). 

3. Neck cuff: This model consists of the use of a neck tourniquet or an inflatable 

neck cuff. In this model, the vertebral arteries, encapsulated by vertebrae, must 

be occluded separately (Kabat and Schadewald, 1941; Siemkowicz and Hansen, 

1978). 

4. Decapitation: This model is carried out by connecting the head to an 

extracorporeal perfusion system (Hinzen et al., 1972). 

The most common models of incomplete global ischemia are: 

1. 2-vessel occlusion (2VO): The 2VO model consists of the bilateral common 

carotid artery occlusion coupled with systemic hypotension, reached either by 

bleeding or by pharmacological agents (Eklöf and Siesjö, 1972; Smith et al., 

1984). 

2. 4-vessel occlusion (4VO): The 4VO model is performed by the bilateral common 

carotid artery occlusion after the electro-cauterization of the vertebral arteries 

(Pulsinelli and Brierley, 1974). 

Ex vivo models of ischemia are based in the incubation of brain sections in physiological 

solutions in the absence of both oxygen and glucose; a condition referred to as oxygen 

and glucose deprivation (OGD), which mimics the main effects of the lack of blood 

supply to the brain. In vivo ischemia is followed by recanalization and reperfusion of 

blood into the tissue, which is mimicked by the return of tissues to normoxic and 

normoglycemic conditions. This condition is usually referred to as reperfusion-like (RL) 

(Dos-Anjos et al., 2009). Some ex vivo models can only be performed in short-time 

experiments (e.g., acute brain slices) (Whittingham et al., 1984). Longer experiments 

require some type of stabilization, such as the model of organotypic hippocampal 

cultures (Vornov et al., 1994). The main advantages of ex vivo models compared to in 
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vivo models are: 1) better control of parameters affecting to ischemic injury; 2) easier 

analysis of the molecular pathways activated during and after the ischemic insult; 3) 

lower costs; 4) lower number of animals used; and 5) less ethical concerns. Compared 

with cell culture, the ex vivo assay presents the advantage of having a similar structure 

and connections to those observed in the in vivo models. However, ex vivo models also 

present some disadvantages, such as: 1) intrinsic tissue damage during the process of 

obtaining sections; 2) differences between the incubation medium and the endogenous 

extracellular medium; 3) absence of blood flow and blood brain barrier protection; 4) 

absence of oedema pressure; and 4) limitations in the age of the animals useful to obtain 

proper sections.  

Pathophysiology of stroke 

The brain has a high demand for oxygen and glucose which makes it extremely sensitive 

to decreases in blood flow. In an ischemic stroke, cerebral blood flow (CBF) decreases 

from physiological values (50 – 60 ml/100 g/min) to less than 7 ml/100 g/min (Baron, 

n.d.). Brain areas under this reduction suffer a quick and irreversible cellular damage, 

mainly mediated by necrosis, and are usually referred to as the ischemic core (Mehta et 

al., 2007) (Figure 3).  
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Figure 3. Brain damage areas after ischemic stroke (modified from Dirnagl et al., 1999). 

The ischemic core is surrounded by an area called the ischemic penumbra (Figure 3). 

Ischemic penumbra is defined as the region of ischemic tissue potentially destined for 

infarction but not yet irreversibly injured (Ma et al., 2011). CBF in the ischemic 

penumbra ranges from 7 to 22 ml/100 g/min, which gives the tissue enough oxygen to 

keep metabolically active (Mehta et al., 2007). If ischemic penumbra is not controlled, 

most of it becomes irreversibly ischemic in the first days after ischemic insult 

(Hossmann, 1994). The mechanisms of cell damage in the ischemic penumbra are mainly 

mediated by regulated cell death subroutines. The recovery of the ischemic penumbra 

is considered the main target for acute stroke therapies (Ma et al., 2011). 

The ischemic cascade 

The decrease in blood flow results in an energy depletion that elicits a complex, 

coordinated, and interrelated cascade of molecular events (Figure 4) that affects several 

cellular processes involved in cellular homeostasis and can result in different types of 

cell death, either necrotic or regulated cell death (Liu et al., 2012; Mehta et al., 2007; 

Pundik et al., 2012). Ischemia depletes adenosine 5’-triphosphate (ATP) levels within 
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minutes and low oxygen levels activate anaerobic glucose metabolism, triggering the 

accumulation of lactic acid (Nowicki et al., 1988). Lactic acidosis during the early 

ischemic stages inhibits oxidative phosphorylation, thus contributing to energy failure 

and increasing both cytotoxic oedema and intracellular Ca2+ concentrations (Kimelberg, 

2005). Low energy levels impair the function of membrane ATP-dependent Na+/K+ 

pumps, resulting in a massive influx of Na+, efflux of K+, and membrane depolarization. 

In turn, the membrane depolarization opens voltage-sensitive Ca2+ channels, which 

triggers a massive release of glutamate to the extracellular space. This accumulation of 

glutamate results in the activation of glutamate receptors, mainly the ionotropic 

receptors N-methyl-D-aspartate (NMDA), alpha-amino-3-hydroxy-5-methyl-4 isoxazole 

propionate (AMPA), and kainate glutamate receptors, which results in an additional Ca2+ 

influx, thus enhancing cell injury (Mehta et al., 2007).  

The massive influx of Ca2+ disrupts the mitochondrial electron transport chain and opens 

the mitochondrial permeability transition pore (MPTP) (Liu et al., 2009). The massive 

opening of the MPTP is considered a non-return point in the neuronal death pathway 

and results in mitochondrial swelling, inner membrane depolarization, uncoupling of 

oxidative phosphorylation, increased superoxide radical (O2-), and production and 

release of pro-apoptotic proteins (cytochrome c, apoptosis inducing factor-AIF- and 

caspases) (Sims and Muyderman, 2010). High levels of cytosolic Ca2+ also promotes the 

activation of nitric oxide synthases (NOS) and the release of nitric oxide (NO), which 

results in the formation of O2-, peroxynitrite (ONOO-), and hydroxyl (OH-) radicals 

(Beckman et al., 1990). The increased free radical formation, together with the 

reduction of energy-dependent scavenger enzymes, leads the cell to this unbalanced 

state, called oxidative stress. Oxidative stress damages all the cell components, protein, 

lipid and nucleic acids, which in turn exacerbates the cell stress (Karsy et al., 2017; 

Slemmer et al., 2008).  
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Figure 4. Schematic view of ischemic cascade (modified form Mehta et al., 2011) 

High concentrations of Ca2+ also activate proteases, lipases, and endonucleases, which 

lead to the disruption of the cell membrane, cytoskeleton, and the genomic DNA. 

Protease activation plays a critical role in triggering different subroutines of regulated 

cell death, such as apoptosis, necroptosis, and autophagic cell death (Fakharnia et al., 

2017; Mehta et al., 2007; Shi et al., 2012; Wang et al., 2011; Zhu et al., 2005). 

Free radicals and Ca2+ also induce pro-inflammatory cytokines, chemokines, endothelial 

cell adhesion molecules, and pro-inflammatory genes, leading to a long-term 

inflammatory response (del Zoppo et al., 2000). All components of the neural 

parenchyma are involved in this inflammatory response, which leads to the permeability 

of the blood-brain barrier, allowing the infiltration of leukocytes into the brain (Pundik 

et al., 2012).  

Reperfusion restores cerebral blood flow, which is obligatory for the tissue survival. 

However, reperfusion enhances the tissue damage since it provides oxygen as a 

substrate for several enzymatic oxidation reactions that produce ROS and mitochondrial 

dysfunction. In fact, reperfusion leads to a transient mitochondrial impairment causing 

a secondary energy failure (SEF) (Pundik et al., 2012). Reperfusion also increases 

prostaglandin synthesis and inflammation (Fraser, 2011). 
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Selective vulnerability of hippocampal CA1 pyramidal neurons 

One of the unsolved paradigms in cerebral ischemia is the higher vulnerability of Cornu 

Ammonis 1 (CA1) pyramidal neurons, which, together with some hilar neurons, are 

considered the most sensitive neurons of the whole forebrain to the ischemic insult 

(Sanganalmath et al., 2017). In this regard, models of transient global brain ischemia 

carried out in gerbil, mouse, and rat show a predominant damage in the CA1 

hippocampal area (Birch et al., 1991; Hatakeyama et al., 1988; Pulsinelli et al., 1982), 

which correlates with the findings obtained in post-mortem analysis of human brains 

suffering from cardiac arrest (Petito et al., 1987). 

Multiple molecular studies have been carried out with the aim of explaining the 

mechanisms involved in the selective vulnerability of CA1 neurons. The neuronal theory 

assumes that the disruption of blood flow equally affects all hippocampal neurons, and 

differential vulnerability is dependent on intrinsic differences (Schmidt-Kastner, 2015). 

The preservation of this selective vulnerability in ex vivo models of ischemia (Gerace et 

al., 2012), where blood flow is absent, provides additional support to this hypothesis. 

Many hypotheses have been proposed to account for this selective vulnerability, 

including glutamate excitotoxicity (Pellegrini-Giampietro et al., 1992), protein synthesis 

inhibition (Hossmann, 1993), susceptibility to calpain-caspase activation (Ayuso et al., 

2010), and differences in kinase and phosphorylase activities (Pieper et al., 2001), but 

none of these has been universally accepted. 

An alternative theory to explain differential vulnerability is the vascular theory, 

assuming that intrinsic neuron properties and differences in the vascular system are 

involved in the higher sensitive CA1 hippocampal. The differential expression of 

angiogenesis-related genes (Schmidt-Kastner, 2015) and the differential response of the 

neurovascular unit (NVU) to global ischemia (Anuncibay-Soto et al., 2014, 2016) are 

evidence for this theory. 
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ER-stress and stroke 

Endoplasmic reticulum (ER) is a highly specialized organelle in the synthesis and proper 

folding of proteins destined to be secreted out of the cell or addressed to different cell 

compartments, either in their lumen or integrated into their membranes, including the 

plasmatic membrane (Sanderson et al., 2015). Post-translational modifications in the 

nascent peptides (such as disulfide bond formation, glycosylation, controlled 

proteolysis, and chaperone-mediated folding) are ATP- and Ca2+-dependent (Kaufman, 

1999). To carry out this plethora of functions, ER requires an oxidizing environment, 

elevated Ca2+ concentration, as well as molecular chaperones, isomerases and 

glycosylation enzymes that aid polypeptides to achieve their final functional 

conformation (Chapman et al., 1998). In this regard, the ER is the main intracellular 

calcium store. 

When neuron homeostasis is impaired, ATP levels drastically decrease, and Ca2+ is 

released from the ER (Mehta et al., 2007). The activation of ryanodine receptors (RyR) 

and inositol 1,4,5-triphosphate receptors (IP3R), as well as the inhibition of 

sarcoplasmic/endoplasmic reticulum calcium ATPase pump (SERCA) in the ER 

membrane, are crucial in the release of Ca2+to the cytosol (Bodalia et al., 2013). 

The impairment of the proper ER functions, by pathologies as ischemia, leads to the 

accumulation of damaged and misfolded proteins in the cytoplasm and ER lumen, a 

situation known as ER-stress (Bodalia et al., 2013; Kumar et al., 2003; Raghubir et al., 

2011). ER-stress has been reported in different models of global and focal ischemia 

(Chen et al., 2015; Osada et al., 2010; Wu et al., 2013; Zhang et al., 2015), as well as in 

cultured neurons subjected to OGD (Badiola et al., 2011; Kumar et al., 2003). Thus, the 

first evidence of ER-stress following brain ischemia was observed in neurons by electron 

microscopy (EM), in which it was observed that the ER and Golgi lost their normal 

morphology of “flattened pancake” to became rounded vesicles (Petito and Pulsinelli, 

1984). Also, these vesicles accumulate products of lipid peroxidation (White et al., 1993). 

Also, neurons of the CA1 pyramidal layer accumulate protein aggregates after 

ischemia/reperfusion (Hu et al., 2000). These results correlate with direct evidence of 

ischemic-dependent ER dysfunction. For example, the decrease in SERCA activity in 
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microsomes from the ischemic brain (Parsons et al., 1997), as well as reductions in the 

ER Ca2+ levels in reperfused neurons (Kohno et al., 1997). 

In summary, multiple causes of ER-stress have been concluded to converge in neurons 

subjected to ischemia/reperfusion, including depletion of ER Ca2+, aggregation of 

proteins, decreased protein degradation, and accumulation of lipid peroxidation 

products in the ER and Golgi structures (DeGracia and Montie, 2004). 

Unfolded protein response (UPR) 

In response to ER-stress, cells ignite an adaptive response known as unfolded protein 

response (UPR). The first evidence of UPR was reported by Kozutsumi et al. (1988), but 

the term ‘unfolded protein response’ appeared for the first time in the 1990s (Mori et 

al., 1992). UPR includes multiple cellular mechanisms aimed at: 1) reducing the rate of 

protein synthesis; 2) upregulating the expression of genes encoding ER chaperones, 

enzymes, and structural components to increase the processing protein capacity; 3) 

activating degradation pathways that overcome the excess of misfolded/damaged 

proteins; and 4) initiate programs of delayed cell death, such as apoptosis, if the stress 

cannot be overcome (Sanderson et al., 2015). 

In the ER membrane, three transmembrane proteins involved in eliciting UPR have been 

described (known as ‘UPR sensors’): inositol-requiring enzyme 1 (IRE1); double-

stranded RNA-activated protein kinase-like ER kinase (PERK); and activating 

transcription factor ATF6 (ATF6) (Walter and Ron, 2011). An schematic overview of tue 

UPR in shown in Figure 5. The key UPR initiator is the ER molecular chaperone glucose-

related protein 78/binding immunoglobulin protein (GRP78/BiP). Under physiological 

conditions, the ER lumen presents GRP78 constitutively bound to the luminal domains 

of PERK, IRE-1, and ATF6. GRP78 are dissociated of these sensors to bind the exposed 

hydrophobic residues of misfolded proteins as they accumulate in ER lumen. The release 

of GRP78 from IRE1 induces oligomerization and activation of this sensor (Chapman et 

al., 1998). This mechanism of activation, involving GRP78 dissociation to bind misfolded 

proteins, is assumed to occur in the three UPR sensors, although it has not been proven 

for PERK and ATF6 since no alternative mechanisms have been proposed. However, the 
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mechanism of UPR-sensor activation is probably more complex than just GRP78 

dissociation, since recent findings in yeast have shown that hydrophobic residues of 

unfolded proteins could directly activate the UPR sensors in a GRP78-independent 

manner (Gardner and Walter, 2011). 

 
Figure 5. UPR signaling pathways (modified from Hetz, 2012) 

Inositol Requiring Enzyme 1 (IRE1)  

IRE1 protein can work as an UPR sensor through two different cytosolic domains: a 

serine-threonine kinase domain and an endoribonuclease domain (Tirasophon et al., 

1998). After GRP78 release, IRE1 subunits form dimers that phosphorylate each other, 

thus activating its endoribonuclease activity. Autocatalytically activated IRE1 can 

eliminate a 26 nucleotide sequence in the coding region of X-box binding protein 1 

(XBP1) mRNA. In normal conditions, the product of XBP1 mRNA is a 33 kDA XBP1 protein, 

but in stress conditions, the alternative splicing of XBP1 mRNA, promoted by IRE1, 

results in a 54 kDa protein known as processed XBP1 (XBP1proc). The resulting XBP1proc 

acts as a transcription factor, up-regulating the expression of molecular chaperones and 

components of the ER-associated degradation (ERAD) system (Walter and Ron, 2011). 

Thus IRE1 activation primarily constitutes a pro-survival response mechanism that 

alleviates the accumulation of misfolded proteins in the cell. However, active IRE-1 has 

also been shown to bind to tumor necrosis factor receptor-associated factor 2 (TRAF2). 

This IRE1-TRAF2 complex can elicit apoptotic cell death through the activation of 
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caspase-12 and the Jun kinases (JNK) pathway (Kaneko et al., 2003). Nevertheless, the 

regulatory mechanisms that select between pro-survival and pro-apoptotic functions of 

IRE1 activation are, to date, totally unknown.  

Activating Transcription Factor-6 (ATF6) 

Inactive ATF6 is a 90 kDa ER-membrane protein that, after cleavage, act as a 

transcription factor. The pathway starts with dissociation from GRP78, which allows 

ATF6 to translocate from the ER to the Golgi apparatus. There, two proteases, S1P and 

S2P, cleave ATF6 into a 50 kDa protein able to translocate to the nucleus as an active 

transcription factor. There, ATF6 makes a complex with several co-activators and binds 

to ER-stress response elements (ERSE), thereby upregulating the expression of 

molecular chaperones (GRP78, GRP94, PDI), as well as C/EBP homologous protein 

(CHOP). Additionally, ATF6 has also been reported to increase the mRNA levels of XBP1. 

Cleaved-ATF6 has a short half-life (less than 2 h) (Morishima et al., 2011).  

 Double-stranded RNA-activated protein kinase-like ER kinase (PERK) 

The UPR-sensor PERK follows the same activation mechanism as IRE1. After GRP78 

dissociation, PERK homodimerizes and activates itself by autophosphorylation. Active 

pPERK, in turn, phosphorylates the α-subunit of the elongation initiation factor 2 (eIF2α) 

at serine 51. Phosphorylated eIF2α prevents the translation of most of proteins, 

decreasing ER overload. Interestingly, the translation of some mRNAs is promoted by 

eIF2α phosphorylation by a mechanism known as ‘by-pass scanning’ (Young and Wek, 

2016), activating transcription factor 4 (ATF4) being the most relevant. ATF4 is a 

transcription factor that translocates to the nucleus and promotes the expression of 

both pro-survival and pro-apoptotic genes. The pro-survival response triggered by ATF4 

includes antioxidant enzymes, autophagy enhancement, and expression of genes 

related to amino acid metabolism. In 2003, the pro-survival response triggered by ATF4 

was named the integrated stress response (Harding et al., 2003), which is describe in 

detail below. ATF4 also increases the expression of CHOP, which lead to apoptosis (Hetz, 

2012) 
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UPR-induced cell death 

ER stress and the subsequent UPR can lead to either survival or death. The pro-apoptotic 

mechanism of UPR is based on three signaling pathways (Figure 6), mediated by CHOP, 

JNK, and caspase-12 respectively (Xin et al., 2014). 

 
Figure 6. Signaling pathways of UPR-induced cell death:  CHOP (1), CASPASE 12 (2) and JNK (3) (modified 
from Hetz, 2012) 

CHOP, also known as GADD153, is a member of the CCAAT/enhancer-binding protein 

family of transcription factors and was the first protein described to promote apoptosis 

under ER stress conditions. CHOP is induced by both the UPR PERK and ATF6 (Ron and 

Walter, 2007) pathways and is reported to induce apoptosis by decreasing the levels of 

the antiapoptotic factor B-cell lymphoma 2 (BCL-2). In fact, CHOP-/- mice are more 

resistant to ischemic insult than wild-type animals (Tajiri et al., 2004). 

The second apoptotic signaling pathway is mediated by CASPASE-12, which is bound to 

the ER membrane in unstressed cells. The activation of m-calpain, a Ca2+-dependent 

cysteine protease, due to cell calcium imbalance, has been shown to play a key role in 

generating active caspase-12 after ischemic brain injury. This activated caspase, in turn, 
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activates downstream caspases, such as caspase-9 and caspase-3, which results in 

apoptosis (Rao et al., 2001). 

