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Abstract 

Ischemic stroke is caused by blockage of a primary blood vessel supplying brain tissue. 

Cerebral collaterals are auxiliary vascular pathways in the cerebral circulation that can 

provide residual blood flow to partially maintain perfusion in ischemic tissue when 

primary vascular routes are blocked. Thus, it is collateral blood flow that slows down 

the progression of ischemic penumbra to irreversible ischemic damage. In this thesis, 

we investigated hemodynamic evolution of pial collaterals after stroke and provide 

preclinical evidence for a pair of pial collateral enhancement treatments (RIPerC and 

intravenous milrinone administration) to facilitate bench to bedside translation. To 

evaluate collateral flow during cerebral ischemia, laser speckle contrast imaging (LSCI) 

and two photon laser scanning microscopy (TPLSM) were used to image pial collaterals 

between the anterior cerebral artery (ACA) and the middle cerebral artery (MCA) in 

male Sprague Dawley rats during distal middle cerebral artery occlusion (dMCAo). 

 

Ischemic stroke is age related and disproportionately affects the elderly. Aging leads to 

rarefaction of cerebral vessels and thereby accelerates ischemic injury by reducing 

penumbral blood flow via collaterals. Dynamic changes in pial collaterals after onset 

of cerebral ischemia may vary with age but have not been extensively studied. 

Therefore, in Chapter 2 we tested the hypothesis that retrograde pial collateral flow 

would be recruited immediately after dMCAo in both aged and young rats, but that 

aging would accelerate collateral failure over time and lead to more severe ischemic 
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damage. Our LSCI showed that cerebral collateral perfusion declined over time after 

stroke in aged and young rats, and that this decline was significantly greater in aged 

rats. TPLSM demonstrated that collateral failure is more severe in aged rats with 

significantly impaired pial collateral dynamics (reduced diameter, red blood cell 

velocity and red blood cell flux) relative to young adult rats. The accelerated collapse 

of pial collateral blood flow in aged rats exacerbated the insufficient perfusion of the 

penumbra and lead to greater ischemic damage than in young adult rats. 

 

The dropout of collaterals during stroke is related to the progression of penumbra to 

irreversible ischemic infarct and impaired response to treatment. Enhancing cerebral 

pial collateral blood flow may therefore reduce ischemic damage. Remote ischemic 

perconditioning (RIPerC) involves inducing peripheral ischemia (typically in the limbs) 

during stroke and may reduce brain damage due to cerebral ischemia. In Chapter 3, we 

hypothesized that RIPerC treatment would induce a significant increase in blood flow 

through pial collaterals by enhanced dilation of pial collaterals relative to control rats. 

Our data clearly demonstrated that RIPerC significantly reduced early ischemic damage 

measured 6 h after stroke onset in both aged and young rats. This neuroprotective effect 

of RIPerC occurred at least in part due to the prevention of pial collateral collapse. 

While control rats exhibited an initial dilation followed by a progressive narrowing of 

pial arterioles after stroke, such constriction was prevented or reversed by RIPerC. 

Given the impairment in collateral blood flow observed in aged rats in Chapter 2, in 

Chapter 4 we examined the ability of RIPerC to drive collateral flow in aged animals. 
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Relative blood flow after dMCAO measured with LSCI suggested enhancement of 

blood flow in RIPerC treated aged stroke rats. Using TPLSM, we confirmed that 

RIPerC enhanced penumbral perfusion through pial collaterals and maintained 

retrograde blood flow from ACA to distal MCA segments. This improved flow was 

associated with reduced early ischemic damage in RIPerC treated aged rats.  

 

Milrinone is a potent selective phosphodiesterase 3 (PDE3) inhibitor that inhibits 

cAMP specific PDE3 in both cardiac myocytes and vascular smooth muscle cells.  

PDE3 inhibitors may therefore have a cerebral vasodilatory effect with concomitant 

augmentation of cardiac output. We hypothesized that systemic pharmacotherapy with 

milrinone lactate would be effective for augmenting pial collateral flow and reducing 

cerebral ischemic damage. Using LSCI, we found that milrinone increased collateral 

flow acutely. Moreover, continuous subacute administration of milrinone was well 

tolerated. However, no significant reduction in infarct volume was found after five days 

of treatment.  

 

In conclusion, the data herein demonstrates that aging has a detrimental effect on pial 

collateral flow during ischemic stroke. New therapeutic strategies aiming at modulating 

cerebral collateral flow, including RIPerC and milrinone, have translational potential 

as collateral therapeutics to reduce ischemic damage.   
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1.1. Stroke Epidemiology 

Stroke is a devastating cerebrovascular disease caused by blockage or rupture of a blood 

vessel supplying the brain 1. It is one of the main causes of death and the leading cause 

of long term disability worldwide 2,3. Each year stroke is responsible for the deaths of 

approximately 5.5 million people around the world 4. Stroke is age related and 

disproportionately affects the elderly, with risk of stroke doubling every decade after 

the age of 55 in both sexes 5–7. Patients who survive after a stroke typically live with 

significant functional limitations that greatly impair activities in their daily life 8. 

Notably, elderly stroke patients exhibit significantly worse functional recovery and 

higher mortality compared to younger patients 5–7.  

 

1.2. Ischemic Stroke  

Ischemic stroke accounts for 85% of all strokes, with the remainder of cases classified 

as hemorrhagic strokes or transient ischemic strokes 8. Ischemic stroke occurs as a result 

of blockage of a blood vessel supplying the brain, while hemorrhagic stroke occurs 

when a vessel in the brain ruptures. During acute ischemic stroke, there are two major 

zones of injury that can be identified after the obstruction of the artery. The zone closest 

to the occluded artery is called the ischemic core, while a zone more peripheral to the 

occlusion is called the ischemic penumbra. Neurons in the ischemic core die within 

minutes, causing irreversible brain damage. Tissues surrounding the nonviable infarct 

core in the penumbra remain alive despite reduced cerebral blood flow, but are at risk 

for progressing into infarction 9. The delayed nature of cell death in the penumbra leaves 
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a unique window of opportunity for therapeutic interventions that attempt to save this 

tissue from death 4,10.  

 

1.3. Cerebral Collaterals 

Cerebral collaterals are auxiliary vascular pathways in the cerebral circulation that can 

partially maintain blood flow to ischemic tissue when primary vascular routes are 

blocked 11–14.Thus, it is collateral blood flow that defines the degree of ischemia in the 

penumbra. Cerebral collaterals can be classified as primary or secondary. Primary 

collaterals refer to the circulatory anastomoses that constitute the circle of Willis and 

allow blood flow exchange between anterior and posterior circulation and between the 

hemispheres 15. Secondary collaterals include the pial collaterals, which are also called 

leptomeningeal collaterals 16. Pial collaterals are anastomotic connections located on 

the cortical surface which connect distal branches of the anterior cerebral artery (ACA), 

middle cerebral artery (MCA), and posterior cerebral artery (PCA) 16,17. The pial 

collaterals are therefore alternative circulatory routes to deliver blood to the ischemic 

penumbra after occlusion of the principal supplying artery (e.g. the MCA) during 

cortical stroke 16. Rarefaction of cerebral collaterals with aging has been reported in 

preclinical models 18. Such rarefaction would reduce aged animals’ ability to maintain 

blood flow during ischemia, resulting in increasing risk of neuronal loss in brain regions 

where vessel rarefaction is prominent 18,19. 

 

Collateral status at the time of occlusion (i.e., number and diameter) is also the strongest 
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independent predictor of final infarct volume in patients and is considered crucial for 

clinical decision making in stroke treatment 14,20–24. Blood flow through the pial 

collaterals defines the degree of ischemia in the penumbra of cortical infarcts 16,25. The 

hemodynamic evolution of the collateral circulation is also important since collaterals 

are thought to be time limited and can fail over time 26–28. The dropout of collaterals 

during stroke is related to the progression of penumbra to irreversible ischemic infarct 

and impaired response to treatment 26–28. However, much about the dynamics of 

collateral blood flow and the potential of collateral flow enhancement as a treatment 

for ischemic stroke remain to be investigated. Moreover, the consequences of aging on 

the dynamics of the pial collateral circulation has not been well described. 

 

1.4. Stroke Treatment & Important of Cerebral Collaterals 

The treatment of acute ischemic stroke has entered a new era because of the consistent 

success of intravenous recombinant tissue plasminogen activator (IV r-tPA) and 

endovascular therapies (for example, thrombotic removal of the clot with guidance 

from Digital subtraction Angiography (DSA)) 25. Both IV r-tPA and endovascular 

therapies can rescue penumbral tissue by recanalizing occluded cerebral arteries. 

However, even when recanalization is successful, some patients show lack of 

histological and neurologic benefit, possibly because the penumbral tissue had already 

progressed into the irreversibly damaged ischemic core due to insufficient collateral 

flow to sustain tissue viability until recanalization 25. Patients with better collateral flow 

are more likely to have viable tissue at the time of recanalization 12,13,24. Moreover, 
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retrograde collateral flow may improve transportation of thrombolytic agents, such as 

intravenous recombinant tissue plasminogen activator (IV r-tPA), to the ischemic 

penumbra, increasing access to more areas of the thrombus and aiding in recanalization 

13,25,29. The data from the ESCAPE (Endovascular treatment for Small Core and 

Anterior circulation Proximal occlusion with Emphasis on minimizing CT to 

recanalization times) study, which included multiphase CT angiography, demonstrated 

a strong association between pre-treatment cerebral pial collaterals and favorable post 

stroke outcome after recanalization 30. New data from DAWN (DWI or CTP 

Assessment with Clinical Mismatch in the Triage of Wake-Up and Late Presenting 

Strokes Undergoing Neurointervention with Trevo) and DEFUSE3 (Endovascular 

Therapy Following Imaging Evaluation for Ischemic Stroke) trials that evaluated 

patients following late thrombectomy (6 to 24 hours after stroke onset) reported 

significant benefits of endovascular treatment, in some cases even greater than in 

similar trials of early thrombectomy treatment 31,32. Notably, patients with "slow-

growing infarcts" due to good collateral circulation (identified by cerebral blood flow 

imaging) were selected into DAWN and DEFUSE3 trials 31–33. Because these patients 

had sufficient collateral circulation to maintain tissue viability, they presented with 

large volumes of salvageable brain tissue that could be benefit from recanalization even 

up to 24 hours post stroke 33. Moreover, lower rates of hemorrhagic transformation after 

recanalization occurred in patients with good collaterals 16,34,35. After intra-arterial 

thrombolysis, only 2.78% of patients with good pial collaterals suffered a significant 

hemorrhage compared to 25% of those with poor collateral flow 16,35. 
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1.5. Cerebral Collateral Imaging 

Collateral circulation is a key variable in determining prognosis and response to 

recanalization therapy during acute ischemic stroke, therefore, accurate imaging 

techniques are essential to define the anatomy, physiology of collateral circulation and 

to evaluate the benefits of collateral therapeutics 13,26. This section will briefly outline 

some of the methods used to image blood flow in the clinical and pre-clinical setting. 

 

1.5.1. Collateral Blood Flow Imaging in Humans  

Numerous imaging methods have been developed to directly or indirectly evaluate 

collateral circulation. Direct assessment of collateral circulation can be performed via 

angiography techniques, which can visualize individual vessel distal to occlusion. 

Angiographic techniques include cerebral Digital Subtraction Angiography (DSA), 

Computed Tomographic Angiography (CTA), Magnetic Resonance angiography 

(MRA), and Transcranial Doppler sonography (TCD) 13,36. Indirect methods such as CT 

perfusion, MR perfusion, and MR perfusion imaging of arterial spin labeling can be 

used to measure cerebral blood flow and indirectly estimate status of collateral 

circulation by measuring perfusion of ischemic tissues downstream of occluded artery 

36. At present, there is no consensus on which imaging should be performed in clinical 

practice, and different trails of endovascular treatment used different techniques to 

evaluate collaterals of patients 37. Below we will briefly discuss these imaging 

techniques for collateral blood flow during stroke. 
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1.5.1.1. Digital Subtraction Angiography (DSA) 

The high spatial and temporal resolution of DSA makes it the gold standard in assessing 

the presence and extent of all levels of collaterals including the circle of Willis and pial 

collaterals 38,39. It is an invasive technique in which endovascular access is obtained by 

a catheter advanced through the puncture of common femoral artery to the proximal 

cranial circulation, such as the internal carotid artery or other artery of interest 36,39,40. 

After contrast injection, DSA allows direct, real-time visualization of cerebral 

vasculature during arterial, parenchymal and venous phases under X-ray 36,40. Therefore, 

a dynamic analysis of cerebral blood flow can be performed. The limitation of DSA is 

that it is impossible to simultaneously examine collaterals of anterior and posterior 

cerebral circulation, because images are acquired during injection of contrast by one 

single artery at a time 36,41. Additionally, because it is invasive, greater expertise and 

time is needed to perform DSA, and it is not routinely used to evaluate collaterals for 

thrombolytic treatment decision making, especially in the acute clinical setting 39. 

However, the advent of endovascular treatment such as thrombectomy in recent years 

has increased the utility of DSA, since endovascular access is needed for treatment.  

 

1.5.1.2. Computed Tomographic (CT)  

Given the widespread availability of CT and its tolerability for most stroke patients, CT 

is the most commonly used technique for stroke related imaging 13,39. CT-based 

methods comprise both direct and indirect approaches, CTA and CTP, to evaluate 
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cerebral collateral circulation. 

The relatively non-invasive nature of CT-angiography (CTA) for identifying site 

of vascular occlusion and grading of collateral blood flow appears as an attractive 

alternative to DSA 42. CTA is performed by standard CT scanner to acquire high 

resolution, thin slice cerebral vasculature CT images during the administration of 

intravenous iodinated contrast bolus injection 13,36. With 3D image reconstruction, CTA 

allows 3D resolution of cerebral vasculature 13,43. CTA is highly effective in assessing 

patency of the circle of Willis, with more than 90% agreement with DSA 38,44. With 

proper post acquisition processing, collateral filling distal to the vascular occlusion can 

be visualized for pial collateral assessment 36,39. However, retrograde blood flow via 

pial collaterals after stroke may be delayed as compared with normal anterograde flow 

38. There is a risk to underestimate the degree of collateral flow if image acquisition 

with CTA is done before contrast arrives in the pial vessels 37. Recently, multiphase 

CTA, also named dynamic CTA, has been developed to address this issue 37,45. The goal 

of multiphase CTA is to acquire rapid scans throughout the whole brain over multiple 

time points after contrast injection, enabling identification of pial collateral flow in a 

more time resolved manner 39,43,46. The first image acquisition phase is set at the same 

time as the peak arterial phase, as the latter two phases coincide with peak venous and 

late venous phases 39,43,46. Multiphase CTA can be quickly performed at the patient's 

arrival and requires less i.v. contrast material as compared to conventional CTA 41–43. 

Multiphase CTA also provides better resolution of cerebral vasculature with 

hemodynamic information 42. About 30% of patients diagnosed with ''poor" collaterals 
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with conventional CTA demonstrate adequate collateral if acquired with multiphase 

CTA 36,47.  

CTP is an imaging technique capable of differentiating penumbra and  

ischemic core based on cerebral perfusion by generation of maps of cerebral blood 

volume (CBV), mean transit time (MTT), and cerebral blood flow (CBF) 43,48–50. 

Although CTP dose not directly assess the number and size of pial collaterals, it 

provides blood flow and perfusion which are affected by the effectiveness of collateral 

supply 39. Therefore, CTP helps to characterize status of collateral network 41,43,51.  

 

1.5.1.3. Magnetic Resonance Imaging (MRI)  

Similar to CT, MRI can be used with a number of direct and indirect approaches, 

including magnetic resonance angiography (MRA), magnetic resonance perfusion 

(MRP) and MRI Arterial spin labeling (ASL) to access cerebral collateral circulation 37. 

However, it cannot be used in patients with magnetic appliances such as pacemakers or 

artificial joints 13,52.  

MRA is a sensitive technique using magnetic resonance imaging approach to 

directly map cerebral vasculature, especially for the circle of Willis 13,53,54. High field 

MRI allow for high resolution angiography to access pial collaterals for cerebral 

vascular disease 41,55. Unlike CTA and DSA, MRA does not need radiation. Moreover, 

the contrast medium (gadolinium) for contrast enhanced MRA is generally safe, 

although some reports suggest risk of nephrogenic systemic fibrosis in patients with 

kidney function impairment 13,56. 
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     MRP, also known as perfusion-weighted imaging, can indirectly assess the 

performance of collateral flow based on the perfusion information of cerebral tissues 39, 

though it does quantify the number or size of collaterals directly. A variety of different 

MRP parameters have been used to evaluate collateral status 57–60. However, there is 

still no consensus about which is the most appropriate 57–60.  

MRI arterial spin labeling (ASL) is a promising non-contrast perfusion imaging 

method capable of blood flow quantification which depends on the magnetic labeling 

of arterial water 41. Pial collaterals can be identified on ASL images as linear hyper 

intense regions in the peripheral area of the ischemic penumbra 39. Furthermore, ASL 

can also distinguish blood flow direction between anterograde and retrograde based on 

different post label imaging delays 39,61. A retrospective study with acute ischemic 

stroke patients showed collateral flow detected by ASL strongly correlated with good 

clinical outcome 39,62,63. In general, ASL is an alternative technique that could be used 

to characterize pial collateral status 37,39,64. However, the long acquisition time of ASL 

has limited its use clinically 65. 

 

1.5.1.4. Transcranial Doppler ultrasonography (TCD) 

Transcranial Doppler ultrasonography (TCD) is a non-invasive, reliable screening and 

monitoring tool to evaluate collateral circulation around the circle of Willis 13,14,53. TCD 

use transcranial ultrasound beam to sample over particular cerebral blood vessels 13. 

Thus, stroke patients are not exposed to repeated doses of contrast agents and radiation 

during collateral circulation monitoring 13. By analyzing the waveforms shifts caused 
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by velocity of moving particles inside vessels, TCD can provide real time collateral 

status and cerebral blood flow velocity with a low cost 13. However, the quality of 

images and accuracy of TCD measurements are highly dependent on the experience of 

the operator 38,52,53. 

 

1.5.2. Collateral Blood Flow Imaging in Laboratory Animals  

Clinical studies of cerebral collaterals are limited by safety, feasibility and the access 

to imaging modalities and heterogeneity of patients and treatment options 13. 

Continuously monitoring the natural evolution of pial collaterals in humans after stroke 

is unrealistic in the clinical setting, where the progress of stroke is time sensitive and 

access to thrombolysis or thrombectomy for restoring blood flow of occlusive vessel is 

prioritized. Experimental stroke models offer greater experimental control and could 

play a crucial role for facilitating a deeper understanding of techniques to increase 

collateral flow and the modulatory mechanisms of cerebral collateral circulation 37. 

Although clinical techniques like DSA, CT, MRI and TCD could also be used in 

animals for pre-clinical studies of cerebral collateral flow, they have several limitations 

including inadequate spatial resolution for small pial collaterals in rodents, high cost, 

and limited availability 37,66. Below we will discuss two imaging techniques, laser 

speckle contrast imaging (LSCI) and two photon laser scanning microscopy (TPLSM), 

which are available for use in preclinical studies and provide high spatial resolution and 

nearly real time temporal resolution for assessing cerebral pial collaterals. 
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1.5.2.1. Laser Speckle Contrast Imaging (LSCI) 

LSCI is a technology capable of elucidating in real time the hemodynamic evolution of 

cerebral blood flow in ischemic cortex with high spatial temporal resolution in a two 

dimensional, wide field of view 67,68. When illuminating a surface with coherent laser 

light, it will appear granular to the observer. This effect is commonly known as the 

speckle effect. A scattering of the laser light by moving particles, such as blood cells in 

pial vessels on the cortical surface, will cause fluctuations of the speckle pattern. If 

these fluctuations are recorded by camera with fixed exposure time, the pattern will 

appear blurred (Figure 1-1). Such blurring is generally quantified as speckle contrast, a 

measure of relative changes in blood flow. The speckle contrast value (K) is defined as 

the ratio of the standard deviation to the mean intensity (K = σs/I) in a small region of 

the speckle image (typically 5× 5 or 7x7 pixels). Speckle contrast can be plotted to 

generate a LSCI map of blood flow (Figure 1-1). Speckle contrast and motion of the 

scattering particles (red blood cells) are inversely related 13. K value ranges from 0 to 

1. When red blood cells (RBC) are moving very fast in vessels, the speckle K will be 

very close to 0 and vice versa, when no blood flow in vessels, then K is approaching to 

1 13. LSCI has been used in middle cerebral artery occlusion (MCAo) rodent models to 

measure dynamic change of cortical blood flow and pial collateral circulations after 

stroke 27,28,37. Although LSCI provides sensitive mapping of blood flow on cortical 

surface and speckle contrast value K are indicative of RBC motion, the exact 

quantitative relationship between K and blood flow velocity are still undefined 37,69. 

Therefore, LSCI is best used to describe relative blood flow changes rather than 
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absolute quantification 13,37,70,71. 

 

Armitage et al. were the first to use LSCI to precisely map the robust anastomotic 

connections between the ACA and MCA which are recruited after thromboembolic 

MCA. Their data showed that these collateral connections were dynamic but most 

persisted at least for 24 hours in rats 27. Later, Wang et al. reported that based on 

dynamic changes in LSCI maps, the recruitment of collaterals after intraluminal suture 

MCAO could be classified in to three different kinds: persistent, impermanent, and 

transient pial collaterals. Persistent pial collaterals were found in normal healthy brain 

areas, while the impermanent and transient ones were associated with penumbra that 

had moderate and severe ischemia 28,37. LSCI for cortical surface vessels blood flow 

measurement has been used to measure changes in blood flow during collateral flow 

augmentation therapies. For example, LSCI was used to demonstrate that transient 

aortic occlusion is capable of augmenting collateral blood flow in two different stroke 

models in rats, the thromboembolic MCAO and an intraluminal proximal MCA 

occlusion with a silicone rubber coated monofilament 11,72. 

 

1.5.2.2. Two Photon Laser Scanning Microscopy (TPLSM) 

TPLSM is an optical imaging technique permits precise quantitative measurement of 

RBC direction of flow (which is not possible with LSCI) and velocity in single vessels 

13,37. After intravenous injection of fluorescent dye, plasma is labelled thus allowing 

cortical microcirculation with depth resolution up to 1mm be visualized and imaged 
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using two photon fluorescence microscopy through cranial window preparations 37. 

Precise vessel diameter measurements can be obtained from maximum intensity 

projections of image stacks collected through the cortex 73. To determine RBC velocity, 

line scans can be performed in the lumen of identified arterioles or capillaries. As RBCs 

do not take up fluorescent dye, they are detectable as non-fluorescent streaks in plots 

of the line scan images where the slope of streaks represents RBC velocity (Figure 1-

2). Vessel diameter and RBC velocity collected from a single vessel can then be 

combined to calculate RBC flux, which provides an overall measure of flow through 

each individual collateral vessel.  

 

TPLSM can provide important insight on the rules regulating cerebral blood flow in 

many different studies 13,74–77.  Shih et al. visualized blood vessels and neurons in the 

somatosensory cortex of anesthetized rats with in vivo two-photon laser scanning 

microscopy to examine changes flow through penetrating arterioles and the 

microcirculation in the healthy brain and after focal ischemia 78–80. Using TPLSM, these 

studies showed that the pre-occlusion flux of RBCs through a single occluded 

penetrating vessel is directly correlated with the volume of infarction within that region. 

