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Abstract 

Prior to stroke, patients often experience a transient ischemic attack (TIA) or 

minor stroke with a high recurrence within the first week. The initial episode of ischemia, 

traditionally considered to causing little permanent damage to brain, is poorly understood 

for its role in subsequent ischemic events. We hypothesized that despite functional 

recovery following TIA/minor stroke, there can be sparse tissue damage that alters the 

brain response to a secondary mild stroke, with the final tissue fate being dependent on 

the recovery time between recurrent strokes. 

Thus, the first objective of this thesis was to establish a rat model of TIA/minor 

stroke using modifications of a phothothrombotic (PT) occlusion of the cerebral 

microvasculature. The effect of varied light intensities and illumination durations were 

examined on the severity of stroke. Multiple sequences (T2, Apparent Diffusion 

Coefficient (ADC), Perfusion Weighted Imaging) of Magnetic Resonance Imaging (MRI) 

were performed to evaluate the tissue damage. We found that a 5-min illumination at 

approximate 35,000 Lux of light intensity was optimal to produce a mild tissue damage 

associated with a transient ischemia measured by Laser-Doppler Flowmetry. The T2 

signatures measured at 24h were good predictors of graded ischemic injury confirmed by 

histology. Compared with ADC measures, T2 provided a better diagnosis of mild damage 

(scattered necrosis).  

The second objective was to use this modified PT model to produce a recurrent 

stroke and to investigate if the outcome differed depending on the interval between 

insults – i.e. 1day, 2days, 3days and 1week. Using this novel model, we demonstrated 

that a mild recurrent stroke produced more deleterious injury with acute intervals (1 day 
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to 3 day) than a subacute one (1week). This enhancement of damage was characterized 

by an increase of T2 and a decrease of perfusion. In contrast, the 1week interval produced 

tissue damage similar to a single mild stroke, associated with similar changes of MR. 

Together, our finding revealed a temporal change of brain susceptibility to ischemia, 

implying the importance of early treatment after TIA/minor stroke for reduction of 

damage with stroke recurrence. 
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Chapter One: Introduction 

1.1  Ischemic Stroke 

            Every year, stroke affects nearly 800,000 people in the United States 1, killing 

approximately 150,000 according to the American Heart Association 2. Strokes are 

categorized as haemorrhagic or ischemic/occlusive, with up to 85% of strokes being 

ischemic in adults whereas 55% are ischemic in children 3. An ischemic stroke 

occurs as a result of a feeding artery to the brain being occluded for a certain 

period of time. Since the supply of oxygen and glucose to the brain is impaired 

due to occlusion, neuronal dysfunction begins. After stroke onset, the immediate 

response is the cessation of neuronal electrical activity 4. Along with electrical 

failure, the cell lacks energy substrates and develops hypoxemia, leading to the depletion 

of cellular adenosine triphosphate (ATP), a major source of energy utilized in normal 

brain function 5. As a result, the membrane potentials cannot be maintained and a 

depolarization of neurons occurs, which then triggers the release of glutamate into the 

extracellular space. The increase in glutamate is fatal to the cell, referred to as 

“excitotoxicity”. This is because the high levels of extracellular glutamate activate 

amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA), N-methyl-D-aspartate 

(NMDA), and kainite receptors 6-8, leading to an influx of sodium and calcium ions. 

Water passively flows into the cell, leading to brain edema and exacerbating the tissue 

damage. Elevated intracellular calcium results in the activation of proteolytic enzymes, 

leading to the development of oxygen free radicals that disrupt mitochondrial membranes 

and promote tissue injury. A downstream cascade of events that include lipolysis and 
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proteolysis are triggered which contribute to the ensuing cell death in the form of necrosis 

or apoptosis 9, 10. 

Adjacent to the ischemic core is a region of compromised blood flow and 

suppressed protein synthesis, called the “penumbra” first described by Astrup 11. The 

penumbral area is thought of as either tissue-at-risk or salvageable tissue depending on 

whether timely reperfusion or therapeutic intervention can be exerted. Though 

reperfusion can rescue the structural and functional integrity of the penumbra, several 

studies have demonstrated the presence of selective neuronal necrosis in this area that 

cannot be detected by conventional Magnetic Resonance Image (MRI) techniques 

because the ischemia is very brief that the affected tissue does not develop into infarction 

12, 13. The temporal evolution of cell death in the penumbra is complicated and highly 

dynamic based on the magnitude and duration of ischemia before reperfusion. In an early 

study in monkeys, tissue with a milder degree of hypoperfusion had a therapeutic window 

of 3 hours before necrosis occurred, whereas a severe degree of hypoperfusion preserved 

the brain from necrosis after only 2 hours of ischemia 14. A complete cessation of flow 

irreversibly affected tissue producing an infarct within 25 min of stroke onset 15. 

However, complete deprivation of flow is uncommon in focal ischemia since collateral 

blood flow can contribute to partial preservation of the affected region 16. 

1.1.1 Blood Flow Thresholds for Neuronal Disturbance  

Normal CBF in the cortex is approximately 50 mL/100 g brain tissue/min. After 

the onset of stroke, the blood flow deprivation occurs in a graded fashion (Figure 1.1.1). 

In the core region, the blood flow can drop to less than 10mL/100g/min where 

irreversible damage occurs. In the peri-infarct or penumbral region, a moderate reduction 
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of blood flow (<20 mL/100g/min) is present. Cerebral dysfunction occurs but with a 

possibility for recovery following the resumption of blood flow 11. Tissue outside the 

penumbra with a mild hypoperfusion is considered not at risk of infarction 17. Electrical 

activity is one of the first impaired functions as a result of CBF decline 18. Protein 

synthesis inhibition occurs when the flow drops below 50% of baseline 19, 20. The extent 

of protein inhibition is related to the magnitude and duration of ischemia, and as much as 

80% of protein synthesis can be blocked 21. In contrast, ATP depletion is least sensitive to 

perfusion impairment, occurring when blood flow declines to 20%. Thus, the different 

thresholds for various biochemical and molecular processes lead to the concept of the 

“silent neuron”. That is, the neuron is functionally inactive with structural preservation.  

 
Figure 1.1.1 Diagram of CBF threshold for specific functional and biochemical 
events. 

 

 
  Time post MCAO 

Viable brain tissue 

Biochemical alteration 

Normal function 

 
Function impairment  

Suppression of EP 
Cessation of single cell 
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Penumbra 

Membrane 
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Neuronal disturbance begins as the flow drops below a certain level 

(dashed line). Two thresholds are represented: there is functional and electrical 

impairment occurring as CBF <20ml/100g/min, and there are structural 

alterations as CBF <10ml/100g/min. Prolonged ischemia with mild 

hypoperfusion or severe CBF impairment with short duration can switch the 

penumbra into infarct (Modified from Heiss 15 with permission). EP: Evoked 

Potential. 

 

1.1.2 Necrosis and Apoptosis 

Histologically, there are two forms of cell death based on morphological 

assessments 22. One is necrosis, which is characterized by an appearance of pyknosis of 

the nucleus and breakdown of cellular membranes and cellular organelles. Necrosis is a 

common feature of neuronal death in cerebral ischemic stroke. Another pattern of death is 

apoptosis, first described by John Kerr and associates 23. The typical apoptotic changes 

are characterized by membrane blebbing, chromatin condensation, and an apoptotic 

appearance of the cell body (the cell is compartmentalized into several vesicles). Unlike 

necrosis, apoptotic cell death can be seen during the entire lifetime of living creatures. 

The apoptotic pathway is an ordered or “programmed” process inside the cell. So it is 

considered as cell suicide or cell autonomous defense not to influence the neighbour cells, 

differing from the necrotic process which is associated with a post-ischemic 

inflammatory response. 

There is evidence that the fate of a cell is determined by the availability of a 

residual supply of ATP post ischemia 24. This is because the ischemia-induced apoptotic 

signaling is an energy dependent process initiated by the activation of certain regulatory 
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proteins that control the apoptosis pathway, such as caspases, cytochrome c and 

apoptosis-inducing factor (AIF) 25.  

 Apoptosis is most often seen in the ischemic penumbra because the blood flow in 

this region is able to maintain the energy demand for those “cell death or injurious 

proteins” to initiate apoptotic signaling. Thus, therapeutic intervention, such as 

thrombolytic agents, for reperfusion of tissue which can prevent the growth of infarction 

and cellular necrosis, may not stop the cell death in the form of apoptosis, i.e. a “delayed 

selective neuronal loss”. Apoptosis is accompanied by activation of caspases (mainly 

caspase-3) 26. With the inhibition of caspase-3, the pathway of apoptosis can be halted in 

the penumbra, and this provides an explanation of the salvageable nature of this region. 

            In the ischemic core, if the blood supply is severely diminished leading to a 

malfunction of K+/Na+ pumps and a lack of ATP being supplied to the neurons, then 

neurons undergo the process of necrosis 27, 28. Twenty four hours following a 30 min 

complete occlusion of a middle cerebral artery branch supplying the barrel cortex, there 

are a large number of necrotic cells in the ischemic cortex which continue to increase in 

number and reach a peak at 3d post insult 28.  

Along with the occurrence of the depletion and restoration of cerebral blood flow, 

the corresponding cell death may shift from apoptosis to necrosis with the worsening of 

CBF or from necrosis to apoptosis when the CBF is restored. Thus, in individual neurons, 

the neuronal injury can present a mixed form, termed a “hybrid cell death” with both an 

apoptotic and necrotic appearance 28. 
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1.1.3 Recovery 

Studies from experimental and clinical stroke reveal that the ischemic injury, 

which initially occupies a large territory associated with functional disorders, is followed 

by a stage of recovery that occurs either spontaneously or with training 29-37. An early and 

highly cited study in monkeys with middle cerebral artery occlusion (MCAO) 38 revealed 

that even after one hour of complete ischemia, functional integrity was able to recover. A 

similar observation was seen in the rat with photochemically induced cortical stroke, 

which showed functional recovery at 7days post stroke 30. The reversibility of 

neurological deficits is believed to be attributed to the collateral flow or recanalization of 

the occluded vessel, by which neuronal function and metabolism is preserved and 

neuronal loss is avoided. During the acute phase after stroke onset, the protective and 

recovery strategies associated with reperfusion emphasized neuroprotection by 

stabilization of membrane potentials that can be achieved by administration of γ -

aminobutyric acid (GABA) receptor agonists 39, 40, by maintenance of ionic gradients and 

tissue haemostasis achieved by restoration of energy supplies such as glucose and ATP 41, 

and by administration of compounds that scavenge free radicals 42, 43 in order to prevent 

secondary reperfusion damage (Figure 1.1.3).     

Ischemic damage of the brain also triggers inflammatory responses contributing to 

the worsening of tissue injury 41. Administration of anti-inflammation agents can reduce 

the pace of damaging events. In the long-term, the reestablishment of structure post-

ischemia requires neurogenesis 44, 45, axonal sprouting 46, and angiogenesis 31, 47 (Figure 

1.1.3). These processes rely on the involvement of various growth factors to promote 

tissue repair 37, 45, 48, 49. For example, the glial cell line-derived factor is a neurotrophic 
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factor found to increase neuronal proliferation post focal ischemia in adult rats 50. The 

expression of this growth factor is enhanced in the region adjacent to the photochemically 

induced infarction and this enhancement is accompanied by the improvement of paralysis 

30. Exogenous infusion of epidermal growth factor (EGF) and erythropoietin (EPO) has 

shown to be beneficial in the recovery of motor and behavioral function at chronic time 

after stroke 47, 51. This is because EGF and EPO stimulate differentiation of neuronal 

precursors in the subventricular zone and promote migration of the differentiated neurons 

towards damaged area. EPO can also up-regulates the expression of vascular endothelial 

growth factor (VEGF) 47, which play a big role in angiogenesis, reconstruction of 

microvasculature network so as to reduce infarct volume 47, 52, 53. 

The capacity for recovery depends on the initial magnitude and duration of 

ischemia. Ischemic damage from incomplete ischemia and/or with a short duration is less 

and often delayed than that from a permanent ischemia and/or an ischemia with a long 

duration 54, 13, 55, 56 (Figure 1.1.1). A study of graded spinal cord ischemia using a 

photochemical occlusion in rat 57 showed a mild ischemia along with mild histological 

deficits had an ability to regain normal function over time, whereas in rats with severe 

spinal cord ischemia there was no improvement of their paralysis. After a 2 h long period 

of distal MCAO, even reperfusion failed to rescue the penumbra from infarction 58. 
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Figure 1.1.3 Diagram representing cellular responses after stroke onset. 

 

The time-course of damage after stroke shows two waves of damaging 

mechanisms (excitotoxicity and inflammatory activation, respectively, red lines). 

At chronic times after stroke onset, tissue repair occurs to regain normal function. 

There is evidence for several protective pathways counteracting the two waves 

of injury (green color).  Specific molecules for each mechanism are addressed. 

Abbreviations: OFR, oxygen free radicals; IL, interleukin; MMPs, matrix 

metalloproteinase; COX-2, cyclooxygenase 2; EPO, erythropoietin; BM, bone 

marrow. (Adapted from Dirnagl 41 with permission).  

1.2 Transient Ischemic Attack (TIA) or Minor Stroke 

A transient ischemic attack is an ischemic stroke with transient symptoms 

resulting in neurological recovery within 24 hours. This classic definition of transient 

ischemic attack emphasizes only the duration of the sudden neurological deficit to be less 

than 24 hours. However, the extent of the brain damage associated with such clinical 
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symptoms can vary from a complete tissue recovery to a mature infarction (silent infarct) 

depending on the duration and/or severity of the ischemia. Even minutes of severe 

ischemia can produce an acute infarct. Thus, a revised definition has been suggested 

based on the tissue level, referring to a TIA as “a brief episode of neurological 

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

lasting less than one hour, and without evidence of acute infarction” 59. This definition 

uses diffusion-weighted imaging as a diagnosis to differentiate transient ischemia from 

infarct; however, it is still unclear to what extent the tissue is fully recovered after a TIA. 

Indeed, from clinical assessments it is difficult to differentiate a TIA from a minor 

stroke and thus both are often grouped together in clinical studies.   

In Alberta, 68.2 people per 100,000 population experience a TIA every year 60.  

The short-term risk of TIA is a recurrent stroke 1. Patients often have one or more TIAs 

prior to their devastating one. According to community based studies, the incidence of 

stroke recurrence is reported as 2.5% at 2days 61, 2.6-7% at 7days 62-64, 12% at one 

month 65 and 6%-14% within 90 days 66, 67.   