The third apoptotic signaling pathway, mediated by JNKs, is a common response to 

many forms of stress (Nickischer et al., 2006) and not exclusively induced by UPR (as 

CHOP and caspase-12 are). UPR-mediated JNK activation involves IRE1, which activates 

c-Jun-N-terminal-inhibiting kinase (JIK), leading to the phosphorylation of TRAF2. Under 

physiological conditions, TRAF2 is bound to procaspase-12. Phosphorylated TRAF2 

(pTRAF2) binds to IRE1 and detaches from procaspase-12, which oligomerizes and 

becomes active. The pTRAF2-IRE1 complex interacts with apoptosis signal-regulating 

kinase 1 (ASK1), which, in turn, activates the JNK pathway (Tanoue and Nishida, 2002). 

JNK induces the expression and further phosphorylation of pro-apoptotic BH3-only 

protein (BIM), as well as the phosphorylation of c-fos and c-Jun, to initiate apoptosis 

regulated by death receptors (extrinsic apoptosis) (Putcha et al., 2003). 

UPR in global cerebral ischemia 

UPR activation following brain ischemia leads to protein synthesis inhibition (PSI), which 

occurs in the first hours of reperfusion due to PERK-mediated eIF2α phosphorylation. 

After global ischemia, PSI initially affects the whole brain but then returns to normal 

translation levels, except in the highly vulnerable CA1 region (Hossmann, 1993). 

However, the CA1 maintained PSI does not correlate with levels of p-eIF2α. Levels of p-

eIF2α fall after 6 h of reperfusion, thus indicating that PSI maintenance is independent 

of UPR activation (Althausen et al., 2001). 

IRE1 activation, without ATF6 activation, has been shown to last for 90 min after 10 min 

of global ischemia (Kumar et al., 2003). Processing of xbp-1 mRNA after 2 h of 

reperfusion was reported in focal and global ischemia, and consistent increase of XBP-1 

protein was observed in focal, although not in global ischemia (Paschen et al., 2003). 

These data suggest that the time course for UPR depends on the experimental model. 

Increases in transcript levels of the UPR-related genes chop and grp78 have been 

described after global cerebral ischemia in mice. Additionally, increases in CHOP protein 

have been described in hippocampal neurons (Tajiri et al., 2004). The same report shows 
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an attenuation of cell death in the hippocampus of CHOP knockout mice after ischemia, 

providing additional support to the notion that CHOP induction elicits cell death after 

UPR activation. Also, structure-dependent increases in transcript levels of grp78, grp94, 

pdi, and chop have been reported in the rat model of cerebral ischemia after 48 h of 

reperfusion (Llorente et al., 2013a). 

Autophagy and stroke 

Autophagy (in Greek ‘to eat’ -phagy ‘oneself’ -auto) is a homeostatic mechanism 

conserved from yeast to mammals, which consists of the lysosomal degradation of old, 

supernumerary or damaged cytoplasmic entities (Galluzzi et al., 2016). Three types of 

autophagy that converge in the lysosomal degradation and recycling are described: 

microautophagy, chaperon-mediated autophagy, and macroautophagy (Figure 7). 

Microautophagy relies on the engulfment of small cytosolic portions directly by the 

lysosomal membrane (Mijaljica et al., 2011). Chaperon-mediated autophagy is a specific 

mechanism that degrades proteins containing a specific amino acid sequence that 

targets them directly to the lysosomal through transporters located in the lysosomal 

membrane (Kaminskyy and Zhivotovsky, 2012). Macroautophagy (hereafter referred to 

as ‘autophagy’ since it constitutes the main topic of this dissertation) is characterized by 

the formation of a new membrane compartment, the autophagosome, which engulfs a 

portion of cytoplasm (Galluzzi et al., 2016). Autophagosome formation involves a series 

of dynamic membrane events: first, a small flat membrane cistern wraps around a 

portion of cytosol and organelles (the phagophore or isolation membrane). It 

progressively extends to form a closed double-membrane bound vacuole containing a 

part of the cytoplasm, the autophagosome. The autophagosome fuses with the 

lysosome forming the so-called autolysosome, allowing its inner membrane and content 

to be degraded by lysosomal enzymes. Finally, the autophagolysosome becomes a 

residual body, and degradation products are transported back to the cytosol to be 

reused (Eskelinen, 2005; Klionsky et al., 2014). 
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Figure 7. Main features of the three different types of autophagy (modified from Galluzzi et al., 2016) 

A brief history of autophagy 

The word autophagy was firstly coined in 1963, as part of a lysosome-related 

nomenclature by Christian de Duve (Klionsky, 2008), the lysosome discoverer who was 

awarded the Nobel Prize in Physiology and Medicine in 1974. However, the 

phenomenon of ‘self-eating’ of the cells was previously reported in rat liver cells 

(Ashford and Porter, 1962). Two different temporal stages in understanding autophagy 

can be distinguished: before the discovery of autophagy-related genes (atgs) and after 

their discovery. Before the discovery of atgs, the first evidence of the physiological role 

of autophagy, elucidated by de Duve and others, were based on the glucagon-induced 

autophagy in the liver (Deter et al., 2014). Autophagy-dependent degradation of long-
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lived proteins and their strict control by nutrient conditions, especially amino-acid 

levels, was independently discovered by multiple research teams (Dice et al., 1978; 

Pfeifer and Strauss, 1981). 

First, approaches to understand the mechanism of autophagy were based on 

morphological approaches of EM, characterized through autophagosomes and 

autolysosomes. Lysosome-related membrane structures, which are heterogenous in 

shape and content, required long-term experience for a proper image interpretation. 

The observation of ribosomes, mitochondria, and other organelles in the 

autophagosome led to the notion of autophagy as a mechanism for degrading large 

supramolecular structures and organelles in a non-selective way (Ohsumi, 2014). 

Several autophagy modulators were discovered during the 1980s, pushing the research 

in this field. First, modulators were used to raise the lysosomal pH, thus impairing its 

function, such as ammonium ions and chloroquine. However, these compounds affect a 

range of cellular components, which limited the studies of the autophagy regulation 

(Ohsumi, 2014). The discovery in 1982 of the autophagy inhibitor 3-methyladenine (3-

MA) (Seglen and Gordon, 1982) was a milestone in autophagy studies. In fact, this 

inhibitor is still used in autophagy research. 3-MA was demonstrated to act as an 

inhibitor of protein phosphorylation (Holen et al., 1992, 1993), although the targets and 

kinases involved remained unknown for a long time. 

Yeast vacuoles are equivalent to mammalian lysosomes, and autophagy research 

drastically changed in 1992 when membrane-bound vesicles were observed in the 

vacuoles of Saccharomyces cerevisiae after starvation (Takeshige et al., 1992). These 

vesicles were termed ‘autophagic bodies’ and contained ribosomes and diverse 

cytoplasmic structures (Baba et al., 1994). Further EM studies revealed double 

membrane structures, autophagosomes, which fused to the yeast vacuoles (Baba et al., 

1995) in a process morphologically identical to autophagy in mammals. 

These discoveries allowed a genetic approach to gain insight into the autophagy process 

in yeast. Genetic approaches led to the identification of almost one hundred autophagy-

deficient mutants, and their genetic analysis revealed 15 complementation groups (i.e., 

groups with different mutations but similar phenotype) (Tsukada and Ohsumi, 1993). At 
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the same time, six isolated autophagy-defective (aut) mutants (Thumma et al., 1994), as 

well as several cvt mutants defective in the cytoplasm to vacuole targeting (Cvt) pathway 

(Harding et al., 1995), were identified. The Cvt pathway is highly selective and follows 

the same membrane dynamics as autophagy, which led to the discarding of the idea of 

autophagy as a non-selective pathway (Baba et al., 1997). An increasing number of 

researchers have been analyzing autophagy in yeast species others than S. cerevisiae, 

obtaining mutants arbitrarily given names such as peroxisome degradation via 

autophagy (pag), pexophagy zeocin-resistant (paz), peroxisome degradation deficient 

(pdd) and glucose-induced selective autophagy (gsa). To avoid confusion, a unified 

nomenclature was adopted in 2003, using the terms ATG or atg for ‘autophagy-related’ 

protein and genes respectively (Klionsky et al., 2003). 

ATG includes a range of more than 34 gene products responsible for the core machinery 

of autophagosome formation, as well as those genes required for selective modes of 

autophagy (Weidberg et al., 2011). In yeast, each single gene encodes an Atg protein 

with a specific function. In contrast, different ATG proteins in higher eukaryotes coded 

by different genes originated by duplication can present a similar function (paralog 

genes) (Ohsumi, 2014). This phenomenon may reflect the increased complex nature of 

autophagy in mammalian cells, where paralog gene products plays a specific regulatory 

role in the diverse modes of autophagy in the various tissue and cell types. 

Molecular machinery of autophagy 

Five sequential steps are involved in autophagy degradation: 1) autophagy induction, 2) 

vesicle nucleation, 3) autophagosome elongation, 4) autophagosome maturation, and 

5) lysosomal fusion and degradation of the autophagosome cargo. An overview of this 

process is shown in Figure 8.  
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Figure 8. Overview of the different stages of the autophagy process (modified from Deegan et al., 2013) 

Autophagy induction 

Autophagy aims to maintain the cell homeostasis and always presents a basal level of 

activity. The level of autophagy activity is increased in response to multiple physiological 

stresses, such as nutrient starvation, oxidative stress, accumulation of unfolded 

proteins, and microbial infection (He and Klionsky, 2009).  
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The key step in the induction of autophagy is the activation of the ATG1/ULK complex, 

which is made of four proteins: ULK1/2 (mammalian homologous of Atg1), mATG13, 

FIP200, and ATG101. This complex promotes the formation of the phagophore, also 

known as isolation membrane (Weidberg et al., 2011). The activation of this complex 

depends on the adenosine monophosphate-activated protein kinase (AMPK) which 

enhances autophagy, while the ATG1/ULK complex inactivation depends on mammalian 

target of rapamycin (mTOR) complex 1 (mTORC1), which suppresses autophagy (Kim et 

al., 2011). In fact, AMPK is considered the main sensor of intracellular energy under 

starvation or stress conditions (Hardie, 2007). The activation of the ATG1/ULK complex 

involves a sequential series of phosphorylation events (Figure 9).  

 
Figure 9. Regulation of ATG1/ULK complex by phosphorylation events.  

First, mTORC1 is inactivated by phosphorylation, which allows the dephosphorylation of 

ULK1 that then facilitates the AMPK binding to the complex. Then, AMPK activates ULK1 

by phosphorylating it in multiple residues. The activated ATG1/ULK1 complex provides 

a positive feedback on mTORC1 and negative feedback on AMPK. Thus, ATG1/ULK1 

phosphorylates mTORC1, amplifying the activation of ULK1, but also phosphorylates and 

inactivates AMPK, which decreases ATG1/ULK1 activity (Weidberg et al., 2011). This 

mechanism is complex and different stress stimuli lead to different phosphorylation 

states, which allow a fine tuning of autophagy activity (Chan, 2012). 
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Vesicle nucleation 

A process of vesicle nucleation, expansion, and curvature of the membrane occurs after 

activation of the ATG1/ULK complex and formation of the isolation membrane, which 

involves the synthesis of phosphatidylinositol 3 phosphate (PI3P). The vesicle nucleation 

requires the activation of the (PI3P) kinase (PI3K) class III/Vps34 (vacuolar protein 

sorting 34) complex (PI3K complex) (Weidberg et al., 2011). In mammals, there are two 

PI3K complexes, I and II, with different functions. Both complexes present three 

common components (Vps34, p150, and Beclin1) and an exclusive component (ATG14L 

for PI3K-I or ultraviolet radiation resistance-associated gene [UVRAG] for PI3K-II), each 

type presenting different functions related to PI3P synthesis (Itakura et al., 2008). PI3K 

complex I regulates vesicle nucleation since ATG14L recruits the PI3K complex I to the 

isolation membrane (Matsunaga et al., 2009). PI3K complex II is involved in the 

expansion and curvature of the membrane, where UVRAG is proposed to recruit BIF1, 

which plays a role in binding membranes and promoting its curvature (Liang et al., 2008). 

How these complexes regulate autophagy remains unclear, but PI3Ps are crucial in the 

recruitment of essential proteins to the phagophore. In fact, inhibitors of PI3K 

complexes, such as 3-MA, wortmannin, and LY294002, result in complete inhibition of 

autophagosome formation (Pasquier, 2016). 

The origin of the phagophore membrane also remains unclear. Early biochemical studies 

on autophagosome-enriched fractions failed to identify protein markers of different 

membrane structures. This led to the notion that phagophore membranes were 

generated via de novo synthesis. However, advances in microscopy assays and 

identification of new autophagy markers showed that structures in the ER membrane, 

known as omegasomes, as well as mitochondria and the plasma membranes, could 

originate the phagophore in a PI3P-dependent manner (Weidberg et al., 2011). In fact, 

both the PI3K complex I, which is directed to the ER by ATG14L and double FYVE domain-

containing protein (DFCP1), which binds PI3P, have been shown to be involved in 

omegasome formation (Polson et al., 2010). 
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Autophagosome elongation 

The elongation of the phagophore to form an autophagosome requires two ubiquitin-

like conjugation systems, the ATG12-ATG5 and ATG8 conjugation systems (Ohsumi, 

2001). Figure 10 shows the similarity between ATG12, ATG8 and ubiquitin molecules. 

 

 
Figure 10. Ribbon diagrams showing structures of ubiquitin and ubiquitin-like proteins (Ubls) ATG12 and 
ATG8. Notice how the three proteins share a β-sheet with four antiparallel β-strands (yellow) and a helical 
segment (green). Other helical structures are represented in blue. (modified from Lippai and Low, 2014) 

The ATG12-ATG5 conjugation system is formed by the covalent binding of ATG12 and 

ATG5 (Figure 11), which is catalyzed by ATG7 and ATG10. This conjugation system can 

recruit ATG16L through its interaction with ATG5. ATG16L is thought to serve as a 

scaffold for protein-protein interaction in the autophagosomal membrane (Kuma et al., 

2002; Ohsumi, 2001). The recruitment of the ATG12-ATG5-ATG16L complex to the 

autophagosome membrane also depends on the synthesis of PI3P by PI3K complexes, 

although the exact mechanism remains unknown (Weidberg et al., 2011). 
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Figure 11. ATG12-ATG5 and AT8 conjugation systems. (modified from Geng and Klionsky, 2008) 

Some differences between yeast and mammals have been described in the ATG8 

conjugation system. Thus, only the ATG8 protein is described in yeast, while mammals 

express a family of mATG8 proteins subdivided into microtubule-associated protein 1 

light chain 3 proteins (LC3s) and gamma-aminobutyric acid receptor-associated proteins 

(GABARAPs) (Weidberg et al., 2010). Members of the ATG8 family are translated as pro-

forms, which are subsequently cleaved at the C-terminal region by the protease ATG4, 

thus exposing a glycine residue (Figure 11). This step is followed by the binding of a 

phosphatidylethanolamine (PE) to the exposed glycine residue, a process mediated by 

ATG7 and ATG3. The lipidated form of ATG8 can be then recruited to the 

autophagosome membrane, a process that requires the AT12-ATG5-ATG16 complex as 

a platform (Tanida et al., 2004, 2008). 

The mAtg8 proteins play a role in autophagosome biogenesis. Thus, a role of ATG8 in 

the determination of autophagosome size has been demonstrated (Xie et al., 2008). 

Moreover, both the LC3 and GABARAP proteins play essential roles in autophagosome 

formation, but they operate at different steps in this process. LC3 mediating the 

elongation of the autophagic membranes and GABARAPs in the sealing of 

autophagosome (Nakatogawa et al., 2007; Weidberg et al., 2011). Moreover, ATG8 also 

plays a role in autophagosome cargo recruitment that will be discussed in the Selectivity 
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in the autophagy process section. Thus, a dual role for ATG8 in autophagy provides new 

examples of the paralog genes in autophagy. 

Autophagosome maturation 

The sealing of the autophagosomal membranes is considered the autophagosome 

maturation process (Eskelinen, 2005). This sealing originates the characteristic closed 

double-membrane autophagosomes that are targeted to the lysosomal system. The 

autophagosome maturation process remains poorly characterized. Autophagosomes 

converge with the endocytic pathway, which results in the fusion of autophagosomes 

and endosomes to form organelles, referred to as amphisomes (Klionsky et al., 2014). 

Amphisomes present factors from endosomes that facilitate the targeting and fusion 

with lysosomes (Simonsen and Tooze, 2009).  

The mechanisms that lead to the fusion with lysosomes relies on cytoskeletal networks 

since, unlike phagophores (that are immobile organelles), autophagosomes present 

mobile properties (Fass et al., 2006; Jahreiss et al., 2008). Two populations of 

microtubules related to the autophagic process have been described: a labile population 

that recruits early autophagic factors and a stable, acetylated population that binds 

mature autophagosomes (Geeraert et al., 2010). The autophagosome transport requires 

a protein complex in the autophagosome/amphisome membrane formed by the FYVE 

proteins FYCO, PI3P, Rab7, and LC3. FYCO is an adaptor between the autophagosome 

and kinesins of the microtubule network, and Rab7 promotes microtubule plus-end-

directed transport of autophagosomes (Weidberg et al., 2011). The complex also plays 

a role in the fusion with the lysosome, where Rab7 is the responsible for the binding 

between autophagosome/amphisome and lysosome, recognizing and binding to 

lysosome-associated membrane glycoprotein 1/2 (LAMP1/2) on the lysosomal 

membrane (Jäger et al., 2004). 

Fusion and degradation 

Fusion of the autophagosome/amphisome and lysosome membrane relies on members 

of the classic membrane fusion soluble N-ethylmaleimide-sensitive factor activating 

protein receptor (SNARE) protein machinery (Furuta et al., 2010; Moreau et al., 2013), 
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as well as the ATG8 proteins (Yu and Melia, 2017). Once inside the lysosome, substrates 

are degraded by lysosomal enzymes, such as nucleases, phosphatases, proteases 

(cathepsins), and glycosidases (Yamashima and Oikawa, 2009). 

When analyzing autophagy, it is crucial to consider that increases in autophagosome 

formation do not imply an increase of the whole autophagic process. Thus, an increase 

in autophagy induction must be accompanied by the proper lysosomal degradation of 

autophagy substrates (autophagy flux) (Klionsky et al., 2016; Mizushima and Yoshimori, 

2007). In fact, increases in autophagy induction without lysosomal degradation has been 

described and associated with neuronal cell death in a model of traumatic brain injury 

(Sarkar et al., 2014). 

Selectivity in the autophagic process 

Autophagy was initially considered as a non-selective process. However, evidence of a 

high selective autophagy of the Cvt pathway were outlined in the 1990s (Baba et al., 

1997; Harding et al., 1995) and it has been confirmed in autophagy of mitochondria 

(mitophagy), ER (ER-phagy/reticulophagy), ribosomes (ribophagy), peroxisomes 

(pexophagy), Golgi (crinophagy), endosomes (heterophagy), pathogens (xenophagy), 

aggresomes (aggrephagy), and lipids (lipohagy) (Klionsky et al., 2016). This selectivity is 

evidenced by the identification of autophagy receptors for specific autophagosome 

cargo. 