Thus, TPLSM quantitatively demonstrated the relationship between occlusion of 

vessels and infarct, and demonstrated with high resolution that occlusion of penetrating 

vessels with larger diameters and therefore with greater flux led to larger microinfarcts 

80. Similarly, Tennant et al. 81 used in vivo two-photon imaging to track micro vessels 

before and after stroke and evaluate the impact of chronic hyperglycemia on vascular 
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dynamics post stroke. Imaging was performed before stroke and on days 3, 7, 14, and 

28 after the stroke. TPLSM data showed that chronic hyperglycemia significantly 

affected the vascular dynamics after ischemic stroke, especially in superficial vessels 

in the peri-infarct cortex. The data showed that dilation of peri-infarct micro vessels 

occurred in both diabetic and non-diabetic mice. In diabetic mice vessels remained 

dilated until 14 days post stroke, however, whereas the vessels of nondiabetic mice 

returned to baseline diameters on day 7 post stroke. Diabetic mice showed a significant 

increase in blood flow velocity (relative to baseline values) at 3 days after stroke, and 

this enhancement remained until 14 days post stroke. By contrast, blood flow velocity 

in nondiabetic mice did not increase after stroke and velocities remained lower than 

diabetic mice at all imaging time points. When RBC flux was calculated from blood 

flow velocity and vessel diameter, a significant increase in RBC flux in superficial 

periinfarct microvessels was observed in diabetic at 3 days post stroke that returned to 

baseline at 7th day post stroke 81. TPLSM has also been used in studies of collateral 

blood flow. Luo et al 82 used femtosecond laser pulses to occlude the target a pial 

arteriole of the MCA in vivo and documented leptomeningeal anastomoses with 

TPLSM. They reported that such occlusion caused dynamic changes of the 

leptomeningeal anastomoses diameter and the RBC velocity and confirmed reversal of 

blood flow direction reflecting input from ACA arterioles.  

 

1.6. Cerebral Collateral Enhancement Treatment 

As discussed above, good pial collateral circulation is associated with improved 
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outcome after recanalization. Based on these data, it seems promising that enhancing 

collateral blood flow by pharmacological or mechanical means may have a therapeutic 

role in the acute or hyper-acute (even pre-hospital) phase of ischemic stroke by 

maintaining blood supply in the ischemic penumbra and reducing cell death in this at-

risk 13. In recent years, the concept of the tissue viability window has been raised to 

guide acute stroke treatment. Progression of brain ischemia is dynamic and influenced 

by the location of occluded artery, completeness of occlusion and the extent of the 

collateral circulation 83. While the time window guided treatment selection of 4.5h for 

r-tPA treatment and 6h for endovascular treatment is simply accounting on the time 

from stroke onset, the tissue window guided treatment selection use advanced imaging 

techniques to accurately access stroke progression and identify a suitable time window 

for recanalization treatment in patients 31,32,83. In 2018, two clinical trials, DAWN and 

DEFUSE-3, demonstrated that thrombectomy improved outcomes up to 24 h from 

stroke onset for selected acute ischemic stroke patients who had small ischemic core, 

slow growth rate of infarct, and a large penumbra 31,32,84. With effective treatments to 

enhance cerebral collateral flow, more penumbra could be kept alive and more patients 

would be eligible for recanalization therapy even with longer delays from time of onset. 

Several methods for enhancing collateral cerebral blood flow have been tested in 

preclinical and clinical studies, including mild hypertension induction, sphenopalatine 

ganglion stimulation, partial aortic occlusion, external counter pulsation, and remote 

ischemic per-conditioning 14,16,43,85,86. Here we will briefly introduce these cerebral 

collateral enhancement treatments after stroke and discuss the strength of their 
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supporting evidence in preclinical and clinical studies. 

 

1.6.1. Induced Mild Hypertension 

Cerebral autoregulation is impaired in ischemic stroke patients, therefore, changes in 

systemic blood pressure during stroke may have a linear effect on cerebral blood flow 

in penumbral regions 16,53,87. It is well known that blood pressure reduction in ischemic 

patients after stroke can lead to worse neurological outcome 13,88. However, elevated 

blood pressure in hypertensive patients is also known to be associated with increased 

risk of hemorrhagic transformation 89–92. It is reported that the risk of hemorrhagic 

transformation increases with each 10 mm Hg rise in systolic blood pressure from 140 

to 180 mm Hg 93,94. The 2018 Guidelines for the Early Management of Patients With 

Acute Ischemic Stroke therefore recommended hypotension should be corrected to 

maintain systemic perfusion, but in order to prevent hemorrhage transformation, blood 

pressure should be lowered to below 185/110 mm Hg if this value is exceeded prior to 

r-tPA therapy 95. Conversely, while hypertension (particularly chronic hypertension) 

can lead to increased risk of hemorrhage, artificially inducing mild hypertension may 

help to increase flow through pial collateral channels, enhance cerebral blood flow, 

maintain penumbra perfusion and protect neuronal function 13,53,96–98. Neuroprotection 

by mild induced hypertension has been demonstrated in animal studies 13. Reduction of 

infarction by increasing blood pressure was first reported with angiotensin 

administration in rats after transient middle cerebral artery occlusion (MCAO) in 1996 

99. More recently, Shin et al. induced mild hypertension with intravenous phenylephrine 
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1 hour after ischemic onset in mice with transient distal middle cerebral artery occlusion 

(dMCAo) 13,16,100. Although phenylephrine is a selective a1-agnoist with systemic 

vasoconstriction causing hypertension, it has very limit constrict effect on cerebral 

arteries due to the low density of a1 receptors in the brain 37,53. Treated mice displayed 

decreased infarction and pial collateral flow augmentation that was confirmed by laser 

speckle flowmetry 43,100. Clinical applications of mild hypertension induction therapy 

are still under investigation 53. Preliminary clinical studies have suggested that inducing 

mild hypertension may reduce volume of hypo-perfused tissue and increase 

neurological function as measured by NIHSS scores 13,16,97,101,102. However, as noted 

above, blood pressure is often elevated during stroke clinically, therefore, addition 

hypertension induction may increase risk of intracerebral hemorrhage 12,13,16,98. Large, 

randomized trials of mild hypertension induction therapy are needed to better assess its 

safety and effects on collateral channels and neurological outcome. 

 

1.6.2. Sphenopalatine Ganglion Stimulation 

Sphenopalatine ganglion (SPG) is a parasympathetic ganglia located in the 

pterygopalatine fossa, which is found behind the bony structure of the nose 103. The 

SPG can be accessed from the oral cavity under local anesthesia 85, and electrical 

stimulation of SPG after MCAO can activate postganglionic parasympathetic fibers and 

has been shown to induce vasodilation and ipsilateral hemispheric blood flow 

enhancement in a number of animal studies 14,16,37,104–107. Stimulation of SPG has been 

shown to freeze the penumbra, reduce infarct size, and improve behavioral outcomes 
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after ischemic stroke in rats 14,43,106,108–110. A pilot clinical study on SPG stimulation 

(Implant for Augmentation of CBF trial 1, ImpACT-1) was launched in 2009 to study 

the safety, efficacy and tolerability of sphenopalatine ganglion stimulation accessed 

from the oral cavity in ischemic stroke patients within 24 hours of onset 85,111. Data 

collection was completed in June, 2018 and the results show SPG stimulation is safe 

for acute ischemic stroke patients within 24 hours of onset 112,113. A trend for benefit in 

function outcome was observed, especially for patients with imaging evidence of 

cortical involvement at presentation 112,113. 

 

1.6.3. Partial Aortic Occlusion 

Partial occlusion of the abdominal aorta attempts to increase perfusion of ischemic 

territories and enhance cerebral blood flow by diverting blood flow from the periphery 

13. Noor et al. demonstrated that partial aortic occlusion reduced infarction size when 

used alone and had further neuroprotection when combined with r-tPA treatment in the 

thromboembolic MCAo rat model 13,14,114. The Winship lab used LSCI to image pial 

collateral circulation and demonstrated that transit aortic occlusion increased cerebral 

blood flow in rats after thromboembolic MCAo via ACA-MCA anastomoses for at least 

75mins after transit aortic occlusion 11,16,37. A dual balloon catheter system capable of 

partially occluding the aortic lumen by as much as 80% above and below renal arteries 

has been developed for use in patients with acute stroke (NeuroFlo, CoAxia, USA;) 

14,38,53,85. In a preclinical study, Hammer et al. used the intra-aortic NeuroFlo catheter 

in a non-stroke porcine model to study the effect of partial aortic occlusion on cerebral 
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perfusion. The data suggested that cerebral blood flow of normal adult pigs increased 

with inflation of suprarenal balloon and remained elevated at least 90min after deflation 

without adversely affecting cardiac performance 85,115,116.  The Safety and Efficacy of 

NeuroFlo in Acute Ischemic Stroke (SENTIS) trial randomly tested aortic occlusion in 

acute ischemic stroke patients within 14 hours of symptom onset and found that transit 

aortic occlusion is safe with no difference in serious adverse events as compared to 

controls who were given standard treatments 11,13,14,16,85,117–121. The primary efficacy 

endpoint for SENTIS trial was neutral, although with a trend for reduced mortality in 

NeuroFlo treated group. (11.2% vs 16.3%; OR 1.60; 95% CI 0.91 to 2.83; p=0.086) 

38,43,106,117,120. However, post-hoc subgroup analyses suggested that transit aortic 

occlusion had significant benefit in patients aged over 70 years, patients treated in an 

early window (within 5 hours of symptom onset) and patients with moderate stroke 

severity (NIHSS score of 8–14) 16,117,118,120–122. These findings indicate that appropriate 

patient selection is important for NeuroFlo treatment to benefit 85. Further investigation 

that combine NeuroFlo with recanalization therapies are warranted to address the 

penumbral freezing effect of transit aortic occlusion. 

 

1.6.4. External Counter Pulsation 

External counter pulsation is a noninvasive treatment which can increase cardiac output 

and augment blood flow to vital organs including the brain 38. It operates by applying 

electrocardiogram triggered air filled cuffs around the lower extremities and buttocks. 

During diastole, cuffs from lower extremities to buttocks are triggered sequentially with 
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inflation pressure up to 250mmHg 53,85,123–125. Such inflation of air cuffs augment blood 

flow to aortic artery from lower limbs and create retrograde pressure wave at the same 

time, leading to the elevation of blood pressure. The cuffs are deflated before the start 

of systole lowering peripheral vascular resistance during systole by making a relative 

empty vascular bed in lower limbs 53,123,126–128. External counter pulsation treatment has 

been piloted in acute ischemic stroke patients and induced improvement in neurological 

outcome 14,129. The results also suggested that external counter pulsation is associated 

with cerebral blood flow enhancement in the ipsilateral and contralateral hemisphere 

after stroke, which may indicate collateral flow augmentation to the ischemic region 

38,127,130–132. However, well designed and large scale RCTs are still needed for further 

investigation 85,133. 

 

1.6.5. Remote Ischemic Per-Conditioning (RIPerC) 

Ischemic conditioning was introduced in the 1980s 134 as a treatment to induce an 

organ's endogenous mechanism of protection against ischemic injury by the application 

of repetitive, sub-lethal, transit ischemic periods before or after more severe ischemic 

insults (referred to as local pre- and post-conditioning, respectively). A significant 

breakthrough in the study of ischemic conditioning as a protective therapy was the 

discovery that ischemic conditioning (repetitive, short periods of ischemic/reperfusion) 

induced at a non-vital organ remote to the site of severe ischemia (termed “remote 

ischemic conditioning”), such as the limb in the case of cerebral ischemia, can also 

protect vital target organs compared to unconditioned occlusion controls 135. Crucially, 
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remote ischemic conditioning can be applied prior to stroke (termed remote ischemic 

preconditioning), after the onset of ischemia (termed remote ischemic per-conditioning 

(RIPerC), or at the time of reperfusion (termed remote ischemic post-conditioning) 136. 

RIPerC has promise as an acute ischemic stroke treatment that can be applied during 

target organ ischemia whether patients receive reperfusion treatment (e.g. r-tPA) or not 

135. 

 

Preliminary preclinical and clinical data suggest that RIPerC may be neuroprotective 

8,137–144. However, relatively little is known about the underlying protective mechanisms 

of RIPerC. The neuroprotective effect of RIPerC works by multiple mechanisms, 

potentially including improvement of cerebral blood flow 135,140,145. Hoda et al. studied 

RIPerC using the autologous thromboembolic MCA occlusion mouse model with CBF 

measurement by laser Doppler flowmetry and LSCI 139–141. These studies suggested that 

RIPerC was effective alone and in combination with i.v. r-tPA to enhance cerebral blood 

flow in young male, ovarectomized females and aged male mice (12 months old) 139–

141,146,147. Kitagawa reported that diameter of pial collaterals are larger in RIPerC treated 

transient MCAo mice than control MCAo mice with latex compound perfusion at 24 

hour post stroke 148. A research group in Denmark conducted the first randomized trial 

to examine adjunctive neuroprotective effects of RIPerC in acute stroke patients in the 

prehospital setting prior to r-tPA treatment 135,137,144. Four cycles of 5mins occlusion and 

5mins reperfusion of upper limb by manual cuff inflation of RIPerC treatment was 

administered by paramedics to patients with stroke symptoms presentation during 
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transportation in the ambulance 137,144. Less than half of patients received full 

conditioning regiment due to a transportation time that was too short 140,145,146. Only 

patients who had MRI based acute ischemic stroke evidence and were eligible for r-tPA 

treatment were included for further analysis 137,144,146. The primary endpoint was 

penumbral salvage assessed by MRI, and the secondary endpoints were infarct growth, 

final infarct size and functional outcome assessed with modified Rankin Scale after 3 

months 135,137,144,146. No intolerable discomfort and adverse events caused by RIPerC 

were reported 144,146. The MRI study demonstrated no significant effect in of RIPerC on 

penumbral salvage, infarct growth and final infarct size or functional outcome after 

RIPerC 144–146. However, after adjustment for baseline severity of hypo-perfusion, there 

was evidence of tissue protection by RIPerC in post hoc MRI data analysis with voxel 

based logistic regression method 144–146. Thus, there is some evidence that pre hospital 

RIPerC may be neuroprotective 145. However, this finding should be interpreted with 

caution since voxel based analysis of tissue survival was not a prespecified endpoint 

144,146. Notably, RIPerC treated patients showed higher proportion of TIA diagnosis and 

lower NIHSS score at admission than controls 144,146. Therefore, more patients in the 

RIPerC group did not receive r-tPA treatment and were excluded from further analysis 

144,146. The higher proportion of TIA in RIPerC group may indicate that RIPerC 

increased the chance of prehospital reperfusion and is neuroprotective alone even 

without r-tPA 137,144–146. However, stroke symptom severity was not assessed before 

RIPerC treatment, and an initial stroke severity imbalance of RIPerC treatment group 

and control group during randomization process could not be ruled out 137,144–146. In 
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general, prehospital RIPerC seems safe, tolerable and feasible with a likely benefit on 

tissue survival 144. Further studies with a more optimized design to determine stroke 

symptom severity before RIPerC should be conducted to prove clinical effect of RIPerC.  

 

1.7. General Objectives and Hypotheses: 

This thesis aims to further our understanding regarding hemodynamic evolution of pial 

collaterals after stroke and provide preclinical evidence on a pair of pial collateral 

enhancement treatments (RIPerC and intravenous milrinone administration) to 

facilitate bench to bedside translation. 

 

As one of the most significant health problems worldwide, ischemic stroke negatively 

affects patients and their family, and results in significant expense to the healthcare 

system. However, the clinical therapeutic options are still limited and mostly rely on 

vessel recanalization by intravenous r-TPA or endovascular therapy. Clinical evidence 

shows that collateral status at the time of occlusion (i.e., number and diameter) is the 

strongest independent predictor of final infarct volume 14,20–24. The hemodynamic 

evolution of the collateral circulation is also important since collaterals are thought to 

be time limited and can fail over time 26–28. Rarefaction of cerebral collaterals with 

aging18, but the consequences of aging on the dynamics of the pial collateral circulation 

has not been well defined. 

 

Altered collateral dynamics with aging are important considering that aging is one of 
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the risk factors for ischemic stroke and the brain of the elderly has worse ischemic 

tolerance 149–152. Thus, in the first set of experiments described in this thesis (Chapter 

2), we used in vivo imaging to assess the impact of aging on hemodynamic evolution 

of pial collaterals circulation post dMCAo with SD rats. We hypothesized that 

retrograde pial collateral flow is recruited immediately after dMCAo in both aged and 

young rats, but aging would accelerate collateral failure over time, leading to more 

severe cerebral ischemic damage. 

 

Next we examined new treatment to improve collateral blood flow. The dropout of 

collaterals during stroke is related to the progression of penumbra to irreversible 

ischemic infarct and impaired response to treatment 26–28. Enhancing cerebral pial 

collateral blood flow by mechanical or pharmacological means may therefore be helpful 

in stroke therapy, especially before recanalization treatment. 

 

The goals of Chapter 3 and Chapter 4 were to determine whether RIPerC is a viable 

method for augmenting pial collateral flow and reducing infarction after dMCAo in 

young adult (Chapter 3) and aged (Chapter 4) rats. We hypothesized 1) that RIPerC 

treatment would induce a significant increase in blood flow through pial collaterals by 

continued dilation of pial collaterals while pial collaterals in control rats would exhibit 

progressive constriction; and 2) Prevention of collateral failure by RIPerC would persist 

in aged rats and provide neuroprotection.  
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Chapter 5 examined milrinone treatment as a collateral therapeutic. Milrinone is a 

potent selective phosphodiesterase 3 (PDE3) inhibitor that inhibits cAMP specific 

PDE3 in cardiac myocytes and vascular smooth muscle cells 153. The inotropic effect 

of milrinone is largely attribute to PDE3 inhibition, leading to intracellular cyclic AMP 

accumulation and an increase of cyclic AMP dependent protein kinase A (PKA). PKA 

not only phosphorylates the myofilament proteins which can promote action of myosin 

and actin, but also phosphorylates calcium channels causing trans-sarcolemmal calcium 

influx. Both of these lead to cardiac contractility enhancement and cardiac output 

augmentation 154–156. The vasodilatation effect of milrinone is mediated by increasing 

of cAMP in vascular smooth muscle which stimulates calcium uptake into the 

sarcoplasmic reticulum, reducing the affinity of troponin C to calcium available for 

contraction, and thus relaxing vascular tone 157–160. PDE3 is highly expressed in cerebral 

arteries smooth muscle cells. Therefore, after ischemic stroke, milrinone may enhance 

penumbra perfusion through dilating cerebral pial collaterals while maintain systemic 

hemodynamic at the same time due to enhancing cardiac output. Therefore, in Chapter 

5, we hypothesized that systemic collateral pharmacotherapy with milrinone lactate is 

effective for augmenting pial collateral flow and reducing cerebral ischemic damage. 
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Figure 1- 1 Mechanism of Laser speckle contrast imaging. 

When illuminating a surface with coherent laser light, it will appear 

granular to the observer. This effect is commonly known as the speckle 

effect. A scattering of the laser light by moving particles, such as blood 

cells in pial vessels on the cortical surface, will cause fluctuations of the 

speckle pattern. If these fluctuations are recorded by camera with fixed 

exposure time, the pattern will appear blurred. Such blurring is generally 

quantified as speckle contrast, a measure of relative changes in blood flow. 

The speckle contrast value (K) is defined as the ratio of the standard 

deviation to the mean intensity (K = σs/I) in a small region of the speckle 

image (typically 5× 5 or 7 x 7 pixels). Speckle contrast can be plotted to 

generate a LSCI map of blood flow. Speckle contrast and motion of the 



28 
 

scattering particles (red blood cells) are inversely related. K value ranges 

from 0 to 1. When red blood cells (RBC) are moving very fast in vessels, 

the speckle K will be very close to 0 and vice versa, when no blood flow 

in vessels, then K is approaching to 1.  
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Figure 1- 2 Representative linescan to determine RBC velocity. 

As RBCs do not take up fluorescent dye, they are detectable as non-

fluorescent streaks in plots of the line scan images where the slope of 

streaks represents RBC velocity. 
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Chapter 2 

Impaired collateral flow in pial arterioles of 

aged rats during ischemic stroke 
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2.1. Introduction 

Stroke disproportionately affects the elderly, with risk of stroke doubling every decade 

after the age of 55 in both sexes 5–7. Moreover, elderly stroke patients exhibit 

significantly worse functional recovery and higher mortality compared to younger 

patients 5–7. Thus, preclinical studies of the pathophysiology of stroke should be 

performed in aged animals whenever possible.  

  

After occlusion of a cerebral vessel, tissue surrounding the nonviable infarct core in the 

penumbra remains viable due to blood flow via the cerebral collateral circulation 16. 

Cerebral collaterals are auxiliary vascular pathways that can partially maintain blood 

flow to ischemic tissue when primary vascular routes are blocked 11,12,14,161. Pial (or 

leptomeningeal) collaterals are anastomotic connections on the cortical surface that 

connect distal branches of the anterior cerebral artery (ACA) and posterior cerebral 

artery (PCA) with distal branches of the middle cerebral artery (MCA) 16,17. Clinically, 

blood flow through the pial collaterals defines the degree of ischemia in the penumbra 

of cortical infarcts, and thus influences infarct growth, prognosis and response to 

therapy 25,29,161,162. Among recent trials of endovascular thrombectomy 163–167, data from 

the ESCAPE trial, that included multiphase CT angiography, demonstrated a strong 

association between robust pial collateral flow before recanalization and favorable 

outcome after recanalization 30,163. The DAWN and DEFUSE3 trials that evaluated 

patients following late thrombectomy (6 to 24 hours after stroke onset) reported 

significant benefits of delayed endovascular treatment 31,32. Notably, patients with 
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"slow-growing infarcts" due to good collateral circulation were selected into DAWN 

and DEFUSE3 trials 31–33.  

 

Thus, collaterals are a primary predictor of stroke prognosis and response to treatment, 

but the interactions between collateral dynamics and aging are not known. Rarefaction 

of cerebral collaterals with aging has been reported in preclinical models 18, and in some 

cases collateral therapies have reported differential efficacy based on age 117. However, 

age-related changes in the dynamics of collateral flow are not well described, 

particularly at the level of visually identified pial collaterals. Here, laser speckle 

contrast imaging (LSCI) and two photon laser scanning microscopy (TPLSM) were 

used to evaluate the dynamics of pial collateral circulation in young adult (2 months) 

and aged (16 months) rats during the first 4.5 h after distal middle cerebral artery 

occlusion (dMCAo). Retrograde collateral flow was apparent immediately after 

dMCAo. While collateral vessels narrowed over time in both groups, overall flow was 

more impaired and failed over time in aged rats relative to adult young rats.   

2.2. Materials and Methods: 

Male Sprague–Dawley rats (young group: 2-3 months of age; aged group: 16-18 

months of age) were used. Prior to experimental procedures, animals were housed in 

pairs on a 12-h day/night cycle and had access to food and water ad libitum. Procedures 

conformed to guidelines established by the Canadian Council on Animal Care and were 

approved by the Health Sciences Animal Care and Use Committee at the University of 

Alberta. Procedures and results reporting is consistent with the ARRIVE guidelines 168. 
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The experimental timeline is illustrated in Figure 2-1(a). A total of 13 aged rats and 12 

young adult rats underwent implantation of an imaging window. Two rats (1 aged, 1 

young adult) were excluded due to poor quality cranial windows and image quality 

(prior to post-stroke imaging), and one aged rat died during imaging. Thus, the data set 

for the aged and young adult groups include 11 rats each.  

  

2.2.1. Anesthesia and Monitoring 

Light anesthesia was induced using an induction chamber with 4–5% isoflurane (in 70% 

nitrogen and 30% oxygen) prior to intraperitoneal injections of urethane (1.25 g/kg, 

divided into four doses delivered at 30-min intervals). Isoflurane was discontinued after 

the first urethane injection, and rats remained anaesthetized until euthanasia. During all 

surgery and imaging, temperature was maintained at 36.5–37.5C with a 

thermostatically controlled warming pad and heart rate, oxygen saturation, and breath 

rate were monitored using a pulse oximeter (MouseOx, STARR Life Sciences).  