Little is known regarding how the initial ischemic episode affects the second 

stroke. It is possible that tissue that has recovered less completely is more vulnerable to 

subsequent ischemia than tissue that is well recovered. In a multicenter cohort sutdy that 

recruited 3,206 patients, the tissue-postive patients with abnomal DWI had a higer rate of 

recurrence at 7days (7.1%) than tissue-negative patients with normal DWI (0.4%) 64. 

Using an NIHSS (National Institute of Health Stroke Scale) or ABCD(2) score system to 

assess the severity after TIA, patients with higher scores were at risk of early recurrence 

of stroke accompanied by worsening of symptoms 68, 69.  
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The recurrent lesions either at day 7 or day 30 are more likely to develop in the 

region of perfusion deficits after the intial TIA/minor stroke 70. So far, most of the 

recurrent stroke studies are based on clinical observations. Experiemental evidence is 

lacking regarding what the damage will be when a second stroke occurs at different time 

points following an initial TIA/minor stroke. An important question is how an initial 

TIA/minor stroke will impact the severity of a subsequent ischemic insult? Is it a time-

dependent process? This project is designed to throw light on these questions by 

developing and using a novel model of recurrent stroke. 

1.3 Experimental TIA/mild Stroke Models 

Compared to the extensive clinical reports of TIA, strikingly few experimental 

models have been proposed regarding the production of TIA/mild stroke. Although 

complete functional recovery is a general impression in human TIA patients, unknown is 

the true extent of tissue recovery clinically. The damage on a tissue or cellular level is 

hard to assess due to a lack of sufficiently sensitive measures for detecting mild injury in 

vivo. This uncertainty also provides difficulties with respect to the histological criteria for 

modelling TIA. The nature of the short-lived symptoms and rapid recovery following 

TIA/mild stroke is considered to be the result of re-establishing cerebral blood flow. 

Therefore a model of transient occlusion of the cerebral artery, for example transient 

MCAO with manipulation of the duration of ischemia, provides a promising method for 

TIA induction. In a previous study from our laboratory, a transient occlusion of MCA for 

30 min was produced, resulting in scattered necrosis within the affected territory 12.  In 

the clinic, TIA symptoms can only last a few minutes, however, most of the reported 

experimental MCAO studies do not employ such relatively brief durations of ischemia.   
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MCAO, either temporally or permanently, has been extensively used in stroke 

modeling. Occlusion methods include intraluminal ligation 71, microclip occlusion or 

electrocoagulation o f  the cerebral branch via craniotomy 12, and embolus injection 72, 73. 

These methods are all invasive and are accompanied by undesirable side effects. For 

example, us ing a  f i lament  to  produce occlusion of the proximal MCA by inserting it 

in the carotid artery also involves transection of external carotid artery (ECA). This can 

damage masticatory muscles supplied by collaterals of the ECA, subsequently impeding 

eating and increasing mortality of experimental animals. Moreover, this model can 

interfere in behavioral tests (e.g. balance beam test, cylinder test) because it disables 

animals’ movements. Although MCAO via craniotomy is free of these shortcomings, 

there are other disadvantages. First it requires occlusion of the distal MCA that directly 

lies upon the brain; and this is difficult to produce without some surgical manipulation 

and potential injury to the brain. Second, a hole in the skull and dura needs to be made 

to expose the MCA, which increases the risk of infection. More importantly, this method 

is technically difficult hampering its general utility. Finally, without modifications, 

MCAO produces a large cortical infarction whereas small transient infarcts are more 

common in patients with TIA or minor stroke. 

A less invasive and easier to produce model of cerebral ischemia that results in 

mild injury is needed. A promising alternative is a photochemically-based occlusion 

method, which was pioneered by Waston and his colleagues in 1985 74. Ischemic stroke 

with this method is produced by evoking vascular occlusion with a light-dye interaction 

that generates reactive single oxygen species that initiates peroxidation of endothelial 

membrane, causing vasoconstriction and stimulates platelet aggregation and white 
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thrombosis formation at the surface of damaged endothelial cell 75-77 (Figure 1.3). One of 

the advantages of this method lies in its flexibility regarding selection of cortical location 

to produce an infarct experimentally. Also, this model is less invasive than MCAO and 

the mortality is low due to that it does not require manipulation of muscles and 

parenchyma as light can penetrate through intact skull. Furthermore, the lesion size 

produced with this model is less variable than MCAO 78.   

 Figure 1.3 The process and mechanisms of the photochemical approach to produce 
an ischemic stroke. 

                 

Administration of intravenous Rose Bengal under light illumination at a 

specific wavelength (normally around 530nm to 560nm) produces the single 

oxygen species within the illuminated vessels which damages the endothelium 

followed by vasoconstriction, platelet aggregation and production of thrombi. 

Eventually, ischemic stroke is induced. 

 

Studies have shown that the severity of photothrombotic stroke can be varied by 

adjusting light type, light intensity, duration of illumination, dye concentration and skull 
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thickness (Table 1.3). In the original experiment, photothrombosis was conducted in rat 

cortex illuminated for 20 min using a xenon arc lamp (0.64W/cm2) filtered at 560nm 

This resulted in the production of an infarct thorough the cortex. The technology was then 

improved by replacing the heat-emitting xenon light with cold white light such as a 

halogen lamp or laser (Table 1.3). When Boquillon 79 used graded light intensities to 

illuminate mouse cortex, the ischemic lesion increased with increased light intensity. The 

infarct size in the mouse already covered the entire width of the cortex when using a 

power level of 0.16W/cm2 under 3min illumination. Boquillon suggested that the lesser 

skull thickness of a mouse probably allowed light to reach the cortex with less loss of 

its power therefore resulting in greater damage, compared to that in the rat. The close 

relationship between light intensity and lesion size has also been shown in rats. 

Alaverdashvili 80 produced a mild, moderate and severe stroke with power levels of 

78,000 Lux, 140,000 Lux and 170,000 Lux respectively, where twice the light intensity 

approximately doubled the infarct volume. Also, the size of tissue damage corresponded 

to the behavioral deficits score. Pevsner 81 reported that illumination by a minimal beam 

intensity (0.1W/cm2) for 30min could produce a small infarct that only damaged the 

superior layer of the  cortex. Most of previous studies using photothrombosis in rats 

chose a duration of illumination around 10-30min which produced a well-defined infarct 

restricted to the cortex area. The quantitative relationship between illumination duration 

and lesion severity, however, is not well studied and whether conditions can be 

optimized to consistently produce a mild insult with regions of mild ischemic damage in 

rats is not known.  
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I anticipated that the highly adjustable nature of photothrombosis is capable of 

producing a TIA/minor stroke. In our previous work, 30 min of MCAO resulted in 

scattered neuronal loss that did not produce changes in MR images. We considered this 

degree of ischemic injury to be mild 12. With photochemically induced cerebral occlusion, 

I expected that a similar mild ischemic injury could be produced. Although 

photothrombosis produces a relatively smaller cortical infarct compared to the MCAO 

model, the outcome of traditional photothrombotic stroke is a severe local infarct which 

is often accompanied by functional and behavioural disorders. Therefore, the first aim of 

this project was to produce a TIA/minor stroke by modifying the photothrombosis 

method and then to develop a recurrent mild stroke by combining two mild 

phothothrombosis insults. 
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Table 1.3 Summary of previous studies using the PT model.  
Power
Level

Intensity
Level

4h, 1/4/7/28/60
days

GFAP increased both in farction zone and hippocampus at 1day,
expanding in amygdala at 4 days; microglial response was
restricted in lesion core

Wistar rat
(male, 250-320g)

5 mm *3 mm shaped
from the fiberoptic

buddle of 5 mm
diameter

mild, 78000 lx;
moderate,140000lx;
severe, 170000lx

150Wlight bulb
Long-Evan rat
(young female,
90-100 days)

5mm through
fiber optic

0.1150Whalogen lamp
SD rat

(female, 200-
300g)

mild,            2.84+0.58 mm3;
moderate, 6.16+1.08 mm3;

severe,      9.86+0.89 mm3

Wistar rat
(male, 250-280g)

cold light
1.5 mm through
fiber optic

4.5mm posterior to
bregma and 4 mm

lateral to midline

xenon arc lamp at
570nm

75mW

Dyck,2004
neonatal mice

( 7 day)
green laser light

at 532nm
20mW

5mW power level caused unilateral entire cortex infarction

MFC: 40/60/80 s;
somatosensory
cortex: 40s

medial frontal
cortex/primary
somatosensory

cortex irradiation

rectangular (1.7mm
x 2.4mm);
circular (2mm)

7 min mins to hours
CBF declined within 3h; cortical spreading depression lasted

3h

1d-14d large infarct extended to subcortex region; motor deficit

1d-7d large infarct; severe motor dyfuntion

1d-5d

well-confined infarct in targeted tissue area48h

large cortical infarct; motor deficit

 Grome,1988
SD rat

(male, 300-350g)

Nowicka,2008

50mg/kg

4/24/72 h
2mm through
fiberoptic

Alaverdashuili,
2008

3mm incision over
the frontoparietal

area
20mg 30 min 55-360 min

1.5mm anterior to
bregma and 2.5mm

lateral to midline
10mg/kg 20 min

24 h; 1 to 21
days

not mentioned

3 min

20 min

Boquillon,1990
Swiss Mice

(male, 25-30g)

argon laser
Innova 90 at

562nm
10mg/kg

2/5/10/20
mW

Reference

Watson,1985

Light Source Severity of Damage

Infartion: T2, 2.31; Histology,  4.2 mm;
transitional zone:  2.00mm T2; 1.7 mm histo

Pevsner,2001

30min, superficial cortex vessels traceable decrease;  5 days,
a well-confined infarct surrouded by macrophages  was observed

4h: 32ul of infarct volume, 2.2% increase in water content

ADC: 3 days, 72%; 7 days,  102%; 14 days, 123% of
contralateral side;         3 days, infarct core embraced by
phagocytes and glial activation area

20 min
4mm anterior to
bregma and 4 mm

lateral to midline
3/7/14 daysSchroeter,2000

Wistar
(male, 280-320g)

cold light
not

mentioned

1/4/24/72/168 h

Post-damage
Measurement
time point

15 min5mg

7.5mg/ml,
0.133ml/100mg

20 min

Diameter of
Light

Animal Species

30min, 1/5/15 days

Skull
Preparation

Rose Bengal
Duration of
Exposurement

20mg/kg 20 min

4 mm aperure
2.5 mm posterior to

bregma and 3 mm
lateral to midline

20mg/kg 20 min

3mm through
fiber optic

xenon arc lamp at
560nm

60nm through a
75mm focal lenth

0.64 (W/cm2)

0.4ml, 10mg/ml 20 min

4.3mm posterior to
bregma and 2.5 mm
alteral to midline

Dietrich, 1994
Wistar Rat

(male,250-300g)
xenon arc lamp at

560nm

0.064/0.16/0.32
/0.64,
respectively

a midline head
incision

Jin, 2010
SD rat

(200-250g)
cold white light

not
mentioned

fiber optic of
10 mm diameter

sensorimotor area 20mg/kgIkeda, 2013
Wistar Rat

(male,8 week age)
halogen lamp at

533nm
not

mentioned

not mentioned
intact skull; 4mm
posterior and 6mm

lateral
Horinouchi,2007

Wistar rat (200-
250g)

green light at
560nm

Moritex,
Japan

not
mentioned

 

     Using the PT model, a large cortical infarct was the normal outcome which was also associated with different degrees of 

neurological deficit (See references 30, 74, 79-87). Therefore, modifications were needed to produce a mild stroke. 
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1.4 Repetitive Ischemia and models 

            Animal models being widely used for repetitive stroke are repetitive focal 

ischemia produced by MCAOs 88, 89, multiple global ischemia produced by repetitive 

common carotid artery occlusions(CCAOs) 90-92 or their combination 93, for their 

reproducibility of infarct volume. Less frequently used models contain an initial 

thromboemolic stroke followed by another thromboembolic event or global ischemia, and 

hypoxia-ischemia procedures 94-96. Currently, most of the repetitive ischemic studies are 

in the context of “ischemic preconditioning” or “ischemic tolerance”. That is, a very brief 

ischemia that is non-lethal can give the brain a “stress” and is therefore protective to the 

subsequent ischemic attack 97-99. In these studies, the initial ischemia lasted only minutes 

similar to the definition of TIA, conferring tolerance or protection to the subsequent 

prolonged ischemia. Varying time intervals between multiple ischemia from minutes to 

days alike the short-term incidence of recurrent stroke, ischemic preconditioning 

occurred both rapidly and chronically through different protecting cascades 88-90, 92, 93, 100. 

However in clinic, more often is the case of a worsened symptom, not tolerance, in 

recurrent stroke followed by TIA. The reasons remain unknown, but potential 

explanations may be 1) All of these models produce a relatively larger affected territory 

than a true TIA; 2) Other risk factors are often involved in recurrent stroke; 3) 

Experimental tolerance studies often induce hypothermia treatment or other “just-right 

stimulus” as preconditioning which are hard to achieved in human practice; 4) The 

ischemic tissue does not have complete recovery following TIA as expected, altering the 

response of brain to subsequent ischemia. 
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            In contrast to ischemic tolerance, there were reports showing exacerbation of 

tissue damage followed by repetitive ischemia. Pioneered by Mrsulja 101, a serial studies 

of  triple repetitive ischemia of 5min duration each using bilateral occlusion of CCA in 

gerbils, had demonstrated that although each alone produced very little damage, there 

was an enhanced cumulative tissue damage greater than a single insult of either 5min or 

15min duration 102-105. This enhancement was most pronounced with a 1h interval 

between multiple ischemic attacks. The cumulative effect was dependent on the duration 

of ischemia and the interval between them. A 3h interval had more severe damage than 

48h 106, However, these studies did not investigate the interaction between multiple 

episodes with prolonged intervals (i.e., up to 1week). Enhancement of injury was also 

demonstrated in our previous studies using a combination of transient MCAO of either 

30min or 40min with a 3day interval between them 12, while the same duration of 30min 

was reported in other studies to provide a preconditioning neuroprotection to a 

subsequent ischemia in several other studies 88, 89. 

           In summary, these studies of repetitive ischemia offer limited knowledge of how a 

first mild ischemic insult influences a subsequent ischemic event. Thus, more study is 

required to determine how recovery time after a first mild ischemic insult affects damage 

produced by a second mild insult.  