Autophagic receptors (such as P62/SQSTM1, NBR1, NIX and NDP52) are proteins 

required for the selective recruitment of specific substrates in the autophagosome 

(Fujita et al., 2013; Katarzyna and Suresh, 2016; Lippai and Low, 2014). All of them 

present a domain for recognizing specific substrates to be degraded, as well as the LC3-

interacting region (LIR) domain. LIR interacts with the different subfamilies of mATG8 

(LC3 and GABARAP) anchored in the membrane of the autophagosome. Autophagy 

receptor proteins are well characterized, both structurally and functionally. However, 

their regulation and the functional consequence of their absence in response to 

different stress stimuli is largely unknown (Weidberg et al., 2011).  
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Selective clearance of Cytosolic Proteins: P62/SQSTM1 

Sequestosome 1 (P62/SQSTM1) was the first protein reported as an autophagy receptor 

(Bjørkøy et al., 2005). This ubiquitin-binding protein specifically interacts with mAtg8s 

(LC3B and GABARP). Experiments with knockout mice have shown that P62/SQSTM1 is 

required for the aggregation of ubiquitinylated proteins and plays essential roles in its 

autophagic clearance (Komatsu et al., 2006) and, usually, the levels of P62/SQSTM1 

inversely correlate with autophagic degradation (Ichimura et al., 2008; Mizushima and 

Yoshimori, 2007). P62/SQSTM1 present three different domains related with autophagic 

degradation of polyubiquinilated proteins (Figure 12): 1) ubiquitin-associated domain 

(UBA) in the C-terminus, which can recognize polyubiquitin tags in proteins; 2) The LIR 

domain, common to autophagic receptors, located between Ser334 and Ser344. The 

two main features of this domain are the presence of acidic amino acids (Asp337 and 

Asp339), which interact with basic groups in the N-terminal region of LC3B, and two 

‘hydrophobic pockets’ (Trp340 and Leu343), which interact with the ubiquitin domain 

of LC3B; and 3) The Phax and Bem1 (PB1) domain in the N-terminal region, which allows 

self-oligomerization of P62/SQSTM1. This oligomerization enhances the recruitment of 

ubiquitinated proteins (Lippai and Low, 2014). 

 
Figure 12. Domain structure of P62/SQSTM1 and its binding partners. Domains involved in selective 
autophagy are highlighted in color. (Modified from Katsuragi et al., 2015) 

Other roles of P62/SQSTM1 in autophagy 

The single view of P62/SQSTM1 as a receptor protein linking ubiquitinylated protein 

aggregates to LC3B has drastically changed in recent years. Recently, cytoplasmic 
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protein aggregates containing P62/SQSTM1 and ubiquitinylated proteins, have also 

been shown to be used as a scaffold for autophagosome biogenesis, interacting with 

multiple upstream ATG proteins (Fujita et al., 2013; Nagy et al., 2014). A functional role 

of P62/SQSTM1 as a shuttle exporting ubiquitinylated substrates from the nucleus into 

the cytosol has also been reported (Pankiv et al., 2010). 

The role of P62/SQSTM1 in autophagy regulation is controversial. This protein has been 

reported to inactivate autophagy promoting mTORC1 activation (Moscat and Diaz-

Meco, 2012). However, P62/SQSTM1 increases autophagy in cultured cells by releasing 

BECLIN1 from BCL2 (Zhou et al., 2013). In carcinoma cells, P62/SQSTM1 silencing induces 

autophagy, but autophagosomes become abnormal leading to autophagic cell death 

(Nihira et al., 2014). Thus, the role of P62/SQSTM1 in regulating autophagy seems 

complex and probably context-dependent. 

P62/SQSTM1 is involved signaling pathways others than autophagy 

P62/SQSTM1 was originally described as a scaffold protein able to form signaling hubs 

interacting with several enzymes through its different domains (Figure 12). The role of 

P62/SQSTM1 in inflammation is well known; this protein can promote the pro-

inflammatory interleukin-1β (IL-1β) production and activate the inflammatory-related 

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway (Laurin 

et al., 2002; Sanz et al., 1999). 

P62/SQSTM1 is also involved in the regulation of extrinsic apoptosis since it is required 

for the caspase-8 activation (Jin et al., 2009). It also plays a role in oxidative stress since 

it promotes the translocation of the nuclear factor (erythroid-derived 2)-like 2 (NRF2) 

transcription factor to the nucleus, blocking its regulator Cullin3-ubiquitin E3 ligase 

complex adaptor protein (KEAP1). This allows the induction of NRF2-dependent anti-

oxidant gene products. In turn, the P62/SQSTM1 gene is also controlled by NRF2 (Jain et 

al., 2010). 

When autophagy becomes excessive: autophagic cell death 

Autophagy is essentially a mechanism for cytoprotection. However, an excessive 

autophagy activation can lead to a regulated cell death characterized by the unspecific 
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and massive degradation of large cytoplasmic entities. This type of death was described 

during animal development, tissue homeostasis, and in several diseases, as well as in 

cultured mammalian cells treated with chemotherapeutic agents or toxic compounds. 

For many years, the type II autophagic cell death was described based on morphological 

criteria, including plasma membrane rupture, enlargement of Golgi, mitochondria, and 

ER, numerous autophagosomes and autolysosomes and depletion of cytoplasmic 

organelles (Denton et al., 2012). However, further research revealed that different 

subroutines of cell death could lead to these morphological characteristics. Thus, in 

2015, the Nomenclature Committee on Cell Death (NCCD) redefined the term 

‘autophagic cell death’ to describe cell death that: 1) occurs independently of apoptosis; 

2) present an increase in autophagy markers and autophagy flux; and 3) is prevented by 

the genetic or chemical suppression of autophagy (Galluzzi et al., 2014).  

Thus, excessive autophagy can elicit differently regulated cell death subroutines, and 

not all of them result in the morphological autophagy cell death. The best characterized 

is the molecular interaction between autophagy and apoptosis through the 

antiapoptotic or proapoptotic protein family of BCL2, which can lead either to inhibition 

autophagy or inhibition of apoptosis (Eisenberg-Lerner et al., 2009; Gump and Thorburn, 

2011). This dual regulation of BCL2 family members evidences the need of cells to 

simultaneously regulate and coordinate these two pathways. However, the practical 

implication of this dual regulation is not well understood (Denton et al., 2012). Other 

death subroutines, such as necroptosis (Bonapace et al., 2010), pyroptosis (Suzuki et al., 

2007) and entosis (Florey et al., 2011) have been related to autophagy, but the 

relationships are mostly unknown.  

The use of autophagy inducer peptides has led to the definition of a new form of 

autophagy gene dependent cell death, referred to as autosis (auto, autophagic, tosis, 

death) because it can be prevented by inhibiting autophagy. Autosis is mediated by the 

Na+, K+-ATPase pump with unique morphological features: focal plasma membrane 

rupture, nuclear membrane shrinkage, focal swelling of the perinuclear space, 

numerous autophagosomes and autolysosomes in early stages that disappear in final 

stages, dilated and fragmented ER that, in late stages, disappear, and enhanced cell-
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substrate adhesion (Liu and Levine, 2015). Autosis has been described in hippocampal 

CA3 neurons of neonatal rats subjected to cerebral hypoxia-ischemia (Liu et al., 2013). 

Autophagy and stroke 

Constitutively active autophagy at low levels is important for maintaining homeostasis 

and protein quality control under normal conditions in neurons. The first evidence of 

the involvement of autophagy in stroke relied on the increased number of 

autolysosomes in hippocampal neurons after transient global cerebral ischemia (Nitatori 

et al., 1995). Further studies described an autophagic role in global and focal cerebral 

ischemia during the first 48 h of reperfusion, reporting changes in markers of both 

autophagy induction marker (BECLIN1 and LC3B, as well as autophagosome number) 

and autophagy flux (P62/SQSTM1), as well as in lysosome-related enzymes (Cathepsin 

B, Cathepsin D and LAMP1) (Descloux et al., 2015). However, the role of autophagy in 

ischemic damage is controversial and largely unknown since there are reports describing 

both neuroprotective and detrimental effects that involve different subroutines in the 

cell death.  

Results using autophagy modulators to assess its neuroprotective or detrimental role 

after ischemia are not conclusive. Table 2 summarizes a bibliography search about the 

role of autophagy during reperfusion in different in vivo models of stroke. 

Table 2. Published reports about neuroprotective and detrimental autophagy in in vivo models of stroke. 

Neuroprotective Detrimental 
Reference Stroke model* Reference Stroke model* 

Carloni et al., 2014 Neonatal H-I (Adhami et al., 2006) pRCCAO 
(Wang et al., 2014) tMCAO (Rami et al., 2008) tMCAO 

(Papadakis et al., 2013) BCCAO (Qin et al., 2010) pMCAO 
(Carloni et al., 2010) Neonatal H-I (Shi et al., 2012) pRCCAO 

(Liu et al., 2010) BCCAO (Jiang et al., 2012) tMCAO 
  (Xu et al., 2013) tMCAO 
  (Cui et al., 2013) 2-VO 

*BCCAO: bilateral common carotid artery occlusion; H-I: hypoxia-ischemia; pMCAO: permanent middle 
cerebral artery occlusion; pRCCAO: permanent right common carotid artery occlusion; tMCAO: transient 
middle cerebral artery occlusion; 2-VO: two-vessel occlusion. 

The use of neuroprotective agents was unable to clarify this controversial role. Thus, the 

neuroprotective effects of lithium chloride (Li et al., 2010), 2-methoxyestradiol (Xin et 

al., 2011) and NAD+ (Zheng et al., 2012) against stroke have been related to their ability 
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to decrease autophagy activity. In contrast, other neuroprotective agents, such as 

pinocembrin (Zhao et al., 2014) or melatonin (Guo et al., 2010), increase autophagy. 

Ischemic preconditioning studies, where a short time of ischemia previous to the full 

ischemic insult decreases the extension of the damage, have also been used to analyze 

autophagy. The neuroprotective effect has been hypothesized to rely on autophagy 

enhancement in the preconditioning stimulus (Gao et al., 2015; Su et al., 2014). 

The neuroprotective effect of the autophagy in stroke has been linked to the prevention 

of protein aggregation (Liu et al., 2010), the removal of damaged mitochondria (Zhang 

et al., 2013), and increased ribosome turnover (Carloni et al., 2014). 

The controversial role of autophagy in stroke has been proposed to depend on 

differences in the severity of the ischemic insult. In this regard, a comparative study in 

atg7-/- mice demonstrated the beneficial role of autophagy after transient middle 

cerebral artery occlusion (MCAO) but a detrimental role after permanent MCAO (Zhang 

et al., 2013). Detrimental or beneficial autophagy effects have also been reported when 

administering pre- or post-ischemia inhibitors of autophagy respectively (Wang et al., 

2011). Autophagy response to ischemic insult also depends on age and sex. Thus, 

neonate female rats present higher levels of LC3B after hypoxia-ischemia than males 

(Weis et al., 2014). Moreover, autophagy response after cerebral ischemia is higher in 

adult than in immature brains (Zhu et al., 2005).  

Autophagy responses to ischemic challenge are not only related with ischemic-

reperfused neurons, but it is also modified in other cell populations, such as astroglia 

(Qin et al., 2010) and vascular endothelial cells (Li et al., 2014). 

Crosslink between autophagy and UPR: the integrated 

stress response 

Two main degradation pathways regulate protein homeostasis in mammals, the 

ubiquitin-proteasome system and autophagy. Both of these rely on polyubiquitin tags 

for recognizing protein to be degraded. However, the proteasome has been related to 
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the degradation of soluble misfolded proteins while autophagy is the responsible for the 

clearance of large insoluble cytosolic protein aggregates (Ohsumi, 2006). In fact, 

differences in polyubiquitin tag, lys48 linked ubiquitin and lys63 linked ubiquitin, have 

been described to tag proteins for proteasomal or autophagy degradation respectively 

(Kirkin et al., 2009). 

 

Figure 13. Overview of the integrated stress response mediated by ATF4 (modified 
from Pakos-Zebrucka et al., 2016) 

ER-stress ignites autophagy through the activation of UPR (Hetz, 2012). The key event 

that linked both pathways is the phosphorylation of eiF2α (Deegan et al., 2015; Rzymski 

et al., 2010). Four different kinases are responsible for eiF2α phosphorylation in 

mammals: general control nonderepressible 2 kinase (GCN2), protein kinase R (PKR), 

heme-regulated eIF2α kinase (HRI), and PERK (Taniuchi et al., 2016) (Figure 13). As 

explained above, p-eiF2α inhibits the 5’cap-dependent mRNA translation, thus impeding 

the synthesis of most proteins, but promotes selective translation of some mRNAs, such 

as ATF4 by the ‘by-pass scanning’ mechanism that involves two open reading frames 

(ORF) in the 5’-untranslated region (UTR) (Figure 14) (Jackson et al., 2010; Young and 

Wek, 2016). ATF4 initiates a cytoprotective transcriptional response known as 
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integrated stress response (ISR) that involves autophagy and antioxidant responses 

(Harding et al., 2003). ATF4 is a member of the ATF subfamily of the basic leucine zipper 

(bZIP) transcription factor superfamily able to bind to C/EBP-ATF Response Element 

(CARE) sequences of a subset of specific target genes (Figure 13). The interaction of ATF4 

with other transcription factors, such as activating transcription factor 2 (ATF2), 

activating transcription factor 3 (ATF3), CHOP, and NRF2, modifies ATF4 affinity for 

different CARE sequences and, thus, contributes to the different responses elicited by 

different stress stimuli (Pakos-zebrucka et al., 2016). In this regard, ATF4 has been 

reported to be essential for autophagy gene expression induction in response to ER-

stress in mammalian cells (B’chir et al., 2013; Deegan et al., 2015) , as well as to mediate 

the resistance of tumors to hypoxia (Rzymski et al., 2009, 2010). In brain disorders, 

several inhibitors of eiF2α dephosphorylation, such as salubrinal (Anuncibay-Soto et al., 

2016; Nakka et al., 2010), guanabenz (Way et al., 2015) and sephin1 (Das et al., 2015), 

have shown a neuroprotective effect. This has leading some to consider the integrated 

stress response as a promising therapeutic target for central nervous system injuries 

(Romero-Ramírez et al., 2017). 

. 
Figure 14. P-eiF2α control of mRNA translation (modified from Pakos-Zebrubcka et al., 2016) 
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Work hypothesis and aims 

Despite the many successful approaches in experimental models to alleviate the 

ischemic damage, there have as yet been no successful clinical trials. The increasing 

incidence of stroke and the corresponding growth in social and medical costs have 

created an urgent need of new targets or therapeutic strategies against this pathology. 

Stroke elicits the so called integrated stress response which includes modifications in 

the autophagy response whose role is controversial. Our work hypothesis assumes that 

autophagy plays a crucial role in neuroprotection, responsible for the differential 

vulnerability, the role of which possibly differs in different experimental models. 

To test this hypothesis, we proposed the following objectives and questions: 

1) Are there local structural differences in the autophagy response to 

stroke? To answer this question, the autophagy response between structures (cerebral 

cortex and hippocampus) with different vulnerability to the ischemia was compared 

using the ex vivo brain slice model, which allows us to obtain and maintain these 

structures under identical conditions.  

2) Are structure-dependent differences in autophagy are involved in 

differences in vulnerability? Structures with different vulnerability correlate with 

different UPR responses, whose enhancement results in a neuroprotective effect. Since 

autophagy is a homeostatic mechanism to decrease ER stress, we analyzed autophagy 

response in different vulnerable structures treated with a neuroprotective agent that 

enhances UPR.  

3)  Is the autophagy response similar in different models of ischemia and 

what is its relevance in the integrated stress response elicited by UPR? The hippocampal 

CA1 region is the most ischemia-vulnerable structure and seems an appropriate focus 

for an analysis performed in another model of ischemia, such as organotypic 

hippocampal slice culture. The effects of autophagy and anti-oxidant responses in the 

neuroprotective effect of UPR enhancement were analyzed
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Hippocampus and cerebral cortex present a different 

autophagic response after oxygen and glucose deprivation in 

an ex vivo rat brain slice model 

Background 

Stroke is one the leading causes of death as well as the main cause of permanent 

disability and the second cause of dementia in developed countries. This results in 

dramatic social costs and in European countries represents up to 4% of the total medical 

budget (Creutzfeldt and Holloway, 2012; Olesen et al., 2012). Stroke, also called 

cerebrovascular accident, is a failure in the brain function as a consequence of the partial 

or total interruption of blood supply. It results in a lack of glucose and oxygen and 

therefore to an energy failure and homeostatic imbalance that damages the cells and 

can elicit their death (Fisher and Bastan, 2008; Mehta et al., 2007). The return to 

normoxic conditions, as a consequence of the reperfusion, is required for the tissue to 

survive but increases the glutamate release and elicits an excitotoxic cascade that 

increases the damage and cell mortality (Lobo et al., 2011; Luccini et al., 2010). Rescue 

of the damaged cells is considered to play a crucial role in the degree of patient recovery 

and therefore the mechanisms involved in this process may be important therapeutic 

targets (Mehta et al., 2007). 

Autophagy is a crucial mechanism involved in the processes that follow ischaemia (Xu et 

al., 2012). In this regard, the reports on this topic have extraordinarily increased in the 

last 5 years and different animal models have proved the relationship between 

autophagy and stroke. Thus, the roles of autophagy present some differences depending 

on the structure, model or time after stroke (Carloni et al., 2008; Cui et al., 2013; Ginet 

et al., 2009; Qin et al., 2010; Rami et al., 2008; Shi et al., 2012; Smith et al., 2011), but 

the autophagy that follows stroke seems to play a neuroprotective role, removing 

damaged proteins and organelles (Reggiori et al., 2012; Smith et al., 2011). In addition, 

autophagy gives metabolic support to apoptosis and delays necrosis (Balduini et al., 
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2009) and could prevent the extension of the damage if massive necrosis exists. 

Autophagy has been suggested to be involved in the delayed cell death (Puyal and 

Clarke, 2009) and could facilitate the recovery of the less-damaged cells. On the other 

hand, excessive autophagy leads to autophagy cell death and cross talks with other 

programmed cell death types (Chaabane et al., 2013). 

Early stages in autophagy are characterized by phagophore formation (Burman and 

Ktistakis, 2010; Devenish and Klionsky, 2012). However, increases in phagophore 

formation do not implies an increase of the whole autophagic process and therefore the 

two stages of autophagy, induction and flux of autophagy, have to be analysed (Klionsky 

et al., 2016).  

To our knowledge, there are no data on the autophagic response at under 6 hours after 

ischaemia either in in vivo or ex vivo models, a period that can be crucial in the recovery 

of the damaged cells. Thus, we analysed for the first time the autophagic stages at 3 

hours of RL after OGD in the hippocampus and cerebral cortex, two structures with 

different ischaemic vulnerability (Kirino, 1982; Zhu et al., 2012). 

Methods 

Animals 

Sixteen male, 2-month-old, Sprague-Dawley rats were housed at 22±1oC in a 12 h 

light/dark controlled environment, with free access to food and water. Two rats were 

used in each assay to obtain the number of slices necessary for the different conditions 

assayed and eight assays were carried out. All the experimental procedures were carried 

out following the Guidelines of the European Union Council (86/609/EU) and Spanish 

regulations (RD 53/2013, BOE 8/2/2013) for the use of laboratory animals, and were 

approved by the Ethics Committee of the University of Leon. All efforts were made to 

minimize animal number and suffering. 
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Experimental procedure 

Solutions 

Four different solutions were employed to obtain brain slices and to perform OGD 

assays: Cutting Solution (120 mM NaCl, 2 mM KCl, 0.5 mM CaCl2, 26 mM NaHCO3, 10 

mM MgSO4, 1.18 mM KH2PO4, 11 mM glucose and 20 mM sucrose); Pre-incubation 

Solution (120 mM NaCl, 2 mM KCl, 0.5 mM CaCl2, 26 mM NaHCO3, 10 mM MgSO4, 1.18 

mM KH2PO4, 11 mM glucose); Incubation Solution (120 mM NaCl, 2 mM KCl, 2 mM 

CaCl2, 26 mM NaHCO3, 1.19 mM MgSO4, 1.18 mM KH2PO4, 11 mM glucose) and OGD 

Solution (120 mM NaCl, 2 mM KCl, 2 mM CaCl2, 26 mM NaHCO3, 1.19 mM MgSO4, 1.18 

mM KH2PO4). Osmolarity of all solutions was 300 mOsm and pH 7.4. OGD solution was 

aerated with 95% N2 at least 1 hour prior to the start of the experiment to reach an 

oxygen concentration lower than 5%. 

