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Resumo
O ictus isquémico é unha das principais causas de morte e morbilidade en todo o mundo. Sen
embargo ata o momento só se dispón dun fármaco para tratar esta patoloxía, o activador do
plasminóxeno tisular ou rtPA. Estudos preclínicos demostraron o gran potencial terapéutico da
hipotermia para mitigar os efectos do infarto cerebral, pero esta terapia non foi trasladada
satisfactoriamente á clinica debido ós efectos adversos asociados ó frío (estremecementos,
arritmias ou neumonía entre outros), e á falta de métodos non invasivos para monitorizar a
temperatura cerebral. O presente traballo aporta novos datos acerca do potencial terapéutico da
hipotermia focalizada no cerebro como alternativa ó arrefriamento sistémico, do uso da
termometría non invasiva por resonancia magnética para medir temperatura cerebral, e da
posible implicación de RBM3, unha proteína de choque térmico, nos procesos moleculares
subxacentes ó efecto protector do frío.
Palabras chave: ictus, hipotermia terapéutica,termometría non invasiva , RBM3

Resumen
El ictus isquémico es una de las principales causas de muerte y morbilidad en todo el mundo. Sin
embargo hasta el momento solo se dispone de un fármaco para tratar esta patología, el activador
del plasminógeno tisular o rtPA. Estudios preclínicos demostraron el gran potencial terapéutico
de la hipotermia para mitigar los efectos del infarto cerebral, pero esta terapia no ha sido
satisfactoriamente trasladada a la clínica debido a los efectos adversos asociados al frío (tiritona,
arritmias o neumonía entre otros), y a la falta de métodos no invasivos para monitorizar la
temperatura cerebral. El presente trabajo aporta nuevos datos acerca del potencial terapéutico
de la hipotermia focal cerebral como alternativa al enfriamiento sistémico, del uso de la
termometría no invasiva por resonancia magnética para medir temperatura cerebral, y de la
posible implicación de RBM3, una proteína de choque térmico, en los procesos moleculares
subyacentes al efecto protector del frío.
Palabras clave: ictus, hipotermia terapéutica, termometría no invasiva, RBM3

Abstract
Ischemic stroke is a leading cause of death and morbidity around the world. However, only one
pharmacological treatment is currently available, the tissue plasminogen activator or rtPA.
Preclinical studies demonstrated the high therapeutic potential of hypothermia to mitigate the
effects of stroke, but this therapy has not been successfully translated to the clinics due to the
side effects associated to cold (shivering, arrhythmia, or pneumonia among others), and due to
the lack of non-invasive methods to assess brain temperature. The present work provides new
data about the therapeutic potential of focal brain hypothermia as alternative to systemic cooling,
the use of non-invasive magnetic resonance thermometry to measure brain temperature, and the
possible implication of RBM3, a cold shock protein, in the molecular process underlying the
protective effect of cold.
Keywords: stroke, therapeutic hypothermia, non-invasive thermometry, RBM3
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Introduction

1. Stroke
Stroke, or brain infarct, is the most common type of cerebrovascular
disease. Based on clinical features, the World Health Organization (WHO) defines
stroke as “rapidly developing clinical signs of focal (or global) disturbance of
cerebral function, lasting more than 24 hours or leading to death, with no apparent
cause other than of vascular origin”(Aho et al., 1980).
From a physiological point of view, stroke can be defined as a
cerebrovascular disease in which the central nervous system (CNS) blood flow is
interrupted due to a vessel obstruction (ischemic stroke) or vessel rupture
(hemorrhagic stroke) causing oxygen and nutrients deprivation to surrounding
tissue. This deprivation must be sustained over the time, causing cell damage often
resulting in cell death, with the consequent loss of function in the neural tissue.
The tissue injury is clinically observable by a rapid loss of motor function and/or
neuroimaging evidences.
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1.1.

Epidemiology

Every year, around 15 million of people suffer a stroke event all around
the world. Moreover, around 6.7 million of them will die, and most of survivors will
suffer any grade of disability. Stroke incidence increases after the fifth decade of
life, linking stroke incidence to long life expectancy, a characteristic of developed
countries. Thus, stroke is a leading cause of death, even higher than heart stroke
deaths in high-income economies (Truelsen et al., 2006).
In Spain, stroke is the first cause of death in women and the third in men,
only surpassed by heart stroke and lung cancer deaths (INE, 2014). Moreover,
stroke prevalence is increasing as a consequence of the stagnating births and life
expectancy growth. However, in despite of increasing incidence, the number of
deaths by stroke was significantly reduced in the last decades, mostly due to
improvements in patient management due to the creation of specialized stroke
units, the use of recombinant tissue plasminogen activator (rtPA) as a thrombolytic
therapy, or advances in mechanical thrombectomy.

1.2.

Classification of stroke

Based in the nature of blood flow disturbance, stroke can be divided in
two large groups, hemorrhagic or ischemic strokes.

1.2.1. Hemorrhagic stroke
Hemorrhagic stroke is caused by a non-traumatic blood vessel rupture
with the consequent bleeding into the brain parenchyma, ventricular or
subarachnoid space. Usually it is caused by arteriolar hypertensive disease, or less
frequently due to coagulation disorders, vascular malformation within the brain,
8|
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or diet (such as high alcohol consumption or low blood cholesterol concentration,
among others) (Truelsen et al., 2006). Extravasated blood is accumulated and
pressures the surrounding tissue, which in combination with the toxicity of some
blood components for CNS cells, leads to necrosis of the focal area affected, and
to global brain stress.
This type of stroke shows low prevalence in general population (around
15% of all total strokes), but it is associated to high mortality.

1.2.2. Ischemic stroke
It is the most frequent type of stroke, constituting around 85% of all
strokes. In ischemic stroke, blood flow disruption is caused by a physical
obstruction in the blood vessel, often due to the presence of a clot. The obstruction
occludes the vessel blocking the blood supply to the vascular territory.
There are different alternatives to classify ischemic strokes, attending to
etiology, size, or vascular territory affected, among others. In the clinical practice,
ischemic strokes are frequently classified in five subgroups: large-artery

atherosclerotic stroke, cardioembolic stroke, lacunar stroke, stroke of other
etiology, and stroke of undetermined etiology. This classification is not rigorously
etiological, but it constitutes a useful tool for clinicians, allowing to take fast
management decisions based on the stroke subtype (Adams et al., 1993).

· Atherosclerotic stroke: they are also called “large-artery strokes”. These
patients show a significant stenosis (>50%) or occlusion of a major brain
artery (or a cortical branch) due to atherosclerosis. Functional impairment
concerns cortical, brain stem or cerebellar symptomatology, and large
lesions are observable in neuroimaging studies (Adams et al., 1993).
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· Cardioembolic stroke: this type of stroke is caused by an embolus originated
and released from the heart. Clinical and neuroimaging findings are similar
to those observed in atherosclerotic strokes, but the identification of risk
factors of cardiac source of embolism (atrial fibrillation, atrial thrombus,
mechanical

prosthetic

valve,

recent

myocardial

infarction,

etc.)

determinates the diagnostic (Adams et al., 1993).

· Lacunar stroke: they are also called small-artery strokes. Patients included in
this subgroup do not develop cortical symptomatology, showing a typical
lacunar syndrome (pure motor hemiparesis, ataxic hemiparesis, pure
sensory stroke, etc.). Arterial stenosis must be absent or demonstrate a
blood flow >50% in the ipsilateral carotid. Neuroimaging studies in these
patients must be normal, or show small subcortical or brain stem ischemic
lesions, no larger than 1.5 cm in diameter (Adams et al., 1993). Lacunar
strokes show in general good outcome, however they should be
interpreted as a predictor of larger strokes.

· Stroke of other etiology: strokes with infrequent etiologies, for example
arterial dissection, non-atherosclerotic vasculopathies or hematologic
disorders, among others (Adams et al., 1993).

· Stroke of undetermined etiology: in this subgroup are included patients
whose risk factors or clinical studies do not provide enough evidences to
classify them under the other described groups (Adams et al., 1993).
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1.3.

Physiopathology of ischemic stroke

Ischemic stroke is a dynamic process, consisting in a fast developing acute
phase, followed by a slow or delayed process of reparation (Figure 1). To
comprehensively describe the molecular and cellular mechanisms underlying
ischemic stroke, they were grouped under four temporal phases: hyper acute (first
minutes to first 2-3 hours), acute (first 2-3 hours to days), subacute (first weeks)
and delayed (first months after ischemic event).

Figure 1. Temporal profile of physiopathological processes triggered by cerebral ischemia.
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1.3.1. Hyper acute phase
Hyper acute phase englobes the cellular and biochemical changes taking
place just after blood flow interruption, from the first minutes to the first 2-3 hours
of injury evolution. The principal physiopathological events taking place concern

blood-brain barrier disruption, energetic failure, ionic imbalance, excitotoxicity and
endoplasmic reticulum stress:

1.3.1.1.

Blood-Brain Barrier disruption

The CNS is the most specialized organ of vertebrate’s body, and to be
functional it needs to preserve a unique biochemical environment. This
particularity requires that communication between CNS and systemic circulation
has to be meticulously regulated. Therefore, the circulatory system experiments
changes when it goes into the CNS, losing permeability and increasing its
selectivity to form the blood-brain barrier (BBB). The BBB works as a selective filter,
allowing only some blood molecules and cells to cross from the vascular lumen to
the cerebral parenchyma and vice-versa. This barrier protect CNS from
neurotoxins, and provides a stable environment for nervous cells, protecting them
from the oscillations of neurotransmitters and nutrients occurring in the systemic
circulation (Abbott et al., 2010).
The BBB is composed by endothelial cells with their associated intercellular
interactions and basal lamina (Keaney and Campbell, 2015; del Zoppo and
Hamann, 2011). The endothelial cells are highly polarized expressing specific
transporters and receptors, and they are hermetically connected by adherent and
tight junctions: cadherins (most frequent protein forming adherent unions),
occludins and claudins (most frequent proteins forming tight junctions). These
proteins seal the space between endothelial cells and participate in intercellular
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communication through their union with intracellular scaffold and signaling
proteins (Abbott et al., 2010). The basal lamina is located under the endothelial
layer and is composed principally by type IV collagen, laminin, heparin sulfate and
fibronectin (Yang and Rosenberg, 2011). This layer of extracellular matrix works as
a charge- and molecular weight-selective filter, and provides mechanical resistance
to avoid intraparenchymal bleedings. Moreover, the BBB interacts with nonvascular and neural elements resulting in a greater structural and functional
element known as neurovascular unit (Venkat et al., 2016). Therefore, the
neurovascular unit is composed by the BBB and it interaction with pericytes,
astrocytes and neurons (Figure 2.A). Both, pericytes (a fibroblast-like cells with
contractile capacity) and glial cells, together with neuronal processes, surround the
vessels giving structural and nutritional support to the BBB (Keaney and Campbell,
2015). The proportion of pericytes and glial cells surrounding the BBB changes
between capillaries, venules and arterioles, modulating the BBB properties (del
Zoppo and Hamann, 2011; Posada-Duque et al., 2014).
In physiological conditions, the BBB allows passive diffusion of small
liposoluble molecules (Molecular Weight<180 Da and fewer than 10 hydrogen
bonds) and gases (like O2 or CO2 or NO). Other small lipophilic molecules are
transported by a paracelullar route (crossing between cells). Larger molecules, like
glucose, amino acids and nucleosides cross the barrier trough specific transporters
located in epithelial cells. Peptides like insulin or β-Amyloid cross the BBB trough
specific receptor-mediated transcytosis (Abbott et al., 2010) (Figure 2.B).
This sophisticated structure has the counterpoint that is also fragile, being
especially vulnerable to blood pressure changes. Therefore, just after an ischemic
event, a strong change in blood pressure occurs all along the affected vasculature,
causing an immediate injury to the endothelium and intercellular junctions. This
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first mechanical injury would be reversible, but the subsequent lack of O2 and
nutrients irretrievably damage the BBB.
BBB break down implies an increment in vessel permeability due to the
loss of intercellular junctions, overexpression of aquaporin 4 and impairment of
metalloproteinases (MMPs) activity among other processes (Figure 2.B). These
mechanisms trigger the formation of vasogenic edema (as a consequence of
massive water entrance through aquaporin and intercellular damaged junctions),
unbalance the neural microenvironment (due to the uncontrolled entrance of ions,
proteins and neurotoxic substances) and increase the risk of hemorrhagic
transformation (a consequence of MMPs altered function, which debilities basal
lamina and cell-extracellular matrix interaction). Moreover, injured endothelial cells
express surface glycoproteins that work as adhesion receptors for immune cells
recruitment, allowing them to invade the cerebral parenchyma (del Zoppo and
Hamann, 2011; Yang and Rosenberg, 2011).

Figure 2. A – The neurovascular unit. B - Transport through the blood-brain barrier (BBB) in
normal and ischemic conditions.
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1.3.1.2.

Energetic failure

CNS spends about 20% of the total circulating O2, and 25% of the total
circulating glucose. This is due to the high metabolism and the need to maintain
membrane potentials, a process energetically expensive but indispensable to
maintain cellular excitability. In physiological conditions, neurons and glial cells
obtain their energy from aerobic glucose metabolism, or, under fast, from the
aerobic metabolism of ketonic bodies. Thus, the CNS is dependent on fuel coming
from systemic circulation, since although small amounts of glycogen are stored in
astrocytes, it is not enough to maintain normal brain activity (Falkowska et al.,
2015). When an ischemic event occurs, and blood supply is interrupted, neurons
and glial cells rapidly run out of oxygen and fuel. Under these emergency
conditions, cells change their metabolism to anaerobically obtain energy from
remaining glucose.
Under physiological (aerobic) conditions glucose is metabolized to
pyruvate, which is decarboxylated by the mitochondrial pyruvate dehydrogenase
producing Acetil-CoA, that is used in the Krebs cycle to produce reduced
intermediators (NADH and FADH2) that can finally produce large amounts of ATP
by oxidative phosphorylation in the mitochondrial inner membrane. On the other
hand, under ischemic conditions, although remaining glucose is also metabolized
to pyruvate, the lack of O2 avoid the conversion to Acetil-Coa and subsequent
oxidative phosphorylation, forcing to reduce pyruvate to lactate, a reaction that
produces lower amounts of ATP (2 ATP molecules instead of 38 obtained with
complete aerobic metabolism of glucose) (Bouzat and Oddo, 2014). This drop in
ATP production reduces ion pumps activity and therefore limits the maintenance
of electrical gradients.
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1.3.1.3.

Ionic imbalance

The most ATP-consuming pump in the brain is the Na+/K+ ATPase,
responsible for maintaining Na+ ions in the extracellular space and K+ ions in the
cytoplasm. When an ischemic episode causes a drop in ATP, the pump fails and
Na+ is accumulated in the cytoplasm, causing cellular depolarization and
increasing the osmolality, which in turn facilitates the entrance of Cl- and water
into the cell, producing cell swelling (Liang et al., 2007) (Figure 3). These early
changes in biochemical osmotic homeostasis, led to cell death by necrosis.

Figure 3. In presence of O2 the Na+/K+ ATPase maintain Na+ in the extracellular space and K+
in the cytosol. When the lack of O2 produce a drop in ATP levels, Na+ is accumulated in the
cytosol facilitating the entrance of Cl- and water and producing cell swelling.
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Moreover, Na+ imbalance alters the function of other transporters,
triggering a chain reaction and affecting to the compartmentalization of other
ions. It is the case of the Na+/Ca+2 exchanger (NCX), that in normal conditions
removes Ca+2 from the cytosol introducing Na+ in favor of its electrochemical
gradient. When cytosolic Na+ increases by the lack of ATP, NCX is blocked and
Ca+2 is accumulated in the cytosol (Hayashi and Abe, 2004).

1.3.1.4.
Cellular

Excitotoxicity

depolarization

or

impaired

excitability

due

to

Na+/K+

dysregulation also alters neurotransmitters release. Glutamate is the most
abundant excitatory neurotransmitter in the brain, and under ischemic conditions
is released in large amounts, overloading physiological levels, and becoming toxic.
This process, known as glutamate excitotoxicity is a major responsible of early cell
death after stroke.
Glutamate

activates

ionotropic

and

metabotropic

receptors,

but

ionotropic N-methyl-D-aspartate receptors (NMDAr) play a central role in
excitotoxicity. These receptors, activated by glutamate union and depolarization,
are overstimulated in ischemia allowing Ca+2 and Na+ ions enter into the
postsynaptic cell. Moreover, in these conditions glutamate diffuses beyond the
synaptic space, joining to extrasynaptic glutamate receptors. Although this
phenomena is still poor understood, a dual role for NMDAr signaling depending
on their localization is accepted: while synaptic NMDAr activation triggers prosurvival pathways, extrasynaptic receptors blockades them, and activate death cell
pathways (Figure 4) (Hardingham et al., 2002; Hardingham and Bading, 2010). In
physiological conditions, synaptic activation of NMDAr is essential for cell survival,
diving the activation of survival protein extracellular regulated kinase (ERK), cAMP
response-element-binding protein (CREB) and increasing the production of brain
Alba Vieites Prado | 17

Brain hypothermia in ischemic stroke
derived neurotrophic factor (BDNF) (Lai et al., 2014). Extrasynaptic NMDAr seems
to be inactive in physiological conditions, but when glutamate is accumulated due
to high liberation or low clearance, this neurotransmitter diffuses beyond the
synaptic cleft activating them. Extrasynaptic NMDAr activation inhibits CREB and
BDNF production, and triggers apoptosis via phosphatase and tensin homolog
(PTEN) and death-associated protein kinase 1 (DAPK1) (Lai et al., 2014).

Figure 4. Glutamate accumulation in the synaptic cleft activate synaptic and extrasynaptic
NMDA receptors, triggering pro-apoptotic pathways.

Massive Ca+2 entrance due to excitotoxicity is also responsible of
phospholipase and protease activation, like calpains, leading to cell deterioration
and delayed cell death by apoptosis.

1.3.1.5.

Endoplasmic reticulum stress

Endoplasmic reticulum (ER) is responsible for the folding and first
posttranslational modifications of proteins. These process are carried out by
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enzymes that are directly or indirectly regulated by Ca+2, an ion that under
physiological conditions is in high concentration in the ER lumen. Nevertheless,
when energetic failure occurs as a consequence of ischemia, Ca+2 pumps fail and
intraluminal concentration of Ca+2 fall compromising ER functions, a process
known as ER stress. Unfolded proteins are accumulated in the ER lumen, and the
chaperon glucose-regulated protein 78 (GRP78), that work as the ER sentinel,
become dissociated from its receptors to solve the unfolding problem and avoid
protein aggregation.

The dissociation of GFP78 from its receptors in the ER

membrane triggers a signaling cascade, known as Unfolded Protein Response
(UPR). These receptors are the RNA-like endoplasmic reticulum kinase, inositolrequiring enzyme 1 and activating transcription factor 6 (PERK, IRE1 and ATF6
respectively) (Xin et al., 2014). PERK is principally involved in reducing the global
protein synthesis by means of the inhibition of the eukaryotic translation initiation
factor 2 α (eIF2α), and increases the expression of UPR-related genes by means of
activating transcription factor 4 (ATF4) activation. On the other hand, IRE1
promotes the expression of folding chaperones and proteins related to proteolysis
by activating the transcription factor X-box-binding protein 1 (XBP1). ATF6 is
dissociated from the ER membrane, and after being activated by proteolysis, acts
regulating UPR-related genes, in a complementary way to IRE1 (Kim et al., 2008).
Finally, although the main function of UPR is to promote cell survival, if ER stress
endure, the UPR can signal cell death by means of CCAT-enhancer-binding protein
homologous protein (CHOP) (Figure 5) (Xin et al., 2014).
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Figure 5. Unfolded protein response activation by the accumulation of misfolded proteins
in the ER lumen.

1.3.2. Acute phase
Acute phase can be defined as the processes starting 2-3 hours after
stroke, which develop along the first days. The principal physiopathological events
taking place in this phase are: oxidative and nitrosative stress, transcriptional

response, mitochondrial dysfunction, apoptosis and early inflammation.

1.3.2.1.

Oxidative and nitrosative stress

In physiological conditions, mitochondria produces small amounts of
oxygen reactive species (ROS) as a sub product of oxidative phosphorylation.
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These ROS are mostly produced as oxygen superoxide (O2-) which is converted in
the mitochondria to another ROS, H2O2, by the enzyme superoxide dismutase
(SOD) to finally be eliminated as H2O and O2 in peroxisomes by the enzyme
catalase, or reduced by the enzyme glutathione peroxidase. In healthy tissues, ROS
production must be balanced with antioxidant mechanisms, however, under
ischemia conditions, mitochondria turns dysfunctional and massive amounts of
ROS are produced, overloading antioxidative mechanisms, even though many of
these protective enzymes are rapidly overexpressed (Manzanero et al., 2013;
Prentice et al., 2015).
Other reactive radicals are produced as consequence of glutamate
excitotoxicity. Synaptic NMDAr are functionally joined to postsynaptic density
proteins 95 (PSD95), an anchor point for neuronal nitric oxide synthase (nNOS).
Therefore, Ca+2 entering trough NMDAr indirectly activates the neuronal nNOS,
increasing the levels of this signaling gas. Nitric Oxide (NO) signaling is necessary,
and in physiological conditions works as a gaseous neurotransmitter playing a role
in synaptoplasticity, but it turns toxic when large amounts are produced. NO
combines with free O2- producing peroxynitite (ONOO-), a strong protein and
lipidic oxidant (Manzanero et al., 2013; Lai et al., 2014).
Oxidative and nitrosative stress affects to proteins, lipids and nucleic acids,
conditioning regulatory process such as enzymatic activity, DNA methylation or
lipid peroxidation (Zhao et al., 2016).
Even tough oxidative stress is an imperative mechanism of cell injury in
ischemia, it is also enhanced by reperfusion. When reperfusion occurs, damaged
cells receive high doses of O2 which saturates the mitochondrial respiratory chain
producing impaired reactions and large amounts of ROS, being one of major
responsible of ischemic/reperfusion injury (Manzanero et al., 2013).
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1.3.2.2.

Transcriptional response

The lack of oxygen triggers specific transcriptional responses, driving to
the expression of genes and proteins ivolved in different functions (DeGracia,
2017). The most studied regulator of the transcriptional response after ischemia is
the hypoxia-inducible factor 1 (HIF1). HIF1 is an heterodimeric transcription factor
composed by a constitutively expressed subunit (HIF1β) and an oxygen-regulated
subunit (HIF1α) (Chen et al., 2009). Under normoxic conditions, the oxygendependent degradation domain (ODD) of HIF1α is prolyl hydroxylated and
therefore marked to be degraded in proteasomes. When O2 levels drop, the ODD
of HIF1α is preserved and dimerizes with HIF1β, to then translocate into the
nucleus and activate the transcription of target genes which possesses a hypoxia
response element (HRE) (Kumar and Choi, 2015). Some of these target genes are
proangiogenic proteins such as vascular endothelial growth factor (VEGF), proteins
related to extracellular matrix reformation such as MMPs, or glucose transporters
(Liu et al., 2012b).
In despite of the central role of HIF1 in hypoxic pathologies, its role is
poorly understood because of its complexity. HIF1 may mediate cell survival,
apoptosis or even cell proliferation in different conditions, such as developing or
adult brain, severe or moderate hypoxia, etc (Chen et al., 2009).
Although

less

studied

in

the

cerebral

ischemia

context,

other

transcriptional regulators such as the cAMP response element binding (CREB) or
nuclear factor kappa B (NF-κB), are also stimulated by the lack of oxygen and/or
nutrients, and they are involved in the expression of pro-inflammatory and pro
survival genes (Van Elzen et al., 2008).
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1.3.2.3.

Mitochondrial dysfunction

The lack of ATP, presence of ROS and high cytosolic Ca+2 concentrations
induce mitochondrial dysfunction. The Ca+2 accumulated in cytosol due to
excitotoxicity enter in the mitochondrial matrix, triggering the opening of the
mitochondrial permeability transition pore (mPTP). Once open, water and large
ions are able to freely enter to the mitochondria, producing mitochondrial
swelling, and cytochrome C liberation. In these circumstances the cell can death
by either necrosis or apoptosis (Dalkara and Moskowitz, 2011).

1.3.2.4.

Apoptosis

In the hyper acute phase, ischemia induces necrotic cell death in many of
the cells located in the lesion core because of the violence with which the injury
occurs in this area. Cells that do not die by necrosis, but are subjected to the
ischemic stress, eventually die in a more organized process, known as programed
cell death or apoptosis. Apoptosis is triggered by two principal ways, the extrinsic
and the intrinsic, dependent on the origin of the death signals. In both cases, cell
death can be mediated in a caspase dependent or independent manner (Dalkara
and Moskowitz, 2011).
The apoptotic extrinsic pathway is initiated by extracellular signals of
injury that join to death receptors located in the cellular membrane. These
receptors belong to the tumor necrosis factor receptor (TNFr) family, and
experiment multimerization and union to adapter proteins to form the deathinducing signaling complex (DISC), responsible for caspase-8 activation. Caspase8 activates the executor caspases 3 and 7 that cleave structural proteins and
enzymes producing cell death (Figure 6) (Dalkara and Moskowitz, 2011).
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Ischemia also induces apoptosis by the intrinsic pathway. This pathway is
initiated by intracellular signals of injury, like Ca+2 accumulations in the cytosol.
Ca+2 induce the activation of calpains (proteases) that cleave the proapoptotic
member of the Bcl-2 family BID. BID interact with other proapoptotic proteins as
BAD and BAX, causing the formation of mPTP, through which Cytochrome C and
apoptosis-inducing factor (AIF) are released to the cytosol. Once in the cytosol,
Cytochrome C binds to the apoptotic protein-activating factor 1 (Apaf-1) and
procaspase 9 to form an apoptosome and activate Caspase 9 that finally activate
caspase 3, which similar to the extrinsic pathway, cleaves different structural
proteins and enzymes.

In parallel to the caspases activation process, AIF is

translocated to the nucleus and mediate DNA fragmentation (Broughton et al.,
2009).

Figure 6. Intrinsic and extrinsic pathways of apoptosis.

1.3.2.5.

Early inflammation

Inflammation plays a decisive role in ischemic injury evolution. It is
probably the most complex component in the pathological process, involving
multiple mechanisms in different times after stroke. The complexity of this system
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is due to its dual ability to alarm the presence of injury (by means of proinflammatory signals) while on the other hand can limit or even repair the injury
(expressing an anti-inflammatory phenotype). Unbalance between both profiles
will determine lesion worsening or improvement.
Inflammation starts soon after ischemic insult with the activation of
microglia and with macrophage and neutrophils infiltration through the injured
BBB (Figure 7).
Microglia and macrophages activation starts minutes after vessel
occlusion, but peaks after 2-3 days (Jin et al., 2013; Gu et al., 2015). Activation is
mediated by molecules secreted by stressed and dying neurons. These molecules
which are usually intracellular (and therefore are not exposed for recognition) work
as damage-associated pattern molecules (DAMPs) activating microglial receptors,
as for example, toll like receptors (TLRs).
Once activated, microglial cells and macrophages suffer morphological
and functional changes. While in resting conditions microglial cells work as CNS
sentinels, displaying long processes that virtually reach the entire cerebral
parenchyma, after activation they retract their processes, acquiring amoeboid
morphology (Rawji et al., 2016). Functional phenotype of activated microglia and
macrophages may be M1 (pro-inflammatory or destructive) or M2 (antiinflammatory or neuroprotective) (Xiong et al., 2016). In the acute phase the
damaged microenvironment greatly unbalance the microglial and macrophage
functional phenotype promoting M1 phenotype.
Activated M1 microglia and macrophages release signaling proinflammatory molecules like tumor necrosis factor alpha (TNFα), interleukin 1, 6,
12 or 23 (IL-1, IL-6, IL-12, IL-23) or NO. These cytokines among other processes
also induce the recruitment of circulating immune cells, which will play critical roles
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in delayed inflammatory processes. On the other hand, activated M2 microglia and
macrophages express anti-inflammatory molecules like interleukin 10, CD206 or
arginase 1 (Xiong et al., 2016). Although increasing the transition of microglia and
macrophages from M1 to M2 phenotype would be a striking therapeutic target,
this process is still poorly understood. Recent studies reveal that the ratio M1:M2
is higher in male and aged CNS, but the precise mechanisms are still unknown
(Xiong et al., 2016; Rawji et al., 2016).
Other inflammatory cells playing a central role in the early inflammation
are neutrophils. They cross the BBB during the first hours after stroke, but they
peak between days 1 and 3, then disappear (Jin et al., 2013). Neutrophils infiltration
is mediated by the expression in the stressed endothelial cells of specific adhesion
molecules such as endothelial-selectin (E-Selectin), intercellular adhesion molecule
(ICAM) -1 and -2, vascular adhesion molecule 1 (VCAM1) and platelet endothelial
cell adhesion molecule (PECAM)-1. These antigens are detected by specific
receptors in neutrophils and monocytes surface (Ceulemans et al., 2010). Once
infiltrated, these cells release ROS and NOS, as they express the inducible Nitric
Oxide Syntase (iNOS). Moreover, as microglia and macrophages, neutrophils
release pro-inflammatory cytokines such as TNFα, IL-6, IL-8, increasing neutrophil
and other leucocyte recruitment. The chemokines C-C motif chemokine ligand 2
and 3 (CCL2 and CCL3) are also released, signaling leucocyte T, monocyte and
dendritic cells recruitment. Finally, neutrophils secrete large amounts of proteases
which damage the vascular basal lamina increasing BBB permeability (Jickling et
al., 2015).
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Figure 7. Temporal profile of the inflammatory response triggered by brain ischemia.
Adapted from (Gelderblom et al., 2009).

1.3.3. Subacute phase
The subacute phase concerns the physiopathological mechanisms taking
place several days after ischemic insult, which is principally a complex delayed

immune response.

1.3.3.1.

Delayed immune response

While in the first hours and days after stroke predominates innate
immunity, adaptive immunity develops along the following days enduring beyond
the first weeks. T lymphocytes or T cells, play a central role in this process, since
they receive the pro-inflammatory signals released by microglia and macrophages,
originating a complex and sustained response. T cells are classified in T helper (Th),
or cytotoxic T cells (Tc), expressing CD4 and CD8 in their surface respectively.
Th cells are classified by their cytokine release profile. The best known
subtypes of Th cells are Th1, Th2 and regulatory T cells (Treg). Th1 cells release
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pro-inflammatory cytokines such as interferon gamma (INFγ). On the other hand,
Th2 cells release anti-inflammatory molecules, IL-4, IL-10, among others. Treg cells
are immunosuppressive, and they play an important role limiting brain injury after
stroke (Gu et al., 2015).
Tc cells are responsible to remove damaged or induce apoptosis in target
cells. Tc cells release perforin, granizymes and granulysin (involved in the
formation of membrane pores and induction of apoptosis).
Adaptive

immunity

has

also

systemic

consequences,

producing

lymphopenia (making the patient more vulnerable to infections), and an
autoimmune response against CNS antigens (increasing the secondary injury to
CNS) (Gu et al., 2015). Unbalance between pro-inflammatory and antiinflammatory cells will newly determine the lesion progression.

1.3.4. Delayed phase
Several weeks after ischemia, the acute and subacute physiopathological
processes trend to disappear and regenerative mechanisms that were slowly
arising in the injured area finally emerge. In this phase, the lesion scar become
chronic, and augment the reparative processes.

1.3.4.1.

Lesion scar

Ischemic injury deeply disturbs the homeostasis of CNS parenchyma. In
addition to ischemic metabolism and neuronal death, cell infiltration and the
presence of high amounts of signaling molecules creates a perturbed
microenvironment that has to be limited to impede the affectation of the healthy
surrounding tissue. In order to avoid lesion expansion, some cell types surround
the injured tissue creating a scar.
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Lesion scar formation is biphasic. During the first days, the scar is formed
by astrocytes, microglia and glial precursor cells, so it is known as glial scar. As the
lesion progress, microglial cells trend to disappear and a new cell type coming
from damaged meninges and vessels invades the lesion, the fibroblasts.
Fibroblasts proliferate and secrete large amounts of extracellular matrix molecules
(ECM) to somehow fill the space left by the cell loss due to ischemic injury. These
cells form the fibrotic scar (Figure 8) (Kawano et al., 2012).

Figure 8. Lesion scar formation after ischemic injury.

Glial scar formation starts in the acute phase, since astrocyte are sensitive
to neuronal injury, and in presence of alert signals, they become activated or

reactive increasing their ability to remove neurotransmitters, ROS, or to give
metabolic support to injured neurons by means of lactate production from small
amounts of glycogen stored in their cytoplasm (Falkowska et al., 2015). Reactive
astrocytes also increase the production of glial fibrillary acidic protein (GFAP) and
proliferate. Therefore, glial scar seems to be protective, working as a physiological
barrier to contain injury progression (Kawano et al., 2012).
On the other hand, although fibrotic scar remains less studied, recent
studies suggest that collagen secreted by fibroblasts forms a physical barrier
limiting the entrance of new axons in the injured area, which could be extremely
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important to understand the lack of neuroregenerative process in mammals CNS
(Fernandez-Klett and Priller, 2014).

