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PREFACE

I learned about Sertoli cells and germ cells in the testis and the concept of the
blood-testis barrier when I was a graduate student in the late 1970s in the laboratory
of Professor Barry Boettcher, University of Newcastle, Australia. Thereafter, I joined
the Laboratory of Dr. Wayne Bardin in the Population Council’s Center for Biomedical
Research in New York and began my career to study the biology of the Sertoli cell with
Drs. Wayne Bardin, Neal Musto and Glen Gunsalus, in particular how steroid transport
proteins (e.g., androgen binding protein) in the testis versus similar functional proteins
in the systemic circulation (e.g., testosterone-estradiol-binding globulin also known
as sex hormone binding globulin) in regulating testicular function. During this period,
I also learned about how the blood-testis barrier near the basement membrane in the
seminiferous epithelium regulated protein composition in the tubule lumen versus
the blood compartment, besides different surgical techniques in laboratory rats. This
earlier exposure had laid the foundation that sparked my interest in this area of science
later on in my scientific career. During the last three decades since the completion of
my postdoctoral training in the early 1980s, I established my research program at the
Population Council and I am fortunate to have an undisrupted period of productive
research in reproductive biology, and I remain grateful to Dr. Wayne Bardin for this
opportunity and his generosity to nurture the growth of many young scientists at the
Council during his tenure. During the past ~17 years since the retirement of Wayne
from the Population Council, I shifted my research interest to develop contraceptives
for males while working closely with Professor Bruno Silvestrini on the series of
compounds he developed in the 1960s and 1970s known as indazole-carboxylic acids. I
began to realize the significance of the blood-testis barrier that had considerably limited
the bioavailability of many potential contraceptive drugs for men, in particular if they
exert their effects on developing germ cells in the compartment behind the blood-testis
barrier, such as adjudin, 1-(2,4-dichlorobenzyl)-1H-indazole-3-carbohydrazide, which
was developed by Bruno and myself in the late 1990s. As such, I began to learn more
about blood-tissue barriers, such as the blood-brain barrier, the blood-retina barrier and
the gut barrier, which turned out to be an exceedingly fascinating field of research. It is
easily understood that this is a rapidly growing field since many illnesses in the brain

vii
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viii PREFACE

remain difficult to treat therapeutically because of the blood-brain barrier. Thus, the idea
of editing a book that encompassed critical discussion and thought-provoking concepts
besides summarizing the latest findings in different blood-tissue barriers emerged a few
years ago. | am grateful that many outstanding investigators who have spent decades to
study different aspects of blood-tissue barrier function share my enthusiasm to prepare
such a book for investigators in the field. I am thankful for each of our contributors who
have spent numerous hours to work on their book chapters amidst their busy schedules in
the laboratory. They have also summarized some of the latest and fascinating development
in their fields of research including the blood-brain barrier, the blood-retinal barrier, the
gut barrier, the blood-biliary barrier, the blood-follicle barrier, the blood-epididymis
barrier, the blood-testis barrier, the tight junction barrier in general as well as barriers
in the female reproductive tract. We also have a few chapters that focus on topics that
are physiologically applicable to all blood-tissue barriers. Many of these chapters also
include information on specific human diseases, such as pathological changes of the gut
barrier that cause bowel disorders resulting from inflammation of the epithelial lining in
the intestine, and infertility in men as a result of disruption of the blood-epididymal and/
or blood-testis barriers; and on new therapeutic approaches (e.g., drug delivery across
the blood-brain and the blood-retinal barriers). It is my belief that this book has covered
some of the more interesting aspects of research in blood-tissue barriers, and it is my
intention as well as the contributors of this book that this work will serve as a helpful
and important reference guide to investigators in the field.

I am also indebted to our Publisher, Dr. Ron Landes who entrusted me to edit this
book for Landes Bioscience, to Ms. Cynthia Conomos, Ms. Celeste Carlton and their
staff at Landes Bioscience, such as Daniel Olasky and Marissa Stewart, who have worked
diligently with me and our contributors these past two years while different chapters for
this volume were being written, revised and prepared, and also for their extraordinary
efforts in copy editing, page layouts and the final production. Without these extraordinary
efforts and professionalism, Biology and Regulation of Blood-Tissue Barriers would never
be published. I hope that our readers will find this volume to be a delightful addition to
their personal libraries in their laboratories and offices. It is obvious that this field will
undergo rapid expansion in the years to come because of the advances in biochemistry,
molecular biology, cell biology and nanotechnology. I also hope that this book will play
its role to spark the interest of young investigators to join us to study the biology and
regulation of blood-tissue barriers and their significance in diseases and health.

C. Yan Cheng, PhD
Center for Biomedical Research, Population Council
New York, New York, USA
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and reviews in peer-reviewed journals in the field. He is currently a Senior Scientist and
the Head of the Mary M. Wohlford Laboratory for Male Contraceptive Research at the
Population Council’s Center for Biomedical Research in New York City.



PARTICIPANTS

Tamima Ashraf

Department of Pharmaceutical Sciences
Leslie Dan Faculty of Pharmacy
University of Toronto

Toronto, Ontario

Canada

Sarah A. Auharek

Department of Morphology
Federal University of Minas Gerais
Belo Horizonte

Minas Gerais

Brazil

Nilasha Banerjee

Department of Pharmaceutical Sciences
Leslie Dan Faculty of Pharmacy
University of Toronto

Toronto, Ontario

Canada

Reina Bendayan

Department of Pharmaceutical Sciences
Leslie Dan Faculty of Pharmacy
University of Toronto

Toronto, Ontario

Canada

Michele Bonanomi
S.B.M. Srl

Rome

Italy

Matthew Campbell
Ocular Genetics Unit
Department of Genetics
Trinity College Dublin
Dublin

Ireland

Hsiao Chang Chan

Epithelial Cell Biology Research Center
School of Biomedical Sciences

The Chinese University of Hong Kong
Hong Kong

China

Hui Chen

Epithelial Cell Biology Research Center
School of Biomedical Sciences

The Chinese University of Hong Kong
Hong Kong

China

C. Yan Cheng

Center for Biomedical Research
Population Council

New York, New York

USA

Faith L. Cheng

Center for Biomedical Research
Population Council

New York, New York

USA

xi

[vww.ebook3000.con)



http://www.ebook3000.org

xii

Yan-ho Cheng

Richmond University Medical Center
Staten Island, New York

USA

Daniel G. Cyr

INRS-Institut Armand-Frappier
University of Quebec

Quebec

Canada

Evemie Dubé

INRS-Institut Armand-Frappier
University of Quebec

Quebec

Canada

Jannette M. Dufour

Department of Cell Biology
and Biochemistry

Texas Tech University Health
Sciences Center

Lubbock, Texas

USA

Alexander S. Easton
Department of Pathology
Dalhousie University
Halifax, Nova Scotia
Canada

