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Abstract

Cerebral Collateral Circulation in Experimental Ischemic Stroke: From Molecular Penumbra

to Collateral Therapeutics

Collateral circulation is a subsidiary vascular network which is dynamically recruited after acute

ischemic stroke and may provide residual blood flow to the affected areas, slowing down the progres-

sion of ischemic penumbra to irreversible ischemic damage. The anatomy and functional performance

of the collateral circulation varies among individuals, both humans and rodents, and is emerging as

a strong prognostic factor in patients. Nonetheless, collateral circulation in experimental ischemic

stroke is frequently neglected. In the present work, ischemic stroke was modelled by 90-minutes

transient occlusion of the middle cerebral artery (MCA) in Wistar rats, followed by 24 hours of reper-

fusion. During surgery, multi-site laser Doppler flowmetry (LDF) was used for real-time monitoring

of cerebral blood flow (CBF) both in the lateral MCA territory and in the borderzone between the

MCA and anterior cerebral artery (ACA) territories, where the collateral circulation is connecting

these two different vascular territories.

The relationship between collateral flow, evaluated by multi-site LDF in the collaterals territory, and

the post-reperfusion molecular penumbra, defined by protein expression of Heat Shock Protein 70kDa

(HSP70), was investigated. Good collateral flow was associated with reduced extent of both molecular

penumbra and ischemic core and increased extent of intact tissue, suggesting a complete protection

from ischemic injury in variable areas of the cortex and striatum, if reperfusion is achieved. Con-

versely, poor collateral status was associated with a greater extent of both ischemic core and molecular

penumbra.

High variability in infarct size is common in experimental stroke models and highly affects statistical

power and validity of preclinical neuroprotection trials. Cerebral collateral flow was explored as a

stratification factor for the prediction of ischemic outcome, using magnetic resonance imaging (MRI)

as a reference. Multi-site LDF monitoring for collateral flow assessment was able to predict ischemic

outcome and infarct typology and reflected perfusion deficit in good agreement with acute MRI. These

results support the additional value of cerebral collateral flow monitoring for outcome prediction in

experimental ischemic stroke, especially when acute MRI facilities are not available.

Modulating collateral blood flow in order to augment or maintain perfusion to the ischemic penumbra

could represent a new therapeutic strategy for the hyperacute (even pre-hospital) phase, particularly if
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applied before recanalization therapies. Four therapeutic strategies were subministated 30 minutes af-

ter ischemia onset: acetazolamide (selective cerebral vasodilation), polygeline (intravascular volume

load), phenylephrine (induced hypertension) and head-down tilt (cerebral flow diversion). Globally,

the treated animals showed better tissue and functional outcomes at 24 hours post reperfusion and

an augmentation of cerebral perfusion, mainly in the collaterals territory, after treatment subminis-

tration. These results prompt further study of strategies aiming at modulating the cerebral collateral

circulation.

In conclusion, the cerebral collateral circulation and its functional performance determined both is-

chemic outcome and penumbra evaluated at 24 hours post-reperfusion in the experimental model

considered. Monitoring collateral flow by multi-site LDF predicts ischemic outcome and allows for

animals stratification, helping to control experimental ischemic outcome variability in neuroprotec-

tion studies. Moreover, monitoring collateral flow while testing therapeutic strategies provides insight

about their mechanism of action and may contribute to the development of new therapeutic strategies

for the hyper-acute phase of ischemic stroke.
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Chapter 1

Introduction

1.1 Ischemic Stroke: The Pathology

1.1.1 Stroke: an Overview

Definition

Stroke is defined by the World Health Organization (WHO) as a rapid and progressive development

of neurological symptoms associated with a focal or global loss of cerebral function, originating from

a cerebral vasculopathy and persisting beyond 24 hours or leading to fatal outcome.

The arbitratry 24 hours time window allows for distinction between stroke and transient ischemic at-

tack, in which the neurological symptoms resolve within the 24 hours (Donnan et al., 2008). However,

TIA presents a high risk of subsequent stroke (Giles and Rothwell, 2007).

Epidemiology

Stroke is a common neurological disorder, representing a social and economical burden, as the second

most common cause of death (Lozano et al., 2012) and third most common cause of stroke disability-

adjusted life-years (DALYs) (Murray et al., 2012) worldwide in 2010. In addition, although age-

standardized stroke mortality rates have decreased worldwide, the absolute number of people who

have a stroke every year and stroke survivors are increasing, together with the global burden of stroke

(Feigin et al., 2014).

Risk Factors

Several factors play a role in risk for stroke. The INTERSTROKE study identified 10 potentially

modifiable risk factors explaining 90% of the risk of stroke (O’Donnell et al., 2010). Risk factors

1
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can be non modifiable, well-documented and modifiable or less well-documented and potentially

modifiable (Meschia et al., 2014).

The major unmodifiable risk factor for stroke is represented by increasing age. The combined risk of

fatal and non fatal stroke resulted increased by 9%/year and 10%/year in men and women, respec-

tively, in a study including data from 8 European countries (Asplund et al., 2009). Hypertension rep-

resents the most important modifiable risk factor: its treatment is among the most effective prevention

strategies for stroke. Other modifiable factors are represented by diabetes mellitus and dyslipidemia,

together with lifestyle factors, including diet and nutrition, cigarette smoking and excessive alcohol

consumption.

1.1.2 Etiology and Classification

The reduction in cerebral blood flow causing neurological symptoms is due to hemorrhage or abrupt

occlusion of a vessel providing flow to the brain. We talk about hemorrhagic and ischemic stroke,

respectively. Ischemic stroke represents the majority of stroke cases, accounting for 80% of them,

while the less common hemorrhagic stroke represents the remaining 20% (Figure 1.1, Warlow et al.

(2003)).

Figure 1.1: Approximate frequency of three main pathological types of stroke (in Caucasian
populations) and of the main subtypes of ischemic stroke. Reproduced from Warlow et al.
(2003)

1.1.2.1 Hemorrhagic Stroke

Hemorrhagic stroke can arise as a consequence of primary intracranial hemorrhage or subarachnoid

hemorrhage. Hemorrhagic stroke caused by primary intracranial hemorrhage are more common,
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representing the 15% of the main types of stroke, whereas a 5% of them is associated to subarachnoid

hemorrhage (Figure 1.1, Warlow et al. (2003)).

Hemorragic stroke incidence is strongly correlated with hypertension. Hypertensive small-vessel dis-

ease represents the most common mechanism for hemorragic stroke, caused by the formation and

subsequent rupture of small lipohyalinotic aneurysms (Auer and Sutherland, 2005). Hypertension

is seen in two thirds of patients presenting with primary cerebral hemorrhage (Thrift et al., 1995).

Other causes of cerebral hemorrhage include intracranial vascular malformation and cerebral amyloid

angiopathy, together with the development of secondary hemorrhage due to hemorrhagic transforma-

tion of ischemia. Subarachnoid hemorrhage is a bleeding in the subarachnoid space, which is situated

between the arachnoid and pia mater meningeal layers, caused by the rupture of an aneurysm.

1.1.2.2 Ischemic Stroke

Ischemic stroke results from an abrupt occlusion of a cerebral artery, which leads to ischemia of the

cerebral parenchyma. Neurological symptoms related to this stroke typology are strongly variable,

reflecting the general heterogeneity characterizing this pathology. To start, different mechanisms can

lead to ischemic stroke (Figure 1.1, Warlow et al. (2003)).

Modifications in the vessel wall can cause obstruction of blood flow by interacting with blood con-

stituents. This may cause formation of a blood clot (thrombus) and consequent blockade of blood

flow in the vessel itself. The main cause of vessel wall changing is the formation and presence of

atherosclerotic plaques, which can change morphologically and finally lead to narrowing of the vas-

cular lumen. In unstable plaques, the endothelial disruption causes platelets to affix to the plaque,

leading to thrombus formation and lumen occlusion. In this case, we talk about thrombotic stroke.

Atherothrombotic disease of the extra or intracranial vessels represent the cause of 50% of ischemic

strokes, although the large intracranial vessels are less commonly the source of the thrombus.

A stroke is otherwise defined as embolic when an a moving intravascular mass (i.e. embolous),

such as a blod clot, travels from where it originated to a different site, where it causes vascular

occlusion. Cardiac embolism accounts for 20% of ischemic strokes, most commonly arising from

atrial fibrillation.

Lacunar strokes represent instead the 25% of ischemic stroke subtypes and arise as a result of the

occlusion of small intracranial arterioles. The remaining 5% of ischemic stroke are associated with

several rare causes, such as vasculitis and arterial dissection.
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A clinical classification divides ischemic stroke into 5 main groups, relying on their etiology (TOAST

classification) (Adams et al., 1993):

1. Large artery atherosclerosis

2. Cardiac embolus

3. Small vessel occlusion

4. Stroke of other determined etiology

5. Stroke of undetermined etiology

As mentioned before, ischemic stroke is a pathology characterized by a strong heterogeneity. The

neurological symptoms exhibited by the patients are strongly variable and reflect the specific brain

region affected by ischemia. Beyond the different the mechanisms of arterial occlusion, the location

and size of the ischemic lesion in the brain parenchyma are determined by the size of the occluded

vessel (occlusion level) and the compensatory capacity of the cerebral subsidiary vascular network,

known as cerebral collateral circulation. To better explain, the occlusion of an artery supplying a

defined brain region (such as the middle cerebral artery, MCA) can lead to an infarction of variable

extension: if the artery is proximally occluded, the infarct might be large and include the whole

territory supplied by the cerebral artery; infarct might instead be smaller, in case the vessel occlusion

affects only branch of the cerebral artery (distal occlusion) or if compensatory collateral perfusion

-via the Circle of Willis or leptomeningeal anastomoses- is efficient in reducing the area of critically

reduced blood flow. The collateral circulation represent the core of this thesis and is extensively

addressed in Section 1.2.

1.1.3 Pathophysiology of Ischemic Stroke: the Ischemic Cascade

Regardless of the etiological mechanism, the common event in ischemic stroke is the permanent or

transient reduction of cerebral blood flow in the vascular territory of the occluded cerebral artery.

Because of the inability of cerebral cells to store energy supplies, the brain is constantly demanding

for oxygen and glucose delivery via blood flow. When the normal cerebral blood flow is reduced

as a result of the arterial occlusion, the cellular energy production via oxidative phosphorylation

and, consequently, all the energy-dependent process of the neurovascular unit are compromised. The
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neurovascular unit consists of neuronal, glial and vascular cell types, which interaction contributes to

normal brain function.

However, in focal ischemic stroke, the reduction in the vascular territory affected is not uniform and

results in a spatial gradient of hypoperfusion. Cerebral regions suffering the most severe hypoperfu-

sion progress most rapidly to irreversible damage, while other regions with more modest blood flow

reductions may become infarcted at later time points. The areas which are irreversibly damaged are

referred to as ischemic core, while the remaining hypoperfused areas, which can be potentially saved

if blood flow is timely restored, are defined as ischemic penumbra (see §1.1.4).

Vascular occlusion triggers a succession of ionic, biochemical and cellular pathophysiological events,

ultimately leading to irreversible tissue damage, which are referred to as ’ischemic cascade’ (for de-

tailed reviews see Dirnagl et al. (1999); Moskowitz et al. (2010)). These pathophysiological processes

include primary pathogenic mechanisms, such as energy failure, anoxic depolarization, increased in-

tracellular calcium and related events, and secondary pathogenic mechanisms, such as peri-infarct

depolarisations, inflammation and apoptosis. An overview of the ischemic cascade and the evolution

of the pathophysiological mechanisms over time are illustrated in Figure 1.2 and 1.3, respectively.

Energy Failure and Anoxic Depolarization

The reduction in blood flow results in a severe reduction of oxygen and glucose delivery to the neu-

rovascular unit. Cells are therefore unable to produce energy via oxidative phosphorylation and, as a

result, the energy-dependent processes together with the neuronal electrical activity are compromised.

ATP levels are reduced and neurons are consequently unable to maintain their normal resting mem-

brane potential, since adenosine triphosphate (ATP) is required for the Na+/K+ ATPase to function

and preserve a high intracellular concentration of K+ and low intracellular concentration of Na+. In-

activity of the pump allows intracellular Na+ levels to rise, leading to depolarization of the membrane

potential. This in turn triggers the opening of voltage-gated calcium channels and the reversal of the

Na+/Ca2+ exchanger, leading to a a massive Ca2+ influx into the cell and its accumulation. Con-

sequently, aminoacids such as excitatory neurotransmitters are released from the active zone of the

pre-synaptic region into the synaptic cleft via calcium-mediated exocytosis. The major neurotrans-

mitter of the central nervous system is glutamate, and a pathological lack of balance in its release and

up-take in the intersynaptic space largely contributes to excitotoxic events.

Excitotoxicity

In normal conditions, energy-dependent processes remove glutamate from the extracellular space and
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Figure 1.2: Overview of pathophysiological mechanisms during cerebral focal ischemia.
The oxygen and glucose deprivation lead to energy failure, causing anoxic depolarization of neu-
rons. Activation of specific glutamate receptors increases intracellular Ca2+, Na+, Cl− levels
whereas K+ is released into the extracellular space. Diffusion of glutamate (Glu) and K+ in
the extracellular space causes a series of spreading waves of depolarization (peri-infarct depo-
larizations). Osmotic gradients make water enter the cell passively, causing cellular swelling
(edema). The second messenger Ca2+ overactivates numerous enzyme pathways (proteases, li-
pases, endonucleases, etc.). Free radicals are generated, which damage membranes (lipolysis),
mitochondria and DNA, in turn triggering caspase-mediated cell death (apoptosis). Free radi-
cals also induce the formation of inflammatory mediators, which activate microglia and lead to
the leukocyte infiltration via upregulation of endothelial adhesion molecules. Reproduced from
Dirnagl et al. (1999).

Figure 1.3: Pathophysiological mechanisms in focal cerebral ischemia: evolution of time
and impact on final oucome. Excitotoxicity strongly damages neuronal and glial cells very
early after ischemia onset. Secondary effects further contribute to tissue damage: peri-infarct
depolarizations and the more-delayed mechanisms of inflammation and apoptosis. On the x-axis,
the evolution of these events over time is represented, while the y-axis illustrate the impact of
each mechanism on final outcome. Reproduced from Dirnagl et al. (1999).
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store it in the synaptic terminal. Because of energy failure, the glutamate up-take is compromised and

therefore this excitatory aminoacid accumulates in the extracellular space, leading to an increased

activation of postsynaptic glutamate receptors. The activation of ionotropic receptors such as alpha-

amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) and Kainate lead to the influx of Na+ and

Cl− and efflux of K+, causing a local depolarization which in turn displaces the voltage-dependent

magnesium block from another class of ionotropic receptors, the N-methyl-D-aspartate (NMDA),

which allow entry of Na+ and Ca2+ and the efflux of K+. As a result, water enters passively the cell

leading to cytotoxic edema and, ultimately, cellular lysis. Cerebral edema may affect the perfusion of

the regions surrounding the infarct and also cause a rise in intracranial pressure, vascular compression

and herniation. Metabotropic glutamate receptor are also activated leading in turn to activation of

Phospholipase C and a signaling cascade which ultimately leads to a further stimulation of voltage-

gated Ca2+ channels and the release into the cytosol of Ca2+ stored in the endoplasmic reticulum

(ER), which represent the major source of Ca2+ in physiologic conditions. Moreover, re-storage of

Ca2+ in ER lumen is reduced since it is an energy-dependent process.

Ca2+ Activation of The Ischemic Cascade

It is evident that multiple pathways are causing a rise in cytosolic Ca2+, which triggers a cascade of

events leading to cell damage. A variety of enzymes, including endonucleases as well as proteases

and lipases are activated. These enzymes damage cell structures such as cytoskeleton, mitochondria,

ER, plasma membrane, DNA and RNA, consequently affecting cellular function. Additionally, free

radicals, including nitric oxide (NO), are produced and cause further cellular structures damage, ulti-

mately leading to cell death. Free radicals also act as signalling molecules to induce an inflammatory

response and trigger apoptosis (Brouns and De Deyn, 2009).

Spreading Depolarizations

While in the ischemic core cells are permanently depolarized, in less severely hypoperfused regions

cells can still repolarize at expense of further energy and oxygen consumption, to compensate for the

reduced blood flow. After repolarization, these cells can again depolarize in response to high gluta-

mate and K+ extracellular levels. Repetitive depolarizations are termed peri-infarct depolarizations

(PID) and have been shown to occur spontaneously over several days after stroke both in preclinical

models (Hartings et al., 2003) and patients (Dohmen et al., 2008). These events can contribute to

the growth of the infarct with time. In a rat MCA occlusion (MCAO) model, a higher PID frequency

was associated with a greater number of penumbral cells to become incorporated into the ischemic

core (Mies et al., 1993). Delayed ischemic brain damage was associated with PID in stroke patients
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(Dreier et al., 2006).

Inflammatory Response

The synthesis of transcription factors, like NFκB and hypoxia inducible factor 1 (HIF1), which pro-

mote expression of pro-inflammatory genes to produce inflammatory mediators like tumour necrosis

factor α (TNFα), interleukin-1β (IL-1β) and platelet activating factor (PAF) is triggered by free radi-

cals and Ca2+ mediated pathways, among other factors. These mediators induces cell surface expres-

sion of adhesion molecules like intercellular adhesion molecule 1 (ICAM-1), vascular cell adhesion

molecule 1 (VCAM-1) and E-selectin, which interact with complementary receptors located on the

surface of neutrophils, allowing their passage across the blood-brain barrier (BBB). Macrophages

and monocytes migrate to the brain guided by chemokine signals produced by cells in the lesion re-

gion. Microglia also becomes activated, assumes an ameboid appearance, proliferates and produces

both neurotoxic and neuroprotective substances. Microglia is attracted in the lesion site by monocyte

chemoattractant protein 1 (MCP-1), which is activated by plasmin following opening of the BBB

due to death of endothelial cells in response to ischemia. This whole inflammatory response after is-

chemia can further contribute to cell damage by different mechanisms: by direct toxin production, via

microvascular obstruction by neutrophils (del Zoppo et al., 1991) and also by induction of apoptotic

pathways (Chopp et al., 1996).

Cell death

Cell death may occur either by necrosis or by apoptosis, depending on the strength of the insult and the

cell type (Leist and Nicotera, 1998). In the ischemic core, where perfusion is most severely affected

and tissue is irreversibly damaged, cell death occurs by necrosis and is accompanied by the release

of glutamate and toxic mediators into the extracellular space, affecting surrounding cells (Brouns and

De Deyn, 2009).

In contrast, apoptotis is occurring in less severely damaged cells, since it is a programmed and energy-

dependent process (Dirnagl et al., 1999). Apoptosis is responsible for delayed death of cells that could

have been potentially saved in the hyperacute phase and is therefore responsible for late lesion expan-

sion. Apoptosis can either be caspase dependent or independent (Broughton et al., 2009). The former

pathway is mediated by the release of cytochrome c from the mitochondrial intermembrane space

into the cytosol, due to mitochondrial dysfunction and free radicals production. Cytochrome c inter-

acts and combine with apoptotic protease activating factor-1 (APAF-1) and pro-caspase 9, forming an

apoptosome complex which in turn activates a cascade of endonucleases and caspases, which cleave

DNA and structural and cellular proteins, respectively. Effector caspase 3 activation is known as one
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of the critical steps in apoptosis execution. Caspase independent apoptosis is in contrast triggered by

the release of apoptosis inducing factor (AIF) from the inner mitochondrial membrane, which induces

DNA degradation in the nucleus. Apoptosis can also be extrinsically triggered by the activation of

death receptors on the cell surface. Initiator caspase 8 is this way activated and, in turn, activates

effector caspase 3 (Broughton et al., 2009).

All of these pathophysiological mechanisms ultimately leading to cerebral tissue damage evolve in

both time and space after the onset of ischemia. The evolution and growth of the ischemic lesion will

depend on several factors, including the severity of the cerebral blood flow reduction, its duration and

also the extent of collateral perfusion provided during occlusion.

1.1.4 The Ischemic Penumbra: Definition and Multi-modal Identification

1.1.4.1 Ischemic Core and Penumbra

As mentioned above, focal ischemic stroke causes a not uniform blood flow reduction in the af-

fected vascular territory, which results in a spatial gradient of hypoperfusion. For this reason, the

pathogenic mechanisms do not occur homogeneously in the hypoperfused regions. The most severly

hypoperfused areas are defined as the ischemic core, where the ischemic cascade will rapidly lead

to irreversible tissue damage. Other regions with more modest blood flow reductions may become

infarcted at later time points and are referred to as the ischemic penumbra.

The concept of ischemic penumbra dates back to 1970s, when the group of Lyndsay Symon performed

electrophysiological experiments to study the consequences of progressive reduction of cerebral blood

flow (CBF) in baboons undergoing focal ischemia (Astrup et al., 1977; Branston et al., 1977, 1974;

Symon et al., 1977). The reduction in CBF required to abolish electrical activity and ion impairment,

leading to cell death, were studied. In 1977, Astrup and colleagues (Astrup et al., 1977) demonstrated

that a CBF reduction to around 40% of the original level produced electrical dysfunction, measured by

evoked somatosensory potentials. Electrical failure became complete when CBF was reduced around

30%, whereas release of potassium, with subsequent cell death, occurred at reduction to 10% (Fig-

ure1.4). Importantly, they showed that reperfusion restored electrical function and thus demonstrated

the potentially salvageable nature of the ischemic penumbra as electrically silent tissue.

More generally, different tissue compartments during focal ischemia could be defined:
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1. oligemia: brain areas characterized by a reduced CBF but preserved electrical activity (evoked

cortical potentials);

2. ischemic penumbra: brain areas characterized by a reduced CBF (<20mL/100g/min) but elec-

trical disfunction or inactivity;

3. ischemic core, where CBF is reduced around 8-10mL/100g/min and potassium is released,

leading to cellular death.

Figure 1.4: Different cerebral blood flow threshold in a baboon model of cerebral focal
ischemia. Repreduced from Astrup et al. (1977).

Several operational definitions of ischemic penumbra have been proposed over the years (Donnan

et al., 2007), as a result of the different methodologies used for its assessment and especially with the

emergence of neuroimaging techniques. However, the main thrust of penumbra’s concept is preserved.

In this regard, many of the proposed definitions are encompassed by the following (Donnan et al.,

2007):

“The ischemic penumbra is ischemic tissue which is functionally impaired and is at risk

of infarction but has the potential to be salvaged by reperfusion and/or other strategies. If

not salvaged this tissue is progressively recruited into the infarct core, which will expand

with time into the maximal volume originally at risk.”

The identification of the ischemic penumbra is of utmost importance, both in clinical and preclinical

settings, since therapeutic strategies for acute ischemic stroke aim at preserving this potentially sal-

vageable areas from evolving into irreversibly ischemic damage (see §1.1.5). From a clinical point

of view, assessing the presence of an extended ischemic penumbra in acute ischemic stroke patients
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can be used to identify and select those who may benefit from thrombolytic therapy. In clinical trials,

patients may be stratified into groups with homogenous penumbra extension and location, allowing

for a the evaluation of a therapy in comparable groups of patients. In experimental stroke, the as-

sessment of the ischemic penumbra would provide insights into the its evolution and the efficacy of a

neuroprotective therapy.

The ischemic penumbra can be visualized using different imaging techniques, such as Positron Emis-

sion Tomography (PET), Magnetic Resonance Imaging (MRI) and Computerized Tomography (CT)

(Ebinger et al., 2009). Although PET is considered as the “gold standard” for the penumbra imaging,

its clinical use is currently limited to research. MRI is instead becoming the method of choice for

the evaluation of the penumbra in clinical research. Nonetheless, CT perfusion is being increasingly

used.

It should be kept in mind that the ischemic penumbra is not fixed in time: it is dynamically evolving

and progressively becoming part of the ischemic core because of pathophysiological mechanisms

ongoing during vascular occlusion. Thus, imaging techniques provide a snapshot of this dynamic

process.

1.1.4.2 Positron Emission Tomography

PET is considered as the “gold standard” for penumbra assessment, because of its capability to quanti-

tatively measure CBF and oxygen metabolism of cerebral tissue in vivo after ischemia. This technique

relies on the use of ligands to which a positron-emitting radioisotope is attached. These ligands are

injected intravenously and a tomographic reconstruction of the emitted radioactivity is performed.

Several parameters can be quantified using C15O2 and 15O2 ligands, including not only CBF, but

also cerebral metabolism rate of oxygen (CMRO2) and cerebral oxygen extraction fraction (OEF).

The ischemic penumbra can be identified as the hypoperfused areas in which cerebral metabolism

is preserved and oxygen extraction is increased, to compensate for reduced CBF. In 1980 and 1981,

Baron and colleagues first defined the condition of reduced CBF with preserved CMRO2 as “misery

perfusion” (Baron et al., 1981). In humans, CMRO2<65 µmol/100g/min and CBF<12 mL/100g/min

define the core of irreversibly damaged tissue (Heiss, 2003). The ischemic penumbra can be instead

defined by a CBF decreased to the range 12-22 mL/g/min, a CMRO2 above 65mmol/100g/min and

also an OEF increased to 50-90% (Heiss, 2000), against the physiological OEF around 30%.

Since the assessment of these parameters using 15O2 requires arterial catheterisation for blood sam-

pling, alternative non perfusion-based tracers are preferable. 18Flumazenil is a marker for neuronal
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integrity, thus presents affinity for γ-aminobutyric acid (GABA) receptors, which are abundant in

the cerebral cortex and are sensitive to ischemia. Firstly validated in the MCAO cat model, it pre-

dicted final infarct size of acute stroke patients and showed thrombolytic efficacy (Heiss, 2000). 18F-

fluoromisonidazol is a marker of viable hypoxic tissue (Takasawa et al., 2007). In early stroke pa-

tients, increased 18F-fluoromisonidazol uptake surrounded the core, and an association between the

extent of 18F-fluoromisonidazol-binding surviving tissue and functional outcome was found (Markus

et al., 2003).

Although PET provides accurate and quantitative measure of both perfusion and metabolic parame-

ters, its clinical use is limited for many reasons (Muir and Santosh, 2005; Schellinger et al., 2003).

First, radioactive tracers are administered, exposing the patients to a radiation dose and therefore pre-

venting multiple imaging sessions. Furthermore, invasive arterial catheterisation is required. More

generally, PET is expensive and of limited availability, and experienced chemists to synthesize short

half-life radioisotopes are required. The use of PET in preclinical setting is also limited. In addition to

its costs, it provides a poor resolution in small rodent brains. As a consequence, MRI is more widely

utilized in the preclinical experimental setting.

1.1.4.3 Perfusion Computerized Tomography

Unlike PET, CT is the most accessible imaging technique in the clinical setting. It is widely utilized

in stroke routine thanks to its speed in image acquisition and it practicality (Ebinger et al., 2009).

Perfusion CT (CTP) represent the modality for the assessment of the ischemic penumbra and requires

the intravenous injection of a bolus of iodinated contrast agent. The bolus first pass is tracked in

the cerebral circulation using dynamic imaging before, during and after the contrast agent injection.

Parametric maps of cerebral blood volume (CBV), CBF and mean transit time (MTT, the time taken

from the contrast agent to pass from the arterial to the venous circulation) can be computed and

analyzed using post-processing software.

The reduction in tissue perfusion leads to vasodilation in the penumbra areas, in an attempt to compen-

sate for the reduction in cerebral blood flow. For this reason, the CBV in the penumbra is increased

compared to the infarct core, where vascular autoregulation is lost and CBV is consequently de-

creased. As emerged by a systematic evaluation (Wintermark et al., 2006), the ischemic penumbra on

CTP can be define as a relative MTT ≥145% compared to the contralateral hemisphere, whereas an

absolute CBV of ≤ 2ml/100g accurately defines the ischemic core. Penumbra was assessed by CTP

and PWI-DWI mismatch on MRI and a significant correlation emerged between the two techniques
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(Schaefer et al., 2008). More recently, the identification of core and critically hypoperfused tissue on

CTP were validated using MRI as a reference (Bivard et al., 2011).

However, standardization of CTP definitions for core and penumbra, also for differentiation between

penumbra and oligemia, is required. Moreover, an agreement regarding quantification of the perfusion

CT parameters is currently lacking and whole brain coverage is not yet readily available. Regarding

health concerns, radiation exposure may prevent serial acquisition and iodinated contrast agent ad-

ministration may cause nephropathy and allergy.

Nonetheless, CTP presents a great potential, in the view of a wide use of this technique for penumbra

imaging. Multi-modal CT approaches could be in fact used for the selection of patients for therapy.

1.1.4.4 Magnetic Resonance Imaging

MRI is based on the electromagnetic activity of atomic nuclei, specifically of hydrogen atoms. A

hydrogen nucleus is the nucleus of choice in the biomedical field and consists of a single positively

charged proton which rotates around its axis (spin) and behaves like a small magnet. In normal con-

ditions, the axes of the hydrogen nuclei are randomly oriented. When performing MRI, an external

magnetic field is applied and causes the axes to align in parallel to the applied field. An electromag-

netic radiation of a specific radio frequency (RF) is then also applied and excites the protons from

a low to a high energy state, causing a deflection of the magnetization vector. The time for the pro-

tons to return to equilibrium (steady state) can be measured and occurs through two independent but

almost simultaneous processes, known as T1 (spin-lattice) and T2 (spin-spin) relaxation. When T1

or T2 relaxation mechanisms are exploited to produce an image, we talk about T1- and T2-weighted

imaging, respectively.

Other common MRI sequences are diffusion and perfusion-weighted imaging (DWI and PWI), which

are relevant in the field of acute ischemic stroke and for the identification of the ischemic penumbra.

Diffusion Weighted Imaging

DWI shows MR signal changes depending on the diffusion of water protons in the biological tissue,

e.g. brain. The diffusion constant quantifies the diffusion of water protons and varies with the di-

rection of movement. In the cerebral tissue water molecules can’t diffuse randomly in all directions

(isotropic diffusion), but their movement is instead guided by the presence of natural barriers such

as cell membranes or macromolecules structures (anisotropic diffusion). On native images, regions

with pathological restricted diffusion appear as an augmented signal intensity compared to areas with
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normal restricted diffusion when the sequence is strongly diffusion weighted (b-value of 1000). The

diffusion constant can be measured and is represented by the apparent diffusion coefficient (ADC),

used to compute ADC maps, where the restricted diffusion appears instead as a hypointense signal.

In acute ischemic stroke, diffusion of water molecules is more restricted than in normal tissue as a

result of cytotoxic edema (Moseley et al., 1990b), causing redistribution of water from the extracel-

lular to the intracellular space. As a consequence, the ischemic tissue will appear as hyperintense or

hypointense areas on DWI-weighted images or ADC maps, respectively. The main advantage of DWI

for imaging of ischemic stroke is the capacity to identify the ischemic damage within the hyperacute

phase of stroke, i.e. within the first 6 hours (Moseley et al., 1990b). In animal models of stroke, DWI

can be used to visualize the ischemic lesion within minutes after MCAO (Hoehn-Berlage et al., 1995;

Moseley et al., 1990a). In stroke patients, DWI has been used to detect ischemic lesion less than 40

minutes after stroke onset (Yoneda et al., 1999). If reperfusion does not occur (untreated patients,

thrombolysis failure or permanent occlusion models), the diffusion lesion will expand over time. In

untreated stroke patients the DWI lesion, in parallel to the ADC lesion, is increasing in size during

the first 3 days after stroke and then decrease up to 7 days (Baird et al., 1997; Beaulieu et al., 1999;

Lansberg et al., 2001).