1.3.4.2.

Tissue reparation

After an ischemic insult, reparation processes are slowly stimulated. In the
first days these signals are overshadowed by the pro-inflammatory environment,
but as necrotic cells are removed, and inflammation is stabilized, proliferative
processes acquire a central position. These processes are principally angiogenesis,

neurogenesis and neuroplasticity.

· Angiogenesis: along the first days after stroke, angiogenic signals are released
promoting the neovascularization of the injured region. The formation of
new blood vessels provides oxygen and nutrients to the injured tissue
promoting endothelial, glial and neuronal survival. Moreover it also helps
to remove tissue waste. Angiogenesis starts with the separation of
pericytes from endothelial cells in the acute phase. This process is
stimulated by Angiopoietin-2, secreted by the damaged endothelial and
perivascular cells, and destabilizes the old vessels, leaving the endothelial
cells free to experiment cellular division. Endothelial proliferation is then
fed back by grow factors such as VEGF or fibroblast growth factor (FGF).
Vascular development is accompanied by extracellular matrix remodeling,
a process dependent on different MMPs (Hayashi et al., 2006).
Angiogenesis persists along the first weeks, and although seems to peak
around 2 weeks after injury, there is not consensus about it temporal
profile.
Although angiogenesis is generally considered as a protective
mechanism, it must be accurately regulated, since an excess of vascular
permeability, or an excess of proteases related to extracellular matrix
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remodeling can worse the secondary injury to ischemia, increasing the
edema and parenchymal deterioration (Hayashi et al., 2006).

· Neurogenesis: in 1965 Drs. Joseph Altman and Gopal D. Das described by first
time the existence of neurogenesis in the adult mammal´s brain (Altman
and Das, 1965). Later, in 1998 Peter S. Eriksson et al. confirmed the
existence of adult neurogenesis in human´s brain (Eriksson et al., 1998).
Currently is accepted that this phenomena is restricted to two small
regions, subgranular

zone

(SGZ) of the

hippocampus,

and the

subventricular zone (SVZ) of the lateral ventricles. In physiological
conditions, neuroblasts generated in the SGZ are differentiated to new
glutamatergic granular neurons that stay at the hippocampus, while
neuroblasts generated in the SVZ migrate rostrally to differentiate into
GABAergic interneurons in the olfactory bulb (Machalinski, 2014). After
brain ischemia, neurogenesis is increased in both neurogenic niches, and
part of the neuroblasts generated at SVZ change their tropism and
migrate to the injured areas (Kreuzberg et al., 2010). However, many
questions are still poorly understood in the context of adult neurogenesis,
therefore it is still discussed if these cells are able to integrate and
generate functional circuits, since apparently they always differentiate into
GABA+ interneurons, or if part of neuroblasts found in the cortex could
arise by a hypothetic process of local neurogenesis. Finally, it is also
unknown whether neuroblasts originated anywhere are able to survive in
the injured region, since some studies found that these cells die soon after
differentiation (Arvidsson et al., 2002).

· Neuroplasticity: a third mechanism of reparation is present in the injured area
in the chronic phase. Under the term neuroplasticity are englobed the
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processes of synaptic remodeling, and axonal outgrowth, which seems to
be

the

primarily

responsible

of

motor,

sensitive

and

cognitive

improvement of stroke patients (Xiong et al., 2016; Schmidt and Minnerup,
2016).

1.3.5. Therapeutic opportunities in the different
phases of ischemic stroke
Different strategies were studied to reduce the ischemic lesion in the
different

phases

of

injury

evolution.

These

strategies

are

classified

in

neuroprotectants, anti-inflammatory and reparative therapies.

1.3.5.1.

Neuroprotective strategies

Hyper acute and acute phases importantly determine the magnitude of
the ischemic lesion; therefore therapeutic approaches focused in these phases
have presumably the strongest therapeutic potential. Those strategies targeting
the hyper acute and acute processes are commonly known as neuroprotectants,
and are designed to antagonize, interrupt of slow down the physiopathological
processes of ischemic injury, excluding the recanalization therapies (Ginsberg,
2008). The knowledge provided by experimental research concerning the
molecular mechanisms underlying cerebral ischemia potentiated the development
of neuroprotectant agents from the 90s. However, in despite of the encouraging
results obtained in preclinical studies, up to now none of these alternatives had
reached positive results in clinical trials, in part due to the fast-developing nature
of events taking place in the hyper acute phase, which importantly reduces the
therapeutic window. In despite of these difficulties to translate the results to the
clinics, but as a consequence of the great therapeutic potential, neuroprotection
is currently an active field of research.
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· Ca+2 dysregulation: is one of the most targeted mechanisms of ischemic
injury. Nimodipine a blocker of L-type voltage-gated Ca+2 channels is one
of the most studied Ca+2 blocker. It reduces the entrance of this ion in the
cells, and has vasoactive properties. Due to its vasodilator activity is used
as a treatment to prevent uncontrolled vasoconstriction (vasospasm) after
subarachnoideal hemorrhages. However in despite of a large number of
preclinical a clinical studies, nimodipine has not shown benefits in cerebral
ischemia (Ginsberg, 2008; Weinberger, 2006). As alternative to complex
molecules targeting Ca+2 channels, it was also tested the effect of Mg+2 , a
Ca+2 competitor that interferes with Ca+2 channels reducing the
uncontrolled release, and blocking NMDA channels among other
processes. Up to now, Mg+2 showed encouraging results, and it is currently
being tested in clinical trials (Saver et al., 2015).

· Neurotransmitters homeostasis: glutamate excitotoxicity was addressed by
different ways. The most studied concerns the modulation of glutamate
receptors NMDA and AMPA using glutamate antagonists. These studies
were positive in animal models, but the results were not reproduced in
patients. This would be due to the lack of protection against other
damaging process, the side effects derived from reducing glutamate
transmission in the whole brain, among methodological limitations
concerning the translation of results from the preclinical to the clinical field
(Weinberger, 2006; Ginsberg, 2008). An alternative to glutamate
antagonism concerns the direct reduction of brain glutamate using a
grabbing system. This method is based in the reduction of blood
glutamate to force the transport through the BBB from the brain to the
blood, in favor of its concentration gradient (Castillo et al., 2016).
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If glutamate is the principal excitatory neurotransmitter in the
brain of mammals, GABA is the principal inhibitor, counterbalancing the
glutamate activity. Common GABA agonists such as Diazepam, were also
tried in clinical studies, reaching negative results (Ginsberg, 2008). Other
studied alternative was the anesthetic gas Xenon, which used at nonanesthetic concentrations works as a NMDA blocker. This gas showed
protective effects in animal studies and it is currently being tested in
patients with global brain ischemia produced by cardiac arrest (Mangus et
al., 2014).

· Death signaling pathways: the neuroprotective potential of anesthetics and
anticonvulsant medications such as pentobarbital, sevoflurane, isoflurane
or ketamine was also analyzed, revealing the ability to potentiate
prosurvival signaling pathways that yielded positive results in animals.
However, the translation to the clinics was failed (Weinberger, 2006;
Matchett et al., 2009). Moreover, the use of anesthetics in neurological
patients would increase other risks derived from clinical management.

· Antioxidants: endogenous and synthetic substances with antioxidative
properties were tested in the preclinical and clinical ranges. Disunfenton
sodium, known as NXY-059 was one of the first and most studied synthetic
antioxidatives. Although preliminary data showed encouraging results,
these were not replicated (Ginsberg, 2008). Currently other antioxidant
alternatives, such as Vitamin E are under study.

· Others: citicoline, a precursor in the phosphatidylcholine synthesis, was tested
as stabilizing agent for cell membranes. In despite of early encouraging
results in small studies, the results were negative in larger randomized
trials (Ginsberg, 2008).
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In despite of the pessimism that negative results would promote, the
research made in the neuroprotection field importantly helped to understand the
mechanisms of ischemic injury, and therefore advance to improve the treatment
alternatives. Moreover, recently it was purposed the redesign of neuroprotective
strategies as advanced neuroprotection strategies, a concept to define the use of
neuroprotective agents in those people at high risk of stroke, acting as a protective
diet (Ayuso and Montaner, 2015). This reinterpretation could allow to recycle those
neuroprotective candidates that were discarded by their short therapeutic window.

1.3.5.2.

Anti-inflammatory strategies

Early and delayed inflammation are also appealing processes susceptible
to be modulated. These processes provide a larger therapeutic window, increasing
their usability. The goal in anti-inflammatory or immunomodulatory therapies is to
limit the entrance of neutrophils, and potentiate the anti-inflammatory
phenotypes, such as M2 phenotype of macrophages and microglia. Moreover,
multiple studies targeted delayed inflammation, aiming to block T cells migration,
but these studies yielded controversial results even in preclinical studies. Other
important target in immunomodulatory studies concerns the blockade of IL-1
receptor, which partially interrupts pro-inflammatory cascade (Veltkamp and Gill,
2016).
Experimental studies demonstrated the potential of Minocycline (a
derivative of tetracycline) to reduce microglial activation among other antiinflammatory activities. However, its application in patients did not yield significant
differences compared to placebo. Moreover, different types of compounds
designed to specifically block CD11b, CD18, or ICAM-1 and therefore reduce
lymphocyte infiltration showed encouraging results in animal models of ischemic
stroke, but failed in the clinical trials. Early clinical trials used mouse monoclonal
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antibodies to specifically block target molecules, which lead to the activation of
adaptive responses against the antibodies (Veltkamp and Gill, 2016). This fact
could have overshadowed the protection afforded by these therapies, leading to
the design of humanized antibodies to be used in the coming studies.
Therapies targeting lymphocyte infiltration or lymphocyte release from
the generating niches are also being tested. Natalizumab, a monoclonal antibody
to α4-β1 integrin used in multiple sclerosis is currently being tested as an antiinflammatory therapy for stroke. First clinical results did not show a significant
reduction in lesion volume of treated patients, but could improve the outcome in
small lesions (Veltkamp and Gill, 2016). Fingolimod is a modulator of lymphocyte
growing, differentiation and migration, which is being tested to decrease
lymphocyte liberation from lymph nodes. Preliminary results in patients with
ischemic and hemorrhagic stroke showed encouraging results (Veltkamp and Gill,
2016).

1.3.5.3.

Reparative therapies

Reparative therapies are those designed to recover the injured tissue, and
are usually focused in the subacute and delayed phase, although there is an
increasing body of evidence suggesting the anticipation to the acute or subacute
phases. In this group of therapies are englobed pharmacological approaches and
neurotrophic factors aiming to stimulate endogenous neurogenesis, angiogenesis
and synaptic plasticity, and cell-based therapies.

· Pharmacological approaches: different therapeutic alternatives designed to
treat other pathologies were tested in the context of cerebral ischemia.
Therefore, selective serotonin reuptake inhibitors (SSRIs), which are used
as antidepressants, demonstrated to promote neural plasticity in stroke
animal models, and improve long term motor recovery in patients.
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Moreover, phosphodiesterase 5 (PDE 5) inhibitors, firstly designed to treat
erectile dysfunction due to its role as vasodilator, demonstrated to
improve

neurological

recovery

by

an

increase

in

neurogenesis,

angiogenesis and synaptogenesis in experimental studies, and showed
positive results in a preliminary clinical trial, however more research is
necessary to confirm the therapeutic effect (Schmidt and Minnerup, 2016).
Finally, specific approaches are being developed. Thus, Nogo-A, a
signaling protein that inhibits neurite outgrowth, was blocked by using
antibodies and pharmacological antagonists, showing an improvement in
synaptic plasticity in preclinical studies. Aiming to translate these findings
to the clinics, a humanized antibody to Nogo-A has been developed, and
its safety was tested in a clinical trial, however its therapeutic effect has
not been tested yet (Schmidt and Minnerup, 2016).

· Growth factors: growth factors such as VEGF, BDNF, granulocyte colonystimulating factor (G-CSF) or insulin growth factor 1 (IGF-1) among others
were tested in preclinical and clinical studies. G-CSF demonstrated to have
anti-apoptotic, immunomodulatory and promote regenerative processes
in preclinical studies, but studies in patients did not yield any significant
result, and observational studies in patients related increased VEGF levels
to microbleeds (Schmidt and Minnerup, 2016; Dassan et al., 2012).

· Cell therapies: different strategies concerning the use of cells were tested in
experimental and clinical studies of cerebral ischemia. These approaches
used cells from embryonic or fetal sources, from umbilical cord and
placenta and from adult sources, such as bone marrow, using multipotent
stem cells or lineage-specific cells. These treatments could be effective by
means of two mechanisms, replacing local cells when they are injected in
Alba Vieites Prado | 37

Brain hypothermia in ischemic stroke
the cerebral parenchyma, or by inducing immunomodulatory and growth
potentiation effects. In despite of the existence of experimental data
supporting both mechanisms, currently the second one is the most widely
accepted.
The most frequently studied cell types in cell therapy are marron-derived
mononuclear cells (MNCs) and mesenchymal stem cells (MSCs), and
preliminary studies showed they can be used safety, however studies
concerning therapeutic effect are controversial (Schmidt and Minnerup,
2016).

1.3.5.4.

Multifactorial therapies

Most of the therapies tested to treat stroke are designed against a single
target, independently that they can indirectly affect secondary mechanisms.
However there are several therapies which are able to influence multiple factors,
the most remarkable are hypothermia and melatonin administration.
The hormone melatonin is mainly secreted by the pineal gland and is
implied in the regulation of circadian rhythms. This hormone possesses radical
scavenging, immunomodulatory and antiapoptotic activity among other functions,
therefore it is in the focus of multiple preclinical studies which had already
demonstrated it capacity to regulate Ca+2, reduce apoptosis by means of inhibiting
the mPTP formation, regulating NO and cytokines release, and regulating
prosurvival signaling pathways (Andrabi et al., 2015). Moreover, although is less
studied, melatonin could also play a role in the delayed phase after ischemic
stroke, promoting neuroplasticity processes (Ramos et al., 2017).
In conclusion, designing new therapies to treat ischemic stroke is a
complex process, in which a critical number of the initial candidate molecules
achieve the clinical use. None of the therapies targeting the physiopathological
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processes of ischemia are currently used in patients, which are only benefited from
those strategies targeting the coagulation processes (Chen and Wang, 2016).
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1.4.

Clinical management of patients with

ischemic stroke
In the first minutes since vessel occlusion occurs, CBF is totally arrested in
the center of the affected vascular territory. This area is known as lesion core and
conditions are so adverse here that the neurons located in this region die in few
minutes. Surrounding the lesion core, there is the area known as penumbra, where
CBF is abnormal, providing tissue hypoperfusion. Cells located in this area suffer
stress, and they will undergo cell death if CBF is not reestablished, or if any
protective strategy is applied in the first hours of ischemia evolution. Therefore,
therapeutic approaches should be focused in this area, since in contrast to the
lesion core, penumbra contains potentially salvageable tissue (Figure 9).

Figure 9. The lesion core is constituted by irreversibly injured tissue, while the surrounding
area, known as penumbra, is potentially salvageable. If a therapeutic strategy is not applied,
the penumbra region will undergo irreversibly damaged.
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In the clinical practice, there are a number of modifiable variables that has
been proved to have influence on the penumbra evolution, and therefore in
patient´s outcome. These variables are principally the restoration of CBF,
temperature, CBF stabilization, and glycaemia.

1.4.1. Restoration of CBF
The first potentially achievable goal to protect the brain is try to reverse
the cause of injury. Therefore, restoration of CBF in the first hours of stroke
evolution is critical. Currently there are two alternatives to achieve this purpose:
intravascular thrombolysis, and mechanical thrombus retrieval.

1.4.1.1.

Intravascular thrombolysis

Thrombolytic therapy consists in the intravascular administration of
agents capable to dissolve the thrombus in situ.

· Intravenous rtPA: Tissue plasminogen activator (tPA) is an endogenous serine
protease that is secreted by endothelial cells among others. The
importance of tPA remains in its capacity to cleave the zymogen
plasminogen into an active protease, plasmin. Plasmin breakdown the
fibrin fibers that maintain platelets attached to form blood clots, therefore,
tPA is an endogen promotor of blood clots dissolution (Figure 10).
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Figure 10. Mechanism of action of tissue plasminogen activator (tPA). tPA cleaves
plasminogen into plasmin, a protease which cleaves fibrin, the protein responsible for blood
cells attachment. Fibrin proteolysis leads to thrombus dissolution or thrombolysis.

Due to its fibrinolytic function, exogenous administration of tPA
was considered as a potential treatment for thrombosis, and in 1983 it was
generated the recombinant version of tPA (rtPA), a protease composed by
527 amino acids and a molecular weight of 70kDa (Hebert et al., 2016).
The original sequence was modified to enhance its pharmacological
properties, but in despite of the modifications, rtPA still preserves some
undesirable properties, the most important over the BBB permeability,
since rtPA increases the BBB permeability, increasing the risk of
hemorrhagic transformation (Hebert et al., 2016).
rtPA is, until now, the unique therapy approved by the Food and
Drug Administration (FDA) to treat acute ischemic stroke (Lin and
Sanossian, 2015; Gravanis and Tsirka, 2008). Its approbation was based in
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the results of the NINDS rtPA Trial (from the initials of The National

Institute of Neurological Disorders and Stroke rt-PA Stroke Study Group)
published in 1995. This study showed that in despite of an augment in the
incidence of intracerebral hemorrhages, the use of rtPA in the first 3 hours
after stroke onset was associated to a clinical improvement after 3 months
(The National Institute of Neurological Disorders and Stroke rt-PA Stroke
Study Group, 1995). In despite of the favorable results of the NINDS trial,
the use of rtPA was not approved in Europe until 2002 (Wahlgren et al.,
2007). Some years later, in 2004 the therapeutic window of rtPA was
extended to 4.5 hours (Hacke et al., 2004). Currently this time window is
being questioned, since in recent years improvements in neuroimaging
techniques confirmed that stroke is a dynamic process, and the different
variables present in different patients (clot size and nature, localization,
comorbilities,

etc)

may

determine

differences

in

the

temporal

development of ischemic injury. These observations point out that
therapeutic window for rtPA should also be dynamic, and not restricted to
the temporal criteria. Maybe in coming years candidate patients to be
treated with rtPA are selected in the basis of the presence of salvageable
tissue observed by neuroimaging techniques, independently that time
could be also considered, but in a second place (Hill et al., 2015; Dorado
et al., 2014a).
Currently it is estimated that rtPA is only administrated to 10% of
the total pool of ischemic patients. This is a consequence of the short
therapeutic window and eligibility criteria based in comorbidities and
hemorrhagic risk of the patient. Moreover, less than the 50% of the treated
patients successfully achieve the arterial reperfusion.
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· Intra-arterial fibrinolysis: Intra-arterial administration of fibrinolytic agents
provide a more specific way to focally concentrate the therapeutic agent
near the thrombus, reducing the amount of pharmacological agent
needed to achieve the recanalization, and reducing the amount of
circulating fibrinolytic, which potentially reduces systemic adverse effects
(Dorado et al., 2014a). In despite of all these advantages, intra-arterial
administration is highly invasive, and the high concentration of
thrombolytic agent in the occluded region could increase neurotoxic
effects. Pro-urokinase is an isoenzyme of tPA, presumably less neurotoxic
although also less selective for clot-bound plasminogen than tPA. Intraarterial administration of recombinant pro-urokinase was tested some
years ago in The Prolyse in

The

Prolyse in Acute Cerebral

Thromboembolism II study (PROACT II), and in the Middle Cerebral Artery
Embolism Local Fibrinolytic Intervention Trial (MELT), but until now, rtPA
is the only fibrinolytic treatment accepted, and it is also used when intraarterial administration is recommended.

1.4.1.2.

Mechanical thrombectomy

The aim of mechanical thrombectomy is to extract the clot from the
vascular lumen. These techniques imply the use of a semi-invasive intravascular
catheter (usually introduced through the femoral artery) to reach the occluded
vessel and catch the clot. These endovascular techniques are often applied to those
patients who received rtPA treatment but did not respond to the treatment, or in
those patients who are in the therapeutic window of rtPA but they are not eligible
for fibrinolytic treatment due to the existence of coagulopathies or recent major
surgery.
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Currently, four devices are approved by the FDA to perform endovascular
thrombectomy: mechanical embolus removal in cerebral ischemia, known as
MERCI retriever (from Stryker Neurovascular), penumbra aspiration system (from
Penumbra Inc.), solitaire stent retriever (from ev3 Neurovascular) and trevo stent

retriever (from Stryker Neurovascular) (Lin and Sanossian, 2015). Although these
devices show higher recanalization rates and longer therapeutic window than rtPA,
their use implies technical difficulties, sedation, and the risk of vascular trauma,
potentially leading to vessel rupture or to vasospasm. Moreover, mechanical
thrombectomy may cause thrombus fragmentation causing distal embolization in
previously non affected tissue. Due to these limitations, the use of endovascular
thrombectomy is often restricted to specialized centers.

1.4.2. Temperature
Body temperature demonstrated to greatly determinate the outcome of
stroke patients. Hyperthermia or fever appearance over the acute phase,
independently of the origin (infectious or not) is associated to bad outcome
(Castillo et al., 1994; Castillo et al., 1998; Greer et al., 2008; Millan et al., 2008;
Polderman, 2008; Blanco et al., 2012; Leira et al., 2012). On the other hand, low
temperatures demonstrated to have protective effect in serious diseases which
produce cerebral ischemia such as cardiac arrest or neonatal asphyxia (Bernard et
al., 2002; Shankaran et al., 2005; Shankaran, 2009).
As result of these observations emerge the concept of targeted
temperature management (TTM) (Palmers et al., 2015). TTM seeks to rigorously
control body temperature in ischemic patients, avoiding hyperthermia, and trying
as far as possible to maintain the patient under hypothermia. The concept of TTM
substitutes the classical concept of therapeutic hypothermia which sounded more
restrictive to low temperatures, a target difficult to reach due to the development
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of side effects associated to cold as shivering, respiratory infection, arrhythmia
among others (Andresen et al., 2015).

1.4.3. CBF stabilization
1.4.3.1.

Blood pressure

Stroke patients commonly develop arterial hypertension during the acute
phase. Hypertension increases the risk of hemorrhagic transformation, while
hypotension is related to bad outcome presumably due to tissue hypoperfusion.
Although many clinical trials addressed this point, they were not conclusive, and
currently there is not a consensual guide for blood pressure management during
the acute phase of ischemic stroke. Frequently, permissive hypertension is
recommended in the clinical practice, ensuring the correct perfusion of the brain,
but avoiding too high values that could trigger the vessel rupture (McManus and
Liebeskind, 2016; Dorado et al., 2014a).

1.4.3.2.

Antiagregation and anticoagulation

Independently that artery reperfusion was achieved or not, CBF should be
stabilized, avoiding the formation of new clots. To achieve it, platelet antiagregants
and anticoagulation agents are frequently used.
The most used antiagregant is acetylsalicylic acid, an irreversible inhibitor
of Cyclooxygenase 1 (COX1) reducing prostaglandin and thromboxane synthesis,
the last ones, indispensables for platelet aggregation. Moreover, venous
thromboembolism is a common complication observed in ischemic patients, in
order to avoid it anticoagulation with heparin is generally used. These treatments
are started in the acute or subacute phase, depending on the balance between the
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risk of recurrent stroke and hemorrhagic transformation (Dorado et al., 2014b;
Hankey, 2016).

1.4.4. Glycaemia
Ischemic stroke patients frequently have high values of blood glucose
independently if they are or not diabetic. Hyperglycemia is associated to bad
outcome, and some experimental studies demonstrated the neurotoxic effect of
glucose under ischemic conditions, with pro-inflammatory consequences, as well
as its role altering vasculature and coagulation processes (Hafez et al., 2014).
Nevertheless, although some trials tested the impact of intensive insulin
administration in the outcome, this approach did not show significant repercussion
in the progression of patients (Gonzalez-Moreno et al., 2014). On the other hand,
low glucose levels due to fast or insulin injection, are also deleterious, associated
to increased mortality. Currently, in the clinical practice, glycaemia is controlled
avoiding glucose saline in diabetic patients, and hypoglycemic patients are treated
with glucose solutions (Alonso de Lecinana et al., 2014). Therefore, the attention is
focused in avoiding glucose oscillations along the acute phase, instead of treating
punctual evaluation of glucose levels (Gonzalez-Moreno et al., 2014).
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1.5.

Animal models of stroke

Animal models are fundamental tools in the preclinical study of diseases
and injuries, allowing to explore the physiopathology, and to design and test new
therapeutic approaches for a posterior translation to the clinic. When the original
disease is not present endogenously in the animal model, it has to be artificially
induced, as is the case of cerebral ischemia.
Attending to the injury extension, the animal models of cerebral ischemia
can be classified in two main categories: animal models of global ischemia and
animal models of focal ischemia. On the first case the whole brain is deprived from
blood flow, therefore these models are frequently used to study the cerebral
consequences of heart stroke. On the other hand, the animal models of focal
ischemia are used to mimic brain stroke, since the blood flow interruption is
restricted to a focal vascular territory. Moreover, attending to the duration of blood
flow interruption, focal ischemia models are classified as permanent or transient,
allowing to study the pathophysiological consequences of stroke and reperfusion
injury.
Clinical data show that most of the human brain strokes result from
occlusions in the territory of the middle cerebral artery (MCA), as a consequence,
many of the focal ischemia models are based in the temporary or permanent
occlusion of this artery, which is achieved by different ways:

· MCA occlusion with intraluminal filament: is one of the most popular
models, was first described by Longa et al. in 1989 (Longa et al., 1989). It
is based in the introduction of a monofilament through the internal carotid
to occlude the blood flow in the origin of the MCA. The principal
advantages and limitations of this model are summarized in Table 1.
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· Intraluminal thromboembolism: this model was described by Kudo et al in
1982, and later revised by Kaneko and by Busch et al. in 1985 and 1997
respectively (Kudo et al., 1982; Busch et al., 1997). This model was an
improvement over the filament model, substituting the intraluminal
filament by the injection of autologous blood clots through the internal
carotid. The principal features of this model are summarized in Table 1.

· MCA electrocoagulation: was firstly published by Tamura et al. in 1981
(Tamura et al., 1981). It is based in the direct electrocoagulation of the
MCA. Advantages and limitations of this model are shown in Table 1.

· MCA ligature: van Chen et al. published this model in 1986 (Chen et al., 1986).
The procedure is similar to the model of MCA electrocoagulation,
requiring also a craniotomy, however in this case the MCA is ligated with
a suture, allowing to produce both, temporary or permanent occlusions.
See table Table 1 to for advantages and limitations of this model.

· MCA thromboembolism: published in 2007 by Orset et al. (Orset et al., 2007).
This model allows to the in situ microinjection of thrombin in the MCA,
triggering the local formation of a blood clot. Advantages and limitations
of this model are summarized in Table 1.
Other models do not affect properly the MCA, or produce multifocal infarcts:

· Endothelin 1 injection: was firstly published by Sharkey et al. in 1993 (Sharkey
et al., 1993) Endothelin 1, a potent vasoconstrictor is stereotaxically
injected into the striatum. The principal advantages and limitations of this
model are summarized in Table 1.

· Embolism by microspheres: described by Zivin et al. in 1987 (Zivin et al.,
1987). In this case, suspensions of calibrated microspheres or other nonclot emboli are injected in the internal carotid artery producing diffuse
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microembolization. In Table 1 are summarized the principal characteristics
of this model.

MODEL

ADVANTAGES

LIMITATIONS

· Do not needs

MCA occlusion
with intraluminal
filament

Longa et al. 1989

craniotomy

· Not useful to

· High

study

reproducibility

thrombolytic

of lesion size

therapies

and localization

· Low
reproducibility of

Intraluminal
thromboembolism

Kudo et al. 1982

· Do not needs

lesion size and

craniotomy

localization

· Useful to test

· Risk of

thrombolytic

spontaneous

therapies

reperfusion

· Needs
craniotomy
·Electrocoagulatio
· Permanent

MCA

n may injury

occlusion, no

surrounding

electrocoagulation

risk of

tissue

Tamura et al. 1981

spontaneous

· Not useful to

reperfusion

study
thrombolytic
therapies
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· Can be
permanent or
transient

MCA ligature

craniotomy
· Not useful to

· High

Chen et al. 1986

· Needs

reproducibility
of lesion size
and localization

· Useful to test
thrombolytic

MCA

therapies

thromboembolism

· High

Orset et al. 2007

reproducibility

study
thrombolytic
therapies

· Needs
craniotomy
· Risk of

of lesion size

spontaneous
reperfusion

and localization

· Not useful to
study

· High

Endothelin-1

reproducibility

injection

of lesion size

Sharkey et al. 1993

and localization

thrombolytic
therapies
· Needs a small
craniotomy

· Low
reproducibility of
lesion size and

Embolism by
microspheres

Zivin et al. 1987

· Do not needs

localization

craniotomy

· Not useful to
study
thrombolytic
therapies

Table 1. Summary of the most representative animal models used to mimic brain ischemia
in rodents.
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Most of the preclinical studies use small rodents as models. The use of rats
and mice present the advantage that the molecular mechanisms leading to
ischemic cell death are well characterized, and the availability of genetically
modified strains makes easier the study of specific molecular targets. Moreover,
the costs of maintenance and space requirements of rodents are low, allowing to
be used in a wider number of research centers. However, in despite of these
advantages the use of rodents presents important limitations such as they are
lysencephalic animals, with a small proportion of white matter compared to
humans, or the fact that small body size implies metabolic and physiological
particularities which are different from large body animals such as humans. These
limitations hamper the direct translation of results from rodents to humans,
implicating that once a drug show efficacy in rodents, has to be tested in larger
gyrencephalic animals such as cats, dogs, pigs of monkeys, before to be tested in
humans (Macrae, 2011).
Briefly, there is a wide range of available options to mimic stroke, therefore
the selection of the model must be based on the study objectives, assuming the
best balance between the model strengths and technical limitations, since there is
not a universal model (Garcia-Bonilla et al., 2011).
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2. Therapeutic hypothermia
Hypothermia is defined as a reduction in body core temperature under
the threshold of normothermia which is considered to be 36.5ºC1 in the adult
huuman. Therefore, therapeutic hypothermia consists in a controlled reduction of
body temperature to achieve a therapeutic benefit (So, 2010). Depending on the
target temperature, therapeutic hypothermia is classified as deep (body core
temperature under 28ºC), marked (28-32ºC), moderate (32-34.5ºC) or mild (34.536ºC) although these definitions may vary between authors (Andresen et al., 2015).

2.1

Origins and development of therapeutic
hypothermia

First evidences on the use of cold with therapeutic purpose come from the
Ancient Egypt, when its use was recommended in the oldest medical text known,
the Edwin Smith Papyrus. Latter, in the VI century b.C. Hippocrates recommended
the use of snow to cover wounded soldiers, and much later, during the Napoleonic
Wars, the surgeon Dominique-Jean Larrey used snow to diminish pain in
amputations. He also observed that soldiers who recovered from amputations near
to a fire died more often than those which were recovered under hypothermic
conditions (Karnatovskaia et al., 2014). Hypothermia was also used at the late XIX

1

Although normothermia is defined with a reference average temperature, should be noted

that it is a range of temperatures comprised between the vasoconstriction and sweating
threshold temperatures (Sessler, 2008).
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century, when Sir William Osler treated typhoid fever with cold, observing a
detriment in the number of deaths.
In the early XX century Dr. Temple Fay, an American neurosurgeon,
performed the first approach to implant therapeutic hypothermia in the clinical
routine. He previously had observed that tumors progression was conditioned by
temperature, which led him to purpose the creation of a refrigeration service in his
hospital to treat cancer patients. The first attempt to use hypothermia in a breast
cancer patient was on November 28th of 1938, and although he had the support
of a team of nurses, the technical support was null, as the Dr. Fay described “it

was a cool crisp day in Philadelphia. Cool enough so that when I move other
patients out of a small four-bed ward, shut off the heat, closed the door to the hall,
and opened the winders, Nature herself supplied the cold air that aided the
cracked ice […] begged from the hospital kitchen”. The lack of adequate
thermometers and a cooling system, together with the difficulties to properly
manage the patient made that the medical team perceived this experiment as
nonsense, abandoning the project. In despite of this, shortly after Dr. Fay
developed the first cooling blanket in an attempt to facilitate the instauration of
cooling methods in the clinical practice (Karnatovskaia et al., 2014).
Part of the results from Dr. Fay experiments were captured by the Nazis,
who performed their own experiments in the concentration camps. These
experiments were performed in a grotesque way, which in the moment worsened
the collective perception of hypothermia, backing away in related research and
setting it aside for years.
The study of refrigeration was slowly recovered, and in 1946, A.G. Kanaar
recommended its use to minimize the effects of tourniquets. In this document, Dr.