  

2.2.2. Cranial Window 

LSCI and TPLSM were performed through cranial windows implanted after 

craniotomy. A midline incision was made on the scalp to expose the surface of the skull. 

A 5*5 mm section of the skull over the distal regions of the right MCA territory was 

thinned until translucent using a dental drill (frequently flushing with saline to dissipate 

heat) and then gently removed. The dura matter was removed, then the cranial window 
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was covered with a thin layer of 1.3% low melt agarose and sealed with a glass coverslip 

as previously described 11,169. 

  

2.2.3. dMCAo 

Cerebral ischemia was induced by bilateral common carotid artery (CCA) ligation in 

addition with distal MCA ligation 26,170. Distal MCA ligation and imaging protocols 

were performed by different individuals, and surgeons inducing ischemia were blind to 

the experimental group for each rat. CCAs were accessed through ventral midline 

cervical incisions and ligated with 4–0 prolene sutures below the carotid bifurcation. A 

temporal incision was then made and the right temporalis muscle was gently separated 

from the bone. A burr hole of 1.5 mm in diameter was made through the squamosal 

bone, the dura was removed, and the cortical MCA was visualized. The exposed distal 

MCA was isolated with a loose square knot by atraumatic 9–0 prolene suture above the 

rhinal fissure before stroke. After pre-stroke imaging, the knot was ligated to induce 

permanent dMCAo. 

  

2.2.4. LSCI 

LSCI measures real time changes in cerebral blood flow with high spatial and temporal 

resolution over a wide field of view 171–173. To collect LSCI data, rats were secured in 

ear bars on a custom-built stereotaxic plate under a Leica SP5 MP laser scanning 

microscope. A Thorlabs LDM 785S laser (20 mW, wavelength of 785 nm) was used to 

illuminate the rat cortex at approximately 30 ° incidence. Stacks of 101 sequential 
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images (1024 × 1024 pixels) were acquired at 20 Hz (5 ms exposure time) during each 

imaging session. All processing and analysis of laser speckle images were performed 

using ImageJ software (NIH) by a blinded experimenter. Maps of speckle contrast were 

made from the collected images of raw speckling by determining the speckle contrast 

factor K for each pixel in an image. K is calculated as the ratio of the standard deviation 

to the mean intensity (K = σs/I) in a small (5 × 5 pixels) region of the speckle image 171–

173. Plots of K show maps of blood flow with darker vessels illustrating faster blood 

flow velocity 174,175. For quantification of penumbral flow, K was measured in a 

contiguous ROI consisting of an 800 × 800 pixel square positioned to include the distal 

MCA and ACA segments. Because cerebral blood flow (CBF) velocity in selected 

region of interest was inversely proportional to the square of speckle contrast  value K 

176,177. 

𝑣 ∝
1

𝐾2
 

Therefore, 1/K2 is also used to illustrate CBF velocity change in LSCI figures 174,178.  

  

2.2.5. TPLSM 

TPLSM was performed using a Leica SP5 MP TPLSM and Coherent Chameleon 

Vision II pulse laser tuned to 800 nm. Blood plasma was labelled with fluorescein 

isothiocyanate–dextran (70,000 MW, Sigma-Aldrich) injected (0.3 mL (5% (w/v) in 

saline, 0.2 mL supplements as required) via the tail vein 73,81. Z-stacks through the first 

0.15mm of cortical tissue were acquired through the cranial window using a 10 × water 

dipping objective (Leica HCX APO L10×/0.3 W) and vessel diameter measurements 
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were made from maximum intensity projections of these stacks using ImageJ plug-in 

(full-width at half-maximum algorithm) 179. For acquisition of red blood cell (RBC) 

velocity, line scans were performed in the lumen of arterioles over a length of 50-100 

pixels at scan rates of 1200Hz. While the repeated imaging schedule (30-min intervals) 

did not allow a comprehensive analysis of blood flow velocity in all vessels within these 

regions of interest, RBC velocity was via line scans in three identifiable arterioles 

(>0.05mm diameter) per region. RBC velocity was determined from line scan images 

by calculating the slope of streaks 73,81. RBC flux, which provides an overall measure 

of flow through each vessel, was calculated using the following equation: 

Flux=(π/8)(d2)(v) 

where v is the RBC velocity along the central axis of the vessel, and d is the vessel 

diameter.  

  

2.2.6. Hemotoxylin and Eosin Staining (H&E staining) 

All rats were euthanized 6 h after induction of the dMCAo. Tissue damage was assessed 

in digital images of H&E stained cryosections by a blinded experimenter using ImageJ 

(NIH) software. Volume of tissues showing early ischemic damage were calculated for 

each tissue slice using the indirect method180,181 to control for tissue distortion due to 

edema using the following equation: 

Volume of ischemic damage % hemisphere = [ Σ(AC-ANI)/ Σ(AC)]*100 
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where AC is the area of the hemisphere contralateral to stroke in a given tissue slice and 

ANI is the area of the non-injured tissue in the ipsilateral stroke (affected) hemisphere 

of the same slice. 

  

2.2.7. Statistical Analysis 

Statistical analyses were performed using Graph Pad Prism (GraphPad software, San 

Diego, CA, US). RBC velocity and RBC flux data exhibited a right skewed distribution. 

To reduce skewness, a cubed root transformation was applied. The cubed root transform 

was selected as it is a standard transform for right skewness, and can be applied to zero 

values (which occurred in some instances for velocity measurements). Normality was 

confirmed for all blood flow data sets (i.e. LSCI data in Figure 2-3 and TPLSM data in 

Figure 2-5) using the D’Agostino-Pearson normality test. Two-way analysis of variance 

(ANOVA) with repeated measures were used to compare the time course of aged and 

young rats on LSCI measures (speckle value, relative blood flow) and TPLSM 

measures (vessel diameter, RBC velocity, and RBC flux). Post hoc comparisons were 

performed using Bonferroni multiple comparisons test. Volumes of ischemic tissue 

infarct (% of contralateral hemisphere) and physiological parameters (pulse, respiratory 

rate and oxygen saturation) were compared using an unpaired Student's t-test. Values 

are expressed as mean ± S.E.M. Sample size was estimated using published and 

unpublished data that suggested 10 rats was sufficient to detect a 10% difference in 

vessel diameter using TPLSM (µ1=100, µ2=90, σs=7.8%, β=0.80, α= 0.05). 

 



38 
 

2.3. Results: 

LSCI and TPLSM were used to assess changes of pial collateral flow immediately 

before and for 4.5h after dMCAO (at intervals of 30 mins, Figure 2-1(a)). Physiological 

parameters remained stable throughout imaging (Figure 2-1 (b-d)). LSCI and TPLSM 

were used to create high-spatiotemporal resolution maps of blood flow in pial vessels 

in the region of ischemia, including measures of regional flow (LSCI) as well as pial 

vessel diameter, RBC velocity, and RBC flux (TPLSM) (Figure 2-2) 11.  

 

2.3.1. LSCI Reveals Reduced Penumbral Blood Flow in Aged Rats relative to 

Young Rats 

Figure 2-3 shows LSCI derived maps of speckle contrast showing flow changes over 

270 min (4.5 h) post stroke for aged and young rats. Immediately after dMCAo, robust 

anastomotic connections between distal segments of the ACA and MCA were observed 

in both groups. However, pial collaterals were more robust in young rats (Figure 2-3(b), 

note the number of visible vessels following dMCAo in young vs. aged rats) and 

penumbral blood flow in young rat persisted through the imaging sessions in young rats. 

In aged rats, penumbral flow decreased during the imaging period (as indicated by a 

consistent increase in speckle contrast during the imaging period in the aged rats, and 

relatively few visible pial vessels, Figure 2-3(a)). Speckle contrast normalized to pre-

dMCAo values is shown in Figure 2-3(c). Two-way ANOVA revealed a significant 

main effect of Time and Age on speckle contrast, as well as a significant Time X Age 

interaction (all P <0.0001). Posthoc comparisons confirmed that speckle contrast was 
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significantly greater in aged rats relative to young rats at all time-points after 30min 

post-dMCAo. A more proportional measure of blood flow can be attained by 

determining the inverse square of the speckle contrast values (Figure 2-3(d)) 174,178.  

While blood flow of young rats remained between 60%-80% of baseline (pre-dMCAo) 

during all imaging sessions, flow in aged rats dropped rapidly to less than 40% and 

remained low throughout imaging. Again, a two-way ANOVA revealed a significant 

main effect of Time and Age on speckle contrast, as well as a significant Time X Age 

interaction (all P <0. 0001). Post hoc comparisons confirmed significantly reduced flow 

in aged animals (relative to young animals) at all time-points after 60 minutes post-

dMCAo. 

  

2.3.2. TPLSM Reveals Dynamic Changes in Pial Arteriole Diameter, RBC Velocity, 

and Flux after dMCAo 

TPLSM revealed a reduction in pial arteriole diameter over time after dMCAo in both 

groups (representative images in Figure 2-4, group quantification in Figure 2-5a). Two-

way ANOVA confirmed a significant Time X Age interaction in pial arteriole diameter 

(P < 0.0001). Notably, aged rats show more rapid “collapse” or narrowing of pial 

arterioles relative to young rats. Interestingly, diameters at the completion of imaging 

were not different between experimental groups, and post hoc comparisons only 

revealed a significant difference in MCA segment diameters at 90 min after dMCAo, 

suggesting that the dynamics of collateral failure are accelerated in aged rats but the 

degree of collateral narrowing is comparable. Figure 2-5(b) shows mean changes in red 
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blood cell (RBC) velocity relative to baseline (pre-dMCAo). There was a significant 

main effect of Time and Age (P<0.0001 and P=0.0061, respectively) and a significant 

Age x Time interaction (P=0.0002). Posthoc comparisons confirmed that RBC velocity 

in pial arterioles downstream of anastomoses was significantly reduced in aged rats 

relative to young rats at all time points after 120 min post-dMCAo. Finally, because the 

oxygen and nutrient carrying capacities of a blood vessel are proportional to their RBC 

flux 75,182, mean RBC flux for arteriole segments downstream of collateral anastomoses 

in aged and young rats are shown in Figure 2-5(c). Analysis of RBC flux between 

groups revealed a significant main effect of Time (P<0.0001) and Age (P=0.0057), and 

a significant Age X Time interaction (P =0.0159). Post hoc comparisons confirmed 

significantly reduced RBC flux in aged rats relative to young rats at all time points after 

90 min post-dMCAo.  

 

2.3.3. Early Ischemic Damage in Aged Rats and Young Rats.  

Figure 2-6 shows that a significant larger volume of early ischemic damage was found 

in aged rats relative to young rats (P <0.001).  

  

2.4. Discussion: 

Aging is a multifaceted process associated with cellular, metabolic, and structural 

changes in the brain 183,184. Many factors, such as increased oxidative stress, pro-

inflammatory cytokine expression, and reduced cell survival have been considered 

important factors contributing to increased ischemic brain injury in aged animals 183,185. 
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The effects of age on cerebral circulation is an additional factor to be considered. 

Although there is some debate in the field 186–190, most published literature suggest that 

there is a rarefaction of cerebral arterioles and decrease in capillary density in aged 

humans, aged nonhuman primates and different species of aged rodents (such as Wistar, 

Wistar-Kyoto, spontaneously hypertensive, Brown-Norway, and F344 rats) 19,191–195. 

An age-related decrease in the number of venules and arteriole-to-arteriole anastomoses 

has also been reported in both Brown-Norway and F344 rats 19. Such rarefaction would 

reduce aged animals ability to maintain blood flow during ischemia, resulting in 

increasing risk of neuronal loss in brain regions where vessel rarefaction is prominent 

19. Increasing age is also associated with significantly decreased lumen diameter at the 

arteriole level and more tortuous cerebral vessels 186,196,197. The net result of these 

alterations in the cerebral circulation is increased vascular resistance, which leads to 

impaired tissue perfusion and larger infarcts 198. A loss of collateral number and 

diameter and increased tortuosity has been observed in aged mice, resulting in a 6-fold 

increase in calculated resistance and 3-fold increase in severity of infarct volume after 

MCAO in 24- versus 3-months-old-mice 18,20. These studies used postmortem cerebral 

artery micro-angiography to estimate rarefaction, however, so collateral extent and 

compensatory flow were not directly verified during ischemia. However, age related 

biochemical alterations in the peripheral and mesenteric collaterals suggest altered 

hemodynamics in the days following stroke. Specifically, endothelial nitric oxide 

synthase (eNOS) signaling appears to be dysfunctional in endothelial cells in mice three 

days after MCAO, as indicated by increased protein nitrosylation and reduced 
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concentration of phosphorylated endothelial nitric oxide synthase 18. Moreover, 

expression of vasodilator-stimulated phosphoprotein (VASP) is altered in collateral 

wall cells 18. Decreases in phospho-eNOS (necessary for eNOS activation) and 

phospho-VASP (which undergoes phosphorylation when NO is increased) would 

impair collateral remodeling during this subacute period, but reduced eNOS could also 

impair vasodilation and could lead to reduced collateral diameter during acute stroke. 

This would agree with preclinical and clinical studies in the peripheral and cerebral 

circulation that suggest impaired vasodilation and vasoreactivity with aging 199–201.  

 

Collateral status at the time of occlusion (i.e., number and diameter) is the strongest 

independent predictor of final infarct volume and is considered crucial for clinical 

decision making in stroke treatment 14,20–24. The hemodynamic evolution of the 

collateral circulation is also important since collaterals are thought to be time limited 

and can fail over time 26,169,202.The dropout of collaterals during stroke is related to the 

progression of penumbra to irreversible ischemic infarct and impaired response to 

treatment 26,169,202. However, the effects of aging on the dynamics of collaterals 

circulation are not well defined. The data presented here show that pial collaterals are 

patent immediately after ligation of a distal branch of MCA, with clear retrograde flow 

to ischemic territories. LSCI showed that cerebral collateral perfusion was impaired 

after stroke (“collateral failure”) in both aged and young rats, but this decline was more 

severe in aged rats. TPLSM showed that pial arterioles narrowed to around 80% of pre-

stroke diameter at 4.5h post stroke in both young and aged rats, but that this collateral 
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constriction was accelerated in aged rats. More specifically, the narrowing of pial 

vessels occurred over 90 minutes post-stroke in aged rats, while more gradual 

narrowing occurred over the full 270 minute imaging period in young rats. Notably, 

RBC velocity remained near baseline values (though the direction of flow was reversed) 

in young rats, such that overall RBC flux downstream of pial anastomoses was stable 

over the imaging period. Contrasting this, RBC velocity declined steadily in aged rats 

after ischemic onset. Thus, while arteriole vessel narrowing reached comparable 

endpoints, RBC velocity and the overall flux of blood through pial arterioles was 

significantly reduced at time points after 120 and 90 minutes, respectively, after 

occlusion in aged rats relative to young adult rats. Thus, collateral narrowing occurs 

more quickly in aged rats than young adult rats, and only young adults compensate for 

increased vascular resistance with an increase in flow velocity. In addition to changes 

in the diameter and velocity of flow in pial arterioles, a progressive reduction in 

perfused vessels on and below the cortical surface was apparent in both aged and young 

adult rats, but was more severe in aged rats. While potential fading of fluorescence and 

a slight reduction in the quality of the optics through the cranial window could 

potentially contribute to reduced density of flowing vessels over time, the consistency 

of the LSCI and TPLSM images and the progressive reductions in arteriole flux suggest 

that this reflects an impairment in microvascular perfusion due to failing collateral flow. 

The more severe reductions in collateral and microvascular flow apparent in aged rats 

likely accounts for the significantly greater volumes of ischemic damage relative to 

young adult rats 6 h after ischemic onset.  
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Notably, the native pial collateral circulation (number and size) varies greatly among 

humans and among rodents from different genetic background, even within a species 

20,203,204. Pial collaterals formation begins primarily between embryonic day 13.5 and 

14.5 and their maturation continues through the first three weeks after birth 16,205,206. 

Gene expression of Vegfa and CLIC4 shape the development of collateral vessels 

16,205,207,208. However, it is not known how these genetic factors influence collaterals 

across the lifespan, and if changes in gene expression contribute to accelerate collateral 

failure. Recent studies of isolated collateral vessels in after filament MCAO in rats 

suggest that the elevation of intracranial pressure (ICP) may be responsible for 

collateral failure after stroke 209. While ICP was not monitored in our study, dynamic 

difference in ICP may occur during acute between aged and young rats and may 

contribute to accelerated collateral failure observed here. Notably, Beard et al 209–211 

stated that changes in collateral flow post-stroke appear to be primarily driven by the 

pressure drop across the collateral vessel, and were not due to changes in vessel 

diameter. That is, as ICP increases, cerebral perfusion pressure is reduced and collateral 

flow declines, providing a possible explanation for collateral failure. In our study, aged 

rats showed a more rapid narrowing of collateral vessels that was associated with a 

rapid and sustained decrease in collateral flow. Young adult rats had a slower decline 

in pial vessel diameter, though diameters at the final endpoint were comparable between 

groups. However, in young adult rats blood flow velocity and flux remained relatively 

stable over time, perhaps implicating a more severe increase in ICP in aged rats that 
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reduces cerebral perfusion pressure as mechanisms of impaired collaterals in the aged. 

Strategies to reduce ICP may therefore be effective to maintain collateral flow in the 

aged. Metabolic risk factors, like metabolic syndrome and hyperuricemia, are known 

to contribute in poor leptomeningeal collateral status of patients with acute ischemic 

stroke 212. Menon et al 212 hypothesized that endothelial dysfunction results from 

metabolic syndrome and hyperuricemia and leads to pial collateral deterioration 212. In 

addition, Faber et al 18 also postulated that endothelial dysfunction could lead to a 

reduction in the density of cerebral native collaterals in mice. However, the effect of 

endothelial dysfunction in regulating hemodynamic of pial collaterals post stroke is still 

unknown, and the degree to which age contributes to this dysfunction remains to be 

confirmed.  

 

Our finding of rapid failure of collaterals in aged rats may help partially explain worst 

clinical outcome in elderly relative to young patients. Moreover, our data may help 

explain results of completed Safety and efficacy of NeuroFlo Technology in Ischemic 

Stroke (SENTIS) trial 117. Notably, the SENTIS trial showed that transient aortic 

occlusion (TAO) with the NeuroFlo catheter is safe in stroke patients and could improve 

outcome through augment cerebral blood flow after stroke onset in a subgroup of 

patients older than 70 years of age 117. Enhanced efficacy in the elderly may reflect 

amelioration of ischemia to cerebral collateral collapse earlier after ischemic onset in 

the aged. Accelerated collateral failure as demonstrated here therefore reinforces the 

importance of early recanalization in the elderly, and suggests that the development of 
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collateral therapeutics to preserve collateral flow might be particularly important for 

aged patients 117. Notably, our study did not include reperfusion, and future studies 

could address the importance of collateral flow prior to recanalization in aged and 

young rats by incorporating a transient model of MCAo to model stroke with 

recanalization. Incorporation of approaches to reduce ICP in these studies could 

highlight the potentially important role of ICP in collateral failure and its potential as a 

target for collateral therapeutics.  
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Figure 2-1 Experimental design & Average of physiological 

parameters of young and aged rats during the entire post-stroke 

imaging period  

(a)Experimental timeline. (b-d) Average of physiological parameters of 

young and aged rats during the entire post-stroke imaging period.  
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Figure 2- 2 Representative cortical surface pial collateral blood flow 

imaging before and after dMCAo using LSCI and TPLSM 

LSCI and TPLSM were used to create high-spatiotemporal resolution maps 

of blood flow in pial vessels in the region of ischemia. A cranial window 

was placed over the cortex at the distal ends of the vascular territories of 

the ACA and MCA (a). Red dotted lines and shading show the approximate 

locations of ACA-MCA anastomose. This window placement allows 

visualization of changes in collateral flow after distal MCAO. (b) LSCI 

data clearly demonstrate that pial collaterals become patent immediately 

after ligation of distal MCA (see yellow boxes in b), representing 

retrograde flow from the distal branches of the ACA into the MCA territory. 
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(c,d) TPLSM was used to map the angioarchitecture of anastomoses and 

distal MCA segments. Maximum intensity projections of pial 

vessels located within a depth of 100-150 μm from the surface of the region 

demarcated by the red box in (b), including distal MCA segments S1 and 

S2, are shown in (c) to illustrate analyses of vessel diameter. (d) Center 

line RBC velocity was measured in vessel segments measured for diameter, 

allowing determination of velocity and direction of blood flow. The 

reversed direction of blood flow in collaterals after MCAO is apparent in 

both segments (see reversed slope of dashed lines in d). Figure 2-2a 

modified with permission from Winship et al. 11. Scale bar, 100μm  

  



50 
 

 

Figure 2- 3 Representative LSCI derived image sequences showing 

flow on the cortical surface of aged and young adult rats & Speckle 

contrast (K) and relatively blood flow (1/K2 ) for aged and young adult 

rats 

(a,b) Representative LSCI derived image sequences of speckle contrast 

showing flow on the cortical surface before and after dMCAo. Images 

showing flow changes over 270min (4.5h) post are illustrated for aged (a) 

and young adult rats (b). Immediately after dMCAo, robust anastomotic 

connections between distal segments of the ACA and MCA become visible 

in both groups (see yellow arrowheads showing absent or low flow in distal 

ACA-MCA anastomoses before stroke (left-most panel) and enhanced 

flow after dMCAo in next panel). Pial collaterals were more robust and 

persistent in young adult rats (n=11) relative to aged rats (n=11). Note the 

consistent increase in speckle contrast during the imaging period in the 
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aged rats (a), which reflects decreasing flow over time, and relatively few 

visible pial vessels. Contrasting this decreased flow in aged rats, speckle 

contrast remains relatively stable during imaging after stroke in young 

adult rats (b). Speckle contrast (K) and relatively blood flow (1/K2) for aged 

and young adult rats are shown in (c) and (d), respectively. Two-way 

ANOVA on K and 1/K2 identified significant main effects of age and Time 

X Age interactions (all P<.0001), and posthoc comparisons identified 

significantly group differences at all time points 60 minutes or more after 

ischemic onset in both measures. * P<.05, ***P<.001, **** P<.0001. 
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Figure 2- 4 Representative TPLSM derived image sequences showing 

pial collateral of aged and young adult rats 

Representative TPLSM data before and after dMCAo. The rectangular box 

in the LSCI images from an aged rat (a) and young adult rat (c) demonstrate 

the location of the representative TPLSM images in (b) and (d). Scale bar, 

1 mm. (b) and (d) show maximum intensity projections from region 

demarcated in (a) and (c). TPLSM revealed reduced flow in pial arteriole 

and diameter over time after dMCAo in both groups, though it was more 

severe in aged rats. Representative line scans show reduced RBC velocity 

in the MCA segment highlighted with a red line from the aged rat (b) and 

the young adult rat (d). Reversal in the direction of flow is apparent in both 

groups. Increasing slope in the aged rats shows reduced RBC velocity in 

this segment, as compared to more stable RBC velocity (and faster, 
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indicated by a lower slope) in the young adult animal. Scale bar, 500 um. 