OGD assays 

OGD assays were performed modifying a previous protocol (Dos-Anjos et al., 2009). 

After decapitation, the forebrain was rapidly removed while dripping on it cold (4oC) 

cutting solution. Rostral, caudal and lateral portions to the hippocampus were removed 

with a surgical blade and the remaining portion divided sagitally along the 

interhemispheric fissure. The resulting blocks (containing the hippocampus and the 

region of cerebral cortex above it) were fixed to a vibratome stage (VT100S, Leica 

Microsystems, Wetzlar, Germany) and then placed in the vibratome chamber filled with 

cold cutting solution aerated with 95% O2 and 5% CO2, This process was performed in 

less than 4 minutes to ensure cell viability. Vibratome slices, 350 µm thick, were 

dissected in the cerebral cortex and hippocampus and transferred into a Petri dish filled 

with pre-incubation solution aerated with 95% O2 and 5% CO2. Hippocampus and 

cerebral cortex sections were processed independently using four sections for each 

condition. When required, sections were placed into cell strainers to avoid mechanical 

damage due to bubbling. The incubation step was performed in a 12-well plate, each 

well containing 3 ml of the incubation solution and four sections. This plate was 

maintained in a chamber saturated with 95% O2 and 5% CO2 for 15 minutes. 
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OGD assays were performed by placing the cell strainers with the slices in OGD solution 

aerated with 95% N2 5% CO2 for 30 minutes and then transferring them back into the 

incubation solution maintained in an O2-saturated chamber for 3 hours (OGD/RL 

condition). Equal amounts of slices were kept for 3.5 hours in oxygenated incubation 

solution as controls (normoxic condition). 

Slices from each experimental condition were frozen in RNAse-free tubes on dry ice for 

posterior real time quantitative polymerase chain reaction (RT-qPCR and Western blot 

assays. Moreover, samples of incubation solution were assayed for cell mortality and 

glutamate release. 

Pharmacological agents 

Autophagy inhibition assays were performed both in the OGD/RL and normoxic 

conditions in the presence of 5 mM 3-MA (Acros Organics, Cat. No. 379791000). 

Real-time quantitative PCR (RT-qPCR) assays  

All the RT-qPCR assays were performed in accordance with the Minimal Information for 

Publication of Quantitative Real-Time PCR Experiments (MIQE) guidelines (Taylor et al., 

2010). 

RNA extraction 

Frozen slices from the different experimental conditions were homogenized in Tripure 

Isolation Reagent (Roche, Cat. No. 11667157001) and total RNA was extracted following 

the manufacturer’s instructions. RNA integrity was determined using ExperionTM 

Automated Electrophoresis System (BioRad, Hercules, CA, US). RNA concentration and 

purity were determined using a NanoDrop ND-3300 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE, US). Isolated RNA was maintained in 

diethylpyrocarbonate (DEPC)-treated water at -80oC. 

Reverse transcriptase reaction 

Equal amounts (600 ng) of RNA from each experimental condition were reverse 

transcribed using the High Capacity cDNA Reverse Transcription Kit (Applied Biosystems, 

Cat. No. 4368813) following the manufacturer’s instructions. Reactions were performed 

for 10 minutes at 25oC, 2 hours at 37oC and 5 seconds at 85oC in a T-Gradient Thermal 
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Cycler (Biometra, Gottingen, Germany). Parallel reactions without reverse transcriptase 

were performed as no-RT controls. Samples of complementary DNA (cDNA) obtained 

were kept at -20oC until use. 

RT-qPCR 

RT-qPCR was assayed using transcript-specific primers designed with Primer Express 2.0 

software (Applied Biosystems, Foster City, CA, US). Oligonucleotide sequences and 

GenBank accession numbers are shown in Table 3. The 18S ribosomal RNA (rRNA) was 

used as a housekeeping control. Efficiency of primers was determined from the curve of 

RT-qPCR amplification of increasing amounts of cDNA using increasing concentrations 

of primers. Only primers with efficiency values between 90 and 110 were used. 

Triplicates of 100 ng of cDNA in the presence of 300 nM primers were amplified on a 

Step-One Plus (Applied Biosystems, Foster City, CA, US) real-time thermal cycler, using 

SYBR Green PCR Master Mix Kit (Applied Biosystems, Cat. No. 4309155) in the following 

cycling conditions: 10 min at 90oC and 40 cycles of 15 s at 95oC and 1 min at 60oC. 

Table 3. Custom designed primers uses in RT-qPCR assays. 

Gene Primer Forward Primer Reverse Gene Bank 

beclin1 5´ctgatggtggcaccatgga 5´gccagacatgatgtcaaaaag NM_053739.2 

p62/sqstm1 5’ ccatgggtttctcggatgaa 5’ ggagggtgctttgaatactgg NM_175843.3 

atg5 5’ tggcctactgttcgatcttct 5’ acagtgcagaaggtccttttc NM_001014250.1 

atg7 5’ cgatggcttcctactgttatt 5’ catgacaacaaaggtgbtcaaa NM_001012097.1 

rna18S 5’ gattagtccctgccctttgt 5’ gatcccgagggcctcaactaaac V01270 

 

Changes in the amount of SYBR Green reporter dye fluorescence were analysed with 

Sequence Detector Software (SDS version 2.2, Applied Biosystems, Foster City, CA, US) 

obtaining the cycle number (Ct) where the fluorescence signal reaches the designated 

threshold. Absolute Ct for each transcript to study was normalized with respect to the 

Ct of the housekeeping control were expressed as 2-ΔCt (Ct target - Ct RNA18S). Fold 

changes were expressed as 2-ΔΔCt, where ΔΔCt represents the transcript increment of 

OGD/RL with respect to its respective normoxic condition (ΔCt OGD/RL - ΔCt normoxic) 

(Livak and Schmittgen, 2001). 
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Western blot analysis 

Protein extraction 

Total protein was extracted using Tripure Isolation Reagent (Roche, Cat. No. 

11667157001) following the manufacturer’s protocol and finally dissolved in 8 M urea 

with 4% SDS. Total protein concentration was determined using the DC Protein Assay Kit 

(BioRad, Cat. No. 500-0111). Purified protein samples were kept at -20oC. 

Electrophoresis and transfer 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) for p62/SQSTM 

1, Beclin 1 and polyubiquitin were carried out in 10% acrylamide while SDS-PAGE for 

LC3B was carried out in 15% acrylamide. Thirty µg of protein was loaded in each lane 

and gels were developed during 2 hours at 100 V using a Mini-Protean II system (Bio-

Rad, Hercules, CA, US). To detect P62/SQSTM1, BECLIN1 and polyubiquitin, the proteins 

of the gels were transferred to 0.45-µm nitrocellulose membranes (Life Technologies, 

Cat. No. IB301001) by dry transfer (7 minutes at 20 V) using an iBlot Gel Transfer System 

(Invitrogen, Cat. No. IB1001EU). To detect LC3B, the proteins of the gels were 

transferred to 0.2-µm polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Cat. No. 

1620175) during 16 h at 90 mA in a Mini-Protean II tank transfer system (BioRad, 

Hercules, CA, US). The membranes were stabilized for 10 minutes in 50 mM Tris Buffer 

Saline pH 7.4 (TBS) and washed three times with 0.2% Tween-20 in TBS (TBS-T). 

Protein detection 

Membranes were blocked in 5% skimmed milk (for polyubiquitin detection) or 5% 

bovine serum albumin (BSA, for p62/SQSTM1, BECLIN1 and LC3B) in TBS. Primary 

antibodies were diluted in 2.5% BSA in TBS-T at the empirically determined optimal 

concentration (see Table 4) and membranes were incubated overnight at 4oC. Primary 

antibodies were detected using goat anti-rabbit or goat anti-mouse secondary 

antibodies-HRP conjugated (Dako, Cat. Nos. P0448 and P0447) depending on the 

primary antibody. Chemiluminiscent reactions were carried out using Pierce ECL 

Western Blotting Substrate (Thermo, Cat. No. 32106) and detected on Hyperfilm ECL 

(GE-Healthcare, Cat. No. 28906837). Protein bands were digitalized in a GS-800 

Calibrated Densitometer (BioRad, Hercules, CA, US) and the band optical densities were 
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quantified with Image J Software (NIH, MD, US). Results are expressed as normalized 

optical density (ratio between optical density (OD) of interest protein and OD of loading 

control). 

Table 4. Antibodies used in Western blot assays. 

 

Cell mortality and cell viability assays 

Cell mortality was estimated by cytosolic lactate dehydrogenase (LDH) released into the 

medium (Decker and Lohmann-Matthes, 1988). LDH activities in the incubation solution 

in different experimental conditions were quantified in a 96-well plate using the 

Cytotoxicity Detection Kit (Roche, Cat. No. 11644793001) following the manufacturer’s 

protocol and detecting the iodotetrazolium chloride reduction to formazan at 492 nm in 

a spectrophotometer (Synergy-HT Microreader, BioTek, Winooski, VT, US). Results are 

expressed as absorbance units at 492 nm. 

Cell viability was measured by mitochondrial reduction of thiazolyl blue tetrazolium 

bromide (MTT, Sigma, Cat. No. M2128) to purple formazan (Mozes et al., 2012). After 

OGD/RL, MTT was added to the incubation solution of each condition at a final 

concentration of 0.5 mg/ml and then maintained for 15 minutes without oxygenation. 

The slices were then transferred into a 96-well plate with dimethyl sulphoxide (DMSO, 

100 µl/well) to dissolve formazan from the slices. The optical densities of extracted 

formazan were quantified in a spectrophotometer (Synergy-HT Microreader, BioTek, 

Winooski, VT, US) and data were normalized with the formula OD550nm-OD620nm. 

Protein Antibody type Working dilution Manufacturer Cat. No. 

LC3B Rabbit polyclonal 0.5 µg/ml Abcam Ab48394 

P62/SQSTM 1 Mouse monoclonal 0.5 µg/ml Abnova H00008878-
M01 

BECLIN1 Rabbit polyclonal 1 µg/ml MBL PD017 

Polyubiquitin Rabbit polyclonal 1 µg/ml Dako Z0458 

β-ACTIN Mouse monoclonal 0.2 µg/ml Sigma A5316 
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Glutamate Release 

The glutamate released into the incubation media was measured by fluorometry using 

an Amplex Red Glutamic Acid/Glutamate Oxidase Assay Kit (Invitrogen, Cat. No. A12221) 

following the manufacturer’s instructions. Fluorescence emission at 590 nm was read in 

a Synergy-HT Microreader (BioTek, Winooski, VT, US). Results are expressed as fold 

change in fluorescence emission. 

Statistical analysis 

One-way ANOVA analyses followed by Newman-Student-Keuls test were used to 

compare changes of each variable between different structures in normoxic conditions. 

Two-way ANOVA analyses followed by the post-hoc Bonferroni test were made to 

compare the factors OGD and 3MA. Statistics were performed using Graph Pad Prism 

5.0 (Graph Pad Software Inc., San Diego, CA, US). 

Results 

Transcriptional activity 

The expression of mRNA levels of atg5, atg7, p62/sqstm1 and beclin1 genes was 

measured in both cerebral cortex and hippocampus slices at 3 hours of reperfusion 

following an OGD of 30 minutes. Steady levels of all these transcripts in normoxic 

conditions were significantly higher in hippocampal than in cerebral cortical slices 

except for beclin1 (Figure 15 A). 

The transcripts of all these markers were significantly higher in the OGD/RL than in the 

normoxic condition in the cerebral cortex. In contrast, in the hippocampus, the 

transcript levels of all genes did not change in the OGD/RL with respect to the normoxic 

condition (Figure 15 B). 

In the presence of 3-MA in normoxic conditions, we did not detect any differences 

between the transcript levels of the cerebral cortex and the hippocampus. The presence 

of 3-MA completely abolished the OGD/RL-induced increases in the cerebral cortex 

(compare columns 1 and 2 for each gene in Figure 15 B). 
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Figure 15. A) Steady state expression. B) OGD/RL effect. Effect of OGD-RL in the presence and in the 
absence of 3-MA on the transcript levels of autophagy markers. A) Normalized mRNA levels of Beclin 1, 
P62/SQSTM1, Atg5 and Atg7 with respect to the mRNA levels of RNA 18S in hippocampal and cerebral 
cortical slices. The figure shows the steady expression (mean ± SEM) of the different mRNAs (2-ΔCt values) 
studied after 3 hours in normoxic conditions. B) Columns represent the fold-change (2-ΔΔCt) of mRNA levels 
due to the OGD/RL with respect to the corresponding normoxic condition (represented by value 1, dotted 
lines) of the different autophagy markers studied in the presence and in the absence of 3MA in both 
cerebral cortical and hippocampal slices. a indicates statistical differences between the transcript levels of 
the cerebral cortex and hippocampus (p<0.05, one-way ANOVA followed by Student-Newman-Keuls test, 
n=5); * indicates statistical differences comparing OGD/RL and normoxic conditions and # indicates 
significant differences comparing the presence and the absence of 3MA (p<0.05, two-way ANOVA 
followed by Bonferroni test, n=5). 

Phagophore formation 

BECLIN1 protein levels in the normoxic condition were significantly higher in the 

hippocampal slices than in the cerebral cortex. The OGD/RL and normoxic conditions 

showed similar BECLIN1 protein levels in hippocampal slices. This contrasts with the 

significantly higher levels of BECLIN1 in the OGD/RL condition observed in the cerebral 

cortex. In the presence of 3MA, there were no significant differences in BECLIN1 levels 
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between OGD/RL and normoxic conditions, either in the hippocampus or cerebral cortex 

(Figure 16 A). 

 
Figure 16. Effect of OGD-RL in the presence and in the absence of 3-MA on protein levels of phagophore 
markers. A) Bands and their corresponding optical densities (mean ± SEM) normalized with the β-actin 
(38 kDa) for Beclin 1 (60 kDa). B) LC3BII (16 kDa) and LC3BI (18 kDa) bands and the corresponding ratios 
LC3BII/LC3BI. Lane 1 (normoxic cerebral cortex), lane 2 (OGD-RL cerebral cortex), lane 3 (normoxic 
cerebral cortex in the presence of 3MA), lane 4 (normoxic cerebral cortex in the presence of 3MA), lane 
5 (normoxic hippocampus), lane 6 (OGD-RL hippocampus), lane 7 (normoxic hippocampus in the presence 
of 3MA), lane 8 (normoxic hippocampus in the presence of 3MA). a indicates statistical differences 
between protein levels of the cerebral cortex and hippocampus (p<0.05, one-way ANOVA followed by 
Student-Newman-Keuls test, n=5); * indicates statistical differences comparing OGD/RL and normoxic 
conditions and # indicates significant differences comparing the presence and the absence of 3MA 
(p<0.05, two-way ANOVA followed by Bonferroni test, n=5). 

The LC3BII/LC3BI ratio was similar in the cerebral cortex and in the hippocampus. This 

ratio was significantly higher in the OGD/RL condition than in the normoxic condition in 

the cerebral cortex but there were no differences in the hippocampus. The presence of 

3-MA resulted in a decreased LC3BII/LC3BI ratio in the OGD/RL cerebral cortical slices 

with respect to the normoxic slices. These differences were not found in the 

hippocampus (Figure 16 B). 

Autophagy flux 

In normoxic conditions, P62/SQSTM1 protein levels were significantly higher in the 

hippocampal than in the cerebral cortical slices and found no significant changes as a 

consequence of the presence of 3-MA in any of these structures. The cerebral cortex 

slices presented significantly lower p62 levels in the OGD/RL condition than those in the 

normoxic condition (Figure 17 A). These decreases were abolished by the presence of 
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3MA. In the hippocampal slices, there were no significant differences in P62/SQSTM1 

levels between the conditions. 

In normoxic conditions, no significant differences in the amount of polyubiquitinated 

proteins were observed between the cerebral cortex and the hippocampus. The OGD/RL 

assays showed that the amounts of polyubiquitinated proteins in the OGD/RL condition 

were significantly lower than those observed in the normoxic condition in the cerebral 

cortex but there were no differences in the hippocampus. In the presence of 3-MA, 

similar or even higher amounts of polyubiquitinated proteins were observed in the 

OGD/RL compared to the normoxic conditions in the cerebral cortex. In the 

hippocampus, the presence of 3-MA resulted in lower but not significant values of 

polyubiquitinated proteins in the OGD/RL condition than in the normoxic conditions 

(Figure 17 B). 

 

Figure 17. Effect of OGD-RL in the presence and in the absence of 3-MA on protein levels of autophagic 
flux markers. Bands and their corresponding optical densities (mean ± SEM) normalized with the β-actin 
for A) p62/SQSTM 1 (62 kDa) and B) polyubiquitinated proteins (smear from 250 to 130 kDa). Lane 1 
(normoxic cerebral cortex), lane 2 (OGD-RL cerebral cortex), lane 3 (normoxic cerebral cortex in the 
presence of 3-MA), lane 4 (normoxic cerebral cortex in the presence of 3-MA), lane 5 (normoxic 
hippocampus), lane 6 (OGD-RL hippocampus), lane 7 (normoxic hippocampus in the presence of 3MA), 
lane 8 (normoxic hippocampus in the presence of 3MA). a indicates statistical differences between protein 
levels of the cerebral cortex and hippocampus (p<0.05, one-way ANOVA followed by Student-Newman-
Keuls test, n=5); * (p<0.05) or ** (p<0.01) indicate statistical differences comparing OGD/RL and normoxic 
conditions and # (p<0.05) indicates significant differences comparing the presence and the absence of 3-
MA (two-way ANOVA followed by Bonferroni test, n=5). 
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Mortality 

In the normoxic condition, the presence of 3-MA in the medium significantly increased 

the mortality compared to its absence in both hippocampal and cerebral cortical slices. 

In the OGD/RL condition, the presence of 3MA in the medium significantly increased the 

mortality compared to its absence in the cerebral cortical slices. There were no 

significant differences between the OGD/RL conditions in the presence or the absence 

of 3-MA in the hippocampal slices (Figure 18 A, B). 

MTT assays showed that OGD decreases the viability in both cerebral cortex and 

hippocampus. The cell viability in the OGD condition in the presence of 3MA was 

significantly decreased in the cerebral cortex but not in the hippocampus (Figure 18 

C,D). 

 

Figure 18. Cell mortality and viability. Release of lactate dehydrogenase (LDH) 
measured as the absorbance of formazan at 492 nm from A) cerebral cortex and B) 
hippocampus. Mitochondrial activity measured as the optical density of the formazan 
extracted from C) cerebral cortex and D) hippocampus. * (p<0.05), ** (p<0.01) or *** 
(p<0.001) indicate statistical differences comparing OGD/RL and normoxic conditions 
and # (p<0.05) or ## (p<0.01) indicate significant differences comparing the presence 
and the absence of 3MA (two-way ANOVA followed by Bonferroni test, n=5). 
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Glutamate release 

The presence of 3MA in the medium induced the release of glutamate in the normoxic 

condition in both hippocampal and cerebral cortical slices. In the OGD/RL condition, the 

presence of 3MA in the medium resulted in a significant increase in the glutamate 

release when compared with the absence of 3MA. This increase was significantly higher 

in the cerebral cortex than in the hippocampus (Figure 19). 