Luiz R. Franca

Department of Morphology
Federal University of Minas Gerais
Belo Horizonte

Minas Gerais

Brazil

Rex A. Hess

Department of Comparative Biosciences
University of Illinois

Urbana, Illinois

USA

Barry T. Hinton

Department of Cell Biology

University of Virginia School of Medicine
Charlottesville, Virginia

USA

PARTICIPANTS

Ken-ichi Hosoya

Department of Pharmaceutics

Graduate School of Medicine
and Pharmaceutical Sciences

University of Toyama

Sugitani, Toyama

Japan

Peter Humphries
Ocular Genetics Unit
Department of Genetics
Trinity College Dublin
Dublin

Ireland

Andrei I. Ivanov
Gastroenterology and Hepatology Division
Department of Medicine
University of Rochester School
of Medicine
Rochester, New York
USA

Pranitha Jenardhanan
Center for Bioinformatics
School of Life Sciences
Pondicherry University
Pondicherry

India

Olena Kis

Department of Pharmaceutical Sciences
Leslie Dan Faculty of Pharmacy
University of Toronto

Toronto, Ontario

Canada

Nikki P. Lee

Department of Surgery

The University of Hong Kong
Hong Kong

China

Michelle W.M. Li

Center for Biomedical Research
Population Council

New York, New York

USA



PARTICIPANTS

Pearl P.Y. Lie

Center for Biomedical Research
Population Council

New York, New York

USA

Wing-Yee Lui

School of Biological Science
University of Hong Kong
Hong Kong

China

Jayakanthan Mannu
Center for Bioinformatics
School of Life Sciences
Pondicherry University
Pondicherry

India

Premendu P. Mathur
Center for Bioinformatics
School of Life Sciences
Pondicherry University
Pondicherry

India

Ka-Wai Mok

Center for Biomedical Research
Population Council

New York, New York

USA

Dolores D. Mruk

Center for Biomedical Research
Population Council

New York, New York

USA

Sam C. Nalle
Department of Pathology
University of Chicago
Chicago, Illinois

USA

Yechun Ruan

Epithelial Cell Biology Research Center
School of Biomedical Sciences

The Chinese University of Hong Kong
Hong Kong

China

xiii

Bruno Silvestrini
S.B.M. Srl
Rome

Italy

Michelle K.Y. Siu

Center for Biomedical Research
Population Council

New York, New York

USA

Linlin Su

Center for Biomedical Research
Population Council

New York, New York

USA

Wen-Hui Su

Center for Biomedical Research

Population Council

New York, New York

USA

and

Department of Biochemistry
and Molecular Biology

China Medical University

Shenyang

China

Tingting Sun

Epithelial Cell Biology Research Center
School of Biomedical Sciences

The Chinese University of Hong Kong
Hong Kong

China

Masanori Tachikawa

Department of Pharmaceutics

Graduate School of Medicine
and Pharmaceutical Sciences

University of Toyama

Sugitani, Toyama

Japan

Jerrold R. Turner
Department of Pathology
University of Chicago
Chicago, Illinois

USA

[vww.ebook3000.con)



http://www.ebook3000.org

xiv

Elissa W.P. Wong

Center for Biomedical Research
Population Council

New York, New York

USA

PARTICIPANTS

Xiang Xiao

Center for Biomedical Research
Population Council

New York, New York

USA



CONTENTS

1. REGULATION OF PERMEABILITY ACROSS

THE BLOOD-BRAIN BARRIER 1
Alexander S. Easton
Abstract 1
Introduction 1
Permeability Defined 3
Permeability Measured 4
Why Is BBB Permeability So Low and Is It a Static or Dynamic Entity? ...........cccoeeueeuneeee. 5
Changes in BBB Permeability during Inflammation 7
The Relationship between BBB Permeability and Angiogenesis 11
The Effect of Neutrophils on BBB Permeability during Inflammation ....................... 13
Conclusion—Where Do We Go from Here? 15
2. DRUG TRANSPORTERS AT BRAIN BARRIERS: EXPRESSION

AND REGULATION BY NEUROLOGICAL DISORDERS............. 20
Tamima Ashraf, Olena Kis, Nilasha Banerjee and Reina Bendayan
Abstract 20
Introduction 20
Physiology of the Blood-Brain Barrier. 21
Mechanisms of Drug Permeability across the CNS 24
Models to Study Drug Transport and Permeability 26
Functional Expression and Localization of Families of Membrane Drug

Transporters in the CNS 28

Regulation of Membrane Drug Transporters by Neurological Disorders.........cccccee... 53
Conclusion 58

[vww .ebook3000.con}

XV


http://www.ebook3000.org

Xvi

3. THE BLOOD-RETINA BARRIER: TIGHT JUNCTIONS

CONTENTS

AND BARRIER MODULATION 70
Matthew Campbell and Peter Humphries
Abstract 70
Introduction: General Anatomy of the Human Eye 70
The Blood-Retina Barrier (BRB) 71
Tight Junctions 72
Tight Junction Proteins 72
A Novel Therapeutic Strategy for Retinal Diseases 77
RNAi Mediated Barrier Modulation 78
Adeno-Associated Virus (AAV)-Mediated Barrier Modulation 79
Conclusion 81
4. THE INNER BLOOD-RETINAL BARRIER: MOLECULAR

STRUCTURE AND TRANSPORT BIOLOGY 85
Ken-ichi Hosoya and Masanori Tachikawa
Abstract 85
Introduction 85
Cellular Factors in Glio-Vascular Interface 87
Molecular Structure of the Inner BRB 87
Influx Transporters at the Inner Blood-Retinal Barrier 89
GLUT1 90
ENT2 90
CAT1 91
TAUT 91
LAT1 91
xCT 92
GlyT1 92
OCTN2 93
CRT 93
SMVT 93
Other Transporters 94
SR-BI 94
S1P and LPA Receptor 95
Efflux Transporters at the Inner Blood-Retinal Barrier 95
Oatpla4 96
OAT3 96
System A (ATA2) 97
ABCBI1 (P-Glycoprotein) 97
ABCC4 (MRP4) 98
ABCG2 (BCRP) 98
ABCAs 98
Conclusion 100
Future Challenges 100



CONTENTS

5. ENDOTHELIAL AND EPITHELIAL BARRIERS
IN GRAFT-VERSUS-HOST DISEASE

Sam C. Nalle and Jerrold R. Turner

Abstract

Introduction

Regulation of the Paracellular Barrier

MLCK-Mediated Barrier Dysfunction
Inflammatory Bowel Disease and Graft-Versus-Host Disease

Endothelial and Epithelial Barrier Dysfunction in Graft-Versus-Host Disease.............