1.5 Magnetic Resonance Imaging (MRI) 

1.5.1 Basic Principles of MRI 

Magnetic Resonance Imaging is a promising technology that has been widely 

used in diagnosis and evaluation of various diseases. The ability to image properties of 

tissue lies in the fact that there is a high abundance of water and fat in the human body 



18 

 

and the protons in water can be manipulated within a strong magnetic field using 

radiofrequency pulses (RF) that can be coded and imaged by MRI software.  

The hydrogen nucleus contains a single proton with a positive charge. It orbits 

around the axis and this results in a net spin of 1/2, which produces a small magnetic field, 

called a “magnetic moment”. In nature, these magnetic moments are randomly oriented 

because the earth’s magnetic field (approximately 0.5x10-5 Telsa(T)) is too small to affect 

their alignment. However, when the body is exposed to a strong magnetic field (B0) (i.e., 

a 9.4T MR system that produces a magnetic field 180,000 times greater than that of 

earth’s magnetic field), these magnetic moments align either parallel or anti-parallel to B0, 

producing a net “magnetization” (M0). Since the  moments are not fully aligned along the 

direction of B0 (defined as z-axis), they experience a turning force (torque); as a result,  

These magnetic moments precess about B0 at Larmor frequency (ω0), which is directly 

proportional to Bo: 

ω0 =γB0, 

where γ is the nuclei specific gyromagnetic ratio. The hydrogen-specific processional 

frequency (ω0) is in the range of the radiofrequency.  

The net magnetization (M0) of hydrogen nuclei in the direction of B0 is small 

compared to the main magnetic field. .For the purpose of imaging, M0 must be measured 

in another direction, which can be achieved by adding an additional magnetic field (B1) 

through a transmitter coil. B1 is first applied perpendicularly to Bo (x-y plane). Once its 

frequency is tuned at the Larmar frequency, B1 perturbs the alignment of the macroscopic 

spin magnetization into x-y plane (also called transverse plane). The B1 field is thus 

called a radiofrequency pulse. The spins absorb the electromagnetic energy and flip from 
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their low-energy orientation to a high-energy orientation. After the removal of RF, there 

is a return of spin magnetization to thermo equilibrium (original state along B0 direction) 

based on two processes called a longitudinal (T1) and transverse (T2) relaxation. 

T1 relaxation, also referred to spin-lattice relaxation, measures the time of net 

magnetization to lose its 37% of energy to surrounding environment.  

Unlike T1 relaxation, the transverse relaxation (T2) is caused by the de-phasing of 

spins coherence in x-y or transverse plane. The transverse relaxation measures the time it 

takes for the transverse magnetization (Mxy) to go from an excited phase back to its 

thermo equilibrium phase. The time constant that characterizes it called T2. The Mxy 

relaxation is rapid and is not in pace among spins due to the local field inhomogeneity, 

resulting in a loss of MR signal to be recorded. To deal with this, an 180o RF pulse is 

then applied at a certain time following the 90o pulse. This 180o RF refocuses the spins 

with an approximate 180o rearrangement. As a result, the once slow decaying spins are 

now ahead of the fast ones. Because the direction of relaxation is not changed, they begin 

to decay towards the starting axis, generating an echo with an increased MR signal that 

can be detected by a receiver coil. The time between 180o pulses is called repetition time 

(TR), and the time between the application of RF and the middle of spin-echo is called 

echo time (TE). 

Mxy decays in an exponential manner. To catch this ‘de-phasing’ phenomena, MR 

images are acquired at various TE after the application of each RF pulse. This produces a 

set of T2 weighted images at these different TE. The longer the ‘out-of-phasing’ process 

takes, the higher the T2 resulting in a brighter region on the T2 image. The protons of 
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water have free movement and take a longer time to normalize producing a higher T2 

than tissue with structural integrity due to their macromoledular bonds. 

Diffusion-weighted images (DWI) measures the microscopic random motion of 

water molecules. This diffusion property of water molecules can be restricted by biologic 

barriers in the brain tissue (for example, cellular organelles and cellular membranes). MR 

signal can be made sensitized to diffusion. After a 90o pulse, all spin are in phase and 

they undergo diffusion. After an 180o pulse, the water molecules that have free 

movement diffuse in the direction of the magnetic field gradient (Gdiff), generating a 

phase shift directly relevant to the signal attenuation of the image in a measurable fashion. 

The diffusion gradient can be adjusted by the gradient amplitude, application time and the 

time between RF pulses, and is described as a b-factor (s/mm2). The relationship between 

MR signal without diffusion (T2 signal) and MR signal followed by diffusion is 

calculated by:   

S(TE)=S0exp(-bD), 

where S0 is the signal intensity without diffusion (b=0), and S(TE) is the signal intensity 

after diffusion at a given b value. D is the diffusion coefficient. 

This equation can be  adjusted as: 

 

D is replaced by an Apprent Diffusion Coefficient, ADC, indicating the water diffusion is 

not free in tissue, but rather hindered by the enviorment where the water is placed.  

           It shows that the value of ADC is dependent on the choice of b-factor value. At 

least two b factors are needed for the measurent of ADC, desribed as: 
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                                               ADC=In[(S(TE)-So)/(b1-b2)] 

 

Figure 1.5.1 Illustration of sequence pulses, T2, diffusion gradient and imaging 
process. 

 

 

  

Perfusion-weighted images (PWI) provide an index of cerebral blood flow. Two 

techniques are commonly used in imaging cerebral perfusion 107, 108. One is bolus-

contrast tracking with which information of perfusion is generated by monitoring the 

passage of a non-diffusible contrast agent (e.g. gadolinium) through brain vessels. 

Another MR perfusion method is arterial spin labeling during which the arterial blood is 

tagged with a radiofrequency pulse and the perfusion status is available as more labelled 

blood flows through regions with high compared to low flow.   
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1.5.2 MRI Utility in Ischemic Stroke 

Based on the idea of the T2 relaxation of pathologically abnormal tissue being 

different from normal tissue, T2 weighted imaging provides a tool for the diagnosis of 

stroke. The tissue in the region of an ischemic infarct has an increased blood-brain-barrier 

(BBB) permeability, leading to increased free water followed by vasogenic edema which 

then appears hyper-intense on T2-weighted imaging (T2WI) and these hyperintense areas 

of an increased T2 relaxation time.  

DWI often provides early and accurate detection of a stroke infarct. This is 

because DWI measures the restricted water diffusion initiated by cytotoxic edema that is 

almost an immediate process after stroke onset. In the acute phase, a DWI abnormality 

appears as a hyper-intensity in the ischemic lesion that contrasts with normal tissue. It 

should be noted that hyper-intensities on diffusion images can be produced from either 

T2 related vasogenic edema (T2-shine through effect) or regions of authentic restriction 

of water diffusion caused by cytotoxic edema. To distinguish the two, the ADC map is 

produced, which maps the regions of restricted water diffusion as a dark area is very 

sensitive to the change of tissue microstructure. Acutely after a major stroke, T2-

weighted images and DWI changes appear to be homogeneous and obvious because the 

border of infarct and non-infarct tissue is clear. However, what remains unclear is how 

T2WI and DWI diagnose mild ischemia, particularly if scattered necrosis is present and 

the majority of tissue structure is preserved.  

Perfusion-weighted imaging (PWI) measures cerebral perfusion or blood flow. 

Regions of decreased cerebral perfusion appear less intense in PWI. In the acute phase of 

stroke, region of PWI abnormality appear larger in area than the area of DWI abnormality, 
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which has led to the concept of a DWI/PWI mismatch. The area of PWI deficit without a 

DWI abnormality has been believed to indicate the penumbra. Combinations of the two 

MR techniques have had clinical importance for the diagnosis of salvageable brain tissue 

as targets for medical intervention.  

Despite substantial research on the MR imaging of a single stroke, our knowledge 

regarding the MR signatures in mild and recurrent stroke are extremely limited. 

1.6 Research Purpose 

           To summarize, there is a large population every year that experiences TIA/minor 

stroke and these individuals have a high risk for stroke recurrence. Despite the 

importance of this health problem, our knowledge remains limited regarding the 

interaction between multiple episodes of TIA/minor stroke, that each alone produces 

minimal damage to the brain. A lack of animal models that mimic well TIA/minor stroke 

have hindered progress in this area. We lack basic information regarding how often there 

is complete tissue recovery after TIA and how an initial mild ischemic attack influences 

subsequent ischemic episodes. This project aims to expand our knowledge of 

pathological processes of recurrent stroke and the importance of varying the recovery 

intervals between the initial and second insult on outcomes as assessed using histology 

and MRI. 
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Chapter Two: Hypothesis and objectives 

2.1  Hypothesis and Objectives  

 I hypothesize that the photothrombosis (PT) method with modification can 

produce an ischemic insult that can be repeated to model recurrent stroke; and, that 

damage produced by a recurrent insult can be enhanced by the initial ischemic event but 

the degree of enhancement depends on the timing between t h e  two strokes. 

Objective 1: Determine the conditions of the photothrombosis method that produces a 

transient ischemia and a mild cortical injury in rats. Specific aims were: 

a)  Identify the pharmacokinetics of Rose Bengal following i.v. injection. 

 b) Determine the Importance of Illumination Duration to Produce Mild Injury. 

 c) Determine the Importance of light intensity to Produce Mild Injury. 

d) Investigate the correlation between histology and MRI signatures. 

 

Objective 2: Produce a recurrent stroke with intervals between strokes of 1day, 2day, 

3day and 1 week to determine whether damage due to recurrent mild stroke is greater 

with a shorter recovery time between insults. 

 

2.2 Rational of Objective 1 

The photothrombotic (PT) model produces ischemic damage based on the 

interaction between a photosensitive dye and light which eventually leads to thrombus 

formation and vascular occlusion. Therefore, light conditions should play a significant 

role in the severity of the induced ischemia. This objective investigated the impact of 

light intensity and duration of illumination on the severity of stroke measured by 
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quantitative MR changes and histological assessments. MRI scanning was performed at 

24h after PT induction, because at this time point the MR change was pronounced and 

readily detected. Histological assessment was followed after two days after PT induction, 

allowing additional time for the development of neuronal damage.  

Potential adverse effects of this model were considered and minimized prior to our 

recurrent stroke studies. For example, the heat generated by illumination was reduced by 

using a halogen lamp with two heat filters before light was transmitted through an optic 

fiber. Also, my pilot experiments showed that a shorter time period of illumination and 

overall experimental time was possible when the illuminated skull was evenly thinned so 

the skull was thinned in subsequent experiments.    

2.2.1  Experimental Design of Objective 1 

To study the relationship between illumination duration and ischemic damage, the 

duration of light illumination was varied for times of 15min, 10min, and 5min using a 

light intensity of 45,000 Lux measured by a lightmeter with a 3mm*3mm sensing area 

that matched the illuminated skull size.  

To determine the impact of light intensity on the severity of damage, 4 graded 

light intensities were tested: 70,000, 60,000, 45,000, and 35,000 Lux respectively under 

5min of illumination.   

 The concentration of photosensitive dye (Rose Bengal) used in the present study 

was chosen to be 10mg/kg. This is a minimal concentration reported in many previous 

studies with PT modeling (see Table 1.3). A low concentration was selected since my 

objective was to produce a mild photothrombotic stroke.  
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2.2.2 Experimental Flow Chart of Objective 1 

 
Figure 2.2.2 Experimental flow chart of Objective 1 

                              

2.3 Rational of Objective 2 

To control for potential changes in light conditions between the two illuminations, 

the illumination area was shifted to render a single illuminated site (area 3) at the 2nd PT 

in comparison with the single illuminated site at the 1st PT (area 1). If the light conditions 

were similar, then the damage within areas 1 and area 3 should be similar. To model 

recurrent stroke, the time intervals between PT were varied by 1day, 2d, 3day and 1week, 

to mimic the high incidence of recurrence within the first week after TIA clinically. 

2.3.1 Experimental Design of Objective 2 

Four interval groups were conducted with repeated PT surgery with varied time 

intervals mentioned above. Additionally, animals subjected to a single PT were sacrificed 

at 1d, 2d, 3d and 1wk to study the histological progress over time after ischemia.   

2.3.2 Experimental Flow Chart of Objective 2 
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Figure 2.3.2(a) Experimental flow chart of recurrent PT induction. 

D1

1st PT
(1d group)

D0

MRI
2nd PT

D2

MRI

D3

1st PT
(2d group)

1st PT
(3d group)

1st PT
(1wk group)

2nd PTMRI MRI

D4 D5

2nd PTMRI MRI

MRI

Histo

D6

Histo

Histo

D7 D8

2nd PT MRI

D9

Histo

1st PT
(single PT)

MRI Histo



28 

 

Figure 2.3.2(b) Experimental flow chart of histological study over time post to single 
PT. 
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Chapter Three: Research method 

3.1  Animals and Ethics 

All experiments were approved by the University ethics committee (Protocol 

M11037). The experimental rats, male Wistars, were procured from Charles River, with 

weights between 160-190g on the delivery day. The animals were housed in the semi-

clean room in the Animal Resource Center for at least five days before use. In the Rose 

Bengal pharmacokinetic study, the animals were surplus post-pregnancy Wistars 

weighing 350-400g. After each experiment, rats were kept in the laboratory overnight for 

monitoring recovery and physiology before their return to the rat half-way house. Water, 

food and clean cages were provided until the rat was sacrificed.  

3.2 Pharmacokinetic Study of Rose Bengal 

3.2.1 Preparation of Rose Bengal Solution  

Rose Bengal powder (Sigma-Aldrich Company) was dissolved in distilled water, 

at a concentration of 10mg/ml. The solution was thoroughly mixed and filtered with an 

80µm filter before use. The solution was kept in a brown tube and stored in a 4 ℃ fridge 

for future use. Each preparation contained 5 mL of Rose Bengal solution and was used 

within 2 months. After that a new solution was made to avoid possible loss of efficacy 

with storage. 

3.2.2 Rose Bengal Plasma Sample Collections and Analysis 

            Rats (n=4) were anesthetized with isoflurane (2%) and the right femoral vein and 

artery were then cannulated for injecting Rose Bengal and collecting arterial blood 

samples, respectively. The injected volume (0.1ml/100g) of Rose Bengal (10mg/kg) was 

at a concentration of 10mg/ml. The same Rose Bengal was used to calibrate the 
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spectrophotometric measures. A pre-injection sample was collected as control. Timing 

was started once the injection was finished.  Blood samples were collected at consecutive 

time points of 10, 20, 30, 40, 50 seconds and at 1, 2, 3, 5, 10, 15, 20, 25, 30 min, 

respectively. Blood samples were centrifuged immediately and plasma aliquots of each 

sample were taken for analysis.   