R, rostral; L, lateral 
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Figure 2- 5 Quantification of the mean diameter, RBC velocity, and 

RBC flux in aged rats and young rats after distal MCAO 

Quantification of the mean diameter (a), RBC velocity (b), and RBC flux 

(c) in aged rats (n=11) and young rats (n=11) after distal MCAO. (a) Aged 

rats exhibited a more rapid narrowing of pial arterioles relative to young 

adult rats, though diameters at the completion of imaging were not different 

between aged and young rats. Two-way ANOVA confirmed a significant 

Time X Age interaction in pial arteriole diameter (P < 0.0001).  (b) A 

greater reduction of RBC velocity over time after dMCAo was apparent in 

aged rats relative to young adult rats, and Two-way ANOVA confirmed a 
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significant main effect of Time and Age (P<0.0001 and P=0.0061, 

respectively) and a significant Age x Time interaction (P=0.0002).  

 (c) Mean RBC flux for MCA segments downstream of collateral 

anastomoses was significantly reduced in aged rats relative to young rats. 

Two-way ANOVA revealed a significant main effect of Time (P<0.0001) 

and Age (P=0.0057), and a significant Age X Time interaction (P =0.0159). 

* P<.05, ** P<.01.  
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Figure 2- 6 Early ischemic damage measurements 

H&E staining was used to visualize early ischemic damage in aged (n=11) 

and young adult (n=11) rats. A significantly larger volume of early 

ischemic damage was found in aged rats relative to young rats (P <0.001). 

Means of the infarct volumes are presented as percentage of their 

corresponding contralateral sides.  
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Chapter 3 

Prevention of the collapse of pial collaterals by 

remote ischemic perconditioning during acute 

ischemic stroke 
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3.1. Introduction 

Flow through cerebral collaterals is increasingly recognized as a key variable in 

determining outcome after acute ischemic stroke. The cerebral collaterals are auxiliary 

vascular pathways that can partially maintain blood flow to ischemic tissue when 

primary vascular routes are blocked 213–216. The circulatory anastomoses that constitute 

the Circle of Willis are classified as “primary” collaterals 217,while the “secondary” 

collaterals include the pial or leptomeningeal collaterals 218. Pial collaterals are 

anastomotic connections located on the cortical surface which connect distal branches 

of the anterior, middle, and posterior cerebral arteries (ACA, MCA, and PCA). Blood 

flow through pial collaterals after occlusion of the principal supplying artery (e.g. the 

MCA) allows retrograde filling of vessels in the ischemic penumbra. Good collateral 

flow is associated with reduced infarct core, improved prognosis, and better response 

to recanalization therapy 24,219–221. Therapies that can augment collateral flow may 

therefore protect penumbral tissue and augment recanalization 222. 

 

Ischemic conditioning was introduced in the 1980s 134 as a treatment to induce a tissues' 

endogenous protection against ischemic injury by the application of repetitive, brief 

ischemic periods before or after more severe ischemic insults (referred to as local pre- 

and post-conditioning, respectively). A significant breakthrough in the study of 

ischemic conditioning as a protective therapy was the discovery that ischemic 

conditioning induced at an organ remote to the site of severe ischemia (termed “remote 

ischemic conditioning”), such as the limb in the case of cerebral ischemia, can also 
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protect target tissue 135. Crucially, remote ischemic conditioning can be applied prior to 

stroke (termed remote ischemic preconditioning), after the onset of ischemia (termed 

remote ischemic per-conditioning (RIPerC), or at the time of reperfusion (termed 

remote ischemic post-conditioning) (Figure 3-1(a)) 136. RIPerC has promise as an acute 

ischemic stroke treatment that can be applied during the ischemic period whether 

patients receive reperfusion treatment (e.g. rt-PA) or not 135. Preliminary preclinical and 

clinical data suggest that RIPerC may be neuroprotective 8,137–140,142,144,223,224. However, 

relatively little is known about the underlying protective mechanisms of RIPerC. 

Recent data suggest that RIPerC may increase cerebral blood flow 139,225, but its ability 

to augment collateral circulation has not been assessed. The objective of this study was 

to use advanced in vivo imaging to define changes in pial collateral flow during RIPerC. 

Here, high resolution in vivo laser speckle contrast imaging (LSCI) and two photon 

laser scanning microscopy (TPLSM) were used to map dynamic changes in pial 

collaterals during RIPerC after distal middle cerebral artery occlusion (MCAo) in rats. 

Our findings demonstrate that RIPerC induced by bilateral femoral artery occlusion 

(BFO) augments blood flow through pial collaterals by preventing their collapse or 

constriction over time. 

 

3.2. Materials and Methods 

Male Sprague–Dawley rats (2–5 months of age, n = 47) were used. Prior to 

experimental procedures, animals were housed in pairs on a 12-h day/night cycle and 

had access to food and water ad libitum. Procedures conformed to guidelines 
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established by the Canadian Council on Animal Care, were approved by the Health 

Sciences Animal Care and Use Committee at the University of Alberta, and are reported 

in a manner consistent with the ARRIVE (Animal Research: Reporting in Vivo 

Experiments) guidelines. The experimental timeline is illustrated in Figure 3-1(b). 

Sample sizes estimates were based on variability in data from previous LSCI and 

TPLSM experiments in our laboratory. 

 

3.2.1. Anesthesia and Monitoring 

For LSCI experiments, anesthesia was induced with 4–5% isoflurane and maintained 

at ∼1.0–1.5% isoflurane (in 70% nitrous oxide and 30% oxygen). Rats (n = 11 for each 

of the RIPerC and control groups) remained under isoflurane until completion of the 

imaging experiments, at which point they were removed from anesthetic until 

euthanasia 6 h after MCAo onset. While isoflurane allows stable and reliable anesthesia, 

it is a volatile inhalant anesthetic, has been associated with vasodilation or impaired 

vasoreactivity, and may mask neuroprotection during cerebral ischemia 226–230. 

Nonetheless, published studies of collateral therapeutics from our group and others 

suggest that augmented collateral flow and/or neuroprotection is apparent with 

isoflurane anesthesia as well as alternative anesthetics (e.g. urethane or sodium 

pentobarbital) 72,213,231,232. Nonetheless, our quantitative analyses of pial arteriole 

diameter using TPLSM were performed under urethane anesthesia to allow a 

comparison of vascular effects and degree of neuroprotection observed under isoflurane 

against a different anesthetic paradigm. While wakefulness and depth of anesthesia alter 
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hemodynamics, the mechanisms of action for urethane spare many pathways involved 

in neurovascular coupling and recent studies support its use in studies of cerebral 

hemodynamics 233–236. Therefore, for TPLSM experiments, rats (n = 8 for each of the 

RIPerC and control groups) were anaesthetized with urethane (i.p. 1.25 g/kg, divided 

into four doses delivered at 30-min intervals), then remained anaesthetized until 

euthanasia. During all surgery and imaging, temperature was maintained at 36.5–37.5℃ 

with a thermostatically controlled warming pad and heart rate, oxygen saturation, and 

breath rate were monitored using a pulse oximeter (MouseOx, STARR Life Sciences). 

In a separate cohort of isoflurane anesthetized rats (n = 6 RIPerC and 3 controls rats), 

blood pressure monitoring was performed via catheter in the ventral tail artery after 

MCAo and throughout RIPerC or sham treatment using a PressureMAT monitor 

(PendoTECH). 

 

3.2.2. Cranial Windows 

LSCI and TPLSM were performed through cranial windows using a thin skull 

preparation or a craniotomy, respectively 169,237. For thin skull imaging, a midline 

incision was made on the scalp to expose the surface of the skull (Figure 3-1(d)). A 

∼6 × 4-mm section of the skull over the distal regions of the right MCA territory was 

thinned until translucent using a dental drill (frequently flushing with saline to dissipate 

heat). The outer skull layer and subjacent spongy bone were cleaned and smoothed by 

round scalpel, allowing surface vessels to be visualized through the remaining thin layer 

of bone. A layer of mineral oil was applied to the window and sealed with a cover slip. 
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Procedures for cranial windows via craniotomy were identical, except the skull over the 

right MCA territory was thinned until translucent using a dental drill and then gently 

removed. The cranial window was covered with a thin layer of 1.3% low-melt agarose, 

and sealed with a coverslip 169,213. 

 

3.2.3. RIPerC via BFO 

Femoral arteries were dissected from accompanying veins and nerves below the groin 

ligaments. RIPerC was initiated 60-min post-MCAo by occluding and releasing the 

femoral arteries bilaterally with vascular clamps for 3 cycles (each 15 min ON/OFF). 

Control rats received a sham surgery with equivalent anesthesia and arterial isolation 

but did not receive BFO. 

 

3.2.4. LSCI 

LSCI measures real time changes in cerebral blood flow with high spatial and temporal 

resolution in a two-dimensional, wide field of view 172,173,238. By recording laser speckle 

on the surface of the cerebral cortex using a CCD camera with fixed exposure time, 

speckle blurring can be quantified to determine speckle contrast K. To collect LSCI 

data, rats were secured in ear bars on a custom-built stereotaxic plate under a video 

macroscope with a tandem lens configuration ( × 1.7 magnification) and a Dalsa 1M60 

Pantera camera 169,213,237. A Thorlabs LDM 785S laser (20 mW, wavelength of 785 nm) 

was used to illuminate the rat cortex at about 30 ° incidence. Stacks of 100 sequential 
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images (1024 × 1024 pixels) were acquired at 20  Hz (5 ms exposure time) during each 

imaging session. LSCI was performed before MCAo, 60-min post-MCAo (before 

RIPerC or sham treatment), and continued during 90 min of RIPerC (or sham) at 15-

min intervals. All processing and analysis of laser speckle images were performed using 

ImageJ software (NIH) by a blinded experimenter. Maps of speckle contrast were made 

from the collected images of raw speckling by determining the speckle contrast factor 

K for each pixel in an image. K is calculated as the ratio of the standard deviation to the 

mean intensity (K = σs/I) in a small (5 × 5 pixels) region of the speckle image 172,173,238. 

K ranges from 0 to 1. When the scattering particles (blood cells) are moving very fast, 

the speckle K will be very close to 0. Plots of K therefore show maps of blood flow with 

darker vessels illustrating faster blood flow velocity. To measure blood flow velocity 

within identified arteriole segments within or downstream of anastomoses (referred to 

as MCA segments or pial arterioles in the results section), speckle contrast profiles 

(Figure 3-3(a)) along multiple cross-sections of the anastomoses joining the distal ACA 

and MCA segments as well as segments of the MCA downstream of ACA anastomoses 

were extracted. The value of K at the center of these profiles (i.e. the speckle contrast 

K at the minima of the profile, Figure 3-3(a)) represents the vessel midline blood flow 

velocity. A better estimate of relative changes in blood flow velocity through these 

collateral channels was then attained by converting these centerline K values to 

correlation times (τc) using the equation 

K2=τc/2T{1−exp(−2T/τc)} 
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where T is the exposure time of the camera. τc values are approximately inversely 

proportional to the speed of the blood flow (i.e. 1/τc is considered proportional to the 

blood flow velocity) 213,239. Because anastomoses were generally not well-resolved 

prior to MCAo, analysis was performed on changes in vessel flow relative to post-

MCAo measures (i.e. measurements recorded 60 min after MCAo onset). Blood flow 

velocity changes relative to 60-min post-MCAo (pre-treatment) are therefore illustrated 

as τPostMCAo/τc. 

 

Diameter was determined for ACA-MCA anastomoses and MCA segments 

downstream of using an ImageJ plug-in that uses a full-width at half-maximum 

algorithm to estimate the inner vessel diameter using the same vessel profiles used to 

determine velocity (Figure 3-3(a)) 72,179,213,216.Vessel conformation and orientation can 

change between baseline imaging and post-MCAo image collection due to subtle 

difference in placement in the head holder and due to swelling and edema that may shift 

brain tissue under the cranial window following induction of MCAo. Moreover, 

anastomotic sections are typically not visible prior to ischemic onset, as the diameter 

and/or velocity of flow may be below resolution for LSCI. For these reasons, intravessel 

velocity and diameter measurements are presented as relative changes (percent change) 

from values measured 60 min after induction of MCAo (i.e. post-MCAo but pre-

treatment). After this time point, vascular anatomy remains consistent in LSCI data and 

repeated measurements are not an issue. 
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To estimate changes in blood flow using a measure that incorporates changes in vessel 

midline blood flow velocity and diameter, relQ1 was calculated using the formula 

relQ = πr2
n(τPostMCAo/τc) 

where rn is the mean radius of the MCA segments in a given animal normalized to the 

radius at 60-min post-MCAo for that animal (i.e. Post-MCAo (pre-treatment) rn = 1 and 

τPostMCAo/τc = 1, such that Post-MCAo relQ = π). 

 

3.2.5. TPLSM 

After implantation of the cranial window, fluorescein isothiocyanate–dextran 

(70,000 MW, Sigma-Aldrich) was injected via the lateral tail vein (0.3 ml, 5% (w/v) in 

saline). In vivo microscopy was then performed using a Leica SP5 MP TPLSM and 

Coherent Chameleon Vision II pulse laser tuned to 800 nm. Z-stacks through the first 

200 μm of cortical tissue were acquired through the cranial window using a 10 × water 

dipping objective (Leica HCX APO L10×/0.3 W) and vessel diameter measurements 

were made from maximum intensity projections of these stacks using the same ImageJ 

plug-in (full-width at half-maximum algorithm) used in LSCI experiments 179. While 

the repeated imaging schedule (15-min intervals) did not allow a comprehensive 

analysis of blood flow velocity with these regions of interest, red blood cell (RBC) 

velocity was measured in three to five vessels per region. For analysis of blood flow 

velocity, line scans were conducted on identifiable arterioles (>10-μm diameter). Blood 
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flow velocity measurements were determined from line scan images by calculating the 

inverse slope of the linear streaks made by RBCs 73,81. 

 

3.2.6. Distal MCAo 

Cerebral ischemia was induced by distal MCA ligation (Figure 3-1(c)) in conjunction 

with bilateral common carotid artery (CCA) ligation 170. This model is relevant to the 

most common type, location, and outcome of human stroke (distal MCAo with cortical 

infarct). By blocking the proximal cortical branch of MCA, this model generates well-

defined ischemia in the MCA cortical territory and allows for a consistent blood flow 

reduction and infarct with rapidly developing neurological impairment. Distal MCA 

ligation and imaging protocols were performed by different individuals, and surgeons 

inducing ischemia were blind to the experimental group for each rat. CCAs were 

accessed through ventral midline cervical incisions and ligated with 4–0 prolene sutures 

below the carotid bifurcation. A temporal incision was then made and the right 

temporalis muscle was gently separated from the bone. A burr hole of 1.5 mm in 

diameter was made through the squamosal bone, the dura was removed, and the cortical 

MCA was visualized. The exposed distal MCA was isolated and ligated with a square 

knot by atraumatic 9–0 prolene suture above the rhinal fissure (Figure 3-1(c)). 
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3.2.7. Triphenyl Tetrazolium Chloride Staining 

All rats were euthanized 6 h after induction of the MCAo. The brains were rapidly 

removed and sliced into seven coronal, 2 mm sections using a brain matrix, then 

incubated in 2% 2,3,5-triphenyltetrazolium chloride (TTC) solution at 37℃  for 

assessment of mitochondrial dehydrogenase activity. Tissue damage was assessed in 

digital images of TTC-stained tissue by a blinded experimenter using ImageJ (NIH) 

software. Volume of tissues showing early ischemic damage is expressed as a 

percentage of hemisphere. These measures were calculated for each tissue slice using 

the indirect method 180,181 to control for tissue distortion due to edema using the 

following equation 

Volume of ischemic damage (%hemisphere) = [Σ(AC-ANI)/ Σ(AC)]*100 

where AC is the area of the hemisphere contralateral to stroke in a given tissue slice and 

ANI is the area of the non-injured tissue (i.e. non-ischemic tissue that stains red using 

TTC) in the ipsilateral (stroke affected) hemisphere of the same slice. 

 

3.2.8. Statistics 

Graphpad Prism was used for all statistical analyses. Two-way repeated measures 

ANOVAs were used to compare effects of RIPerC or sham treatment on vessel diameter, 

blood flow velocity, and RelQ. Post hoc comparisons were performed using Sidak's 

multiple comparisons test. Volumes of ischemic tissue damage (% hemisphere) were 

compared using an unpaired Student's t-test. Linear regression analyses were performed 
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to determine to what extent the proportion of variance in the volume of tissue damage 

could be accounted for by variance in measures of MCA (pial arteriole) diameter or 

blood flow velocity in ischemic regions. 

 

3.3. Results 

3.3.1. LSCI of Collateral Blood Flow 

LSCI produced high-resolution images of collateral flow from the ACA into the distal 

segments of the MCA (Figure 3-2(a)). LSCI maps of blood flow were acquired prior to 

MCAo, 60 min after MCAo but prior to RIPerC (or sham surgery), and during each 15-

min cycle of BFO or release (3 cycles, Figure 3-1(b)). Figure3- 2(a) and (b) illustrates 

representative LSCI data from RIPerC and control rats, respectively. Panels (from left 

to right) show surface flow before MCAo, 60 min after distal MCAo, during the 3rd 

cycle of BFO or sham treatment (60–75-min post-stroke), and during the 3rd cycle of 

release or sham treatment (75–90-min post-stroke), respectively. In both groups, 

anastomoses join the distal segments of the ACA and MCA after MCAo. Neither 

RIPerC rats nor controls exhibited dramatically altered patterns of pial collateral blood 

flow following treatment. However, a reduction in speckle contrast (increased flow) in 

LSCI maps from RIPerC-treated rats contrasts with an apparent increase in speckle 

contrast over time in controls. Notably, this apparent increase in blood flow could not 

be explained by central hemodynamic effects, as there was no significant main effect 

of Treatment or a significant Treatment × Time interaction (P > .05) on arterial blood 
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pressure (Figure 3-2(b)), oxygen saturation (Figure 3-2(c)), heart rate (Figure 3-2(d)), 

or breath rate (Figure 3-2(e)) 

3.3.1.1. Changes in Pial Arteriole Diameter and Blood Flow 

Changes in diameter, blood flow velocity, and an overall flow (RelQ) during RIPerC 

or sham treatment were determined for distal branches of the MCA adjacent or 

downstream of collateral anastomoses with the ACA (Figure 3-3(a)). Mean LSCI data 

(n = 11 per treatment group) are shown in Figure 3-3(b) to (d). Diameter of ACA-MCA 

anastomoses and downstream MCA segments (mean ± s.e.m., 83.4 ± 4.7 μm) (Figure 

3-3(b)) exhibited a significant main effect of Treatment group (F(1, 20) = 17.75, 

P = 0.0004). Sidak's post hoc comparisons revealed that RIPerC-treated rats had 

significantly larger MCA segment diameters at all-time points (C1 = 1st cycle of clamp, 

R1 = 1st cycle of release…) during treatment relative to controls (left panel). Notably, 

MCA segments dilate following MCAo, so these differences reflect further dilation in 

RIPerC-treated animals contrasted with a gradual narrowing of these vessels in controls. 

Notably, single sample t-tests shows that the dilation due to RIPerC and the narrowing 

in control rats represents significant changes relative to post-MCAo values (P = .006 

and .040, respectively, against a hypothetical post-MCAo of 100%). Figure 3-3(c) 

shows mean changes in blood flow velocity (correlation times, τc) relative to post-

MCAo. No significant main effect or interaction was observed (P > .05). Overall, flow 

in MCA segments was estimated by calculating RelQ (Figure 3-3(d)). A significant 

main effect of Treatment on RelQ was observed (F(1, 20)  = 4.686, P = 0.0427), with 
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Sidak's comparisons suggesting the greatest difference in flow during the 1st cycle of 

BFO release. 

 

3.3.2. Diameter Measurement using TPLSM 

LSCI data suggest increased flow through collateral vessels after MCAo primarily due 

to a difference in the diameter of MCA segments between treatment groups. While 

LSCI measurements of diameter have been previously validated 213,  they are an 

indirect measure of luminal diameter based on the speckle contrast. Additionally, LSCI 

experiments were performed under isoflurane anesthesia, which may itself induce 

vasodilation and partially mask treatment effects. TPLSM was therefore performed to 

directly assess the luminal diameter of anastomoses and pial MCA segments during 

RIPerC or sham treatment after distal MCAo in urethane anaesthetized rats (Figure 3-

4, n = 8 per treatment group). Moreover, TPLSM allowed measurement of luminal 

diameter in smaller pial collaterals (mean ± s.e.m., 40.2 ± 3.1 μm) that could not always 

be reliably measured with wide field LSCI. Figure 3-4(b) shows maximum intensity 

projections of pial vessels from the region demarcated (white box) in the cranial 

window shown in Figure 3-4(a) from a control rat. Pial vessels were imaged 60 min 

after MCAo and again at 15-min intervals during the following 90 min (Figure 3-4(b)). 

Narrowing of MCA segments over time after MCAo was apparent in controls (Figure 

3-4(b) and (d)) but did not occur in RIPerC-treated animals (Figure 3-4(f) and (h)). A 

significant main effect of treatment group on MCA segment diameter and a significant 

interaction between Treatment and Time was observed (Figure 3-4(c); Treatment, F(1, 
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14) = 12., P = 0.0031; Time, F(5, 70) = 12., P = 0.0031; Interaction, F(5, 70) = 6.586, 

P < .0001). Sidak's post hoc comparisons revealed that RIPerC-treated rats had 

significantly larger diameters at all-time points after the initial BFO clamp. Mean 

diameters (in μm) for MCA segments in RIPerC and control rats are shown in Figure 

3-4(e) and (g), respectively. In the RIPerC groups, diameters did not change 

significantly over time (Repeated measures ANOVA, P > .05). However, a significant 

main effect of Time was observed in the control rats (F(6, 42) = 9.347, P < 0.0001) and 

Sidak post hoc comparisons confirmed significantly smaller diameters relative to 

baseline during imaging at R1, C2, R2, C3, and R3 (all P < .001). No main effect of 

Treatment or significant interaction between Time and Treatment was detected for 

measures of RBC velocity in vessels within these regions (P > .05). 

 

3.3.3. Early Ischemic Damage 

TTC staining revealed a significant reduction in the volume of tissue showing early 

ischemic damage in rats treated with RIPerC (Figure 3-5, right panel, Student's t-test, 

P = .0001). Regression analyses were performed to examine volume of tissue damage 

as a function of LSCI- and TPLSM-derived measures of pial arteriole diameter and 

blood flow velocity (Figure 3-6). To examine if narrowing of MCA segments over time 

after MCAo was associated with increased ischemic damage, a regression analysis of 

the volume of early ischemic damage (from TTC-stained tissue) as a function of 

arteriole diameter at the final imaging time point was performed. Figure 3-6(a) shows 

a plot of damage (% of hemisphere) as a function of vessel diameter for all rats from 
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both LSCI and TPLSM studies (n = 38, collapsing 19 rats each from RIPerC and control 

groups onto a single plot). A significant linear relationship between damaged tissue 

volume and vessel diameter was observed (R2 = 0.13, P = .024), with increased 

narrowing from post-MCAo values being associated with greater infarct volume. The 

statistical relationship was strengthened when regression analyses were confined to 

more quantitative measurements of MCA segments from TPLSM experiments (Figure 

3-6(b), R2 = 0.36, P = .014). 

