
HYPOXIC/ AGL YCEMIC STRESS ALTERS BLOOD-BRAIN BARRIER 

TRANSPORT SYSTEMS 

by 

Sharon Hom 

A Thesis Submitted to the Faculty of the 

COMMITTEE ON PHARMACOLOGY AND TOXICOLOGY (GRADUATE) 

In Partial Fulfillment of the Requirements 

For the Degree of 

MASTER OF SCIENCE 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

1999 



2 

STATEMENT BY AUTHOR 

This thesis has been submitted in partial fulfillment of requirements for an 
advanced degree at The University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library. 

Brief quotations from this thesis are allowable without special permission, 
provided that accurate acknowledgment of source is made. Requests for 
permission for extended quotation from or reproduction of this manuscript in 
whole or in part may be granted by the head of the major department or the 
Dean of the Graduate College when in his or her judgment the proposed use of 
the material is in the interests of scholarship. In all other instances, however, 
permission must be obtained from the author. 

SIGNED:------~---- ---"'"·-<_~_· _--___ _ 

APPROVAL BY THESIS DIRECTOR 

This thesis has been approved on the date shown below: 

Thomas P. Davis 
Professor of Pharmacology 

11- 9-?z 
Date 



3 

ACKNOWLEDGEMENTS 

I would like to take this opportunity to express my sincere gratitude to my 

thesis advisor, Dr. Thomas P. Davis. One of his greatest strengths lies in his 
ability to mentor students to help them reach their professional and educational 
goals. I have learned many great lessons from him throughout these years. As I · 

venture into new settings, I will always admire his "knack" for saying it like it is. 

Thank you for your vision, your spirit, and indispensable humor. 

In addition, I would like to thank the members of my committee, Dr. 

Douglas F. Larson and Dr. Gulshan K. Sethi. Dr. Larson is the Perfusion Sciences 

Program Director that I have been fortunate to collaborate with over the last two 

years. He has been instrumental in my education as a perfusionist and has 

provided sound advice as I develop and refine my skills as a clinician. I value 

his professionalism and tremendous enthusiasm as I pursue my educational 
goals. In addition, I would like to thank Dr. Gulshan K. Sethi for his continued 

support and advice towards the completion of my research project and also for 

his patience as we collaborate together in the operating room. At this time, I 

would like to extend a special thank you to Dr. Paul McDonagh and Grace 

Gorman for allowing me to use their laboratory equipment to complete a small 

portion of my project. 

My graduate project would not have been complete without the incredible 
enthusiasm, professionalism, and patience of my mentors, Dr. Richard D. 

Egleton and Dr. Thomas J. Abbruscato, for whom I am deeply indebted to. No 
words can adequately express my gratitude for their constructive advice and 

amazing sense of humor as I approached the final stages of my project. I must 

also mention that my research experience would not have been complete if it had 

not been for my peers in graduate school: Ken Witt, Vincent Hau, and Brian 

Hawkins. Other key laboratory personnel include the following: Terry Gillespie, 
Jason Huber, Ph.D., Katy Venisnik, Chris Campos, and Ruth Daniels. You were 
all incredible to work with and I feel honored to have been part of such a 
talented group/family. 

Finally, I would like to recognize members of my family: Carlsen and 

Na~cy Hom (my parents), Tommy, Helen and Jordan Gee, Rod, Kristy and Alan 

Hom, and Warren Chue for their continued love and support. You have all been 

instrumental in every stage of my life and I thank you for sharing my vision and 

for educating me in a way that no textbook can. 



4 

TABLE OF CONTENTS 

1. LIST OF FIGURES ........................................................................ 7 
2. LIST OF TABLES .......................................................................... 8 
3. ABSTRACT ................................................................................. 9 

4. INTRODUCTION .....•.................................................................. 10 
4.1. BACKGROUND ................................................................ 10 

4.1.1. Clinical situations affected by stroke ............................ 10 
· 4.1.1.1. Cardiopulmonary bypass .......................... ..... 10 
4.1.1.2. Diabetes .................................................. ... 12 
4.1.1.3. Pharmacologic modulations for stroke 

disorders ... ..... ; ........................................... 13 
4.1.2. Physiology of the blood-brain barrier ................. ·~· ....... 16 

4.1.2.1. History of the blood-brain barrier ............... .... 16 
4.1.2.2. Anatomic site of the blood-brain barrier ...... ..... 17 
4.1.2.3. Special anatomical and physiological features 

of the blood-brain barrier ......................... ...... 19 
4.1.2.3.1. Tight junctions ................................. ... 19 
4.1.2.3.2. Astrocytes ... ....................................... 23 

4.1.2.3.3. Enzyme systems ... ........................... ...... 24 

4.1.2.4. Transport systems at the site of the blood-brain 
barrier ........................................................ 25 

4.1.2.4.1. Amino acid transport.. ....................... ..... 28 

4.1.2.4.2. Ion transport ... .. ............................... ... 28 

4.1.2.4.3. ATPase activihJ in transport .. ............. ...... 29 
4.1 .2.4.4. Glucose transport ........................... ....... 30 

4.1.2.4.5. Receptor-mediated transport .................. .... 33 

4.1.2.4.6. Efflux system transport.. ..................... .... 35 

4.1.2.5. Cerebrospinal fluid (CSF) . .............................. 36 
4.1.3. Disease states of the blood-brain barrier ..... ~ ................. 37 

4.1.3.1. Examples of disease states that affect the BBB ... 37 
4.1.3.2. Ischemic brain injury in stroke 

pathophysiology .......................................... 38 
4.1.3.2.1. Hypoxia and the BBB ........................... .. 38 
4.1.3.2.2. Alterations in glucose and potassium 

transport .......................................... .. 40 
4.1.4. Previous in vitro and in vivo studies ......................... ... 43 

4.2. PROPOSAL AND SPECIFIC AIMS ....................................... 48 
4.2.1. Major study proposal ................................................ 48 
4.2.2. Minor study aims ...................................................... 49 



5 

TABLE OF CONTENTS - Continued 

5. PRESENT STUDY ......................................................................... 50 
5.1 MATERIALS AND METHODS ........................................... 50 

5.1.1. In situ brain perfusion studies ..................................... 50 
5.1.2. Capillary depletion ................................................... 52 
5.1.3. Iodination of insulin ........•........................................ 53 
5.1.4. Blood gas analysis ..................................................... 53 
5.1.5. Study design ............................................................ 54 

5.1.5.1. Effect of reducing flow on BBB penneability 
to sucrose ................................................ ... 54 

5.1.5.2. Effect of reducing flow by altering oxygen 
and glucose on BBB penneability to sucrose ....... 55 

5.1.5.3. Effect of reduced flow coupled to altered states 
of oxygenation and glucose on insulin uptake ... .55 

5.1.5.4. Effect of reduced flow coupled to altered states 
of oxygenation and glucose on potassium ion 
transport ... ................................................. 56 

5.1.6. Expression of results .................................................. 56 
5.1.7. Statistical methods .................................................... 57 

5.2 RES UL TS ......................................................................... 58 
5.2.1 Effect of perfusion flow rates on BBB permeability ......... 58 

5.2.1.1. [1 4C]sucrose studies ................................. ..... .59 
5.2.1.2. Iodination of insulin ................................. ... 61 
5.2.1.3. [125I]insulin studies ................................. ...... 63 
5.2.1.4. [86]rubidium studies ................................. ..... 66 

5.2.2 Blood gas analysis ..................................................... 70 
5.2.3. Effect of hypoxiafaglycemia coupled with reduced flow 

on BBB permeability and transport systems .................. 71 
5.2.3.1. [1 4C]sucrose studies at half flow rates ......... ...... 71 
5.2.3.2. [14C]sucrose studies at quarter flow rates ...... .... 75 
5.2.3.3. [125I]insulin studies at half/quarter flow rates .... 78 
5.2.3.4. [86]rubidium studies at half/quarter flow rates ... 79 

5.3. DISCUSSION ................................................................... 84 
5.3.1. Model design and significance .................................... 84 

5.3.1.1. Investigation of specific transport systems ... .... 86 
5.3.2. In situ brain perfusion studies .................................... 87 

5.3.2.1. Effect of reduced flow on BBB penneability ....... 89 
5.3.2.2. Effect of hypoxia/aglycemia on BBB transport 

systems ...................................................... 92 



6 

TABLE OF CONTENTS - Continued 

5.3.3. Capillary depletion analysis ...................................... 102 
5.3.4. Schematic summary of BBB transport systems .............. 108 

5.4. CONCLUSION ................................................................ 110 

6. REFERENCES ........................................................................... 112 



7 

LIST OF FIGURES 

1. Morphology of the brain microvascular vessel. .................................. 22 
2. Transport systems at the cerebral capillary endothelium ...................... 27 
3. Utilization of glucose in brain endothelial cells .................................. 32 
4. Effect of flow on BBB permeability to [14C]sucrose .............................. 60 
5. HPLC chromatogram for the iodination of insulin .............................. 62 
6. Effect of flow on BBB permeability to [125I]insulin .............................. 64 
7. Capillary depletion analysis of the effect of flow on BBB permeability 

to [125I]insulin ............................................................................. 65 
8. Effect of flow on BBB permeability to [86]rubidium ............................. 68 
9. Capillary depletion analysis of the effect of flow on BBB permeability 

to [86]rubidium ........................................................................... 69 
10. Effect of hypoxia/ aglycemia coupled with half flow perfusion on . 

BBB permeability to [14C]sucrose .................................................... 73 
11. Capillary depletion analysis of [14C]sucrose during half flow perfusion ... 74 
12. Effect of hypoxia/ aglycemia coupled with quarter flow perfusion 

on BBB permeability to (14C]sucrose ................................................ 77 
13. Effect of hypoxia/ aglycemia coupled with reduced flow on BBB 

permeability to (86]rubidium .......................................................... 82 
14. Summary of glucose utilization in cerebral endothelial cells under 

hypoxic/ aglycemic stress .............................................................. 97 
15. Schematic diagram summarizing the effects of reduced flow, 

hypoxia/ aglycemia on BBB transport systems ................................. 109 



8 

LIST OF TABLES 

1. Blood gas analysis of normoxic/hypoxic artificial mammalian Ringer's 

solution ....................................... . ....... . . .... ... .... .......... . ... .. ......... 70 

2. Capillary depletion analysis of the effect of hypoxia/ aglycemia 

coupled with reduced flow on BBB permeability to [86]rubidium ....... . ... 83 



9 

ABSTRACT 

Increased cerebrovascular permeability is an important factor responsible 

for the development of ischemic brain injury and edema formation associated 

with stroke pathophysiology. Extensive studies of stroke research have centered 

primarily on the response of neurons and astrocytes to hypoxic or ischemic 

insult. The response of cerebral capillary endothelial cells to hypoxia is not well 

understood. Damage to the blood-brain barrier (BBB) induced by 

hypoxia/ aglycemia may influence BBB permeability and transport mechanisms, 

thereby contributing to the development and severity of stroke. The 

development of a low flow in situ brain perfusion model was used in this study 

to illustrate the effect of ischemia/hypoperfusion coupled with hypoxia and 

aglycemia on BBB transport mechanisms. Three transport markers were used in 

various combinations of low flow, hypoxia, and aglycemia to characterize BBB 

transport mechanisms. The results of this study suggest BBB basal permeability 

is not com promised during low flow perfusion, however in the presence of 

hypoxia/ aglycemia, a significant change in BBB permeability is observed among 

the three transport markers. Thus, the effects of ischemia as produced by low 

flow, hypoxia, and aglycemia alter BBB permeability due to the probable 

impaired action of many transport systems under these adverse conditions. 
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4. INTRODUCTION 

4.1. BACKGROUND 

4.1.1. Clinical situations affected by stroke 

Stroke is a leading cause of death and disability worldwide. There are 

two general forms of stroke: hemorrhagic a term that is defined as bleeding into 

the parenchyma or subarachnoid space or thromboembolytic, also known as an 

inadequate supply of blood to the tissue as a result of a blood clot. Previous 

studies (Hatashita and Hoff, 1990) have shown that cerebrovascular injury is 

caused by a reduction of blood flow to the brain (i.e. ischemia). Furthermore, 

ischemic injury can lead to severe brain edema and inflammation and may result 

in poor clinical outcomes during stroke recovery. 

4.1.1.1. Cardiopulmonary bypass 

Embolism has frequently been recognized as a cause for brain infarction 

leading to the development of stroke. Ischemic infarction occurs through a 

variety of mechanisms, some of which include: systemic hypoperfusion, 

athersclerotic thrombosis, and several cardiac sources of brain embolism (Castillo 

and Bogousslavsky, 1997). More specifically, cardiac disorders associated with 

embolic stroke may often result from complications related to common 

abnormalities such as arrhythmias, coronary artery disease (CAD), valvular 

diseases and others. These cardiac disease states are usually repaired surgically 

which requires the use of cardiopulmonary bypass (CPB). CPB is used to 
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effectively provide extracorporeal circulatory support to the patient while the 

surgical repair is completed. 

CPB is a useful technique that requires careful monitoring of cerebral and 

systemic circulatory hemodynamic parameters. Several techniques are 

employed during CPB to optimize the control of circulatory hemodynamics. 

Some of these techniques include: blood gas analysis, electrolyte and fluid 

balance, flow and pressure control, and the maintenance of anticoagulants to 

properly condition the blood for perfusion of the body during CPB. When 

combined, these diagnostic tools provide an effective alternative to supporting 

the circulation of a patient during invasive cardiothoracic procedures. 

One of the primary objectives of CPB is to preserve neurologic function by 

attempting to manually replicate and regulate cellular homeostasis just as the 

body would naturally. If CPB is poorly managed, the consequence may result in 

alterations of endothelial cell transport systems at the blood-brain barrier (BBB) 

or the development of stroke. Although cerebral blood flow (CBF) is 

autoregulated, studies have shown that systemic hypoperfusion is linked to the 

development of brain damage (Bernat, 1997). For this reason, the model used i!l 

this project study is of clinical importance in the understanding of stroke 

pathophysiology. By investigating the effect of low flow perfusion on BBB 

permeability characteristics using an adaptation of the in situ brain perfusion 

technique, this information may lead researchers to delineate exactly how 
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transport systems are affected to enhance and develop new treatment strategies 

for cerebrovascular ischemic injury. 

4.1.1.2. Diabetes 

Interestingly, in diabetic patients undergoing invasive cardiac surgery, 

CBF is not autoregulated and the concerns related to the management of CPB 

must be carefully evaluated (Pallas and Larson, 1996). In diabetics, it has been 

shown that the vasculature is impaired by thickened capillary basement 

membranes and endothelial cell hyperplasia which is primarily attributed to the 

chronic effect of hyperglycemia (Sank et al., 1994). These structural alterations 

may impair the autoregulatory function of the cerebral microvasculature. Thus, 

to maintain adequate CBF in the diabetic, higher perfusion flow rates may be 

required to avoid increased risk for cerebral ischemia associated with 

hypoperfusion or hypotension because CBF becomes a pressure-dependent 

phenomenon once CPB is initiated (Pallas and Larson, 1996;Schell et al., 1993). 

The brain is metabolically dependent on a continuous supply of glucose 

and oxygen to maintain adequate CBF. Previous research indicates that hypoxia 

has a profound effect on cerebral capillary endothelial cells at the BBB, thereby 

altering BBB permeability. Proposed in our study is the possibility of influencing 

various transport mechanisms, some which may be related to the transport and 

metabolism of glucose at the BBB. An interesting conclusion was observed in a 

recent study of the effect of hyperinsulinemia on glucose BBB transport 
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mechanisms. The investigators reported no net effect in both BBB glucose 

transport and cerebral glucose metabolism on a study of sixteen human patients 

(Hasselbalch et al., 1999). However, when compared to the results found in our 

study on the effect of insulin on rat BBB permeability, a significant change was 

observed during low flow perfusion, despite the presence of normoxia/ glycemia. 

Perhaps this difference may be related to the presence of low flow perfusion and 

various combinations of hypoxia/ aglycemia in our model as compared to the 

results of the study performed by Hasselbalch et al (1999). It is likely that the lack 

of effect on glucose transport or metabolism in the presence of hyperinsulinemia 

was confined within strict guidelines established under the normal physiologic 

guidelines defined by that group. Because our study was modeled under the 

influence of abnormal physiologic conditions (ie. hypoxia/ aglycemia and 

reduced flow rates), a significant change in permeability was observed 

suggesting that the role of glucose transport and metabolism at the BBB is quite 

complex and future studies are needed. 