3.2.3 Calibration Curve for Measuring Rose Bengal Concentration in Plasma 

Rose Bengal concentrations in plasma were measured using a spectrophotometer. 

The standard curve was prepared using a stock Rose Bengal solution which was diluted 

with distilled water by 10, 20, 50, 100, 200, 500, 1000, 2000, 5000, and 10000 times.  

The corresponding absorption was immediately analyzed at a wavelength of 532nm and 

the mean absorption value of each dilution was measured in triplicate. A blank solution 

which contained only distilled water was also analyzed for zero adjustment.  The 

calibration curve was calculated as S=aC+b. (C is the diluted concentration of Rose 

Bengal and S stands for the absorption value subtracted by the blank value). Plasma 

samples were measured in triplicate and the calibration curve was applied to determine 

the Rose Bengal concentration in plasma.  

3.3 Photothrombosis Model 

3.3.1 Light Source 

           The light unit used in this study was a halogen bulb combined with a tuning 

system that can offer 16 gradients of light intensity (NCL 150 unit, 20V/150W, Volpi). 

Two heat filters are added to the filter slot provided in the light unit to minimize the heat 

effect during illumination with 90% preservation of light power. The light was then 
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transmitted through a flexible fiber optic of 13mm diameter and 30cm length attached to 

the unit.  

3.3.2 Single Photothrombosis (PT) Induction 

Wistar rats were initially anesthetized with 5% isofluorane which was reduced 

and maintained at 2% during surgery. The fur over the right femoral vessels and skull 

were shaved and disinfected and surgery was performed using a no touch aseptic 

technique. Normothermia (rectal temperature of 37 ℃) during surgery was maintained 

using a sensor- controlled heating pad. The right femoral vein was cannulated with a PE-

50 tube that had a stretched bevelled end to allow later injection of Rose Bengal. After 

cannulation, the rat was carefully flipped 180°to lie prone on the heating pad. The head 

was then fixed level using ear pins in a stereotactic frame. An approximate 3cm incision 

was made over the scalp along the midline  and t h e  skin was retracted back with 

suture thread to expose bregma and the midline. Blood from cranial muscle and bone 

was wiped clean with gauze and cold saline. An opaque foil mask with a 3mm*3mm 

opening was placed directly on the right side of skull, 0mm posterior to bregma and 

1mm lateral to the midline. The mask prevented extraneous skull from b e i n g  

illuminated. The skull within the area to be illuminated was thinned evenly using a 

dental drill until the pial microvessels were visible under the microscope. The thinned 

area was somewhat larger than that to be illuminated, to ensure that the illumination 

field was flat and skull thickness was uniform. Regional cerebral blood flow (rCBF) 

within the illuminated region was measured prior to, during and post illumination 

using a Laser-Doppler flowmetry probe placed perpendicular to the skull. Rose 

Bengal (10mg/ml) prepared as above was injected intravenously (0.1ml/100g body 
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weight) 1min prior to illumination. The skull was illuminated using the white light as 

mentioned above. The light guide was placed 2.5 mm above and perpendicular the skull. 

The skull was illuminated for various times (5-15min).  For durations of longer than 10 

min, a 2nd Rose Bengal injection was given at 10 min. After PT, all surgical sites were 

cleaned and closed with 3-0 nylon sutures. Analgesic buprenorphine (0.03mg/kg) was 

administered afterwards and rectal temperature was monitored for 1 hour post to 

surgery (Figure 3.3.1). 

3.3.3 Recurrent Photothrombosis (PT) Induction 

The animals were subject to 5min of illumination duration under 35,000 Lux 

of light intensity as determined in Objective 1. The photothrombotic procedure was 

repeated using the same procedures except for a shift in the location of the 

illuminated area. In this set of experiments, the illumination site moved 1.5mm 

posterior, starting from 1.5mm from the bregma and 1mm lateral from midline. The 

skull was thinned again if regrowth of skull was observed. The skull was thinned 

such that the pial microvessels underneath the skull became clearly visible under 

microscope.  

 

 

 

 

 

 



33 

 

Figure 3.3.1 Schematic representative of illumination method for photothrombotic 
ischemia in the rat.  
        

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3.1 Schematic representation of illumination method for photothrombotic 

ischemia in the rat. A fibre optic source of white light was carefully positioned 

perpendicular to the illumination field. A foil tape with a square opening (3mm*3mm) 

was placed onto the thined skull to prevent illumination of extraneous tissue. During 

illumination, platelet thrombi form which adhered to the endothelial cell wall  producing  

occlusion of microvessels.  
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Figure 3.3.2  Representative of location of recurrent PT in rat.  
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Figure 3.3.2  Representation of Locations of Recurrent PT (continued).   

(a) The black open squares represent the illuminated area in the 1st PT and 2nd PT 

procedures. The illumination area was moved 1.5mm posterior between insults. This 

produced  three distinct ischemic regions: Area 1 was a single PT area illuminated during 

the 1st PT; Area 2 was a double illuminated PT area analyzed in recurrent insults, and  

Area 3 was another single PT area illuminated during the 2nd PT. (b) Representative 

diagrams of the corresponding coronal slides covering the illuminated regions of 1st PT 

(left column) and 2nd PT (right column). Dashed square represents the location of 

illumination. The post caudate (p.c.) level was near the center of 1st illuminated area. The 

total length of illumination was 4.5mm (Adapted and modified from reference109). 
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3.4  MRI Scanning  

            MRI scanning was conducted in the Experimental Imaging Center at the 

University of Calgary. Twenty-four hours after surgery, MR scans were acquired using 

a 9.4T Bruker MR system. During the MR scan, animals were anesthetized with 2 %  

isoflurane and body temperature was monitored and kept at 37℃ via an air heating 

feedback system. The animal was placed in a 35mm quadrature volume coil. Each scan 

contained a set of MR sequences including a multi-slice T2 map, apparent diffusion 

coefficient (ADC), a diffusion-weighted Imaging (DWI) map and a perfusion-weighted 

Imaging map (PWI). Details of the MR parameters used are provided in Table 3.4. 

Table 3.4 Acquisition parameters for the various MRI sequences  

Sequences FOV 
(cm2) Matrix Number 

of slices 

Slice 
thickness   

(mm) 

TE 
(ms) 

TR 
(ms) 

Number 
of b 

values 

T2 multi-echo 3x3 128x96 20 0.7 10x32 7000 na 

ADC 3x3 128x128 20 0.7 40 5000 5 b 

Perfusion 3x3 128x128 1 1 13.3 3000 na 
 

 

3.5 Histological Processing of Brain Sections 

After a single PT, animals were deeply anesthetized with pentobarbital (120mg/kg, 

Intraperitoneal) and then perfused with cold phosphate-buffered saline (PBS, 1x) and 

fixed with 10% formalin. Animals were randomized to perfusion fixation at different 

times of 1day, 2day, 3day and 1week post-insult. For double PT, animals were killed and 

perfused 2days after the last MRI. The head was decapitated and immersed in 10% 

formalin overnight. The brain was removed from the skull and stored in 10% formalin 
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solution for about 5days before being embedded in paraffin. Semi-serial coronal sections 

(7 µm thick) were  cu t  u s ing  a microtome at l eve l s  o f  the brain that included 

illuminated and non-illuminated levels. Sections were mounted onto glass slides coated 

with polylysine and then stained with haematoxylin and eosin.   

3.6 Analysis Procedures 

3.6.1 MR Quantification  

MR images were inspected and it was apparent from these images that the PT 

lesion usually consisted of a maximal intensity ‘core’ region in the upper cortex and less 

intense peri-infarct regions in adjacent cortex.  Thus, initially the regions of interest (ROI) 

selected for analysis were selected according to visualized differences in MR intensities 

on T2 images – designated infarct core and peri-infarct. MR values (T2, ADC and PWI) 

were measured in these regions of interest (ROI) using locally available software 

(Marevisi, Institute for Biodiagnostics, NRC). The infarct volume was measured 

according to the hyperintense area in DWI or the brightest area in T2 images. The volume 

of ischemic lesion was a sum of the hyperintense areas in each slice multiplied by slice 

thickness (0.7mm). The quantitative MR changes of each rat were measured in slices 

with maximal T2 changes. This level was often located in the center of the illumination 

field with coordinates of -1.4mm~2.1 from bregma. 

Another set of ROIs were used for Objective 2 which investigated the effects of 

recurrent mild PT induction. MR measurements were conducted using three ROIs which 

were all similar in size and divided the illuminated cortex into three parts, described as an 

upper/core, middle/peri-infarct and lower/remote layers of cortex with the ROIs being 

named depending on whether the upper layer showed acute infarct (Figure 3.6.1). These 
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regions remained consistent between the first and second scanning sessions. In addition 

to ischemic regions, MR quantification of T2 and ADC was performed in unaffected 

control regions - a1, a2, and a3 for comparison.  

A PWI scan was acquired in one coronal level (one slice) in rats subjected to 

either a single PT or a recurrent PT. The level used for PWI scanning was the one that 

showed biggest MR abnormality on T2 and DWI. This level was often in the center of the 

illumination field, at coordinates of -1.56mm bregma (area 2) on the representative 

coronal slice in Figure 3.3.2(b). For Single PT, area 2 was the illumination center. For 

recurrent PT, area 2 represented the double illuminated field. The PWI was measured in 

the region that had a visually apparent perfusion deficit presenting as a darker area of 

reduced signal intensity, compared to normal contralateral cerebral perfusion. Due to a 

large variation of absolute PWI and uncertainties in constants required for calculating 

absolute perfusion, PWI was converted to relative changes in flow as % of a non-

ischemic control region.  In all rats, the region selected for a control measure was remote 

from the illuminated ROI reflecting a mean of the three cortical layers. 
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Figure 3.6.1 Representative of ROI selection for MR measurement 

 

 Figure 3.6.1 Representative of ROI selection for MR measurement. ROIs were 

drawn with similar size, dividing the illuminated cortex into three regions: upper/core 

(white), middle/adjacent peri (yellow) and lower/remote peri (green). A control ROI 

(purple) was chosen remote to the illuminated region. The representative slice was picked 

at bregma level (middle caudate level) from a T2 map. 

White: upper/core

Green: lower/remote 
peri

Purple: normal/control

Yellow: middle/adjacent 
peri
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3.6.2 Histological Assessments 

             Brain sections were stained with standard staining methods (Haematoxylin & 

Eosin) and the stained slides were observed under an Olympus microscope at 4-20x 

magnification. Representative photographs were acquired using image analysis software 

(Microbrightfield). The scoring criteria for damage assessment were: 0= no infarct; 1= 

scattered necrosis with preservation of structure; 2= incomplete infarct with more 

necrotic cells and tissue losing affinity to the dye; 3= complete infarct with pannecrosis 

and destruction of tissue morphology.  

3.6.3 Statistical Analysis 

              All data are presented as the mean value ± SD. Differences between means were 

compared using a one-way analysis of variance (SigmaStat 3.5 version). Significance of 

differences between means within groups was compared using a Bonferroni test for a 

multiple comparison of means or a Student’s paired t-test for two group comparison. A 

Mann-Whitney Rank Sum Test was used for histological score analysis and a Student’s 

paired t-test was used for comparison of repeated measures.  Differences were considered 

significant at P<0.05.  
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Chapter Four: Results 

4.1  Pharmacokinetics of Rose Bengal following i.v injection  

            The Rose Bengal distributed rapidly after intravenous injection. Its plasma 

concentration in arterial blood samples reached a peak of 0.136 ± 0.01mg/ml quickly 

subsequently decreasing by 50% at 1 min after injection (Fig 4.1). However, the time 

taken to reach the peak varied slightly, with a range of 10 seconds to 30 seconds in 

individual rats producing variability in Rose Bengal concentration within the early 

minutes after injection (not shown on the graph). This may be due to sampling variability 

and variation in the speed of injection. Subsequently Rose Bengal was rapidly 

metabolised from the blood with approximately 95% of Rose Bengal being eliminated in 

the first 10 min. (Fig 4.1)  

Based on this study, a one minute interval between the end of injection and the 

start of illumination was chosen for PT induction because at this time point the Rose 

Bengal concentration in blood was relatively stable yet not too small to lose its effect.  

Another implication was that if illumination time was longer than 10min, a second 

injection of Rose Bengal would be required to maintain an efficient level for the light-dye 

interaction.  
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Figure 4.1 Plots of Rose Bengal plasma concentration against time after injection. 
(n=4) 
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4.2  Objective 1: Single PT Induction 

4.2.1 Effects of illumination duration on the severity of stroke 

           As the duration of the 45,000 Lux illumination decreased from 15min to 5min, so 

did the injury volume measured the on MR images (Fig 4.2.1a). At 24h, both T2 and 

DWI changes were pronounced with a clear border distinguishing the ischemic lesion 

from normal tissue. With 5min of light illumination at 45,000 Lux, a substantial region of 

core appeared in the upper layer of the illuminated cortex. With 15min of illumination, a 

lesion was apparent in the whole illuminated cortex and expanded to a small portion of 

the subcortical region and adjacent cortex. The region of T2 elevation corresponded well 

with that of the T2 and DWI hyperintensity with respect to the size and location of lesion. 

Haematoxylin and eosin stained slides showed a demarcated infarct with pannecrosis in 

the region where MR abnormalities were observed (Fig 4.2.1b). 

          The lesion volume (Fig 4.2.1c) measured from regions of brightest T2 signal 

decreased as the illumination duration decreased and there was a linear correlation 

between them (r2=0.91). The cerebral blood flow measured with Laser-Doppler 

flowmetry (Fig 4.2.1d) showed that at 45,000 Lux there was a significant decrease in 

perfusion immediately post illumination. Perfusion was 51.5% ± 11.8% of pre-

illumination baseline values following 10 min of illumination and at 58.03%±7.8% of 

baseline with 5 min illumination. Despite a significant change of infarct volume between 

10 min and 5 min illumination, the decline of blood flow for these two was similar. The 

cerebral blood flow returned towards baseline with near full recovery within 30 min post 

illumination, indicating the ischemia produced by PT was at least partially transient. At 

35,000 Lux, the time taken before the blood flow returned to baseline varied in individual 
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rats but it tended to return quickly (e.g. within 5 minutes) to near baseline (data not 

shown).  

The major finding of this group of experiments was that there exists a good 

correlation between the duration of illumination and the produced lesion volume. Five 

min of illumination resulted in a small infarct core (4.89 ± 1.65 mm3) located in the 

upper layer of illuminated cortex. The cerebral blood flow recovered relatively quickly 

after illumination. Considering that the aim was to develop a mild stroke using PT, in 

subsequent experiments we used a 5min illumination to further optimize the PT method 

for producing a mild insult.  
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Figure 4.2.1 Effects of illumination duration on the severity of stroke (n=9). 