 

To examine if tissue damage was associated with changes in regional blood flow 

velocity relative to baseline (pre-MCAo) values, a second regression analysis was 

performed. For this regression analysis, relative flow changes from baseline (pre-

MCAo) were measured in a contiguous ROI consisting of a 500 × 500 pixel square 

positioned to include the distal MCA and ACA segments. Such regional measures of 

speckle contrast correlate highly with other measures of regional cerebral blood flow 

such as laser Doppler flowmetry 240, and allowed inclusion of pre-MCAo baseline 

values (whereas diameter and velocity measurements can be difficult to attain from 

anastomoses that are not well-resolved prior to ischemia). Mean correlations times 

normalized to baseline (pre-MCAo, τBaseline/τc) values are illustrated for the post-

MCAo (pre-treatment) time point in Figure 3-6(c). Additionally, the mean τBaseline/τc 

measured during the treatment period is illustrated (i.e. this mean τBaseline/τc was 

calculated by determining the average of the six values measured during the 3 cycles of 

clamp and release). Consistent with intravessel measures from MCA segments (Figure 
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3-3(c)), multivariate analysis did not reveal a significant main effect of Treatment or a 

significant Time × Treatment interaction on τBaseline/τc calculated from the regional 

ROI. In Figure 3-6(d), volume of tissue showing signs of early ischemic damage is 

plotted as a function of regional flow velocity (τBaseline/τc) for all animals in LSCI 

and TPLSM studies. A significant linear relationship between damaged tissue volume 

and regional blood flow was observed (R2 = 0.30, P = .008) with higher τBaseline/τc 

values being associated with smaller volumes of tissue damage. 

 

3.4. Discussion 

Using LSCI and TPLSM in rats with a distal MCAo, our data demonstrate that RIPerC 

induces a significant increase in blood flow through pial collaterals. Notably, this 

increase is due to continued dilation (from post-MCAo, pre-treatment values) of pial 

collaterals and MCA segments adjacent or downstream to ACA-MCA connections in 

treated animals, contrasting with progressive constriction of these same vessels in 

control rats. This prevention of “collateral collapse” was associated with a significant 

reduction in early ischemic damage 6 h after stroke. 

 

3.4.1. Cerebral Blood Flow and Neuroprotection after RIPerC 

Previous preclinical studies in mice suggest that RIPerC can improve regional cerebral 

blood flow after embolic MCAo 139,223. The major finding of this study is that RIPerC 

improves blood flow through collateral vasculature by preventing the narrowing of 
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these vessels over time after ischemic onset (as observed in control rats). This 

maintenance of post-stroke vasodilation in treated rats and narrowing of MCA 

segments over time in untreated rats was also observed in previous preclinical studies 

of transient aortic occlusion as a collateral therapeutic. As transient aortic occlusion 

also involves ligation of a femoral artery (to allow advancement of the dilation catheter 

to the descending aorta) and thus results in ischemia peripheral to the brain, this raises 

the interesting possibility that the vasodilation induced by transient aortic occlusion 

may share common humoral mediators with RIPerC. Notably, transient aortic occlusion 

had both dilatatory effects but also induced a significant increase in blood pressure in 

the carotid artery that manifests as significantly increased blood flow velocity. Here, 

RIPerC maintained or augmented pial arteriole diameter but was not associated with 

increased flow velocity or an increase in systemic blood pressure, suggesting that these 

two mechanisms of enhanced flow after aortic occlusion may have different origins 

(with vasodilation resulting from humoral factors released by peripheral ischemia and 

increased flow velocity due to blood flow diversion from the periphery to the head that 

increases blood pressure above the aortic occlusion and therefore increases cerebral 

perfusion pressure). Neuroprotection due to transient aortic occlusion reduces infarct 

by ∼43% (24 h after ischemic onset) 114, comparable to our reduction in early ischemic 

damage using 3 cycles of RIPerC (∼39% reduction at 6 h post). As such, increases in 

flow due to diameter changes alone may be sufficient to protect vulnerable tissue 

(without large increases in perfusion pressure). 
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In preclinical studies, RIPerC improves the efficacy of neuroprotection with 

minocycline, recanalization with tPA, and has been associated with a reduction of 

infarct and neurological deficits 24 and 48 h after stroke 135,138–140,142,223,241. Moreover, 

RIPerC may reduce autophagy and protect the blood–brain barrier (reducing 

extravasation and hemorrhagic transformation) 224. While several randomized clinical 

have shown RIPerC reduces myocardial infarct size in patients, clinical data in cerebral 

ischemia are limited 242,243. In a recent randomized trial, investigators studied the effect 

of RIPerC as adjunctive therapy to intravenous rt-PA for acute ischemic stroke and 

assessed the feasibility of RIPerC performed during transport to hospital. The approach 

was found feasible, and 247 acute stroke patients received RIPerC as an adjuvant to rt-

PA (196 patients received standard treatment) 144. Although the study reported neutral 

results on follow-up measures, a tissue survival analysis suggested that prehospital 

RIPerC was neuroprotective. 

 

Our data also suggest that RIPerC significantly reduces early ischemic damage. Notably, 

tissue damage was significantly dependent on the diameter of the pial arterioles, as 

increased narrowing of the pial arterioles (from post-MCAo measures) was associated 

with increased volume of ischemic damage (Figure 3-6(a) and (b)). However, it is 

important to note that these diameter measures are relative to values post-MCAo but 

prior to treatment (i.e. at a time point when arterioles are likely dilated relative to pre-

stroke baseline), and we do not have measures of how dilated each vessel was relative 

to baseline. Consequently, an even stronger statistical relationship may be determined 
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by studies that measure narrowing relative pre-stroke values. Interestingly, while 

RIPerC did not have a significant effect on blood flow velocity in LSCI or TPLSM 

studies (whether measuring within arterioles or using a regional measure), early 

ischemic damage did vary as a function of regional blood flow (Figure 3-6(d)). Given 

that regional measures of speckle contrast are highly correlated with other measures of 

regional cerebral blood flow such as laser Doppler flowmetry49 that reflect overall 

tissue flow and have previously been shown to be predictive of degree of ischemia, this 

relationship is not surprising. Combined, our data show that overall blood flow predicts 

tissue fate and identify prevention of cerebral arteriole narrowing as a protective effect 

of RIPerC treatment. This neuroprotective effect likely results from both increases in 

blood flow that shift penumbral flow beyond critical values for tissue viability, from 

maintenance of the integrity of the blood–brain barrier in ischemic regions, and from 

the release of humoral factors at the site of peripheral ischemia that confer 

neuroprotection in the brain 135,224. 

 

3.4.2. Summary  

Our data define collateral flow augmentation via prevention of collateral collapse as an 

important neuroprotective mechanism during RIPerC. Further preclinical and clinical 

study is required to allow for optimal clinical translation.  
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Figure 3-1 Remote ischemic conditioning & Experimental design & Lateral view 

of the rat brain showing the location of ligation of the right middle cerebral artery 

(MCA) & Schematic view of the dorsal surface of the rat cortex illustrating the 

placement of cranial imaging window  

 (a) Remote ischemic conditioning can be applied prior to stroke, after the onset of 

ischemia, or at the time of reperfusion (termed remote ischemic pre-, per-, or post-
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conditioning, respectively) (b) Experiment timeline. (c) A lateral view of the rat brain 

showing the location of ligation of the right middle cerebral artery (MCA) above the 

rhinal fissure that was used to induce distal occlusion of the MCA (MCAo). (d) A 

schematic of the dorsal surface of the rat cortex illustrating the placement of cranial 

imaging window over the distal territories of anterior cerebral artery (ACA) and MCA 

(modified with permission from Winship et al.1). TPLSM: two photon laser scanning 

microscopy; LSCI: laser speckle contrast imaging; TTC: 2,3,5-triphenyltetrazolium 

chloride staining; V: surface vein. 
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Figure 3- 2  Representative LSCI maps of collateral flow in RIPerC treated and 

control rat & Effects of RIPerC on systemic hemodynamics and physiological 

parameters 

 (a, b) Representative LSCI maps of collateral flow in a RIPerC treated and control rat. 

Panels (from left to right) show surface flow before middle cerebral artery occlusion 

(MCAo), 60 min after distal MCAo, during the third cycle of bilateral femoral occlusion 

(BFO) or sham treatment (60–75-min post-stroke), and during the third cycle of release 

or sham (75–90-min post-stroke), respectively. Overall, darkening of LSCI maps (from 

post-MCAo until final imaging) in RIPerC-treated animals suggests RIPerC is 

associated with an increase in flow in the imaging window. Scale bar, 1 mm. (c–f) 
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RIPerC was not associated with central hemodynamic effects as arterial blood pressure 

(n = 6 RIPerC rats and 3 controls), oxygen saturation (n = 10 RIPerC and 8 controls), 

heart rate (n = 10 RIPerC and 8 controls), and breath rate (n = 10 RIPerC and 8 controls) 

were unchanged by treatment relative to controls. Graphs show mean ± s.e.m. MCA: 

middle cerebral artery; ACA: anterior cerebral artery; V: surface vein; C1: 1st cycle of 

clamp; R1: 1st cycle of release; C2: 2nd cycle of clamp; R2: 2nd cycle of release; C3: 

3rd cycle of clamp; R3: 3rd cycle of release. 
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Figure 3- 3 Effects of RIPerC on pial vessel diameter, RBC velocity, and RBC 

blood flow after middle cerebral artery occlusion (MCAo) with LSCI 

 (a) Diameter and centerline blood flow velocity measures could be derived from 

profiles of speckle contrast spanning middle cerebral artery (MCA) segments. LSCI 

was used to determine relative changes in diameter (b) and blood flow velocity (c) in 

anterior cerebral artery (ACA)-MCA anastomoses and distal MCA segments. (b) 
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RIPerC-treated rats (n = 11) had significantly larger diameters at all-time points during 

treatment relative to controls (n = 11) (left panel, mean changes in diameter during the 

complete treatment period are illustrated at right). (c) Shows mean changes in 

correlation times (τc) relative to post-MCAo values. No significant main effect of 

Treatment was observed. (d) Overall flow in these pial arterioles was estimated by 

calculating RelQ. A significant main effect of Treatment on RelQ was observed, 

suggesting the greatest difference in flow during the 1st cycle of BFO release. *P < 0.05; 

**P < 0.01; ***P < 0.001. Graphs show mean ± s.e.m. MCAo: middle cerebral artery 

occlusion; C1: 1st cycle of clamp; R1: 1st cycle of release; C2: 2nd cycle of clamp; R2: 

2nd cycle of release; C3: 3rd cycle of clamp; R3: 3rd cycle of release. 
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Figure 3- 4 Representative TPLSM maps of collaterals in RIPerC treated and 

control rat & Effects of RIPerC on pial vessel diameter, after middle cerebral 

artery occlusion (MCAo) with TPLSM  

 (a) Cranial window for two photon laser scanning microscopy (TPLSM) performed in 

a control rat. Scale bar, 0.5 mm. (b) Shows maximum intensity projections acquired 

during TPLSM of pial vessels from the region demarcated (white box) in (a). 
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Narrowing of pial collaterals and distal MCA segments over time after MCA occlusion 

(MCAo) was apparent in controls (n = 8) (b, d) but did not occur in RIPerC-treated 

animals (n = 8) (f, h). Scale bar in F, 0.5 mm. (c) Mean arteriole diameter over time 

after MCAo. Sidak's post hoc comparisons revealed that RIPerC-treated rats had 

significantly larger diameters at all-time points after the initial BFO clamp. (e, g) 

Repeated measures analyses confirmed that a significant reduction in arteriole diameter 

occurred in control rats (g) but not in RIPerC rats (e). Post hoc comparisons confirmed 

significant narrowing of vessels at R1, C2, R2, C3, and R3 (P < .001). Graphs show 

mean ± s.e.m. *P < 0.05; **P < 0.01; ***P < 0.001. MCA: middle cerebral artery; V: 

surface vein; C1: 1st cycle of clamp; R1: 1st cycle of release; C2: 2nd cycle of clamp; 

R2: 2nd cycle of release; C3: 3rd cycle of clamp; R3: 3rd cycle of release. 
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Figure 3- 5 Early ischemic damage measurements 

Infarct volume at 6-h post-MCAo (percentage of hemisphere). A significant reduction 

in infarct volume was observed in RIPerC-treated animals (n = 19) compared to 

controls (n = 19) #P = 0.0001. TTC, 2,3,5-triphenyltetrazolium chloride staining. 

 



86 
 

 

Figure 3- 6. Relationship between damaged tissue volume and regional blood flow 

 (a) The relationship between the diameter of the distal middle cerebral artery segments 

during the final imaging session (90 min after RIPerC or sham treatment onset) relative 

to the measurement at 60 min after middle cerebral artery occlusion (MCAo). When 

volume of tissue damage was examined as a function of arteriole diameter (relative to 

post-MCAo, collapsing all animals (n = 38) from both experimental groups in both laser 

speckle contrast imaging (LSCI) and two photon laser scanning microscopy (TPLSM) 

experiments into a single plot), a significant linear relationship was observed, and 

animals in which arterioles showed greater narrowing relative to post-MCAo measures 

tended to have larger volumes of ischemic damage. (b) The linear relationship was 
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strengthened when only data from TPLSM experiments were included in the regression 

analysis. (c, d) The relationship between regional blood flow within the cranial window 

and the volume of early ischemic damage. (c) Blood flow in the region of interest in 

the penumbral region of the MCAo was reduced to 40% of pre-MCAo baseline prior to 

treatment (60 min after MCAo onset). Bars to the right of post-MCAo measures show 

the mean blood flow measures in the region of interest during the treatment period (i.e. 

the average of the τBaseline/τC values derived from the six time points during RIPerC 

or sham treatment). There was no main effect of RIPerC on regional flow (P > .05). (d) 

However, regional flow was predictive of ischemic damage, as a linear relationship 

between regional flow and volume of early tissue damage (again collapsing all animals 

from LSCI and TPLSM studies onto a single plot) was observed, with volume of 

damage increasing with reducing regional flow. 
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Chapter 4 

Improved collateral flow and reduced damage 

after remote ischemic perconditioning in aged 

rats with distal middle cerebral artery occlusion 
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4.1. Introduction 

Ischemic stroke is a devastating cerebral disease that occurs when arteries supplying 

the brain are obstructed. Ischemia leads to insufficient nutrient and oxygen supply to 

meet metabolic demand of the brain, thus inducing the damage or death of brain cells. 

Cerebral collaterals are subsidiary vascular channels in the cerebral circulation which 

can sustain blood flow to ischemic tissue when principal vascular routes fail 11–14. 

Therefore, collateral circulation is a primary determinant of the degree of ischemia in 

the penumbra. Cerebral collaterals can be classified as primary or secondary collaterals. 

The primary collaterals refer to the circle of Willis, which allows blood flow exchange 

between anterior and posterior circulation and between hemispheres 15. Secondary 

collaterals include the pial collaterals, which are also called leptomeningeal collaterals 

16. Pial collaterals are anastomotic connections located on the cortical surface which 

connect distal branches of adjacent arterial network, e.g. anterior cerebral artery 

(ACA)-middle cerebral artery (MCA); middle cerebral artery (MCA)-posterior cerebral 

artery (PCA) ACA-MCA; MCA-PCA 16,17. When MCA occlusion occurs, pial 

collaterals become patent and provide compensatory blood flow from ACA and/or PCA 

to the ischemic penumbra of MCA 16. However, collaterals are thought to be time 

limited and can fail over time 26–28. The dropout of collaterals during stroke is related 

to the progression of the penumbra to irreversible ischemic infarct and impaired 

response to treatment 26–28. Intravenous recombinant tissue plasminogen activator (IV 

r-tPA) is the only FDA approved medical treatment of ischemic stroke, but requires 

administration within 4.5h of symptom onset 137,244. Although proven effective when 
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administered within this therapeutic window, approximately half of patients treated 

with intravenous r-tPA still lack of histological and neurologic benefit, suffering 

subsequent disabilities and need help in daily living 137. Strategies that can augment 

collaterals blood flow to reduce expansion of the infarct core before recanalization 

treatment are attractive and as they may expand time window for late reperfusion 

interventions to allow more patients to benefit 145.  

 

Aging is one of the primary risk factors for ischemic stroke and it is known that the 

brain of the elderly has reduced ischemic tolerance 149–152. Preclinical studies have 

reported that increasing age is associated with rarefaction of cerebral collaterals, 

leading to insufficient ability to maintain blood flow during ischemia 18,19. As we have 

shown in Chapter 2, the hemodynamic evolution of the pial collateral circulation is also 

influenced by aging. Aged rats exhibited rapid and more severe failure of pial collaterals 

comparing to young rats, thus showing significantly greater volumes of ischemic 

damage at 6 h after ischemic onset. 

 

Remote ischemic conditioning is a process induced by series of repetitive, transient 

episodes of ischemia/reperfusion on a non-vital remote organ such as limb to provide 

endogenous protection to ischemia in vital organs like the heart or brain 26,135. Remote 

ischemic conditioning can be performed before vital organ ischemia (termed remote 

ischemic preconditioning), after the onset of vital organ ischemia but before reperfusion 

(termed remote ischemic per-conditioning (RIPerC), or at the time of reperfusion 
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(termed remote ischemic post-conditioning) 26,136. We demonstrated in Chapter 3 that 

RIPerC induced by BFO within 1 hour post dMCAo is effective in preventing collateral 

collapse and reducing early ischemic damage in young adult rats 26. However, given the 

more severe impairment in collateral flow observed in the aged (Chapter 2), it remains 

unclear if such an effect of RIPerC would be observed in aged rats. Demonstration of a 

benefit of remote ischemia as a collateral therapeutic in the aged is important, as human 

stroke occurs predominantly in the elderly 148,245. Therefore, in order to provide further 

evidence to support bench to bedside translation of RIPerC, we examined 

hemodynamic changes in pial collateral flow with RIPerC treatment in aged rats in this 

chapter. Here, high resolution in vivo laser speckle contrast imaging (LSCI) and two 

photon laser scanning microscopy (TPLSM) were combined to map dynamic changes 

in pial collaterals during RIPerC after distal middle cerebral artery occlusion (dMCAo) 

in aged rats. Our findings demonstrated that RIPerC induced by BFO within 1 hour post 

dMCAo is effective in reducing early ischemic damage and improves collateral blood 

flow in aged animals.  

 

4.2. Materials and Methods: 

Aged Male Sprague–Dawley rats (16-18 months of age) were used (sham treatment: 

n=8; RIPerC: n=9). Prior to experimental procedures, animals were housed in pairs on 

a 12-h day/night cycle and had access to food and water ad libitum. Procedures 

conformed to guidelines established by the Canadian Council on Animal Care and were 

approved by the Health Sciences Animal Care and Use Committee at the University of 
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Alberta. Procedures and results reporting is consistent with the ARRIVE guidelines.168 

The experimental timeline is illustrated in Figure 4-1(a). 

 

4.2.1. Anesthesia and Monitoring 

Light anesthesia was induced using an induction chamber with 4–5% isoflurane (in 70% 

nitrogen and 30% oxygen) prior to intraperitoneal injections of urethane (i.p. 1.25 g/kg, 

divided into four doses delivered at 30-min intervals). Isoflurane was discontinued after 

the first urethane injection, and rats remained anaesthetized until euthanasia. During all 

surgery and imaging, temperature was maintained at 36.5–37.5C with a 

thermostatically controlled warming pad and heart rate, oxygen saturation, and breath 

rate were monitored using a pulse oximeter (MouseOx, STARR Life Sciences). 

 

4.2.2. Cranial Window 

LSCI and TPLSM were performed through cranial windows implanted after craniotomy. 

A midline incision was made on the scalp to expose the surface of the skull. A 5*5 mm 

section of the skull over the distal regions of the right MCA territory was thinned until 

translucent using a dental drill (frequently flushing with saline to dissipate heat) and 

then gently removed. The dura matter was removed, then the cranial window was 

covered with a thin layer of 1.3% low melt agarose and sealed with a glass coverslip as 

previously described 11,27. 
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4.2.3. dMCAo  

Cerebral ischemia was induced by bilateral common carotid artery (CCA) ligation in 

addition with distal MCA ligation 26,170. Distal MCA ligation and imaging protocols 

were performed by different individuals, and surgeons inducing ischemia were blind to 

the experimental group for each rat. CCAs were accessed through ventral midline 

cervical incisions and ligated with 4–0 prolene sutures below the carotid bifurcation. A 

temporal incision was then made and the right temporalis muscle was gently separated 

from the bone. A burr hole of 1.5 mm in diameter was made through the squamosal 

bone, the dura was removed, and the cortical MCA was visualized. The exposed distal 

MCA was isolated with a loose square knot by atraumatic 9–0 prolene suture above the 

rhinal fissure before stroke. After pre-stroke imaging, the knot was ligated to induce 

permanent dMCAo. 

 

4.2.4. LSCI 

LSCI measures real time changes in cerebral blood flow with high spatial and temporal 

resolution over a wide field of view 171–173. To collect LSCI data, rats were secured in 

ear bars on a custom-built stereotaxic plate under a Leica SP5 MP laser scanning 

microscope. A Thorlabs LDM 785S laser (20 mW, wavelength of 785 nm) was used to 

illuminate the rat cortex at approximately 30 ° incidence. Stacks of 101 sequential 

images (1024 × 1024 pixels) were acquired at 20 Hz (5 ms exposure time) during each 

imaging session. All processing and analysis of laser speckle images were performed 

using ImageJ software (NIH) by a blinded experimenter. Maps of speckle contrast were 
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made from the collected images of raw speckling by determining the speckle contrast 

factor K for each pixel in an image. K is calculated as the ratio of the standard deviation 

to the mean intensity (K = σs/I) in a small (5 × 5 pixels) region of the speckle image 171–

173. Plots of K show maps of blood flow with darker vessels illustrating faster blood 

flow velocity 174,175. For quantification of penumbral flow, K was measured in a 

contiguous ROI consisting of an 800 × 800 pixel square positioned to include the distal 

MCA and ACA segments. Because cerebral blood flow (CBF) velocity in selected 

region of interest was inversely proportional to the square of speckle contrast value K 

176,177. 

𝑣 ∝
1

𝐾2
 

Therefore, 1/K2 is also used to illustrate CBF velocity change in LSCI figures.174,178 

 

4.2.5. TPLSM 

TPLSM was performed using a Leica SP5 MP TPLSM and Coherent Chameleon Vision 

II pulse laser tuned to 800 nm. Blood plasma was labelled with fluorescein 

isothiocyanate–dextran (70,000 MW, Sigma-Aldrich) injected (0.3 mL (5% (w/v) in 

saline, 0.2 mL supplements as required) via the tail vein 73,81. Z-stacks through the first 

0.15mm of cortical tissue were acquired through the cranial window using a 10 × water 

dipping objective (Leica HCX APO L10×/0.3 W) and vessel diameter measurements 

were made from maximum intensity projections of these stacks using ImageJ plug-in 

(full-width at half-maximum algorithm) 179. For acquisition of red blood cell (RBC) 



95 
 

velocity, line scans were performed in the lumen of arterioles over a length of 50-100 

pixels at scan rates of 1200Hz. While the repeated imaging schedule (30-min intervals) 

did not allow a comprehensive analysis of blood flow velocity in all vessels within these 

regions of interest, RBC velocity was via line scans in three identifiable arterioles 

(>0.05mm diameter) per region. RBC velocity was determined from line scan images 

by calculating the slope of streaks 73,81. RBC flux, which provides an overall measure 

of flow through each vessel, was calculated using the following equation: 

Flux=(π/8)(d2)(v) 

where v is the RBC velocity along the central axis of the vessel, and d is the vessel 

diameter.  

 

4.2.6. RIPerC via BFO 

Femoral arteries were dissected from accompanying veins and nerves below the groin 

ligaments. RIPerC was initiated 60-min post-dMCAo by occluding and releasing the 

femoral arteries bilaterally with vascular clamps for 3 cycles (each occlusion or release 

lasted for 15 min). Control rats received a sham surgery with equivalent anesthesia and 

arterial isolation but did not receive BFO. 