4.1.1.3. Phannacologic modulations for stroke disorders 

Several pharmacologic modulatory agents are used in the clinical 

treatment of stroke-related disorders. Before these treatment options are 

employed, the results of baseline diagnostic and neurologic evaluations are 

required to confirm the diagnosis, and suggest the likely etiology, in addition to 

identifying other medical conditions that may contribute to the signs and 
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symptoms presented by the patient (Kwiatkowski and Libman, 1997). Examples 

of common therapeutic modalities that are used in the treatment of stroke 

include the following: oxygen supplementation, intravenous fluids, blood 

pressure management, blood glucose control, seizure management, treatment of 

increased intracranial pressure, the use of anticoagulants and antiplatelet agents, 

and the indications of neurosurgical intervention. 

Hyperosmolar agents have shown some therapeutic benefit in treating 

brain edema and intracranial pressure in acute stroke patients. Intravenous 

administration of mannitol has been shown to reduce brain edema and 

intracranial pressure by increasing cerebral perfusion among patients with 

cerebral infarction and hemorrhage (Goluboff et al., 1964). In addition, other 

hyperosmolar agents that are used in stroke treatment include the following: 

hypertonic glucose, sucrose, urea and glycerol. These induced osmolar gradients 

produce a shift in water from brain to capillary venous blood, thus a reduction in 

brain volume and reduced intracranial pressures are observed. 

There are many anticoagulants and antiplatelet therapeutic agents 

commonly used to treat the symptoms of stroke and prevent future recurrences. 

Aspirin is the most widely prescribed antiplatelet agent and it irreversibly 

inhibits platelet aggregation by blocking the action of platelet cyclooxygenase, 

thereby preventing the conversion of arachidonic acid to thromboxane A2 

(Helgason, 1997). Ticlopidine is also used as another alternative to aspirin, 
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however it acts by altering Von Willenbrand's factor binding and ADP mediated 

platelet aggregation instead of via the cyclooxygenase pathway. Furthermore, 

heparin has been shown to be an effective anticoagulant in the treatment of acute 

stroke disorders, while warfarin is generally used prophalactically for primary 

occlusive cerebrovascular disease (Jonas, 1988). 

In summary, the clinical implications of stroke treatment and prevention 

are often controversial and therapeutic strategies are generally tailored to the 

individual. The surgical repair of cardiac abnormalities to prevent stroke-

related embolism requires the use of CPB. In our study, BBB basal permeability 

is not significantly effected with low flow perfusion. In addition, our work with 

transport systems at. the BBB indicates that as long as circulatory hemodynamic 

parameters are critically monitored, the lower flow rates do not appear to affect 

BBB integrity. However in the clinical setting, the incidence of using low flow 

rates during CPB has shown promising post-operative recovery periods that are. 

brief with fewer neurologic side effects as previously observed with higher 

perfusion flow rates, just as long as hemodynamic management is strictly 

maintained. Furthermore, clinical procedures utilizing CPB routinely 

incorporate a brief period of moderate hypothermia as a protective measure to 

accommodate the shift in perfusion flow rates and to preserve neurologic and 

cellular function. Therefore, the clinical scenarios outlined above establish the 

need for developing new techniques to model ischemia at the cerebral 
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microvasculature and the importance of how these methodologies will serve to 

characterize the role of transport systems at BBB endothelial cells for future 

studies. 

4.1.2 Physiology of the blood-brain barrier 

4.1.2.1. History of the blood-brain barrier 

The human body and other complex organisms are maintained by a 

constant internal milieu termed homeostasis. Homeostasis is most important for 

the brain due to the presence of hormones, amino acids, and ions in the blood 

that undergo frequent fluctuations in response to exercise or after meals. The 

brain must be kept isolated from these transient changes in the blood, because 

some hormones and amino acids serve as neurotransmitters that may influence 

the signal transduction pathway of nerve cells and cause uncontrollable nervous 

activity. A unique matrix/network of capillaries is responsible for supplying 

blood to the tissue of the brain by forming a protective wall to prevent harmful 

substances from entering the brain. These capillaries enable the brain to be fairly 

isolated from other tissues, yet essential nutrients are allowed to traverse into the 

brain for with the assistance of specific transport systems. This uninterrupted 

network of capillaries provides the basis of the blood-brain barrier (BBB) 

(Goldstein and Betz, 1986). 
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The BBB was initially conceived in 1885 by the German bacteriologist, 

Paul Ehrlich, who administered dyes intravenously into small animals and 

observed that all organs except the brain were stained. Ehrlich concluded that 

the brain must have a "lower affinity" for the dye than the other tissues (Ehrlich, 

1885). In 1909, Ehrlich's student, Edwin E. Goldmann, proved his mentor wrong 

by intravenously injecting trypan blue dye into the animal and found profuse 

peripheral tissue staining but no staining of the brain. Goldmann also injected 

trypan blue directly into the cerebrospinal fluid (CSF) of rabbits and dogs and 

found that the dye easily stained the entire brain but did not enter the 

bloodstream to stain the other systemic organs (Goldmann, 1909). Therefore, 

these observations enabled Goldmann to postulate that a barrier must separate 

the central nervous system (CNS) from the blood (Goldmann, 1913). 

4.1.2.2. Anatomic site of the blood-brain barrier 

Confirmation of the anatomical existence of the barrier was delayed until 

a method was developed to examine the physical structure of blood vessels. 

Developed in the 1950' s, the electron microscope provided a more detailed 

portrait of the anatomy of the BBB by revealing endothelial cells that formed the 

tube of the BBB capillary. These endothelial cells were joined together forming 

continuous, high resistance tight junctions (as reviewed by Goldstein and Betz, 

1986). 
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In the brain, the capillaries are virtually surrounded by long, slender 

extensions of glial cells known as astrocytes. Early investigators believed that 

the astrocytes were responsible for the unique characteristic of the BBB. It is now 

known that astrocytes do not form the BBB but may have a role in its 

maintenance. 

To determine whether the astrocytic end feet or the capillary endothelium 

comprise the BBB, investigators employed the use of tracer molecules to visualize 

the BBB using modem techniques. In 1967, using electron microscopy, Thomas 

S. Reese and Morris J. Kamovsky used the tracer enzyme horseradish 

peroxidase to model the earlier work using trypan blue dye. The horseradish 

peroxidase penetrated the fenestrated capillary wall of most peripheral organs 

through gaps between endothelial cells or entered cells via channels or 

pinocytotic vessicles. However, their findings demonstrated that the tight 

junctions between the endothelial cells of the cerebral capillary endothelium 

blocked the entry of horseradish peroxidase into the brain and minimal protein 

was taken into the cell by vessicular transport (Reese and Karnovsky, 1967). 

In 1969, Reese collaborated with Milton W. Brightman and later expanded 

on that study by again injecting horseradish peroxidase into one of the cerebral 

ventricles. They found that the peroxidase permeated the CSF in the ventricle 

and traversed into the extracellular space of the brain and was blocked from 

escape by the tightly joined endothelial cells. They concluded that the astrocytes 
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did not serve as a barrier to the outward movement of protein, but that the 

endothelium was the anatomic site of the BBB (Figure 1) (Brightman and Reese, 

1969). 

4.1.2.3. Special anatomical and physiological features of the BBB 

The BBB displays several unique features that characterize and distinguish 

cerebral capillary endothelial cells from other capillary endothelial cells found 

throughout the rest of the body. Cerebral capillary endothelial cells form the 

tube of the capillary at the basement membrane where the outer leaflets of the 

adjoining cells . are physically joined, thus creating a continuous tight junction. 

These tight junctions are connected to adjacent cells to form a continuous blood 

vessel. Uninterrupted belts of tight junctions, known as zonulae occludens (ZO), 

form rows of extensive overlapping occlusions that prevent solutes from entering 

the cell intracellularly (Brightman and Reese, 1969). In contrast, non-cerebral 

capillary endothelial cells contain cellular junctions that are not circumferential 

and allow for freely moving paracellular transport of some large molecular 

weight compounds (Pappenheimer et al., 1951). 

4.1.2.3.1. Tight junctions 

The tight junctions found in the cerebral capillary are also responsible for 

high measurements of electrical resistance observed across the cerebral 

endothelium. Electrical resistance can be used to measure the physical 

nature/ integrity of the BBB by examining cellular and paracellular ionic 



20 

permeability. The transendothelial electrical resistance (TEER) is used to 

determine endothelial cell viability and the degree of tight junction formation. 

The TEER values for tight junctions at the cerebral endothelium have been 

reported at 1500-2000 ohms.cm2 respectively (Butt et al., 1990;Crone and Olesen, 

1982;Jones et al., 1992). In contrast, the electrical resistance values in non-cerebral 

endothelial capillaries such as mesenteric capillaries are considerably lower in 

value (1 to 2 ohms.cm2) (Crone and Christensen, 1981). These values are 

indicative of the effectiveness in tight junction formation at the site of the BBB 

when compared to other capillary endothelium sites. 

A number of tight junctional associated proteins have been identified in 

brain endothelial cells. These proteins form a selectively permeable barrier used 

to regulate the paracellular pathway in some endothelial cells. Occludin, an 

integral membrane protein (65 kDa), is a molecular component of the tight 

junction that serves to bring the opposed membrane leaflets into close contact 

(Gumbinger, 1993). Occludin is an important component in tight junction 

formation since it has been shown to be present in high levels at cell-cell contacts 

in brain endothelial cells. However, occludin expression in non-cerebral 

endothelial cells is considerably lower. The cytoplasmic protein, Z0-1 (zonula 

occludens-1), . has been identified to interact with occludin in many cell types 

(Stevenson et al., 1986). This protein has been identified at the endothelium 

(Watson et al., 1991), the choroid plexus (Dermietzel and Krause, 1991), and 
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astrocytes (Howarth et al., 1992). These tight junction associated proteins, along 

with vinculin, a protein that anchors F-actin to the plasma membrane of 

endothelial cells are capable of loss or redistribution under circumstances where 

the BBB is compromised as shown by neutrophil induction studies (Bolton et al., 

1998). 
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Lumen of 
blood vessel 
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Figure 1. Morphology of the brain microvascular vessel. 
A cross-sectional view of the basic morphology of the brain microvascular vessel. 
The cerebral endothelial cells lie on a basement membrane in a continuous 
manner forming tight junctions. Astrocytic end feet surround the capillary wall 
forming the basis of the BBB. 
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The formation of tight junctions is believed to be a secondary response to 

the primary interaction of cell adhesion protein molecules (CAMs) such as 

cadherins. Cadherins are an integral component in tight junction formation, 

maintenance, and regulation by adhesion through homophilic interactions (Lutz 

and Siahaan, 1997). Specifically, E-cadherin is a type of glycoprotein that has 

been shown to participate in the Ca2+ _dependent cell-cell adhesion mechanism 

and is critical for the maintenance of BBB integrity (Hirano et al., 1987;Pal et al., 

1997). Recent studies have demonstrated the involvement of Z0-1 in the 

cadherin-based cell adhesion system when directly bound to a-catenin and actin 

filaments (Itoh et al., 1997). 

4.1.2.3.2. · Astrocytes 

Another featured cell type that is believed to play an important role in 

maintenance and function of the BBB are astrocytes. In close proximity to the 

cerebral endothelium are the astrocytic end feet which form a sheath around 

brain endothelial cells to assist in maintaining BBB differentiation (Brightman, 

1992;Egleton and Davis, 1997). Astrocytes may play a role in secreting soluble 

factors that contribute to unique morphological properties of the BBB in 

endothelial cells (Janzer and Raff, 1987). The capillary endothelium also contains 

periendothelial accessory structures closely associated with the cerebral 

microvascular that include the astrocytic end feet, phagocytic pericytes, and the 

endothelial basement membrane (Figure 1). Present in the basement membrane 
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that encloses the capillary wall is a discontinuous layer of pericytes. The true 

function of pericytes remains unclear, however studies indicate the presence of 

lysosomal bodies in pericytes suggesting they may play a phagocytic role 

(Coomber and Stewart, 1985). Pericytes may also serve to prevent 

macromolecules from entering into the brain. 

Several studies performed in vitro demonstrate the importance of 

astrocytic influence in the maintenance of tight junctions. In astrocyte co-culture 

or the addition of astrocyte conditioned media, an increase in BBB marker 

expression with an upregulation of y-GTP (Maxwell et al., 1987) and Na+ /K+ 

ATPase (Beck et al., 1986) was found, consequently leading to a redifferentiation 

of endothelial cells. In vitro evidence of the tight junctions of the endothelial cell 

monolayer are enhanced by astrocytes on co-culture (Tao-Cheng et al., 1987) or 

with astrocyte conditioned media (Arthur et al., 1987). When compared to 

isolated endothelial cells grown in vitro, these findings show a redistribution of 

actin filaments to the tight junctions and increased transendothelial resistance. 

4.1.2.3.3. Enzyme systems 

Several enzyme systems have been identified in the brain endothelium 

distinguishing these cells from non-cerebral endothelial cells. The endothelial 

cells of the BBB act as an enzymatic barrier and have been shown to express a 

number of cytosolic and membrane associated enzymes (Brownson et al., 1994). 

These enzymes are capable of metabolizing many neurotransmitters or 
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neuromodulators, some of which may inhibit or complicate the transport of 

neuroprotective drugs into the brain. Many of these enzymes metabolize blood

borne solutes that include monoamines, amino acids, and peptides (Brownlees 

and Williams, 1993;Banks et al., 1992). Knowledge of certain enzyme systems, 

particularly peptidase activity at the BBB, is still evolving though much of the 

work on peptidase function has displayed degradative activity in a wide array of 

peptides. The role of peptidases may soon be defined as any of the following: as 

a selectively permeable enzymatic barrier, a modulator of peptides on local blood 

flow, or it may serve to facilitate peptide metabolism at the site of the cerebral 

vasculature (Brownlees and Williams, 1993). Therefore, a thorough 

understanding of the peptidase content of the cerebral microvasculature is 

needed to design stable neuroactive peptide analogues or prodrugs for improved 

delivery into the brain. 

4.1.2.4. Transport systems at the site of the blood-brain barrier 

The BBB has been shown to be very selective with the types of solutes that 

are allowed to access the brain. A number of mechanisms are used to selectively 

transport solutes into the brain by both saturable and non-saturable mechanisms 

(Zlokovic, 1995;Pardridge, 1995;Banks and Kastin, 1996;Egleton and Davis, 

1997;Abbruscato et al., 1997). There are several general mechanisms by which 

solutes can be transported across the BBB, including diffusion, carrier-mediated 
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transport, facilitative sugar transport, and by various forms of transcytosis 

(Figure 2). 

Diffusion of molecules across the BBB is divided into paracellular and 

transcellular diffusion. Paracellular diffusion is the diffusion of molecules 

between the gaps where endothelial cells join. Transcelluar diffusion is the 

diffusion of molecules directly across the cellular membrane of the endothelium. 

Both of these diffusion mechanisms are non-competitive and non-saturable. In 

the BBB, the presence of tight junctions markedly reduces the extent of which 

solutes are transported by paracellular diffusion (Brightman, 1992). 

Lipophilicity and hydrogen bonding potential has been shown to influence the 

diffusion of a particular solute across the BBB (Egleton and Davis, 1997). Thus, 

researchers believe these factors enable solutes to transcellularly diffuse across 

the BBB based on physicochemical characteristics (Banks and Kastin, 1985). 