Conclusion and Future Perspective

6. STRUCTURE AND REGULATION OF INTESTINAL
EPITHELIAL TIGHT JUNCTIONS:

CURRENT CONCEPTS AND UNANSWERED QUESTIONS. ..........

Andrei 1. Ivanov

Abstract

Introduction
Molecular Composition of Intestinal Epithelial TJs

Dynamics of Epithelial TJs in Normal Conditions and Diseases

Unanswered Questions about Regulation of Intestinal Epithelial TJs

Conclusion

7. POLARITY PROTEIN COMPLEX SCRIBBLE/Lgl/Dlg
AND EPITHELIAL CELL BARRIERS

Wen-Hui Su, Dolores D. Mruk, Elissa W.P. Wong, Wing-Yee Lui and C. Yan Cheng

Abstract

Introduction

Identification and Molecular Structure of Scribble Complex Components..................
Relationship between Cell Junctions and Cell Polarity in Epithelial Cells..........c.ccccu..
Scribble Complex in Regulating Cell Junction Dynamics and Cell Polarity ................

Scribble Complex Participates in Cell Signaling Cascades

The Scribble Module and Mammalian Epithelial Barrier Function
Conclusion and Future Perspectives

8. THE BLOOD-BILIARY BARRIER, TIGHT JUNCTIONS
AND HUMAN LIVER DISEASES

Nikki P. Lee

Abstract

Introduction

Anatomy and Physiological Functions of TJs in the Liver

Molecular Components of TJ in the Mammalian Liver

Junction-to-Junction Interaction at TJ in the Liver

Involvement of TJ Molecules in Liver Diseases
Conclusion and Future Perspectives

[vww .ebook3000.con}

xvii

105

105
105
107
110
114
119
121

132

132
132
134
137
139
143

149

150
150
152
155
156
160
161
165

171

171
171
172
173
176
177
181


http://www.ebook3000.org

xviii CONTENTS

9. THE BLOOD-FOLLICLE BARRIER (BFB) IN DISEASE
AND IN OVARIAN FUNCTION

Michelle K.Y. Siu and C. Yan Cheng

Abstract

Introduction: the Concept of the Blood-Follicle Barrier (BFB)

Composition of the BFB

The BFB in Polycystic Ovary and Ovarian Cancer
The Permeability Barrier Function of the BFB: Selective Transport Processes
versus Mere Filtration

Conclusion and Future Perspectives

10. PHYSIOLOGY AND PATHOPHYSIOLOGY OF THE EPITHELIAL
BARRIER OF THE FEMALE REPRODUCTIVE TRACT:
ROLE OF ION CHANNELS

Hsiao Chang Chan, Hui Chen, Yechun Ruan and Tingting Sun

Abstract

Introduction

The Luminal Fluid Microenvironment and Selective Epithelial Barrier ............ccceuue...

Luminal Fluid Microenvironment in Different Segments of the Female
Genital Tract

Regulation of Ion Channels and Selective Permeability of the Epithelial
Barrier in Reproduction

Hormonal Regulation of Ion Channel Expression and Fluid Secretion/Absorption........
Interaction between ENaC and Cl--Channels—A Switching Mechanism ............c.ccuceu..

Regulation of ENaC and Physiological Implications

Regulation of CFTR-Mediated Bicarbonate Secretion and Its Effect
on Sperm Capacitation and Embryo Development

Defective Ion Channel Expression/Function and Dysregulated Barrier
Function in Diseases

Defective Epithelial Bicarbonate Secretion and Infertility in CF

Excessive CFTR-Dependent Fluid Accumulation in OHSS

Infection-Induced CFTR Upregulation in Hydrosalpinx and Female Infertility ..........

Conclusion

11. THE BLOOD-EPIDIDYMIS BARRIER AND HUMAN
MALE FERTILITY

Evemie Dubé and Daniel G. Cyr

Abstract

Introduction

Structure of the Human Epididymis

Involvement of the Human Epididymis in Sperm Maturation

Characteristics of the Blood-Epididymis Barrier

Composition of Epididymal Tight Junctions
Regulation of Epididymal Tight Junctions

Interactions of Tight Junctions with Adherens Junctions

The Blood-Epididymis and Human Pathologies

Biological Tools to Study the Blood-Epididymis Barrier
Conclusion

186

186
186
187
189

190
190

193

193
193
194

194

200
201
204
204

205

206
206
208
209
210

218

218
218
219
220
220
221
225
226
228
230
230



CONTENTS

12. BLOOD-TISSUE BARRIERS: MORPHOFUNCTIONAL
AND IMMUNOLOGICAL ASPECTS OF THE BLOOD-TESTIS
AND BLOOD-EPIDIDYMAL BARRIERS

Luiz R. Franga, Sarah A. Auharek, Rex A. Hess, Jannette M. Dufour
and Barry T. Hinton

Abstract

Introduction
The Morphological Aspects of the Blood-Testis Barrier
The Physiological Aspects of the Blood-Testis and Blood-Epididymal Barriers................
The Immunological Aspects of the Blood-Testis and Blood-Epididymal Barriers ...
Conclusion and Future Perspectives

13. GAP JUNCTIONS AND BLOOD-TISSUE BARRIERS
Michelle W.M. Li, Dolores D. Mruk and C. Yan Cheng

Abstract
Introduction
Connexins—The Basics: Structures, Functions and Regulation
Connexins/GJ and Barrier Function
Connexin-Mediated Bystander Effects
Conclusion and Future Perspectives