 

4.2.7. Triphenyl Tetrazolium Chloride Staining 

All rats were euthanized 6 h after induction of the dMCAo. The brains were rapidly 

removed and sliced into seven coronal, 2 mm sections using a brain matrix, then 

incubated in 2% 2,3,5-triphenyltetrazolium chloride (TTC) solution at 37℃  for 
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assessment of mitochondrial dehydrogenase activity. Tissue damage was assessed in 

digital images of TTC-stained tissue by a blinded experimenter using ImageJ (NIH) 

software. Volume of tissues showing early ischemic damage is expressed as a 

percentage of hemisphere. These measures were calculated for each tissue slice using 

the indirect method 180,181 to control for tissue distortion due to edema using the 

following equation 

Volume of ischemic damage (%hemisphere) = [Σ(AC-ANI)/ Σ(AC)]*100 

where AC is the area of the hemisphere contralateral to stroke in a given tissue slice and 

ANI is the area of the non-injured tissue (i.e. non-ischemic tissue that stains red using 

TTC) in the ipsilateral (stroke affected) hemisphere of the same slice. 

 

4.2.8. Statistical Analysis 

Statistical analyses were performed using Graph Pad Prism (GraphPad software, San 

Diego, CA, US). RBC velocity and RBC flux data exhibited a right skewed distribution, 

so a cubed root transformation was applied. Two-way analysis of variance (ANOVA) 

with repeated measures were used to compare effects of RIPerC and sham treatment on 

aged rats with LSCI measures (speckle value, relative blood flow) and TPLSM 

measures (vessel diameter, RBC velocity, and RBC flux). Post hoc comparisons were 

performed using Holm-Sidak's multiple comparisons test. Volumes of ischemic tissue 

infarct (% of contralateral hemisphere) and physiological parameters (pulse, respiratory 

rate and oxygen saturation) were compared using an unpaired Student's t-test. Values 

are expressed as mean ± S.D. Sample sizes estimates were based on variability in data 
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from previous LSCI and TPLSM experiments in our laboratory. 

 

4.3. Results: 

LSCI and TPLSM were used to assess changes of pial collateral flow immediately 

before and for 4.5h after dMCAo (at intervals of 30 mins, Figure 4-1(a)). Physiological 

parameters remained stable throughout imaging (Figure 4-1(b-d)). LSCI and TPLSM 

were used to create high-spatiotemporal resolution maps of blood flow in pial vessels 

in the region of ischemia, including measures of regional flow (LSCI, Figure 4-2) as 

well as pial vessel diameter, RBC velocity, and RBC flux (TPLSM, Figure 4-3) 11. 

 

4.3.1. LSCI Reveals Cortical Blood Flow in Aged Control and Aged RIPerC 

Treatment Rats 

Figure 4-2 shows LSCI derived maps of speckle contrast showing flow changes over 

270 min (4.5 h) post stroke in Aged control rats and Aged RIPerC treated rats. 

Immediately after dMCAo, robust anastomotic connections join the distal segments of 

MCA from ACA in both groups (arrows). In aged controls, penumbral flow decreased 

during the imaging period (as indicated by a consistent reduction in visible pial vessels 

and increase in speckle contrast brightness during the imaging period (Figure 4-2(a)). 

Qualitatively, this reduction in flow (increased speckle) appeared less severe in RIPerC 

treated rats (Figure 4-2(b)).  

 

Mean speckle contrast values (K) are shown in Figure 4-2(c). Two-way ANOVA 
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revealed a significant main effect of Time (F (10,150) =35.67, P<0.0001), as well as a 

significant Time X Treatment interaction ((F (10,150) =1.959, P =0.0416); Treatment, n.s., 

F(1,15) =0.9625, P =0.3421). A more proportional measure of blood flow can be attained 

by determining the inverse square of the speckle contrast values. Relative blood flow 

(1/K2) normalized to pre dMCAo values is shown in Figure 4-2(d).174,178 Flow in both 

groups dropped gradually to less than 50% and remained low throughout imaging. 

Again, a two-way ANOVA revealed a significant main effect of Time (F(9,135) =13.42, P 

<0.0001) on relative blood flow (1/K2), but there was no statistically significant main 

effect of Treatment (F(1,15) =1.256, P =0.2801) and no interaction of Time and Treatment 

(F(9,135) =0.5807, P =0.8111). 

 

4.3.2. TPLSM Reveals Dynamic Changes in Pial Arteriole Diameter, RBC Velocity, 

and Flux after dMCAo 

TPLSM was performed to directly assess the luminal diameter, RBC velocity and RBC 

flux of distal branches of the MCA adjacent or downstream of collateral anastomoses 

with the ACA during RIPerC (Figure 4-3(a)) or sham treatment (Figure 4-3(b)) after 

distal dMCAo. Panels (from left to right) show LSCI maps before dMCAo, before 

dMCAo, 60 min after distal dMCAo, 150 min after dMCAo (during the 3rd cycle of 

BFO releasing or sham treatment), and 270min dMCAo, respectively. Obvious 

narrowing of distal MCA segments over time after dMCAo was apparent in Aged 

controls but were less apparent in RIPerC-treated animals (representative images in 

Figure 4-3(a-b), group quantification in Figure 4-3(c-d)). Figure 4-3(c) shows pial 
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diameter data normalized to pre dMCAo values. Two-way ANOVA demonstrated a 

significant main effect of Time (F(1.484, 22.27) =10.28, P =0.0016) and Treatment (F(1,15) 

=7.416, P =0.0157) on pial arteriole diameter, as well as a significant Time X Treatment 

interaction ( F(9,135) =3.696, P =0.0004). However, post hoc comparisons did not identify 

any significant differences between treatment groups at individual time-points. To 

compensate for potential variation in blood flow after dMCAo but prior to treatment, 

Figure 4-3(d) shows diameters normalized to values measured 60 minutes after 

ischemic onset. Two-Way ANOVA revealed a significant main effect of Treatment 

(F(1,15) =13.05, P =0.0026) and Time (F(3,45) =2.894, P =0.0455), but no Time X 

Treatment interaction (F(6,90) =0.6786, P=0.6673) . Holm-Sidak's post hoc comparisons 

revealed that RIPerC-treated rats had significantly larger diameters (P <0.05) at all-time 

points after the initiation of the first BFO clamp, with the exception of 120 min post 

dMCAo. Thus, consistent with findings in younger adult rats 26, rats, RIPerC protected 

against collateral narrowing in aged rats.  

 

Figure 4-4(a-b) show mean changes in red blood cell (RBC) velocity relative to pre-

dMCAo and relative to 60min post dMCAo (i.e. post-ischemia but pre-treatment), 

respectively. A significant main effect of Time (F(1.077,16.16) =7.727, P =0.0120) was 

found for RBC velocity when normalized to pre dMCAo values. However, no main 

effect of Treatment (F(1,15) =1.216, P =0.2875)  or significant Time X Treatment 

interactions (F(9,135) =0.8977, P =0.5293) were detected for measures of RBC whether 

data was normalized to pre-dMCAo value or to velocity 60 min post dMCAo. 
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Mean RBC flux for arteriole segments downstream of collateral anastomoses in 

RIPerC treated and control rats are shown in Figure 4-5(c). RBC flux is a critical 

measure of perfusion, as it is proportional to the oxygen and nutrient carrying capacities 

of a blood vessel.75,182 Analysis of RBC flux between groups revealed a significant main 

effect of Time (F(1.079,16.18) =12.35, P=0.0024), but no effect of Treatment and Age x 

Time interaction (F(9,135) =1.748, P=0.0841) when normalized to pre-dMCAo value. 

When normalized to post-dMCAo but pretreatment values (i.e. 60 min post-dMCAo), 

however, a significant main effect of RIPerC Treatment on RBC flux was found (F(1,15) 

=4.59, P =0.049). Thus, when normalized to flux after dMCAo but prior to treatment, 

in order to better isolate a change in flux due to treatment itself, TPLSM data confirmed 

that RIPerC treatment increased RBC flux through collateral vessels, primarily due to 

increased diameter of the MCA segments due to RIPerC treatment. 

 

4.3.3. Early Ischemic Damage  

All rats were euthanized at 6 h post dMCAo and stained with TTC to demarcate regions 

with early ischemic damage. As illustrated in Figure 4-5, a significantly smaller volume 

of early ischemic damage was found in RIPerC rats relative to sham treated rats 

(P =0.0241). 

 

4.4. Discussion: 

In Chapter 2, we demonstrated that pial collateral blood flow collapsed over time in 
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aged rats after dMCAo. This collapse of pial collateral blood flow exacerbates the 

insufficient perfusion of the penumbra and leads to greater ischemic damage. Clinically, 

collateral therapeutics that can preserve collateral flow may be able "freeze" penumbra 

before recanalization via thrombolysis or thrombectomy and thereby reduce stroke 

severity. Maintaining collateral flow prior to recanalization may be particularly 

important in aging populations with impaired collateral dynamics 

 

Several reports suggest that RIPerC can enhance cerebral blood flow in preclinical 

models of stroke. While they did not directly assess cerebral collateral flow, Hoda et al. 

studied CBF after RIPerC using laser Doppler flowmetry and LSCI in an autologus 

thromboembolic MCA occlusion mouse model 139,140,223. These studies demonstrated 

that RIPerC is effective not only alone but also in combination with i.v. r-tPA in 

enhancing cerebral blood flow near ischemic areas in young male, ovarectomized 

females and aged male mice (12 months old) 139,140,146,147,223. In agreement with this, the 

data in Chapter 3 demonstrated with LSCI and TPLSM that RIPerC could augment pial 

collateral flow by preventing collateral collapse in young rats after dMCAo.  

 

According to Stroke Therapy Academic Industry Roundtable (STAIR) 

recommendations, which were established in an attempt to improve translation of 

preclinical stroke therapies, preclinical studies of therapies like RIPerC should be 

performed in aged animals that better approximate human stroke patients 246. While 

the data in Chapter 3 show collateral flow enhancement in young adult rats, to date no 
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in vivo studies have directly investigated the effects on cerebral blood flow through pial 

collaterals after RIPerC in aged rats. Here, the combination of TPLSM and LSCI in 

aged rats provided both wide field assessment of penumbral blood flow as well as 

precise quantification of the diameter of pial vessels and the direction and velocity of 

blood flow within individual collateral segments 26. 

 

The relative blood flow measured with LSCI (Figure 4-2) in the wide field imaging 

suggested enhancement of blood flow in RIPerC treated rats, but the data were not 

definitive when normalized to post-stroke values. Using 2PLSM (Fig.4-3 & Fig.4-4), 

we found that pial collaterals of aged control rats continuously constrict after dMCAo, 

reaching approximately 83% of prestroke baseline diameter by 4.5h after stroke onset. 

However, this collateral failure was not as severe in the RIPerC treated group, as the 

diameter of pial collaterals in RIPerC treated group remained above 93% of pre stroke 

baseline measurement throughout imaging. When diameter measurements of post 

RIPerC (sham) treatment are normalized to measurement immediately prior to 

treatment (60min post-stroke), a significant effect of treatment on preventing diameter 

collapse in RIPerC group was observed. Post hoc analysis demonstrated a significant 

difference between treatment groups at 90min post and all time points after 150 min 

post dMCAo onset. RIPerC maintained pial diameter was approximately 97% of pre-

treatment measurement at the final imaging session 4.5h hour post stroke. No 

significant main effect of RIPerC treatment on RBC velocity was observed. However, 

a significant main effect of Treatment on RBC flux, the overall measurement of blood 
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flow through each vessel segment, was confirmed when flux values were normalized 

to post-dMCAo values. This greater flow of RBCs per second through individual pial 

collaterals from the ACA that supply penumbral regions induced by dMCAo was 

associated with significantly smaller volumes of early ischemic damage at 6 hour post 

dMCAo. Thus, our findings of RIPerC in aged rats provide further scientific rationale 

for exploring translation of RIPerC treatment from bench to bedside. The first 

randomized trial to examine adjunctive neuroprotective effects of RIPerC to r-tPA 

treatment in acute stroke patients in the prehospital setting has been conducted in 

Denmark 135,137,144. It found the approach was safe and no intolerable discomfort or 

adverse events caused by RIPerC were reported 144,146. After adjustment for baseline 

severity of hypo-perfusion, there was evidence of tissue protection by RIPerC in post 

hoc MRI data analysis using a voxel based logistic regression method 144–146. Thus, 

RIPerC is a promising to be an adjunctive therapy to spare functionally intact brain 

tissues before thrombolysis and thrombectomy treatment.  

 

There remain several issues that need to be addressed before RIPerC can be optimally 

translated to clinical settings. First, while most preclinical studies of RIPerC including 

ours are performed on rodent hind limbs via femoral ligation 135,138–140,142,223–225,247, 

such an invasive RIPerC technique is not practical in clinical settings owing to 

increased complexity and risk of complications 248,249. Therefore, clinical studies 

generally involve upper limb ischemia via inflation of a blood pressure cuff 137,144. 

Blood pressure cuff inflation/deflation instead of BFO should therefore be used in 
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future collateral flow studies to simulate clinical application. Secondly, the time of 

application of RIPerC, the number of RIPerC cycles, and the ischemic duration in each 

cycle of RIPerC vary between different published papers 135,138–140,142,223–225,247. To 

allow sufficient time for TPLSM imaging scanning and processing to quantify 

individual pial collateral during RIPerC, 15 min occlusion / reperfusion periods were 

used in our study. However, such long duration of limb ischemia may not the best 

practice in the clinical situation and could increase risk of limb necrosis. While no 

consensus about the most appropriate RIRerC protocol exist in either preclinical or 

clinical study, four cycles of 5 min of ischemia followed by 5 min of reperfusion are 

commonly used in humans 146. Differences in the hemodynamic and neuroprotective 

effects of different paradigms of remote ischemia need to be systematically assessed 

not only in preclinical studies but also on clinical trials 26. Thirdly, pial collateral 

collapse prevention by RIPerC on both young adult and aged rats is promising but the 

signal pathway underlying this effect is still unknown and the mechanisms remain to 

be determined. It is known that nitric oxide plays important role in regulating vascular 

tone, causing vasodilation 250. Nitric oxide has been shown to be associated with remote 

ischemic conditioning (RIC) protection in liver and cardio ischemia 251–253. Notably, 

mice treated with remote ischemic pre conditioning have elevated microvascular blood 

flow in the liver and are protected from liver ischemia. Nitrite and nitrate are considered 

as stable physiological reservoirs and storage pools for nitric oxide 254–256, and treated 

mice have elevated nitrite and nitrate levels in the blood and liver. Moreover, liver 

protection was abolished with nitric oxide scavengers and in eNOS knockouts models 
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147,251,252. In a study of remote ischemic pre conditioning for cardio protection, Rassaf 

et al 253 reported that remote ischemic preconditioning RIC could increase nitrite level 

not only in plasma but also in the heart of mice. Again, cardio protection with remote 

ischemic pre conditioning was lost in eNOS knockouts mice. Notably, plasma nitrite 

levels also increase after remote ischemic conditioning in healthy human volunteers 

147,253. However, the evidence for the role of nitric oxide in protection due to remote 

ischemic conditioning are mostly acquired from remote ischemic preconditioning and 

healthy remote ischemic conditioning studies. There remains a lack of sufficient and 

strong published evidence to support the role of nitric oxide in RIPerC treatment 

induced cerebral blood flow reservation. However, Hoda et al. found that the mRNA 

expression of endothelial nitric oxide synthase at the site of limb conditioning resulted 

in a 10 folds enhancement in blood vessels, leading to increased concentrations of nitric 

oxide in plasma 257. Based on these findings, it is reasonable to hypothesize that nitric 

oxide maybe also serve as mediator in preventing collateral collapse in our RIPerC 

study. However, more experiments are needed to prove this hypothesis. Nitric oxide 

scavengers and eNOS knockout models could be used in the future with in vivo imaging 

to evaluate effect RIPerC treatment on pial collaterals. 

 

In conclusion, data in this Chapter showed that the neuroprotective effect of RIPerC 

may occur at least in part due to the prevention of pial collateral collapse in aged rats. 

Using TPLSM individual vessel imaging, we showed that RIPerC enhanced penumbral 

microcirculation by maintaining retrograde blood flow from ACA to distal MCA 
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segments during MCA occlusion. This confirmation of the collateral therapeutic effects 

of RIPerC have broad implications for its use as a stand-alone or adjuvant acute stroke 

therapy.   
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Figures 

 

 

Figure 4- 1 Experimental design & Physiological parameters of aged RIPerC and 

aged sham treatment rats during imaging of post dMCAo 

Experimental timeline (a). Physiological parameters of RIPerC and Sham treatment rats 

during imaging of post dMCAo (b-d). 
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Figure 4- 2 Representative LSCI derived image sequences showing flow on the 

cortical surface of aged RIPerC and aged sham treatment rats & speckle contrast 

(K) and relatively blood flow (1/K 2 ) for aged RIPerC and aged sham treatment 

rats 

Representative LSCI derived image sequences of speckle contrast showing flow on the 

cortical surface before and after dMCAo. Images showing flow changes over 270min 

(4.5h) post are illustrated for control (a) and RIPerC rats (b). Immediately after dMCAo, 
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robust anastomotic connections between distal segments of the ACA and MCA were 

observed in both groups. LSCI revealed an increase of speckle contrast value (c) and 

reducing relative blood flow (d) after dMCAo in both control and RIPerC treated group. 

Mean speckle contrast values (K) are shown in (c). Two-way ANOVA revealed a 

significant main effect of Time (F (10,150) =35.67, P<0.0001), as well as a significant 

Time X Treatment interaction ((F (10,150) =1.959, P =0.0416); Treatment, n.s., F(1,15) 

=0.9625, P =0.3421). A more proportional measure of blood flow can be attained by 

determining the inverse square of the speckle contrast values. Relative blood flow (1/K2) 

normalized to pre dMCAo values is shown in (d). Flow in both groups dropped 

gradually to less than 50% and remained low throughout imaging. Again, a two-way 

ANOVA revealed a significant main effect of Time (F(9,135) =13.42, P <0.0001) on 

relative blood flow (1/ K2), but there was no statistically significant main effect of 

Treatment (F(1,15) =1.256, P =0.2801) and no interaction of Time and Treatment (F(9,135) 

=0.5807, P =0.8111). 
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Figure 4- 3 Representative TPLSM derived image of aged RIPerC and aged sham 

treatment rats & Quantification of mean diameter in aged RIPerC and aged sham 

treatment rats relative to pre-dMCAo and pre-treatment (60min post dMCAo) 

Representative images of control rat (a) and RIPerC rat (b). Panels of TPLSM images 
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on the right show maximum intensity projections from region demarcated with 

rectangular box in LSCI images. Scale bar, 1 mm.  

(c) shows pial diameter data normalized to pre dMCAo values. Two-way ANOVA 

demonstrated a significant main effect of Time (F(1.484, 22.27) =10.28, P=0.0016) and 

Treatment (F(1,15) =7.416, P=0.0157) on pial arteriole diameter, as well as a significant 

Time X Treatment interaction ( F(9,135) =3.696, P =0.0004). However, post hoc 

comparisons did not identify any significant differences between treatment groups at 

individual time-points. To compensate for potential variation in blood flow after 

dMCAo but prior to treatment, (d) shows diameters normalized to values measured 60 

minutes after ischemic onset. Two-Way ANOVA revealed a significant main effect of 

Treatment (F(1,15) =13.05, P =0.0026) and Time (F(3,45) =2.894, P=0.0455), but no Time 

X Treatment interaction (F(6,90)=0.6786, P=0.6673). Holm-Sidak's post hoc 

comparisons revealed that RIPerC-treated rats had significantly larger diameters (P 

<0.05) at all-time points after the initiation of the first BFO clamp, with the exception 

of 120 min post dMCAo. 
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Figure 4- 4. Quantification of mean RBC velocity, and RBC flux in aged RIPerC 

and aged sham treatment rats relative to pre-dMCAo and pre-treatment (60min 
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post dMCAo). (a-b) show mean changes in red blood cell (RBC) velocity relative to 

pre-dMCAo and relative to 60min post dMCAo (i.e. post-ischemia but pre-treatment), 

respectively. A significant main effect of Time (F(1.077,16.16) =7.727, P =0.0120) was 

found for RBC velocity when normalized to pre dMCAo values. However, no main 

effect of Treatment (F(1,15) =1.216, P =0.2875) or significant Time X Treatment 

interactions (F(9,135) =0.8977, P =0.5293) were detected for measures of RBC whether 

data was normalized to pre-dMCAo value or to velocity 60 min post dMCAo. Mean 

RBC flux for arteriole segments downstream of collateral anastomoses in RIPerC 

treated and control rats are shown in (c). Analysis of RBC flux between groups revealed 

a significant main effect of Time (F(1.079,16.18) =12.35, P=0.0024), but no effect of 

Treatment and Age x Time interaction (F(9,135) =1.748, P=0.0841) when normalized to 

pre-dMCAo value. When normalized to post-dMCAo but pretreatment values (i.e. 60 

min post-dMCAo), however, a significant main effect of RIPerC Treatment on RBC 

flux was found (F(1,15) =4.59, P =0.049). Thus, when normalized to flux after dMCAo 

but prior to treatment, in order to better isolate a change in flux due to treatment itself, 

TPLSM data confirmed that RIPerC treatment increased RBC flux through collateral 

vessels, primarily due to increased diameter of the MCA segments due to RIPerC 

treatment.  
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Figure 4- 5 Early ischemic damage measurements 

A significantly larger volume of early ischemic damage was found in control rats 

relative to RIPerC treated rats (P =0.0241). Means of the infarct volumes are calculated 

as percent of their corresponding contralateral sides. 
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Chapter 5 

Acute and sustained milrinone therapy as a 

collateral therapeutic for ischemic stroke 

 

  



116 
 

5.1. Introduction 

Ischemic stroke is a devastating cerebral vascular disease that occurs when arteries 

supplying the the brain are obstructed. Cerebral collaterals are alternative vascular 

channels in the cerebral circulation which can provide blood flow to hypo-perfused 

brain tissues when principal vascular routes fail 11–14. Therefore, collateral circulation 

plays an important role in determining the degree of ischemia in the penumbra. Cerebral 

collaterals can be classified as primary or secondary collaterals. The circle of Willis, 

referred as the primary collaterals, allows blood flow exchange between anterior and 

posterior circulation and between hemispheres 15. Pial collaterals, also known as 

leptomeningeal collaterals, are considered as secondary collaterals 16. Pial collaterals 

are anastomotic connections located on the cortical surface which connect distal 

branches of adjacent arterial network 16,17. When artery distal to circle of Willis, like 

MCA, is obstructed, pial collaterals become patent and provide compensatory blood 

flow from ACA and/or PCA to the ischemic penumbra of MCA 16. Therefore, strategies 

that can augment collaterals blood flow to reduce expansion of the infarct core are 

attractive in ischemic stroke therapy 145.  

 

Over the last several decades, numerous studies have examined the role of 

phosphodiesterases and their inhibitors in a number of cardiovascular and 

cerebrovascular disorders. The phosphodiesterases (PDE) are a family of enzymes 

containing 11 subgroups with more than 30 different isozymes of enzymes 258,259. This 

family of enzymes is responsible for the degradation of cyclic nucleotides 260–262. Cyclic 
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nucleotides, including adenosine 3, 5-cyclic monophosphate (cAMP) and cyclic 

guanosine monophosphate (cGMP) have long been recognized as intracellular second 

messengers 263,264. Cyclic nucleotides are produced by enzymes located on the interior 

to the cell membrane in response to extracellular signals 265,266. Cyclic nucleotides 

interact with molecules in the cytosol and/or nucleus, participating in a variety of 

intracellular biological actions, including receptor-effector coupling, protein-kinase 

cascades, cell signal transduction and function regulation 267. PDEs hydrolyze the 

3’phosphoester bond of cyclic nucleotides thereby terminating their signaling 261.  