                                             

 

 

 

 

 

Figure 4.2.1 Effects of illumination duration on the severity of stroke (n=9).  (a)  

Representative T2-weighted and diffusion-weighted images showed ischemic lesions had 

areas of hyperintensity (red arrows) after 15 min (n=1), 10 min (n=3) and 5 min (n=5) 

durations of illumination. (b) Representative micrographs of haematoxylin and eosin 

staining with10 and 5 min of illumination.  
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Figure 4.2.1 Effects of illumination duration on the severity of stroke (n=9)  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.1 Effects of illumination duration on the severity of stroke (n=9).  (c) 

Quantitative infarct volume measured from brightest regions of T2 map as illumination 

duration was varied (**p<0.01, 10min different from 5min, Paired Student’s t-test). (d) 

Relative cerebral blood flow (% of baseline) measured with Laser-Doppler flowmetry 

prior to and post illumination in the different illumination duration groups. (++p<0.01, 

+++p<0.001 vs baseline, paired student t-test). 
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4.2.2 Effect of intensity of illumination on severity of ischemic damage detected with 
MRI  

 Four different groups light intensities with a duration of illumination of 5 min 

were studied in 5 rats per group. The intensity varied from a high light power (70,000 

Lux) to a low light power (35,000 Lux). The lesion volume was measured from the 

brightest T2 region in T2 weighted images. Lesion volume decreased in tandem with the 

decrease of light intensity (Fig 4.1.2a) and there was a good correlation between them 

(r2=0.81) under the conditions investigated. Furthermore, absolute T2 within the 

hyperintense area also decreased with decreases in light intensity resulting in a linear 

correlation between them (r2=0.67). This indicated that as light power increased, the 

tissue damage was more severe. As the light intensity decreased from 45,000 Lux to 35, 

000 Lux, the T2 relaxation time significantly decreased (p<0.05) whereas the T2-based 

lesion volume did not (p>0.05).   

          This study showed that the light intensity of approximate 35,000 Lux was able to 

produce a small lesion (3.92±0.45 mm3) with a mild T2 elevation (66.7±11.1 ms). Thus, 

this light setting with a 5min duration of illumination was chosen for mild PT induction.  
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Figure 4.2.2 Correlation between light intensity and severity of ischemic damage 
assessed using MRI. 
   

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.2 Correlation between light intensity and severity of ischemic damage 

assessed using MRI.  Mean ±SD (n=5) lesion volumes measured from bright hyper-

intense regions on T2-weighted images in (a) and mean T2 relaxation times in (b). 

(*p<0.05, **p<0.01, *** p<0.001, Differences significant, Bonferroni test) 
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4.2.3 Relationship between light intensity and cerebral perfusion measured by PWI. 

    Perfusion-weighted Images (PWI) were darkest in regions of infarct core and 

less dark in regions of peri-infarct. Visually, the area of greatest cerebral perfusion 

deficit matched that of brightest areas on T2 and diffusion image. In contrast, peri-infarct 

regions showed modest changes in perfusion and T2 that were not observed in diffusion-

weighted images (Fig 4.2.3a). Quantification of relative PWI changes at 24h (Fig 4.2.3b) 

demonstrated that the PWI deficit in the region of infarct core was significantly greater 

than that of peri-infarct regions, and this difference was more pronounced with high light 

intensity (p<0.01) than low light intensity (p<0.05). The PWI in the core was less than 

30% of control (p<0.001) at light intensities of over 60,000 Lux. In contrast, when the 

illumination light intensity was 35,000 Lux, cerebral perfusion in the core region was 

modestly diminished (79%±5% of control) and the peri-infarct region appeared to have 

fully recovered (111% ± 15% of control). This analysis of the PWI indicates that using 

conditions of 5min illumination at 35,000 Lux produces a relatively mild transient 

ischemia. 
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Figure 4.2.3 Relationship between light intensity and cerebral perfusion measured 
by PWI. 
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Figure 4.2.3 Relationship between light intensity and cerebral perfusion measured 

by PWI (continued).  

 (a) Representative T2, perfusion-weighted (PWI) and diffusion-weighted (DWI) 

images from animals illuminated at various light intensities for 5 min. (b) Mean±SD 

PWI changes in the core (upper cortex) and peri-infarct region. The change in perfusion 

was linear to the change of light intensity in both core and peri-infarct regions. (**p<0.01, 

***p<0.001) 
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4.2.4 Different T2 values measured at 24h after PT were associated with different 
severities of ischemia. 

The mean T2 value in normal brain was approximately 40ms. At 24 h after a 

single PT, there was a range of T2 changes observed. I divided the results into three 

groups with T2 of 50-70ms, 80-95ms, and >95ms resulting in 3 subgroups with T2 

changes that were mild (57.48±6.35 ms, n=5), moderate (87.41±4.80 ms, n=4), and 

severe (100.03±2.97 ms, n=8), respectively.  Histologically, at 2d post ischemia, the mild 

PT had a peri-infarct like lesion distributed uniformly in the illuminated area, consisting 

of selective necrosis. In addition, the tissue morphology was generally preserved 

compared to other groups. As T2 increased to 80ms, histologically the lesion consisted of 

an infarct in the superficial layer of cortex. Within the core infarct region, there were 

many dead cells. The core consisted of pale stained tissue with spongy vacuolated 

neutropil. Adjacent to the core was a less bright region of T2 similar to the mild PT group, 

where scattered neuronal loss was present. A complete infarct zone developed as T2 

values reached above 100ms.  

The good correspondence of histological severity of tissue damage with T2 values 

led us to conclude that T2 could be used as a non-invasive method to diagnose the 

severity of ischemic injury produced by PT. 
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 Figure 4.2.4 T2 signatures reflect well the tissue damage. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
   
 
 
 
    

Figure 4.2.4 T2 signatures reflect well the tissue damage. The first column presents 

representative micrographs of the histology observed in coronal sections stained with 

H&E at various T2 values. The second column shows the corresponding T2 images with 

white arrows emphasizing the regions of T2 change. 
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4.2.5 MR signatures differ in different regions following PT induction (n=5). 

     Inspection of the T2 and DWI images with PT produced by illumination above 

45,000 Lux for 5 min showed some qualitative differences in the areas of increased 

intensity changes in T2 and DWI images (Fig 4.2.5 a and b). These regions were referred 

to as a region of infarct core and a region of peri-infarct. Histological assessment (Fig 

4.2.5c) showed that the regions of brightest intensity change reflected a core region with 

pannecrosis whereas peri-infarct regions with increased T2 had signs of scattered 

necrosis. Quantitative measures of T2 and ADC in core areas of maximal intensity 

change and peri-infarct regions (Fig 4.2.5d) indicated significant differences between the 

two.  There was a significant ADC reduction in the infarct core (p<0.05 vs control) but 

not the peri-infarct region, whereas T2 was increased significantly in both core (p<0.001) 

and in the peri-infarct region (p<0.001). This indicated that T2 was better at detecting 

mild injury compared to ADC. Thus in the second objective of recurrent PT induction, T2 

measurements were used as the major MRI criteria for selection of animals for 

recruitment and analysis.   
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Figure 4.2.5 Quantitative MR changes in regions of infarct core, peri-infarct and 
normal tissue. 
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 Figure 4.2.5 Quantitative MR changes in regions of infarct core, peri-infarct and 

normal tissue (continued). 

(a) Representative T2-weighted image showing the intensity changes at 24h after 

PT in subregions of core (blue arrow), peri-infarct (green arrow) and normal tissue 

(yellow square). The corresponding representative DW image shows intensity changes in 

the PT area at 24h after PT (b). (c) Corresponding representative micrographs of brain 

sections stained by haematoxylin and eosin demonstrate different severities of tissue 

damage in the core and peri-infarct regions. (d) Mean + SD MR changes measured in the 

core and peri-infarct regions (presented as % of control). (*p<0.05, **p<0.01, 

***p<0.001, significantly different, Paired Student’s t-test) 



57 

 

4.2.6 Summary and Conclusions of Objective 1   

The results demonstrate that the PT model can be modified to produce mild 

ischemic brain injury: A thinned skull exposed to white light at 35,000 Lux of intensity 

for 5min was able to produce a mild injury consisting of a region of selective neuronal 

death and in some animals a small region of pannecrosis. Cerebral blood flow measured 

by Laser-Doppler flowmetry recovered quickly post illumination and at 24h flow 

measured with PWI progressed to a mild decline. Measures in the regions of interest 

indicate a mismatch between T2/PWI and diffusion-weighted imaging changes. The 

alterations in T2 and PWI were milder than those in the core and were considered 

representative of peri-infarct or penumbra. Despite DWI being largely used in acute 

stroke imaging to identify infarction, in the current study it was less sensitive in detecting 

peri-infarct compared to T2/PWI. T2 changes correlated well with histology in 

demarcating lesion volumes and in grading the severity of cell death. Thus, PT ischemic 

injury is best detected using T2 imaging and for Objective 2 we focussed on using T2 to 

assess the severity of damage after either the first or second insult. 
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4.3 Objective 2: Recurrent PT Induction 

4.3.1 Animal subgroups and selection criteria for analysis 

In parallel to recurrent PT experiments, control experiments were also performed.  

In 2 rats that experienced single sham surgery (saline injection plus illumination), the 24h 

MRI did not show abnormality. The T2 relaxation time was in normal range 

(approximate 41ms).   

A total of 65 rats were used in recurrent PT experiments. Successful recurrent PT 

was produced in 39 animals and 36 of them were recruited for MRI and histological 

analysis. 9 animals died after surgery. In 10 animals there were no T2 lesions visible after 

recurrent PT and these were excluded. Table 4.3.1 lists the detailed selection criteria and 

mortality of subgroups. There was an increase of mortality as the time interval between 

two surgeries was shortened, which was potentially related to lung complications and the 

stress of multiple surgeries and anesthesia for MR imaging. 

. 

Table 4.3.1 Animal number of subgroups and selection criteria for analysis 

Initial 
Amount

No T2 
lesion a1≠a3

Abnormal 
MRI Map

Died 
(Mortality)

Successful 
Amount

Recruited For 
Analysis

1d group 16 5 0 0 4(25%) 7 6
2d group 17 1 3 0 2(11.7%) 11 10
3d group 18 4 0 1 2(11.1%) 11 10
1wk group 14 0 3 0 1(7.14%) 10 10
  Total 65 10 6 1 9(13.8%) 39 36
 
a1=area 1(single illumination region at 1st PT); a3= area 3 (single illumination region at 

2nd PT). Abnormal MRI Map may present as blurred images or abnormal T2 map.  

 



59 

 

4.3.2 Criteria of regrouping animals into two main cohorts. 

            For the 39 rats with a successful induction of recurrent PT, despite care with 

illumination parameters, the ischemic lesion produced was still somewhat variable. Some 

of the first PT insults were more severe than those that were clearly mild. Thus, using all 

the data with recurrent PT insults, I separated groups according to whether the first PT 

was mild (Initial-Mild cohort) or severe (Initial-Severe cohort). In the Initial-Mild group 

(Fig 4.3.2a), the T2 was modestly elevated uniformly in the upper, middle and lower 

layers of illuminated cortex (n=5 per subgroup). In the Initial-Severe group (Fig 4.3.2b), 

there was a small hyper-intense region located in the upper layer (infarct core) with a less 

hyper-intense region underneath (adjacent peri-infarct and remote peri-infarct). Each 

subgroup contained 5 animals except for the 1d subgroup that only had 1 rat recruited to 

the Initial-Severe group. 
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Figure 4.3.2 Representative T2 images post 1st and 2nd PT for the different 
subgroups of varied time intervals between two ischemic events for the Initial-Mild 
(a) and the Initial-Severe (b) cohorts. 
 

 

 

 

 

 

 

 

 

 

 

 

 

In the Initial-Mild (a) cohort, T2 had visually mild hyperintensities (white arrow) 

in the illuminated area of each subgroup. After a second PT induction, an enhanced T2 

elevation was visually apparent in upper layer of cortex in each subgroup (blue arrow).              

           In the Initial-Severe (b) cohort, a T2 hyperintenisty was apparent in the upper 

layer (core, yellow arrow) of illuminated cortex.  In this cohort, the hyper-intense T2 

signal normalized visually regardless of whether a recurrent PT was produced (green 

arrow).  

 

(a) (b) 
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4.3.3 Body temperature recorded during and post the 1st and 2nd PT surgery 

            Animals were monitored carefully during and after surgery to maintain optimal 

ventilation and anesthesia level. The body temperature between groups before each 

illumination was similar (Table 4.3.3). The illumination of the cortex for 5min with 

approx. 35,000 Lux did not increase the rat’s body temperature measured rectally. Rectal 

temperature after surgery was monitored for 1h and the measurement was normal at 

approx. 37℃, indicating a good recovery of the animals from the PT and surgery.  

 

Table 4.3.3 Body temperatures measured by rectal probe at different time points in 
varied groups.  

before
illumination

after
illumination

post surgery
before

illumination
after illumination

post
surgery

1d group(n=5) 37.0±0.16 37.2±0.22 37.0±0.23 37.0±0.59 36.8±0.35 37.0±0.18
2d group(n=5) 36.9±0.35 37.1±0.37 37.0±0.21 37.0±0.24 37.0±0.15 37.0±0.21
3d group(n=5) 37.1±0.27 37.1±0.15 37.0±0.11 37.1±0.51 37.0±0.27 37.0±0.19

1wk group(n=5) 37.0±0.27 37.1±0.29 37.0±0.19 37.0±0.18 37.1±0.22 37.0±0.21
1d group(n=1) 37.2 37.3 37 36.9 37.1 37.2
2d group(n=5) 36.9±0.26 37.0±0.26 37.0±0.41 36.9±0.30 37.1±0.28 37.1±0.25
3d group(n=5) 37.5±0.37 37.4±0.30 37.0±0.42 37.0±0.29 37.3±0.27 37.0±0.19

1wk group(n=5) 37.0±0.41 37.1±0.34 36.9±0.10 37.2±0.25 37.2±0.13 37.0±0.21

1st PT 2nd PT

Initial mild

Initial severe

Temp (℃）

      Data presented as Mean ± SD.  Mean body temperature was similar at the different 

time points for the different interval groups (p>0.05, multiple comparison using ANOVA 

followed by Bonferroni t-test). 
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4.3.4 Quantitative T2 changes in the Initial-Mild cohort 

4.3.4.1 Comparison of absolute T2 changes after the 1st and 2nd PT  

            In this cohort, the T2 relaxation time at 24h after the 1st PT was significantly 

elevated (p<0.05 vs normal) in the upper layer of illuminated cortex. The mean T2 

increased further following a 2nd PT (p<0.01 vs 1st PT) produced at an acute recovery 

time (1day to 3day) after the 1st PT. T2 values were also elevated in the middle and lower 

layers but to a lesser degree. With a more chronic interval between insults, the T2 

elevation after the 2nd PT was modest in the upper and lower layers compared to the 

change after the 1st PT (p>0.05). It was noticed that the normal T2 value in brain not 

affected by PT had some variability, e.g. due to the potential variations of the animal, coil 

and MRI system. Thus, to control for such variations, in the next section, comparisons of 

T2 between groups was made using a normalized value of T2 where T2 was converted to 

a % of normal. 
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Figure 4.3.4.1 Absolute T2 values for different ROIs obtained after the 1st and 2nd 

PT in the different interval subgroups of the Initial-Mild cohort.  
 