Perfusion Weighted Imaging

PWI can be used to study the cerebral blood flow, providing quantitative assessment of cerebral tissue

perfusion. This modality relies on MR signal changes induced by an exogenous or endogenous trac-

ers. Two techniques are commonly utilized in both clinical and preclinical research: contrast agent

bolus tracking (Dynamic Susceptibility Contrast, DSC) and arterial spin labeling (ASL) (Calamante

et al., 1999).

DSC involves the intravenous injection of a bolus of gadolinium-based contrast agents, which can

be tracked through the cerebral circulation using the same dynamic approach as described for CTP.

These paramagnetic agents cause magnetic inhomogeneity, resulting in a decreased signal intensity

as the agent is passes through the microcirculation, which is then restored as the agent is washed

out of the vascular compartment. T2*-weighted 2D or 3D echo planar imaging (EPI) sequences are

the most commonly used MRI sequences for PWI, allowing fast image acquisition (1 image/sec)

(Weishaupt et al., 2008). A signal-time curve is reconstructed based on the changes in MR signal

intensity as the contrast agent passes through the circulation. Using the equation of the sequence,

the signal-time curve can be converted to ∆R2*-time curve, a physical quantity that is assumed to be

proportional to the concentration of the contrast agent. Several relative parameters can be calculated
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from this curve, such as relative CBF, relative CBV, relative mean transit time (MTT) and time to

peak (TTP). MTT is the time taken from the contrast agent to pass from the arterial to the venous

circulation (ratio CBF/CBV), whereas TTP is the time required from the start to the signal intensity to

be maximal. In order to obtain quantitative informations and calculate absolute CBF, CBV and MTT,

it is necessary to estimate an arterial input function (Ostergaard et al., 1996). However, several issues

must be considered to obtain a accurate and robust estimation of perfusion parameters (Willats and

Calamante, 2013).

ASL uses the blood itself as an endogenous tracer and the injection of exogenous contrast agents is

therefore avoided. Briefly, the water protons are spin labeled in the blood of an artery supplying the

vascular territory of interest. In other words, the longitudinal magnetization of these water protons

is inverted, producing a signal decrease as the spin labeled blood is passing into the imaged areas.

However, the signal decrease is weak and in order to view the contrast image substraction between

two image sets is required (Weishaupt et al., 2008).

ASL techniques has been widely used in preclinical stroke research to quantify the perfusion deficit

after cerebral ischemia (Foley et al., 2010; McCabe et al., 2009; Shen et al., 2003). ASL is advan-

tagenous over DSC since it is non-invasive, repeated imaging session can be performed, exogenous

contrast agent injection is not required and absolute blood flow quantification can be directly gener-

ated (Baird and Warach, 1998). However, ASL is more difficult to perform compared to DSC.

Diffusion-Perfusion Mismatch

The MRI-based concept of ischemic penumbra is represented by the diffusion-perfusion mismatch

model. The diffusion lesion was observed to expand over time, gradually encompassing the region

of PWI perfusion deficit in the absence of reperfusion (Baird et al., 1997; Jansen et al., 1999). On

this basis, DWI lesion represents the ischemic core, whereas the regions of PWI perfusion deficit but

normal DWI values represents an approximation of the ischemic penumbra (Schlaug et al., 1999),

which is incorporated into the ischemic core as time progresses.

The DWI-PWI mismatch has been frequently used in clinical research to identify the ischemic penum-

bra in ischemic stroke patients. In fact, the presence of a substantial mismatch 24 post stroke was

shown in up to 70% of patients (Darby et al., 1999). This model has been applied in clinical trials for

the assessment of the efficacy of thrombolytic therapies in patients stratified relying on the presence

and extension of the ischemic penumbra (see §1.1.5).

In preclinical stroke research the PWI-DWI mismatch on MRI has been used to study the evolution of
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the ischemic lesion and penumbra, conforming the expansion of the diffusion lesion into the perfusion

deficit as observed in humans. In Sprague-Dawley rats, the diffusion lesion fully encompassed the

penumbra tissue by 2-3 hours after permanent MCAO induction, suggesting a restricted time window

for penumbra salvage in this rat strain (Meng et al., 2004). When a transient MCAO was performed in

the same strain, infarct volumes were significantly smaller compared those resulting from permanent

MCAO, suggesting that reperfusion saved penumbral tissue (Meng et al., 2004). A larger PWI-DWI

mismatch was instead reported after permanent MCAO in Wistar rats (Bardutzky et al., 2005b). A

penumbra persisting at 4 hours post-MCAO in Sprague-Dawley rats was reported in a more recent

study (Foley et al., 2010), in contrast with previous results (Meng et al., 2004). PWI-DWI mismatch

was also used to assess penumbra in animals with co-morbidities, such as hypertension in sponta-

neously hypertensive (SHR) (McCabe et al., 2009; Reid et al., 2012) and spontaneously hypertensive

stroke-prone rat (SHRSP) (Letourneur et al., 2011), reporting a reduced penumbra in both strains

compared to the normotensive control strain, Wistar-Kyoto (WKY). The preservation of PWI-DWI

mismatch, i.e. prolonged penumbral survival, has also been used and considered as and efficacy index

of neuroprotective strategies tested in preclinical stroke models (Bardutzky et al., 2005a; Kim et al.,

2005; Legos et al., 2008).

The DWI-PWI mismatch model is widely used in both clinical and preclinical stroke research. Despite

its potential for penumbra evaluation, this model presents limitations (Kidwell et al., 2003):

1. Different post-processing methods of data from perfusion imaging are available (i.e.: inten-

sity curve vs. arterial input function) and several perfusion parameters can be considered (see

above). Accordingly, the hypoperfused volumes vary together with the different method and

parameter chosen. International standardization of the optimal criteria and hemodynamic pa-

rameters for an evaluation of the penumbra is currently lacking.

2. Perfusion imaging is currently unable to unequivocally distinguish between ischemic penumbra

and benign oligemia, consequently leading to a possible overestimation of the penumbra.

3. According to the model, the initial diffusion lesion is assumed to be irreversible even if reperfu-

sion occurs. However, both preclinical and clinical studies have shown that the diffusion lesion

can be fully or partially reversed if early reperfusion occurs (Kidwell et al., 2000; Olivot et al.,

2009).

4. The penumbra assessed by the PWI-DWI model does not reliably reflect the penumbra evalu-

ated with the ’gold standard’ method PET (Zaro-Weber et al., 2009).
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Despite these limitations, the PWI-DWI mismatch presents a great potential for the assessment of

the ischemic penumbra. This model could be potentially improved by defining the optimal meth-

ods and perfusion-diffusion thresholds to be applied to accurately define the ischemic penumbra, by

distinguishing it from the ischemic core and benign oligemia.

1.1.4.5 Molecular Penumbra

Beyond the identification of penumbra based on physiological, metabolic or perfusional changes, it

can also be characterized relying on biochemical and molecular alterations ongoing in the hypoper-

fused tissue (del Zoppo et al., 2011; Sharp et al., 2000), thanks to the use of preclinical models of

focal cerebral ischemia and ex-vivo methods with higher spatial resolution.

After acute ischemic stroke, a cascade of biochemical, metabolic and molecular events is triggered

in the regions affected by hypoperfusion (see §1.1.3). One of the first biochemical consequences

of ischemia is the blockade of protein synthesis, which was associated with a reduction in cerebral

perfusion of approximately 50% (Mies et al., 1991). A stronger flow decrease around 20% was

in contrast associated with energy failure as ATP depletion. The lost ability to synthesize proteins

accompanied by energy failure defines the ischemic core. When ATP levels are maintained, protein

synthesis recovers over time and continues in cells that survive the ischemic insult, which is the case

of the ischemic penumbra (Hossmann, 1993, 1994). It has been hypothesized that the blockade of

protein synthesis may represent a mechanism of protection to prevent the formation of partially or

incorrectly processed proteins.

From a molecular point of view, several “molecular penumbras” were identified (Sharp et al., 2000;

Weinstein et al., 2004). The induction of Heat Shock Proteins (Hsps) expression represents one of

the major molecular responses after ischemia. The proteins of the Hsp family are expressed in every

cell type and are strongly induced after a cellular stress leading to intracellular protein denaturation,

including ischemia. The major Hsp family inducible protein is Hsp70 (70 kDa), which expression

has been extensively explored in rodent focal stroke models. After ischemia, this protein becomes

extremely abundant and directly binds to denatured proteins in the attemp to refold them, promoting

cell survival, or allow for their degradation and progression to cell death (Höhfeld et al., 2001).

Converging results suggest that the areas of Hsp70 protein induction following focal ischemia rep-

resent a molecular penumbra, where this protein can exert its cytoprotective effect. The occlusion

of the MCA in rodents induced a cellular stress leading to the expression of Hsp70 mRNA in the

whole MCA territory, both in infarct and areas outside this region (Kinouchi et al., 1994, 1993a,b).
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Interestingly, Hsp70 protein was expressed in neurons of peripheral regions, while no or very little

protein (mostly in vascular or glial cells) was synthesized in the infarcted areas. These observation

were further supported by subsequent biochemical studies (Hata et al., 2000a,b, 1998). A blood flow

reduction associated with decreased protein synthesis and energy failure defined areas of Hsp70 ex-

pression (mRNA) without translation into Hsp70 protein. Conversely, in regions where a milder blood

flow reduction affected protein synthesis but preserved ATP, Hsp70 mRNA expression coincided with

Hsp70 protein synthesis. Thus, the ischemic core corresponds to Hsp70 mRNA induction, but with-

out translation into the Hsp70 protein, whereas the ischemic penumbra is represented by regions of

both Hsp70 mRNA induction and Hsp70 protein synthesis. Moreover, these results are in agreement

with a differential vulnerability of different cellular types to ischemia: endothelial cells can express

Hsp70 mRNA and synthetize Hsp70 protein, surviving in the ischemic core, whereas neuron and glia

encountered cell death. After 10 minutes of MCAO, Hsp70 protein was induced in neurons through-

out the MCA territory at 24 hours post-reperfusion, while it was expressed in the borderzone territory

between MCA and ACA after 90 minutes of ischemia (Figure 1.5, Zhan et al. (2008)). The broader

expression of Hsp70 protein after 10 minutes compared to 90 minutes of ischemia is explained by the

extended infarction, with no or little Hsp70 expression, present after a long period of ischemia. The

cytoprotective effect of increased Hsp70 expression is further supported by several studies showing

that transgenic overexpression or pharmacological induction protected against focal cerebal ischemia

(Lu et al., 2002; Matsumori et al., 2006; Mohanan et al., 2011; Rajdev et al., 2000).

In the present work, the relationship between the post-reperfusion molecular penumbra defined by

HSP70 protein expression and the cerebral collateral blood flow was evaluated in a rat model of focal

cerebral ischemia (Chapter 2).
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Figure 1.5: Hsp70 protein expression molecularly defines the ischemic penumbra in a
rat model of MCAO. At 24 hours post-reperfusion, Hsp70 protein is induced in neurons (D)
throughout the MCA territory after 10 minutes of ischemia (A), whereas after 90 minuter of is-
chemia Hsp70 is induced in neurons in the periphery, at the borderzone between MCA and ACA
territories (B). In normal brain tissue (contralateral hemisphere), Hsp70 is espressed at very low
leves. MCAO = middle cerebral artery occlusion; MCA = middle cerebral artery; ACA = anterior
cerebral artery. Reproduced from Sharp et al. (2013)
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1.1.5 Therapeutic Strategies for the Acute Phase of Ischemic Stroke

Acute ischemic stroke is caused by a sudden drop in cerebral blood perfusion caused by the occlusion

of a cerebral artery or its branches. The ischemic penumbra represents the tissue at risk, which can be

saved by prompt reperfusion. If hypoperfusion continues, the ischemic penumbra will progressively

evolve into irreversibly damaged tissue. The goal of a therapy for acute ischemic stroke is to block

this evolution and lead to salvage of cerebral tissue, hopefully accompanied by a persistent recovery

from neurological symptoms. Therefore, therapeutic strategies can be primarily divided into:

• Recanalization therapies, aiming at restoring tissue perfusion by targeting (removing) the vas-

cular occlusion;

• Neuroprotective therapies, aiming at blocking the ischemic cascade by directly targeting the

pathological molecular events ongoing in the hypoperfused cerebral tissue.

1.1.5.1 Recanalization therapies

Reperfusion should be achieved in a timely manner. In other words, the therapeutic window for

recanalization therapy is short. The lysis of the clot could be obtained by intra-venous (IV) or (more

aggressive) intra-arterial (IA) injection of the thrombolytic drug. Alternatively, if reperfusion is not

achieved, a more invasive approach by mechanical thrombectomy can be considered, which relies on

the use of endovascular devices to remove the clot from the occluded artery. Combination of these

strategies have also been successfully tested.

Intra-Venous Therapies

The only pharmacological therapy approved by the Food and Drug Administration (FDA) in 1996

is the IV administration of recombinant tissue plasminogen activator (rtPA), which is widely used in

clinical practice. In 1999, the National Institute of Neurological Disorders and Stroke (NINDS) trial

proved that fibrin-specific agents lead to both recanalization and clinical outcome improvement in all

subtypes of ischemic stroke (NINDS, 1995).

A 3-hours time window for thrombolytic therapy was initially identified in the NINDS trial (NINDS,

1995). Unfortunately, this short time window is not compatible with clinical practice. In fact, the

timelapse required for the patient to reach the hospital, for their neurological evaluation and for di-

agnosis confirmation (by primarily excluding hemorrhagic stroke on CT) easily exceeds 3 hours. For

this reason, the feasibility and safety of a wider time window for therapy was investigated. A 3 to 4.5
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hours time window for IV rtPA was first proven to be safe in a the European cooperative acute stroke

study (ECASS-III), a placebo-controlled trial (Saver et al., 2009). However, the shorter recanalization

is achieved, the better the outcome: ideally, a complete symptomatic recovery could be obtained if

therapy was started within 1 hour from stroke onset (Saver et al., 2010).

The rtPA alteplase has a short half-life (4-6 minutes) and presents some side effects due to the ac-

tivativation of a metalloproteinase and subsequent damage of the blood–brain barrier, resulting in

an increased risk for intracerebral bleeding and brain edema (Micieli et al., 2009). For this reason,

efforts are made to identify alternative thrombolytic candidates. Agents with longer half-lives such

as reteplase (Qureshi et al., 2006, 2002) and tenecteplase (Haley et al., 2005; Parsons et al., 2009)

have been tested in clinical trials with a relatively low number of patients. Desmoteplase is a more

fibrin-specific, not neurotoxic agent which has been tested in Desmoteplase In Acute Stroke (DIAS)

trials and Dose Escalataion of Desmoteplase for Acute Stroke (DEDAS). Unfortunately, the promis-

ing results of DIAS (Hacke et al., 2005) and DEDAS (Furlan et al., 2006) were not supported by

the subsequent DIAS-2 (Hacke et al., 2009) and 3 (Albers et al., 2015) trials. To date, evidence of

clinical efficacy remains stronger for alteplase. Notably, treatment was initiated 3 to 9 hours after

stroke onset in these studies and, in DIAS and DIAS-2 studies, patients were selected for the presence

of penumbra, evaluated by PWI-DWI mismatch on MRI or CTP.

Intra-Arterial Therapies

In case of proximal and large-vessels occlusion or non eligibility for IV therapy, a primary throm-

bolytic IA approach is contemplated. The IV administration of alteplase is in fact more efficient in

case of distal occlusion. IA interventions are invasive, implicating a risk for vascular damage, and

require the collaboration of interventional radiologists, dedicated facilities and higher costs. In the

Prolyse in Acute Cerebral Thromboembolism (PROACT) I, a randomized placebo-controlled trial,

patients with MCA occlusion were treated with IA recombinant pro-urokinase within 6 hours from

stroke onset and recanalization rate was high for treatment group (del Zoppo et al., 1998). Results of

the PROACT II multicenter trial were also positive, proving treatment efficacy (Furlan et al., 1999),

with improved 3-months functional outcome for treatment group. However, definitive data defining

the relative efficacy IA versus IV thrombolysis are still lacking (Powers et al., 2015).

According to current guidelines (Jauch et al., 2013), patients eligible for IV thromoblysis should

receive this therapy even if endovascular treatments are being considered. In fact, a combination of

IV followed by IA fibrinolysis may more efficaciously recanalize occluded major vessels compared to
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IA fibrinolysis alone. The Interventional Management in Stroke (IMS) (IMS, 2004) and IMS-II (IMS-

II, 2007) trials tested the feasibility and safety of IV rt-PA administration within 3 hours from stroke

onset, followed by IA rtPA, if needed. IMS subjects showed significantly improved outcome at 3

months when compared to the placebo subject of the NINDS trial. However, the IMS-III trial showed

similar safety outcomes and no significantly different functional outcome with combined therapy as

compared with IV therapy alone and was stopped early because of reported futility (Broderick et al.,

2013).

Mechanical Thrombectomy

Mechanical thrombectomy may represent a primary strategy, when thrombolysis is contraindicated,

or could also be combined with IV or IA thrombolysis in case of their failure. Different endovascular

devices were cleared by the FDA. The MERCI (Mechanical Embolus Removal in Cerebral Ischemia)

Retrieval System was the first approved by FDA in 2004, followed by the PENUMBRA System in

2007 and the Solitaire Flow Restoration Device and the Trevo Retriever in 2012. These systems for

mechanical thrombectomy have been tested in several trials (Berkhemer et al., 2015; Campbell et al.,

2015a; Goyal et al., 2015). Results from these trials suggest the potential of mechanical thrombec-

tomy in selected patients (Jauch et al., 2013; Powers et al., 2015). Nonetheless, direct comparison of

different devices is lacking and futher clinical studies are warranted.

Imaging-Based Patients Selection for Therapy

The time from symptom onset represents the primary reference for therapy eligibility. However,

due to the heterogeneity of stroke pathophysiology, salvageable penumbra may still be present in a

substantial proportion of patients even beyond the reference time window.

In clinical practice, non-contrast CT imaging is performed in the emergency setting to exclude patients

with hemorrhage (absolute contraindication) and non-vascular pathologies, as indicated in the current

guidelines (Jauch et al., 2013; Powers et al., 2015). Non-invasive vascular imaging (CTA, MRA,

TCD) is strongly recommended during initial imaging evaluation, if endovascular approaches are

contemplated (Jauch et al., 2013). Beyond these recommendations, the use of imaging techniques,

such as perfusion MRI and CT, has been proposed to assess the extension of both ischemic core and

(if present) penumbra to identify patient with the potential to benefit from therapy even beyond the

3-4.5 hours time window.

Therapeutic efforts beyond this timelapse may be worthwhile in patients presenting a small ischemic
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lesion (core) and a large hypoperfusion (penumbra). This strategy would guide the therapeutic deci-

sion for patients in which time of onset is unknown, such as ’wake up stroke’ patients, as well as for

those who had a poor treatment response to IV thrombolysis and candidates for endovascular therapy.

On these basis, penumbra imaging was performed in several trials to select patients, mainly relying

on PWI/DWI MRI and CTP techniques (Hillis and Baron, 2015). The use of these techniques for the

evaluation of penumbra is discussed above (§1.1.4).

The DIAS and DIAS-2 trials were the first to use penumbra imaging for patients selection for inclu-

sion (Hacke et al., 2005, 2009). The echoplanar imaging thrombolysis evaluation trial (EPITHET),

101 patients were randomized for placebo vs rt-PA treatment 3–6 h after stroke. For those patients

who had a significant diffusion–perfusion mismatch on MRI before the intervention (20% difference

between DWI and PWI volumes), the IV rt-PA decreased the size of irreversibly damaged areas and

improved clinical outcome (Davis et al., 2008). In the diffusion-weighted imaging evaluation for un-

derstanding stroke evolution (DEFUSE) trial (Olivot et al., 2009), 74 patients were treated with IV

rt-PA within 3 to 6 hours after stroke onset. Half of the patients (54%) enrolled presented diffusion-

perfusion mismatch profile. These patients benefited from treatment, while the others did not. In

addition, patients with the ’malignant profile’ (DWI or PWI lesion > 100 mL) presented and in-

creased risk of symptomatic intracerebral hemorrhage. The automated RAPID methodology (Straka

et al., 2010), allowing for a rapid estimation of thresholded PWI, DWI and PWI/DWI MRI mismatch

and CTP mismatch, was used to analyze the pooled data from EPITHET and DEFUSE trials. The

analysis showed that target mismatch patients (with mismatch profile and no malignant profile) ben-

efitted from reperfusion, while the other patients didn’t (Lansberg et al., 2011). The EXtending the

time for Thrombolysis in Emergency Neurological Deficits (EXTEND) study is a phase III random-

ized placebo-controlled trial testing IV rtPA within 4.5 to 9 hours after stroke onset and in wake-up

stroke patients (Ma et al., 2012), which design is based on the EPITHET trial, except for parameters

refinement and prospective patients selection using the RAPID methodology. A threshold Tmax>6

seconds was considered and patients with baseline DWI≥70 ml were excluded.

Penumbra imaging was also performed in clinical trials for endovascular therapies. Negative results

were reported by the MR RESCUE trial (Kidwell et al., 2013). Baseline MRI or CT was performed

before before clot retrieval (by Merci Retriever or Penumbra System) or standard care. Patients with

or without a favorable penumbral pattern did not differentially benefit from endovascular therapy, nor

endovascular therapy resulted superior to standard care.

Positive results were instead reported by other studies. Imaging criteria for patients selection could
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explain these discrepancies (Leigh et al., 2014). In the DEFUSE 2 trial from MRI predictors of

therapeutic response to delayed endovascular therapy were explored (Lansberg et al., 2012). Tar-

get mismatch pattern with early reperfusion was associate with more favourable clinical outcomes,

whereas patients without target mismatch were not. Moreover, time to treatment did not modify the

therapeutic effects in patients presenting target mismatch (Lansberg et al., 2015). The EXTEND-IA

trial (Campbell et al., 2015b) was stopped early because efficacy was shown after 70 patients had un-

dergone randomization (in contrast to the 100 patients planned). Patients with evidence of penumbra

and a small ischemic core (<70 mL) on CTP received standard care (IV rt-PA within 4.5h) and were

randomized for endovascular therapy with Solitaire FR (Flow Restoration) stent retriever or standard

care alone. Early thrombectomy showed better reperfusion and both improved neurologic recovery

after 3 days and functional outcome at 90 days.

Globally, these studies support the utility of imaging-based patients selection for therapy eligibility.

Furthermore, identification of patients with potential to benefit from therapy would also reduce sam-

ple heterogeneity in clinical trials, which may have likely contributed to the negative results often

observed in studies for new alternative therapies.

1.1.5.2 Neuroprotective Therapies

The recanalization therapies describes above aim at restoring the oxygen and glucose supply. On

the other hand, neuroprotective strategies directly targeting molecular and biochemical events of the

ischemic cascade are currently considered (Hossmann, 2006; Moskowitz et al., 2010). The progres-

sion of the ischemic penumbra to infarct may be potentially limited or delayed, prolonging the time

window for recanalization therapies. Many molecular targets have been indentified within the is-

chemic cascade (Moskowitz et al., 2010). Their pharmacological manipulation may, theoretically, be

neuroprotective.

Despite over 1000 putative neuroprotective agents obtained promising results in experimental stroke

models (O’Collins et al., 2006), no successful translation has occurred in the phase-3 stroke clinical

trials performed so far (Stroke-Trials-Registry, 2015). Many reasons were advocated for this failing

in translation and are discussed below in Section 1.3.2.

Interestingly, the influence of drugs on CBF has been largely neglected in preclinical research (Suther-

land et al., 2011). It is important to differentiate pure neuroprotective effects (acting on the ischemic
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cascade) from those conditioning physiological parameters, such as CBF (Liebeskind, 2005b; Suther-

land et al., 2011). Monitoring CBF, including cerebral collateral flow, may help to detect indirect

neuroprotective effects in preclinical studies.

In conclusion, the need for new therapeutic strategies for acute ischemic stroke is clear. The general

aim of therapeutic strategies is to save the ischemic penumbra or to slow down its progression to

infarction. A determinant of penumbra survival during occlusion is represented by the residual blood

flow provided by collateral routes. In untreated patients, good collateral status is associated with larger

baseline penumbra and reduced ischemic core (Campbell et al., 2013). Modulating collateral blood

flow in order to augment or maintain perfusion to the ischemic penumbra could represent a new ther-

apeutic strategy for the hyperacute (even pre-hospital) phase (Liebeskind, 2004, 2010; Shuaib et al.,

2011b), particularly if applied before recanalization. Furthermore, collateral circulation may influ-

ence both thrombolytic or neuroprotective drug delivery. For this reason, the assessment of collateral

blood flow may play an important role for treatment decision and patients selection, beside penumbra

imaging. Nonetheless, the relevance of collateral circulation is often neglected, in both clinical trials

and preclinical studies.

The next Section focuses on the cerebral collateral circulation. Its relevance in acute ischemic stroke

and the current methods for its assessment in patients and preclinical stroke models are discussed,

along with the most promising collateral therapeutic strategies.
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1.2 Cerebral Collateral Circulation

Cerebral collateral circulation is a subsidiary vascular network which is dynamically recruited after

arterial occlusion (Liebeskind, 2003) and may provide residual perfusion to ischemic areas. Cerebral

collateral flow during acute ischemic stroke is highly variable among different individuals and is

emerging as a strong prognostic factor either in unselected stroke patients and in patients treated with

intravenous rtPA or endovascular recanalization therapy (Bang et al., 2008, 2011a,b; Calleja et al.,

2013; Campbell et al., 2013; Liebeskind, 2003; Lima et al., 2010; Menon et al., 2011; Miteff et al.,

2009).

1.2.1 Cerebral Collateral Circulation in Humans and Rodents

The main vascular network providing blood in physiological conditions is generally defined as cere-

bral circulation. We instead refer to cerebral collateral circulation when focusing on the subsidiary

arterial and venous network which is dynamically recruited after arterial occlusion and includes in-

tracranial and extracranial routes (Liebeskind, 2003).

Many similarities, with some notable differences, exist between humans and rodents in term of cere-

bral collateral circulation. In both humans and rodents, the cerebral circulation originates extracra-

nially from two internal carotid arteries (ICA) and the basilar artery (BA). The principal vessels

branching from this arteries are connected at the basicranium by an arterial anastomotic ring, named

circle of Willis. The circle of Willis represents the primary collateral circulation.

In humans (Liebeskind, 2003), each ICA branches into a middle cerebral artery (MCA) and an anterior

cerebral artery (ACA), whereas two posterior cerebral arteries (PCA) derive from the BA. An anterior

communicating artery (AComA) connects the two ACA and two posterior communicating arteries

(PComA) connect each PCA to the ipsilateral ICA terminus. In contrast, AComA is totally absent

in rodents (Scremin, 2004), whose proximal segments of ACAs converge to form one single medial

artery called Azigos ACA. Furthermore, all three cerebral arteries rise from the ICA, which is an

integral part of the circle, and the PcomA connect the basilar trunk to each PCA. The structure of the

circle of Willis in both humans and rodents is shown in Figure 1.6.

The circle of Willis represents the primary collateral circulation, capable of rapidly redistributing

blood flow in a condition of stenosis or occlusion of upstream arteries. Its dynamic recruitment has

been shown both in clinical (Hartkamp et al., 1999; van Laar et al., 2007) and preclinical studies
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Figure 1.6: The structure of circle of Willis in humans (A) and rats (B). Reproduced from
Lee (1995).

(Bonnin et al., 2011; Li et al., 2010). However, anatomic variability can diminish its efficiency:

asymmetry is frequent and an ideal configuration is present in only a minority of cases (Iqbal, 2013).

When this primary route is inadequate or a vascular occlusion occurs downstream, the so-called sec-

ondary collateral circulaction may be recruited (Liebeskind, 2003). In humans, the ophtalmic artery

(OA) connects the ICA to the external carotid artery (ECA). In case of proximal ICA occlusion, re-

verse blood flow via the OA provides a collateral source of blood flow from the ECA to the ICA

terminus. In rodents, the pterygopalatine artery represent the collateral route between ECA and ICA

(Tamaki et al., 2006). It originates from the proximal ICA and provides blood flow to facial, orbital

and meningeal districts via many arterial branches, including OA.

In both humans and rodents, each cerebral artery provides blood flow to its vascular territory ram-

ifying along the cortical surface to form a pial arteriolar network. When arterioles deriving from

different cerebral arteries anastomize connecting different vascular territories, they are known as

leptomeningeal anastomoses (LMAs) (Brozici et al., 2003; VANDER EECKEN, 1954). LMAs are

mostly developed between cortical brances of MCA and ACA or MCA and PCA, in both humans

and rodents. In Figure 1.7 the leptomeningeal anastomoses of a Wistar rat are shown (Coyle and

Jokelainen, 1982).

In case of proximal occlusion of a cerebral artery, dynamic blood flow diversion through these anas-

tomoses may provide residual (retrograde) blood flow to the cortical surface of the occluded artery

territory, distally from the occlusion. Extension and severity of cerebral focal ischemia are critically
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determined by the efficiency of this secondary collateral supply (Figure 1.8), which is highly variable

among different individuals, due to differences in the diameter and number, but also in the functional

performance of LMAs. Moreover, their response may need time to develop because of a different

vascular resistance characterizing LMAs compared to the main arteries.

Figure 1.7: Leptomeningeal anastomoses of a Wistar rat. Cerebral arteries of a 56 days-old
Wistar rat were injected with Vultex. Black circle indicate the anastomoses between branches of
different cerebral arteries, characterized by and approximate bilateral simmetry and a parasaggital
distribution extending over frontal (F), parietal and into occipital (O) regions. MCA = middle
cerebral artery; ACA = anterior cerebral artery. Reproduced from Coyle and Jokelainen (1982).

1.2.2 Collateral Circulation in Acute Ischemic Stroke Patients

The status of collateral circulation strongly determines stroke evolution and outcome, both in treated

and untreated patients, and it’s emerging as a strong prognostic factor.

The status of collateral circulation is influenced by several factors. Atherosclerosis or stenosis, leading

to chronic cerebral hypoperfusion, may allow for adaptative collateral development in contrast to

an abrupt acute occlusion. Accordingly, the extent of collateral circulation correlates with luminal

stenosis degree in intracranial atherosclerosis patients: more severe stenosis, implying a longstanding

atherosclerotic disease, showed more robust collaterals than milder stenosis (Liebeskind et al., 2011).

In preclinical studies, chronic hypoperfusion by prolonged unilateral common carotid artery occlusion

induce cerebral collateral growth (Omura-Matsuoka et al., 2011; Todo et al., 2008). On the other

hand, advanced age (Arsava et al., 2013) and chronic hypertension (Ovbiagele et al., 2007) are known
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Figure 1.8: Imaging of cerebral collaterals with CT-angiography in a patient with acute
ischemic stroke. Collateral vessels (A. small arrows) are visible in the right hemisphere. These
vessels have been recruited after acute right MCA occlusion (a. large arrow). This patient was
treated with intravenous thrombolysis and developed a small subcortical lesion (B), while the
entire cortical territory was intact (C), due to the residual blood flow provided by the collateral
circulation in the hyperacute phase, before recanalization was achieved. CT = computerized to-
mography; MCA = middle cerebral artery. Reproduced from Coyle and Jokelainen, 1982 (Coyle
and Jokelainen, 1982)

to negatively affect the efficiency of secondary collaterals, consistent with preclinical results (Coyle,

1987; Faber et al., 2011; Hecht et al., 2012; Omura-Matsuoka et al., 2011).

