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Abstract

Over the last decade, magnetic resonance imaging (MRI) and spectroscopy (MRS) have 

gained popularity as sensitive and safe investigations for use in the clinical and research 

environments. With the rapid grovvth in the availability of magnetic resonance hardware, 

there is great interest in applying it to the full spectrum of human disease processes. 

Increasingly researchers are characterising the pathophysiology and natural history of 

disease in terms of MRI- and MRS-visible parameters. Such parameters may be 

structural, such as organ volume; biophysical such as diffusion, perfusion and temperature 

or biochemical such as metabolite concentrations and pH. The aim of the work presented 

in this thesis was to develop and characterise experimental models of focal cerebral 

ischaemia and Huntington’s disease with respect to the NMR-visible changes in these 

conditions.

A new model of focal cerebral ischaemia in the rat was developed specifically for NMR 

studies of stroke. It is shown that the model gives a reliable and reproducible lesion and 

enables the uninterrupted sampling of NMR data during the evolution of tissue damage. 

Multi-parametric MRI data were acquired which characterise the changes in water 

diffusion, tissue perfusion and proton NMR relaxation during and following cerebral 

ischaemia. Finally, the model was used to demonstrate regional activation of STAT-1 in 

the brain following ischaemia. STAT-1 has been shovm to be important in regulating cell 

death in the heart and is a potential therapeutic target. In this study, MRI was used to 

define brain areas with different levels of haemodynamic disturbance which were analysed 

for STAT-1 activation following ischaemia or ischaemia-reperfusion injury.

An existing transgenic mouse model of Huntington’s disease, the R6/2 model, was 

characterised using quantitative in vivo magnetic resonance imaging and spectroscopy. 

Changes in proton spectroscopy and transverse relaxation were observed as a function of 

age and disease progression in affected mice. The potential use of magnetic resonance in 

the assessment of therapeutic strategies in the future is discussed.
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1. Introduction

1.1 Overview

This thesis describes the development of research models for magnetic resonance studies 

of abnormal and pathological cerebral physiology in two diseases of global significance; 

cerebral ischaemia and Huntington’s Disease. As presented in Chapters 3 and 4, magnetic 

resonance imaging and spectroscopy have provided, and will continue to provide crucial 

insights into the underlying cellular, biochemical and physical processes involved in the 

progression of these conditions.

Much time was spent developing the more novel aspects of the models such as remote 

control and reversibility of vascular occlusion and temperature control in my work on 

cerebral ischaemia, and physiological control in the Huntington’s disease study. These 

refinements have greatly increased the intrinsic power of the models, more basic forms of 

which were already widely accepted as research tools and have previously provided 

vehicles for important discoveries.

1.2 Magnetic Resonance Imaging & Spectroscopv

The phenomenon of nuclear magnetic resonance (NMR) was first demonstrated in 1946 

by two independent research groups; those headed by Bloch and Purcell. The technique 

has since developed at a rapid rate to become what is perhaps the most comprehensive 

medical diagnostic technology in history. In a standard clinical NMR system it is possible 

to perform detailed biochemical investigations, structural and functional imaging and most 

fashionably to image the activation of the human brain during cognitive tasks. This is all 

minimally or non-invasive and has no inherent health risks. One of the key differences 

between MRI and other medical imaging modalities, which has contributed to its 

application to such a wide range of medical specialities, is the ability to use a number of 

different physical properties as imaging contrast. My work has harnessed this property to 

acquire many multi-parametric NMR data using the two models.
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There are many truly remarkable applications of NMR to medicine but what is surprising 

is the number of phenomena and correlations which have been shown to have diagnostic 

value, but whose underlying basic science evades us. This is certainly true for parameters 

such as relaxation and diffusion, measurements of which I have made throughout my 

research. There are many examples of where changes in these parameters can be securely 

correlated with gross physiological events or trends, yet the underlying biophysical 

explanation is yet to be fully understood.

My research has utilised a number of NMR techniques: localised spectroscopy was 

performed in mouse brain while proton diffusion, transverse and longitudinal relaxation 

and perfusion were quantified using image acquisition techniques ranging from the most 

basic spin-echo to state-of-the-art interleaved echo-planar imaging, in both mouse and rat 

studies.

Throughout the development work described in this thesis, great effort has been directed 

towards maximising the investigative power of our experiments. Optimisation of this type 

has enabled us to perform a wide range of measurements in the same experiment and 

sample NMR parameters at a high rate where time-course data has been the target. 

Examples of this include:

development of a new animal model to study cerebral ischaemia, whereby a highly 

reproducible insult is delivered by remote control, i.e. without the need to remove 

the animal from the magnet bore.

the specification of the radio frequency coil used in the mouse work, which allows 

spectroscopy using very small voxel sizes of 1.4pl (1x1x1.4mm^) and high quality 

quantitative imaging in vivo.

simultaneous acquisition of the NMR parameters T] and T%* using a new 

technique developed by Dr Dave Thomas at The Institute of Child Health.
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1.3 Cerebral Ischaemia

The human brain accounts for only 2% of body weight yet is responsible for 

approximately 20% of total aerobic metabolism. A dependency therefore exists on a 

reliable supply of oxygen to service the organ’s metabolic requirements. This is made 

more important due to the inability of the brain to store significant metabolic substrate and 

the fact that 95% of the brain’s ATP is derived from mitochondrial oxidative 

phosphorylation. As a result, an interruption of oxygen delivery to brain cells quickly 

results in a loss of cellular homeostatic function and eventually to irreversible cell damage.

Cerebral ischaemia in adult humans, known as stroke, is one of the most common causes 

of mortality and morbidity in the Western world. Following the occlusion of a cerebral 

artery or haemorrhage within the cranium, a severe disturbance of the blood and oxygen 

supply to brain tissue ensues. In neonatal humans the corresponding condition of 

hypoxic-ischaemic brain injury results from restricted gas delivery and blood perfusion 

during labour and birth. This can occur for a number of reasons including complications 

during labour in which the umbilical cord is constricted. Although this condition differs 

from focal ischaemic brain injury in adults, in that the lack of oxygen is combined with 

serious systemic hypercapnia, the cellular events and mechanisms of damage which follow 

can be seen to show much similarity.

Over the last 30 years, substantial progress has been made in elucidating the mechanisms 

involved in the progression from ischaemia to brain damage. These advances have arisen 

due to pan-disciplinary improvements in technology and functionality. To cite just three - 

the arenas in which my work has focussed; NMR imaging, spectroscopy and animal 

models have all seen major advances in control, robustness and intrinsic interpretability 

which have allowed a more scientifically scrupulous approach to be applied.

The field as we find it today then, is characterised by a good understanding of the 

haemodynamic, cellular and bio-molecular changes initiated by ischaemia and an ever 

increasing repertoire of work which tries to explain how this leads to brain damage.
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My work in this field has been to develop and characterise a new animal model of focal 

cerebral ischaemia. The model was designed to produce a reliable, highly reproducible 

focal ischaemic lesion and allow the acquisition of NMR data in the periods immediately 

following the occlusion or de-occlusion of a major cerebral artery: the hyper-acute period. 

This was motivated by the lack of such an animal model that was compatible with 

magnetic resonance studies of stroke. In addition, the new model is arguably a better 

approximation of the human form of stroke as ischaemia is induced in a small, focal area 

of the brain. This is in contrast to the existing remote-controlled intraluminal filament 

model which affects a large percentage of the hemisphere.

Different types of vascular reperfusion were studied including traditional ‘full / abrupt’ 

reperfusion and an experimental ‘partial reperfusion’ which was intended to simulate the 

clinical scenario of gradual recirculation. The motivation for this was that animal models 

of cerebral ischaemia-reperfusion have been criticised because reperfusion is usually 

induced abruptly, over a period of seconds to minutes. This is not the case in the clinical 

context of stroke where reperfusion, where it occurs, may take a number of days to evolve. 

The study was therefore designed to explore differences in longitudinal multiparametric 

MRI data following the two types of reperfusion. The measurements made include 

quantitative relaxometry (Ti and Ti), perfusion, diffusion and equilibrium magnetisation.

The new model was also used to investigate the regional activation of STAT-1, a cell 

signalling molecule thought to be implicated in programmed cell death following cerebral 

ischaemia. Previous studies in the heart and mouse brain have identified the molecule as a 

potential therapeutic target. Our study was designed to investigate patterns of STAT-1 

activation following ischaemia alone and ischaemia-reperfusion in brain regions subjected 

to varying levels of haemodynamic disturbance.
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1.4 Huntington’s Disease

Huntington's Disease (HD) is an inherited progressive brain disease that affects the 

patient’s cognitive ability (thinking, judgement, memory), movement and emotional 

control. HD affects males and females and has been found among all racial groups 

throughout the world. Symptoms of HD vary greatly from person to person and appear 

gradually, most frequently between the ages of 30 and 50. Currently there is no cure for 

the disease, but in 1993 the genetic basis of the abnormal neuronal development was 

identified as a multiple repeat of the nucleotide sequence coding for glutamine (GAG), 

within the IT15 gene (4pl6.3). Following this discovery, scientists have further developed 

techniques to diagnose and stage the disease in affected patients and have searched for 

treatments to ameliorate the condition.

A number of animal models of HD have been developed and have provided new insights 

into the underlying pathophysiology. There has been an increasing focus in recent years 

on genetic models which reproduce the poly-CAG abnormality implicated in the human 

form of the disease. The genetic models include transgenic mouse variants such as the 

R6/1 and R6/2 strains.

A previous magnetic resonance spectroscopy study demonstrated progressive reductions 

in brain N-acetylaspartate (NAA) with age in the R6/2 transgenic mouse model. 

However, the methodology used in the study was significantly flawed which complicated 

interpretation of the results. The main limitations were the use of a large, single 

bi-hemispheric spectroscopy voxel and sub-optimal NMR acquisition parameters. 

Consequently the measurements were not specific to any particular brain area, spectra 

were somewhat Ti weighted and were not corrected for possible T2 relaxation changes 

during disease progression. Nevertheless the study provided some compelling evidence 

for changes in brain metabolite levels, but the precise nature and time-eourse of the 

changes remained unclear.

My work in this field was part of a collaborative project to produce a thorough 

characterisation of MR-visible markers of HD progression which may be used in the 

future for the assessment of putative therapeutic interventions. We performed localised
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proton spectroscopy and quantitative 7% imaging throughout the lives of R6/2 and control 

mice, alongside the measurement of traditional indices of disease progression based on 

neurological markers. Multiple small spectroscopy voxels were placed within cortex and 

striatum in order to enable the detection of regional changes. Fully relaxed spectra were 

acquired with multiple echo times to permit metabolite T2 quantification and correction of 

metabolite ratios. Diabetic status in the mice was carefully monitored and this potential 

confounding factor was controlled for.

We began to use our characterisation as a baseline against which to assess dietary creatine 

supplementation as a potential treatment for HD. This work is timely as human studies of 

the supplement have begun in earnest. Reported toxicity and adverse effects in human 

patients heighten the need to characterise the effect of the treatment in controlled animal 

studies.
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1.5 Thesis Organisation

Chapter 2 covers the magnetic resonance techniques utilised in my research. As my work 

has used these technologies rather than developed them, I will describe only the 

techniques directly relevant to my work and would direct the reader to one of the many 

excellent texts on this subject for a description of the underlying physics and mathematics 

involved.

Chapters 3 & 4, covering cerebral ischaemia and Huntington’s Disease respectively, 

discusses the current understanding of the nature and causes of these two important 

medical problems.

Chapter 5: ‘Animal Models in Research’ discusses the issues relating to the use of 

animals in research and summarises the models which have been previously developed for 

investigations of stroke.

Chapter 6: ‘A New Remote Controlled, Reversible Model of Focal Ischaemia in the Rat’ 

describes the development of a new animal model designed specifically for studies of 

stroke in an NMR system. In this section I present data which demonstrates the basic 

concept of the model, that is, ischaemia-reperfusion data where the apparent diffusion 

coefficient (ADC) and transverse relaxation time (T2) are sampled throughout the baseline, 

ischaemia and reperfusion periods. Additionally, histological and diffusion-weighted 

imaging (DWI) assessments of lesion size from 3 hour occlusion experiments are used to 

demonstrate the reproducibility of the model.

Chapter 7: ‘Studies of Acute Focal Cerebral Ischaemia Using a Remote Controlled, 

Reversible Model in the Rat’ details the results of my continuing investigation into focal 

cerebral ischemia, using the new model. I will present preliminary data which contains 

interesting new findings about changes in blood flow and diffusion during and after focal 

ischaemia.
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Chapter 8: ‘STAT-1 Activation Following Cerebral Ischaemia in the Rat’. This chapter 

describes a study to investigate the regional activation of the STAT-1 molecule following 

ischaemia and ischaemia-reperfusion injury in the brain.

Chapter 9: ‘NMR Studies of a Transgenic Mouse Model of Huntington’s Disease’. Here 

are presented the results of our work using high quality, quantitative NMR in this animal 

model.

Chapter 10: ‘Final Summary & Conclusions’. In this section the key points of the thesis 

are drawn together with an overview of current and future work involving the two animal 

models.
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2.1 Chapter Overview

This section gives a description of the NMR techniques which I have used in my 

experimental work. The quantum mechanical and mathematical basis of NMR has been 

described many times in textbooks and theses and will not be reiterated here. Where 

relevant to my work however, some background material is included; in particular with 

respect to radio frequency pulses, NMR relaxometry and diffusion and perfusion imaging.

Sections 2.2-2.5 discuss the fundamental concepts of the chemical shift effect, NMR 

spectroscopy and radio frequency pulses. Adiabatic pulses are introduced in section 2.5. 

The NMR relaxation processes Ti and T] are described in section 2.6; the physical 

concepts are described in section 2.6.2 and the biological significance of Ti and T% in 

section 2.6.2. NMR diffusion and perfusion imaging are described in section 2.7. In each 

case a description of the underlying concepts and the biological significance of the 

measurement is included. Section 2.8 gives a brief technical description of the two NMR 

systems used in my experimental work and a description of the specific NMR 

spectroscopy and imaging techniques used is presented in sections 2.9-2.13.

2.2 The Chemical Shift Effect & NMR Spectroscopy

Following the initial description of the magnetic resonance phenomenon by the groups 

headed by Bloch and Purcell (Bloch et al., 1946; Purcell et al., 1946) it was established 

that the resonance frequency of a nucleus is dependent on the molecular environment. 

Atomic structure and charge distribution differ both between elements and between the 

different bonding configurations possible with a single element. As the magnetic field 

experienced by the nucleus is determined by the combination of any external magnetic 

field and screening by neighbouring electron clouds (Equation 2-1), the nucleus of any 

particular atom can experience a multiplicity of magnetic environments and exhibit 

magnetic resonance phenomena at corresponding Larmor frequencies (Equation 2-2).
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Bo(eff) = Bg {\-a) Equation 2-1

Where:

Bo(eff) is the effective magnetic field experienced by the nucleus 

Bo is the external magnetic field

a  is the magnetic shielding factor of the molecular environment

_ y|®o(eff)| _ y|Bo(i-o'^
^  sample

where:

= ' _ ' = ' or 0)„ = Equation 2-2

Vsampie is the Lanuor frequency of a nucleus in the sample (Hz) 

( 0  is the Larmor frequency of a nucleus in the sample (rad/s) 

y is the gyromagnetic ratio of the nucleus

For descriptive ease and to facilitate a unified definition of the Larmor frequency of any 

given molecule, regardless of the magnetic field at which it is observed, the ‘chemical 

shift’ of a molecule is commonly reported. This is given by its frequency offset from a 

well known reference molecule; tetramethyl silane (TMS) in the case of Hi spectroscopy 

for example, normalized to the Larmor frequency of the reference molecule. The 

chemical shift in parts per million (ppm) is thus given by equation 2-3.

Ô =  — X10̂  ppm Equation 2-3
^  ref

where:

Vref is the Larmor frequency of a nucleus in the reference molecule 

Vsampie is the Lanuor frequency of a nucleus in the molecule of interest 

8 is the chemical shift measured in part per million
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In NMR spectroscopy, the time-domain signal, commonly referred to as the free induction 

decay (FID), contains a mixture of frequency components corresponding to the different 

chemical shifts present in the sample. A Fourier transform of the FID therefore yields the 

spectrum of these chemical shifts. The intensity of the signal at each chemical shift is 

directly proportional to the concentration of nuclei in the sample experiencing that 

chemical shift. As different biological compounds appear at characteristic chemical shifts 

in spectra of *H, etc, a significant literature has evolved whereby these chemical shifts 

have been quantified and used to characterise physiological and pathophysiological 

processes. Following painstaking setup and calibration work by scientists in individual 

laboratories, it is hoped that in the future NMR spectra may be routinely acquired and 

quantified such that centres throughout the world are able to compare and reproduce 

spectroscopic data regardless of the exact field strength, gradient performance, echo times 

and species of interest.

2.3 The Bloch Equations

In 1946, Bloch et al (Bloch et al., 1946) proposed a series of equations that describe the 

magnetic field properties of a spin ensemble in the presence of an external magnetic field. 

These phenomenologically derived equations have proved successful in describing the 

behaviour of minimally interacting spins, such as are found in liquid samples. A heuristic 

derivation is presented below.

In an arbitrary, homogenous, magnetic field B, the equation of motion of the bulk 

magnetisation M is given by:

X B Equation 2-4

where the field B can be fixed (Bo) or oscillating (Bi).
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Equation 2-4 can be expanded in terms of the individual components in the x, y, and z 

axes:

(a)

= y (-M ,B ,+ M ^ B j (b)

dt

dt

dM
dt

= (c) Equation 2-5

2.4 The Rotating Reference Frame

The behaviour of M in the presence of static and oscillating magnetic fields can be 

simplified by defining a reference coordinate system (x\y%z') which rotates about Bo at 

the same rate as Bi In this frame of reference, Bi is fixed along the x' axis, and in the 

absence of Bi, M will remain stationary and aligned along the z axis.

The effective magnetic field Beff, acting on the magnetization M in the rotating frame is 

therefore:

+ Bj Equation 2-6

where:

coi is the frequency of the applied radio frequency field (which is normally equal to 

the Larmor frequency coq) 

y is the gyromagnetic ratio of the nucleus
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The effective magnetic field is depicted in vector format below (Figure 2-1).

B

eff

B,

Figure 2-1 A vector representation of the effective magnetic field Befr and its
components.

If Bi is applied at exactly the Larmor frequency coo, it can he seen from Equation 2-6 that 

Beff will equal Bi. The magnetisation therefore precesses around Bf. This has the effect 

of rotating M around the direction of Bi (the x' axis) with frequency coj where:

<a, = - yB , Equation 2-7

The applied Bi is typically much smaller than the static magnetic field Bo; Bi is usually in 

p.T or mT where the main field Bq is 1-3T. The frequency of precession around this field 

in the rotating reference frame is therefore orders of magnitude smaller than the 

precessional frequency around Bq. If Bi is switched off after a period Tp, the 

magnetisation is rotated or nutated from the z axis by an angle a as shown below:

a = y B ,r„ Equation 2-8
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Commonly used radio frequency (RF) pulses include the 90° pulse (a=7r/2) which brings 

M into the x 'y ' plane, and the 180° pulse (a=7t) which inverts the magnetisation vector 

leaving it antiparallel to its starting orientation.

A potential problem when using these types of RF pulses is that any spatial non- 

uniformity in the applied Bi, due to RF coil imperfections for example, results in non 

uniform flip angle a over the sample. This can lead to poor image uniformity or problems 

with voxel localisation in spectroscopy applications where multiple RF pulses are used to 

localise the voxel in all three axes. An alternative class of RF pulses, adiabatic pulses, are 

described in the following section and also in section 2.7.4 where the concept of adiabatic 

inversion used to label flowing blood in magnetic resonance perfusion imaging is 

described.

2.5 Adiabatic RF Pulses

If the movement of the effective magnetization Beff away from the initial position is slow 

enough in relation to the rate of change of the Bi field, the magnetisation vector can 

follow Beff as the RF frequency is swept from one side of resonance to the other. Across 

the spectral bandwidth of interest, spins with different precessional frequencies are 

sequentially rotated as the frequency of the sweeping Bi field approaches the resonant 

frequency of the different spins.

Adiabatic pulses are a special class of RF pulses which bring about this type of 

modulation of M and are characteristically less sensitive to the applied (RF) Bi spatial 

homogeneity profile. Rotation of M into the x-y plane (adiabatic half passage) or full 

inversion (adiabatic full passage) can be achieved even when the applied Bi field is 

extremely inhomogeneous. The adiabatic condition describes the relationship between a 

changing Bi field and the sweeping direction of Beff which defines the limits of adiabatic 

behaviour as shown in Equation 2-9.
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- ,  — «  —  —  «  —  Equation 2-9
r, B, dt dt

where the left inequality states that the rate of change of Beff must be greater than the 

competing rate of decay of the magnetisation due to NMR relaxation processes Ti and T2 

(see section 2.6 below) and the right inequality relates to the condition described above.

2.6 NMR Relaxation Processes

2.6.1 The Physical Processes Underlying NMR Relaxation

Following excitation of the nuclear spins by an RF pulse, they return to equilibrium by 

longitudinal (also termed spin-lattice) and transverse (spin-spin) relaxation processes. 

These can be reliably quantified, yielding useful information about physiology and tissue 

status in the biophysical context (see section 2.6.2).

Longitudinal relaxation involves the transfer of energy from the excited spins to the 

molecular environment (the lattice) and affects the repletion of the z-component of the 

magnetic moment to its equilibrium value. This comes about via transitions between the 

Zeeman states and occurs most efficiently when the local magnetic fields have a 

component oscillating at c o q - These fluctuating magnetic fields are produced in the lattice 

by the random tumbling of molecules and their associated magnetic moments. The return 

of the z-component to equilibrium during longitudinal relaxation is described by the 

equation:

^ ^  = - M(i Equation 2-10
dt T,

where:

Mz is the z magnetisation

Mo is the z magnetisation at equilibrium

T 1 is the longitudinal relaxation time (spin-lattice relaxation time)
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The value of M% at time (t) is therefore given by:

vT.y
M^(r) = Mo+ (M^(o)-Mo)-exp —  Equation 2-1 la

where:

Mz(0 is the z magnetisation at time t 

Mo is the z magnetisation at equilibrium

T 1 is the longitudinal relaxation time (spin-lattice relaxation time)

The quantification of T] can be achieved by fitting a mono-exponential curve to 

measurements of NMR signal magnitude following saturation or inversion of the 

magnetisation. These data can be obtained by the acquisition of NMR experiments with 

different recovery times (x) following saturation or inversion. The quantification of Ti can 

be performed on an ROI, pixel-wise or spectral peak height basis to yield the tissue water 

or metabolite longitudinal relaxation time. When the inversion-recovery technique is used 

the return of the magnetisation to equilibrium can be described by equation 2-1 lb, 

provided that the inversion is close to 100% efficient.

M ,(0  = l + (-2)exp —
V y

Equation 2-1 lb

where:

Mz(0 is the z magnetisation at time t

T 1 is the longitudinal relaxation time (spin-lattice relaxation time)

Transverse relaxation is responsible for the decay of the transverse (x-y plane) 

magnetisation to its equilibrium (zero) value. This value is zero as there is no 

probabilistic ‘preferred’ orientation for the transverse magnetisation in the equilibrium
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State. The decay o f the transverse magnetisation following excitation is described by the 

equation:

M
   = ------   Equation 2-12

dt T,

where:

Mxy is the component of magnetisation in the x-y plane 

T2 is the transverse relaxation time (spin-spin relaxation time)

Transverse relaxation occurs via zero-loss energy transfers between neighbouring spins. 

Energy is not lost to the lattice by these transitions but phase coherence of the transverse 

magnetisation is lost, with resulting reduction of the transverse magnetisation magnitude. 

The factors which cause longitudinal relaxation also cause transverse relaxation and in 

addition, low frequency magnetic field fluctuations also contribute to transverse 

relaxation. In biological tissues, these low frequency components dominate due to the 

presence of large macromolecules, wall structures and organelles, and hence the observed 

transverse decay rate is significantly higher than the longitudinal rate.

In practice, the transverse magnetisation is seen to decay following RF excitation with a 

rate which is somewhat higher than the intrinsic transverse relaxation rate. This is due to 

localised, static Bq inhomogeneities which cause the spins to process at slightly different 

frequencies at different positions. The result is the dephasing of the transverse 

magnetisation and reduction of the x-y magnetisation magnitude. The observed transverse 

magnetisation decay time (T2 *) is therefore a function of the intrinsic transverse relaxation 

time (T2) and the decay time due to local Bq inhomogeneities (T2 ). As the decay times are 

the reciprocal of the decay rates, the observed transverse relaxation rates and times are 

given by equation 2-13.
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— —---- 1— r ^  R2 — Rj Equation 2-13
T 2  T 2  T 2

where:

T2 is the transverse relaxation time 

R2 is the transverse relaxation rate

As spin dephasing due to static Bo inhomogeneities occurs in a coherent manner, it can be 

reversed by the application of a 180  ̂ refocusing RF pulse and the formation of a spin 

echo. The classic spin-echo experiment first described by Hahn (Hahn, 1950) produces an 

echo a time TE after the 90  ̂RF excitation pulse which is double the time interval between 

the 90^ and 180  ̂RF pulses. The NMR signal magnitude in the centre of the echo, where 

all spin dephasing due to local field inhomogeneities is reversed, therefore depends upon 

the intrinsic transverse relaxation time (T2) and echo time, as given by the equation:

-TE

Ste =  ̂ Equation 2-14

where:

So is the signal magnitude at echo time 0ms 

Ste is the signal magnitude at echo time TE 

TE is the echo time (2 x time between 90  ̂and 180° pulses)

T2 is the transverse relaxation time (spin-spin relaxation time)

The quantification of T2 can be approximated by a mono-exponential fit of NMR signal 

magnitude measurements at two or more values of TE. These data can be obtained by the 

acquisition of NMR experiments with different echo times or, in some circumstances, by 

the formation of a second spin echo after the first (dual-echo experiment). As with Ti, the 

quantification of T2 can be carried out on a ROI, pixel-wise or spectral peak height basis 

to yield the tissue water or metabolite transverse relaxation time.
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2.6.2 Physiological Significance of \n-vivo Ti And T% Measurement

Although a detailed understanding of the basis of NMR relaxation changes in pathological 

biological tissues has not yet emerged, numerous associations between Ti and T% changes 

with clinical measures and other assessments of tissue damage have been reported.

It has been shown that there is an approximately linear relationship between tissue water 

T% and water content (Taylor and Bore, 1981). It is also well known that tissue T2 

increases following ischaemia in both humans (Bailes et al., 1982; Bryan et al., 1983) and 

animals (Van Bruggen et al., 1992; Hoehn-Berlage et al., 1995a; van Dorsten et al., 2002). 

Local oxygenation changes probably contribute to transient changes in T2 upon ischaemic 

onset and reperfusion, but it is thought that T2 prolongation in the hours following 

ischaemia is primarily a reflection of vasogenic oedema, following blood-brain barrier 

damage (Neumann-Haefelin et al., 2000). Studies of traumatic brain injury have also 

demonstrated prolonged T2 correlated with brain oedema formation (Schuhmaim et al., 

2002).

The biophysical basis of Ti changes is perhaps even less well known. ‘Ti effects’ 

however are widely exploited in conjunction with contrast agents to investigate vascular 

and tissue integrity, blood flow and anatomy. This concept involves the acquisition of Ti- 

weighted images before and after the administration of a gadolinium-based intra venous 

contrast agent such as gadopentetate dimeglumine (Gd-DTPA) or gadobenate 

dimeglumine (Gd-BOPTA). Areas with contrast agent appear bright on Ti weighted 

images due to the relaxation-enhancement effect of gadolinium. Examples of this include: 

detection of brain and spinal cord lesions in multiple sclerosis (Silver et al., 2001), 

visualising internal damage in the temporomandibular joint (Ogasawara et al., 2002) and 

the detection of liver métastasés (del Prate et al., 2002). Other applications of Ti-based 

contrast utilise inversion recovery contrast, for example fluid nulling in FLAIR (fluid 

attenuated inversion recovery) (De Coene et al., 1992) and fat suppression using inversion 

recovery techniques (de Kerviler et al., 1998). Both of these techniques are used to aid 

anatomical delineation and improve lesion detection in MR images.
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2.7 NMR Measurement of Diffusion and Perfusion

The development of NMR techniques to measure diffusion and perfusion in living 

biological tissues non-invasively has provided powerful and flexible tools for the 

investigation of a wide range of physiological and pathophysiological processes. 

Applications range from the investigation of functional activation to the investigation of 

acute and chronic disease throughout brain and systemic tissues with high sensitivity. I 

have made use of the ability of our lOOMHz system to provide these measurements with 

good time resolution. This has enabled us to make extensive measurements during acute 

experiments to elucidate dynamic processes in different brain regions during and after 

cerebral ischaemia.

2.7.1 Diffusion; Random Molecular Motion

During recent years NMR diffusion weighted imaging (DWI) techniques have gained 

widespread acceptance in the biomedical arena. This is due to the wide range of 

applications; from the determination of cell geometry to the evaluation of ischaemic tissue 

injury in even the most acute stages, and the ability to run DWI sequences on most NMR 

systems as they do not necessarily require advanced gradient systems or specific magnetic 

field strength.

Diffusion weighted imaging is exquisitely sensitive to the random, microscopic 

translational motion of molecules, known as Brownian motion. Although molecular 

mobility is also a factor in Ti and T2 relaxation, these phenomena are the product of a 

large and complex set of conditions and processes such as field strength and molecular 

exchange and rotational motion. As diffusion is a property which occurs completely 

independently of the NMR experiment, it is possible to compare NMR measurements of 

diffusion made on a wide range of NMR systems with consistent biophysical 

interpretation.

Diffusion was originally described in the context of non-uniform systems, where a 

macroscopic flux of different species could be observed. Pick’s first law states that the 

flux density depends linearly upon the concentration gradient, with the constant of 

proportionality being termed the diffusion coefficient (D). When considering the
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movements of a single molecule the random walk produces net displacements over time, 

which are randomly distributed if a large molecular population is simulated. In this 

context the ‘Einstein equation’ describes this Gaussian model (equation 2-15).

= 2Dt for one dimensional motion Equation 2-15

r^) = 6Dt for three dimensional motion

where: <r > is the mean squared displacement (unit = mm^)

r is the displacement for an individual diffusing molecule (unit = mm) 

t is the time (unit = s)

D is the diffusion coefficient (unit = mm^s'*)

In biological systems, however, this description does not account for the presence of 

multiple compartments (with the possibility for exchange) or boundaries and restrictions 

to molecular movement which complicate the modelling of diffusion behaviour.

Where there are multiple diffusion compartments present within a sample the result is 

diffusion behaviour which reflects, to different degrees, the diffusion properties of all the 

compartments superimposed on each other. Under certain circumstances it is possible to 

characterise these compartments separately by making a large number of measurements 

and fitting to a mathematically more complex diffusion model. There is interest in using 

this approach to obtain information about intra-cellular and extra-cellular compartments in 

brain tissue, although there is ongoing debate regarding the interpretation of these data.

Boundaries to diffusion effectively ‘reflect’ diffusing molecules back into the 

compartment and hence the distance ‘saturates’ as a function of the size of the 

compartment and for measurement purposes, the time period over which the behaviour is 

observed. It is possible to make diffusion measurements over short and very long time
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periods to obtain information about the extent and shape (the extent in different axes) of 

diffusion restriction, as the probability of any given molecule reaching a boundary when 

the observation time is made very short is very low. This relationship between diffusion 

restriction and observed diffusion distance can be visualised as in Figure 2-2. This type of 

information has been used to differentiate diffusion changes in different cell types with 

different diffusion characteristics, notably white and grey matter in brain matter.

The recognition of complex diffusion behaviour which could not be modelled by the 

Gaussian model prompted the introduction of the ‘apparent’ diffusion coefficient (ADC) 

(Le Bihan et ah, 1986) which allows for the fact that diffusion in biological systems is 

always restricted to some degree. It is important to remember that the measurable 

diffusion is limited by restriction when longer diffusion times are used and so the 

interpretation of ADC data should be done with reference to the diffusion time defined by 

the NMR pulse sequence.

It is likely that the use of NMR diffusion to investigate cellular changes will become 

increasingly complex as time progresses. Historically, studies combining NMR diffusion 

measurement with other modalities to investigate cell morphology and damage have used 

a single configuration of diffusion times, gradient strengths and acquisition times. As 

improvements in NMR hardware have been made so the ability to use a more 

comprehensive approach to diffusion measurement has increased. It is likely that the 

changes in different cell populations during the many stages of ischaemic cell damage 

may be resolved by more sophisticated NMR experiments in the future.

The techniques which I have used to measure diffusion of water protons in brain are 

described in section 2.13.
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Figure 2-2 The diffusion behaviour of molecules under free and restricted

conditions. The diffusion distance increases linearly with square root

diffusion time in the unrestricted case. When a boundary restricts the molecular 
motion, the diffusion distance ‘saturates’ when observed over extended time 
periods.

2.7.2 Diffusion; Measurement Using NMR

The phase, d) of the magnetisation in the transverse plane of the rotating reference frame 

can be manipulated by the application of a strong magnetic field gradient. This imposes a 

spatially varying resonant frequency across each image voxel which in turn gives rise to a 

spatially dependent phase dispersion 0 | over the course of the gradient pulse (Equation
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2-16). For static spins, this phase dispersion can be completely reversed (Equation 2-17) 

by the application of a second, identical gradient pulse after a 180° refocusing RF pulse. 

The static spins observe exactly the opposite phase modulation during the second 

diffusion gradient pulse, which returns the system to its initial phase. Where the spins are 

able to translate along the direction of the diffusion gradient during the diffusion 

experiment, the phase modulation becomes complex and incoherent. By the end of the 

second gradient pulse the phase modulation is not completely reversed and the overall 

voxel signal is attenuated due to destructive interference of the phase-dispersed spins. The 

extent to which the signal is attenuated is a function of the magnitude of molecular 

movements during the experiment, or a function of the diffusion coefficient of the 

material. This effect was demonstrated in 1965 by Stejskal and Tanner (Stejskal and 

Tanner, 1965) who introduced the basic pulse sequence for diffusion weighting where 

linear diffusion gradients of amplitude (G), are placed symmetrically about a 180° 

refocusing pulse. The time interval between the gradient pulses is denoted by A and the 

duration of each pulse by 5.

O, = /  jC - rdt Equation 2-16
0

where: y= gyromagnetic ratio 

S= duration of gradient 

G=Gradient amplitude

The second diffusion gradient produces a phase dispersion 0 2 , as given by equation 2-10

A+S

(^^=y ^G rdt Equation 2-17
A

where: A= interval between diffusion gradient pulses
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The net phase angle accumulated during the diffusion weighted spin echo experiment is 

therefore given by:

A+J
O = O j + ( - 0 2 ) = / | g  r J r - /  ^G-rdt Equation2-18

The effect of diffusion during the application of the gradient pulses upon spin echo signal 

intensity can be modelled assuming the Gaussian diffusion displacement distribution as 

given by:

S = Sq exp(-bD) Equation 2-19

where: S is the spin-echo signal magnitude

So is the spin-echo signal magnitude when 6=0 

D is the diffusion coefficient 

b is the diffusion weighting factor

When using pulsed diffusion gradient schemes based on the Stejskal-Tanner sequence the 

b value is given by:

f
b = y^G^S^ A  Equation 2-20

V 3  J

where: A= interval between the start of the diffusion gradient pulses 

3 is the duration of each diffusion gradient pulse
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An advantage of the Stejskal-Tanner method is that, provided that the duration of the 

gradient pulses is much shorter than the time between them, the period over which the 

diffusion effect forms is known and given by (A-ô/3).

From equation 2-19 it follows that the diffusion coefficient can be calculated by log-linear 

regression when two or more acquisitions with different b-values (but otherwise identical 

acquisition parameters) are acquired. This is usually achieved by varying the diffusion 

gradient amplitude rather than duration, so that the diffusion time is the same for the 

different b-value images. Note that in-vivo diffusion measurements actually probe the 

apparent diffusion coefficient (ADC), encoding diffusion sensitivity in a single axis or 

isotropic (x-y-z) scheme. Higher orders of diffusion anisotropy can be sampled by using 

more diffusion directions and attempting reconstruction of a ‘diffusion ellipsoid’. An 

example of this is the tracking of white matter tracts in CNS tissue, as these cell types are 

myelinated and show strong diffusion anisotropy.

2.7.3 Physiological Significance of in-vivo Diffusion Measurements

Clinical interest in diffusion weighted imaging was heightened following publications by 

Moseley et al and Busza et al (Moseley et al., 1990; Busza et al., 1992) which showed that 

diffusion weighted imaging could be used to delineate ischaemic tissue at early time- 

points compared to conventional T: imaging. Whereas T2 prolongation occurs many 

hours after the onset of ischemia when irreversible cell damage has occurred, this new 

method of detecting acute phase perturbations of cellular energetics has been shown to 

have the potential to elucidate tissue injury which may be ameliorable in the acute phase.

It is now well known that the ADC of brain tissue changes within minutes of ischaemic 

onset and that this coincides with changes in water distribution in and around cells 

(Niendorf et al., 1996; Calamante et al., 1999) and at thresholds of CBF previously shown 

to cause depletion of high energy phosphates (Hossmann, 1974; Busza et al., 1992). 

Various authors have demonstrated the relationship between graded reductions in CBF, 

ADC and the areas of energy depletion and tissue acidosis (Back et al., 1994; Kohno et al., 

1995; Hoehn-Berlage et al., 1995b; Olah et al., 2001).
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The precise mechanisms and causal basis for these changes remain prominent in scientific 

discussion but the main mechanisms are discussed below. It is important to note that in- 

vivo diffusion measurements provide a volume fraction weighted average of the extra- and 

intracellular compartments and furthermore, that the diffusion time and T2-weighting of 

the measurement can select differential sensitivity to different compartments (cf diffusion 

saturation when using long diffusion times with restricted diffusion).

I. Changes in magnetic susceptibility

It has been shown that changes in the magnetic susceptibility of brain tissue can affect the 

measured ADC (Does et al., 1999). It is thought that this effect is mediated by the 

contribution of background gradients to the diffusion measurement. It has been suggested 

that these effects may contribute up to a 6% decrease in ADC between fully oxygenated 

and deoxygenated blood.

II. Redistribution of extracellular water

During the acute stages of ischaemia, it is known that cell swelling occurs as water enters 

cells from the extracellular compartment. This is known as ‘cytotoxic oedema’ and is 

believed to occur due to the failure of energy supply to the sodium/potassium (Na^/K”̂) 

pump (discussed further in Chapter 3). The resulting net movement of out of the cell 

and influx of Na^ creates an osmotic gradient such that water diffuses into the cells. 

Assuming that the apparent diffusion coefficient of extracellular water is higher than 

intracellular water, due to boundaries and organelles which hinder diffusion in the 

intracellular compartment, the measured tissue water ADC would fall during cytotoxic 

oedema.

Evidence to support the contribution of cell swelling to the changes in observed ADC 

include models of cytotoxic oedema out of the ischaemic context, using administration of 

ouabain, a specific inhibitor of the NaVK"  ̂ pump (Benveniste et al., 1992) and 

hyponatraemia (Sevick et al., 1992) which both showed ADC changes consistent with 

those observed during cytotoxic oedema.
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III. Increased extracellular diffusion path tortuousity

It has been proposed that the redistribution of extracellular water causes an increase in the 

tortuousity of water diffusion in the extracellular space (Lundbaek and Hansen, 1992; van 

der Toom et al., 1996). The increased diffusion tortuousity is thought to cause a decrease 

in the ADC measured from the extracellular volume fraction.

IV. Decrease in the intracellular diffusion coefficient

Studies using NMR spectroscopy have shown that during ischaemia there is a decrease in 

ADC of intracellular tracers and molecules such as ’̂ ^Cs (Neil et al., 1996) and neuronal 

metabolites (Wick et al., 1995). These changes may reflect energy-dependent transport 

processes which slow or stop during cellular energy failure and may also affect water 

diffusion either directly or indirectly.

Diffusion and biochemical changes

It is likely that all of the postulated mechanisms contribute in some way to the observed 

ADC changes during acute ischemia. What is clear however is that one must interpret 

ADC data cautiously as the exact biophysical explanation is unclear. Nevertheless, the 

correlation between ADC change and disturbance of cellular energetics has been 

demonstrated in a number of studies.

Evidence that changes in apparent proton diffusion are related to cellular energy failure 

was provided by Busza et al. (Busza et al., 1992) who showed that changes in DWI image 

intensity were correlated with CBF, as measured by hydrogen clearance, in gerbil 

forebrain ischaemia. Earlier work in their laboratory had demonstrated a CBF threshold of 

20ml/100g/min at which energy failure ensues, with loss of high energy phosphates, an 

increase in inorganic phosphate and lactate, and a decrease in pH (Crockard et al., 1987).