Kanaar described refrigeration as “a therapy used to reduce metabolism of a limb
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or digit, the blood supply to which is impaired, until circulation has been restored
sufficiently to prevent necrosis” (Kanaar, 1946).
Along the 1950s the use of hypothermia took strength as a treatment for
cardiac arrest, driven in large part by the creation of the first intensive care units
(ICU) that allowed improving the care of critically ill patients (Polderman, 2009). In
1959 Raney Williams and Frank Spencer, from the Johns Hopkins Hospital
published a series of 27 cases of cardiac arrest, treated or not with systemic
hypothermia, observing higher survival rates in those patients treated with cold. In
the preclinical field were performed physiological studies to understand the
influence of cold over the blood flow, oxygen consumption or metabolic rate
(Rosomoff and Holaday, 1954).
During the 1960s and until the 1990s, advances in the field of therapeutic
hypothermia were slow due to the lack of knowledge about the effects underlying
the treatment, which was associated to adverse effects that frequently
compromised the outcome of patients.
In the 1990s, the study of hypothermia revives driven by the encouraging
results of multiple experimental works that contributed to understand some of the
physiological mechanisms underlying the effect of cold. The greatest amount of
studies about hypothermia were performed in the last two decades making
possible that in the 2000s the use of therapeutic hypothermia was approved to
treat neonatal encephalopathy caused by perinatal asphyxia and to definitively to
treat comatose survivors of cardiac arrest (Bernard et al., 2002; Shankaran et al.,
2005; Shankaran, 2009)
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2.2

Clinical use of therapeutic hypothermia:
state of the art

The clinical use of mild to moderate hypothermia is currently limited to
the treatment of cardiac arrest and hypoxic-ischemic encephalopathy in neonates
(Bernard et al., 2002; Shankaran et al., 2005; Shankaran, 2009). Moreover, deep
hypothermia is used to reduce ischemic/reperfusion injury in planed surgeries that
implicate a temporal interruption of the CBF, such as congenital heart disease in
neonates, cardiac surgery or intracranial aneurysms in adults (Mackensen et al.,
2009). In consequence to the successful translation of hypothermia to treat these
injuries, emerged the possibility to apply hypothermia in other acute CNS that
share physiopathological mechanisms with global ischemia due to ischemic arrest
or neonatal encephalopathy. The principal candidates to be beneficed of the
therapeutic effect of cold are ischemic stroke, traumatic brain injury (TBI) and
epileptic seizures.
Many experimental studies support the beneficial effect of mild to
moderate hypothermia to reduce the lesion volume, edema, neuronal death,
inflammation and to improve functional outcome in animal models of ischemic
stroke (Ridenour et al., 1992; Karibe et al., 1994a; Karibe et al., 1994b; Park et al.,
1998; Huh et al., 2000; Kawai et al., 2000; Corbett et al., 2000; Yanamoto et al., 2001;
Maier et al., 2001; Kollmar et al., 2002; Florian et al., 2008; Chang et al., 2015). These
results were summarized in various meta-analyses, concluding the great potential
of hypothermia to treat this type of brain injury (Miyazawa et al., 2003; van der
Worp et al., 2007; Dumitrascu et al., 2016). In despite of the encouraging results in
the experimental field, the translation of hypothermia to treat ischemic patients is
being harder than expected. Many pilot studies or Phase I clinical trials allowed to
test
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(Kammersgaard et al., 2000; Schwab et al., 2001; Krieger et al., 2001; Georgiadis et
al., 2001; Steiner et al., 2001; De Georgia et al., 2004; Els et al., 2006; Hemmen et
al., 2010; Horn et al., 2014; Piironen et al., 2014; Poli et al., 2014). These studies
demonstrated the feasibility of mild to moderate hypothermia using different
cooling methods, and most of them found hypothermia to be a secure therapy,
even in patients subjected to thrombolysis (Hemmen et al., 2010). However all
these works describe the increasing risk of pulmonary infection, bradycardia or
blood disorders among other side effects. Some preliminary results of these
studies also allowed to glimpse the therapeutic effect of cold over edema .but the
small number of patients included in these pilot studies did not allow to take any
definitive conclusion (Guluma et al., 2008; Georgiadis et al., 2002).
Recently, in December of 2016 was opened a new phase II study allowing
to test the safety and feasibility of mild hypothermia (35±0.5ºC) induced by means
of cold saline infusions and maintained by means of surface cooling in patients
subjected to mechanical endovascular treatment with successful recanalization.
The study, known as HELMET is managed from South Korea, and allows to involve
40 patients. (Ident. Nº NCT02985060)
Assuming the feasibility of mild to moderate hypothermia, some of the
previous phase I studies were prolonged in larger Phase II or III studies allowing to
test the therapeutic effect of hypothermia in ischemic patients subjected to
different clinical situations. Therefore, in 2010 it was started the clinical trial

Intravascular Cooling in the Treatment of Stroke 2/3, known as ICTuS 2/3 (Ident.
Nº NCT01123161). This clinical trial was managed from USA and allowed to include
400 patients in a first phase II study, to further test the safety of combined
thrombolysis and endovascular cooling, and a posterior phase III study with 1200
additional patients to test the superiority of combined treatment over
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thrombolysis alone. This study allows to induce mild hypothermia (33ºC) in
patients previously subjected to thrombolytic treatment. Cooling process must be
made by endovascular methods in the six first hours after symptoms onset, and
hypothermia must be maintained for 24 hours. Currently the ICTuS 2/3 has been
prematurely stopped, when only 120 of the first 400 patients had been enrolled.
The results of the phase II study, showed an increased risk of pneumonia in cooled
patients, requiring a change in the trial protocol before to be resumed (Lyden et
al., 2016).
The second large phase III clinical trial regarding the therapeutic effect of
cold in ischemic patients was presented in 2013. The European multicenter,

randomized phase III clinical trial of hypothermia plus best medical treatment vs.
best medical treatment alone for acute stroke, known as EuroHYP1 (Ident. Nº
NCT01833312), is managed from Europe, and allows to include 1500 patients to
test if mild to moderate hypothermia (34-35ºC) initiated in the first 6 hours after
the symptoms onset and maintained over 24 hours improves the functional
outcome after three months (van der Worp et al., 2014). This clinical trial is in
recruiting phase, with an estimated completion date of 2020.
In summary, the use of hypothermia to treat stroke is potentially effective,
since many experimental studies support its therapeutic effect. However, the side
effects associated to systemic cooling, the lack of knowledge about the processes
underlying the therapy, and the technical difficulties to induce and assess
hypothermia has hampered the clinical use of this treatment.

2.2.1 Phases of the treatment
The treatment with therapeutic hypothermia has three critical phases:

induction, maintenance and rewarming (Figure 11). Each of these phases implies
a series of methodological considerations regarding temperature monitoring,
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cooling methods or physiologic changes that must be considered for a successful
application.
· Induction: consists in the early application of a cooling method (or a
combination of them) to provide a fast reduction of body temperature.
This phase involves the greatest difficulties for the clinician and risks for
the patient. As the cooling process advances, the thermoregulatory
response to cold develops with vasoconstriction, shivering, renal
dysfunction with associated electrolytic alterations, changes in blood
viscosity and alterations in coagulation. These mechanisms complicate the
cooling process, the clinical management and produce discomfort in the
patient,

forcing

to

complement

the

cooling

process

with

pharmacotherapy. The most used drugs are anxiolytic and opioids
(buspirone and meperidine respectively) or in severe cases, sedation can
be necessary (Moore et al., 2011; Andresen et al., 2015; Mokhtarani et al.,
2001).
· Maintenance: during this phase the target temperature is maintained stable
during a period that may vary from hours to days depending on the injury
and patient characteristics. Although this phase is the most stable for
patients, is important to prevent infections and pharmacological overdose
due to changes in the capacity to metabolize dugs (So, 2010).

· Rewarming: allows to slowly return the patient to normothermia. Depending
on the hypothermia deepness this phase may be prolonged for days. The
target rewarming rate is 0.1-0.3ºC/hour, allowing slowly recovering
homeostasis. Hypothermia increases myocardial sensitivity to K +, and
produce insulin resistance among other process, therefore, a rapid
rewarming process could trigger cardiac complications, or metabolic
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stress (Wood and Thoresen, 2015). Moreover, the rewarming phase must
allow the body to recover the thermoregulatory function avoiding the
development of hyperthermia (rebound effect), a harmful phenomenon
that can cause massive brain swelling and an increase in the damaging
mechanisms present in the lesion (So, 2010; Moore et al., 2011; Andresen
et al., 2015).

Figure 11. Phases of therapeutic hypothermia and physiological changes associated.
Adapted from Andersen et al. 2015.

2.2.2 Methods of cooling in patients
The long period of research in therapeutic hypothermia from middle of XX
century yielded a considerable number of cooling alternatives, mostly based in
physical methods to remove heat from the body surface, body cavities or blood.
Depending on the degree of invasiveness, cooling methods are classified in surface
or intravascular cooling methods. Moreover, an attempt to induce systemic
hypothermia by using pharmacological methods was also purposed.
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2.2.2.1

Surface cooling methods

These methods allow to increase the heat exchange through the skin or
mucous surface. The most used surface cooling methods are ice packs, cold-water
immersion, cooling blankets, trans-nasal evaporation, esophageal cooling and
focal cooling with helmets or neck devices:

· Ice packs and cold-water immersion: these were the first approaches to
induce hypothermia, in despite of the effectivity of cold-water immersion
that allows to reduce body temperature up to 9.7ºC/hour, these
techniques are not practical and provide a poor control of body
temperature, limiting their clinical implantation (Liu and Yenari, 2009).

· Cooling blankets and pads: cooling blankets were the first sophisticated
approach to induce systemic hypothermia, substituting ice packs and
cold-water immersion. These devices allow to circulate a cooling liquid or
cold air though blankets or pads attached to the patient´s body. The
process is regulated by a feedback system connected to a temperature
probe situated in the digestive tract of the patient. Some examples of
commercial systems are the Curewrap blankets regulated by the CritiCool
system (MTRE, Israel), the Thermogard XP combined with the STx Surface
Pad System (Zoll, USA) the Kool-Kit blankets with the Blanketrol III as
regulating system (Cincinnati Sub-Zero, USA), the Gaymar Medi-Therm III
system (by Stryker, USA), or the cooling pads of Artic Sun (Medivance,
USA).

· Trans-nasal evaporative cooling: is based in the spray of a liquid coolant
and oxygen in the nasopharyngeal cavity of the patient. When oxygen is
then administrated in high flow, the coolant liquid is evaporated removing
heat from the nasopharyngeal mucous, producing fast local cooling. These
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type of devices are portable and were designed to be used out of hospital,
reducing the induction time from the symptoms onset (Straus et al., 2011).
The RhinoChill system (BeneChill, USA) is based in this cooling method.

· Esophageal cooling: it involves the use of a silicone tube designed to be
introduced through the esophagus and increase the heat exchange
through the digestive mucous. The tube is compartmented in an internal
water circuit and a central cavity providing gastric access. The commercial
system was designed to be connected to cooling hardware and software
such as the Gaymar Medi-Therm III system or the Blanketrol III, previously
designed to work with cooling blankets or pads (Naiman et al., 2016).

· Head and neck cooling helmets: cooling caps are adapted cooling blankets
to the head. Heat exchange is produced by the forced circulation of cold
air or cooling liquid into the cap. This system demonstrated to be useful
in neonates as a consequence of their thin skull, and small head, allowing
to cold even deep structures. However, these mechanisms do not reduce
brain temperature in adult humans, and when they are applied for long
periods may induce systemic hypothermia (Wang et al., 2004; Poli et al.,
2013).
The non-invasive nature is the major advantage of surface cooling
methods, however they also have a large number of disadvantages such as
producing slow cooling rates, intense skin vasoconstriction, shivering, and as a
consequence of all these limitations, the patient management is difficult and
requires intense monitoring. In addition, surface cooling methods are ineffective
in obese patients who have a low surface/volume ratio (Andresen et al., 2015).
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2.2.2.2

Intravascular cooling methods

This group includes the intravascular injection of cold solutions as well as
intravascular cooling devices that directly cold the circulating blood by convection.
The major advantage of these methods is the fast cooling rate, while the principal
disadvantage is the invasive nature, which implies the use of sedatives or
anesthetics (Andresen et al., 2015).

· Cold injections: intravenous injections of cold saline or Ringer´s solution (4ºC)
demonstrated to effectivity induce systemic hypothermia, but low
temperatures are not maintained it in the time. Therefore, this technique
may be useful in the induction phase allowing a fast cooling process, but
once reached the target temperature it must be sustituted by other
method to ensure the correct maintenance of low body temperature (Vaity
et al., 2015; Froehler and Ovbiagele, 2010). This technique was adapted to
induce local hypothermia, therefore a preliminary study in monkeys
demonstrated the feasibility to inject cold Ringer solution locally into the
MCA (Wang et al., 2016).

· Cooling catheters: the low stability of cold injections, together with the
difficulties associated to surface cooling methods, forced to design
sophisticated intravascular cooling devices. These catheters produce heat
exchange with the blood by convection, providing fast cooling rates and
accurate management of body temperature. The system Thermogard XP
(Zoll, USA) uses different catheters allowing to be used in different veins
(subclavian, internal jugular or femoral). Moreover, recently experimental
data suggested the possibility to use cooling catheters directly in the
internal carotid or in in the MCA, to induce focal hypothermia, and even
was proposed a prototype of catheter combining endovascular mechanic
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thrombectomy and endovascular cooling in the same device (Cattaneo et
al., 2015; Mattingly et al., 2016; Cattaneo et al., 2016).

2.2.2.3

Pharmacological cooling

Thermoregulation is a complex process implying a wide number of
signaling molecules and receptors. Some of these receptors directly perceive
changes in temperature while others are implied in transmitting the thermal
information. Pharmacological modulation of the thermoregulatory routes allows
endogenously fooling the body initiating a physiological process of heat loss,
providing an alternative way to the physical cooling methods to induce
hypothermia. Different alternatives to induce pharmacological hypothermia are
currently

under

study,

in

preclinical

stages

(revised

in

Section 2.3.2

Pharmacological cooling).
In the clinical scope, antipyretic therapy is used to avoid fever, but only
one large phase III clinical trial allowed to test the capacity of an antipyretic drug
to induce hypothermia in stroke patients. The “Paracetamol (Acetaminophen) in
Stroke” known as “PAIS” trial was initiated in 2005, and after including 1400
patients concluded that even a high dose of Paracetamol (6g/day) fails to produce
significative hypothermia, inducing an average reduction on body temperature of
0.3ºC (den Hertog et al., 2009).

2.2.3 Temperature

assessment

during

hypothermia
Therapeutic hypothermia is a complex therapy, affecting multiple
physiologic parameters, thus an inaccurate assessment of body temperature may
lead to excessive reduction in body temperature, which could have fatal
consequences for the patient, or to insufficient temperature reduction, losing the
64 |

Introduction
therapeutic effect. The different alternatives available for temperature assessment
can be classified attending to their degree of invasiveness. Non-invasive methods
allow to measure temperature in the ear, axilla, forehead, or in the finger. These
measurements can be performed in all patients independently of their severity or
level of conscience, due the lack of associated risks. Nevertheless, the available
non-invasive techniques only provide information about surface temperature,
which is dependent of local blood flow or ambient temperature, failing to reflect
body core temperature (Sund-Levander and Grodzinsky, 2013). The semi-invasive
temperature measurements are those performed in the rectum, oral cavity,
pharynges, or in the trachea. These measures allow to estimate core temperature
more accurately than surface measurements, but they usually require that the
patient remain sedated and intubated, increasing the risk of complications (SundLevander and Grodzinsky, 2013). Finally, invasive methods such as direct brain,
pulmonary artery or femoral artery temperature measurement with thermal
proves, are the most accurate way to know core temperature. However, the
invasive nature of these techniques limit their application to specific clinical trials
or sedated patients subjected to other techniques necessarily invasive.
The method used to assess temperature must be selected guaranteeing
the balance between the technical the accuracy required for a determined
treatment, and the patient safety. In despite of all these alternatives, the optimal
method to assess temperature in ischemic stroke patients would be a non-invasive
method to directly measure brain temperature, which is currently not available.

Alba Vieites Prado | 65

Brain hypothermia in ischemic stroke

2.2.4 Physiological consequences of cold. Side
effects
When hypothermia is applied, a systemic thermoregulatory response is
activated to counterbalance the cooling process and preserve normothermia. This
adaptive response is complex and complicates the management of patients
therefore it must be considered to successfully achieve the hypothermic treatment.
The thermoregulatory response is initiated in the skin or internal organs
due to the stimulation of thermal receptors located in free nerve endings of
somatosensory fibers that have their cell bodies in the dorsal root and trigeminal
ganglia. Different thermal receptors, known as transient receptor potential
channels (TRPs), have different thresholds of temperature activation, sending
organized information to the brain (Sessler, 2009). Afferent signals from the
periphery are transmitted to the preoptic area of the anterior hypothalamus, which
orchestrates

together

with

the

dorsomedial

hypothalamus

the

efferent

thermoregulatory systemic response. The efferent pathways concern the activation
of

sympathetic

preganglionic

neurons

controlling

skin

vasoconstriction,

cardiovascular responses and metabolic changes (Seebacher, 2009). Most of the
thermoregulatory processes activated are considered side effects of cold, since in
the clinical context they involve risks for the patients, the most relevant are briefly
described below:

· Effects of hypothermia in the metabolic rate: experimental studies
stipulated that hypothermia reduce brain oxygen consumption and
glucose metabolism around 5% per each degree Celsius (Prakash et al.,
1978). Decreased metabolic rates implies the reduction of oxygen and
glucose consumption, and the low energetic requirements of the tissues
are reflected by a decrease in insulin sensitivity and insulin release
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together with an increase in glucagon secretion (Wood and Thoresen,
2015).

· Effects of hypothermia in electrolyte balance: low body temperature
modulates the activity of ion pumps and transporters, increasing K +
potassium transport from the vessels to the extravascular compartment
and into the cells (Wood and Thoresen, 2015). This disorder reduce the
availability of K+ in serum affecting cardiac function, mostly during
rewarming phase, in which potassium levels can quickly increase
producing arrhythmias (Karnatovskaia et al., 2014).

· Effects of hypothermia in vascular tone: one of the early effects of
hypothermia is the induction of peripheral vasoconstriction, allowing to
reduce superficial heat loss through the skin. This process is mediated by
the

strengthening

of

blood

circulation

through

arteriovenous

anastomosis, bypassing capillaries. To achieve it, the precapillary
sphincters (smoot muscle fibers located in the origin of the capillary from
the arteriole) are shuttered. Vasoconstriction make possible to preserve
heat in the trunk and head avoiding it dissipation to distal areas, such as
extremities, creating a temperature gradient between the core and
peripheral tissues (Sessler, 2009).

· Effects of hypothermia in skeletal muscle: the second physiological
response after vasoconstriction and the most important from the clinical
point of view is shivering. This phenomena consists in the rapid and
uncoordinated contraction of skeletal muscle fibers. This mechanism is
largely inefficient from a metabolic point of view, spending high amounts
of energy to produce heat. Moreover, it increases cellular stress by
increasing the metabolic rate and oxygen consumption when cells are
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adapting to the opposite situation as a consequence of temperature
reduction (Sessler, 2009). This waste of energy is critically important in a
pathological condition such as ischemia that implies a lack of energetic
substrates per se. Furthermore than the metabolic consequences for the
tissues, shivering is highly uncomfortable for patients, leading to the use
of sedatives, and the generation of heat makes it difficult to induce
hypothermia.

· Effects of hypothermia in cardiac function: one of the most remarkable
effects of hypothermia is a reduction in the heart rate, reducing from the
normal 60-70 beats/min at 36ºC to 40-45 beats/min at 32ºC. This may be
due to a decrease in ionic permeability that reduces the ability of myocytes
to repolarize, slowing down the myocardial impulse conduction and
therefore prolonging the duration of action potentials. Cardiac output is
reduced in parallel to heart rate, decreasing the amount of blood supplied
to the tissues. However the balance between supply and tissue demand of
O2 and nutrients remains constant under hypothermia as a consequence
of the simultaneous reduction in metabolic rate (Polderman, 2009).
In despite of the reduced heart rate, under hypothermia the mean
arterial

pressure

increases

as

a

consequence

of

peripheral

vasoconstriction. This phenomena increase the venous return triggering
the release of atrial natriuretic peptide in the heart, which in turn signalizes
a reduction in blood volume by means of an increased diuresis, known in
this case as cold diuresis (Karnatovskaia et al., 2014; Polderman, 2009).
Furthermore,

the

increased

diuresis

can

produce

hypovolemia,

hypotension and an increase in blood viscosity (Polderman, 2009).

68 |

Introduction
· Effects of hypothermia in blood: temperatures under 35ºC cause platelet
dysfunction, as well as alterations in the synthesis and activity of clotting
enzymes and plasminogen activator inhibitors. These alterations decrease
blood coagulation increasing the risk of coagulopathy and the risk of
bleeding in those patients with hemorrhagic transformations (Polderman,
2009). In addition, blood viscosity can rise during hypothermia as a result
of increased capillary permeability (due to the augment of intravascular
hydrostatic pressure by vasoconstriction) or as a consequence of heart
rate reduction, or, as mentioned above, due to cold diuresis (Wood and
Thoresen, 2015).

· Effects of hypothermia in the inflammatory and immune response :
hypothermia affects to the inflammatory response by modulating the
spectrum of signaling molecules secreted by immune cells, and reducing
the amount of circulating white blood cells. The global effect is
immunosuppressive and although has positive effects mitigating the
immune response triggered by ischemic injury, from a systemic point of
view, implicates an important handicap, making the patient much more
vulnerable to infections (Polderman, 2009). The most frequent infections
concerns the respiratory system, frequently causing pneumonia.

· Effects of hypothermia in liver function: hypothermia deeply affects to
enzymatic activity, therefore, a metabolic organ such as the liver, is also
affected by low body temperatures. The most visible effect of cold on the
liver function is associated with the drugs metabolism. The enzimes of
cytochrome p450 family are fundamental for the elimination of drugs
metabolized and their reduced activity under hypothermia, modifies the
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pharmacokinetic properties of drugs compared to normothermia (Zhou
and Poloyac, 2011; Karnatovskaia et al., 2014).
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2.3

Challenges in therapeutic hypothermia

Therapeutic hypothermia is currently considered a hazardous strategy to
treat ischemic stroke patients. This is mainly due to two reasons: the lack of
methods to cold the body avoiding side effects, and the lack of non-invasive
techniques to accurately assess body core and brain temperature. The successful
use of hypothermia in ischemic stroke patients depends on whether these
limitations are solved.
To achieve the side effects limitation, some alternatives to the classic
concept of hypothermia, which is applied by using physical cooling to the whole
body, were purposed, such as restricting the use of cold to the injured area (focal
brain cooling) or the induction of systemic hypothermia by means of
pharmacological therapy.
On the other hand, different technologies were purposed to solve the lack
of non-invasive methods to measure brain temperature, the most promising
alternative is magnetic resonance thermometry (MRT).
Moreover, in recent years a new alternative to avoid the aforementioned
problems is getting strength. It consists in go in depth in the molecular
mechanisms underlying the effects of cold. Deciphering the molecular processes
that are stimulated by low temperatures would improve the clinical management
of hypothermia and provide new pharmacological targets to reach the benefits of
hypothermia avoiding the use of cold (Han et al., 2012).

2.3.1

Focal brain hypothermia

Systemic effects of cold, such as immunosuppression, coagulation
disorders, arrhythmia, or shivering, could potentially be avoided whether the
cooling therapy specifically affects the injured area. Since many of the mechanisms
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underlying the therapeutic effect of cold are local, the application of focal brain
hypothermia could be an effective alternative to treat acute brain injuries. In order
to evaluate the therapeutic effect of focal brain hypothermia in different models
of neurological injuries, several experimental approaches were designed:

· Whole head cooling with a silicone tubing in rats: this methodology was
described by Taniguchi et al. (Taniguchi et al., 2005) and consists in the
use of a silicone coil connected to a source of iced water. Cold water is
perfused using a pump, allowing to cold the whole head. Although the
effect in brain temperature was not measured by the authors, this method
allows to reduce temporal muscle temperature 7ºC in 30min. However this
system also affects body temperature, producing transitory systemic
hypothermia. A modification MR-compatible of this method was
described by Liu et al. in 2012 (Liu et al., 2012a).

· Peltier device for focal cortical cooling in rats: Imoto et al. purposed this
method aiming to reduce cortical seizures (Imoto et al., 2006). Using a
thermoelectric device, the authors describe that at 2 mm in depth in the
brain cerebral cortex, temperature dropped to approximately 10ºC in few
seconds.

· Focal cooling device with a metallic coil in rats: this method was
described by Clark et al. in 2007 (Clark and Colbourne, 2007). These
authors describe the use of a bend metal tube to circulate cold water in
the skull surface, under the temporal muscle. The device demonstrated to
reduce striatal temperature in 5ºC, affecting minimally to the contralateral
hemisphere or rectal temperature, either, when was used in anesthetized
or awake animals. This method was revised by Kim et al. in 2013 reducing
size of the cooling coil to affect to a smaller area (Kim et al., 2013).
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· Method for passive focal brain cooling in rats: this method was purposed
by D’ambrosio et al. in 2013 as a simply method to produce cortical
hypothermia for long periods of time, allowing to prevent chronic
spontaneous seizures (D'Ambrosio et al., 2013). The cooling device
consisted in a metallic bar attached to the skull working as a passive heatdissipating device, reducing cortical temperature in 2ºC.

· Catheter-based intravascular focal cooling in swine: Mattingly et al.
described this method in 2015 (Mattingly et al., 2016). An intravascular
catheter was used to induce focal brain hypothermia from the common
carotid reducing in 12ºC the ipsilateral temperature and 7ºC the
contralateral. However, this method also reduced core temperature in 4ºC.
Designing focal brain hypothermia devices implies to reach a significant
lowering in brain temperature avoiding core temperature affectation. This is a
difficult target, since the experience is demonstrating that those approaches
producing large reductions in brain temperature end up systemic hypothermia, as
is the case with the whole head cooling systems purposed by Taniguchi and

Qingwei et al. or the catheter-based approach purposed by Mattingly et al.
(Taniguchi et al., 2005; Liu et al., 2012a; Mattingly et al., 2016). On the other hand,
most of the devices that to not affect the core temperature induce too shallow
cooling, making them suitable for the treatment of cortical alterations, such as
epileptic seizures, but insufficient to treat deep brain structures, which is necessary
in stroke animal models (Imoto et al., 2006; D'Ambrosio et al., 2013).
In despite of the considerable number of studies testing focal brain
hypothermia, there is a lack of information about the relative effectivity of focal
cooling therapy compared to conventional systemic cooling, which prevents the
perception of focal treatment as a faithful alternative.
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2.3.2

Pharmacological cooling

Pharmacological cooling is based in fool the body by interfering with the
thermoregulatory

response

evocated

by

the

hypothalamus.

Different

pharmacological strategies were tested in the experimental setting, targeting the

cannabinoid and opioid system, TRPV1 channels, neurotensin receptors, or using
thyroxine derivatives, gases or adenosine nucleotides:
· Cannabinoid system: the cannabinoid system involves the arachidonic acid
and its receptors, of which the Cannabinoid receptor 1 (CB1) plays
thermoregulatory roles. Different agonists of CB1 were tested in rodents
demonstrating their ability to reduce body temperature up to 4ºC.
However the drugs that showed greatest capacity to induce hypothermia
through CB1 interaction also induced reductions in blood pressure and
heart rate, hampering their translation to the clinics (Liu et al., 2016).

· Opioid system: similar to those alternatives targeting the cannabinoid system,
the pharmacological manipulation of the opioid system was largely
studied, but the agonists of κ and δ-opioid receptors also have effects
beyond the temperature modulation, reducing blood pressure and
increasing the risk of arrhythmia (Liu et al., 2016).

· Neurotensin: this is a peptide with potent hypothermic-inducing capability.
Different analogous has been tested in animal models of stroke showing
encouraging results, triggering a reduction in body temperature up to 5ºC.
Its translation to the clinics depends on solving the secondary effects that
neurotensin analogs produce over insulin, glucose and glucagon levels
(Liu et al., 2016).

· Hydrogen Sulfide (HS): this agent is a gas capable to inhibit cytochrome C
oxidase, reducing cell metabolism and producing an associated reduction
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in body temperature. Moreover than its capacity to induce hypothermia
this gas also showed neuroprotective effects in animal models of stroke.
However these results have not yet been tested in humans, in whom the
dosages of HS necessary to reach the same effects than in rodents could
become toxic (Liu et al., 2016).
·

Adenosine

nucleotides:

the

thermoregulatory

roles

of

adenosine

triphosphate (ATP) and adenosine monophosphate (AMP) were largely
studied. In early studies they demonstrated high potential to induce
hypothermia but posterior works demonstrated that the effect on body
temperature was not accompanied by a neuroprotective effect, pointing
out the toxic effect of ATP in ischemic conditions. With the data available
so far, these compounds seem to be unappropriated for the clinical use
(Liu et al., 2016).

· Thyroxine derivatives: thyroidal hormones play a role in physiological
thermoregulation, and the potential to induce hypothermia of the
thyroxine derivatives, T0AM and T1AM, was tested in animal models
showing great capacity to reduce body temperature (up to 6ºC).
Moreover, the reduction in body temperature mediated by these
molecules was accompanied by a reduced homeostatic response (such as
reduced shivering response) becoming one of the most hopeful
candidates for the translation to the clinic (Liu et al., 2016).

· Transient receptor potential vanilloid 1 (TRPV1): it is a receptor implied
in temperature sensing in both peripheral and central nervous system. This
receptor is sensitive to Capsaicin, and its derivate dihidrocapsaicin and its
analog rinvanil demonstrated to affect the thermoregulatory set point of

Alba Vieites Prado | 75

Brain hypothermia in ischemic stroke
hypothalamus, inducing both, hypothermia and antishivering effect
(Feketa and Marrelli, 2015; Liu et al., 2016).
In summary, pharmacological manipulation of body temperature
implicates the adjustment of doses and administration routes, and the accurate
regulation of drug pharmacokinetics since hypothermia is associated with a
reduced drug clearance which increases the risk of overdose in patients. Moreover,
some pharmacological approaches target systemic mechanisms triggering
associated

undesired

pharmacological

process.

approaches

In

that

despite
change

of

these

limitations,

hypothalamic

set

those

point

for

normothermia, could yield positive results in the clinic, since they open the
possibility to reduce body temperature by lowering the temperature threshold to
initiate the physiological thermoregulatory response, avoiding shivering, cardiac
and vascular responses to cold (Feketa and Marrelli, 2015; Liu et al., 2016).

2.3.3

Non-invasive

brain

thermometry

by

magnetic resonance
In recent years, a great advance in non-invasive thermometry was
accomplished, strongly potentiated by the emerging thermal therapies, such as
thermal ablation of tumors with locally applied hyperthermia. Some of these
alternatives concern the use of computed tomography, infrared or ultrasound
techniques among others, although the technique that is yielding more
encouraging results and which is most extensively studied is MRT (van Rhoon and
Wust, 2005; Denis de Senneville et al., 2005). MRT is a safety volumetric and noninvasive method to measure changes or determinate absolute temperature of
deep-situated tissues in vivo.
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Nuclear magnetic resonance (NMR) is the physical phenomenon by which
the nucleus of an atom positioned in a magnetic field absorbs and emits
electromagnetic radiation. Magnetic resonance imaging (MRI) and magnetic
resonance spectroscopy (MRS) are analytical methods based on the NMR
phenomenon, which provide anatomical and chemical information of samples
respectively. Therefore, MRI techniques are frequently used in medicine and
preclinical research for diagnostics and non-invasive assessment of pathologies.
To determinate temperature, magnetic resonance (MR) allows us to
evaluate different temperature-sensitive phenomena, such as the water proton
resonance frequency shift (PRFs), T1 and T2 relaxation times, proton density, and
diffusion constants among others (Rieke and Butts Pauly, 2008). PRFs is currently
the most widely used method, since it is relatively sensitive over a wide range of
temperatures (-10 to 90ºC) (Peters et al., 1998). This method employs two
techniques, MRS and gradient-echo based phase mapping (MGE-phase maps)
(Ishihara et al., 1995; Cady et al., 1995). Absolute temperature can be determined
directly from MRS after obtaining the proton 1H-NMR spectrum of the region of
interest, and temperature changes (∆T) can be obtained from MGE-phase maps by
comparing different temporal situations. The technique selected must reach a
compromise between temperature precision, spatial resolution and temporal
resolution.