In untreated patients, good collateral status is associated with larger baseline penumbra and reduced

ischemic core (Campbell et al., 2013), leading to a more favourable functional outcome and reduced

mortality (Bang et al., 2008; Lima et al., 2010; Menon et al., 2011; Miteff et al., 2009). After throm-

bolytic therapy, recanalization rate is higher in patients with more extensive pretreatment collaterals

(Bang et al., 2011a; Nicoli et al., 2014), which may allow both for enhanced delivery of thrombolytic

agents to clot and its easier dissolution. When recanalization is achieved, patients with good collater-

als seem to be more protected from infarct growth and hemorrhagic transformation (Bang et al., 2008,

2011b), resulting in a more favourable early and long term outcome (Calleja et al., 2013).

Hence, collateral circulation may represent a valuable tool for decision making in endovascular treat-

ment: patients with good pretreatment collaterals may be better candidate for more aggressive re-

canalization efforts (Bang et al., 2008), with a chance of a more extended therapeutic window (Ribo

et al., 2011).



Chapter 1. Introduction 30

1.2.3 Assessment of Cerebral Collateral Flow in Acute Stroke Patients

The anatomy of cerebral collaterals in acute stroke patients can be assessed directly using conventional

digital substraction angiography (DSA), CT angiography (CTA) or MR angiography (MRA), while

their functional performance can be studied through tissue perfusion evaluation, via CT and MR

perfusion techniques (CTP and PWI-MRI), or transcranial-doppler ultrasonography (TCD).

1.2.3.1 Digital Substraction Angiography

DSA is considered as the gold standard for collateral performance evaluation, but it is invasive and

usually reserved for patients selected for endovascular procedures. Both vessel anatomy and retro-

grade collateral flow can be studied in a dynamic fashion (Christoforidis et al., 2005; Liebeskind and

Sanossian, 2012; Liebeskind et al., 2014).

1.2.3.2 Multi-modal Computerized Tomography

The extent of collateral flow may be evaluated non-invasively using CTA or MRA techniques (Jäger

and Grieve, 2000; Liebeskind and Alexandrov, 2012). CTA is able to visualize small vascular struc-

tures with high spatial resolution (Knauth et al., 1997; Tan et al., 2009) and provides direct visualiza-

tion of collateral flow after arterial occlusion (Maas et al., 2009) (Figure 1.8). However, if imaging

acquisition is done before the contrast arrives in the leptomeningeal vessels, there is a risk to un-

derestimate the real collateral extent. Recently, multi-phase CTA techniques have been developed to

address this issue (Kaschka et al., 2014).

CTP allows to study the performance of collateral flow, which is indicated by preserved or increased

cerebral blood volume (CBV) and augmented mean transit time on CTP maps (Donahue and Win-

termark, 2015). A more precise estimation of collateral flow can be obtained with CTP, thanks to

the acquisition of serial scans after contrast bolus injection. Methods to obtain data insensitive to the

timing of contrast arrival have been proposed (Smit et al., 2013).

1.2.3.3 Multi-modal Magnetic Resonance Imaging

Multimodal MRI provides a number of tools to assess collateral flow, although with some limitations.

MRA can determine alterations of cerebral circulation within large arteries (Liu et al., 2004), but

with less spatial resolution compared to CTA and without discriminating flow direction (Kinoshita
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et al., 2005). Fluid Attenuated Inversion Recovery (FLAIR) images on MRI are able to show vas-

cular hyperintensities distal to an occluded cerebral artery, due to the presence of a slow, retrograde

blood flow in collateral vessels (Azizyan et al., 2011; Kim et al., 2012; Sanossian et al., 2009). A

signal loss on T2*-weighted gradient echo (GRE) MRI sequences may identify the presence of lep-

tomeningeal collaterals: this may be caused by the fact that blood flowing in collaterals contains lot of

deoxyhemoglobin, which has particular paramagnetic effects (Hermier et al., 2005). PWI-MRI could

assess the performance of collateral flow, showing cerebral tissue with relatively preserved CBF and

a prolonged blood transit time, due to the retrograde blood flow (Nicoli et al., 2013). Arterial spin la-

belling MRI (ASL-MRI) measures tissue perfusion of the brain using arterial water as an endogenous

contrast. It can be used to detect hypoperfusion and perfusion-diffusion mistmach in acute ischemic

stroke patients (Hartkamp et al., 2014). More advanced ASL-MRI tecniques could potentially identify

the presence of leptomeningeal collateral routes (Wu et al., 2008).

1.2.3.4 Transcranial-Doppler Ultrasonography

TCD is, at the moment, the only real-time technique. Blood flow velocity and direction can be as-

sessed, especially concerning the circle of Willis (Baumgartner et al., 1997; Wessels et al., 2004).

Retrograde blood flow in leptomeningeal collaterals, represented by an increased velocity in ACA or

PCA (compared to contralateral arteries), could be detected in patients with MCA occlusion (Kim

et al., 2009). TCD is a non invasive procedure and it does not require radiations or contrast agents in-

jection. The limitations of these techniques are the lack of agreed criteria for defining leptomeningeal

flow, a significant operator dependency and the absence of an adequate transtemporal bone window

in some patients (Marinoni et al., 1997).

Cerebral collateral imaging may be an useful tool both in establishing the prognosis in stroke patients

and in selecting candidates for endovascular therapy. A general limit of imaging techniques for the

assessment of collateral vessels and flow is represented by the spatial and temporal resolution they

provide: a whole brain imaging, which can’t be performed in real time (except for TCD). Moreover, its

application is limited by a lack of consensus regarding which imaging modality should be considered,

precise timing of assessment after ischemic stroke onset and which scales for grading collateral flow

should be used (Liebeskind, 2013; Liebeskind and Sanossian, 2012; McVerry et al., 2012). The

most promising approach to improve collateral assessment in patients may be represented by new

techniques combining vessels and perfusion imaging, such as multimodal CT or MR (Smit et al.,

2013). The methods for collateral anatomy and blood flow are summarized in Table 1.1 and 1.2.
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Table 1.1: Methods for the assessment of collateral blood flow in acute ischemic stroke
patients (Part 1/2). CBF = cerebral blood flow; CTA = computerized tomography angiog-
raphy; CTP = computerized tomography perfusion; MRA = magnetic resonance angiography;
FLAIR(MR) = fluid attenuated inversion recovery (magnetic resonance).

Technique Temporal
Resolution

Spatial
Resolution

CBF
Information Risks Logistics

Angiography Real time High

Gold standard for

collateral

performance

evaluation

Invasiveness

Requires

angio-suite and

medical/technical

expertise

CTA Not real time High

Large and

medium-size vessels;

may underestimate

the real collateral

extent

Contrast

medium

Rapid acquisition

time. Readily

available in most

emergency setting

CTP Not real time medium

Estimation of

collateral

performance (not

influenced by a

delayed contrast

arrival)

Contrast

medium

Rapid acquisition

time. Readily

available in most

emergency setting

MRA Not Real time Medium
Limited to major

arteries
No

Long acquisition

time. Not available

in most emergency

setting

FLAIR
(MR)

Not real time Medium

Vascular

hyperintensities distal

to an occluded

cerebral artery

(retrograde blood

flow in collateral

vessels)

No

Long acquisition

time. Not available

in most emergency

setting
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Table 1.2: Methods for the assessment of collateral blood flow in acute ischemic stroke
patients (Part 2/2). MR-PWI = magnetic resonance - perfusion-weighted imaging; ASL-MR =
arterial spin labelling - magnetic resonance; TCD = transcranial Doppler ultrasonography.

Technique Temporal
Resolution

Spatial
Resolution CBF Information Risks Logistics

MR-PWI Not real time Medium

Prolonged blood transit

time, expressed with

time-to-peak parameter

(retrograde flow in

collateral routes)

No

Long acquisition

time. Not available

in most emergency

setting

ASL-MR Not real time Medium

It can distinguish the

blood territories from

major vessels and

leptomeningeal collateral

routes

No

Long acquisition

time. Not available

in most emergency

setting

TCD Real time Low

Retrograde blood flow in

leptomeningeal

collaterals represented by

a blood flow diversion

(increased velocity in

ACA or PCA compared

to contralateral arteries)

No

Bedside testing.

Inexpensive.

Repeatable. Highly

operator-

dependent.
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1.2.4 Assessment of Cerebral Collateral Flow in Experimental Stroke Models

In experimental stroke models, both the site and duration of arterial occlusion are controlled. Con-

tinuous or repeated assessment of cerebral collateral flow could be performed, including pre-stroke

assessment. For these reasons, preclinical research could play a crucial role for a deeper understanding

of collateral response during ischemia and promote the translational development of collateral-based

therapies. However, both cerebrovascular differences between different species and strains and inter-

individual variability need to be meticulously considered to achieve effective results in this field of

translational stroke research (Howells et al., 2010; Liebeskind, 2008).

Although some techniques used in stroke patients, such as DSA, MRI or TCD, could be used in stroke

models (Bonnin et al., 2011; Christoforidis et al., 2011; Leoni et al., 2012; Sakoh et al., 2000), signif-

icant limitations, including costs, logistics and low spatial resolution due to the reduced dimensions

of the animals (mostly rodents) prevent their spread use. An easier assessment of collateral blood

flow and anatomy with great spatial and temporal resolution can be achieved using optical imaging

methods (Devor et al., 2012).

1.2.4.1 Laser Speckle Contrast Imaging

Laser Speckle Contrast Imaging (LSCI) (Ayata et al., 2004; Dunn, 2012; Dunn et al., 2001) represents

a non-expensive option for studying blood flow in LMAs. This technique provides maps of cortical

blood flow, derived from the blurring of the speckle contrast pattern of a coherent light (laser), which

is scattered by the motion of red blood cells (RBCs) when directed to the cortical surface (Ayata et al.,

2004; Dunn, 2012; Dunn et al., 2001). Full-field imaging of the cortical surface and nearly real-time

information about blood flow in both surface vessels and parenchyma are obtained. A cranial window

is usually performed, although acquisition through intact skull is theoretically possible in mice.

LSCI was used in rodent models of MCAO to study changes in regional CBF (rCBF) and the dynamic

response of LMAs to the vascular occlusion (Armitage et al., 2010; Ayata et al., 2004; Dunn et al.,

2001; Strong et al., 2006; Wang et al., 2012), also following treatment with collateral therapeutics

(Shih et al., 2009; Winship et al., 2014). After thromboembolic MCAO, blood flow establishment

through pial arteriolar anastomoses was immediately evident (Figure1.9), suggesting a prompt patho-

physiological recruitment of the collateral circulation, also persisting after 24 hours (Armitage et al.,

2010). In another study (Wang et al., 2012), LMAs immediately provided blood flow after permanent

MCAO and were classified in persistent, impermanent and transient on the basis of their dynamic
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changes. Notably, collateral dynamics were related to rCBF changes within the neighboring cortical

parenchyma, suggesting a relationship between collateral flow and distribution of regional perfusion

within the penumbra (Wang et al., 2012).

Though the speckle contrast values are indicative of RBCs motion, they are not directly related to

their speed or flow, with the exact relationship still undefined (Duncan and Kirkpatrick, 2008). For

this reason, LSCI can be used to measure relative blood flow changes, rather than for its absolute

quantification (Parthasarathy et al., 2008).

Figure 1.9: Laser Speckle Contrast Imaging map of cortical blood flow after focal stroke
in rat. LSCI images showing blood flow in the surface veins (V) and branches of the MCA on
the cortical surface before (Pre-MCAo) and after (Post) MCAO. Blood flows through anastom-
atic connections between the distal segments of the ACA and MCA is visible immediately after
MCAO (arrows). LSCI = laser speckle contrast imaging; MCA = middle cerebral artery; ACA
= anterior cerebral artery; MCAO = middle cerebral artery occlysion. Adapted from Armitage
et al. (2010).

1.2.4.2 Two Photon Laser Scanning Microscopy

In contrast to LSCI, Two Photon Laser Scanning Microscopy (TPLSM) (Shih et al., 2009) is an optical

technique providing quantitative measure of blood flow velocity and direction in single vessels, with

depth resolution up to 1 mm. Single arterioles, venules and capillaries of both surface and subsurface

vasculature are resolved after intravenous injection of dextran conjugated with a fluorescent dye.

A cranial window is required and scanning procedure is time-consuming, but pre-defined scanning

paths may ameliorate this aspect (Shih et al., 2009). Notably, TPLSM can be exploited for the study

of neurovascular coupling (Shih et al., 2009).
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Collateral response after occlusion of both pial and penetrating arterioles were studies using TPLSM

in rats (Nishimura et al., 2010, 2007; Schaffer et al., 2006; Shih et al., 2009), also when testing col-

lateral therapeutic strategies (Defazio et al., 2012; Winship et al., 2014). While collateral flow is

not activated after photothrombotic occlusion of an individual penetrating arteriole (Nishimura et al.,

2010, 2007), it is evident after both single pial arteriole or MCA occlusion (Schaffer et al., 2006):

perfusion is rapidly reestablished through blood flow reversal at the first branch downstream the oc-

clusion and approximately half of downstream distant arterioles (Schaffer et al., 2006). Moreover,

small pial arterioles vasodilation was observed within the ischemic penumbra after MCAO. The va-

sodilation persisted throughout occlusion and reperfusion period and compensated for an incomplete

blood flow recovery (Shih et al., 2009).

1.2.4.3 Laser-Doppler Flowmetry

Laser-Doppler Flowmetry (LDF) (Sheperd and Öberg, 1990) is a well-established technique for tissue

perfusion monitoring and is recommended to confirm successful occlusion (Liu et al., 2009) and

exclude subarachnoid hemorrhage (SAH) (Schmid-Elsaesser et al., 1998a; Woitzik and Schilling,

2002) in experimental ischemic stroke. Optical probes can be precisely located on the cerebral cortex

or skull, providing an integrated reading of the underlying pial vasculature and parenchymal capillary

bed in 1 mm3 volume. Real-time relative cortical CBF values are obtained, while absolute CBF

quantification cannot be achieved (Dirnagl et al., 1989).

Our group developed an optimized system for multi-site LDF monitoring in rats during transient

MCAO (Beretta et al., 2013), which was used for monitoring of the cerebral (collateral blood flow)

in the present work. A custom made holder for two probes was firmly attached to the intact skull

to allow non-invasive and continuous monitoring of cerebral perfusion in the central MCA territory

(Probe 1) and in the borderzone between ACA and MCA territories (Probe 2) (Figure 1.10). Although

not providing a direct imaging of the LMAs, multi-site LDF monitoring allows real-time assessment

of cerebral perfusion in two hemodynamically distinct territories during MCAO. Perfusion deficit

recorded by Probe 2 is considered an index of the functional perfomance of LMAs, while perfusion

deficit recorded by Probe 1 is used to confirm occlusion and reperfusion. Multi-site LDF may repre-

sent an easy method to quantify the functional activation of LMAs during ischemia in experimental

stroke models and assess the effect of treatments.
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Figure 1.10: Monitoring of cerebral collateral flow in experimental ischemic stroke using
multi-site laser Doppler flowmetry. A. The positions of the laser Doppler probes are shown,
with reference to their underlying MCA territory (white dotted line) and bregma. Probe 1 =
central MCA territory (ischemic core; -1 mm from bregma, 5 mm from midline); Probe 2 =
MCA-ACA borderzone territory (collateral flow; +2 mm from bregma, 2 mm from midline).
B. Laser Doppler tracings are shown from a representative animal showing a larger perfusion
deficit in Probe 1 compared to Probe 2 during MCAO, suggesting functionally active intracranial
collaterals under ischemic conditions. MCA = middle cerebral artery; ACA = anterior cerebral
artery; MCA-O= middle cerebral artery occlusion; CCA-O= common carotid artery occlusion;
P.U. = perfusion units.

The use of any of these methods (or a combination of them) to monitor arterial occlusion and col-

lateral perfusion should be considered to improve accuracy of preclinical stroke research. Moreover,

assessing collateral blood flow may clarify its dynamic response to acute vascular occlusion and may

be used to study therapeutic strategies acting on the collateral circulation itself in experimental stroke

models.

Advantages and drawbacks, in terms of temporal and spatial resolution, invasiveness and affordability

of each technique are shown in Table 1.3.
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Table 1.3: Methods for the assessment of collateral blood flow in experimental stroke mod-
els. MRI = magnetic resonance imaging; LSCI = laser speckle contrast imaging; TPLSM =
two-photon laser scanning microscopy; LDF = laser Doppler flowmetry.

Technique Temporal
Resolution

Spatial
Resolution

CBF
Information Invasiveness Cost

MRI Not real-time
Whole brain
with low
resolution

Perfusion maps None High

LSCI
Almost
real-time

Stricktly
surface reading

Relative CBF
values

Craniotomy
may be
necessary

Moderate

TPLSM
Repetitive
scanning
required

Depth
resolution

Quantitive CBF
velocity and
direction in
single vessels

Craniotomy
necessary

High

LDF Real-time
monitoring

Integrated
reading in 1
mm3 cortical
volume

Relative CBF
values

Craniotomy
not necessary

Moderate

1.2.5 Collateral Therapeutics

At present, therapeutic strategies for acute stroke are focused on vascular occlusion with the aim to

obtain early recanalization with acceptable risks (see §1.1.5). Intravenous thrombolysis with rtPA (Al-

teplase) within 4.5 hours from symptom onset (for any vessel occlusion) and endovascular thrombec-

tomy with recanalization devices within 6 hours from symptom onset (for large vessel occlusion) are

currently the best therapeutic options (Jauch et al., 2013; Powers et al., 2015), while intra-arterial

thrombolysis is reserved for selected cases. Unfortunately, most patients are not eligible for recanal-

ization therapies, because of its restricted time-window (Ingall, 2009; Lansberg et al., 2009) and

the risk of hemorrhagic transformation. Furthermore, recanalization is not always successful and,

even when achieved, may be futile because of delayed reperfusion, hemorrhagic transformation, re-

occlusion or vascular collapse downstream (Espinosa de Rueda et al., 2015; Gomis and Dávalos,
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2014).

Vascular aspects beyond the occlusion are often neglected (Liebeskind, 2005a, 2010). Nonetheless,

modulating collateral blood flow in order to augment or maintain perfusion to the ischemic penumbra

could represent a new therapeutic strategy for the hyperacute (even pre-hospital) phase (Liebeskind,

2004, 2010; Shuaib et al., 2011b), particularly if applied before recanalization or neuroprotective

therapies.

Althought different strategies could be used to modulate cerebral collateral flow during acute ischemic

stroke (summarized in Table 1.4 - 1.6), extensive research is needed in both animal models and stroke

patients to establish the best approach in terms of benefit-to-risk ratio.

1.2.5.1 Strategies for the Acute Modulation of Collateral Blood Flow

Pressure Load

Increasing systemic blood pressure represents a first strategy. Despite chronic hypertension represents

a well-established risk factor for ischemic stroke and is also associated with a worse collateral circula-

tion status in both humans and rodents (Coyle, 1987; Lima et al., 2010), the induction of hypertension

in the hyperacute phase of an ischemic event has been proposed as a collateral therapeutic approach.

Phenylephrine, a selective α1-adrenergic receptor agonist, causes systemic vasoconstriction with very

limited effects on cerebral vessels. A 30% augmentation of blood pressure obtained through phenyle-

phrine infusion 10 or 60 minutes after distal MCAO induction in mice enhanced cortical CBF both in

core and penumbra (Shin et al., 2008). Notably, LSCI demonstrated the involvement of LMAs, with

augmented blood flow visible in PCA and ACA branches but not in MCA proximal to the occlusion

(Shin et al., 2008). In small clinical studies, norepinephrine- o phenylephrine-induced hypertension

improved outcome after stroke (Hillis et al., 2003; Koenig et al., 2006; Marzan et al., 2004; Rordorf

et al., 2001), but collateral circulation was not directly assessed, leaving its contribution unclear.

Intravascular Volume Load

Increasing intravascular volume may represent a second strategy. Cerebral blood volume augmenta-

tion by plasma expansion and hemodiluition could improve cerebral perfusion in experimental stroke

models (Heros and Korosue, 1989). However, in acute ischemic stroke trials performed in the 1990s,

plasma expansion by dextran 40 and hydroxyethyl starch showed no benefit on neurological out-

come or mortality reduction (Chang and Jensen, 2014). Notably, all these early clinical studies were
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performed in the pre-thrombolysis era and outside a meaningful therapeutic window (patients were

enrolled many hours or even days after symptom onset) and cerebral collateral flow was not assessed.

Albumin administration has been hypothesized to enhance cerebral perfusion through plasma expan-

sion and inhibition of platelets aggregation. Intravenous albumin administration has been reported to

enhance cerebral perfusion (Huh et al., 1998; Nimmagadda et al., 2008; Park et al., 2008) and provide

neuroprotection (Belayev et al., 1997, 1998; Liu et al., 2001) in several preclinical works. Regional

CBF was augmented in both core and penumbra (Huh et al., 1998) and arteriolar blood flow velocity

distal to occlusion was increased (Nimmagadda et al., 2008), enhancing the effect of thrombolytic

drug (Park et al., 2008). Subministration of 25% albumin 30 minutes after distal MCAO induction

enhanced perfusion in both core and penumbra through cortical collateral vessels, reducing infarc-

tion in the mouse strain with insufficient collateralization (Defazio et al., 2012). Promising results

were also reported in a pilot clinical trial (Hill et al., 2011). However, a subsequent large randomized

clinical trial showed no clinical benefit of intravenous albumin solution 25% in ischemic stroke pa-

tients compared to standard treatment (Ginsberg et al., 2013). Notably, 85% of these patients were

treated with rtPA and intravenous albumin was administered on average 60 minutes after (not before)

recanalization therapy.

Cerebral Vasodilation

Induction of cerebral vasodilation is a third strategy. Its major limit is represented by the necessity

to achieve vasodilation selectively in the collateral circulation. Indeed, during acute occlusion, the

vasculature in the ischemic area is immediately activated to a dilated state and a vasodilation outside

the hypoperfused area may potentially lead to a vascular steal phenomenon (Bremer et al., 1980;

Kuwabara et al., 1995).

Nitric oxide (NO) is a strong endogenous vasodilator with therapeutic potential for ischemic stroke

(Terpolilli et al., 2012b). NO inhalation following MCAO in adult mice induced a selective arteriolar

vasodilation within the ischemic penumbra. Cortical blood flow was consequently enhanced, likely

through collateral arterioles, leading to decreased brain damage and improved functional outcome

(Terpolilli et al., 2012a). No results are available for inhaled nitric oxide in acute stroke patients.

Sphenopalatine ganglion (SPG) electrostimulation activates parasympathetic fibers innervating in-

tracranial vessels leading to their vasodilation. In a preclinical study, SPG-stimulation started 60

minutes after MCAO preserved DWI-PWI mismatch up to 180 minutes and reduced infarct size (Bar-

Shir et al., 2010). A better tissue and functional outcome was obtained even if treatment was started
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many hours after occlusion onset (Henninger and Fisher, 2007). A stimulation started 15 minutes

or 24 hours after photothrombotic MCAO lead to intensity- and duration-dependent increased CBF

and to cortical arterioles vasodilation (Levi et al., 2012). This treatment could extend the therapeutic

window for conventional approaches. SPG electrostimulation in ischemic stroke patients has been

demonstrated to be safe (Khurana et al., 2009).

Stimulating cerebral function during ischemia could non-invasively enhance collateral perfusion of

affected regions through neurovascular coupling mechanisms. An increase of blood flow to cerebral

functionally-active regions derives from a coordinated interaction of neurons, glia and vasculature (i.e.

functional hyperaemia) (Attwell et al., 2010). Mild sensory cortical activation induced by whiskers

stimulation in rats lead to a gradual reperfusion via MCA distal collaterals and to cortical function

recovery, when the treatment was initiated within a critical time window from MCAO onset (Lay

et al., 2010, 2011). Notably, a complete protection from ischemic damage in most animals was

obtained (Lay et al., 2010, 2011).

Selective arteriolar vasodilation could be obtained using acetazolamide, which pharmacologically

inhibits carbonic anhydrase and consequently augments CO2 levels (Sullivan et al., 1987). Its admin-

istration caused pial arteriolar vasodilation and increased cortical perfusion in piglets (Domoki et al.,

2008). In clinical practice, acetazolamide is used to test hemispheric cerebrovascular reactivity in

patients with chronic cerebrovascular occlusions, in order to establish the risk of subsequent ischemic

stroke (Kuroda et al., 2001; Ogasawara et al., 2002). The only report of acetazolamide in experimen-

tal stroke dates back to 1971 (Regli et al., 1971), was performed in cats undergoing permanent MCAO

(without reperfusion) and the drug was administered outside a meaningful time window (48-54 hours

after the onset ischemia). No results are available for acetazolamide in acute stroke patients.

Cerebral Flow Diversion

Cerebral flow diversion is a fourth strategy. Gravitational influences of head positioning after acute

vascular occlusion may affect pressure gradients in cerebral circulation, which enhancement may

promote leptomeningeal recruitment. Augmentation of cerebral perfusion and increased MCA blood

flow velocity has been reported in stroke patients after flat head positioning (Schwarz et al., 2002;

Wojner et al., 2002; Wojner-Alexander et al., 2005) and after 5◦ head-down tilt following bilateral

CCAO in mice (Nagatani et al., 2012). An increase in the collateral blood flow from posterior to

anterior circulation is hypothesized (Nagatani et al., 2012).
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A temporary partial occlusion of the abdominal aorta may divert flow from the splanchnic circulation.

Transient aortic occlusion reduced perfusion deficit and 24-hours infarct size after thromboembolic

MCAO in rats (Noor et al., 2010). Risk of hemorrhagic transformation wasn’t increased and infarct

size was further reduced when combined with thrombolysis, suggesting a synergistic interaction be-

tween the two treatments (Noor et al., 2010). The same procedure also showed an increased blood

flow through ACA-MCA leptomeningeal anastomoses after thromboembolic MCAO in rats, restoring

it to baseline levels and maintaining stroke-induced vasodilation (Winship et al., 2014). CBF increase

persisted for at least 75 minutes after catheter and balloon removal, according with a previous study

in a non-stroke porcine model (Hammer et al., 2009). A randomized clinical trial of this procedure

in acute ischemic stroke patients demonstrated an acceptable safety profile and suggested efficacy in

post-hoc subgroup analysis (Shuaib et al., 2011a). Tretment appeared safe also in association with

thrombolysis (Emery et al., 2011).

External counterpulsation diverts blood flow from lower limbs to the brain using antigravity suits or

leg air cuffs. This procedure resulted safe in ischemic stroke patients (Han and Wong, 2008; Lin et al.,

2012), but an improvement in clinical outcome has been shown only in few patients (Berthet et al.,

2010). No results are available for this strategy in preclinical models.

A selective vasoconstriction of the hemisphere controlateral to the occlusion may divert flow to ipsi-

lateral hemisphere through a mechanism known as “reverse steal phenomenon”. This is based on the

assumption that vessels in the ischemic areas will not respond to vasoconstrictor stimuli (being in a

forced vasodilated state) and could be considered a subtype of flow diversion. Intravenous adminis-

tration of a 5-HT1D receptor agonist, sumatriptan, 5 minutes after permanent MCAO in rats enhanced

cortical perfusion in penumbral regions at 2 hours post-occlusion, which further improved at 3 hours.

This perfusion enhancement was accompanied by an inhibition of spreading depression-like depolar-

izations and a reduction of ischemic volume by more than 70% (Mies, 1998).

In the present work, different strategies for the therapeutic modulation of collateral blood flow in the

acute phase of ischemic stroke were tested and multi-site LDF for the assessment of collateral blood

flow was used (Chapter 4).
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Table 1.4: Strategies for acute modulation of cerebral collateral flow in ischemic stroke
(Part 1/3). CBF = cerebral blood flow; LMAs = leptomeningeal anastomoses; MCAO = middle
cerebral artery occlusion.

Strategies Risks Cost
Results in
preclinical
stroke models

Results and
feasibility in
human stroke

Pressure

Load

Induced

Hypertension

Haemorrhagic

transformation,

cardiac arrhythmias,

myocardial ischemia.

Minimally invasive

(intravenous drug).

Low

Core and penumbra

CBF augmentation

through LMAs after

distal MCAO in mice.

(Shin et al., 2008)

Preliminary results

indicate efficacy

(small clinical

studies) (Hillis et al.,

2003; Marzan et al.,

2004). High

feasibility.

Intravascular

Volume

Load

Dextran and
hydroxyethyl
starch

Anaphylaxis,

pulmonary edema,

platelet dysfunction.

Minimally invasive

(intravenous drug).

Low

CBF augmentation

and improved

outcome in various

stroke models (Heros

and Korosue, 1989).

No benefit in early

clinical trials (before

introduction of

recanalization

therapies) (Chang and

Jensen, 2014). High

feasibility.

Albumin

Pulmonary edema,

allergic reactions.

Minimally invasive

(intravenous drug).

Moderate

Cerebral perfusion

enhancement through

LMAs after distal

MCAO in mice

(Defazio et al., 2012).

No benefit in a large

random controlled

trial (administered

after recanalization

therapy) (Ginsberg

et al., 2013). High

feasibility.
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Table 1.5: Strategies for acute modulation of cerebral collateral flow in ischemic stroke
(Part 2/3). CBF = cerebral blood flow; MCAO = middle cerebral artery occlusion.

Strategies Risks Cost

Results in
preclinical
stroke
models

Results and
feasibility in
human stroke

Cerebral

Vasodilation

Nitric Oxide
Inhalation

Pulmonary

irritation. Non

invasive

(inhalation).

Moderate

Selective arteriolar

vasodilation in the

penumbra and

cortical CBF

enhancement after

MCAO in mice

(Terpolilli et al.,

2012a).

No results available in

human stroke. Moderate

feasibility (inhalation

delivery equipement

needed).

Sphenopalatine

Ganglion

Stimulation

Invasive (minor

surgery).
High

Cortical arterioles

vasodilation and

CBF augmentation

after

photothrombosis

(Levi et al., 2012).

Ongoing clinical trial

(Khurana et al., 2009).

Moderate feasibility

(surgery needed).

Sensory-
induced
Vasodilation

No risks known. Low

Gradual

reperfusion

through collaterals

after MCAO in rats

(Lay et al., 2010).

No results available in

human stroke. High

feasibility.

Pharmacolo-

gically-induced

selective

vasodilation

Acetazolamide may

cause paraesthesia,

nausea, metabolic

acidosis. Minimally

invasive

(intravenous drug).

Low

Pial arteriolar

vasodilation and

cortical perfusion

enhancement in

piglets (Domoki

et al., 2008)

No results available in

human acute stroke.

Clinically used as

diagnostic tool in chronic

stroke. High feasibility.
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Table 1.6: Strategies for acute modulation of cerebral collateral flow in ischemic stroke
(Part 3/3). CCAO = common cerebral artery occlusion; LMAs = leptomeningeal anastomoses;
MCAO = middle cerebral artery occlusion.