 

Phosphodiesterase 3 (PDE3) is one of the most pivotal AMP degrading 

phosphodiesterases in arterial tissues 268. PDE3 is primarily expressed in vascular 

smooth muscle cells and cardiac myocytes, and plays a significant role in modulating 

vascular smooth muscle cell proliferation and vascular tone regulation and cardiac 

contractility 269,270. Milrinone is a potent selective PDE3 inhibitor and can inhibit cAMP 

specific PDE3 in both cardiac myocytes and vascular smooth muscle cells 153.  

Milrinone has been shown to be safe and is widely administered to treat patients with 

acute and chronic heart failure due to its inotropic and vasodilatory effects, leading to 

cardiac contractility enhancement and systemic vascular resistance reduction, 

respectively 159,271–274. The inotropic effect of milrinone is largely attribute to PDE3 

inhibition, leading to intracellular cyclic AMP accumulation and an increase of cyclic 

AMP dependent protein kinase A (PKA). PKA not only phosphorylates the 

myofilament proteins which can promote action of myosin and actin, but also 
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phosphorylates calcium channels causing trans-sarcolemmal calcium influx. Both of 

these lead to cardiac contractility enhancement and cardiac output augmentation 154–156. 

The vasodilatation effect of milrinone is mediated by increasing cAMP in vascular 

smooth muscle which stimulates calcium uptake into the sarcoplasmic reticulum, 

reducing the affinity of troponin C to calcium available for contraction, and thus 

relaxing vascular tone 272,275. 

 

Based on PDE3 localization in cerebral arteries smooth muscle cells 272,273, PDE3 

inhibitors may result in potent cerebral vasodilatory effects with augmentation of 

cardiac output (inotropic effect) and may thereby drive greater cerebral blood flow. 

Drexler et al 276 examined the hemodynamics and cerebral vascular profile following 

intravenous milrinone in normal conscious rats. Radioactive microspheres were used 

for blood flow measurement. Intravenous milrinone with dose of 3ug/kg/min for 

15mins increased cerebral blood flow significantly (25% enhancement relative to 

before infusion) without affecting heart rate, blood pressure or systemic vascular 

resistance. When the dose of milrinone were raised to 6ug/kg/min for another 15mins 

on the same rat, significant cerebral blood flow enhancement was still observed (40% 

enhancement relative to before infusion), but was accompanied with a systemic 

vascular resistance reduction. Iida et al 277 used rabbits to study the effect of milrinone 

on cerebral microcirculation. A closed transparent cranial window was used for 

observation of cerebral pial circulation. The diameters of pial arterioles and pial venules 

were measured with video micrometer. Three different dose of intravenous milrinone 
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(0.5, 5, 20ug/kg/min) were used. A dose dependent effects of intravenous milrinone on 

the dilation of pial arterioles and venules of normal rabbits was observed. To examine 

whether blood brain barrier disruption, a pathophysiological process engaged in many 

cerebral vascular disease, could change the effect of i.v. milrinone on pial vessels, a 

solution of 25% mannitol was infused at a rate sufficient to disrupt BBB without 

causing serious immediate neurotoxicity. The dose of 0.5 and 5 ug/kg/min milrinone 

still effectively dilated pial arterioles. In a clinical prospective study, Sulek et al 278 

reported that intravenous milrinone could increase middle cerebral artery blood flow 

velocity of patients after cardiopulmonary bypass surgery.  

 

The efficacy of milrinone in treating cerebral vasospasm after subarachnoid 

hemorrhage has also been investigated. In a study by Nishiguchi et al 272, milrinone was 

given intra-arterially via the vertebral artery 7 days after subarachnoid hemorrhage in a 

canine model. Angiography showed that milrinone could effectively relax vasospasm 

in basilar arteries. The dogs were euthanized after angiography and complementary 

histologic experiments were performed. Nishiguchi et al 272 found that milrinone 

increased cAMP within the vessel wall and reduced corrugation of the elastic lamina 

and decreased vessel thickness. Since late 1990s, milrinone has been used in different 

hospitals across the world as a therapeutic option for SAH patients to serve as a 

vasorelaxant, which can prevent or treat the delay cerebral ischemia that can follow 

SAH 273,275,279–284. In 2012, it was reported that milrinone had become the second most 

common drug used to treat symptomatic cerebral vasospasm after SAH in a European 
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survey 285. However, no randomized controlled trial of milrinone has been conducted 

so far and the route of milrinone administration, the timing, dose as well as co-

interventions still varied among different reports 273,275,279–284.  

 

The effects of milrinone on pial vessels dilation and cerebral blood flow enhancement 

indicates it may be useful for ischemic stroke as well. To provide preclinical evidence 

demonstrating the treatment effect of milrinone in cerebral ischemic stroke, two set of 

experiments were performed. Experiment I used laser speckle contrast imaging (LSCI) 

to define whether acute systemic collateral pharmacotherapy with milrinone lactate is 

effective for augmenting pial collateral flow and the most effective dose. Experiment II 

assessed whether supplementing acute milrinone infusion with continuous subacute 

administration after distal MCAo has a significant effect on physiological parameters 

(blood pressure, heart rate, activity) and assessed if this prolonged milrinone lactate 

treatment could reduce ischemic stroke damage. 

 

5.2. Materials and Methods: 

Male Sprague–Dawley rats (4-8 months of age, 400-650g of weight) were used. Prior 

to experimental procedures, animals were housed in pairs on a 12-h day/night cycle and 

had access to food and water ad libitum. Procedures conformed to guidelines 

established by the Canadian Council on Animal Care and were approved by the Health 

Sciences Animal Care and Use Committee at the University of Alberta. Procedures and 

results reporting is consistent with the ARRIVE guidelines 168. 
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5.2.1. Experiment I 

The experimental timeline is illustrated in Figure 5-1(a) LSCI was used to measure pial 

collateral blood flow during and post-acute ischemic stroke. A lateral tail vein was 

catheterized (for intravenous infusion, see 5.2.1.2). Blood pressure monitoring was 

performed via a catheter in the ventral tail artery (5.2.1.2). A thin cranial window was 

made as described in §5.2.1.3. Baseline LSCI (5.2.1.5) was performed to define 

cerebral blood flow prior to stroke. Stroke was generated using the permanent distal 

MCAo model(5.2.1.4) 26,170,286. Commercial milrinone lactate solution (1mg/ml) 

purchased from Fresenius Kabi Canada Ltd was used and diluted with normal saline to 

get different doses (3ug/kg/min, 6ug/kg/min, and 12ug/kg/min) of infusion solution. To 

determine the most effective dose of milrinone during MCAo, rats were divided into 4 

groups (control, n=12; 3ug/kg/min, n=9; 6ug/kg/min, n=9; 12ug/kg/min, n=9;), 

each receiving a 60-minute infusion of milrinone lactate (or vehicle control) via the 

femoral vein starting 1h after ischemic onset. 

 

5.2.1.1. Anesthesia and Monitoring 

Light anesthesia was induced using an induction chamber with 4–5% isoflurane (in 70% 

N2 and 30% O2) prior to intraperitoneal injections of urethane (i.p. 1.25 g/kg, divided 

into four doses delivered at 30-min intervals). Isoflurane was discontinued after the first 

urethane injection, and rats remained anaesthetized until euthanasia. During all surgery 

and imaging, temperature was maintained at 36.5–37.5C with a thermostatically 
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controlled warming pad and heart rate, oxygen saturation, and breath rate were 

monitored using a pulse oximeter (MouseOx, STARR Life Sciences). 

 

5.2.1.2. Tail Artery and Tail Vein Cannulation 

The tail vein and the ventral tail artery were cannulated with a silicone catheter for drug 

infusion and blood pressure monitoring, respectively (tail artery catheters contained 

500 IU/ml heparinized saline). 

 

5.2.1.3. Cranial Window 

LSCI was performed through a cranial window using a thin skull preparation. A midline 

incision was made on the scalp to expose the surface of the skull. A 5x5 mm section of 

the skull over the distal regions of the right MCA territory was thinned until translucent 

using a dental drill (frequently flushing with saline to dissipate heat). The outer skull 

layer and subjacent spongy bone were cleaned and smoothed by round scalpel, allowing 

surface vessels to be visualized through the remaining thin layer of bone. A thin layer 

of 1.3% low melt agarose was applied to the window and sealed with a glass coverslip. 

 

5.2.1.4. dMCAo 

Cerebral ischemia was induced by bilateral common carotid artery (CCA) ligation in 

addition with distal MCA ligation 26,170,286. Distal MCA ligation and imaging protocols 

were performed by different individuals, and surgeons inducing ischemia were blind to 

the experimental group for each rat. CCAs were accessed through ventral midline 
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cervical incisions and ligated with 4–0 prolene sutures below the carotid bifurcation. A 

temporal incision was then made and the right temporalis muscle was gently separated 

from the bone. A burr hole of 1.5 mm in diameter was made through the squamosal 

bone, the dura was removed, and the cortical MCA was visualized. The exposed distal 

MCA was isolated with a loose square knot by atraumatic 9–0 prolene suture above the 

rhinal fissure before stroke. After pre-stroke imaging, the knot was ligated to induce 

permanent dMCAo. All the incisions were sewed using surgical suture. 

 

5.2.1.5. LSCI 

LSCI measures real time changes in cerebral blood flow with high spatial and temporal 

resolution over a wide field of view 171–173. To collect LSCI data, rats were secured in 

ear bars on a custom-built stereotaxic plate under a Leica SP5 MP laser scanning 

microscope. A Thorlabs LDM 785S laser (20 mW, wavelength of 785 nm) was used to 

illuminate the rat cortex at approximately 30 ° incidence. Stacks of 101 sequential 

images (1024 × 1024 pixels) were acquired at 20 Hz (5 ms exposure time) during each 

imaging session. All processing and analysis of laser speckle images were performed 

using ImageJ software (NIH) by a blinded experimenter. Maps of speckle contrast were 

made from the collected images of raw speckling by determining the speckle contrast 

factor K for each pixel in an image. K is calculated as the ratio of the standard deviation 

to the mean intensity (K = σs/I) in a small (5 × 5 pixels) region of the speckle image.171–

173 Plots of K show maps of blood flow with darker vessels illustrating faster blood flow 

velocity. 174,175 For quantification of penumbral flow, K was measured in a contiguous 
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ROI consisting of an 650 × 650 pixel square positioned to include the distal MCA and 

ACA segments. Because cerebral blood flow (CBF) velocity in selected region of 

interest was inversely proportional to the square of speckle contrast value K.176,177
 

𝑣 ∝
1

𝐾2
 

Therefore, 1/K2 is also used to illustrate CBF velocity change in LSCI figures.174,178 

 

5.2.1.6. Triphenyl Tetrazolium Chloride Staining 

Rats in the acute imaging study were euthanized 3 h after induction of the MCAo. The 

brains were rapidly removed and sliced into seven coronal, 2 mm sections using a brain 

matrix, then incubated in 2% 2,3,5-triphenyltetrazolium chloride (TTC) solution at 37℃ 

for assessment of mitochondrial dehydrogenase activity. However, owing to the early 

euthanasia following ischemic onset, no reliable tissue damage was observed in any 

treatment group and analyses of ischemic damage could not be performed.  

 

5.2.2. Experiment II 

In the second experiment, to assess whether prolonged milrinone treatment can reduce 

ischemic stroke damage, rats were randomly divided into 2 groups, a milrinone lactate 

treatment group (n=12) and vehicle treatment group (n=12). 5 rats from each group 

were used to determine milrinone's effect on physiological parameters. 

Experimental timelines are defined in Figure 5-1(b). Isoflurane anesthesia was used 

during surgery and infusion (5.2.2.1). Briefly, 5 days before inducing stroke, rats were 

implanted with telemetry probe (5.2.2.2) to monitor physiology status (activity, BP, HR). 
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After inducing stroke (5.2.2.3), milrinone lactate was given at a dose of 6ug/kg/min for 

60 mins through tail vein infusion (5.2.2.4).  An Alzet osmotic mini pump with a dose 

of 3ug/kg/min (5.2.2.5) was implanted subcutaneously (5.2.2.6) for long term 

subcutaneous milrinone administration. After intravenous infusion, rats were sent back 

to cage for continuous monitoring of physiology parameters for 5 days (5.2.2.7) via 

telemetry. Rats were euthanized and brains were stained with cresyl violect to identify 

infarct size on the 5th day post stroke. 

 

5.2.2.1. Anesthesia and Monitoring 

3% isoflurane (in 70% N2, 30 %O2) was used for anesthesia induction and 2% 

isoflurane for maintenance during surgery. Rectal temperature was maintained at 36.5 

C during surgery with use of a temperature regulated heating pad. 

 

5.2.2.2. Telemetry Probe Implantation and Monitoring 

The battery operated telemetry probe (TA11PA-C20) probes were calibrated using the 

calibrating data provided by the manufacturer for each probe. The zero levels were 

checked before each implantation. On the day before surgery, telemetry probes were 

sterilized by an immersion soak in 2% glutaraldehyde overnight. The probe was 

implanted at the left groin area with its tip inserted into the left femoral artery. After 

implantation, the telemetry probes were magnetically activated to check for proper 

function, then turned off until the day prior t stroke surgery when the probes were 

activated again. After surgery, rats were housed individually in cages at room 
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temperature and allowed free access to food and water. The activity, blood pressure and 

heart rate of rats were continuously recorded real time using biotelemetry system for 

24 hours and served as baseline. Data from the probe were transmitted via radio 

frequency signals to receiver placed below cages every 30 seconds. The activity 

recorded by the probe does not indicate an exact distance rats travelled but provides a 

relative measure based on signal strength 287. Simple head movements, such as 

grooming and chewing, are not recorded by the system as activity. The Dataquest ART 

system (Data Science International) counted whole body movement as activity which 

guaranteed the accuracy of activity recording 287. The telemetry method is precise and 

has the advantage of being non-stressful as rats are monitored in their home cage 

without extensive human interaction 288. 

 

5.2.2.3. dMCAo 

Permanent distal MCAO model (bilateral carotid arteries occlusion in conjunction with 

right middle cerebral artery ligation) was used for inducing stroke 26,170,286. Common 

carotid arteries (CCAs) were accessed through ventral midline cervical incisions and 

ligated with 4-0 prolene sutures below the carotid bifurcation. To access to right middle 

cerebral artery (rMCA), a scalp incision was done at the area between the right external 

auditory canal and the right eye. After the scalp was opened, the right temporalis muscle 

was gently separated and retracted from the bone. A burr hole of 1.5 mm in diameter 

were drilled through the squamosal bone. After removing the bone piece carefully, a 

small syringe needle was used to make a small incision and remove the dura mater for 
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visual inspection of rMCA. The distal rMCA was ligated with a square knot by 

atraumatic 9-0 prolene suture above the rhinal fissure. All the incisions were sewed 

using surgical suture. 

 

5.2.2.4. Infusion 

For milrinone lactate treatment group rats, one hour after inducing stroke on rats, a 

loading dose of milrinone lactate dissolved in 0.6 ml 0.9% saline was administered by 

intravenous infusion (6ug/kg/min) through a catheter inserted into the tail vein over a 

60 minute period. Rats in sham treatment group were given 0.6 ml normal saline 

infusion. 

 

5.2.2.5. Milrinone Lactate Solution 

In order to give a rat weighted 0.6kg milrinone lactate administration with a dose of 

3ug/kg/min for 5 days, 21.6mg of milrinone lactate should be dissolved and be filled 

into the 2ml Alzet osmotic mini pump. Commercial milrinone lactate solution used in 

Experiment I could not reach such a concentration, therefore milrinone lactate powder 

bought from ARK Pharm, Inc. was used for preparing solution to fill in Alzet osmotic 

mini pump. Based on the weight of rats (0.45-0.6kg), 16-22mg of milrinone lactate 

were dissolved in to 0.2ml DMSO, then diluted with 1.8ml PEG 300 to prepare the 

solution for Alzet osmotic mini pump. 
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5.2.2.6. Alzet Mini Pumps Implantation 

Chronic administration of the milrinone was performed by using Alzet osmotic mini 

pumps (model 2ML1, 2ml, 10 ul/h) implanted subcutaneously on the back. Alzet mini 

pumps were filled and primed by incubation at 37°C for overnight in a tube containing 

sterile saline 2 day before surgery. The Alzet mini pump implantation surgery was 

started while the rats received tail vein infusion. Briefly, the incision area (mid-

scapular) was shaved and sterilized and a 1.5cm horizontal incision was made on skin. 

After that, a hemostat were inserted into the incision to create a pocket for pump by 

spreading subcutaneous tissues. The pump was inserted into the pocket then the wound 

was closed with sutures. The chronic daily rate of milrinone was 3ug/kg/min for 5 days. 

For the sham treatment group, Alzet osmotic mini pumps were filled with the vehicle 

without milrinone lactate (1.8ml PEG 300+0.2ml DMSO). 

 

5.2.2.7. Post Stroke Monitoring and Infarction Measurement 

After recovery from anesthesia, rats were sent back to home cage housed individually, 

the telemetry probes were turned on, and activity, blood pressure and heart rate were 

monitored for 5 days. On the 5th day of Experiment II, animals were euthanized and 

transcardially perfused with 0.9% saline, followed by 4% paraformaldehyde. Forty 

micron thick sections were cut throughout the entire forebrain and stained with cresyl 

violet for assessment of infarct size. Slices were scanned and the amount of infarct 

damage was measured using ImageJ software (NIH).  
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5.2.3. Statistics 

Graphpad Prism (GraphPad software, San Diego, CA, US) was used for all statistical 

analyses. Two-way analysis of variance (ANOVA) with repeated measures were used 

to compare effects of milrinone lactate or sham treatment on relative blood flow with 

LSCI measures. Post hoc comparisons were performed using Holm-Sidak's multiple 

comparisons test. Volumes of ischemic tissue damage (% hemisphere) and 

physiological parameters (blood pressure, heart rate and activity) were compared using 

an unpaired Student's t-test. Values are expressed as mean ± S.E.M.  

 

5.3. Results: 

5.3.1. Experiment I 

5.3.1.1. LSCI Reveals Increased Penumbral Blood Flow in Milrinone Treated Rats 

relative to Vehicle Control Rats 

Representative LSCI derived maps of speckle contrast showing flow changes over 3 

hours post stroke for sham and milrinone treated rats are shown in Figure 5-2(a). 

Qualitatively, LSCI derived maps of blood flow suggested increased blood flow relative 

to vehicle controls after infusion of milrinone (note a consistent increase in brightness 

in saline controls that is not apparent in milrinone treated animals). Notably, there was 

no significant effect of milrinone treatment on systemic blood pressure (F (3,35) =0.9331, 

P= 0.4350) (Figure 5-2(b)). Relative blood flow normalized to values before dMCAO 

and to values measured 60 minutes after dMCAO (to control for different levels of 

ischemia between rats) are illustrated for sham controls and animals treated with three 
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doses of milrinone are illustrated in Figure 5-3(a) and 3(b), respectively. In both cases, 

two-way ANOVA did not identify a significant main effect of Time (Normalized to pre-

dMCAo: F (3,105) =0.2925, P= 0.8307; Normalized to 60 minutes after dMCAo: F (2,70) 

=0.6550, P= 0.5226) or Treatment (Normalized to pre-dMCAo: F (9,105) =1.702, P= 

0.0976; Normalized to 60 minutes after dMCAo: F (6,70) =0.7726, P= 0.5941), and no 

significant interaction of Time and Treatment (Normalized to pre-dMCAo: F (3,35) 

=0.5461, P= 0.6540; Normalized to 60 minutes after dMCAo:F (3,35) =2.210, P= 0.1153). 

However, statistical analysis of milrinone groups only (removing vehicle controls) via 

two-way ANOVA did not identify a main effect of milrinone dose (Normalized to pre-

dMCAo: F (2,24) =0.8340, P= 0.4465; Normalized to 60 minutes after dMCAo: F (2,24) 

=0.4107, P= 0.6678) or a Dose x Time interaction ( Normalized to pre-dMCAo: F (6,72) 

=0.3975, P= 0.8783; Normalized to 60 minutes after dMCAo: F (4,48) =1.020, P= 

0.4064). As milrinone dose had no effect, Figure 5-3(c) shows relative blood flow 

normalized to 60 minutes post-dMCAO (or sham surgery) in sham controls and pooled 

milrinone treated animals. Two-way ANOVA on pooled data identified a significant 

main effect of milrinone Treatment (F (1,37) =5.690, P= 0.0223). While the blood flow 

of saline group rats remained around 90% of baseline (pre-treatment) during all imaging 

sessions, flow in the milrinone treated rats increased within the first half hour of 

infusion to 115% of post dMCAO values and remained stable throughout imaging.  

 

5.3.2. Experiment II 

The results in Experiment I suggested that acute administration of milrinone could 
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enhance penumbral blood flow after dMCAo, although no dose response was observed. 

However, the effect of milrinone on infarction could not be assessed with recovery only 

to 3 h after ischemic onset. Milrinone has been used to treat myocardial failure and 

cerebral vasospasm in SAH for a period of days 280,283. Therefore, Experiment II was 

performed to see whether prolonged subcutaneous milrinone would be neuroprotective 

after dMCAo. 

 

5.3.2.1. Prolonged Milrinone Treatment does not Influence Physiological 

Parameters or Significantly Reduce Infarct 

Figure 5-4 shows physiological variables assessed using telemetry throughout recovery. 

Two way ANOVA revealed a significant effect of Time (blood pressure: (F(8,64)=86.25, 

P<0.0001; heart rate: (F(8,64)=6.036, P<0.0001;activity: (F(6,48)=9.474, P<0.0001;), but 

no effect of Treatment (blood pressure: (F(1,8)=0.8305, P=0.3888; heart rate: 

(F(1,8)=1.252, P=0.2956; activity: (F(1,8)=0.07777, P=0.7874;) or Time*Treatment 

interaction (blood pressure: (F(8,64)=1.387, P=0.2195; heart rate: (F(8,64)=0.7348, 

P=0.6604; activity: (F(6,48)=1.411, P=0.2300;) for blood pressure (Figure 5-4(a)), heart 

rate (Figure 5-4(b)), and activity (Figure 5-4(c)). In Figure 5-5, Cresyl Violet staining 

was used to identify infarct at 5 days after treatment. Notably, milrinone did not 

significantly reduce infarct volume relative to sham controls (control: 12.89%± 1.922%; 

milrinone: 8.901%±1.509%; unpaired Student's t-test, P = 0.1170).  
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5.4. Discussion: 

Collateral circulation refers to subsidiary vascular networks that provide residual blood 

flow to the affected brain tissues during acute ischemic stroke. Collaterals are a key 

variable in determining ischemic stroke prognosis because the drop out of collaterals is 

associated with progression of penumbra to irreversible ischemic infarct. Therefore, 

therapeutics which can enhancing cerebral pial collateral blood flow may be helpful in 

maintaining penumbral viability. PDE3 is reported to be expressed in both cardiac 

myocytes and cerebral arteries smooth muscle cells. Therefore, milrinone, a PDE3 

inhibitor, has a potent combination of inotropic effects (augmentation of cardiac output) 

and cerebral vasodilatory effects and may have impact in regulating cerebral pial 

collateral blood flow during ischemic stroke.  