 
Figure 19. Glutamate release. Columns show a significant increase of the glutamate release as a 
consequence of the 3-MA presence in the incubation medium compared to the 3MA absence (indicated 
by the dotted line, value 1; p<0.05, two-way ANOVA followed by Bonferroni test, n=5). The figure also 
shows that the glutamate release is significantly higher in the cerebral cortex compared with the 
hippocampus as a consequence of OGD/RL but not in normoxic conditions and is represented by a (p<0.05, 
one-way ANOVA followed by Student-Newman-Keuls test, n=5). 

Discussion 

Limitations and advantages of the brain slice model in quantifying autophagy 

Regarding the model of study, the OGD model has been widely used in cultured neurons 

and in organotypic hippocampal slice culture (Furuichi et al., 2005; Gerace et al., 2012; 

Huang et al., 2010). The model of brain slices studied herein is widely used for 

electrophysiology and recently has been used to characterize OGD biochemical 

responses in different brain structures (Dos-Anjos et al., 2009; Fernández-López et al., 

2005; Llorente et al., 2013b; Moro et al., 1998; Richard et al., 2010). This model allows 

us to compare the response of mature neurons of different structures – such as the 
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hippocampus or cerebral cortex – in the same experimental conditions. The reliability of 

this model for mRNA assays is limited to a working window of about 6 hours after 

obtaining sections (Dos-Anjos et al., 2008) but it represents an unexplored way for the 

study of the acute autophagy process under different conditions, such as OGD or 

excitotoxicity. 

It must be highlighted that the ex vivo model in normoxic conditions induces an intrinsic 

stress which elicits an autophagic response that in turn is modified by OGD/RL. In this 

regard, the use of slices in normoxic conditions in parallel with the OGD/RL condition 

can be considered equivalent to sham-operated animals. Thus, this study aims to 

compare how two different brain structures respond in similar conditions to the OGD 

condition and cannot be considered as representative of the autophagy baseline of 

these structures in vivo. The model provides an accurate measurement of mortality 

using either LDH release or propidium iodide (Fernández-López et al., 2005; Llorente et 

al., 2013b). One of the limitations of the model is the number of conditions to assay. 

Thus, the reduced number of slices that can be obtained (about eight sections from each 

hemisphere) and the time needed for obtaining them (about 20 minutes per rat) forced 

us to use a pool of sections from as many as two rats for each experiment. One of the 

main advantages of the model is that the concentration of oxygen, glucose and 

pharmacological agents can be controlled as accurately as in cultured cells or 

hippocampal organotypic cultures. This contrasts with in vivo assays where the blood 

brain barrier and intrinsic properties of each structure (vascularization, diffusion 

coefficient) modifies the concentration reached by the pharmacological agents (Cavaglia 

et al., 2001). In addition, unlike the cultured models, the brain slice model retains the 

structure of the neurons of the different brain regions allowing us to compare them in 

the same controlled conditions. 

Autophagy and OGD/RL 

Based on the data of BECLIN1, we found that in normoxic conditions, cerebral cortical 

and hippocampal slices present different levels of phagophore formation since this 

marker can be used as a measure of the steady levels of autophagy (Miracco et al., 2007; 

Sheng Zhang et al., 2013). Therefore it could be stated that hippocampal slices present 
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higher steady levels than cerebral cortex slices. The rest of the autophagic markers 

measured in this study also presented higher mRNA expression in the hippocampus than 

in the cerebral cortex. This supports not only a differential phagophore formation but 

also the existence of different autophagy levels between slices from these structures, 

although the autophagy flux cannot be measured without its arrest (Klionsky et al., 

2016). 

Increases in Beclin1 and the LC3BII/LC3BI ratio in OGD/RL assays in the cerebral cortex 

add further evidence to the differential autophagy between this structure and the 

hippocampus found in normoxic conditions. Increases of autophagy dependent on OGD 

and ischemia have been reported in different models (Carloni et al., 2008; Cui et al., 

2013; Qin et al., 2010; Rami et al., 2008; Shi et al., 2012) as well as autophagy differences 

dependent on the structures. In this regard, different autophagy-induced apoptosis 

levels in the cerebral cortex and hippocampus have been detected in in vivo assays 

(Ginet et al., 2009). 

Considering the time-course of the autophagy, our data allow us to state that in the 

cerebral cortex the whole autophagic process can be observed 3 hours after OGD. 

Support for this statement comes from the decrease in the P62/SQSTM1 protein, which 

would be a consequence of the increase of the autophagy flux that would lead to the 

P62/SQSTM1 protein being degraded by lysosomes (Mizushima and Yoshimori, n.d.). 

Additional support for this hypothesis comes from our data of OGD-dependent 

decreases in the ubiquitination, since P62/SQSTM 1 has been reported to play a link 

between autophagy and ubiquitinated proteins (Bjørkøy et al., 2005). Variability in the 

results of hippocampal slices could mask the onset time of the autophagy in this 

structure and make it difficult to assure its time-course. The autophagy induction in the 

hippocampus may be undetectable for more than 3 hours. In this regard, some in vivo 

studies detect hippocampal autophagy induction at 12 h (Cui et al., 2013) or 24 h (Ruan 

et al., 2012) but as far as we know it has not been detected in brain in the first 3 hours. 

Autophagy and survival 

To what extent does the OGD/RL-dependent autophagy response observed in this 

model drive survival or programmed cell death? The cerebral cortex has been reported 
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to present less vulnerability to ischaemia (Jiang et al., 2004; Kirino, 1982; Petito et al., 

1987), which could correspond with a protective effect of autophagy following OGD/RL. 

This would be mirrored by an increase in the phagophore formation in the cerebral 

cortex. The lesser autophagic hippocampal response could represent a higher sensitivity 

to OGD or a delayed ability to counteract the OGD-induced stress. In an attempt to prove 

the hypothesis of differential neuroprotection of autophagy, we used an autophagy 

inhibitor to check its effect on the cell mortality. 

As a first step, we had to choose an inhibitor. Since the assays using this model are 

limited to a few hours of reperfusion, it is necessary to use autophagy inhibitors able to 

modulate the response in this period. The inhibitor 3MA has been described to 

modulate the autophagy response at early timepoints (Wu et al., 2010). In addition, this 

inhibitor acts on the PI3K class I and class III kinases and therefore modulates both 

autophagy induction and autophagosome maturation (Shanware et al., 2013; Wu et al., 

2010). The presence of 3MA in the medium modified the LC3BII/LC3BI ratio and blocked 

the decreases in both the P62/SQSTM1 protein and polyubiquitination levels during 

OGD/RL thus appears to be a reliable inhibitor able to modify the autophagy flux at this 

early timepoint. These data show that it is possible to analyse both autophagy induction 

and autophagy flux in the model used herein.  

The next step is to answer the question: what are the physiological effects when 

autophagy is blocked? OGD has been reported to increase mortality in the brain sections 

as measured by LDH release (Dos-Anjos et al., 2009; Llorente et al., 2013b). In normoxic 

conditions, the neuroprotective role of the autophagy is evidenced by the mortality 

elicited by its blocking in both the cerebral cortex and hippocampus. In turn, the OGD/RL 

assays in which the autophagy was blocked reveals that this neuroprotection is higher 

in the cerebral cortex than in the hippocampus as revealed both by LDH and MTT assays. 

In addition, 3MA increases the glutamate release, which results in delayed neuronal 

death (Arundine and Tymianski, 2004; Caudle and Zhang, 2009). Results of 

polyubiquitination suggest that, in the cerebral cortex, the increase in the autophagic 

flux plays a neuroprotective role eliminating the misfolded proteins and this response is 

lower in the hippocampus. All these data suggest that autophagy is playing a stronger 
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protective role in the cerebral cortex than in the hippocampus supporting our 

hypothesis. 

In summary, this study shows that, in the cerebral cortex, OGD-induced autophagy flux 

can be observed at only 3 hours after anoxia and reveals differences between the 

cerebral cortex and the hippocampus in normoxic conditions. In addition, in the cerebral 

cortex, autophagy seems to play a neuroprotective role against OGD insult acting on 

mechanisms such as glutamate release and clearance of misfolded proteins. 
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Region-specific autophagy response to global cerebral 

ischemia. The effect of post-ischemic UPR-PERK modulation 

by salubrinal 

Background 

Cell insults, such as stroke, result in the excessive accumulation of unfolded proteins, a 

critical cellular situation called ER stress. To overcome this state, cells ignite a protective 

response called UPR. This response attenuates general protein translation, activates 

molecular mechanisms to enhance proper protein folding and increases the activities of 

two cellular degradation systems, the ER-associated degradation pathway (ERAD) and 

macroautophagy (B’Chir et al., 2013). This latter process (hereafter referred to as 

autophagy) is characterized by the presence of membrane vesicles, called 

autophagosomes, which engulf long-lived or damaged proteins and organelles and 

deliver them to the lysosomes for degradation (He and Klionsky, 2009,Burman and 

Ktistakis, 2010). Autophagy is a highly selective, tightly regulated process controlled by 

more than 30 autophagy-related genes (atg) that uses specific receptors and adaptors 

to recognize and eliminate tagged organelles and proteins (Reggiori et al., 2012,He and 

Klionsky, 2009). 

Different UPR pathways have been reported to regulate autophagy (Deegan et al., 2015) 

but, in particular, PERK pathway seems to play a neuroprotective role in ischemia (Nakka 

et al., 2010). In this regard, salubrinal, an enhancer of the UPR-PERK pathway that 

prevents eIF2α dephosphorylation (Boyce et al., 2005), has been proven to decrease 

ischemic-induced damage but only when administered before focal cerebral ischemia 

(MCAO) (Nakka et al., 2010). Recently, we have shown in a previous work that salubrinal 

also plays a neuroprotective role when administered after global ischemia (Anuncibay-

Soto et al., 2016). 

Ischemic insult elicits an early and strong autophagy activity, reported to appear from 

the first hours to several days of reperfusion, peaking between 12-48 h(Luo et al., 
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2014,Yin et al., 2013,Cui et al., 2013,Wiebking et al., 2013,Ruan et al., 2012,Wang et al., 

2011). Pharmacological interventions at different times addressed to modulate 

autophagy result either in exacerbated cell death or neuroprotection (Wang et al., 2011, 

Cui et al., 2013, Papadakis et al., 2013). This makes it difficult to establish the limits 

between the neuroprotective and detrimental roles of autophagy. It must be noted that, 

despite autophagy being one of the main mechanisms involved in cell homeostasis, its 

role in differential vulnerability to ischemia has scarcely been analysed (Ginet et al., 

2009,Perez-Rodriguez et al., 2015). 

We wondered if the modulation of the autophagy response to ischemia could also be 

involved in the previously reported neuroprotective effect of salubrinal. In this study we 

show the presence of cells with different autophagy response to global ischemia in CA1, 

CA3 and cerebral cortex and prove, for the first time, that salubrinal modulates this 

response within the time limits useful in human clinic treatment. 

Methods 

Animals 

Three-month old male Sprague-Dawley rats (350-450 g) were housed at standard 

temperature (22 ± 1 °C), 12 h light/dark with free access to food and water. A total of 55 

rats were randomly divided in the following experimental groups: ischemic animals 

followed by 24 hours of reperfusion, 5 treated with salubrinal (24I/R-Sal) and 5 only 

treated with vehicle (24I/R-V); sham-operated animals sacrificed 24 hours after surgery 

(24S-Sal, n=5 and 24S-V, n=5); ischemic animals followed by 48 hours of reperfusion, 

(48I/R-Sal, n=10 and 48I/R-V, n=10); sham-operated animals sacrificed 48 hours after 

surgery (48S-Sal, n=5 and 48S-V, n=10). Groups of n=5 animals were used only for mRNA 

and protein sampling, while in groups of n=10, 5 rats were used for microscopy assays 

and 5 rats for protein and RNA sampling. All experimental procedures were carried out 

in accordance with the ARRIVE guidelines following the Guidelines of the European 

Union Council (63/2010/EU) and Spanish regulation (RD 53/2013, BOE 8/2/2013) for the 

use of laboratory animals and were approved by the Scientific Committee of the 
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University of Leon. All efforts were made to reduce the number of animals and their 

suffering. 

Transient global cerebral ischemia 

Transient global cerebral ischemia was performed using a 2-VO model as previously 

described (Vieira et al., 2014). In brief, animals were anesthetized in an induction box 

supplied with 4% isoflurane (Abbot Laboratories Ltd, Cat. No. B-PF-013-01) at 3 l/min in 

100% oxygen. During surgery, the anesthetized animals received a flux of 1.5-2.5% 

isoflurane at 800 ml/min in 100% oxygen through a face mask. Body temperature was 

maintained at 36 ± 1°C using a rectal probe coupled to a feedback regulated heating pad. 

Both common carotid arteries were exposed and transient global ischemia was induced 

by clamping them for 15 min with atraumatic aneurysm clips under moderate 

hypotension conditions (40-50 mmHg) achieved by partial exsanguination. The femoral 

artery was previously catheterized for permanent monitoring of arterial blood pressure 

as well as for the extraction and return of blood to the vascular system. About 8 ml of 

blood were slowly extracted (1 ml/min) through the catheter until the desired 

hypotension was achieved, which was then maintained by extracting or returning blood 

through the artery. After ischemia, blood was returned to the animal at 1 ml/min until 

normal blood pressure was recovered. Then, the catheter was removed and the 

incisions sutured. Blood clots were prevented by collecting blood in a syringe containing 

50 IU heparin (ROVI, Cat. No. 23942-A) in 3 ml of saline solution; moreover, 50 IU 

heparin/kg were supplied to the animal through the femoral artery. After recovering 

consciousness the animals were maintained under standard conditions, allowing the 

reperfusion times desired for each experimental group. Procedures in sham-operated 

rats were identical to those performed in ischemic animals except for the clamping of 

the carotid arteries. 

Salubrinal treatment 

One hour and 24 h after global ischemia, animals received an intraperitoneal dose of 1 

mg/kg of salubrinal (TOCRIS, Cat. No. 2347) in a vehicle made of 1 ml of 1.5% DMSO in 

saline solution, or just the vehicle in the case of untreated animals.  
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Tissue dissection and total RNA and protein extraction 

After decapitation, the brain was quickly removed and placed on a rodent brain matrix 

(ASI Instruments, Warren, MI, US) at 4°C to obtain 2 mm thick sagittal slices, 1 mm 

distant from the medial line. In these slices, hippocampal CA1 and CA3 regions, as well 

as the cerebral cortex (Cx) above the hippocampus were dissected under a light 

microscope, frozen in dry ice and stored at -80°C. Total RNA and protein from each 

dissected brain region were extracted using the Tripure® Isolation Reagent (Roche, Cat. 

No. 11667157001) following the manufacturer’s instructions and then stored at -80°C. 

Reverse transcriptase reaction and qPCR 

All qPCR assays in this study were performed following the MIQE Guidelines (Taylor et 

al., 2010). 

RNA sample integrity was confirmed by electrophoresis in 1% agarose gels. Samples 

whose gels did not show two clear bands, corresponding to 28S and 18S ribosomal RNA 

(rRNA), were discarded. Possible contamination with genomic DNA was prevented by 

adding DNase (Thermo, AM2238) to RNA samples. The 260/280 nm absorbance ratio 

was used to quantify RNA concentrations with a NanoDropND-3300 spectrophotometer 

(NanoDrop Technologies, Wilmington, DE, US). Six hundred nanograms of total RNA 

from each sample were reverse transcribed with the High Capacity complementary DNA 

(cDNA) Reverse Transcription Kit (Applied Biosystems, Cat. No. 4368813) following the 

manufacturer’s protocol. Reverse transcription was performed for 10 min at 25°C, 2 h 

at 37°C and 5 min at 85°C in a T-Gradient Thermal Cycler (Biometra, Gottingen, 

Germany) and the cDNA samples were stored at -80°C until use. 

Quantitative PCR (qPCR) was carried out in a Step One Plus thermocycler (Applied 

Biosystems, Foster City, CA, US) using specific primers designed with Primer Express 2.0 

software (Applied Biosystems, Foster City, CA, US): gapdh (f5’gggcagcccagaacatca, 

r5’tgaccttgcccacagcct, NM_017008); beclin1 (f5’ctgatggtggcaccatgga, 

r5’gccagacatgatgtcaaaaag, NM_053739.2); p62/sqstm1 (f5’ccatgggtttctcggatgaa, 

r5’ggagggtgctttgaatactgg, NM_175843.3) and lc3b (f5’gcgccggagcttcga, 

r5’gtgctgctcccggatgag, AY_206669.1). cDNA (100 ng) from each sample was amplified 
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in triplicate using SYBR Green Master Mix (Applied Biosystems Cat. No 4309155) and 

300 nM of each primer, with the following steps: 10 min at 90°C and 40 cycles of 15 s at 

95°C and 1 min at 60°C. The gapdh housekeeping gene was used as a reference to 

normalize the Ct values for each gene (ΔCt= Ctgen - Ctgapdh). Fold changes were analysed 

following the 2-ΔΔCt method (Livak and Schmittgen, 2001) where ΔΔCt represents the 

transcript variation between ischemic and sham animals (ΔCtischemic - ΔCtsham) or between 

salubrinal-treated and their respective vehicle-treated animals (ΔCtsalubrinal - ΔCtvehicle). 

Western blot analysis 

Total protein samples were dissolved in 8 M urea in 4% SDS and quantified by a modified 

Lowry’s method using a DC Protein Assay Kit (Bio-Rad, Cat. No. 500-0111). 

Electrophoresis were performed in SDS-PAGE running 30 µg of protein from each sample 

in a Mini-Protean II system (Bio-Rad, Hercules, CA, US). The proteins in the gels were 

transferred to a nitrocellulose membrane (Life Technologies, Cat. No. IB301001) by dry 

transfer using an iBlot Gel Transfer System (Invitrogen, Cat. No. IB1001EU). Membranes 

were blocked with 5 % BSA in 0.2 % TBS-T for 1 hour at room temperature. Membranes 

were incubated overnight at 4°C using one of the following primary antibodies: 1 µg/ml 

anti-BECLIN1 polyclonal antibody (MBL, Cat. No PD017), 1 µg/ml anti-P62/SQSTM1 

monoclonal antibody (AbNova, Cat. No H00008878-M01), or 0.2 µg/ml anti-β ACTIN 

monoclonal antibody (Sigma, Cat. No A5316). HRP-conjugated anti-mouse or anti-rabbit 

secondary antibodies (Dako, Cat. Nos. P0448 and P0447) were used. Chemiluminescent 

visualisation was carried out with Pierce ECL Western Blotting Substrate (Thermo, Cat. 

No. 32106) and detected on Hyperfilm ECL (Ge-Healthcare, Cat.No. 28906837). The 

resulting bands were digitalized in a GS-800 Calibrated Densitometer (Bio-Rad, Hercules, 

CA, US) and band optical densities quantified with ImageJ Software (NIH, Washington, 

MD, US). The results were expressed as normalized optical density (ratio between the 

optical density of the target protein band and the optical density of the β-ACTIN loading 

control band). 

Immunofluorescence assays 

Rats were euthanized with an intraperitoneal dose of 200 mg/kg sodium pentobarbital 

and immediately perfused via intra-aortic delivery of RT saline solution, followed by 4% 
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paraformaldehyde (Fisher, Cat. No. P/0840/53) in 50 mM phosphate-buffered saline pH 

7.4 (PBS) at 4°C. Brains were removed, incubated in the same fixing solution during 24 

hours at 4°C, cryopreserved in 30% sucrose in PBS and then frozen in dry ice. Forty 

micron thick coronal sections were obtained with a freezing microtome and stored in 

0.025% sodium azide in PBS at 4°C. 