 

 

 

 
 

 
 

 
 

 
 

 
 

 
 

Figure 4.3.4.1 Absolute T2 values for different ROIs after the 1st and 2nd PT in the 

different interval subgroups of the Initial-Mild cohort (n=5 per group).  

Representative absolute T2 changes at 24h after a 1st PT (blue column) and a 2nd PT (red 

column) for interval groups of 1day (a), 2day (b), 3day (c) and 1week (d) between insults 

(*p<0.05, **p<0.01, 1st different from 2nd, paired Student’s t-test; +p<0.05, ++p<0.01, 

+++p<0.001 vs normal/control; Bonferroni t-test) 
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4.3.4.2 Comparison of relative T2 changes in different ROIs for the interval subgroups 
after a 1st and 2nd PT.  

            After the 1st PT induction, T2 elevations were modestly elevated to similar levels 

(less than 121% of control) (p>0.05) between groups in each layer. Following the second 

PT, the increase of T2 was more pronounced as the time interval between insults became 

shorter. In the upper layer, T2 changes with shorter intervals (1day to 3day) significantly 

exceeded those in the 7day interval group, which had the smallest T2 increase (134.9%±

20.3%). Although the T2 increase of the 1d interval group (234.3%±29.1%) was greater 

than that of 2d and 3d, these changes were not significant.     

            In the middle and lower cortical layers (peri-infarct), the T2 increases in each 

group were similar (p>0.05) and were less than in upper layer (infarct core). This 

indicated that there was a milder brain damage in the peri-infarct region than in the 

infarct core. 
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Figure 4.3.4.2 Relative T2 changes (% of normal) in different ROI after a 1st and 2nd 
PT for the different interval subgroups of the Initial-Mild cohort. 
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Figure 4.3.4.2 Relative T2 changes (% of normal) in different ROI after a 1st and 2nd 

PT for the different interval subgroups of the Initial-Mild cohort (continued).          

Mean±SD (n=5) T2 changes 24h after the 1st PT or 2nd PT in upper (a), middle (b) and 

lower(c) layers with varied time intervals between two episodes of mild ischemia. T2 

increases between groups were similar (p>0.05) in each layer after the 1st PT but differed 

in the upper layer after the 2nd PT. In deeper layers, T2 increases were mild and not 

significantly different between groups (##p<0.01, ###p<0.001 different from 7d group, 

Bonferroni t-test).  
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4.3.4.3 Comparison of T2 changes in area 1 and area 3 

             Absolute T2 relaxation time measured in area 1 and area 3 in each interval 

subgroup were similar (p>0.05), indicating that the light conditions between the 2 PTs 

were consistent and the enhancement of T2 insults after the 2nd PT was not caused by 

potential variations of light intensity. Each group had 5 rats except the 3d interval group 

containing 4 rats. 

Figure 4.3.4.3 Absolute T2 changes in area 1 and area 3 with varied time intervals 
for the Initial-Mild Cohort. 

  

  

(a) 
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Figure 4.3.4.3 Absolute T2 changes in area 1 and area 3 with varied time intervals 

for the Initial-Mild cohort (continued).  

 Mean±SD (n= 4 or 5) T2 changes in the upper (a) and middle (b) layer of area 1 

and area 3 for the various time interval groups. Difference of means between the two 

areas in each group were not significant (p>0.05, Paired Student’s t-test). 
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4.3.5 Quantitative T2 changes in the Initial-Severe Cohort 

4.3.5.1 Absolute T2 relaxation after a 1st and 2nd PT with various intervals between them. 

            Each interval group contained 5 rats except for the 1d group (n=1). Similar to the 

Initial-mild cohort, the normal control T2 values measured in non-illuminated cortex of 

all groups was similar between the 1st and 2nd PT.  In the core region, the T2 relaxation 

time was markedly elevated after a 1st PT (p<0.001vs normal), whereas it was decreased 

after a 2nd PT (Fig 4.3.5.1). The decrease was more pronounced when the 2nd PT occurred 

at 1week (p<0.01) compared to at 2d or 3d (p<0.05) after the 1st insult.  In the 2d interval 

group, the T2 value after a 2nd PT remained elevated compared to that in the normal 

control region (p<0.01 or p<0.001). Different from the other groups, T2 relaxation in the 

1d group (n=1) had a further increase above 100ms in adjacent and remote peri-infarct 

regions, indicating an exacerbation of tissue damage in these regions.  
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Figure 4.3.5.1 Absolute T2 in the different ROI after a 1st or 2nd PT for the various 
interval groups of the Initial-Severe cohort. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3.5.1 Absolute T2 in different ROI after a 1st and 2nd PT for the various 

time interval groups of the Initial-Severe Cohort.  Shown are the T2 values in groups 

with 1day (a, n=1), 2day (b, n=5), 3day (c, n=5) and 1week (d, n=5) intervals between the 

1st (red) and 2nd (blue) insult. (+p<0.05, ++p<0.01, +++p<0.001, different from normal 

control, Bonferroni t-test; *p<0.05, **p<0.01, 1st PT different from 2nd PT, Paired 

Student’s t-test) 
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4.3.5.2 Quantification of relative T2 changes (% of normal control)   

             In this Initial-Severe cohort, the T2 elevation after the 1st PT was similar in the 

core region of the different interval groups, but differed in deeper cortex depending on 

the time between insults (p<0.01, 2d vs 1wk). T2 had the greatest increase in the core 

with means above 190% of control, followed by lesser increases in regions of peri-infarct 

(<145%) and remote-infarct (<140%).  

Following a 2nd PT, the T2 for all interval groups declined towards the normal 

control level in the core region. Although T2 in 1week group had the biggest decrease, its 

change was not significant compared to the other interval groups (p>0.05). In the peri-

infarct regions, where the first T2 elevation was mild, there was an increase of T2 in the 

2d interval group (p<0.05 vs 1week). This suggested an enhancement of tissue damage in 

these regions.  

The major finding of this section was that when the initial ischemia led to severe 

MR changes, a 2nd PT was unlikely to produce a further increase in T2. This suggests a 

potential for distinguishing severities of recurrent stroke in the clinic.  
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Figure 4.3.5.2 Relative T2 changes (% of normal) in the Initial-Severe Cohort. 
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Figure 4.3.5.2 Relative T2 changes (% of normal) in the Initial-Severe Cohort 

(continued).  

Shown are the mean±SD (n=5) T2 changes after a 1st PT and 2nd PT for regions 

in the upper (a), middle (b) and lower(c) layers of cortex (#p<0.05, ##p<0.01 different 

from 1week group, Bonferroni test). 
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4.3.5.3 Comparison of T2 changes in area 1 and area 3. 

            Similar to the results of the Initial-Mild cohort, the absolute T2 relaxation time 

measured in area 1 and area 3  in each interval group of the Initial-Severe cohort were 

similar (p>0.05). This indicated that there was a consistency of light conditions between 

the two PTs and the observed MR signatures and tissue damage were a result of repetitive 

ischemia.    

Figure 4.3.5.3 Absolute T2 changes in area 1 and area 3 for the various time interval 
groups of the Initial-Severe cohort. 
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Figure 4.3.5.3 Absolute T2 changes in area 1 and area 3 for the various time interval 

groups of the Initial-Severe Cohort (continued).  

Shown are the mean±SD T2 relaxation times measured in the regions of upper (a) 

and middle (b) layer of area 1 and area 3. T2 between the two areas was similar (p>0.05, 

Paired Student’s t-test). Animal number: 2d group (n=4), 3d group (n=3) and 1wk group 

(n=5). 
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4.3.6 Histological score in the two cohorts   

           In the Initial-Mild cohort, similar to the greatest increase of T2 occurring in the 

upper cortical layer (see Figure 4.3.4.2), there was most extensive tissue damage as 

assessed using the histological score in the upper layer (a), followed by lower scores in 

the middle (b) and lower layers (c) (Fig 4.3.6). Histological scores in the groups with 

shorter intervals (1day to 3 day) significantly exceeded the group with the longer interval 

of 1week between insults. The differences in histological scores between the acute 

interval groups were not significant for all layers. These scores reflected well the 

corresponding T2 changes. Similarly, in the lowest cortical layers (c), where T2 increases 

were mild and similar between groups, so were the histological scores which ranged from 

0-1. The cumulative scores (d) reflected a significant enhancement of histological deficit 

for the shorter interval groups (1d to 3d) compared to the 1week interval group. The 

comparison to the 2day interval group did not reach statistical significance (p=0.056) 

which is likely due to the large variation of score in this group.  

In Initial-Severe Cohort, the 2day interval resulted in more pronounced tissue 

damage than for the 1week interval, as reflected in the cumulative score of all layers 

(p<0.05). In region of core (upper) where T2 relaxation decreased after 2nd PT (see Figure 

4.3.4.1), the tissue had developed into infarct in all rats (e). In the region of adjacent peri-

infarct (middle), the 2day interval group had a greater histological damage score than the 

3day and 1week interval groups (p<0.05 or 0.01), corresponding to the T2 relaxation 

changes in this region.  

In comparing scores between the two cohorts, there was no significant difference 

between them (p>0.05), despite patterns of T2 changes being different between the two. 
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Figure 4.3.6 Histological scores in the two cohorts.  
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Figure 4.3.6 Histological scores in the two cohorts (continued).  

Shown are whisker plots for the histological scores (n=5 per group) in the 

different layers of upper (a), middle (b), lower (c) for the Initial-Mild cohort. Also shown 

are histological scores in different layers (upper (e), middle (f) and lower (g)) for Initial-

Severe cohort. The cumulative scores in Initial-Mild (d) and Initial-Severe (h) cohorts are 

similar (#p<0.05, ##p<0.01 different from 1wk group, Mann-Whitney test on rank sum). 
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4.3.7 Histological study over time following a single PT and comparisons between 
recurrent PTs to a single PT 

           The cumulative score of the three ROIs was used for a comparison of recurrent PT 

to single PT with a similar recovery time post-insult. Similar to the recurrent cohorts, rats 

with a single PT were separated into two groups - single mild and single severe with 

varied survial times from 1day to 1week. The former had 24h T2 signatures less than 

70ms and the latter had T2 values above 80ms.                

Brain tissue damage produced by PT, either mild or severe, developed over time 

(p<0.05). The severe group with higher T2 relaxation had a constant higher histological 

score than the mild group at subacute time points (p<0.05 or 0.01).  

Compared with single PT, recurrent PT at acute time intervals resulted in more 

pronounced tissue damage. In the mild cohort, recurrent PT with 1day (p<0.001) to 3day 

(p<0.05)  intervals significantly enhanced brain damage more than a single PT. However, 

cummulative ischemic damage with an interval between insults of 1week had the least 

enhancement and the median score was similar to a single insult  (p>0.05). Likewise, in 

the severe cohort, a 1day interval between insults (n=1) had a highest score of 7. 

Recurrent ischemia with a 2d interval had a higher histlogical score than a single PT 

(p<0.05), whereas the enhancement was not significant with intervals longer than 3days 

between insults (p>0.05) (Fig 4.3.7a). Taken together, this suggested that there might 

have a protective mechinism or substantial recovery by 1 week reducing the additive 

effects of multiple insults.   

Micrographs of coronal brain slice of each group (Fig 4.3.7b) revealed a big area 

of severe tissue deintergrity after recurrent PT with short intervals (1d to 2d). The brain 
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slice of 1wk interval had good preservation of tissue morphology within the illuminated 

cortex. This implied a close relationship between the recovery time and the final ischemic 

injury.      

          Figure 4.3.7(a) Cumulative histological score over time after a single PT and 
comparisons of single and recurrent PT.  
 

 

 

 

 

 

 

 

 

 

 

Shown are whisker plots of the histlogical scores. Sample size for the single and recurrent 

PT groups was 5 except for the severe single 1day and 2day groups which had 4. The 

1day interval groups in the Initial-Severe cohort contained only 1 rat and was not plotted 

and in this graph (+p<0.05, score at varied time point after single PT different from day 1 

score; *p<0.05, **p<0.01, single mild different from single severe; #p<0.05, ##p<0.01, 

###p<0.001 single different from corresponding recurrent group). 
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Figure 4.3.7(b) Representative histological micrographs stained with Haematoxylin 
and Eosin. 
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Figure 4.3.7(b) Representative histological micrographs stained with Haematoxylin 

and Eosin (continued).  

            The First two rows were representative micrographs in Initial-Mild (a to d, 1st row) 

and Initial-Severe (e to h, 2nd row) cohort with varied time intervals. Coronal brain slides 

in single mild PT (i to l) and single severe PT (m to p) at corresponding survival time are 

presented in the third and fourth row, respectively. The square inset (10x magnifications) 

in each micrograph (4x magnifications) was taken from the upper layer (core). 
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4.3.8 Relative PWI changes in core region following single and recurrent mild 
ischemia.  

            After a single or initial mild stroke, the 24h PWI decreased to 64% of control 

(n=14). Spontaneous reperfusion was observed at 2d (n=5) and 3d (n=1) following single 

mild stroke (Fig 4.3.8). In contrast, a recurrent ischemic insult significantly exacerbated 

the decrease of cerebral perfusion when the secondary ischemia occurred at an acute time 

point (1d and 2d, n=7 in total) following the initial mild ischemia. The perfusion 

measured in PWI following a 7d interval (n=5) between insults was slightly decreased as 

compared to values following a single PT at 24h post insult (p>0.05). Taken together, this 

suggests that a recurrent mild stroke produces greater brain damage when there is a 

shorter recovery time between insults. 

Figure 4.3.8 Relative PWI changes in the core region following a single and 
recurrent mild ischemia. 