14. TRANSCRIPTIONAL REGULATION OF CELL ADHESION
AT THE BLOOD-TESTIS BARRIER
AND SPERMATOGENESIS IN THE TESTIS

Wing-Yee Lui and C. Yan Cheng

Abstract
Introduction
Transcription Factors in Sertoli and Germ Cells Crucial to Spermatogenesis.........
Transcription Factors Involved in the Maintenance of Spermatogonial Stem Cells
Transcription Factors Involved in Germ Cell Differentiation and Spermiogenesis..........
Transcription Factors Involved in Anchoring Junction Dynamics

in the Seminiferous Epithelium
Conclusion

15. c-Src AND c-Yes ARE TWO UNLIKELY PARTNERS
OF SPERMATOGENESIS AND THEIR ROLES
IN BLOOD-TESTIS BARRIER DYNAMICS

Xiang Xiao, Dolores D. Mruk, Faith L. Cheng and C. Yan Cheng

Abstract
Introduction
General Structure of SFKs and a Comparison between c-Src and c-Yes .......cocceueeuceecunenne
Divergent Roles of c-Src and c-Yes during Carcinogenesis
SFKs in the Testis
SFK and Spermatogonial Stem Cell Proliferation
c-Src on Cell Adhesion, Blood-Testis Barrier and Spermatogenesis

[vww .ebook3000.con}

Xix

237

237
237
239
246
249
253

260

260
260
261
269
273
274

281

281
281
282
286
287

288
291

295

295
296
299
301
303
305
305


http://www.ebook3000.org

XX CONTENTS

c-Yes on Cell Adhesion, Blood-Testis Barrier and Spermatogenesis
An Emerging Model by Which SFKs Regulate Spermatogenesis in Particular
Blood-Testis Barrier Dynamics in the Seminiferous Epithelium

Conclusion and Future Perspectives

16. ROLE OF P-GLYCOPROTEIN AT THE BLOOD-TESTIS
BARRIER ON ADJUDIN DISTRIBUTION IN THE TESTIS:
A REVISIT OF RECENT DATA

Linlin Su, Pranitha Jenardhanan, Dolores D. Mruk, Premendu P. Mathur,
Yan-ho Cheng, Ka-Wai Mok, Michele Bonanomi, Bruno Silvestrini
and C. Yan Cheng

Abstract

Introduction

Adjudin and Its Bioavailability in the Testis

Drug Transporters and Blood-Testis Barrier (BTB) Dynamics

P-Glycoprotein Regulates the Bioavailability of Adjudin in the Testis.......cccceeueeuenenns

Interactions of Adjudin with P-Glycoprotein in Rats and Humans:
A Molecular Modeling Analysis

Conclusion

17. THE APICAL ECTOPLASMIC SPECIALIZATION-BLOOD-TESTIS
BARRIER FUNCTIONAL AXIS IS ANOVEL TARGET

FOR MALE CONTRACEPTION

Ka-Wai Mok, Pearl P.Y. Lie, Dolores D. Mruk, Jayakanthan Mannu,
Premendu P. Mathur, Bruno Silvestrini and C. Yan Cheng

Abstract

Introduction

The Apical ES-BTB Functional Axis

Adjudin
Drug Transport at the BTB

Interaction of Adjudin with Integrin at the Apical ES and Occludin at the BTB .........
The Apical ES-BTB Axis Is a Prime Target for Male Contraceptive Development ......

The Role of BTB in the Differentiation of Spermatogonia/Spermatogonial
Stem Cells (SSC)

Conclusion and Future Perspectives

INDEX

307

310
310

318

319
319
319
320
321

322
331

334

335
335
337
338
339
340
346

350
351

357



CHAPTER 1

REGULATION OF PERMEABILITY ACROSS
THE BLOOD-BRAIN BARRIER

Alexander S. Easton

Department of Pathology, Dalhousie University, Halifax, Nova Scotia, Canada
Email: Alexander. Easton@dal.ca

Abstract: The blood-brain barrier refers to the very low permeability across microvessels in
the Central Nervous System (CNS), created by the interaction between vascular
endothelial cells and surrounding cells of the neurovascular unit. Permeability
can be modulated (increased and decreased) by a variety of factors including
inflammatory mediators, inflammatory cells such as neutrophils and through
alterations in the phenotype of blood vessels during angiogenesis and apoptosis.
In this chapter, some of these factors are discussed as well as the challenge of
treating harmful increases in permeability that result in brain swelling (vasogenic
cerebral edema).