Back et al (Back et al., 1994) investigated the spatial correlation between the distribution 

of cerebral metabolites, infarcted tissue and NMR water diffusion changes in rat brain 

following 7 hours of MCA occlusion. They found that the DWI hyperintensity area 

matched precisely with the histologically defined infarct (haematoxylin & eosin staining), 

area of ATP depletion and area of tissue acidosis. This was the first demonstration of the
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precise topical correlation between ADC changes and traditional pathophysiological 

markers. Olah et al. compared in vivo ADC and quantitative histochemistry (ATP 

concentration and pH) in from rats subjected to remote-controlled intra-luminal filament 

occlusion for 1 hour (Olah et al., 2001). Hoehn-Berlage et al. studied the same 

associations following 2 hours of occlusion (Hoehn-Berlage et al., 1995b). The two 

groups showed that following short duration ischaemia, the area with reduced ADC 

contains tissue with frank energy failure and also less severely affected tissue with normal 

ATP levels but marked tissue acidosis. In both studies the area of ATP depletion matched 

closely to the area with ADC reduction to <77% of the baseline level. Tissue acidosis 

without ATP depletion was found in the region with reduction in ADC to <86-90% of the 

baseline level.

These and subsequent studies have fuelled interest in quantitative MRJ diffusion imaging 

in acute stroke. Given the routine use of diffusion weighted imaging in specialist stroke 

units around the world, efforts to fully elucidate the biophysical processes underlying 

diffusion changes will no doubt continue for the foreseeable future.

2.7.4 Perfusion

The vascular system is characterised by the progressive increase in surface area to volume 

ratio of vessels as blood flows down the vascular tree. Large arteries divide and branch 

giving rise to smaller vessels which themselves branch.

‘Perfusion’ describes blood flow at the level of the capillary bed, where exchange of 

nutrients between blood and tissue occurs, expressed as quantity of blood per unit mass of 

tissue per unit time (ml/lOOg/min). It is distinct from bulk flow through larger vessels 

such as feeding arteries and draining veins, which serve primarily as a transportation 

system and do not permit blood-tissue exchange (Figure 2-3). As is discussed on the 

following pages, meaningful perfusion measurements are obtained using a technique that 

has high sensitivity to the movement of blood which exchanges gases (oxygen, CO2 etc) 

and nutrients with the tissues in the capillary bed, rather than bulk vascular flow.
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Figure 2-3 Schematic diagram of perfusion. The exchange of nutrients 
between blood and tissue occurs at the capillary level. Larger vessels 
function purely as a transportation system and do not contribute to exchange.

There are two types of MR perfusion measurement strategy; bolus tracking, which 

involves the analysis of a series of images acquired over a short time period (<lmin) 

following the administration of a bolus of exogenous NMR contrast material such as 

gadolinium DTPA, and arterial spin labelling (AST) where an endogenous, freely 

diffusible tracer is used.

ASL techniques are classified as pulsed or continuous (CAST) depending on the scheme 

and duration of the RF pulses used for magnetic labelling of blood spins. In both classes 

the measurement of ‘perfusion’ is gained by the subtraction of an image acquired with the 

blood magnetic label applied from a control image, where the label is not applied but 

secondary effects of the label are reproduced, for example saturation of the 

macromolecular magnetisation pool during CAST. The reader is referred to one of the 

excellent reviews of the various perfusion methods for a thorough description and 

comparison of the various approaches (Thomas et al., 2000; Barbier et al., 2001).

I have used a CASL technique, whereby the arterial blood proton magnetisation is inverted 

as it flows through the neck. Water in the blood flowing from the labelling plane into the 

imaging slice exchanges with tissue water, altering the tissue magnetisation. As this 

method uses water protons in the blood as an endogenous tracer it allows repeated
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measurements of perfusion - the lifetime of the blood ‘label’ is very short and the inverted 

magnetisation returns to the equilibrium state by longitudinal relaxation within 5-6 

seconds after inversion. Additionally, this technique does not rely on the calibration or 

stable attachment of any external devices such as catheters or bolus injectors. It also has a 

significant advantage over pulsed arterial spin labelling schemes in that the label is applied 

well away from brain areas where the magnetic susceptibility and Bo homogeneity may be 

disturbed due to surgical removal of tissue and skull. This would be expected to introduce 

extra factors into the label-control difference function thus introducing error into the 

perfusion measurement.

Blood water magnetisation is inverted using a flow driven adiabatic fast passage (AFP) 

inversion (Dixon et al., 1986) whereby a magnetic field gradient is applied in the z axis - 

the axis along which the arterial blood is flowing in the neck of the rat, and a low power 

radio frequency pulse (B|) is applied for three seconds. The RF pulse frequency and z 

gradient are such that the Bi field is equal to the Larmor frequency in a plane in the neck, 

proximal to the imaging slice (Figure 2-4). Proton spins in blood moving along the 

carotid and vertebral arteries therefore experience a Bi field sweep from below to above 

the Larmor frequency, centred on the Larmor frequency in the labelling plane. The spins 

are inverted during this process provided that the condition for AFP is met (Equation 

2-21). The moving spins experience an effective magnetic field, Bgff which is the vector 

sum of the frequency offset, AB and the B] field. If spins move slowly enough to satisfy 

the adiabatic condition, they precess about Beff. They are thus inverted as Bgff evolves 

from alignment with the positive z-axis, to alignment with the negative z-axis.

J

where: G=gradient strength

ü=velocity of blood spins

Gv «  Equation 2-21
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As the inversion pulse is applied for an extended time (3 s in the implementation on our 

system), all inflowing spins will be inverted and a flow related steady-state will be 

established in the imaging slice. Blood flow to the tissues in the imaging slice results in a 

signal difference between label and control images as a function of the degree of 

perfusion. This difference is decreased, however, due to Tj relaxation in the tissues, and 

the blood brain partition coefficient (A) which limits the exchange of labelled proton 

population with the tissues. Modification of the Bloch equation for longitudinal relaxation 

to include flow (inversion rather than saturation) leads to the following equation for flow 

quantification (Equation 2-12).

_ ^ M r - M r  Equation 2-22

where: /=blood flow (perfusion) (ml/lOOg/min)

2=blood:brain partition coefficient

Mè'”̂ =tissue magnetisation after blood flow inversion

Mè^^"'=tissue magnetisation without inversion (control acquisition)

Tiapp is the time constant of the decay to equilibrium magnetisation defined by 

Equation 2-23.

 ̂ = — + — Equation 2-23

where: T/=tissue longitudinal relaxation time
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Figure 2-4 2D-FT spin echo image of rat brain in the x-z plane (coronal 
plane in the rat). The position of the arterial spin labelling and image 
acquisition slices are shown. Az denotes the z-axis offset for label and 
control slices, which are equidistant from the imaging slice. Note the tissue 
void on the left of the brain where muscle has been surgically removed to 
expose the skull.

This relationship between the label-control signal difference and blood flow is 

complicated by two phenomena. Firstly, the time taken for blood spins labelled in the 

neck to reach the perfusion site (henceforth referred to as the transit time, ô) is non-zero 

and Ti relaxation therefore occurs in the blood vessels during this time. Different brain 

regions will have different transit times depending on the distance from the labelling plane 

and the vascular anatomy. If unaccounted for, this would lead to different tagging 

efficiency in brain areas subject to longer transit times, as the blood reaching these areas 

would have had more time for longitudinal relaxation to evolve. Noting that accurate 

transit time measurement for every image voxel is impractical, Alsop and Detre (Alsop 

and Detre, 1996) introduced an approach which dramatically reduces the effect of transit

time variation upon CBF measurements, by adding a post-tagging delay (w) after the long 

AFP labelling pulse. The effect of this delay is to increase the relative contribution of 

longitudinal relaxation occurring in the tissues, compared to that which occurs in the 

blood ‘in transit’. Provided that the post-tagging delay is longer than the transit time 

(d<w) the CBF measurements from grey matter are virtually independent of transit time 

(Alsop and Detre, 1996). Additionally, the inclusion of a delay (w) allows the wash out of 

labelled blood that passes through the imaging slice, but does not perfuse it (Alsop and
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Detre, 1996). Alternatively, low amplitude bipolar gradients may be applied after the 

labelling pulse and before imaging to crush out vascular signal. Greater amplitude 

gradients are required to eliminate signal from blood in smaller vessels.

The equation for flow quantification is therefore modified to incorporate these 

modifications and other considerations such as labelling efficiency (degree of arterial spin 

inversion) and the Ti of arterial blood (Equation 2-24).

f  =
x [ M r ‘ - M r )

2aM/j {Cjj + )exp
- S

la y

Equation 2-24

where: ^b lo o d  flow (perfusion) (ml/lOOg/min)

2=blood:brain partition coefficient

a=efficiency of the flow induced inversion of blood magnetisation 

T]b=T] of brain tissue 

T]a=Tj of arterial blood water 

S =transit time

Mè'”̂ =tissue magnetisation after blood flow inversion 

Mè °̂”^=tissue magnetisation without inversion (control acquisition) 

Mi^=tissue magnetisation at equilibrium (calculated from Tj fit)

C r i s a t  and C t i  describe the relaxation of labelled spins during the labelling pulse 

and during the post labelling delay respectively

^ T lsa l -  '^Isal

^T1 ~'^Ib
-W + S ^  

V \  J
exp exp

V '^Ih J )

assuming that S<w
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The labelling efficiency a can be measured rigorously by imaging a slice in the neck just 

after spin labelling bas been performed and measuring the difference in signal intensity in 

the main arteries when the inversion pulse is on and off (Zbang et al., 1993). In practice 

however a value of 0.9 has previously been found to be reasonable when labelling in the 

neck using our NMR system. It should be noted that animals studied in the scanner are 

always placed in the same location within the magnet bore and are of similar weight, so 

the assumption of a single labelling efficiency value is reasonable in our case.

Other values which are assumed for convenience are:

1=0.9 T]sat='700ms

^ =250ms 1500ms

Tib ^measured on a pixel-by-pixel basis for the corresponding imaging slice

The second effect which complicates AFP based flow measurement arises due to the 

application of a long RF pulse which is off-resonance in the imaging slice. This saturates 

the macromolecular magnetisation of static tissue throughout the head and neck, and 

consequently the free proton magnetisation is decreased due to cross-relaxation or 

magnetisation transfer (MT) effects. The control image must therefore incorporate this 

effect without labelling of the blood. This is achieved by reversing the frequency offset of 

the labelling RF field which results in a theoretical labelling plane symmetrically above 

the image plane (Figure 2-4). Note that the same z gradient is applied during label and 

control acquisitions. This method for obviating MT related modulation of the label- 

control signal difference is only applicable for single slice acquisitions, as the imaging 

slice must be exactly midway between the labelling and theoretical ‘control label’ planes. 

A number of methods are available for multi-slice perfusion measurement using CASL 

(Barbier et al., 2001) but these have lower sensitivity to perfusion.

It is desirable to invert the blood as close as possible to the brain to minimise the transit

time so that (^<w), and to maximise the effective labelling efficiency. Typically the 

inversion slice is set at 14 mm from the centre of the magnet, just below the base of the 

skull. Figure 2-4 shows a coronal slice through the rat brain demonstrating the imaging, 

labelling and control slices used in CBF measurements.
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2.7.5 A Note on Assumptions Made in CBF Data Acquisition

When designing a protocol for the NMR studies of acute changes, it is necessary to reach 

a balance between experimental rigour, acquisition time and assumed values. I have used 

assumed values for variables such as transit time and arterial blood Ti as detailed in the 

previous section. Although it is possible, if not likely, that these variable may change 

during the course of an ischaemia-reperfusion experiment, the impact of these changes on 

the data is considered to be minimal when considered with other factors. For example, it 

would be ideal to acquire additional data relating to inversion efficiency, Tisat and transit 

time to derive values of CBF with the highest accuracy. In practice however acquiring 

these data during dynamic changes in the brain would be impossible as the time taken to 

measure these parameters would dictate a total acquisition time spanning a significant 

period of biophysical change. A solution to this compromise is to derive higher signal to 

noise per unit time from the NMR system, which in practise means working at higher 

magnetic field strength.

Measures taken to reduce the effect of unmeasured variables on our CBF measurements 

include the addition of the post-labelling delay which dramatically reduces the impact of 

transit times and the use of adiabatic inversion pulses in both inversion-recovery Ti and 

CASL acquisitions. Further work is needed to fully validate the assumptions used and 

characterise any changes which occur in key parameters during acute ischaemia- 

reperfusion studies.

2.7.6 Physiological Significance of in-vivo CASL Perfusion Measurements

Due to the use of long labelling times, a post tagging delay and bipolar crusher gradients 

in the perfusion imaging sequence, the measurements should probe actual tissue perfusion 

rather than bulk blood flow. The CBF maps generated therefore should give a reasonable 

impression of actual physiological nutrient and oxygen supply to the tissues, giving useful 

information when investigating focal ischaemia. Of particular interest are the issues of 

flow heterogeneity and CBF thresholds, whereby during focal insults only a specific 

region of tissue goes on to infarction even though a much larger area may be experiencing 

reduced perfusion rates.
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2.8 NMR Systems Used In This Thesis

The studies described in this thesis were carried out using two NMR 

imaging/spectroscopy systems. A technical overview of them is given below.

Mouse studies were carried out in a 7 Tesla Bruker Biospec imaging spectrometer at the 

Bloomsbury Magnetic Resonance Spectroscopy Unit (Department of Medical Physics & 

Bioengineering, University College London & University College Hospital). The clear 

bore diameter is 20cm and gradient/shim insert gives a useable bore size of 12cm. The 

gradient system is capable of producing 112 mT/m (rise time 480ps). This system was 

used in the work on Huntington’s Disease mice and is ideally suited for localised 

spectroscopy studies due to the signal to noise ratio (SNR) associated with high field 

strengths. The bore size and gradient system are optimal for studying samples of 3-4cm 

diameter but were found to perform well with smaller samples such as adult mouse brain 

(average brain width approximately 10mm). In practice the minimum image voxel / 

localised spectroscopy voxel size is limited by SNR rather than gradient performance.

RF transmission and reception uses a single-tum surface coil of diameter 12mm. The size 

and shape of mouse brain is such that adequate Bj homogeneity for spectroscopic voxel 

localisation and single-echo spin-echo imaging can be routinely obtained provided that the 

mouse’s head is placed very close to the RF coil. The use of a small surface coil 

maximises SNR and has enabled us to resolve the technical limitation which has prevented 

the use of small voxels in previous mouse brain NMR studies.

Rat studies were carried out in a 2.35 Tesla MR Imaging system at the Institute of Child 

Health, University College London. The 30cm horizontal bore magnet (Oxford 

Instruments Ltd, UK) is interfaced to a SMIS console (Surrey Medical Imaging Systems 

Ltd, UK). The gradient system has asymmetric gradient strength with a high performance 

power supply in the x-axis capable of producing 135mT/m with a rise time of 

approximately 250ps. The x-axis is therefore used for EPI readout which permits axial or 

coronal image acquisition (phase encoding in the y- or z-axis respectively). A passively 

decoupled volume resonator (internal diameter 70mm) is used for RF excitation and the 

NMR signal is received using a single-tum surface coil (diameter 3 cm). This arrangement
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provides optimal SNR in the received NMR signal with the advantage of good transmitted 

B] uniformity. Multiple-echo spin-echo imaging sequences are routinely used on this 

system and the good SNR permits short acquisition times for SNR sensitive techniques 

such as diffusion & perfusion imaging.

2.9 Single Voxel Proton Spectroscopy At 300MHz (7T)

Single voxel spectroscopic data were obtained using the point resolved spectroscopy 

(PRESS) localisation scheme (Bottomley, 1987) (Figure 2-5) preceded by a chemical shift 

selective (CHESS) water suppression preparation (Frahm et al., 1989). The PRESS 

technique involves the application of a slice selective 90  ̂ pulse and two slice selective 

180  ̂ pulses in the presence of magnetic field gradients in the x, y and z planes 

respectively. This yields a spin echo from the voxel contained within the overlapping 

(logical AND) region of the three excitation planes. The gradient strengths used in the 

acquisition are maximised in order to closely match the exact voxel excited across the 

chemical shift range under scrutiny.

Suppression of the free water signal is essential in spectroscopy as metabolite 

concentrations are many orders of magnitude lower. Without efficient suppression the 

water signal fills the NMR signal digitiser whilst the metabolite signals barely register. 

The CHESS water suppression technique involves the repeated excitation and dephasing 

of a narrow frequency band centred on the Larmor frequency of water ^H, and as such is 

most successful when the voxel has good Bo uniformity i.e. a good shim.

Immediately following the CHESS water suppression module the NMR signal is localised 

to the voxel of interest using the PRESS acquisition, with only a small residual water 

signal.

Chapter 2 - Magnetic Resonance Imaging & Spectroscopy 2-39



90°

RF —\i ir-

Gy

180' 180'

n

I

I

T E

Figure 2-5 Pulse sequence diagram for single voxel localised 
spectroscopy using the PRESS method.

2.10 Echo Planar Image Acquisition

Rapid image acquisition using single-shot gradient- and spin-echo echo planar im aging 

(EPI) is available on the 2.35T system used for rat ischaemia studies. This has enabled the 

m easurem ent o f multiple NM R param eters with high time resolution during studies o f 

dynam ic processes. It has also made possible the m easurem ent o f  Ti in a short tim e using 

a true inversion-recovery decay curve sampling technique.

The pulse sequence diagram  for the EPI scheme im plem ented on the 2.35T system  is 

shown in Figure 2-6 and the k-space trajectory employed on our system in Figure 2-7. 

The whole o f k-space is sampled following a single RF excitation by the production o f  a 

train o f gradient recalled echos in the axis, and incrementing one line in Ky betw een 

each gradient echo. The length o f  the ‘usable’ EPI echo train is lim ited by T]* which 

causes the FID to decay away within 20-30ms o f  the centre o f  the spin-echo. EPI images
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have a contrast basis which is complex due to the T2 weighted nature of the centre lines of 

k-space but increasingly T% weighted echoes away from the centre. Additionally, there is 

marked variation in signal to noise for the different lines of k-space. EPI images are 

particularly prone to gross distortions due to the long readout times and limited bandwidth 

in the phase encode axis. The high readout bandwidth required to minimise acquisition 

time imparts a signal to noise penalty and makes the sequence particularly sensitive to 

eddy-current gradient imperfections, electrical noise in the gradient system and causes 

acoustic noise problems.
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Figure 2-6 (A) Puise sequence diagram and (B) k-spaee trajectory produced in a 
single shot, spin echo, echo planar image acquisition. The FID produced by a spin 
echo is sampled with multiple consecutive gradient recalled echoes. The gradient 
in the phase encoding axis is ‘blipped’ between each gradient echo in the read axis. 
Note that in order to reconstruct the image, alternate gradient echoes m ust be 
reversed in the time domain as they are sampled in opposite directions in k-space.
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Figure 2-7 k-Space trajectory used in single shot EPI acquisitions on our lOOMHz 
system. In order to m inimise the echo time the central line o f  k-space is acquired 
25% through the readout period. Kx is sampled at 128 points between ±Kmax, Ky 
with 64 steps, but with the same total Kmax range. The image field o f  view  in the y 
axis is therefore half that in the x axis but the image resolution is equal in both axes.
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2.11 Proton Relaxometrv at 300MHz (7T)

Rapid image acquisition techniques such as echo-planar imaging are not yet routinely 

available on the 7T system and the use of a surface coil for optimum localised 

spectroscopy performance limits the use of techniques such as fast multi-spin echo based 

techniques. Consequently, we were somewhat limited in the methods available to make 

quantitative proton relaxometry measurements within the time constraints of the murine 

studies.

2.11.1 Transverse Relaxation (T2) Measurement

A pair of T2 weighted 2D-FT images with echo times of 11.7ms and 50.7ms were acquired 

with TR=2000ms and FOV=20mm. The data matrix was 128 (read) by 64 (phase). 2 

averages were acquired to improve the SNR yielding a total acquisition time of 

approximately 8 minutes for the T2 measurement. T2 relaxation times were calculated by 

the pixelwise log-linear regression of magnitude images and ROI analysis was performed 

using the DispUNC software (Dave Plummer, University College London Hospitals, UK).

2.12 Proton relaxometrv at lOOMHz (2.35T)

The combination of a lower magnetic field strength, volume transmit resonator with good 

Bi uniformity and high performance and rapidly switching imaging gradients enabled the 

routine use of high speed single-shot and interleaved EPI on the 1 OOMHz system. All the 

NMR measurements made in my experiments used single-shot, spin-echo or 4-shot 

interleaved, multi spin-echo EPI acquisitions.

2.12.1 Measurement of Ti

T] was measured by acquiring 7 single shot EPI images with the following parameters: 

TI=20, 100, 300, 500, 1000, 1800 and 2500ms, TR=6s, TE=18ms, FOV(read)=40mm, slice 

thickness=2mm. Each TI image was averaged 7 times to improve signal to noise ratio, 

resulting in a total acquisition time of 5 minutes.
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An IDL program was used to perform a pixelwise least squares fit of the TI series pixel 

values to a magnitude Tj inversion recovery function.

2.12.2 Simultaneous Tj and T% Measurement Using MASAGE-IEPI

T2 and T2 * were measured simultaneously using a new interleaved echo planar imaging 

sequence -  ‘multiple acquisition of spin and gradient echoes using interleaved echo planar 

imaging’ (MASAGE-IEPI), developed at the Institute of Child Health by Dr David 

Thomas (Thomas et ah, 2002). The sequence is based around a dual echo T2 measurement 

but with extra, increasingly T2 ’ weighted data acquired between the first and second spin 

echoes.

The pulse sequence is shown in Figure 2-8. It is a 4-shot interleaved-EPI (lEPI) 

technique, and sufficient data for the reconstruction of 6 images are collected during each 

4-shot acquisition (during each interleave % k-space density is sampled). The first of the 6 

images is a short echo time spin echo image, and images 2 and 3 are progressively more 

T2 *-weighted. Following the acquisition of data for image 3, a second 180° pulse is 

applied. This causes refocusing of transverse magnetisation (images 4 and 5 have the 

same T2 ’-weighting as images 3 and 2 respectively but different T2-weighting) so that a 

long echo time spin echo forms during the acquisition of the image 6. The set of images 

have a range of different T2- and T2 ’-weightings, and T2 and T2 * maps are calculated by 

the appropriate combination of these images (Thomas et ah, 2002). An IDL program 

written by Dr David Thomas was used to reconstruct the images and create T2 and T2 * 

parameter map images.

In my experiments the parameters used were TEist=24ms, TE2nd= 129.9ms, GEist=20.4ms, 

GE2nd=40.8ms, TR=2s, NEX=30. Total acquisition time was therefore 4 minutes.
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Figure 2-8 The M ASAGE-IEPI pulse sequence. Sufficient data for six images are 
acquired using a four shot interleaved echo planar imaging scheme.

2.13 Optimised ADC Measurement at lOOMHz (2.35T)

In order to measure the apparent diffusion coefficient o f  brain tissue with m aximal signal 

to noise ratio (SNR) per unit time, an optim ised isotropic diffusion w eighting sequence 

was utilised (W ong et al., 1995) in conjunction with single shot EPI acquisition. Using a 

tim e-efficient isotropic diffusion weighting gradient waveform  m inim ises the echo time 

required for image acquisition and maximises the signal-to-noise o f the resulting images. 

This is o f  particular importance when using an EPI readout as this part o f  the sequence 

takes over 50ms. The diffusion weighting ‘b ’ values and averaging protocol were 

optim ised to give approxim ately equal SNR in both the b=low and b=high images. In this 

way the SNR o f the calculated ADC map was maximised.

To facilitate m ulti-param etric tim e-course studies, an acquisition time o f 5 m inutes was 

desirable for the ADC m easurem ent and with an optim um  TR o f 2 seconds (determ ined by 

using a range o f  TRs and comparing the SNR for a given ‘total acquisition tim e’) the total 

num ber o f  image acquisitions possible was therefore 150. From previous experience and
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the work of Dr Gaby Pell in our laboratory (Pell, 1999), it is known that using a pair of b 

values of approximately 38 and 872 gives images of similar SNR when sampled in a 1:3 

averaging ratio, for the range of ADC values found in normal/ischaemic rat brain. It 

should be noted that these apparently contrived b values are the result of using 250 and 

1400 digital to analogue converter (DAG) units on the gradient system scale (0-1500). 

Therefore, each 5 minute acquisition allowed for 37 averages of the b=38 acquisition and 

111 of the b=872 acquisition. The acquisition looping structure was defined such that a 

sub-loop of one b=37 acquisition, followed by 3 b=872 acquisitions was repeated 37 times 

to collect the complete dataset. By interleaving the two b-value acquisitions in this way 

possible biasing due to collection of different b values over different time-periods was 

avoided.

2.14 Chapter Summary

An overview of the magnetic resonance imaging and spectroscopy techniques used in my 

experimental work was presented in this chapter. These techniques constitute a significant 

proportion of the research methods employed and will be referred to in subsequent 

chapters.

The key concepts of RF pulses, longitudinal and transverse relaxation, diffusion and 

perfusion imaging were described. The physiological significance of these was explained 

with reference to the existing literature and ongoing research topics.

The two magnet systems used in my experimental work were introduced, including details 

of the available console, gradient and RF hardware. The factors which determine the use 

of different NMR pulse sequences were explained.

The spectroscopy and imaging techniques used in my work were presented. Use of the 

PRESS technique for obtaining localised proton spectra with CHESS suppression of the 

large water signal was explained. The use of traditional 2D-FT and time efficient 

interleaved EPI pulse sequences for quantitative NMR relaxometry, and EPI based 

diffusion-perfusion data acquisition techniques were described.
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3.1 Chapter Overview

Cerebral ischaemia is a phenomenon which has been the subject of intense research effort 

for decades. The underlying mechanisms of tissue injury and potential therapeutic 

strategies remain key research themes. This chapter presents a review of the current 

understanding of the mechanisms involved in cerebral ischaemia and tissue damage. 

Sections 3.3 and 3.4 presents a discussion of the haemodynamic basis of ischaemia and 

CBF thresholds for biophysical disturbance. This is followed by discussion of the cellular 

and metabolic consequences of reductions in blood flow to the brain.

3.2 Introduction

Oxygen delivery is dependent on two variables described in the Pick relationship 

(Appendix I): flow rate and blood oxygenation. A reduction in either of these can have 

serious consequences, particularly for cells such as neurons with a high metabolic 

turnover. In the brain even small, highly localised (focal) reductions can result in cell 

damage and loss of function -  as is seen in the various forms of stroke.

3.3 Haemodynamic Events

Cerebral blood flow is immediately and significantly modified upon occlusion of one of 

the major cerebral arteries. The flow reduction takes on a ‘warped sphere’ distribution 

due to the overlapping and collateral nature of the cerebral arterial network. Flow is 

reduced most severely at the ischaemic core -  the approximate centre of the distribution. 

Flow increases to a maximum (usually normal) flow in the extremities of the sphere where 

blood is supplied by neighbouring arteries. The outermost ‘layer’ of the ischaemic 

territory, where flow is only marginally reduced, is often termed the penumbra or lesion- 

periphery. In this tissue, the perfusion decrease is less marked due to collateral inflow 

from adjacent arteries (ladecola, 1998; Touzani et al., 2001). It should be noted that the 

term ‘penumbra’ is historically quite ill-defined as it has been applied to a range of 

physiological states.

Regional flow reduction upon vascular occlusion is seen to vary with species and can be 

manipulated in experimental cerebral ischaemia models. In humans with middle cerebral
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artery occlusion for example, the ischaemic core is usually located in the striatum and 

cortex of the operculum and the penumbra in the surrounding cortex (Symon et ah, 1974). 

In the rat, common models of proximal MCA occlusion result in greatest flow reduction in 

the striatum, with penumbral parietal cortex (Tamura et ah, 1981). Different distributions 

are seen with distal occlusion models whereby a predominantly cortical pattern of 

ischaemia is produced (Kaplan et ah, 1991).

A large research effort continues to be directed towards understanding the mechanisms 

which result in penumbral tissue progressing to permanent damage in the absence of 

detectable intra-ischaemic pathology. It is believed by many that therapeutic approaches 

are most likely to benefit penumbral tissue as at the time of reperfusion it does not display 

signs of tissue damage but often progresses on to death in the aftermath of an ischaemic 

episode.

Reperftision, where it occurs, is a key event in the development of an ischaemic lesion. 

As will be discussed later, it is not always possible to gain an accurate perspective of 

postischaemic vascular physiology in experimental models due to vascular damage 

inflicted by the occlusion device. The effect of this is to confound observations of both 

vascular tone and perfusion in the reperfusion period. Robust studies have, however, 

characterised a consistent, dual phase reperfusion pattern: an initial period of hyperaemia 

followed by a long period of reduced flow, termed postischaemic hypoperfusion, for 

example (Pell et al., 1999). It is thought that the release of vasoactive metabolites from 

damaged tissue and a reduction in blood viscosity is responsible for the postischaemic 

hyperaemia (Hossmann, 1993). Neurogenic vasodilator mechanisms are also thought to 

be implicated (Macfarlane et al 1991). Postischaemic hypoperfusion has been attributed 

to the cerebral metabolic depression which follows ischaemia and vascular obstruction. A 

state of postischaemic vascular paralysis has been characterised by a loss of hypercapnie 

reactivity and vascular autoregulation (ladecola, 1998).

The physiological coupling between cerebral blood flow, glucose and oxygen which is 

thought to regulate blood flow in response to neuronal activity degenerates during 

ischaemia (Hossmann, 1999). The mechanism is forced into retrograde control with the
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availability of metabolic substrate limiting function. Following ischaemia it is thought 

that disturbance of flow-metabolism coupling contributes to the phenomenon of post

ischaemic hypoperfusion with secondary tissue damage (Hossmann, 1997).

The suggestion of patchy rather than complete reperfusion in previously ischaemic tissue, 

so called no-reflow (Ames et al., 1968), has been observed and attributed to a multiplicity 

of factors including vascular obstruction, hypotension and increased blood viscosity and 

intracranial pressure (Hossmann, 1993). No-reflow is more marked in tissue which has 

undergone severe or prolonged ischaemia. The potential benefits of reperfusion cannot be 

realised if complete and functionally effective perfusion is not supplied to ischaemic 

tissue. Measures such as induced arterial hypertension, haemodilution and careful acid- 

base balance can help to minimise no-reflow effects.

3.4 Ischaemic Thresholds

The severity and duration of flow reduction determines the effect on ischaemic tissue 

(Naritomi et al., 1988; Kaplan et al., 1991). A reduction in protein synthesis is seen in 

rodents when flow is reduced by 20-30% (Jacewicz et al., 1986; Mies et al., 1991). This is 

thought to be attributable to ribosomal disaggregation observed after the onset of 

ischaemia (Hossmann, 1994). When flow is reduced to approximately 50% of normal, 

lactate production increases, water moves from the intracellular to extracellular 

compartment and glutamate is released from cells (Hossmann, 1994). ATP synthesis is 

affected by more severe flow reductions resulting in loss of excitability in neurons 

(Hossmann, 1994). When flow falls to approximately 20% of normal, the failure of 

membrane bound ion pumps causes the failure of ionic gradient maintenance and resulting 

cell depolarisation (anoxic depolarisation) (Astrup et al., 1977; Heiss and Rosner, 1983; 

Hansen, 1985). Anoxic depolarisation is thought to coincide with irreversible neuronal 

damage (Hossmann, 1994). With the exception of protein synthesis which is affected by a 

20-30% flow reduction irrespective of duration, these cellular and bioenergetic 

consequences of reduced blood flow are seen to arise with an integrated flow-duration 

effect; so short periods of severe ischaemia are effectively similar to longer periods of less 

severe flow reduction (Mies et al., 1991).
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As the degree of flow reduction is distributed throughout the ischaemic tissue, with 

penumbral tissue experiencing relatively less severe flow reduction, the outcome of 

cerebral ischaemia is different in the different areas. The ischaemic core, which may 

suffer a reduction in flow to less than 20% of normal, will undergo irreversible damage 

soon after the onset of ischaemia (Hossmann, 1994). Penumbral tissue may suffer only 

potentially reversible damage. It is for this reason that penumbral tissue is more likely to 

benefit from effective reperfusion or neuroprotective therapeutic intervention (Hakim, 

1987; Hossmann, 1994).

3.5 Cellular Consequences of Cerebral Ischaemia

The cellular effects of cerebral ischaemia have been extensively studied (Garcia et al., 

1993; Clark et al., 1993; Garcia et al., 1995). The overview that follows is based 

principally on MCA occlusion studies carried out in the rat, as it is in this species that the 

most comprehensive studies can be found. The changes are, broadly speaking observed in 

other species including humans. Some differences in the evolution of damage between 

rodents and primates have been reported (Tagaya et al., 1997) and will be discussed where 

appropriate. A useful summary of cellular changes collated by (ladecola, 1999) can be 

found in Table 3-1.

In neurons, reversible changes occur during the initial 6 hours after ischaemia such as 

dilatation of the endoplasmic reticulum and swelling of the mitochondrial inner matrix. 

These are followed by irreversible changes; rupture of the plasma and nuclear membranes, 

deposition of calcium salts in the mitochondria and cellular degeneration to faint, 

anucleate cell remnants or ‘ghost cells’ (Garcia et al., 1993; Garcia et al., 1995). As 

discussed in the previous section, these changes occur more rapidly in the ischaemic core 

than the penumbra, reflecting the ‘severity’ of the ischaemic insult (Garcia et al., 1995).
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Table 3-1

Cellular Changes Occurring After 

(ladecola, 1999)

Focal Cerebral Ischaemia in the Rat Brain.

Time After

Ischaemia
Neurons Astrocytes Microglia Neutrophils Macrophages Vascular Cells

30 min Shrinkage Swelling, 
degeneration o f 
GFAP+ cells

Sw elling

] hour Swelling,
vacuolation,
chrom atin,
clum ping

Increased
perm eability

6 hours Increase in 
G FA P+ cells at 
the infarct’s 
periphery

A dhesion to 
endothelial cells, 
brain infiltration 
begins

Focal necrosis

12 hours Axonal swelling,
red neurons,
cytoplasm ic and
nuclear
disintegration,
m itochondrial
densities

A ctivation in 
the ischaem ic 
area

1 day Ghost cells B rain infiltration 
begins

2-3 days Ghost neurons B rain infiltration E ndothelial and
m axim al sm ooth m uscle 

cell
proliferation, 
capillary bud 
form ation

4-5 days Plasticity  and 
rem odelling (up to 
6 weeks)

A ctivation in
distant
regions

C apillary bud 
form ation

7 days Focused gliosis, 
glial scar

B rain infiltration 
m axim al

Neuronal support cells (glial cells) have been shown to make an early response to 

ischaemia (Garcia et ah, 1993). Astrocytes exhibit cell swelling and the fragmentation of 

processes at the same time or before neuronal changes can be observed. Approximately 4 

hours after the onset of ischaemia however, astrocytes surrounding the lesion are activated 

and begin to express glial fibrillary acidic protein (GFAP) (Garcia et al., 1993). At times 

of more than 24 hours after ischaemic onset a mesh of GFAP positive astrocytes surrounds 

the infarct. Over time, the response of astrocytes further intensifies and gives rise to a 

‘glial scar’ (Clark et al., 1993) (Table 3-1).
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Microglia have been shown to retract their processes and present an amoeboid 

morphology characteristic of activated microglia following ischaemia (Giulian, 1997). By 

24 hours post ischaemic onset the microglial response is well established, particularly in 

penumbral tissue (Giulian et al., 1993; Morioka et al., 1993). From 5 days after the onset 

of ischaemia microglia can be observed in distant sites. This is thought to represent 

activation in response to antero- and retrograde neuronal degeneration (Morioka et al., 

1993).

Leukocyte activity is seen in the brain soon after ischaemia; neutrophils adhere to cerebral 

endothelium, cross the blood brain barrier and enter the brain parenchyma (Clark et al., 

1993; Garcia et al., 1994; Zhang et al., 1994). It is thought that this is brought about due 

to the expression of adhesion molecules by the vascular endothelium and brain 

parenchyma (Kim, 1996). The neutrophil response is seen to vary between species and 

ischaemia model. In the rat after permanent MCA occlusion, neutrophil infiltration is 

greatest at 48-96 hours (Clark et al., 1993; Zhang et al., 1994) (Table 3-1), after which the 

number declines. Macrophages migrate from the blood into the ischaemic brain and 

become the predominant cell type 5-7 days after ischaemia (Clark et al., 1993).

Angiogenesis and neovascularisation are induced following cerebral ischaemia 

(Table 3-1). By 5-7 days post ischaemia, capillary bed formation has begun in the 

periphery of the infarct and later progresses into the core (Clark et al., 1993). This is 

driven by the expression of potent angiogenic molecules including growth factors; brain- 

derived neurotrophic factor, nerve growth factor, basic fibroblast growth factor, see 

(ladecola, 1999) for a review, and adhesion molecules; ICAM-1, ELAM-1, P-selectin, see 

(Kim, 1996) for a review. In the human brain survival times have been correlated with 

vascular density (Krupinski et al., 1994) and ischaemic neurons have longer survival in 

areas with high angiogenesis (Krupinski et al., 1993; Krupinski et al., 1994). Based on 

these observations it has been suggested by many authors that neovascularisation is 

beneficial not only for tissue repair but also for neuronal survival. Once again, the 

suggestion that within a region of apparently irreparably damaged tissue survival can be 

affected by a subsequent variable physiological sequence, offers hope to the argument that 

a therapeutic opportunity can be exploited even many days after ischaemia.
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3.6 Mechanisms of Ischaemic Damage

Our understanding of the mechanisms set in motion in ischaemic tissue has changed 

substantially over the past 50 years. In the 1950’s it was widely thought that cerebral 

ischaemic damage was immediate and irreversible; during the 70’s and 80’s the idea 

developed and became accepted that different tissue regions exist, some of which (the 

penumbra) can be saved if appropriate treatment is administered. More recently it has 

become clear that there are many processes which are invoked by ischaemia, some of 

which may be reversed. It is the interplay of these different mechanisms in any brain 

region which determines the ultimate severity of damage and whether the tissue is 

potentially salvageable. One of the major tasks facing current workers in this field is to 

exploit this new understanding of the various mechanisms by finding ways of delaying, 

reversing or protecting from them, with the effect of saving tissue which has not already 

progressed beyond the point of irreversible cellular damage.

Energy failure is the term used to describe the breakdown in cellular energy metabolism 

which can occur following a cessation of brain tissue’s oxygen supply. Neurons must 

establish and maintain strong ionic gradients for normal function. When the supply of 

oxygen is restricted the energy requirement of ion pumps such as sodium-potassium 

ATPase cannot be serviced (Astrup et ah, 1977; Hansen, 1985). The result is a reduction 

or complete breakdown in these functions with resulting depolarisation and loss of 

excitability. As discussed previously, the time to anoxic depolarisation depends upon the 

severity and duration of ischaemia.

Whilst energy failure is held to be the primary mechanism of cell death in severely 

ischaemic tissue such as the core (Astrup et ah, 1977), the penumbra is affected by other 

mechanisms such as glutamate excitotoxicity, calcium overload and free radical mediated 

damage (see below). A weighty literature now exists which describes the various effects 

seen experimentally; an excellent review by Choi covers these subjects (Choi, 1990).

In peri-infarct tissue, waves of cellular depolarisation arise (Hansen, 1985) which impose 

a significant energy demand on these tissues. It is thought that this may contribute to cell 

death in ‘penumbral’ regions. It is thought that the protective effect of strategies such as
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glutamate receptor antagonism and hypothermia may infer a protective effect by limiting, 

or slowing these peri-infarct processes.

The lactic acid produced by anaerobic glycolysis during focal ischaemia is thought to 

account for a marked reduction in brain pH, to around 6.4-6.7 (Hakim and Shoubridge, 

1989). Acidosis is thought to exacerbate ischaemic damage (see (Lascola and Kraig, 

1997) for a review). Although the mechanisms for this are not fully understood, it has 

been shown in culture that astrocytes are more vulnerable than neurons (Goldman et al., 

1989; Giffard et al., 1990). Astrocytic damage may exacerbate cell damage by limiting 

their glutamate buffering role, contributing to the so called ‘glutamate cascade’ (see 

below). Additionally, acidosis may increase free radical production via the Haber-Weiss 

reaction (Rehncrona et al., 1989).

3.6.1 Calcium Mediated Cell Injury

It is widely held that calcium plays a major role in the demise of cells following 

ischaemia. Under normal conditions calcium is found at low concentrations in the 

intracellular compartment, and transient rises in Ca^  ̂ concentration act as messengers 

during cellular signal transduction. As the maintenance of this transmembrane ionic 

concentration gradient requires energy in the form of ATP, the failure of energy 

metabolism during ischaemia has a significant impact upon calcium homeostasis.

Additionally, a ‘glutamate cascade’ is initiated during ischaemia. The terminals of 

ischaemic neurons release large quantities of glutamate into the synapse due to the failure 

of ATP driven ionic membrane pumps and resulting membrane depolarisation. Under 

normal circumstances synaptic glutamate would be scavenged by neurons and glia, but 

ATP scarcity during ischaemia limits these processes. Synaptic glutamate binds to N- 

methyl-D-aspartate (NMDA) receptors on neighbouring neurons, inducing an influx of 

calcium into the cytosol. The associated membrane depolarisation activates voltage 

dependent calcium channels, effectively amplifying the increased calcium levels. This 

rise in intracellular calcium initiates a cascade of effects, both directly and indirectly, 

which lead to irreversible cell damage and eventual death (Choi, 1990).
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Among the following are examples of this ‘calcium mediated’ cell damage (see (ladecola, 

1999) for a full discussion):

activation of the protease calpain I causes damage of key structural proteins 

activation of endonucleases results in DNA damage 

production of toxic free-radicals

activation of phospholipases leads to the release of free fatty acids (FFA), the 

metabolism of which generates reactive oxygen species which contribute to 

cell damage.