Carrier-mediated transport is another mechanism that involves the. 

interaction of a substance with a transporter on the surface of the endothelial cell 

membrane. This type of transport is further divided into a number of different 

mechanisms based on energy requirements and whether the co-transport of 

another substance is necessary, either in the same direction (symport) or in the 

opposite direction (anti.port). At the BBB, amino acid transport is assigned to 

one of three carrier-mediated processes (Oldendorf and Szabo, 1976). 
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Solute transport across the BBB is achieved by a variety of mechanisms. These 
transport systems include the following: carrier-mediated transport, facilitative 
sugar transport, transcytosis, or diffusion. 
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4.1.2.4.1. Amino acid transport 

The three carrier-mediated processes for amino acid transport are the 

leucine (L-) system, the alanine-serine-cysteine (ASC-) system, and the alanine 

(A-) system. The L-system transports large neutral amino acids, such as 

phenylalanine and tyrosine, and is an energy independent carrier that transports 

from the blood-to the-brain (influx pump). In contrast, the ASC-system is an 

energy and sodium (Na+) dependent carrier that serves to transport threonine, 

serine, cysteine, alanine and asparagine (Betz and Goldstein, 1978). The A

system is sodium (Na+) dependent and is involved in transporting small neutral 

amino acids such as glycine. This system is thought to be involved in brain-to

blood transport (efflux pump) (Christensen et al., 1967;Egleton and Davis, 1997). 

These systems which involve actively transported amino acids, are usually 

energy dependent and are linked with the active transport of sodium, suggesting 

the importance of the electrolyte as part of a co-transport system. 

4.1.2.4.2. Ion Tran sport 

Unique to the BBB, was the discovery that the brain could maintain 

constant concentrations of a number of ions (e.g. K+, ca2+, Mg2+) in the 

cerebrospinal fluid (CSF) especially during fluctuations in plasma concentrations 

(Keep et al., 1993). Specifically, potassium ion transport has been regulated on a 

short-term basis by glial cells. However, long-term regulation is dependent on 

the control of ion movement between the blood and brain across the BBB. 
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Additionally, ion transport may be involved in the secretion of brain interstitial 

fluid, approximately 30% of the total fluid secreted by the brain (Milhorat, 1987). 

This relationship between BBB ion transport and fluid transport is important in 

regulating brain volume, a critical component that if modulated carefully, will 

have therapeutic advantages in the treatment of brain edema associated with 

stroke pathophysiology (Cserr et al., 1987). 

4.1.2.4.3. ATPase activity in transport 

The selectively permeable BBB contains ion channels that allow for the 

transport of charged particles (e.g. Na+ and K+) and polar molecules (e.g. glucose 

and proteins) which are both hydrophilic in nature. Only ions that have specific 

channels available can permeate the BBB endothelium. Some force is needed to 

propel the molecule through the membrane, such as passive (i.e. diffusion) or 

active transport. Active transport requires cellular energy, in the form of ATP, to 

be expended in order to transport a substance across the cell membrane. The. 

sequentially active Na/K-ATPase pump is one type of active transport 

mechanism that is designed to facilitate the splitting of ATP through ATPase 

activity. This energy-dependent pump is used as an antiport transporter to 

transport 3-Na+ in one direction while transporting 2-K+ in the other direction. 

An interruption in the delicate equilibrium of this transport mechanism may 

result in both acute and chronic damage to a wide array of cellular functions. 

Thus, the preservation of the Na/K ATPase pump is important for the following 
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functions: (1) to establish Na+ and K+ gradients that are used to regulate the 

electrical stimuli for nerve and muscle cells, (2) to regulate cell volume by 

controlling the concentration of solutes inside the cell, and (3) the energy 

required to run the Na+ /K+-pump is used as an indirect energy source for the co

transport of glucose and amino acids across kidney and intestinal cells which 

may be important for other transport mechanisms (Sherwood, 1997). 

4.1.2.4.4. Glucose transport 

Another type of transport system is the facilitative sugar transporter, 

specifically the glucose transport mechanism. Glucose is a basic energy source 

for mammalian brain cells and when metabolized, provides ATP under aerobic 

and anaerobic conditions. Glucose as with other charged polar molecules (e.g. 

amino acids) is hydrophilic and must penetrate the hydrophobic cellular 

membrane easily. A facilitative transporter enables lipid-insoluble molecules to 

access the cellular membrane and transport glucose and other proteins across the 

BBB (Davson and Segal, 1996a). 

Glucose transport across the cell membrane is carried out by two distinct 

gene families, the (GLUI) and (SGLTl) glucose plasma membrane carriers (Bell 

et al., 1993). Each member of the (GLUT) family perform slightly different 

functions and are named GLUTl-6 based on when they were isolated (Sherwood, 

1997). These (GLUT) transport carriers are energy independent and are found on 

the surface of all cells. However, only the GLUT-1 is responsible for the 
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transport of glucose across the BBB. Facilitated glucose transport from this 

family is stereoselective, saturable, and bidirectional. 

The GLUT-1 transporter has been purified and partially sequenced from 

human HepG2 cells as a source for cloning a cDNA protein that had properties 

of a glucose transporter molecule (Mueckler et al., 1985). High levels of GLUT-1 

were found in cultured cells and brain tissue with low levels found in important 

sites of glucose uptake and metabolism, such as liver and muscle tissue (Bell et 

al., 1993). These results suggest that glucose uptake is mediated by other 

facilitative glucose carriers in the liver and muscle. Further studies have 

indicated that the GLUT-1 carrier transports glucose across the BBB, and GLUT-1 

transporter is present three times more on the abluminal side of the endothelial 

cell than the luminal side. Thus, the increased distribution of GLUT-1 

transporters in the brain suggest the importance of providing multiple routes of 

entry to enhance glucose uptake (Figure 3) (Dobrogowska and Vorbrodt, 1999). 
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Glucose enters the cell via the (GLUT-1) facilitative carrier system. The glucose 
will then proceed into the cell by either entering the cell stores, glycolysis, or be 
transported into the brain via the abluminal (GLUT-1) transporter. The 
abluminal side of the endothelial cell contains 3 times more (GLUT-1) than the 
luminal side (Dobrogowska and Vorbrodt, 1999). 
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Functional studies were performed to determine the role of the other 

facilitative glucose carriers from the (GLUT) transporter family. These studies 

indicated that GLUT-2, GLUT-3, and GLUT-4 are glucose transporters and 

GLUT-5 and GLUT-6 are a fructose transporter and a pseudogene, respectively 

(Bell et at., 1993). f'.urthermore, GLUT-3 is the main transporter of glucose into 

the neurons, whereas GLUT-4 is responsible for the majority of glucose uptake 

into most cells in the body and is responsive to insulin (Sherwood, 1997). 

The second family of glucose transporters is characterized by the 

Na+/ glucose co-transporter, SGLT-1 which is responsible for glucose transport 

across the intestinal epithelia and the kidneys (Bell et al., 1993). The SGLT-1 is a 

secondary active transporter of glucose that utilizes the electrochemial sodium 

gradient to transport glucose and galactose against their concentration gradients. 

This transporter mediates the dietary uptake of glucose and galactose from the 

lumen of the small intestine and their reabsorption from the urine at the 

nephron. Therefore, the regulation of facilitative glucose transporter expression 

continues to be characterized and the knowledge gained from investigating these 

transporters is critical in the treatment and maintenance of glucose homeostasis. 

4.1.2.4.5. Receptor-mediated transport 

The BBB has a number of transport mechanisms that use transcytosis. 

One form of transcytosis is the receptor-mediated endocytotic mechanism. 

Transferrin, a transport protein used in the synthesis of hemoglobin, is 
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. endocytosed via a receptor-mediated transport mechanism when bound to iron 

(Fishman et al., 1987). The transferrin receptor, found constitutively on the 

luminal membrane of cerebral capillaries Oefferies et al., 1984), is located in the 

cell membrane and accumulates in the membrane clathrin-coated pits. Once 

transferrin is bound to the transferrin-specific receptor, it is endocytosed and 

iron is released into the cell and passed on to other cellular organelles for 

continued processing. Both the transferrin, and transferrin receptor are then 

recycled to the luminal membrane (Goldstein and et al., 1985). 

Another . type of molecule that utilizes a form of receptor-mediated 

transcytosis is the pancreatic peptide hormone insulin. Insulin influences the 

uptake, utilization and metabolism of glucose and other nutrients in several 

target cells in liver, adipose tissue, and muscle (Fain, 1984). BBB endothelial cells 

are important in this process since these cells contain tight junctions that form a 

barrier that insulin must overcome in order to reach the target cells. 

Insulin has a rapid onset of action and must react quickly with target 

tissues such as muscle and adipose tissue. Studies have chronicled the transport 

of insulin across the BBB and propose that receptor-mediated transport is 

involved through work performed on both isolated microvessels (Frank et al., 

1986) and cultured bovine aortic endothelial cells (King and Johnson, 1985). The 

exact mechanism for insulin transport is still under debate, though preliminary 
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studies favor the concept that insulin transport is mediated by receptor-carrier 

transcytosis into BBB endothelium (Miller et al., 1994). 

4.1.2.4.6. Efflux system transport 

Efflux mechanisms have also been identified and expressed on brain 

microvessels, such as P-glycoprotein (PGP) and peptide transport system-1 (PTS-

1) (as reviewed by Egleton and Davis, 1997). PGP is known as a multi-drug 

resistance pump and is a type of transmembrane, ATP-dependent efflux pump. 

This efflux pump is a protective mechanism (Begley et al., 1996) for the brain that 

returns potentially toxic chemicals from the capillary endothelial cell back into 

the circulation. PGP has been involved in preventing the accumulation of highly 

lipophilic chemotherapy drugs, such as vinblastine and colchicine in the brain 

(Orion et al., 1996). However, in the absence or inhibition of PGP, some drugs 

exhibit neurotoxic effects (Van Asperen et al., 1997). Therefore, disease states 

where the integrity of the BBB is compromised (e.g. stroke) may hinder the 

function of PGP, resulting in increased uptake of neurotoxins to the brain. 

Peptide transport system-1 (PTS-1) is a saturable efflux system known to 

transport opiate enkephalins, anti-opiates like tyrosine melanocyte-stimulating 

hormone inhibitory factor 1 (Tyr-MIF-1), and related peptides (Banks and Kastin, 

1990). Several factors may influence the regulation and bi-directional transport 

of peptides at the PTS-1. Many factors such as aging, stress, drugs, amino acids 

(Banks and Kastin, 1991), aluminum (Banks and Kastin, 1983), and ethanol 
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addiction and withdraw! (Plotkin et al., 1997) affect the transport efficiency of the 

PTS-1 efflux system at the BBB. Researchers continue to characterize the 

properties of this unique efflux system but confirmation of these transporters has 

been problematic. 

4.1.2.5. C~ebrospinal fluid (CSF) 

Located within the ventricles, spinal canal, and the subarachnoid spaces of 

the mammalian brain is the cerebrospinal fluid (CSF). The major site of CSF 

production is the choroid plexus (Davson and Segal, 1996a). In humans, the total 

volume of CSF is reported to be 140 ml (Weston, 1916), whereas in mammals, the 

total CSF volume has been estimated between 10 to 20% of the brain weight 

(Bradbury, 1979). The CSF reduces the net weight of the brain by 30-fold and 

suspends the brain much like that of a buoy (Spector and Johanson, 1989). 

CSF movement is influenced by hydrostatic pressure generated by its 

production at the site of the choroid plexus and drainage is provided primarily 

by the arachnoid villi (Bradbury, 1979). The concentration of solutes is greater in 

the brain than found in the CSF for all stages thus, a physiological gradient is 

formed between the two compartments. Furthermore, the CSF functions like 

that of a II sink" to the brain, rather than the brain serving as a II sink" to the CSF 

(Davson et al., 1961). Therefore, the ability of solutes to utilize various transport 

systems is favored towards mechanisms of the brain and cerebral capillary 

endothelium, rather than the transport ability of the CSF. 
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4.1.3. Disease states of the blood-brain barrier 

4.1.3.1. Examples of disease states that affect the BBB 

Alterations in BBB function have been in part, responsible for a number of 

neurological disorders. Disorders such as multiple sclerosis, a demyelinating 

disease, have been associated with changes in the basal permeability of the BBB 

in both human and animal models. These basal permeability changes have been 

shown to occur prior to the clinical onset of the disease. By modulating changes 

in BBB barrier permeability, investigators have provided encouraging evidence 

in an attempt to control the progression of the disease. Other neurologic 

disorders that benefit from studies investigating BBB modulation include 

Alzheimer's disease and cerebral ischemia. Studies of Alzheimer's disease have 

reported dysfunction in BBB integrity such as reduced microvascular endothelial 

mitochondria, diminished tight junctional properties (Stewart et al., 1992), and 

reduced glucose transporter expression (Harik, 1992). Further work is needed to 

identify and characterize the functional properties of the BBB that are involved in 

the delicate maintenance and restrictive nature of the barrier. · By understanding 

the pathophysiology of these disease states, scientists eventually hope to devel(?p 

new treatment therapies to attenuate the debilitating progression of these 

disorders. 
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4.1.3.2. Ischemic brain injury in stroke pathophysiology 

Stroke is a leading cause of death and disability worldwide and the 

understanding of BBB stroke pathophysiology is important in developing 

improved strategies for early detection and preventative treatment of ischemic 

brain injury. Increased cerebrovascular permeability is an important factor 

responsible for the development of ischemic brain injury and edema formation. 

The damage to the BBB following ischemia/ stroke results in the opening of BBB 

tight junctions or an increase in pinocytotic activity leading to vasogenic edema 

(Hatashita and Hoff, 1990). In addition, changes in BBB transport function may 

alter the transport characteristics of integral proteins, ions, and hormones that 

stabilize and protect the functional properties of the BBB. Interruptions in BBB 

permeability associated with ischemic brain injury may also influence the 

transport of clinically useful pharmaceutical agents that are primarily used to 

treat ischemia or other diseases. 

4.1.3.2.1. Hypoxia and the BBB 

Brain injury caused by ischemia is multifactorial and may result in severe 

hypoxia, substrate deprivation, and failure to remove toxic metabolic products 

(Yu et al., 1989). Damage to the brain can disrupt normal transport pathways 

and it has been well established that following ischemia, there is increased 

permeability of the BBB to water, small solutes and macromolecules (Tucker and 

Victorino, 1997). Extensive studies of stroke research have centered primarily on 
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the response of neurons (Goldberg et al., 1987) and astrocytes (Yu et al., 1989) to 

hypoxic or ischemic insult However, the response of cerebral capillary 

endothelial cells to hypoxia is not well understood. Thus, to characterize the 

microvascular function of the BBB, methods have been employed to study the 

microvasculature in intact animals (in vivo) or under varying degrees of system 

isolation (in vitro) when exposed to hypoxia. 

Oxygen (02) delivery to the brain is an important function of the BBB 

(Plateel et al., 1995). At the site of the BBB, there are many systems that may 

interact with 02 to produce potentially toxic metabolites when exposed to 

stressful conditions, such as hypoxia (Betz, 1993). However, endothelial cells are 

equipped with antioxidant enzymes such as superoxide dismutase (SOD), which 

inactivate the superoxide radical, and also glutathione peroxidase and catalase, 

which detoxify peroxides (Plateel et al., 1995). Studies have demonstrated that 

the cerebral microvessels contain high levels of these antioxidant enzymes, 

suggesting that the brain is protected from oxidative damage to a certain degree 

(Tayarani et al., 1987). 

The integrity of the BBB is protected under normal conditions, which is 

essential for correct physiologic and neurologic function. However, ischemic 

brain injury leads to neuronal damage, edema, and changes in BBB permeability 

(Ito et al., 1976). In addition, damage incurred during hypoxia may lead to the 

formation of oxygen-derived free radicals that may account for the injuries seen 
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during reperfusion (Hallenbeck and Dutka, 1990). Therefore, the mechanisms 

behind the pathological damage produced after an episode of hypoxia

reoxygenation are complex and continue to be studied. 

4.1.3.2.2. Alterations in glucose and potassium transport 

In the absence of hypoxia or ischemic insult, the tight junctions of the BBB 

create a continuous seal that reflect the specialized function of selective 

permeability to various solutes and water (Abbott and Revest, 1991). However, 

hypoxia is shown to disrupt BBB function at the level of the capillary 

endothelium. This disruption enables blood-borne substances to penetrate the 

endothelial cells and increases cerebrovascular permeability thereby permitting 

non-specific transport of solutes into the brain. Furthermore, the increase in 

permeability may be reflected in increased vessicular transport, development of 

transendothelial channels or pores, and alterations in the structural architecture 

of the endothelial cell membrane resulting in interruptions of various transport 

systems (Rapoport and Robinson, 1986;Plateel et al., 1997). 