INTRODUCTION

The Blood Brain Barrier (BBB) refers to restrictive properties of vascular endothelial
cellsin the Central Nervous System (CNS). In early animal experiments, Biedl and Kraus
(1898, usingbile acids)! and Lewandowsky (1900, using sodium ferrocyanide)? showed
that substances only produced symptoms if introduced into the CNS when injected into
Cerebrospinal Fluid (CSF) or by direct intracerebral injection, but had no effect if given
intravenously. They correctly attributed this to the exclusion of certain substances from
the CNS by the walls of cerebral blood vessels. Erlich, on the other hand (1902)* showed
that cerebral grey matter was preferentially stained by basic dyes if given intravenously,
rather than by acid dyes or dyes containing a sulphate group. He believed that this
pointed to a differential affinity of CNS tissue for different dyes, rather than vascular
exclusion. Goldman, a pupil of Erlich, also showed (1909)* that trypan blue could not
penetrate the brain if injected intravenously, but stained the CNS if administered into
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the CSF. He noted that the dye was excluded by small capillaries, but avoided a clear
reference to vascular exclusion, perhaps out of deference to Erlich. Stern and Gautier
(1921)° came closer to the present concept of a “barriere hematoencephalique”. Work
by Krogh (1946),° Davson (1955)” and Brodie (1960)8 established lipid solubility as a
key determinant for penetration of the CNS. The role of the vasculature in restricting
the passage of lipid insoluble substances between blood and brain was confirmed by
Reese, Karnovsky and Brightman (1967,1969)*1° who demonstrated that horseradish
peroxidase could penetrate freely through the CNS interstitium, but was arrested at the
level of the tight junctions between brain endothelial cells. The movement of solutes
through the endothelial barrier is restricted therefore by the complex anatomical
structure of the tight junctions. Freeze fracture studies showed a greater complexity
of junctional strands compared to endothelia outside the CNS.!" Junctional strands are
composed of rows of bead like particles, representing proteins spanning the junction
between two endothelial cells. These spanning proteins include claudin 5, occludin
and junctional adhesion molecule. The cytoplasmic portion of these transmembrane
proteins interact with a submembranous plaque composed of the cytoplasmic accessory
proteins zona occludens (ZO)-1, 2 and 3. These accessory proteins connect the tight
junction complex to the actin cytoskeleton. Several other accessory proteins have been
described including AF6, 7H6 and cingulin. The tight junction is associated with an
adherens junction in which cells are bridged by cadherin proteins, including Vascular
Endothelial (VE) cadherin, which connect to cytoplasmic catenins and thus to the actin
cytoskeleton. The adherens junctions stabilize the connection between endothelial
cells. The tight junction is dynamically regulated by a variety of signaling molecules
to maintain normal BBB permeability and to trigger permeability increases (reviewed
in ref. 12). Brain endothelial cells also have a reduced density of vesicles compared
to peripheral endothelial cells and it has been proposed that the shuttling function of
vesicles is reduced, which contributes to the low permeability of the barrier."”* The
term ‘neurovascular unit’ has been substituted for ‘blood brain barrier’ in recent years
to indicate that the endothelium derives its properties from the interaction with many
different cell types (Fig. 1). For instance, astrocyte foot processes envelop microvessels
in most of the CNS parenchyma. It has been assumed that astrocytes are necessary for
a full expression of barrier properties, including restricted permeability. It was shown
that permeability across cultured brain endothelial cells increases on exposure to
astrocyte conditioned medium'* and explant experiments showed a role for astrocytes
in BBB development.'® It is interesting that pial microvessels on the brain surface have
alow permeability without a physically close interaction with astrocyte foot processes,
suggesting that the relationship between astrocytes and BBB permeability properties
may not be as straightforward as is often supposed. Although cultured brain endothelial
cells are more permeable in the absence of astrocytes, permeability is nevertheless
markedly reduced in comparison to peripheral cells and can be markedly increased
by non-astrocytic factors such as shear stress! or exposure to hydrocortisone in low
serum medium.!” Other cells that may influence the endothelium and its permeability,
include pericytes, perivascular macrophages, smooth muscle cells, fibroblasts, mast
cells and perivascular nerve fibers. Some of these (e.g., mast cells, nerves) can influence
permeability through the generation of inflammatory mediators that interact with
receptors on the abluminal surface of the endothelium.
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Figure 1. Diagrammatic representation of the blood-brain barrier/neurovascular unit. Symbols:
As = astrocyte foot process, Bm = basement membrane, En = endothelial cell, Ma = mast cell,
Ne = unmyelinated nerve ending, Pe = pericyte or perivascular macrophage, Rb = red blood cell,
Tj = interendothelial tight junction.

PERMEABILITY DEFINED

Permeability is a term that refers to the rate at which a solute moves across a barrier.
In general, a solute will move from a solution of higher concentration to one of lower
concentration by Brownian motion, by the process of diffusion. The bulk solution containing
the solute can itself move if driven by a hydrostatic pressure gradient by the process of
convection. The movement of hydrophilic solutes across the endothelial barrier is modeled
as occurring through water soluble cylindrical pores. The relative size (radius) of the
solute compared to the radius of the pore is what determines the degree of restriction.
There are mathematical formulae that describe these relationships. However, in general,
to define permeability (P) one needs to know the surface area (S) through which the solute
diffuses, the difference in concentration (C) across the interface (8C) and the way this
varies over time, t (0C/0t). As long as concentration in the blood exceeds that in the brain,
then the solute will accumulate in the brain over time. However, once an equilibrium is
reached, then solute will not move from blood to brain, or it may begin to back-diffuse
from brain into blood. The delivery of solutes is also influenced by hydrostatic pressure,
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but in general this is only important when the radius of the solute begins to approach that
of the pore through which it travels, so solutes with a higher molecular weight such as
plasma proteins can be affected. Delivery is also dependent on blood flow, but in general
this is only rate limiting for lipid soluble substances with a high permeability.

PERMEABILITY MEASURED

Given these theoretical considerations, it is useful to review different methods in use
to assess permeability across the BBB. Much work has been carried out in animal models.
In general, tracers are infused into the blood and their level of accumulation in brain is
assessed as a function of time and in relation to the concentration in blood entering and
leaving the brain (Renkin 1959, Crone 1963).!3!° These tracers vary in their molecular
weight and in how they are labeled. For example, dextrans of different molecular weights
have been used, labeled with fluorescent markers or molecules are infused attached to
radioisotopes. This global approach has several disadvantages as pointed out by Robinson
(1990).%° These include heterogeneity of capillaries (variations in individual capillary
blood flow, surface area and length), recruitment of capillaries with changes in blood
flow and binding of tracers to plasma proteins such as albumin. Because the surface
area of capillaries is not known, data is often expressed as permeability-surface area
(PS) products. A technique that we have used recently visualizes the spatial distribution
of horseradish peroxidase in brain sections, converting the images obtained by reacting
the sections with diaminobenzidine and hydrogen peroxide to obtain a brown reaction
product, whose initial rate of formation is proportional to concentration. The resulting
permeability maps allow correlations to be made between permeability and histological
parameters in the surrounding tissue (Fig. 2).%!

These approaches have also been supplemented by measurements made in single
capillaries on the surface of the brain. Approaches include visualization of fluorescent
dyes of known molecular weight, trapped in single vessels with an occluding probe placed
at one end of the vessel (Fig. 3).% Vessels have also been injected with microelectrodes
and the current dissipation between stimulating and recording electrodes used to measure
transendothelial electrical resistance (TEER) along the vessel.” TEER is also used to
measure permeability in endothelial cell culture experiments and is inversely related
to permeability, so that a high TEER indicates a low permeability. The use of tissue
cultures is of value in recording relative differences in permeability across monolayers
of brain endothelial cells. Cultured cells develop a permeability that is several orders
of magnitude lower than comparable cultures of peripheral endothelial cells (such
as human umbilical vein endothelial cells, HUVEC). Primary bovine cultures in our
hands?** develop a TEER of around 100 Q.cm?. By contrast, single pial microvessels?
in the frog have a TEER of around 2000 Q.cm?. This difference in TEER values has
prompted many groups to develop methods that increase TEER to in situ values. This
has been achieved by coculturing brain endothelial cells with astrocytes or astrocyte
conditioned medium, adding agents that increase intracellular cyclic AMP,? culturing
cells in serum free medium with hydrocortisone!” and by exposing cells to shear stress
(flow conditions).! It may be argued that mechanistically, the use of cultured endothelial
cells allows the effect of particular factors to be explored in the regulation of BBB
permeability, while animal models test the robustness of these simplified observations
in the complex in situ situation.
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Figure 2. Permeability maps used to measure blood-brain barrier permeability. In this example, neutrophils
(panel A) or arachidonic acid (10~ mol/l, panel B) were injected into the striatum of anesthetized rats.
Upper and lower panels show H&E stained sections taken anterior or posterior to the middle section.
This was reacted to derive an image of the concentration of horseradish peroxidase, from which a map
was obtained showing a pixel by pixel measure of permeability-surface area (PS) product. Reproduced
from Joice SL et al. Brain Res 2009; 1298:13-23,75 ©2009 with permission from Elsevier.