 

          Quantification of cerebral perfusion relative to normal control regions within the 

core region measured at different time points after a single PT (red bar) and 24h after a 
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recurrent PT (blue bar) with 1d interval (n=5), 2d interval (n=2) and 1wk interval (n=5). 

(*p<0.05, ***p<0.001, Bonferroni t-test). 

 

4.3.9 Summary and conclusion of Objective 2 

            This section of study demonstrated that two episodes of mild stroke enhanced the 

brain damage more than a single insult, as confirmed by histology and MRI. The 

enhancement was more pronounced with a shorter interval between insults (1day to 3day) 

than a longer interval (7days). T2 elevation was observed at 24 hr post insult and agreed 

with histology when the initial insult was mild, whereas it failed to distinguish the 

cumulative changes when the first insult was severe. When the insult was severe, T2 

values tended to normalize and did not respond to the subsequent ischemic insult in the 

region of initial high T2 change. Quantification of PWI showed a spontaneous 

reperfusion in the region of mild ischemia over 3days after a single PT, whereas multiple 

episodes of mild stroke exacerbated the PWI deficit.   
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Chapter Five: Discussion 

5.1  Major findings, novelty and clinical relevance   

The present study examined the availability of phothothrombotic occlusion in 

TIA/minor stroke modeling and the cumulative brain damage in recurrent stroke with 

varied intervals. The major findings of this work were: 1) With modifications of PT 

parameters, such as light source, light intensity, illumination duration and skull 

preparation, we demonstrated that a mild focal ischemia could be produced in absence of 

a focal cortical infarct that had been reported in previous studies using PT model; 2) 

Using this modified PT model, we demonstrated that recurrent mild stroke led to an 

enhancement of brain tissue damage in a time-dependent fashion. The cumulative brain 

damage was more pronounced when a second ischemic episode occurred at an acute time 

point compared to a chronic time point post the initial one.    

In this study, multiple MR sequences (T2, DWI and PWI) were used in 

assessment of tissue damage after a single and recurrent stroke. T2 and PWI were 

demonstrated to be sensitive methods and superior to DWI in detecting changes 

associated with mild brain injury non-invasively. MR abnormalities revealed a good 

correspondence with morphological changes of tissue stained with haematoxylin and 

eosin.  

5.1.1 PT modifications in TIA/minor stroke modeling 

A successful experimental model that can mimic a TIA/minor stroke is of clinical 

importance in studying its pathological progress and relevance to recurrent stroke. Our 

previous study using an MCAO model demonstrated that a short-lived brain ischemia 

resulted in diffuse or scattered necrosis in the occluded territory12, referred to as a “mild 
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stroke”. In this study, we used PT model as an alternative. We demonstrated that the 

traditional PT method can be modified to produce a mild stroke. The illumination 

parameters for a mild stroke were: illuminating upon partially thinned skull for 5min with 

approximate 35,000 Lux of light intensity produced by a cold halogen lamp through an 

optic fiber which was placed 2.5cm away from the illuminated spot. The photosensitive 

dye used was Rose Bengal at a concentration of 10mg/kg. The illuminated cortex showed 

scattered neuronal loss with preservation of neuropil. The recovery post to surgery was 

excellent as confirmed by body temperature measurements (Table 4.3.2). 

In comparison with previous studies (i.e., Table 1.3), this current PT model 

produced a small cortical injury that was much milder, thereby providing a new method 

to model mild stroke.   

5.1.2 Novelty of the recurrent stroke model 

This study is the first to use a combination of two PT models to establish a 

recurrent stroke. The consistency of each PT can be examined by comparison of the 

damage in two control areas: area 1 and area 3. This is novel aspect of this model is 

superior to other models such as multiple mild MCAO 12 or thromboembotic injection 72, 

73 methods.  

5.1.3 The relevance of the mild PT model and clinical trials 

            Although the newest definition of TIA suggests a true TIA is one without a DWI 

abnormality 59, it has not been widely accepted in clinical trials.  Based on the time-based 

definition of TIA that requires transient symptoms of less than 24h, multiple studies have 

shown that 25-60% of patients develop acute DWI lesions after symptom onset 110-115, 
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comparable to the situation of the Initial-Severe cohort in this study. The Initial-Mild 

cohort, on the other hand, represented a TIA without a DWI lesion.  

 In addition, a small infarct is most often seen 112, 115-117 in DWI-positive patients. 

This was also the case for both Initial-Mild and Initial-Severe cohort.  

             Although recovery of TIA symptoms is considered complete due to a timely 

restoration of cerebral blood flow, there have been few studies that examine the cerebral 

perfusion in TIA, surprisingly revealing a PWI deficit 111, 113, 115, 118, 119 in approximately 

35% of patients within 2 days of symptom onset. In the present study, a mild PWI deficit 

(21% ±5% decrease of control) was also seen at 24h after a mild PT (Figure 4.2.3b). 

            Taken together, we believe that the current mild PT is a highly appropriate model 

that has relevance to treatment and understanding of recurrent TIA/minor stroke 

clinically. We have demonstrated that experimentally, a TIA-like insult leaves sparse 

necrosis in the ischemic region that has a slight progression within the first week post 

ischemia. 

5.1.4 Implication of recurrent stroke and clinical significance 

The highlight of this study was that we examined four different time intervals, 

varying from 1day to 1week between repetitive mild strokes, which modeled the short-

term recurrence of TIA/minor stroke. We demonstrated that repetitive cerebral ischemia 

greatly exacerbated tissue damage within an essential time span from 1 day to 3 day, 

associated with a higher mortality (Table 4.3.1), implying the brain is vulnerable to a 

subsequent ischemic insult during this period (Figure 4.3.7). Taken together, these results 

indicate a crucial time window of three-day when hospitalization and medical 

intervention are needed for TIA patients in prevention of a major stroke. After this period, 
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the brain is less susceptible to a second ischemia. At 1 week after the first mild PT, the 

second mild PT resulted in the lowest histological score that was similar to a single mild 

PT developed at a corresponding time point (Figure 4.3.7). This observation is not 

reported in previous studies. It suggests a possible self-protective mechanism of brain 

against the secondary ischemia at a chronic phase,  

5.2 Factors affecting severity of ischemic damage in the PT model 

The current study showed that light intensity affected severity of brain damage, in 

line with other previous studies 79, 80, 120, 121. The effect of illumination duration was also 

studied in this work. Three varied durations were examined from 5min to 15min, 

different from other studies that used only one duration mainly in range of 20 to 30 min 

(Table 1.3). By decreasing the light intensity and illumination duration, this study showed 

a mild cerebral injury can be produced. Under conditions examined, light intensity and 

illumination duration appeared linear functions of the severity of stroke. This suggests 

that light intensity and duration produce proportional increases in the rate of platelet 

adherence/aggregation and thrombi formation above the rate of disaggregation such as 

thrombus clearance by flowing blood.   

Other potential factors that have not been studied in this model include type and 

dosage of photosensitive dye. A higher dosage causes more photochemical reaction and 

more production of thrombus per given time, resulting in a more severe damage. 

Different photosensitive dyes, such as Rose Bengal, Erythrosin B and flavin 

monoucleotide 122, may render different rates of platelet response and occlusion of 

cerebral microvasculature.  
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Despite taking care to standardize injection of Rose Bengal, light conditions and 

duration there was still some variability in the PT model represented as two cohorts. 

Considering the importance of light intensity, it is essential to make it consistent to 

minimize the variation of damage produced. Efforts have been made including evenly 

thinning the skull, measuring carefully the distance of the position of the fibre guide and 

positioning the optic fiber guide perpendicular to the skull. Moreover, getting a larger 

optic fiber to produce a highly uniform white light would likely improve consistency of 

damage further. Also important is to make the concentration of Rose Bengal as consistent 

as possible in each preparation.  

 

5.3 Discussion on MR results 

            In this study, we have novel findings of MR changes with graded severities of 

stroke. Firstly, T2 relaxation and PWI deficit increased with an increase of light intensity. 

Secondly, the region of T2 change corresponded well with that of PWI abnormality. 

Thirdly, a mismatch between T2/PWI and DWI was present in regions of peri-infarct 

where T2 and PWI showed an abnormality but DWI did not. 

           PT had a unique T2 change of an absolute value of approximate 60ms at 24h 

associated with scattered necrosis observed at 2day, and approximate 80ms with 

incomplete infarct. In terms of regional changes, T2 had the greatest elevation in core 

with a lesser increase in peri-infarct, which also corresponded to the gradations of 

perfusion changes and histological damage.  
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5.3.1 Comparison with other studies using PT 

          The MR changes of severe stroke shown in this study are consistent with previous 

studies. A T2 elevation to 100ms was readily detectable at 24h after PT, in line with other 

reports 123-125. Similarly, in the current study, the ADC declined to 60% of baseline in the 

core and was near baseline in the adjacent region 126-128. With severe illumination, the 

lesion could expand to the whole illuminated cortex, which is the most common case in 

the photothrombotic model (Table 1.3). Pannecrosis was the pattern of cell death in the 

ischemic region of severe stroke. 

            The lesion of the PT model was mainly initiated by the endothelial leakage 

(blood-brain-barrier breakdown, BBB), producing the vasogenic edema 77, 129, 130 that can 

be detected by T2-weighted imaging. At 24h, BBB dysfunction was well developed 124, 

131, which may explain the greatest increase of T2 at this time point. With the increase of 

light intensity, BBB damage is also enhanced; and as a result, the brain edema and water 

content increase and this is associated with a higher T2 relaxation.  

5.3.2 Limitation of DWI/ADC measures in mild stroke produced by PT 

            In the novel mild stroke produced by PT, DWI had no abnormality in the peri-

infarct and in this region ADC was similar to baseline, while scattered cell death was 

observed in association with a mild T2 increase and a PWI deficit.  

Experimental and clinical evidence supports that an early ADC reduction has a 

transient normalization upon reperfusion or recanalization before its secondary decline 13, 

132-135, occurring at varied time points based on the duration and magnitude of ischemia. 

This transient normalization does not indicate tissue recovery, but is a temporal marker of 

necrosis. Studies 13, 132 have reported that reperfusion after 10min MCAO in rat can 
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completely reverse the ADC change, leaving scattered necrosis. Even a severe ADC 

decrease to less than 50% of baseline had an ability to recover 134. There have been 

studies suggesting that regions of ADC decreasing less than 80% of control do not 

develop into a final infarct 123, 127, 135. These studies imply that ADC is not an accurate 

indicator of the final histopathology in the ischemic region and that the time point chosen 

for measurement is crucial. Since the very early stage of ADC change was not performed 

in this study, an initial decrease of ADC might occur that was masked by the spontaneous 

reperfusion. 

Apart from reperfusion being a factor of inhomogeneous ADC change over time 

after stroke, the degree of CBF decrease also affects the ADC measurement. CBF must 

decrease to a certain level for the ADC decrease to occur 136, 137. A CBF decrease causes 

ATP depletion and iron influx leading to cytotoxic edema, which has been shown to have 

a close relationship with the ADC decrease 127, 136. Since ATP depletion occurs when 

CBF drops to 20% of baseline, beyond this an additional ADC change may not be seen. 

In this study, the mild ischemia had a 35% decrease of CBF measured by 24h PWI 

(Figure 4.3.8). The residue blood flow might be sufficient to preserve energy metabolism 

and caused no change of ADC, while cell death could still progress in terms of apoptosis 

as discussed in 1.1.2.  

Taken together, although DWI and ADC provide an acute prediction of infarct 115, 

138, 139 after stroke onset and have been extensively used in TIA studies, the current study 

implies DWI/ADC alone does not predict injury in TIA and mild stroke. There is 

scattered cell death not detected by DWI/ADC. T2 and PWI measures are strongly 

suggested to give a better prediction of brain injury. 



92 

 

5.3.3 Cerebral perfusion and PWI measures 

           The cerebral perfusion measured by 24h PWI after mild stroke had a mild 

decrease, followed by a spontaneous reperfusion within 3days. This delayed reperfusion 

was also seen in other studies using the PT model 140-142. Gu 143 reported that the recovery 

of perfusion was accompanied by an over expression of vascular endothelial growth 

factor (VEGF), which promotes angiogenesis and reperfusion.  

5.3.3.1 The discrepancy of Laser-Doppler flowmetry and Perfusion-Weighted Imaging in 
measurement of blood flow 

           Although the blood flow measured by Laser-Doppler flowmetry showed a fast 

recovery post to illumination, MR perfusion was usually decreased at 24h. The 

discrepancy was likely because of different regional measures. Laser-Doppler flowmetry 

measured the tissue blood flow within the local region where the probe was placed, while 

PWI measured the perfusion at one coronal level (p.c. level). When the stroke was mild, 

the cerebral perfusion deficit might be restricted in a very small area and this deficit 

might be masked by collateral flow that was also measured using Laser-Doppler 

flowmetry. In contrast, PWI measures reflected the perfusion status precisely in the 

affected area. Also, our PT model occludes cerebral microvessels instead of a large 

branch of major cerebral vessels. When the Doppler probe was placed near a non-

occluded cerebral artery, there might have not been a decrease of blood flow. Another 

important reason for this discrepancy could be a delayed decrease in flow 142 that could 

be captured by 24h PWI but not by short-term Doppler measures. From all these aspects, 

it shows that PWI is superior to Laser-Doppler flowmetry in CBF measurement in mild 

stroke.   
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            Irrespective of the extent of the flow decrease and recovery, we have Doppler and 

MR perfusion evidence that the damage in the peri-infarct regions are due to transient 

ischemia.  Damage in the core may be due to permanent ischemia with some recovery of 

collateral flow. 

5.3.4 MR performance in recurrent stroke 

            This study showed a greater increase of T2 after 2nd PT in short intervals than in 

1week interval, associated with a more pronounce tissue damage when the initial T2 was 

mildly elevated. However, the 2nd T2 signatures with an initial high T2 (core) failed to 

predict the final histological damage. The T2 elevation decreased in the core region 

irrespective of another ischemic insult from 2day to 1week intervals. In the 1day group, 

T2 that had reached to 80ms after the 1st PT further increased to above 100ms in the 1day 

interval group, but the sample (n=1) size was too small to make a conclusion. MR 

normalization, both T2 and ADC, is a common phenomenon observed in animal and 

human studies, appearing normally within the first days after stroke onset 115, 123, 124, 134, 

144-146. The decrease of water content 147, 148/alleviation of brain edema, and haemorrhagic 

transformation 149, 150 may be responsible for the normalization of T2 in the infarct core. 

The MR normalization indicates that timing of MR from stroke onset needs to be 

considered for its use as an accurate diagnostic tool. 