3.6.2 Cell Swelling

The phenomenon of cellular swelling as a consequence of the breakdown of cell 

homeostasis is a major research field in itself, a thorough review of which is beyond the 

scope of this thesis. Excellent coverage can be found in a book chapter by Kimelberg 

(Kimelberg, 1999).

It is believed that there is a redistribution of water with respect to the extracellular space, 

neurons and glia during ischaemia and following reperfusion. This occurs as a 

consequence of the loss of control of ionic homeostasis during energy failure, changes in 

excitatory amino acid levels and acid-base changes, as previously discussed. There is 

evidence that although swelling occurs in glia and vascular cells, neurons actually shrink 

during the earliest (hyper-acute) stages of ischaemia (Liu et al., 2001).

Pioneering electrical resistance (impedance) studies carried out by Van Harreveld (Van 

Harreveld et al., 1966) and Hossmann (Hossmann, 1974) in mammalian brain tissue 

demonstrated the net redistribution of water during ischaemia, resulting in a measured 

increase in electrical impedance, consistent with a reduction of the extracellular space. 

Figure 3-1, from (Hossmann, 1974), shows an initial 50% decrease in the extracellular 

space fraction during ischaemia without a rise in total brain water, suggesting the 

redistribution of water into the cells. During the reperfusion period, a rapid, transient 

increase in total brain water was observed with corresponding restoration of the 

extracellular space water content, by approximately one hour following reperfusion.
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Figure 3-1 Electrical impedance data - Changes in total brain water (top), showing a rapid, 

transient increase in brain water upon reperfusion, and extraeellular space water fraetion 

(bottom) as a proportion o f total brain water. From (Hossmann, 1974).

M agnetic resonance studies can provide further insights into the changes in water 

distribution during ischaemia. It has been shown that ischaemic ADC reductions can be 

induced in vivo  by treatm ent with ouabain or the excitotoxins glutamate and N-m ethyl-D - 

aspartate (NM DA) (Benveniste et ah, 1992). Ouabain specifically inhibits sodium - 

potassium  ATPase whilst glutamate and N M D A directly induce eell swelling. The 

m agnitude o f ADC reduction in these studies was comparable to those found by M CA 

occlusion. There is also compelling evidence o f ‘fast’ and ‘slow ’ water diffusion 

com partm ents (N iendorf et ah, 1996) which may be related to the extracellular and 

intracellular com partm ents respectively. N iendorf et ah dem onstrated ehanges in the
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relative fractions of the fast and slow diffusion components within minutes of the 

induction of ischaemia. These findings are supported by experiments on isolated CSF- 

perfused rat hippocampal slices, where treatment with ouabain induced a shift in diffusing 

water from a ‘fast’ to ‘slow’ compartments (Buckley et ah, 1999).

Liu et al. showed that ADC decreases in rat brain were correlated with not only the 

swelling of astrocytes, dendrites and endothelial cells but also the shrinkage of neuronal 

cells (Liu et ah, 2001). The authors of this paper concluded that the contribution of 

neuronal shrinkage is probably as important as that of cytotoxic cell swelling in 

determining the net effect on ADC measured in acute cerebral ischaemia.

The biological basis for ADC changes and specifically how they are related to the 

redistribution of water from outside to within different cell types remains an area of 

intense interest. With the ongoing development of new methods in NMR and molecular 

biology, it is likely that a clearer understanding will emerge in the coming years.

3.7 Therapeutic Strategies in Cerebral Ischaemia

Efforts to identify and evaluate potential treatment strategies for use in acute stroke are 

ongoing. Of the many modalities which have shown promise in animal experiments, only 

thrombolysis with recombinant plasminogen activator (rt-PA) (Hacke et al., 1999) and 

aspirin (1ST, 1997) have so far been shown to be of benefit in human patients. Other 

interventions which have so far not been shown to be beneficial in clinical trials include 

hypothermia (see Feigin et ah, 2002 for a review), neuroprotective agents (Legos et ah, 

2002; Gladstone et ah, 2002), inhibition of programmed cell death pathways (Graham and 

Chen, 2001; Takagi et ah, 2002) and more recently, stem cell implantation and 

polypeptide growth factor treatment (Alzheimer and Werner, 2002; Cairns and 

Finklestein, 2003).

There are a number of possible reasons why so many initially promising therapies have 

failed to lead to positive results in the clinic. It has been suggested that previous clinical 

trials have been limited by inappropriately long treatment windows, insufficient statistical 

power, insensitive outcome measures, failure to target specific stroke subtypes and failure
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to target the ischaemic penumbra specifically (Gladstone et ah, 2002). Recent work in the 

field of stem cell brain repair and growth factor therapy gives new hope however. These 

approaches may significantly extend the treatment ‘window of opportunity’ which has 

been a longstanding obstacle to effective intervention in the acute stroke setting. It is 

hoped that ongoing work in the field of neuroprotection and brain repair, the increasing 

availability of advanced diagnostic technologies such as PET and MR diffusion-perfusion 

imaging, together with greater understanding of the multiplicity of factors which 

contribute to brain injury will lead to successful development and trials of therapeutic 

strategies in the future.

3.8 Chapter Summary

This chapter has presented an overview of how a reduction in the supply of oxygenated 

blood can have profound consequences for brain tissue. The effects of ischaemia are not 

limited to highly metabolising cell types; glia, neurons and vascular cells are all affected 

to some extent. Consequently, the pathophysiological consequences of an ischaemic 

episode encompass all cell types, as can be seen with the coincident changes in cellular 

and vascular oedema formation, induction of gene expression and apoptosis for example.

The haemodynamic basis of ischaemia, including the concept of cerebral blood flow 

thresholds for different levels of biophysical disturbance, post-ischaemic hyperaemia and 

the no-reflow phenomenon was presented. This lead logically to a consideration of the 

warped-sphere distribution of blood flow and tissue injury in ischaemia, the ischaemic 

penumbra and the concept of potentially salvageable tissue.

The cellular consequences of cerebral ischaemia were reviewed, with particular reference 

to the extensive literature of studies in the rat. The effects on neurons, glia, immune cell 

types and vascular cells were summarised. This was followed by a review of mechanisms 

of damage in ischaemia. These include cellular energy failure, cellular acid-base 

disturbance, calcium mediated damage and the effects of cell swelling. Cell swelling as a 

consequence of ischaemia is a major research area and has particular relevance to this 

thesis. Many of the acute and chronic changes measured with magnetic resonance
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techniques are postulated to have some dependence upon changes in the internal cellular 

environment and the loss of cellular ion and osmotic homeostasis.

This overview of ischaemia was intended to aid in the interpretation of observations 

presented in later chapters. For example, magnetic resonance measurements of transverse 

relaxation, diffusion and net magnetisation can be related to oedema formation, whilst our 

investigation into the apoptotic activity of cell signalling molecules is related to longer 

term cellular degeneration.
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4.1 Chapter Overview

This chapter gives an overview of the current understanding of Huntington’s Disease and 

the medical technologies used in furthering understanding of the pathogenesis of the 

condition. The key published histology, PET and MR findings are discussed and finally 

the rationale for our MR imaging and spectroscopy research is presented.

4.2 Huntington’s Disease

4.2.1 Symptomatology of Huntington’s Disease in Humans

Huntington’s Disease (HD) is characterised by a complex and variable symptomatology 

including psychological, motor and cognitive impairments, and can be seen to arise with 

adult and juvenile onset. The motor component of the adult form can include chorea and 

restlessness and can progress to akinesis. The juvenile form usually presents with a 

Parkinsonian rigidity, sometimes with no apparent chorea. Epileptic seizures and tremor 

are also commonly associated with the juvenile form. HD patients have a high ealorific 

intake but lose body weight, suggestive of an effect on energy metabolism.

4.2.2 The Genetic Basis of HD

The eondition is an autosomal dominant neurodegenerative disorder caused by an 

abnormal CAG repeat (polyglutamine repeat) expansion in a translated region (exon 1) of 

the IT 15 gene on chromosome 4 (HDCRG, 1993). This gene codes for the protein 

huntingtin (htt) -  a large 350kDa protein of unknown function. The repeat size in normal 

huntingtin is 6-39 base pairs, and between 35 and 180 in abnormal protein. The majority 

of adult-onset patients have repeat lengths of between 40 and 55 base pairs, whilst more 

dramatie repeats of greater than 70 units generally result in a juvenile onset. One study 

which compared patients with a range of repeat lengths showed that patients with long 

repeat lengths had earlier age at onset and were less functionally impaired than those with 

short repeats at the initial visit, but the groups did not differ in severity of neurologic or 

cognitive impairment. However, the long-repeat group displayed significantly greater 

decline in both neurologic and cognitive functioning over the 2-year follow-up period. The 

length of the CAG repeat correlated highly with age at onset (r = -0.72, p < 0.001) and was
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a strong predictor of decline in both neurological and cognitive function (Brandt et ah, 

1996).

4.2.3 Huntingtin Expression and Functional Significance

Huntingtin is expressed throughout both CNS and non-CNS tissue. Although 

polyglutamine aggregates (commonly referred to as neuronal intra-nuclear inclusions - 

Nils or simply ‘inclusions’ in this context) develop in the brains of affected humans prior 

to the onset of symptoms, the exact molecular pathways that underlie the eventual 

selective neuronal dysfunction and cell death have yet to be fully identified and 

characterised.

The expression profile of htt in the brain does not account for the characteristic striatal 

pattern of neuropathology, although it is predominantly neuronal, but with no enrichment 

in the basal ganglia, a common site of degeneration. A key mechanism by which the 

polyglutamine repeat results in the observed neuropathology has not yet been identified. 

Transcription and translation of the gene is unaffected (Davies et al., 1997) and a negative 

pathway has been ruled out by the generation of mouse knockouts in which the 

nullizygous mice have an embryonic lethal phenotype. A gain-of-function mechanism is 

supported by the identification of an antibody which specifically detects pathogenic 

polyglutamine expansion (Trottier et al., 1995). This is suggestive of a change in 

conformation occurring dependent upon a repeat size threshold (approximately 37-40 

repeats) and possibly facilitating novel molecular interactions. There is substantial 

evidence to support the hypothesis that the HD gene defect may result in impaired energy 

metabolism within the striatum (Tabrizi et al., 1999).

4.2.4 Neuropathological Changes in HD

In a thorough study of the neuropathology of HD, the neuropathological changes were 

classified into five grades: grade 0 corresponds to premortem symptoms and positive 

family history but with no gross or generalised microscopic abnormalities (Vonsattel et 

al., 1985), through to grade 4 where there is extreme brain atrophy. In all grades a 30% 

reduction in brain weight was found, which has been shown to be associated with 20-30%
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reduction in the area of cerebral cortex, white matter, hippocampus, amygdala and 

thalamus (de la Monte et ah, 1988). This is suggestive of an early rather than progressive 

shrinkage of these structures. Gliosis (degeneration of neuronal support cells) was not 

readily apparent and the neuronal density was normal (de la Monte et ah, 1988). In 

contrast, grade 3 and 4 brains show a progressive reduction in area of the caudate, 

putamen and globus pallidus to 60% of normal, suggesting a progression of degeneration 

of these structures with time.

4.2.5 Changes in Dopaminergic Neurons in HD

The pathological process underlying HD has been shown to target striatal medium spiny 

neurons selectively (Graveland et ah, 1985). The neurons express dopamine D l and D2 

receptors and constitute up to 90% of all striatal neurons. Strikingly, adjacent large aspiny 

cholinergic intemeurons are preserved late into disease progression, which it has been 

suggested may be related to their relatively low expression of excitatory amino acid 

receptors (Ferrante et ah, 1985; Ferrante et ah, 1987).

Autoradiographic studies have shown that striatal dopamine receptor binding falls 

proportionally to the degree of cell loss in early disease (Augood et ah, 1997). Numerous 

positron emission tomography (PET) studies have demonstrated progressive decreases of 

Dl and D2 receptor binding with disease progression in humans (Turjanski et ah, 1995; 

Ginovart et ah, 1997; Backman et ah, 1997). A small study which compared symptomatic 

HD sufferers, asymptomatic HD mutation carriers and mutation-negative controls 

demonstrated that PET measures of Dl and D2 binding were reliable markers of the HD 

mutation in both symptomatic and asymptomatic individuals (Andrews et ah, 1999). 

Earlier PET studies of D2 binding (now thought to be the more sensitive marker of 

progression) had demonstrated a correlation between CAG repeat length, D2 loss and age 

in patients with and without symptoms (Antonini et ah, 1998).

Chapter 4 - Huntington’s Disease 4-73



4.2.6 Insights from Transgenic Mouse Models of HD

The generation of transgenic mice which express an expanded CAG repeat (see Chapter 5 

for a discussion of animal models of HD) has allowed the investigation of cell changes at 

different stages of disease progression. The accumulation of huntingtin aggregates within 

the nuclei of neurons -  so called neuronal intra-nuclear inclusions (Nils) has been shown 

to correlate with symptomatology in transgenic mice (Davies et ah, 1997). Nils have also 

been found in the brains of human patients with HD (DiFiglia et al., 1997; Gourfmkel-An 

et al., 1998). There is ongoing debate as to whether these aggregates are responsible for 

the neuronal dysfunction in HD or whether they may have a protective action. Recent 

publications have suggested they may sequester toxic fragments of mutant huntingtin, 

thereby preventing their interaction with key cellular proteins (Menalled and Chesselet, 

2002). Evidence supporting this hypothesis includes observations made in cell-based 

assays where long fragments of huntingtin were shown to be more toxic than short 

fragments (Martindale et al., 1998). It has also been shown that caspase-3 can cleave 

huntingtin (Goldberg et al., 1996); a process(Wellington et al., 1998) which may be 

implicated in the initial steps in the disease process. Analysis of post-mortem brains from 

Huntington’s disease patients has shown that region-specific proteolysis occurs in-vivo 

(Mende-Mueller et al., 2001). It is thought that drugs which selectively block the 

interaction of mutant huntingtin with key cellular proteins may be useful in treating HD 

(Menalled and Chesselet, 2002).

4.2.7 Treatment in HD

There is currently no effective treatment for Huntington’s disease, although putative 

therapies such as dietary creatine supplementation have been proposed and are under 

investigation. One of the difficulties in assessing the efficacy of potential treatments 

stems from the nature of the progression of HD. Until the recent development of animal 

models of the condition, study on humans could not provide sufficient longitudinal data on 

disease progression due to the limitations of clinical diagnostic power and availability of 

technology such as PET. As is discussed below, animal models together with sensitive 

analysis techniques such as histology PET and MR imaging/spectroscopy have enabled 

improved characterisation and monitoring of the disease.
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4.3 The Role of MR Imaging and Spectroscopy in HD

Compared to PET, MR techniques have fewer associated risks and consequently there has 

been much interest in applying them as clinical and research tools in HD. Human studies 

include the demonstration that brain atrophy associated with HD is detectable in both 

striatum and cortex using MR imaging (Simmons et ah, 1986; Jemigan et ah, 1991; Harris 

et ah, 1992) and that these changes are significantly correlated with clinical measures of 

specific cognitive deficit (Starkstein et ah, 1992). Quantitative measurements of intrinsic 

MR relaxation properties have not previously been studied in HD brain.

4.3.1 MR Spectroscopy Studies of HD in Humans

MR spectroscopy has been utilised in a number of human studies to investigate the nature 

of the underlying cellular dysfunction responsible for disease progression in HD. In one 

study (Taylor-Robinson et al., 1996) five patients with early HD, one symptom-free gene 

carrier, and 14 healthy volunteers were studied using localised proton MRS. Peak area 

ratios of choline- containing compounds (Cho), glutamine and glutamate (Glx), and N- 

acetyl moieties including N-acetylaspartate (NAA), relative to total creatine (Cr), were 

calculated for regions in striatum and occipital/temporal cortex. The HD patients all 

showed elevated Glx/Cr in striatum, compared with healthy controls. The mean Glx/Cr 

was unaltered in the cortical spectra of all of the HD patients. The asymptomatic gene 

carrier displayed no spectral abnormalities. The study provided evidence that disordered 

striatal glutamate metabolism may be implicated in HD - a finding which is consistent 

with a mechanism of glutamate excitotoxicity.

Hoang et al (Hoang et al., 1998) studied 15 patients with DNA-proven, symptomatic HD, 

all of whom were candidates for neurotransplant treatment, and 20 age-matched normal 

subjects. Quantitative proton MRS was performed for volumes in putamen of basal 

ganglia (BG), occipital gray matter and posterior parietal white matter. Additionally, 

quantitative phosphorus and proton-decoupled phosphorus MRS of superior biparietal 

white and grey matter was carried out. In volume-corrected control BG (10.46 +/- 

0.37 mM), [Cr] was 29% (p < 0.05) higher than in control grey matter (8.10 +/- 1.04 mM).
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In the HD patients, energy metabolism was not abnormal in the four cerebral locations 

measured by MRS. No increase in cerebral lactate or decreases in pbospbocreatine or 

ATP were detected. Small, systematic abnormalities in NAA (decreased), Cr (decreased), 

cboline-containing compounds (Cbo, increased), and myoinositol (ml, increased) were 

demonstrated in all patients individually and in summed spectra but were held to be 

insufficient to facilitate diagnosis in the individual patients. The report concluded that the 

previous observations of impaired energy metabolism in HD brain (Tabrizi et al., 1999) 

bad not been borne out in the study. The demonstration of changes in Cr levels suggest 

that the practise of reporting metabolite levels as a ratio to Cr in proton MRS may be 

unreliable in HD, as [Cr] is clearly varying in some brain regions.

With numerous different proposed mechanisms being supported to a greater or lesser 

extent by the various MR studies, and with some conflicting findings in relation to the role 

of the failure of energy metabolism in particular, there is strong support for the systematic 

study of the disease in the laboratory using animal models.

4.3.2 MR Spectroscopy Studies of HD in Transgenic Mice

In the first MR study of a transgenic mouse model of HD, in vivo spectroscopy showed a 

progressive reduction in striatal [NAA] with age (Jenkins et al., 2000). This study was 

very limited in many respects, such as the use of large voxel sizes (average volume 63 pi) 

which included striatum, ventricle and cortical tissue within the localised voxel, lack of 

metabolite quantification, reporting of metabolite levels relative to Cr which has been 

shown to be unreliable in human studies and the use of sub-optimal sequence parameters 

(in particular the very short repetition times to increase SNR).

We have improved upon this initial work by using small voxels and a range of echo times 

to facilitate the quantification of brain metabolites and metabolite T]. Initially a voxel of 

48.5pi (3.5 X 3.5 x 4mm^) was used but following the development of a 14mm surface 

coil, signal-to-noise was sufficient for voxels of 1.4pl (1x1x1.4mm^). This represents a 

significant improvement in the power of localised spectroscopy to sample a single tissue 

type, and was made possible due to the optimisation of the entire experimental setup.
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4.4 Chapter Summary

An overview of current understanding in Huntington’s Disease was presented in this 

chapter. The key elements of symptomatology encompassed by the disease including 

psychological, motor and cognitive impairments, and the recognised adult and juvenile 

onset disease subtypes were introduced. The underlying genetic defect central to HD was 

described. Particular focus was made on the base pair expansion sizes associated with 

disease onset and severity in the human form of the condition.

Previously published studies characterising the histological and receptor binding changes 

in HD were discussed, including the importance of neuronal intra-nuclear inclusion bodies 

and changes demonstrated in PET studies of dopamine receptor binding. The association 

of these changes with neuronal cell loss, symptomatology and disease progression were 

discussed.

The use of MR spectroscopy and imaging techniques to non-invasively identify changes in 

the brain in HD were described. Previous studies in humans have assessed brain atrophy 

in striatum and cortex and shown that these changes are significantly correlated with 

clinical measures of specific cognitive deficit. The lack of published quantitative data 

relating to MR relaxation was discussed. MR localised spectroscopy studies of HD in 

humans and transgenic mice were discussed. Previous studies have demonstrated changes 

in NAA, glutamate and glutamine and creatine. The implications for the established 

practice of reporting brain metabolite concentrations relative to creatine was discussed.

The background to our studies of the R6/2 transgenic mouse model of HD was explained, 

including the motivation to acquire high quality, quantitative MR relaxation data and 

proton spectra throughout disease progression. The results from this work can be found in 

Chapter 9 - 'NMR Studies o f a Transgenic Mouse Model o f  Huntington’s Disease".
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5.1 Chapter Overview

The use of animals in medical research is a controversial issue which consistently prompts 

strong argument from all sides. Section 5.2 presents a discussion of the ethical aspects of 

our studies involving the use of animal models. In the following sections the existing 

animal models of cerebral ischaemia and Huntington’s Disease are presented and their 

applicability to MR research is discussed.

5.2 The Need For Animal Models

There are many areas of medicine in which the underlying pathological processes involved 

in disease remain uncertain. Often the researcher’s only effective approach is to simulate 

the clinical condition through the use of an animal model. These models provide the 

opportunity, when designed and implemented in a rigorously controlled manner, to 

investigate the specific mechanisms, endogenous agents and events which combine to give 

the clinically diverse manifestation of the disease.

In that any animal model is a simulation of, or plausible approximation to the clinical form 

of a disease, great care must be exercised when interpreting results and observations. 

Historically there are many cases where a beneficial effect of a drug or intervention has 

been shown in animal studies but not borne out in subsequent clinical trials. Recent 

examples include the discontinuation of phase 3 clinical trials of cerestat due to concerns 

over safety and efficacy, and the failure of the phase 3 Clomethiazole Acute Stroke Study 

(CLASS) to demonstrate efficacy (Goldin, 1999). With hindsight one might concede that 

therapeutic agents which derive their efficacy from interactions with key receptors might 

be unlikely to have the same effect in different species (cerestat is an NMDA receptor 

antagonist, clomethiazole is a GABA(A) receptor agonist). However, research of the type 

presented in this thesis falls into a different category: that of basic or underlying science. 

The observations made in this context generally have a basis which is biologically more 

fundamental than complex drug interactions and they thus have greater weight in terms of 

human equivalence.

Chapter 5 - Animal Models In Research 5-82



It is justifiably widely held, therefore, that basic science investigations which are essential 

to answer key questions regarding diseases with significant impact on human health, are 

often best served by the considered use of a reliable animal model.

There are many instances in which animal models of cerebral ischaemia or ‘stroke’ differ 

from the human form of the disease, often in important respects such as anaesthetic and 

underlying physiology. For example extensive surgery is required to induce ischaemia 

using some of the most widely used animal models. It is often difficult to agree to what 

extent this limits the interpretation of experimental data thus obtained. Ultimately, the 

scientific validity of any animal model is borne out (or not) by the data it produces and the 

ensuing comparison of these data to their human equivalent. The commonly used animal 

models discussed in this section, in spite of their fundamental limitations, have provided a 

reliable and valid basis for pursuing basic science investigations into the conditions of 

stroke.

Later in this review I will return to this point, drawing on specific limitations and 

proposing that when considering ischaemia, subtle deviations from normal physiology in 

animal models are probably trivial, as the condition being modelled represents a far more 

dramatic departure from normal cellular events. For example, a common complication 

and criticism of inhalation surgical anaesthesia is that the anaesthetic (often halothane) 

depresses respiratory homeostasis and leads to an increase of CO2 in the blood and the 

reduction of blood pH (termed respiratory acidosis) (Green, 1982). Although this is 

undesirable when attempting to model a pathology which affects adults whose blood 

chemistry is usually normal, the pH in ischaemic tissue plummets by almost 1 pH unit 

regardless of underlying physiology, clearly dwarfing any subtle reduction in pH as a 

result of anaesthesia in an animal model.

5.3 Animal Models of Cerebral Ischaemia

The heterogeneity in aetiology as well as outcome of human cerebral ischaemia poses a 

significant obstacle to the rigorous investigation of the events leading up to and following 

a cerebrovascular or hypoxic-ischaemic insult. In the majority of cases it is not possible to 

admit the patient into medical care until a number of hours have passed since the initial
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onset of the disease. Any investigation of the causal-effector mechanisms involved in 

disease progression need continuous observation and this scenario can only be carried out 

through the use of experimentally induced disease in conjunction with a powerful 

observation methodology.

Over the past 20 years a large number of animal models have been developed, gained 

acceptance and found frequent use by cerebral ischaemia groups worldwide. The models 

cover most of the clinical forms of cerebral ischaemia including neonatal hypoxia- 

ischaemia, transient ischaemic attack and focal adult ‘stroke’. The rodent versions of 

these models are by far the most common due to the relatively low costs involved and 

their cerebral organisation being sufficiently similar to humans.

The various models of adult cerebral ischaemia can be broadly divided into global and 

focal and further, on the basis of whether the ischaemic tissue is subsequently reperfused, 

into permanent and transient models. In many cases the issue of reperfusion is limited by 

the method of induction. For example, in models where major vessels are thermally 

coagulated it is physically extremely difficult to restore flow at a later time point. For this 

reason there are significant differences between models which are designed to allow for 

the reperfusion of ischaemic tissue after a defined time period and those which do not.

5.3.1 Models of Global Ischaemia

In global ischaemia models blood flow to the whole brain is reduced, facilitating 

investigation of the cerebral effects of an interruption of the blood supply in conditions 

such as cardiac arrest or failure, strangulation or severe haemorrhage. Models which bring 

about a reduction in cardiac output or systemic hypoxia include the intravenous 

administration of potassium chloride (reversing potassium ion concentration gradients and 

thus blocking myocyte excitability), induction of ventricular fibrillation and 

exsanguination (Hossmann, 1991). Whilst these models may reliably simulate the 

corresponding clinical conditions of cardiac arrest and haemorrhage, an obvious criticism 

of these approaches as models of global cerebral ischaemia is that they do not allow the 

investigation of reductions in cerebral blood flow in isolation of effects on other organ 

systems.
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Models which address this point and cause minimal or no effects on peripheral organs 

include the compression of blood vessels in the neck (Nemoto et ah, 1977), intrathoracic 

occlusion of the brachiocephalic and left subclavian and common-carotid arteries 

(Hossmann and Zimmermann, 1974) and the elevation of intracranial pressure above 

arterial blood pressure by the infusion of fluids into the cistema magna (Marshall et ah, 

1975).

In most animals, global cerebral ischaemia cannot be brought about simply by occluding 

both common-carotid arteries as there exists a collateral system comprising arteries which 

shunt blood from the vertebral arteries, via the circle of Willis. In the absence of other 

variables these collateral pathways can support the cerebral circulation above critical 

levels in the absence of carotid flow. Exceptions to this include the Mongolian gerbil 

which lacks posterior communicating arteries (incomplete circle of Willis); sheep and 

stroke prone spontaneously hypertensive rats also have compromised collateral supply 

systems which can be exploited to produce ischaemic lesions under specific conditions 

(Busto and Ginsberg, 1985). There are a number of reports of successful use of a rat 

4-vessel occlusion whereby the common-carotids and vertebral arteries are occluded to 

induce bilateral hemispheric ischaemia (Pulsinelli and Brierley, 1979; Pulsinelli et al., 

1982; Dougherty et al., 1982). In this model the vertebral arteries are electro-cauterised 

24 hours before the ischaemia-reperfusion experiment. The common-carotid arteries are 

then occluded by compression clamps induce reversible ischaemia. The initial description 

of the model used animal restraint rather than anaesthesia during the occlusion of the 

common-carotid arteries. This approach allowed the observation of effects in the absence 

of anaesthetic effects and represents one of the few models which has been shown to be 

reliable without the use of surgical anaesthesia.

5.3.2 Models of Focal Ischaemia

Ischaemia in a defined area of brain tissue can be caused by the occlusion of local supply 

arteries, often in conjunction with measures to reduce collateral inflow. Collateral inflow 

constitutes a notoriously variable factor in animal models and exerts its effect on lesion
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reproducibility most markedly when the artery being occluded is relatively downstream in 

the arterial system.

Intracranial occlusion of major cerebral arteries such as the middle cerebral artery (MCA) 

is necessary to bring about a focal or localised ischaemic lesion. Once surgically exposed 

the MCA can be clipped, ligated or thermally coagulated. Various approaches to the 

MCA have been used with varying degrees of invasiveness. As is described later, some of 

the occlusion methods allow for post-ischaemic reperfusion.

The injection of microemboli such as blood clots, silicon rubber, metal or ceramic balls 

(Turner, 1975; Takaizawa and Hakim, 1991) and the use of intra-arterial thread occluders 

(Koizumi et ah, 1986; Zea Longa et ah, 1989)(essentially controlled emboli with a long 

tail which can be manipulated by the investigator via a neck or thoracic artery access 

point) are techniques which have been pursued as they avoid the time-consuming and 

technically demanding surgery which many other methods necessitate.

On the following pages I have summarised the different methods used to induce focal 

ischaemia.

5.3.3 Focal Models with Permanent Occlusion

In 1975 Robinson et ah demonstrated that lesions could be produced by coagulation of the 

MCA distal to the rhinal fissure, after exposing a length of the artery via craniotomy 

(Robinson et ah, 1975). The reproducibility of this technique was improved by a sub

temporal approach and proximal MCA occlusion between the rhinal and lenticulostriate 

branches, as demonstrated by Tamura et ah (Tamura et ah, 1981). This method underwent 

further modification by other groups, combining the more proximal MCA occlusion with 

other measures to improve reproducibility such as hypotension or ipsilateral common- 

carotid artery (CCA) occlusion (Brint et ah, 1988).

Methods which avoid the surgical aspects of permanent MCA occlusion include the 

injection of homologous blood clot fragments or microspheres (Takaizawa and Hakim, 

1991). These types of methods have the disadvantages that the lesions produced are
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variable in size and location, precluding their use in intervention studies where a reliable 

control effect can be demonstrated. Additionally, what at first appears as an ideal platform 

for studies where the rats survive post-operatively has been repeatedly complicated by the 

increased death rates among rats suffering from infarction of basal ganglia areas involved 

in physiological control and homeostasis.

The injection of rose Bengal dye followed by photochemical activation results in focal 

thrombosis and cerebral ischaemia with the ability to specify the location of occlusion and 

infarction (Watson et al., 1985; Van Bruggen et al., 1992). A disadvantage of this method 

which limits the interpretation of data, is micro vascular injury caused by the dye 

activation, as this could significantly alter haemodynamic processes implicated in the 

ischaemic injury process.

5.3.4 Focal Models with Reversible Occlusion -  External Techniques

Since the early 1980’s various authors have reported the success of techniques whereby 

the MCA is occluded and subsequently reperfused (Tamura et al., 1981; Shigeno et al., 

1985; Chen et al., 1986; Kaplan et al., 1991; McAuley, 1995; Yanamoto et al., 1998). 

Initially this approach was used to investigate the effect of variable ischaemia time on 

lesion development (Kaplan et al., 1991). The different locations and combinations of 

large-vessel occlusion used in these studies gave rise to somewhat variable reproducibility 

of lesions produced using the different models. This had a major impact on the 

interpretability of results and the design of the study necessary to provide statistical 

power. The quality of lesion reproducibility has remained of critical importance ever 

since as studies have attempted to precisely identify the effects of treatments, interventions 

and pathogenic mechanisms which have been the focus of scrutiny.

Different types of occluding device have been employed since the first permanent MCA 

occlusion experiments but particularly since reperfusion became a common research tool. 

The main problem encountered when attempting the reperfusion of occluded vasculature 

is trauma induced during the application and removal of an occluding device, which 

causes damage to the abluminal surface and luminal wall of the vessel. Inconsistent blood 

flow in the post-occlusion vessel, in addition to the formation of emboli due to luminal
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endothelium damage was reported by workers involved in the development of these focal 

ischaemia models (Tamura et al., 1981; McAuley, 1995). Shigeno et al. demonstrated that 

trauma-related problems associated with vascular clipping could be reduced, albeit using a 

technically more complex modality, by using a snare ligature placed around the MCA 

distal to the lenticulostriate branches (Shigeno et al., 1985).

This approach to MCA occlusion is often referred to as ‘external MCAO’, because 

occlusion is induced via the application of an occluding device to the outside of the artery 

(as opposed to it being plugged from within). As previously mentioned, this occluding 

device can take the form of a clip, snare or hook implement. In order to expose the MCA 

as it courses around the lateral aspect of the brain the facial muscles are dissected and a 

small hole is drilled in the skull (craniotomy). The dura membranes which encapsulate 

the brain are then cut away with a sharp scalpel to expose the MCA. Occlusion of the 

MCA is usually combined with common-carotid artery occlusion. Techniques using 

normal rats (i.e. with no underlying vascular pathology) and a distal MCA occlusion 

(distal to the lenticulostriate artery) require bilateral CCAO in order to reliably induce 

gross ischaemia in the ipsilateral cortex (Chen et al., 1986; Yanamoto et al., 1998). Where 

stroke-prone or spontaneously hypertensive rats are used, it is possible to produce 

ischaemia with occlusion of the ipsilateral CCA only, presumably due to an impaired 

collateral system in these ‘arteriopathic’ animals (Kaplan et al., 1991).

This somewhat invasive surgical aspect of the external MCA methodology is a significant 

deviation from the human condition of stroke: the breach of the dura and arachnoid mata 

results in loss of cerebrospinal fluid and a reduction in intracranial pressure. Additionally, 

the anaesthesia necessary to perform the deep surgery can potentially act as a 

neuroprotective agent. Nevertheless, these facts are not considered sufficient to detract 

significantly from the power of the models to provide reliable basic science information.

The major advantages of external models over other types are their reproducibility and 

reliability. For a given location and duration of MCA occlusion by an external method, 

lesions have been shown to occur reproducibly between animals. Variation of lesion size 

in different types of permanent occlusion model was found to be in the region of
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±12-20% in a selection of studies which used normal Sprague-Dawley rats (McAuley, 

1995). Good reproducibility of lesion size and location is an essential feature in studies 

which attempt to characterise the effect of therapeutic interventions such as reperfusion or 

hypothermia.

5.3.5 Focal Models with Reversible Occlusion -  Intraluminal Filament Techniques

For many types of study the development of ‘intraluminal’ MCAO techniques conferred a 

significant improvement in the power of animal models to study ischaemia. First 

demonstrated in the rat by Koizumi et al. (Koizumi et al., 1986), the models avoid the 

complex and time consuming surgery associated with external models. More latterly, 

further improvements have permitted the remote controlled occlusion and de-occlusion of 

the MCA in the bore of an NMR scanner with reasonable reliability (Li et al., 1998). 

Thus, the acquisition of NMR data in the sub-acute occlusion and reperfusion periods has 

been made routinely accessible to a greater diversity of groups than was previously the 

case.

The models involve the insertion of an occluding device such as a rigid monofilament 

suture into the carotid artery, which is advanced along the internal carotid artery (ICA) 

until it passes the origin of the MCA on the circle of Willis, thereby blocking blood flow 

in the MCA. The proximal CCA and external carotid artery (ECA) are ligated during the 

preparation period to permit the insertion of the occluding device (Figure 5-1). In remote 

control studies (Li et al., 1998) the occluder, in this case a silicone coated 4-0 nylon 

suture, is advanced just past the pterygopalatine artery where it remains during baseline 

data acquisition. When the MCA is to be occluded the suture is advanced until a 

resistance (the anterior cerebral artery) is felt. The MCA can be easily reperfused at a 

later time-point by pulling the occluder back.
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Pterygopalatine arteryICA

ECA

CCA
Sternomastoid muscle

Occluding device

Figure 5-1 The position o f the occluding device when it is inserted into the 
CCA and advanced into the ICA. Note that the proximal CCA and ECA are 
ligated prior to the insertion o f the occluder. Taken from (Li et al., 1998).

A lthough they require significantly less surgery and perm it remote control within an N M R 

system, the suture m ethods suffer from greater intra- and interstudy variability than m any 

o f  the external m odels (M cAuley, 1995). This is due in part to the requirem ent for precise 

plugging o f  the vasculature by the occluder in order to bring about total occlusion o f  the 

M CA. Incomplete occlusion is a significant com plication associated with these m odels - 

Li et al. reported successful occlusion in only two thirds o f  experim ents at the first 

attempt. Other, less comm on complications included haem orrhage as a consequence o f 

traum a induced by the occluder, the occluder slipping out prem aturely and the failure to 

advance the occluder intracranially. It is also argued that damaged caused to the vascular 

endothelium  while advancing the suture may case blood flow effects, changes to the blood
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brain barrier and even give rise to a ‘shower’ of small emboli in the MCA (McAuley, 

1995). Other artifacts which have received attention are hyperthermia immediately 

following occlusion of the MCA, which may be a consequence of reduced blood flow in 

the basal ganglia nuclei involved in thermoregulation.

Significant effort has been directed towards understanding the effect on reproducibility 

and reliability of different types of occluding device and coating/tip. For example, one 

particularly extensive investigation demonstrated that technically very similar models 

using either siliconised or heat-treated nylon resulted in markedly different levels of blood 

flow reduction, post occlusion morbidity and lesion success rate (Laing et al., 1993).

Although the poor reproducibility of the intraluminal suture models and their dependency 

upon the exact type and coating of the suture utilised continue to present problems to 

certain types of study, such as the investigation of factors affecting lesion size or 

therapeutic strategies, the models continue to be of great value in the investigation of 

dynamic changes during and after ischaemia. In a recent study (van Dorsten et al., 2002) 

the measurement of ADC, T2 , T] and cerebral blood flow were all measured over the time- 

course of an ischaemia -  reperfusion protocol, allowing a unique multi-parametric 

investigation in a minimally invasive model of ischaemia.

5.3.6 Reversible Occlusion -  Non-Surgical Techniques

A small number of non-surgical models of reversible MCA occlusion have been reported 

which include the injection of endothelin-1 or endothelin-3 into the brain parenchyma 

adjacent to the MCA (Agnati et al., 1991; Sharkey et al., 1993; Henshall et al., 1999) and 

subsequent reversal of endothelin-3 induced ischaemia with the endothelin-A (ET(A)) 

receptor antagonist FR139317 (Henshall et al., 1999). These techniques exploit the potent 

and long-lasting vasoconstrictor activity of endothelin-1 and -3 which, along with 

endothelin receptors, are widely expressed in rodent and human brain.
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5.4 Animal Models of Huntington’s Disease (Genetic Models)

Much of the recent advancement in our understanding of the causative factors and 

pathophysiology in HD has come about due to the development of genetic models of the 

disease. The R6/2 transgenic mouse line, which expresses an exon 1 huntingtin protein 

with an expanded polyglutamine repeat of between 141 and 157 base pairs, is the most 

extensively characterised (Mangiarini et ah, 1996). The mice exhibit a progressive 

phenotype similar to the juvenile human form; the motor disorder includes a resting 

tremor, rapid and abrupt shuddering movements, irregular gait, stereotypic grooming 

movements and epileptic seizures (Mangiarini et ah, 1996; Luesse et ah, 2001). The body 

weight of male mice decreases steadily from 8 weeks, such that at 12 weeks they weigh 

approximately 60% of controls. Concordant with the human form of the condition, 

affected mice are reproductively compromised and are incontinent. Upon neurological 

analysis, the R6/2 strain models the more progressive, juvenile form of the disease; a 

reduction in brain weight precedes body weight loss such that at 12 weeks brain weight is 

-20% lower than in controls. The reduction in brain size is generalised and neuronal 

density is not reduced, pointing to a reduction in neuronal volume rather than neuronal 

death at this stage of disease progression. Symptoms appear at around 9 weeks, are 

pronounced at 12 weeks and the mice rarely survive beyond 14 weeks.

In a study which considered behavioural characteristics in detail, it was found that 

transgenic R6/2 mice become significantly impaired in aspects of locomotion, exploration, 

motor coordination, spatial and non-spatial learning and memory (Luesse et al., 2001). A 

watermaze was used to assess spatial and non-spatial learning whereby the mice were 

trained in locating and reaching an invisible submerged platform over a training period of 

7 days. R6/2 mice aged 5 weeks exhibited similar learning performance to littermate 

controls during the first 2 days of training but failed to improve from day 3 onwards. 

Mice of 8.5 weeks of age showed markedly impaired learning from the start of training 

and failed to improve in any of the parameters evaluated. Spatial memory was found to be 

impaired at 5 weeks of age and could not be assessed at 8.5 weeks as the mice lacked the 

ability to learn the memory task in the first place.
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Upon histological analysis, striatal tissue from symptomatic R6/2 mice is seen to contain 

neuronal intra-nuclear inclusions (Nil) (Figure 5-2), the structure of which is of a fine 

granular nature with occasional filamentous features, particularly in the periphery of the 

Nil (Davies et ah, 1997). Nil have not been observed in astrocytes, oligodendrocytes or 

microglial cells, or in any cells from asymptomatic transgenic mice. This is a clear 

indication of a connection between the disease process and the inclusions.

Huntingtin immunoreactivity studies, whereby Nil are densely stained, have shown the 

presence of Nil within defined regions of cerebral cortex from 3.5 weeks and striatum 

from 4.5 weeks. By 8 weeks these Nil can be detected by ultrastructural analysis (Davies 

et al., 1997). By 10 to 12 weeks changes within the nuclear membrane are also apparent.