As described earlier, the brain requires a constant supply of oxygen and 

glucose for maintenance and functional integrity. Under conditions where ~e 

oxygen supply is reduced or eliminated, the cellular mechanisms adapt and 

manage to find alternative nutrient sources for survival, thus an increase in 

(GLUT-1) expression and glucose uptake is observed (Behrooz and Ismail-Beigi, 

1999). Unfortunately, prolonged exposure to this hypoxic state, results in the 
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eventual depletion of glucose stores and a disruption in the biochemical 

processes that manage ATP-related functions. 

The progressive depletion of glucose stores could also impair other 

biochemical transport processes. Hypoxic studies with endothelial cells have 

demonstrated a rapid decline in cellular ATP levels coinciding with reduced 

glucose levels (Gobbel et al., 1994). Under aerobic conditions, cellular ATP is 

generated by utilizing glucose as a substrate to support the function of metabolic 

pathways such as glycolysis and the citric acid cycle. However, in the absence of 

oxygen (i.e. hypoxia), the citric acid cycle will not operate and the net yield of 

ATP per glucose molecule is reduced. Furthermore, the high metabolic rate of 

the brain will rapidly consume existing glucose stores for cell survival and 

eventually, ATP-dependent functions will deteriorate. 

The deterioration of ATP-dependent functions poses important 

implications for endothelial cell and brain sodium balance. The control of ion . 

transport at the BBB is critical in preserving cellular homeostasis during an 

ischemic episode. Studies of ion permeability after focal cerebral ischemia have 

demonstrated an increase in both sodium content and BBB sodium transport 

associated with brain edema, however potassium entry into the brain was 

significantly reduced (Betz et al., 1994). This apparent disruption in sodium and 

potassium transport at the site of the BBB may be related to both the effects of 
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hypoxia and a decline in the production of ATP. Reduced levels of ATP may in 

effect, alter the Na+ /K+-ATPase transport mechanism. 

The Na/K-ATPase transporter requires ATP to facilitate its function. This 

transporter is designed to facilitate the splitting of ATP through ATPase enzyme 

activity, to transport Na+ in and K+ out of the cell, and to regulate a variety of 

processes ranging from neuronal signal transduction to controlling fluid volume 

in the cell (Sherwood, 1997). During normoxia (i.e. aerobic conditions), the 

Na/K-ATPase transporter utilizes ATP as a substrate to transport Na+ and K+ 

across the cellular membrane. However, when exposed to hypoxia, the rapid 

metabolism of glucose results in low ATP production. The decrease in ATP 

levels influences the activity of the Na/K-ATPase transport system. The cellular 

concentration gradient that is normally regulated by ion transport is 

compromised, ultimately affecting essential transport processes that govern 

cellular homeostasis. 

Another ATP-dependent transport mechanism is a multi-drug resistance 

pump known as PGP (P-glycoprotein). PGP acts as an efflux pump that returns 

potentially toxic chemicals from the capillary endothelium back into the 

circulation to protect the brain. Chemotherapy agents such as vinblastine, 

doxyrubicin and paclitaxel (Van Asperen et al., 1997) are used as substrates for 

the PGP and when absent or inhibited, several of these drugs have demonstrated 

neurotoxicity. If brain ATP levels are depleted, as with hypoxia, PGP and other 
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ATP-dependent transport mechanisms may not be fully functional resulting in 

an increased uptake of neurotoxins. Other transport mechanisms that may be 

effected are endocytotic-based mechanisms such as transferrin (Fishman et al., 

1987), and insulin (Miller et al., 1994). Thus, the cellular response to hypoxia 

compromises the efficiency of many mechanisms, from the alterations in BBB 

permeability to the progressive disruption in transport system mechanics. 

Evidence supporting the effects of BBB damage associated with stroke is 

extensive at many different levels. First, stroke/ ischemia pathophysiology has 

shown reduced blood perfusion to the brain, either globally or regionally, thus 

injuring the integrity of the BBB. Second, the lack of blood flow to the ischemic 

region of the brain debilitates and reduces the transport of vital nutrients to the 

brain, primarily 02 and glucose. This hypoxic exposure inflicts more damage to 

the BBB by altering brain transport systems at the microvasculature. Finally, as 

existing glucose stores are rapidly metabolized and ATP production is reduced, 

many secondary, (i.e. fluid volume control, neuronal signaling pathways, and 

energy-independent transport systems) cellular processes required to maintain 

homeostasis are jeopardized in the struggle to survive these adverse conditions. 

4.1.4. Previous in vitro and in vivo studies 

Stroke pathophysiology is a diverse field, and much of the earlier work on 

the mammalian BBB focuses on understanding the anatomy of the barrier rather 
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than its physiology and function. Current research has shifted towards the 

characterization of BBB physiology by employing various in vitro and in ·vivo 

techniques to manipulate the kinetic aspects of solute transport from the blood to 

the brain to better approximate physiologic function. 

The BBB contains distinct morphological properties that enable the barrier 

to possess a rather restrictive quality by preventing the transport of specific 

solutes into the brain. However, the BBB does not act as an absolute barrier and 

allows the passage of nutrients and ions. Failure in the structural integrity and 

function of the BBB is a critical event in the pathogenesis of many CNS disorders. 

Disorders such as ischemia, inflammation, edema, trauma and epilepsy are a few 

examples that show altered BBB permeability (Grant et al., 1998). Whether BBB 

dysfunction is the primary factor or a consequence of the disease, understanding 

the cellular mechanisms that lead to BBB disruption is of great importance. 

Current stroke research has focused primarily on the response of neurons . 

and astrocytes to hypoxic or ischemic insult (Yu et al., 1989;Murphy and 

Horrocks, 1993). However, the response of cerebral capillary endothelial cells to 

hypoxia has not been extensively investigated. Studies performed in vivo have 

employed the left middle cerebral artery occlusion (MCAO) technique to 

produce focal ischemia in rats (Hatashita and Hoff, 1990). Within the first 12 

hours after the occlusion, a significant increase in the albumin transfer index was 
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observed. Increased albumin transport into the CNS may be linked to 

neurotoxici ty. 

Attempts at understanding the cellular mechanisms responsible for 

hypoxia-induced BBB disruption have also been explored using in vitro models 

to reproduce brain endothelial cells. Methods using isolated brain capillary 

preparations as well as endothelial cell tissue culture systems have shown 

promising results in defining the characteristics of the BBB at the molecular and 

cellular level (Grant et al., 1998). 

Several groups have provided in vitro evidence showing alterations in 

both BBB cerebrovascular permeability and transport systems associated with 

hypoxic injury. The permeability of the BBB was examined in vitro using the 

membrane-impermeant marker [14C]sucrose after hypoxia/ aglycemia 

(Abbruscato and Davis, 1999a). The studies showed that bovine brain 

microvessel endothelial cells (BBMEC) are sensitive to short exposures of 

hypoxia/ aglycemia. BBMEC exposed to hypoxia/ aglycemia showed a 

significant increase in BBB permeability to [14C]sucrose (6 hours) than hypoxia 

treatment alone (48 hours). These increases in BBB permeability after 

hypoxia/ aglycemia were reduced with both nifedipine and SKF 96365 

pretreatment suggesting that a change in endothelial cell calcium flux may be 

responsible for the structural and functional variations in the BBB during 

ischemia. 
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Further studies examining the functional properties of the BBB have 

focused on the importance of BBMEC expression of a Ca2+ -dependent cell-cell 

adhesion molecule, E-cadherin (Pal et al., 1997). It has been proposed that this 

protein may be associated with the maintenance of tight junction structure across 

the brain endothelium (Abbruscato and Davis, 1999b). The endothelial cell 

architecture is comprised of a cytoskeleton with components that include 

microfilaments, intermediate filaments, and microtubles along with cytoskeletal 

and tight junctional proteins that are believed to be involved in controlling 

cerebrovascular permeability (Goldman et al., 1979), many of which are 

controlled by Ca2+. Astrocytes grown in close contact attenuated tight junction 

deformation in endothelial cells when exposed to hypoxic/ aglycemic stress 

(Abbruscato and Davis, 1999b). During hypoxia/ aglycemia, astrocytes 

prevented the reduction in E-cadherin expression when grown in contact with 

endothelial cells (Abbruscato and Davis, 1999b). However, non-contact, co

culture astrocytes and endothelial cells result in decreased BBMEC expression of 

E-cadherin after hypoxia/ aglycemia. Thus, the astrocytes grown in contact with 

BBMECs show improved maintenance in BBB integrity and increased protection 

from the reduced E-cadherin protein expression associated with 

hypoxic/ aglycemic exposure showing that the in vitro model choice is critical for 

these studies. 
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Much of stroke research has shown that increased cerebrovascular 

permeability is an important factor for the development of cerebral edema 

(Plateel et al., 1997). Cerebral edema is defined as the excess accumulation of 

water at the intra-/ extracellular spaces of the brain, whereas vasogenic edema is 

classified as a comp~nent of cerebral edema and is initiated by the breakdown of 

the BBB. The effect of hypoxia on the transport of blood-borne proteins to the 

brain were studied using an in vitro model of co-cultured brain capillary 

endothelial cells and astrocytes that closely resemble the in vivo situation (Plateel 

et al., 1997). Albumin, a non-specific transcellular marker, has low permeability 

across in vitro models of the BBB during normoxia. However, hypoxic exposure 

demonstrated increased albumin permeability to the BBB beyond the opening of 

the tight junctions. This increased permeability was mainly attributed to an 

increase of the non-specific vesicular transport of the cell. These results suggest 

that the transport of other BBB plasma proteins may cause neurotoxicity when 

exposed to hypoxia, thus the development of vasogenic brain edema are 

complicated by increased cellular accumulation of blood-borne proteins. 
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Damage to the BBB during hypoxia/ stroke may result in serious clinical 

complications that include vasogenic brain edema and inflammation (Hatashita 

and Hoff, 1990). During postischemic reperfusion, increased BBB permeability 

has been shown to play an important pathophysiological role (Yang and Betz, 

1994). Much of the current stroke research has focused on neurons (Yu et al., 

1989), astrocytes (Murphy and Horrocks, 1993), or focal ischemia (Hatashita and 

Hoff, 1990). However, the mechanisms responsible for the changes in the 

structural and functional properties of the BBB that cause cerebral capillary 

endothelial cell damage after ischemic insult are not completely understood. 

Some in vitro studies have attempted to mimic stroke and hypoxic 

endothelial cell damage by using BBB cell culture models (Abbruscato and Davis, 

1999a,b;Plateel et al., 1997). These models of the BBB are manipulated to reflect 

in vivo changes complicated by stroke including alterations in oxygenation and 

glucose uptake into the brain and to study affects on basal permeability of the 

BBB. However, to fully understand basal permeability characteristics when 

influenced by hypoxia/ aglycemia, a in vivo mammalian model of ischemia is 

needed to measure the response of the cerebral capillary endothelium to stroke 

and specifically, to determine the importance of cerebral blood flow, glucose 

levels and oxygen content in the maintenance of BBB function. 
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In this thesis, an adaptation of the in situ perfusion model is used to 

examine the effects of low flow, hypoxia, and aglycemia on the transport 

properties of the rat BBB. This in situ perfusion technique allows for the study of 

individual solute transport mechanisms under more approximate physiologic 

conditions than in vitro or other in vivo methods. This model provides a more 

precise kinetic analysis of the transport properties at both the BBB and the blood

CSP barriers to better characterize the transport events at the level of the cerebral 

microvascula ture. 

Hypothesis: Low flow coupled with hypoxia/ aglycemia leads to increased 

cerebrovascular permeability of the BBB. 

4.2.2 Minor study aims 

Specific Aims: 

1. Determine the effect of reducing flow on BBB basal permeability. 

2. Determine the effect of reduced flow and/ or oxygen and glucose on BBB 

basal permeability. 

3. Determine the effect of reduced flow coupled with altered states of 

oxygen and glucose on transport mechanisms. 
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5. PRESENT STUDY 

5.1. MATERIALS AND METHODS 

5.1.1. In situ brain perfusion studies 

The experimental protocol was approved by the Institutional Animal Care 

and Use Committ~e (IACUC) at the University of Arizona. Adult female 

Sprague-Dawley rats (weighing 250-300g) were anesthetized with an 

intramuscular injection of an anesthetic cocktail (lml·kg-1) composed of 

acepromazine (0.6 mg·ml-1), ketamine (3.1 mg·ml-1), and xylazine (78.3 mg·ml-1), 

and then heparinized (10,000 U·kg-1). The neck vessels were exposed, and the 

right common carotid artery was cannulated with fine silicone tubing connected 

to a perfusion system. The erythrocyte-free perfusion fluid (Preston et al., 1995) 

consisted of a modified Krebs-Henseleit Ringer's solution [117.0 mM NaCl, 4.7 

mM KCl, 0.8 mM MgS04 · 3 H20, 24.8 mM NaHC03, 1.2 mM KH2P04, 2.5 mM 

CaCb · 6 H20, 10 mM o-glucose, 39 g·L-1 of dextran (MW 70,000), and 1 g·L-1 of 

bovine serum albumin] that had been thoroughly gassed with 5% CO2 in 95% 02 

(normoxia) and warmed to 37°C. For the aglycemic mammalian Ringer's 

solution, 10 mM mannitol was substituted in lieu of the lOmM o-glucose 

component. In addition, hypoxia was achieved by gassing the Ringer's solution 

with 5% CO2 in 95% N2 for 30 minutes prior to cannulation. The right jugular 

vein was severed to allow drainage of the perfusion medium upon the start of 

perfusion. Once the correct perfusion pressure of 90.8 ± 5.3 mmHg and a 
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perfusion flow rate of 3.1 ml-min-1 had been achieved for the right carotid artery, 

the contralateral carotid artery was cannulated and perfused in a similar manner. 

The remaining jugular vein was then severed (Williams et al., 1996). For the low 

flow studies, the perfusion flow rate was reduced by 50% and 75% from the full 

flow rate (3.1 ml-min-1) and are designated as half flow (1.5 ml-min-1) and quarter 

flow (0.75 ml-min-1) respectively. 

Either [125J]insulin, [86]rubidium, or [14C]sucrose (the non-permeable 

vascular space marker) was then infused via a slow-drive syringe pump (model 

22; Harvard Apparatus, South Natick, MA, USA) into the in-flowing mammalian 

Ringer's solution. After the set perfusion time of 20 minutes was completed, the 

perfusion was terminated by decapitation. The brain was removed, the choroid 

plexi were excised, and the brain was homogenized. Perfusion fluid was 

collected from each carotid cannula immediately at the end of the perfusion 

period. 

Brain tissue samples and 100 µl perfusate samples were weighed and 

counted for radioactive measurement. For the [125J]insulin study, the samples 

were counted without further processing on a Beckman 5500 counter (Beckma~ 

Instruments, Fullerton, CA, USA). The [86]rubidium or [14C]sucrose studies were 

prepared for liquid scintillation counting. To ensure uniformity, all samples 

were treated in a similar manner and solubilized overnight in 1 ml of tissue 

solubilizer (TS-2; Research Products, Mount Pleasant, IL, USA). After 
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solubilization, 100 µl of 30% glacial acetic acid was added to the samples to 

eliminate chemiluminescence followed by 4 ml of Budget Solve™ Liquid 

Scintillation Cocktail (Research Products). The samples were then counted for 

radioactivity (model LS 5000 TD counter; Beckman Instruments, Fullerton, CA, 

USA). 

5.1.2. Capillary depletion studies 

After the brain had been removed and the choroid plexi were excised, the 

brain was subjected to the capillary depletion procedure to measure vascular 

trapping of the radioactive molecular markers (Triguero et al., 1990;Williams et 

al., 1996). The brain tissue (0.5 g) was homogenized (Polytron homogenizer; 

Brinkman Instruments, Westbury, NY, USA) in 1.5 ml of ice-cold physiological 

buffer [pH 7.4, 10 mM HEPES, 141 mM NaCl, 4 mM KCl, 2.8 mM CaCh, 1 mM 

MgS04, 1 mM NaH2P04, and 10 mM o-glucose]. Two milliliters of ice-cold 26% 

Dextran solution (MW 60,000) were added and the homogenization was 

repeated. Aliquots of homogenate were then centrifuged at 5,400 g for 10 

minutes in a microcentrifuge (Beckman Instruments, Fullerton, CA, USA). All of 

the above homogenization procedures were performed within a two minute 

period from sacrificing the animal. The capillary-depleted supernatant was then 

carefully separated from the vasculature-containing pellet. Homogenate, pellet, 

and supernatant were then solubilized, as described above, before the addition of 
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scintillation fluid to enable radioactive counting ( only for [86]rubidium and 

[14C]sucrose samples). For the iodinated peptide, the homogenate, supernatant, 

and pellet were immediately counted for radioactivity (Beckman 5500 gamma 

counter, Beckman Instruments, Fullerton, CA, USA). 