Strategies Risks Cost

Results in
preclinical
stroke
models

Results and
feasibility in
human stroke

Cerebral

Flow

Diversion

Head down tilt

Increase in

intracranial venous

pressure. Non

invasive.

Low

Cerebral perfusion

augmentation after

bilateral CCAO in

mice (Nagatani

et al., 2012)

Increase in cerebral

perfusion and blood flow

velocity by flat head

positioning (case series)

(Schwarz et al., 2002;

Wojner-Alexander et al.,

2005). High feasibility.

Partial aortic

occlusion

Invasive

(endovascular

surgery).

High

Blood flow

enhancement

through LMAs

after

thromboembolic

MCAO in rats

(Winship et al.,

2014).

Clinical trial suggest

efficacy in post-hoc

subgroup analysis

(further confirmation

required) (Shuaib et al.,

2011a). Moderate

feasibility (endovascular

procedure needed).

External

Counterpulsa-

tion

No risks known.

Non invasive

(external device).

Intermediate-

high

No results

available in

preclinical stroke

models.

Possible improvement of

cerebral perfusion and

collateral supply (Lin

et al., 2012).

Intermediate feasibility.

Reverse Steal

Phenomenon

Sumatriptan may

cause myocardial

ischemia,

ventricular

tachycardia.

Minimally invasive

(intravenous drug).

Low

Cortical perfusion

enhancement in the

penumbra after

MCAO in rats

(Mies, 1998).

No results available in

human stroke. High

feasibility.
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1.2.5.2 Strategies for the Chronic Modulation of Collateral Blood Flow

Chronic brain hypoperfusion, due to atherosclerotic disease or stenosis, augments risk of acute stroke

in patients (Grubb et al., 1998; Yamauchi et al., 1996). On the other hand, chronic hypoperfusion is

associated with a better collateral status (Liebeskind et al., 2011), which may derive from an arterio-

genic compensatory mechanism and could be protective during an acute occlusion.

Arteriogenesis is a process of remodeling and caliber enlargement of pre-existing vessels (Troidl and

Schaper, 2012). A mechanical stimuli, as fluid shear stress, arising after a sudden vessel occlusion or

a progressive stenosis, induces this process. Endothelium is activated and inflammatory circulating

cells infiltrate the vascular structure, leading to remodeling.

Enhancing arteriogenesis of pre-existing collateral vasculature may represent a preventive therapy

to chronically modulate collateral blood flow, ameliorating collateral functional performance during

both chronic hypoperfusion and acute vascular occlusion. Various chemokines or growth factors se-

creted by inflammatory infiltrating cells during the arteriogenic process (Buschmann et al., 2003a;

Schirmer et al., 2009) can be considered. Granulocyte-macrophage and granulocyte-colony stimu-

lating factor (GM-CSF and G-CSF) have been extensively studied in preclinical models of cerebral

hypoperfusion (Buschmann et al., 2003b; Duelsner et al., 2012; Sugiyama et al., 2011; Todo et al.,

2008), showing an enhancement of collateral vessels growth, both at the circle of Willis (Buschmann

et al., 2003b; Duelsner et al., 2012; Sugiyama et al., 2011) and leptomeningeal anastomoses (Schnei-

der et al., 2007; Sugiyama et al., 2011; Todo et al., 2008). Chronic GM-CSF or G-CSF administration

after unilateral CCAO in mice lead to collateral vessels growth and restored cerebrovascular reverse

capacity, with a reduction of infarct volume in animals additionally subjected to ipsilater MCAO

(Duelsner et al., 2012; Sugiyama et al., 2011; Todo et al., 2008).

Statins may represent another preventive therapy: a better angiography-assessed collateral status is

associated with their pre-morbid administration in acute ischemic stroke patients (Lee et al., 2014;

Ovbiagele et al., 2007; Sargento-Freitas et al., 2012), with a reduced infarct volume and a clinical

improvement (Sargento-Freitas et al., 2012). A number of pleiotropic cholesterol-independent effects

have been demonstrated for statins, such as improvement of cerebral vasoreactivity through upregu-

lation of endothelial nitric oxide synthase (eNOS) and enhanced NO bioavailability (Giannopoulos

et al., 2012), but also arteriogenic (Zacharek et al., 2009) and angiogenic mechanisms (Elewa et al.,

2010; Lee et al., 2014; Ovbiagele et al., 2007).
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Angiogenesis is a process distinct from arteriogenesis (Troidl and Schaper, 2012). It leads to the

formation of new vessels and proliferation of endothelial cells (Troidl and Schaper, 2012) and may

contribute to vascular remodeling and functional recovery during the chronic phase after stroke (Arai

et al., 2009). Angiogenesis is driven by an hypoxic environment and mediated by a number of an-

giogenic factors, including vascular endothelial growth factor (VEGF), which plays a role in the

development of collateral circulation during perinatal period in transgenic mice: mice expressing low

levels of VEGF presented fewer collaterals and an increased infarct volume after MCAO compared

to mice expressing higher VEGF levels (Clayton et al., 2008). Angiogenic response after ischemic

stroke has been studied in clinical (Krupiński et al., 1993; Krupinski et al., 1994, 2003) and preclinical

(Krupinski et al., 2003; Wei et al., 2001) settings and therapeutic approaches based on its enhance-

ment have been considered (Lu et al., 2012; Shen et al., 2008). These approaches may also enhance

cerebral collateralization. However, since the formation of new functional collateral vessels requires

time, these therapies should be considered either in a premorbid phase, as a primary or secondary

prevention in patients at high-risk for (first or recurrent) ischemic stroke.

A limited number of clinical and preclinical stroke studies focused on cerebral collateral circulation.

Generally, neuroprotective effects are being sought, whereas the contribution of collateral blood flow

is rarely considered or just inferred.

Preclinical stroke research has the potential to directly study the adaptive capacity and modulatory

mechanisms of cerebral collateral flow during focal cerebral ischemia, using different methods and

in different experimental conditions. These preclinical efforts are likely to be worthwhile and may

produce useful translational concepts and direct comparisons of the different strategies to enhance

cerebral collateral flow, including some therapeutic approaches which did not prove successful in past

clinical trials conducted in the pre-thrombolysis era. Importantly, collateral therapeutics may have a

role in the hyperacute (even pre-hospital) phase of ischemic stroke, prior to recanalization therapies.

In the next Section, a general view on preclinical stroke research is provided. In particular, the rel-

evance of cerebral collateral perfusion assessment in the context of neuroprotection studies is dis-

cussed.
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1.3 Preclinical Stroke Research

Preclinical stroke research relies on the use of experimental models to reproduce the pathophysiolog-

ical events following cerebral ischemia. In vitro models of ischemia include cell cultures or ex-vivo

preparations, which are deprived of oxygen and glucose or are exposed to excitotoxic stimuli. These

models are suitable for the study of molecular mechanisms in individual cell types (neuronal, glial,

vascular or immune cells) and allow for a greater control of the experimental variables compared

to the in vivo models. On the other hand, in vivo models are certainly more closely mimicking the

pathophysiological conditions of cerebral ischemia within the context of a living organism.

Collectively, preclinical stroke models are contributing to the study and understanding of the com-

plex pathophysiology underlying ischemia and testing different therapeutic strategies, elucidating and

providing proof-of-concept for their mechanisms of action. The translation of these findings into a

clinical research context ultimately relies on the use of different in vivo models of cerebral ischemia.

The main models, their features and limitations to their translational impact are discussed.

1.3.1 In Vivo Models of Cerebral Ischemia

1.3.1.1 Animal Species

The main features of ischemic stroke pathology can be modelled in different animal species by in-

ducing a vascular occlusion, which is blocking blood flow to the brain. The species considered for

preclinical stroke research vary from rodents to non-human primates and other higher-order mam-

mals, among which the former are the most frequently considered (Howells et al., 2010).

Reproducing ischemic stroke in non-human primates and other higher-order mammals (e.g. cats, pigs)

is of strong relevance because of their similarity to humans for several aspects, including being gyren-

cephalic species with a similar grey/white matter proportion. Differently, rodents are lissencephalic

and also present a different grey/white matter proportion, as white matter is more abundant in the hu-

man brain compared to the rodent brain. Non-human primates are also relevant for neurobehavioral

outcome studies. On the other hand, ethical considerations, maintenance costs and the requirement

for dedicated facilities must be taken into account. For these reasons, most of the preclinical studies

are initially performed in small animals such as rodents, to establish the drug efficacy in different

strains. Positive results should be then replicated in non-human primates or higher-order mammals,

before proceeding to clinical trials (STAIRs, 1999).
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The ordinary use of rodents for preclinical research and the similarities between human and rodent

cerebral circulation (see §1.2.1) promoted their widespread use in the field of stroke research. In

addition, rodent neuroanatomy and ischemic pathophysiology are well characterized. Since genetic

modification can be relatively easily introduced in mice, they represent the first choice for the study of

molecular pathophysiology. On the other hand, the greater size of rats makes them more appropriate

for physiological parameters monitoring and application of neuroimaging techniques. In both mice

and rats, histological analysis and neurobehavioral tests can be performed to evaluate the structural

and functional effects of ischemic stroke, respectively.

1.3.1.2 Models of Focal Cerebral Ischemia

Given the heterogeneity and complexity of ischemic stroke in humans, different models of cerebral

ischemia are considered but none of them is encompassing all of the features of human stroke. For

this reason, a precise model should be carefully chosen relying on the aim of the specific study and

the hypothesized mechanism of action of the analyzed drug. However, before translating to clinical

trials, a given drug should prove efficient in different models and animal species.

Since the vascular territory of the MCA is the most commonly involved in ischemic stroke in hu-

mans, accounting for approximately 70% of infarcts, occlusion of the MCA is usually contemplated

in preclinical stroke models. The artery can be temporary or permanently occluded (transient vs. per-

manent model). Permanent models are relevant when prospecting a scenario in which recanalization

is not occuring, whereas transient occlusions are mimicking recanalization and associated reperfusion

injury. Moreover, occluding the MCA at different site would differentially model a proximal or distal

occlusion. Both occlusion site and duration of ischemia determine the infarct size, leading to lesions

ranging from large hemispheric to small cortical infarcts. The induction of large infarct mimicks a

malignant profile in humans.

The most common MCAO models are hereby described and their advantages and disadvantages sum-

marized (for detailed reviews see Durukan and Tatlisumak (2007); Fluri et al. (2015); Macrae (2011)).

Intraluminal Suture MCAO Model

The most widely used method to induce cerebral ischemia is the intraluminal model of MCAO, first

described by Koizumi and collegues (Koizumi et al., 1986) and later modified (Belayev et al., 1996;

Longa et al., 1989). A filament is inserted into the CCA or ECA, subsequently introduced into the ICA

and then advanced to block the origin of the MCA (Figure1.11). A proximal occlusion is obtained and
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can be either permanent (by leaving the filament in place) or transient (by withdrawing it, allowing for

reperfusion). For transient occlusion, the ECA access approach is recommended, since preserving the

CCA integrity for reperfusion. Occlusion of 60, 90 or 120 minutes are usually performed, reproducing

a reperfusion-associated scenario. In rats, the ischemic lesion involves the striatum, the occipital,

frontoparietal and temporal cortex, associated with a robust neurological deficit. Although considered

as one of the most reproducible models of ischemia, infarct variability after suture MCAO has been

reported and represents a limitation, in particular for neuroprotection studies. The reproducibility of

the intraluminal occlusion model is affected by different factors, discussed in Section 1.3.2.2. The

collateral circulation may represent an endogenous factor associated with outcome variability. A

differential compensation provided by cortical collateral vessels after MCAO may in fact lead to a

variable involvement of the cortical areas. In contrast, striatal regions are constantly infarcted in

this model, since the the MCA end branches vascularizing these regions do not form collaterals with

adjacent vascular territories (Zülch, 1981).

Figure 1.11: Schematic representation of the intraluminal suture model of MCAO. The
filament is inserted in the ECA (ECA access approach), introduced into the ICA and advanced
to block the origin of the MCA. CCA = common carotid artery; ECA = external carotid artery;
OA = ophtalmic artery; ICA = internal carotid artery; PA = pterygopalatine artery; PComA =
posterior communicating artery; MCA = middle cerebral artery; ACA = anterior cerebral artery;
BA = basilar artery; PCA = posterior cerebral artery. Adapted from Durukan and Tatlisumak
(2009).

The intraluminal suture model presents different advantages. Similarly to humans, a penumbra is

present and makes this model suitable for neuroprotection studies. A craniotomy is not required and

thus related brain damage can be avoided. Finally, the duration of ischemia and reperfusion can be

precisely controlled. On the other hand, inadequate MCAO may occur and the risk of vessel rupture

and subarachnoid haemorrage must be taken into account. Moreover, occlusion of the hypothalamic
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artery leads to hypothalamic ischemia, in turn causing spontaneous hyperthermia that was shown to

persist for at least one day in rats (Li et al., 1999) and may affect further analysis.

In the present study, the intraluminal MCAO was considered to model a focal cerebral ischemia in

Wistar rats. In particular, the ischemic outcome variability was studied in relation to the collateral

blood flow (Chapter 3).

MCA Electrocoagulation or Occlusion by Other Devices

Robinson and collegues (Robinson et al., 1975) firstly proposed a model based on MCA elettrocoagu-

lation, subsequently modified by Tamura and colleagues (Tamura et al., 1981). After craniotomy, the

proximal region of the MCA is exposed and can be coagulated and cut at the origin of the lenticostri-

atal branches (Tamura et al., 1981) or more distally (Bederson et al., 1986), inducing corticostriatal

or cortical damage only, respectively. Differently from MCAO suture model, the hypothalamic, hyp-

pocampal and midbrain areas are spared and related hyper/hypothermia is avoided. The effective

occlusion of the MCA is visually confirmed in this model, which is characterized by a good repro-

ducibility, low mortality and a neurological deficit. Moreover, performing a craniotomy diminishes

the mortality associated with brain swelling following ischemia, preventing the rise in intracranial

pressure. On the other hand, this model is technically demanding and only permanent ischemia

is reproduced. However, occlusion by other devices such as microclips (Shigeno et al., 1985) and

ligature (Buchan et al., 1992) allow for control over the duration of the ischemia and reperfusion.

Reproducibility of these models can be improved by tandem vessel occlusion techniques, combining

MCAO to unilateral (Brint et al., 1988) or bilateral (Chen et al., 1986) CCAO.

Embolic Models

Embolic models rely on the introduction of emboli into the cerebrovasculature in order to occlude

a cerebral artery. They can be divided into two main categories, depending on the emboli nature:

thromboembolic clot models and artificial microsphere-/macrosphere-induced stroke models.

The thromboembolic model was first described by Longa and colleagues (Longa et al., 1989). Ani-

mal’s blood is drawn and used to form autologous clots of specific size and composition, which are

then introduced into the ICA and advanced to occlude the MCA. Another method is to inject thrombin

directly into the intracranial ICA (Zhang et al., 1997) or into the MCA (Orset et al., 2007). Alter-

natively, thrombus formation can be induced in situ by application of FeCl3 on the distal portion of

the MCA (Karatas et al., 2011). Thrombi represent a frequent cause of stroke in humans and the

thromboembolic model is particularly relevant for testing thrombolytic or combination therapies. For
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this model, craniectomy is not required and, when the clot is correctly positioned, large corticostriatal

infarcts and related neurological deficits are induced. However, infarcts are less reproducible com-

pared to the suture model and can result in multi-focal ischemia (with variable size and location) as

well as spontaneous early autolysis of the clot (Beech et al., 2001; Busch et al., 1997), making this

model unappropriate for neuroprotective effects validation. Moreover, hemorrhage and mortality rate

are high (Ansar et al., 2014).

The artificial microsphere model relies on the injection of spheres with a diameter of 20–50 µm of

different materials (e.g. dextran, supraparamagnetic iron oxide, TiO2, ceramic) (Hossmann, 2008).

Microspheres are injected into the ICA or MCA using a microcatheter and cause multifocal and

heterogeneous infarcts (Gerriets et al., 2003). Microspheres size and dose can regulate the extent of

the infarct (Fukuchi et al., 1999). Spheres of 100-400 µm diameter are instead injected in the ICA

in the macrosphere model, causing an MCA occlusion and an infarct similar to MCAO suture model

(Gerriets et al., 2003). In contrast to the MCAO model, hypothalamus is spared from ischemia.

Differently from the thromboembolic model, a permanent occlusion is induced and no induced or

spontaneous reperfusion can occur.

Photothrombotic Model

In the photothrombotic model a photoactive dye (e.g. Rose bengal, erythrosin B) is injected intraperi-

toneally in mice (Kleinschnitz et al., 2008) or intravenously in rats (Watson et al., 1985) and the intact

skull is irradiated by a laser light at a specific wavelength, which causes the generation of free radicals

and subsequent endothelial damage and platelet activation and aggregation in the vessels within the

irradiated area (Watson et al., 1985). The region of cerebral ischemia can be precisely determined

by irradiation based on stereotactical coordinates. The minimal surgery, high reproducibility and the

low mortality represent further advantages of this model. On the other and, the induced end-arterial

occlusion and the little or lack of ischemic penumbra represent disadvantages.

Endothelin-1 Model

The endothelin-1 (ET-1) model is based on the application of this potent and long-acting vasoconstric-

tive peptide (Yanagisawa et al., 1988), which can be applied on the exposed MCA (Robinson et al.,

1990) or by intracerebral stereotactic injection (Hughes et al., 2003), inducing a lesion comparable to

that induced by permanent MCAO. A cortical lesion is induced when ET-1 is applied onto the cortical

surface (Fuxe et al., 1997). The ischemic lesion is dependent on the dose injected, with reperfusion
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occurring over several hours (Biernaskie et al., 2001). This model is characterized by low mortal-

ity but the expression of the ET-1 receptors and converting enzyme also by neurons and astrocytes

(Nakagomi et al., 2000) may interfere with the study of neuronal repair (Carmichael, 2005).

1.3.1.3 Ischemic Outcome Measures

In preclinical stroke research, evaluation of the ischemic outcome is extremely important in order to

assess the efficacy of therapeutic strategies. The two major outcomes considered are the final infarct

size and the neurological deficits.

Final infarct volumes are more frequently quantified by histological staining of coronal brain sections

by techniques such as hematoxylin and eosin (H&E), cresyl violet or 2,3,5-triphenyltetrazolium chlo-

ride (TTC). Healthy cerebral tissue and necrotic areas are differentially stained by H&E and cresyl vi-

olet, with the infarct resulting unstained compared to the healthy tissue (see Figure 1.12). This allows

for a clear demarcation between healthy and infarcted tissue. Morphological changes in the tissue and

cellular structure can also be seen with these techniques. TTC is processed by mitochondrial enzymes

into a red substance, staining therefore the healthy tissue and also delineating the (unstained) ischemic

area. Alternatively, infarct can be quantified non invasively using imaging techniques such as MRI,

e.g. T2-weighted imaging at 24 hours (see Figure 1.12). The area of infarct on each brain section

can be quantified manually or semi-automatically on a sufficient number of coronal sections to allow

accurate determination of infarct volume. Moreover, infarct volume should be corrected for cerebral

edema, using published formulas (e.g. Swanson et al. (1990), Leach et al. (1993)). In fact, cerebral

edema is present after a few hours and is developed over the first 2-3 days after occlusion. The related

brain swelling may lead to overestimation of the infarct volume. Infarct size should be expressed as

mean and standard deviation, either as an absolute volume (mm3) or as a relative value (e.g. % of

the contralateral hemisphere, or brain volume), although relative values allow more straightforward

comparison between different studies.

The assessment of neurological deficits and outcome is essential for the preclinical evaluation of ther-

apeutic strategies, and represent the most relevant outcome from a clinical point of view. Several

neurobehavioural tests have been developed for the quantification of the sensimotor deficit and re-

covery (Metz, 2010; Schallert, 2006). However, neurological assessment is extremely challenging

and time-consuming. The main weakness is the lack of consensus and guidelines on the typologies,

number and frenquency of the neurological tests, also linked to the continuous development of new
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Figure 1.12: Infarct volume assessment. A clear demarcation between infarct and healthy
tissue can be visualized on tissue section histologically stained using Cresyl violet (A, B for
higher magnification) and non-invasively on T2-weighted MRI images (C).

tests and modification of the existing ones. Neurobehavioural testing ranges from specific tests to

more general scoring system. Examples of specific tests are the Morris water maze (to determine

cognitive deficits, D’Hooge and De Deyn (2001)), sticky label or dot test (to test sensimotor asym-

metry, Sughrue et al. (2006)), cylinder test, horizontal ladder and tapered beam walking task (to test

fore/hindlimb use). Scoring systems on the other hand provide an overall evaluation of the rodent’s

condition. They range from simple (e.g. 0-3 point scores, Bederson et al. (1986)) to more detailed

scoring (e.g. 3-18 or 21 point scores, Garcia et al. (1995); Hunter et al. (2000)). Neurobehavioral

testing in rodents is challenging for different reasons: first, animal’s compliance to undertake the

tasks cannot be taken for granted; moreover, neurological deficits may not be overt (even for large in-

farcts) or rapidly regress (for small cortical infarcts). As for the evaluation of the infarct volume, time

from stroke onset should be taken into account when evaluating and interpreting the neurobehavioral

outcome.

In the present work, ischemic outcome was evaluated at 24 hours post-reperfusion after 90 minutes

of MCAO induced by intraluminal suture insertion. Cresyl violet staining (Chapter 2 and 4) and MRI

T2-weighted imaging (Chapter 3) were used for the evaluation of the cerebral infarct (Figure 1.12)

and the scoring system by Garcia et al. (1995) for the neurobehavioral evaluation.

1.3.2 Limitations to Translational Stroke Research

1.3.2.1 The STAIRs Recommedations

Despite successful neuroprotection has been reported in numerous experimental studies, it has failed

to translate into clinical positive results (O’Collins et al., 2006; Stroke-Trials-Registry, 2015) (see

§1.1.5.2). The causes of this “translational roadblock” have been investigated and, among these, the

quality of experimental stroke research has been questioned.
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Intrinsic limitations to the translational potential of preclinical stroke research should also be taken

into account. Firstly, none of the stroke models available is precisely mimicking the human stroke

(see above §1.3.1). For this reason, it is fundamental to choose the most appropriate model, depending

on the specific aim of the study. In addition to this, it should be kept in mind that the consistency of

ischemic stroke models is in contrast to the heterogeneity of human stroke: while in ischemic stroke

models the vascular occlusion duration and location are controlled and its time of onset are known, in

humans this factors are extremely variable or not controlled.

In 1999, the Stroke Therapy Academic Industry Roundtable (STAIRs, 1999) tried to explain the poten-

tial reasons behind this traslational failure and consequently reported recommendations for improving

the quality of preclinical stroke research, which were updated in 2009 (Fisher et al., 2009). These as-

pects have been extensively discussed (Dirnagl, 2006; Fisher et al., 2009; Kahle and Bix, 2012; Liu

et al., 2009; STAIRs, 1999) and are hereby briefly summarized:

• Animal and stroke model.

The choice of the specific stroke models (i.e. proximal/distal occlusion, permanent/transient

occlusion, occlusion duration, method for occlusion induction) is fundamental and should be

driven by the specific aim of the study (see §1.3.1). The results should be replicated in dif-

ferent species (i.e. from rodents to non-human primates). After initial studies have confirmed

positive effects of a therapeutic strategy in young healthy animals, subsequent studies should

incorporate aged animals and/or with stroke co-morbidities, such as hypertension, diabetes and

hypercholesterolemia. Moreover, efficacy should be tested in both male and female animals.

• Therapeutic strategy administration.

After a pharmacological strategy has proven effective, pharmacokinetic and pharmacodynamic

analysis should be performed, including dose-response curves. The minimum dose of effec-

tiveness and maximum dose tolerated should be identified.

A “polypharmacological” approach, where different treatments with different targets or mech-

anisms of action are combined, should be considered. The interactions between new treatments

and the thrombolytic drug rtPA are of foremost importance, together with the their interactions

with co-morbidity drugs. Potential synergic, neutralizing or harmful effects should be investi-

gated.

Clinically relevant routes of drug administration (i.e. intravenous, intraperitoneal, intramusco-

lar) should be considered rather than less feasible intracerebroventricular or intrathecal routes.

Furthermore, the effective drug delivery to the brain should be verified.



Chapter 1. Introduction 56

Finally, the timing of administration is extremely important and should match with a clinically

feasible therapeutic window. Moreover, penumbra imaging could be considered for the investi-

gation of the therapeutic window.

• Monitoring of physiological parameters.

Physiological parameters such as arterial pressure, temperature, blood gases and glucose should

be monitored. CBF monitoring is particularly relevant and can be performed real-time by LDF,

which is recommended to confirm successful occlusion. Importantly, monitoring physiological

parameters would permit to discriminate between pure neuroprotective effects or neuroprotec-

tion related to physiological parameters modification (e.g. hypothermia, augmented CBF).

• Anesthetics.

Some anesthetics are associated with neuroprotective effects. Therefore, the mechanism of

action of the anesthetic should be taken into account and eventual interaction between the ther-

apeutic strategy tested and the anesthetic should be considered.

• Endpoints evaluation.

Measurement of infarct size and neurobehavioral testing are the two most relevant and most

common outcome evaluations. Infarct size can be determined with several methods, among

which histology (e.g. cresyl violet, hematoxylin and eosin, nissl), triphenyl tetrazolium chlo-

ride (TTC) or imaging (MRI). Importantly, factors for the correction of cerebral swelling due

to edema should be applied.

Depending on the stroke models used, stroke-related dysfunctions should be assessed by be-

havioral, sensorial and motor tests, perfomed by the same trained tester. Tasks minimizing

animals anxiety or fear should be considered. Furthermore, long term assessment should also

be considered (beyond 24 hours and up to 2-3 week or longer) in order to ensure outcome

stability.

• Fundamental standards for quality.

Recommendations for high studies quality include sample size calculation, statement of inclu-

sion/exclusion criteria (and subsequent report of excluded animals), randomization, allocation

concelament, blind outcome assessment and report of eventual conflict of interest. These points

are briefly explained in Table 1.7.
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Table 1.7: Fundamental standards for quality. Adapted from Fisher et al. (2009).

Sample size
calculation

How the size of the experiment was planned should be described,
reporting details including the expected variance, the desired statistical
power, and the sample size calculated.

Inclusion and
exclusion criteria

Criteria should be applied before the allocation to experimental groups
and reported in details. For instance, the CBF values detected by LDF
or the devel development of neurological impairment of a given
severity may represent exclusion/inclusion criteria.

Randomization
The method by which animals were allocated to experimental group
should be described and, if by randomization, the speficic method
should be stated (e.g. computer-generated randomization schedules).

Allocation
concealment

Allocation is concealed if the investigator responsible for the induction,
maintenance, and reversal of ischaemia and for decisions regarding the
care of (including the early sacrifice of) experimental animals has no
knowledge of the experimental group to which an animal belongs. The
method of allocation concealment should be described.

Reporting of
animals excluded
from analysis

The criteria for for exclusion of animals should be determined a priori
and described. The animals excluded and the circumstances under
which this exclusion will occur should be reported.

Blinded
assessment of
outcome

The assessment of outcome is blinded if the investigator
responsible for measuring infarct volume, for scoring
neurobehavioral outcome or for determining any other outcome
measures has no knowledge of the experimental group to which
an animal belongs. The method of blinding the assessment of
outcome should be described.

Reporting potential
conflicts of interest
and study funding

Any potential conflict of interest should be discosed along with
funding information.
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1.3.2.2 Ischemic Outcome Variability

A well-recognized limitation of preclinical stroke models is outcome variability (Howells et al., 2010),

particularly regarding infarct size (Tudela et al., 2014), which is the most commonly used primary

outcome. The objective of experimental stroke models is to achieve reproducibility and minimize or

control variability, in order to maximize their reliability. The variability in infarct size in different rat

strains after suture MCAO is shown in Figure 1.13. In a recent meta-analysis of 502 control groups in

preclinical stroke experiments, the average infarct size coefficient of variation was about 30% (ranging

from 1.7% to 148%) (Ström et al., 2013). The problem with high outcome variability is that a higher

number of animals is needed to get an adequate statistical power, which is problematic from both an

ethical and economical point of view. The main reasons of infarct size variability in stroke modes are

not completely understood.

Figure 1.13: Infarct volume variability in different rat strains after suture MCAO. The in-
farct volumes after suture MCAO in Sprague–Dawley, Wistar Kyoto (WKY), and spontaneously
hypertensive rat (SHR) under a range of experimental circumstances. Purple areas represent the
proportion of animals with cortical infarction. Mean and Standard Deviation plus individual data
points. Adapted from Howells et al. (2010).

Regarding the suture MCAO model, several factors have been demonstrated to be associated with

infarct size variability (Braeuninger and Kleinschnitz, 2009; Liu et al., 2009) and are hereby summa-

rized:

• Suture diameter. The suture diameter (3-0 or 4-0 sutures for rats; 6-0 for mice) well correlated

with infarct size in mice (Türeyen et al., 2005). The insertion length also influences infarct size
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and may vary from 18 to 22 mm in rats (Zarow et al., 1997). In fact, when the suture is inserted

15-16 mm from the carotid bifurcation, only the hypothalamic and anterior choroidal arteries

are occluded (He et al., 1999).

• Suture coating. The suture can be uncoated or coated with silicone (Bouley et al., 2007) or

poly-L-lysine (Belayev et al., 1996), with the coated filaments better adhering to the endothe-

lium and thus associated with larger infarcts and reduced variability.

• Coating length. Different coating length account for different infarcts size: a 2.0 to 3.3 mm

silicone coating is required to completely occlude the MCA in rats, while a coating length>3.3

mm results in additional occlusion of the anterior choroidal artery, hypothalamic artery and

posterior cerebral artery (Guan et al., 2012).

• Rodent strain. MCAO induction in certain rodent strains resulted in more extended infarcts

(Duverger and MacKenzie, 1988; Oliff et al., 1996), probably due to the differences in the

collateral circulation (Oliff et al., 1997). Beside final infarct size, also the penumbra dynamics

seem to differ depending on the rat strain (Bardutzky et al., 2005b).

• Age and co-morbidities. The infarct volume is likely to be affected by the age of the ani-

mals, although discrepant results were reported (Davis et al., 1995; Shapira et al., 2002; Wang

et al., 2003). However, aging was associated with reduced angiogenesis and worse functional

recovery after stroke in rats (Zhang et al., 2005). Co-morbidities such as hypertension may also

affect infarct size. The spontaneously hypertensive rats (SHR) develop larger and less variable

infarcts following MCAO (Coyle, 1986; Duverger and MacKenzie, 1988).

• Physiological parameters. Several physiological parameters such as temperature, blood pres-

sure and gases and glycemia contribute to infarct variability and for this reason must be moni-

tored during experiments. While hypothermia is associated to neuroprotection, an extension of

neuronal damage is associated with hyperthermia (Krieger and Yenari, 2004; Mcilvoy, 2005).

Contrasting results were reported about the effects of hyperglycemia (Ginsberg et al., 1987;

Huang et al., 1996; Prado et al., 1988). The lost capacity of autoregulation of the ischemic

brain makes it more vulnerable to changes in arterial blood gases and blood pressure.