2.3.3.1

Water PRF shift method based in phase
maps

The local magnetic field (𝐵𝑙𝑜𝑐 ) experimented by a proton (1H) within an
object in a MR measurement is determined by the relation
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where 𝐵0 is the main magnetic field, 𝜎(𝑇) is the total screening constant of the
proton (dependent on chemical environment and temperature), and 𝛿𝐵0
represents local deviations in 𝐵0 which are not dependent on temperature. When
temperature changes, the 𝜎(𝑇) is modified linearly, causing 𝐵𝑙𝑜𝑐 modifications
(Schneider et al., 1958).
A gradient echo pulse sequence can be used to obtain phase images with
high spatial and temporal resolution, therefore, taking into account the Larmor
equation (Ishihara et al., 1995; Peters et al., 1998), which defines the precessional
frequency or rate of precession2 of the magnetic momentum of the 1H (ω)

the phase (in radians) determined within a voxel at a T1 temperature can be
determined as

where 𝛾 is the gyromagnetic ratio of 1H

and 𝑇𝐸 is the echo time

of the gradient echo pulse sequence.
If a second image is acquired when the temperature has changed to T2 , a
different phase will be determined 𝜙(𝑇2 ). As was previously mentioned, the lineal
change in 𝜎 with the temperature causes a corresponding temperature dependent
change in frequency, which can be quantified by MR.

where 𝛼 is the proportionality constant in the lineal temperature dependence of 𝜎
(Hindman, 1966; De Poorter, 1995; Zhu et al., 2008; Vescovo et al., 2013).

2

Precession is the change in the orientation of the rotational axis of a rotation body,

in this context refers to changes in the proton motion.
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Based in these calculations, the original images obtained with MRI
sequences are processed to obtain the final temperature maps (Figure 12).

Figure 12. Phase maps processing to obtain brain temperature maps. Phase maps at two
different temperatures (T1 and T2) are obtained from gradient echo MRI sequences. Then the
phase map corresponding to T1 is subtracted to the T2 map. The new phase image
corresponding to ∆𝐓 is processed (unwrapped) to remove the artefacts generated by the
angular nature of phase values and obtain the final temperature map.

Thermometry phase maps provide information about relative temperature
changes with high temporal and spatial resolution. However this method is also
sensitive to changes in 𝛿𝐵0 between different images acquisition. 𝛿𝐵0 variations
are due to the drift of the external magnetic field, displacements, and changes in
magnetic susceptibility (Depoorter et al., 1994; Ishihara et al., 1995).

2.3.3.2

Water PRF shift method based in MRS

MRS allows identifying and quantifying different molecules present in the
brain by assessing the 1H NMR spectrum (Zhu et al., 2008; Vescovo et al., 2013).
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In line with the concepts exposed previously, water PRF changes due to variations
in the 𝐵𝑙𝑜𝑐 , which is dependent on the local chemical environment and
temperature.
Different researchers have studied the possibility of quantifying absolute
temperature by monitoring the difference between the PRF of water and
temperature-independent metabolites (Grohn et al., 2000; Vescovo et al., 2013).
The chemical shift is fundamentally expressed as 𝛿 parts per million (ppm)
and the temperature dependence of water is ̴0.01 ppm/ºC (Zhu et al., 2008;
Vescovo et al., 2013),

MRS are represented as 1H spectra of the region of interest (ROI), where
different metabolites are expressed in ppm units. Creatinine (Cr), N-acetyl
aspartate (NAA) and choline (Cho) are the most often metabolites used to provide
independent internal reference frequency for in vivo experiments in brain tissue
(Grohn et al., 2000).
Studying the modifications in the water PRF provide absolute local brain
temperatures, which makes MRT suitable to be used in independent studies
(Figure 13). However, MRS provides low spatial and temporal resolution and one
of the major limiting factors is estimate the reference metabolites frequency, due
to their low concentration in the brain compared with water.
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Figure 13. Characteristic spectra corresponding to brain tissue obtained by means of
magnetic resonance spectroscopy (MRS) of 1H. In the X axes the chemical shift is represented
in ppm, while in the Y axes is represented the signal intensity (arbitrary units). Changes in
temperature move the peak of water (double head rod), while creatinine (Cr), N-acteyl
aspartate (NAA) and Choline (Cho) peaks remain constant.

2.3.4

Mechanisms underlying the therapeutic

effect of cold
The underlying mechanisms corresponding to the protective effects of
hypothermia are beginning to be understood. This is a complex task, since
hypothermia can be defined as a pleiotropic therapy, influencing systemic
physiologic as well as local cellular process. Moreover, mechanistic studies about
hypothermia were done in different animal models, using different hypothermia
protocols, etc. The heterogeneity of the studies difficulties even more the complex
process of discerning which protective effects are directly triggered by cold, or
which of them are secondary to them.
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Knowing the specific mechanisms underlying the therapeutic effect of
cold, could provide new targets to specifically trigger the protective effects of
hypothermia avoiding the use of cold (Han et al., 2012).

· Energetic failure and ionic gradients: as was described previously,
hypothermia reduces cellular metabolic rate, reducing the expenditure in
ATP. This allows to preserve ionic pumps activity for a longer time when
fuels subministration is interrupted by ischemia, reducing the need to
draw on the anaerobic metabolism (Erecinska et al., 2003; Gonzalez-Ibarra
et al., 2011). Moreover, ionic pumps function allow to preserve ionic
gradients, increasing cellular stability and reducing cell swelling.

· CBF and microvascular injury: hypothermia reduces CBF modulating the
hyper perfusion that commonly occurs after vessel reperfusion in ischemia
(Yenari and Han, 2012). CBF reduction is parallel to temperature reduction,
and is in part a consequence of the ability of hypothermia to modulate the
local secretion of vasoactive molecules such as the vasoconstrictors
endothelin and thromboxane A2 or the vasodilator prostaglandin I2,
although other mechanisms such as changes in NO production may also
participate (Polderman, 2009; Urbano and Oddo, 2012; Gonzalez-Ibarra et
al., 2011).
Furthermore, hypothermia reduces BBB permeability in healthy
brains, reducing albumin and water infiltration, and reducing astrocyte
and microglial activation compared to hyperthermic healthy brains
(Kiyatkin and Sharma, 2009). This effect is also observable in the ischemic
brain, where moreover than mediate the preservation of endothelial
function, hypothermia also acts reducing MMPs expression (Polderman,
2009; Yenari and Han, 2012). BBB preservation is responsible for one of the
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most studied consequences of therapeutic hypothermia, reduction on
vasogenic edema.

· Excitotoxicity: low temperatures also have an influence on excitatory
neurotransmitters release. This must be a consequence of energy
preservation, since higher levels of ATP allow preserving ionic gradients,
and therefore reducing uncontrolled neurotransmitters release (Yenari
and Han, 2012). Moreover, hypothermia reduce the toxic effect of
excitatory neurotransmitters by means of reducing Ca+2 influx trough
NMDA and AMPA channels, partially due to a reduction in brain levels of
glycine, a coactivator of NMDA receptors (Gonzalez-Ibarra et al., 2011). On
the other hand, the regulatory GluR2 subunit of AMPA receptors is
downregulated under ischemic conditions, allowing a massive Ca+2
entrance trough these receptors. Hypothermia recovers the expression (or
limits its downregulation) reducing the flux of Ca+2 trough AMPA channels
(Gonzalez-Ibarra et al., 2011).
Moreover than the role of hypothermia in glutamate receptors of
neurons, excitotoxicity is also regulated by the effect of cold in astrocytes,
by inhibiting the connexin 43 (implicated in glutamate release from
astrocytes) and upregulating the glutamate transporter 1 (GLT-1), which
increase the ability of astrocytes to uptake glutamate from the synaptic
cleft (Li et al., 2015).

· SUMOylation: the post transcriptional modification of proteins by conjugating
the small ubiquitin-like modifier (SUMO) is similar to ubiquitinization,
requiring the action of conjugation and ligase enzymes. SUMOylation
affects to target proteins (mostly transcription factors) modifying their
activity, which frequently produces gene transcription suppression.
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Ischemia and other stressors trigger protein SUMOylation, constituting a
protective strategy to the cell, providing ischemic tolerance by reducing
gene transcription and therefore reducing ER stress and energetic
expenditure (Talma et al., 2016). Recent studies demonstrated that
hypothermia exacerbate this protective strategy, producing massive
protein modification, and increasing the translocation of SUMOylated
proteins to the cellular nucleus (Lee et al., 2014; Wang et al., 2012).

· Endoplasmatic Reticulum stress: hypothermia induces ER stress in healthy
neurons, triggering the activation of the UPR. However, experimental data
suggest that the activation concerns the protective mechanisms of the
UPR, reducing global protein synthesis, but blocking the apoptosis
activation by means of CHOP. When ischemia is present, and ER stress is
triggered by the accumulation of unfolded proteins in the ER lumen,
hypothermia plays a modulator role, limiting CHOP signalization (and
therefore ER-dependent apoptosis) even when ER stress is sustained
(Talma et al., 2016).

· Cold shock proteins: Ischemic stress and hypothermia reduce global protein
synthesis (Paschen et al., 2007). However, when hypothermia is applied, a
small group of proteins scape to this regulatory mechanism and are
overexpressed in response to cold. These proteins known as cold shock

proteins (CSP) are the cold-inducible RNA binding protein (CIRP or CIRBP,
also denominated heterogeneous ribonucleoprotein A18, hnRNP A18)
and the RNA binding motif protein 3 (RBM3, also denominated IS1-RNPL).
Both, CIRP and RBM3, share structural similarities, possessing an ArginineGlycine-rich (RGG) domain in the C-terminal extreme, thus belonging to
the glycine rich proteins superfamily, and also both, possess two
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ribonucleoprotein domains in the N-terminal extreme allowing the
proteins to join RNA. In concordance with their structural similarities, CIRP
and RBM3 share biological functions mediating antiapoptotic effects,
regulating circadian rhythms, and cell cycle progression (Zhu et al., 2016a).

· Oxidative and nitrosative stress: the production of oxygen and nitrogen
reactive species is reduced under hypothermic conditions. This protective
effect is mostly secondary to the attenuation of energetic failure,
mitochondrial

dysfunction

and

to

the

mitigation

of

glutamate

excitotoxicity (Polderman, 2009; Chamorro et al., 2016).

· Mitochondrial dysfunction: low temperatures reduce mitochondrial
permeabilization and the formation of the mPTP, avoiding Cytochrome C
release. Moreover, hypothermia helps to reduce the impairment between
the enzymatic complex I and III in the respiratory chain, stabilizing
mitochondrial function (Talma et al., 2016).

· Apoptosis: hypothermia inhibits apoptosis by means of the modulation of gene
expression and transcription. Proapoptotic protein BAX is decreased
under hypothermia, at the same time that the anti-apoptotic protein Bcl2 is overexpressed. The proapoptotic protein PTEN is activated by
dephosphorization in ischemic conditions, but hypothermia prevents this
process maintaining PTEN inactivated. Both, caspase dependent and
independent apoptotic pathways are inhibited by cold (Urbano and Oddo,
2012; Yenari and Han, 2012).

· Inflammation: inflammation is strongly conditioned by temperature. As was
previously mentioned, hypothermia reduces systemic lymphocyte activity
producing immunosuppression. Moreover, in the brain, low temperatures
affect to microglia polarization increasing the M2 or anti-inflammatory
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phenotype over the M1 or pro-inflammatory phenotype. Therefore,
hypothermia decreases the secretion of pro-inflammatory mediators such
as TNFα, IL-1β, IL-12, IL-23, and iNOS while increases the expression of
anti-inflammatory cytokines (Lee et al., 2016). Low temperatures also
reduce the activity of NF-κB, which induces a downregulation of proinflammatory genes (Yenari and Han, 2012).

· Tissue reparation: most of studies about therapeutic hypothermia are focused
in the neuroprotective effect of cold in the hyper acute and acute phases.
Therefore, the effects of cold in the reparation processes are less explored
and results are conflicting. While hypothermia seems to promote neuronal
synaptogenesis, the impact of low temperatures in neurogenesis is not
clear (Peretti et al., 2015). Some studies suggest the detrimental role in
progenitor cell survival, while others indicate the protective role of cold
preserving these cells (Yenari and Han, 2013). Finally hypothermia also
increases angiogenesis although if this process reports beneficial effects
were not fully elucidated (Xie et al., 2007).
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Hypothesis and objectives
Hypothermia has demonstrated a great therapeutic potential to reduce
cerebral ischemic injury in the preclinical field, however it is not used in patients due
to severe side effects associated to body cooling and to technical limitations to assess
non-invasively hypothermic patients. Moreover, the lack of knowledge about the
mechanisms underlying the therapeutic effect of cold, limit the design of alternative
treatments to replace systemic body cooling. Keeping these ideas in mind, in this
Thesis we purpose to evaluate the following hypothesizes:
A) THE DEVELOPMENT OF MRT METHODS COULD BE A VIABLE STRATEGY TO ASSESS
HYPOTHERMIC TREATMENTS.
B) FOCAL BRAIN HYPOTHERMIA COULD BE AN EFFECTIVE ALTERNATIVE TO
SYSTEMIC COOLING.
C) DECIPHERING THE MOLECULAR MECHANISMS UNDERLYING THE THERAPEUTIC
EFFECT OF COLD, COULD IMPROVE THERAPEUTIC MANAGEMENT AND
PROVIDE NEW TARGETS TO ACHIEVE THE THERAPEUTIC EFFECT OF COLD
BYPASSING ITS USE.
In order to evaluate the previous hypothesis, we have structured the
document in the following objectives:
1. TO DEVELOP METHODS TO INDUCE SYSTEMIC AND FOCAL BRAIN HYPOTHERMIA,
AND ANALYZE THEIR COOLING FEATURES BY MEANS OF MRT.
2. TO COMPARE THE THERAPEUTIC POTENTIAL OF SYSTEMIC AND FOCAL BRAIN
HYPOTHERMIA IN AN ANIMAL MODEL OF CEREBRAL ISCHEMIA.
3. TO ANALYZE THE POSSIBLE IMPLICATION OF RBM3 IN THE MOLECULAR
MECHANISMS UNDERLYING THE THERAPEUTIC EFFECT OF COLD.
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Objective 1.
Development of methods for
systemic and focal brain hypothermia
and characterization by MRT

1.1.

Introduction

The successful translation of therapies from the bench to the bedside implies
the use of reliable animal models. In case of the animal models used to evaluate the
therapeutic effect of cold, it is essential to properly characterize their cooling features
(brain and body temperature achieved during treatment, cooling or rewarming rate
for instance). However, most of the studies regarding the therapeutic effect of cold
bear limitations, the most notably is the lack of brain temperature measurements, or
the use of invasive probes to measure brain temperature, which sample only a
restricted local volume of tissue (Maier et al., 1998; Yanamoto et al., 2001; Kollmar et
al., 2002; Kollmar et al., 2007; Ohta et al., 2007; Clark et al., 2008; Clark et al., 2009; Kim
et al., 2013). In addition, opening the skull for probe insertion may itself alter
temperature dynamics (Zhu et al., 2006). Thus, an accurate and noninvasive procedure
is needed to measure the temperature in the ischemic area during therapeutic
hypothermia. The development of MRT has shown that brain temperature can be
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measured non-invasively utilizing phase maps based and MRS methods, providing fast
temperature measurement with 3-dimensional imaging coverage and an accuracy of
0.1/0.2°C (Karaszewski et al., 2006; Zhu et al., 2008; Liu et al., 2014). Therefore, the aim
of the present work was to develop systemic and focal brain hypothermia animal
models featuring their cooling potential by means of non-invasive MRT in a rat animal
of cerebral ischemia.

1.2.

Objectives

To develop methods to induce systemic and focal brain hypothermia, and
analyze their cooling features by means of MRT.

1.3.

Material and Methods

1.3.1. Animals
All experimental protocols were approved by the local Animal Care Committee
according to the European Union (EU) rules (86/609/CEE, 2003/65/CE and
2010/63/EU). Male Sprague Dawley rats weighted between 280 and 330g were used.
Animals were housed individually, in stable environmental conditions (environmental
temperature of 23ºC (except during cold exposition protocols), relative humidity of
40% and a light-dark cycle of 12h), and free access to food and water.
Surgical procedures were performed under sevoflurane anesthesia (6%
induction and 4% maintenance in a gas mixture of 70% NO2 and 30% O2). During
surgery, all animals were subjected to temperature control, maintaining rectal
temperature at 37±0.5ºC by a thermostat-controlled electric pad (NeosBiotec, Spain).
The head of animals were always located out of the thermal pad, over a porexpan plate,
to avoid the direct contact between the pad and head. Anesthesia and rectal
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temperature modifications during hypothermia protocols are specified in the
corresponding protocols.

1.3.2. Experimental groups
The following experimental groups were studied:
· Systemic hypothermia in freely moving animals: allowing to induce systemic
hypothermia in freely moving animals, healthy and ischemic animals were
exposed to 24 hours of cold environment temperatures. Cold exposition was
made by introducing homecages of rats in an incubator (3ºC), maintaining the
conditions of photoperiod and free access to food and water. Body core
temperature was analyzed in three conditions: a) healthy animals; b) ischemic
animals; and c) ischemic animals subjected to hypothermia induction under
anesthesia for 2 hours previous to cold exposition with the aim to force body
temperature reduction. The number of animals included per group was n=3.
· Systemic hypothermia in anesthetized animals: systemic hypothermia was induced
under anesthetized conditions by alcohol pulverization over the body surface.
Once the target rectal temperature (32ºC) was reached, hypothermia was
maintained over a period of 4h by means of a rectal-thermostat-controlled
electric pad (Neos Biotec, Spain). Influence of systemic hypothermia in brain
and body temperature was studied by means of invasive thermal proves and
non-invasive MRT in the following conditions: a) healthy animals and b)
ischemic animals. The number of animals included per group was n=3.
· Focal hypothermia in freely moving: to induce focal brain hypothermia, a cooling
device described previously by Clark et al. (Clark and Colbourne, 2007) with
some modifications was used. Influence of focal brain hypothermia in brain
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and body temperature was studied in the following conditions: a) healthy and
b) ischemic animals. Three animals were included in each group.

1.3.3. Rat model of cerebral ischemia
Transient focal ischemia (45min) was induced by intraluminal occlusion of the
middle cerebral artery (MCA), following the method described by Longa et al. (Longa
et al., 1989). Briefly, a midline incision was made in the neck, exposing the carotidal
system. The right common carotid artery (CCA), the external ramification of the CCA
(ECA) and the pterygoparatine artery were permanently ligated, while the internal
ramification of the CCA (ICA) was ligated provisionally (Figure 14). A commercial
suture with a silicon-rubber coated head (Doccol, USA) of 350 µm in diameter and 1.5
mm in length was introduced through the ECA and the ICA by removing temporary
the ICA ligature. The suture was placed in the origin of the middle cerebral artery
(MCA) blocking the blood flow. During the occlusion period, the left common carotid
artery was also provisionally ligated, allowing to reduce the global CBF and increase
the lesion reproducibility. During surgery, CBF was monitored with a Periflux 5000
laser-Doppler system (Perimed AB, Sweden) by placing the Doppler probe (model 411,
Perimed AB, Sweden) in the parietal bone surface near the sagittal crest, under the
temporal muscle. Reperfusion was performed 45min after the occlusion onset,
removing the suture from the MCA, and the left CCA was also reopened.
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Figure 14. Schematic representation of MCA occlusion with intraluminal filament and
correspondence to cerebral blood blow register by Doppler. CCA: common carotid artery; ICA:
internal carotid artery; ECA: external carotid artery; PTGP: pterygopalatine artery; PCA: posterior
cerebral artery; MCA: middle cerebral artery; ACA: anterior cerebral artery.

1.3.4. Focal brain hypothermia
To induce focal brain hypothermia, a cooling device described previously by

Clark et al. (Clark and Colbourne, 2007) with some modifications was used. Briefly, a
23G needle was warmed and bent to create a metallic spiral tube of 5 mm of diameter
and 1 mm of thickness (Figure 15). The metallic spiral tube was connected to a thermal
bath (Thermo Scientific Haake, Germany) through a combination of different diameter
tubes, to gradually reduce the pressure from the thermal bath to the cooling coil. To
facilitate the movement of awake animals, a double connector was situated in the
middle of water circuit.
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Figure 15. Cooling system used to induce focal brain hypothermia. A - Schematic representation
of the complete cooling system. B – Detail of the cooling coil. ID

means inner diameter of the

tube.

To implant the cooling spiral in the head, the animals were situated in a
stereotaxic frame (TSE systems, Germany). The cooling spiral was inserted between the
skull and the right temporalis muscle in the ipsilateral ischemic region, and fixed with
two surgical screws (Fine Scientific Tools, Germany) and dental cement (Kerr dental,
Italy). After implanting the cooling coil, the animals were returned to their homecages
and were connected to the cooling bath. All treated animals were allowed to
spontaneously awake.
To analyze brain temperature by means of non-invasive MRT, a RMcompatible plastic bent tube was used to induce focal brain cooling instead of the
metallic spiral previously described.
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1.3.5. Brain temperature measurement with invasive
thermocouples
Invasive thermocouples were used to determine the lowering of brain
temperature caused by systemic or focal hypothermia. Briefly, anesthetised animals
were situated in a stereotaxic frame (TSE systems, Germany), two burr holes were made
in the skull, one over each hemisphere (coordenates + 0.6mm anterior, ± 3mm lateral
to Bregma). Two thermocouples (model IT-24P, Physitemp Instruments, USA)
connected to a Bat10 thermometer (Physitemp Instruments, USA) were slowly inserted
in the striatum (5 mm of deepness). Thermometer analogical signal was converted to
digital by an A/D converter (LabJack, USA) and measures were recorded with LJLogUD
software (LabJack, USA).
In those animals subjected to systemic hypothermia, brain temperature was
firstly measured under normothermia (37ºC of rectal temperature) and after that,
systemic hypothermia was induced as was described above.
In those animals subjected to focal hypothermia, brain temperature was
recorded in both hemispheres, in three different conditions: 1) device implanted
without water flowing. This situation allowed to know the thermal influence of the
implanted device (passive heath-dissipating capacity of metal coil). 2) Cold water
flowing through the cooling device. This situation allowed to know the influence of
cooling on ipsilateral and contralateral hemispheres. And 3) device implanted without
water flowing after cooling. This situation allowed to know the rewarming rate.
During invasive brain temperature measurements, rectal temperature was
recorded with a rectal probe (Perimed, Sweden).
After the period of hypothermia, the animals used for invasive brain
temperature measurements were not allowed to awake from anesthesia, being
sacrificed by sevoflurane overdose.
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1.3.6. Brain temperature measurement with non-invasive MRT
To perform MRT studies, healthy and ischemic animals were anesthetized and
positioned in the MR system. Brain temperature was determined in healthy animals, in
normothermic conditions and then under systemic or focal brain hypothermia; and in
ischemic animals, brain temperature was studied independently in normothermia,
systemic hypothermia and focal brain hypothermia.
Magnetic resonance studies were conducted on a 9.4 T MR system (Bruker
Biospin, Germany) with 440 mT/m gradients, using a combination of a linear birdcage
resonator of 7 cm of diameter for signal transmission and a 2x2 arrayed surface coil
for signal detection. A quadrature volume coil (7 cm of diameter) was also used in
some cases under particular experiment conditions. A quadrature volume coil (7 cm of
diameter) was also used in some cases under particular experiment conditions.
Our MRT approach combined single-voxel MRS with gradient-echo-based
phase mapping, all of which rely on temperature-dependent shifts in PRF.
Phase mapping data were acquired using a multi-gradient echo (MGE)
method implemented with a flip angle (FA) = 52º, repetition time (TR) = 1000 ms and
12 echoes with echo spacing = 2.85 ms. One slice (2 mm thick) with a field of view
(FOV) of 32×32 mm was covered by 128×128 points, resulting in an in-plane resolution
of 0.25 mm/pixel. The total acquisition time was 2 min.
For MRS, a pointresolved spectroscopy (PRESS) sequence was used to acquire
1H-MRS spectra of the ROIs (TR = 2500 ms, echo time [TE] = 60 ms, 2048 points,
spectral width [SW] = 4 KHz, number of averages [NA] = 64−128, and acquisition time
= 2:50−5:30 min). Voxels with sizes of 3×3×3 or 3×8×3 mm were positioned in
ipsilateral, central, and contralateral areas of the putamen and parietal cortex.
After MRT scans, animals were allowed to recover in their homecages.
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MRT data processing
Data were processed using custom-written MATLAB scripts (Math Works, Inc.,
Natick, MA, USA) and MestReNova software (Mestrelab Research, Santiago de
Compostela, Spain). Phase maps were calculated from gradient-echo data using all
echoes and unwrapped using a temporal unwrapping algorithm. Brain temperature
change (ΔT) maps were produced by subtracting phase images at two temperatures
and converting phase difference to frequency difference maps and then to ΔΔT maps
using known relationships between PRF and temperature (General Introduction –

Section 2.3.3). Using MRS data, absolute brain temperature was calculated based on
the frequency difference between water and N-acetyl aspartate or creatine and
previously

described

quantitative

relationships.

Voxel

sizes

varied

between

experiments. MR spectra obtained from methanol phantoms were used as references
to correct for frequency drifts arising from hardware instabilities. These spectra are
sensitive to field disturbances and therefore can be used as indicators of magnetic field
drift. A methanol phantom containing a temperature probe was placed in the scanner.
The phantom consisted of a 1.5 mL microcentrifuge tube containing methanol (99.9%,
Sigma- Aldrich, St. Louis, MO, USA) placed inside a 50 mL conical tube filled with
phosphatebuffered saline (PBS, Sigma-Aldrich). The field drift was calculated in parts
per million (ppm) from the temporal evolution of the methanol spectra measured with
PRESS sequences in a localised voxel of 3×3×3mm at constant room temperature. Field
drift was calculated by subtracting the peak positions of the methanol spectra: T1 =
20.2 ± 0.2ºC for PRESS 1 and T2 = 19.9 ± 0.2ºC for PRESS 2, performed 120 min apart.

1.3.7. Body temperature measurement with implantable
intraperitoneal thermocouples
Body core temperature was assessed to analyze the influence of cold
environment in body temperature, to determinate the rewarming rate after systemic
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hypothermia, and to confirm that focal brain cooling did not affect systemic
temperature during a long period of focal hypothermia. To record core temperature,
implantable temperature sensors (Maxim integrates, USA) were inserted in the
peritoneal cavity of healthy animals one week before ischemia induction and
hypothermic treatment, allowing the animals to recover from the implantation surgery.
Body core temperature was recorded every 10 minutes from the implantation day and
until 24 hours after hypothermia induction. Data were collected using OneWireWiever
(Maxim Integrates, USA) software.

1.3.8. Statistics
All data are presented as the mean and standard error of the mean (mean ±
SEM). One-way or two-way analysis of variance (ANOVA) followed by post-hoc
Bonferroni evaluation was used for multiple groups to determine significant
differences. Student’s t-test was used to test the differences between two groups.
Statistical significance was set at P<0.05. The statistical analysis was conducted using
GrapPad Prism 5.01.
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1.4.

Results

1.4.1. MRT adjustments
The probe temperature measurements showed no heating during scans, with
an average temperature Tprobe= 20.1 ± 0.1 ºC. MR images and frequency spectra
obtained from the methanol phantom are shown in Figure 16.

Figure 16. Measurement of magnetic field drift. A RARE-T2 image of a methanol phantom, with
a square ROI indicated (left); and two methanol frequency spectra (right) corresponding to PRESS
1 and 2 sequences, obtained 120 min apart, which indicates the presence of magnetic field drift.

The field drift was 0.012 ppm over 120 min, which could be erroneously
interpreted as a temperature change of approximately 0.5ºC/hour in phase maps
without drift correction. Because the brain temperature change maps in our
experiments were obtained in less than 30 min, this field drift was taken into account
in the analysis. However, the absolute temperature measurements were unaffected by
this drift. In order to validate this in vitro approach, body and cerebral temperatures
were determined simultaneously in vivo (n=3) under normothermic and hypothermic
conditions (Figure 17).

Alba Vieites Prado | 103

Brain hypothermia in ischemic stroke

Figure 17. Analysis of body and brain temperatures used to validate the MRT protocol. Body and
brain temperatures were determined simultaneously in healthy animals under normothermic and
hypothermic conductions. Body temperature was measured using a rectal probe; brain
temperature was measured by 1H-MRS. Data are shown as mean ± SEM (n=3 per group).

1.4.2. Systemic hypothermia in freely moving animals
Body core temperature in freely moving animals exposed to cold environment
(3ºC) did not differ significantly from body temperature in normothermic environment
(23ºC). Concretely, body core temperature in healthy animals subjected to standard
conditions was 37.7±0.21ºC and when they were moved to a cold environment it was
37.7±0.25ºC. Similar results were found in ischemic animals that showed an average
core temperature of 37.6±0.3 º C at 23 º C versus 37.7±0.9 º C during the 24 hours of
cold environment exposition after ischemia induction. Finally, systemic cooling under
anesthetic conditions effectively reduced body core temperature to 28.8±0.2ºC
however, when hypothermic ischemic animals were allowed to awake in cold
environment, they quickly recovered the thermoregulatory function, reaching 36ºC in
less than three hours. The average body core temperature from hypothermia induction
to the end of cold exposition was 36.2±2.05ºC (Figure 18).
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Figure 18. Body core temperature measured with implantable thermocouples during exposition
to cold ambient temperature (3ºC). Green line: healthy animals subjected to 24 hours of cold
ambient temperature. Orange line: ischemic animals subjected to 24 hours of cold ambient
temperature. Purple line: Ischemic animals subjected to 2 hours of systemic hypothermia under
anesthesia plus 22 hours of cold ambient temperature (3ºC). Data are shown as mean ± SEM (n=3
per group).

1.4.3. Systemic hypothermia in anesthetized animals
Healthy animals
Systemic hypothermia was rapidly induced by alcohol pulverization over the
body surface in anesthetized animals. The target rectal temperature (32ºC) was
reached in less than 15 minutes (cooling rate 0.3ºC/min approx.).
Invasive measurements of brain temperature in normothermic conditions
showed that hemispheric temperatures were 35.1±0.4 and 35.1±0.3 when rectal
temperature was 37.0±0.3. When systemic hypothermia was induced, brain
temperature dropped to 30.7±0.29ºC and 30.8±0.25ºC, while rectal temperature was
maintained at 32.3±0.3ºC. Therefore, invasive thermocouples indicated a difference
between brain and rectal temperature of about 2ºC, which was maintained when
systemic hypothermia was induced, indicating that brain temperature was much lower
than the target rectal temperature (Figure 19).
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Figure 19. Brain temperature measured by invasive thermocouples in healthy animals subjected
to systemic hypothermia. Data are shown as mean ± SEM. *P<0.05 compared to the
normothermic situation using Student t-test (n=3).

On the other hand, analysis of brain temperature in healthy animals by means
of MRT revealed that systemic hypothermia caused a homogeneous reduction in brain
temperature (Figure 21A). Furthermore, absolute temperature determinations by
means of MRS showed important differences with invasive measurements. MRS
revealed that brain temperature was only 0.5ºC cooler than rectal temperature in
normothermic conditions (right and left hemispheres 37.4±0.4 and 37.6±0.3ºC
respectively while rectal temperature was 37.9±0.2ºC). When systemic hypothermia
was induced, brain temperature also reflected this drop, but remained warmer than
rectal temperature, in contraposition to the observations made with invasive
thermocouples, reaching 32.7±0.6 and 32.6±0.6ºC in the right and left hemispheres
respectively, when rectal temperature was 32.0±0.9ºC (Figure 20B).
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Figure 20. Rectal temperature and brain MRT in healthy animals subjected to systemic
hypothermia. A - Brain temperature changes determined using gradient echo–based phase
mapping. Regions of interest (ROIs) indicate where temperature changes were recorded. B –
Absolute brain temperature measured by means of MRS in each group (n=3 per group). Data are
shown as mean ± SEM. ***P<0.001 compared to the normothermic situation using Student t-test
(n=3).