5.1.3. Iodination of insulin 

Insulin was monoiodinated on the Tyr1 residue using a standard 

chloramine-T procedure (Bolton, 1986). Purification of the iodinated compound 

was carried out using a reversed-phase Perkin-Elmer 250 HPLC gradient system 

(Davis and Culling-Bergland, 1985) and a Vydac 218TP5415 C18 column ( 4.6 x 

250 mm). The samples were eluted at 37°C using a curvilinear gradient of 0.1 % 

trifluoroacetic acid (TFA) in acetonitrile (20-60%) versus 0.1 % aqueous TFA over 

30 min at 1.5 ml·min-1. 

Radiolabeled substances. [14C]sucrose (0.44 Ci·mmol-1) was purchased from 

NEN Research Products (Boston, MA, USA) and (86]rubidium (1.2 mg·ml-1) was 

purchased from Amersham (Arlington Heights, IL, USA). 

5.1.4. Blood gas analysis 

The blood gas analysis of the normoxic and hypoxic mammalian Ringer's 

solution were performed using the ABL 330 Radiometer (Copenhagen, 

Denmark). For the normoxic flow controls, the Ringer's solution was thoroughly 
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gassed with 5% CO2 in 95% 02 and the perfusion fluid was taken from the 

carotid cannula at the various perfusion flow rates (i.e. full, half and quarter) 

using a glass 30 cc Hamilton syringe. The syringe was immediately capped with 

a rubber syringe stopper and placed on ice prior to analysis. In the hypoxic 

control, the Ringer's solution was thoroughly gassed with 5% CO2 in 95% N2 for 

30 minutes and the perfusion fluid was again taken for blood gas analysis as 

described above. The blood gas analysis of the normoxic and hypoxic 

mammalian Ringer's solution obtained critical hemodynamic variables, 

including P02, PC02, pH, and% oxygen saturation. 

5.1.5. Study design 

The study design centered on two major questions: (1) the effect of flow 

on transport systems, and (2) the effect of hypoxia/ aglycemia coupled with 

reduced flow on transport systems. For the study groups, bilateral in situ brain 

perfusion and capillary depletion were performed on all rats. Each measured 

parameter under a particular group subheading consisted of a sample 

population of n=S or 6 rats. The study groups are described below. 

5.1.5.1. Effect of reducing flow on BBB penneability to sucrose 

To measure the effect of reducing flow on BBB permeability during 

normoxia, [14C]sucrose was used as a non-permeable vascular marker and 
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infused into the perfusion medium during the in situ brain perfusion at full, half, 

or quarter perfusion flow rates. 

5.1.5.2. Effect of reducing flow by altering oxygen and glucose on 

BBB permeability to sucrose 

To measure the effect of reduced flow coupled to hypoxia/aglycemia on 

BBB permeability, [14C]sucrose was infused into the perfusion medium during 

the in situ brain perfusion at half flow and quarter flow. Four groups were 

measured that included: half flow during normoxia and glycemia, half flow 

during hypoxia with glycemia, half flow during normoxia with aglycemia, and 

half flow with hypoxia and aglycemia. These groups were repeated for the 

quarter flow perfusion studies. 

5.1.5.3. Effect of reduced flow coupled to altered states of 

oxygenation and glucose on insulin uptake 

The effect of reduced flow on BBB permeability was also measured by_ 

infusing [125I]insulin, an actively transported molecule, into the perfusion 

medium during the in situ brain perfusion at full, half and quarter flow rates 

under normoxic conditions. To describe BBB active transport mechanisms, 

insulin uptake during hypoxia/ aglycemia, both half flow and quarter flow rates 

were used. The four group parameters for half and quarter flow rates include: 

half flow during normoxia and glycemia, half flow during hypoxia and 
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aglycemia, quarter flow during normoxia and glycemia, and quarter flow with 

hypoxia and aglycemia. 

5.1.5.3. Effect of reduced flow coupled to altered states of 

oxygenation and glucose on potassium transport 

The effect of reduced flow on BBB permeability was measured by infusing 

[86]rubidium, a marker for K+ transport (Stummer et al., 1994), into the perfusion 

medium during the in situ brain perfusion at full, half and quarter flow rates 

under normoxic conditions. To examine BBB K+ transport mechanisms, 

potassium uptake during hypoxia/ aglycemia, both the half flow and quarter 

flow rates were used. The four group parameters for half and quarter flow rates 

include: half flow during normoxia and glycemia, half flow during hypoxia and 

aglycemia, quarter flow during normoxia and glycemia, and quarter flow with 

hypoxia and aglycemia. 

5.1.6. Expression of results 

The amount of [125I]insulin, [86]rubidium (K+ transport), or [14C]sucrose in 

the brain, homogenate, supernatant, and pellet were expressed as the percentage 

ratio of radioactivity per unit mass of tissue (Ctis.5ue) to the radioactivity per unit 

volume of plasma (Cplasma) or Rtissue % (µl-g-1 X 100). 

Rtis.5ue % = [(Ctis.5ue)/ (Cp1asma)] X 100 
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5.1.7. Statistical methods 

For the in situ perfusion studies, 5-6 rats were bilaterally perfused for each 

of the parameters (BBB permeability, active transport, K+ transport) measured. 

Capillary depletion studies (i.e. an index of trapping in the vasculature) were 

performed from the homogenous brain samples taken from each animal. The 

data is expressed as the mean± standard error of the mean. Statistical analysis of 

the brain uptake and capillary depletion values for sucrose, insulin and rubidium 

were compared by ANOV A followed by the Newman-Keuls multiple 

comparisons procedure using the PCS statistical analysis package (Tallarida and 

Murray, 1987). Blood gas analysis values were compared using the Student's t

test. Statistical significance was accepted at p < 0.05. 
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5.2. RES UL TS 

In order to determine the effect of low flow, hypoxia, and aglycemia on 

the transport properties of the BBB, an in situ perfusion model was adapted to 

investigate the effects of stroke/ischemia at cerebral capillary endothelial cells. 

Two major objectives were evaluated for this study: (1) the effect of flow on 

transport systems (sucrose, insulin, and K+) and (2) the effect of 

hypoxia/ aglycemia coupled with reduced flow on transport systems (sucrose, 

insulin, and K+). Three radiolabeled markers (i.e. [14C]sucrose, [125I]insulin, and 

[86]rubidium) were introduced into the cerebral circulation in the 

presence/ absence of oxygen and glucose to provide a kinetic analysis of 

transport mechanisms that maybe affected at the BBB under various conditions 

of stroke pathophysiology. 

5.2.1. Effect of perfusion flow rates on BBB permeability 

To measure the effect of flow on BBB permeability, perfusion at each flow 

rate was carried out with the radiolabeled marker for 20 min, 5-6 animals per 

parameter measured, and a brain/ perfusate ratio (RBr % ) was plotted for the 

respective marker used (Figures 4, 6, 8, 10, 12 and 13). Capillary depletion 

analysis was subsequently performed to represent the contribution of the 

vascular component to the total brain uptake of the radiolabeled marker for all 

parameters measured in this group (Figures 7, 9, and 11). 
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5.2.1.1. (14C}sucrose studies 

In situ brain perfusion. 

The non-permeable vascular space marker, [14C]sucrose, was introduced 

into the cerebral circulation to measure the effect of reduced flow on basal BBB 

permeability. Among the perfusion flow rates measured, no significant 

difference was demonstrated in BBB permeability to [14C]sucrose when flows 

were reduced by 50% (1.5 ml min-1) or 75% (0.75 ml min-1) from normal (3.1 ml 

min-1) [Figure 4]. This result suggests that any changes in the basal BBB 

permeability are not likely to be flow-specific under normoxic and glycemic 

conditions. The passive permeability of the [14C]sucrose shows a slight decrease 

as the flow rate is reduced, however the integrity of the BBB shows no evidence 

of being compromised during reduced perfusion flow rates. 

CapillanJ depletion analysis. 

The contribution of the vascular component to the total brain uptake of 

the passively diffused molecule [14C]sucrose was compared to all parameters of 

flow. The amount of radioactivity detected in both the vascular-enriched pellets 

and the supertatants was not significantly different for all parameters measured 

(i.e. full, half, quarter flow rates). This indicates that the incidence of [14C]sucrose 

trapped within the capillary microvasculature was minimal among all perfusion 

flow rates. 
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Figure 4. Effect of flow on BBB permeability to [14C]sucrose. 
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' 

The ratio of radioactivity per unit mass of brain to the radioactivity per unit 

volume of plasma is represented by (RBr%). Perfusion time was 20 minutes and 

each parameter used n=S/6 rats. The data is expressed as the mean± SEM. No 
statistical significance was detected among the controls (p > 0.05). 
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5.2.1.2. Iodination of insulin 

Insulin was iodinated and purified using a standard chloramine-T 

procedure and HPLC analysis. The radiolabeled peptide was counted to 

determine the concentration of the iodinated product and stored with 10% 

ethanol at 20°C pri~r to use. Figure 5 shows the iodination of insulin represented 

in a HPLC chromatogram using a standard chloramine-T procedure. 
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Figure 5. Reverse-phase HPLC chromatogram for the iodination of insulin. 
The iodination was carried out using a Chloramine-T method. Separation was 
performed using a 20-60 % gradient of acetonitrile containing 0.1 % TFA against 

aqueous 0.1 % TFA over 30-minutes at a rate of 1.5 ml/min on a Vydac C18 
column. 
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5.2.1.3. p2s1Jinsulin studies 

In situ brain perfusion. 

[125I]insulin was introduced into the cerebral circulation to measure the 

effect of reduced flow on BBB receptor-mediated transport. Among the 

perfusion flow rates measured, a significant difference was demonstrated in BBB 

permeability to [125I]insulin when flows were reduced by 50% (1.5 ml,min-1) and 

by 75% (0.75 ml,min-1) when compared to the normal flow rate (3.1 ml,min-1) 

after 20 min of perfusion [Figure 6]. A reduction in the flow rate by half showed 

a significant decrease in [125I]insulin uptake. Reducing the flow rate by 75% from 

normal (i.e. quarter flow) also led to a significant decrease in [125J]insulin uptake. 

The brain/ perfusate ratio (RBr % ) of [125I]insulin uptake into the brain at full flow 

rate (3.1 ml,min-1) is proportionally higher than that of [14C]sucrose, 

approximately 33.6% and 1.4 %, respectively. These data suggest that 

[14C]sucrose and [125I]insulin are transported into the brain by different 

mechanisms or that the BBB is influenced by an increased affinity to insulin. 

Capillary depletion analysis. 

Figure 7 shows the contribution of the vascular component to the total 

brain uptake of [125I]insulin as compared to all parameters of flow. The amount 

of [125I]insulin associated with the pellets significantly decreased with half and 

quarter flow. Furthermore, the radioactivity detected in the supernatant 
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I 

The uptake of [125I]insulin represented as a brain/ perfusate ratio (RBr % ) after a 

perfusion time of 20 minutes. The data is expressed as the mean± SEM and each 

parameter used n = 5 / 6 rats. Statistical significance is designated if** = p < 0.01. 
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Figure 7. Capillary depletion analysis of the effect of flow on BBB 
permeability to [125I]insulin. 
(RBr % ) represents the ratio of supernatant or pellet to plasma radioactivities. The 
supernatant represents the amount of [125J]insulin available for transport to the 
brain and not trapped within the cerebral capillary endothelium (pellet) after a 
perfusion time of 20 minutes. The data is expressed as the mean ± SEM and each 
parameter used n = 5/6 rats. Statistical significance is designated if*= p < 0.05 
compared to full flow pellet, and ## = p < 0.01 compared to full flow 
supernatant. 
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showed a significant decrease when flow rates were reduced to 50% and 75% 

from normal. The ratio of [125I]insulin uptake found in the supernatant at the full 

flow rate is approximately 2.5 times higher than detected in the pellets, 

indicating that a large proportion of the [125I]insulin is transported to the brain 

and not due to vascular trapping. 

5.2.1.4. (B6Jrubidium studies 

In situ brain perfusion. 

A marker for K+ transport, [B6]rubidium, was introduced into the cerebral 

circulation to measure the effect of reduced flow. Among the three perfusion 

flow rates measured, a significant decrease is observed in BBB permeability to 

[86]rubidium when flow rates were reduced by 75% (quarter flow) from normal 

after 20 min of perfusion (Figure 8). The reduced perfusion rate at quarter flow 

displayed a substantial decrease in [86]rubidium uptake into the brain from that 

of the full flow (p < 0.01). However, slightly less of a response (p < 0.05) is 

detected from that of the half flow data. The brain/ perfusate ratio (Rsr % ) of 

[86]rubidium uptake into the brain at the full flow rate (3.1 ml·min-1) is 

approximately two times higher (3.3 % ) than that of the passive permeability 

marker, [14C]sucrose (1.4 % ), thus indicating that a different transport mechanism 

may influence potassium uptake into the brain. The significant reduction in 

[86]rubidium uptake into the brain during the quarter flow perfusion suggests 
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that potassium transport is seriously effected and as a consequence, the 

reduction in flow may influence the ion gradient of the brain. 

Capillary depletion analysis. 

Figure 9 shows the contribution of the vascular component to the total 

brain uptake of (86]rubidium as compared to all the parameters of flow. The 

amount of [86]rubidium associated with the pellets significantly decreased with 

the quarter flow. Furthermore, the supernatant for the half and quarter flow 

data showed a significant reduction in [86]rubidium uptake into the brain from 

full flow. The results suggest that the uptake of [86]rubidium into the brain is 

less responsive to variations of flow than [125I]insulin, with full flow (RBr % ) 

values of approximately less than 1 % in the pellet and less than 5% in the 

supernatant. In general, a smaller amount of [86]rubidium is shown to transport 

into the brain and the amount of [86]rubidium detected in the pellet that is 

associated with vascular trapping is significantly lower than that found with 

[1 25I]insulin. Consequently, the reduction in perfusion flow rates significantly 

reduces the brain uptake of [86]rubidium similarly to [125I]insulin as evidenced 

earlier. This suggests that potassium transport may be influenced by another 

type of transport mechanism that differs from [14C]sucrose or [125I]insulin. 
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The uptake of [86]rubidium represented as a brain/ perfusate ratio (RBr % ) after a 

perfusion time of 20 minutes. The data is expressed as the mean ± SEM and each 

parameter used n = 5 / 6 rats. Statistical significance is designated if ** = p < 0.01. 
The quarter flow data is also statistically significant from the half flow data (p < 
0.05). 
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(RBr%) represents the ratio of supernatant or pellet to plasma radioactivities. The 
supernatant represents the amount of [86]rubidium available for transport to the 
brain and not trapped within the cerebral capillary endothelium (pellet) after a 

perfusion time of 20 minutes. The data is expressed as the mean ± SEM and each 
parameter used n = 5/6 rats. Statistical significance is designated if*= p < 0.05 
or ** = p < 0.01 as compared to the supernatant at full flow, and # = p < 0.05 or 
## = p < 0.01 as compared to the pellet at full flow. 
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5.2.2. Blood gas analysis 

Blood gas analyses were performed on various control groups to determine 

the approximate level of normoxia/hypoxia that is introduced to the brain 

during in situ perfusion. The artificial mammalian Ringer's solution was gassed 

with either (5% CO2 in 95% 02) or (5% CO2 in 95% N2) to simulate normoxia at 

various perfusion flow rates or hypoxia, respectively. The measured parameters 

include both pH and p02 values. The results are expressed as the mean ± SEM 

and each parameter used n = 3-6 samples. The values were compared by 

Student's t-test, and statistical significance was designated by * = p < 0.05, ** = p 

< 0.01. 