• Anesthesia. Experimental stroke models usually rely on the use of anesthetized animals. Anes-

thetic methods include intraperitoneal injection, inhalation via face-mask in spontaneously

breathing animals or, less frequently inhalation via face-mask in intubated and mechanically

ventilated animals. Many anesthetics used have been associated with neuroprotective effects
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(Kirsch et al., 1996). For this reason, its important to choose the most suitable anesthetic de-

pending on the specific aim of the study.

For the present work, young healthy outbred Wistar rats were anesthetized with isofluorane. The

intraluminal suture model was performed by insertion of a silicon-coated thread into the ECA, which

is then advanced for 20 mm into ICA, occluding the origin of the MCA. During surgery, arterial blood

pressure was monitored and temperature was feed-back controlled with a heating pad and kept around

37◦C.

Beside these methodological aspects, factors related to inter-individual differences in cerebrovascular

anatomy (Barone et al., 1993) and cerebral collateral circulation (Riva et al., 2012) have been re-

ported. Interestingly, the National Centre for the Replacement, Refinement and Reduction of Animals

in Research (NC3Rs) is currently funding a project (2014-2015) entitled “Determining the source of

variability within experimental stroke models”, which is mostly focused on vascular anatomy and

reperfusion (NC3Rs, 2015). Nevertheless, the variability of cerebral hemodynamics during ischemia

has been largely neglected in preclinical research, as well as the influence of drugs on CBF (Suther-

land et al., 2011).

As previously mentioned, monitoring cerebral blood flow using Laser-Doppler Flowmetry (LDF) is

recommended to confirm successful occlusion (Liu et al., 2009) and exclude subarachnoid hemor-

rhage (SAH) (Schmid-Elsaesser et al., 1998a; Woitzik and Schilling, 2002) in experimental ischemic

stroke. In the present work, LDF was also used to monitor cerebral collateral blood flow, as explained

above in Section 1.2.4.3. Our group previously showed that the functional performance of the cere-

bral collaterals during MCAO in rats, assessed using multi-site LDF monitoring (Beretta et al., 2013),

predicted infarct size and functional outcome more accurately than conventional LDF monitoring of

perfusion deficit in the ischemic core alone (Riva et al., 2012). Further experiments using the same

method, in a series of 45 animals, confirmed a highly significant correlation of collateral flow during

MCAO and stroke outcome (Figure 1.14).

In the present work collateral flow assessed by multi-site LDF and acute DWI-MRI were used for the

prediction of 24 hours ischemic outcome and animal stratification based on infarct typology (Chapter

3).

Animal stratification by collateral flow during MCAO represents a promising tool to adjust for out-

come variability in experimental stroke studies. Using cerebral collateral flow during MCAO as a

covariate in multiple regression analysis may represent a simple method to stratify animals in term
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of pre-treatment perfusion deficit, reducing the within group variability and improving efficacy anal-

ysis in preclinical neuroprotection studies. Further studies are needed to determine the more suitable

method, timing and statistical tool for collateral flow assessment in pre-clinical neuroprotection trials.

Figure 1.14: Relationship between cerebral collateral flow during MCAO and stroke out-
come in rats. Linear regression between infarct volume and perfusion deficit during MCAO in
the territory of leptomeningeal collaterals, measured using multi-site laser Doppler, was calcu-
lated for 45 consecutive untreated rats (p < 0.0001; Pearson’s r = -0.59). Notably, the correlation
between infarct volume and perfusion deficit in the ischemic core (central MCA territory) was
not significant (p = 0.14, smaller graph).
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1.4 Aims of the Thesis

Despite its contribution in determining ischemic outcome and its potential for the development of new

therapeutic strategies, a limited number of clinical and preclinical stroke studies focused on cerebral

collateral circulation. For this reason, this work generally aimed at bringing attention to this aspect:

1. The first study, presented in Chapter 2, aims at exploring the relationship between cerebral col-

lateral flow during transient MCAO and the development of molecular penumbra and ischemic

infarct after 24 hours of reperfusion.

2. The second study, presented in Chapter 3, aimed at exploring collateral flow assessed by multi-

site LDF as a stratification factor for the prediction of 24h ischemic outcome, using acute mag-

netic resonance imaging as a reference.

3. The third and last study, presented in Chapter 4, aimed at testing different strategies for the

therapeutic modulation of collateral blood flow. The effects of this strategies on the cerebral

(collateral) perfusion assessed by multi-site LDF and 24h ischemic outcome were evaluated.
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Abstract

Intracranial collaterals are dynamically recruited after arterial occlusion and are emerging as a strong

determinant of tissue outcome in both human and experimental ischemic stroke. The relationship

between collateral flow and ischemic penumbra remains largely unexplored in pre-clinical studies.

The aim of the present study was to investigate the pattern of collateral flow with regard to penumbral

tissue after transient middle cerebral artery (MCA) occlusion in rats.

MCA was transiently occluded (90 minutes) by intraluminal filament in adult male Wistar rats (n=25).

Intracranial collateral flow was studied in terms of perfusion deficit and biosignal fluctuation analyses

using multi-site laser Doppler monitoring. Molecular penumbra was defined by topographical map-

ping and quantitative signal analysis of Heat Shock Protein 70kDa (HSP70) immunohistochemistry.

Functional deficit and infarct volume were assessed 24h after reperfusion.

The results show that functional performance of intracranial collaterals during MCA occlusion in-

versely correlated with HSP70 immunoreactive areas in both the cortex and the striatum, as well as

with infarct size and functional deficit. Intracranial collateral flow was associated with reduced areas

of both molecular penumbra and ischemic core and increased areas of intact tissue in rats subjected

to MCA occlusion followed by reperfusion.

Our findings prompt the development of collateral therapeutics to provide tissue-saving strategies in

the hyper-acute phase of ischemic stroke prior to recanalization therapy.
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2.1 Introduction

Intracranial collateral circulation represents a multiple-level subsidiary vascular network which is

dynamically recruited after occlusion of cerebral arteries to provide a source of residual blood flow

(Liebeskind, 2003). In both humans and rodents, a significant supply of collateral flow after mid-

dle cerebral artery (MCA) occlusion is provided by the circle of Willis through the anterior cerebral

artery (ACA) and the leptomeningeal anastomoses between the cortical branches of ACA and MCA.

However, a significant degree of inter-individual variability exists in the functional performance of

intracranial collaterals under ischemic conditions in humans (Liu et al., 2011; Qureshi et al., 2008)

and rodents (Armitage et al., 2010; Riva et al., 2012). Cerebral collateral flow is emerging as a pow-

erful determinant of functional and tissue outcome in unselected ischemic stroke patients (Maas et al.,

2009; Menon et al., 2011) and in stroke patients treated with intravenous rtPA (Brunner et al., 2014;

Miteff et al., 2009) or endovascular recanalization (Bang et al., 2008, 2011a). For these reasons, an

in-depth understanding of the physiology, adaptive response and modulation of intracranial collateral

circulation is of foremost importance for acute stroke pathophysiology and therapy.

Ischemic penumbra was originally defined as “tissue at risk”, which has been made functionally silent

and metabolically metastable by ischemic injury but still has the potential for full recovery if reper-

fusion is timely achieved (Baron, 1999; Branston et al., 1974; Hossmann, 1994). The concept of

ischemic penumbra is gradually evolving, after pre-clinical and clinical studies showed a heteroge-

neous and variable pattern of perfusion deficit, molecular response, topographical distribution and

evolution of the penumbra in relation to the ischemic core (del Zoppo et al., 2011; Manning et al.,

2014). Hsp70 is the major inducible heat shock protein (Sharp et al., 2000), whose expression af-

ter focal cerebral ischemia reflects an endogenous cell response to injury. The neuronal expression

of Hsp70 is considered as a molecularly defined penumbra, where injured neurons have activated

endogenous pathways for protein renaturation and protection against further ischemia.

In the present study, we investigated the relationship between intracranial collateral flow during tran-

sient MCA occlusion and the development of molecular penumbra and ischemic infarct after 24h. The

hemodynamic monitoring of central and peripheral MCA territories was analyzed in terms of perfu-

sion deficit and biosignal fluctuation. Hemodynamic data were correlated with the corresponding

areas of molecular penumbra, infarct volume and functional deficit.
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2.2 Material and Methods

2.2.1 Animals and Experimental Design

The experimental protocol was approved by the Committee on Animal Care of the University of

Milano Bicocca, in accordance with the national guidelines on the use of laboratory animals (D.L.

116/1992) and the European Union Directive for animal experiments (2010/63/EU), under project

license from the Italian Ministry of Health.

Animals were housed in single cages, exposed to 12/12 hour light/ dark cycle, at controlled room

temperature, with free access to food and water, in a specific pathogen free (SPF) facility.

Figure 2.1: Experimental Design. On day 0, animals underwent transient MCAO and cere-
bral perfusion was continuously monitored by multi-site LDF for the entire period of anesthesia,
including reperfusion. Cardiorespiratory parameters were also continuously monitored. After
24 hours of reperfusion (Day 1), neurological outcome was evaluated and scored according to
a neurobehavioral scale. Infarct volume was calculated on histological slices stained with Cre-
syl Violet. Immunohistochemistry and immunofluorescence for Hsp70 (and other targets) were
performed to evaluate the molecular penumbra. MCAO = middle cerebral artery occlusion; LDF
= laser Doppler Flowmetry; AP = arterial pressure; HR = heart rate; BR = breath rate; IHC =
immunohistochemistry; IF = immunofluorescence.

The experimental design is illustrated in Figure 2.1. On day 0, animals underwent transient MCAO.

Cerebral perfusion monitoring by multi-site LDF was performed continuously during the entire period

of anesthesia, including reperfusion.
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On day 1, after 24 hours of reperfusion, neurological outcome was evaluated and scored according to a

neurobehavioral scale. Animals were then sacrificed and brains were extracted and processed. Histo-

logical slices were stained with Cresyl Violet for the evaluation of the ischemic lesion and underwent

immunohistochemistry and immunofluorescence for Hsp70 (and other targets) for the evaluation of

the molecular penumbra.

A group of consecutive Adult male Wistar rats (280 ± 5% g; n = 28) undergoing successful MCA

occlusion were used for this study. Three rats were excluded from the experimental series for early

death occurred before successful MCA occlusion (one rat died for anesthesiological complications,

two rats died for subarachnoid hemorrhage). All successfully occluded rats (n = 25) survived the

24-hours reperfusion time and were used for analysis.

2.2.2 MCAO Surgery

On Day 0, rats were anesthetized with 3% isoflurane in O2/N2O (1:3), and maintained with 1.5%

isoflurane. A silicon-coated filament (diameter 0.39 ± 0.02 mm, Doccol Corporation, Redlands, CA,

USA) was inserted into the right external carotid artery and advanced in the internal carotid artery,

reaching and occluding the MCA origin. Immediately before filament insertion, the common carotid

artery (CCA) was transiently occluded and subsequently re-opened during ischemia and reperfusion.

The pterygopalatine artery was transiently occluded during both the surgical insertion of the filament

and ischemia, then re-opened during reperfusion. After 90-minutes, the filament was withdrawn and

animals were allowed to recover and had free access to food and water.

2.2.3 Physiological Parameters Monitoring

In a subset of animals (n = 12) cardiorespiratory parameters (arterial pressure, heart rate, respiratory

rate) were continuously monitored using a Samba Preclin 420 transducer (Samba Sensors, Harvard

Apparatus, UK) inserted in the right femoral artery before ischemia induction.

2.2.4 Multi-Site Laser Doppler Flowmetry

The induction of focal cerebral ischemia was assessed using laser Doppler (LD) perfusion monitoring

(dual channel moorVMS-LDFTM, Moor, Axminster, UK) using two blunt needle probes (VP12).

Probes were positioned in a custom made silicon holder attached with surgical glue over the intact
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skull and further secured in place using sutures to surrounding soft tissues (Beretta et al., 2013). The

cranial coordinates for probes positioning were based on a rat brain atlas (Paxinos and Watson, 2007).

The first probe (Probe 1) was attached to the skull 1 mm posterior to the bregma and 5 mm lateral to the

midline (lateral probe, corresponding to the core of the MCA territory). The second probe (Probe 2)

was attached to the skull 2 mm anterior to the bregma and 2 mm lateral to the midline (medial probe,

corresponding to the borderzone territory between ACA and MCA territories). Cerebral perfusion

monitoring was performed continuously during the entire period of anesthesia (approximately 140

min), including reperfusion. The mean duration of cerebral perfusion monitoring after reperfusion

was 7.8 (4–15) min. Three hemodynamic parameters were considered for signal analysis of each

probe:

1. drop in cerebral perfusion (expressed as % of baseline) during MCA occlusion following suc-

cessful filament insertion;

2. biosignal fluctuation analysis during the pre-ischemic period and during MCA occlusion (see

below);

3. cerebral reperfusion (expressed as % of baseline), from the removal of the filament until the

end of anesthesia.

Hemodynamic assessment was blinded to outcome data (neurobehavioral scoring, infarct volume,

Hsp70 staining).

2.2.5 Biosignal Fluctuation Analysis of Cerebral Perfusion

Fluctuation analysis of blood microcirculation from LD signals or alternative laser speckle imaging

signals has been undertaken with various measures (see (Humeau-Heurtier et al., 2013) for a recent

review). In this study, auto-correlation R(k) analysis was based on linear second order statistics

(Humeau et al., 2008).

We modeled the signal recorded on each probe as the realization Xi of a stationary random variable

X at instant i with average µ and standard deviation σ. Let us callXi+k the realization ofX at instant

i+ k. We then consider the auto-correlation function R(k) as follows:

R(k) =
E[(Xi − µ)(Xi − µ)]

σ2
(2.1)
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We estimated the expectation in the auto-correlation function by empirical averaging over periods of

120 s. Two auto-correlation function R(k) computed following this estimation procedure are plotted

as a function of k in seconds between 0 and 120 seconds for the corresponding two probes. The

auto-correlation function R(k) is a measure of selfmemory of a random signal between instant i and

instant i + k. It takes values between 1 if Xi = Xi+k and -1 if Xi = −Xi + k. R(k) is zero if Xi

and Xi+k are independent. In R(k) the auto-correlation are computed on centered variables (Xi−µ)

and (Xi − µ).

In other words, the auto-correlationR(k) measures the self-memory of the fluctuations around the av-

erage value and constitutes an analysis different from the record of the drop of average value between

the two probes.

As shown in Figure 2.4, the two autocorrelation functions estimated for the two probes display a

decrease but with a distinct characteristic time decay. To quantify this observation, we compute the

time in seconds that autocorrelation R(k) takes to drop from 1 to 0.9 for each probe.

2.2.6 24h Ischemic Outcome Evaluation

On Day 1, final ischemic outcome was assessed after 24 hours of reperfusion by both neurobehavioral

testing and evaluation of ischemic lesion by Cresyl Violet staining of histological sections. Both

neurobehavioral evaluation and infarct volume calculation on histological sections were blinded to

hemodynamic data.

2.2.6.1 Neurobehavioral Testing

On Day 1, after 24-hours reperfusion, rats were evaluated for spontaneous activity, motor and sen-

sitive function as described by Garcia and collegues (Garcia et al., 1995). This functional outcome

evaluation comprised 6 tasks for the assessment of spontaneous activity, symmetry in limb move-

ment, forepaw outstretching, climbing ability, body proprioception and response to vibrissae touch.

The maximum score for an individual test was 3 points, indicating no impairment. The total score

scale (summation of the score of each individual test) ranged from a minimum of 3 (most severe im-

pairment) to a maximum of 18 (no deficit). The functional tasks are described below and summarized

in Table 2.1.

1. Spontaneous Activity

The rat was observed for 5 minutes in its home cage after the cage top was removed. The
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animal’s ability to approach all four walls of the cage was observed. A score of 3 was given

when the rat moved around, explored the environment, and approached at least three walls of

the cage. When the rat moved about in the cage but did not approach all sides and hesitated

to move the corresponding score was 2, although it eventually reached at least one upper rim

of the cage. A score of 1 indicated a severely affected rat that did not rise up at all and barely

moved in the cage. Finally, a score of 0 was given to rats that did not move at all.

2. Symmetry in the Movement of Four Limbs

In order to assess the simmetry in the movement of the four limbs, the rat was suspended

in the air by holding the base of the tail. A score of 3 indicate that all four limbs extended

symmetrically; a score of 2 was given when the limbs on the contralateral side extended less or

more slowly than those on the ipsilateral; a score of 1 corresponded to minimal movement of

the limbs on contralateral side; a score of 0 was given when forelimb on contralateral side did

not move at all.

3. Forepaw Outstretching

The rat was again held by the base of the tail. While the hindlimbs were kept in the air, the rat

was allowed to reach the hedge of the table with its forelimbs and then made to walk on the

table’s surface using its forelimbs only. The symmetry of forelimbs outstreching was observed

and scored: 3 for both forelimbs outstretching and rat walking symmetrically on forepaws;

2 when contralateral forelimbs outstretched less than the ipsilateral and forepaw walking was

impaired; 1 when contralateral forelimb moved minimally; and 0 when contralateral forelimb

did not move.

4. Climbing

The rat was placed on wire cage and the strength of attachment was observed when it was

removed by pulling it off by the tail. A score of 3 was given when the animal climbed easily

and gripped tightly to the wire. When contralateral side was impaired while climbing or did

not grip as hard as the ispilateral side a score of 2 was given. Finally, a score of 1 indicated rat

failure to climb or tendency to circle instead of climbing.

5. Body Proprioception

Each side of the rat’s body was tapped with a blunt stick and the reaction to this stimulus was

observed. A score of 3 was given when the rat reacted by turning its head and was equally

startled by the stimulus on both sides. When the rat reacted slowly to stimulus on contralateral
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side, a score of 2 was given. A score of 1 indicated lack of respond to the stimulus on the

contralateral side.

6. Response to Vibrissae Touch

Vibrissae on each side were brushed with a blunt stick. In order to avoid entering the visual

field of the rat, the stick was moved towards the wiskers from the rear of the animal. When the

rat reacted by turning the head or was equally startled by the stimulus on both sides, a score of

3 was given. A score of 2 indicated a slow reaction to the stimulus on the contralateral side.

Finally, a score of one indicated lack of respond to stimulus on the contralateral side.

Table 2.1: Neurobehavioral assessment after tMCAO in Wistar rats. Adapted from Garcia
et al. (1995).

.

Test
Score

0 1 2 3

Spontaneous activity

(in cage for 5 min)
No movement Barely moves

Moves but does not

approach at least

three sides of cage

Moves and

approaches at least

three sides of cage

Symmetry of

movements (four

limbs)

Contralateral side:

no movement

Contralateral side:

slight movement to

outreach

Contralateral side:

moves and

outreaches less than

right side

Symmetrical

outreach

Symmetry of

movements (four

limbs)

Contralateral side:

no movement

Contralateral side:

slight movement to

outreach

Contralateral side:

moves and

outreaches less than

right side

Symmetrical

outreach

Climbing wall of

wire cage
... Fails to climb

Contralateral side is

weak
Normal climbing

Reaction to touch on

either side of trunk
... No response on

contralateral side

Weak response on

contralateral side

Symmetrical

response

Response to

vibrissae touch
... No response on

contralateral side

Weak response on

contralateral side

Symmetrical

response
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2.2.6.2 Cerebral Tissue Processing

After neurobehavioral testing, animals were sacrified using CO2 overdose. Brains were carefully

extracted and fixed by immersion into ice-cold 10% neutral buffer formalin and kept at 4 ◦C for at

least 24 hours. After fixation, brains were rinsed in PBS and stored in PBS 0.05% Sodium Azide

(Sigma-Aldrich, Milano, Italy).

Serial coronal tissue sections (50 µm thick) were obtained using a vibratome (Vibratome 1000 Plus-

Tissue Sectioning System). Tissue sections of the brain portion ranging from Bregma +2.5 mm

and Bregma -3 mm were sequentially placed in PBS 0.05% Sodium Azide in 24-well plates (1 sec-

tion/well) and stored at 4 ◦C.

2.2.6.3 Ischemic Lesion Evaluation: Cresyl Violet Histology

Nineteen consecutive sections with 250 µm interval (bregma + 2.5 mm to - 3.0 mm) were stained with

Cresyl Violet. Sections were mounted on slides using PBS and left for 24h at room temperature (RT),

allowing the section to strongly adhere to the slides. Sections were first rehydrated by immersion in

a series of graded alcohols (Sigma-Aldrich, Milano, Italy) followed by demineralized water and then

stained in Cresyl Violet 0.1% (Bio-Optica, Milano, Italy). Afterwars, sections were rinsed in dem-

ineralized water and dehydrated by immersion in another series of graded alcohols (Sigma-Aldrich,

Milano, Italy). Finally, sections were immersed in Xilene (Sigma-Aldrich, Milano, Italy) prior to

mounting the slides using dibutyl phthalate xylene mounting medium (DPX; BDH Laboratory Sup-

plies). The protocol details are illustrated in Table 2.2.

A digital camera (Nikon Coolpix P5000) adaptable to a stereomicroscope was used to obtain images

of each section. Areas of contralateral hemisphere, ipsilateral hemisphere and of the ischemic lesion

were measured using ImageJ (National Institute of Health, Bethesda, MD, USA).

Infarct volume corrected for inter-hemispheric asymmetries due to cerebral edema was calculated,

and expressed in mm3. Inter-hemispheric asymmetries were corrected using the formula 2.2 (Leach

et al., 1993):

Corrected infarct area =
measured infarct area × contralateral hemisphere area

ipsilateral hemisphere area
(2.2)

Corrected infarct volume (mm3) was calculated using the formula 2.3:
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Table 2.2: Cresyl Violet staining protocol steps. RT = room temperature.

Step Solution Time period (min) Temperature
1 Ethanol 95% 15

RT
2 Ethanol 70% 1
3 Ethanol 50% 1
4 Demineralized water 2
5 Demineralized water 1
6 Cresyl Violet 12-15 50◦C
7 Demineralized water 1

RT

8 Ethanol 50% 1
9 Ethanol 70% with glacial acetic acid 1.5
10 Ethanol 95% 1
11 Ethanol 95% few deeps
12 Ethanol 100% 2
13 Xilene 5

Correctedinfarctvolume =
D

3
· [A1 + 4

18∑
i=2

(An) + 2

17∑
i=3

(Am) +A19] (2.3)

Where D represents the gap between tissue sections considered (250 µm), A is the correct infarct area

(espressed in µm2) of each section i (i = [1;19], i ∈ N) sequentially considered, with n being pair

numbers and m odd numbers.

2.2.7 Molecular Penumbra Evaluation

2.2.7.1 Hsp70 Immunohistochemistry

Brains were processed as described in 2.2.6.2. Briefly, brains were extracted and fixed in ice-cold 10%

neutral buffer formalin for at least 24 hours. Serial coronal sections (50 µm thick) were obtained us-

ing a vibratome throughout its rostro-caudal extension. For each brain, slices anatomically identified

as bregma +1, -1 and -3 were immunoreacted for Hsp70. Free-floating coronal sections were pre-

incubated for 10 min in 3% H2O2 and 30 min in blocking solution (10% normal goat serum and 0.2%

Triton X-100). Sections were then incubated overnight at 4 ◦C with anti-Hsp70 primary antibody

(1:1000, mouse anti-Hsp70, Enzo LifeScience, Farmingdale, New York, USA) and at RT for 75 min

with monoclonal Horseradish Peroxidase-conjugated goat anti-mouse IgG (1:200, Millipore, Beller-

ica, MA, USA) diluted in PBS 1% NGS. Sections were finally incubated with 3,30-diaminobenzidine

tetra hydrochloride (DAB) as chromogen.
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Negative controls, to verify the specificity of the antibodies, were obtained by omitting primary an-

tibody. Macroscopic section images were obtained using a digital camera (Nikon Coolpix P5000)

adapted to optical microscope. Higher magnification images were obtained using a Nikon Eclipse

E200 optical microscope and Leica Qwin V3.2.0 software.

2.2.7.2 Hsp70 Topography

Hsp70 topography was obtained by manual identification of stained cell clusters in the cortex, whose

areas were superimposed to corresponding brain atlas images at bregma +1, -1 and -3 (Paxinos and

Watson, 2007). Each cell cluster is represented by a single pink-colored area of variable size. A darker

pink color is the result of variable overlapping degree with adjacent areas from different animals. This

method of Hsp70 qualitative topography was not applied in the striatum, where Hsp70-positive cells

were mostly present as single cells instead of cell clusters, because of its different cytoarchitecture

compared to the cortex.

2.2.7.3 TUNEL staining, NeuN and Hsp70 Triple Co-Immunofluorescence

Triple labeling was obtained by performing TUNEL assay followed by NeuN and Hsp70 immunoflu-

orescence on the same brain sections. The TUNEL kit was used following manufacturer instructions

(DeadEndTM Fluorometric TUNEL System, Promega, Madison, WI, USA), except that the tissue

permeabilization step was performed using 0.2% Triton X-100 instead of Protease K. After stopping

TUNEL reaction, a further step of incubation with 0.1 M glycine in PBS for 15 min was performed.

Sections were then incubated with PBS 10% NGS blocking solution at RT for 30 min and overnight

at 4 ◦C with anti-NeuN primary antibody (1:100, mouse anti-NeuN, Merck Millipore (Chemicon),

c© Merck KGaA, Darmstadt, Germany) and anti-Hsp70 primary antibody (1:500, rabbit anti-Hsp70,

Enzo LifeScience, Farmingdale, New York, USA) diluted in PBS 1% NGS. Afterwards sections were

incubated at RT for 75 min with appropriate fluorochrome-conjugated secondary antibody diluted

in PBS 1% NGS (1:200, Alexa Fluor 647 goat anti-mouse, Invitrogen, Oregon, USA and 1:200,

Alexa Flour 546 goat anti-rabbit, Invitrogen, Oregon, USA). Sections were then rinsed 3 times for

5 min with PBS 0.1% Triton X-100 and 5 mg/mL BSA and finally mounted with polyvinyl alcohol

with anti-fading (Polyvinyl Alcohol mounting medium with DABCO R© Antifading pH 8.7, Sigma-

Aldrich, Milano, Italy).

Negative controls were obtained by omitting primary antibody for Hsp70/NeuN signal or TdT enzyme

for TUNEL signal. Microscopy analysis was performed with laser confocal microscopy (Radiance
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2100; Biorad Laboratories, Hercules, CA, USA). Noise reduction was achieved by Kalman filtering

during acquisition.

2.2.7.4 Hsp70 Signal Analysis: Evaluation of Signal Intensity

A quantitative analysis of the mathematical energy of Hsp70 signal was performed as previously de-

scribed for quantitative immunohistochemistry (Matkowskyj et al., 2000). An in-house program was

developed using Matlab software to obtain automated signal energy difference between corresponding

regions of interests (ROIs) in the control and ischemic hemisphere. Briefly, Hsp70 stained sections

anatomically identified as bregma +1, -1 and -3 were considered. On each section, four regions of

interests (ROIs) were identified corresponding to the entire cortical or striatal regions of each hemi-

sphere. We assume that all information contained in the selected ROIs is of importance. In other

words, the amount of antibody-generated chromogen is represented by all the information contained

in the image file. After acquisition with a digital camera, the file for the experimental image is opened

in the Matlab dedicated program. The ROIs are defined using a tool that allows an area of any pixel

dimension to be determined by the operator. The same areas were considered for the cortex, as well as

the striatum, in each hemisphere (control and ischemic). The “norm” function was used to compute

a unique value of the energy from a three-color image, which represents the mathematical energy of

the image file. The energy per pixel is estimated by normalizing the measured energy over the whole

ROI to the number of pixels included. Finally, the normalized energy of the ischemic ROIs (cortex

or striatum) is subtracted from the corresponding control ROIs (cortex or striatum respectively) and

expressed as an absolute value.

2.2.8 Gelatin Ink Perfusion

In a further set of experiments, rats (n = 4) underwent a trans-cardiac perfusion 60 min after the induc-

tion of cerebral ischemia, without reperfusion (the intraluminal filament was left in place). Normal

saline (200 mL) at 37 ◦C was infused first followed by 20 mL of gelatine-ink solution at 37 ◦C (gelatin

3% solution in 0.9% NaCl mixed 1:1 with black ink NSE-40BL, Nihon Kohden, Tokyo, Japan). The

brains were then removed and fixed in 10% neutral buffer formalin. To enhance the contrast between

ischemic and non-ischemic tissue, brains were imaged using color inversion.
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2.2.9 Statistical Analysis

We planned this study with 25 animals in which we regressed their values of collateral flow perfusion

against Hsp70 immunohistochemistry intensity signal. Our previous data indicated that the standard

deviation of Hsp70 signal was 0.5. Aiming for a slope of the line obtained by regressing collateral

flow perfusion against Hsp70 signal above 0.4 to be considered of interest and regression errors below

0.3, we were able to reject the null hypothesis that this slope equals zero with a probability (power)

of 0.89. The Type I error probability associated with this test of this null hypothesis was 0.05.

Values were expressed as mean± standard deviation (SD). For two-group analysis unpaired Student’s

t test was used. Correlation and linear regression analyses were computed with Pearson’s r test. A

value of p < 0.05 was considered significant.

2.3 Results

2.3.1 Multi-Site Cerebral Perfusion Monitoring During MCA Occlusion

Hemodynamic monitoring with two LD probes was performed during transient MCA occlusion, as

shown in Figure 2.2. The position of the probes was decided according to the rat cerebral vascular

territories and verified by gelatin-ink perfusion experiments (Figure 2.2-A). Probe 1 (bregma -1 mm,

5 mm from midline) was positioned within the central MCA territory, while Probe 2 (bregma +2 mm,

2 mm from midline) was positioned in the borderzone territory between the cortical branches of ACA

and MCA to monitor anterior circulation leptomeningeal collaterals.

Multi-site cerebral perfusion monitoring was performed during the entire period that the animals

remained under anesthesia (Figure 2.2-C and D). Mean perfusion deficit after MCA occlusion in

Probe 2 was significantly lower (p < 0.0001) and more variable compared to Probe 1(Figure 2.2-B).

Mean reperfusion values did not differ significantly between the two probes (approximately 92% of

baseline, see Figure 2.2-B) and were not correlated to outcome (data not shown).
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Figure 2.2: Hemodynamic monitoring of intracranial collateral flow (anterior circulation
leptomeningeal collaterals) A. Representative brain perfused with gelatin-ink solution after 90
minute ischemia, without reperfusion (intraluminal filament was left in place). After color-
inversion, ischemic (not-perfused) area appeared intensely blue-colored, while the rest of the
brain appeared violet with white-stained vessels. The positions of the two laser Doppler probes
are shown, with reference to their underlying MCA territory (blue dotted line) and bregma. Probe
1 = central MCA territory (-1 mm from bregma, 5 mm from midline); Probe 2 = medial MCA
–ACA borderzone territory (+2 mm from bregma, 2 mm from midline). Levels of sections for
Hsp70 immunostaining (bregma + 1, - 1 and - 3) are shown (white dotted lines). B. Perfusion
deficit (% of baseline) in the central MCA territory (Probe 1) and in the MCA–ACA borderzone
territory (Probe 2) during MCA-O and reperfusion (n = 25). Laser-Doppler tracings are shown
from a representative animal showing a larger perfusion deficit in Probe 1 (C) compared to Probe
2 (D) during MCA-O, suggesting functionally active intracranial collaterals under ischemic con-
ditions. E. Representative tracing of invasive blood pressure monitoring during MCA-O and
reperfusion. *** p < 0.0001 compared to Probe 1. MCA = middle cerebral artery. MCA-O =
middle cerebral artery occlusion; ACA = anterior cerebral artery; P.U. = perfusion units.
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Arterial pressure was continuously monitored (Figure2.2-E) and did not show significant changes

during MCA occlusion (mean arterial pressure 114 mmHg; intra-subject SD 6 mmHg; inter-subject

SD 19 mmHg; see Figure 2.3).