An initial epitope-retrieval step was conducted on the sections by incubating them in 

0.05% Tween-20 in 10 mM sodium citrate buffer pH 6.0 at 80 °C for 30 minutes. Then 

sections were blocked in 20% goat serum and 0.2% Triton X-100 in PBS for 1 hour at RT 

and incubated overnight at 4 °C with the primary antibodies (diluted in 2% goat serum 

and 0.2% Triton X-100 in PBS). The following primary antibodies were used: 2 µg/ml anti-

P62/SQSTM1 (Abnova, Cat. No. H00008878-M01), 2 µg/ml anti-LC3B I/II (Abcam, Cat. 

No. Ab48394), 1 µg/ml anti-LAMP2A (lysosomal-associated membrane protein 2A) 

(Abcam, Cat.No. 125068), 1 µg/ml anti-polyubiquitin (Dako, Cat. No. Z0458) and 4 µg/ml 

anti-NeuN (Millipore, Cat. No. MAB377). Secondary anti-rabbit or anti-mouse IgG 

antibodies conjugated with Alexa-488 or Alexa-568 (Life Technologies, Cat. Nos. A11008 

and A11004, respectively) were used. Nuclei were counterstained with 4’, 6-diamino-2-

fenilindol (DAPI, Sigma, Cat. No. D9564) and then sections were mounted on 3-

aminopropyl trithoxysilane (ATE)-treated glass slides with Fluoromount G Mounting 

Media (Life Technologies, Cat. No. P36934). Six equidistant non-overlapping sections 

from rostral to caudal hippocampus were analysed per animal. Image acquisition was 

carried out in a Nikon Eclipse TE-2000 Confocal Microscope (Nikon Instruments, 

Amsterdam, Netherlands). Image processing and analysis were performed using ImageJ 

Software (NIH, Washington, MD, US). 

For LC3B quantification, inverted gray scale images were used to count the LC3B puncta 

in neurons outlined with NeuN labelling (Figure 20). These neurons were scored as 0 (no 

puncta), 1 (very small number of punta), 2 (small number of puncta without aggregates) 

or 3 (many puncta forming aggregates). 

Figures for presentation were filtered with a mean filter and the Sternberg algorithm 

was used to remove non-specific background (Sternberg, 1983). 
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Figure 20. Quantification of LC3B inmunolabelling. Image show pyramidal neurons (stained with anti-
NeuN in red) with different amount of autophagosomes (labelled with anti-LC3B in green). Inverted gray 
images helped to score the neurons as 0 (no puncta), 1 (very small number of punta), 2 (small number of 
puncta without aggregates) or 3 (many puncta forming aggregates). Bar = 8 µm. 

Fluorojade-B staining 

Damaged neurons in CA1 pyramidal layer 48 hours after the ischemic insult were stained 

using Fluorojade-B (FJ-B, Millipore, Cat. No.AG310) which has been reported to 

specifically stain degenerating neurons (Schmued and Hopkins, 2000).Three equidistant 

non-overlapping coronal sections of each hemisphere per animal, obtained as above 

mentioned, were mounted on ATE-treated glass slides and dried at 50 ºC during 1 hour. 

FJ-B staining was carried out following manufacturer’s instructions. In brief, glass slides 

were immersed 5 min in 5% NaOH in 80% ethanol followed by 2 min in 70% ethanol and 

2 min in PBS. Non-specific background was reduced by incubating the slides with 0.06% 

KMnO4 for 10 minutes. After washing with PBS, slides were incubated in 0.0025% FJ-B 

in 0.1% acetic acid solution for 20 minutes. Neuronal nuclei were counterstained with 1 

µg/ml DAPI in PBS for 20 minutes followed by three washes with PBS. Stained slides 
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were cleared by immersion in xylene for 2 minutes and mounted with DPX mounting 

media (Sigma-Aldrich, Cat. No. 44581).Three optical dissectors (255 µm x 255 µm) in CA1 

of each section were obtained with a Nikon Eclipse TE-2000 Confocal Microscope (Nikon 

Instruments, Amsterdam, Netherlands). For quantification, fluorescence average level 

of each dissector was used as a measure of the Fluorojade B staining.  

Double labelling of P62/SQSTM1 and Fluorojade-B 

CA1 pyramidal neurons were stained with both P62/SQSTM1 antibody and FJ-B, 

modifying a previously published protocol (Ehara and Ueda, 2009).After labelling 

P62/SQSTM1 as explained above, sections were mounted on ATE-treated glass slides, 

air-dried for 1 hour, immersed for 5 min in PBS, incubated with 0.06% KMnO4 during 5 

min and stained for 20 min with 0.0025% FJ-B in 0.1% acetic acid solution. Slides were 

rinsed three times with PBS and mounted in acidic mounting media (0.1% acetic acid 

and 80% glycerol). Image acquisition was carried out in a Nikon Eclipse TE-2000 Confocal 

Microscope (Nikon Instruments, Amsterdam, Netherlands). 

 

Statistical analysis  

Statistical analyses were performed with Graph Pad Prism 6.0 Software (Graph Pad 

Software Inc, La Jolla, CA, US). Parametric variables were analysed with two-way ANOVA 

followed by Bonferroni post-hoc test. Non parametric variables were analysed with 

Kruskal-Wallis test followed by the post-hoc Dunn test. A 95% confidence level was 

stablished to consider significant differences. 

Results 

mRNA levels of autophagy related genes 

A significant increase in transcripts for beclin1, p62/sqstm1 and lc3b, representative 

genes of different steps in autophagy, was observed in cerebral cortex at 24 h and 48 h 

after ischemic insult. In contrast, no changes were observed in hippocampal structures 

(Figure 21 A, C, E).  
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Treatment with salubrinal resulted in striking differences in the transcripts of the 

different genes analysed. Thus, beclin1 and lc3b transcripts were not modulated by 

salubrinal, except for an increase at 48 h after treatment in Cx of sham animals. (Figure 

21 B, F). In contrast, salubrinal induced significant increases in p62/sqstm1 transcripts 

of sham treated animals in most structures studied at both 24 h and 48 h, except CA3 at 

24 h. In injured animals, increases in p62/sqstm1 transcripts were only observed at 24 h 

in the CA1 and at 48 h in the Cx after salubrinal treatment. Interestingly, CA3 at 24 h 

showed decreases in these transcripts as a consequence of salubrinal (Figure 21 D). 

 

Figure 21. .Modifications of transcript levels of several autophagy-related genes. Fold changes in 
transcript levels of beclin1 (A), p62/qstm1 (C) and lc3b(E) in animals not treated with salubrinal. White 
columns represent the values of injured animals (I/R-V) at 24 h and 48 h compared with those of sham 
animals (S-V) (value 1, dotted line). Salubrinal-induced fold changes in transcript levels for beclin1(B), 
p62/sqstm1 (D) and lc3b(F). Grey columns represent the values of treated sham (S-Sal) and striped 
columns those of treated injured animals (I/R-Sal) compared with their respective untreated sham (S-V) 
and untreated injured animals (I/R-V) indicated by a value of 1, dotted line. * represents significant 
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differences between sham and ischemia, # significant differences elicited by salubrinal treatment and ¥ 
significant interaction between the factors ischemia and salubrinal treatment. Two way ANOVA followed 
by Bonferroni test (n=5, p<0.05). 

BECLIN1 protein levels 

BECLIN1 levels appeared increased in Cx and CA1 24 h after the ischemic insult (Figure 

22 A, B, C). The treatment with salubrinal increased BECLIN1 protein levels at 24 hours 

in the injured animals, these increases being significant in all the structures compared 

with treated sham animals but only significant in Cx when compared with untreated 

injured animals. After 48 h of reperfusion, no significant changes were observed due to 

either ischemia or salubrinal (Figure 22 D, E, F)  

 

Figure 22. .Beclin1 protein levels. Plot shows mean ± SEM of optical density values obtained from Western 
blot bands normalized with respect to their corresponding β-actin control. Data obtained 24 h after 
ischemia in Cx(A), CA1 (B), CA3 (C) and 48 after ischemia in Cx (D), CA1 (E) and CA3 (F) under the different 
conditions analysed: sham animals treated and untreated with salubrinal (S-Sal and S-V, grey columns and 
black columns, respectively) and injured animals treated and untreated with salubrinal (I/R-Sal and I/R-V, 
striped and white columns, respectively). Representative bands of both beclin-1 and its reference β-actin 
are shown at the bottom of each column. * represents significant differences between sham and ischemia, 
# significant differences elicited by salubrinal treatment and ¥ significant interaction between the factors 
ischemia and salubrinal treatment. Two way ANOVA followed by Bonferroni test (n=5, p<0.05).  
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LC3B immunofluorescence assays 

The presence of LC3B puncta is a typical marker of the association of this protein with 

the phagophore, which indicates autophagy activity in the cells. The co-localization of 

LC3B with the neuronal marker NeuN allows this process to be studied selectively in 

neurons. After 48 h of reperfusion, the ischemic insult resulted in an increased number 

of LC3B puncta in Cx and CA1 neurons but no changes were observed in those of CA3. 

At this time, the treatment with salubrinal also significantly increased the number of 

LC3B puncta in the neurons of injured animals in all the structures studied (Figure 23). 

 

Figure 23. LC3B staining 48 hours after ischemia. Pyramidal neurons showing LC3B puncta (stained in 
green) 48 hours after the ischemic insult in Cx (A), CA1 (B) and CA3 (C). The co-localization with the 
neuronal marker NeuN (stained in red) allows discrimination of autophagy in neurons (merged images) 
Bar = 20 µm. Plots (D) show the score of puncta (mean ± SEM) in sham animals (48S, black columns), 



Chapter 2 

85 

injured untreated (48I/R-V, white columns) and salubrinal treated injured animals (48I/R-Sal, striped 
columns) in Cx, CA1 and CA3. * represents significant differences between sham and ischemic animals 
and # significant differences between salubrinal-treated and untreated ischemic animals. Kruskal-Wallis 
test followed by the post-hoc Dunn test (p<0.05, n=4). 

P62/SQSTM1 protein levels 

The ischemic insult elicited significant decreases in P62/SQSTM1 levels at 24 h only in 

CA1. At 48 h, however, these levels appeared significantly increased compared with 

those observed in sham animals. The treatment with salubrinal did not trigger a 

significant effect 24 hours after ischemia but elicited a striking decrease in P62/SQSTM1 

levels in CA1 48 h after the insult (Figure 24, A-F) 

 

Figure 24. P62/SQSTM1 protein levels. Plot shows optical density values (mean ± SEM) obtained from 
Western blot bands normalized with respect to their corresponding β-actin. Data obtained 24 h after 
ischemia in Cx (A), CA1 (B), CA3 (C) and 48 h after ischemia in Cx (D), CA1 (E) and CA3 (F) under the 
different conditions analysed: sham animals treated and untreated with salubrinal (S-Sal and S-V, grey 
columns and black columns, respectively) and injured animals treated and untreated with salubrinal (I/R-
Sal and I/R-V, striped and white columns, respectively). Representative bands of both P62/SQSTM1 and 
its reference β-actin are shown at the bottom of each column. * represents significant differences 
between sham and ischemia, # significant differences elicited by salubrinal treatment and ¥ significant 
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interaction between the factors ischemia and salubrinal treatment. Two way ANOVA followed by 
Bonferroni test (n=5, p<0.05).  

P62/SQSTM1 immunofluorescence assays 

P62/SQSTM1 immunohistochemistry confirmed the ischemic-dependent increases 

observed in CA1 at 48 h and how the salubrinal treatment abolished this effect (Figure 

25 A).The labelling with P62/SQSTM1 in 48I/R-V animals ranged from cells with a poor 

staining of scattered puncta located mainly in the somata (Figure 25, A-D, arrows) to 

cells with a strong labelling with puncta in large aggregates (Figure 25, A-D, arrow 

heads) located in the somata and the proximal apical prolongation. The strongest 

P62/SQSTM1 immunofluorescent labelling was observed in the neurons of the CA1 

pyramidal layer of 48I/R-V, in a less degree in the Cx and non-detected in CA3 (Figure 

25). Distribution of cells with strong labelling in the hippocampus ranged from small cell 

groups to a homogenous band along the whole CA1 pyramidal layer (Figure 25 E). We 

did not observe local differences in the distribution of this cell type along the different 

layers of Cx. 

CA1 neurons presented a strong labelling in LC3B, which co-localized with neurons with 

low P62/SQSTM1/ labelling (Figure 25 B, arrows); however cells with a strong 

P62/SQSTM1 labelling did not present a corresponding increase in LC3B (Figure 25 B, 

arrow heads). LAMP2A labelling did not fit with P62/SQSTM1 labelling (Figure 25 C). 

However, a good co-localization as well as a positive correlation in the levels of 

polyubiquitin and P62/SQSTM1 labelling were observed (Figure 25 D, arrow heads). 

The treatment with salubrinal decreased the labelling of P62/SQSTM1 in all the neurons 

and it was particularly relevant in the neurons with stronger labelling (Figure 25 A). 
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Figure 25. P62/SQSTM1 immunofluorescence. P62/SQSTM1 labelling (in red) after 48 hours of 
reperfusion (A) is shown in Cx, CA1 and CA3 pyramidal layers of sham animals (48S), untreated injured 
animals (48I/R-V) and salubrinal-treated injured animals (48I/R-Sal). Bar = 50 µm. Double labelling of 
P62/SQSTM1 and LC3B (B), P62/SQSTM1 and LAMP2A (C) and P62/SQSTM1 and ubiquitin (D) in CA1 
neurons of untreated injured animals. Arrows indicate type I neurons and arrowheads type II neurons. 
Type II neurons show ubiquitin and SQSTM1/p62 positive aggregates not included in autophagosomes 
(LC3B) or autolysosomes (LAMP2A). See text for additional explanation. Bar = 10 µm. Different patterns 
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of P62/SQSTM1 accumulation (E) in CA1 from untreated injured animals, ranging from the whole 
pyramidal layer (upper image) to groups of a few cells (lower image). Bar = 500 µm. 

Degeneration of CA1 pyramidal layer 48 hours after ischemic insult 

Untreated injured animals showed a significant increase in the staining of pyramidal 

neurons labelled with FJ-B in CA1 pyramidal layer after 48 hours of reperfusion which 

was significantly decreased by the treatment with salubrinal (Figure 26 , A-B). A double 

labelling of P62/SQSTM1 and FJ-B was performed in CA1 pyramidal layer of 48I/R-V 

animals to detect whether pyramidal neurons that accumulates P62/SQSTM1 were 

healthy or damaged (Figure 26 C). Most of these cells were FJ-B positive (Fig. 26 C, arrow 

heads) but some of them were FJ-B negative (Figure 26 C, arrows). 

 

Figure 26.Neuronal damage in CA1 hippocampal region. Ischemia and salubrinal effects on neuronal 
damage 48 hours after ischemic insult. A shows representative Fluorojade-B (green) and DAPI (blue) 
staining from sections of CA1 pyramidal layer in sham (48S), untreated insulted (48I/R-V) and salubrinal 
treated injured animals (48I/R-Sal). Bar = 50 µm. Plots in B shows Fluorojade-B staining intensity (mean ± 
SEM) in the different experimental conditions. * represents significant differences between sham and 
ischemia and # significant differences elicited by salubrinal treatment. One-way ANOVA followed by 
Bonferroni test (n=5, p<0.05).Images in C correspond to the double labelling of Fluorojade-B (green) and 



Chapter 2 

89 

P62/SQSTM1 (red) of CA1 pyramidal neurons. Although most of cells with large SQSTM/p62 aggregates 
are FJ-B positives (arrow heads), some of them appear as FJB-B negative (arrows). Bar = 20 µm. 

 

Discussion 

Differential autophagy response between different brain structures 

Differential vulnerability to ischemia has been described in different brain regions, 

particularly the higher vulnerability of CA1 pyramidal neurons compared with those 

from CA3 and Cx (Sarnowska, 2002; Kirino, 1982; Zhu et al., 2012). These differences in 

vulnerability observed 7 days after injury (Larsson et al., 2001; Anuncibay-Soto et al., 

2016), can be detected in the first 48 hours as showed in this study. Many different cell 

processes follow ischemic damage, including oedema, necrosis and delayed cell death 

(Mehta et al., 2007), but the ultimate mechanisms responsible for the differential 

vulnerability remain unclear. Different molecules and mechanisms have been 

hypothesized to be responsible for this differential vulnerability, including differential 

kinase or phosphorylase activities (Pieper et al., 2001), differential susceptibility to 

calpain-caspase activation (Ayuso et al., 2010), variations in expression of hammartin 

(Papadakis et al., 2013), differential expression of glutamatergic (Stanika et al., 2010) 

and gabergic (Montori et al., 2012) receptors, excitoxicity (Fan et al., 2008,Ye et al., 

2010) or even different properties in the neurovascular unit (Anuncibay-Soto et al., 

2014). Interestingly, autophagy, in spite of being a well-known mechanism for 

controlling cell homeostasis (Thapalia et al., 2014), has scarcely been analysed as a 

factor responsible for this differential vulnerability (Ginet et al., 2009,Perez-Rodriguez 

et al., 2015). 

Autophagy in cerebral cortex as a homeostatic mechanism 

Our data revealed differences in the autophagy response in brain structures with 

differential vulnerability to ischemia, supporting the idea that autophagy could play a 

crucial role in the onset or the type of delayed cell death for these structures. In this 

study, we analysed both induction and autophagy flux markers in an attempt to 

discriminate whether the autophagy induced by ischemia in these areas is beneficial or 

detrimental. Thus, beneficial autophagy depends on balanced autophagosome 
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formation (autophagy induction) and substrate degradation (autophagy flux) that 

contributes to normal cell homeostasis (Viscomi and D'Amelio, 2012). In contrast, 

detrimental autophagy is mirrored by an imbalance between autophagy induction and 

autophagy flux, leading to an accumulation of autophagosomes in the cell that could 

drive a delayed cell death program (Sarkar et al., 2014). 

Transcript and protein expression of BECLIN1 and LC3B, considered representative 

markers of autophagy induction (Yang and Klionsky, 2010) indicated ischemic-

dependent autophagy induction in Cx. Further support for the effect of ischemia on 

autophagy induction was provided by the consistently enhanced expression of the rest 

of the autophagy-related genes analysed in this structure. Autophagy flux was measured 

by quantifying P62/SQSTM1 protein clearance, the most accepted parameter since it 

mirrors the cargo degradation of autophagosomes by lysosomes (Mizushima and 

Yoshimori, 2007). We should notice that a specifically blocking of autophagy flux in vivo, 

which would confirm our data, require very complex assays. Situations where 

P62/SQSTM1 transcripts increase without changes in protein levels, as observed herein, 

have also been considered to reflect an increase in autophagy flux (Jain et al., 2010). 

Moreover, the increased number of LC3B puncta observed in the immunofluorescence 

analysis supports this increased autophagy flux. Therefore, our data show that ischemia 

results in increased autophagy induction accompanied by increased autophagy flux, i.e, 

a beneficial autophagy, which provides strong support for the hypothesis that increased 

autophagy after ischemic insult plays a neuroprotective role in the cerebral cortex 

(Perez-Rodriguez et al., 2015,Ginet et al., 2009). These data are consistent with previous 

work in ex vivo assays demonstrating that blocking autophagy with 3MA after OGD 

increases the mortality in Cx (Perez-Rodriguez et al., 2015). 