TABLE 1. Blood gas analysis of normoxicjhypoxic artificial mammalian 
Ringer's solution. 

Parameter Full flow Half flow Quarter flow Hypoxia 
measured Normoxia Normoxia Normoxia Control 

pH 7.42 ± 0.08 7.56 ± 0.01 7.57 ± 0.01 7.28 ± 0.02 * 

P02(mmHg> · 200.2 ± 6.6 175.3 ± 1.2 189.5 ± 1.99 31.2 ± 1.7 ** 

Student's t-test represents a significant difference from normoxic values. 
(* = p<0.05; ** = p<0.01) 
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5.23. Effect of hypoxiaf aglycemia coupled with reduced flow on BBB 

permeability and transport systems 

The effect of hypoxia/ aglycemia coupled with reduced flow on BBB 

permeability and transport systems was measured at both half and quarter 

perfusion flow rates. The three radiolabeled markers ([14C]sucrose, [125I]insulin, 

and [86]rubidium), reduced flow rates, and alternate combinations of 

hypoxic/ aglycemic mammalian Ringer's solutions were carried out for a 

perfusion time of 20 minutes. For each parameter measured, 5-6 animals were 

bilaterally cannulated in situ via the carotid artery and subsequently perfused. 

The brain/ perfusate ratio (RBr % ) per parameter was plotted for the respective 

marker used. The results were expressed as a percent change in vascular space 

and compared to the flow rate control among the various parameters measured. 

Capillary depletion analysis was subsequently performed to represent the 

contribution of the vascular component to the total brain uptake of the 

radiolabeled marker for all parameters measured. 

5.2.3.1. [14C]sucrose studies at half flow rates 

In situ brain perfusion. 

The non-permeable vascular space marker, [14C]sucrose was introduced 

into the cerebral circulation to measure the effect of hypoxia/ aglycemia coupled 

with reduced flow on BBB permeability at half flow perfusion. Figure 10 shows 
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that independently, the presence of either hypoxia or aglycemia results in a slight 

increase in [14C]sucrose uptake into the brain compared to the half flow control, 

though not statistically significant in this case. However, the combination of 

hypoxia and aglycemia resulted in a substantial increase in [14C]sucrose uptake 

into the brain as compared to the half flow control (p < 0.05). Thus, the results 

suggest that a 50% reduction in flow rate coupled with the presence of 

hypoxia/ aglycemia are factors that if combined, significantly increase BBB 

permeability to the passively diffused marker, [14C]sucrose. 

Capillary depletion analysis. 

The contribution of the vascular component to the total brain uptake of 

[14C]sucrose was compared among all of the parameters of half flow for this 

group (see summary of data for the normoxic-glycemic and hypoxic aglycemic 

parameters in Table 2). The amount of radioactivity detected in the vascular

enriched pellets was not significantly different among the four parameters. 

measured (p > 0.05). However, the radioactivity found in the supernatant 

showed an increased trend towards statistical significance in both the aglycemic 

(p < 0.01) and the hypoxic-aglycemic parameters (p < 0.05) [Figure 11]. The 

increase in radioactivity detected in the supernatant of both the aglycemic and 

hypoxic-aglycemic parameters suggest a possible change in the paracellular 

route of transport. 
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Figure 10. Effect of hypoxiaf aglycemia coupled with half flow perfusion on 
BBB permeability to [14C]sucrose. 
The uptake of [14C]sucrose represented as a percent change in sucrose space from 

the brain/perfusate ratio (RBr%) after 20 minutes perfusion at half flow. The data 

is expressed as the mean± SEM and each parameter· used n = 5/6 rats. Statistical 
significance is designated if* = p < 0.05. 
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Figure 11. Capillary depletion analysis of [14C]sucrose during half flow 
perfusion. 
(RBr % ) represents the ratio of supernatant or pellet to plasma radioactivities. The 
supernatant represents the amount of [14C]sucrose available for transport to the 
brain and not trapped within the cerebral capillary endothelium (pellet) after a 
perfusion time of 20 minutes. Alterations in hypoxia/ aglycemia were 
represented accordingly among the four measured parameters during half flow 
perfusion. The data is expressed as the mean± SEM and each parameter used n 
= 5/6 rats. Statistical significance is designated if*= p < 0.05 or**= p < 0.01 as 
compared to the supernatant at the half flow control. 
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5.2.3.2. (14C}sucrose studies at quarter flow rates 

In situ brain perfusion. 

Radiolabeled [14C]sucrose was introduced into the cerebral circulation to 

measure the effect of hypoxia/ aglycemia coupled with 75% reduced flow (0.75 

ml min-I) on BBB p~rmeability. Figure 12 shows a slight increase in [14C]sucrose 

uptake into the brain when the perfusion flow rate is reduced by 75% in the 

presence of hypoxia. However, a significant increase in the net transport of 

[14C]sucrose across the BBB is observed during aglycemia coupled with reduced 

flow (p < 0.05). The combination of hypoxia-aglycemia and reduced flow results 

in a more significant increase in [14C]sucrose transport to the brain (p < 0.01) as 

compared to the quarter flow rate control. This suggests that hypoxia appears to 

alter the integrity of the barrier, and when combined with aglycemia, a more 

profound effect is observed as the BBB appears to be significantly compromised. 

A substantial increase in [14C]sucrose transport to the brain is observed during 

normoxia-aglycemia, suggesting that the presence of glucose may have a 

neuroprotective effect on the brain at such reduced flow rates. Once hypoxia

aglycemia are coupled with reduced flow rates, the net effect of [14C]sucrose 

transported into the brain is significant, thus the presence of hypoxia and 

aglycemia together may potentiate the dysfunction of the BBB. 



76 

Capillary depletion analysis. 

The contribution of the vascular component to the total brain uptake of 

[14C]sucrose were compared among all of the parameters of quarter flow for this 

group, however only the normoxic-glycemic and hypoxic-aglycemic data have 

been displayed (Table 2). The amount of radioactivity detected in the vascular

enriched pellets was not significantly different among the four parameters 

measured for this study. Furthermore, the radioactivity found in the supernatant 

showed a slight increase in [14C]sucrose transport during hypoxia, and also 

hypoxia-aglycemia with reduced flow. This net increase in [14C]sucrose 

transport demonstrated a trend that was very close to achieving statistical 

significance. However, due to the difficult nature of the capillary depletion 

technique, the results were not easily replicated and further analysis is required 

to validate the findings. 



0 
~ ... 
~ 
ca 
::::s 
CT 

.s 
i:, 

f 
ca 
Q. 

E 
0 
u "o' 
G) c,' 
u-
ca 
i-
i 
0 ... u 
::::s 

"' C: 

G) 

en 
C: 
ca 
.c: 
(.) 

Effect of hypoxia/aglycemia cou pied with quarter flow 
perfusion on BBB permeability to [14C]sucrose 

100 

80 

60 

40 

20 

0 

* = p<0.05 
** = p<0.01 * 

-

Quarter Flow Quarter Flow Quarter Flow Quarter Flow 
No Oxygen No Glucose No Oxygen 

No Glucose 

77 

Figure 12 Effect of hypoxiaf aglycemia coupled with quarter flow perfusion 
on BBB permeability to P4C]sucrose. 
The uptake of [14C]sucrose represented as a percent change in sucrose space from 
the brain/ perfusate ratio (RBr % ) after 20 minutes perfusion at quarter flow. The 
data is expressed as the mean ± SEM and each parameter used n = 5/6 rats. 
Statistical significance is designated if* = p < 0.05 and ** = p < 0.01. 
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5.2.3.3. [125I]insulin studies at half/quarter flow rates 

In situ brain perfusion. 

Radiolabeled insulin was introduced into the cerebral circulation to 

measure the effect of hypoxia/ aglycemia coupled with reduced flow on BBB 

permeability at half and quarter flow perfusion. The results of the hypoxic

aglycemic conditions coupled with half flow showed a substantial uptake of 

[125I]insulin (Rsr% = 51.2 ± 5.81) as compared to the half flow normoxic-glycemic 

control (Rsr % = 15.5 ± 2.41 ). The brain/ perfusate ratio for the hypoxic-aglycemic 

condition during half flow perfusion was significantly higher than expected, and 

further studies will be performed to validate these findings. However, the 

results of the hypoxic-aglycemic conditions coupled with quarter flow showed a 

slight decrease in [125I]insulin uptake (Rsr % = 11.8 ± 3.23) as compared to the 

quarter flow normoxic-glycemic control (Rsr % = 16.4 ± 2.71). These results 

suggest that a steady reduction in [125I]insulin transport to the brain is occurring 

during very low perfusion flow rates. Consequently, the lower incidence of flow 

may reduce the amount of [125I]insulin that is presented for transport across the 

BBB. 

Capillary depletion analysis. 

The contribution of the vascular component to the total brain uptake of 

[125I]insulin were compared among the parameters of half and quarter flow for 

all conditions ~sted, however only the normoxic-glycemic and hypoxic-
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aglycemic parameters have been displayed (Table 2). The amount of 

radioactivity detected in the vascular-enriched pellets were not significantly 

different between the half and quarter flow studies. Interestingly, the half flow 

hypoxic-aglycemic condition showed a substantial increase in insulin uptake 

than was expected in both the pellet and supernatant and further studies will be 

performed to confirm these findings. However, the slight increase observed in 

the amount of [125I]insulin transported to the brain during hypoxia-aglycemia at 

the quarter flow condition was not statistically significant. Furthermore, the 

radioactivity found in the supernatant showed a slight trend towards a net 

decrease in [125I]insulin transport as flow rates were reduced. The variation that 

was observed in these results demonstrates the difficult nature of successfully 

replicating the capillary depletion technique. Further analysis is required to 

validate these findings. 

5.2.3.4. [86]rubidium studies at half/quarter flow rates 

In situ brain perfusion. 

A marker for K+ transport, [86]rubidium, was introduced into the cerebr~l 

circulation to measure the effect of hypoxia/ aglycemia coupled with reduced 

flow on BBB permeability at half and quarter flow perfusion (Figure 13). The 

results of the hypoxic-aglycemic condition coupled with half and quarter flow 

showed a slight increase in [86]rubidium uptake as compared to the flow controls, 
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respectively. The quarter flow normoxic-glycemic condition shows a significant 

decrease in [86]rubidium transport compared to both the half flow control and the 

half flow hypoxic-aglycemic condition (p < 0.05) suggesting an overall net 

decrease in the amount of [86]rubidium available for transport with reduced flow. 

These results suggest that the presence of hypoxia/ aglycemia does not cause a 

significant uptake of [86]rubidium into the brain, but that the slight increase in 

radioactivity detected in the hypoxic-aglycemic conditions for both flow rates 

may in effect influence changes in the cytoskeletal architecture and various 

transport systems. Thus, potassium continues to enter into the cell through 

alternative transport routes. 

Capillary depletion · analysis. 

The contribution of the vascular component to the total brain uptake of 

[86]rubidium were compared among the parameters of half and quarter flow for 

all conditions listed (Table 2). The amount of radioactivity detected in the 

vascular-enriched pellet was not significantly different among the four 

parameters measured. Interestingly, the vascular trapping shown in the 

hypoxic/ aglycemic quarter flow condition is approximately double that of its 

flow control, suggesting a trapping of rubidium within the endothelial cells 

under these conditions. Furthermore, the supernatant showed a slight increase 

in [86]rubidium transport when coupled with hypoxia-aglycemia for both the half 

and quarter flow rates. These results suggest that under hypoxic-aglycemic 
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stress coupled with reduced flow, [86]rubidium entry to the brain may also occur 

via opening of the paracellular route. 
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Figure 13. Effect of hypoxiafaglycemia coupled with reduced flow on BBB 
permeability to [86]rubidium. 
The uptake of [86]rubidium represented as a ratio of brain/ perfusate (Rsr % ) with 
reduced flow coupled to hypoxia/ aglycemia after 20 minute of perfusion. The 
data is expressed as the mean ± SEM and each parameter used n = 5 / 6 rats. 
Statistical significance is designated if* = p < 0.05. 
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Table 2. Capillary depletion analysis of the effect of hypoxiaf aglycemia 
coupled to reduced flow on BBB permeability to [14C]sucrose, [125I]insulin, and 
[ 86]rubidi um. 

Parameter Half Flow Half Flow+ Quarter Flow 
measured (Rur%) Hypoxia/ Agly- (Rur%) 

(S,I,R] cemia (Rur%) 

[S] Pellet 0.33 ± 0.081 0.33 ± 0.078 0.13 ± 0.034 

[S] 0.96 ± 0.221 1.63 ±0.111 1.08 ± 0.181 
Supernatant 
[I] Pellet 4.78 ± 0.986 14.59 ± 2.138 3.91 ± 0.197 

[I] 15.04 ± 3.282 35.78 ± 4.683 13.4 ± 0.922 
Supernatant 
[R] Pellet 0.46 ± 0.075 0.46 ± 0.091 0.21 ± 0.054 

[R] 3.28 ± 0.228 4.00 ± 0.322 2.14 ± 0.187 
Supernatant 

[S] = [14C]sucrose; [I] = [125J]insulin; [R] = [86]rubidium 
Statistical significance was not observed for this study. 

Quarter Flow + 
Hypoxia/ Agly-
cemia (Rur%) 

0.17 ± 0.020 

1.49 ± 0.329 

4.64 ± 1.343 

13.84 ± 3.614 

0.40 ± 0.021 

3.27 ± 0.211 
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5.3. DISCUSSION 

5.3.1. Model design and significance 

For this study, a model of stroke/ ischemia was developed to evaluate the 

effects of low flow perfusion coupled with hypoxia/ aglycemia on BBB 

permeability and transport systems. The experimental design is an adaptation 

and modification of the in situ perfusion model using low flow (Ennis et al., 

1998), hypoxia, and aglycemia on transport properties at the site of the rat BBB. 

Previous studies have shown that BBB damage related to stroke/ ischemia results 

in the opening of tight junctions leading to increased permeability and vasogenic 

edema formation (Hatashita and Hoff, 1990). Therefore alterations in both 

transport systems and cellular hemodynamics may be attributed to the formation 

of cerebral edema associated with ischemic brain injury, thus promoting further 

BBB breakdown. 

During stroke, it is hypothesized that an occlusion in the blood vessel(s) 

restricts perfusion flow to certain regions of the brain. This reduction in flow 

minimizes the delivery capability of various nutrients and solutes to the brain 

tissue, especially that of oxygen and glucose. The reduced oxygen content of the 

perfusate causes the brain to utilize other metabolic pathways for survival. The 

primary nutrient of the brain is glucose, which is rapidly metabolized to 

maintain cellular homeostasis during hypoxia. Normally, ATP is generated by 

the aerobic metabolism of glucose via glycolysis and the citric acid cycle. 
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However, during hypoxia, the net ATP levels are reduced because glucose stores 

have been rapidly depleted. Therefore, glucose is no longer abundant and the 

circulating medium becomes increasingly aglycemic over time. When ATP levels 

decline, it is believed that some ATP-dependent transport processes are 

compromised. The malfunction of these transport systems lead to shifts in 

cellular fluid volume, non-selective protein transport to the brain (Plateel et al., 

1997), and changes in the endothelial cytoskeleton (Nag, 1995), thus increasing 

BBB permeability. 

In this thesis, specific transport processes were evaluated by using a 

variety of approaches with the newly, modified model. The experiments were 

designed to see whether a short-term change in the oxygen or glucose content of 

the brain effects basal BBB permeability. In addition, in situ studies investigating 

the role of flow, glucose, and oxygen were performed in combination to 

determine the change in tight junction morphology that may be required for 

increased passage of the radiolabeled impermeant marker, [14C]sucrose to mimic 

the events of a short-term ischemic attack in the brain. Other in vivo methods 

have been used to produce a hypoxic/ ischemic insult by occluding blood flow in 

the vessel, notably the middle cerebral artery occlusion (MCAO) method (Yang 

and Betz, 1994). However, these methods require fairly invasive surgical 

techniques and a brief recovery period before the actual insult of ischemia is 

evaluated. Minimizing ischemic exposure to the BBB prior to the start of the 
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experiment is of great importance since this thesis focuses on the effects of 

ischemia on the BBB and also on transport properties. The incorporation of this 

new, low flow in situ perfusion model provides more information on what is 

occurring during the actual ischemia, rather than the potential ischemic injury 

that may be associated with surgery. Thus, the in situ model provides a more 

comprehensive interpretation of the kinetic transport properties of solutes to the 

brain under more physiologic conditions than what is found in vitro and in other 

in vivo methods. 