WHY IS BBB PERMEABILITY SO LOW AND IS IT A STATIC
OR DYNAMIC ENTITY?

It is generally assumed that the BBB creates a site of immune privilege in the
CNS, by restricting the entry of immune cells. Also, nervous functioning depends
on a carefully controlled ionic environment. Thus, the free diffusion of potassium
into the CNS to levels seen in blood would result in depolarization and interfere with
axonal conduction. The BBB has developed a complex series of energy dependent
transporters to drive the movement of essential nutrients such as glucose and amino
acids into the CNS. Other transport proteins exist to extrude substances from the CNS,
including P-glycoprotein. There is considerable interest in studying these transporters,
since these physiological transporters restrict entry of therapeutic drugs into the CNS.
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Figure 3. Variation in permeability in single rat pial microvessels. A) Shows an image of a vessel filled
with the intravascular fluorescent tracer Lucifer yellow, with an occluding probe placed at one end. The
decline in fluorescence in a segment (box) is plotted against time (inset) and a monoexponential fitted
to the data to derive permeability values. B) Spontancous disruption of the barrier was monitored over
time in this vessel. Permeability was initially tight, but increased to a steady low level (first phase)
followed by much higher fluctuating values (second phase). Adapted with permission from Easton AS
et al. J Physiol 1997; 503:613-623,% ©1997 John Wiley and Sons. C) The first phase was mimicked by
applying histamine. Lower doses (under 10~ mol/l) increased permeability, while higher doses reduced
permeability. Adapted with permission from Sarker MH et al. J Physiol 1998; 507:909-918,% © 1998
John Wiley and Sons. D) The second phase was mimicked with arachidonic acid. At higher doses, this
was not reversible (hatched bars show permeability after application). Adapted with permission from
Easton AS, Fraser PA. J Physiol 1998; 507:541-547,% ©1998 John Wiley and Sons.

However, there is also an interest in studying factors that regulate increases in BBB
permeability. The process of BBB disruption, refers to increases in BBB permeability
that cause damage to the CNS. However, there appear to be lower level increases in
permeability that may have a homeostatic, essentially physiological role rather than a
pathological effect. In work we carried out on single pial microvessels, the permeability
after experimental exposure was initially tight, but after 1h or so, it increased to a
steady level, approximately 10 times higher than the tight state (Fig. 3). This level of
permeability was mimicked with the calcium ionophore A23187 and by applying the
inflammatory mediator histamine. Permeability could be reduced by applying substances
thatincrease intracellular cyclic AMP.2¢ This small increase in permeability (first phase)
appears to be tightly controlled and responsive to external modulation. Possible sources
of histamine and other mediators that could generate smaller increases in permeability
are the perivascular nerves (unmyelinated histaminergic fibers), mast cells and generation
of mediators at the endothelial surface, for example, the generation of bradykinin via
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the kallikrien/kinin system. The role of this smaller increase in permeability may be to
permit the rapid clearance of substances from brain to blood such as the diffusion of
neurotransmitters or locally elevated ions into the blood. If these permeability changes
play a role in normal homeostasis of the CNS, then agents that reduce permeability
may have detrimental effects if given in the wrong context, as will be discussed in
relation to inflammation.

CHANGES IN BBB PERMEABILITY DURING INFLAMMATION

During inflammation, there appears to be amuch larger increase in permeability than
that just described, defined in single pial microvessels by rapid, transient increases in
permeability, to levels that are 100 to 10,000 times greater than that of the tight barrier
(Fig. 3).2¢ Under these circumstances, it is possible to measure transiently fluctuating
increases in permeability to albumin. Permeability to a smaller molecule (Lucifer yellow)
remains high while that to albumin fluctuates from high to low within minutes.?” By
mapping the permeability along the length of microvessels, it is possible to visualize a
complex and rapidly changing pattern of permeability that varies in both time and space.
The clinical importance of albumin leakage across microvessels in the CNS is that albumin
(and other plasma proteins) can thereby accumulate in CNS parenchyma and exert osmotic
forces that draw and retain water in the CNS that leads to tissue swelling. Albumin
clearance is limited, because the CNS lacks a lymphatic system, however albumin can
drain along the perivascular spaces, finally draining along the olfactory bulbs into the
nasal mucosa where it reaches the peripheral lymphatics.? The term ‘vasogenic cerebral
edema’ has been used to describe this important clinical complication of increased BBB
permeability during a variety of CNS diseases.’**! Vasogenic refers to the role played
in its generation by increased blood vessel permeability. Vasogenic edema will only
develop if blood flow is delivered to leaky blood vessels, since hydrostatic pressure is
required for fluid movement from blood to brain. However, water can also pass through
water only pores in the endothelial membrane. In frog pial microvessels with an intact
BBB, the hydraulic conductivity was measured and found to be equivalent to the water
only pathway in frog skeletal muscle capillaries.?? The character of these water only
pores has been defined in recent years, in studies of the aquaporin family of proteins.
These proteins form water channels across the plasma membrane, through which water
moves passively, driven by osmotic gradients. In brain and spinal cord there are three
aquaporins: Type 1 in choroid plexus epithelial cells, Type 9 which is found in subpial
astrocytes and specialized ependymal cells and Type 4, the most abundant form. Type 4
aquaporin is expressed in the foot processes of astrocytes that surround cerebral blood
vessels, as well as the subpial astrocytes. It is also expressed by cerebral endothelial
cells where it forms water only pores and also by ependymal cells. A recent review
summarizes data obtained from aquaporin-4 null mice* suggesting that aquaporin-4
plays a major role in the movement of water into cells during cytotoxic edema, as well
as a major clearance route for water that accumulates in the CNS during vasogenic
edema. Studies were carried out in a model of stroke involving permanent occlusion
of the middle cerebral artery. There is swelling of tissue in the region of the infarct,
much of which is due to cytotoxic edema. Cytotoxic edema occurs when depletion
of metabolic substrates due to vascular occlusion results in failure of membrane ATP
dependent pumps. In the case of the sodium pump, this causes sodium to accumulate
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Figure 4. Aquaporin-4 null mice are protected from cytotoxic edema following permanent occlusion
of the middle cerebral artery. Panel A shows reduced swelling 24h after occlusion in the null mice
compared to wild type mice. Panels B and C quantify this benefit in terms of hemispheric swelling
(B) and infarct volume (C). This data implies that water transport into cells as the result of energy
failure occurs via aquaporin-4, while null mice fare worse in vasogenic edema, where aquaporin-4 is
a major route for water clearance (see text, figure reproduced from Manley GT et al. Neuroscience
2004; 129:983-991, ©2004 with permission from Elsevier).