In common with many human Huntington’s disease patients, R6/2 mice often develop 

diabetes (Fairer, 1985; Hurlbert et al., 1999; Luesse et al., 2001). Estimates of incidence 

vary from between 50% of animals with frank hyperglycaemia (Hurlbert et al., 1999) to 

100% with latent diabetes but only 26% with frankly elevated blood glucose (Luesse et 

al., 2001). Hurlbert et al. described marked insulin sensitive hyperglycaemia in diabetic 

animals with blood glucose levels increasing until age 10-11 weeks, then decreasing until 

death around 12-13 weeks (Hurlbert et al., 1999). This study also showed that diabetic 

mice have reduced levels of insulin and glucagon in the blood and pancreatic islets. The 

authors commented that the absence of lymphocyte infiltration in the pancreas of diabetic 

mice suggests that the mechanism involved is not autoimmune. The exocrine pancreas 

was found to be normal in both diabetic and euglycaemic R6/2 mice. It is unknown why 

the expanded CAG repeat in the Huntingtin gene causes loss of insulin and glucagon 

production with no evidence of local pancreatic pathology. A complex system is involved 

in the regulation of pancreatic hormones including the sympathetic nervous system and the 

hypothalamic/pituitary axis. It is possible that the interaction of Huntingtin with distant 

sites may be responsible for the development of diabetes in transgenic mice. Interestingly, 

the behavioural abnormalities described by Luesse et al. were shown to be independent of 

diabetic status, and the authors concluded that diabetes probably has negligible impact 

upon the phenotype of R6/2 mice.
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Although transgenic models such as the R6/2 line show many similarities to the human 

form of the condition, work has continued to produce models faithful to its focal 

characteristics. An alternative to transgenesis (inserting a human gene into the mouse 

genome) has been to replace the CAG repeat in the mouse HD gene by knock-in gene 

targeting techniques. One such model (Lin et al., 2001) expresses a mutant protein 

carrying 150Q and is the only knock-in model thus far generated to develop a progressive 

neurological phenotype. In this model, the aggregate pathology is more restricted, 

probably because of the requirement for the full protein to be processed in order for the 

transcription of the polyglutamine repeat. These mice develop symptoms at around 5 

months when homozygous for the abnormality.
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Figure 5-2 Examples of Nil (A &B, large blue arrows) found within striatal mouse brain 
and nuclear membrane indentations (small red arrows). Normal striatal neurons (C) have 
a smooth nuclear profile and no NIL At higher magnification (D), the Nil is seen to be 
pale staining and distinct from more the darkly staining nucleus (Nu) and surrounding 
chromatin. Taken from (Davies et al., 1997).
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5.5 Chapter Summary

There is ongoing public debate as to whether the use of animals in laboratory experiments 

is appropriate and acceptable. The majority of informed individuals accept that in many 

research areas experimental animal research is the only way to bring about progress. This 

chapter has presented two areas of medical research whereby great advances in our 

understanding and diagnostic ability have been achieved through the use of animal 

models. Furthermore, there are still important questions which need to be answered in the 

pursuit of understanding the pathogenesis of conditions such as ischaemia and 

neurodegenerative disorders. For many of these questions, further animal studies are the 

only means by which the insights and observations which are urgently needed can be 

realised.

There are a multiplicity of models of cerebral ischaemia which individually have 

advantages for particular types of study. Models which use the ‘internal MCA’ approach 

may have the advantages of remote control, the potential for reversible occlusion and 

minimal impact on the animal’s general physiology. Disadvantages include the relatively 

poor reproducibility and reliability of the individual techniques, and secondary 

pathophysiological artifacts related to the mechanical/chemical operation of the occluder. 

Conversely the ‘external MCA models’ offer superior reproducibility and reliability but 

require surgical intervention and deeper levels of anaesthesia. Remote control is also 

impossible for the majority of the ‘external MCA’ models.

The decision as to which model to use for a given investigation must be made taking into 

consideration the key research questions which are being investigated. For some studies 

the requirement to predict the lesion size and location will necessitate the use of external 

models. For other studies, NMR studies of focal stroke for example, the need for remote 

control will take precedence and so an internal model such as the suture method will be 

employed. In this case, the size of the study and subsequent interpretation of the 

experimental data must allow for the intrinsic variation in lesion severity and size within 

the dataset.
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Similar limitations apply to animal models of Huntington’s disease, whereby a reliable 

model of the adult human condition has yet to be created. The R6/2 transgenic mouse 

model has provided many unique insights into the progression of the disease, but probably 

models the juvenile form more closely than the adult form. Ongoing work to generate 

knock-in models such as the 150 base-pair mouse strain (Lin et al., 2001) offers 

encouragement that an improved model of adult Huntington’s disease may become 

available in the near future.

The following chapters describe my work to apply magnetic resonance techniques to 

animal models of cerebral ischaemia and Huntington’s disease. Whilst our study 

objectives required us to develop a new model of stroke, we have made use of the existing 

R6/2 model to study HD in vivo.
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6.1 Chapter Overview

This chapter describes the development of a new animal model of focal cerebral ischaemia 

in the Sprague-Dawley rat. Section 6.2 presents the motivation for this work and logically 

follows on from Chapter 5, where the existing animal models were reviewed. The 

development of precision devices to occlude the common carotid arteries and middle 

cerebral artery is described in sections 6.3-6.5. Sections 6.6 and 6.7 describe the 

physiological control and anaesthetic aspects of the model. Data acquired using the model 

is presented in Chapters 7, 8 and 9.

This work was carried out with the help of Dr Ted Proctor at the Unit of Biophysics, 

Institute of Child Health. Ted’s expertise in the production of small mechanical 

components was invaluable in solving the many technical difficulties in this project.

6.2 Introduction

In order to study both NMR parameters such as diffusion, perfusion, relaxation, and blood 

flow in different brain areas (lesion core, peripheral ‘penumbra’, non-ischaemic tissue) 

during focal ischaemia, and to provide the potential to assess the effect of therapeutic 

strategies such as hypothermia, it was necessary to develop a new animal model. No 

existing model had all the necessary features to accomplish these aims.

The key features which we defined as necessary in the model were:

• reproducible size and distribution/location of ischaemic lesion

• production of ischaemia in a homogenous tissue type (cortex)

• remote controlled occlusion and de-occlusion of vasculature within the magnet

• reliable and predictable vascular response to occlusion / de-occlusion

• minimal physiological trauma due to surgery and occluding devices

• minimal NMR artefacts due to surgery / metallic implants

As discussed in Chapter 5, there are a number of animal models that have one or more of 

these features but none which have all of them. For example, the intraluminal suture 

technique allows for remote control and reperfusion but is poorly reproducible and carries
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significant risk of undetected haemorrhage / accidental reperfiision. Additionally, the 

insertion and advancement of the suture can cause significant disruption to the vascular 

endothelium with resulting physiological effects. The external (surgical) models on the 

other hand are in general highly reproducible but not easily or reliably reversible, or use 

occluding devices which are incompatible with an NMR scanner (many use metal clips for 

example).

In 1991 Kaplan et al. (Kaplan et al., 1991) demonstrated a hook occlusion technique. In 

this ‘external MCA’ model the dura and arachnoid mata were stripped away in the area 

overlying the MCA and a hook was used to pull the MCA away from the brain and 

occlude it. A micro-manipulation device on the bench held the hook in position and 

facilitated its retraction. The major limitations of this model for our purposes were the 

lack of remote control, the metallic micro-manipulator and the traumatic effect of 

stretching the artery away from the brain on both the brain surface and the MCA itself. 

Additionally, in order to provide reasonable reproducibility of infarct size, spontaneously 

hypertensive rats were used. We realised, however, that with modification this model 

could be fundamentally improved and still fulfil the requirements we had defined in 

normal Sprague-Dawley rats without underlying vascular disease.

The principal difference between Kaplan’s technique and the model we have developed is 

that in the new model the dura and arachnoid mata remain intact over the MCA. This 

allows the occlusion of the MCA by pulling it against the tough dura/arachnoid covering. 

The insertion and retraction of the hook is made possible by cutting of two small holes in 

the dura and arachnoid mata (Figure 6-1).
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CraniotomyMCA

SKULL
*•. Dura / Arachnoid mata

Rhinal branch

ROSTRAL

Olfactory tract 

To hook manipulator (outside magnet)

-------------------- ► CAUDAL

Figure 6-1 A schematic representation of the MCA surgical field. The MCA is exposed 
and hooked at the level of the olfactory tract. The overlying dura and arachnoid mata 
prevent deformation of the artery and damage to cortical brain tissue when the hook is 
gently retracted.

The dura mata is in fact so robust that it will constrain any rostral-caudal hook movement 

when the hook is spring loaded. This means that reliable hook placement is gained by the 

‘at rest’ hook position being placed to be 1.5mm caudal to the rostral dura piercing. The 

hook is then manually eased rostrally, exploiting the flexibility of the phosphor-bronze 

wire, after which it is inserted into the rostral dura hole. Upon releasing the hook the 

remaining strip of dura opposes the tension created. The MCA is not subject to this 

tension as it is free from the strip of dura (Figure 6-2). The critical variable in this 

arrangement is the width of dura mata between the rostral piercing and MCA. If this is too 

little then the hook compresses the MCA even in the de-occluded state, too much and the 

tip of the hook comes to rest under the MCA, rather than clear of the MCA and in line 

with the caudal hole.
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MCA not subjected to any 
caudo-rostral force by hook

Effective 'dura strip’ 
constrains caudo-rostral 

movement of hook

Spring-loaded hook

ROSTRAL -► CAUDAL

Figure 6-2 A schematic representation of the forces acting upon the hook and dura strip. 

Caudo-rostral force/displacement of the MCA is avoided by the presence of the dura strip 

which constrains movement of the hook.

As with all other external MCAO models in normal rodents, the occlusion of the MCA 

alone is not sufficient to reliably reduce blood flow in its territory below the ischaemic 

threshold. In the new model both common carotid arteries (CCAs) are occluded by 

remote control at the time of MCAO. As described below, the reproducibility of the 

model is dependent on the occlusion of both CCAs. We developed a new type of CCA 

occluder which is more reliable and easier to position than that of Allen et al. (Allen et al., 

1993). The technique is minimally traumatic, such that de-occlusion is always successful 

and occurs with minimal subsequent vasoconstriction.

The new model therefore has the following functional components:

• Reversible bilateral common carotid artery occlusion using new atraumatic 

occluders

• MCA hook occlusion utilising unique dura/hook interaction during occlusion

• Independent control over all three vessels
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6.3 The Development Process

The development of the model from inception took approximately 12 months. During this 

time the numerous aspects of the model, from the mechanical parts to physiological 

support for the animal were developed in parallel. As the main challenges to realising the 

concept of the model were surgical and mechanical, the majority of development time was 

spend by myself and Dr Proctor, working together, in empirical development, 

improvement and construction of these components.

The key development areas were:

• Surgical approach to the MCA compatible with minimal physiological disturbance 

and maximal animal survival. Important factors here included minimising blood 

loss, minimising the extent of the surgical field and maintaining secure retraction 

and fixing of anatomical structures.

• Mounting and manipulation of vascular occlusion devices including common 

carotid artery and MCA occluders. This required development of mountings and 

components which would be compatible with the normal variation in animal shape. 

Mechanical components were also required to maintain integrity, movement and 

control when placed for extended durations within the magnet bore.

Chapters 7, 8 and 9 describe experimental studies which have utilised the model. The 

following sections describe the development of the various components of the new model.

6.4 Development of Carotid Artery Occlusion

The technique of remote occlusion of the common carotid arteries for NMR studies is well 

established in the Royal College Surgeons Unit of Biophysics (Allen et al., 1993). We 

have modified the existing gerbil CCA occluder used in these previous studies to improve 

upon its de-occlusion-reperfusion characteristics. The previous design used a curved 

plastic tube (outer sleeve) to support a rigid nylon 2-0 suture (Figure 6-3, 6-4) which was 

looped around the CCA and tensioned via a manipulator at the end of the probe 

(Figure 6-5). This was operated by remote control, i.e. without the requirement to remove
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the probe from the magnet as the manipulator was situated at the far end of the probe, in 

the opening of the magnet bore. When tightened the CCA was compressed between the 

nylon and the rounded end of the outer sleeve. The rounded end of the outer sleeve 

ensures that the artery is fully occluded when the rigid suture is retracted. Previous 

designs whereby a flat ending was used resulted in incomplete occlusion.

B

2 -0  N y lo n  m o n o -fila m e n t

CCA

Occlude

O u te r  sleev e

Figure 6-3 A) The original CCA occluder head, as used in gerbil ischaemia studies (Allen 
et ah, 1993). B) The 2-0 nylon mono-filament compresses the CCA against the outer 
sleeve when retracted.

The major limitation of this device is that its operation is subject to a phenomenon which 

we term ‘hysteresis’. Upon de-occlusion, the space inside the plastic supporting tube 

(outer sleeve) tends to permit the bending of the nylon mono-filament instead of it being 

pushed out, to de-occlude the artery (Figure 6-4). We use the term ‘hysteresis’, as a given 

adjustment of the manipulator results in a greater amount of retraction than subsequent 

release, or a sense of ‘dead space’ in the mechanism. Hysteresis results in unreliable de

occlusion and jerky movements of the suture inside the plastic support.
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Outer sleeve

N ylon  filam ent C C A - - . . ^

Figure 6-4 Hysteresis in the nylon mono-filament CCA occluder. Unconstrained 
movement of the filament within the outer sleeve upon occlusion / de-oeclusion results in 
unpredictable performance and unreliable reperfusion.

The manipulator is similar to that used in previous work (Allen et ah, 1993), as shown on 

the following pages (Figure 6-5 a&b).

A simplified schematic diagram of the CCAO manipulator is shown in figure 6-5. It is 

essentially the same for a looped nylon filament as for single rod phosphor bronze hook 

occluder. It is constructed from wood and acrylic materials and nylon screws. The hook 

itself is placed in the neck well away from structures involved in NMR acquisitions in 

order to avoid problems associated with magnetic susceptibility differences between 

metallic implants and biological tissue. In particular, it is placed caudal to the slice of 

arterial spin labelling used in NMR perfusion measurements. The point of CCAO is 

demonstrated lateral to the trachea and ventral to the bulk neck musculature. The small 

ventral neck muscles are retracted laterally with sutures attached to the probe. Tracheal 

muscles need not be retracted in order to visualise and hook the CCA.

To allow for variations in rat size and positioning within the probe, the length of the 

snareholder can be adjusted via slip attachments at ‘screw C’ and ‘screw D’. Depth 

adjustment can be made using ‘screw B’ and variation in left to right CCA placement is 

accommodated by ‘ball-joint A’. This mechanism is replicated for the right CCA. The 

screw controls for left and right CCA occlusion are calibrated on the bench, prior to 

placing the probe inside the magnet. The CCAs can then be reliably occluded by remote 

control by turning the screw by the required number of turns.

Chapter 6 - A New Model of Focal Cerebral Ischaemia in the Rat 6-108



ends of snare
sc rew  con tro l of 
sn o re  (ou ts ide  m a g n e t)

a t t o c t i e d  to  con tro l 
rod  /

sc rew  B for
u p /d o w n
o d ju s tm en t

screw  C

bolljoint A for 
■ ^rotational m o v e m e n t

sn o re  t e n s i o n /  
o d ju s te d  b y  screw

trochieol m usc leproxim ol/distol 
a d ju s tm e n t of snore 
tio lder by  screw  C •trachieo

sno re tio lder '  \ / n eck  m uscles

•vertebra

left c o ro tid  artery

Figure 6-5a Schematic diagram of the CCAO manipulator. The point of CCAO is 
demonstrated lateral to the trachea and ventral to the bulk neck musculature. Adapted 
from (Allen, 1992).
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P h o sp h o r B ro n ze  H o o k

■Curved sn a re  h o ld e r

S c rew  B

■Screw C

E n d s o f  p h o sp h o r  b ro n z e  w ire  
a tta ch e d  to  ro d s w h ich  are  
m an ip u la ted  by  c o n tro l sc rew s  to  g iv e  
re tra c tio n  / re le a se  o f  C C A  h o o k s 
from  o u ts id e  th e  m ag n e t

C o n tro l sc rew s (en d  o f  m ag n e t b o re ) 
can  be o p e ra ted  from  o u ts id e  m ag n e t

Figure 6-5b Diagram of the bilateral CCAO manipulator illustrating practical features. 
The long rods connecting the control screws and the ends of the phosphor bronze wire are 
made from wooden rod. Rotation at screw C (pivot point) permits lateral adjustment of 
the hook. Adjustment of screw B alters the depth of the hook (in/out of the plane of page). 
Adapted from (Allen, 1992).
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A further source of hysteresis in the operation of remote controlled occlusion and 

reperfusion is found in the screw threads of the manipulator (Figure 6-6) which translate 

the turning of a knob into forward-backward motion. In order to allow sufficient scope for 

adjustment of the mechanism (up to 3cm) and avoid locking, it is necessary to use a coarse 

thread with loose apposition. This combination imparts significant hysteresis in the screw 

mechanism which, during operation, is convolved with the imperfections in downstream 

components (as previously discussed). An additional problem with the use of a thin nylon 

filament is that its size often caused damage to the vessel if it was over-tightened.

I I

Figure 6-6 Hysteresis in the screw assembly. As the two sets of teeth of the opposing 
faces are not tightly apposed, there is scope for free movement which results in hysteresis 
during operation.

We have improved upon this design by replacing the flexible nylon mono-filament with a 

rigid phosphor bronze hook (Figure 6-7), adding a plastic ‘inner sleeve’ (Figure 6-8, 6-9) 

and loading the screw mechanism with a spring in one direction (Figure 6-10). The 

rigidity of the metal hook restricts bending upon manipulation, and with the addition of an 

inner sleeve the ‘empty space within the tube’ component of hysteresis is much reduced. 

Consequently forward and backward motion more accurately transmitted to the hook 

(Figure 6-8, 6-9). Hysteresis in the screw assembly is eliminated by the addition of a 

spring which ensures that only one side of the teeth on opposing parts of the assembly 

contact each other (tight apposition).
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P h o sp h o r B ro n ze  H o o k

CCA

B

n
Occlude

O u te r  s leev e

Figure 6-7 The improved CCA occluder. The CCA is compressed between the rigid 
phosphor bronze hook and the plastic outer sleeve when the hook is retracted.

Inner sleeve O uter sleeve

O cclude
Pho sp h o r bronze 

w ire

Figure 6-8 The addition of an inner sleeve to the CCA occluder, combined with a rigid 
phosphor bronze wire improves hysteresis performance.
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A) Old Design B) New Design

O u te r  s leev e In n e r s leev e

O u te r  s leev e

N y lo n  filam en t P h o sp h o r b ro n z e  h o o k

Figure 6-9 The space between the two arms of the nylon filament and the outer sleeve in 
the old design (A), which contributes to hysteresis, is minimised by the addition of a 
second ‘inner’ sleeve and a stiff single armed phosphor bronze hook (B).

Spring load

Surfaces always
firmly apposed

Figure 6-10 Hysteresis in the screw assembly is eliminated by loading the moving 
(lower) component with a spring in one direction.
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6.5 Development of MCA Occlusion -  A New Concept

The technique developed for the occlusion of the MCA is essentially similar to that for the 

carotid arteries, in that the manipulator is the same and the hook is constructed from 

250pm phosphor bronze wire ground to a diameter of 125pm for the hook ending. The 

major obstacle to atraumatic occlusion of the MCA is the size of the artery (approximately 

100pm in diameter). Even fine forceps dwarf the vessel, and clips or similar occluding 

devices invariably impose a tension or torque which acts to stretch and deform the artery, 

resulting in permanent damage to the artery and underlying cortical tissue (McAuley, 

1995). Additionally, upon mechanical disturbance or stimulation the artery appears 

particularly prone to vasoconstriction, followed by a variable period of up to 10 minutes 

before the vessel returns to its original diameter. This effect has previously been reported 

by Yanamoto (Yanamoto et al., 1998) and receives particular attention as a cause of 

unreliable and variable reperfusion in an excellent review of rodent models of cerebral 

ischaemia by (McAuley, 1995). We recognised that in order to avoid this uncontrolled 

complication of vascular occlusion, which is highly undesirable when attempting to 

experimentally induce or reperfuse ischaemia in tissue, we must develop a method that has 

minimal mechanical interference with the brain surface and the MCA.

The need for remote controlled occlusion and reperfusion together with limitations 

imposed by the enclosed magnet bore and strong magnetic field, made the use of 

previously documented techniques impossible. We have therefore developed an entirely 

new mode of remote occlusion of the MCA.

Rather than lifting and compressing the artery against the outer-sleeve of the occluder as 

in the case of the CCAs, which would certainly damage the artery and brain surface, the 

strength and inelasticity of the overlying arachnoid and dura mata provides a sturdy 

support for MCA occlusion. The hook is passed under the MCA without disturbing it, and 

gently pulls the MCA against the dura when retracted (Figure 6-1). In experiments 

performed under visual observation (‘on the bench’) it was noted that the MCA initially 

vasoconstricts to approximately 50% of normal diameter when the hook is manipulated 

and returns to its previous size in 5-10 minutes of de-occlusion. As Yanamoto (Yanamoto 

et al., 1998) noted, this phenomenon also exaggerates apparent occlusion in the acute
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Figure 6-11 A large craniotomy demonstrating the 
olfactory tract (A) and site of hooking (B) (post-mortem). 
The MCA appears as when vasoconstricted due to 
mechanical disturbance / stimulation.

occlusion period and may cause variation in the degree of occlusion. Figure 6-11 

illustrates the MCA in a post-mortem photograph; in this image the MCA appears similar 

to when it is observed when in a state of vasoconstriction, as normal arterial pressure is 

absent in the post-mortem state.

In previous studies considerable attention has been directed towards understanding the 

effect of occlusion of the MCA at different points along its path (Bederson et ah, 1986). 

Occluding closer to the origin of the artery on the circle of Willis (‘proximally’), near the 

base of the brain results in larger, more reproducible lesions at the cost of more involved 

surgery and greater risk of surgical complications (Bederson et ah, 1986; McAuley, 1995). 

The larger and more reproducible lesion characteristic of proximal occlusion is due to 

MCA branching. The MCA is a major cerebral artery with an anatomically defined 

supply territory and gives rise to multiple small branches as it progresses around the 

lateral aspect of the brain; these remain patent and functional when occlusion is performed
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distally. These small vessels contribute somewhat variably between animals to collateral 

flow and result in patchy borderline ischaemic flow distribution.

In the new model therefore we occlude the MCA at the most proximal location which the 

complex hook and outer-sleeve assembly will permit -  directly above the olfactory tract, 

which is described as a ‘mid-proximal occlusion’ (Bederson et ah, 1986). Figure 6-11 

illustrates the olfactory tract and hooking position in a post-mortem photograph; this 

location is routinely accessible in rats weighting between 25Og and 320g and so does not 

introduce variability into our experiments.

As the hook induces the minimum mechanical stimulation upon the MCA, it is feasible to 

conduct ischaemia-reperfusion experiments with ischaemia times as short as a few 

minutes and as long as 3 hours, which has previously been demonstrated as being 

equivalent to permanent occlusion in terms of lesion severity (size and distribution) in 

models of this type (Kaplan et ah, 1991).

6.6 Development of MCA Occlusion -  Mechanical Components

As discussed in Chapter 5, many of the existing ‘external MCAO’ models do not allow for 

reliable de-occlusion because the occlusion methodology causes significant mechanical 

trauma to the artery. The MCA is a mere 100pm in diameter compared to the CCAs 

which are 2-3mm wide. Although the newly developed MCAO system is based on the 

CCA occluder, the order of magnitude difference in vessel size has implications for all 

aspects of the system. Very small amounts (<lmm) of retraction and release must be 

faithfully transmitted from the control screws to the hook, and the various supports must 

allow the precise placement of the hook relative to the small holes created in the dura 

during surgery. The degree of adjustment possible must accommodate inter-animal 

variation in the position of the rat’s head relative to probe and hook support. This occurs 

most dramatically between rats of different ages (and therefore sizes). For this reason we 

arrange for experimental animals to weigh in the range of 290-320g at the time of the 

study, although this is obviously determined by a multitude of parameters such as the 

animal supplier, the rat’s diet and appetite.
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In order to coordinate with the MCA, the hook must be suspended in an inaccessible 

location -  on the surface of the left temporal lobe buried approximately 2cm deep to the 

skin. Access created during surgery is limited to a conical ‘keyhole’ portal of 2cm 

diameter at the surface. The structure which suspends the hook in the correct position has 

been designed to allow adjustment in all directions including depth, caudo-rostral and 

superior-inferior position.

As with the CCA occlusion system, the use of multiple sleeves in the hook assembly and 

spring loading of the control rod minimises hysteresis in the operation of retraction and 

release (Figure 6-12). The hook itself is constructed from 250pm phosphor bronze wire 

ground to a diameter of approximately 125pm for the hook process. The hook has a 

diameter of curvature of approximately 350pm. The strength of the thinned phosphor 

bronze wire exceeds that of the dura strip which it opposes when in use. Consequently, 

over-tightening of the hook results in tearing of the dura and snapping of the MCA rather 

than deformation of the hook. Under test conditions it was found that the hook control 

screw must be rotated by 3-4 times the normal occlusion adjustment in order to cause this 

type of damage to the brain. This is directly attributable to the strength of the dura and 

demonstrates the value in exploiting it in the model. Thus, during normal operation of the 

control mechanism the possibility of accidentally over-tightening the hook to the extent 

that the brain or MCA are damaged is practically zero.

MCA hook retraction is achieved by use of the same screw control employed in the CCA 

occluders (Figure 6-10a&b). The control is mounted on the left side of the probe with the 

bend of the hook support routing the hook into the surgical space created in the left side of 

the rat’s left temporal region.
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Outer sleeveInner sleeve

50pm phosphor bronze wire

Hook process (125pm) 

--------------- 10cm------

Figure 6-12 A schematic diagram of the MCA hook support (hook process diameter 
approximately 350pm). The triple sleeve construction of the support minimises hysteresis 
during operation of retraction and release. The inner and outer sleeves are formed by 
heating nylon catheters and bending them to the required shape. They are then rapidly 
submerged in cold water to ‘cure’ the bend. The third, inner-most sleeve is adherent to the 
phosphor bronze wire and is made from a fine gauge nylon arterial sampling catheter.
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Figure 6-13 A photograph of the rat probe. The large cylindrical ‘annulus’ locates securely inside the gradient winding 
insert. The head and neck region of the rat is thereby positioned in the centre of the volume transmit RF resonator. The rotary 
controls for the CCA and MCA occluders can be seen towards the rear of the probe.
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6.7 Surgical Methods & Physiological Control

The model was developed using male Sprague-Dawley rats weighing between 290g and 

320g. Rats in this age range are young adults gaining weight primarily by adipose 

deposition. Due to the deep nature of the facial surgery, rats heavier than this range 

present increased surgical difficulty associated with the greater fat levels.

6.7.1 Anaesthesia & Monitoring

General anaesthesia was induced with a mixture of 3% halothane in a 40:60 O2/N2 O gas 

mixture, using a closed induction chamber. Once sedated, the animals were transferred to 

the NMR probe (Figure 6-13) where they remained for the duration of the preparation, 

surgery and NMR observation periods. Anaesthesia was maintained using 0.75 to 1.25 % 

halothane in the same oxygen-nitrous oxide mixture, delivered via a nose cone sited in the 

end of the probe. The halothane concentration was adjusted during the course of the 

experiment using heart rate, respiratory rate and temperature information as informants of 

the level of anaesthesia (discussed further at the end of this section). The rats breathed 

spontaneously throughout the experiment.

Heart rate was monitored continuously both on the bench during surgery and inside the 

magnet via subcutaneous ECG electrodes. These were sutured into place on the left side 

of the thorax and right axilla. Once inside the magnet, the movement of the electrodes 

with respect to each other during each respiratory movement, caused by the enlargement 

of the chest cavity during inhalation, caused a blip on the ECG trace which allowed the 

quick assessment of respiratory rate. Additional information about respiratory movements 

was also available as slow, deep breaths could be discriminated from rapid shallow 

respiration by the amplitude, frequency and spike length of the respiratory signal on the 

ECG monitor. During preparation and surgery, this information was obtained visually.

Core temperature was monitored using a thermocouple which was inserted into the anus 

and advanced six centimetres, to the level of the splanchnic colon. Temperature was 

displayed continuously on a digital meter and maintained at 37.0±0.2°C using radiant lamp 

heating whilst on the bench, and warm air current once inside the magnet bore.
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When the probe was transferred inside the magnet bore, the thermocouple and ECG cables 

were connected in series with low-pass filters to avoid compromise of the RF shield.

6.7.2 Surgical Procedure

The rat was secured in the probe (shown in Figure 6-13), in the prone orientation, after 

attachment of the rectal thermocouple and ECG electrodes. Access to approximately 2mm 

of the MCA at the level of the olfactory tract was achieved by the established route of 

Tamura (Tamura et al., 1981) which is described in detail by Yanamoto et al (Yanamoto et 

al., 1998). Briefly, a 15mm diameter circular area of skin directly overlying the zygomatic 

bone and arch was removed and the facial muscles were dissected and retracted. A section 

of zygomatic bone of approximately 8mm was removed to reveal the lateral ligament of 

the temporo-mandibular joint, which was dissected apart. A small craniotomy, 2mm 

rostral and superior to the trigeminal groove was performed using a small dental drill, set 

at a moderately slow rotation speed (approx. 500rpm). Drilling was frequently paused and 

the cranium washed with isotonic saline solution at 37°C so as to avoid heating of the 

skull, and to remove small fragments of bone produced by drilling. The final, thin layer of 

bone was removed using fine forceps to reveal the MCA, olfactory tract and brain cortex 

covered with the overlying arachnoid mata and dura mata. The area thus exposed is 

illustrated in Figure 6-13.

It was noted during development of the surgical technique that heating of the brain due to 

constant (and non-cooled) drilling results in adherence of the dura mata to the cranium, 

with resulting damage when the final layer of bone was removed. Special care was 

therefore taken to avoid this; drilling was carried out slowly with frequent pauses and 

washing with iso-thermic saline.

The dura and arachnoid mata were pierced on either side of the MCA using a custom 

made cutting needle, so as to preserve a strip of dura approximately 400pm wide directly 

overlying the MCA (Figure 6-14). The rostral piercing was made slightly larger than the 

caudal to permit the insertion of the phosphor bronze hook, which was slid across and 

under the MCA. When retracted, the MCA hook compressed the MCA against the
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arachnoid and dura mata, thereby occluding it, the tip of the hook locating in the caudal 

dura piercing -  effectively locking the hook, MCA and dura.

The surgical procedure is essentially bloodless as major facial vessels such as superficial 

draining veins and arteries associated with the zygoma are tied and thermally coagulated 

prior to sectioning. Slight ‘weeping’ of blood from muscles and cut edges of skin quickly 

clot and therefore do not constitute a significant deviation from normal physiological 

volaemea.

Figure 6-14 A large craniotomy demonstrating the olfactory tract (A) and site of 
hooking (B) (post-mortem). The area exposed during routine surgery is shown 
by the larger dashed ellipse and the two durai holes by the smaller ellipses.
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The time required from the induction of anaesthesia to the placing of the rat into the NMR 

scanner was approximately 2.5 hours. In general a slight reduction in core temperature 

resulted from transferring the rat from the bench to the magnet bore, and so a brief 

normalising period was necessary before quantitative NMR measurements were 

commenced. In practice this time was utilised productively with NMR setup procedures 

such as z-axis positioning, shimming, RF pulse calibration and the acquisition of EPI 

phase correction datasets.

6.8 The Maintenance of Anaesthesia & Animal Physiology

6.8.1 Maintenance of Appropriate Anaesthesia

Multiparametric information is utilised in the maintenance of an appropriate level of 

anaesthesia during each stage of surgery and in-bore experimentation. Whilst the animal 

must be sufficiently anaesthetised to facilitate the necessary invasive surgery, the 

maintenance of normal physiology is made difficult due to a tendency towards respiratory 

acidosis and hyperoxaemia when using spontaneously breathing inhalation anaesthesia 

(Green, 1982).

The dose of anaesthetic delivered into the rat’s gas mixture requires frequent adjustment 

due to a number of variables which change throughout the experiment:

• Duration of anaesthesia -  the animal slowly becomes saturated with anaesthetic 

due to the solubility of halothane in biological tissues. Thus, as the duration of 

anaesthesia increases, smaller doses of halothane are required to maintain a given 

level of anaesthesia.

Temperature -  at lower core body temperatures a lower concentration of 

anaesthetic is required. In practice, a temperature change of greater than 0.5°C 

necessitates a compensatory anaesthetic dose adjustment. Additionally, over

anaesthetised animals lose heat very quickly due to the associated reduction in 

metabolic processes. Consequently, one must be very careful not to allow a 

transient reduction in temperature to spiral into a serious over-anaesthesis which 

could influence the experimental results or kill the animal.
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We use spontaneous breathing inhalation anaesthesia rather than mechanical ventilation as 

the latter, although preferential in terms of the maintenance of normal physiology, is made 

very difficult in the confined and inaccessible environment of an NMR system, and by the 

fact that many of the components of the ventilator are incompatible with the high magnetic 

field of the spectrometer. The disadvantage conferred by this is that the maintenance of 

normal blood physiology in our experiments is made more difficult due to the inhibitory 

effect which the anaesthetic has on respiratory homeostasis (Green, 1982).

As the addition of nitrous oxide on the order of 40-50% of total delivered ventilation 

mixture reduces the necessary halothane dose by approximately 50%, we have used a 

40:60 oxygen/nitrous oxide mixture with halothane as previously described.

For similar reasons, the routine monitoring of blood physiology during the preparatory 

surgery and ischaemia-reperfusion experiment, although highly desirable was not feasible 

in our experiments. The reasons for this are as follows:

• The maintenance of patent central venous or arterial catheters is troublesome 

during lengthy experiments due to the tendency of the catheter to become blocked 

with blood clots.

• The use of heparin flush to maintain clear catheters tends to anti-coagulate small 

animals when used over extended durations and when using long and fine gauge 

catheters. This is inappropriate in the surgical context and introduces a significant 

source of physiological disturbance into the ischaemia-reperfusion experiment.

• The positioning of the animal in the small NMR probe restricts access to 

appropriate vessels for catheterisation. For example, the femoral vessels cannot 

reliably be maintained in a suitable position due to the requirement to bend the 

hind limbs.
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• During surgery the animal is frequently turned and repositioned to earry out the 

different stages of surgery (e.g. supine during carotid surgery and prone^rotated 

during MCA exposure and hook positioning). This introduces risks of catheter 

movement, blocking and kinking and significant risk of haemorrhage from the 

catheter entry site.

• The use of long catheters necessary to reach the animal from outside the magnet 

bore introduces extreme difficulty as gauging saline flush and anticoagulant 

injections becomes practically impossible.

6.8.2 Measurements of Blood Physiology

Faced with insurmountable obstacles to the online monitoring of blood physiology during 

routine experiments, we successfully sampled arterial blood at the end of the experiment 

in 6 ischaemia-reperfusion animals and 3 controls. Control animals underwent anaesthesia 

and femoral vein cannulation ‘on the bench’ for 6 hours. Blood gas analyses were 

performed after 1 hour and 6 hours of anaesthesia. Ischaemia-reperfusion animals 

underwent preparation and surgery, 90 minutes of ischaemia and 135 minutes of 

reperfusion. Cannulation of the femoral vein was performed immediately following 

removal of the animal from the magnet. The total time from induction of anaesthesia to 

blood sampling was 6 hours in ischaemia-reperfusion animals.

The blood was analysed using the i-STAT Portable Clinical Analyser (i-STAT 

corporation. East Windsor, NJ 08520, USA). This system was attractive as it employs 

single-use cartridges which do not require calibration or maintenance. The blood is 

dropped directly into the cartridge which is processed and reported in the handheld 

i-STAT analyser.

Results from control and ischaemia-reperfusion animals are shown in Table 6-1. There 

appears to be a systematic offset from the normal range in all groups for pH, pCOi and 

pO] (N.G. Harris, personal communication). However, there were no significant
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differences in blood gas concentrations or pH between 1 hour and 6 hour measurements in 

control animals, or between control and ischaemia-reperfusion animals. Plasma 

bicarbonate was slightly higher in the ischaemia-reperfusion group than the control group 

(p=0.03).

These findings together suggest that there was a problem with the i-STAT analyser or 

cartridges and that this affected all measurements made, rather than a real departure from 

normal physiology in all of the rats. It is very unlikely that such a dramatic physiological 

effect would be seen as early as one hour following induction of anaesthesia and yet 

remain remarkably stable for 6 hours in both control and operated animals. Furthermore, 

raised CO2 would be expected to cause a significant increase in CBF of approximately 

38% per unit kPa increase in pC02 (Hernandez et al., 1978) and this was not seen in our 

studies (see Chapter 7, CBF data are in agreement with previously published values).

Despite these curious blood gasses data, our practice of continuous monitoring of core 

temperature, heart and respiratory effort and rate enable us to be confident in the 

physiological ‘normality’ of animals in the studies. It is clearly of some concern that the 

blood gasses data appear to be unreliable and this will need to be addressed in future 

studies.

Reference 
Range ^

Controls (n=3) 
(Ihr)

Controls (n=3) 
(6 hrs)

Ischaemia -  
reperfusion 

(n=6 )

pH 7.35 - 7.45 7.28±0.06 7.29±0.04 7.28±0.09

pCO] kPa 3.7-5.3 9.46±0.8 9.6±0.9 10.7±2.6

pO] kPa 11-12.5 19.6±1.9 16.2±3.8 17.3±2.5

HCO3 mmol/1 2 5 -3 2 33.0±3.0 34.3±2.3 37.3±3.5 *

TCO2 mmol/1 27-34 37.7±2.5 37.3±2.2 39.5±3.9

SO2 % 98 - 100 99±1 97±2 98±2

Table 6-1 Blood physiology analyses from control (non-operated) animals and animals 
subjected to 90 minutes of ischaemia and two hours of reperfusion. Plasma bicarbonate 
was slightly elevated in ischaemia-reperfusion animals compared to control animals 
(* p=0.03). ^From N.G. Harris, personal communication.
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7.1 Chapter Overview

This chapter describes NMR and histology studies of acute focal cerebral ischaemia using 

the new model described in Chapter 6. The background to the studies is presented in 

section 7.2. Section 7.3 (Part I) describes our initial work to characterise the model. This 

includes histological and MRI analyses of lesion size and reproducibility and time-course 

MRI studies of apparent diffusion and transverse relaxation (T2). Section 7.4 (Part II) 

describes a study where we investigated the use of different reperfusion protocols; full and 

partial reperfusion, using a full multiparametric MRI protocol. This study includes MR 

measurements of transverse and longitudinal relaxation, apparent diffusion, cerebral blood 

flow and equilibrium magnetisation. The chapter concludes with an overview of findings 

from the two studies and a discussion of the potential future uses of the model.

The new model is also used in the study described in Chapter 8.

7.2 Chapter Introduction

In this chapter are presented studies of acute focal cerebral ischaemia using the new 

remote controlled model described in Chapter 6. Section 7.3 (Part I) describes the 

characterisation of the new model. Initially, the fundamental properties of lesion size, 

distribution and reproducibility were investigated using histology and DWI in experiments 

involving permanent vascular occlusion. Data from acute ischaemia-reperfusion 

experiments were also acquired to characterise the remote-control features of the model. 

In these experiments an ischaemic lesion was produced by remote-control within the 

magnet bore, while continuous MRI measurements of water apparent diffusion and 

transverse relaxation were made. The remote-controlled operation of the model permitted 

the acquisition of uninterrupted time-courses for NMR measurements, the time-resolution 

of which was limited only by the MR acquisition times rather than the need to remove and 

replace the animal in the magnet bore.

As described in section 7-4 (Part II), this work was subsequently expanded to include a 

more comprehensive multiparametric MRI protocol including water diffusion, perfusion, 

Ti and T% relaxation and equilibrium magnetisation measurements. Different types of 

vascular reperfusion were studied including traditional ‘full / abrupt’ reperfusion and an
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experimental ‘partial reperfusion’ which was intended to simulate the clinical scenario of 

gradual reperfusion.

The motivation for this was that animal models of cerebral ischaemia-reperfusion have 

lately been criticised because reperfusion is usually induced abruptly, over a period of 

seconds to minutes (Neumann-Haefelin et al., 2000). This is not the case in the clinical 

context of stroke where reperfusion, where it occurs, may take a number of days to evolve. 

Reperfusion can come about naturally as collateral pathways develop, or therapeutically 

following the administration of a thrombolytic agent. In a recent study looking at the 

effect of tissue plasminogen activator (tPA) treatment in acute stroke patients (<6 hour 

post onset of symptoms), all patients with evidence of reperfusion had recanalisation rates 

of 1-3 days (Rother et al., 2002). There have also been calls for improved clinical 

applicability of animal models of cerebral ischaemia in order to facilitate the development 

of stroke treatments with better performance in clinical trials (Small and Buchan, 2000).

The new MCAO model that has been developed (see Chapter 6) has the flexibility to 

induce different types of reperfusion as it allows independent control of the two common 

carotid and middle cerebral arteries. In this study we have compared full, rapid 

reperfusion (i.e. all three vessels de-occluded simultaneously) and reperfusion of the 

CCAs only, leaving the MCA occluded to simulate a slow improvement in collateral flow 

but with persistence of the main MCA occlusion -  a model closer to the clinical context.