Figure 2.3: Invasive blood pressure monitoring during transient middle cerebral artery
occlusion (MCAO). Upper graph shows mean blood pressure values (n = 12) every 10 minutes
interval, demonstrating no significant variation of blood pressure over the ischemic period of
90 min. Lower graph shows mean blood pressure values of each animal, demonstrating small
intra-subject variability of blood pressure during the entire ischemic period.

A biosignal fluctuation analysis of cerebral perfusion tracings, before and after MCA occlusion,

showed that the degree of auto-correlation was similar in both probes in the pre-ischemic period,

while it differed significantly during ischemia (Figure 2.4). Although the auto-correlation coefficient

increased in both probes compared to the pre-ischemic period, a significantly larger increase was ob-

served in Probe 1 (approximately tripled; p < 0.001 versus pre-ischemic values) compared to Probe

2 (approximately doubled; p < 0.05 versus pre-ischemic values) during ischemia.
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Figure 2.4: Biosignal fluctuation analysis of cerebral perfusion in the central MCA territory
(Probe 1) and in the MCA–ACA borderzone territory (Probe 2) at baseline and during
MCAO. Regions of interests (ROIs) of laser Doppler tracings were selected and averaged for
offset (A). Self-memory of the signal was calculated and expressed as auto-correlation analysis
over time for Probe 1 and Probe 2 (B). Self-memory of the signal was quantified (C) as the time
to 10% drop in auto-correlation for Probe 1 and Probe 2, either before ischemia and during MCA-
O. *** p< 0.001 compared to pre-ischemic Probe 1. * p< 0.05 compared to pre-ischemic Probe
2. § p < 0.05 compared to ischemic Probe 2. MCA = middle cerebral artery; ACA = anterior
cerebral artery; MCAO = middle cerebral artery occlusion; R(k) = auto-correlation function.
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2.3.2 Topography of the Molecular Penumbra

Hsp70 immunoreactivity was assessed 24 hours after reperfusion at sections bregma +1, -1 and -3.

Immunofluorescent triple staining confirmed that neuronal Hsp70 labeling and apoptotic neuronal

nuclei were mutually exclusive, confirming that Hsp70 positive cells represented surviving neurons

(Figure 2.5; see Figure 2.6 for details on the transition zone between ischemic core and penumbra).

The pattern of Hsp70 staining was consistently different in the cortex compared to the striatum (Figure

2.7-A). In particular, cortical staining showed discrete areas of intensely marked cell clusters (Figure

2.7-B and C), whereas sparse single stained cells were observed in the striatum (Figure 2.7-D and E).

Mapping of cortical cell clusters allowed visualizing the topographical distribution of the penumbra

in the cortex, which consisted in multiple areas with considerable fragmentation and variable degree

of overlaps among different animals (Figure 2.7-F).

Figure 2.5: Triple staining immunohistochemical characterization of the post-reperfusion
(24h) penumbra. Penumbral areas showed Hsp70-immunoreactive cells, co-labeling with the
neuronal cell marker Neu-N, and absence of TUNEL-positive nuclei (A–C). Ischemic core areas
showed TUNEL-positive nuclei, co-labeled with Neu-N, and absence of Hsp70-immunoreactive
cells with neuronal co-labeling (D–F). Sparse Hsp70-positive non-neuronal cells were observed
in the ischemic core, which did not co-localize with TUNEL-positive nuclei. Representative
micrographic pictures are shown. Hsp70 = Heat Shock Protein 70 kDa.
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Figure 2.6: Representative view of the “transition zone” between intact and ischemic tis-
sue 24h after transient middle cerebral artery occlusion. Brain sections were stained with
triple immunofluorescence for NeuN (neuronal cells; blue), Hsp70 (penumbra; red) and TUNEL
(apoptotic nuclei; green). Healthy neurons (NeuN +, Hsp70 -, TUNEL -), penumbral neurons
(NeuN +, Hsp70 +, TUNEL -; open arrows) and apoptotic neurons (NeuN +, Hsp70 -, TUNEL
+; small arrows) appear as separate cell populations with a clear topographical demarcation.

Figure 2.7: Morphology and topographic distribution of post-reperfusion penumbra. A.
Representative picture of Hsp70 staining 24h after transient MCA-O (90 min) on brain section
at bregma + 1. Higher magnification pictures showing Hsp70-positive cells with neuronal mor-
phology, which were observed in clusters in the cortex (B. 10x; C. 20x) and as single cells in
the striatum (D. 10x; E. 20x). F. Topographical mapping of Hsp70-immunoreactive cell clusters
in the cortex at bregma levels + 1, - 1 and - 3. Each cell cluster is represented by a single pink-
colored area of variable size. A darker pink color is the result of variable overlapping degree with
adjacent areas from different animals.
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2.3.3 Quantification of the Molecular Penumbra in Relation to Infarct Size and Func-

tional Deficit

Hsp70 signal was quantified in selected ROIs in the cortex and striatum as shown in Figure 2.8-A. A

positive correlation was observed between Hsp70 signal (at section bregma + 1) and infarct volume

in both the cortex (Figure 2.8-A; p < 0.001; Pearson’s r = 0.67) and the striatum (Figure 2.8-D; p

< 0.05; Pearson’s r = 0.47). This correlation was also observed at other brain sections, namely at

bregma -1 and -3 (Figure 2.9). A negative correlation was observed between Hsp70 signal (at section

bregma +1) and neuroscore in both the cortex (Figure 2.8-C; p < 0.05; Pearson’s r = -0.49) and the

striatum (Figure 2.8-E; p < 0.01; Pearson’s r = -0.54).

2.3.4 Quantification of the Molecular Penumbra in Relation to Intracranial Collateral

Flow

No correlation was observed between Hsp70 signal (at section bregma + 1) and cerebral perfusion in

Probe 1 in both the cortex (Figure 2.10-A) and the striatum (Figure 2.10-B). Conversely, a negative

correlation was observed between Hsp70 signal (at section bregma + 1) and cerebral perfusion in

Probe 2 in both the cortex (Figure 2.10-C; p < 0.01; Pearson’s r = -0.54) and the striatum (Figure

2.10-D; p < 0.05; Pearson’s r = -0.42). Interestingly, this correlation was gradually lost in more

distant brain sections, namely bregma - 1 and - 3 (Figure 2.11).

A negative correlation (p < 0.001; Pearson’s r = -0.62) was observed between infarct volume and

cerebral perfusion in Probe 2, while this was not observed in Probe 1 (Figure 2.12).
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Figure 2.8: Quantitative immunohistochemistry of Hsp70 after transient MCAO in relation
to structural and functional outcome. A. Representation of the four selected regions of interests
(ROIs) in section bregma + 1, which were selected for quantification of Hsp70 immunoreactivity
using a dedicated software for calculating the mathematical energy of Hsp70 signal. B. A positive
correlation (p < 0.001, Pearson’s r = 0.67) was observed between Hsp70 energy signal in the
cortex (section bregma + 1) and corresponding infarct volume. C. A negative correlation (p
< 0.05, Pearson’s r = -0.49) was observed between Hsp70 energy signal in the cortex (section
bregma +1) and corresponding neuroscore. D. A positive correlation (p < 0.05, Pearson’s r
= 0.47) was observed between Hsp70 energy signal in the striatum (section bregma +1) and
corresponding infarct volume. E. A negative correlation (p < 0.01, Pearson’s r = -0.54) was
observed between Hsp70 energy signal in the striatum (section bregma +1) and corresponding
neuroscore. IHC = immunohistochemistry.
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Figure 2.9: Quantitative immunohistochemistry of Hsp70 after transient MCAO in relation
to infarct volume in sections bregma - 1 and - 3. A positive correlation was observed between
Hsp70 energy signal in the cortex and corresponding infarct volume for brain sections at bregma
-1 (left graph; p < 0.01, Pearson’s r = 0.52) and bregma -3 (right graph; p < 0.05, Pearson’s r =
0.48). IHC = immunohistochemistry.

Figure 2.10: Correlation between Hsp70 energy signal and hemodynamic monitoring in
Probe 1 (central MCA territory) and Probe 2 (MCA–ACA borderzone territory). A. No
correlation was observed between perfusion values in Probe 1 during MCA occlusion and Hsp70
energy signal in the cortex (bregma section +1). B. No correlation was observed between perfu-
sion values in Probe 1 during MCA occlusion and Hsp70 energy signal in the striatum (bregma
section +1). C. A negative correlation (p < 0.01, Pearson’s r = -0.54) was observed between per-
fusion values in Probe 2 during MCA occlusion and Hsp70 energy signal in the cortex (bregma
section +1). D. A negative correlation (p < 0.05, Pearson’s r = -0.42) was observed between per-
fusion values in Probe 2 during MCA occlusion and Hsp70 energy signal in the striatum (bregma
section +1). IHC = immunohistochemistry; P.U. = perfusion units; MCA = middle cerebral
artery; ACA = anterior cerebral artery.
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Figure 2.11: Quantitative immunohistochemistry of Hsp70 after transient MCAO in rela-
tion to cerebral collateral flow (Probe 2). No correlation was observed between Hsp70 energy
signal in the cortex at bregma -1 (left graph) and bregma -3 (right graph) and cerebral collateral
flow (measured at bregma +1). IHC = immunohistochemistry.

Figure 2.12: Correlation between infarct volume and cerebral perfusion in Probe 1 (central
MCA territory) and Probe 2 (MCA–ACA borderzone territory) during MCA occlusion. No
correlation was observed between infarct volume and cerebral perfusion in Probe 1 (left graph).
A negative correlation (right graph; p = 0.001, Pearson’s r = -0.62) was observed between infarct
volume and cerebral perfusion in Probe 2. MCA = middle cerebral artery; ACA = anterior
cerebral artery.
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2.4 Discussion

The functional performance of intracranial collaterals is crucially involved in the pathophysiology of

acute ischemic stroke (Liebeskind, 2012). Functionally active cerebral collaterals have been asso-

ciated with reduced penumbra loss (Jung et al., 2013) and better outcomes (Cortijo et al., 2014) in

acute stroke patients, even with delayed reperfusion. Therapeutic modulation of cerebral collateral

flow is being proposed (Shuaib et al., 2011b) and may be used for widening the therapeutic window

for recanalization and enhancing delivery of neuroprotective drugs.

The endurance of “tissue at risk” in the setting of hypoperfusion has been postulated to be dependent

on collateral flow in humans (Liebeskind, 2013). Nonetheless, the relationship between the degree

of collateral perfusion and the extent and evolution of ischemic penumbra in acute ischemic stroke

has not been investigated in experimental studies and remains an important unsolved issue. The

definition of penumbral tissue in current stroke research mostly relies on MRI imaging in human

(Schlaug et al., 1999) and animal models (Reid et al., 2012), applying diffusion-weighted imaging

(DWI) and perfusion-weighted imaging (PWI) and calculating the PWI–DWI mismatch. This method

has been demonstrated to predict clinical outcome and final infarct size in stroke patients undergoing

endovascular therapy (Lansberg et al., 2012; Wheeler et al., 2013). Nonetheless it is recognized that

PWI–DWI mismatch cannot define the penumbra with absolute accuracy in humans (Heiss, 2011) and

in animals (Duong, 2012) and remains unsatisfactory for pathophysiological studies assessing tissue

viability and response to injury. Moreover, the pattern of DWI lesions and PWI–DWI mismatch in the

first hours after acute ischemic stroke has been shown to display significant inter-individual variability

and evolve over time (Olivot et al., 2009).

Our experimental study investigated the dynamic relationship between cerebral collateral flow and the

development of molecular penumbra, after intraluminal proximal MCA occlusion (90 min) followed

by 24-hours reperfusion. We mapped and quantified the ischemic penumbra by molecular activation

of Hsp70. The extent of this “molecular penumbra” was related to the vascular perfusion deficit in

the acute phase and to the structural and functional outcome at 24h.

Our findings indicate that good collateral flow during MCA occlusion reduces the molecular activation

associated with penumbral tissue, providing complete protection from ischemic injury in variable

areas of the cortex and striatum, if reperfusion is achieved. Conversely, poor collateral status is

associated with a greater extent of both ischemic core and molecular penumbra.

This new scenario of the interplay between cerebral collateral flow and ischemic penumbra might have
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potential translational applications. Therapeutic strategies aimed to enhance collateral circulation

early after arterial occlusion may completely prevent the “ischemic cascade” in a significant amount

of brain tissue, expanding the therapeutic effect of recanalization therapies and reducing their risks.

The study of intracranial collaterals and cerebral hemodynamic changes in experimental ischemic

stroke remains largely unexplored (Sutherland et al., 2011), mostly because of the technical difficul-

ties in obtaining a quantitative assessment of the dynamic response of collateral vessels. Our group

recently developed an optimized system for cerebral perfusion monitoring in rats (Beretta et al., 2013),

demonstrating that leptomeningeal collateral flow showed significant variability during MCAO in rats

and is a strong predictor of “hard outcomes” such as infarct size and functional deficit (Riva et al.,

2012), while its relationship to the penumbra remained to be explored.

Our findings confirm the utility of multi-site LD monitoring in the central and peripheral MCA terri-

tories as an easy and reliable method to quantify cerebral collateral flow during proximal MCA occlu-

sion. A gradient of severity between the two probes was observed either by relative perfusion deficit

or biosignal fluctuation analysis. In particular, hemodynamic monitoring in LD Probe 2, in the terri-

tory of MCA–ACA leptomeningeal branches, showed a cortical area with a lower perfusion deficit,

higher inter-individual variability and larger fluctuations of the biosignal, compared to LD Probe 1

in the central MCA territory. In most animals the topographical mapping of molecular penumbra

(Hsp70 positive areas after 24 hours of reperfusion) revealed multiple patchy areas with irregular

distribution, not limited to the perilesional zone; this is in contrast with the final infarct, which invari-

ably consisted in a single lesion of variable size. Our results confirmed that Hsp70-stained neurons

are a separate population from neurons undergoing selective cell death (TUNEL-stained neurons), in

agreement with previous reports (del Zoppo et al., 2011).

Surprisingly, we observed a striking correlation between the extent of molecular penumbra and stroke

severity, in terms of both infarct volume and neuroscore. Notably, small infarcts (mostly limited to the

striatum) were associated with little (if any) penumbral tissue, whereas larger infarcts involving the

striatum and cortex were associated with larger areas of molecular penumbra. No animals exhibited a

pattern of small ischemic core surrounded by large penumbral areas.

A strong correlation was observed between the extent of molecular penumbra and the severity of

perfusion deficit in the peripheral MCA territory (Probe 2), which reflects intracranial collateral per-

fusion. Interestingly, no correlation was observed in the extent of molecular penumbra and perfusion

deficit in the central MCA territory (Probe 1).

In other terms, the presence of good collaterals reduced the extent of both molecular penumbra and
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ischemic core at 24 hours, increasing the amount of uninjured (completely “saved”) cerebral tissue.

Two additional results strengthen the specificity of these findings: first, the correlation between per-

fusion deficit in Probe 2 and Hsp70-stained areas is stronger at level bregma + 1 (the nearest to the

Probe 2 position) and gradually diminishes with distance, i.e. bregma - 1 and - 3; second, arterial

blood pressure neither showed significant changes during the ischemic phase (90 min) nor correlated

with the final stroke outcome in our series.

The major limitation of our study is that acute penumbral MRI imaging using DWI–PWI mismatch

has not been performed and molecular penumbra was assessed 24h after reperfusion, as this was

necessary to obtain a useful Hsp70 staining. However, cerebral collateral flow was the main focus of

the study and this can be quantified more reliably with multi-site LD monitoring than with current

MRI technology in small animals. The relationship between acute penumbral MRI imaging and

molecular penumbra assessed by Hsp70 staining is beyond the scope of this study and is currently

being explored in new experiments. Although acute MRI-defined penumbra could be expected to be

larger than molecular penumbra after 24 hours of reperfusion (due to the progressive recruitment of

penumbra into infarct core), this is unlikely to change the major findings of the present study.

2.5 Conclusions

The degree of cerebral collateral perfusion inversely correlated with both ischemic core and molec-

ular penumbra during transient proximal MCA occlusion. Our findings prompt the development of

collateral therapeutics to provide tissue-saving strategies in the hyper-acute phase of ischemic stroke

prior to recanalization therapy.
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Abstract

High variability in infarct size is common in experimental stroke models and highly affects statistical

power and validity of preclinical neuroprotection trials. The aim of this study was to explore cere-

bral collateral flow as a stratification factor for the prediction of ischemic outcome, using magnetic

resonance imaging (MRI) as a reference.

Transient intraluminal occlusion of the middle cerebral artery (MCA) was induced for 90 minutes

in 18 rats. Cerebral collateral flow was assessed intra-procedurally using multi-site laser Doppler

flowmetry (LDF) monitoring in both the lateral MCA territory and the borderzone territory between

the leptomeningeal branches of MCA and anterior cerebral artery. Multi-modal MRI was used to

assess acute ischemic lesion (diffusion weighted imaging, DWI), acute perfusion deficit (time to peak,

TTP) and final ischemic lesion at 24 hours.

Final ischemic lesion volume and infarct typology (large hemispheric versus basal ganglia infarcts)

was predicted by both intra-ischemic cerebral collateral perfusion and acute DWI lesion volume.

Cerebral collateral flow assessed by multi-site LDF correlated with the corresponding acute perfusion

deficit using TTP maps. Multi-site LDF monitoring for collateral flow assessment was able to predict

ischemic outcome and perfusion deficit in good agreement with acute MRI.

Our results support the additional value of cerebral collateral flow monitoring for outcome prediction

in experimental ischemic stroke, especially when acute MRI facilities are not available.
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3.1 Introduction

The failure of promising preclinical neuroprotective therapies to translate into successful clinical re-

sults raised discussions about the quality of preclinical trials (Dirnagl, 2006; Dirnagl and Fisher,

2012). Among several aspects, attention should be addressed to the poor statistical power of most

neuroprotection studies, mainly driven by small sample size and variability of lesion size in ischemic

models. Several factors may account for this variability, including the collateral circulation (Riva

et al., 2012; Zhang et al., 2010). The collateral circulation is a subsidiary vascular network virtually

able to provide residual perfusion to potentially salvageable cerebral regions after occlusion of a cere-

bral artery (Liebeskind, 2003). It is emerging as a strong determinant of stroke outcome not only in

humans (Miteff et al., 2009), but also in experimental stroke models (Riva et al., 2012; Zhang et al.,

2010).

In neuroprotection studies, predicting ischemic outcome before animal allocation would allow re-

searchers to a priori stratify animals relying on the lesion size and consequently control the variability-

related bias. Multimodal Magnetic Resonance Imaging (MRI) performed during occlusion has pre-

viously been used in neuroprotection studies (Bardutzky et al., 2005a; Chauveau et al., 2011; Cho

et al., 2013; Minematsu et al., 1993). In particular, a strong correlation between acute and 24h is-

chemic lesion was shown (Chauveau et al., 2012). While MRI provides spatial resolution, Laser

Doppler Flowmetry (LDF) instead monitors cortical perfusion within a precise cortical region, where

a recording probe is positioned. A single LDF probe is commonly monitoring in the lateral middle

cerebral artery (MCA) territory (Esposito et al., 2013; Hungerhuber et al., 2006; Kläsner et al., 2006;

Taninishi et al., 2015), but the perfusion threshold to stratify animals is not well standardized.

In the present work, two probes were used for the monitoring of cortical perfusion in two different

regions (Beretta et al., 2013): the lateral MCA territory and the borderzone between anterior and mid-

dle cerebral arteries (ACA-MCA) territories, in order to monitor the perfusion drop due to occlusion

and the residual perfusion provided by the leptomeningeal anastomoses (i.e. collateral circulation),

respectively. We previously showed a correlation between the collateral perfusion evaluated by multi-

site LDF and both 24 hours outcome (Riva et al., 2012) and molecular penumbra (Beretta et al.,

2015).

The aim of this study was to validate the predictive value of collateral flow assessment by multi-site

LDF monitoring using MRI in the intraluminal MCA occlusion (MCAO) in rats. The results show the
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additional value of multi-site LDF compared to single-site LDF for outcome prediction, suggesting

its potential as a good alternative to MRI for controlling the variability of lesions.

3.2 Material and Methods

3.2.1 Animals and experimental design

The experimental protocol was approved by the Committee on Animal Care of the University of

Milano Bicocca Italy, and of the CNRS (CREEA Rhône-Alpes, France, approval n◦0274). Pro-

cedures were performed in accordance with the European Union Directive for animal experiments

(2010/63/EU), the national guidelines on the use of laboratory animals (D.L. 116/1992), under project

licence from the Italian Ministry of Health and French Decree 2013-118.

Adult male Wistar rats were housed at a constant temperature of 22 ± 2◦C in Plexiglas cages in

groups of six in a colony room maintained on a 12/12 hours light/dark cycle (07:00–19:00), and were

provided with food and water ad libitum.

Figure 3.1: Experimental Design. On Day 0, animals (n=18) underwent 90-minutes of focal
cerebral ischemia induced by intraluminal MCAO. Cerebral perfusion was monitored by multi-
site LDF during surgery up to occlusion induction and for 10 minutes after. Next, animals un-
derwent multiparametric MRI, including DWI and PWI for the respective evaluation of acute
lesion and perfusion during occlusion. After 90 minutes of ischemia, animals were reperfused.
On Day 1, after 24 hours of reperfusion, neurobehavioral assessment and T2-MRI imaging were
performed. MCAO = middle cerebral artery occlusion; LDF = laser Doppler flowmetry; MRI
= magnetic resonance imaging; DWI = diffusion weighted imaging; PWI = perfusion weighted
imaging; ADC = apparent diffusion coefficient; TTP = time to peak.

Experimental design is illustrated in Figure 3.1. On Day 0, animals (250-300 g; n = 18) under-

went 90-minutes of focal cerebral ischemia induced by intraluminal MCAO. Cerebral perfusion was
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monitored by multi-site LDF during surgery and occlusion induction. Afterwards, LDF probes were

detached and animals were immediately transferred to the scanner to undergo multiparametric MRI

(T2-weighted imaging, diffusion weighted imaging or DWI and perfusion weighted imaging or PWI)

for the respective evaluation of anatomy, acute lesion and perfusion during occlusion. The imaging

session started approximately 40 minutes after ischemic onset. After 90 minutes of ischemic, animals

were reperfused outside the magnet. On Day 1, after 24 hours of reperfusion, neurobehavioral assess-

ment and T2-MRI imaging were performed. Animals were then euthanized under deep anesthesia.

Early death and signs of subarachnoid haemorrhage detected by MRI were used as exclusion criteria.

All investigators were blind to data obtained with other modalities than the one they performed and/or

analyzed.

A total number of 18 rats were enrolled in the study. Three rats did not complete the protocol because

of they died early after ischemia, likely because of anesthesiological complications or/and massive

infarcts. Hence, 15 rats were included in the analysis. No signs of subarachnoid haemorrhage were

detected by MRI.

3.2.2 MCAO Surgery

On Day 0, rats were anesthetized with 3% isoflurane air, and maintained with 1.5% isoflurane. Before

surgery, animals received 0.05 mg/kg subcutaneous buprenorphine to alleviate pain and throughout

surgical procedure, their body temperature was monitored by a rectal thermometer and maintained to

37.0±0.5◦C by a feedback-controlled heating pad.

A silicon-coated filament (diameter 0.39±0.02 mm, Doccol Corporation, Redlands, CA, USA) was

inserted into the right external carotid artery and advanced in the internal carotid artery under LDF

monitoring (see below), reaching and occluding the MCA origin. Immediately before filament in-

sertion, common carotid artery (CCA) was transiently occluded and subsequently re-opened during

ischemia and reperfusion.

After 90-minutes, the filament was withdrawn and animals were allowed to recover and had free

access to food and water.
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3.2.3 Multi-Site Laser Doppler Flowmetry

An LDF apparatus (dual channel moorVMS-LDFTM, Moor, Axminster, UK) was used to continuously

monitor cerebral perfusion during MCAO surgery, up to occlusion induction and for 10 minutes after.

Two blunt needle probes (VP12, Moor, Axminster, UK) were firmly positioned on the intact skull

surface thanks to a custom-made silicon probe holder (Beretta et al., 2013). The cranial coordinates

for probes positioning were based on a rat brain atlas (Paxinos and Watson, 2007). A first probe

(Probe 1) monitored perfusion within the lateral MCA territory, corresponding to the core territory

of MCA (1 mm posterior to the Bregma and 5 mm lateral to the midline). A second probe (Probe 2)

monitored perfusion within the borderzone territory between ACA and MCA territory (2 mm anterior

to the Bregma and 2 mm lateral to the midline), where leptomeningeal anastomoses are likely to

provide residual perfusion after occlusion induction. For both probes, the residual perfusion after

occlusion was expressed as % of pre-ischemic baseline.

3.2.4 Magnetic Resonance Imaging

MRI experiments were performed on a Bruker Biospec 7T/12 cm horizontal magnet equipped with

Paravision 5.0 (Bruker, Ettlingen, Germany). A birdcage head coil of 72 mm inner diameter was used

for radiofrequency transmission, and a 25 mm-diameter surface coil was used for reception. The rats

were placed in a cradle equipped with a stereotaxic holder, an integrated heating system to maintain

body temperature at 37 ± 1◦C, and a pressure probe to monitor respiration.

3.2.4.1 MRI Sequences

During arterial occlusion, both DWI and PWI were performed. DWI echo planar imaging (EPI) spin-

echo images were acquired using field of view (FOV) = 3.0 x 1.5 cm2, fifteen contiguous slices of 1

mm thickness, with matrix = 128 x 64, echo time/repetition time (TE/TR) = 22.75/5250 ms, and six

b-values (100, 200, 400, 600, 800, 1000 s/mm2) for a total duration of 4 minutes 54 s.

PWI was performed with multislice dynamic susceptibility contrast-enhanced MRI (DSC-MRI), us-

ing an EPI gradient-echo sequence with the same FOV and slice characteristics, matrix = 80 x 40 and

TE/TR 6.61/600 ms, for a total duration of 1 minute. One hundred consecutive images were acquired

per slice with a time resolution of 0.6 s during before, during and after the intravenous injection of a

200-µmol/kg bolus of gadolinium (Dotarem, Guerbet Aulnay-sous-Bois, France).
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After 24 hours of reperfusion, T2-weighted images were acquired using a RARE sequence with the

same FOV and slice characteristics, matrix = 256 x 128, effective TE/TR = 60.28/3500 ms, RARE

factor 8 and 4 averages (total duration: 2 minutes 48 s).

3.2.4.2 Maps Computation

Apparent Diffusion Coefficient (ADC) maps (in mm2/s) were calculated from DWI images by fitting

MR signal curves to a monoexponential model function on a pixel-by-pixel basis using in-house

software written in Matlab 2009 (MathWorks, Natick, MA).

Time To Peak (TTP) maps (in s) were calculated from PWI images after converting the signal-time

curves to concentration-time curve according to: ∆R2
∗(t)= − 1

TE
· ln S(t)

S0
as the time between the

first T2*-weighted measurement and the bolus peak (Neumann-Haefelin et al., 1999).

3.2.4.3 Image Analysis

Images were analyzed on MIPAV software (Medical Image Processing And Visualization, NIH,

Bethesda, MD; http://mipav.cit.nih.gov/) (McAuliffe et al., 2001).

For the evaluation of acute ischemic lesion, the ipsilateral regions encompassing hypointense sig-

nal (compared to contralateral hemisphere) were manually outlined on ADC maps. Subsequently,

the acute ischemic lesion was segmented in these regions by applying the already reported viabil-

ity threshold of 0.53x10−3 mm2/s (Shen et al., 2003) and lesion volume (expressed in mm3) was

calculated.

For the evaluation of cerebral perfusion, TTP maps were used. Ipsilateral and contralateral ROIs

covering the upper cortex were delineated on the slices corresponding to the two regions of LDF

monitoring: slice anatomically identified as Bregma -1 and Bregma +2, for Probe 1 and Probe 2,

respectively. The ipsilateral and contralateral average TTP values were considered. Assuming the

contralateral perfusion to be comparable to pre-ischemic perfusion (Schmid-Elsaesser et al., 1998b),

the difference between ipsilateral and contralateral TTP values was considered to reflect the residual

perfusion monitored by LDF (relative TTP).

3.2.5 24h Ischemic Outcome Evaluation

On Day 1, ischemic outcome was assessed after 24 hours of reperfusion by both neurobehavioral

testing and T2-weighted MRI for the assessement of final lesion volume.
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3.2.5.1 Neurobehavioral Testing

Just before Day 1 MRI acquisitions, rats were evaluated for spontaneous activity, motor and sensitive

function and scored on a scale from 3 (most severe) to 18 (no deficit) (Garcia et al., 1995) (see

§2.2.6.1).

3.2.5.2 Ischemic Lesion Volume

For the evaluation of 24h infarct lesion, the ipsilateral areas of hyperintense signal were manually

defined on T2-weighted images and infarct volume (expressed in mm3) was calculated and corrected

for asymmetries due to cerebral edema using the formula 3.1 (Leach et al., 1993):

Corrected infarct area =
Infarct area × contralateral hemisphere area

ipsilateral hemisphere area
(3.1)

Furthermore, the typology of the ischemic lesions was visually evaluated and animals were subse-

quently divided in two groups: large hemispheric lesions (corticostriatal lesions, Group A) and basal

ganglia lesions (subcortical lesions, Group B).

3.2.6 Statistical Analysis

All results are expressed as mean ± standard deviation, except for neurobehavioral scores which are

expressed as median [min; max]. Statistical analyses were performed using GraphPad Prism software.

Unpaired Student’s t-test was used for two-group analysis, while correlation and linear regression

analysis were computed with Pearson’s r test. A value of p<0.05 was considered significant.

3.3 Results

3.3.1 Evaluation of Outcome at 24h Post-Reperfusion

Animals with a large hemispheric lesion, characterized by a significant involvement of the cortex,

were included in Group A (n = 9, Figure 3.2-A). Animals with a lesion restricted to basal ganglia

were included in Group B (n = 6, Figure 3.2-B). In Group A, lesion volumes (208 ± 61 mm3, n

= 9) were significantly higher (p < 0.001, Figure 3.2-C) than in Group B (68 ± 32 mm3, n = 6).

According to these results, Group A animals showed higher deficits, resulting in significantly lower
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neurobehavioral scores (9 [6; 12], n = 9, p < 0.0001, Figure 3.2-D) compared to Group B (17 [14;

18], n = 6).

Figure 3.2: Evaluation of post-reperfusion ischemic outcome. Representative T2-weighted
images showing a large hemispheric (A) and basal ganglia (B) lesion, visible as hyperintense
areas (contoured). C. Ischemic lesion volumes of Group A were significantly higher compare
to Group B and no overlap was present between the two groups (dotted line). D. Group A
neuroscore resulted significantly lower (higher deficit) compared to Group B and no overlap was
present between the two groups (dotted line). For two-group analysis unpaired Student’s t-test
was used. Black spots = Group A animals (n = 9); White spots = Group B animals (n = 6). ***
p < 0.001.