Differential autophagy response in CA1 and CA3 hippocampal subfields 

While CA1 presented ischemic-induced modifications in autophagy, CA3 did not, which 

could support a role for autophagy in the differential vulnerability considering only these 

structures. However, the different autophagic response in Cx (that increases 

autophagy), CA3 (which has no autophagic changes) and CA1 (that also increases 

autophagy but still presents high mortality) discards the hypothesis of autophagy as the 
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main responsible for the differential vulnerability. Thus, although autophagy response 

to global ischemia is structure-dependent, other mechanisms seem to be required to 

explain the differential vulnerability.  

Surprisingly, the differences between CA1 and CA3 in the autophagic response here 

observed are opposite to those previously published using a model of neonatal ischemia, 

where autophagy was not modified in CA1 and increased in CA3 and Cx, although 

detrimental autophagy for CA3 and beneficial autophagy for Cx were described (Ginet 

et al., 2009). In light of these data, we think that, in the first 48 hours after global 

ischemia, autophagy activity could be age-dependent in the hippocampus but not in the 

cerebral cortex. 

Autophagy data from CA1 are more consistent than those from cerebral cortex. Thus, 

increases in both induction and autophagy flux appear 24 h after ischemia on the basis 

of increased BECLIN1 protein levels, in agreement with decreased P62/SQSTM1 protein 

levels. This suggests a beneficial autophagy at this time. In contrast, this response was 

thoroughly modified 48 h after ischemia, when P62/SQSTM1 increases were observed. 

We wondered if P62/SQSTM1 accumulates as a consequence of decreased 

autophagosome clearance and this would be due to impaired autophagy flux leading to 

neural death, in a similar way to that reported in a model of traumatic brain injury 

(Sarkar et al., 2014). To prove this idea, we carried out double-labelling analyses of 

P62/SQSTM1 with markers of autophagosomes (LC3B) and lysosomes (LAMP2A). 

Accumulation of P62/SQSTM1 did not correlate with an accumulation of LC3B and 

therefore we discard accumulation of autophagosomes as a consequence of the 

ischemia at this time of analyisis. In the same way, LAMP2A levels did not correlate with 

P62/SQSTM1 levels and, together with the lack of co-localization, allows to state that 

P62/SQSTM1 accumulation is not related with autolysosomes. Therefore, we discarded 

the idea of autophagy flux impairment and we hypothesized that P62/SQSTM1 

aggregates here observed are unable to be included in the autophagosome-lysosome 

pathway. 

To test this hypothesis, we considered that P62/SQSTM1 is an adaptor protein required 

for the aggregation of ubiquitinated proteins, playing essential roles in its autophagic 
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clearance (Lippai and Low, 2014) and we found a consistent co-localization of 

P62/SQSTM1 and polyubiquitinated proteins. These characteristics meet the criteria to 

consider P62/SQSTM1 aggregates here observed as sequestosomes, defined as 

aggregated insoluble proteins in cytoplasmic bodies lacking enveloping membranes and 

apparently destined for autophagic clearance (Solcia et al., 2014). 

UPR-PERK pathway modulation and the autophagy response  

The accumulation of insoluble protein aggregates at this time of reperfusion after 

ischemia suggests the presence of a strong ER stress that cannot be overcome by UPR. 

In fact, a greater vulnerability to ischemia of CA1 has been previously proposed to be 

consequence of a deficient UPR (Llorente et al., 2013a). In light of our data, we 

hypothesized that neurons presenting an accumulation of P62/SQSTM1 aggregates are 

unable to elicit a level of autophagy sufficient to eliminate these ischemia-induced 

misfolded protein aggregates (sequestosomes) and this could be a consequence of an 

insufficient UPR. Cultured autophagy-deficient cells from a knock-out mouse strain 

showing the presence of P62/SQSTM1 and ubiquitin positive aggregates (Hara et al., 

2006) gives additional support to our idea.  

To confirm this hypothesis, we assumed that enhancement of the UPR would help to 

overcome ischemic-induced ER-stress, preventing or reducing the presence of 

sequestosomes in some CA1 neurons. The use of salubrinal seemed to be an obvious 

choice as a promoter or the earlier UPR PERK-ATF4 pathway, given its ability to 

specifically inhibit the dephosphorylation of p-eIF2α (Boyce et al., 2005), its capacity to 

cross the blood brain barrier (Sokka et al., 2007) and its previously demonstrated 

neuroprotective effect (Nakka et al., 2010). We demonstrated enhancement of the PERK 

pathway by salubrinal with a previous study showing an increased eIF2αP/eIF2α ratio in 

cerebral cortex, CA1 and CA3 as well as its ability of improve CA1 outcome 7 days after 

global ischemia (Anuncibay-Soto et al., 2016). 

PERK pathway, through ATF4 activation, has been reported to be a key pathway that 

links the UPR and autophagy in the resistance of cells to hypoxia (Rzymski et al., 

2010,Rzymski et al., 2009). Of note, UPR pathways other than PERK-ATF4 also seem to 

be involved in the regulation of autophagy, at least modulating the transcription of some 
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autophagy-related genes (Deegan et al., 2015,B'chir et al., 2013). There is some 

controversy about the salubrinal effect on the autophagy response. Thus, a number of 

reports indicates that salubrinal treatment decreases the autophagy response 

(Ciechomska et al., 2012, Chao et al., 2013), but some reports support that UPR is able 

to increase the levels of autophagy in response to hypoxia and ER stress (B'chir et al., 

2013,Rzymski et al., 2009,Deegan et al., 2015). In fact, ATF4 pathway has been reported 

to elicit the so called ISR which includes a cytoprotective autophagy (Harding et al., 

2008). The different mechanisms involved in ISR seem to depend on the type and 

intensity of stress stimuli and the cellular environment (Pakos-Zebrucka et al., 2016). In 

any case, our results support that it is possible to increase autophagy by enhancing the 

UPR through the PERK-ATF4 pathway up to levels able to eliminate the large 

P62/SQSTM1 aggregates the neurons of ischemic animals. These facts support our 

hypothesis that ischemic-induced autophagy in CA1 is itself unable to overcome the ER-

stress, and enhancement of the UPR-PERK pathway would provide additional fuel for 

cell survival.  

 

In this regard, salubrinal treatment decreased the amount of FJ-B positive cells in CA1 

48 hours after the insult, giving additional support to our previous results on the 

neuroprotective effect of UPR-PERK pathway enhancement and indicating that this 

effect can already be detected 48 h after the treatment. On the other hand, although an 

overall decrease in the levels of P62/SQSTM1 correlates with a decrease in FJ-B staining, 

there is no a clear correlation between the amount of P62/SQSTM1 and the amount of 

FJ-Bstaining between individual cells. This suggests that more than one mechanism is 

involved in the neuroprotective effect of salubrinal. We think that one of the 

mechanisms seems to depend on an increase in the autophagy flux since salubrinal 

induces an increased clearance of P62/SQSTM1 aggregates. We could only demonstrate 

this neuroprotective effect of salubrinal on CA1, probably because this structure was 

more damaged by the ischemic insult, but it is probably modulating other structures 

since salubrinal treatment results in alterations in autophagy activity also in CA3 and Cx. 

Therefore, this study confirms that enhancement of the autophagy through UPR-PERK 
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pathway seems to be a putative therapeutic target since it can be modulated after the 

ischemic insult. 

In summary, we conclude that the autophagy response to global ischemia is structure-

dependent and hypothesize that some neurons, located mainly in CA1, are unable to 

elicit a protective autophagy response sufficient to counteract ischemia-induced ER-

stress. In addition, salubrinal-induced cell survival to ischemic insult involves an increase 

in autophagy, revealing novel therapeutic targets to counteract neuronal injury induced 

by global ischemia



 

CHAPTER 3 
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Integrated stress response (ISR) in organotypic 

hippocampal cultures exposed to oxygen and glucose 

deprivation. 

Background 

OGD in an organotypic hippocampal slice culture (OHSC) is a well-established model to 

provide insight into the mechanisms that underlie stroke (Zamin et al., 2006; Ziemka-

Nałecz et al., 2013), one of the most prevalent of human health disorders (Broderick, 

2004; Hankey, 2013; Olesen et al., 2012). This model maintains cell architecture and 

interneuron connections but excludes the more complex parameters of in vivo models, 

such as blood supply and blood brain barrier (Buchs et al., 1993; Cimarosti et al., 2005; 

Xiang et al., 2000). Selective vulnerability to ischemia in the CA1 hippocampal area, 

observed in in vivo models (Petito et al., 1987; Zhu et al., 2012), is preserved in OHSC 

under OGD (Gerace et al., 2012). Understanding the mechanisms responsible for the 

higher vulnerability of CA1 neurons will provide useful targets for developing new 

therapeutic tools. 

Ischemia unbalances the cell homeostasis in many ways (Mehta et al., 2007). One such 

way is by increasing the cargo of misfolded proteins in the cell – a condition known as 

ER stress (Hu et al., 2000; Raghubir et al., 2011; Xin et al., 2014). In this condition, the 

cell ignites the UPR, whose control seems to be crucial for neuronal survival (DeGracia 

and Montie, 2004; Sanderson et al., 2015; Yang and Paschen, 2016). The pathway 

mediated by PERK is the earliest of three canonical UPR pathways (Shin et al., 2015), 

characterized by a general protein synthesis inhibition (PSI) and selective translation of 

a number of proteins such as ATF4 (Ron and Walter, 2007). One of the hallmarks of this 

pathway is the phosphorylation eIF2α, whose dephosphorylation is mediated by the 

phosphatase PP1 (Kojima et al., 2003). Thus, the inhibition of PP1, which agents as 

salubrinal, is a mechanism of selectively enhancing this pathway (Boyce et al., 2005). 

Enhancement of this pathway has been reported to result in a neuroprotective effect in 
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vivo against excitotoxic stimuli (Sokka et al., 2007) as well as in focal (Nakka et al., 2010) 

and global cerebral ischemia (Anuncibay-Soto et al., 2016). 

ATF4 is a bZIP transcription factor that promotes the expression of different prosurvival 

genes, eliciting the integrated stress response (ISR), which may increase the expression 

of autophagy-related genes (atg), anti-oxidant enzyme genes, and genes associated with 

amino acid metabolism (Harding et al., 2003; Pakos-zebrucka et al., 2016). Autophagy is 

a highly selective pathway that mediates the lysosomal degradation of damaged, long-

lived proteins and organelles in the cell (Bernales et al., 2007; Weidberg et al., 2011; 

Yang and Klionsky, 2010). The role of autophagy in ischemia is not fully understood 

(Adhami et al., 2007; Balduini et al., 2009; Sheng and Qin, 2015), but its neuroprotective 

role in a model of OGD in brain slices seems to be structure-dependent and associated 

with ER-stress alleviation (Pérez-Rodríguez et al., 2015).  

Energy failure, as a consequence of ischemia, causes the release of reactive oxygen 

species (ROS) and reactive nitrogen species (RNS) that impair the function of lipids, 

proteins, and nucleic acids. As a result, the affected cell promotes the expression of anti-

oxidant enzymes to restore homeostasis. The imbalance between the cellular 

production of free radicals and the ability of cells to counteract them is referred to as 

oxidative stress (Radak et al., 2014), which is considered one of the main events that 

lead to brain damage after cerebral ischemia (Niizuma et al., 2009). Interestingly, 

although oxygen levels increase after the ischemia due to blood reperfusion, this 

increase actually exacerbates oxidative stress and contributes to further cell damage 

(Love, 1999).  

The use of OGD models, where the tissue can be returned to normoxic conditions to 

replicate reperfusion, provide the advantage of analyzing the ISR during OGD and a 

reperfusion-like (RL) condition. In this study, we report the effect of modulating the UPR-

PERK pathway on the ISR, first characterizing the time course of eIF2α phosphorylation 

and the effect of its enhancement on cell mortality, and the role of autophagy and anti-

oxidative response. 
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Methods 

Animals 

All animal experiments were carried out in accordance with the ARRIVE guidelines, and 

the Guidelines of the European Union Council Directive (63/2010/EU) for the use of 

laboratory animals. The experimental protocols were approved by the Animal Care 

Committee of the Department of Health Sciences, University of Florence. All efforts 

were made to reduce the number of animals used. 

Organotypic hippocampal slice culture 

Hippocampal slice cultures were performed as previously described (Gerace et al., 

2012). The brains of 8–10 day old Wistar rats (Harlan, MI, Italy) were rapidly removed, 

and the hippocampi were dissected. Hippocampal slices were created by cutting 

transversal sections (420 μm thickness) of hippocampi using a McIlwain tissue chopper 

(Ted Pella Inc., Altadena, CA, US) in a sterile environment. The hippocampal slices were 

transferred into a Hanks’ balanced salt solution (supplemented with 5 mg/ml glucose 

and 3.75 μg/ml amphotericin B). They were then placed onto semi porous membrane 

inserts (30 mm diameter Millicell®, Millipore, Cat. No. PICM03050), four to five slices per 

insert. Inserts were placed into six-well tissue culture plates, with each well containing 

1.2 ml of culture medium. The composition of the culture medium was 50% Eagle’s 

minimal essential medium (MEM, Sigma-Aldrich, Cat. No. M2279), 25% heat-inactivated 

horse serum and 25% Hank’s balanced salt solution (HBSS, Sigma-Aldrich, Cat. No. 

H9269). The medium was supplemented with 5 mg/ml glucose, 2 mM L-glutamine, and 

3.75 mg/ml amphotericin B. Slices were maintained for two weeks at a temperature of 

37 °C in a humidified environment with an atmospheric content of 5% CO2. Culture 

medium changes were performed three times per week. Before starting the experiment, 

slice viability was checked under light microscopy, discarding those with symptoms of 

degeneration. 

OGD assays 

OGD assays were performed following (Gerace et al., 2012). Membrane inserts 

containing the slices were transferred to a six-well plate containing serum and glucose 
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free medium (75% MEM, 25% HBSS, 4 mM L-glutamine, and 3.75 mg/ml amphotericin 

B). Culture plates were then placed in a hypoxia chamber (Billups-Rothenberg Inc., San 

Diego, CA, US) filled with 95% N2 / 5% CO2 for 30 min at 37 °C. After the OGD period, 

serum-free and glucose-free medium were replaced for serum-free medium (75% MEM, 

25% HBSS, 2 mM L-glutamine, 3.75 mg/ml amphotericin B, and 5 mg/ml glucose) and 

plates were placed in the incubator at 37 °C in a humidified environment with an 

atmospheric content of 5% CO2. Control samples were maintained in all experiments by 

using parallel inserts maintained in serum-free medium and normoxic conditions. 

Experimental conditions 

Two sets of experiments were carried out. The first set of experiments tested the 

neuroprotective effect of 50 µM salubrinal (Figure 27 A). The experiment was replicated 

under different treatments, and cell mortality after 24 h was measured. The treatments 

were: normoxic conditions (Nmx); 30 min of OGD followed by 24 h in normoxic 

conditions (RL); 30 min of OGD followed by 24 h in normoxic conditions, with salubrinal 

present in the medium only during RL (RL-S); and 30 min of OGD followed by 24 h in 

normoxic conditions with salubrinal present in the medium during both OGD and RL (RL-

SS). 

 
Figure 27. Experimental conditions. A. Experimental conditions for PI assays to test the salubrinal effect 
on OGD-induced cell mortality. B. Experimental conditions assayed for LDH, mRNA and protein sampling. 
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Once the neuroprotective effect of salubrinal was assessed, the second set of 

experiments were carried out to measure the cell mortality at different times after OGD 

and to analyze the different protein and mRNA markers associated with eIF2α 

phosphorylation, autophagy, and antioxidant enzymes (Figure 27 B). Additionally, the 

role of autophagy in slice viability was assessed by using 5 mM 3-MA (Acros Organics, 

Cat. No. 379791000) in the incubation media for 24 hours. 

Propidium iodide assessment 

The hippocampal slices were incubated for 20 min in 5 mg/ml propidium iodide (PI) in 

serum-free medium at 37 °C, 24 h after OGD. Fluorescence images (8-bit) were taken 

using an Olympus IX-50 microscope and a rhodamine filter set (Olympus, Hamburg, 

Germany). Illumination intensity, detector gain, and exposure time were kept constant 

between the different experimental conditions to avoid bias in quantification. 

Fluorescence intensity mean (0-255) in the CA1 pyramidal layer was obtained with 

ImageJ software (NIH, US). Results were expressed as a percentage of intensity over 

OGD condition in each experiment. 

LDH quantification 

Incubation medium samples (30 µl) were obtained at different times after OGD (1, 3, 6, 

12, 18, and 24 h) and stored at 4 °C until the experiment had finished. LDH activity was 

spectrophotometrically quantified with a Cytotoxicity Detection Kit (Roche, Cat. No. 

11644793001) following the manufacturer’s instructions for use. Absorbance values at 

492 nm, obtained in a Synergy-HT spectrophotometer (BioTek, Winooski, VT, US), were 

expressed as percent over the Nmx condition. 

Real-time qPCR assays 

To run real-time quantitative PCR assays, hippocampal slices were washed in ice-cold, 

sterile, PBS and snap-frozen in dry ice. RT-qPCR assays were performed according to the 

MIQE guidelines. Total RNA was isolated with Tripure® Isolation Reagent (Roche, Cat. 

No. 11667157001) following the manufacturer’s instructions for use. Concentration and 

purity of RNA samples were analyzed in a NanoDrop ND-2200 spectrophotometer 

(NanoDrop Technologies, Wilmington, DE, US) and RNA integrity in 1% agarose gel 
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electrophoresis. Those samples showing low purity and/or integrity levels were 

discarded. 

Equal amounts (600 ng) of each RNA sample were retrotranscripted for 2 h at 37 °C with 

random primers using a High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems, Cat. No. 4368813) following the manufacturer’s instructions for use. The 

RT-qPCR was performed with SYBR Green PCR Master Mix (Applied Biosystems, Cat. No. 

4309155) and custom designed oligos (Table 5) in a StepOnePlus thermocyler (Applied 

Biosystems, Foster City, CA, US) with the following cycling conditions: 10 min at 95 °C, 

40 cycles of 15 s at 95 °C, and 1 min at 60 °C. Cycle threshold (Ct) values obtained for 

each gene were normalized with the corresponding Ct value of the housekeeping gene 

(gapdh). Results were expressed as fold change in gene expression relative to the control 

condition, following the ∆∆Ct method (Livak and Schmittgen, 2001). 

Table 5. Custom designed oligos used in RT-qPCR assays. 

Gene Primer Forward Primer Reverse Gene Bank 

beclin1 5´ctgatggtggcaccatgga 5´gccagacatgatgtcaaaaag NM_053739.2 

p62/sqstm1 5’ ccatgggtttctcggatgaa 5’ ggagggtgctttgaatactgg NM_175843.3 

lc3b 5’ccatgggtttctcggatgaa 5’gtgctgctcccggatgag NM_001014250.1 

atg7 5’ cgatggcttcctactgttatt 5’ catgacaacaaaggtgbtcaaa AY_206669.1 

gadd34 5’cccccgcccggaat 5’ agtgcacctttctacccttcaga NM_133546.3 

Gclm 5’ cagtcaaatctggtggcatca 5’ gcacaggtaaacccaatagtaatca NM_017305 

nqo1 5’ gagtgggattcttctgcgcttct 5’ caatgctgtacaccagttgaggtt NM_017000.3 

sod2 5’ agcgcctcgtggtacttctc 5’ gcacttaacggcgagatca NM_017051.2 

Gapdh 5’gggcagcccagaacatca 5’tgaccttgcccacagcct NM_017008 

 

Western blot assays 

Western blot assays were conducted by washing hippocampal slices in ice-cold PBS and 

immediately homogenated in 1% SDS. Total protein was quantified with a DC Protein 

Assay Kit (BioRad, Cat. No. 500-0111) following the manufacturer’s instructions for use. 