The work contained in this chapter was carried out by myself and Dr Ted Proctor at the 

Royal College of Surgeons Unit of Biophysics, Institute of Child Health. Each study 

involved animal preparation and surgery, which required both myself and Dr Proctor, and 

the ischaemia-reperfusion experiment itself. During the latter period. Dr Proctor 

maintained the temperature of the animal using warm air heating and remote-thermometry, 

whilst I ran the NMR console and controlled the animal’s anaesthesia. I performed all 

NMR data acquisition, reconstruction, processing and analyses. In experiments where 

histological processing and analyses were performed, I carried out all the practical and 

analytical aspects of these.
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7.3 Part I -  Initial Characterisation of The New Model

7.3.1 Introduction 

Aims:

1. To characterise the ischaemic lesion produced by the model, in particular the key 

properties of lesion size, location and reproducibility.

2. To characterise any effects on brain areas not within the MCA territory (i.e. sub- 

cortical grey matter, contralateral hemisphere).

3. To demonstrate the flexibility of the model to produce a range of ischaemic periods 

(15-90 minutes) followed by reperfusion.

4. To demonstrate that ischaemia and reperfusion occur at the time of vascular occlusion 

and de-occlusion respectively, rather than after a variable delay due to vasoconstriction 

or unreliable mechanical operation, as is often a problem with other MCAO models 

(Yanamoto et al., 1998).

This characterisation serves a number of purposes. Firstly it is essential to establish a 

basic physiological response to the insult under the specific conditions created by the 

model. The interpretation of all subsequent results and particularly any assessments of the 

effect of disease-process modifying interventions must be carried out with reference to this 

characterisation. Secondly, it has not previously been possible to make multi-parametric 

MRI measurements during the immediate reperfusion period in existing external, distal- 

MCAO models due to the inherent surgical limitations. For example, where reperfusion 

cannot be induced by remote control, the animal is not inside the magnet at the time of 

reperfusion. The new model allows remote-controlled occlusion and de-occlusion of 

vasculature and therefore NMR measurement can be made at all time-points.

Two experimental protocols were studied; permanent occlusion and ischaemia- 

reperfusion. The permanent occlusion experiments facilitated a systematic analysis of 

lesion size and the inter-subject variation inherent in the model. We conducted a small
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number of 3 hour occlusion experiments where the brain was removed, cut into 1mm thick 

slices and stained using 2,3,5-triphenyltetrazolium chloride (TTC) at the end of the 

occlusion (ischaemia) period. This colourless chemical is reduced to a red/pink colour by 

functioning, active mitochondrial enzymes. Where mitochondria are dysfunctional or 

have begun to degenerate, as is the case following a significant period of ischaemia (e.g. 

30mins (Bimbaum et al., 1997)), the stain is not reduced and the lesion therefore appears 

white, while normal tissue develops the pink/red colouration (Figure 7-1).

TTC staining has been shown to provide an accurate and reliable assessment of lesion size 

and location in animal studies of cerebral ischaemia (Bednar et ah, 1994) provided that 

sufficient time is allowed for the cellular changes to evolve. Literature reports show that, 

in total, a minimum 3 hours of survival (either permanent ischaemia or ischaemia- 

reperfusion) are required for the TTC-derived lesion size to match lesion size as 

determined by traditional light-microscopy methods (Park et ah, 1988; Minematsu et ah, 

1992). There are some reports of differences between TTC histology and more 

conventional H&E histology, but these are generally small and/or not statistically 

significant (Park et ah, 1988).

Figure 7-1 TTC stained brain slice from rabbit brain (Bednar et ah, 1994). 
Functional mitochondria in unaffected tissue reduce the stain to a pink/red 
form. The ischaemic lesion appears white due to the degeneration and 
inactivity of mitochondrial enzymes (blue arrows).

Given the general acceptance of TTC histology as a robust means of determining lesion 

size, and its comparatively low dependence on specialised histological expertise or 

equipment, we adopted the technique to investigate reproducibility in the new model. 

Notwithstanding ongoing arguments within the research community regarding small 

differences between this method and significantly more complex alternatives, the
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technique is appropriate and suitable for investigating reproducibility in a standardised 3 

hour experimental protocol. Measurements of the hemispheric lesion volume (HLV) were 

obtained by determining the hemispheric lesion area (HLA) (Equation 7-1) on successive 

contiguous axial brain slices.

The hemispheric lesion area was determined from diffusion-weighted images acquired in 

the central slice (centred 0.5mm caudal to bregma) following 3 hours of MCA and CCA 

occlusion. It is known that three hours of occlusion is sufficient to produce an ischaemic 

lesion of maximal size, and equivalent to permanent occlusion in rodent models of this 

type (Kaplan et al., 1991). Intra-ischaemic DWI scans acquired at this time point are 

known to provide a reliable marker of histological lesion size and location in other MCAO 

models (Moseley et al., 1990; Van Bruggen et al., 1992; Dardzinski et al., 1993; van 

Gelderen et al., 1994; Hoehn-Berlage et al., 1995). It should be noted that the 

hyperintense area on DWI is a function of a reduction in ADC and lengthening of T% 

relaxation time (due to cytotoxic oedema) which evolve in tandem during ischaemia 

(Calamante et al., 1999). The HLA as determined from DWI was compared to 

measurement obtained from the equivalent TTC histology slice in order to compare the 

histological and MR methods.

To investigate the underlying tissue response to ischaemia and reperfusion using the new 

model, three ischaemia times of 15 minutes, 45 minutes and 90 minutes were used, 

followed by 2 hours of reperfusion. During this time the ADC and tissue water T2 were 

serially measured to yield information about cellular energetics and oedema formation.

A major criticism of the intra-luminal suture MCA occlusion model, the most common 

remote-controlled technique to be implemented in NMR studies, is that the degree and 

time-points of vascular occlusion and de-occlusion are unreliable and subject to frequent 

‘failed attempts’. These may give rise to pre-conditioning effects, in addition to making 

exact specification of the occlusion time impossible. For this reason we investigated ADC 

changes immediately following remote-controlled vascular occlusion, to confirm that the 

vessels had in fact been occluded and that occlusion has a reproducible effect on cellular 

energetics. Data from 18 permanent ischaemia experiments were pooled for this analysis.
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7.3.2 Materials and Methods

Adult male Sprague-Dawley Rats (Harlan Hillcrest, UK) weighing 290-320g (n=28) were 

subjected to permanent or transient cerebral ischaemia using the method described in 

Chapter 6 (West et al., 2002). Briefly, ischaemia was induced by the simultaneous 

occlusion of the left MCA and bilateral CCAs by remote control, using micromanipulators 

located at the end of the rat probe. 12 animals underwent short occlusion to assess the 

reliability of the vascular occlusion technique (development experiments). In these 

animals the ADC was serially measured for 45 minutes following vascular occlusion after 

which the animals were removed from the magnet for visual inspection of the MCA hook. 

Data from these experiments were pooled with the 6 ischaemia-reperfusion experiments 

(see below) to give a total of 18 animals with immediate post-occlusion ADC 

measurements.

Ischaemia-reperfusion experiments

In ischaemia-reperfusion experiments (n=6), the micromanipulators were returned to their 

baseline (pre-occlusion) positions, thereby de-occluding the 3 vessels, after 15, 45 or 90 

minutes (2 animals studied for each occlusion time). As vascular occlusion and de

occlusion were performed by remote-control, it was not necessary to remove the animal 

from the magnet at any point during the ischaemia-reperfusion experiment.

Permanent occlusion animals

For histology studies (n=4), ischaemia of 3 hours duration was carried out ‘on the bench’, 

with continuous monitoring of temperature, breathing rate and ECG. For NMR studies 

(n=18) a period of 35-60 minutes of baseline data collection was carried out after rat 

positioning and shimming, prior to occlusion of the vessels.

Physiological monitoring

Animal physiology was continuously monitored using subcutaneous ECG electrodes for 

cardiac and respiratory rate and a rectal thermocouple for core temperature. Temperature 

was maintained at 37.0±0.2°C by radiant lamp heating (bench studies) or blowing warm 

air through the magnet bore (magnet studies). The air temperature was adjustable between 

25 - 45°C and set based on feedback from the animal.
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Histology

For brain histology, a 3% 2,3,5-triphenyltetrazolium chloride (TTC) solution (Sigma- 

Aldrich Chemicals, Dorset, England) was prepared using isotonic sodium chloride 

solution (Baxter Healthcare Ltd., Compton, Berkshire, United Kingdom). The stain was 

maintained at 37°C using a water bath. Animals were sacrificed by decapitation under 

general anaesthesia. Brains were removed rapidly, serially sectioned into 1mm thick 

slices in the axial plane from the front of the brain backwards and immediately immersed 

in the TTC solution. This procedure was completed within 2-3 minutes following 

decapitation. Following visualisation of the infarcted region (approximately 3 minutes), 

the brain slices were removed from the TTC stain and washed in 10% formaldehyde 

solution (Sigma-Aldrich Chemicals, Dorset, England) and imaged using a flatbed-scanner 

interfaced to a standard PC (EPSON (UK) Ltd. Hemel Hempstead, Herts, U.K.). Scanned 

images were saved in a non-compressed file format and analysed using the ImageJ 

software (National Institutes of Health, USA).

Magnetic Resonance

NMR studies were carried out in a 2.35 Tesla, horizontal bore NMR system at the Institute 

of Child Health, UCL. A 10cm diameter volume resonator was used for RF excitation and 

the NMR signal was received using a passively decoupled 3 cm diameter surface coil, 

positioned directly above the rat’s head. Diffusion weighted images and MASAGE-IEPI 

(Thomas et al., 2002) data were acquired as described in Chapter 2. Briefly, single-shot 

spin-echo EPI DWI with b values of 0 s/mm^ and 900 s/mm^ were acquired using 

asymmetrical (1:3) averaging of the biow and bhigh images, so as to equalise the SNR in the 

base images. The FOV was 40mm x 20mm, acquisition matrix was 128x64 points and 

TR=2000ms. The MASAGE-IEPI technique was used to acquire two differentially T2 

weighted images with the same FOV and matrix as the DWI. The acquisition times were 

5 minutes for DWI and 4 minutes for MASAGE-IEPI acquisition. The two acquisitions 

were run in a loop from approximately 35 minutes prior to induction of the ischaemic 

insult and throughout the occlusion and reperfusion periods. Periodically the shim and RF 

pulse calibrations were checked and fine-adjusted where necessary, giving rise to short 

delays of 1-2 minutes in the scan protocol.
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7.3.3 Data Analysis 

MRI data post processing

DWI and MASAGE-IEPI image reconstruction, utilising reference and image datasets, 

and pixel-wise parameter map calculation were carried out using in-house programmes 

written for the IDE programming environment. Tissue water ADC was calculated on a 

pixel-by-pixel basis by fitting the signal intensity at two b-values to a mono-exponential 

signal attenuation curve as a function of b-value. T2 maps were calculated from the two 

differently T2 weighted images, again fitting to a mono-exponential signal attenuation 

curve sampled at two points.

Lesion area and volume calculation

Hemispheric lesion area (HLA) is defined as the lesion area as a percentage of total 

hemisphere area (Equation 7-1). This normalises the lesion to brain size and accounts for 

any intra-hemispheric differences due to oedema / brain swelling. For the DWI, small 

areas of hyperintensity at the base of the brain identified as EPI susceptibility artefacts due 

to the air spaces of the tympanic bulae and MCA surgery site were not included in the 

‘lesion area’.

HLA= xlOO% Equation 7-1
A  hemisphere

HLA was determined for each slice by manually tracing around the entire ipsilateral 

hemisphere and then the lesion separately. ‘Lesion’ was defined as any region of frankly 

reduced staining in the case of histology and image hyperintensity on the bhigh image for 

DWI, using the ‘freehand selection’ and ‘measure’ functions in the ImageJ application 

(National Institutes of Health, USA).

In the case of histology data, the HLA obtained from each slice was interpolated between 

slices and summed to give an overall HLV. In order to assess the agreement of 

histological and DWI derived lesion sizes, the HLA from the DWI and equivalent
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histology slices were compared. The slice acquired for DWI was centred 0.5mm caudal to 

the bregma and this corresponded to slice 5 in the histology slice series.

Regions of interest

In order to create ischaemia-reperfusion ADC and T] time-courses, the following regions 

of interest (ROIs) were drawn on the respective parameter images (parameter ‘maps’) 

using the ImageJ software: ipsilateral / contralateral lateral cortex (lesion core), ipsilateral 

/ contralateral medial cortex (lesion periphery) and ipsilateral / contralateral sub-cortical 

grey matter (Figure 7-2). For each ROI the mean pixel value was plotted against the time- 

point of the middle of the data acquisition, i.e. 2.5 minutes after commencement of each 

DWI acquisition and 2 minutes after the commencement of each MASAGE-IEPI 

acquisition.

(b) (c) (d)

Figure 7-2 ADC parameter image (ADC map) with superimposed ipsilateral 
and contralateral analysis regions.

(a) intra-ischaemic ADC and CBF parameter images (‘ADC / CBF 
Map’).

(b,c,d) ROIs analysed for ischaemia-reperfusion experiments: (both 
ipsilateral and contralateral-control ROIs were analysed)

(b) lesion core
(c) lesion periphery
(d) sub-cortical grey matter
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7.3.4 Ethics

All procedures undertaken received ethical approval from The Institute of Child Health 

and were performed in accordance with UK Home Office regulations.

7.3.5 Results -  Permanent Occlusion Experiments

A comparison of the MR imaging slice and the equivalent histology slice is shown on the 

following page (Figure 7-3).

Diffusion weighted images from 12 rats subjected to 3 hours of MCA and CCA occlusion 

are shown on the following page (Figure 7-4). The ischaemic lesion can be seen to be 

limited to the MCA territory of the ipsilateral (left) cortex, extending from a point lateral 

to the central sulcus around the lateral aspect of the temporal lobe.

A display of TTC stained brain slices is shown in Figure 7-5. The first slice in each brain 

(anterior cortex) was lost during preparation. These data demonstrate that the ischaemic 

lesions produced by the model were indeed focal and limited to the cortex (ipsilateral 

sensory, barrelfield and somatosensory cortex, extending caudally into parietal cortex), 

extending around the lateral aspect of the brain from a point lateral to the midline.

The absolute lesion volume was 83.5±15mm^ (coefficient of variance=18%). The mean 

hemispheric lesion volume obtained from histology data is shown below (Table 7-1).

The hemispheric lesion areas calculated from equivalent histology and DWI slices are 

shown on the following page (Table 7-2).

Number of 
animals

Mean HLV 
(%)

Standard 
Deviation (%)

Coefficient of 
variance

TTC
Histology 4 16.1 2.6 16%

Table 7-1 Hemispheric lesion volume determined from contiguous 1mm 
axial brain slices. Animals (n=4) underwent 4 hours of permanent MCA 
and CCA occlusion.
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Figure 7-3 Diffusion weighted image acquired following 3 hours of 
permanent MCA & Bilateral CCA occlusion and the equivalent histology 
slice (slice 5). The slice thickness was 1.6mm for DWI and 1mm for 
histology.

rr

r r

Figure 7-4 Diffusion weighted images following 3 hours of permanent 
MCA & Bilateral CCA occlusion in 12 rats.

Number of 
animals

Mean Lesion 
HLA (%)

Standard 
Deviation (%)

Coefficient of 
variance

TTC
Histology 4 24.1 1.2 5%

DWI 12 24.7 3.9 16%

Table 7-2 Hemispheric lesion areas from equivalent slices as determined 
by TTC histology and DWI.
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F igure 7-5a TTC histology slides from 4-hour occlusion experiments (slices 1-5).
Slices are 1mm thick axial sections cut from the rostral brain surface.

Animal 1 Animal 2 Animal 3 Animal 4

Slice 1

Slice 2

Slice 3

Slice 4

Slice 5 t



Figure 7-5b TTC histology slides from 4-hour occlusion experiments (slices 6-10).
Slices are 1mm thick axial sections cut from the rostral brain surface.

Slice 6

mSlice 7

Slice 8

Slice 9

Slice not availableSlice 10



7.3.6 Results -  Ischaemia & Reperfusion ADC and T% Time-courses

The individual ADC and T2 time-courses from six ischaemia-reperfusion experiments are 

presented in full in Appendix III.

On the following pages the time-course data are grouped together and ‘over-plotted’ to 

allow a direct comparison of both animals with the same experimental protocol. Charts 

are grouped by the ROI plotted, as below:

Figure 7-7 Lesion core & contralateral ROI for 15, 45 & 90 minutes ischaemia -  ADC 

Figure 7-8 Lesion core & contralateral ROI for 15, 45 & 90 minutes ischaemia -  T2

Figure 7-9 Periphery & contralateral ROI for 15, 45 & 90 minutes ischaemia -  ADC 

Figure 7-10 Periphery & contralateral ROI for 15, 45 & 90 minutes ischaemia -  T2

Figure 7-11 Sub-cortical & contralateral ROI for 15, 45 & 90 minutes ischaemia -  ADC 

Figure 7-12 Sub-cortical & contralateral ROI for 15, 45 & 90 minutes ischaemia -  T2

Key For Ischaemia-Reperfusion Time-Courses

-•- Data for the ipsilateral (left) ROI are plotted with filled (black) symbols 

- o -  Data for the contralateral (right) ROI are plotted with open (white) symbols

Vertical lines identify the time-points of vascular occlusion and de-occlusion. The time- 

point of vascular occlusion (induction of ischaemia) defines time zero, as shown below 

(Figure 7-6).

-45 -30 -15 0 15 30 45 60 75 90 105 120

Time(mins) 
V ascular occlusion V ascular de-occlusion

Figure 7-6 Key for ischaem ia-reperfusion time-courses. Vertical lines 
identify the tim e-points o f  vascular occlusion and de-occlusion.
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L esion-C ore & C o n tra la te ra l ’Control* ADC Tim e-course L esion-C ore & C o n tra la te ra l ’C o n tro l' A D C  T im e-course
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Figure 7-7 Combined lesion-core ADC time-courses for 15, 45 & 90 minute 
occlusion-reperfusion experiments (filled symbols are ipsilateral cortex, open are 
contralateral).

L esion-C ore &  C o n tra la te ra l 'C o n tro l ' T 2 T im e-course L esion-C ore & C o n tra la te ra l C o n tro l ' T2 T im e-course
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Figure 7-8 Combined lesion-core T] time-courses for 15, 45 & 90 minute occlusion- 
reperfusion experiments (filled symbols are ipsilateral cortex, open are contralateral).
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Figure 7-9 Combined lesion-periphery ADC tim e-courses for 15, 45 & 90 minute 
occlusion-reperfusion experiments (filled symbols are ipsilateral cortex, open are 
contralateral).
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Figure 7-10 Com bined lesion-periphery T] tim e-courses for 15, 45 & 90 minute 
occlusion-reperfusion experiments (filled symbols are ipsilateral cortex, open are 
contralateral).
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Figure 7-11 Com bined sub-cortical grey m atter ADC tim e-courses for 15, 45 & 90 
minute occlusion-reperfusion experiments (filled symbols are ipsilateral cortex, open 
are contralateral).
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Figure 7-12 Com bined sub-cortical grey m atter T] tim e-courses for 15, 45 & 90 
m inute occlusion-reperfusion experiments (filled symbols are ipsilateral cortex, open 
are contralateral).
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7.3.7 Results - Sub-Acute ADC Changes Following Vascular Occlusion

An analysis o f the first three ADC m easurem ents after vascular occlusion is given below 

(n=18) (Table 7-3 & Figure 7-13). Tissue water ADC fell to approxim ately 76%  o f the 

baseline (pre-occlusion) value within the first 6 m inutes o f the ischaemic insult. Smaller 

4-5%  decreases were also measured in the contralateral hemisphere.

Time After Occlusion 
(minutes) 
mean (sd)

Ipsilateral Cortex ADC 
(% pre-occlusion value) 

mean (sd)

Contralateral Cortex ADC 
(% pre-occlusion value) 

mean (sd)
5.9 (1.3) 76 (3) ' 96 (3) *
16.1 (1.3) 75 (3)' 95 (2)'
45.8 (2.5) 75 (3)' 96 (3) '

Tabic 7-3 Analysis o f  first three ADC m easurem ents after vascular occlusion for 1 
rats. * p<0.001 versus pre-occlusion value (Student’s t-test)

O cclusion ADC C hanges for Ischaem ic C ortex and C ontralateral C ontrol (n=18)

Time vs Ipsilateral Cortex ADC (%) (Lesion) 
Time vs Contralateral Cortex ADC (%)

0.7 -

0.4
-40 -30 -20 - 1 0 0 10 20 30-50 40 50

Time (mins)

Figure 7-13 Initial drop o f tissue water ADC upon vascular occlusion. ADC values 
presented as percentage o f  baseline (pre-occlusion) value. Points plotted are mean±SD. 
The point o f  vascular occlusion defines time=0. Times before 0 mins are ‘baseline period’ 
tim e-points, those after 0 mins are ‘occlusion tim e-points’.
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7.3.8 Discussion

Lesion Location, Size and Reproducibility

The permanent occlusion experiments (3hr histology & DWI) demonstrate that the 

ischaemic lesions produced by the model were focal and limited to the cortex. Sub- 

cortical grey matter including lateral globus pallidus and caudate-putamen (striatum), 

which receives arterial blood supply from proximal MCA branches not occluded in the 

model, and the medial cortical tissue immediately either side of the central sulcus (motor 

cortex), which receives supply from the anterior cerebral artery (ACA), do not become 

part of the ischaemic lesion. It is likely that there are more subtle changes in these areas 

due to the reduction in blood supply when the common carotid arteries are occluded (see 

Chapter 3 for a discussion of the consequences of different degrees of CBF reduction).

The lesion size (hemispheric area on slice of interest) as determined by histology and DWI 

showed good agreement (24.1±1.2% histology, 24.7±3.9% DWI). The smaller variation 

within the histology dataset, notwithstanding the small number of animals in this group 

may be explained by susceptibility artefacts in many of the DW-EPI images which made 

determination of the inferior limit of the lesion somewhat difficult. In addition, the 

histology data were multi-slice and adjacent slices were available to assist in determining 

the lower extent of the lesion where contrast in the slice-of-interest was poor. This was 

not possible with DWI data which were single slice only, due to limitations in our NMR 

system and the difficulty in achieving a good shim over the whole brain. Appendix II 

includes a discussion of image artefacts and associated study limitations which arise 

because of the surgery and implants used in the MCA occlusion model.

Immediate Post-Occlusion ADC Changes

The data presented confirmed that remote-controlled vascular occlusion does indeed 

produce ischaemia with a remarkably consistent decrease in ADC to 76±3% (n=18) of 

pre-occlusion value, within 6 minutes of occlusion. Unlike the intraluminal suture 

technique, where significant scope for failure of the vascular occlusion methodology exists 

when the animal is in the magnet, these data support our belief that our technique is more 

reliable than existing remote-controlled models.
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In practice we have been able to use this feature to good effect when conducting multi

parametric MRI experiments. In such studies each acquisition is run immediately after the 

previous one, allowing little latitude to modify the timings of the study based on whether 

or not ischaemia has been induced, which can only be determined after a delay of a 

number of minutes for a DWI acquisition. We routinely occlude the vessels at our 

determined ‘occlusion point’ and start the NMR protocol after a very brief period of 

shimming, confident that the occlusion has been successful and that ischaemia has been 

induced. This is extremely convenient and makes the model a very productive tool in the 

laboratory.

Lesion Core ADC and T% Trends During Ischaemia-Reperfusion

As noted above, tissue water ADC fell to approximately 76% of baseline value in the early 

minutes of the ischaemic insult. For all of the ischaemia times studied, the ADC returned 

to normal (pre-occlusion), or slightly supra-normal levels by the first ADC measurement 

after vessel de-occlusion (Figure 7-7). For the 45 and 90 minute experiments there is 

clearly a supra-normalisation of the ADC during the early reperfusion phase. The 

significance of this will be discussed at the end of this section as it may be explained by 

hyperaemia in the lesion-core area during this time.

There was the suggestion of a transient decrease in T2 relaxation time in the sub-acute 

occlusion period, although this is subjective and not consistent through the dataset (Figure 

7-8). This effect is demonstrated with a larger experimental group in Part II. T2 clearly 

increases linearly during the occlusion period in the 45 and 90 minutes experiments. In 

the 15 minute occlusion experiments there was only sufficient time for a single T2 

acquisition and consequently such a trend cannot be seen in these data. These findings are 

consistent with previous work from our laboratory in which the MCA of young rats was 

occluded by the intra-luminal suture method in a vertical-bore 8.5T magnet (Calamante et 

al., 1999). Also, a recent publication from another group describes similar trends in T2 

during focal ischaemia in adult rats studied at 4.7T (van Dorsten et al., 2002).
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Lesion Periphery ADC and T% Trends During Ischaemia-Reperfusion

Analysis of the data from the ROIs in the anterior cerebral artery territory provides some 

interesting insights into ADC and T% changes in peri-infarct tissue (Figure 7-9 & 7-10).

This tissue area is characterised by moderate and transient ADC decreases upon occlusion 

in the absence of sustained T2 changes. This is in contrast to lesion-core tissue which 

exhibits a reliable and sustained ADC reduction for the duration of ischaemia, and 

gradually increasing T2 . Small, transient changes in T2 upon occlusion (decrease) and 

reperfusion (increase) are more apparent in these data due to the more constant 

background level.

The periphery area is particularly interesting to us as we had been investigating the 

concept of ‘ADC-based classification’ of tissue areas in focal ischaemia. Previous studies 

which have attempted this had sought to classify tissue on the basis of a single time-point 

ADC measurement during ischaemia. Our data provide an explanation for the lack of 

consistent findings between groups using different protocols and models. Given that the 

measured ADC in the border-zone is not constant, it follows that correlating measured 

ADC values with outcome and damage severity will be somewhat sensitive to the time- 

point of the ADC measurement, in addition to any differences between the animal models 

used.

Sub-cortical Grey Matter ADC and T2 Trends During Ischaemia-Reperfusion

There are no significant patterns of changes in either ADC or T2 in sub-cortical grey 

matter (Figure 7-11 & 7-12). This is expected as it has been shown that this tissue does 

not develop infarction as assessed by histology and DWI. These deep-brain structures 

receive significant arterial supply directly from the circle of Willis which is fed by the 

vertebral arteries. In spite of the requirement to occlude both common carotid arties in 

addition to the MCA, this finding supports our claim as to the focal nature of the model. 

The apparent low signal to noise in the ADC time-courses can be explained by the 

distance of these brain areas from the receive RF surface coil, resulting in low SNR in the 

diffusion weighted images.
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Contralateral ADC and T% Trends During Ischaemia-Reperfusion

As with the sub-cortical tissue, contralateral brain tissue does not show any consistent 

patterns of ADC or 7% change. These areas receive supply from patent vessels on the right 

side of the brain which are fed by the vertebral arteries via the circle of Willis. These 

findings are consistent with the unilateral nature of the lesion as assessed by histology and 

DWI.

The Underlying Basis Of ADC Changes In Brain During Ischaemia-Reperfusion

A widely held view of the ADC reduction during ischaemia is that it reflects swelling of 

astrocytes and neurons occurs in the sub-acute (<2 minute) ischaemic period as a direct 

consequence of the failure of energy metabolism and ion homeostasis (Moseley et al., 

1990; Garcia et al., 1993; ladecola, 1999). The result of this failure is a compartmental- 

shift in water from the extracellular space into cells. As the mean diffusivity is believed to 

be markedly lower inside cells than in the extracellular space, the volume fraction 

weighted nature of a typical NMR diffusion measurement therefore reflects the 

intracellular ADC to a greater extent than in the normal brain. The total amount of water 

does not necessarily change, although our studies suggest that there are some slow 

changes in this respect during ischaemia, which will be discussed later in this section.

We have shown that the ADC consistently rapidly increases upon vascular de-occlusion. 

It is interesting that the restoration of ADC upon de-occlusion occurs at a similar rate to 

the decrease upon occlusion. It is unlikely however that these two ADC changes represent 

the same biophysical process in reverse i.e. that reperfusion induces a rapid redistribution 

of water back out of cells and into the extracellular space. This would indeed cause an 

increase in ADC, as the volume-fraction weighting of the ADC measurement would once 

again reflect the diffusivity of water in the extracellular space. However, it is known that 

there is a transient increase in permeability of the blood-brain barrier upon vascular 

reperfusion (which is distinct from blood-brain barrier breakdown which occurs later in 

the time-course of ischaemia-reperfusion damage) (ladecola, 1999; van Dorsten et al., 

2002). This would cause a rapid increase in the water content of the extracellular space in 

its own right and would contribute to the ADC increase. I am not aware of compelling 

evidence as to the rate, or nature of the resolution of cell swelling following reperfusion
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after different lengths and severity of ischaemia. Clearly an understanding of these 

cytological changes is necessary in order to fully understand the ADC changes which 

occur immediately following reperfusion.

The apparent supra-normalisation of the ADC, to around 110-120% of baseline levels, 

upon reperfusion in the 45 and 90 minute occlusion experiments may be explained by 

post-ischaemie hyperaemia in the lesion-core. This is a phenomenon which has been 

frequently observed following reperfusion in previous studies of focal ischaemia- 

reperfusion (Sundt et al., 1969; Sundt and Waltz, 1971; ladecola, 1999; van Dorsten et al., 

2002) and our own quantitative CBF data are consistent with these observations (see 

section 7.4). An example of these CBF data is shown below (Figure 7-14).

;r 800

ADC -  30 min Occlusion CBF - Pre-occlusion

800

CBF -  30 min Occlusion

u.
CÛu

li.
COu

m  :

CBF - 28 min reperfusion CBF - 84 min reperfusion CBF - 112 min reperfusion

Figure 7-14 Intra-ischaemic ADC map and CBF Maps showing focal hyperaemia in 
lesion-core (blue arrows) during reperfusion.
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During hyperaemia in reperfused tissue, the blood oxygenation level may be higher than 

normal due to more rapid blood transit and lower metabolic oxygen consumption of 

damaged cells (Singh et al., 1992; Heiss et al., 1997; Marchai et al., 1999). This would 

confer a decrease in paramagnetic deoxyhaemoglohin concentration and reduce the 

background magnetic field gradient in the hyperaemic tissue. As the MR ADC 

measurement effectively compares the NMR signal intensity with high and low 

background gradients applied (the diffusion gradients), the baseline (i.e. the low gradient 

state) is altered when the tissue oxygenation changes significantly. In the normal brain, 

there are background gradients due to physiological levels of deoxyhaemoglohin, giving 

rise to a small diffusion weighting. During hyperaemia this intrinsic gradient and effective 

b-weighting are reduced, and therefore the signal difference between b-low and b-high 

acquisitions, from which the ADC measurement is derived, is artificially increased. This 

phenomenon has been simulated in vivo by experimentally increasing background 

gradients using an intravascular superparamagnetic contrast agent and observing the 

modulation of MR apparent diffusion measurements (Does et al., 1999). The authors of 

this report suggested that these effects may contribute up to a 6% difference in ADC 

between fully oxygenated and deoxygenated blood.

It is also possible that hyperaemia in conjunction with transient increases in blood brain 

barrier permeability leads to an increase in the water content of the extracellular space and 

thereby effects an increase in measured ADC. This theory is supported by our 

observations of significantly increased T% following reperfusion, but fits less well with the 

observation of intra-ischaemic T% increases in the absence of changes in ADC.

The Underlying Basis of T% Changes In Brain During Ischaemia-Reperfusion

Our ability to measure T] relaxation with high time resolution and in combination with 

other NMR measurements gave us a strong basis for considering the underlying causes of 

T% changes observed during and after ischaemia. The gradual rise in T2 during ischaemia 

is very reproducible in this model and is in agreement with studies at high field (8.5T) 

(Calamante et al., 1999) and very recent work at 4.7T (van Dorsten et al., 2002).
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There is a suggestion of an early decrease in T2 in the hyper-acute occlusion period, which 

has been previously observed at 8.5T but was thought to be field-strength dependent 

(Calamante et ah, 1999), and an increase of similar magnitude in the immediate 

reperfusion period. Calamante et ah proposed that the changes in T2 were a consequence 

of increased deoxyhaemoglohin levels following occlusion of major vessels, which would 

also explain our observations. Calamante et ah reported decreases of around 5% in lesion 

core in their 8.5T studies. An analysis of our dataset of T2 acquisitions (see section 7.4) 

shows a reduction of around 4% by the first occlusion time point (10.5 minutes after 

occlusion). The observation of a peripheral tissue area, which does not progress to 

infarction as assessed by histology and DWI, does not show sustained T2 increase and 

shows only moderate and transient ADC reduction, yet does display some evidence of 

transient T2 changes immediately following vascular occlusion and de-occlusion supports 

the hypothesis that transient changes are oxygenation related. The rapid occlusion of two 

major arterial supply vessels to the brain might be expected to result in a transient rise in 

deoxyhaemoglohin and reduced T2 time.

The steady increase in lesion-core T2 during the ischaemia period may be attributed to a 

gradual increase in total water content. This is consistent with the slow accumulation of 

oedema in the damaged tissue as a consequence of a small residual CBF (van Dorsten et 

al., 2002), dysfunctional blood-brain barrier (ladecola, 1999) and depletion of the 

extracellular space water content (cytotoxic oedema). Following the ‘redistribution of 

extracellular water’ hypothesis for ADC changes in ischaemia, this fluid accumulation 

might be expected to cause an increase in ADC if the extracellular space were 

preferentially filled from this source. The ADC remained surprisingly constant during 

ischaemia in our studies however. It is possible that the oedema becomes distributed 

between swelling glia, neurons and the extracellular space such that volume fraction 

balance is unaffected. This is plausible from a cytology perspective, as the extent to 

which cells can swell is not limited by restrictive cell walls (as with plants). Clearly the 

end result of unrestrained cell swelling would be bursting, but this is not thought to occur 

during ischaemia for the orders of ischaemia times studied here (ladecola, 1999).
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7.4 Part II -  Acute, Multiparametric MRI Studies of Full and Partial Reperfusion 

Following Focal Cerebral Ischaemia

7.4.1 Introduction

As previously discussed it has been noted in recent publications that the form of 

reperfusion induced in animal models of MCA occlusion differs quite markedly from that 

in human stroke. Upon the removal of the occluding device the restoration of blood flow 

usually takes the form of a high-pressure/flow ‘step-function’, rather than a gradual 

‘re-circulation’. In humans with spontaneous or thrombolytic-induced reperfusion, 

recanalisation rates of 1-3 days are common (Rother et al., 2002). There have also been 

calls for increased clinical applicability of animal models of cerebral ischaemia in order to 

improve the likelihood of successful outcomes in clinical trails of novel stroke treatments 

(Small and Buchan, 2000). As the new focal ischaemia model that has been developed 

allows independent control of three major vessels, we have used the opportunity to study 

different types of reperfusion with multiparametric MRI, in acute experiments.

7.4.2 Methods

Adult male Sprague-Dawley rats (Charles River Laboratories Ltd, UK) weighting 295- 

310g were subjected to focal cerebral ischaemia using the model described in Chapter 6 

(West et al., 2002). Following baseline MRI data acquisition lasting approximately 35 

minutes (see section 7.4.3), occlusion of the left MCA and left and right CCAs was 

applied by remote control for 90 minutes. Following the ischaemic period one group of 

animals (n=7) were subjected to simultaneous de-occlusion of all three vessels (full- 

reperfusion group) and a second group (n=6) were subjected to reperfusion of the common 

carotid arteries only (partial-reperfusion group), by remote-control. Tissue water ADC, 

Ti, T2 , Mo and CBF were serially measured and quantified as described in Chapter 2, 

using the MRI acquisition protocol below (section 7.4.3). Following 135 minutes of 

reperfusion, the animals were humanely sacrificed under terminal anaesthesia.
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7.4.3 Ethics

All procedures undertaken received ethical approval from The Institute of Child Health 

and were performed in accordance with UK Home Office regulations.

7.4.4 Experiment & MRI Acquisition Protocol

The MRI acquisition protocol is based on a standard acquisition loop (Table 7-4) with 

additional ADC and T2 measurements immediately before and after acute events (vascular 

occlusion and de-occlusion). Additionally, reference scans required for the reconstruction 

of ADC and MASAGE-IEPI data (discussed in Chapter 2) were acquired at the start of 

baseline data acquisition. The experiment and MRI data acquisition protocol (Figure 7- 

15) was designed to give the maximum time resolution for all parameters measured.

Standard MRI Acquisition Loop (Loopmain)

Scan ADC T2 CBF Ti

Acquisition

Parameters

b = 3 8 & b - 872, 

NEX=37:111, 

TR=2s

4-shot 

MASAGE-IEPI 

TR=2s, NEX=30

->
Tag & Control 

interleaved, 

TR=4.5s, 

NEX=56

7TIs, TR=6s, 

N EX-7

Total Acq. 
Time

296s
(5 mins)

240s 
(4 mins)

504s
(8.4mins)

294s 
(5 mins)

Table 7-4 The standard MRI data acquisition loop incorporating ADC, T2 , CFB and Ti 
acquisitions. Total loop duration is 22.5 minutes allowing for sequence swapping.
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Vascular 
occlusion 

(defines t=0)

STOP at 
t=225niins

Vascular 
de-occlusion 
at t=90mins

ADC&
MASAGE-

IEPI

Animal
Preparation

ADC&
MASAGE-

IEPI

ADC&
MASAGE-

IEPI

References
scans

Transfer to 
magnet

ADC&
MASAGE-

IEPI

ADC&
MASAGE-

IEPI

ADC&
MASAGE-

IEPI

Figure 7-15 Flow diagram showing the experimental protocol used in the study. 
The MRI acquisition protocol is based on a standard acquisition loop (Table 7-4) 
with additional ADC and T] measurements immediately before and after acute 
events (vascular occlusion and de-occlusion).
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7.4.5 MRI Data Analysis - Regions of Interest

Three or four brain areas in the ipsilateral (left) hemisphere were defined on the basis of 

diffusion and perfusion data acquired during the ischaemic period, as follows.

1) Resolving lesion-core: the area of MCA-supplied left cortex with >20% ADC 

reduction and severe perfusion reduction during the ischaemic period, which 

subsequently returned to normal (>95%) ADC following vascular de-occlusion.

2) Non-resolving lesion-core: any area of MCA-supplied left cortex with >20% ADC 

reduction and severe perfusion reduction during the ischaemic period, which did 

not completely return to normal ADC (>95% of baseline level) following vascular 

de-occlusion.

3) Lesion periphery: the area adjacent and superio-medial to the lesion-core, which 

showed transient or very mild ADC reduction and less severe perfusion deficit 

following vascular occlusion.

4) Sub-cortical grey matter (striatum) which is defined anatomically and corresponds 

to lateral globus pallidus and caudate-putamen (striatum) on the slice imaged.

Homologous regions in the contralateral hemisphere were also defined. In order to avoid 

partial-volume errors the regions were drawn within the areas described above, rather than 

enclosing the complete area. This avoided cross-contamination of pixels within lesion 

core, periphery and midline structures.

ROI templates were generated for each animal and were subsequently used to analyse all 

multiparametric MRI data acquired for that animal. In this way the multiparametric MRI 

data can be directly related on a region-by-region basis. It was not necessary to warp or 

transform images or ROI templates as image geometry was consistent between the 

different image acquisition methods employed in the study.

The regions used are illustrated in Figure 7-16 where they are superimposed on an ADC 

parameter image (ADC map).
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CBF Map

ADC Map
(d)

Figure 7-16 ADC parameter image (ADC map) with superimposed 
ipsilateral and contralateral analysis regions.

(a) intra-ischaemic ADC and CBF parameter images (‘ADC / CBF 
Map’).

(b,c,d) ROIs analysed for ischaemia-reperfusion experiments: (both 
ipsilateral and contralateral-control ROIs were analysed)

(b) lesion core
(c) lesion periphery
(d) sub-cortical grey matter

7.4.6 MRI Data Analysis -  Mo Data Interpretation

Mo data were interpreted by calculation of the ratio between left and right hemispheres for 

each region defined. This treatment of the data allowed for changes in RF coil tuning and 

matching which affected the measured Mo in both hemispheres. The Mo(ratio) measured 

before vascular occlusion was used as the baseline for comparisons with subsequent 

measurements; Mo(ratio) is therefore expressed as %Baseiine-
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7.4.7 Statistical Analysis

Analysis of the data was complicated by the exploratory, multiparametric, multiple 

comparison and interventional nature of the study. In order to facilitate a useful 

exploratory analysis of the dataset, initial assessments of differences utilised unpaired t- 

tests. It was anticipated, given multiple measurements in each animal, multiple regions of 

interest and two treatments (interventions), that the likelihood of statistically significant 

differences being confirmed using hypothesis-driven testing with correction for multiple 

comparisons was very low. Instances where differences with borderline statistical 

significance (0.05>p>0.01) were identified using exploratory analysis but not confirmed 

by further rigorous post-hoc correction are identified in the text. In such cases it cannot be 

excluded that the observations are subject to type I errors, whereby the null hypothesis is 

incorrectly rejected. Such differences would need to be the subject of further hypothesis- 

driven experimentation with adequate statistical power. This is analogous to the 

progression through clinical trials where treatment effects are initially explored in open 

studies before hypotheses are defined and then formally tested.