Ischemic animals
Systemic hypothermia homogeneously reduced brain temperature in the
ischemic brain as was observed by means of gradient-echo-based phase mapping
MRT (Figure 21A). While in the normothermic group (ΔTbody= 37.0 to 37.6ºC),
minimal brain temperature changes were observed (ΔTROI1and ΔTROI2= 0.3ºC), systemic
hypothermia (ΔTbody= 36.8 to 32ºC) resulted in ΔTROI1= 3.9ºC and ΔTROI2= 3.7ºC. The
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analysis of absolute temperatures by MRS showed that brain temperature was very
similar to the body temperature under normothermic conditions (Figure 21B and
Figure 26). In ischemic animals, when rectal temperature was 37.5±0.6ºC the
temperature in the ischemic hemisphere was 37.1±0.8ºC and in the contralateral 37.2
±0.5ºC. Systemic hypothermia in ischemic animals induced an average temperature of
32.4±1.0 and 32.1±0.4ºC (ischemic and contralateral hemispheres respectively) while
rectal temperature was 32.6ºC. In this case brain temperature was slightly lower than
rectal temperature, in contraposition to observations in hypothermic healthy animals.
Based in the suitability of MRT to non-invasively measure brain temperature
in healthy animals, cerebral temperature in ischemic animals was only analyzed
through this non-invasive technique.
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Figure 21. Rectal temperature and brain MRT in ischemic animals subjected to normothermia or
systemic hypothermia. Right hemisphere was ischemic. A - Brain temperature changes
determined using gradient echo–based phase mapping. Regions of interest (ROIs) indicate where
temperature changes were recorded. B – Absolute brain temperature measured by means of MRS
in each group (n=3 per group). Data are shown as mean ± SEM. ***P<0.001 compared to the
normothermic group using Student t-test (n=3 per group).

Body core measurements in ischemic animals confirmed the rapid induction
of systemic hypothermia. Hypothermia was induced one hour after ischemic
reperfusion, producing a decrease in core temperature from 37ºC to 32ºC in less than
15 min (Figure 22). The average core temperature during systemic hypothermia was
32.3±0.4ºC. After a period of 4 hours under systemic hypothermia, animals were
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returned to their homecages to awake. The rewarming rate was approximately
0.03ºC/min, requiring around 150 min to recover normothermia.

Figure 22. Body core temperature during and after systemic hypothermia in anesthetized
animals. Data are shown as mean ± SEM (n=3).

1.4.4. Focal brain hypothermia
Healthy animals
Invasive measurement of brain temperature revealed that brain temperature
was not affected by the implantation of the cooling device, since it did not induce a
significant alteration in cerebral temperature in the ipsilateral hemisphere compared
to the contralateral hemisphere before cold-water perfusion began. However, when
cold water was perfused through the device, a rapid decrease in the temperature of
the ipsilateral hemisphere was observed (35ºC to 32ºC in 15 min). After the initial
reduction, the temperature remained stable (31.9±0.4ºC) (Figure 23). Ipsilateral
hemisphere cooling minimally affected the temperature in the contralateral
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hemisphere, which showed a drop in temperature inferior to 1ºC. When cold-water
perfusion was stopped, the ipsilateral region was spontaneously rewarmed to the
baseline temperature in less than 7 min (rewarming rate was 0.5ºC/min approx.).

Figure 23. Brain temperature measured by invasive thermocouples in healthy animals subjected
to focal brain hypothermia. After the device was implanted, temperature was measured before
(Normothermia) and during cold-water perfusion (Focal brain hypothermia).Data are shown as
mean ± SEM.*P<0.05 compared to the normothermic situation using Student t-test (n=3 per
group).

Brain temperature measurement by MRT in healthy rats subjected to focal
brain hypothermia showed a marked reduction in the cerebral region adjacent to the
cooling device (Figure 24A). Absolute data provided by MRS revealed that basal
temperatures in the brain were 37.7±0.4 and 37.4±0.7ºC in the ipsilateral and
contralateral hemispheres respectively, while rectal temperature was 37.8±0.4ºC.
When cold water was allowed to flow through the cooling system, ipsilateral
hemispheric temperature dropped to 34.6±0.4, while contralateral temperature was
36.4±0.4ºC and rectal temperature 36.3±0.4ºC (Figure 24B).
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Figure 24. MRT in healthy animals subjected to focal brain hypothermia. A - Brain temperature
changes determined using gradient echo–based phase mapping. Regions of interest (ROIs)
indicate where temperature changes were recorded. B – Absolute brain temperature measured
by means of MRS in each group. Data are shown as mean ± SEM. ***P<0.001 compared to the
normothermic situation using Student t-test (n=3 per group).

Ischemic animals
Similar to healthy animals, brain temperature changes due to normothermia,
focal hypothermia, and systemic hypothermia were accurately determined using
gradient-echo-based phase mapping, with a precision of ±0.4ºC (Figure 25A and 26B).
In the normothermic group (ΔTbody= 37.0 to 37.6ºC), minimal temperature changes
(ΔT) were observed (ΔTROI1and ΔTROI2= 0.3ºC). In the focal hypothermia group
(ΔTbody= 36 to 35.7ºC), a minimal temperature change was observed in the non-

112 |

Objective 1
ischemic region (ΔTROI1= 1.1ºC), in contrast to the larger change in the ischemic region
(ΔTROI2= 3.7ºC).
MRS data showed that focal brain hypothermia reduced the hemispheric
temperature to 32−33ºC in the ischemic region (Figure 25B and Figure 26), and in this
case focal cooling affected the healthy tissue and body temperature in a major manner
than the effect observed in healthy animals (32.6±0.6ºC in the ipsilateral region, 35±
0.5ºC in the contralateral and rectal temperature was 35.6±0.3ºC).

Figure 25. MRT in ischemic animals subjected to focal brain hypothermia. Ipsilateral (cooled)
hemisphere was ischemic. A - Brain temperature changes determined using gradient echo–based
phase mapping. Regions of interest (ROIs) indicate where temperature changes were recorded. B
– Absolute brain temperature measured by means of MRS in each group. Data are shown as mean
± SEM. ***P<0.001 compared to the normothermic group using Student t-test (n=3 per group).
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All MRT data of brain temperature obtained from ischemic animals are
summarized in Figure 26, where can be observed the whole affectation of brain
temperature when the animals are subjected to systemic hypothermia conditions, and
the local effect of focal brain cooling compared to normothermic animals.

Figure 26. Summary of the results obtained by means of in vivo magnetic resonance (MR) brain
temperature mapping in ischemic animals. Regions of interest (ROIs) indicate where temperature
changes were recorded. A - RARE T2-weighted image (left) and absolute temperature
determinations using magnetic resonance spectroscopy (right) for each group. B - Multiple
gradient echo image (left) and brain temperature changes (right) determined using gradient
echo–based phase mapping in each group (n=3 per group). Normothermia (NT), systemic
hypothermia (SH), and focal hypothermia (FH)
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The core temperature was not affected in ischemic animals subjected to focal
brain hypothermia for a period of 24 hours, as was observed with implantable
thermocouples (Figure 27). During the first 2 hours after implantation, body core
temperature tended to be slightly cooler, a consequence of the awaking process after
anaesthesia, however it rarely dropped from 36ºC.

Figure 27. Body core temperature during focal brain hypothermia in freely moving animals.
Data are shown as mean ± SEM (n=3).

A schematic representation of the global results obtained in the present work
packet is represented at the end of this section.
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1.5.

Discussion

Thermoregulation is a highly efficient physiological mechanism that remains
intact even during severe pathophysiological processes, such as ischemic stroke. In
consequence, therapeutic hypothermia is useful in patients who are anesthetized or in
a deep coma, but it is complicated in most patients with ischemic stroke, mainly by the
side effects of vasoconstriction and shivering, which may interfere with the beneficial
effects of the treatment. In fact, induction of therapeutic hypothermia requires the use
of additional pharmacological tools to inhibit thermoregulatory mechanisms
(Mokhtarani et al., 2001). These clinical limitations can be observed in the present work,
since cold exposition, even in ischemic animals previously subjected to hypothermia
in anesthetized conditions, was insufficient to alter the thermoregulatory ability of
animals, which did not experiment systemic hypothermia. Therefore, animals had to
be anesthetized to successfully reach hypothermic temperatures. Several different
alternatives were purposed in the experimental context to produce systemic
hypothermia anesthetized or freely moving animals, but body temperature was only
accurately controlled under anesthetic conditions or freely moving animals when by
using sophisticated servo-regulated control systems connected to invasive telemetric
brain temperature probes (Colbourne et al., 1996; Ohta et al., 2007). Systemic
hypothermia in awake animals subjected to cold exposition was described by

Yanamoto et al. (Yanamoto et al., 2001) who observed that cold ambient significantly
prevented body temperature elevation, in contraposition to our observations. These
observations took us to renounce to apply systemic hypothermia to freely moving
animals.
On the other hand, the induction of systemic hypothermia by alcohol
pulverization in the body surface, caused a significant and rapid reduction in body and
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brain temperature, and the use of anesthesia effectively avoided shivering allowing an
accurate control of body temperature. Moreover, the cooling rate reached with this
method was fast (0.3ºC/min), while the rewarming rate was relatively slow
(0.03ºC/min), which are desirable features allowing to mimic the ideal systemic cooling
system in patients.
Regarding focal brain hypothermia, several devices were described to produce
local cooling in the brain (Taniguchi et al., 2005; Imoto et al., 2006; Liu et al., 2012a;
D'Ambrosio et al., 2013; Mattingly et al., 2016). Therefore, in the present study we
selected the method described by Clark et al. (Clark and Colbourne, 2007), a
methodology designed to be used in awake animals, which is a desirable objective in
the clinical use of focal hypothermia. Our cooling device allowed to rapidly reduce
brain temperature, reaching a cooling rate of 0.3ºC/min approx. Importantly, the
cooling system showed high spatial resolution, mostly affecting the ipsilateral
hemisphere. Contralateral hemisphere temperature was reduced in less than 1ºC. In
consequence to the high spatial specificity, focal cooling did not affect to body core
temperature, which remained stable for the total duration of the cooling treatment, 24
hours. Moreover, body core temperature was the same before ischemia and after
ischemia, during focal hypothermia period (except the small drop during anesthesia
recovery), indicating that local cold did not evocate an abnormal thermoregulatory
response in the hypothalamus.
Cooling methods characterization was performed by means of classic invasive
thermocouples and a new non-invasive approach based in MRT. Differences between
two thermometric methods were found. While brain temperature measured with
invasive techniques was always cooler than rectal temperature, MRS showed the
opposite relation. These differences may be a consequence of skull exposition to
perform invasive measurements. To introduce the thermocouples in the striatum is
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necessary to remove the skin and open craniotomies, which increases the heat loss
through this region (Zhu et al., 2006; Sun et al., 2012). In this regard, the results
observed by MRS are more reliable, since the skin and the skull remained intact.
Moreover, in ischemic animals brain temperature was lower than rectal temperature
also when it was measured by means of MRT. This can be a consequence of the animal
model, that implicate to block the blood supply to the brain through the right carotid,
and also a consequence of

long periods of aesthetic exposition, since MRT was

performed after ischemic surgery (more than 1.5 hours of sevoflurane exposition).
Changes in brain temperature due to aesthetic exposition were previously described
(Zhu et al., 2009). It should also be mentioned that results regarding focal brain
hypothermia obtained by means of MRT and invasive thermocouples are not totally
comparable, since the cooling method was slightly different due to the technical
limitations to use metallic components in the MR context. MRT data in ischemic
animals showed that focal brain cooling also minimally affected the contralateral and
rectal temperatures. This observation can be a consequence of the exposition to long
periods of aesthetic (as was previously mentioned, ischemic animals were subjected to
at least 1.5 hours of sevoflurane anaesthesia before MRT was performed), together
with a cooling method less accurate than the metallic spiral used to induce focal
hypothermia outside of the MR.
In the present study, two methods of MRT were used, both based in the PRF
method, phase maps and MRS. Both methods yielded accurate results, while MRS
allowed to measure absolute brain temperature with an approximated precision of ±
0.3ºC; phase maps showed higher spatial and temporal resolution. However, phase
maps provide information about relative changes in temperature, and absolute
temperature can be only estimated after measuring absolute temperatures by MRS in
the same regions. Moreover, phase maps method is highly sensitive to motion, which
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is useful to observe fast temperature changes, but do not allow to observe temperature
changes in a long period, or to compare results from different scan sessions. On the
other hand, MRT based in MRS methods allowed to calculate absolute temperatures,
which makes this method useful for long time follow up. However, the larger limitation
of this method remains in the poor spatial resolution, which is actually limiting in small
animals such as rodents. An alternative to single voxel MRS would be using multivoxel
chemical shift image (CSI), a variation of classical MRS which subdivides the FOV in
small voxels, obtaining multiple spectra, and therefore, allowing to increase the spatial
resolution of the technique. In our hands CSI was not approachable, since the small
sample size needed too long acquisition times (loosing temporal resolution), and the
disposition of the receiving elements in our antennas was insufficient to cover the
whole brain. However CSI could be an interesting alternative for the clinical application
of MRT, as some experimental approaches in large-body animals demonstrated (Sun
et al., 2012).
Furthermore than the utility of MRT in the preclinical field, it also has great
potential in the clinical context. The lack of non-invasive methods to accurately assess
body temperature importantly hinder clinical manage of hypothermia, and MRT could
be an adequate alternative to manage it.
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1.6.

-

Conclusions

Temperature control in freely moving animals limit the induction of systemic
hypothermia which reflects this is not a useful protocol to study its potential
therapeutic effect.

-

Anesthetic conditions allow to an accurate control of body and brain
temperatures in systemic hypothermia conditions.

-

Focal brain hypothermia is a viable alternative to induce brain cooling in
freely moving animals.

-

Focal brain hypothermia induces a local drop in temperature without
systemic affectation.

-

Magnetic resonance thermometry is a non-invasive and reliable tool for the
measurement of brain temperature, avoiding the limitations of invasive
methods.

-

Magnetic resonance thermometry is a useful tool to determine and compare
the effects of systemic and focal brain hypothermia on cerebral temperature.

-

Magnetic resonance thermometry provides temperature distribution data
across the brain, including the ischemic and normal tissue, allowing to
determine the effects of focal brain hypothermia on the ischemic regions.
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2.1.

Introduction

Hyperthermia is highly correlated with poor outcomes in patients with stroke
whereas therapeutic hypothermia is considered a promising therapeutic strategy in
patients with ischemic stroke (Castillo et al., 1994; van der Worp et al., 2007; Campos
et al., 2012b). However, systemic hypothermia has not yet been implemented as a
routine treatment in patients with ischemic stroke, largely because of side effects
including shivering, hypotension, arrhythmia, or infection that complicate the clinical
management of these patients (Darwazeh and Yan, 2013).Therefore, new strategies to
improve the management of therapeutic hypothermia and reduce its adverse effects
are urgently needed. In this regard, brain focal hypothermia has been proposed as a
promising alternative to systemic hypothermia because selective hypothermia
induction in the focal ischemic area may provide similar protection while achieving
faster cooling and avoiding systemic side effects (Straus et al., 2011). In fact, recent
studies using novel devices to induce focal hypothermia have shown promising results
for stroke therapy (Cattaneo et al., 2015; Mattingly et al., 2016). However, no study to
date has evaluated the comparative efﬁcacies of systemic hypothermia and focal brain
hypothermia in patients with ischemic stroke.
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Previous experimental studies in this ﬁeld have mainly focused on the
optimization of individual parameters of systemic of focal brain treatment, such as the
therapeutic time window or treatment duration (Kollmar et al., 2007; Ohta et al., 2007;
Clark et al., 2008). The results of these studies, as well as those of a meta-analysis study,
indicate that a target temperature of 32 to 34°C should be induced as soon as possible
after stroke onset (van der Worp et al., 2007; Ohta et al., 2007; Kollmar et al., 2007).
Thus far, only one previous work has suggested that FH requires at least 48 hours to
elicit protective effects (Clark et al., 2009).
Focal brain hypothermia could represent the future of hypothermia treatment
for brain ischemia since it could avoid the side effects of systemic cooling preserving
the therapeutic potential. In the present work, the therapeutic effects of the protocols
featured in Objective 1 are compared in an animal model of cerebral ischemia. The
comparative analysis consider multiple aspects, such as the study of the lesion volume
and edema evolution by means of MRI techniques, and the effects in cell death,
neuronal account, early inflammation, and markers of delayed phase of ischemia by
means of histological techniques. Finally, functional assessment is also performed up
to one month after ischemic injury.

2.2.

Objectives

To compare the therapeutic potential of systemic and focal brain hypothermia
in an animal model of cerebral ischemia, using the protocols previously stablished.

2.3.

Matherial and Methods

2.3.1. Animals
All experimental protocols were approved by the local Animal Care Committee
according to the European Union (EU) rules (86/609/CEE, 2003/65/CE and
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2010/63/EU). Male Sprague Dawley rats weighted between 280 and 330g were used.
Animals were housed individually, in stable environmental conditions (environmental
temperature of 23ºC, relative humidity of 40% and a light-dark cycle of 12h), and free
access to food and water.
All surgical procedures were performed under sevoflurane anesthesia (6%
induction and 4% maintenance in a gas mixture of 70% NO 2 and 30% O2). During
surgery, all animals were subjected to temperature control, maintaining rectal
temperature at 37±0.5ºC by a thermostat-controlled electric pad (NeosBiotec, Spain).
Animal heads were located out of the thermal pad, over a porexpan plate, to avoid the
direct contact between the pad and head.

2.3.2. Rat model of cerebral ischemia
Transient focal ischemia (45min) was induced by intraluminal occlusion of the
middle cerebral artery (MCA), following the method described by Longa et al. (Longa
et al., 1989). Briefly, a midline incision was made in the neck, exposing the carotidal
system. The right common carotid artery (CCA), the external ramification of the CCA
(ECA) and the pterygoparatine artery were permanently ligated, while the internal
ramification of the CCA (ICA) was ligated provisionally (Figure 27). A commercial
suture with a silicon-rubber coated head (Doccol, USA) of 350 µm in diameter and 1.5
mm in length was introduced through the ECA and the ICA by removing temporary
the ICA ligature. The suture was placed in the origin of the middle cerebral artery
(MCA) blocking the blood flow. During the occlusion period, the left common carotid
artery was also provisionally ligated, allowing to reduce the global CBF and increase
the lesion reproducibility. During surgery, CBF was monitored with a Periflux 5000
laser-Doppler system (Perimed AB, Sweden) by placing the Doppler probe (model 411,
Perimed AB, Sweden) in the parietal bone surface near the sagittal crest, under the
temporal muscle.
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Figure 47. Schematic representation of MCA occlusion with intraluminal filament and
correspondence to cerebral blood blow register by Doppler. During the occlusion period, a basal
MRI study was performed. CCA: common carotid artery; ICA: internal carotid artery; ECA: external
carotid artery; PTGP: pterygopalatine artery; PCA: posterior cerebral artery; MCA: middle cerebral
artery; ACA: anterior cerebral artery.

Once the artery was occluded, determined by Doppler signal reduction, the
animals were carefully moved from the surgical bench to a MR, with the aim to
determine the basal ischemic lesion by means of apparent diffusion coefficient (ADC)
maps (Figure 47). Angiography imaging was also performed to confirm the artery
remained occluded over the MR study, and discard arterial malformations. After basal
MR analysis, animals were returned to the surgical bench and Doppler probe was
repositioned. Reperfusion was performed 45min after the occlusion onset.

2.3.3. Exclusion criteria
To guarantee the homogeneity of the animal sample before hypothermic
treatments, the following exclusion criteria were used: 1) relative cerebral blood flow
reduction lower than 70% when the ACM was occluded, measured by laser Doppler;
2) arterial malformations determined by RM angiography imaging; 3) basal lesion
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volume lower than 25% or higher than 45% respect to the ipsilateral hemisphere
measured in ADC maps; 4) absence of reperfusion or long time reperfusion (more than
10 min until achieve at least 50% of the basal cerebral blood flow) after filament
removing and 5) no treatment completion. All excluded or died animals were replaced
until complete the total number of animals indicated for each group.

2.3.4. Randomization and experimental groups
After MCA reperfusion, the animals accomplishing the basal study criteria
were randomized to the treatment groups by means of computer-generated random
numbers.
Four main experimental groups were studied:

SC-4h Systemic control group, treatment duration 4 h (n=12). One hour after
artery reperfusion, anesthetized animals were maintained under
normothermic conditions (target rectal temperature of 37ºC) during
4 hours. Then, the animals were awoken from anesthesia.

SH-4h Systemic hypothermic group, treatment duration 4h (n=12). One hour
after reperfusion, hypothermia (target rectal temperature 32ºC) was
induced under anesthesia and was maintained during 4 hours. After
the hypothermic period, animals were awoken from anesthesia.

FC-24h Focal control group, treatment duration 24h (n=12). Immediately
after artery reperfusion, anesthetized animals were situated in a
stereotaxic frame to implant a cooling device over the skull in the
ischemic brain region. One hour after reperfusion, animals were
awoken from anesthesia, and were maintained in freely-moving with
the cooling device connected to a thermal bath without water flowing
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in normothermia. These conditions were maintained over 24 hours.
Cooling devices were removed after 24 hours, before MRI assessment.

FH-24h Focal hypothermic group, treatment duration 24h (n=12). Similar
than previous group, after reperfusion, anesthetized animals were
situated in the stereotaxic frame to implant a cooling device. One hour
after reperfusion, animals were awoken from anesthesia, and
maintained in freely-moving conditions with the cooling device
connected to a thermal bath adjusted at 4Cº. These conditions were
maintained over 24 hours. Cooling devices were removed after 24
hours, before MRI assessment.
In all groups, brain ischemic lesion was determined at basal (during MCA
occlusion), 24 hours, 7 days and 30 days by means of MRI. Functional outcome was
examined by the cylinder test before ischemic surgery, and 48 hours, 6 days and 29
days after surgery. Histological analysis was performed at 24 hours, 7 days and 30 days.
With the aim to evaluate the therapeutic potential of a shorter treatment of
focal brain hypothermia, the following groups were also studied:

FC-4h Focal control group, treatment duration 4h (n=6). After reperfusion,
anesthetized animals were situated in the stereotaxic frame to implant
a cooling device. One hour after reperfusion, animals were awoken
from anesthesia, and were maintained in freely-moving with the
cooling device connected to a thermal bath without water flowing
over 4h in normothermic conditions. Cooling devices were removed
after treatment period.

FH-4h Focal hypothermic group, treatment duration 4h (n=6). Similar than
previous one, after reperfusion, anesthetized animals were situated in
the stereotaxic frame to implant a cooling device. One hour after
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reperfusion, animals were awoken from anesthesia, and maintained in
freely-moving conditions with the cooling device connected to a
thermal bath adjusted at 4Cº during 4h. Cooling devices were
removed after treatment period.
With the purpose to compare the results observed in FC-4h and FH-4h with
results obtained previously in the main groups, animals subjected to the same
procedures as FC-24h (n=3) and FH-24h (n=3) were alternated in the randomization
as references.
In groups 5 and 6 (and the animals used as positive controls of 24h-focal
treatment duration), brain ischemic lesion was determined at basal (during MCA
occlusion), 24 hours, 7 days and 30 days by means of MRI.

2.3.5. Systemic hypothermia
Four hours of systemic hypothermia (rectal target temperature 32ºC) were
administrated under sevoflurane anesthesia. Rapid induction was achieved by means
of alcohol pulverization over the body surface, and temperature was maintained by
means of a rectal-thermostat-controlled electric pad (Neos Biotec, Spain). After
treatment the animals were allowed to slowly recover normothermia by themselves.

2.3.6. Focal brain hypothermia
To induce focal brain hypothermia, the same methodology described in

section 1.3.4 was used. Briefly, a metallic spiral tube connected to a thermal bath was
attached to the skull of rats. Cooling protocols were applied for 24 or 4 hours.

2.3.7. MRI assessment and MRI data analysis
MRI studies were conducted on a 9.4 T MR system (Bruker Biospin, Germany)
with 440 mT/m gradients, using a combination of a linear birdcage resonator of 7 cm
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of diameter for signal transmission and a 2x2 arrayed surface coil for signal detection.
A quadrature volume coil (7 cm of diameter) was also used in some cases under
particular experiment conditions. A quadrature volume coil (7 cm of diameter) was also
used in some cases under particular experiment conditions.
To analyze the basal lesion volume, a basal MRI study was performed during
the occlusion period. Over this time, a time of flight MR angiography (MRA) was first
performed to confirm that the MCA remained occluded after moving the animal from
the surgery bench. MRA images were acquired using a 3D-FLASH sequence with a
TE=2.5ms; TR=21ms; FA=20º and NA=1. The geometry parameters were 1 slab of 12
mm thickness with a FOV of 19.2x19.2mm2 and resolution of 0.120mm/pixel
(160x160x100 points matrix). To analyze the basal lesion volume, apparent diffusion
coefficient (ADC) maps were obtained from diffusion-weighted images (DWI) before
removing the filament from the animal (30 min after the occlusion) using a spin echo
echo-planar imaging sequence (DTI-EPI) with the following acquisition parameters:
FOV of 24x16 mm2, image matrix 96x64 (in-plane resolution 0.25 mm/pixel), 14
consecutive slices of 1 mm thickness, TE=27ms, TR=4s, NA=4 and diffusion b values:
300, 600, 900, 1200, 1600 and 2000 s/mm2 applied in the z direction.
To analyze the lesion volume evolution, T2 weighted images were acquired 24
hours, 7 days and 30 days after the induction of ischemia (from which T2 relaxation
maps were also calculated) using a multi-slice multi-spin-echo sequence (MSME) with
the following acquisition parameters: TE=9ms, TR=3s, 16 echos and NA=2. The
geometry parameters were 14 consecutive slices of 1 mm thickness with a FOV of
19.2x19.2mm2 and an in-plane resolution of 0.1 mm/pixel (192x192 points matrix).
All images were processed with ImageJ (Rasband WS, USA) by using an
independent

computer

workstation.

Infarct

volumes

were

determined from

quantitative ADC maps and T2 weighted images (with an average between the echoes
4th to 8th) by a blinded researcher.
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Edema formation was determined by means of the quantification of the
midline deviation represented as the ratio between ipsilateral and contralateral
hemispheric volume. Lesion volume in mm3 was calculated as lesion volume in
mm3/MD. Lesion volume in % of ipsilateral hemisphere was calculated as [(lesion
volume in mm3/MD)/ipsilateral hemisphere in mm3]x100.

2.3.8. Functional assessment
Functional outcome was evaluated by the cylinder test. Exploratory behavior
in the darkness into a 20x30 cm cylinder was recorded along 10min with an infrared
video camera (Sony, Japan). Forelimb use was evaluated on the previous day to the
ischemic onset and at 2, 6 and 29 days after surgery. Functional examination was
always done in the activity period of animals (first 6h of the darkness cycle).

2.3.9. Perfusion and tissue processing
Animals were deeply anesthetized and transcardially perfused with 100 mL of
phosphate saline buffer (PBS) 0.1M pH 7.4 and 150 mL of 4% formaldehyde. Brains
were carefully removed from the skull and sectioned in 2 mm slices in a matrix. Slices
were post fixed by immersion in 4% formaldehyde overnight. Then, the slices were
washed in PBS and cryoprotected in a 30% sucrose solution in PBS containing a 0.05%
of sodium azide. Slices were included in OCT resine (Tissue-Tek, Japan) and frizzed
with liquid nitrogen to finally be sectioned in 8µm thickness slices a cryostat (TissueTek, Japan).

2.3.10. TUNEL and Immunofluorescence
MRI data were combined with histological analysis. With such purpose 3
animals of each group were analyzed at 24 hours, 7 and 30 days following the same
time-points than the MRI protocol. Representative markers of ischemic lesion were
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studied at each timepoint in combination with a neuronal marker. Twenty four hours
after ischemia, neurons were labeled (NeuN positive cells) in combination with an
apoptosis marker (TUNEL positive cells). On day 7 neurons distribution was studied
together with a marker of early inflammation by means of microglial and macrophages
labeling (Iba1 positive cells). Finally, one month after ischemia, neuron labeling was
studied in combination with an astrocytes maker (GFAP positive cells) and secondly, to
explore the composition of the lesion scar, markers of the glial and fibrotic
components were analyzed (GFAP and Vimentin positive cells, respectively).
To perform the histological analysis, brain slices were dried at 38ºC for 3 hours,
and then OCT was removed by washing the slices twice in PBS. Antigen retrieval was
performed in a thermal bath by immersion of slices in citrate buffer pH 6.0 during 20
min at 99ºC.
To detect apoptotic cells, a Terminal dUTP nick end labeling (TUNEL) assay
was performed. After antigen retrieval, slices were incubated 30 minutes in a blocking
solution containing a 3% of bovine serum albumin in Tris Buffer Saline (TBS pH7.5;
0.1M). After blocking, slices were washed in PBS and incubated 1 hour at 38ºC with
Fluorescent In Situ Cell Death Detection Kit mix (Roche, Germany). After TUNEL
incubation, slices were washed and incubated with anti-NeuN primary antibody,
following the normal immunofluorescence protocol explained below.
Immunofluorescence protocols were performed against NeuN (ab104225,
Abcam, UK), GFAP (G3893, Sigma), Vimentin (bs-0756R, Bioss, MA, USA) and Iba 1
(MABN92, Millipore, Germany). After antigen retrieval, or after TUNEL incubation, slices
were washed in PBS and incubated overnight at room temperature with the primary
antibodies in a solution of PBS with Triton X-100 0.2% containing a 15% of normal
serum of the same specie of the secondary antibody. Primary antibody concentrations
were 1:1000 for NeuN and GFAP and 1:500 for Vimentin and Iba1. After washing
primary antibody with PBS, slices where incubated 1 hour at room temperature in the
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darkness with the secondary antibodies, a biotinilated Horse anti-Rabbit (BA-1100,
Vector, UK), biotinilated Horse anti-Mouse (BA-2001, Vector, UK), 488 Dylight Horse
anti-Mouse (IGGDY488H-OIMG-CUSTOM, Immunostep, Spain) or 488 Dylight Goat
anti-Rabbit (DI-1488, Vector, UK). The concentration of secondary antibodies was
1:200 in a solution of 0.2% Triton X-100 in PBS. Slices were then washed and incubated
with red fluorescent streptavidin (SA-5594, Vector, UK) at 1:500 concentration in PBS
with a 0.2% Triton X-100 for 30 min in the darkness. Finally, slices where washed and
incubated with Hoechst (MW615.99; Invitrogen) 1:6000 in PBS for 10 min in darkness.
Slices were mounted (Polysciences, Germany).
Microphotographs were taken in a Leica DMI 6000 B microscope with the
software LAS AF 1.0.0 (Leica Microsystems, Sweden). A 40X magnification was used to
perform quantitative analysis, and 5X magnification to perform whole slice mapping.

2.3.11. Quantitative analysis of TUNEL and NeuN
To assess TUNEL and NeuN Immunorreactivity, a quantitative analysis was
performed in three animals from each group. Photomicrographs were taken in three
cerebral regions (striatum, lateral and dorsal cortex) in both hemispheres. Replicated
photomicrographs were taken in two parallel slices situated in the central part of the
injured region, between 0.7mm anterior and 0.3mm posterior to bregma. Positive
nuclei were manually counted.

2.3.12. Statistics
All data are presented as the mean and standard error of the mean (mean ±
SEM). One-way or two-way analysis of variance (ANOVA) followed by post-hoc
Bonferroni evaluation was used for multiple groups to determine significant
differences. Student’s t-test was used to test the differences between two groups.
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Statistical significance was set at P<0.05. The statistical analysis was conducted using
IBM SPSS Statistics for Macintosh, Version 18.0.

2.4.

Results

A total of 100 animals were used in this study (Figure 27), of which 34 animals
were excluded. Twenty-seven animals were excluded following ischemic injury because
of non-optimal baseline lesion volume (17 animals; Figure 27A and B), arterial
malformations (two animals; Figure 27C), or surgical complications (eight animals).
Seven animals were excluded during the hypothermia procedures; four animals
undergoing FH removed the cooling device, and three animals undergoing systemic
hypothermia died from respiratory complications.

Figure 27. Animals included in the study and exclusion criteria. Only those animals accomplishing
Doppler and neuroimaging criteria were randomized in the 6 experimental groups. Animals
showing a basal lesion volume smaller than 25% (A) or greater than 45% (B) of the ipsilateral
hemisphere in the DWI study were excluded. C - Reconstructed MRA image showing an arterial
malformation found in two animals. Rows show the duplicated MCA in the ipsilateral hemisphere.
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2.4.1. Protective effects of systemic and focal brain hypothermia
against ischemic damage
According to our inclusion criteria, the baseline lesion volume in each animal,
determined using ADC maps, was between 25 and 45% of the ipsilateral hemisphere:
40.5±1.2% in the SC-4h group; 34.0±1.2% in the SH-4h group; 35.8±1.6% in the FC24h group, and 34.7±1.8% in the FH-24h group (Figure 28). Moreover, as it is shown
in Figure 29, the brain regions affected were equivalent in all groups.
Treatment with either, systemic or focal brain hypothermia reduced ischemic
lesion being evident in the first assessment performed 24 hours after ischemia
induction. Moreover, in the animals treated with hypothermia (systemic or focal) the
lesion observable one day after ischemia mainly affected the striatum, while control
animals showed large hyperintense lesions in T2 affecting the striatum and cortical
areas (Figure 28).
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Figure 28. MRI assessments of ischemic injury evolution. ADC maps were acquired before
treatment to ensure that all animals included in the study were subjected to similar levels ischemic
damage. Lesion volume evolution was assessed using T2-WI recorded 24 hours, 7 days, and 30
days after ischemia induction. A - MRI assessment of animals subjected to 4 hours of systemic
hypothermia (SH) or 24 and 4 hours of focal brain hypothermia (FH). B - Quantitative analysis of
lesion volumes of MRI data. Data are shown as mean ± SEM. *P<0.05 **P<0.01 ***P<0.001; using
2-way ANOVA followed by the post hoc Bonferroni test (n=12 for baseline and 24-hours
assessments, n=9 for 7-days assessment, and n=6 for 30-days assessment).
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Figure 29. MRI assessment of lesion volume evolution. Anteroposterior brain sections
corresponding to lesions at baseline (ADC images) and 24 hours, 7days , and 30 days after injury
(T2-WI).