 

In Experiment I, we assessed collateral flow augmentation after dMCAo and treatment 

with intravenous milrinone. While not conclusive, the data provided support for further 

study of milrinone as a collateral therapeutic. Notably, we did not observe a dose 

response, suggesting that we may not have identified the optimal drug dose. However, 

when blood flow measurements from all three doses of milrinone were pooled, a 

statistically significant effect of Treatment was observed, with blood flow in the 

penumbral regions (measured by LSCI) at approximately 115% of pre-treatment 

baseline during infusion and for at least one hour after infusion. In contrast, blood flow 

in the saline controls was approximately 90% of pre-treatment baseline. This improved 

collateral flow is consistent with Drexler and Iida' findings 276,277. Both Drexler and Iida 
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studied the effect of milrinone on cerebral blood flow in normal non-ischemic animals 

(rats by Drexler & rabbits by Iida). Drexler et al 276 demonstrated that 15min of 

3ug/kg/min and 6ug/kg/min milrinone infusion could enhance cerebral blood flow 

relative to before infusion by 25% and 40%, respectively. Similarly, Iida et al 277 

observed dose dependent effects of intravenous milrinone (0.5, 5, 20ug/kg/min for 

30min each) on dilation of pial arterioles. We are the first to demonstrate the persistent 

improvement of penumbral flow due to milrinone infusion during acute ischemic stroke 

in rats. Early milrinone may therefore be useful to maintain cerebral blood flow and 

improve cerebral perfusion and thereby maintain tissue viability prior to thrombolytic 

or endovascular treatment. 

 

The pathophysiology of cerebral ischemia evolves over hours and days after ischemic 

onset 9,289, suggesting that a transient increase in flow might not have permanent benefit 

(merely delaying cell death). Thus, a chronic administration paradigm that ensures 

plasma concentrations of milrinone in the optimal range throughout the acute and 

subacute periods may have greater benefit. Such administration paradigms (continuous 

infusion of PDE inhibitors over several days) have been validated in patients’ treatment 

for chronic heart failure, SAH, and secondary stroke prevention 273,290–292. Alzet osmotic 

mini pump can be implanted in animals and have the advantage of delivering drugs 

without frequent handling 293. Schoemaker et al 294
 used Alzet pump for prolonged 

milrinone therapy in rats with heart failure due to myocardial infarction. Two weeks of 

150ug/kg/h (2.5ug/kg/min) milrinone were administered and restored cardiac function 
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without alternating mean arterial pressure and heart rate. Therefore, Alzet osmotic mini 

pump were used in Experiments II for continuous milrinone lactate administration after 

ischemic stroke in non-restrained rats. During the 5 days period of treatment 

(intravenous infusion and subacute administration by Alzet osmotic mini pump), no 

significant change in physiological parameters (heart rate, blood pressure and activity) 

between milrinone treatment and vehicle control groups were observed. Rats were 

stable and tolerated the pump and milrinone (or vehicle) treatment well. Rats were 

euthanized at day 5 post stroke for infarct volume measurement. However, the 

difference in infarct volume between milrinone treated rats and controls did not reach 

statistical significance (P=0.117). A sample size calculation based on the mean for each 

group (control: 12.9%; milrinone: 8.9%) and the overall standard deviation (6.2%) with 

α=0.05 and β=0.8 suggest that up to 38 rats would be required in each group prove 

statistical significance. Thus, while the data suggest that milrinone is well tolerated and 

potentially protective during the subacute period following ischemic stroke, the data 

are not conclusive and further studies are required.  

 

In conclusion, we found that milrinone increases collateral flow acutely and continuous 

subacute administration of milrinone is well tolerated, but the efficacy in this model of 

stroke was not clear. Milrinone may be useful to serve as an adjunctive collateral 

therapy to enhance pial collateral flow before recanalization. However, the ischemic 

stroke model used in this chapter was a permanent occlusion model, and as such does 

not represent the increasingly common occurrence of recanalization in the patient 
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population. Further study using treatment with milrinone during occlusion in a transient 

MCA occlusion (i.e. either a filament occlusion or thromboembolic occlusion followed 

intravenous r-tPA treatment) will be incorporated to determine if milrinone is effective 

as an adjunct treatment to maintain tissue viability prior to reperfusion. Moreover, 

determination of optimal doses and temporal profile, as well as potential risks for 

hemorrhagic transformation also remain to be studied. Since prolonged treatment of 

milrinone is safe but efficacy of neuroprotection did not reach statistical significance, 

its efficacy as a potential treatment for ischemic stroke patients not eligible for 

recanalization therapy is not clear. A preclinical experimental design that includes daily 

cerebral blood flow measurement and detailed functional outcome will be utilized in 

the future.  
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Figure 5- 1 Experimental design 

(a) Experimental I timeline. (b) Experimental II timeline.  
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Figure 5- 2 Representative LSCI derived maps of speckle contrast showing flow 

on the cortical surface over 3 hours post stroke for sham and 3 different dose of 

milrinone treated rats in Experimental I & Blood pressure of milrinone and sham 

treatment rats during imaging in Experimental I 

Representative LSCI derived maps of speckle contrast showing flow changes over 3 

hours post stroke for sham and milrinone treated rats are shown in (a). Qualitatively, 

LSCI derived maps of blood flow suggested increased blood flow relative to vehicle 

controls after infusion of milrinone (note a consistent increase in brightness in saline 

controls that is not apparent in milrinone treated animals). Notably, there was no 

significant effect of milrinone treatment on systemic blood pressure (F (3,35) =0.9331, 

P= 0.4350) (b).  
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Figure 5- 3 Quantification of Relative blood flow for sham controls and animals 

treated with three different doses of milrinone 

Relative blood flow normalized to values before dMCAO and to values measured 60 
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minutes after dMCAO (to control for different levels of ischemia between rats) are 

illustrated for sham controls and animals treated with three doses of milrinone are 

illustrated in (a) and (b), respectively. In both cases, two-way ANOVA did not identify 

a significant main effect of Time (Normalized to pre-dMCAo: F (3,105) =0.2925, P= 

0.8307; Normalized to 60 minutes after dMCAo: F (2,70) =0.6550, P= 0.5226) or 

Treatment (Normalized to pre-dMCAo: F (9,105) =1.702, P= 0.0976; Normalized to 60 

minutes after dMCAo: F (6,70) =0.7726, P= 0.5941), and no significant interaction of 

Time and Treatment (Normalized to pre-dMCAo: F (3,35) =0.5461, P= 0.6540; 

Normalized to 60 minutes after dMCAo:F (3,35) =2.210, P= 0.1153). However, statistical 

analysis of milrinone groups only (removing vehicle controls) via two-way ANOVA 

did not identify a main effect of milrinone dose (Normalized to pre-dMCAo: F (2,24) 

=0.8340, P= 0.4465; Normalized to 60 minutes after dMCAo: F (2,24) =0.4107, P= 

0.6678) or a Dose x Time interaction ( Normalized to pre-dMCAo: F (6,72) =0.3975, P= 

0.8783; Normalized to 60 minutes after dMCAo: F (4,48) =1.020, P= 0.4064). As 

milrinone dose had no effect, (c) shows relative blood flow normalized to 60 minutes 

post-dMCAO (or sham surgery) in sham controls and pooled milrinone treated animals. 

Two-way ANOVA on pooled data identified a significant main effect of milrinone 

Treatment (F (1,37) =5.690, P= 0.0223). While the blood flow of saline group rats 

remained around 90% of baseline (pre-treatment) during all imaging sessions, flow in 

the milrinone treated rats increased within the first half hour of infusion to 115% of post 

dMCAO values and remained stable throughout imaging.  
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Figure 5- 4 Average of physiological parameters (blood pressure, heart rate and 

activity) of prolonged milrinone treated and sham treated rats during the entire 

post-stroke period in Experimental II 
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Two way ANOVA revealed a significant effect of Time (blood pressure: (F(8,64)=86.25, 

P<0.0001; heart rate: (F(8,64)=6.036, P<0.0001;activity: (F(6,48)=9.474, P<0.0001;), but 

no effect of Treatment (blood pressure: (F(1,8)=0.8305, P=0.3888; heart rate: 

(F(1,8)=1.252, P=0.2956; activity: (F(1,8)=0.07777, P=0.7874;) or Time*Treatment 

interaction (blood pressure: (F(8,64)=1.387, P=0.2195; heart rate: (F(8,64)=0.7348, 

P=0.6604; activity: (F(6,48)=1.411, P=0.2300;) for blood pressure (Figure 5-4(a)), heart 

rate (Figure 5-4(b)), and activity (Figure 5-4(c)). 
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Figure 5- 5 Infarction volume measurements at 5th day post stroke 

Cresyl Violet staining was used to identify infarct at 5th days after stroke. Notably, 

milrinone did not significantly reduce infarct volume relative to sham controls (control: 

12.89%± 1.922%; milrinone: 8.901%±1.509%; unpaired Student's t-test, 

P = 0.1170).Means of the infarct volumes are presented as percentage of their 

corresponding contralateral sides. 
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Chapter 6  

Summary of Findings & Future Directions  
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6.1. Summary of Findings 

The main objective of this thesis was to use advance imaging techniques (LSCI and 

TPLSM) to further our understanding of the hemodynamic evolution of pial collaterals 

after stroke and provide preclinical evidence on a pair of pial collateral enhancement 

treatments (RIPerC and intravenous milrinone administration) to facilitate bench to 

bedside translation. Reviewed below, the results of our in vivo imaging studies provide 

novel insight on the dynamics the cerebral pial collateral circulation over time after 

stroke, suggesting that collaterals will fail over time and that techniques to improve 

collateral blood flow can reduce ischemic damage during acute stroke.  

 

In Chapter 2, we confirmed clinical observations that suggest that cerebral pial 

collateral circulation is time limited and will fail over time. Notably, we are the first to 

use advanced imaging in animal models to demonstrate that collateral failure is more 

severe in aged rats. Aged rats exhibit significantly impaired pial collateral dynamics, 

including accelerated constriction of pial collateral diameters, reduced blood red blood 

cell velocity and impaired red blood cell flux relative to young adult rats. Such findings 

are relevant as aging is the primary risk factor for ischemic stroke and the brains of the 

elderly have reduced ischemic tolerance 149–152. The dropout of collaterals during stroke 

is related to the progression of penumbra to irreversible ischemic infarct and impaired 

response to treatment 26–28. Thus, impaired collateral dynamics or accelerated pial 

collateral failure would contribute to worse outcome in elderly patients. Enhancing 

cerebral pial collateral blood flow by mechanical or pharmacological means may 
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therefore be particular helpful in stroke therapy for aged patients, especially before 

recanalization treatment in order to maintain tissue viability. 

 

In Chapter 3, we showed that remote ischemic perconditioning (RIPerC), which 

involves inducing a series of repetitive, transient peripheral cycles of ischemia and 

reperfusion during cerebral ischemia, could prevent collateral collapse in young adult 

rats. This prevention of “collateral collapse” was associated with a significant reduction 

in early ischemic damage 6 h after stroke. RIPerC has been shown to be neuroprotective 

in animal models of cerebral ischemia, but there are few studies on its neuroprotective 

mechanisms 139,223,295,296. Our data shows that the significant protective effect of RIPerC 

may be due to enhanced cerebral blood flow via collaterals. 

 

According to the Stroke Therapy Academic Industry Roundtable (STAIR) 

recommendations, which were established in an attempt to improve quality of 

preclinical stroke therapy studies, preclinical studies of therapies like RIPerC should be 

performed in aged animals that better approximate human stroke patients 246. In Chapter 

4, in order to provide further evidence to support bench to bedside translation of RIPerC, 

we examine hemodynamic changes of pial collateral flow with RIPerC treatment in 

aged rats. Our findings demonstrated RIPerC could enhance penumbral circulation by 

maintaining pial collaterals that allow retrograde blood flow from ACA to distal MCA 
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segments during MCA occlusion. Improved blood flow due to RIPerC persisted 

throughout imaging and was associated with reduce infarct volume.  

 

In Chapter 5, we evaluated collateral blood flow modulation by systemic collateral 

pharmacotherapy with milrinone, a potent selective phosphodiesterase 3 (PDE3) 

inhibitor that exerts inotropic and vasodilatory effects 159,273. We found that milrinone 

increased collateral flow acutely. However, the effect of acute milrinone on infarction 

was not determined. To assess whether prolonged milrinone treatment can further 

enhance collateral blood flow and reduce ischemic stroke damage, Alzet osmotic mini 

pump were used for continuous milrinone lactate administration after ischemic stroke 

in non-restrained rats. During the 5 days period of treatment (intravenous infusion and 

subacute administration by Alzet osmotic mini pump), rats were stable and tolerated 

the pump and milrinone (sham) treatment well. Thus, sustained milrinone was well 

tolerated, consistent with studies in humans (heart failure and SAH) and in animal 

models. However, the difference in infarct volume between milrinone treated rats and 

controls did not reach statistical significance (P=0.117). 

There are several future studies that can address issues raised by our research. 

6.2. Limitations and Future Directions for Study of Aging and Collateral Flow 

Beard et al210,211,297 recently reported that the elevation of intracranial pressure (ICP) 

may be the primarily cause of collateral failure after stroke. That is to say, as ICP 

increases, cerebral perfusion pressure is reduced and collateral flow declines, leading 



148 
 

to collateral failure. We found pial collateral failure is more severe in aged rats relative 

to young adult rats. However, ICP was not monitored in our study and we were unable 

to relate any dynamic difference of ICP between aged and young stroke rats with pial 

collateral collapse at present. In order to demonstrate the effect of intracranial pressure 

(ICP) with pial collateral impairment, in future studies PA-C10 telemetric pressure 

probes (Data Sciences Int.) could be implanted in the epidural space for ICP 

measurement during LSCI and TPLSM imaging 298. Head-down tilt, which promotes 

gravitational blood flow diversion from the lower body to the head, is associate with 

increases intracranial pressure (ICP) 299–301. Simone et al. reported that 60 min of 15° 

head down tilt is effective in enhancing cerebral perfusion of acute ischemic stroke by 

laser Doppler measurement 300. However, the influence of head-down tilt on ICP and 

pial collaterals were not studied. This interplay between collateral enhancement and 

ICP induced failure is worth investigating in the future, particularly in the aged. 

 

Our data more clearly defined the effects of aging on the dynamics of collateral 

circulation. However, the mechanism behind the compensatory increase in flow 

velocity that is present in young adult rats and absent in aged rats is still undefined. 

Moreover, it is known that metabolic risk factors, like metabolic syndrome and 

hyperuricemia which can exacerbate endothelial dysfunction, contribute in poor 

leptomeningeal collateral status of patients with acute ischemic stroke 212,302. A 

metabolic syndrome rat model 303,304 or the hyperuricemic rat model 305,306 could be 
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used for in vivo pial collateral imaging in the future to better illuminate the relationship 

between collateral failure and risk factors beyond aging. 

 

Faber et al 18 postulated that endothelial dysfunction is associated with reduced cerebral 

native collaterals density in mice. Of interest, it would be important to determine the 

effect of endothelial dysfunction in regulating hemodynamic of pial collaterals post 

stroke. Future studies should also determine the degree to which age contributes to this 

dysfunction. After in vivo imaging, cerebral micro vessels could be isolated based on 

Youhai’s protocol 307 and the endothelial nitric oxide synthase (eNOS) and 

phosphorylated eNOS measured with western blots to study the aged related effect of 

eNOS signaling dysfunction in hemodynamic regulation of pial collaterals 308. 

 

6.3. Limitations and Future Directions of RIPerC Studies 

Our data demonstrated that RIPerC could prevent collapse of pial collateral, thus 

maintaining retrograde blood flow from ACA to distal MCA segments and reducing 

early ischemic damage after stroke. Including ours, most preclinical studies of RIPerC 

are performed invasively on rodent hind limbs via femoral artery ligation 135,138–

140,142,143,223,225,247–249, Conversely, clinical studies generally involve upper limb 

ischemia via inflation of a blood pressure cuff 144,152. However, a comparison of 

different methods and locations of peripheral ischemia has not been done. Nonetheless, 

to match clinical approaches, blood pressure cuff inflation/deflation on upper limbs 
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instead of invasive femoral artery ligation should be used in our future collateral flow 

studies to simulate clinical application. Moreover, there is currently no consensus about 

the most appropriate RIRerC protocol in either preclinical or clinical studies. The time 

of application of RIPerC, the ischemic duration in each cycle of RIPerC and the number 

of RIPerC cycles vary between different preclinical RIPerC published papers 135,138–

140,142,143,223,225,247–249. In order to have sufficient time allowing TPLSM imaging 

scanning and processing to quantify individual pial collateral during RIPerC, 15 min 

occlusion/reperfusion periods were used in our study. Such long duration of limb 

ischemia could increase risk of limb necrosis and may not be appropriate to apply on 

stroke patients. Four cycles of 5 min of ischemia followed by 5 min of reperfusion are 

commonly used in past and ongoing clinical randomized control studies 146,309. Refined 

imaging protocols and faster TPLSM imaging using technologies such as piezo-enabled 

objectives would potentially allow for replication of 5 min limb occlusion/reperfusion 

cycles to better evaluate their ability to prevent pail collateral collapse as described in 

Chapter 3 and Chapter 4.  

 

The underlying mechanisms and signaling pathway involved in pial collateral collapse 

prevention by RIPerC is unknown for both young adult and aged rats. It is well known 

that nitric oxide can regulate vasodilation by modulating vascular tone 250. Nitric oxide 

has been shown playing roles in remote ischemic conditioning protection of liver and 

cardio ischemia 251–253. Nitric oxide is unstable , therefore it is reserve and storage as 

nitrite and nitrate inside human bodies 254–256. In liver ischemia studies, Abu-Amara et 
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al. found that remote ischemic pre conditioning elevated nitrite and nitrate levels in the 

blood, enhanced liver microcirculation, and thus contributes to liver protection. Such 

protective effects are abolished with nitric oxide scavenger and disappeared in eNOS 

knockouts models 147,251,252. Rassaf et al 147,253 also reported in cardio ischemia  

protection study that mice treated with remote ischemic pre conditioning have elevated 

nitrite level not only in plasma but also in the heart. However, the remote ischemic pre 

conditioning induced cardio protection was lost in eNOS knockouts mice. Notably, 

since these nitric oxide data were based RIC initiated prior to ischemia (RIPreC) and 

investigated different target organ (liver, heart) protection, strong evidence to support 

the role of nitric oxide in RIPerC treatment induced pial collateral collapse prevention. 

Supporting evidence was found by Hoda et al 257, who observed that at the site of limb 

conditioning, the mRNA expression of endothelial nitric oxide synthase in the blood 

vessels had a 10 fold increase, leading to increased plasma nitric oxide 

concentration.Thus we hypothesize that nitric oxide likely plays a significant role in 

preventing collateral collapse during RIPerC. Further in vivo imaging experiments 

using NO scavengers and eNOS knockout mice will be pursued in future to investigate 

the role of nitric oxide in pial collateral collapse prevention by RIPerC.  

 

Last but not least, since RIPerC works immediately in preventing pial collateral 

collapse and is easy to be applied to stroke patients during transportation, it was then 

take into consideration that whether RIPerC could serve as synergetic therapy to keep 

more penumbra alive before recanalization therapy. The recently published 
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DAWN and DEFUSE 3 trials reported significant benefit of endovascular treatment in 

ischemic stroke patients last known to be normal 6 to 24 hours (DAWN) and 6 to 16 

hours (DEFUSE 3) before medical intervention 31,32. Therefore, more and more patients 

will have chance for recanalization therapy. However, only comprehensive stroke 

center have DSA available for endovascular treatment, thus therapeutic treatments like 

RIPerC which emphasize freezing the penumbra during patient transportation are 

essential to be studied. Future in vivo pial collaterals imaging studies of RIPerC should 

incorporate a transient model of MCAo to model stroke with recanalization. 

Intraluminal filament middle cerebral artery occlusion (MCAO) stroke model 310,311 

may be a good choice since it allows recanalization by filament withdrawn to mimic 

human stroke cases which have endovascular treatment. 

 

6.4. Limitations and Future Directions of Milrinone Experiments 

We found that milrinone increases collateral flow acutely post stroke in the dMCAo 

model, and that improved flow persisted after milrinone infusion ended. However, no 

dose response was observed, indicating that we may not have identified the optimal 

drug dose. The drug dose used in our study (3,6,12 ug/kg/min) were derived from 

Drexler and Iida' research 276,277. Both Drexler and Iida studied the effect of milrinone 

on cerebral blood flow on healthy non-ischemic animals (rats and rabbits). Drexler et 

al. showed that15min of 3ug/kg/min and 6ug/kg/min could get cerebral blood flow 

enhancement relative to before infusion by 25% and 40%, respectively 276. Iida et al. 

observed dose dependent effects of intravenous milrinone (0.5, 5, 20ug/kg/min for 
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30min each) on dilation of pial arterioles 277. The pathophysiological difference 

between ischemic stroke and normal cerebral tissue may account for the lack of 

apparent dose effect, and an increased range could be studied in future experiments. 

Early milrinone infusion may be useful to serve as conjunctive therapy to maintain 

cerebral blood flow and improve cerebral perfusion before and during thrombolytic or 

endovascular treatment. To address this, future studies of early milrinone infusion 

should use transient model of MCAo to simulate stroke with recanalization. Secondly, 

milrinone infusion is simple to administer and could be performed during ambulance 

transportation after stroke onset. However, the symptoms of ischemic and hemorrhagic 

stroke are similar and the early diagnosis of ischemic vs. hemorrhagic stroke is difficult 

before imaging. It is important to determine if milrinone has any detrimental effects in 

intracerebral hemorrhagic stroke in the future. 

 

Limited by the large sample requirement due to high infarct size variability, we did not 

acquire convincing proof that validates neuroprotection due to sustained milrinone 

treatment. More rats could be used in the future to determine the protective benefit (or 

lack thereof) of sustained milrinone administration. Additionally, determination of 

plasma concentration during sustained treatment is important, and High Performance 

Liquid Chromatography (HPLC) could be used to evaluate plasma milrinone 

concentration during subcutaneous milrinone administration by Alzet osmotic mini 

pump. Additional assessment of cerebral blood flow of stroke rats during sustained 

treatment is another important experimental addition. Functional assessments should 
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also be used to evaluate the influence of blood flow enhancement by milrinone on 

ischemic stroke rats' functional outcome. 

 

Milrinone is the first PDE inhibitors we selected to study as a collateral therapeutic. 

Many other related PDE inhibitors (e.g. cilostazol and ibudilast) are also available and 

can be explored for future study. Cilostazol is also a selective PDE3 inhibitor. It has 

been FDA approved for relieving symptoms of intermittent claudication, a peripheral 

arterial disease caused by obstruction of lower extremity arteries that reduces arterial 

flow during exercise and/or at rest 312. Studies of cilostazol demonstrated that it cannot 

only increase cerebral blood flow after SAH, but also reduce incidence of secondary 

stroke by inhibiting platelet aggregation 292,313,314. Ibudilast is a non-selective PDE4 

inhibitor with additional selectivity for PDE3 315,316. PDE4 exhibited anti-inflammatory 

actions on immune cells 317. Ibudilast may therefore augment collateral blood flow 

(PDE3 inhibition) while reducing inflammation (PDE4 inhibition) in ischemic tissue. 

Therefore, cilostazol and ibudilast are worth for study as acute collateral therapeutics 

315,317.  

 

Finally, only a single time point of treatment was explored (milrinone treatment started 

at 1hour post stroke), so the determination of a therapeutic window remains to be 

performed. Notably, the collapse of collaterals later after ischemic onset might suggest 
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that a greater improvement might be observed with later administration. Further study 

will address the appropriate therapeutic window for milrinone infusion.  

 

6.5. Conclusion  

Preclinical in vivo imaging with LSCI and TPLSM is a powerful combination of 

imaging modalities that allow a researcher to directly study hemodynamic and 

compensatory aspects of cerebral pial collateral circulation during acute ischemic 

stroke. Our data show novel dynamics of collateral collapse in the aged and provide 

support for a pair of therapeutic interventions to modulate collateral flow. New 

therapeutic strategies like RIPerC and milrinone have potential to be an adjunctive 

therapy to spare functionally intact brain tissues before thrombolysis and thrombectomy.  
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