Data were subjected to a number of analyses in order to fully investigate correlations 

between different measured parameters and the two different interventions (full- and 

partial-reperfusion) under study. Analysis of resolving versus non-resolving lesion core 

areas was undertaken in the context of the multiparametric dataset, in an attempt to 

understand the biophysical characteristics of these tissue areas.

When considering the two reperfusion interventions studied, relationships between 

changes in the early reperfusion period were related to late reperfusion (outcome) 

measurements for the defined regions of interest.

The data collected in the study were longitudinal in nature, i.e. for each animal baseline 

data were acquired for each of the MRI parameters measured. Two treatments of the data 

from the whole experimental group were therefore possible -  absolute and relative. 

Absolute analyses involved the analysis of all parameter data in the measured units (mm^/s 

for ADC, ml/lOOg/min for CBF etc). This treatment of the data provided useful summary 

values for MRI parameters but was fundamentally underpowered in the context of the
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longitudinal study. In the relative analysis, each animal served as its own control and 

measured data were expressed as a percentage of the baseline (pre-occlusion) value 

(% B aseiine). This treatment of the data allowed for inter-animal variation in baseline 

biophysiology and was expected to provide better statistical power in the small study. For 

completeness both types of analysis were applied to the data and are presented together in 

the results section.

Three fundamental analytical approaches were applied in the interpretation of the study 

dataset. These are described on the following pages. All statistical analyses were 

performed using the SigmaStat software (SPSS Inc, Chicago, USA). Exploratory 

statistical comparisons were made using unpaired or paired t-tests incorporating the 

Kolmogorov-Smimov test for normally distributed population data and equal variance 

testing, both with a rejection threshold of p=0.01. Differences between group means were 

considered to be statistically significant where p<0.05. One-way AND VA with Tukey 

post-hoc testing was used for subsequent investigation of data where multiple comparisons 

were a factor in data interpretation. Correlation and regression analyses are described in 

the appropriate sections.

Analysis 1 -  Vascular ‘phase’ analysis

Time-points within each of the three vascular ‘phases’ - baseline, occlusion and 

reperfusion (two types studied), were pooled for each animal to yield three mean values 

for each MRI parameter. Group-wide data were analysed for statistical differences 

between phases, regions of interest and interventions. As previously discussed, 

differences between absolute parameter data and relative changes were investigated.

Analysis 2 - Parameter time-course analysis

Data were pooled on a time-point by time-point basis for each of the parameters measured. 

Each data point thereby consists of timcmean±sd, parametermean±sd. Multi-parameter time- 

courses were constructed for each region of interest and for each of the interventions 

studied. Comparisons were made between post-reperfusion time-points to assess 

differences between full- and partial-reperfusion data. For some parameters, changes with 

time were assessed using regression and correlation analysis to determine the degree of
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linearity and rate of change of the parameter with time. As previously discussed, 

differences between absolute parameter data and relative changes were investigated.

Analysis 3 - Multiparametric analysis

Each of the four regions of interest were assessed for characteristic behavour in terms of 

the measured parameters. Differences between baseline and ischaemia and baseline and 

reperfusion time-points were assessed.

Correlations between measured MRI parameters were investigated on a region by region 

basis. Of particular interest were any associations between intra-ischaemic or immediate 

post-de-occlusion time-points and outcome (end of experimental protocol) time-points. 

This analysis was intended to elucidate ‘predictor’ parameters which are of particular 

interest in understanding the pathophysiological processes implicated in tissue injury.

The analysis was performed without regard to experiment protocol (i.e. reperfusion 

group). This treatment of the data makes no assumptions about animal physiology based 

on experimental intention and allows the full extent of physiological variation and 

response to ischaemia to be evaluated.

Relative changes in measured parameters were investigated and correlations were assessed 

using Pearson Product Moment analysis. Statistical significant correlation was defined by 

a p value equal to or less than 0.05.

7.4.8 Results 

Vascular-phase analysis

Tables of absolute and relative mean values for ADC, T%, CBF, Ti and Mq for each of the 

regions studied can be found on the following pages (Tables 7-5 to 7-8). Statistically 

significant differences versus baseline levels are shown by asterisks.
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Pre-Occlusion 
mean^sd 

(% baseline value±sd) n=13

Occlusion 
mean±sd 

(% baseline value±sd) n=13

Full Reperfusion 
mean±sd 

(% baseline value±sd) n=7

Partial Reperfusion 
mean±sd 

(% baseline value±sd) n=6

Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral

ADC
0.72±0.03 0.73±0.04 0.54±0.04 0.71±0.04 0.7Ü0.07 0.73±0.04 0.7Ü0.06 0.74±0.03

(100) (100) (73.8±4.9)*** (97.2±3.1)** (97.8±8.5) (100.9±3.7) (97.9±8.3) (100.74=2.7)

66.7Ü.8 66.5±1.4 67.2±3.8 64.0Ü.4 75.4±3.0 65.2Ü.4 71.8±2.5 65.0±2.2
Tz (100) (100) (101.1±5.0) (96.5±2.1)*** (113.2±4.0)*** (97.7±1.6)*** (108.3±3.3)*** (98.54=2.4)*

CBF
216±43 223±39 -9±14 76±21 218±55 190±39 35±33 175±37
(100) (100) (_ 4 ± 7 )* * * (35±15)*** (102±27) (88±17)** (18±17)*** (78±17)***

1236±44.2 1238±27.7 1362±43.3 1279±20.6 1335±34.5 1242±29.9 1397±34.2 1254±30.3
Ti (100) (100) (110.3±3.1)*** (103.7±1.7)*** (109.4±1.9)*** (99.3Ü.8) (111.3±3.0)*** (102.5±2.0)***

M q
2485±270 2549±217 2550±269 2491±207 2715±290 25354:225 27294=238 25054=220

1±0 1.047±0.021 *** 1.107±0.030 *** 1.106±0.028 ***
Table 7-5 Multiparametric MRI data for ipsilateral resolving lesion core and contralateral equivalent regions. Data are shown in both raw quantified parameter units and

percentage of pre-occlusion value.*p<0.05, **p<0.01, ***p<0.001 versus pre-occlusion value.

Pre-Occlusion 
mean4=sd 

( baseline value4=sd) n=13

Occlusion 
mean4=sd 

( baseline value4:sd) n=13

Full Reperfusion 
mean=tsd 

( baseline value4=sd) n=7

Partial Reperfusion 
mean4=sd 

( baseline value4=sd) n=6
Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral

ADC
0.75±0.03

(100) 0.73±0.04 (100) 0.554:0.04
(74.04=3.0)***

0.71±0.04
(97.24=3.1)**

0.55±0.10
(72.14=13.0)***

0.73±0.04
(100.9±3.7)

0.51=t0.10
(68.54=13.2)***

0.744=0.03
(100.74=2.7)

Tz
66.74=1.6

(100)
66.54=1.4

(100)
67.3±3.0

(101.0±4.1)
64.0±1.4

(96.54=2.1)***
78.3±6.4

(119.7±8.9)***
65.2±1.4

(97.7±1.6)***
75.04=3.5

(111.1±6.4)***
65.04=2.2

(98.5±2.4)*

CBF
223±44
(100)

2234=39
(100)

-184=13
(-84=6)***

76±21
(35±15)***

1904=36
(86±22)*

190=t39
(88=tl7)**

12=125
(7±11)***

175=t37
(784=17)***

Ti
1209±33

(100)
12384=27.7

(100)
13364=31

(110.3±3.2)***
12794=20.6

(103.7=tl.7)***
1317±34

(111.5±2.7)***
12424=29.9
(99.34=1.8)

1418±27
(115.6±3.8)***

12544=30.3
(102.54=2.0)***

Mo
2722Ü56 2549±217 27934=166 2491±207 28654=90 2535±225 3120±155 250544220

1±0 1.041±0.024 *** 1.1524=0.024 *** 1.0974=0.034 ***
Table 7-6 Multiparametric MRI data for ipsilateral non-resolving lesion core and contralateral equivalent regions. Data are shown in both raw quantified parameter units

and percentage of pre-occlusion value. *p<0.05, **p<0.01, ***p<0.001 versus pre-occlusion value.



Pre-Occlusion 
mean±sd 

(% baseline value±sd) n=13

Occlusion 
mean±sd 

(% baseline value±sd) n=13

Full Reperfusion 
mean±sd 

(% baseline value±sd) n=7

Partial Reperfusion 
mean±sd 

(% baseline value±sd) n=6
Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral

ADC 0.74±0.03 0.74±0.03 0.66±0.04 0.72±0.04 0.69±0.04 0.74±0.04 0.69±0.03 0.74±0.03
(100) (100) (89.2±4.0)*** (96.3±3.5)*** (93.3±3.6)*** (99.7±4.4) (91.9±4.2)*** (99.2±3.1)

T 68.2±2.0 68.7±1.4 67.3±2.1 66.1Ü.4 69.2±2.7 67.3Ü.2 67.8±1.5 67.1±1.0
(100) (100) (98.8±2.6) 96.7±2.2*** (100.8±3.1) (97.8±2.0)*** (100.5±2.9) (98.9±1.9)*

CBF 238±41 245±31 16±29 64±22 131±46 219±50 134±45 223±48
(100) (100) (7±13)*** (27±11)*** (58±19)*** (93±17) (53±13)*** (86±16)**

T 1248±33 1261±31 1330±46 1308±25 1343±30 1265±41 1300±41 1260±28
(100) (100) (106.9±3.1)*** (103.6±3.2)*** (107.3±3.2)*** (99.9±2.8) (104.9±2.4)*** (100.3±1.9)

M q
2674±285 2678±273 2685±300 2645±286 2656±275 2682±268 2703±310 2651±308

1±0 1.015±0.025 * 0.997±0.022 1.018±0.016 ***
Table 7-7 Multiparametric MRI data for ipsilateral lesion periphery and contralateral equivalent regions. Data are shown in both raw quantified parameter units and

percentage of pre-occlusion value. *p<0.05, **p<0.01, ***p<0.001 versus pre-occlusion value.

Pre-Occlusion 
m eanisd  

( baseline value±sd) n=13

Occlusion 
mean±sd 

( baseline value±sd) n=13

Full Reperfusion 
mean±sd 

( baseline value±sd) n=7

Partial Reperfusion 
mean±sd 

( baseline value±sd) n=6
Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral Ipsilateral Contralateral

ADC 0.74±0.04 0.75±0.04 0.73±0.03 0.74±0.04 0.74±0.03 0.74±0.04 0.75±0.03 0.74±0.04
(100) (100) (99.6±4.3) (98.6±4.3) (101.5±4.0) (98.7±4.2) (99.8±5.9) (99.2±4.4)

T 62.4±1.3 62.2±1.1 61.3±1.4 61.5±1.3 61.4±1.1 61.7±1.1 61.5±2.0 61.1±1.9
(100) (100) (98.2±2.6)* (98.7±2.4) (97.8±2.3)** (98.6±1.9)* (99.3±3.1) (98.5±2.8)

CBF 259±38 257±52 135±22 140±22 225±39 230±41 225±49 230±43
(100) (100) (52±9)*** (56±15)*** (94±15) (95±16) (80±13)*** (88±18)*

T 1085±32 1094±44 1107±22 1112±27 1087±28 1087±34 1115±35 1107±38
(100) (100) (102.2±2.6)** (102.0±3.4)** (100.0±1.6) (99.7±1.6) (102.7±2.2)*** (100.5±1.6)

Mo
1790±340 1591±113 1764±272 1579±115 1849±478 1556±77 1703±161 1554±155

1±0 1.010±0.015 * 1.025±0.035 * 1.016±0.017 **
Table 7-8 Multiparametric MRI data for ipsilateral sub-cortical grey matter and contralateral equivalent regions. Data are shown in both raw quantified parameter units and

percentage of pre-occlusion value. *p<0.05, **p<0.01, ***p<0.001 versus pre-occlusion value.



Parameter time-course analysis

Summaries of multiparametric MRI data for each of the regions defined (resolving lesion 

core, non-resolving lesion core, lesion periphery and sub-cortical grey matter) are given on 

the following pages.

Resolving Lesion-Core Regions

Time-courses for CBF, ADC, tissue water T] and 7%, and Mo(ratio) for full- and partial- 

reperfusion are shown on the following pages (Figures 7-17,18,19,20,21). Data-points are 

plotted as timcmean^sd, parametermean±sd. Statistically significant differences between the 

groups are shown by asterisks.

A D C  and Mo(ratio) changes were equivalent in both reperfusion groups. Statistically 

significant differences between full and partial reperfusion were observed in CBF and T2 

time-courses. Small differences were measured between reperfusion groups with respect to 

T 1 relaxation but these were not statistically significant.

CBF in the ipsilateral lesion core was 216.2±43.4 mMOOg'^min'* at baseline and fell below 

the limit of sensitivity of the CASL technique during vascular occlusion. Following de

occlusion it increased to 234.4±34 mMOOg'^min’  ̂ (115(±32)% Baseiine) in the full-reperfusion 

group and 38.2±38 ml lOOg'^min'  ̂ (20(±22)% Baseiine) in the partial reperfusion group. CBF 

was significantly lower in the partial-reperfusion group for all reperfusion phase data- 

points. In the contralateral equivalent regions CBF was reduced from 

222.6±39.5 mMOOg'Vin'^ to 76.3±18.1mM00g’V in ‘  ̂ (p<0.001, n=13) during occlusion 

and returned to baseline levels following de-occlusion in the full reperfusion group. In the 

partial reperfusion group CBF recovered to 78.1±13.7% Baseiine (p=0.048 vs baseline, n=6).

ADC was 0 .7 2 ± 0 .0 3  10'^mm^s'^ at baseline and fell to 75.6±4.2% Baseiine by 5 .5  minutes of 

occlusion and 74.1±3.0% Baseiine after 15 .5  minutes of occlusion in the ipsilateral 

hemisphere. ADC remained constant at approximately 74±5%Baseiine during the occlusion 

period. Following reperfusion similar trends were seen in both full and partial reperfusion 

groups (Figure 7 - 1 8 ) .  After 5 .5  minutes of reperfusion ADC increased to 89.3±8.9% Baseiine, 

after 16 minutes to 94.8±6.3% Baseiine and after 4 4  minutes to 100.7±8.2% Baseiine- No further
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changes in ADC were observed during the remainder of the reperfusion period. There was 

a small (2.1 %) fall in ADC in the contralateral equivalent region which was maintained 

during the occlusion period (p<0.01 versus baseline, n=13). ADC returned to baseline 

levels immediately following vascular de-occlusion.

T] was 1 2 3 6 ± 4 4  ms at baseline and increased to 1 3 4 0 ± 3 9  ms (109.5±2.5% Baseiine) by the 

first measurement time-point following vascular occlusion ( 3 5 .4  minutes) (p<0.05, n=13) 

and further to 1 12.0±3.1% Baseiine by 7 3 .2  minutes occlusion (p=0.01 versus 3 5 .5  min 

time-point, n=13). Ti in the contralateral hemisphere increased to 103.5(±1.6)% Baseiine  

following occlusion (p<0.05, n=13) but returned to baseline levels during the occlusion 

period. Immediately following reperfusion there was a significant decrease in Ti in the 

full-reperfusion group (4.8%Baseiine, p = 0 .0 0 5 ,  n=7) but not in the partial reperfusion group 

(0.59%Baseiine, u=6). Followiug reperfusiou there were small differences between the full- 

and partial-reperfusion groups which did not reach statistical significance - Ti was 

approximately 4%Baseiine lower in the full-reperfusion group than the partial-reperfusion 

group.

Tissue water T2 was 66.7±1 .8  ms at baseline and was reduced by 3.8%  by the first 

measurement time-point following vascular occlusion (10.5  minutes) (p<0.001 versus 

baseline, n=13). There followed a linear rise during the occlusion period; R^=0.98, slope = 

0.127 %Baseiine per minute (p=0.002, n=13). The initial drop upon occlusion (t=0 intercept) 

determined by regression analysis was a 4.8%  reduction (p<0.001, n=13). The two 

reperfusion groups showed different trends with regard to T% relaxation following 

reperfusion (Figure 7-20). In the full reperfusion group there was a rapid 6.1%Baseiine 

increase upon vascular de-occlusion which was highly statistically significant (p=0.001, 

n=7, paired t-test). There was no detectable rise in the partial reperfusion group. T2 in the 

full reperfusion group continued to be elevated during the reperfusion period compared to 

the partial reperfusion group and the differences between the groups were statistically 

significant in the exploratory analysis (see Figure 7-20  and Tables 7-9  & 7-10). Following 

130 minutes of reperfusion, T2 in the full reperfusion group was 7 5 .7 ± 3 .2  ms 

(113.3±4.4%Baseiine) and 71 .5± 2 .4  ms (107.5±2.6%Baseiine) in the partial reperfusion group. 

These differences were not confirmed when correction for multiple comparisons was
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applied using ANOVA and Tukey post-hoc testing. As previously discussed these findings 

must therefore be interpreted cautiously. However, given the apparently sustained T2 

prolongation in the full reperfusion group throughout the reperfusion phase, it is likely that 

the difference is in fact genuine but requires substantially greater statistical power for 

formal validation.

Contralateral equivalent areas also showed T2 changes following occlusion and de

occlusion but these were smaller than in the ipsilateral hemisphere. T2 fell by 3.3%baseiine 

(p<0.001) upon occlusion and rose by 2.5%Baseiine upon de-occlusion (p=0.005, n=13). 

These changes were common to both reperfusion groups. The contralateral equivalent 

areas showed no changes during the occlusion and reperfusion periods other than the initial 

abrupt changes i.e. T2 remained approximately 3% below the baseline level throughout 

occlusion and remained at ~98.5%Baseiine throughout reperfusion.

Tables 7-9 and 7-10 give a full statistical analysis of time points following vascular de

occlusion for CBF and T2 respectively.

Mo(ratio) increased throughout the occlusion and reperfusion periods. The rate of change of 

Mo(ratio) was 0.065%Baseiine/niinute during occlusion and 0.025%Baseiine/niinute during 

reperfusion (pooled analysis). There were no detectable differences between full and 

partial reperfusion groups post-reperfusion.
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Resolving Lesion-Core Region:
CBF Time-Courses for Full- and Partial-Reperfusion following 90 Minutes of Ischaemia
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Figure 7-17 CBF timc-courscs for resolving lesion core for full reperfusion (MCA and CCAs) and partial
reperfusion (CCAs only). Data points are mean±sd.
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Resolving Lesion-Core Region:
ADC Time-Courses for Full- and Partial-Reperfusion following 90 Minutes of Ischaemia
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Figure 7-18 ADC time-courses for resolving lesion core for full reperfusion (MCA and CCAs) and partial
reperfusion (CCAs only). Data points are mean±sd.
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Resolving Lesion-Core Region:
Time-Courses for Full- and Partial-Reperfusion following 90 Minutes of Ischaemia
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Figure 7-19 T, time-courses for resolving lesion core for full reperfusion (MCA and CCAs) and partial
reperfusion (CCAs only). Data points are mean±sd.
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Resolving Lesion-Core Region:
T, Time-Courses for Full- and Partial-Reperfiision following 90 Minutes of Ischaemia
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Figure 7-20 T? time-courses for resolving lesion core for full reperfusion (MCA and CCAs) and partial
reperfusion (CCAs only). Data points are mean±sd.
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Resolving Lesion-Core Region:
Mo(ratio) Time-Courses for Full- and Partial-Reperfusion following 90 Minutes of Ischaemia
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Figure 7-21 Mo(ratio) time-courses for resolving lesion core for full reperfusion (MCA and CCAs) and partial
reperfusion (CCAs only). Data points are mean±sd.

7-777



Time Point 
(mins post- 
occlusion)

CBF (ml lOOg^min Difference 

between 

groups 
(mllOOg 

^min̂ )

p-value
(*=p<0.05)

CBF (% Baseline)
Difference

between

groups

(  ^  Baseline)

p-value

(*=p<0.05)
Full

Reperfusion
(meaniSD)

Partial
Reperfusion
(mean±SD)

Full
Reperfusion

(meaniSD)

Partial
Reperfusion

(mean±SD)

Baseline 216.2 (43) - - - - -

Occlusion -9.1 (7.9) (<limit o f sensitivity) - - -4.4 (4.1) - -

118 234.4 (34) 38.17(38) 196 <0.001 * 114.9 (32) 19.7 (22) 95.2 <0.001 *

146 224.7 (64) 40.57 (39) 184 <0.001 * 105.8(24) 20.4 (21) 85.4 <0.001 *

173 199.3 (76) 33.45 (27) 166 <0.001 * 92.8 (33) 15.9(13) 76.9 <0.001 *

201 197.8 (34) 28.46 (37) 169 <0.001 * 95.7 (23) 14.0(16) 81.7 <0.001 *

Table 7-9 Exploratory analysis of absolute and relative post-ischaemic CBF data for full- and partial-reperfusion.

Time Point 
(mins post
occlusion)

T2 Value (ms) Difference
between
groups

(ms)

p-value
(*=p<0.05)

T2 Value (% B a s e lin e ) Difference
between
groups

(  / o  Baseline)

p-value
(*=p<0.05)

Full
Reperfusion

(meaniSD)

Partial
Reperfusion
(meaniSD)

Full
Reperfusion
(meaniSD)

Partial
Reperfusion
(meaniSD)

Baseline 66.7(1.8) - - - - -

Occlusion 67.2 (2.9) - - 101.1 (3.3) - -

101 74.6 (4.1) 70.8(3.3) 3.8 0.093 111.6 (5.6) 106.6(4.2) 5.0 0.101

111 74.8(3.4) 71.3(2.4) 3.5 0.062 111.9(4.5) 107.5 (3.7) 4.4 0.082

139 75.9 (2.7) 72.9 (2.5) 3.0 0.059 113.5 (3.2) 109.8(3.1) 3.7 0.059

166 75.7(1.8) 72.6 (2.3) 3.2 0.019* 113.3 (2.1) 109.4 (3.7) 3.9 0.036 *

193 75.6 (3.1) 71.6 (2.4) 4.1 0.023* 113.1(3.8) 107.6 (3.3) 5.5 0.019*

221 75.7 (3.2) 71.5 (2.4) 4.2 0.023* 113.3(4.4) 107.5 (2.6) 5.8 0.017 *

Table 7-10 Exploratory analysis o f absolute and relative post-ischaemic T2 data for full- and partial-reperfusion.
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Non-Resolving Lesion-Core Regions

2 out of 7 (29%) animals in the full-reperfusion group and 3 out of 6 (50%) in the partial 

reperfusion group exhibited singular and well circumscribed non-resolving lesion core 

areas. Time-courses for ADC, CBF, tissue water and Ti and T2 and Mo(ratio) are shown on 

the following pages (Figures 7-22 to 7-26 respectively).

There was a unique ADC profile associated with non-resolving lesion core areas; there 

was an initial rise from an intra-occlusion level of 73.8±4.9% Baseiine to 82.9±7.1% Baseiine at 

15 minutes of reperfusion but subsequent decrease during the remainder of the reperfusion 

period (Figure 7 -2 2 ) .  ADC at the end of the experiment protocol (125mins reperfusion) 

was 55%Baseiine “  significantly lower than the lowest ADC levels during vascular occlusion 

(p<0.001). There were no significant differences between resolving and non-resolving 

areas during the occlusion period which predicted the subsequent non-resolving 

behaviour.

T2 changes in the reperfusion period were also unique; there was no post-reperfusion 

increase in T2 as observed in the full reperfusion group, even in affected animals in the full 

reperfusion group. T2 continued to increase during reperfusion at the same rate as 

observed during ischemia (Figure 7 -2 4 ) .  The increase was highly linearly with time - 

R^=0.99 with a rate of increase of 0.123%Baseiine per minute (0 .0 8 1  ms/min in the absolute 

analysis) throughout the occlusion and ‘reperfusion’ periods (p<0.0001).

As in resolving lesion-core areas, Ti increased steadily during the occlusion period but 

uniquely, following 12minutes of reperfusion, continued to rise linearly at a similar rate 

throughout the remainder of the observation period (R^=l, slope=0.058%Baseiine per minute 

(p=0.002)) (see Figure 7-23).

There were no statistically significant differences between Mo(ratio) data from non-resolving 

and resolving lesion core areas, although there was a trend towards greater Mo(ratio) 

increases in non-resolving areas.
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In all cases CBF measurements from non-resolving areas were lower than the surrounding 

resolving core area in the same animal. The mean difference gradually increased from 3 -  

50%Baseiine during the reperfusion period in the full reperfusion group and was 

comparatively stable between 23-30%Baseiine in the partial reperfusion group. As the 

number of animals was small a meaningful statistical analysis was not possible.
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Non-Resolving and Resolving Lesion-Core Areas:
ADC Time-courses
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F igure 7-22 ADC time-courses for resolving (partial reperfusion group) and non-resolving lesion-core areas. Data points are mean±sd.



Non-Resolving and Resolving Lesion-Core Areas:
Tj Time-courses
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F igure 7-23 Ti time-courses for resolving (partial reperfusion group) and non-resolving lesion-core areas. Data points are mean±sd.



Non-Resolving and Resolving Lesion-Core Areas:
Time-courses
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Figure 7-24 T] time-courses for resolving (partial reperfusion group) and non-resolving lesion-core areas. Data points are mean±sd.



Non-Resolving and Resolving Lesion-Core Areas:
CBF Time-courses
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Figure 7-25 CBF time-courses for resolving (partial reperfusion group) and non-resolving lesion-core areas.
Non-resolving lesion areas are plotted individually. Data points for non-resolving lesion core are mean±sd.
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Non-Resolving and Resolving Lesion-Core Areas:
''̂ o(ra,i„) Time-courses

1 2 0

Qi3
«

c

i  100 -

Resolving Lesion-Core (n=13) 
Non-Resolving Lesion Core (n=5)

45 -30 -15 0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225

Time (mins)
Vascular occlusion Vascular de-occlusion

F igure 7-26 Mo(ratio) time-courses for resolving and non-resolving lesion-core areas. Data points are mean±sd.



Lesion Periphery Regions

Data from lesion periphery regions are shown on the following pages. Time-courses for 

Ti, T2 and ADC measurements in both hemispheres are shown in Figure 7-27. CBF and 

Mo(ratio) time-courses for full- and partial-reperfusion in both hemispheres are shown in 

Figures 7-28 and 7-29 respectively.

There were no statistically significant differences in CBF, T 1 or Mo(ratio) between the full- 

and partial-reperfusion groups.

Ti increased from a baseline value of 1249±33ms to 1333±42.5ms (106.8±2.9% Baseiine) 

(p<0.001, n=13) in the ipsilateral hemisphere and 1310±25ms (103.9±3.2% B aseiine) 

(p<0.001, n=13) in the contralateral hemisphere. The 2.9%Baseiine difference between the 

hemispheres was statistically significant (p<0.05, n=13). There were no significant 

differences between full- and partial reperfusion groups.

Analysis of IT data showed no statistically significant differences between either 

hemisphere or reperfusion group, apart from 1 time-point immediately prior to de

occlusion where T2 was 3% lower in the contralateral hemisphere (Figure 7-27). There 

was however a trend towards a rapid reduction of T2 by ~3% upon vascular occlusion in 

both hemispheres which is in agreement with observations made in earlier experiments 

(see section 7.3.8). As in the earlier experiments, this changed appeared to reverse upon 

vascular de-occlusion. T2 in the contralateral hemisphere was consistently depressed by 

2% during ischaemia and reperfusion compared to the ipsilateral side, although this was 

not statistically significant.

ADC was lower in the ipsilateral hemisphere during ischaemia and remained lower in the 

reperfusion phase (Figure 7 - 2 7 ) .  Mean ADC in the ipsilateral hemisphere during 

ischaemia was 0 .6 6 ± 0 .0 4  lO'^mmV^ (89.2±4.0% Baseiine, p<0.001 versus baseline, n=13) 

compared to 0 .7 2 ± 0 .0 4  lO'^mmV^ (96.3.2±3.5% B aseiine, p<0.001 versus baseline, n=13) in 

the contralateral hemisphere (p<0.05 between groups). There were no significant 

differences between full- and partial reperfusion groups.
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CBF fell significantly following vascular occlusion; from 2 3 8 ± 4 1  ml lOOg'^min'^ to 

17±30 ml'lOOg'^min'^ (8±13%Baseiine) in the ipsilateral hemisphere (p<0.001 versus 

baseline, n=13) and to 6 5 ± 2 0  ml lOOg'^min'  ̂ (28±10% Baseiine) in the contralateral 

hemisphere (p<0.001 versus baseline, n=13) (Figure 7 - 2 8 ) .  The difference between the 

left and right hemispheres was 19.7%Baseiine (p<0.001, n=13).

Following reperfusion, CBF increased to 57.8±18.2%Baseiine in the ipsilateral hemisphere 

and 86.6±21.2%Baseiine in the contralateral hemisphere (difference=28.7%Baseiine, p^O.OOl, 

n=13). There were no differences between the full and partial reperfusion groups.
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Lesion-Periphery Regions:
Tp T, and ADC Time-Courses for 90 M inutes o f Ischaemia & Reperfusion
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Figure 7-27 T,, T] and ADC time-courses for lesion periphery areas (ipsilateral vs 
contralateral). Data points are mean±sd.
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Lesion-Periphery Regions:
CBF Tinie-Courses for Full and Partial Reperfusion
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Figure 7-28 CBF time-courses for lesion periphery areas (full versus partial reperfusion 
for both ipsilateral and contralateral areas). Data points are mean±sd.

Lesion-Periphery Regions:
^O(ratio) Time-Courses for Full and Partial Reperfusion
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Figure 7-29 Mo(ratio) time-courses for lesion periphery areas (full versus partial 
reperfusion for both ipsilateral and contralateral areas). Data points are mean±sd.
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Sub-Cortical Grey Matter Regions

Data from sub-cortical grey matter regions are shown on the following pages. Time- 

courses for ADC and T% measurements in both hemispheres are shown in Figure 7-30. 

CBF and Mo(ratio) time-courses for full- and partial-reperfusion in both hemispheres are 

shown in Figures 7-31 and 7-32 respectively.

Analysis of Ti and ADC data showed no statistically significant differences between either 

hemisphere or reperfusion group, and there were no detectable changes upon vascular 

occlusion and de-occlusion (Figure 7-30).

Mean pre-occlusion T2 was 62.4± 1.3ms and ADC was 0.74±0.04 10'^mm^s"\ There were 

no individual time-points which differed significantly from the baseline or neighbouring 

time-points.

CBF fell significantly following vascular occlusion; from 259±38 mlTOOg'^min’  ̂ to 

136±20 mlTOOg 'min'^ (33±8.5% Baseiine) (p<0.001, n=13) (Figure 7-31). There was no 

detectable difference between the left and right hemispheres however. There were also no 

differences between the full and partial reperfusion groups following reperfusion.

There were no statistically significant differences in T] or Mo(ratio) between hemispheres or 

reperfusion groups.
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Sub-Cortical Grey M atter Regions:
ADC & T, Time-Courses for 90 Minutes o f  Ischaemia & Reperfusion
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Figure 7-30 T2 and ADC time-courses for sub-cortical grey m atter areas (ipsilateral vs 
contralateral). Data points are mean±sd.
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Sub-Cortical Grey M atter Regions:
CBF Time-Courses for Full and Partial Reperfusion
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Figure 7-31 CBF tim e-courses for sub-cortical grey m atter areas (full versus partial 
reperfusion for both ipsilateral and contralateral areas). Data points are mean±sd.

Sub-Cortical Grey Matter Regions:
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Figure 7-32 Mo(ratio) tim e-courses for sub-cortical grey m atter areas (full versus partial 
repertusion for both ipsilateral and contralateral areas). Data points are m ean±sd.
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Multiparametric analysis

In light o f the differences in T] between the full and partial reperfusion groups, T 2 data 

acquired at the end o f  the experiment protocol (T2(outcome)) (131 m inutes o f  reperfusion) 

were plotted against CBF data acquired following 28 m inutes o f reperfusion 

( C B F ( p o s t - r e p e r i u s i o n ) }  for cacli rcgiou o f intcrcst defined. Data from full and partial 

reperfusion experiments were pooled. This was perform ed for ipsilateral and contralateral 

hemispheres. The plots are shown in Figures 7-33 and 7-34.

T2(oiiicome) was Strongly correlated with CBF(post-reperfusion) for ipsilateral resolving and non

resolving lesion core regions (Figure 7-33). No significant associations were found for 

ipsilateral lesion periphery or sub-cortical grey m atter regions or any o f  the contralateral 

regions.
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Figure 7-33 Plot o f  outcome T2 against CBF data acquired following 
reperfusion for ipsilateral regions o f interest. Data tim e-points were 28 m inutes 
post-reperfusion for CBF m easurem ents and 131 minutes post-reperfusion for T2 

measurements.
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Contralateral regions o f interest; versus
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Figure 7-34 Plot of outcome T] against CBF data acquired following 
reperfusion for contralateral regions of interest. Time-points were 28 minutes 
post-reperfusion for CBF measurements and 131 minutes post-reperfusion for T] 
measurements.

7.4.9 Discussion

The multi-parametric MRI characterisation of the model will be discussed for each region 

in the following section. This is followed by a discussion of the full and partial 

reperfusion experiments within the study.

Resolving Lesion Core

This area was defined as that with persistent reduction in ADC to below 80% of the 

baseline level during vascular occlusion and return to baseline levels following 

reperfusion. This area was present in the ipsilateral (left) sensory, barrelfield and 

somatosensory cortex of all experimental animals. There were no instances of this region 

extending into regions outside of the cortex -  into the sub-cortical grey matter for
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example. This finding, together with the 100% success rate for induction of an ischaemic 

lesion confirm the reproducibility and reliability characteristics of the model.

The resolving lesion core was characterised by changes in all MRI parameters measured, 

as summarised below:

■ ADC -  rapid reduction to approximately 74% of baseline after 15.5 minutes of 

occlusion which was stable for the remainder of the occlusion period. Following 16 

minutes of reperfusion ADC was not significantly different to baseline (pre-oeclusion) 

measurements. There was no ‘post-reperfusion overshoot’ in the measured ADC.

■ CBF -  Reduction to below the limit of sensitivity of the CAST technique during 

ischaemia followed by reperfusion hyperaemia (115% of baseline) in the full 

reperfusion group and misery-perfusion (20% of baseline) in the partial reperfusion 

group.

■ Ti -  10-15% increases during ischaemia followed by rapid reductions following 

reperfusion in the full reperfusion group only.

■ T% -  rapid decrease of between 3.8% (measured at 10.5 minutes) and 4.8% (predicted 

from linear regression analysis) upon vascular occlusion followed by a linear increase 

throughout the occlusion period. In the full reperfusion group there was a rapid 6.1% 

of baseline increase following reperfusion which established a difference between the 

groups which was maintained for the remainder of the observation period.

■ Mo(ratio) “  this incrcascd during occlusion and, following reperfusion, continued to 

increase linearly in both reperfusion groups.

The most reproducible changes were seen in CBF, ADC and T2 measurements when 

analysed using a ‘relative to baseline’ approach. These parameters provide a unique 

characterisation of the ischaemic tissue area which subsequently experiences luxury 

perfusion (hyperaemia) when the vascular occluders are released. The changes seen in 

ADC and T% in this part of the study are consistent with the observations made in Part I.

The absence of a ‘post-reperfusion overshoot’ in the measured ADC may be attributed to 

the use of different diffusion weighting b-values in these experiments compared to the
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studies presented in Part I. The use of a non-zero blow diffusion gradient was intended to 

mask the effects of altered (reduced) background gradients in hyperaemic tissue. In Part I 

this effect was postulated to be responsible for the supra-normal ADC values during early 

reperfusion. In this study CBF was shown to increase to hyperaemic levels in the lesion 

core following reperfusion (full reperfusion group) without a supra-normalisation of the 

ADC. We are confident that this confirms the cause of the supra-normalisation in 

previous studies and allows greater confidence in the interpretation of diffusion 

measurements in the present study.

Non-resolving ADC lesion

A significant finding in this study was the observation of small focal areas of tissue within 

the lesion-core region which did not fully resolve on ADC maps following reperfusion. 

This phenomenon was seen in 2/7 (29%) animals in the full-reperfusion group and 3/6 

(50%) animals in the partial reperfusion group. This finding was unexpected as it had not 

been seen in previous development experiments. It is possible that the sudden emergence 

of this phenomenon may be related to differences in the strain of rat used in the 

experiments. Differences between strains and between different suppliers of the same 

strain of laboratory rats have previously been reported to result in variable vulnerability to 

ischaemia, lesion size and response to neuroprotective agents (Sauter and Rudin, 1995; 

Iwasaki et al., 1995; Oliff et al., 1997). The supplier of our rats was changed to Charles 

River prior to starting the study for logistical reasons. Although the specified strain and 

maturity (i.e. 280g, Sprague-Dawley) was unchanged from previous experiments, it is 

possible that there are slight differences in vascular anatomy or neurophysiology between 

the two suppliers. This finding was nevertheless unexpected as Sprague-Dawley rats were 

initially chosen for their well documented and reliable characteristics in this respect.

The non-resolving areas were characterised by patterns in ADC, T2 and CBF time-courses 

which were markedly different from those for resolving areas. ADC during the occlusion 

period was indistinguishable from resolving core but following 15 minutes of reperfusion 

fell dramatically in animals from both the full and partial reperfusion groups. A possible 

explanation for this is an ongoing or rebound failure of cellular energy metabolism with
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the associated redistribution of water between the intra- and extracellular compartments, 

as previously discussed in Part I (see section 7.3.8 ^The Underlying Basis O f ADC 

Changes In Brain During Ischaemia-Reperfusion").

In all cases, reperfusion-pbase CBF measurements from non-resolving areas were lower 

than the surrounding resolving core area in the same animal. The mean difference 

gradually increased from 3-50%Baseiine during the reperfusion period in the full reperfusion 

group and was comparatively stable between 23-30%Baseiine in the partial reperfusion 

group. It could be argued that as the partial reperfusion group bad significantly lower 

reperfusion CBF of around 20-30%Baseiine, the reduction in non-resolving areas may be of 

greater significance in this group. It is likely that this reduction in CBF reflects in some 

way the abnormal physiology underlying the changes in other measured parameters.

T2 time-courses were dramatically different for non-resolving areas compared to resolving 

areas. The experiments described in Part I, together with data in this study and previous 

work in our laboratory (Calamante et al., 1999) bave shown that T2 increases linearly 

during ischaemia and is relatively stable following reperfusion. In non-resolving lesion 

core however, T2 clearly continued to rise at the same rate as during ischaemia. This 

pattern in T2 suggests that the ischaemic episode effectively continued beyond the 

reperfusion time-point in non-resolving areas. In Part I it was postulated that the gradual 

rise in T2 during ischaemia reflects the slow accumulation of oedema in the ischaemic 

tissue. If the decrease in ADC does indeed reflect ongoing compromise of cellular 

energetics, the observed changes in T2 are entirely compatible with this.

Analysis of T, and Mo data showed greater increases in Mo(ratio) in the non-resolving areas 

which were not statistically significant but may suggest increased oedema formation 

compared to resolving lesion core.

To aid visualisation of the changes in multiple MRI parameters, panels of parameter 

images for ADC, T2 , CBF and Mq from a typical animal with a fully resolving lesion and 

one with an area of non-resolving lesion are shown in Figures 7-35 and 7-36 (both from 

the full reperfusion group). Mean time-points for the measurements are given in the figure
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descriptions at the base of each figure. Note that in Figure 7-35 (fully resolving lesion) 

the area of T2 prolongation corresponds well with the areas of ADC decrease during 

ischaemia, and reperfusion hyperaemia. Figure 7-36 (non-resolving lesion) shows that a 

small area within the initial ADC lesion undergoes a secondary decrease in ADC 

following reperfusion which corresponds to an area with progressively reduced CBF and 

increased T 2 and M q .

The most likely explanation for the changes seen in this study is the ‘no-reflow’ 

phenomenon which has previously been observed in animal models and is thought to 

contribute significantly to brain injury in human stroke patients (Ames et al., 1968; 

Hossmann, 1993; Liu et al., 2002). The effect, whereby blood flow apparently fails to 

return to small areas of ischaemic tissue following reperfusion is inextricably linked to the 

failure of perfusion at the capillary level. The cause for this has previously been attributed 

to a multiplicity of factors including vascular obstruction by glia, activation of the 

coagulation system, hypotension and increased blood viscosity and intracranial pressure 

(Cerisoli et al., 1981; Hossmann, 1993; Thomas et al., 1993; Liu et al., 2002).

In this study, measured CBF was reduced, but not to the level which would suggest 

catastrophic ischaemic damage, particularly in the full-reperfusion group. Nevertheless, 

the effect on ADC and T2 was the same in both reperfusion groups. This suggests that 

while a reduction in blood flow may be implicated in some way, it either isn’t the primary 

causative factor, or the CBF measurements made in these experiments did not specifically 

reflect perfusion at the site involved in no-reflow effects.