5.3.1.1. Investigation of specific transport systems 

There is a wide body of research that is dedicated to the study of stroke 

and the subsequent dysfunction of several transport mechanisms at the BBB as a 

result of ischemic injury. By creating a situation that closely mimics 

stroke/ischemia at the BBB, the effect of specific transport systems during . 

hypoxia/ aglycemia was investigated in this thesis. Three specific transport 

mechanisms were analyzed with our model using radiolabeled transport 

markers: [14C]sucrose, an impermeant marker, [125I]insulin, a receptor-mediated 

transcytosis mechanism, and [86]rubidium, a potassium transport marker. These 

transport markers were also used in previous studies to characterize transport 

properties at the site of the BBB (Williams et al., 1996;Ennis et al., 1998;King and 

Johnson, 1985), but not after hypoxic injury. 



87 

The increased permeability of the BBB due to hypoxic injury may in effect 

complicate the normal transport processes of glucose and potassium. These are 

important implications to consider as hypoxic studies on endothelial cells 

showed a rapid decline in ATP levels coinciding with reduced glucose (Gobbel et 

al., 1994). It is hypothesized that glucose transport is compromised during 

hypoxic insult resulting in a net depletion of ATP generated either by an 

alteration in transport or by having reduced glucose levels available for 

transport. Consequently, ATP-dependent functions that maintain intracellular 

and extracellufar fluid balance (i.e. Na+ /K+-ATPase pump) are disturbed. Focal 

cerebral ischemia produced by MCAO has shown a significant reduction in 

potassium entry to the brain (Betz et al., 1994). With a shorter duration of 

hypoxia, potassium transport was again reduced when coupled with low flow 

perfusion (Ennis et al., 1998). These systems delicately control the composition of 

the fluid, and if distressed/inhibited, the system may allow for diffusion of ions 

through other paracellular pathways. Thus, these three radiolabeled markers 

were selected to follow specific transport properties at the BBB. 

5.3.2. In situ brain perfusion studies 

The in situ perfusion model was adapted from a model (Ennis et al., 1998) 

using an artificial mammalian Ringer's solution. This technique is advantageous 

because it allows for the study of individual drug transport mechanisms under 
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more physiologic conditions to provide a more precise kinetic analysis of the 

transport at both the BBB and blood-CSF barrier. The in situ technique must be 

performed with the capillary depletion technique to minimize the possibility that 

the measured radiolabeled uptake is actually transported into the brain versus 

bound to the vascular component. 

The artificial mammalian Ringer's solution is simple and chemically 

defined so it is easy to control the oxygen and glucose levels within the 

perfusate. The standard zn situ Ringer's solution utilizes a 10 mM glucose 

concentration, however for the aglycemic solution, 10 mM mannitol was 

substituted as a non-metabolized, non-transported sugar. This substitution is 

important because it maintains the osmotic balance of the solution and allows for 

the effect of reduced glucose on BBB transport systems rather than the combined 

effect of hypoglycemia and reduced osmotic potential. Mannitol has previously 

been shown to open the BBB via osmotic shock, however an intracarotid infusion 

or bolus of 1.6 M mannitol is required and the effect is transient and has been 

attributed to endothelial cell shrinkage (Rapoport, 1970). Thus, a comparison of 

solution osmolalities has suggested that the greater the permeability of the 

hyperosmolal solute, the higher the concentration required to open the barrier 

(Davson and Segal, 1996b). 
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5.3.2.1. Effect of reduced flow on BBB penneability 

The in situ perfusion model has been used extensively to study the basal 

permeability of the BBB using a impermeant, non-transported substance such as 

[14C]sucrose. In this study, the sucrose space was measured to assess the effect of 

reduced flow on ba~al permeability of the BBB (Figure 4). The measured sucrose 

space yields an approximation of the vascular space of the brain. The ratio of 

radioactivity in the brain to that of the perfusate (RBr % ) resulted in a value of 14 

µl-g-1 for the full flow normoxic-glycemic control. This value is well within the 

range of normal sucrose vascular space reported previously in the literature 

(Williams et al., 1996;Preston et al., 1995). When perfusion flow rates were 

reduced, initially by 50% (half flow) and then by 75% (quarter flow), the sucrose 

values were approximately 14 µl-g-1 and 12 µl-g-1, respectively. It is clear that 

within the experimental parameters studied, the reduction of flow to the brain 

has no significant effect on the basal permeability of the BBB during a 20-minute 

exposure. This suggests that even at very low flow conditions (0.75 ml-min-1), 

cerebral blood flow is still autoregulated within the time limits that were 

established for this study. It has been shown that cerebral resistance arteries 

dilate and constrict to compensate for the changes in cerebral perfusion pressure. 

As a result, cerebral blood flow (CBF) remains relatively constant over a fairly 

broad range of arterial pressure that is commonly referred to as the 

autoregulatory plateau (Chillon and Baumbach, 1997). The normoxic-glycemic 
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Ringer's solution used in these studies apparently provided adequate nutrient 

transport to the hypoperfused rat brain, thus no significant change in BBB 

permeability was observed in the reduced flow rates with this passively diffused 

marker ([14C]sucrose). 

In contrast, the effect of insulin was used to measure BBB permeability at 

reduced perfusion flow rates (Figure 6). The circulating peptide hormone 

insulin, gains access to brain interstitial fluid (ISF) through receptor-mediated 

transcytosis systems. Three sequential steps are involved in transcytosis: 

receptor-mediated endocytosis at the luminal membrane of the capillary 

endothelium, diffusion through the endothelial cytoplasm, and exocytosis into 

the brain ISF (Pardridge, 1997). To measure the effect of reduced flow on this 

transcytotic mechanism, [125I]insulin was used to evaluate the response of the 

BBB to decreased perfusion flow. Insulin uptake during full flow, normoxic

glycemic perfusion, results in a substantially higher ratio (RBr% = 33.6) as 

compared to the sucrose uptake ratio (RBr % = 1.4). This difference supports the 

idea that insulin is actively not passively transported across the BBB by another 

mechanism. However, a significant decrease in insulin uptake was observed in 

both the half and quarter flow rates as compared to the normoxic-glycemic full 

flow rate. Studies have shown that the insulin receptor at the brain capillary 

endothelium has differential glycosylation of the alpha subunit as compared to 

the insulin receptor on brain neuron cells. Furthermore, transport of insulin is 
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believed to be rapid across the endothelial cell by a receptor-mediated process 

(King and Johnson, 1985). Therefore, these results suggest that the decrease in 

insulin entry to the brain during half and quarter flow perfusion is attributed to 

the reduced amount of insulin presented to the luminal receptor for transport 

into the endothelial cytoplasm coinciding with the reduced flow through the 

capillary. 

The effects of potassium transport were also measured during reduced 

flow rates using the [86]rubidium transport marker under normoxic-glycemic 

conditions (Figure 8). During full flow perfusion, rubidium uptake into the brain 

is expressed as a ratio (RBr % = 3.3) which is approximately twice as high as the 

ratio found in sucrose (RBr % = 1.4). However, the response to rubidium uptake 

during half flow (RBr % = 2.7) is slightly reduced from the full flow (RBr % = 3.3). 

The quarter flow shows a significant decrease in rubidium transport when 

compared to both full and half flow. These values suggest that potassium 

transport may be influenced by transport mechanisms unlike that of a passively 

diffused substance such as sucrose. 

It has been shown that potassium transport in the brain is mediated by a 

number of channels found in cerebral blood vessels. Most predominant are the 

ATP-sensitive and calcium-activated potassium channels that are related to 

regulating vascular tone and cellular homeostasis (Faraci and Heistad, 1997). In 

the presence of normoxia-glucose, it is hypothesized that potassium enters the 
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endothelial cell via the Na+ /K+ channel, diffuses across the cytoplasm, and exits 

from the endothelial cell via the Na+ /K+-ATPase. The reduction in flow may in 

effect limit the transport of potassium into the endothelial cell through the 

Na+ /K+ channels on the luminal endothelial cell membrane. The reduced net 

potassium levels wtthin the endothelial cytoplasm will further diminish Na+ /K+

ATPase transport into the brain. Thus, during very low flow rates (e.g. quarter 

flow) the significant reduction in rubidium uptake into the brain indicates that 

lower flows through the capillary simply reduce the level of potassium available 

for transport from the lumen to the brain. 

5.3.2.2. Effect of hypoxia/aglycemia on BBB transport systems 

Previous studies have shown that both the physical and metabolic barrier 

can become compromised during hypoxia (Plateel et al., 1995;Abbruscato and 

Davis, 1999a). It is believed that the breakdown of the BBB is influenced by the 

upregulation of both transcellular (Plateel et al., 1997) and paracelluar pathways 

(Abbruscato and Davis, 1999a) after hypoxic and aglycemic exposures. Hypoxic 

and aglycemic studies performed in vitro have been shown to effect the basal 

permeability of the BBB (Abbruscato and Davis, 1999a). BBB breakdown is 

believed to influence the opening of the paracellular route of brain entry after 

hypoxic/ aglycemic insult, thus understanding how tight junctional structure is 

compromised is key to understanding the degree of injury to the brain. 
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Blood gas analysis of normoxicfhypoxic Ringer's solutions. 

The blood gas analyses of the normoxic perfusion flow rates and the 

hypoxic control were used to confirm that the artificial Ringer's solution was 

carefully controlled to mimic the effect of ischemia on the brain. Four 

parameters were measured and compared to the normoxic controls. These 

parameters include: pH, p02, pC02, and% oxygen saturation. The results show 

a significant difference among the hypoxic control for all parameters as 

compared to the normoxic control (p < 0.05 or p < 0.01). The pH for the full flow 

normoxic control is 7.4, whereas the hypoxic pH shows a significant shift 

towards an acidic medium . . The p02 values for all normoxic controls are within 

the range of approximately 175-200 mmHg. In contrast, the hypoxic p02 is 

approximately 31 mmHg. These results show remarkable clinical relevance to 

the partial pressure values found during clinical procedures such as 

cardiopulmonary bypass (CPB). The CPB values for both arterial and mixed 

venous p02 are within the range of 150-200 mmHg and 30-40 mmHg, 

respectively. The pC02 values found in hypoxia are similar to the values found 

in the mixed venous samples (pC02 = 40-50 mmHg). Furthermore, the % oxyge.n 

saturation is defined as >90% for arterial and >60% for mixed venous blood gases 

during CPB. The values of the Ringer's solution during normoxia are constant 

among the three flow rates (% saturation = 99.6). In contrast, the hypoxic control 

resulted in a significantly lower value of 51 % oxygen saturation. These 
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parameters suggest that the careful control of both the normoxic and hypoxic 

conditions used in this study closely resemble the hemodynamic parameters that 

are established in the clinical setting (Table 1). 

In situ brain perfasion studies. 

The brain depends entirely upon the oxidative metabolism of glucose to 

support its metabolic needs. The demand for these nutrients is continuous 

because the brain does not store oxygen or glucose in appreciable amounts. The 

brain represents approximately 2% of body weight, receives 15% of the cardiac 

output and consumes nearly 20% of available oxygen for normal function 

(Golanov and Reis, 1997). Thus, the need for substrate is perpetual and if 

deprived, has been shown to elevate CBF (i.e. vasodilation) to increase the 

overall amount of oxygen delivered to the brain. Hypoxia directly relaxes 

cerebral vessels by hyperpolarizing cerebral vascular smooth muscle by opening 

ATP-dependent potassium channels, thereby attenuating Ca2+ entry into the cells 

and reducing muscular contraction (Golanov and Reis, 1997). The more 

profound response to hypoxia is the depletion of intracellular ATP stores. This 

may even further open ATP-dependent potassium channels, or compromise the 

function of various energy dependent transport systems. 

In this study, the effect of reduced flow is combined with or without 

hypoxia/ aglycemia to evaluate the BBB permeability to [14C]sucrose (Figure 10). 
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The % change in sucrose space was measured as compared to half flow 

perfusion. The results show a slight increase in sucrose space when either 

hypoxia or aglycemia are introduced into the perfusion medium, however an 

additive increase in sucrose space is observed when both hypoxia and aglycemia 

are present (p < 0.05). This suggests that at low flows (50% reduction from full 

flow) a trend leading to an increase in BBB permeability as hypoxia and 

aglycemia begin to influence BBB transport functions. The effect of hypoxia 

appears to alter the tight junctions of the endothelial cells, leading to an 

increased transport of sucrose across the BBB. The paracellular diffusion route 

may in effect widen due to the stress of hypoxia on the tight junction. With the 

combined effect of aglycemia, the intracellular glucose stores may rapidly 

metabolize, thereby causing a net reduction in ATP levels and ATP-dependent 

functions begin to deteriorate. Thus, an increase in BBB permeability is seen in 

the absence of oxygen and glucose during half flow. 

During the quarter flow perfusion, a similar effect to half flow is observed 

with hypoxia/ aglycemia on BBB permeability to [14C]sucrose (Figure 12). The 

presence of hypoxia alone does not significantly alter sucrose space as compared 

to the quarter flow control. However, a significant increase in sucrose space is 

observed without glucose (p < 0.05). Furthermore, a significant increase in 

sucrose permeability is also seen during quarter flow perfusion coupled with 



96 

hypoxia-aglycemia. This suggests that hypoxia alone does not alter BBB 

transport properties unless combined with aglycemia. 

The presence of glucose may serve as a type of protective mechanism in 

maintaining BBB integrity during low flow perfusion. It is known that the brain 

requires glucose as an almost exclusive energy substrate [along with the 

complete oxidation of glucose] to fully meet the energy demands of normal brain 

function. Inhibition of this process due to a decrease in oxygen supply leads to 

an increase in the cellular demand for glucose metabolism through the glycolytic 

pathway to generate lactate (Behrooz and Ismail-Beigi, 1999). Hypoxic insult and 

reduced glucose metabolism could seriously impair the generation of ATP via 

both the citric acid cycle and electron transport chain and force several ATP

dependent transport functions to malfunction. The result is a net decrease in the 

transport of glucose to the brain due to increased demand of glucose reserved for 

the endothelial cell. When exposed to aglycemia, the amount of glucose 

available for transport to the brain and to produce ATP is vastly reduced. If 

hypoxia and aglycemia are combined, the net effect is a · more augmented 

decrease in ATP production (Figure 14). This phenomenon was also observed i~ 

studies performed by Abbruscato and Davis (1999a) where the combination of 

hypoxia/ aglycemia was more damaging to BBB integrity as compared to 

hypoxia alone. 
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(1) During hypoxia, the ability of the endothelial cells to produce ATP via both the citric 
acid cycle and the electron transport chain is impaired. The result is increased anaerobic 
glucose metabolism and lactate build up. Glucose transport into the brain is decreased 
due to the increased demand of glucose reserved for the endothelial cell. 
(2) During aglycemia, the amount of glucose available to produce ATP and cross the 
endothelial cell are vastly reduced. The result is a net decrease in ATP production. 
When combined with hypoxia, the net effect is a more pronounced decrease in ATP 
levels. 
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The effect of [125J]insulin on BBB permeability with reduced flow coupled 

to hypoxia/ aglycemia were evaluated. The ratio of brain/ perfusate for the half 

flow control was approximately 15.5%, whereas in the presence of hypoxia

aglycemia, a net increase in insulin uptake was observed (Rsr = 51.2% ). The 

substantial increase in insulin uptake into the brain was much higher than 

expected at half flow perfusion. When compared to the previously mentioned 

half flow data, the hypoxic-aglycemic quarter flow control (Rsr = 11.8%) showed 

a slight decrease in the uptake of insulin into the brain as compared to the 

quarter flow normoxic-glycemic control (Rsr = 16.4 % ). This suggests that the 

half and quarter flow normoxic-glycemic controls show a reasonable uptake of 

insulin, however in the half flow hypoxic-aglycemic control (Rsr = 51.2% ), an 

increase of nearly three-fold is observed as compared to the normoxic-glycemic 

flow controls. 