Statistical analysis of the infarct volumes in both SH- and FH-treated groups
compared to the respective control groups showed a significant reduction at the
different time-points: at 24 hours P<0.001 (n=12); at 7 days P<0.001 (n=9); and 30
days P<0.01 (n=6), demonstrating protective effects of hypothermia that persisted up
to 30 d after ischemic injury. Complete data of lesion volume are shown in Table 3.

Table 3. Lesion volume evolution. Data are shown as mean ± SEM (n=12 for baseline and 24hours assessments, n=9 for 7-days assessment, and n=6 for 30-days assessment in main groups;
n=6 for all timepoints in FC-4 and FH-4).

In order to determine whether 24 hours of focal hypothermia were needed to
achieve protective effects similar to those induced by 4h of systemic hypothermia, an
independent group of ischemic animals were treated with 4h of focal hypothermia.
Infarct volume analysis showed that 4h focal hypothermia treatment was not
sufficient to induce a significant protective effect with respect to the FC-4h group
(P>0.05) (Figure 30 and Table 4). Since the groups FC-4h and FH-4h were performed
in a separated set, 3 independent animals subjected to the same protocol as FC-24h
and other 3 subjected to the protocol FH-24h were also randomized, working as
negative and positive controls respectively (Figure 31).
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Figure 30. MRI assessments of ischemic injury evolution. A - MRI assessment of animals subjected
to 4 hours of FH. B - Quantitative analysis of lesion volumes of MRI data. Data are shown as mean
± SEM (n=6 for all temporal points).

Table 4. Lesion volume evolution in FC-4h and FH-4h groups. Data are shown as mean ± SEM
(n=6 for all timepoints in FC-4 and FH-4)
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Figure 31.MRI assessments of ischemic injury evolution of animals subjected to 4 and 24 h of
focal hypothermia. Ischemic injury was determined before treatment (basal volume) and at 24 h,
7 d, and 30 d after ischemia induction. Data are shown as mean ± SEM.*P<0.05, **P<0.01,
***P<0.001; using two-way ANOVA followed by the posthoc Bonferroni test (n=6 for FC-4h and
FH-4h groups and n=3 for for FC-24h and FH-24h).

2.4.2. Effects of systemic and focal brain hypothermia on edema
formation
Maximum edema formation was observed 24 hours after ischemic injury
(Figure 32.A). Consistent with the observed effects of systemic hypothermia and focal
hypothermia on infarct volume, both SH-4h and FH-24h significantly reduced edema
formation with respect to the control groups (P<0.05). On the other hand, 4h of focal
hypothermia were insufficient to reduce it formation (Figure 32.B and Table 5).
Midline deviation 30 days after ischemia was <1 in all animal groups, suggesting the
loss of tissue in the injured hemisphere. However, hypothermia-treated animals
tended to show higher values (0.947± 0.01 in SC-4h compared to 0.957±0.01 in SH-4h
and 0.930±0.02 in FC-24h compared to 0.962±0.01 in FH-24h).
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Figure 32. Quantitative analysis of oedema assessment, based in MRI data. A – Oedema evolution
in ischemic animals subjected to 4 hours of systemic hypothermia or 24 hours of focal
hypothermia. B- Oedema evolution in ischemic animals subjected to 4 hours of focal
hypothermia. Data are shown as mean ± SEM. *P<0.05 **P<0.01 ***P<0.001; using 2-way ANOVA
followed by the post hoc Bonferroni test (n=12 for baseline and 24-h assessments, n=9 for 7days assessment in A) (n=6 in all temporal points in B).

Table 5. Edema evolution. Data are shown as mean ± SEM (n=12 for baseline and 24-hours
assessments, n=9 for 7-days assessment, and n=6 for 30-days assessment in main groups; n=6
for all timepoints in FC-4 and FH-4)
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2.4.3. Analysis of functional deficit
Ischemic injury was associated with neurological deficits, which were
evaluated using the cylinder test before ischemia, and 48 hours, 6 days, and 29 days
after ischemic injury (Figure 33). No statistically significant differences were found
between groups, but a clear tendency was observed hypothermic animals to preserve
the function of the injured limb.

Figure 33. Assessment of sensorimotor function using the cylinder test. Functional tests were
performed before ischemic injury (baseline) and 48 hours, 6 days and 29 days after injury. A –
Systemic control (SC-4h) and systemic hypothermic (SH-24) groups. B – Focal control (FC-24h)
and focal hypothermic (FH-24h) groups. Forelimb asymmetry (score asymmetry) was calculated
using the formula: (contralateral forelimb use / total forelimb use observations) X 100. Data are
shown as mean ± SEM and analyzed using two-way ANOVA followed by the post-hoc Bonferroni
test (n=9 for 48 hours and 6 days assessments and n=6 for 30 days assessment).
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2.4.4. Brain histological analysis following systemic and focal
brain hypothermia
Three animals in each group were sacrificed one day after ischemia to analyse
cell death (TUNEL) and neurons (NeuN) distribution by means of immunofluorescence.
NeuN labelling was different in the healthy regions compared to those NeuN positive
cells localized in the injured region. Although these cells preserved NeuN
immunorreactivity, the cell bodies were small, showing symptoms of cell condensation,
and frequently colocalized with TUNEL immunoreactivity, which indicated neuronal
death in the ischemic region. (Figure 34)

Figure

34.

Representative

high-magnification

(×400)

photomicrographs

showing

the

characteristic immunoreactivity for NeuN and TUNEL in the contralateral regions (healthy tissue).
Scale bars 50 μm (TUNEL, terminal deoxynucleotidyl transferase dUTP nick end labelling).

This study revealed that TUNEL positive cells distribution was consistent with
the hyperintense areas observed in T2 maps and T2-weighted MR images recorded 24
hours after injury (Figure 35). Therefore, TUNEL-positive (cell death) cells were
distributed covering the striatum and cortex in both control groups, while TUNELpositive cells were mainly restricted to the striatum in both hypothermia-treated
groups (Figure 36).
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Figure 35. Correspondence of 24 hours MRI and whole-brain reconstructions from multiple photomicrographs showing the general distribution of
immunolabeled neurons (NeuN+, red), dead cells (TUNEL+, green), and nuclei (Hoechst, blue). Systemic control 4 hours (SC-4h), systemic hypothermia 4
hours (SH-4h), focal control 24 hours (FC-24h), and focal hypothermia 24 hours (FH-24h).
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Figure 36. High-magnification (×400) photomicrographs showing representative cortical (up)
and striatal (down) patterns of immunoreactivity for neurons (NeuN+, red), dead cells (TUNEL+,
green), and nuclei (Hoechst, blue) in the 4 principal treatment groups. Scale bars 50 μm.
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The quantitative analysis of NeuN and TUNEL labelling showed a tendency to
loss NeuN positive cells in all regions analysed in the ipsilateral hemisphere, while only
statistically significant differences were found in the number of NeuN positive cells
found in the striatum of focal hypothermia group, which showed an abnormal number
of positive cells in both the contralateral and the ipsilateral region (P<0.01). Regarding
TUNEL quantification, statistically significant differences were found in the striatum of
both hypothermic groups (P<0.05 in SH-4h and P<0.01 in FH-24h). Therefore, more
cells died in the striatum of SC-4h and FC-24h compared to treated animals (Figure
37).

Figure 37 Quantitative analysis of NeuN- and TUNEL-positive cells density different brain regions.
C

indicates contralateral

hemisphere; I, ipsilateral

hemisphere; and

TUNEL, terminal

deoxynucleotidyl transferase dUTP nick end labelling. Data are shown as mean ± SEM. *P<0.05
**P<0.01; using 2-way ANOVA followed by the post hoc Bonferroni test (n=3 per group).
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Seven days after ischemic injury, another 3 animals were sacrificed in each
group to analyse neurons (NeuN) and macrophage and microglial activation (Iba1).
NeuN immunoreactivity had disappeared from the injured area (Figure 38), in the
same regions where dead cells had previously been observed (Figure 35). Moreover
these regions showed a high reactivity to Iba1, a marker of macrophages and
microglial activation. In control groups, SC-4h and FC-24h, both the striatum and
cortex showed high reactivity

to

Iba1, while

in

SH-4

and

FH-24h,

Iba1

immunorreactivity in the ipsilateral cortex was comparable to the contralateral regions
(Figure 39) showing acceptable correspondence with T2 hyperintense areas.
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Figure 38. Correspondence of 7 days MRI and whole-brain reconstructions from multiple photomicrographs showing the general distribution of
immunolabeled neurons (NeuN+, red), microglia and macrophages (Iba1+, green), and nuclei (Hoechst, blue). Systemic control 4 hours (SC-4h), systemic
hypothermia 4 hours (SH-4h), focal control 24 hours (FC-24h), and focal hypothermia 24 hours (FH-24h).
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Figure 39. High-magnification (×400) photomicrographs showing representative cortical (up)
and striatal (down) patterns of immunoreactivity for neurons (NeuN+, red), microglia and
macrophages (Iba1+, green), and nuclei (Hoechst, blue) in the 4 principal treatment groups. Scale
bars 50 μm.
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One month after injury, a histological analysis of astrocyte (GFAP-positive
cells) and neurons (NeuN-positive cells) was performed. In this timepoint, NeuNnegative areas were present in all groups, but in control animals the areas were larger,
concerning striatal and cortical regions. On the other hand, animals treated with
hypothermia showed normal immunoreactivity for NeuN in cortical regions (Figure
40). The reactivity for GFAP was higher in the injured regions than in healthy tissue.
Moreover, in control animals (either systemic or focal control) GFAP reactivity vas
restricted to the periphery of the lesion, while the striatum and cortical areas affected
by the lesion were negative for GFAP and NeuN immunoreactivity. In hypothermic
groups, GFAP immunoreactivity was higher in the striatum, but there were not areas
negative for GFAP as was shown in control groups (Figure 41).
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Figure 40. Correspondence of 30 days MRI and whole-brain reconstructions from multiple photomicrographs showing the general distribution of
immunolabeled neurons (NeuN+, red), astrocytes (GFAP+, green), and nuclei (Hoechst, blue). Systemic control 4 hours (SC-4h), systemic hypothermia 4
hours (SH-4h), focal control 24 hours (FC-24h), and focal hypothermia 24 hours (FH-24h).
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Figure 41. High-magnification (×400) photomicrographs showing representative cortical (up)
and striatal (down) patterns of immunoreactivity for neurons (NeuN+, red), astrocytes (GFAP+,
green), and nuclei (Hoechst, blue) in the 4 principal treatment groups. Scale bars 50 μm.

Alba Vieites Prado | 159

Brain hypothermia in ischemic stroke
Quantitative

analysis

of

NeuN

immunoreactivity

showed

statistically

significant differences between the number of neurons in the dorsal cortex in control
and treated animals (P<0.01) (Figure 41). Moreover, those animals treated with focal
hypothermia preserved more neurons in the lateral cortex (P<0.01).

Figure 42. Quantitative analysis of NeuN-positive cells density different brain regions one month
after ischemia. C indicates contralateral hemisphere; I, ipsilateral hemisphere. Data are shown as
mean ± SEM. **P<0.01; using 2-way ANOVA followed by the post hoc Bonferroni test (n=3 per
group).

Lesion scar was also studied 30 d after injury (Figure 43). Markers of the two
main components of the lesion scar were studied: GFAP as a marker of the glial
component, and vimentin, an intermediate filament protein expressed in fibroblastlike cells, as a marker of the fibrotic component. As was previously mentioned, GFAP
distribution was different in control and treated groups since GFAP-negative regions
were observed in the striatum and cortex in control animals, while the whole injured
region was GFAP-positive in those animals subjected to systemic or focal cooling. On
the other hand, vimentin immunoreactivity was distributed along the whole lesion in
all animals, while the surrounding healthy areas were vimentin-negative (Figure 44).
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Figure 43. Correspondence of 30 days MRI and whole-brain reconstructions from multiple photomicrographs showing the general distribution of
immunolabeled astrocytes (GFAP+, red), fibroblast-like cells (Vimentin+, green), and nuclei (Hoechst, blue). Systemic control 4 hours (SC-4h), systemic
hypothermia 4 hours (SH-4h), focal control 24 hours (FC-24h), and focal hypothermia 24 hours (FH-24h).
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Figure 44. High-magnification (×400) photomicrographs showing representative cortical (up)
and striatal (down) patterns of immunoreactivity for astrocytes (GFAP+, red), fibroblast-like cells
(Vimentin+, green), and nuclei (Hoechst, blue) in the 4 principal treatment groups. Scale bars 50
μm.
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Moreover, control animals showed a clear distinction between the vimentinpositive lesion core and the surrounding areas, where only GFAP immunoreactivity was
observed. The peri-infarct region was characterised by the colocalisation of GFAP and
vimentin, which was interpreted as reactive astrogliosis (Figure 45A).
In contrast, the lesion core of hypothermia-treated animals did not show this
stratification. The area identified as the lesion core was positive for both markers,
similar to the peri-infarcted areas of untreated animals, indicating the presence of
reactive gliosis in the lesion core. Surrounding this region vimentin immunoreactivity
was absent, and only GFAP-positive cells were observed. Therefore, in those animals
treated with either, systemic or focal brain hypothermia, the essentially fibrotic lesion
core observed in the control animals was not observed (Figure 45B).
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Figure 45. A - Characteristic stratified lesion scar observed in control animals. B - Characteristic
lesion scar observed in hypothermia-treated animals. GFAP indicates glial fibrillary acidic protein.
*GFAP+/vimentin−areas (nonfibrotic phenotype), **GFAP+/vimentin+(reactive gliosis, mild-fibrotic
phenotype), ***GFAP−/vimentin+ areas (fibroblast-like cells, highly fibrotic phenotype). Scale bars
50 and 500 μm.
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2.5.

Discussion

In this study, we have compared systemic and focal brain hypothermia using
protocols previously featured. Therefore, we observed that, when initiated 1 hour after
arterial reperfusion, focal hypothermia in freely moving animals induces similar
protective effects to those afforded by systemic hypothermia against ischemic
damage. The therapeutic effect was observable from one day after ischemic insult and
it was sustained until at least one month after ischemia. Basal MRI studies during the
occlusion period showed that all animals had similar basal ischemic lesions, but after
therapy administration in the first day, MRI study at 24 hours after injury revealed the
larger reduction in lesion volumes in both hypothermic groups compared to their
respective controls. In the following assessments by MRI this reduction was
maintained, discarding the transient effects of either of two hypothermia modalities.
Moreover, we also observed that the efficacy of focal hypothermia is dependent on
treatment duration. Focal hypothermia needs to be maintained for longer periods of
time than systemic hypothermia, since 4 hours of focal treatment were insufficient to
produce any therapeutic effect. This observation is disturbing, since the differences
could be due to differences in the protocol, moreover than the cooling effect alone.
Comparing focal brain and systemic hypothermia is difficult because it is hard to
perfectly match treatment protocols (same temperature profile in the brain, same
cooling and rewarming rate, etc.). It is possible that the protective effect of 4 hours of
systemic hypothermia in our study could be partly mediated by the use of anesthesia
during the treatment period because anesthesia is well known to protect against
cerebral ischemia. To approach this point would be necessary to include additional
groups with focal brain hypothermia induction under anesthetized conditions for 4
hours, which would be interesting from the mechanistically point of view but not from
the translational, since although anesthetics and/or sedatives are intrinsic to the
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application of systemic hypothermia, focal brain cooling must be designed as a nonrisky alternative to systemic hypothermia, therefore, avoiding the need of anesthesia
or sedatives. Moreover, a previous study in ischemic animals subjected systemic or
focal brain hypothermia in freely moving conditions observed that 48 hours of focal
cooling were needed to mitigate the ischemic injury, whereas 12 hours of systemic
treatment was enough. These data also support our observations indicating that
differences in the time necessary to approach therapeutic effect are not totally justified
by the presence of anesthesia.
On the other hand, rewarming was faster in the local cooling group, an effect
that is harmful for the ischemic tissues, and potentially could explain why longer
cooling was needed. In fact, a recent study suggests that edema may be worsened by
rewarming from focal cooling. In our study, systemic rewarming was slow, and focal
rewarming was found to be difficult to control. Thus, one of the limitations of this study
was the inability to accurately control this parameter. However, as 4 hours of focal
hypothermia did not increase the size of the ischemic region, we feel faster focal
rewarming cannot explain the differences observed between 4 hours of systemic
hypothermia and 24 hours of focal hypothermia in our ischemic model
Assuming that the differences on the required duration of treatments are not
justified by differences in the protocols, the results point out that protective effect of
systemic hypothermia may include noncerebral mechanisms, while the effects of focal
brain hypothermia would be mediated through local effects in the ischemic region.
Consistent with this, previous evidence has indicated that systemic hypothermia affects
both the brain and peripheral organs.
Edema, which frequently occurs during the acute phase of stroke, is closely
related to patient outcome. In the present study both treatment alternatives
significantly reduced this undesirable factor. Moreover, midline deviation one month
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after ischemia was more accentuated in control animals, which is an indirect indicator
of tissue lost.
Other beneficial effects of therapeutic hypothermia include reduction of
neuronal death and attenuation of the early inflammatory response. Histological
assessment of the brain samples confirmed similar protective efficacies for systemic
and focal brain hypothermia. In addition, analysis of the residual ischemic lesion in the
control groups at 30 days after the intervention showed a strong fibrotic phenotype,
indicated by areas highly reactive to vimentin, a fibroblast-like cell marker. However
this phenotype was not found in both hypothermia-treated groups, where vimentin
was mostly found in colocalization with GFAP, indicating the presence of reactive
gliosis, but not fibrosis. Moreover in control animals the fibrotic lesion core was well
delimited by a surrounding area of GFAP and vimentin positive cells (presumably
reactive astrocytes) forming a glia limitans-like structure. Lesion scar development is a
critical factor that influences the regenerative potential in the central nervous system.
Scar formation seems to play dual roles in isolating the injured area and limiting
inflammation in early phases; but also impeding the regenerative process in delayed
phases of the ischemic injury. In this regard, the hypothermia-induced decrease in
fibrotic lesion scar formation may contribute to regeneration of the damaged tissue,
as has been described by other similar studies.
Cylinder test was selected to assess functional outcome because it´s
objectivity, however since it analyzes spontaneous movements, is susceptible to
changes in the degree of activity, which in turn depends on the time in the light/dark
cycle, proximity of surgical interventions or anesthetics, environmental noises, etc.
Although we tried to control all these variables by evaluating the activity of animals at
the same hours, never in the next 24 hours after anesthetic use, etc. our results showed
high variability, hampering to obtain statistically significant results. However, the
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hypothermic animals showed a clear tendency to use more frequently both forelimbs
in the exploratory behavioral, compared to control animals.
In the present chapter we demonstrate that focal brain hypothermia is an
effective and safe alternative to systemic hypothermia, which even needing longer
treatment durations, brings the possibility to be applied in awake patients make it
versatile and easier to manage.
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2.6.

-

Conclusions

Focal brain hypothermia in freely moving animals induces similar protective
effects to those of systemic hypothermia against ischemic damage.

-

Efﬁcacy is of hypothermia is dependent on treatment duration. Focal brain
hypothermia needs to be maintained for at least 24 hours to achieve
protective effects similar to those of 4 hours of systemic hypothermia.

-

Focal brain hypothermia is an effective therapeutic alternative to systemic
hypothermia that circumvents the side effects associated with systemic
cooling.

-

Beneficial

effects

of

systemic

and

focal

brain

hypothermia

were

demonstrated by means of tissue and behavioral analysis in the acute and
delayed phases of the ischemic injury.
-

The therapeutic effect of both hypothermic procedures was confirmed by
means of histological analysis of neuronal death, early inflammation and
lesion scar formation.
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Objective 3.
RBM3 expression in the adult brain
of rodents subjected to hypothermia

3.1.

Introduction

Understanding the mechanisms underlying the therapies greatly improves
their management and allow to design new alternatives when is necessary (Han et al.,
2012). Therapeutic hypothermia is a large unknown therapy. However in the recent
years important advances were made to decipher the mechanisms underlying its
protective effect. One of these mechanisms are the cold stress proteins. Hypothermia
is a modulator of protein synthesis. Cold stress produces thermodynamic limitations
to fold the proteins in the ER, which in turn produces the activation of the UPR. As part
of the UPR, the global protein synthesis is reduced (Knight and Willis, 2015).
Nevertheless, a small group of proteins are overexpressed in these conditions to
ensure cell survival, the known as CSPs. In mammals, two CSP were described, RBM3
and CIRP.
Due to the implication of RBM3 and CIRP in the cellular response to cold, and
their potentially prosurvival roles regulating cell cycle and reducing apoptosis, these
proteins were purposed to be underlying the protective effects of cold in brain injuries.
The neuroprotective role of CIRP was studied in an animal model of ischemia, however,
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against expectations, CIRP failed to demonstrate any protective effect and it was
related to increased inflammatory response (Zhou et al., 2014). On the other hand, the
possible role of RBM3 in hypothermia-mediated neuroprotection in ischemic stroke
has never been studied, although encouraging results were obtained in in vitro and ex

vivo models of perinatal cerebral asphyxia (Chip et al., 2011).
In the present chapter is studied the expression of RBM3 after the application
of systemic and focal brain hypothermia protocols that previously demonstrated to
produce therapeutic effect in an animal model of cerebral ischemia. To achieve it,
RBM3 expression is analyzed using quantitative polymerase chain reaction (qPCR) to
check RBM3 mRNA (Rbm3) levels, western blot (WB) to quantify protein expression,
and immunofluorescence to study the spatial distribution.

3.2.

Objectives

To analyze the possible implication of RBM3 in the molecular mechanisms
underlying the therapeutic effect of cold in cerebral ischemia.

3.3.

Material and Methods

3.3.1. Animals
All experimental protocols were approved by the local Animal Care Committee
according to the European Union (EU) rules (86/609/CEE, 2003/65/CE and
2010/63/EU). Male Sprague Dawley rats weighted between 280 and 330g were used.
Animals were housed individually, in stable environmental conditions (environmental
temperature of 23ºC, relative humidity of 40% and a light-dark cycle of 12h), and free
access to food and water.
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3.3.2. Sacrifices and tissue preservation for qPCR and WB
To ensure the correct preservation of nucleic acids and proteins, and allowing
to subject all animals to similar anesthetic dosages before sample collection, all
animals undergoing RNA or protein extraction were sacrificed following the same
methodology. Briefly, animals were subjected to a short period of anesthesia induction
(6% of sevoflurane in a gas mixture of 70% NO2 and 30% O2 during approximately one
minute), enough to cause conscience loss and block voluntary motor responses. Then
the animals were sacrificed by decapitation with a guillotine (Fine Science Tools, USA).
Rat heads were rapidly positioned in an ice plate, and brains were dissected and
positioned in sterile Petri plates. Brains were subsequently sectioned in three
transversal slices, in which the ventral region and the lateral cortex were removed.
(Figure 46). Finally, in each slice, brain hemispheres were separated by cutting through
the interhemispheric line. All brain pieces (aprox. 100mg/each) were introduced in
sterile RNase-free cryovials, and fizzed in liquid N2. Frozen samples were preserved at
-80ºC for posterior use analysis by qPCR or WB.

Figure 46. Schematic representation of brains dissection for qPCR and WB analysis of
RBM3 expression.
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3.3.3. Systemic and focal brain hypothermia
The same methodologies previously featured and compared in Objective 1
and 2 respectively, were used. Briefly, systemic hypothermia was induced under
sevoflurane anesthesia by spray pulverization over the body surface. Once the target
rectal temperature of 32ºC was achieved, the animals were maintained for a period of
4 hours, and then were returned to their homecages to awake and passively rewarm.
Focal brain hypothermia was applied by means of a metallic spiral tube connected to
a thermal bath. All details are explained in section 1.3.4.

3.3.4. Temporal profile of RBM3 expression
A total of 33 healthy animals were used. Three of them were directly sacrificed
by decapitation as was previously described to be used as a control of basal RBM3
expression. The rest of animals were subjected to a treatment of 4 hours of systemic
hypothermia (rectal temperature 32ºC) or systemic normothermia (rectal temperature
37ºC). All animals were sacrificed by decapitation as was previously described at
different timepoints: 0 hours, 3 hours, 6 hours, 12 hours or 24 hours after treatment.

3.3.5. RBM3 expression after therapeutic hypothermia
The following experimental groups were studied:

· Systemic hypothermia: allowing to analyze the expression of RBM3 after systemic
hypothermia, ischemic animals were subjected to 4 hours of systemic
normothermia (rectal temperature 37ºC) under sevoflurane anesthesia, or the
same period of systemic hypothermia (32ºC). All animals were allowed to
recover for 3 hours after treatment. RBM3 expression was studied in the
following situations: a) healthy animals and b) ischemic animals under
normothermia and hypothermia conditions. Three animals were studied in
each condition.
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· Focal brain hypothermia: RBM3 expression was studied after a 24 hours protocol
of focal brain hypothermia in healthy and ischemic animals. All animals were allowed
to recover 3 hour after treatment. The following groups were studied: a) healthy
animals and b) ischemic animals subjected to focal brain hypothermia or focal control
conditions. Three animals were studied in each group.

3.3.6. Rat model of cerebral ischemia
Transient focal ischemia (45min) was induced by intraluminal occlusion of the
MCA, following the method described by Longa et al. (Longa et al., 1989). Briefly,
commercial sutures with a silicon-rubber coated head of 350 µm in diameter and 1.5
mm in length were used to perform the occlusion (Doccol, MA, USA). Cerebral blood
flow was monitored with a Periflux 5000 laser-Doppler system (PerimedAB, Sweden)
by placing the Doppler probe (model 411, PerimedAB, Sweden) in the parietal bone
surface near the sagittal crest, under the temporal muscle. Once the artery was
occluded, determined by Doppler signal reduction, the animals were carefully moved
from the surgical bench to a MR, with the aim to determine the basal ischemic lesion
by means of ADC maps. Angiography imaging was also performed to confirm the
artery remained occluded over the MR study, and discard arterial malformations. After
basal MR analysis, animals were returned to the surgical bench and Doppler probe was
repositioned. Reperfusion was performed 45min after the occlusion onset.

3.3.7. RBM3 spatial distribution in healthy animals subjected to
systemic or focal hypothermia
To study the expression of RBM3, immunofluorescence was performed in
selected brain sections of healthy animals treated with systemic or focal hypothermia,
and in their respective controls. Eight animals in total (2 for each situation) were used
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to study the following situations: a) systemic normothermia; b) systemic hypothermia;
c) focal brain control and d) focal brain hypothermia.
Once the treatment was completed, the animals were allowed to recover for 3
hours. Then, all animals were deeply anesthetized and transcardially perfused
following the same protocol described in section 2.3.10. The brain sections of 8µm
thickness obtained in a cryostat (Tissue-Tek, Japan), were then labeled to detect RBM3
protein by immunofluorescence.
Briefly, brain sections were washed in PBS to remove OCT residues. Then the
slices were incubated overnight with a rabbit monoclonal anti-RBM3 (ab134946,
Abcam, UK) diluted 1:200 in a solution of PBS with Triton X-100 0.2% containing a 15%
of normal goat serum. After incubation, slides were washed in PBS and incubated 1
hour in the darkness with 488 Dylight Goat anti-Rabbit (DI-1488, Vector, UK) in a
dilution 1:200 of PBS with Triton X-100 0.2% containing a 15% of normal goat serum.
Finally washing the secondary antibody with PBS, nuclei were labeled with Hoechst
(MW615.99; Invitrogen) 1:6000 in PBS for 10 min in darkness. Slices were mounted
(Polysciences, Germany).
Microphotographs were taken in a Leica DMI 6000 B microscope with the
software LAS X 1.0.0 (Leica Microsystems, Sweden). Whole slice mapping was
performed by manually using a 5X magnification. All individual microphotographs
were captured maintaining the same acquisition parameters allowing to qualitatively
evaluate the fluorescence levels. Individual microphotographs were aligned with LAS
4.5.0.

3.3.8. Quantitative PCR
To evaluate Rbm3 RNAm expression, quantitative polymerase chain reaction
(qPCR) assays were performed. Frizzed sections (around 100mg) preserved at -80ºC
were collected and directly submerged in lysis buffer avoiding previous thawing. RNA
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extraction was performed using a commercial column-based method (PureLinkTM RNA
Mini Kit, Invitrogen, USA). Final elution was made in 50µL of RNase-free water. RNA
quantity and quality where spectrophotometrically determined using a Nanodrop
(Thermo Fisher Scientific, USA). To evaluate the purity of RNA extract, the ratios
260:280 and 260:230 were studied, and only samples with ratios over 2 and 1.7 were
included in the study. A total amount of 1µg of RNA was used for retrotranscription
into cDNA using the GoScript™ Reverse Transcription System (Promega, USA) and a
(Biometra, Germany). Briefly, the volume corresponding to 1µg of RNA was diluted in
RNase-free water to a total final volume of 11µL and 1µL of random primers (0.5µg in
total) were added. This mix was incubated for 5 minutes at 70ºC allowing unwinding
secondary structures of RNA, then the mix was rapidly cooled down in ice for 10
minutes. Reverse transcription mix was composed by 4µL of reaction buffer (5X), 2µL
of MgCl2 (2.5mM in the final volume), 1µL of dNTPs (0.5mM of each nucleotide in the
final volume), and 1µL of GoScript™ reverse transcriptase. The final reaction mix
containing a total volume of 20µL was incubated 5 minutes at 25ºC allowing annealing,
and 60 minutes at 42ºC allowing to extend the cDNA strand. After reverse
transcription, the product was diluted in 1:5 in RNase free water.
Finally, Rbm3 expression and the reference genes β-Actin and RPL13 were
studied by qPCR using the GoTaq qPCR masterMix (Promega, USA) and Mx3005P
qPCR system (Agilent technologies, USA). Briefly, a total volume of 2µL of diluted cDNA
was mixed with 3.5µL of Nuclease free water, 0.5 µL of 10mM specific primers (0.25µL
for each sense) and 6µL of GoTaq® qPCR Master Mix (2X), obtaining a total final
reaction volume of 12µL. Reactions were performed by triplicate in 96 well plates.
Primer sequences and thermal program for qPCR are shown in Tables 6 and 7
respectively.
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Primer

Rbm3

β-Actin

Rpl13

Sequence 5’ to 3’
Sense

CTTCAGCAGCTTCGGGCCTA

Antisense

CCCATCCAGGGACTCTCCAT

Sense

GCTATGAGCTGCCTGACGGT

Antisense

GTTTCATGGATGCCACAGGA

Sense

CGGAGGGGCAGGTTCTAGTA

Antisense

GTACAACCACCACCTTTCGG

Table 6. Primer sequences used for qPCR

Hot-start activation of

95ºC for 2 minutes

the enzime

40 cycles

Denaturation

95ºC for 15 seconds

Annealing/extension

60ºC for 40 seconds

Denaturation

95ºC for 1 minute
55ºC for 30 seconds

Dissociation curve

Gradual increase in temperature
between 55-95ºC

Table 7. Thermal program used for qPCR

Quantitative PCR results were analyzed using MxPro Mx3005P v4.10. The
average of three Ct values obtained for Rbm3 in each sample was relativized to the
average of three Ct values obtained for β-Actin or Rpl13 expression in the three
replicates of each sample. Then, the average of relative expression was made for all
samples in each group, and control samples were used as baseline to normalize the
expression in all different groups.
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3.3.9. Western Blot
RBM3 expression was quantified by means of Western Blot (WB). Cold buffer
lysis was added to brain slices in an approximated 10:1 proportion (volume:weight)
and tissue disruption was performed in a TissueLyser II (Qiagen, Switzerland). Tissue
lysates were then centrifuged during 30 minutes at 20.000g and the supernatants were
collected to perform WB. The protein content in the lysates was quantified using the
Bradford method (BioRad, Germany).
The necessary volume of cell lysate containing a total amount of 30µg of
protein were subjected to SDS-PAGE in 12% Criterion™ TGX™ Precast Midi Protein Gel
(BioRad, USA) using a fixed voltage of 180V. Proteins were then eletrotrasferred to a
PVDF membrane (Millipore, Ireland) using a Trans-Blot semi-dry system (Bio-Rad, USA)
with a limited voltage of 25V and 180 milliamps for two hours.
After blot, membranes were blocked for 45 minutes with a 3% Bovine Serum
Albumin (BSA) in Tris-Chloride Buffer with a 0.1% of Tween 20 (TBST). Once blocked,
target proteins were detected by the incubation with primary antibodies against RBM3
(Rabbit monoclonal Anti-RBM3 ab134946, Abcam, UK) and β-Actin (Rabbit polyclonal
Anti-β-Actin, Abcam, UK) diluted 1:1.000 and 1:2.000 respectively in TBST with a 3% of
BSA. Primary antibodies were incubated overnight at room temperature with agitation,
and then the membranes were washed three times in PBST to remove the excess of
primary antibodies. Secondary antibody was a HRP-conjugated Goat anti-Rabbit IgG
(Dako, Denmark). It was diluted to 1:5000 in TBST with a 3% BSA and incubated during
1 hour at room temperature in agitation. Finally, after washing in TBST, the HRP activity
was reveled with Pierce™ ECL Western Blotting Substrate (Thermo Fisher, USA) and
detected with X-Ray films manually reveled.
WB results were analyzed using ImageJ (Rasband WS, USA) by measuring the
mean gray value of protein bands delimited in ROIs. The relative expression of RBM3
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to β-Actin was calculated for each sample, and the average of samples for each group
was normalized to the control.