A comparison of early reperfusion CBF measurements and outcome T2 data provides an 

interesting view of the non-resolving area compared to resolving lesion. This analysis 

shows that for both resolving and non-resolving lesion core, early reperfusion CBF is a 

strong predictor of outcome T2 . The relationship for non-resolving core is distinct from 

that for resolving core however, with a higher intercept T2(outcome) and steeper slope. This 

strongly suggests that different pathophysiological processes are at work within the non

resolving core from an early time-point.
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Figure 7-35 Multiparametric MRI data from a typical animal with a fully resolving ADC lesion. ADC data acquisition times: baseline, 74min of occlusion and 
17,72,125 mins reperfusion. T2 data acquisition times: baseline, 83 rnin occlusion and 22,76,131 min reperfusion. CBF data acquisition times: baseline, 30min 
occlusion and 28,84,112 min reperfusion. T,(Mo) data acquisition times: baseline, 37min occlusion and 38,92,120 min reperfusion.
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Figure 7-36 Multiparametric MRI data from a typical animal with a non-resolving ADC lesion. ADC data acquisition times: baseline, 78min of occlusion and 
16,71,126 min reperfusion. T2 data acquisition times: baseline, 84 min occlusion and 21,76,131 min reperfusion. CBF data acquisition times: baseline, 28min 
occlusion and 28,84,112 min reperfusion. T,(Mo) data acquisition times: baseline, 37min occlusion and 35,92,120 min reperfusion.
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Lesion Periphery

Lesion periphery was defined on the basis of anatomical relationship to the lesion core 

rather than ADC values. In common with data presented in Part I (see section 7.3.6 

"Initial Characterisation o f The New ModeV) this area was characterised by moderate 

reductions in CBF and ADC during vascular occlusion but without the characteristic 

changes in T2 seen in lesion core tissue, which are probably associated with oedema 

formation. Transient changes in T2 upon vascular occlusion and de-occlusion in both 

hemispheres are probably due to changes in perfusion and tissue oxygenation resulting 

from bilateral common carotid artery occlusion and de-occlusion respectively.

These findings are consistent with previous studies which have demonstrated the 

relationship between graded changes in ADC with different levels of physiological 

disturbance following transient focal ischaemia (Hoehn-Berlage et al., 1 9 9 5 ; Olah et al., 

2001).

There are a number of interesting patterns in the lesion-periphery region, which receives 

its blood supply from both the anterior cerebral artery (ACA) and middle cerebral artery. 

Blood flow reductions upon vascular occlusion were, as expected, less severe than in 

lesion core, presumably due to supplementary supply from branches of the ACA. A 

curious pattern was seen in the reperfusion phase however. Blood flow recovered to 

approximately 60%Baseiine in the ipsilateral hemisphere and 90%Baseiine in the contralateral 

equivalent region. These changes were similar for both reperfusion groups. Figures 7 -3 5  

and 7 - 3 6  illustrate these distinctive and clearly demarcated CBF patterns. This is 

suggestive of the ‘intracerebral steal phenomenon’ whereby blood is shunted preferentially 

into areas with vasodilatation and hyperaemia (Hudetz et al., 1 9 9 3 ; Symon, 2 0 0 3 ) .  It is 

possible, if not likely, that a higher than normal proportion of the blood carried by the 

MCA is diverted to the lesion core following reperfusion, resulting in the supply to the 

lesion periphery area being largely dependent upon ACA blood flow. As flow in the ACA 

is essentially independent of the MCA occluder, flow in lesion periphery is the same 

regardless of whether the MCA remains occluded or not.

Chapter 7 - Studies o f  Acute Focal Cerebral Ischaemia in the Rat 7-195



There are no previous reports of visualisation of the steal phenomenon following cerebral 

ischaemia-reperfusion using MR perfusion imaging techniques, although the phenomenon 

has been described in human studies using single photon emission tomography (Tran-Dinh 

et ah, 1997). Interestingly, a previous cerebrovascular reactivity (CO2 challenge) study 

showed transient negative signal changes in the same brain area on T2 * weighted imaging 

following ischaemia (Harris et ah, 2001). The authors postulated that the most likely 

explanation for this was a steal effect causing transient reductions in CBF and increased 

deoxyhaemoglobin levels.

Sub-Cortical Grey Matter

There were no detectable changes in any of the parameters measured in sub-cortical grey 

matter areas, apart from CBF which was reduced to approximately 50% of baseline during 

vascular occlusion. This is consistent with data presented in Part I and previous reports of 

MCAO models with bilateral CCA occlusion. Although blood flow is undoubtedly 

reduced following the occlusion of the carotid arteries, there is no evidence this has any 

effect on cellular energetics or fluid balance in Sprague-Dawley rats. These data are 

useful in supporting the description of the model as a focal ischaemia model.

Full- and Partial-Reperfusion

As expected, large differences in post-reperfusion CBF were found between the two 

reperfusion groups in the lesion-core region. The full-reperfusion group exhibited post- 

ischaemic hyperaemia with CBF increasing to approximately 115% of baseline while the 

partial-reperfusion group increased to just 20% of baseline. The difference between the 

groups was highly statistically significant despite the small group sizes (p<0.001). This 

can be explained by the occlusion of the MCA which was maintained in the partial- 

reperfusion group. As the MCA is the principal vessel supplying tissue in the lesion core 

area, it is expected that CBF would be reduced in this group, compared to pre-occlusion 

levels. The small increase in CBF in the lesion core upon CCA reperfusion in spite of 

continued MCA occlusion must therefore be due to collateral supply from other cerebral 

arteries fed by the common carotid arteries and circle-of-Willis.
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Tissue water ADC was seen to return to normal (pre-occlusion) levels in both groups (full 

and partial reperfusion) within 16 minutes of vascular reperfusion. If, as is proposed, this 

reflects the re-hydration of the extracellular compartment, then it appears that this 

occurred even when the reperfusion was limited to collateral supply from the common 

carotid arteries. There was a higher incidence of non-resolving lesion core areas in the 

partial-reperfusion group (50% versus 29% in the full-reperfusion group). This may be 

due to the lower perfusion pressure following reperfusion in this group. Due to the small 

number of animals involved, a meaningful statistical assessment of this association is not 

possible.

The T] time-course data show some interesting differences between the groups. In the 

full-reperfusion group a rapid increase in T2 by approximately 6%Baseiine was seen to occur 

following vascular de-occlusion which was not observed in the partial-reperfusion group. 

In both groups T% appeared to stabilise after 45 minutes of reperfusion. At the end of the 

observation period T% in the two groups was separated by approximately 6% - the amount 

of the increase immediately following reperfusion. Although these findings require 

further statistical validation, the trends in the data suggest interesting biophysical 

differences between the reperfusion groups.

Immediately following reperfusion there was a significant decrease in Ti in the full- 

reperfusion group (4.8%Baseiine) but uot in the partial reperfusion group (0.59%Baseiine, n=6). 

At later time-points there were small differences between the full- and partial-reperfusion 

groups which did not reach statistical significance - T1 was approximately 4%Baseiine lower 

in the full-reperfusion group than the partial-reperfusion group.

There were no differences in Mo measurements between the two reperfusion groups.

The data obtained in this study may be explained by a number of ways. T2 changes 

following reperfusion are consistent with the phenomenon of a transient increase in blood- 

brain barrier permeability in the sub-acute reperfusion period, with rapid accumulation of 

oedema in the full reperfusion group where the perfusion pressure is high. In the partial 

reperfusion group, CBF is raised only slightly above occlusion levels and so the perfusion
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pressure may be insufficient to drive the oedema formation process. An alternative 

explanation is that increased blood flow (so called luxury perfusion) combined with 

reduced cerebral oxygen metabolism (CMRO2) and oxygen extraction (OER) in the 

damaged tissue can result in prolonged tissue T2 (Kettunen et ah, 2002). An effect as 

large as that measured in our experiments would require both increases in blood flow and 

reductions in CMRO2 . This interpretation is consistent with previous studies which have 

shown persistent reductions in CMRO2 and OER during reperfusion, in severely damaged 

tissue (Singh et al., 1992; Young et al., 1996; Heiss et al., 1997; Takamatsu et al., 2000; 

Frykholm et al., 2000). The absence of Mo increases in the full reperfusion group 

compared to the partial reperfusion group also suggest that oedema formation is less 

significant than changes in CBF, CMRO2 and OER in explaining the T2 patterns seen in 

this study.

The rapid 4 % B a s e i i n e  decrease in T] following reperfusion in the full reperfusion group may 

be related to increases in blood flow in this group. The use of a slice selective inversion in 

the inversion recovery Ti sequence confers a blood flow dependence upon the Ti 

measurement which would be expected to cause a reduction in Ti as a consequence of 

increased CBF (Williams et al., 1992). Increases in oxygenation in the full reperfusion 

group could also cause a reduction in measured T] due to the paramagnetic properties of 

molecular oxygen (Tadamura et al., 1997). These two effects together could account for 

the magnitude of change observed in these experiments, and explain the differences in Ti 

measurements from the full- and partial-reperfusion groups.

The analysis of early reperfusion CBF and T2(outcome) showed that CBF in the early 

reperfusion phase is strongly predictive of longer term T2 prolongation. As our studies are 

limited in duration to around 4 hours following occlusion we are not able to comment on 

the outcome of tissue exhibiting different trends in measured NMR parameters. It is 

difficult therefore to compare early reperfusion measurements with ‘hard endpoint’ 

measures. Future studies may be able to address this limitation by studying longer-term 

survival and follow-up. Of particular interest are questions such as the harm or benefit 

caused by different types of reperfusion and the outcome of the different tissue areas 

identified by in vivo quantitative MRI.
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7.5 Chapter Summary

In this chapter a new animal model of focal cerebral ischaemia was characterised using 

histological and MRI techniques. We have demonstrated that the model is reliable and 

that the lesions produced are reproducible in terms of size and location. Quantitative MRI 

data showed that lesions are limited to the ipsilateral sensory, barrelfield and 

somatosensory cortex with an associated periphery area superio-medial to the superior 

margin.

The MRI findings were supported by experiments whereby vascular occlusion was applied 

for extended periods. Both histology and DWI analyses confirmed the focal nature of the 

ischaemic lesion which was limited to the ipsilateral cortex with no involvement of sub- 

cortical or contralateral tissues.

Vascular occlusion was shown to bring about the rapid onset of diffusion changes, 

consistent with cytotoxic oedema formation due to bioenergetic failure in the ischaemic 

tissue. Three characteristic tissue areas were seen to arise reproducibly. The ‘lesion core’ 

area exhibited a sustained ADC reduction and gradual T% increase during ischemia, 

followed by restoration of ADC to around baseline levels following reperfusion. The 

‘lesion periphery’ area showed smaller and transient changes in ADC during occlusion, in 

the absence of changes in T2 which can be attributed to oedema formation. Transient 

changes in T2 in this tissue area were probably related to oxygenation changes in the 

immediate occlusion and reperfusion periods. Sub-cortical grey matter and contralateral 

areas showed no evidence of impaired cellular energy metabolism or oedema formation as 

indicated by ADC and T2 measurements respectively. These areas receive collateral 

supply from vessels which are not occluded in the model and would not therefore be 

expected to progress to ischaemia. A fourth ‘non-resolving lesion core’ region was seen 

in a subset of animals. This consisted of an area of tissue within the lesion core which did 

not recover to normal ADC levels following vascular de-occlusion. It has been postulated 

that these changes may be related to a failure of perfusion at the capillary-bed level, an 

effect which may be related to the so called ‘no-reflow phenomenon’.
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The model uniquely allows the independent control of three vessels by remote control. 

This flexibility was harnessed in Part II of this chapter where full and partial reperfusion 

were studied. Longitudinal, multiparametric quantitative MRI data were obtained with 

high time resolution in order to characterise changes in ischaemia and reperfusion. A 

number of interesting, previously undocumented patterns were observed in the early 

reperfusion period which elucidated differences between full and partial reperfusion 

protocols.

The new remote control model provides the opportunity to maximise the investigative 

power of NMR studies of focal cerebral ischaemia. It allows NMR measurements to be 

made throughout the baseline, occlusion and reperfusion periods without the need to 

remove the animal from the magnet bore. Each animal can serve as its own control thus 

increasing the statistical significance of each data-point. The model is compatible with 

NMR acquisition techniques such as EPI which are traditionally problematic when surgery 

is carried out close to the brain.

The model was employed in a study to further understand the pathogenesis of focal stroke. 

Chapter 8 introduces this work, which used the unique features of the new model to target 

biochemical analysis of the activation of STAT-1 protein following ischaemia-reperfusion. 

STAT-1 is a cellular messenger believed to be implicated in ‘switching on’ programmed 

cell death following ischaemic injury, and is a potential therapeutic target. The ability to 

define tissue areas non-invasively and in real-time using MRI enabled us to dissect out 

and analyse areas subjected to different levels of ischaemia.
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8.1 Chapter Overview

This chapter describes a study where the new MCAO model was utilised to investigate the 

activity profile of novel cellular signalling molecules in ischaemic tissue injury. The 

reliability of lesion and periphery tissue area locations and the ability to monitor 

biophysical properties ‘on-line’ using NMR allowed us to analyse specific functional areas 

of brain tissue using biochemical techniques. The sampling of brain tissue was targeted 

using diffusion and perfusion data as a ‘map’ so that tissue areas subjected to different 

levels of bioenergetic disturbance could be studied.

Section 8.2 introduces the background to the study and the previously published work on 

the role of STAT-1 in ischaemic tissue. The materials and methods, results and discussion 

are presented in sections 8.3-8.5. Section 8.6 concludes the chapter and discusses the 

future research questions prompted by our findings.

The work was carried out in collaboration with the Medical and Molecular Biology 

department at the Institute of Child Health, who performed the biochemical (Western 

Blot) analysis of brain samples. I would like to thank Dr Lauren Valentim and the others 

in that department for their ongoing participation in this work. My role in the study was in 

the animal preparation/surgery, conducting the ischaemia & reperfusion experiments and 

NMR data acquisition and processing. Brain dissection/sampling and the biochemical 

analyses were carried out by Dr Valentim and the team in Molecular Biology.

The work was presented at the British Chapter ISMRM meeting in Sheffield, UK in 

September 2002 and the ISMRM 11̂ "̂  Annual Meeting in Toronto, Canada in July 2003.
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8.2 Introduction

Loss of neurons by programmed cell death (PCD) has recently been identified as an 

important mechanism in the pathogenesis of brain damage following 

ischaemia/reperfusion injury (I/R) (Graham and Chen, 2001). Although the classical 

patterns of apoptotic morphological changes are often not seen in cerebral ischaemia, there 

is emerging biochemical and pharmacological evidence suggesting a role of programmed 

cell death in ischaemic brain injury (Nitatori et al., 1995; Colboume et al., 1999; Martin et 

al., 2000). Several recent studies have demonstrated some of the possible biochemical 

pathways involved in the apoptotic process, such as activation of caspase 3, release of 

cytocrome c and DNA fragmentation (Prakasa et al., 2000; Zhan et al., 2001; Yenari et al., 

2002; Cao et al., 2002).

Signal transducer and activator of transcription (STAT) proteins are a family of 

transcription factors that mediate intracellular signalling initiated at cytokine cell surface 

receptors and are transmitted to the nucleus. The C-terminal domains of STAT proteins 

contain a transcriptional transactivation domain, plus the phosphorylation sites for Janus 

Kinases (JAKs) and Mitogen-Activated Protein Kinase (MAPK), which are essential for 

maximal STAT function. Different STATs are activated by distinct groups of cytokines. 

For example, interferon-y is a potent activator of STAT-1, whilst the interleukin-6 (IL-6) 

family members including IL-6, leukaemia inhibitory factor (LIF) and cardiotrophin-1 

(CT-1) primarily activate STAT-3 (Ihle, 2001).

Recently STAT proteins have been implicated in modulating apoptotic cell death. For 

example, STAT-1 deficient cells are resistant to tumour necrosis factor alpha (Kumar et 

al., 1997) and to simulated ischaemia/reperfusion induced apoptotic cell death (Janjua et 

al., 2002). Work recently carried out at the Institute of Child Health demonstrated that 

STAT-1 plays a role in enhancing apoptotic cell death in cardiac myocytes following 

simulated I/R injury by inducing the expression of the pro-apoptotic caspase-1, Fas and 

FasL genes (Stephanou et al., 2000b; Stephanou et al., 2001). In addition, it was shown 

that STAT-1 also inhibits the promoters of genes encoding the genes of anti-apoptotic Bcl- 

2 and Bcl-x proteins (Stephanou et al., 2000a). Although these recent studies have 

suggested a role of STAT-1 in cell death in the ischaemic heart, there are only two reports
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on the role of STAT-1 in the brain. Planas et al examined STAT-1 expression in the rat 

brain during development and following transient focal ischemia (Planas et al., 1997). 

The study showed that STAT-1 is normally expressed in the postnatal and adult rat brain 

and is induced following ischaemic infarction. STAT-1 activation following focal 

cerebral ischaemia was recently demonstrated in a murine study (Takagi et al., 2002) 

which was published as we completed our work. Increased levels of activation 

(phosphorylation) compared to the contralateral hemisphere were observed at two 

locations -  Serine^^  ̂ and Tyrosine^^^ following 2 hours of intraluminal-filament MCAO. 

Increasing levels of STAT-1 activation were detected at Tyr̂ ®̂  as a function of reperfusion 

time (15-120 minutes studied). Ser^^  ̂ activation levels were seen to be similar over the 

range of reperfusion periods studied. Total STAT-1 levels did not differ, either as a 

function of hemisphere or reperfusion time. STAT-1 knock-out mice (STAT-l"^') 

deficient of the gene coding for STAT-1 were seen to exhibit smaller infarcts and lesser 

neurological deficit compared to wild type controls (WT).

At the time we embarked upon our study there was no published work on STAT-1 

activation in the brain following ischaemia. Our study, in common with the work by 

Takagi and co-workers, addresses the fundamental question of whether STAT-1 is 

activated following ischaemia. Our study also investigates the activation profile of STAT- 

1 in brain regions subjected to varying degrees of haemodynamic disturbance, which was 

not elucidated in the Takagi study. We have used magnetic resonance diffusion and 

perfusion imaging techniques to identify brain areas subjected to different levels of blood 

flow and energetic disturbance, so that the biochemical analysis could be targeted to these 

discrete ‘physiological’ areas. As a large proportion of cerebral ischaemia studies use rat 

models, it is also useful that our model builds upon the work of Takagi’s et al. by studying 

STAT-1 activation in this species.
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8.3 Materials & Methods

8.3.1 Surgical Procedure and Image Acquisition

Adult male Sprague-Dawley rats (290-320g) were used (n=9). General anaesthesia was 

induced with a mixture of 3% halothane in a 40:60 O2/N2 O gas mixture and subsequently 

maintained using 0.75 to 1.25 % halothane and spontaneous breathing. Animals were 

subjected to one of the following protocols:

1 ) 60 minutes ischaemia & 3 hours reperfusion (n=2)

2) 90 minutes ischaemia & 3 hours reperfusion (n=2)

3) 90 minutes of ischaemia alone (n=3)

4) control, no surgery (n=2).

Ischaemia was induced within the magnet bore by remote control using the middle 

cerebral artery occlusion (MCAO) technique described in Chapter 6. Briefly, following 

baseline MRI data acquisition, bilateral common carotid (CCA) occlusion and left middle 

cerebral artery (MCA) occlusion were applied simultaneously using remote-controlled 

vessel occluders. Where appropriate, reperfusion was subsequently induced by 

de-occluding all three vessels. As vascular occlusion and de-occlusion were performed by 

remote-control with the animal inside the NMR magnet bore, uninterrupted NMR 

acquisition throughout the ischaemia/reperfusion experiment was possible.

Heart and respiratory rate were monitored via subcutaneous ECO electrodes and core body 

temperature was measured using a rectal thermocouple. The animals’ temperature was 

maintained at 37.0±0.5°C and breathing rate and heart rate remained stable throughout the 

experiment. MRI data were acquired using a 2.35T horizontal bore magnet (Oxford 

Instruments) interfaced to a SMIS console. Quantitative apparent diffusion coefficient 

(ADC) maps were calculated from trace-weighted single shot spin-echo EPI images with 

b=38 and b=872 s/mm^ using an in-house IDE program (Research System Inc., Boulder, 

CO) (see Chapter 2). A non-invasive continuous arterial spin labelling (CASE) technique 

was used to monitor CBF during the experiments (see Chapter 2 for detailed NMR 

methods). Flowing blood water spins were inverted in the neck using flow-driven 

adiabatic fast passage inversion (Dixon et al., 1986). CBF maps were calculated on a

Chapter 8 - STAT-1 Activation Following Cerebral Ischaemia in the Rat 8-209



pixelwise basis incorporating correction for Ti relaxation in brain tissue, transit time and 

labelling efficiency, as previously described (Alsop and Detre, 1996).

MRI ADC measurements were acquired prior to and serially following vessel occlusion. 

Data acquired before occlusion and between 5 and 40 minutes post-occlusion were 

averaged to give ‘pre-occlusion ADC’ and ‘intra-ischaemic ADC’ in this study. As these 

measurement points were common to all three experiment groups (with and without 

subsequent reperfusion), the data were pooled for quantification and statistical 

comparisons. CBF was measured once prior to vessel occlusion and once following 30 

minutes of occlusion. The time required for each CBF measurement precluded repeated 

measurement of this parameter within the intra-ischaemic period.

8.3.2 Western Blotting

Immediately after the ischaemic period or after 3 hours of reperfusion, the brains were 

quickly removed, the MCA was visually identified on the lateral surface of the cortex and 

a 3 mm coronal slice was excised using a Mcllwain tissue chopper (The Mickle Laboratory 

Engineering Co., Surrey, UK) with the MCA as the midpoint of the section. This is 

equivalent to a coronal section 1mm caudal to the bregma.

The slices were immediately frozen in liquid nitrogen and samples were taken according 

to the criteria outlined below. Samples were dissolved in 500 pi of ice-cold lysis buffer 

and, after centrifugation, the supernatant was removed and boiled for 2 min. Samples were 

then analysed using SDS-PAGE in 10% gels, transferred to nitrocellulose filters and 

subjected to Western Blotting with anti-phosphorylated STAT-1 at Tyr 701 (Zymed 

Laboratories San Francisco, CA), anti-phosphorylated STAT-1 at Ser 727 (Upstate, 

Waltham, MA), total STAT-1 or Fas (Santa Cruz Biotechnology, Santa Cruz, CA). The 

autoradiographs of the ECL were scanned, the spots corresponding to phospho-STAT-1 

(activated STAT-1) were analysed using software OptiQuant (Packard) and contralateral 

areas were considered 100%.
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8.3.3 Regional Analysis of Tissue Samples

Three brain areas in the ipsilateral (left) hemisphere were defined during the ischaemic 

period using the MRI diffusion and perfusion data as follows (Figure 8-1):

1) Lesion core: the area of MCA-supplied left cortex with >20% ADC reduction and 

severe perfusion reduction during the ischaemic period;

2) Lesion periphery: the area adjacent and superio-medial to this, which shows 

transient or very mild ADC reduction and less severe perfusion deficit following 

vascular occlusion;

3) Sub-cortical grey matter (striatum) which is defined anatomically and corresponds 

to lateral globus pallidus and caudate-putamen (striatum) on the slice imaged. This 

area shows no ADC decrease and relatively mild perfusion reduction (see 

Chapter 7).

Homologous regions in the contralateral hemisphere were also defined. To avoid partial- 

volume errors the regions were drawn within the areas defined above, rather than 

enclosing the complete area. This avoided cross-contamination of pixels within lesion 

core, periphery and midline structures. It was not necessary to warp or transform images 

or region of interest templates as image geometry was consistent between the different 

image acquisition methods used in the study.

Tissue samples extracted for biochemical analysis were obtained from the six 

corresponding areas.
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Figure 8-1 (left) Intra-isehaemie ADC and CBF maps, 
(right) brain area definitions superimposed on the ADC map.
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8.4 Results

8.4.1 MRI Diffusion and Perfusion Data

Mean region of interest (ROI) ADC and CBF values are shown in Table 8-1 (n=7). CBF 

was reduced to below the limit of sensitivity of the CAST technique in the lesion-core 

ROI. Statistically significant differences were found between pre- and post-occlusion 

CBF values for all other ipsilateral and contralateral regions (p<0.01 in each case). A 

statistically significant reduction in ADC to 75.5 ± 1.7 % of baseline (mean±SD) 

(p<0.001) was measured in the lesion core area. Lesion periphery tissue showed a smaller 

decrease in ADC to 89.2 ± 3.2% (p<0.001). Post-occlusion ADC for sub-cortical grey 

matter was found to be 99.6 ± 3.8% of pre-occlusion value. Contralateral regions showed 

no statistically significant reductions in ADC when compared to baseline.

Region of Interest

Core Periphery
Sub-Cortical Grey 

Matter

Ipsilateral
Contra

lateral
Ipsilateral

Contra

lateral
Ipsilateral

Contra

lateral

Pre

occlusion

ADC

(lO'^mm^s'')
0.74 (0.04) 0.73 (0.06) 0.74 (0.03) 0.73 (0.05) 0.72 (0.05) 0.74 (0.05)

CBF

(ml 100g''min')
199 (51) 198 (58) 208 (56) 223 (47) 225 (63) 242 (66)

Post-

occlusion

ADC

(1 s'')
0.56 (0.02Ÿ 0.69 (0.05) 0.66 (0.03)1: 0.72 (0.04) 0.72 (0.04) 0.73 (0.04)

CBF

(ml 100g''min')
- 72.0(13)* 36.5 (13)* 67.6(19)* 129 (31)* 125 (25)*

Table 8-1 Pre- and post-occlusion ADC and CBF values for lesion-core, lesion-periphery 
and sub-cortical grey matter, and contralateral equivalent for each. Values are mean (sd) 
(n=7). *p<0.01, ^p<0.001, versus pre-occlusion value.
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8.4.2 Western Blotting

When compared to the contralateral hemisphere, Western blots with anti-phospho-STAT-1 

Tyr-701 showed a marked increase (approximately 750%) in STAT-1 activation in the 

lesion core after both 60 min and 90 min of ischaemia followed by three hours of 

reperfusion (experimental protocols 1 & 2) (Figure 8-2). We also observed that ipsilateral 

STAT-1 activation was 300% higher than on the contra-lateral side in the lesion periphery 

area after ischaemia/reperfusion. We observed no activation in sub-cortical grey matter 

after ischaemia/reperfusion (Figure 8-2).

We observed no alterations in total STAT-1, as demonstrated for lesion core in Figure 

8-2(A). Similarly, there were no detectable differences in total protein content of the 

samples, as assessed by Western blots using anti-actin. In contrast to previous studies in 

cardiac myocytes exposed to ischaemia/reperfusion (Stephanou et al., 2000a; Stephanou et 

al., 2001), there was no detectable phosphorylation of STAT-1 at Ser 727 and we found no 

changes in STAT-3 activation.

8.4.3 Ischaemia-Reperfusion Versus Ischaemia Alone

Following ischaemia only (protocol 3), we observed lower levels of STAT-1 activation in 

lesion core than after ischaemia and reperfusion, while in lesion periphery there was an 

increase in STAT-1 activation that was similar for ischaemia only and for 

ischaemia/reperfusion (Figure 8-2). Normal, control animals showed no STAT-1 

activation in any brain area (autoradiographs not shown). As shown in previous work by 

our group, activated STAT-1 is critical for the induction of Fas receptor, a death receptor 

involved in PCD in cardiomyocytes exposed to ischaemia (Stephanou et al., 2001). In 

light of this finding, we decided to investigate whether the expression of Fas receptor in 

rat brain was correlated to STAT-1 activation after ischaemia/reperfusion, the treatment 

that caused the strongest increase in STAT-1 activation (Figure 8-2). As shown in 

Figure 8-2(A), there was enhanced expression of Fas receptor corresponding to the areas 

of increased STAT-1 activation.
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Figure 8-2A

LESION CORE

LESION PERIPHERY

SUB-CORTICAL 
GREY MATTER

LESION CORE 
TOTAL STAT-1

LESION CORE 
pSTl-727

CL I/R

p S l  1-701

p s i  1-70 1

p S l  1-70 1

Sl AI - 1

p S l  1 - 7 2 7

CL I/R

I as

1 as

' I as

Figure 8-2B I
(90 min)

I/R 
(60 min)

I/R 
(90 min)

Lesion core 317 795 750
Lesion periphery 372 329 395

Sub-cortical grey matter 100 93 107

Figure 8-2

(A) Representative Western blots from typical animals showing anti-phospho-STAT-1 
Tyr-701 antibody and total STAT-1 (left panel) and Fas receptor expression (right 
panel).

CL: contra-lateral area; I: ischaemia (60 min); I/R: 60 min / 90 min of ischaemia 
and 3h of reperfusion. The last lane represents Fas receptor expression after 
ischaemia/reperfusion

(B) Quantification of anti-phospho-STAT-1 Tyr-701, values are represented as 
percentage of contra-lateral areas.
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8.5 Discussion

The longitudinal and non-invasive nature of the MRI techniques used in this study, 

combined with the remote-control procedure for vascular occlusion and reperfusion, 

permitted direct comparison of pre-occlusion, occlusion and reperfusion data. Each 

animal therefore acted as its own control both temporally and as each ipsilateral region 

studied had a contralateral control region for comparison. The effects of anaesthesia, 

sacrifice and brain extraction on the biochemical parameters measured were controlled for 

by the ‘no surgery’ controls studied.

As pre-occlusion and occlusion periods were common to all groups, the ADC and CBF 

values for these periods were grouped together for the 7 animals subjected to ischaemia. 

Additionally, the similarity of the data from the 60 and 90 minute groups enabled us to 

combine MRI as well as biochemical data for 4 animals. Statistically significant 

differences between pre-occlusion and occlusion values for both ADC and CBF were 

therefore demonstrated despite the small study size.

Patterns of ADC and CBF reduction during the ischaemic period reflect the severity of 

ischaemia. Lesion core shows severely reduced CBF and the largest ADC reduction, 

consistent with cytotoxic oedema due to the failure of cellular energy metabolism (see 

Table 8-1) (Busza et ah, 1992; Hoehn-Berlage et ah, 1995). Lesion periphery exhibits 

smaller ADC reductions with moderate CBF reduction. Sub-cortical grey matter and 

contralateral regions show no significant ADC reductions in spite of their decreased 

perfusion. The generalised CBF reduction is due to the occlusion of both common carotid 

arteries in the model used.

This study demonstrates that exposure of the brain to a focal ischaemic insult can induce 

STAT-1 activation in the lesion core and periphery, particularly following a period of 

reperfusion. As shown in Figure 8-2B, we found similar STAT-1 activation with 60 

minutes of ischaemia/3 hours reperfusion and with 90 minutes of ischaemia/3hours 

reperfusion. These two experimental groups will therefore be discussed together. We 

have shown that STAT-1 is strongly activated in lesion core after ischaemia/reperfusion, 

but a reduced level of activation was observed after ischaemia alone (Figure 8-2A). It is
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well known that during ischaemia cellular ATP is depleted; so called ‘cellular energy 

failure’ (White et ah, 2000; Paschen et ah, 2000). The reduced level of STAT-1 

phosphorylation during ischaemia alone compared to ischaemia-reperfusion may be due to 

the limited availability of ATP during the ischaemic insult. This may explain the smaller 

activation in lesion core, where the energetic disturbance is most severe, following 

ischaemia alone. Furthermore, the high levels of activation found following ischaemia 

and reperfusion may be explained as following induction of reperfusion, ATP levels rise 

and activation of STAT-1 via phosphorylation can take place.

An alternative explanation is that increased STAT-1 activation following 

ischaemia-reperfusion is linked to the ‘reperfusion injury’ phenomenon. The 

overproduction of reactive oxygen species (ROS) in the acute reperfusion phase often 

exceeds the capacity of antioxidant enzymes resulting in oxidative stress and cell damage 

(Chan, 1996; Kontos, 2001). ROS are believed to cause potassium channel mediated 

vasodilatation, altered vascular reactivity, breakdown of the blood-brain barrier, and focal 

destructive endothelial lesions. It is possible that these effects in the reperfusion phase 

stimulate further STAT-1 activation and enhance the commitment to programmed cell 

death.

We also observed that STAT-1 is phosphorylated in the lesion periphery (Figure 8-2), an 

area of reduced CBF but without signs of frank cellular energy failure (Hoehn-Berlage et 

al., 1995; West et al., 2002). These results suggest that, even without immediate and 

irreversible cell death due to the ischaemic insult, there may be some cells that enter the 

PCD process and could potentially be salvaged during the reperfusion period. This may 

be linked to the phenomenon of ‘secondary energy failure’ which is observed in extended 

studies of transient cerebral hypoxia / ischaemia (Cady et al., 1994; Thornton et al., 1997). 

It is thought that processes set in motion during the initial ischaemic episode result in the 

cell death 12-24 hours following the initial insult.

In animal models of this type there is no infarction of sub-cortical grey matter, an area 

which in this study showed no ADC changes and relatively mild CBF reduction, which
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correlates with no activation of STAT-1 (Figure 8-2) (van Lookeren Campagne et al., 

1999; West et al., 2002).

The total STAT-1 protein content and total protein content did not differ between 

hemispheres, experimental groups or regions of interest. This suggests that protein 

induction is not responsible for the increased levels of activated STAT-1 found in this 

study.

Fas receptor is a death receptor that is thought be involved in cell death after brain 

ischaemia (Jin et al., 2001). As shown previously, the expression of this receptor can be 

increased by STAT-1 activation in the ischaemic heart and, according to our results 

(Figure 8-2(A)) this may also be occurring in the brain following MCAO. Thus, our data 

suggest that STAT-1 activation and enhanced Fas expression may mediate cell death after 

cerebral ischaemia, as previously demonstrated in cardiac myocytes.

Although previous studies have shown that, in cardiac myocytes, ischaemia/reperfusion- 

induced apoptosis requires phosphorylation at serine 727 of STAT-1 but not tyrosine 701, 

our study shows that, in the brain, STAT-1 is phosphorylated at tyr-701 and not at ser-727. 

One possible reason for this observation is that in the brain, activated JAKs may be 

important following MCAO, which are responsible for phosphorylation of STAT-1 at 

Tyrosine 701. It is also possible that we did not detect phosphorylation of STAT-1 at 

Serine 727 due to the time kinetics of phosphorylation or the removal of phosphorylated 

residues by phosphatases in the brain following MCAO. Although phosphorylation of 

STAT-1 at Ser 727 is required for maximal transcriptional activity, it has been shown 

recently that enhanced STAT-1-dependent transcription may take place independently of 

Ser 727 phosphorylation (Ramsauer et al., 2002).

Neuronal cell injury and death resulting from PCD make an important contribution to final 

outcome following ischaemia-reperfusion injury (Graham and Chen, 2001). The present 

study demonstrates that, in common with the ischaemic heart, STAT-1 may have an 

important role in the induction of cell death after ischaemia and ischaemia/reperfusion in 

the brain (Stephanou et al., 2000b). Further study is needed to fully understand the
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significance of STAT-1 in the PCD signalling pathway in brain. Understanding the 

molecular mechanisms by which apoptosis is initiated in the brain may lead to new 

therapeutic strategies for this clinical problem.

This study also demonstrates the potential in using MR imaging techniques to ‘target’ 

biochemical analysis to specific brain regions. By determining the location of each region 

of interest using MR perfusion and diffusion measurements, accurate analysis is possible 

for each animal studied, regardless of individual variations in lesion size and location.
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9.1 Chapter Overview

This chapter describes in-vivo NMR spectroscopy and imaging studies of the R6/2 

transgenic mouse model of Huntington’s disease, as described in chapter 5. The 

background to the work, along with the motivation behind and aims of the study are 

introduced in section 9.2. Section 9.3 describes the materials, methods and data analysis 

employed in the study. The results and discussion are presented in sections 9.4 and 9.5 

respectively. Section 9.6 contains the abstract from our group’s presentations at the 

British Chapter ISMRM meeting in Sheffield, UK in September 2002 and the ISMRM 

lU*’ Annual Meeting in Toronto, Canada in July 2003. This represents our current and 

continuing work using MR imaging and spectroscopy to investigate possible therapeutic 

targets in the R6/2 strain. The chapter concludes with an overview of findings from the 

studies and a discussion of the future work, in section 9.7.

9.2 Introduction

This chapter presents the results from our work to characterise the NMR visible markers 

of disease progression in Huntington’s disease. Appendix V contains preliminary data 

from a study where we are using this characterisation to assess a potential therapeutic 

strategy; dietary creatine supplementation, which it is hoped will ameliorate HD 

progression.

This chapter is based upon our publication in preparation (Page et al., 2003).

Previous MR studies of HD have shown reduced NAA in a number of brain areas 

including cortex in human HD (see chapter 4). These studies have also shown some 

evidence for increased levels of lactate in cortex, although other groups have not 

reproduced this finding. In vivo studies of human striatum have been hampered by the 

small volume and line-broadening effects caused by local magnetic field inhomogeneities. 

In vivo * H-MRS studies in the R6/2 mouse model have been published (Jenkins et al., 

2000), using a large bi-hemispheric volume encompassing both cortical, ventricle and 

subcortical structures with significant partial volume effects and low tissue specificity. 

Technical limitations dictated that the NMR acquisition parameters were sub-optimal -
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spectra were somewhat T] weighted and were not corrected for possible T% relaxation 

changes during disease progression. The study design did not control for diabetes or the 

resulting hyperglycaemia in affected animals, which has been shown in both human and 

animal studies to cause a decrease in NAA (Kreis and Ross, 1992; Luesse et al., 2001; 

Biessels et al., 2001). Despite these limitations a progressive reduction in NAA with age 

was seen, as well as an increase in choline-containing compounds. An increase in 

glutamate was also claimed based on an indirect observation.

The aim of this study was to characterise temporal changes in local cerebral metabolite 

concentrations, and metabolite and brain-water T]S in R6/2 mice using in vivo MR. 

Further aims were to develop robust markers of disease progression in this model of HD 

which may subsequently be applied to the assessment of putative therapeutic agents. We 

have improved upon the previously published work by using multiple, small *H PRESS 

voxels limited to striatum and cortex within the murine brain and high-resolution 

quantitative MR imaging.

In tandem with our study, histochemical and quantitative stereo logical analyses were 

carried out by collaborators at the School of Biosciences, University of Cardiff and Guys, 

Kings and St. Thomas Medical School, Kings College London. In the future it is intended 

that our MR data can be combined with this work to produce a comprehensive and 

definitive multi-modal characterisation of the pathophysiological and biophysical changes 

accompanying disease progression in the R6/2 model.
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9.3 Materials and Methods

Female R6/2 mice and iittermate controls were obtained by the technique of Margiarini 

(Mangiarini et ah, 1996). CAG repeat length was determined by polymerase chain 

reaction (PCR) analysis. Animals were examined in age-matched cohorts. All animals 

were kept in identical conditions with similar cage densities.

9.3.1 Anaesthesia and Phenotyping

Each animal underwent MR examination at least twice (maximum of four studies per 

animal), at no more than two-weekly intervals, between 4 and 14 weeks of age. Animals 

were anaesthetised and maintained using inhalation anaesthesia comprising halothane in a 

40/60 air/oxygen mix, delivered via a metered vaporiser. Typical maintenance dosage was 

0.8-1.0% halothane. Continuous physiological monitoring was maintained throughout the 

experiment and the halothane dosage adjusted accordingly to maintain a steady respiratory 

rate after induction. Monitoring included a rectal thermocouple for temperature and a 

chest coil for respiratory rate (Thornton et al., 2002). Typical maintenance anaesthesia 

was attained with 0.8-1.0% halothane. Body temperature was maintained using a 

temperature controlled MR compatible heating blanket. All animals were phenotyped 

using the clasp response, weighed and had tail vein blood samples taken under anaesthesia 

for blood assay (SoftClix, Bayer) at the end of MR examination and at the time of 

sacrifice.

9.3.2 Magnetic Resonance

All experiments were performed in a 7T Bruker Avance imaging spectrometer (Bruker, 

Germany) using a custom-built 12mm surface coil mounted in the crown position for RF 

excitation and reception. After positioning the mouse in the magnet bore and global 

shimming, a series of orthogonal scout images were obtained using a 2D-FT spin-echo 

technique. A pair of axial T2 weighted 2DFT images were acquired with TE=11.7/50.7ms 

and TR=2s (Figure 9-1). Three 0.75mm thick slices were acquired centred on the slice 

shown. Localised 'H MRS was performed using a PRESS sequence at TE values of 

135ms and 270ms and TR of 5s with CHESS water suppression. A uniform voxel of 

48.5pl (3.0 X 3.6 x 4.5 mm) was placed to encompass either the left or the right striatum.
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using MR visible landmarks within the mouse brain from the scout images (see 

Figure 9-1). Additionally, a smaller PRESS (TE=10ms/25ms; TR=5s; NA=128/256) voxel 

of between 1.4ul (1.0 x 1.0 x 1.4mm) and 4ul (2.0 x 2.0 x 1.0 mm) was placed to 

encompass cortex, using orthogonal scout images.

Figure 9-1 A) Axial T] weighted 2D-FT image showing striatal and cortical PRESS 
voxels. B) T] image (map) showing placement of ROEs for tissue water T] analysis.

Key: Am -  Amygdala; cc - Corpus callosum; CPu - Caudate/Putamen; d3V - dorsal 3rd 
ventricle; He -  Hippocampus; LV - Lateral ventricle; MC - Primary motor cortex;
SSC - Somatosensory cortex; VPM - Ventral posteromedial thalamic nuclei.
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9.3.3 Data Analysis

Animals were grouped according to evidence of frank hyperglycaemia, based on blood 

glucose measurements made at the end of each MR examination (fasting) and at the final 

time-point (non-fasting). For those animals with evidence of frank hyperglycaemia at any 

time point, data for all time points were analysed separately.