3.3.2 Diffusion-Weighted Magnetic Resonance Imaging for the Prediction of Ischemic

Outcome

Acute lesion was visually evaluated on ADC maps (Figure 3.3A-D) and, as expected, group distri-

bution was found to exactly match that of 24h lesion. In other words, animals presenting a large

hemispheric lesion (or basal ganglia lesion) acute (D0) lesion were presenting a large hemispheric

lesion (or basal ganglia lesion) final (D1) lesion. In addition, acute lesion volume quantified on ADC

maps positively correlates with 24h lesion volume calculated on T2-weighted images (p < 0.0001,

Pearson’s r = 0.91, Figure 3.3-E).
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Figure 3.3: Evaluation of acute ischemic lesion on DWI-MRI and correlation with 24 hours
ischemic lesion Representative ADC maps showing a large hemispheric (A) and basal ganglia
(C) lesion, visible as hypointense areas (same animals as in Figure 3.2). Corresponding segmen-
tation masks of the lesion (viability threshold value 0.53 x 10−3 mm2/s) are superimposed on the
ADC maps (B and D). Acute lesion volumes positively correlates with 24h lesion volumes (E).
Dashed lines represent the 95% confidence interval of the regression line. Black spots = Group
A animals (n = 9); White spots = Group B animals (n = 6). DWI = diffusion weighted imaging;
MRI = magnetic resonance imaging; ADC = apparent diffusion coefficient.

3.3.3 Multi-Site Laser Doppler Flowmetry for the Prediction of Ischemic Outcome

Cerebral perfusion was monitored by two probes within two different regions of the ischemic cortex:

lateral MCA territory (Probe 1) and ACA-MCA borderzone territory (Probe 2). Monitoring with

Probe 2 encountered technical problems for one rat. This unreliable data was subsequently excluded

from the analysis.

As expected, residual perfusion values monitored by Probe 2 correlated with the 24h ischemic out-

come, both in terms of infarct volume (p < 0.01, Pearson’s r = -0.70, Figure 3.4-D) and neuroscore

(p < 0.01, Pearson’s r = 0.68, Figure 3.4-F), while Probe 1 perfusion did not (p = 0.15, Pearson’s r

= -0.39 for infarct volume, Figure 3.4-C; p = 0.54, Pearson’s r = 0.17 for neuroscore, Figure 3.4-E).

Furthermore, residual perfusion values monitored by Probe 1 did not correlate with the acute lesion

volume (p = 0.06, Pearson’s r = -0.51, Figure 3.4-A), whereas Probe 2 perfusion did (p < 0.05,

Pearson’s r = -0.65, Figure 3.4-A).

Interestingly, residual perfusion values monitored by Probe 1 were not significantly different (p =

0.34) between Group A (37% ± 15%, n = 9) and B (46% ± 17%, n = 6) (Figure 3.5-A). On the con-

trary, residual perfusion values monitored by Probe 2 were significantly higher (p<0.001) in Group

B (60% ± 6%, n = 6) than in Group A (45% ± 6%, n = 8) (Figure 3.5-B). In particular, a value
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of 53% residual perfusion was identified as a threshold dividing the two groups, with Group A and

B presenting lower and higher values, respectively (Figure 3.5-B, dotted line). In contrast, Probe 1

values between the two groups presented a wide overlap (Figure 3.5-A).

Figure 3.4: Multi-site LDF perfusion monitoring and correlation with acute lesion and 24h
ischemic outcome. No significant correlation was observed between Probe 1 perfusion values
and acute lesion volumes (A) nor 24h ischemic outcome, both in terms of ischemic lesion vol-
umes (C) and neuroscores (E). In contrast, a negative correlation was observed between Probe 2
perfusion values and both acute lesion volumes (B) and 24h ischemic outcome, both in terms of
ischemic lesion volumes (D) and neuroscores (F). The 53% perfusion value threshold discrimi-
nating between group A and B in shown in D and F (dotted line). Dashed lines represent the 95%
confidence interval of the regression line. Black spots = Group A animals (n = 9 in A, C and E;
n = 8 in B, D and F); White spots = Group B animals (n = 6). The arrowhead in F indicates two
overlapped spots. LDF = laser Doppler flowmetry.
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Figure 3.5: Multi-site LDF perfusion monitoring and infarct typology classification LDF
perfusion monitoring and infarct typology classification. A. Group A (n = 9) and B (n = 6)
perfusion values monitored by Probe 1 are not significantly different and are largely overlapping.
B. Group A (n = 8) and B (n = 6) perfusion values monitored by Probe 2 are significantly different
and a 53% value was identified as a threshold discriminating between the two groups (dotted line).
Black spots = Group A animals; White spots = Group B animals. *** p < 0.001. LDF = laser
Doppler flowmetry.
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3.3.4 Perfusion-Weighted Magnetic Resonance Imaging and Laser Doppler Flowme-

try for the Evaluation of Cerebral Perfusion

The cortical perfusion was evaluated on TTP maps within slices encompassing the two cortical regions

of LDF monitoring: slices anatomically identified as Bregma -1 and Bregma +2 for Probe 1 and Probe

2, respectively. TTP values were significantly higher for Group A compared to Group B in both

Bregma -1 (p < 0.05, Figure 3.6-A) and Bregma +2 (p < 0.05, Figure 3.6-B) slices. Interestingly,

residual perfusion values monitored by Probe2 negatively correlated with corresponding TTP values

(p < 0.05, Pearson’s r = -0.61, Figure 3.6-D), whereas Probe 1 residual perfusion values did not

correlate with corresponding TTP values (p = 0.34, Pearson’s r = -0.27, Figure 3.6-C).

Figure 3.6: Cerebral perfusion evaluated by PWI-MRI and multi-site LDF. Cerebral per-
fusion evaluated by PWI-MRI and LDF. Relative TTP values (delay of bolus peak between the
contralateral and ipsilateral hemisphere) were significantly different between Group A and B for
both slice Bregma -1 (Probe 1 position) (A) and Bregma +2 (Probe 2 position) (B). C. No signifi-
cant correlation was observed between Probe 1 residual perfusion values and corresponding TTP
values. D. A negative correlation was observed between Probe 2 residual perfusion values and
corresponding TTP values. Dashed lines represent the 95% confidence interval of the regression
line. Black spots = Group A animals (n = 9); White spots = Group B animals (n = 6). * p < 0.05.
TTP = time to peak. LDF = laser Doppler flowmetry; PWI = perfusion weighted imaging; MRI
= magnetic resonance imaging; TTP = time to peak.
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3.4 Discussion

The aim of this study was to validate collateral flow assessment by multi-site LDF for the prediction

of the 24-hours ischemic outcome, using multimodal MRI. The intraluminal model of 90-minutes

MCAO in rats was considered. Multi-site LDF recorded cerebral perfusion in both lateral MCA terri-

tory and ACA-MCA borderzone (collaterals territory) at MCAO induction, thanks to a custom-made

probe holder allowing for a precise and stable positioning of two probes over the intact skull surface

(Beretta et al., 2013). As expected, cerebral perfusion evaluated by LDF in the collaterals territory

correlated with ischemic outcome after 24 hours of reperfusion, both in terms of infarct volume and

neuroscore, and acute lesion volumes correlated with 24 hours infarct volumes, confirming our previ-

ous results (Chauveau et al., 2012; Riva et al., 2012). Moreover, different 24h infarct typologies (i.e.

large hemispheric or basal ganglia infarcts) were correctly a priori identified relying on both visual

evaluation of the MRI acute ischemic lesion and LDF perfusion monitored in the collaterals territory

(but, again, not in the lateral MCA territory).

As commonly reported by other groups (Howells et al., 2010), we observed a variable lesion size after

the same MCAO procedure. The presence or lack of a cortical involvement (as in large hemispheric

and basal ganglia infarcts, respectively) can be influenced by exogenous (surgery, filament) and en-

dogenous (collaterals) factors. Outcome variability of ischemic stroke models represents one of the

several aspects that may participate in the translational failure of neuroprotective strategies (Dirnagl,

2006). Indeed, variability affects sample homogeneity, implying a higher number of animals required

to reach an optimal statistical power.

Different methods have been used in experimental stroke research to assess correct MCAO induction.

i) The presence of neurological deficits during arterial occlusion has been widely used in the past as

an inclusion criteria, but was shown not predictive of final infarct (Chauveau et al., 2012). ii) Imag-

ing perfusion deficit, acute lesion or vascular occlusion on MRI (PWI-MRI, DWI-MRI and Magnetic

Resonance Angiography and MRA, respectively) certainly represents the method of choice for the

prediction of lesion extent (Bouts et al., 2013), but it is expensive and not widely available to stroke

basic scientists. However, the development of benchtop MRI systems could enable a more widespread

use of imaging in the future (Caysa et al., 2011). As disadvantages, MRI requires manipulation of

the animal during occlusion (accompanied by the risk of thread displacement) and does not provide

intra-surgical information. iii) LDF has been frequently used to monitor cerebral blood flow drop at

occlusion induction in several stroke models, including the intraluminal MCA occlusion (Esposito
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et al., 2013; Henninger et al., 2009; Hungerhuber et al., 2006; Kläsner et al., 2006; Taninishi et al.,

2015). This simple and flexible option is probably a method of choice for multicentre neuroprotection

studies, provided that its application can be standardized. Different perfusion drop values are consid-

ered to confirm intraluminal MCAO induction, varying in the range of 60-80% (Esposito et al., 2013;

Harada et al., 2005; Hungerhuber et al., 2006; Kläsner et al., 2006; Taninishi et al., 2015), or being

not specified (Zhao et al., 2008). A single monitoring probe is commonly positioned in the lateral

MCA territory of the parietal cortical surface, more frequently after craniotomy (Esposito et al., 2013;

Hungerhuber et al., 2006; Kläsner et al., 2006; Taninishi et al., 2015), while a less invasive approach

through intact skull may be considered (Beretta et al., 2013; Harada et al., 2005).

Interestingly, if the perfusion threshold values reported in the literature for the identification of large

hemispheric infarcts were applied to Probe 1 in this study (i.e. 60-80% residual perfusion), only 7 (for

60% threshold) to 3 (for 80% threshold) animals out of 15 would have been correctly classified (50%-

70% misclassification rate). In particular, if large hemispheric infarcts were to be included and basal

ganglia infarcts to be excluded, 5 to 2 animals would have been correctly included (large hemispheric

infarcts, for 60% and 80% threshold, respectively) and 2 to 1 animals would have been wrongly

included (basal ganglia infarcts, for 60% and 80% threshold, respectively). This misclassification may

have a strong impact on the results of a neuroprotection study: if a basal ganglia infarct allocated in

the treatment group is a priori misclassified as large hemispheric infarct, it will be wrongly interpreted

as a result of the neuroprotective effect.

Though LDF monitoring in the lateral MCA territory is effective in detecting a perfusion drop in-

dicative of arterial occlusion (or subarachnoid haemorrhage), we here confirm that additional LDF

monitoring in a transition zone between different cerebral arteries territories provides distinct and

predictive information. Indeed, Probe 2 perfusion values could discriminate between hemispheric

infarcts and basal ganglia infarcts and, precisely, a threshold value of 53% residual perfusion was

identified in this set of animals.

In order to confirm that LDF perfusion monitored in a restricted cortical area is reflecting the ac-

tual perfusion, the latter was evaluated on TTP maps computed from per-occlusion PWI-MRI and

compared to LDF perfusion. As expected, cortical perfusion was significantly lower for the large

hemispheric compared to basal ganglia infarcts, in both slices corresponding to Probe 1 and Probe 2

monitoring sites (Bregma -1 and Bregma +2, respectively). Surprisingly, TTP values correlated with

LDF perfusion only for Probe 2 and not for Probe 1. The main advantages of using TTP maps to

assess perfusion are that they are easy to generate, they do not require measuring an arterial input
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function, and abnormal regions can be easily identified and delineated. However, there are also no-

table limitations to the TTP maps. The TTP is only an indirect measure of tissue perfusion, and TTP

delays may occur in regions with good collaterality. This confounding effect is expected to increase

in regions that are further away from the leptomeningeal collaterals (because the time for the bolus to

reach these regions via the collaterals is increased and thus a long TTP might be wrongly interpreted

as a low perfusion). This might explain the discrepancy between the LDF perfusion and TTP values

in the slice corresponding to Probe 1 monitoring site.

Taken together, these results highlight the potential of multi-site LDF monitoring for the prediction of

ischemic outcome. While monitoring in the lateral MCA territory can be useful as guidance during

surgery to assess occlusion induction, monitoring in the collaterals territory provides an additional

value, relevant for outcome prediction and animal stratification.

A major limitation of this study is the small sample size. Nevertheless, we were able to obtain reliable

stratification based on Probe 2 perfusion value despite n=15. Further studies in independent labora-

tories including larger sample size are warranted. Another limitation is represented by the lack of

simultaneous assessment of multi-site LDF and MRI, since this was not feasible. Nonetheless, LDF

was applied for 10 minutes during MCAO immediately before transferring the same animals in the

MRI scanner, making unlikely any relevant change in the extent of perfusion deficit between the two

methods.

3.5 Conclusions

In this study, multi-site LDF for the monitoring of collateral flow was in agreement with multimodal

acute MRI for the prediction of ischemic outcome in experimental ischemic stroke. We propose this

approach to a priori stratify animals in neuroprotection studies, in order to enhance sample homo-

geneity. The additional value of multi-site LDF compared to single-site LDF highlights its potential

for outcome prediction in experimental ischemic stroke, especially for laboratories in which MRI is

not accessible.
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Abstract

Cerebral collateral circulation performance is emerging as a strong outcome determinant in both hu-

man and experimental ischemic stroke. We planned this preclinical randomized controlled study to

investigate and compare the efficacy and safety of four putative strategies, which might actively mod-

ulate collateral flow in the setting of acute cerebral ischemia: induced systemic hypertension using

phenylpephrine, intravascular volume load using polygeline, cerebro-selective vasodilatation using

acetazolamide and cerebral flow diversion by head-down tilt.

The middle cerebral artery (MCA) was transiently occluded (90 minutes) by intraluminal filament

in adult male Wistar rats. According to the composite randomization, 58 rats were left untreated,

whereas 60 rats were treated after 30 minutes of ischemia with intravenous administration of phenyle-

phrine (n=14), polygeline (n=16), acetazolamide (n =16) or positioned with a 15◦ slope until reperfu-

sion (head-down tilt, n=14). Cerebral blood flow was assessed using multi-site laser Doppler moni-

toring and after 24 hours of reperfusion functional deficit was evaluated using a sensory-motor score

and infarct volume was calculated on tissue sections stained with Cresyl violet. During surgery, blood

pressure, heart and respiratory rate were continuously monitored by a pressure transducer placed in

femoral artery.

Collateral therapeutics significantly increased cerebral flow during MCAO, mainly in the territory

of leptomeningeal collateral vessels, and reduced 24 hours infarct size as well as functional deficit

when globally considered. Single strategies comparison lead to differential results: acetazolamide,

polygeline and head-down tilt lead to a significant improvement of tissue outcome, although this was

paralleled by a functional improvement only for head-down tilt. Phenylephrine showed no signifi-

cant improvement of ischemic outcome. No significant effect on cardiorespiratory parameters was

observed, except for phenylephrine. Notably, no animals died after head-down tilt.

In conclusion, therapeutic modulation of intracranial collateral flow is feasible and is associated with

a better outcome after transient MCA occlusion in rats. In this study, head-down tilt emerged as

the safest and most efficace among the therapies considered. “Collateral therapeutics” may represent

an simple tissue-saving strategy in the hyper-acute phase of ischemic stroke prior to recanalization

therapy.
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4.1 Introduction

Ischemic stroke represents the second most common cause of death worldwide (Lozano et al., 2012)

and the leading cause of disability (Feigin et al., 2003). Unfortunately, therapeutic strategies for

acute phase of stroke are limited. The current approaches are focused on vascular occlusion and aim

to obtain prompt recanalization. Intravenous thrombolysis with rtPA (Alteplase) and endovascular

thrombectomy within 4.5 and 6 hours from symptoms onset, respectively, represent the best thera-

peutic options (Jauch et al., 2013; Powers et al., 2015). Unfortunately, most patients are not eligible

for recanalization therapies, primarly because of the restricted time-window (Ingall, 2009; Lansberg

et al., 2009) and the risk of hemorrhagic transformation. Besides recanalization therapies, neuropro-

tection has been extensively explored, but success in experimental stroke has failed to translate into

patients (Sutherland et al., 2012). Hence, the need for new therapeutic strategies is clearly emerging.

Collateral circulation is subsidiary vascular network, which is dynamically recruited following vascu-

lar occlusion and may provide residual blood flow to the affected areas, slowing down the progression

of ischemic penumbra to irreversible ischemic damage (Liebeskind, 2005a, 2010). In untreated pa-

tients, good collateral status is associated with larger baseline penumbra and reduced ischemic core

(Campbell et al., 2013), leading to a more favourable functional outcome and reduced mortality (Bang

et al., 2008; Lima et al., 2010; Menon et al., 2011; Miteff et al., 2009). Recanalized patients with

good collaterals seem to be more protected from infarct growth and hemorrhagic transformation (Bang

et al., 2008, 2011b), resulting in a more favourable early and long term outcome (Calleja et al., 2013).

We previously showed that the collateral perfusion correlated with both 24 hours outcome (Riva et al.,

2012) and molecular penumbra (Beretta et al., 2015) after transient middle cerebral artery occlusion

(MCAO) in rats.

Modulating collateral blood flow in order to augment or maintain perfusion to the ischemic penumbra

could represent a new therapeutic strategy for the hyperacute phase (Liebeskind, 2004, 2010; Shuaib

et al., 2011b), particularly if applied before recanalization or neuroprotective therapies.

We planned this preclinical randomized controlled study to investigate and compare the efficacy and

safety of four putative strategies, which might actively modulate collateral flow in the setting of acute

cerebral ischemia: induced systemic hypertension using phenylpephrine, intravascular volume load

using polygeline, cerebro-selective vasodilatation using acetazolamide and cerebral flow diversion by

head-down tilt. Rats underwent transient MCAO of 90 minutes and treatments were administered 30

minutes after ischemia induction. Cerebral blood flow was continuously monitored by multi-site laser
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Doppler (LD) (Beretta et al., 2013). Blood pressure, heart and respiratory rate were continuously

monitored by a pressure transducer placed in femoral artery. After 24 hours of reperfusion, tissue and

functional ischemic outcomes were evaluated.

4.2 Material and Methods

4.2.1 Animals and Experimental Design

The experimental protocol was approved by the Committee on Animal Care of the University of

Milano Bicocca, in accordance with the national guidelines on the use of laboratory animals (D.L.

116/1992) and the European Union Directive for animal experiments (2010/63/EU), under project

license from the Italian Ministry of Health.

Animals were housed in single cages, exposed to 12/12 hour light/ dark cycle, at controlled room

temperature, with free access to food and water, in a specific pathogen free (SPF) facility.

Figure 4.1: Experimental Design. On day 0, transient MCAO of 90 minutes was induced. Cere-
bral perfusion monitoring by multi-site LD was continuously performed during the whole sur-
gical procedure, up to reperfusion. Treatments were administered after 30 minutes of ischemia.
Residual perfusion after MCAO (before-treatment) and maximal perfusion after treatment were
considered. Cardiorespiratory parameters (arterial pressure, heart rate, breath rate) were also
continuously monitored. On day 1, after 24 hours of reperfusion, neurological deficits were eval-
uated according to a neurobehavioral score scale. Afterwards, rats were sacrificed and brains
were extracted and processed. Cresyl Violet was used for istological staining of brain section for
the evaluation of the ischemic lesion and calculation of infarct volume. MCAO = middle cerebral
artery occlusion; LD = laser Doppler; AP = arterial pressure; HR = heart rate; BR = breath rate.
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The experimental design is illustrated in Figure 4.1. On day 0, transient MCAO of 90 minutes was

induced. Cerebral perfusion monitoring by multi-site LDF was performed continuously during the

whole surgical procedure (approximately 140 min), including reperfusion by filament withdrawal.

Treatments (see below) were administered after 30 minutes of ischemia. Cardiorespiratory parameters

were also continuously monitored. On day 1, after 24 hours of reperfusion, neurological outcome

of animals was assessed with a functional neuroscore. Afterwards, rats were sacrificed and brains

were extracted and processed. Cresyl Violet was used for istological staining of brain section for the

evaluation of the ischemic lesion.

Adult male Wistar rats (280 ± 10% g; n = 126) were globally considered for this study. Randomiza-

tion and exclusion criteria are described below (§4.2.6.2). Eight rats were excluded and the remaining

randomized rats (n = 118) were considered for analysis.

4.2.2 MCAO Surgery and Treatments Administration

On Day 0, rats were anesthetized with 3% isoflurane in O2/N2O (1:3), and maintained with 1.5%

isoflurane. A silicon-coated filament (diameter 0.39±0.02 mm, Doccol Corporation, Redlands, CA,

USA) was used to occlude the origin of the MCA. The surgical protocol is described in details in

§2.2.2. The core temperature was monitored by a rectal thermometer and maintained to 37.0±0.5◦C

using a heating pad.

Therapeutic strategies (3 pharmacological strategies, 1 non-pharmacological strategy) were admin-

istred at 30 minutes post-MCAO:

• Phenylephrine (PHE group, n = 14): a 2.5 mg/ml phenylephrine solution was infused at a

velocity of 2.7 ml/h to induce a rise in MAP of about 20-25%;

• Polygeline (PLG group, n = 16): 4,5 mL of polygeline solution were injected to induce a volume

expansion of about 25%;

• Acetazolamide (ACZ group, n = 16): 600 µl of acetazolamide solution (50 mg/ml) were in-

jected;

• Head Down Tilt (HDT group, n = 14, non-pharmacological): rats were positioned on a surface

with a 15◦ slope until reperfusion.
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Pharmacological treatments were infused intravenously into the right femoral vein, with a mean in-

fusion time of 5 minutes. Control rats (CTRL group, n = 58) received no pharmacological active

treatment and were maintained in horizontal position.

After 90-minutes of ischemia, animals were reperfused by filament withdrawal. They were then

allowed to recover and had free access to food and water.

4.2.3 Multi-site Laser Doppler Monitoring of Cerebral Perfusion

The induction of focal cerebral ischemia was assessed using laser Doppler (LD) perfusion monitoring

(dual channel moorVMS-LDFTM, Moor, Axminster, UK) as described in §2.2.4. Briefly, two probes

were firmly position over the intact skull surface thanks to a custom-made probes holder (Beretta

et al., 2013). The first probe (Probe 1) was positioned in the core of the MCA territory (1 mm

posterior to the bregma and 5 mm lateral to the midline). The second probe (Probe 2) was positioned

in the borderzone between ACA and MCA territories (2 mm anterior to the bregma and 2 mm lateral

to the midline). Cerebral perfusion monitoring was performed continuously during the entire period

of anesthesia (approximately 150-180 min) and the following parameters were considered for each

probe:

1. cerebral perfusion before CCAO, which was considered as baseline value;

2. residual cerebral perfusion (expressed as % of baseline) after MCAO, following flow stabi-

lization (excluding the early phase after filament insertion) and up to 30 minutes of ischemia,

before treatment administration;

3. maximal perfusion after treatment administration (expressed as % of baseline), from 30 to 90

minutes of ischemia;

4. cerebral perfusion (expressed as % of baseline) at reperfusion, following filament withdrawal.

Hemodynamic assessment was blinded to primary (neuroscore, infarct volume) and secondary (car-

diorespiratory parameters) outcome data.
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4.2.4 Physiological Parameters Monitoring

Cardio-respiratory parameters (arterial pressure, heart rate, respiratory rate) were continuously moni-

tored throughout the surgical procedure using a Samba Preclin 420 transducer (Samba Sensors, Har-

vard Apparatus, UK) inserted in the right femoral artery. Cardio-respiratory and cerebral perfusion

recordings were synchronized using a software written in Matlab 2013 (MathWorks, Natick, MA).

Analysis of cardiorespiratory parameters was blinded to primary (neuroscore, infarct volume) and

secondary (hemodynamic parameters) outcome data.

4.2.5 24h Ischemic Outcome Evaluation

On Day 1, final ischemic outcome was assessed after 24 hours of reperfusion by both neurobehav-

ioral testing (see §2.2.6.1) and evaluation of ischemic lesion by Cresyl Violet staining of histological

sections (see §2.2.6.3). Briefly, animals were tested for neurological outcome by different behavioral,

motor and sensitive tasks and scored on a scale ranging from 3 (most severe) to 18 (no deficit). Rats

were then sacrified by C02 overdose and brains were extracted and fixed by immersion into ice-cold

10% neutral buffer formalin. Nineteen serial coronal tissue sections (50 µm thick) of the brain por-

tion ranging from Bregma +2.5 mm and Bregma -3 mm were obtained using a vibratome (Vibratome

1000 Plus-Tissue Sectioning System) and stained with Cresyl violet for the visualization of the is-

chemic lesion. Infarct volume corrected for inter-hemispheric asymmetries due to cerebral edema

was calculated, and expressed in mm3.

Both neurobehavioral evaluation and infarct volume calculation on histological sections were blinded

to secondary (cardiorespiratory and hemodynamic parameters) outcome data.

4.2.6 Statistical Design and Analysis

4.2.6.1 Sample Size and Statistical Power Calculation

We planned this preclinical randomized-controlled study, in which animal allocation to a specific

group was concealed and primary and secondary outcomes evaluation was blinded to animal alloca-

tion. Infarct volumes and neurological deficits evaluated at 24 hours post-reperfusion were considered

as primary outcomes, whereas cerebral perfusion, cardio-respiratory parameters (mean arterial pres-

sure, heart rate, respiratory rate) and treatment-associated mortality were considered as secondary

outcomes.
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The primary study was planned to compare 2 groups (control vs collateral therapeutics animals, 1:1

randomization), with a Type I error probability of 0.05 and a statistical power of 0.99. Assuming a

difference of primary outcome (infarct volume) between the two groups above 30% to be considered

of interest and provided a standard deviation of infarct volumes of 45% (previous results), a sample

size of 60 animals per group was required.

The secondary study was planned to compare the control group to each of the four treatments con-

sidered (1:4 randomization), with a Type I error probability of 0.05 and a statistical power of 0.80.

Assuming a difference of primary outcome (infarct volume) between the two groups above 40% to be

considered of interest and provided a standard deviation of infarct volumes of 45% (previous results),

a sample size of 13 animals per treatment group and of 52 animals for the control group was required.

4.2.6.2 Randomization and Exclusion Criteria

A number of 126 rats were globally used for this study. The randomization is illustrated in Figure

4.2. Signs of subarachnoid hemorrhage (SAH) and early death (before treatment) were used as ex-

clusion criteria. SAH was detected by a cerebral perfusion drop >90% for both Probe 1 and 2 and

then visually confirmed after brain extraction. Eight animals were excluded because of SAH and the

remaining 118 were allocated to an experimental group according to a centralized composite random-

ization list. Centralized randomization was compiled until reaching 14 animals per group. The first

randomization, dividing animals into control group and collateral therapeutics group, involved:

• Control (CTRL group): n = 58;

• Collateral therapeutics (COLL-THER group): n = 60.

The second randomization divided treatment group animals into 4 treatment groups, one for each

therapeutic strategy considered, and involved:

• Phenylephrine (PHE group): n = 14;

• Polygeline (PLG group): n = 16;

• Acetazolamide (ACZ group): n = 16;

• Head Down Tilt (HDT group): n = 14.
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Figure 4.2: Randomization design of the study. The composite randomization of this study
divided animals into CTRL (n = 58) and COLL-THERAP (n = 60) group (first randomization,
1:2). C-TH group animals were then randomized into PHE (n = 14), PLG (n = 16), ACZ (n = 16)
and HDT (n = 14) groups (second randomization, 1:4).

4.2.6.3 Statistical Analysis

Values were expressed as mean ± standard deviation (SD). For two-group analysis, unpaired (or

paired, where appropriate) Student’s t test was used. For multi-group analysis, one-way ANOVA and

Bonferroni’s post-hoc test were considered. A value of p < 0.05 was considered significant. In order

to adjust the primary outcome for cerebral perfusion, ANCOVA and Bonferroni’s post-hoc test were

considered. For this analysis, infarct volume was considered as dependent variable and Probe 1 and 2

residual perfusion were tested as covariates.

4.3 Results

4.3.1 Baseline Characteristics of The Experimental Sample

The baseline characteristics of the animals involved in this study are reported in Table 4.1. The

parameters weight, Probe 1 and 2 perfusion deficit at MCAO, mean arterial blood pressure, mean heart

rate and mean breath rate were evaluated before treatment and compared between control and treated

animals. No significant differences emerged between the two groups for any parameters, except for

Probe 2 residual perfusion at MCAO, which resulted about 10% higher in the treated compared to

control group.
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CTRL (n=58),
mean (SD)

COLL-THER (n=60),
mean (SD) p-value

Weight (grams) 289.19 (26.56) 293.80 (20.55) 0.374
Probe 1 residual perfusion
at MCAO (%)

38.53 (14.33) 44.32 (17.61) 0.074

Probe 2 residual perfusion
at MCAO (%)

60.26 (19.26) 70.92 (21.93) 0.011*

Mean arterial blood
pressure before treatment
(mmHg)

115 (33) 113 (23) 0.895

Mean heart rate before
treatment (bpm)

434 (30) 433 (38) 0.901

Mean breath rate before
treatment (brpm)

57 (11) 58 (11) 0.854

Table 4.1: Baseline characteristics of the experimental sample. Baseline characteristics of
CTRL (n = 58) and C-THER group (n = 60) are reported. * p < 0.05, unpaired Student’s t-test.
CTRL = control; COLL-THER = collateral therapeutics; SD = standard deviation; MCAO =
middle cerebral artery occlusion; bpm = beats per minute; brpm = breath rate per minute.

4.3.2 Effect of Collateral Therapeutics on 24h Ischemic Outcome

Primary outcomes (infarct volume and neuroscore) were evaluated 24 hours post-reperfusion. Glob-

ally, infarct volume is reduced in collateral therapeutics (p < 0.001) compared to control group (Fig-

ure 4.3-A). When considering single treatments, infarct volume is reduced in animals treated with

polygeline (p< 0.01), acetazolamide (p< 0.01) and head-down tilt (p< 0.001), while treatment with

phenylephrine showed no significant infarct reduction compared to control (Figure 4.3-B).

Infarct volumes showed a wide variability among animals, with infarcts ranging from small subcorti-

cal (Figure 4.3-C) to large corticostriatal lesions (Figure 4.3-D).