Then, 30 µg of each sample were resolved in SDS-PAGE for 2 h at 110 V using a Mini-
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Protean II system (BioRad, Hercules, CA, US). Proteins were then transferred to 0.45 µm 

nitrocellulose membranes with an iBot Gel Transfer System (Invitrogen, Carlsbad, CA, 

USA). To detect LC3B, proteins resolved in the gel were transferred to 0.2 µm PVDF 

membranes (BioRad, Cat. No. 1620175). After transference, membranes were blocked 

with 5% bovine serum albumin (BSA) in 0.2% Tween20 and 50 mM Tris Buffered Saline 

pH 7.4 (TBS-T) and incubated with primary antibodies (Table 6) diluted in 2.5% BSA in 

TBS-T overnight at 4 °C. The presence of primary antibodies was detected with a 

chemiluminiscence reaction using HRP-conjugated secondary antibodies (Table 6) and 

Pierce ECL Western Blotting Substrate (Thermo, Cat. No. 32106). Resultant bands were 

digitalized with a GS-800 calibrated densitometer (BioRad, Hercules, CA, US) and the 

integrated optical density was calculated with ImageJ. Bands of each experimental 

condition were normalized against those of the loading control (βACTIN) and the results 

were expressed as percent over the control condition.  

Table 6. Primary and secondary antibodies used. 

 

Protein carbonyl group detection 

The oxidative status of protein lysates was assessed with Oxidized Protein Western Blot 

Kit (Abcam, Cat. No. ab178020) following Abcam’s protocol. Carbonyl groups in the side 

protein chains were derivatized to 2,4-dinitrophenylhydrazone (DNP-hydrazone) by 

reaction with 2,4-dinitrophenylhydrazine (DNPH). Total protein content was isolated 

with 50 mM dithiothreitol in an extraction buffer to prevent protein oxidation, and 

Protein Antibody type Working dilution Manufacturer Cat. No. 

LC3B Rabbit polyclonal 1 µg/ml NOVUS NB-100-2220 

P62/SQSTM 1 Mouse monoclonal 0.5 µg/ml Abnova H00008878-
M01 

BECLIN1 Rabbit polyclonal 1 µg/ml MBL PD017 

Polyubiquitin Rabbit polyclonal 1 µg/ml Dako Z0458 

β-ACTIN Mouse monoclonal 0.2 µg/ml Sigma A5316 

Rabbit Ig Goat polyclonal 0.2 µg/ml Dako P0447 

Mouse Ig Goat polyclonal 0.2  µg/ml Dako P0448 



Chapter 3 

103 

quantified with the BioRad Protein Assay Kit I (BioRad, Cat. No. 5000001). Next, 20 µg of 

each protein sample were used in the derivatization reaction. Another 20 µg of the same 

sample was subjected to the same derivatization without the DNPH reagent, to use as a 

negative control. The DNP-derivatized protein sample, as well as the negative control, 

were then separated in SDS-PAGE with a Mini-Protean II system (BioRad, Hercules, CA, 

US) and transferred to nitrocellulose membranes with an iBot Gel Transfer System 

(Invitrogen, Carlsbad, CA, USA). DNP-hydrazone was detected by the Western blot 

technique using specific primary antibody and HRP-conjugated secondary antibody. A 

chemiolumniscence reaction was performed with Pierce ECL Western Blotting Substrate 

(Thermo, Cat. No. 32106) and the films that were obtained were digitalized using a GS-

800 Calibrated Densitometer (BioRad, Hercules, CA, US). 

Statistical analysis 

All results are expressed as the mean ± SEM of at least three experiments. Six to eight 

rat pups were used in each experiment. One-way ANOVA tests, followed by the post-

hoc Tukey test, were conducted to test for differences of each parameter in the different 

experimental treatments. The significance was set at a 95% confidence level. The 

statistical analyses were carried out using Graph Pad Prism 6.0 (Graph Pad software, San 

Diego, CA, USA). 

Results 

Salubrinal effect on OGD-induced cell mortality 

The effect of 50 µM of salubrinal on cell mortality was measured 24 h after OGD. The 

presence of salubrinal during OGD and RL (RL-SS condition) significantly reduced cell 

mortality, compared with its absence (RL condition). We did not observe any difference 

in cell mortality under the RL-S condition (Figure 28 A, B). 

A progressive increase in cell mortality (measured as LDH release) during RL was 

observed along the time course series, compared with the Nmx condition. The presence 

of salubrinal seemed to decrease cell mortality (RL-SS condition) and this decrease 

seemed to be more pronounced in the last eight hours (Figure 28 C). 
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Figure 24. Cell mortality measurement. A. Representative images of PI staining following Nmx and RL 
conditions with and without salubrinal. B. PI intensity values in CA1 hippocampal area in the different 
experimental conditions. C. LDH levels along the RL time in the presence and in the absence of salubrinal. 
* represents significant differences between RL and Nmx conditions and # between RL and RL-SS 
conditions. One-way ANOVA followed by Tukey’s test. One symbol p<0.05, Two symbols p<0.01, Three 
symbols p<0.001.  

eIF2α phosphorylation and ATF4 pathway activity after OGD and reperfusion 

Phosphorylation levels of eIF2α (measured as the ratio p-eIF2 α/eIF2α) presented similar 

values after 30 min OGD, and in its respective normoxic control. However, this 

phosphorylation was significantly lower after 24 h of RL. The presence of 50 µM 

salubrinal in RL (RL-SS) prevented the eIF2α phosphorylation decrease that was 

observed in RL and shows similar levels in OGD-S than in the OGD condition (Figure 29 

A, B). Levels of p-eIF2α during OGD showed that, after 20 min, the levels of 

phosphorylation increase significantly, and the presence of salubrinal enhances the 

phosphorylation levels (Figure 29 C).  
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Transcript levels of the phosphatase PP1 inducible cofactor (gadd34), responsible for 

the eIF2α dephosphorylation, were significantly higher in OGD and OGD-S than in Nmx 

conditions. Tissues incubated in the RL condition showed a significant decrease in 

gadd34 transcript levels compared to OGD, and similar levels to those of the Nmx 

conditions. In contrast, tissues in the RL-SS condition showed significantly higher levels 

with respect to those of the RL condition, and similar levels to those of OGD and OGD-S 

conditions (Figure 29 D).  

 

Figure 29. UPR-PERK activation in OGD and RL. A. Representative bands of p-eIF2α and eiF2α in the 
different experimental conditions assayed. B. Optical density ratio between p-eIF2α and eiF2α. C. Fold 
change in gadd34 mRNA levels in OGD and RL with respect to Nmx condition (dotted line, value 1). D. 
Representative bands of p-eIF2α after 10 and 20 min of OGD. * represents significant differences between 
RL and Nmx conditions. One-way ANOVA followed by Tukey’s test. One symbol p<0.05, Two symbols 
p<0.01. 

Autophagy activity following OGD and salubrinal treatment 

LC3B is a protein widely used for detecting autophagy. The ratio LC3BII/LC3BI, 

considered one of the main autophagy activity hallmarks, displays a significant increase 

in the organotypic hippocampal cultured sections compare to fresh non-cultured 
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sections (Figure 30 A, B). The presence of the autophagy inhibitor 3-methyladenine (3-

MA) for 24 h elicited high cell mortality in normoxic slices (Figure 30 C). 

 

Figure 30. Autophagy levels in OHSC. A. Representative bands of LC3B Western blot comparing freshly 
obtained slices (naïve) with slices after 14 days in culture (OHSC). B. OD values of LC3BII / LC3BI ratio in 
naïve slices and OHSC. C. Slices stained with PI showing the effect of the presence of 3-MA in the 
incubation media. * represents significant differences between naïve slices and OHSC. Two tailed Student 
t test, p<0.05. 

Transcript levels of beclin1, lc3b, atg7, and p62 were not significantly modified by OGD 

but the presence of salubrinal increased the transcript levels of beclin1 in the OGD-S 

condition. The analysis of the RL and RL-SS conditions showed no significant changes in 

the mRNA levels in any of these genes, both in the presence or absence of salubrinal 

(Figure 31 A–D). 

Protein levels of BECLIN1, the ratio LC3BII/LC3B1, P62/SQSTM1 as well as levels of 

polyubiquitinated proteins presented similar levels in all conditions tested, except for 

significant increases in Beclin1 observed under the RL-SS treatment (24 h of RL in the 

tissues incubated in the presence of salubrinal) (Figure 31 E–H). 
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Figure 31. Effect of OGD and salubrinal on autophagy. Upper part. Fold change in beclin1 (A), p62/sqstm1 
(B), lc3b (C) and atg7 (D) mRNA levels in OGD and RL with respect to Nmx condition (dotted line, value 1). 
Lower part. Protein levels of BECLIN1 (E), LC3B (F), P62/SQSTM1 (G) and polyubiquitin (H) in the different 
experimental conditions. * represents significant differences with respect to Nmx conditions. One-way 
ANOVA followed by Tukey’s test, p<0.05. 

Oxidative stress after OGD and salubrinal treatment 

In the presence or in absence of salubrinal, OGD does not elicit significant changes in 

the levels of mRNA of superoxide dismutase (sod2), hemoxygenase1 (hmox1), and 

glutamate-cysteine ligase regulatory subunit (gclm) and promotes a non-significant 

decrease in NAD(P)H quinone dehydrogenase 1 (nqo1). In the RL condition, the 

expression levels of sod2, hmox1, and gclm presented similar levels to those of the 

control; however, nqo1 presented a significant increase in its transcripts levels. 

Interestingly, in the RL-SS condition, the presence of salubrinal significantly increased 

the transcript levels in all genes studied (Figure 33 A–D). The amount of protein 

carbonylation, measured as DNP-hydrazone formation in protein lysates, was higher in 

the RL and RL-SS treatments than that observed in the Nmx condition. The presence of 

salubrinal decreased the amount of carbonyl groups (RL-SS condition) when compared 

with the RL condition (Figure 33 E, arrows). 
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Figure 33. Effect of OGD and salubrinal on oxidative stress. Fold change in sod2 (A), nqo1 (B), hmox1 (C) 
and gclm (D) mRNA levels in OGD and RL with respect to Nmx condition (value 1, dotted line). E. DNP-
hydrazone levels in protein lysates of Nmx, RL and RL-SS. * represents significant differences with respect 
to Nmx condition and # significant differences with between RL and RL-SS groups. One symbol p<0.05, 
two symbols p<0.01. One-way ANOVA followed by Tukey’s test. 

 

Discussion 

eIF2α phosphorylation, ATF4 activation and neuroprotection 

Our results suggest that the presence of salubrinal after OGD is able to elicit an 

neuroprotective effect evidenced by decreased cell mortality. In addition, the early 

presence of salubrinal during OGD significantly increases the neuroprotective effect. The 

rapid eiF2α phosphorylation described for ischemia in vivo (DeGracia et al., 1999) and 

for OGD in cell cultures (Badiola et al., 2011) may be responsible for the stronger 

neuroprotective effect observed by the presence of salubrinal during OGD. Thus, a quick 

activation of ATF4 seems crucial in preventing cell death and demonstrates the key role 

of this pathway in the control of cell death.  

The time course of eIF2α phosphorylation suggests the presence of a phosphorylation 

peak about 20 min after onset of OGD, with levels returning to normal 30 min after OGD 

onset. This peak seems to be increased by the presence of salubrinal, however, this 

agent cannot prevent the decrease of peIF2α at 30 min after OGD onset.  
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Consistent with the peak in the peIF2α during OGD, our data show increased gadd34 

transcript levels. ATF4 directly controls the expression of this gene whose product, the 

PP1 cofactor, has been reported to be responsible for eIF2α dephosphorylation, thus 

switching off the ATF4 pathway (Ameri and Harris, 2008; Kojima et al., 2003).  

All these data show (1) a short activation of ATF4 promoted by a transient Eif2α 

phosphorylation during OGD, and (2) a long-term decrease on the peIF2α during 

reperfusion, mediated by the gadd34 expression elicited by the short OGD-dependent 

ATF4 activation. 

Salubrinal inhibits PP1 activity independently of GADD34 (Boyce et al., 2005). Our data 

indicate that the effects of salubrinal include the maintenance of eIF2α phosphorylation 

for at least 24 h of RL. Moreover, the increased gadd34 expression levels at this time 

support the notion of a sustained activation of ATF4. Consistently, our data of LDH 

release in the supernatant show that salubrinal decreases the mortality along the RL 

period and reveal that its neuroprotective effect increases with time, mainly after 18 h 

of RL. The data do not, however, explain changes in this last period of RL. 

The phosphorylation of eIF2α relies on the activity of four different kinases: GCN2, PKR, 

HRI and PERK (Pakos-zebrucka et al., 2016). However, PKR is specific for viral infection 

(García et al., 2007) and HRI is only expressed in erythrocytes (Han et al., 2001). Thus, 

PERK, which is activated by ER stress (Walter and Ron, 2011), and GCN2, which is 

activated by amino acid starvation (Bunpo et al., 2009), seem to be the only kinases 

involved in the OGD response. Although we cannot discard the GCN2 activity in this 

process, the role of UPR in in vivo assays of cerebral ischemia (DeGracia et al., 1999; 

Kumar et al., 2003; Llorente et al., 2013a; Yang and Paschen, 2016) and cell culture (Ibuki 

et al., 2012; Vavilis et al., 2016) supports the idea that PERK plays a crucial role in this 

response. In fact, GCN2 is thought to cooperate with PERK in phosphorylating eIF2α 

upon UPR activation in PC12 cells (Hamanaka et al., 2005). In addition, the quick PERK 

activation after 15 min of OGD and its inactivation during the following 15 min in cortical 

cultures (Badiola et al., 2011) gives additional support to the role of PERK in ATF4 

activation. This proves that ER stress is a key therapeutic target to prevent cell damage 

by ischemia. 
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The integrated stress response after OGD 

Phosphorylation of eIF2α results in a general PSI, allowing the translation of specific 

mRNAs such as ATF4. Persistent PSI has been reported to occur selectively in CA1 after 

ischemia, independently of eIF2α (Ayuso et al., 2010; DeGracia et al., 2002). In fact, 

persistent PSI is considered to be a marker for neurons destined to undergo 

programmed cell death subroutines in the reperfused brain (White et al., 2000) and we 

will discuss here the ATF4 downstream ISR which under some stress stimuli would 

involve cytoprotective autophagy as well as an antioxidant response (Pakos-zebrucka et 

al., 2016).  

Autophagy 

Our data did not detect OGD-dependent changes in autophagy in OHSC, contrasting with 

the increased CA1 autophagy observed in global cerebral ischemia which seems to play 

a neuroprotective role (Hwang et al., 2016). A high basal autophagy, as a consequence 

of the experimental procedure of obtaining and culturing brain slices, could mask the 

effect of OGD in autophagy markers. In this regard, we observed marked increases in 

LC3BII levels in OHSC compared with fresh hippocampal sections. This increased 

autophagy seems to be crucial for organotypic culture survival, since the presence of the 

3-MA resulted in strong cell death. The use of LY294002, another autophagy inhibitor, 

has been also reported to increase cell damage in OHSC (Horn et al., 2005). Thus, this 

study shows how the neuroprotective effect of ATF4 pathway in this model seems to be 

independent of autophagy levels, in contrast with those observed in other models of 

hypoxia in cell cultures (Rzymski et al., 2009, 2010).  

ATF4 forms homodimers and heterodimers with more than 20 interacting partners and 

regulates transcription by binding to C/EBP-ATF response element (CARE) sequences. 

This interaction network is reported to allow the fine-tuning of cell response to several 

types of stress stimuli (Pakos-zebrucka et al., 2016). Thus, ATF4 is only able to elicit the 

expression of some autophagy-related genes and other transcription factors are 

required for a full activation of autophagy (B’Chir et al., 2013; Rzymski et al., 2010). This 

could explain why the presence of salubrinal increases the expression of some 

autophagy related proteins such as beclin1 but not the whole autophagy mechanism. 
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Oxidative stress  

If autophagy does not play a relevant role, which responses mediate the ATF4-induced 

neuroprotection in this experimental model? ATF4 dimerizes with NRF2, promoting the 

transcription of a number of phase-2 anti-oxidant enzymes induced by oxidative stress 

(Cullinan and Diehl, 2006; Dey et al., 2015; He et al., 2001). In fact, UPR-PERK pathways 

have been demonstrated to activate NRF2, thus coordinating the ER and oxidative stress 

signalling (Cullinan and Diehl, 2006). In this regard, our data demonstrate that the 

neuroprotective effect of salubrinal would rely, at least partially, on the stimulation of 

the levels of a number of NRF2-dependent anti-oxidant enzymes such as GCLM, NQO1 

and HMOX1 thus increasing anti-oxidant activity in the cell.  

Another antioxidant enzyme that has not been linked so far with NRF2 is SOD2, but there 

is experimental support for an ATF4-dependent SOD2 increase (Fusakio et al., 2016). 

This would indicate that OGD-dependent ATF4 activation would elicit anti-oxidative 

pathways not only related with NRF2.  

Our data, indicating an OGD-dependent increase in the oxytidized protein which can be 

reduced by salubrinal, demonstrate the role of this agent in counteracting oxidative 

stress, indicating a complementary neuroprotective mechanism. Other agents involved 

in reducing oxidative stress, such as lipid agents (2 hidroxiarachidonic or DHA) (Belayev 

et al., 2017; Ugidos et al., 2017) or polyphenols (such as resveratrol) (Dera et al., 2017) 

have been reported to exert a neuroprotective effect against ischemic damage. 

In summary, the OGD-induced eIF2α phosphorylation in the OHSC model presents a 

quick and short response. In contrast with other hypoxia models, an early enhancement 

of this phosphorylation promotes a significant neuroprotective effect that seems to be 

mediated by the ATF4 control of oxidative stress rather than autophagy. Thus, the 

relevance of the different components of the ISR seem to depend on the cellular context 

and the experimental model.
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Conclusions 

1) Basal levels of autophagy are higher in hippocampal than in cerebral cortical 

slices, indicating the structure-dependent autophagy. 

2) Cerebral cortical slices present OGD-induced increases in both autophagy 

induction and autophagy flux. The modulation of this response suggests that autophagy 

plays a neuroprotective role and is responsible for the OGD clearance of 

polyubiquitinated substrates. 

3) Global cerebral ischemia confirms the conclusions obtained in the brain slices 

model, supporting a neuroprotective role for autophagy in the cerebral cortex that is 

not raised in the CA1 hippocampal area. 

4) CA1 hippocampal autophagy induced by global cerebral ischemia is unable to 

counteract the ischemia-induced ER stress, as indicated by the presence of 

sequestosomes. 

5) The enhancement of the UPR-PERK pathway increases autophagy activity in both 

the cerebral cortex and hippocampus, clearing the sequestosomes and indicating the 

crosslinking between these homeostatic responses. 

6) Organotypic hippocampal slice culture increases basal autophagy, which seems 

to be required for the slice survival. 

7) Organotypic hippocampal slice culture deprived of oxygen and glucose present a 

quick and transient peak in eIF2α phosphorylation, revealing the activation of the UPR-

PERK pathway. The inhibition of eIF2α phosphorylation increases this peak. 

8) In line with conclusions obtained in the global cerebral ischemia model, the UPR-

PERK enhancement results in a neuroprotective effect in organotypic hippocampal slice 

culture, however, the work window to elicit neuroprotection ex vivo is earlier and 

shorter than that observed in the in vivo model. 
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9) The integrated stress response downstream of the UPR-PERK pathway seems to 

rely on anti-oxidant activity rather than the autophagy response, suggesting that the 

relevance of the autophagy depends on the experimental model.
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