in the cell, where it drives osmotic movement of water from the extracellular space
to the intracellular space. It could be shown that aquaporin-4 mediates most of this
water movement, in that aquaporin null mice had markedly reduced edema in this
model (Fig. 4).>* The same paper also showed a similar protective effect from acute
water intoxication, in which the reduction in serum osmolarity also drives water from
blood to brain, without increases in vascular permeability. Presumably, some of this
water accumulates in cerebral endothelial cells. In contrast, the loss of aquaporin-4 was
detrimental when isotonic water was infused into the brain, suggesting that it forms
a major egress route when extracellular water increases, as will occur in vasogenic
cerebral edema, due to increases in vascular permeability. The same detrimental effect
was seen in the cold injury model, where vasogenic edema predominates over cytotoxic
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edema.® This implies that the opening of pores across the endothelium during BBB
disruption, provides an additional route for water movement into the CNS, since loss
of aquaporin-4 did not prevent vasogenic edema from occurring. These studies raise
the intriguing question of the precise dynamics of water flow through the brain. It is not
clear to what extent edema fluid moves through aquaporins at the brain-CSF interfaces
(glia limitans, ependymal layer) or at the BBB. Also, to what extent other drainage
routes predominate during edema, including movement through the perivascular spaces.
Water may therefore exit the CNS by drainage into the CSF (reiterating Davson’s
notion of the CSF ‘sink’), into the blood or along the olfactory tracts into the cervical
lymphatics. The role of aquaporin-4 in water movement may also provide a clue to the
effect that glucocorticoids (dexamethasone) have in the treatment of cerebral edema.*
Clinically, the edema that develops around brain neoplasms such as high grade gliomas is
responsive to glucocorticoids, while the edema developing around brain infarcts (stroke)
is unresponsive. When dexamethasone was given to mice implanted with 9L glioma
cells, this reduced their production of vascular endothelial growth factor (VEGF) and
reduced edema.’’” However, when dexamethasone was given to sheep at doses used in
humans, it reduced the expression of aquaporin-4.3® It also stimulated the expression of
the Na-K-Cl cotransporter, which has been implicated in hypoxia.* Thus, paradoxically,
dexamethasone may remove a key mechanism for water clearance around vasogenic
edema by reducing levels of aquaporin-4 and promote water accumulation through
effects on sodium transport. Thus, aquaporin expression may represent a therapeutic
target for the more effective treatment of stroke related vasogenic edema.

There are two main themes that emerge when considering how the BBB is altered
during inflammation. One is the concept of biological redundancy and the other the
concept of inflammatory benefit. During CNS diseases a plethora of inflammatory
mediators are generated. These include classical inflammatory mediators such as
histamine and bradykinin, which have a well established role in changing vascular
permeability and have defined endothelial receptors and signal transduction mechanisms.
Other mediators play an orchestrating role, including cytokines such as Tumor necrosis
factor (TNF) and interleukin (IL)-1 and chemokines. Chemokines stimulate the entry of
subsets of leucocytes into the brain, but in recent years their functions have widened to
include effects on permeability and angiogenesis.*’ Nitric oxide and arachidonic acid
are examples of mediators that do not bind to cell surface receptors, but operate by
generating downstream metabolites or by altering the function of signaling proteins.
In terms of vasogenic cerebral edema, the large number of different mediators means
that blocking the action of one mediator or even a group of mediators is unlikely to be
clinically effective. For example, a bradykinin B, receptor antagonist (Anatibant) was
ineffective in a recent clinical trail in patients with traumatic brain injury.*' It has been
suggested that it may be possible to treat cerebral edema by interfering with common
pathways. Forinstance, the transcription factor nuclear factor kappa B (NF-kB) has been
implicated in the generation of multiple inflammatory mediators. Also, cytokines such
as TNF may play a central role in the inflammatory response. However, inflammation
is not just a detrimental process, because it is part of healing and repair and therefore
blockade of common factors could have detrimental effects that outweigh or negate
the benefits. Some factors are generated at high concentrations early in disease, when
their blockade would be beneficial, while later in the disease, lower doses operate
to promote repair and here blockade is detrimental. Careful attempts to delineate
when and how particular factors could be blocked to improve outcomes in particular
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diseases are needed. Because a large number of mediators are known to increase BBB
permeability, this suggests several ways to exploit transient BBB opening, to improve
delivery of water soluble drugs to the CNS. One example is the use of the bradykinin
agonist labradimil, which has been used to cause transient increases in permeability
to deliver chemotherapy to brain tumors.* It is beyond the scope of this chapter to
describe in detail the extensive work on inflammatory mediators and the BBB. Studies
were carried out in pial microvessels by this author and others on several mediators
including histamine, bradykinin and arachidonic acid. Histamine is released from several
sources during inflammation, including resident mast cells, histaminergic nerve fibers
and by invading inflammatory cells such as neutrophils. Histamine has an interesting
dual action on permeability, depending on dose. Doses between Snmol/l to Sumol/l
caused a reversible increase in permeability. This was relatively modest, well under
the range defined as first phase during spontaneous BBB disruption. Higher doses
of histamine between 50umol/l and Smmol/l caused permeability to reduce (Fig. 3).
Additional work showed that permeability increases occurred through the histamine
H, receptor via increases in calcium, while permeability decreases occurred through
H, receptor stimulation and increased cyclic AMP.* This data implies that histamine
regulates permeability without causing increases of the magnitude associated with
vasogenic edema. This contrasts with the actions of arachidonic acid, which causes
permeability to increase into the higher range seen during the later, second phase of
spontaneous BBB opening (Fig. 3). The action of millimolar doses of arachidonic acid
could be blocked by scavenging oxygen free radicals, but blockers of arachidonic acid
metabolism to prostanoids and leukotrienes had no independent effect. However the
combination of indomethacin (cyclooxygenase inhibitor) and nordihydroguariaretic
acid (lipoxygenase inhibitor) did block the permeability increase, implicating the
free radicals being generated during arachidonic acid metabolism.* Further work was
carried out to delineate some of the complex interactions between bradykinin and
other inflammatory mediators and the multiple signaling pathways involved.**” Acute
application (ca. 1min) of bradykinin causes modest increases in permeability, that are
calcium dependent. These increases are blocked with the same strategies that were
effective againstarachidonic acid, suggesting that bradykinin can activate phospholipase
A, to increase arachidonic acid production. The resulting generation of free radicals
may punch holes in the plasma membrane that allow calcium entry. Bradykinin also
acts through a nitric oxide independent activation of particulate guanylate cyclase and
generation of cyclic GMP. Its effects are blocked with zaprinast, which inhibits cyclic
GMP breakdown by phosphodiesterase-5 and by leukotriene D,, which blocks particulate
guanylate cyclase. This is in contrast to the histamine H, effect, which operates through
calcium dependent activation of endothelial NO synthase and NO mediated activation
of soluble guanylate cyclase. However, bradykinin and histamine interact, because not
only does bradykinin bind directly to B, receptors to mediate its effects on permeability
through calcium and cyclic GMP, but the bradykinin B, receptor agonist [des-arg’]BK
also increases permeability, but is blocked by the histamine H, antagonist cimetidine.
This implies that bradykinin binds to B, receptors, perhaps on perivascular mast cells
or nerve fibers, to induce histamine release. While the action of bradykinin is restricted
through its removal by enzymes such as angiotensin converting enzyme, continuous
application for several minutes results in large permeability increases compatible with
vasogenic edema. This also involves the interplay of mediators, since the effect of short
applications of bradykinin was potentiated by the cytokine IL1f.
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THE RELATIONSHIP BETWEEN BBB PERMEABILITY
AND ANGIOGENESIS