3.3.10. Statistics
All data are presented as the mean and standard error of the mean (mean ±
SEM). One-way or two-way analysis of variance (ANOVA) followed by post-hoc
Bonferroni evaluation were used for multiple groups to determine significant
differences. Statistical significance was set at P<0.05. The statistical analysis was
conducted using GraphPad Prism 5.01.

3.4.

Results

3.4.1. Temporal profile of RBM3 expression
The analysis of RBM3 expression at different timepoints after systemic
hypothermia described a gradual increase in brain RBM3 mRNA and protein levels,
peaking 3 hours after hypothermia, followed by a gradual decrease. Therefore, qPCR
showed that Rbm3 levels just after 4 hours of systemic hypothermia (time=0 hours)
was 264±7% considering controls basal expression as a 100%. Three hours after the
end of systemic hypothermia, Rbm3 levels increased to 321±5% of basal. Six hours
after systemic hypothermia, Rbm3 levels decreased to 244±3% relative to basal levels.
Twelve hours after systemic hypothermia, Rbm3 expression was reduced near to the
basal levels, showing a 116±3% of expression relative to the basal. Finally, 24 hours
after systemic hypothermia, expression fell even under basal levels, showing a relative
expression to the basal of 84±17%. Rbm3 expression was statistically significant
different from expression in non-treated animals (control) 0h, 3h and 6 hours after
hypothermia (P<0.001; using one-way ANOVA followed by post hoc Bonferroni test;
n=3 animals per group) (Figure 47)
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Figure 47. Temporal profile of RBM3 expression after 4 hours of systemic hypothermia or
normothermia under sevoflurane anesthesia. RBM3 expression was relativized to β-Actin and
then normalized to the expression in control animals. Data are shown as mean ± SEM. ***P<0.001;
using 1-way ANOVA followed by the post hoc Bonferroni test (n=3 per group).

To test the influence of anesthesia in Rbm3 expression, animals were subjected
to systemic normothermia (rectal temperature 37ºC) in the same conditions than the
animals subjected to systemic hypothermia. After the treatment, Rbm3 levels
described a temporal profile similar to hypothermic animals, although the maximum
levels of Rbm3 (also reached three hours after hypothermia) were lower than in cooled
animals, resulting in the 230±7% relative to the basal expression in controls (Figure
47).
Semi-quantitative analysis of RBM3 protein expression by WB revealed a
similar temporal profile, reaching a peak of expression three hours after the end of
systemic hypothermia, however these results did not achieve statistical significance
(Figure 48A-B).
Based on these results, a temporal point of three hours was selected to analyze
RBM3 expression in subsequent experiments.
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Figure 48. Temporal profile of RBM3 expression after 4 hours of systemic hypothermia. A –
Quantitative results obtained by WB bands densitometry. B – WB bands corresponding to β-Actin
and RBM3 (37 and 17kDa respectively). Expression was relativized to β-Actin and then normalized
to the expression in control animals. Data are shown as mean ± SEM (n=3 per group).

3.4.2. RBM3 expression after systemic hypothermia
Systemic hypothermia – Ischemic animals
In ischemic animals, the results were quite similar to those observed in healthy
rats. Rbm3 mRNA expression increased significantly after systemic hypothermia and
this increase was also reflected in protein levels (Figure 49 and Table 9). Rbm3
expression in the ischemic hemisphere (ipsilateral region) was 193±6% compared to
the 100% expression in non-treated animals, and in the contralateral hemisphere the
expression was slightly higher, 226±2%. Protein levels increased between 4 to 8 fold
in the ipsilateral and contralateral hemispheres respectively, therefore, RBM3 mRNA
and protein levels were globally increased after systemic hypothermia in ischemic
animals, although overexpression was higher in the contralateral hemisphere than in
the ischemic region (Figure 49B-C and Table 8).
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Figure 49. RBM3 expression in the brain of ischemic animals subjected to systemic normothermia
(I+SC-4h) or hypothermia (I+SH-4h) followed by of 3 hours of recovery. A – Rbm3 mRNA levels.
B and C – RBM3 protein expression. RBM3 expression was relativized to β-Actin and then
normalized to the expression in control animals. Data are shown as mean ± SEM. *P<0.05;
**P<0.01; ***P<0.001 using 2-way ANOVA followed by the post hoc Bonferroni test (n=3 per
group). I, Ipsilateral hemisphere; C, Contralateral hemisphere.

3.4.3. RBM3 expression after focal brain hypothermia
Focal brain hypothermia – Healthy animals
Focal hypothermia selectively augmented the expression of RBM3 in the
cooled hemisphere (ipsilateral hemisphere) of heathy animals. Moreover, the average
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expression of Rbm3 was 387±70% in relation to a 100% of expression in non-treated
animals (Figure 50A and Table 8).

Figure 50. RBM3 expression in the brain of healthy animals subjected to focal control conditions
(FC-24h) or focal hypothermia (FH-24h) followed by of 3 hours of recovery. A – Rbm3 mRNA
levels. B and C – RBM3 protein expression. RBM3 expression was relativized to β-Actin and then
normalized to the expression in control animals. Data are shown as mean ± SEM. **P<0.01; using
2-way ANOVA followed by the post hoc Bonferroni test (n=3 per group). I, Ipsilateral hemisphere;
C, Contralateral hemisphere.
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allowed

to

confirm

that

the

mRNA

overexpression was accompanied by a similar increase in protein levels, reaching 4
times the protein levels quantified in non-treated animals (Figure 50B and Table 9).
Moreover, RBM3 protein also increased in the contralateral hemisphere, although to a
lesser extent than in the ipsilateral region.
RBM3 expression in the animals subjected to focal control conditions (24
hours with the cooling device implanted but without cold water flowing, namely,
without hypothermia) was very low, similar to non-treated animals (Figure 50 and
Table 9).

Focal brain hypothermia – Ischemic animals
Ischemic animals subjected to focal brain hypothermia revealed an increase of
RBM3 mRNA and protein in the ipsilateral hemisphere, increasing in both cases more
than 2 fold the amounts quantified in control conditions. Moreover, the analysis of the
contralateral region was more difficult to interpret, since although the Rbm3 mRNA
was not significantly overexpressed, protein levels in the contralateral region of
ischemic animals were similar to the levels observed in the ipsilateral region (Figure
60 and Tables 8-9).
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Figure 60. RBM3 expression in the brain of ischemic animals subjected to focal control conditions
(I+FC-24h) or hypothermia (I+FH-24h) followed by of 3 hours of recovery. A – Rbm3 mRNA levels.
B and C – RBM3 protein expression. RBM3 expression was relativized to β-Actin and then
normalized to the expression in control animals. Data are shown as mean ± SEM. *P<0.05;
***P<0.001; using 2-way ANOVA followed by the post hoc Bonferroni test (n=3 per group). I,
Ipsilateral hemisphere; C, Contralateral hemisphere.
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Rbm3 expression values in all experimental conditions studied are
summarized in Table 8, while the expression of RBM3 analyzed by means of WB is
summarized in Table 9.

Table 8. Rbm3 mRNA expression studied by qPCR. Rbm3 expression was relativized to β-Actin
and then normalized to control expression, defined as 100%. Data are shown as mean ± SEM
(n=3 per group). SC, Systemic Control; SH, Systemic Hypothermia; FC, Focal Control; FH, Focal
brain Hypothermia; I, ischemic animal.

Table 9. RBM3 protein expression studied by WB. RBM3 expression was relativized to β Actin and
then normalized to control expression, defined as 100%. Data are shown as mean ± SEM (n=3
per group). SC, Systemic Control; SH, Systemic Hypothermia; FC, Focal Control; FH, Focal brain
Hypothermia; I, ischemic animal.
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3.4.4. Spatial distribution of RBM3 expression
The antibody used to study the spatial distribution of RBM3 specifically
labeled the soma of cells (structures which were also positive for Hoechst staining),
that were in concordance with neuronal morphology and distribution, although a
containing with a neuronal marker would be necessary to confirm this data.
Immunorreactivity showed a spotted pattern around the nucleus, which would agree
with cytoplasmic deposits (Figure 61)

Figure

62.

Representative

high-magnification

(×400)

photomicrographs

showing

the

characteristic immunoreactivity for RBM3 in the cerebral cortex and anterior piriform cortex. Scale
bars 50 μm.

Quantitative analysis of RBM3 imunorreactivity did not yield conclusive results,
although the ipsilateral hemisphere of animals treated with focal brain hypothermia
tended to accumulate more RBM3 positive cells (Figure 62). However, a similar
difference was observed in animals subjected to systemic normothermia.
Whole brain mapping allowed to analyse spatial distribution of RBM3 in a
rough way. To ensure the homogeneity of the individual photomicrographs, all they
were taken with the same exposition time, gain and brightness adjustments. Contrast
and brightness adjustments were only made to the final reconstructed image to ensure
that all changes affected all photomicrographs in the same manner. No accentuated
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differences were observed between animals, although in those subjected to focal brain
hypothermia, tended to accumulate more RBM3 immunorreactivity in the ipsilateral
region (Figure 63).

Figure 63. Whole-brain reconstructions from multiple photomicrographs showing the general
distribution of RBM3 immunorreactivity. The white line remarks the region of increased RBM3
immunorreactivity in the ipsilateral region to the cooling system in an animal subjected to focal
brain hypothermia.
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3.5.

Discussion

In the recent years, the molecular mechanisms mediating hypothermiainduced neuroprotection have attracted increasing interest. Classically the effect of
therapeutic hypothermia was thought to be mediated by changes in cellular
thermodynamics, therefore, appealing to a general reduction in the speed of molecular
processes. Although this mechanism seems to be undeniable, recently different active
cellular responses to cold were described, such as overexpression of CSPs or
posttranslational modification of proteins, such as sumoylation (Wang et al., 2012; Lee
et al., 2014; Zhu et al., 2016b). Deciphering these mechanisms and understanding their
importance in cold protection enable the design of pharmacological alternatives to
activate these protective mechanisms bypassing the use of cold, and therefore,
avoiding side effects. Probably the molecular process which is creating more
expectancies is the response leaded by CSPs. The importance of these proteins along
the evolutionary processes of cold adaptation, allow us to get an idea about their
pivotal role in these processes. From microorganisms to poikilotherms (plants in
between), changes in environmental temperature compromised organism’s survival.
These organisms trigger complex cellular responses to cold, expressing a wide range
of CSPs. Therefore, in Escherichia coli more than 25 different CSPs responding to
different temperature ranges were described up to now. On the other hand,
homeothermic animals developed physiological and ethological strategies to maintain
the body temperature constant, usually avoiding the need to trigger responses to cold
at a cellular level (Phadtare and Severinov, 2010). In exceptional circumstances such as
intense cold exposure, torpor or hibernation, homeothermy is interrupted and a
cellular response implying CSPs is triggered. Probably due to the accurate endothermic
mechanisms allowing to maintain homeothermy in mammals, the CSPs are less
necessary, and only two were characterized to date in this animal group, RBM3 and
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CIRP. The ability of mammals to overexpress these regulatory proteins in response to
cold could underlie to the protective effect of cold observed in different brain injuries.
Therefore, the neuroprotective role of CIRP was studied in animal models of ischemia,
although it was related to an increase in the inflammatory response. These results were
interpreted as a consequence of CIRP release to the extracellular space, since the
neutralization of extracellular CIRP effectively reduced hypoxia-induced apoptosis in

vitro (Zhou et al., 2014). On the other hand, the implication of RBM3 in brain protection
was still poorly studied, although studies in neonatal asphyxia models related RBM3
overexpression to the neuroprotective effects of cold in presence of proapoptotic
toxics and ER stress (Chip et al., 2011; Zhu et al., 2016b). Preliminary results in
developmental studies point out the reduction in RBM3 expression after the birth,
reaching a minimum expression in the adulthood (Pilotte et al., 2009). Currently there
is not data about the ability of adult brain to overexpress RBM3 in response to
therapeutic hypothermia. Only one study in adult neuroprotection was published up
to now, describing the importance of RBM3 mediating synaptic recovery in an animal
model of Alzheimer after a brief period of deep cold (45 minutes at 16ºC in rectal
temperature) (Peretti et al., 2015). Although these results highlight the implication of
RBM3 in synaptic plasticity, they used an animal model of hibernation, staying in the
air if therapeutic hypothermia could be enough to induce RBM3 and its associated
effects.
In the present chapter we allowed to study the ability of the adult brain of
mammals to overexpress RBM3 in response to a cold stimulus which previously
demonstrated to induce therapeutic effect in an animal model of cerebral ischemia.
Moreover, we also analyzed the expression in ischemic conditions, to evaluate whether
cerebral ischemia could also modulate RBM3 expression, and therefore counteract or
potentiate the overexpression induced by hypothermia. In a first attempt to evaluate
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the temporal profile of RBM3 expression, was found a maximum peak about 3 hours
after hypothermia. This observation was taken as starting point for the subsequent
studies regarding RBM3 expression in different conditions. It should be mentioned as
a limitation that the temporal profile of RBM3 was only studied after a protocol of 4
hours with systemic hypothermia. Describing the temporal profile of RBM3 expression
after focal hypothermia would be also recommended, but was technically impossible
at the moment that these experiments were performed. However, since an increase in
RBM3 expression after focal hypothermia was observed three hours after the end of
the cooling protocol, the optimization of the temporal point to study RBM3 after focal
hypothermia could only improve these results. Namely, in our study we can be
underestimating the ability of focal brain hypothermia to induce RBM3, but since we
observed an increase in expression, we can ensure a minimum overexpression 3 to 4
times higher than control conditions in healthy and ischemic animals subjected to focal
hypothermia.
The ability of the healthy adult rats to overexpress RBM3 in the brain was
confirmed in systemic and focal hypothermia, although the increase was more
accentuated after focal brain hypothermia, which in addition demonstrated to induce
local overexpression, focused in the ipsilateral hemisphere. Only a conflicting data was
observed by WB in ischemic animals treated with focal brain hypothermia, who also
showed an increase in RBM3 protein levels in the contralateral hemisphere. This data
was not coherent with qPCR results in ischemic animals, and with observations in
healthy animals, so it should be interpreted with prudence since it could be an artefact
due to the small sample size (n=3).
Moreover, sevoflurane anesthesia, used during systemic hypothermia,
importantly modulated the expression of RBM3, which is a source of confusion making
difficult the interpretation of results, and in the end, turning this protocol unsuitable
for future studies concerning hypothermia. However, this observation can also be kept
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in mind as a cold-independent method to induce RBM3 in future experimental
approaches. Sevoflurane anesthesia was described to be neuroprotective in rats,
reducing apoptosis through different signaling pathways, such as Akt inhibition
(Matchett et al., 2009; Wang et al., 2010). Our observations give rise to a possible role
of RBM3 in sevoflurane-mediated neuroprotection, although our data are just
observational.
On the other hand focal brain hypothermia can be easily used in freely moving
animals, avoiding the use of sevoflurane. Moreover, focal brain cooling allows to study
specifically those molecular processes modulated by cold in the brain, avoiding the
possible influence of systemic mechanisms. Therefore focal brain hypothermia would
be the optimal method for following studies regarding RBM3 function.
In the present work, was also made a brief histological analysis, in an attempt
to check in rough outlines the sensibility of immunofluorescence to detect RBM3
overexpression, and to confirm the local nature of focal brain hypothermia. RBM3
appeared widely distributed along the cortex and striatum, tending to increase in the
ipsilateral region in those animals treated with focal brain hypothermia.
RBM3 is an evolutionary old protein of which relation to cold stress was not
described until 1997 (Danno et al., 1997). Due to it novelty and presumably complex
role in the cell, functions of RBM3 are poorly understood. Different roles in regulating
the ribosomes assemblage, limiting the UPR response, interacting with regulators
microRNAs, or cell-cycle regulation were described (Dresios et al., 2005; Zhu et al.,
2016b; Matsuda et al., 2011; Wong et al., 2016; Pilotte et al., 2011). Up to now, all roles
described for RBM3 are within the effects mediated by hypothermia, and although is
highly improbable that one only target can mimic the wide range of effects modulated
by temperature, the pleiotropic nature of RBM3 makes it an attractive target to induce
part of the neuroprotective effects of hypothermia avoiding the use of cold. More
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studies are necessary to study the causality of RBM3 in therapeutic hypothermia for
ischemic stroke, but the present work constitutes a first step highlighting the
overexpression of RBM3 in the adult brain subjected to therapeutic hypothermia
conditions.
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3.6.

-

Conclusions

RBM3 is overexpressed in response to protocols of systemic and focal
hypothermia in healthy and ischemic animals

-

While systemic hypothermia induces an increase of RBM3 expression in
whole brain, focal brain hypothermia induces local expression of RBM3.

-

The use of anesthetic interferes with the expression of RBM3, which limits the
use of systemic hypothermia protocol in the study of this protein.

-

Focal brain hypothermia eliminates the need of anesthesia, highlighting the
specific overexpression of RBM3 in response to hypothermia treatment.

-

RBM3 represents a potential molecular mechanism involved in the
therapeutic effect of cold.
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Discussion
Therapeutic

hypothermia

is

recognized

as

the

gold

standard

on

neuroprotection, but in despite of this evidence, ischemic stroke patients can not
benefit from this therapy. Difficulties to break down the thermoregulatory mechanisms
of body, and systemic complications associated to low body temperatures made
hypothermia a hazardous therapy for patients. The clinical use of hypothermia requires
solving technical problems allowing to apply the therapy in safe conditions. The use of
focal hypothermia instead of whole body cooling was purposed, but the lack of
comparative data between both therapies, favored the distrust of physicians on the
focal attempt. Our work allowed to contribute with new data on this knowledge gap,
providing evidences about the potential of focal hypothermia to mitigate the effects
of ischemic stroke. In our comparison, focal systemic hypothermia reached protective
effects in shorter periods of treatment than focal brain hypothermia. However systemic
hypothermia required the use of anesthetics, which could overestimate the
neuroprotective effect of this therapy. On the other hand, focal brain hypothermia did
not require the use of anesthetics, but required longer periods of treatment. However,
it demonstrated to reach the same protective effects than systemic treatment,
measured by means of MRI, histological markers and functional tests. Moreover, we
demonstrated that the therapeutic effect of focal brain hypothermia is stable in the
time, and not transient as some authors had previously purposed.
Systemic hypothermia is currently induced with inefficient surface cooling
methods that achieve slow cooling rates, or by means of invasive endovascular
techniques, that implicate a risk for the patient. These methods has to be accompanied
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by the use of anxiolytics or sedatives, which difficult the neurological assessment. In
optimal conditions focal brain hypothermia should be applicable in awake patients.
Moreover, it would be indispensable that the patient remained awake to avoid
systemic hypothermia during long periods of treatment. The method used in this work
allowed to achieve this purpose, and was used in freely moving animals, however it is
a surface cooling method, which is not translational to humans, due to the thick skull
and the small surface/volume ratio which makes difficult to cold deep structures.
Probably is impossible to design a universal method to apply hypothermia in patients
at short-term. But, since each patient is different, different alternatives to induce
hypothermia would be used depending on the patient requirements, from applying
surface focal hypothermia to those patients subjected to decompressive craniotomy,
to intravascular focal cooling in patients subjected to intravascular thrombectomy or
intraarterial thrombolysis, and advancing in the design of new approaches to maintain
intravascular cooling in awake patients. Moreover than physical cooling methods,
pharmacological hypothermia could also be a viable alternative in the future. Some
experimental approaches, as TRPV1 agonists or thyroxine derivatives demonstrated to
reduce the physiological response to cold, which could be useful in combination with
physical cooling methods to improve the management of patients (Liu et al., 2016).
Improvements in the methods to apply hypothermia have to be necessarily
complemented with technical advances to assess brain temperature. Therefore giving
more confidence to the physicians and allowing to ensure the correct cooling.
Applying hypothermia without an accurate method to measure brain temperature
would be comparable to use thrombolytic therapies without a Doppler or
neuroimaging assessment. Changes in heart rate, CBF, peripheral vasoconstriction or
blood viscosity, are all variables that interfere with brain temperature, and all they are
altered during systemic hypothermia (Zhu et al., 2006; Mrozek et al., 2012). Therefore,
assessing body temperature by means of semi-invasive methods to measure rectal,
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oral, pharyngeal or tracheal temperature are inaccurate to estimate brain temperature
in ischemic patients, and direct brain temperature measurement by mans of invasive
techniques is not approachable. MRT is demonstrating to be an ideal tool for noninvasive temperature assessment, and the clinical use of hypothermia should not be
understood without this approach.
Additionally to its use to assess hypothermia, MRT could be useful as a routine
tool in all ischemic patients. Is well stablished that body temperature largely
determinates the evolution of brain injuries (Castillo et al., 1994; Castillo et al., 1998;
Greer et al., 2008; Polderman, 2008; Campos et al., 2012a). In particular systemic
hyperthermia (or fever) in the first 24-48 hours after ischemia onset is related to bad
outcome in ischemic patients (Castillo et al., 1994; Blanco et al., 2012). These evidences,
supported also by experimental studies, made necessary a call for accurate
temperature monitoring in patients, emerging the concept of TTM, that allows to
maintain normothermia, avoiding hyperthermia, and inducing, when is possible, slight
hypothermia (Palmers et al., 2015). However, further than systemic hyperthermia,
different authors suggested the existence of focal brain hyperthermia after ischemic
stroke (Karaszewski et al., 2009; Sun et al., 2012). The development of brain
hyperthermia in apparently normothermic patients could explain the unexpected
worsening of some patients. However, as mentioned Samuel Shem in his novel The

house of God; If you don't take a temperature, you can't find a fever . and the lack of
non-invasive techniques to measure brain temperature prevents from detecting and
adequately treating brain hyperthermia. MRT could be a solution for this limitation.
Brain thermometry based in MR is a safe method compatible with routine MR
protocols performed to ischemic patients. This technique, as is showed in this work,
demonstrated to be viable in the small brain of rodents, and it would yield better
results in the large human brain, allowing to non-invasively detect local hyperthermia.
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MRT could be currently used in patients, so it is necessary to make a call for optimizing
and implementing this method into the clinics.
Understanding the process underlying the therapeutic effect of cold, will guide
clinical decisions and will allow to adapt the therapy to the patient requirements
(Polderman, 2009). Moreover, it opens the door to the design of new therapies non
based on cold, which can partially substitute its beneficial effect.
Hypothermia is probably the most powerful therapy to treat ischemic stroke,
and is also one of the most complex. Therefore, although it therapeutic potential is
known since long time ago, the unsuccessful translation to the clinics can made that
sceptics perceive it as an obsolete therapy. However, should be mentioned that the
multifactorial nature of hypothermia greatly difficult it study, and it is now, in the XXI
century, when the available technologies in the fields of engineering and molecular
biology can provide a new view of hypothermia, understanding it fundaments and
designing effective methods to apply and assess the therapy.
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Conclusions

1.

The efficient thermoregulatory response of freely moving rats limit the study of
systemic hypothermia in animal models of ischemia.

2.

The experimental study of systemic hypothermia with an accurate control of
body temperature is possible under anesthesia conditions.

3.

Focal brain hypothermia represents an alternative to systemic hypothermia,
which can be used in freely moving animals, inducing a local reduction in brain
temperature without the side effects associated to systemic hypothermia.

4.

Focal brain hypothermia in freely moving animals achieves similar protective
effects to systemic hypothermia against cerebral ischemic injury, reflected in a
reduction of lesion volume, edema, and histological markers of cell death and
inflammation.

5.

Efﬁcacy of hypothermia is dependent on treatment duration. Focal brain
hypothermia needs to be maintained for longer periods than systemic
hypothermia.

6.

Focal brain hypothermia is an effective therapeutic alternative to systemic
hypothermia that circumvents the side effects associated to systemic cooling.

7.

Magnetic resonance thermometry demonstrated to be a safe, non-invasive and
reliable tool for the measurement of brain temperature.
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8.

Magnetic resonance thermometry allows to avoid the technical limitations
associated to invasive temperature measurements, reducing the environment
influence, and providing spatial temperature data.

9.

RBM3 gene and protein are overexpressed in the brain in response to systemic
and focal hypothermia in healthy and ischemic adult animals, although the use
of anesthetic needed for systemic hypothermia induction interferes with the
expression of RBM3.

10. Focal brain hypothermia avoids the use of anesthesia, which confirms that RBM3
is a cold sensitive protein overexpressed in the healthy and ischemic brain.
11. The association between RBM3 and hypothermia reflects that this protein could
be a potential molecular mechanism involved in the therapeutic effect of cold.
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Conclusións

1.

A eficiente resposta termorreguladora das ratas en libre movemento limita o
seu uso para o estudo da hipotermia sistémica en modelos animais de isquemia.

2.

O estudo experimental da hipotermia sistémica cun control preciso da
temperatura corporal é possible en condicións de anesthesia.

3.

A hipotermia focalizada no cerebro representa unha alternativa á hipotermia
sistémica que pode ser empregada en animais en libre movemento producindo
unha redución local da temperatura cerebral sen os efectos adversos asociados
á hipotermia sistémica.

4.

A hipotermia focalizada no cerebro en animais en libre movemento produce
efectos protectores semellantes ós da hipotermia sistémica fronte á isquemia
cerebral, reflexándose na redución do volume de lesión, edema e na expresión
de marcadores histolóxicos de morte celular e inflamación.

5.

A eficacia da hipotermia é dependente da duración do tratamento. A hipotermia
focalizada no cerebro necesita ser mantida por períodos máis longos ca a
hipotermia sistémica.

6.

A hipotermia cerebral focal é unha alternativa efectiva á hipotermia sistémica,
evitando os efectos adversos asociados ó arrefriamento sistémico.
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7.

A termometría por resonancia magnética demostrou ser unha ferramenta
segura, non invasiva e fiable para realizar medidas de temperatura cerebral.

8.

A termometría por resonancia magnética evita as limitacións asociadas ás
técnicas invasivas de medida de temperatura, reducindo a influencia do
ambiente e proporcionando información acerca da distribución espacial da
temperatura.

9.

RBM3 é sobreexpresada a nivel xénico e protéico no cerebro en resposta á
hipotermia sistémica e focal en animais adultos sanos e isquémicos, aínda que
o uso do anestésico precisado para inducir hipotermia sistémica interfire ca
expresión desta proteína.

10. A hipotermia cerebral focal non precisa o uso de anestésicos, o que permite
confirmar que RBM3 é sensible ó frío, e é expresada no cerebro sano e
isquémico.
11. A asociación entre RBM3 e a hipotermia reflexa que esta proteína podería
constituír un dos mecanismos moleculares implicados no efecto terapéutico do
frío.
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Summary

Stroke or brain infarct is the most common cerebrovascular disease, and it is
caused by the focal interruption of cerebral blood flow due to the obstruction
(ischemic stroke) or rupture (hemorrhagic stroke) of a blood vessel. Ischemic stroke is
the most frequent subtype, occurring in the 85% of the cases, being the first cause of
death in women and the third in men in Spain. Due to the stagnating births and life
expectancy growth the prevalence of stroke is growing. In despite of the social and
economic importance of brain infarct, there is only one available therapeutic strategy
to treat acute ischemic stroke patients, the tissue plasminogen activator or (rtPA),
which is a thrombolytic agent that mediate the dissolution of fibrin clots. rtPA has a
therapeutic window of 4.5 hours, and it cannot be applied to patients in risk of
hemorrhage and other comorbidities, which reduces the use of the therapy to around
the 10% of all ischemic patients. Moreover only half of the total amount of patients
treated with rtPA reach a successful recanalization. As alternative to rtPA, mechanic
alternatives to perform arterial recanalization were developed, allowing to remove the
thrombus in situ, by means of intravascular catheters. However these methods require
the use of sedatives or anesthetics and, more importantly, the existence of specialized
neurointerventional units. The low applicability of rtPA mediated thrombolysis and
mechanical thrombectomy techniques implicate that in most cases the management
of ischemic patients become restricted to the control of clinical variables such as
temperature, arterial pressure, hematological parameters and glycaemia.
Due to the lack of treatments, the physiopathological mechanisms of ischemic
stroke advance without restrictions. In the early moment, the most critically affected
region (known as lesion core) is irreversibly injured, and the cells located there die by
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necrosis. Then, the surrounding tissue, which is subjected to a partial lack of O 2 and
nutrients, suffer the lack of energetic compounds losing the electrochemical gradients,
which trigger the uncontrolled release of excitatory neurotransmitters, Ca+2 and the
massive entrance of water into the cells, which in turn produces cell swelling. The lack
of alternatives to stop these process makes that this region (known as ischemic
penumbra) which was potentially viable in the first hours after stroke, become
irreversibly injured. With the aim to preserve the viability of the ischemic penumbra,
thousands of therapeutic strategies were purposed, however none of them was
successfully translated to the clinics. Among all tested therapies, the most promising
was hypothermia. Lowering the corporal temperature to 33-34ºC demonstrated to
effectively reduce the ischemic injury in animal models, and it is currently used in the
clinics to mitigate global cerebral ischemia caused by cardiac arrest or neonatal
asphyxia. However hypothermia treatment did not become used in ischemic patients,
since body cooling implies the development of size effects such as shivering,
respiratory infections, arrhythmias or coagulopathies that make difficult the
management of patients even putting at risk their life.
With the aim to go forward in the limitations that hamper the use of
hypothermia, it was purposed the use of focal brain hypothermia, namely cooling the
brain avoiding systemic hypothermia. This alternative should theoretically, preserve
the therapeutic potential of systemic cooling avoiding the associated side effects. Up
to now several experimental works studied the potential of focal hypothermia, but
none of them analyzed the comparative effect to systemic cooling. Therefore, the lack
of comparative data promotes the skepticism in physicians.
On the other hand, to successfully apply a therapy is necessary a method of
assessment. Currently the available techniques to measure temperature allow to know
the superficial body temperature, the temperature of the respiratory pathways or
digestive tract, but none of them allow to measure brain temperature. To analyze brain
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temperature is necessary the use of invasive thermocouples, which implicate a risk for
the patients. The lack of non-invasive methods to assess body temperature impede
the confirmation of the correct use of hypothermia, which reduces the effectivity of
the treatment and increases insecurity of physicians. The development of thermoablative methods in the Oncology field promoted the advance in non-invasive
thermometry techniques, among them the Magnetic Resonance Thermometry (MRT)
stand out by it harmless nature. However, the use of MRT to assess cooling protocols
has not been tested.
Finally, in the recent years it was purposed the use of pharmacological
cocktails to replace the use of cold. It means to decipher the molecular mechanisms
underlying the therapeutic effect of cold, and use these therapeutic targets to bypass
hypothermia. Thus, furthermore than the thermodynamic effects of cold, the active
process activated by hypothermia are being described. Cold shock proteins (CSPs) are
a small group of proteins which are overexpressed in response to low temperatures.
These proteins were evolutionary preserved, mediating in cold adaptation in bacteria,
plants and animals. In homoeothermic animals, there were described only two CSPs,
the RNA-binding motif protein 3 (RBM3) and the cold-inducible RNA-binding protein
(CIRP). CIRP overexpression is not associated to protective process in animal models
of injury which are benefited by therapeutic hypothermia, in contraposition, RBM3 may
be implicated in hypothermia neuroprotection in in vitro and ex vivo models of
neonatal hypoxia. The lack of data regarding RBM3 in the adult mammal brain
hampered to know its possible implication in hypothermia-mediated neuroprotection
in ischemic stroke.
Keeping in mind the ideas previously described, in the present Thesis we
hypothesized the following:
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A) THE DEVELOPMENT OF MRT METHODS COULD BE A VIABLE STRATEGY TO ASSESS
HYPOTHERMIC TREATMENTS.
B) FOCAL BRAIN HYPOTHERMIA COULD BE AN EFFECTIVE ALTERNATIVE TO
SYSTEMIC COOLING.
C) DECIPHERING THE MOLECULAR MECHANISMS UNDERLYING THE THERAPEUTIC
EFFECT OF COLD, COULD IMPROVE THERAPEUTIC MANAGEMENT AND
PROVIDE NEW TARGETS TO ACHIEVE THE THERAPEUTIC EFFECT OF COLD
BYPASSING ITS USE.
In order to evaluate the previous hypothesis, we have structured the
document in the following objectives:
1. TO DEVELOP METHODS TO INDUCE SYSTEMIC AND FOCAL BRAIN HYPOTHERMIA,
AND ANALYZE THEIR COOLING FEATURES BY MEANS OF MRT.
2. TO COMPARE THE THERAPEUTIC POTENTIAL OF SYSTEMIC AND FOCAL BRAIN
HYPOTHERMIA IN AN ANIMAL MODEL OF CEREBRAL ISCHEMIA.
3. TO ANALYZE THE POSSIBLE IMPLICATION OF RBM3 IN THE MOLECULAR
MECHANISMS UNDERLYING THE THERAPEUTIC EFFECT OF COLD.