For ^H-MRS data, additional quality control criteria were applied. The remaining spectra 

were analysed using LCModel software. The resulting fits were analysed by a blinded 

observer for acceptability before being included in the data set. Analysis of the blood 

glucose measurements was carried out as a separate measure.

Metabolite values obtained were analysed using SigmaStat software (SPSS Inc, Chicago). 

Values were expressed as a ratio to total creatine and compared between the non-diabetic 

R6/2 population and controls. Two-sample unpaired t-tests assuming non-equal variance, 

as well as linear regression analysis was performed. Metabolite T2 values were calculated 

based on the absolute metabolite values calculated by the LC Model software, correcting 

for the T2 weighting of the basis set (prior knowledge).

Quantitative T2 image maps were calculated from the differentially T2 weighted 2D-FT 

images on a pixel-by-pixel basis using a two-point mono-exponential regression. Regions 

of interest (ROI’s) were drawn on the T2 maps in left and right striatum (caudate/putamen) 

and cortices (primary motor cortex) (Figure 9-1). Ipsilateral ROFs were entirely within 

the brain volumes used for ^H-MRS. This was repeated for each of the three axial slices 

acquired during each MR session. Mean striatal and cortical tissue-water T2 values were 

calculated from these data.

Statistical analysis was performed using SigmaStat software (SPSS Inc, Chicago, USA). 

Group-averaged means were compared using one-way ANOVA and two-sample unpaired 

t-tests (assuming non-equal variance) where appropriate. Data correlation was assessed 

using linear correlation and Pearson product moment.
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9.3.4 Ethics

All procedures undertaken received ethical approval from the Ethics committees at both 

University College London and Guy’s Hospital Medical School and performed in 

accordance with UK Home Office regulations.

9.4 Results

9.4.1 Glycaemic Control

22 R6/2 and 18 Iittermate controls were studied between 4 and 14 weeks of age. Of these 

6 animals (5 R6/2 and 1 Iittermate controls) were excluded from principal analysis due to 

frank hyperglycaemia. The blood glucose data are shown on the following page 

(Figures 9-2 & 9-3). There was no significant difference in mean blood glucose 

concentration between the R6/2 and control groups after the hyperglycaemic animals were 

excluded (Figure 9-2). Analysis of metabolite ratios (Figure 9-3) in the control group 

shows no significant correlation with blood glucose concentration up to 14mmol/l.
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population (TE=135ms; striatum).
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9.4.2 Magnetic Resonance Imaging

Cumulative means for brain-water T2 values in the ROI’s described were calculated and 

compared. Mean brain-water T2 was reduced by a similar amount in both cortex and 

striatum in the transgenic group compared to controls and this was significant for animals 

over 10 weeks of age. The decrease in T2 correlated significantly with increasing age in 

both regions (Table 9-1).

Striatum T2 Cortical T2

<10 weeks >10 weeks <10 weeks >10 weeks

Control 36.9 (± 2.8) 36.8 (±2.1)"' 40.3 (± 2.8) 40.6 (± 2.8)"'

R6/2 37.0 (± 2.6) 35.3 (± 2.6)* 39.7 (± 2.6) 37.2 (±2.0)**

Table 9-1 Mean (±sd) brain-water T2 calculated using all measurements on the control 
group and in R6/2 mice according to age. ** p < 0.005; * p<0.05; ns not significant - 
ANOVA >10 weeks vs. <10 weeks of age for control and R6/2 mice.

9.4.3 H-MRS - Striatum

In the R6/2 group mean NAA/Cr was markedly reduced (30.3%; p<0.0001) compared to 

controls, whilst mean choline (Cho)/Cr was elevated (18.1%; p<0.005) at TE=135ms and 

showed similar changes at TE=270ms (Table 9-2). Decreased NAA/Cr correlated 

significantly with age in the R6/2 group (Figure 9-4 & Table 9-3). There was no evidence 

of any significant difference in glutamate and glutamine between control and R6/2 groups. 

Similarly there were no detectable differences in lactate between the two groups.
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TE=135ms
Control
(n=32)

R6/2
(n=32) %change

NAA/Cr 1.24 (0.20) 0.87 (0.27) -30.3%**
Cho/Cr 0.31 (0.05) 0.36 (0.08) +18.1%*

TE=270ms
Control
(n=32)

R6/2
(n=36) %change

NAA/Cr 1.80 (0.33) 1.26 (0.42) -29.8%**
Cho/Cr 0.50 (0.03) 0.60 (0.16) +18.9%*

Table 9-2 Group averaged mean (s.d.) metabolite ratios for all 
measurement time points (criteria matched) for all animals in each 
group. (** p<0.0001; * p<0.005 t-test vs. controls).

Control Mice Coefficient P value R2 Value
‘NAA/Cr’ not correlated with ‘Age’ -0.000676 (week ') 0.946 R‘' = 0.000167
y-intercept (age=0) 1.243 <0.001*
‘Cho/Cr’ not correlated with ‘Age’ -0.00337 (week'') 0.162 = 0.0688
y-intercept (age=0) 0.350 <0.001*

Transgenic mice Coefficient P value R2 Value
‘NAA/Cr’ well correlated with ‘Age’ -0.0613 (week'^) <0.001* R-'= 0.565
y-intercept (age=0) 1.423 <0.001*
‘Cho/Cr’ well correlated with ‘Age +0.0228 (week'^) <0.001* R-' = 0.644
y-intercept (age=0) 0.148 <0.001*

Table 9-3 Linear regression analysis performed on the individual metabolite ratio values 
for 135ms spectra. * indicates statistically significant regression coefficient values.
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Dashed lines are trend-lines from linear regression analysis (Table 9-3).



9.4.4 H-MRS -  Cortex

The patterns of metabolite ratios seen in the smaller cortical voxels (volumes between 1.4 

to 4 pi) were similar to that seen in the striatum. The smaller size was achievable due to a 

greater tissue and magnetic field homogeneity within the voxel and its closer proximity to 

the surface coil, balancing the SNR losses due to the reduction in volume. However, it 

was not possible to collect such spectra during each study due to experimental time 

constraints and technical factors. Consequently the data set for this group is reduced. 

Nevertheless, there was a significant decrease in NAA/Cr and increase in Cho/Cr in the 

R6/2 cortex compared to controls (Figure 9-5), mirroring striatal changes. There was a 

tendency towards an increase in both glutamate and glutamine, although this was only 

significant for glutamine (p<0.05).
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Figure 9-5 Mean metabolite ratios (/Cr) for cortical voxel with 95% confidence 
intervals.
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9.5 Discussion

Previous studies in diabetes mellitus in man have shown that chronic hyperglycaemia can 

cause a reduction in NAA (Kreis and Ross, 1992). Work on animal models of acute 

hyperglycaemia has also demonstrated a reduction in NAA (Biessels et ah, 2001). In this 

study care was taken to assess the contribution of hyperglycaemia to the metabolite 

changes seen. Assessment of the NAA and Cho resonances as a function of blood glucose 

concentration revealed no change in either NAA/Cr or Cho/Cr with blood glucose 

concentrations up to 14.1 mmol/l in the control group over a range of ages (4 to 18 

weeks). A cut-off of 13mmol/l was chosen on the basis of mean glucose concentrations 

and confidence intervals. Using this threshold, 5 R6/2 and 1 control animals were 

excluded. There was no statistical difference in mean glucose concentrations between the 

control & R6/2 groups included in the analysis. The mean blood glucose of those R6/2 

animals excluded by this is significantly different from both controls and R6/2 animals not 

overtly diabetic.

The incidence of overt hyperglycaemia in the population studied has previously been 

assessed as being 20 to 25% (Luesse et al., 2001). Previously published studies using 

animals from different colonies, notably in the United States have found a much higher 

incidence of overt hyperglycaemia. This includes published work on brain ^H-MRS in 

this strain (Jenkins et al., 2000). Animals in these studies that showed evidence of overt 

diabetes however were not excluded from analysis, as all were described as being “glucose 

intolerant”. Analysis of our data shows that the incidence of overt hyperglycaemia (taken 

as blood glucose >13 mmol/l) is around 20% in the population in this study. Once animals 

with overt hyperglycaemia were excluded, there was no significant difference in blood 

glucose concentrations between the included transgenic and control groups. A likely 

explanation for raised blood glucose levels in the current study is that some animals 

display a stress response to venesection, performed during recovery from anaesthesia. 

This may account for the higher than expected concentrations seen in both control and 

transgenic groups.

Brain water Ti values were significantly shorter in the R6/2 group for both striatum and 

cortex. This shortening may represent a dehydration effect in the transgenic animals.
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changes in both the cortex and basal ganglia reflecting the more generalized nature of the 

pathology in this strain.

The decrease in NAA/Cr parallels the progression of the phenotype as assessed by 

standard measures, and presumably mirrors the underlying neuronal dysfunction. 

Neuronal loss is not an early feature in the R6/2 strain (Jenkins et ah, 2000). Hence the 

reduced NAA/Cr may reflect a reduction in neuronal cell volume or impairment of 

neuronal health. This decrease follows the development of aggregates in this model and 

could be due to neuronal cellular volume changes, metabolic impairment of neuronal 

function or a combination of these factors. The Cho/Cr increase also seems to follow the 

development of aggregate pathology, and in the absence of glial proliferation, or changes 

in cell populations, probably represents microglial activation. The absence of any 

significant difference in lactate, or in glutamate and glutamine (in striatum at least) would 

not support an excitotoxic origin for the neurological phenotype.

Our observations support the use of NAA as a surrogate marker for disease progression in 

the R6/2 strain and may facilitate future trials of putative therapeutic agents. We are not 

aware of any previous publication of brain-water T2 values for this model, which 

exemplifies the value of multiple parameters in characterization of MR detectable 

pathology.
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9.6 Current and Continuing Work: Dietary Creatine Supplementation in a Mouse

Model of Huntington’s Disease

This section contains the abstract from our group’s presentations at the British Chapter 

ISMRM meeting in Sheffield, UK in September 2002 and the ISMRM ll/^ Annual 

Meeting in Toronto, Canada in July 2003. This represents our current and continuing 

work using MR imaging and spectroscopy to investigate possible therapeutic targets in the 

R6/2 strain. A reference list for this section alone can be found at the end of the section.

The rationale for supplementation of the diet with creatine, which is a substrate for 

creatine kinase, is that it may increase intracellular phosphocreatine levels promoting ATP 

generation. This may provide some degree of buffering of cellular energy levels and 

ameliorate the neurodegenerative process in HD.

Previous studies in transgenic mice have shown that creatine supplementation leads to 

improvements in motor performance, body weight loss and the neuropathological sequelae 

of gross brain and neuronal atrophy. Furthermore, the appearance of huntingtin 

aggregates has been shown to be delayed in creatine-treated mice from the N171-82Q line. 

These benefits were shown when mice were treated from 3-4 weeks of age (Ferrante et al., 

2000; Andreassen et al., 2001) and also later at 6-8 weeks when symptoms typically begin 

to appear (Dedeoglu et al., 2003). The MR methodology used in all of these studies was 

subject to the same limitations as previous reports from the laboratory, including large 

non-specific PRESS voxels, Ti-weighted spectra and lack of T2 correction. Additionally, 

diabetic status in the mice was not controlled for. The studies failed to show convincing 

differences in NAA levels between the treatment groups, although there was a suggestion 

(comparison of median NAA/Cho ratios) that creatine supplementation ameliorated the 

decrease in NAA.

We have begun the study of creatine supplementation using a robust MR protocol in order 

to accurately assess the effect of dietary creatine treatment on MR-visible parameters of 

disease progression as previously characterised.
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Dietary Creatine Supplementation in a Mouse model of Huntington*s Disease

*Page RA, ^Bainbridge A, ^West DA, ^Cady EB, ^Thornton JS, ^Priest AN, ^Bates GP,

^Woodman B, ^Ordidge RJ, ^Davie CA.

^Clinical Neurosciences, Royal Free Hospital, London, ^Medical Physics & 

Bioengineering, University College London, ^Medical and Molecular genetics, Guy’s

Hospital, London.

Introduction: Huntington’s disease (HD) is a progressive inherited neurodegenerative 

disorder that is invariably fatal. To date, no therapeutic agent has been shown to modify 

the disease process in man. The R6/2 mouse is transgenic for the causative gene (IT 15) in 

HD. It displays a progressive neurological phenotype form around 5 weeks that is lethal 

by 14 to 16 weeks. Previously published studies have suggested that impaired energy 

metabolism may contribute to neuronal death in HD and that 2% dietary creatine (Cr) 

supplementation may slow the progression of this disease in the R62 strain by buffering 

intracellular energy reserves^^l Human trials of Cr supplementation in HD have been 

commenced on the basis of this.

Purpose: Assess the effect of creatine supplementation study using N-acetylaspartate 

(NAA) and Choline (Cho) concentrations and brain water T2 measurements as markers of 

disease progression.

Methods: R6/2 (n=8) mice were studied at around 6 and 12 weeks. Half the animals were 

treated with 2% dietary creatine supplementation from 5 weeks of age; the remainder had 

a normal diet. Animals with evidence of frank hyperglycaemia were excluded (n=l)^^ .̂ 

Halothane anaesthesia was used with continuous monitoring of physiological 

p a r a m e t e r s S t u d i e s  were performed in a 7T Bruker spectrometer using a 12mm 

transmit/receive surface coil with the brain at the coil centre. Axial T2-weighted images 

were obtained (TE=11.7 & 50.7ms, TR=2s) and multiple regions of interest selected using 

a semi-automated technique. IH PRESSS spectra were obtained from striatum using an 

8pi voxel with the following details: 256 summed transients TR=5s and TE=25, 135 and 

270ms. Spectra were analysed using LCModel^^ .̂ Metabolite concentrations were T2 

corrected and quantified using an external concentration reference '̂^ .̂
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Results: Analysis of the Ti imaging shows no difference in brain water T2 ’s for either 

sub-cortical (39.9 ± 1.1ms treated; 40.0 ± 1.1ms untreated) or cortical regions (41.4 ± 

0.75ms treated; 41.4 ± 1.5ms untreated) of interest (Figure 9-6). The values for both 

groups obtained are consistent with previously reported data^^l The preliminary results 

from the spectroscopy (Table 9-4) show an increase in brain [Cr] for the Cr treated group 

compared to the untreated controls. The decrease in [NAA] and increase in [Cho] are 

similar for both the treated and untreated groups. The age-dependent changes in [NAA] 

and [Cho] for both treated and untreated transgenic groups are consistent with those for 

previously published metabolite ratios (/Cr) in untreated transgenic R6/2 animals^^l

[Cr]

mmol/l

[NAA]

mmol/l

[Cho]

mmol/l

T reated 1.92 ± 1.04 ± 1.21 ±

OJO 1.45 &28

Untreated 0.44 ± 1.39± 0.73 ±

0.76 1.03 &23

Table 9-4 Group averaged means for

a)

I Cr Untreated (n=l5) 
I Cr Treated (n=7)

Im
Striatum  Cortex

change (+ s.d.) in metabolite concentration 
between 6 and 12 weeks for Cr treated and 
untreated R6/2 animals.

Figure 9-6
a) tissue water T% values in treated and 
untreated animals for striatal and 
cortical ROIs
b) anatomical location of ROIs

Discussion: We have previously demonstrated that brain water T] is shortened and

metabolite ratio data from striatum shows a progressive decrease in NAA/Cr with an 

increase in Cho/Cr in the R6/2 transgenic mice in comparison to Iittermate controls^^l 

Previously published work has shown that brain [Cr] does not change over time in 

untreated R6/2 animals^^l This has led to the adoption of these parameters as robust 

surrogate markers for disease progression. The introduction of putative therapeutic agents, 

such as Cr, may lead to unpredictable alteration in MR visible metabolites. This makes 

absolute quantification particularly desirable.
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The brain water T2 data shows no difference between treated and untreated groups. 

spectroscopy suggests that dietary creatine supplementation substantially increases brain 

[Cr] compared to untreated mice. Our preliminary results also show that changes in 

[NAA] and [Cho] are similar to that suggested by metabolite ratios. However, no 

differences between the treated and untreated groups are seen. These findings suggest that 

dietary Cr does not have a significant effect on brain tissue hydration status. The increase 

in the brain Cr pool does not seem to have any effect on disease progression as measured 

by surrogate markers. Although these results are preliminary, they would not support the 

use of Cr in human trials for HD, particularly as this agent can have adverse effects when 

used in high doses in man. The acquisition of more data will allow a more detailed 

statistical analysis.

R eferences:

1: Ferrante RJ, et a l, J. Neurosci., 2000; 20(12); 4389-97. 2; Thornton JS, et a l .  Proceedings o f 10* Annual 

Meeting ISMRM; 2002: abstract 1220. 3: Provencher S, Magn. Res. Med. 1993; 30: 672-9. 4: Danielsen 

ER, Henriksen O, NMR in Biomed. 1994; 7:311-8. 5: Page RA, et a l .  Proceedings o f 10* Annual Meeting 

ISMRM; 2002: abstract 960. 6. Jenkins BG, et a l, J. Neurochem. 2000; 74(5): 2108-19.
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9.7 Conclusions

In our preliminary work to characterise the MR visible markers of disease progression in 

the R6/2 strain, we have demonstrated that there is a significant age-related decrease in 

NAA/Cr that parallels the progression of the neurological phenotype. This is most likely 

to be indicative of sub-lethal neuronal dysfunction related to the presence of aggregate 

pathology and has no relationship to the hyperglycaemia seen in some animals from this 

strain. The significant increase in Cho/Cr with age also parallels the phenotype and may 

reflect microglial activation. There was no evidence to support oxidative stress as a 

mechanism for the decrease in NAA/Cr. The T]-weighted imaging data suggests that 

there is a reduction in free water in both cortex and striatum. Histology gives no evidence 

for ventricular enlargement and supports the conclusion that a global dehydration effect 

underlies the reduction in overall brain weight that is seen in this model.

These findings provide a more comprehensive basis for further studies of this model than 

has been previously documented. The use of multiple parameters in conjunction with 

histology, has elucidated further aspects of the phenotype in this model. In particular, this 

study facilitates the assessment of putative therapeutic agents that have been suggested as 

being of potential benefit in HD.

Preliminary data from a study where we are using this characterisation to assess the 

therapeutic effect of dietary creatine supplementation in HD has been presented. This 

work is timely as human studies of the supplement have begun in earnest. Reported 

toxicity and adverse effects in human patients heighten the need to characterise the effect 

of the treatment in controlled studies in animal models. Although still at a relatively early 

stage, the data presented here suggest that dietary creatine supplementation does not affect 

a change in disease progression as measured by NMR imaging and spectroscopy. Our 

studies show that creatine is indeed absorbed and present in higher concentrations in the 

brains of treated animals compared to control R6/2 mice, which is a useful finding. This 

study is ongoing and it is hoped that in the future it will be possible to present a more 

conclusive assessment of the role of dietary creatine supplementation in HD.
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10. Final Summary and Conclusions

10.1 Animal Models

The use of animals in scientific work is a prominent issue which continues to draw fierce 

debate from the opposing scientific and animal-rights communities. Increasingly 

however, there is a sense of unanimity emerging from government, scientific and media 

spokespeople regarding the undeniable necessity for the use of animal models in 

exploratory scientific investigation. Whereas the field was previously scarred with the 

image of multinational corporations utilising large numbers of animals for profit driven 

cosmetics development, there is now growing understanding of the more altruistic type of 

experimentation needed for medical science and pharmaceutical research.

The development and use of reliable animal models is essential for continued research 

efforts to understand, diagnose and develop therapies for important diseases such as stroke 

and Huntington’s disease. In Chapter 5 a number of the existing animal models of these 

conditions were presented. The existing models of cerebral ischaemia broadly fall into 

categories such as surgical and non-surgical, permanent and reversible, and global or focal 

in terms of the ischaemic lesion. These different types of model can be seen to be suited 

for particular types of investigation. Clearly for some experiments, the nature of the lesion 

produced, its reproducibility and size are critical for the assessment of disease modifying 

interventions or therapeutics.

The development and characterisation of a new focal stroke model was described in 

Chapters 6 and 7. Our NMR characterisation of a recently developed transgenic mouse 

model of HD, the R6/2 strain, was presented in Chapter 9.

Both of these animal models facilitate a complete implementation of magnetic resonance 

imaging and spectroscopy techniques in the investigation of the respective 

neuropathologies. MR has the ability to permit the multiparametric, non-invasive 

measurement of intrinsic and physiological properties with good time resolution.
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throughout progression of the conditions under study. The new models are suited to MR 

studies as disease progression/induction are compatible with longitudinal sampling of MR 

parameters during all the key stages of disease progression. Our work to develop and 

characterise these models is justified in its own right, as this information can be used by 

other researchers in the future. We have also been able to proceed with studies which 

exploit the unique features of the models to allow novel and interesting studies, including 

investigation of a potential treatment in HD and reperfusion types and cell signalling 

following tissue injury in cerebral ischaemia.

10.2 Cerebral Ischaemia

In Chapters 6 and 7 a new method for the remote controlled induction and reperfusion of 

focal cerebral ischaemia in rats has been developed, described and characterised. The 

model is ideally suited to NMR studies of stroke as it allows the observation of all time- 

points in the sub-acute occlusion and reperfusion periods, the time resolution of such 

measurements being limited only by the NMR acquisition times. The model has 

additional advantages over existing methods in that the lesion produced is highly 

reproducible and reliable.

Vascular occlusion was shown to bring about the rapid onset of diffusion changes, 

consistent with cytotoxic oedema formation due to bioenergetic failure in the ischaemic 

tissue. Three characteristic tissue areas were seen to arise reproducibly. The ‘lesion core’ 

area exhibited a sustained ADC reduction and gradual T2 increase during ischemia, 

followed by restoration of ADC to around baseline levels following reperfusion. The 

‘lesion periphery’ area showed smaller and transient changes in ADC during occlusion, in 

the absence of changes in T2 which can be attributed to oedema formation. Sub-cortical 

grey matter and contralateral areas showed no evidence of impaired cellular energy 

metabolism or oedema formation as indicated by ADC and T2 measurements respectively. 

A fourth ‘non-resolving lesion core’ region was seen in a subset of animals. This 

consisted of an area of tissue within the lesion core which did not recover to normal ADC 

levels following vascular de-occlusion. It was postulated that these changes may be 

related to a failure of perfusion at the capillary-bed level, an effect which may be related 

to the so called ‘no-reflow phenomenon’.
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As ischaemia is induced in a homogenous tissue type - cerebral cortex, the correlation of 

different NMR parameters is not complicated by differences in susceptibility to ischaemic 

damage, as seen in other models which affect both cortex and sub-cortical grey matter 

(basal ganglia).

The model uniquely allows the independent control of three vessels by remote control. 

This flexibility was harnessed in a study of full and partial reperfusion protocols. 

Longitudinal, multiparametric quantitative MRI data were obtained with high time 

resolution in order to characterise changes during ischaemia and reperfusion. A number of 

interesting and previously undocumented patterns were observed in the early reperfiision 

period which elucidated biophysical differences between full and partial reperfusion 

groups.

In Chapter 8 a study to characterise the activation of cell signalling molecules thought to 

be implicated in programmed cell death was presented. Cardiac studies have highlighted 

the ‘signal transducer and activator of transcription’ (STAT) family of proteins as having 

key significance in programmed cell death and tissue injury following myocardial 

infarction. Furthermore, there is interest in developing agents to counteract the activity of 

STATs, with a view to limiting the extent of tissue damage following an ischaemic 

episode.

In our study we used in vivo quantitative MRI measurements of cerebral perfusion and 

bioenergetic status to target analysis of regional STAT-1 activity. Regions of interest 

included the lesion core, periphery and sub-cortical grey matter areas which have been 

shown to be reliable and reproducible in our rat MCAO model.

The study demonstrated that STAT-1 is strongly activated in lesion core after ischaemia 

and reperfusion, but a reduced level of activation was observed after ischaemia alone. 

This suggests that the reperfusion phase is important for the phosphorylation and 

activation of STAT-1 and indicates that the activation process has a requirement for 

cellular energy substrate.
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The data also showed that STAT-1 is phosphorylated in the lesion periphery, an area with 

reduced CBF but without signs of frank cellular energy failure. This finding suggests that, 

even without immediate and irreversible cell death due to the ischaemic insult, there may 

be some cells that enter the programmed cell death process and could potentially be 

salvaged during the reperfusion period. This may be linked to the phenomenon of 

‘secondary energy failure’ which is observed in extended studies of transient cerebral 

hypoxia-ischaemia. It is thought that processes set in motion during the initial ischaemic 

episode result in the cell death 12-24 hours following the initial insult.

No significant STAT-1 activation was detected in sub-cortical grey matter, an area which 

in this animal model shows no ADC changes and relatively mild CBF reduction. This 

further strengthens the proposed association between haemodynamic disturbance, STAT-1 

activation levels and the degree of cellular injury.

The finding that STAT-1 activation may be implicated in tissue injury following cerebral 

ischaemia is exciting because it may be a pointer towards a potential therapeutic target in 

the future. Further work is needed to investigate the specific factors which lead to the 

activation of this class of cell signalling molecules and to what extent they are implicated 

in programmed cell death in brain tissue. Study of ‘hard outcome’ measures such as 

histology are needed to further clarify the true extend of involvement of STAT-1 in brain 

injury.

10.3 Huntington’s Disease

We have applied high quality, quantitative magnetic resonance spectroscopy and imaging 

to the R6/2 transgenic mouse model of Huntington’s Disease. Our data show that there is 

a significant age-related decrease in NAA/Cr that parallels the progression of the 

neurological phenotype. As neuronal loss is not an early feature in the R6/2 model, 

changes in NAA/Cr are most likely to be indicative of sub-lethal neuronal dysfunction, 

possibly related to the presence of huntingtin aggregate pathology. A significant increase 

in Cho/Cr with age was also shown to parallel the neurological phenotype and may reflect 

microglial activation. There was no evidence to support oxidative stress as a mechanism
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for the decrease in NAA/Cr. Quantitative T2 imaging data which showed a progressive 

reduction in tissue water T2 with age suggest that there is a reduction in free water in both 

cortex and striatum as disease progresses.

In our study particular attention was paid to glycaemic status in both control and R6/2 

mice, as diabetes is commonly seen in animals from the transgenic strain and may 

contribute to changes in brain metabolite levels. Blood glucose measurements were made 

at multiple time-points in all animals, in order to quantify and control for diabetic status. 

Our data show that the incidence of overt hyperglycaemia was around 20%, which is in 

agreement with previous reports in the literature. Once animals with overt 

hyperglycaemia were excluded, there was no significant difference in blood glucose 

concentrations between the included R6/2 and control groups. Diabetic animals were 

excluded from all MR spectroscopy and imaging data analyses.

This study has increased our understanding of changes in metabolite levels and proton 

transverse relaxation during disease progression, and provides a good platform for the 

evaluation of therapeutic strategies and interventions. We have begun to apply the 

characterisation of MR changes in transgenic mice to the potential treatment of dietary 

creatine supplementation. This is an important step as the treatment has significant 

toxicity and adverse effects, and as such must be shown to affect a real improvement in 

disease progression to justify its use. There is an acute need for these data as some centres 

have already commenced clinical application of the treatment in humans, pre-empting 

validation in animal studies -  such is the lack of effective treatment strategies for HD 

patients. Our data would suggest that creatine supplementation does result in increased 

creatine levels in the brain but does not slow or modify changes in MR parameters. We 

hope that in due course it will be possible to comment more conclusively on the role of 

creatine supplementation in Huntington’s Disease.
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10.4 Future Work

10.4.1 Cerebral Ischaemia Model

A number of improvements could be made to the experimental setup in order to improve 

the power of investigations using the new model.

The studies presented in this thesis have shown that high quality, quantitative, 

multiparametric MRI data can be obtained with high time resolution in acute studies. 

Further refinement of the new focal cerebral ischaemia model is needed in order to allow 

the study of late time-points and ‘hard outcome’ measures. The correlation of acute 

changes with imaging and histology data acquired at 24-72 hours post-ischaemia would 

greatly improve our understanding of the pathophysiology of cerebral ischaemia.

The work necessary to realise these objectives includes:

■ minimising the extent of the surgical procedure so as to permit recovery of the

animals from anaesthesia in a humane and physiological manner;

■ developing techniques for reliable and safe physiological monitoring, fluid 

replacement and feeding in future long-term recovery experiments;

■ further optimisation of the MRI system to reduce the study time and increase 

temporal resolution.

In addition to reducing scan time, improvements in the MRI system would facilitate 

higher quality and more thorough investigation, such as:

■ multi-slice quantitative MRI (diffusion, perfusion and relaxometry) to give whole-

brain coverage rather than single slice;

■ increased signal to noise data acquisition to reduce measurement noise and 

improve sensitivity to small changes in measured parameters.
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10.4.2 Full and Partial Reperfusion Studies

Our study shows that there are significant differences in CBF and NMR relaxation 

between animals subjected to full reperfiision and those with partial or graded reperfusion. 

In order to further understand the biophysical and physiological significance of these 

differences it is necessary to study late time-points and hard outcome measures. This is 

reliant upon changes in the animal model as discussed earlier.

The further investigation of this subject is important because reperfusion is increasingly a 

feature of acute stroke management in human patients. Long-standing controversies such 

as reperfusion injury and the no-reflow phenomenon will no doubt press further into the 

clinical arena as thrombolytic therapy becomes more mainstream. Future clinical trials of 

these agents will yield an array of outcome trends which will need to be fully explained 

using data from previous animal work. For these reasons it is important and timely that 

studies such as those presented in this thesis are pursued.

10.4.3 Regional STAT-1 Activation

The key to successful therapeutic intervention in disease processes starts with 

identification of the principal pathophysiological factors. Further work is needed to fully 

understand the specific factors which lead to the activation of ST AT cell signalling 

molecules and to what extent they are implicated in programmed cell death in brain tissue. 

Study of hard outcome measures such as imaging and histology at late time-points are 

needed to further clarify the true extent of STAT-1 involvement. The study of ‘knock-out’ 

STAT-1-deficient animals would also further improve our understanding of the role of 

STAT-1 in brain injury.

The therapeutic manipulation of STAT-1 activity may be shown to be of value in the 

amelioration of stroke injury in the future. The assessment of this is, in the first instance, 

reliant upon the study of late outcome measures in animal experiments. Our studies have 

shown that meaningful data can be obtained from a small number of experiments when a 

reproducible animal model is used. The new animal model of cerebral ischemia described
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in this thesis provides a good platform in this respect and may be of value in future 

investigations.

10.4.4 Huntington’s Disease

Through a collaboration with the School of Biosciences at the University of Cardiff and 

the Department of Medical & Molecular Genetics at Guys, Kings and St. Thomas Medical 

School, Kings College London, we will soon be able to add to the NMR characterisation 

thorough longitudinal histochemical and quantitative stereological analyses of R6/2 mice. 

We hope that these data will enable us to construct a broader synthesis as to the underlying 

pathophysiological and biophysical changes accompanying disease progression in the 

R6/2 model.

Work is ongoing in the study of dietary creatine supplementation in HD. This study 

focuses upon assessment of creatine delivery to brain tissue and whether the previously 

characterised markers of disease progression are affected.

In order to facilitate this and future studies, further improvements in the NMR setup are to 

be implemented. These include:

■ the implementation of fast, high resolution/high contrast imaging to allow study of 

anatomical changes;

■ the absolute quantification of MRS data to remove the need to report metabolite 

concentrations relative to other metabolites;

■ the implementation of voxel selective in vivo MRS which it is hoped will 

provide insights into cellular energetic processes thought to be involved in the 

pathophysiology of HD;

■ the design of a new mouse pod which will permit repositioning of the mouse 

without the need to remove the pod from the magnet bore, thus reducing study 

time;

■ other measures to reduce scan and study time, such as RF coil improvements and 

pulse sequence optimisation.
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Appendix I - The Fick Relationship

The Fick equation expresses the important relationship of tissue oxygen uptake (VO2) to 

cardiac output (QT) and the arterial venous oxygen content difference (CaOz - CvOi):

FOj = Q T x  (CaO^ -  CvO^ ) Equation A-1

where Ca0 2  is the arterial oxygen content, and CVO2 is the mixed venous oxygen content. 

This equation can be conceptually derived by thinking about oxygen delivery as follows: 

the amount of oxygen delivered to the tissues per minute equals the cardiac output (QT) 

times the arterial oxygen content (Ca02). The total amount of venous oxygen delivered to 

the right side of the heart is the cardiac output times the venous oxygen content, or QT x 

CVO2 . The total venous oxygen delivery must also equal the arterial oxygen delivery 

minus the amount of oxygen extracted by the tissues (VO2).

Hence,

{QT X  CvC>2 ) = {QTx CaO^)-VO^ Equation A-2

Rearranging,

yO^ = { Q T x CaO^ ) - ( Q T x C vO^)

VO^=QTx {CaO^ -  CvO^ )

Equation A-3 

Equation A-4
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Appendix II -  New Focal Ischaemia Model — 

Compatibility with NMR Imaging Studies

A.2 Introduction

The need for extensive surgery and the use of a metal implant, namely the MCA hook, 

raises NMR-compatibility concerns, particularly when considering the applicability of the 

model to studies at high magnetic field strengths (>2.35T) and the use of EPI image 

acquisitions. These issues and a scheme for improved shimming of the rat head are 

discussed here.

A 3 RF Heating & Image Artifacts Associated With The MCA Hook

It was found during development that the hook itself does not give rise to any adverse 

effects on MR images or cause RF heating effects. The latter can be verified after each 

experiment when the rat is removed from the magnet and the surgical field can be visually 

inspected. Significant local heating of the hook would be very obvious as damage and/or 

coagulation of the MCA and surrounding brain tissue would result. On no occasion have 

we observed any such effect. Our NMR studies include AST perfusion measurements 

employing 3 second continuous RF excitation and sequences which use adiabatic 

inversion/refocusing RF pulses. These high RF deposition schemes should maximise the 

potential for RF heating of any susceptible implant. We conclude therefore that RF 

heating affects are not associated with the MCA hook.

Rather more surprisingly, we found that the hook is not responsible for any EPI image 

artifacts by scanning the rat with and without the hook in position. The images exhibited 

the same artifacts in both cases, attributable to anatomical air spaces and the removal of 

facial tissue during surgery. Figure A-1 illustrates how these voids/air spaces impact on 

EPI images. Proton-density weighted 2D-FT Spin echo images and EPI images were 

acquired from 7 thin slices. The void created by the removal of tissue and bone from the 

skull can be seen (arrows A), as can the characteristic artifact due to the air spaces of the 

tympanic bullae (inner ear) (arrows B).
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Arrows indicate:
A) surgical void artifact,
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A 4 Optimal Active Shimming For Single Slice EPI Acquisitions

We recognised that the animals being studied had significant sources of magnetic- 

susceptibility gradients close to the brain, due to both the surgery and the rat’s intrinsic 

anatomy. We initially used a global pulse-acquire shimming method which allows the 

minimisation of the NMR line-width for all tissue within the receive RF coil’s volume of 

sensitivity. When presented with multiple severe magnetic susceptibility gradient sources 

and Bo inhomogeneities in one object however, global shimming is far from ideal. We 

improved upon this by utilising a slice-selective shim approach which acquires an FID 

from an axial slab. The hope was that by concentrating on the slice of interest, our 

optimised shim would correct Bq inhomogeneities affecting this slice more efficiently. It 

should be noted that this approach would not be appropriate for multi-slice acquisitions 

where a more uniform shim over the whole brain is desirable.

We studied this issue using the MASAGE-IEPI sequence (see Chapter 2) which is a 

standard part of our NMR acquisition protocol. This sequence comprises a double-spin 

echo with 4 gradient echo acquisitions between the two spin echoes, with effective 

gradient echo times of 20.4ms and 40.8ms after the first spin-echo and before the second 

(2 equivalently T2’ weighted pairs).

The effect of slice-shimming is shown in Figure A-2. The top panel of images (A) was 

acquired after a global shim, the bottom panel (B) after a 3 mm slice selective shim (the 

imaging slice thickness is 1.75mm). In both cases the long and short TE spin-echo images 

have good image uniformity and the signal void due to the surgery can be seen on the left 

side. Increasing image drop out can be seen in the global-shim images with increasing 

gradient echo-time (increasing T2’ weighting). Even at the shortest gradient echo time 

there is significant loss of signal coherence in the left side of the brain, indicating poor Bo 

homogeneity. Much of this area is completely missing or of very low SNR in the 40.8ms 

images. Slice shimming dramatically improves the situation (panel B), where the image 

drop-out on the left side is corrected with only slight degradation on the right side. This is 

to be expected as it is difficult to correct severe B q inhomogeneity on one side of the 

sample without degrading that on the other side to some extent.
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SE 24ms * GE 40.8ms

SE 129.9ms * GE-20.4ms
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SE 24ms * GE 20.4ms

SE 129.9ms * GE-40.8ms

SE 129.9ms

SE 24ms * GE 20.4ms

SE 129.9ms * GE-40.8ms

SE 129.9ms * GE-20.4ms SE 129.9ms

Figure A-2 MASAGE-IEPI EPI images (4-pass segmented EPI acquisition) with 
global SHIM (A) and 3mm slice selective SHIM (B). Echo times are given where 
SE=spin echo, GE=gradient echo at times after the first SE or before the second.
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A.5 Conclusions

No problems have been observed which suggest RF heating effects due to the metallic 

construction of the MCA hook. Additionally, the surgery and hook components of the 

model do not produce any insurmountable problems for single slice imaging studies at 

2.35T. The technique of localised (slice) shimming allows the Bq inhomogeneity 

associated with the surgical field to be effectively corrected. This benefits the 

measurement of the physiologically important component of T2* as it removes the 

component that results from non-optimal shimming. EPI acquisition is also benefited by 

this technique since it possesses a high inherent dependency upon sample B q homogeneity.

Although not required for our studies, multi-slice echo-planar image acquisitions would 

present a challenge due to the requirement to establish good B q homogeneity over a 

significantly larger volume of brain. Under these circumstances it may be necessary to 

investigate measures such as passive shimming in the surgical air space.
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Appendix III -  Ischaemia-Reperfusion Time-courses

A.6 Results -  Ischaemia & Reperfusion ADC and T? Time-courses

The results from six ischaem ia-reperfusion experim ents are presented on the following 

pages (Figures A-5, A-6 & A-7). ADC and T] tim e-courses for regions o f  interest in the 

lesion core, periphery and sub-cortical grey m atter (basal ganglia) are shown (defined in 

Chapter 7, Figure 7-2). Two animals were studied for each o f the following ischaemia- 

reperfusion protocols:

Figure No. Basline data 
collection period

Duration of 
Vascular Occlusion 

(mins)
Rcpcrfusion Period

A-5(l  &2) -50 - >  0 mins 15 15 m ins ->

A-6(l  &2) -50 ->  0 mins 45 45 m ins ->

A-7(l &2) -50 ->  0 mins 90 90 m ins ->

Key To Charts

- • -  Data for the ipsilateral (left) ROl are plotted with filled (black) symbols 

- o -  Data for the contralateral (right) ROI are plotted with open (white) symbols

For each tim e-course chart, the vascular occlusion point defines tim e=0, indicated with a 

vertical line through the x-axis. Reperfusion is indicated by a second vertical line at the 

end o f the vascular occlusion period (i.e. at 15, 45 or 90 minutes), as shown below 

(Figure A-3).

100

95

90

85

-45 -30 -15 0 15 30 45 60 75 90 105 120

T i m e  (m in s)
V ascular o cclusion  Vascular de-occlusion

Figure A-3 Key to tim e-course plots. Vertical lines identify the 

tim e-points o f vascular occlusion and de-occlusion.
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The figures are arranged as follows (Figure A-4), with ipsilateral and contralateral ROIs

plotted on each chart.

Lesion-core
ADC

Lesion-core
T2

Periphery
ADC

Periphery
T2

N__ZJ

Figure A-4 Arrangem ent o f  ADC and T] tim e-course charts for the three 

tissue areas as presented in Figures A-5, A-6 and A-7. Each chart contains 

plots o f  regions in the ipsilateral and contralateral hemispheres.
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Figure A-5 (1) ADC and T] Time-courses for 15 Minutes Occlusion & Reperfusion
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Basal Ganglia ADC Time-course 25/09/01 Data
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Figure A-5 (2) ADC and T2 Time-courses for 15 Minutes Occlusion & Reperfusion
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Basal Ganglia ADC Time-course 26/09/01 Data
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Figure A-6 (1) ADC and T] Time-courses for 45 Minutes Occlusion & Reperfusion
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Basal Ganglia ADC Time-course 28/8/01 Data
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Figure A-6 (2) ADC and Tj  Time-courses for 45 Minutes Occlusion & Reperfusion
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Basal Ganglia ADC Time-course 19/9/01 Data
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Figure A-7 (1) ADC and T2 Time-courses for 90 Minutes Occlusion & Reperfusion
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Basal Ganglia ADC Time-course 14/8/01 Data
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Figure A-7 (2) ADC and T2 Time-courses for 90 Minutes Occlusion & Reperfusion
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Basal Ganglia ADC Time-course 21/8/01 Data
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