The insulin uptake into the brain appears to decrease as flow rates are . 

reduced. In the presence of hypoxia-aglycemia, a net decrease is observed in the 

quarter flow data. This suggests an overall net reduction of insulin transport to 

the brain. The reduction of flow may reduce the amount of [125J]insulin that is 

presented for receptor-mediated endocytotic transport at the luminal surface of 

the cell. The aglycemic environment inevitably reduces the net level of ATP 

generated leading to a net decrease in insulin uptake as compared to the flow 

controls. There is also the possibility that BBB tight junctional opening was not 
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large enough to influence the paracellular diffusion of insulin. Therefore, this 

lower incidence of insulin related to the decreased flow rates may in effect lead 

to alterations in the endothelial cell cytoskeleton due to shear stress. 

It has been shown that flow-related shear stress modulates endothelial cell 

structure and function including F-actin microfilament organization (Girard and 

Nerem, 1995). Recent research suggests that F-actin cytoskeleton is central in the 

regulation of the cerebral endothelial cell tight junction barrier. This is due to the 

spatial co-localization of both F-actin and Z0-1 (Lutz and Siahaan, 1997). 

Furthermore, in vitro evidence shows that Ca2+ antagonists can prevent many of 

the BBB changes related to hypoxic insult, suggesting that calcium has an 

integral role in cytoskeletal junction (Abbruscato and Davis, 1999a). Thus, it is 

likely that the cytoskeletal proteins and the capillary tight junctions play an 

integral role in the regulation of vascular permeability throughout the BBB. 

In addition, the brain requires a continuous supply of blood glucose for 

nourishment and the glucose uptake by the brain has been shown to be 

independent of insulin function (Sherwood, 1997). Recent studies have indicated 

that the GLUT-1 transporter is present three times more on the abluminal side of 

the endothelial cell than the luminal side (Dobrogowska and Vorbrodt, 1999). 

This increased distribution of the GLUT-1 transporter may indicate the 

importance of facilitating larger quantities of glucose into the brain via multiple 

transporters (Figure 14). However, when insulin is in excess, the result is an 
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overall lowering of blood glucose such that much of the glucose is driven into 

other insulin-dependent cells ofthe body rather than in the brain where GLUT-1 

transporters are abundant. Thus, the brain literally starves in the presence of 

hypoglycemia. 

In this study, the absence of glucose in the Ringer's solution coupled with 

the presence of a constant concentration of [125I]insulin infused into the 

circulation at a slow rate resulted in an overall net reduction of insulin uptake 

into the endothelial cell and ultimately the brain. This slight reduction of insulin 

uptake may be associated with an inhibition of aerobic glucose metabolism 

which results in lactic acid production and changes in pH that are known to 

effect the function of endocytotic mechanisms (Sherwood, 1997). 

As previously mentioned, short-term hypoxia produced by low flow and 

low oxygen has been shown to reduce potassium transport to the brain via the in 

situ perfusion technique (Ennis et al., 1998). This reduction in potassium 

transport may be linked to an inhibition of the Na+ /K+ ATPase transporter and 

may pose serious implications for brain and endothelial cell sodium balance. 

Similar to the in vivo situation, in vitro studies with hypoxia on endothelial cells 

showed a decline in ATP levels as both oxygen and glucose were rapidly 

consumed (Gobbel, Chan, Gregory, and Chan, 1994). The reduction in net yield 

of ATP per glucose molecule will inevitably force ATP-dependent functions to 

deteriorate. It is possible that a reduction in ATP could lead to decreases in the 
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efficiency of various transport systems such as potassium transport, PGP efflux 

pumps(V an Asperen et al., 1997), and endocytotic-based transport mechanisms 

such as insulin (Miller et al., 1994). These effects could be extremely deleterious 

and impose grievous clinical complications or irreversible brain damage. 

Marked by [86]rubidium, potassium transport on BBB permeability was 

evaluated by coupling the effects of reduced flow in the presence or absence of 

hypoxia/ aglycemia (Figure 13). The in situ model during reduced perfusion at 

half flow resulted in a slight increase in [86]rubidium uptake in the hypoxic

aglycemic condition as compared to the normoxic-glycemic half flow control. A 

similar trend was observed in the respective quarter flow conditions during 

hypoxia-aglycemia. However, an overall net decrease in rubidium transport was 

observed with all combinations of quarter flow as compared to half flow. This 

suggests that the presence of hypoxia/ aglycemia does not yield a significant 

uptake in potassium transport into the brain as flow is reduced. Furthermore, . 

the slight increase in radioactivity detected in the hypoxic-aglycemic conditions 

may be attributed to the depletion of ATP levels followed by subsequent 

deterioration in the activity of the Na+ /K+ ATPase, thus leading to an 

accumulation of rubidium within the endothelial cell rather than complete 

transport to the brain. The in situ technique is limited unless coupled with 

capillary depletion analysis to verify whether the uptake measured is due to 
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complete transport into the brain or just transport into the endothelial cell and 

consequent trapping. 

Fluid shear stress has been shown to be an important determinant of the 

function and structure of endothelial cells in vivo (Inoue et al., 1996). Studies on 

the effect of reduced flow rates via ligation of the left common carotid artery 

performed in vivo have been shown to elicit shear stress to the endothelial cell 

cytoskeleton and redistribution of proteins and structure filaments integral to the 

cellular architecture (Walpola et al., 1993). It is possible that in both the insulin 

and rubidium studies during reduced flow, the overall net decrease in uptake 

into the endothelial cell/brain coinciding with lower flows, may be exacerbated 

by shear stress. In the presence of hypoxia/ aglycemia, alterations in the 

endothelial cell architecture show a redistribution of cytoskeletal F-actin in 

BBMEC in vitro studies (Abbruscato and Davis, 1999a). Thus, it is possible that 

the combined effect of low flow related to shear stress, hypoxia, and aglycemia 

will effect both the cytoskeletal architecture and the ATP-sensitive transport 

systems in endothelial cells, thereby reducing uptake into the brain and altering 

the normal function of transport systems at the BBB. 

5.3.3. Capillary depletion analysis 

Capillary depletion when linked to in situ brain perfusion, is a powerful 

technique that helps provide a more precise kinetic analysis of transport 

mechanisms at the BBB and blood-CSP barrier. Capillary depletion separates the 



103 

microvessels from other brain cells and distinguishes the amount of isotope 

trapped within the microvessels · from the amount that is actually transported to 

the brain. The capillary depletion technique serves to identify whether any 

change in radioactivity associated with the brain is due to alterations in BBB 

function or in the hemodynamic volume of the brain. In these studies, the 

capillary pellet radioactivity represents either the amount of solute found in the 

endothelial cells or the amount found within the capillary itself. The supernatant 

represents the amount of solute available for transport that is not trapped within 

the endothelial cell or the capillary. If the vascular volume of the brain is 

effected, the proportion of radiation in the capillary pellet will change. Thus, 

when used in combination, the in situ brain perfusion and capillary depletion 

techniques are effective tools used to study the effects of stroke/ ischemia on 

transporter mechanisms of the BBB. 

[ 14C]sucrose studies. 

For the purposes of our study, capillary depletion analysis will be 

summarized for all study groups in this section. Capillary depletion analysis for 

the reduced flow (i.e. full, half, and quarter flow rates) normoxic-glycemic 

conditions with [14C]sucrose show no significant change among all parameters 

for both the pellets or the supematants. This suggests that vascular space 

trapping of sucrose was minimal as flow rates were reduced and that the tight 

junctional properties were spared of any major alterations in permeability. 
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However, a small increase in radioactivity in the supernatant was observed with 

decreased flow suggesting that sucrose is free for passive diffusion and not 

confined within the microvessel. Therefore, when coupled to the in situ results, 

sucrose permeability to the brain was minimal confirming that BBB integrity was 

maintained as flows were reduced. 

When coupled with combinations of hypoxia and aglycemia during half 

flow perfusion, the results of the capillary depletion suggest that the tight 

junctional properties of the BBB are seriously altered (Figure 11). This enables 

more sucrose to permeate through the intercellular junctions of the endothelial 

cells and diffuse across to the brain. No net increase in sucrose vascular trapping 

was observed in the pellet radioactivities in the half flow parameters set for this 

study. A similar trend was observed for sucrose at the quarter flow parameters 

in the presence or absence of hypoxia/ aglycemia. Though no statistical 

significance was obtained among the pellets or the supematants, a slight increase 

in sucrose transport was detected when in the presence of hypoxia/ aglycemia. 

Thus, the presence of hypoxia may seriously alter the tight junctions of the BBB 

and in effect lead to an overall net increase in sucrose transport as flows are 

reduced. 

[125J]insulin studies. 

Capillary depletion analysis for the effect of reduced flow in the presence 

of normoxia-glycemia show an overall net decrease in the amount of [125I]insulin 



105 

detected in both the pellets and supernatants at the half and quarter flow 

perfusion. These results suggest that the reduction in insulin uptake coincide 

with the reduction in perfusion flow rate. In addition, vascular trapping of 

insulin at full flow (i.e. pellet) is proportionally 50 times higher than the ratio 

found in the full flow sucrose control, respectively. This indicates that sucrose 

crosses the BBB via the paracellular route, whereas insulin is transported via a 

receptor-mediated endocytotic mechanism across the cell. Furthermore, shear 

stress alterations in the cytoskeleton induced by lower flow rates may also play 

an integral role in the net reduction of insulin transport. This alteration in the 

cytoskeletal architecture may contribute to changes in the functional properties 

of the endocytotic mechanism with a net loss of insulin transported to the brain. 

In the half and quarter flow studies coupled with hypoxia/ aglycemia, 

insulin uptake was not significantly different among the conditions measured. 

An overall net decrease in insulin transport is detected during 

hypoxia/ aglycemia for both the pellets and the supernatant. This trend suggests 

that hypoxia alters the cytoskeletal architecture of the endothelial cell and 

stresses the tight junctional properties, therefore insulin uptake via receptor

mediated endocytosis is compromised to a degree. When combined with 

aglycemia, a net reduction in ATP levels reduced the transport efficiency of the 

endocytotic mechanism, thus insulin uptake is decreased as compared to the 

flow controls. Furthermore, the opening of the tight junction due to hypoxia did 
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not appear to be large enough to influence insulin paracellular diffusion, hence 

the net reduction in insulin uptake. 

[B6Jrnbidium studies. 

In the study with reduced flows at normoxia-glycemia, the radioactivity 

detected in the pellets significantly decreased with very low flows (i.e. quarter 

flow). When contrasted to the supernatant values during the various flow rates, 

a net decrease is observed with the reduction in flow. The rubidium detected 

within the supernatant suggests that the radioactivity may be preferentially 

transported to the brain either by potassium channels or by Na+ /K+ A TPase 

activity. The observed net decrease in rubidium transport may be attributed to 

many factors. For example, shear stress elicited by reduced flow through the 

vessel may contribute to the changes in cytoskeletal redistribution of vital 

cellular components that help maintain cellular homeostasis. Another possibility 

is the reduction in flow may limit the transport of potassium via the Na+ /K+ 

channels on the luminal surface of the membrane, therefore potassium transport 

into the cell is attenuated by the change in flow through the vessel. 

When coupled with hypoxia/ aglycemia, the half and quarter flow results 

show a slight increase in the amount of rubidium trapped in the pellet as 

compared to the normoxic-glycemic flow controls. The capillary depletion 

analysis on the supernatants of the four conditions also yielded very similar 

increases in rubidium activity. These results do not show statistical significance, 
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however if combined, a slight reduction in transport is observed as compared to 

the controls. 

Hypoxia has been shown to cause a perturbation at the tight junction 

(Gumbinger, 1993) and also an increase in glucose transport at the BBB (Harik et 

al., 1994). The res~lts of this study show that hypoxia-related openings in the 

tight junctions may facilitate an increase in paracellular rubidium transport. In 

addition, the rapid metabolism of glucose due to hypoxia will eventually deplete 

ATP levels and decrease the Na+ /K+ ATPase activity within the endothelial cell 

thus reducing the transport ability of rubidium into the brain. However, it is 

feasible that potassium entry into the endothelial cell could be attempted by two 

routes: (1) Na+ /K+ channels, or (2) paracellular diffusion. The slight increase in 

rubidium trapping as seen with the pellets during hypoxia/ aglycemia may be 

due to entry via the channels and a net accumulation of potassium within the 

cytoplasm. This accumulation of potassium is a result of the reduced activity of 

the Na+ /K+ ATPase and the net effect is that less potassium is transported across 

the cell into the brain. Potassium transport to the brain is still accomplished by 

an increase in paracellular transport. Furthermore, despite these subtle increases 

in rubidium trapping and paracellular transport, a net decrease in brain uptake is 

observed as compared to the flow controls. 
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5.3.4. Schematic summary of BBB transport systems 

The results of this study and how the effects of reduced flow coupled with 

hypoxia/ aglycemia alter BBB transport systems are summarized in the following 

schematic diagram (Figure 15). This work represents the basis for future studies 

on transport mechanisms at the cerebral capillary endothelium during low flow, 

hypoxic-aglycemic conditions similar to an acute incidence of stroke. 
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Figure 15. Schematic summary of BBB transport systems. 
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Sucrose 

Sucrose 

A schematic diagram depicts the effects of low flow, hypoxia, and aglycemia on the transport of 
[14C]sucrose, [12SI]insulin, and [86]rubidium across the BBB. 
(1) During normal flow, sucrose will not transport across the BBB to any appreciable degree. 
Rubidium entry into the endothelial cell is predominantly through Na+/ K+ channels. Once 
inside, it diffuses across the cytoplasm and then exits the endothelial cell to the brain via Na+/ K+ 
ATPase activity. Insulin crosses the BBB via a receptor-mediated transcytotic mechanism. 
(2) During f()w fl ow, lh <) p rope rties of lhe Li g ht junctio ns a n ~ s li g hlly a lte red, thu s no net increase 

i 11 Sul-rose lr<l nspo r l is o hserV<'d . Due lo shear slrc>ss- rl'la led cy los k!.'ld d I n'd is lrihu lio n, ho lh lhP 

Na +/ K+ c hcrnne l a nd lhc Na +/ K+ ATPas<' a rt' reduced in a ctivity resulting in a ne l d ec n•ase in 
rubidium t rn ns po rl. T lw cy loskc letal a lte rat ion dlso results in a rPduclion of endocy totk 

mec hdni sm s leadin g lo a nl'l d ecrease in insulin tra nsp o rt. 

(3) During hypoxia/ aglycemia, the tight junctions are seriously altered, leading to an increased 
net transport of sucrose across the BBB. The reduction in ATP during hypoxic/ aglycemic injury 
result in a decrease in the action of the Na+ /K+ A TPase. As rubidium continues to enter the cell, 
the insufficient activity of the Na+ /K+ ATPase results in a net accumulation of rubidium within 
the endothelial cytoplasm. In addition, the opening of the light junctions leads to an increase in 
paracellular rubidium transport. These factors combine to yield a slight reduction in transport 
efficiency as compared to the controls. With insulin, the reduction in ATP levels leads to a slight 
decrease in net brain uptake as compared to the low flow controls. Furthermore, the increase in 
light junctional opening is not large enough to influence insulin paracellular diffusion. 
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5.4. CONCLUSION 

• [14C]sucrose, [125I]insulin, and [86]rubidium were used to mark the effects of 

three different BBB transport mechanisms during low flow coupled with 

hypoxia/ aglycemia and the results are summarized in this study. 

• BBB basal permeability is not compromised when perfusion flow rates are 

reduced. 

• BBB basal permeability is compromised when exposed to 

hypoxia/ aglycemia. 

• Hypoxia has been shown to alter the integrity of the BBB, thus increasing BBB 

permeability to various solutes. 

• Aglycemia may play a role in altering energy-dependent transport systems 

by reducing the net production of ATP thus ATP-dependent functions are 

compromised. 

This research study was designed to investigate the effects of low flow, 

hypoxia, and aglycemia on BBB permeability and transport properties using a 

newly developed adaptation of the in situ brain perfusion technique and 

capillary depletion analysis. These techniques are unique due to the ability of 

being able to manipulate perfusion flow rates to model ischemia and characterize 

transport mechanisms at the BBB. Future studies will eventually incorporate the 
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effect of reperfusion injury on transport mechanisms and permeability to 

interpret how this influences the development of stroke. 
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