Objective 1: Development of methods for systemic and focal brain

hypothermia and characterization by MRT
The successful translation of therapies from the experimental sphere to the
clinical use, implicate the use of reliable animal models. In the preclinical research of
hypothermia, it is necessary to accurately feature the cooling rate, brain temperature
reached during the treatment, and the rewarming rate. Therefore, with the aim to
develop and feature methods of systemic and focal brain cooing, in the present work
package it was studied the brain and body temperature of healthy and ischemic
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animals subjected to different cooling protocols. In a first attempt to induce systemic
cooling in freely moving animals, healthy and ischemic animals were exposed to col
environment conditions (3ºC), which did not yield any significant variation in body
temperature assessed by means of implantable intraperitoneal thermocouples.
Moreover, a method previously described by other authors consisting in hypothermia
induction under anesthesia for 2 hours followed by a period of recovery in a cold
ambient did not induce significant hypothermia in our hands.
With the aim to accurately regulate body temperature, systemic hypothermia
was then induced under anesthetic conditions. Rapid hypothermia induction was
reached by means of alcohol pulverization over the body surface. The target rectal
temperature 32ºC was then maintained by means of a thermostat-controlled servo
regulated heating pad. After 4 hours in systemic hypothermia, normothermia was
passively recovered in standard conditions (23ºC of ambient temperature). While
hypothermia induction was a fast process, reaching a cooling rate of 0.3ºC/min,
rewarming rate was 0.03ºC/min. Brain temperature was featured by means of invasive
measurements with thermocouples in healthy animals, and by means of MRT in healthy
and ischemic animals. Both, invasive and non-invasive MRT allowed to confirm whole
brain temperature reduction during systemic hypothermia. Brain temperature
measurements obtained by means of invasive thermocouples and non-invasive MRT
were slightly different. While invasive thermocouples indicated a difference of 1.5ºC
between rectal and brain (namely, invasive thermocouples indicated that brain
temperature reached 30.5ºC when rectal temperature was 32ºC), MRT indicated a
smaller difference. These observations must be a consequence of moving away the
skin and craniotomy, two necessary factors to perform invasive brain temperature
measurements that must increase heat loss in the head. In contraposition MRT allows
the intact preservation of head skin and the skull, providing temperatures less
influenced by the environment.
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Moreover than developing and featuring systemic hypothermia, a method to
induce focal brain hypothermia was also developed. An implantable coil of metallic
tube connected to a source of cold water (4ºC) was used to focally cold the brain.
Similar to the experiments previously performed to feature systemic hypothermia,
brain and body temperature was measured during focal brain hypothermia. Brain
temperature was measured in healthy animals with invasive thermocouples, while
brain temperature was measured in healthy and ischemic animals by means of MRT.
Moreover, to confirm that focal brain cooling was not influencing systemic
temperature, implantable intraperitoneal thermocouples were used in ischemic
animals subjected to 24 hours of focal brain hypothermia. Brain temperature
measurements allowed to confirm the local effect of the technique, which mainly
cooled the ipsilateral hemisphere. The cooling rate was 0.3ºC/min, while rewarming
was approached at 0.5ºC/min. Temperature in the ipsilateral hemisphere was
31.9±0.4ºC, measured by means of invasive thermocouples, while rectal temperature
was normothermic. In case of focal brain hypothermia, MRT results were interpreted
with caution, since due to the limitation to use metallic compounds in the MR, a MRcompatible focal cooling system has to be used, replacing the metallic parts by plastic,
an alternative that was not suitable to be used in freely moving animals.
In this work package two cooling methods to induce systemic and focal brain
hypothermia were developed and featured. Moreover, the suitability of MRT to
measure brain temperature in rodents was confirmed.

Objective 2: Therapeutic effect of systemic and focal brain hypothermia
The effect of focal brain hypothermia was not properly compared to systemic
cooling. With this aim, in the present work package animal models of cerebral ischemia
were used to compare the relative effect of systemic and focal brain hypothermia
protocols previously featured. Briefly, a temporary occlusion (45 min) of the middle
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cerebral artery (MCA) of Sprague-Dawley rats was performed. A basal image magnetic
resonance (MRI) study was performed during the occlusion period to confirm the
arterial occlusion and the basal lesion size. After arterial reperfusion the animals were
randomized to receive systemic treatment with normothermia (rectal temperature
37ºC) or hypothermia (rectal temperature 32º) under anesthesia, or to receive focal
brain treatment (control or hypothermia) in freely moving conditions. Lesion volume
evolution was assessed by means of MRI, up to one month after ischemia. Functional
outcome was assessed in the same period. Moreover, immunofluorescence techniques
were used to analyze neuronal distribution and cellular death 24 hours after ischemia,
microglial/macrophage activation one week after ischemia, and to analyze the
composition of the lesion scar one month after injury.
MRI data analysis confirmed the efficacy of both cooling methods, that caused
a significant reduction in the lesion volume 24 hours after ischemia (P<0.001). The use
of focal hypothermia for 4 hours was ineffective to reduce the lesion volume, which
highlighted the importance of treatment duration in the final effectivity. Lesion volume
reduction in the animals treated with either 4 hours of systemic hypothermia or 24
hours of focal brain hypothermia, was accompanied by a reduction in midline
deviation, an indicator of brain edema (P<0.001). Functional outcome tended to be
better in those animals treated with hypothermia, however the differences did not
reach statistical significance.
On the other hand, the histological analysis of brains revealed that both,
systemic and focal brain hypothermia reduced cell dead and promoted neuron
preservation one day after ischemia. Furthermore, one week after ischemia
microglial/macrophage activation was reduced in those animals treated with either
alternative of hypothermia compared with their respective controls. One month after
ischemia, the lesion volume was smaller in hypothermic animals, and lesion scar
phenotype was more fibrous in control animals.
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In this work package the therapeutic effect of focal hypothermia was
confirmed, an alternative to systemic hypothermia that can be used in freely moving
animals, although it need longer treatment periods.

Objective 3: RBM3 expression in the adult brain of rodents subjected to

hypothermia
RBM3 implication in the molecular pathways underlying hypothermic therapy
was not tested in adult animals or animal models of ischemia. With the aim to provide
new data in this field, in the present work package the mRNA and protein levels of
RBM3 were analyzed in healthy and ischemic animals subjected to protocols of
systemic and focal brain hypothermia that previously demonstrated to reach
therapeutic effect. In a first attempt, the temporal profile of RBM3 expression after
systemic hypothermia was studied. A maximum peak of mRNA and protein expression
was found 3 hours after systemic cooling. The mRNA of RBM3 increased from a 100%
in control (non treated healthy animals) to a 320% 3 hours after systemic hypothermia.
This temporal point was taken for the following experiments, allowing to study RBM3
in different conditions. RBM3 was also overexpressed in ischemic animals subjected to
systemic hypothermia, although the levels were lower than those reached by healthy
animals. Focal brain hypothermia induced the local overexpression of RBM3 mRNA in
the cooled hemisphere, reaching the 400% of the expression found in control
conditions. Similar results were found in ischemic animals, a local increase of mRNA
RBM3 was observed in the ipsilateral hemisphere, although the levels were lower than
in healthy animals, reaching in this case the 230% of the control expression.
Immunofluorescence did not reveal apparent differences in controls and animals
subjected to control conditions or systemic cooling, however a slight increase in RBM3
expression in the cooled hemisphere of healthy animals subjected to focal
hypothermia.
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This work package allowed to confirm the overexpression of RBM3 in the brain
of adult rodents in response to a protective protocol of hypothermia. Moreover, the
expression studies in ischemic animals revealed that although ischemia slightly
reduces RBM3, is not enough to totally block the overexpression induced by
hypothermia. This observation allows to sustain the hypothesis that RBM3 could be a
mediator in the therapeutic effect of cold in ischemic conditions.
Hypothermia is probably the most potent therapy to treat cerebral ischemia.
Due to the strong therapeutic potential it was purposed to be considered the gold

standard of neuroprotection. In despite of the potential, currently the patients are not
benefited by this therapy. With the aim to go forward in the limitations that currently
limit the use of hypothermia, in the present work we analyzed the use of MRT as a
non-invasive alternative to assess brain temperature during hypothermia. MRT could
be a useful tool in the clinics since ischemic patients are routinely subjected to
neuroimaging technics to obtain a diagnostic or assess the injury evolution.
Furthermore than the potential use of MRT during hypothermia, is well known the
relation between hyperthermia and bad outcome in ischemic patients. Although
systemic hyperthermia can be easily detected, different authors purposed the
existence of local hyperthermia in the ischemic region, which could be worsening their
outcome. Currently, the lack of technics limit the detection of these hyperthermia, and
as consequence, their treatment. MRT could become a short-term useful tool in this
context.
In the present work was also demonstrated the effectivity of focal brain
hypothermia, which can provide the same therapeutic effects than systemic cooling
when it is applied during the necessary period of time. Focal brain cooling could
presumably reduce the side effects associated to systemic cooling, expanding the use
of hypothermia. It is necessary to develop new methods to induce focal hypothermia
in humans.
Alba Vieites Prado | 249

Brain hypothermia in ischemic stroke
Finally, the preliminary analysis of RBM3 in the brain of adult healthy and
ischemic rodents subjected to hypothermia revealed their ability to overexpress the
protein, which allow to follow this line aiming to decipher the roles of RBM3 in the
molecular mechanisms underlying the effects of cold.
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Resumo

O ictus ou infarto cerebral é a enfermidade cerebrovascular máis común, e é
provocada pola interrupción focalizada do fluxo sanguíneo cerebral por mor da
obstrución (ictus isquémico) ou da rotura (ictus hemorráxico) dun vaso sanguíneo,
sendo os máis frecuentes, os ictus de tipo isquémico (arredor do 85% do total). Esta
enfermidade constitúe unha das principais causas de morte en todo o mundo. En
España, os ictus son a a primeira causa de morte en mulleres e a terceira en homes, e
constitúen a primeira causa de morbilidade. Debido ó aumento da esperanza de vida,
e ó descenso do número de nacementos, agárdase que a

prevalecía desta

enfermidade aumente de forma acentuada nos vindeiros anos. A pesares da
importancia social e económica que supón o infarto cerebral, existe unicamente unha
estratexia terapéutica para tratar a estes pacientes na fase aguda da enfermidade, o
activador do plasminóxeno tisular, ou rtPA, un axente trombolítico que promove a
disolución dos trombos de fibrina. Este fármaco proporciona unha fiestra terapéutica
de 4.5 horas e non pode ser empregado en pacientes con risco de hemorraxia así como
en pacientes con outras comorbilidades, facendo que de tódolos pacientes que sofre
un isquémico, só arredor do 10% poidan ser tratados con rtPA. Ademais a efectividade
do rtPA é relativamente baixa, funcionando na metade dos pacientes tratados.
Ademais do rtPA, existen alternativas mecánicas para abordar a reperfusión arterial de
forma intravascular. A trombectomía mecánica consiste na eliminación do trombo in

situ, mediante a utilización de catéteres intravasculares que, tras ser introducidos pola
arteria femoral permiten acadar rexións proximais das principais arterias cerebrais. Sen
embargo, o uso destes métodos require a sedación ou incluso indución de anestesia
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nos pacientes, e o máis limitante aínda, a dispoñibilidade dunha unidade de
neurointervencionismo con experiencia no uso destas técnicas, o que restrinxe a súa
utilización. A baixa aplicabilidade da trombolise con rtPA e das técnicas de
trombectomía mecánica, fan que o tratamento dos pacientes isquémicos se restrinxa
normalmente ó control das variables clínicas de temperatura, presión arterial,
parámetros hematolóxicos e glicemia durante a fase aguda.
Debido á carencia de medios para tratar ós pacientes isquémicos, os
mecanismos fisiopatolóxicos da enfermidade trascorren seguindo o curso natural de
evolución da patoloxía. Así, nun primeiro momento, na rexión máis críticamente
afectada pola isquemia (core ou núcleo da lesión) prodúcese o dano irreversible do
tecido, a consecuencia da rápida morte neuronal por necrose. A continuación, as
zonas cirundantes nas que a caída do fluxo sanguíneo é menor, sofren a falta de O2 e
nutrintes, que consecuentemente reduce a dispoñibilidade de biomoléculas
enerxéticas, facendo que as células perdan a capacidade de manter os gradentes
electroquímicos, liberando masivamente glutamato que á súa vez produce
excitotoxicidade, Ca+2, e permitindo a entrada de sais e auga dentro das células,
causando edema citotóxico. A falta de terapias para abordar estes procesos fan que
esta rexión (coñecida como penumbra isquémica), potencialmente viable nas
primeiras horas de evolución da lesión, remate por ser irreversiblemente danada. Co
fin de preservar a viabilidade das células situadas na penumbra isquémica, e impedir
a expansión da lesión isquémica máis alá do core, téñense deseñado múltiples
estratexias terapéuticas, pero ata o momento, a súa traslación á clínica foi sempre
ineficaz. De entre tódalas terapias testadas, a que proporcionou os efectos máis
esperanzadores foi a hipotermia. A redución da temperatura corporal a 33-34ºC
demostrou ser unha terapia efectiva en modelos animais de isquemia cerebral, e é xa
empregada no ámbito clínico para tratar pacientes con isquemia cerebral global
derivada dun paro cardíaco, ou nos recén nacidos que sofren asfixia neonatal. Sen
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embargo, aínda que os estudos preclínicos proporcionan datos positivos, o uso da
hipotermia terapéutica en pacientes isquémicos aínda non foi aprobado, xa que o
arrefriamento corporal nestes pacientes carrexa a aparición de efectos adversos coma
os estremecementos, infeccións respiratorias, arritmias ou coagulopatías, que
dificultan o manexo poñendo en risco incluso a vida dos pacientes.
Co fin de abordar as limitacións do uso da hipotermia, e buscarlles solucións,
plantéxase a posibilidade de aplicar a hipotermia de forma localizada, é dicir, sen
afectar á tempratura sistémica. A hipotermia focal debería, en teoría, preservar as
propiedades terapéuticas da hipotermia sistémica, evitando os efectos sistémicos do
arrefriamento. Ata o momento foron varios os traballos experimentais que abordaron
esta alternativa, sen embargo a carencia de estudos comparativos que permitan
coñecer o potencial terapéutico da hipotermia focal en relación á alternativa sistémica,
fan que exista un certo excepticismo á hora de aceptar a alternativa focalizada, así
como para invertir recursos en desenvolver técnicas de arrefriamento local.
Por outra banda, a aplicación de unha terapia debe ir acompañada dun
proceso de monitorización, que no caso da terapia con hipotermia é deficiente. As
técnicas de medida da tempratura das que se dispón no ámbito clínico permiten
únicamente coñecer a temperatura superficial do corpo, ou a do tracto respiratorio e
dixestivo, pero en ningún caso a temperatura cerebral. Para coñecer de forma precisa
a temperatura cerebral, actualmente é necesario recorrer a técnicas invasivas, que
conlevan un risco que non é asumible na maior parte dos pacientes isquémicos. A falta
de métodos non invasivos para monitorizar a temeratura cerebral impide confirmar a
correcta aplicación da hipotermia, reducindo o éxito do tratamento e aumentando a
inseguridade dos facultativos que a aplican. Co nacemento de técnicas de
termoablación, no eido da Oncoloxía, avanzouse nas técnicas non invasivas de medida
de temperatura, destacando entre elas a Termometría por Resonancia Magnética
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(MRT) debido á súa inocuidade. Sen embargo, o uso da MRT para a monitorización de
protocolos de arrefriamento non foi testado.
Finalmente, como alternativa ó uso do frío, nos últimos anos foi proposto o
afondamento nos procesos moleculares subxacentes á protección por frío, o que
posibilitaría o desenvolvemento de alternativas farmacolóxicas específicas cas que
acadar os beneficios terapéuticos do frío, evitando o seu uso. Neste contexto, cabe
destacar aqueles mecanismos que o frío activa de xeito específico, máis alá das
modificacións termodinámicas que a temperatura causa no funcionamento celular. As
proteínas de choque térmico por frío, ou CSPs das súas siglas en inglés, son un
pequeno conxunto de proteínas que aumentan a súa expresión en resposta ás baixas
temperaturas. Estas proteínas están conservadas evolutivamente, mediando a
adaptación a temperaturas baixas en bacterias, prantas e animais. Nos animais
homeotermos a presenza de CSPs é reducida, téndose información ata o momento da
existencia de dúas CSPs en mamíferos, a RNA-binding motif protein 3 (RBM3) e a coldinducible RNA-binding protein (CIRP). A sobreexpresión de CIRP non parece estar
asociada a procesos protectores en modelos animais de enfermidades nos que a
hipotermia terapéutica é efectiva, sen embargo, RBM3 si demostrou xogar un papel
nesta situación. Ata o momento os datos acerca de RBM3 son limitados, pero esta
proteína reguladora parece mediar parte da protección proporcionada pola
hipotermia en modelos in vitro e ex vivo de hipoxia neonatal. A falta de datos de RBM3
no cerebro dos mamíferos adultos impediu ata o momento describir a súa posible
implicación na neuroprotección mediada polo frío na isquemia cerebral.
Tendo en conta a información anteriormente mencionada, no presente
traballo formulamos as seguintes hipóteses:
A)

QUE O DESENVOLVEMENTO DE MÉTODOS DE MRT PODERÍA SER UNHA
ESTRATEXIA
HIPOTERMIA.
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B)

A HIPOTERMIA FOCAL PODERÍA SER UNHA ALTERNATIVA EFECTIVA Ó
ARREFRIAMENTO SISTÉMICO.

C)

DESCIFRAR OS MECANISMOS MOLECULARES SUBXACENTES Ó EFECTO
TERAPÉUTICO DO FRÍO, PODERÍA MELLORAR O MANEXO TERAPÉUTICO E
PROPORCIONAR NOVAS DIANAS PARA ACADAR OS EFECTOS TERAPÉUTICOS
DO FRÍO EVITANDO O SEU USO.

En concordancia con estas hipóteses, estructuramos a Tese nos seguintes
obxectivos:

1.

DESENVOLVEMENTO DE MÉTODOS PARA A INDUCCIÓN DE HIPOTERMIA
SISTÉMICA E FOCAL E CARACTERIZACIÓN POR MRT.

2.

COMPARACIÓN DO POTENCIAL TERAPÉUTICO DA HIPOTERMIA SISTÉMICA E
FOCAL NUN MODELO ANIMAL DE ISQUEMIA CEREBRAL.

3.

ANÁLISE

DA

POSIBLE

IMPLICACIÓN

DE

RBM3

NOS

MECANISMOS

MOLECULARES SUBXACENTES Ó EFECTO TERAPÉUTICO DO FRÍO.

Obxectivo 1: Desenvolvemento de métodos para a inducción de hipotermia

sistémica e focal e caracterización por MRT
A traslación de terapias dende o ámbito experimental á clínica require o uso
de modelos animais fiables, ben caracterizados. No caso dos estudos que avalían o
potencial terapéutico do frío, é necesario caracterizar de forma precisa a terapia,
coñecendo a taxa de arrefriamento, a temperatura cerebral acadada durante o
tratamento, así coma a taxa de requentamento tras o tratamento. Co fin de deseñar
métodos de inducción de hipotermia sistémica e focal, e de caracterizar os mesmos,
estudamos a temperatura cerebral e corporal de ratas sanas e isquémicas sometidas a
distintos protocolos. Como primeira aproximación, intentouse a inducción de
hipotermia sistémica en animais sans e isquémicos despertos mediante a exposición a
unha baixa temperatura ambiente (3º) o que non produciu ningunha modificación na
temperatura corporal do animal, medida con sondas intraperitoneais implantables.
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Ademais probouse como alternativa un método previamente descrito por outros
autores, consistindo na inducción de hipotermia en condicións de anestesia durante
un período de 2h, e logo permitir que o animal se recuperase en condicións de baixa
temperatura ambiental. Esta estratexia tampouco impediu que a temperatura corporal
se recuperase rápidamente, acadando a normotermia en apenas 3 horas. Estes
resultados permitiron descartar a hipotermia sistémica en animais despertos, xa que
se comprobou que intependentemente de ser isquémicos ou non, preservan intacta a
capacidade termorreguladora.
Co fin de manexar a temperatura corporal de forma precisa, estableceuse un
protocolo de hipotermia sistémica en condicións de anestesia, consistindo no rápido
arrefriamento do animal pola pulverización superficial de alcohol, seguido do
mantemento da temperatura rectal a 32ºC empregando unha manta servoregulada. O
uso de sondas intraperitoneais permitiunos caracterizar a taxa de requentamento
destes animais, cando tras 4 horas de hipotermia sistémica se deixaron recuperar en
condicións estándar de estabulario (23ºC). Mentres que a inducción da hipotermia foi
rápida, acadando unha taxa de 0.3ºC/min, o requentamento foi lento, producíndose a
unha taxa de 0.03ºC/min. Para caracterizar a temperatura cerebral acadada durante o
protocolo de hipotermia sistémica, realizáronse medidas da temperatura cerebral cas
sondas empregadas clásicamente con este fin, sondas invasivas, termopares. Ademáis,
co fin de validar o uso da Resonancia Magnética (MR) como técnica de medida de
temperatura, realizáronse medidas de temperatura cerebral en animais sanos e
isquémicos sometidos a hipotermia sistémica. Tanto as sondas invasivas coma a MRT
permitiron confirmar que a aplicación de hipotermia sistémica afecta de forma
homoxénea a ambos hemisferios cerebrais, aínda que os resultados obtidos mediante
sondas invasivas indicaron que a temperatura cerebral cae ata máis de 1.5ºC por
debaixo da temperatura rectal (é dicir, a temperatura cerebrebral chega a 30.5ºC cando
a temperatura rectal é de 32ºC), mentres que os métodos de MRT indicaron que esta
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diferencia é menor. Esta disparidade nos resultados foi achacada á invasividade das
sondas clásicas, que requiren a retirada da pel sobre a superficie do cranio do animal,
así como a realización de craniotomía, dous factores que incrementan o intercambio
de calor co entorno, favorecendo o arrefriamento excesivo do cerebro. Pola contra, a
MRT permite a preservación intacta da pel e do cranio, o que permite facer unha
medida da temperatura cerebral menos influenciada polo entorno.
Ademáis do desenvolvemento e caracterización da hipotermia sistémica,
desenvolveuse un método de indución de hipotermia focal, empregando para elo
unha espiral implantable de tubo metálico conectada por un sistema de tubos a un
baño de auga fría (4ºC). Coma no caso da hipotermia sistémica, mediuse a temperatura
cerebral empregando sondas invasivas en animais sanos, do mesmo xeito que se
empregou a MRT para medir a temperatura cerebral en animais sanos e isquémicos.
Ademáis, para confirmar que a hipotermia focal non influíu na temperatura sistémica,
empregáronse sondas implantables para estudar a temperatura intraperitoneal de
animais isquémicos sometidos a 24 horas de hipotermia focal. As medidas de
temperatura cerebral durante a hipotermia cerebral focal permitiron corroborar o
efecto local da técnica, afectando maiormente ó hemisferio ipsilateral. A taxa de
arrefriamento foi 0.3ºC/min mentres que a taxa de requentamento foi 0.5ºC/min. A
temperatura do hemisferio enfriado foi de aproximadamente 31.9±0.4ºC cando se
mediu mediante métodos invasivos, mentres que a temperatura rectal se mantivo en
normotermia. Neste caso, as medidas de MRT foron interpretadas con cautela, xa que
as limitacións inherentes a traballar co campo magnético da MR impediron caracterizar
o sistema enfriador deseñado, requerindo a construcción dun sistema compatible
(sustitución de partes metálicas por plástico) que non sería axeitado para o uso en
animais despertos.
Con este bloque de traballo conseguimos desenvolver dous protocolos de
indución de hipotermia sistémica e focal e caracterizar as súas propiedades
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arrefriadoras. Ademais confirmouse a viabilidade da MRT como técnica de medida da
temperatura cerebral de forma non invasiva en roedores.

Obxectivo 2: Comparación do potencial terapéutico da hipotermia sistémica

e focal nun modelo animal de isquemia cerebral
A efectividade da hipotermia cerebral focal non foi propiamente comparada
ca do tratamento sistémico. Con este fin, neste bloque de traballo empregáronse
animais isquémicos para comparar o efecto terapéutico dos protocolos previamente
caracterizados no obxectivo 1. En resumo, empregáronse ratas Sprague-Dawley para
inducir unha lesión isquémica mediante a oclusión intraluminal da arteria cerebral
media (MCA). Durante o período de oclusión, realizouse un estudo basal de imaxe por
resonancia magnética (MRI) para confirmar a oclusión e o tamaño de lesión basal. Tras
un período de oclusión da MCA de 45min, a arteria foi reperfundida, e os animais foron
aleatorizados para recibir tratamento con normotermia (temperatura rectal 37ºC) ou
hipotermia (temperatura rectal 32ºC) sistémica baixo anestesia, ou para recibir
tratamento focal (control ou hipotermia) en condicións de libre movemento. A
evolución da lesión isquémica foi analizada mediante imaxe MRI e avaliación da
función motora ata un mes despois da isquemia. Ademais, empregáronse técnicas de
inmunofluorescencia para analizar a distribución neuronal e morte celular ás 24 horas
tras a isquemia, a activación da microglía/macrófagos unha semana tras a isquemia,
así como a distribución neuronal e a composición da cicatriz glial, un mes despois da
isquemia.
A análise dos datos de MRI permitiu confirmar a eficacia de ambas alternativas
de tratamento dende a fase aguda, producindo, tanto 4 horas de hipotermia sistémica,
como 24 horas de hipotermia focal, unha redución significativa do volume de lesión
ás 24 horas da isquemia (P<0.001). Sen embargo, a aplicación de hipotermia focal en
animais despertos durante 4 horas, non produciu efectos terapéuticos, destacando a
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importancia da duración do tratamento na súa efectividade. A reducción do volume
de lesión foi tamén acompañada da reducción da desviación da liña media
interhermisférica, un indicador do edema producido pola lesión. Tanto 4 horas de
hipotermia sistémica como 24 horas de hipotermia focal reduciron significativamente
este fenómeno ás 24 horas despois da inducción da isquemia (P<0.001). A avaliación
da función motora revelou a tendencia dos animais tratados con hipotermia (ambas
alternativas) a reducir o déficit funcional en relación ós animais tratados como controis
(normotermia), aínda que estas diferencias non acadaron valores estatísticamente
significativos. Por outra banda, a análise histolóxica dos cerebros un día tras a
isquemia, revelou a capacidade de ambas alternativas de hipotermia para reducir a
morte celular, e preservar un maior número de neuronas que aqueles animais
sometidos a condicións control. A hipotermia, en calquera das dúas variantes reduciu
a activación da microglía/macrófagos unha semana despois da isquemia. Un mes
despois do dano, os efectos terapéuticos do frío reflexáronse nunha menor área
danada, así coma na formación dunha cicatriz en torno á lesión cun carácter menos
fibroso ca naqueles animais tratados como controis.
O presente bloque de traballo permitiunos confirmar o efecto terapéutico da
hipotermia cerebral focal, unha alternativa aplicable a animais en libre movemento,
aínda que necesitando períodos de tratamento máis longos que a alternativa
sistémica.

Obxectivo 3: Expresión de RBM3 no cerebro adulto de roedores suxeitos a

hipotermia
A implicación de RBM3 nos procesos moleculares subxacentes á terapia con
hipotermia non foi testada en animais adultos, nin en modelos animais de isquemia.
Co fin de aportar novos datos a esta liña, no presente bloque de traballo analizouse a
expresión do ARNm e proteína de RBM3 en animais sanos e isquémicos suxeitos a
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protocolos de hipotermia sistémica e focal, que previamente demostraron exercer
efecto terapéutico. Como primeiro paso, estudouse o perfil temporal de expresión de
RBM3 en resposta ás condicións de hipotermia sistémica, observándose un pico de
expresión tanto do ARNm coma da proteína, 3 horas despois da finalización do
protocolo de hipotermia, acadando unha expresión do ARNm do 320% en relación a
un 100% de expresión basal do seu ARN. En base a esta observación, nas seguintes
análises empregouse o punto temporal de 3 horas para analizar a expresión de RBM3
en distintas condicións. A indución de hipotermia sistémica en animais isquémicos
permitiu observar como RBM3 mantiña a sobreexpresión, aínda que decaendo
lixeiramente en relación ós valores observados en animais sanos. A hipotermia cerebral
focal, por outra banda induciu a sobreexpresión localizada do ARNm de RBM3,
producíndose un maior aumento da expresión (ata o 400% respecto ás condicións
control consideradas o 100%) no hemisferio ipsilateral á aplicación da terapia. Os
resultados foron semellantes en animais isquémicos, aínda que, de novo, a expresión
foi menor que en animais sanos, aumentando ata un 230%. A tinción por
inmunofluorescencia do cerebro de animais sanos suxeitos a condicións de hipotermia
sistémica, focal ou ás respectivas condicións control, non revelou datos salientables,
aínda que se observou unha tendencia a unha maior inmunorreactividade no
hemisferio ipsilateral dos animais tratados con hipotermia cerebral focal.
No presente bloque de traballo confirmamos a sobreexpresión de RBM3 no
cerebro de roedores adultos en resposta a un estímulo de frío, que previamente
demostrou exercer efectos terapéuticos. Máis aínda, a análise da expresión en animais
isquémicos revelou, que se ben a isquemia cerebral reduce lixeiramente a expresión
de RBM3, esta non é capaz de enmascarar o incremento inducido polo frío, o que
permite soster a hipótese de que RBM3 pode estar mediando un efecto protector
nestas condicións.
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A hipotermia é posiblemente a terapia con maior potencial terapéutico de
tódalas que foron estudadas ata o momento. O seu marcado efecto fai que se
propuxese o seu uso como gold standard de neuroprotección co cal comparar o efecto
de outras terapias na fase preclínica. A pesar de todo este potencial, hoxe en día os
pacientes non poden beneficiarse dos seus efectos. Co fin de atallar as principais
limitacións que impiden o uso da hipotermia, no presente traballo analizamos a
viabilidade da MRT como alternativa non invasiva para monitorizar a temperatura
cerebral durante a hipotermia, o que podería constituír unha ferramenta útil na clínica,
na que os pacientes son sometidos de rutina a técnicas de neuroimaxe para establecer
un diagnóstico e avaliar a evolución da súa lesión. Máis alá do seu uso na terapia con
hipotermia, é ben coñecida a relación entre hipertermia e mal prognóstico nos
pacientes isquémicos. A pesar de que a hipertermia sistémica se pode detectar e tratar
actualmente, distintos autores describiron o desenvolvemento de hipertermia cerebral
local en pacientes isquémicos, o que podería empeorar o seu prognóstico.
Actualmente a falta de medios impide a detección destas hipertermias, e polo tanto,
o seu tratamento. Neste sentido, a MRT podería converterse nunha ferramenta útil a
curto prazo. Por outro lado, demostrouse a efectividade da hipotermia cerebral focal,
capaz de producir os mesmos efectos terapéuticos que o arrefriamento sistémico
cando se aplica durante o período de tempo necesario. Esta alternativa permitiría
reducir as complicacións asociadas á hipotermia sistémica, aumentando así o número
de pacientes candidatos a recibir este tratamento. Neste sentido é necesario deseñar
novos métodos de indución de hipotermia focalizada en humanos. Finalmente, a
análise preliminar da expresión de RBM3 no cerebro adulto de roedores sanos e
isquémicos sometidos a hipotermia revelou a sobreexpresión da mesma en resposta
ó frío, o que permite seguir afondando nas funcións de RBM3 no contexto dos
mecanismos moleculares subxacentes ó frío.

Alba Vieites Prado | 263