Analysis of covariance (ANCOVA) was performed to adjust the tissue outcome values for the cerebral

residual perfusion at MCAO recorded by Probe 1 and 2. Perfusion recorded by Probe 1 did not covary

(p = 0.101) with the infarct volumes. On the contrary, perfusion recorded by Probe 2 significantly

covaried (p< 0.001) with the infarct volumes. On this basis, infarct volumes were adjusted according

to the Probe 2 perfusion deficit and their values resulted statistically different compared to control for

animals treated with polygeline (p < 0.001), acetazolamide (p < 0.0005) and head down tilt (p <

0.0005), whereas no difference (p = 0.345) was shown for the phenylephrine group (Table 4.2) .
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Figure 4.3: Effect of collateral therapeutics on the tissue outcome. A. Infarct volume is
reduced in treated (p < 0.001) compared to control group. B. Infarct volume is reduced in
animals treated with polygeline (p < 0.01), acetazolamide (p < 0.01) and head-down tilt (p <
0.001) compared to control group. C. Representative sections of a subcortical lesion (Bregma -1;
Bregma +2). D. Representative sections of a corticostriatal lesion (Bregma -1; Bregma +2). **
p < 0.01, *** p < 0.001 vs CTRL. Unpaired Student’s t-test was used for two-group analysis.
CTRL = control; PHE = phenylephrine; PLG = polygeline; ACZ = acetazolamide; HDT = head-
down tilt.

Experimental
Group

Adjusted Mean
infarct volume*

Standard
error

p-value
(vs CTRL)

95% Confidence interval
Inferior
limit

Superior
limit

PHE 64.277 12.849 0.345 38.710 89.843
PLG 36.809 10.261 0.001 16.393 57.226
ACZ 32.453 10.253 0.0005 12.053 52.853
HDT 19.876 11.682 0.0005 -3.367 43.118
CTRL 78.091 5.892 - 66.366 89.815
* Dependent variable: infarct volume. Co-variate: Probe 2 residual perfu-
sion, correlation coefficient = 65,9770, p < 0.001.

Table 4.2: Analysis of covariance (ANCOVA) and infarct volume values adjusted for col-
lateral blood flow. Residual perfusion recorded by Probe 2 significantly covaried (p < 0.001)
with the infarct volumes. On this basis, infarct volumes were adjusted according to the Probe 2
perfusion deficit and their values resulted statistically different compared to control for animals
treated with polygeline (p< 0.001), acetazolamide (p< 0.0005) and head down tilt (p< 0.0005),
whereas no difference was shown for the phenylephrine group (p = 0.345). CTRL = control; PHE
= phenylephrine; PLG = polygeline; ACZ = acetazolamide; HDT = head-down tilt.
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Neuroscore values were higher, indicating a better neurological outcome, for collateral therapeutics (p

< 0.001) compared to control group (Figure 4.4-A). When considering single treatments, neuroscore

resulted higher in HDT group (p < 0.001), while treatment with phenylephrine, polygeline and aceta-

zolamide showed no significant neurological improvement compared to control (Figure 4.4-B).

Figure 4.4: Effect of therapeutic strategies on the functional outcome. A. Neuroscores are
higher (i.e. better outcome) for treated (p < 0.001) compared to control animals. B. Neuroscores
are higher for HDT group (p < 0.001) compared to control, whereas no significant improvement
was shown in PHE, PLG and ACZ treatment groups. *** p < 0.001 vs CTRL. Unpaired Stu-
dent’s t-test was used for two-group analysis. CTRL = control; PHE = phenylephrine; PLG =
polygeline; ACZ = acetazolamide; HDT = head-down tilt.
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4.3.3 Effect of Collateral Therapeutics on Cerebral Hemodynamics

Cerebral perfusion was real-time monitored by multi-site LD throughout the surgical procedure. Rep-

resentative LD tracings recorded by Probe 1 in the lateral MCA territory and Probe 2 in the ACA-

MCA borderzone territory are shown in Figure 4.5. The perfusion parameters considered are also

indicated (baseline, residual perfusion after MCAO, maximal perfusion after treatment, reperfusion).

In the present study, the perfusion recorded by Probe 2 in the collaterals territory resulted higher

compared to Probe 1 for all animals (data not shown).

Figure 4.5: Representative multi-site LD tracings. Representative LD tracing recorded by
Probe 1 in the lateral MCA territory (upper tracing) and by Probe 2 in the ACA-MCA border-
zone territory (lower tracing) are shown along with the experimental design. Cerebral perfu-
sion is real-time monitored throughout the surgical procedure. Baseline perfusion and perfusion
drops at both CCAO and MCAO are visible. The residual perfusion recorded by Probe 2 in the
collaterals territory resulted higher compared to Probe 1 for all animals in this study. For the
animals allocated in a treatment group, the assigned therapeutic strategy is administered after
30 minutes of ischemia and the maximal perfusion after treatment is evaluated. After 90 min-
utes of ischemia, reperfusion is allowed and confirmed by a recover in cerebral perfusion. At 24
hours post-reperfusion, ischemic outcome is evaluated. P.U. = perfusion units; CCAO = common
carotid artery occlusion; MCAO = middle cerebral artery occlusion.
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Maximal perfusion after treatment was significantly higher for collateral therapeutics compared to

the maximal perfusion recorded in 30-90 minutes of ischemia in control group, for both Probe 1 (p <

0.05) and Probe 2 (p < 0.001) (Figure 4.6-A). Moreover, perfusion resulted higher in the collaterals

territory (Probe 2) compared to the lateral MCA territory (Probe 1), for both control (p < 0.05) and

collateral therapeutics (p < 0.0001) group (Figure 4.6-A). Differently, cerebral perfusion values at

reperfusion did not result significantly different between collateral therapeutics and control group, for

both probes (Figure 4.6-B). The residual perfusion after MCAO within the first 30 minutes of ischemia

and maximal perfusion within 30-90 minutes of ischemia (corresponding to pre-treatment and post-

treatment periods for treated animals, respectively) were evaluated in control animals. Perfusion

resulted significantly higher during the final 30-90 compared to the initial 0-30 minutes for both

Probe 1 (p < 0.01) and 2 (p < 0.01) (Figure 4.6-C). Notably, perfusion recorded by Probe 2 resulted

significantly higher compared to Probe 1 for both 0-30 (p < 0.001) and 30-90 (p < 0.001) minutes of

ischemia (Figure 4.6-C). Analogously, in the collateral therapeutics group, maximal perfusion post-

treatment resulted significantly higher for both Probe 1 (p < 0.001) and 2 (p < 0.001) compared

to pre-treatment perfusion. Perfusion recorded by Probe 2 resulted significantly higher compared to

Probe 1 for both pre- (p < 0.001) and post-treatment (p < 0.001) phase.

The maximal residual perfusion after treatment was considered for each treatment and compared to the

perfusion after MCAO. For all the therapeutic strategies considered, the maximal residual perfusion

after treatment resulted significantly higher compared to pre-treatment values, for both Probe 1 and

2 (see Figure 4.7-A to D). Moreover, perfusion recorded by Probe 2 resulted significantly higher

compared to Probe 1 both before and after treatment, for every treatment group, except for HDT

group where Probe 2 perfusion was higher than Probe 1 only after treatment (see Figure 4.7-A to D).

Representative LD tracings showing the rise in cerebral perfusion after head-down tilt treatment are

shown in Figure 4.7-E.
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Figure 4.6: Effect of collateral therapeutics on the cerebral perfusion. A. Maximal residual
perfusion after treatment resulted higher in collateral therapeutics group compared to control,
both in Probe 1 (p < 0.05) and 2 (p < 0.001). Perfusion resulted higher in the collaterals ter-
ritory (Probe 2) compared to the lateral MCA territory (Probe 1), for both control (p < 0.05)
and collateral therapeutics (p < 0.0001) group. B. Cerebral perfusion values at reperfusion were
not significantly different between collateral therapeutics and control group for both probes. Un-
paired Student’s t-test was used. C. In control group, the maximal perfusion within 30-90 minutes
of ischemia resulted significantly higher for both Probe 1 (p < 0.01) and 2 (p < 0.01) compared
to the perfusion after MCAO (0-30 minutes of ischemia). Perfusion recorded by Probe 2 resulted
significantly higher compared to Probe 1 for both 0-30 (p< 0.001) and 30-90 (p< 0.001) minutes
of ischemia. D. In the collateral therapeutics group, maximal perfusion post-treatment resulted
significantly higher for both Probe 1 (p < 0.001) and 2 (p < 0.001) compared to pre-treatment
perfusion. Perfusion recorded by Probe 2 resulted significantly higher compared to Probe 1 for
both pre- (p < 0.001) and post-treatment (p < 0.001) phase. In A: * p < 0.05, *** p < 0.001 vs
CTRL for the same Probe; $ p < 0.05, $$$ p < 0.001 vs Probe 1 for the same group. Unpaired
Student’s t-test was used. In C: ** p < 0.01 vs 0-30 min for the same Probe; $$$ p < 0.001 vs
Probe 1 for the same period of ischemia (0-30 or 30-90 min). Paired Student’s t-test was used.
In D: *** p < 0.001 vs pre for the same Probe; $$$ p < 0.001 vs Probe 1 for the same period of
ischemia (pre or post). Paired Student’s t-test was used. P.U. = perfusion units.
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Figure 4.7: Effect of collateral therapeutics (single strategies) on the cerebral perfusion.
A-D. The maximal residual perfusion after treatment recorded by both probes resulted higher
compared to the residual perfusion after MCAO for all the single therapeutic strategies considered
in this study. Moreover, perfusion recorded by Probe 2 resulted significantly higher compared to
Probe 1 both before and after treatment, for every treatment group, except for HDT group where
Probe 2 perfusion was higher than Probe 1 only after treatment. E. Representative LD tracings for
Probe 1 and 2, the rise in cerebral perfusion after treatment is visible for both probes. In A-D: *
p < 0.05, ** p < 0.01, ** p < 0.001 vs pre for the same Probe (Probe 1 or Probe 2); $$ p < 0.01,
$$$ p < 0.001 vs Probe 1 for the same period of ischemia (pre or post). Paired Student’s t-test
was used. P.U. = perfusion units; MCAO = middle cerebral artery occlusion; HDT = head-down
tilt.
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4.3.4 Effect of Collateral Therapeutics on Cardiorespiratory Parameters

Cardiorespiratory parameters (arterial blood pressure, heart rate, breath rate) were monitored through-

out the surgical procedure. Arterial blood pressure and heart rate were significantly higher (p< 0.001)

and lower (p < 0.05), respectively, for the PHE group when compared to controls (Figure 4.8). For

animals treated with acetazolamide, polygeline and head-down tilt, no significant variations were seen

for these parameters.

Figure 4.8: Effect of collateral therapeutics on cardiorespiratory parameters. Cardiorespi-
ratory parameters of the four treatment groups were compared to the control group. A. Arterial
pressure showed no significant variation in treatment groups compared to control, except for PHE
group, where it resulted significantly higher (p< 0.001). B. Heart rate showed no significant vari-
ation in treatment groups compared to control, except for PHE group, where resulted significantly
higher (p < 0.05). C. Breath rate showed no significant variation in treatment groups compared
to control. * p < 0.05, *** p < 0.001 vs CTRL.
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4.3.5 Treatment-Associated Mortality

In this study, five animals died after treatment administration, representing about 8% of treated ani-

mals (n = 60). Three causes of death were identified (Table 4.3):

1. n = 3 rats died of non-procedural SAH (n = 1 treated with acetazolamide, n = 2 treated with

phenylephrine); death occured about 45-55 minutes after treatment administration; SAH was

confirmed by a 90% drop recorded by both LD probes and visually confirmed after brain ex-

traction.

2. n = 1 rats treated with polygeline died of cardiorespiratory failure; we hypothesized this cause

of death because cardiorespiratory alterations preceded cerebral perfusion alterations and no

SAH signs were visible after brain extraction.

3. n = 1 rats treated with acetazolamide showed a slow and gradual drop in cerebral perfusion

recorded by both LD probes, starting 15-20 minutes after treatment administration; Cardiores-

piratory failure and SAH were excluded after evaluation of cerebral perfusion and cardiorespi-

ratory tracings and brain after extraction; thus, we could not define a certain cause of death.

n Collateral therapeutic Cause of death

2 phenylephrine
subarachnoid hemorrhage occurred after initiation
of treatment

1 acetazolamide
subarachnoid hemorrhage occurred after initiation
of treatment

1 polygeline cardiorespiratory failure
1 acetazolamide unknown

Table 4.3: Treatment-related mortality. The number of animals, treatment and cause of death
are reported.
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4.4 Discussion

We planned this preclinical randomized controlled study to investigate and compare the efficacy and

safety of three pharmacological (phenylephrine, polygeline, acetazolamide) and a non-pharmacological

(head-down tilt) therapeutic strategies in rats undergoing transient MCAO. Animals were treated 30

minutes after ischemia induction, in order to test the effect of treatments when administered in the

hyperacute phase of ischemia, before reperfusion.

Therapeutic strategies might act on the collateral circulation through several mechanisms (Cuccione

et al., 2015). Phenylephrine is a selective α1-adrenergic receptor agonist, which causes systemic

vasoconstriction with very limited effects on cerebral vessels. The rise in systemic blood pressure

could enhance perfusion through cerebral collateral vessels, as shown in mice after 30% pressure

augmentationby phenylephrine infusion (Shin et al., 2008). In small clinical studies, outcome im-

provement was reported after norepinephrine- o phenylephrine-induced hypertension (Hillis et al.,

2003; Koenig et al., 2006; Marzan et al., 2004; Rordorf et al., 2001). In clinical practice, Polyge-

line solution is a colloidal plasma expander used to contrast hypovolemia. Cerebral blood volume

augmentation by plasma expansion and hemodiluition could improve cerebral perfusion (Heros and

Korosue, 1989), possibly through collateral vessels. Compared to other plasma expanders, such as

dextran 70, polygeline has a lower molecular weight, is more rapidly excreted and does not inter-

fere with coagulation, also when injected at high dose. Acetazolamide pharmacologically inhibits

carbonic anhydrase and consequently augments CO2 levels (Sullivan et al., 1987), inducing vasodi-

lation, and is used to test hemispheric cerebrovascular reactivity in clinical practice (Kuroda et al.,

2001; Ogasawara et al., 2002). A selective arteriolar vasodilation could also enhance collateral blood

flow. Pial arteriolar vasodilation and increased cortical perfusion were reported in piglets (Domoki

et al., 2008). Head positioning could affect collateral recruitment, because of gravitational influences

on the pressure gradients in cerebral circulation. Flat head positioning enhanced cerebral perfusion

and increased MCA blood flow velocity in stroke patients (Schwarz et al., 2002; Wojner et al., 2002;

Wojner-Alexander et al., 2005), whereas a 5◦ head-down tilt enhanced cerebral perfusion in mice

following bilateral CCAO (Nagatani et al., 2012).

In the present study, a composite randomization was considered in order to reach a high (99%) sta-

tistical power when comparing the two groups derived from a first randomization (CTRL and COLL-

THER), while performing a further explorative analysis, comparing efficacy and safety of each single
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therapeutic strategy considered (second randomization: PHE, PLG, ACZ and HDT), with a good sta-

tistical power (80%). This statistical design presents advantages from both ethical and economical

points of view.

When evaluating the basal characteristics of CTRL and collateral therapeutics groups (first random-

ization), Probe 2 perfusion after MCAO resulted significantly higher in the treatments group. Since

animals were randomized following the randomization list, we assume that this difference occurred

by chance in our study. However, ANCOVA analysis to adjust for eventual covariates were also

considered. In this regard, Probe 2 perfusion was found to covary (ANCOVA analysis) with infarct

volume in this study (and in agreement with our previous work, Riva et al. (2012)) and infarct volume

adjusted for this covariate were therefore considered.

Again agreement with our previous results (Riva et al., 2012), a strong infarct volume variability

emerged, with ischemic lesions ranging from small subcortical to large corticostriatal infarcts. The

differential cortical involvement likely reflects the variable performance of the collateral circulation:

a better collateral compensation provides a good cortical residual perfusion, sparing, at least partially,

the cortical regions. On the contrary, a poor collateral performance is associated with a relevant

cortical damage. The subcortical striatal regions are instead constantly involved since vascularised by

the lenticulo-striatal arteries, MCA end branches which do not form collaterals with adjacent vascular

territories (Zülch, 1981).

When globally considered (CTRL vs COLL-THER group, first randomization), collateral therapeutics

administration was associated with improved ischemic outcomes at 24 hours post-reperfusion, i.e.

small infarct volumes and better neuroscores. However, when therapeutic strategies were singularly

considered (PHE, PLG, ACZ, HDT vs CTRL group, second randomization), differential effects on the

ischemic outcome emerged. Phenylephrine showed no significant improvement of ischemic outcome,

neither for infarct volume nor for neuroscore. Treatment with acetazolamide and polygeline lead

to a significant reduction of infarct volume, but not paralleled by a functional improvement. Head-

down tilt is the only therapeutic approach which was associated with both structural and functional

improvement in our study. These results were also confirmed for infarct volumes adjusted for Probe

2 perfusion values after ANCOVA analysis.

Cerebral perfusion was continuously monitored using multi-site LDF (Beretta et al., 2013). We as-

sume that the cerebral perfusion drop recorded by Probe 1 in the lateral MCA territory is a direct

consequence of MCAO, whereas the perfusion variations recorded by Probe 2 in the ACA-MCA

borderzone territory are reflecting the compensatory performance of the leptomeningeal collaterals
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connecting the ACA and MCA vascular territories. As expected and in agreement with our previous

results (Riva et al., 2012), perfusion recorded after MCAO in the collaterals territory resulted higher

than perfusion in the core of the MCA territory, for every animal enrolled in this study.

Treatments were administered 30 minutes after ischemia induction and maximal perfusion after treat-

ment resulted higher when compared to both maximal perfusion in 30-90 minutes of ischemia in con-

trol animals and the perfusion recorded before treatment (0-30 minutes) in treated animals. Although

maximal perfusion resulted improved in both monitoring sites, the improvement in the collaterals ter-

ritory (Probe 2) was significantly more marked than in the lateral MCA territory (Probe 1) for any

treatment. This supports our hypothesis, according to which the therapeutic strategies considered

could acutely enhance cerebral blood flow through collateral vessels.

Interestingly, maximal cerebral perfusion recorded in control animals within 30-90 minutes of is-

chemia was significantly higher compared to perfusion after MCAO (0-30 minutes), for both Probe

1 and 2. This possibly indicates an endogenous response of the cerebral circulation to ischemia with

time, which translates into an improvement of collateral flow also in absence of treatment. In support

thereof, Probe 2 perfusion resulted significantly higher than Probe 1.

Polygeline, acetazolamide and head-down tilt caused no significant variation of the cardiorespiratory

parameters monitored, indicating that the positive effect is not due to or influenced by cardiorespira-

tory modifications. Differently, phenylephrine caused an -expected- rise in systemic blood pressure,

attributable to the mechanism of action of this therapeutic approach. A reduction in heart rate was

also visible for this treatment, in agreement with a previous report (Sleight, 1979).

The mortality associated with treatments administration in this study is about 8% (n = 5 out of 60

treated animals). Two rats died after treatment with phenilephrine, 2 after treatment with acetazo-

lamide and 1 after treatment with polygeline. Identified causes of death are cardiorespiratory failure

and non-procedural SAH. Interestingly, no animal died after head-down tilt in this study.

A limit of this work is represented by the intraluminal suture model used. In fact, the mechani-

cal nature of occlusion and reperfusion induction by filament withdrawal prevent us from exploring

possible interactions between thrombolytic drug and collateral therapeutics. Although assessment of

acute ischemic penumbra, e.g. by diffusion-perfusion mismatch on magnetic resonance imaging, is of

strong interest, it was beyond the aim of this study. Further studies exploring the evolution of ischemic

penumbra after treatment and also testing these therapeutic approaches in animals with co-morbidities

(e.g. hypertension), particularly in the view of hemorrhagic risk, are warranted. Moreover, in order to

specifically test the safety of these therapies in the pre-hospital phase, possible harmful effects should



Chapter 4. Collateral Therapeutics 126

be tested in preclinical models of hemorrhagic stroke.

4.5 Conclusions

In the present preclinical randomized controlled study, the efficacy and safety of four ’collateral

therapeutics’ was investigated and compared. All strategies enhanced cerebral perfusion and to a

greater extent in the collaterals territory compared to the core MCA territory. When globally con-

sidered, treatments were shown to improve tissue and functional ischemic outcome at 24 hours post-

reperfusion. Differential effects were shown when strategies were singularly considered. Head-down

tilt emerged as the strategy with higher translational impact, since associated with both tissue and

functional improvement and no mortality. Our results prompt further study of collateral therapeu-

tics for the hyper-acute (even pre-hospital) phase of ischemic stroke, aiming at the extension of the

therapeutic window for recanalization therapies.



Chapter 5

General Discussion

Stroke is a multi-factorial pathology and is the first cause of disability (Feigin et al., 2003) and second

cause of death worldwide (Lozano et al., 2012). Ischemic stroke, representing 80% of stroke cases,

is due to a vascular occlusion causing a sudden drop in cerebral perfusion (Donnan et al., 2008). At

present, therapeutic approaches to acute ischemic stroke are limited. Generally, recanalization and

neuroprotective therapies are being considered. Recanalization aims at eliminating occlusion and

consequently restoring blood flow to the brain, whereas neuroprotective therapies aim at blocking

the ischemic cascade by directly targeting the pathological molecular events ongoing in the hypoper-

fused cerebral tissue. Recanalization by thrombolysis using intravenous rtPA (Alteplase) is the only

FDA-approved therapy (NINDS, 1995; Saver et al., 2009). Unfortunately, most patients are not eli-

gible for this therapy because of the restricted time window (4.5 hours from symptoms onset) (Ingall,

2009; Lansberg et al., 2009) and the risk of hemorrhagic transformation. On the other hand, positive

results of preclinical neuroprotection studies failed to translate into successful clinical trials (Suther-

land et al., 2012).

All therapeutic strategies for acute ischemic stroke aim at saving the “ischemic penumbra”, cerebral

hypoperfused regions which are not yet permanently damaged by ischemia (in contrast to the ischemic

core) and can be potentially saved if reperfusion is timely achieved (Hossmann, 2006). The presence

and extension of the ischemic penumbra varies from patient to patient and is being increasingly con-

sidered for patient selection for therapy (Davis and Donnan, 2014): beyond the time window, an

extended penumbra with potential for salvage encourages therapeutic efforts.

Collateral circulation is a subsidiary vascular network dynamically recruited after vascular occlusion

and providing residual perfusion to the ischemic penumbra (Liebeskind, 2003). A good collateral

status was associated with larger baseline penumbra and reduced ischemic core (Campbell et al.,

127
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2013) and with a more favourable functional outcome and reduced mortality (Bang et al., 2008; Lima

et al., 2010; Menon et al., 2011; Miteff et al., 2009) in untreated patients. Also in recanalized patients,

a good collateralization protected from infarct growth and hemorrhagic transformation (Bang et al.,

2008, 2011b) and was associated with more favourable early and long term outcome (Calleja et al.,

2013). Furthermore, modulating collateral blood flow in order to augment or maintain perfusion to the

ischemic penumbra could represent a new therapeutic strategy for the hyperacute (even pre-hospital)

phase (Liebeskind, 2004, 2010; Shuaib et al., 2011b), particularly if applied before recanalization.

Nonetheless, the collateral circulation is frequently neglected in both clinical and preclinical settings.

The present work focused on the collateral circulation in experimental ischemic stroke. In this regard,

we explored:

• the relationship between cerebral collateral flow and ischemic penumbra (Chapter 2);

• collateral flow as a predictor of ischemic outcome and stratification factor (Chapter 3);

• strategies for the therapeutic modulation of collateral blood flow (Chapter 4).

Along the development of this research project, we constantly committed ourselves to follow the

STAIRS recommendations for standards quality of preclinical stroke research (See Section 1.3.2.1),

starting with opting for animal species and experimental stroke model which were best fitting the aims

of our work.

In this regard, we considered the intraluminal suture MCAO model in Wistar rats in the view to

perform an ischemia of 90 minutes followed by 24 hours of reperfusion. The Wistar strain was chosen

among other strains (e.g. Sprague-Dawley, Lewis) and healthy male, young adult animals were used.

As an advantage, Wistar lines presenting hypertension (e.g. SHR and spSHR) is available and can be

used for future studies in animals with stroke co-morbidities.

Several ischemic stroke models are used in experimental stroke research (see Section 1.3.1). For

this study, the occlusion of the MCA, which is the cause of the majority of ischemic stroke cases,

was modeled by the insertion of an intraluminal filament to occlude its origin without the need to

perform a craniotomy. A mechanical occlusion is thus performed, which can be reverted by filament

withdrawal, allowing for controlled time of ischemia and reperfusion.

Rats were considered instead of mice because of their greater size, which made them more appropriate

for physiological parameters monitoring and application of neuroimaging techniques (such as MRI),

as was done in this study. The monitoring of physiological parameters, among which cerebral blood
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flow but also blood pressure, heart and respiratory rate, etc. is strongly recommended, especially in

order to discriminate possible indirect neuroprotective effects (Sutherland et al., 2011).

To evaluate the cerebral flow we used an optimized multi-site LDF apparatus (Beretta et al., 2013),

which allowed us to monitor cortical perfusion in real time in the lateral MCA territory and in the

borderzone territory between ACA and MCA. We assumed that the cerebral perfusion drop recorded

by Probe 1 in the lateral MCA territory is a direct consequence of MCAO, whereas the perfusion vari-

ations recorded by Probe 2 in the ACA-MCA borderzone territory are reflecting the compensatory

performance of the leptomeningeal collaterals connecting the ACA and MCA vascular territories.

The advantages of LDF over other techniques for the evaluation of collateral blood flow (e.g. LSCI,

TPLSM, see Section 1.2.4) are the real-time monitoring and the possibility to avoid craniotomy, re-

ducing the invasiveness of the approach. On the other hand, a limit of LDF is the lack of spatial

resolution, which is in contrast provided by other techniques.

The ischemic outcome was evaluated after 24 hours of reperfusion, both in terms of neurological

deficits and tissue lesion. The neurological deficits were assessed using a behavioral and sensory-

motor scoring system (Garcia et al., 1995), with the aim to obtain an overall evaluation of the func-

tional damage. However, more specific tasks are being considered and implemented in order to pro-

vide a more precise and quantitative assessment. These include plantar test (Hargreaves et al., 1988),

sticky-tape test (Sughrue et al., 2006) and corner test (Schallert et al., 1982, 1983) for the evaluation

of the hindlimbs, forelimbs and vibrissae sensitive deficits, respectively. These additional tests are

going to be included in future experimental campaigns.

The tissue lesion extension was evaluated in terms of infarct volume, expressed in mm3 and corrected

for edema (Leach et al., 1993). The lesion was visualized in vivo by T2-weighted MRI (Chapter 3)

and ex-vivo on coronal brain sections stained with Cresyl violet (Chapter 2 and 4).

Although ischemic outcome evaluation was planned after 24 hours of reperfusion in these studies,

longitudinal studies where ischemic outcome is evaluated after longer periods, such as 48h, 7 days or

even 1 month are to be planned in the future to confirm outcome stability in time.

In agreement with the fundamental standards for quality (Fisher et al., 2009), we calculated the sam-

ple size required to obtain a good statistical power and defined criteria for animal exclusion. We

defined and reported exclusion criteria for our studies and excluded animals were subsequently in-

dicated. For the collateral therapeutics study (Chapter 4), animals were randomized according to a

randomization list, allocation to experimental groups was concealed and assessment of primary and

secondary outcomes was mutually blinded.
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Conclusions and Future Perspectives

Taken together, the results of our studies support the importance of monitoring collateral blood flow

and its relevance in experimental ischemic stroke, both in the view of ischemic outcome and penumbra

prediction and the study of new therapeutic strategies based on the modulation of collateral blood flow.

In the first study (Chapter 2), we showed that a good collateral flow was associated with both re-

duced post-reperfusion molecular penumbra and ischemic core, i.e. increased areas of preserved

tissue. These findings are relevant in the view of the development of strategies acting on the collateral

circulation.

In the second study (Chapter 3), we showed how collateral blood flow could be used to a priori stratify

animals depending on infarct typology (i.e. large hemispheric vs basal ganglia infarct), in agreement

with DWI-MRI evaluation (Chauveau et al., 2012). We therefore propose the multi-site LDF approach

as an alternative to MRI to predict ischemic outcome and control its variability in preclinical studies.

In the third and last study (Chapter 4), we evaluated four therapeutic strategies that might act on

collateral blood flow and showed how they acutely modulated cerebral blood flow, mainly in the

collaterals territory, and their differential efficacy on the improvement of 24 hours ischemic outcome,

which highlighted head-down tilt as the safest and most efficient among the approaches considered.

The main limitation of the first study (Chapter 2) is the evaluation of a molecular penumbra beyond

the acute phase. As discussed in Section 1.1.4, the ischemic penumbra can be evaluated by sev-

eral modalities, ranging from the assessment of molecular alterations (as done in our study) to neu-

roimaging techniques. Undoubtedly, the evaluation of the penumbra in the acute phase by imaging

techniques such as MRI and its comparison to post-reperfusion molecular penumbra is of foremost

interest and will be explored in further studies. In fact, although presenting some limitations, the eval-

uation of ischemic penumbra in humans relies on neuroimaging techniques, among which PWI-DWI

mismatch on MRI is the most commonly used and increasingly improving. Moreover, the evolution

of the ischemic penumbra in time can be explored using MRI. Interestingly, penumbra defined by

HSP70 expression as also been explored by MRI molecular imaging using targeted nanoliposomes

(Agulla et al., 2013). The evaluation of the ischemic penumbra was beyond the aim of the our study

of collateral therapeutics (Chapter 4). Nonetheless, exploring both acute (as PWI-DWI mismatch)

and post-reperfusion (as HSP70 protein expression) penumbra could provide more information about

and further confirm the mechanism of action of putative collateral therapeutic strategies.
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A relevant aspect of our studies is the use of male young animals. This is in agreement with the

guidelines for preclinical stroke research, suggesting the use of young healthy animals for initial

studies. Nonetheless, aged animals and/or with co-morbidities (such as hypertension, diabetes, etc.)

are more precisely matching the characteristics of the human population most affected by stroke and

should therefore be considered. Moreover, modification in the collateral circulation in both patients

(Arsava et al., 2013; Ovbiagele et al., 2007) and animals (Coyle, 1987; Faber et al., 2011; Hecht et al.,

2012; Omura-Matsuoka et al., 2011) with advanced age and co-morbidities have been previously

reported and might impact on our results. For these reasons, future studies will be performed using

aged animals and/or with co-morbidities. Besides, female rats should also be considered and results

must be subsequently confirmed in different animal species.

In order to specifically test the safety of therapies acting on the collateral flow in the pre-hospital

phase, possible harmful effects should be tested in preclinical models of hemorrhagic stroke, since

hemorrhagic transformation of ischemic stroke represents one of the major complications following

thrombolytic treatment. Models of both subarachnoid (Bederson et al., 1995; Solomon et al., 1985)

and intracerebral hemorrhage (Ma et al., 2011) will thus be incorporated in future studies.

Preclinical stroke research has the potential to directly study collateral blood flow, using different

methods and in different controlled experimental conditions and should be therefore exploited to

understand the compensatory mechanisms of the collateral circulation during acute ischemic stroke

and their potential for the development and translation of new therapeutic strategies, based on the

therapeutic modulation of collateral flow.
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Tudela R, Soria G, Pérez-De-Puig I, Ros D, Pavı́a J and Planas A. Infarct volume prediction using apparent
diffusion coefficient maps during middle cerebral artery occlusion and soon after reperfusion in the rat. Brain
Res, 1583:169–78, 2014.
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