            It is unclear why T2 does not respond to secondary ischemia when the initial one 

is severe with a high T2 relaxation in core, but some reasons can be proposed. As 

discussed above, a high T2 indicates more severe damage of tissue. The initial severe 

insult triggers macrophage activation to clear the necrotic cell debris, producing a T2 

decrease 146 masking the rate of T2 elevation caused by 2nd PT. In addition, as core tissue 
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is severely damaged, the skeleton of tissue cannot be preserved and a loose connective 

tissue matrix is formed along the infarct borders. Functional and electrophysiological 

impairments lead to a cessation of endothelial response irrespective of exposure to light, 

leaving no secondary vasogenic edema and elevation of T2. This finding of impaired 

accuracy of T2 measures in secondary ischemia may suggest a different pattern of cell 

injury uncoupled with vasogenic edema.    

5.3.5 MR artifacts 

MR has been demonstrated as an accurate and non-invasive method in detecting 

the ischemia-induced brain damage. However, it should be noticed that MR scanning has 

some potential artifacts. MR artifacts may be produced from PT surgery or imaging itself.  

The surgery-induced MR artifact is mainly generated by air infiltration in between the 

sutured skin and the thinned skull. The air can depress the superficial brain tissue, leaving 

darkness on the MR image. T2-weighted imaging is highly sensitive to water in presence 

of hyper-intensity, therefore liquid leakage post to surgery, if severe, would form a thin 

layer of an ischemia-like hyper-intense region above the superficial cortex. Haemorrhage, 

on the other hand, interferes with MR scanned brain tissue by producing a darkened spot. 

To avoid of this artifact, the upper ROI was drawn approximately 1mm away from the 

superficial edge of cortex. 

The biggest system artifact originates from animal motion during the DWI scan, 

as a result of phase mismapping. A good DW map requires a highly static state of the rat 

in the magnetic coil. When the head of the imaged animal moves due to waking from 

insufficient anaesthesia or loose fixing within the coil, breathing motion artifact produces 

an appearance of replicated images overlapped with each other. To solve this problem, 
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MR is acquired by gating the image acquisition to a consistent state of respiration. In this 

study, images with movement artifacts were excluded from the ADC analysis.  

In the spin-labeling perfusion imaging, the arterial blood at the level of neck must 

be labeled and imaged in the magnetic field as control in coding the perfusion in the brain. 

This required that much of the rat neck be fitted in to the 35mm coil for perfusion 

imaging. When the rat is too big to fit in this coil, insufficient blood is labeled and 

inaccurate low PWI signal occurs. For this aspect of the study, the size of experimental 

rat used was small (under 300g) on the imaging day if at all possible.    

 

5.4 Potential improvement of histological assessment of brain damage          

The cumulative scores after recurrent stroke with intervals between 1day to 3day 

were similar (Figure 4.3.6), while in haematoxylin and eosin stained coronal brain slices, 

the cortical neuropil of 1day was more destructed than that of 3day observed under light 

microscopy (Figure 4.3.7b). This may suggest some limitations of the scoring method. In 

this present work, four scores (0-3) were used to describe four stages of insults: no 

damage, scattered necrosis, incomplete infarct and complete infarct. This scoring was 

very brief, approximating the tissue damage by visualized difference of the morphology 

at only one level (approx. p.c. level). With each stage, the severity can vary significantly. 

For example, in the stage of scattered necrosis, the total number of selective neuronal loss 

varies. Improvement could be to count the amount of necrotic cells 55, 140 and give a 

graded score to further differentiate the brain damage in this stage. Although this scoring 

method may be related to the progress of “buck” cell/tissue death over time, the temporal 

evolution of a single cell death was also not considered as criteria for evaluation of the 
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cell death. The ischemia-induced neuronal death first presents swollen cells due to 

cytoplasmic edema, and then undergoes membrane breakdown of nucleus and cells, a 

failure of protein synthesis, DNA fragmentation, chromatin condensation and neuronal 

shrinkage providing an appearance of pyknosis. The neuron at a swollen stage may be 

suggestive of being less damaged than one that was pyknotic. Similarly, the phase of 

complete infarct experiences different morphologic changes. At the early stage when an 

infarct is formed, the tissue destruction is enhanced along with the number of necrotic 

neurons. The late phase of incomplete infarct and the early phase of complete could be 

very hard to distinguish, which might cause an inaccurate evaluation of scoring. At 

chronic times post ischemia, the necrotic cells are cleared by the activation of 

macrophages. The last phase of infarction is followed with tissue cavitation, scar 

formation, neurogenesis and vasogenesis and et al 41, 151. These detailed changes suggest 

a stage of recovery which could not be differentiated with the phase of infarction using 

the current scoring method. Moreover, the postishemic inflammation and cytokine levels 

are important hallmarks to evaluate the tissue damage and their expressions can differ 

between different time points after single or recurrent stroke 12, 151, 152, implicating 

different severities of ischemic injury. However, the inflammatory response was not 

examined in this study. Thus, for a better evaluation of brain damage, immunochemical 

stains and scores might be added in future experiments. Another limitation of the scoring 

method lies in that the histological assessment was only determined at one level 

corresponding to that of MR for analysis (p.c. level). This was to study the correlation 

between histology and MR. However, the amount of doubled illumination region (area 2) 

had a length of 1.5mm (from p.c. to ant h.p. level) that contained approximately two MR 
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slices (0.7mm thick per slice). Thus if the tissue damage was assessed by a sum of scores 

of all levels of area 2, a significant difference might be revealed between 1day to 3day 

intervals.  

The current scoring criterion is novel and first described in this present study for 

evaluation of the histological changes after mild stroke. It was sufficiently sensitive in 

detecting cell death in the stage of scattered necrosis and incomplete infarct that might be 

unique in mild stroke. Scoring was based on the three ROIs in MR analysis, in order to 

study the correlation between histology and MR changes in each ROI and to reflect the 

tissue damage with a sum score of all ROI. Although improvements were possible, this 

current scoring method successfully reflected the enhancement of tissue damage 

produced by recurrent mild stroke occurring at 1day and 2day post to the initial one 

(Figure 4.3.6). It also revealed a similar severity of tissue damage between single stroke 

and recurrent stroke with the 1week interval. Important was that the histological scores 

corresponded well with MR changes. A high T2 relaxation was associated with more 

pronounced tissue damage (Figure 4.2.4, 4.3.4.2 and 4.3.5). Thus the scoring system used 

was considered adequate for assessment of brain damage in the present study.  

 

5.5 Potential mechanisms of enhancement of tissue damage after recurrent stroke  

            This present study using PT method agrees with other repetitive ischemia reports 

that show enhanced cumulative damage of brain tissue with bilateral CCAO (see. 1.4). 

Unlike the previous studies, we expanded the time interval between repetitive ischemia 

from minutes and hours to days. It is believed that the current intervals investigated in 

this study have better relevance to recurrent stroke in humans. This study revealed an 
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acute susceptibility of brain to secondary mild ischemia that occurred within 3day of the 

initial insult, contributing to an exacerbation of the tissue damage. After 1week, however, 

a 2nd mild stroke did not significantly enhance the damage.  This time-based difference of 

brain susceptibility was not studied in current thesis, but potential mechanisms in 

underlying this difference can be postulated. 

            It has been reported that a repetitive 5-min ischemia of CCAO, when occurred at 

an acute time of a single ischemia, generates a greater release of extracellular glutamate 

and polyamine/spermine 104, 153. This is believed to enhance neuronal damage by 

activation of NMDA receptor. The brain oedema is also exacerbated 102, 154, 155 with 

impaired microcirculation and brain protein synthesis.  

            From the cerebral flow measures, PWI showed a mild deficit at 24h after 1st mild 

PT, persisting until 3day (Figure 4.3.8). The cerebral protein synthesis can be suppressed 

for days upon reperfusion with a full recovery up to 7 days 21, 156, 157. Although restoration 

of blood flow can result in recovery of energy-related metabolites, e.g. ATP, a secondary 

deterioration of ATP is seen that can last 3 days upon reperfusion 157, 158, a decreased 

glucose oxidation persists, leading to a secondary deterioration of mitochondrial 

malfunction which has played a big role in mediating apoptosis 25. BBB dysfunction is 

most pronounced in the first days after PT 131 and tends to recover by 3days. An increase 

of spontaneous spreading depression is followed by BBB damage 131, which may 

contribute to the expansion of penumbra into infarct 159. Brain edema and Na+/K+ 

displacement associated with BBB leakage persists 2-3 days before alleviation 81, 105, 160. 

The remaining edema can lead to an increase of tissue pressure in local region and further 

impair cerebral perfusion. Additionally, the PT method itself produces single oxygen 
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species that can lead to peroxidation of the endothelial cell wall 75-77, causing secondary 

injury by permitting entry of neurotoxic elements to the brain. Together, these acute 

impairments of energy supply, protein synthesis and homeostasis likely make the brain 

more vulnerable to a secondary ischemic insult. At prolonged time points, these changes 

tend to recover to pre-occlusion levels so that the brain responds to a second insult as in 

healthy brain.  

           Apart from the normalization or clearing of detrimental changes, many other 

beneficial activities start to react at a later phase of ischemia as discussed in 1.1.3. After 7 

days of transient MCAO, new pial arterioles begin to organize 31. Expression of VEGF is 

up-regulated upon spontaneous reperfusion at 3 days in a phothorombotic “ring” model143. 

Neuronal stem cells are significantly activated to promote post-ischemic neurogenesis in 

subventricular zone after 7day of MCAO rat 161. The late spontaneous reperfusion 

occurred at 3day after photothrombotic ring stroke 140 is associated with a decrease of 

lesion volume and neuronal loss 160. As shown in 1.1.3, the late phase of ischemia is 

rather protective. The overexpression of neuroprotective molecules may be beneficial in 

the inhibition of injury produced by secondary ischemia.  

            The inflammatory reaction post ischemia is a robust mediator of brain damage.  It 

can be both protective and detrimental to the brain tissue 162-164. The acute inflammatory 

response may be harmful at the compromise of protein synthesis, while late inflammation 

can provide protection.  At an early stage post ischemia, a mass generation of reactive 

oxygen species is produced from the intravascular compartment, triggering activation of 

platelet and endothelial cells. Inflammatory cytokines are secreted, causing adhesion 

molecule and leukocyte infiltration in the microvasculature and occlusion results. The 
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inflammatory mediators can alter the BBB permeability, facilitating extravasation of 

proteins and brain edema 124, 160. The expression of cytokines, such as tumor necrosis 

factor (TNF) and interleukin (IL)-1, can elevate for days 162 and contribute to the growth 

of infarct. Thus, if a secondary insult occurs at such an acute time, damage may be 

enhanced. 

            In contrast, at chronic time, the expression of TNF and IL-1 normalize. 

Microglial/macrophage and astrocytic activation enhances at day 7 to remove the dead 

cell and promote tissue reconstruction 83, 84, 165. The brain recovers and thereby may be 

less susceptible to another ischemia.            

             In summary, it is possible that exactly how the brain responds to secondary 

ischemic insult is dependent on the health status of brain at that time point.  It should be 

noted that in clinic, TIA/minor patients often experience one or more complications, most 

reported as large-artery atherosclerosis, arterial fibrillation 62, 166 and carotid stenosis 167. 

These are independent risk factors of a recurrent stroke, contributing to the deterioration 

of brain damage.   

5.6  Summary and Conclusions 

            Our results demonstrate that a mild stroke with scattered necrosis can be produced 

with modifications of the photothrombotic occlusion method. Using this novel model, our 

results support the clinical observation of worsening symptoms in recurrent stroke. We 

further demonstrate that time intervals between the ischemic insults directly affect the 

severity of damage produced by subsequent ischemia. That the brain is susceptible to 

secondary ischemic attack at an acute phase after the initial one has clinical significance 

for risk factor evaluation and therapeutic determination. The proposed histological score 
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has been proven to be feasible for assessment of a graded mild cerebral injury. According 

to our findings, T2 and PWI are favored over DW in detecting cell death before an infarct 

grows. The T2 signature is unique in mild PT.  

 

5.7 Future Directions  

            As we have shown, exacerbation of brain tissue damage after recurrent stroke 

varies but information is lacking regarding the mechanisms that can explain this 

phenomenon. This will be the main focus of future studies. Changes of the inflammatory 

response, free oxygen radicals, cytokine expression and energy metabolism between 

multiple ischemia will be pursued as factors responsible for the enhancement of tissue 

damage.   

            Considering the limited time to finish the current thesis, this study focused on 

only the short-term recurrence within first week, while in the clinic a recurrent stroke 

occurs at times that vary from days to months post the initial TIA. It would be interesting 

to examine the susceptibility of brain to secondary ischemia occurring at a prolonged 

time point, e.g. one month.  Combined with the current results, such studies would offer a 

better understanding of brain responses to multiple ischemic insults for developing 

therapeutic strategies.  

           Prevention and treatment of recurrent stroke are important aspects clinically. In 

our lab, we have used a neuroprotective agent, Resveratrol, which is a compound 

extracted from grape seeds, to improve recovery after stroke. It will be promising to see 

whether it provides protection to subsequent stroke irrespective of time between insults.  
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            In summary, future directions of recurrent stroke study will aim to further 

examine the brain’s susceptibility to a second insult at chronic times, to seek mechanism 

of changes in this susceptibility over time, and to develop neuroprotective strategies. 
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APPENDIX A: ANIMAL PROTOCL CERTIFICATE (RENEWED) 
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APPENDIX B: HALOGEN LIGHT SOURCE INFORMATION AND LIGHT 

INTENSITY MEASUREMENTS 

 
(a) (b) see 

http://www.volpiusa.com/htm/833/en_US
/Onlineshop.htm?ProductId=2&Tab=3 

(c) Light intensity measurements with 
light meters  

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

(a) 

(b) 

 

 
(c) 

http://www.volpiusa.com/htm/833/en_US/Onlineshop.htm?ProductId=2&Tab=3
http://www.volpiusa.com/htm/833/en_US/Onlineshop.htm?ProductId=2&Tab=3
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APPENDIX C: SPECTROPHOTOMETRIC MEASURES OF ROSE BENGAL 

DILUTIONS AT 532nm FOR DIFFERENT PREPARATIONS 

 

 
 
        Examples of Rose Bengal (Sigma-Aldrich Company) solution in distilled H2O 

showed small variations of spectrophotometric readouts from three preparations, but 

Rose Bengal lost efficiency (lower readouts, green triangle) overtime. (The Legend 

indicates analysing dates and preparation dates.) 
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