Angiogenesis is the formation of new blood vessels from pre-existing vessels. In
describing the relationship between increases in BBB permeability and angiogenesis,
several principles emerge. First, the process of angiogenesis is regulated by several
mediators that also induce increases in BBB permeability. This was briefly summarized
in a recent review.* The angiopoietins are known to bind to the receptor tyrosine kinase
Tie-2. There are four known ligands at Tie-2 including angiopoietin (Ang)-1, Ang-2,
Ang-3 and Ang-4. Ang-1 binding to Tie-2 is associated with vessel stability. Ang-2 is
an antagonist for Ang-1 and is postulated to initiate angiogenesis by counteracting the
stabilizing effect of Ang-1, leading to detachment of pericytes from endothelial cells,
allowing them to form sprouts that lead to the formation of new blood vessels. The process
ofendothelial sprouting is stimulated by various pro-angiogenic factors including Vascular
endothelial growth factor, VEGF (the 165 amino acid human isoform, or VEGF-A,
through binding to VEGF-receptor 2) and other growth factors. To migrate through the
extracellular matrix, sprouting vessels must attach by integrin interactions (including
binding of o,f; to fibronectin) and must digest collagen and other extracellular matrix
components by releasing matrix metalloproteinases. Once vessels form patent lumens,
there is a downregulation of VEGF, upregulation of Ang-1 and in this context new vessels
are stabilized and excess vessels are pruned by induction of vascular endothelial apoptosis,
which may be mediated by Ang-2 in the absence of VEGF. VEGF release is induced by
hypoxia which activates the transcription factor HIF-1, however it is also induced by
other factors including cytokines such as TNF. Many of these mediators have been
reported to cause increases in BBB permeability, including TNF, VEGF and the MMPs.
Second, the formation of immature capillary type vessels during angiogenesis may be
associated with increased permeability, such that angiogenesis bypasses the normal tight
phenotype of BBB endothelium and effectively contributes to vasogenic cerebral edema.
The precise relationship between angiogenesis during CNS disease and increases in BBB
permeability is not clear. Studies in models of stroke have suggested that new vessel
formation is not associated with increased BBB leakage. In amodel of permanent occlusion
of the Middle Cerebral Artery (MCA) in rats, the authors detected an early increase
in Evans blue leakage (4h).* They also examined the expression of angiogenic factors
in the brain at times between 2h and 28 days and related these to the formation of new
blood vessels around the stroke. In control animals, there was little expression of the
operative VEGF receptor-2, or of Ang-1 and Ang-2, although the operative receptor
Tie-2 was detected. However, following stroke, there was an early upregulation of VEGF
at 2h that persisted for 28 days and a similar upregulation of VEGF-R2 from 4h-28days.
Ang-1 was initially reduced (within hours) but expression increased after 2 days. This
coincided with an increased expression of Ang-2 from 1 day and increased Tie-2 expression
from 2h. Both angiopoietins had reduced by 28 days. From 2 days, the authors detected
vessels with enlarged diameters (‘mother vessels”) at the margins of the stroke (penumbra)
which were still present at 28 days. The authors suggest that early expression of VEGF
and downregulation of Ang-1 induces an early increase in BBB permeability. However,
other work suggests that BBB permeability reduces between 72-96h** and this reduction
in permeability may be induced by increased expression of Ang-1 at 2 days. Therefore,
the later development of new blood vessels appears to occur after most increases in BBB
permeability have taken place. In an earlier study by the same group,’ the delayed
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intravenous administration of VEGF, 48h after permanent MCA occlusion inrats, induced
angiogenesis without significant increases in BBB permeability. This was assessed using
two methods—gadolinium enhancement on magnetic resonance images and extravasation
of Evans blue. In this study, permeability increases were only induced if VEGF was
given early (1h) after stroke induction. The implication is that VEGF acts on pre-existing
vessels to induce permeability increases early on, but that this response becomes blunted
at later times, perhaps through Ang-1 expression. A similar set of results was obtained
inan elegant study of angiogenesis occurring in human temporal lobes.” Those individuals
with temporal lobe epilepsy had an increased density of microvessels that correlated with
seizure frequency. Similar to the stroke model, normal controls expressed low levels of
VEGF, VEGF-R2 and Tie-2. However, epilepsy tissues showed increased expression of
all of these factors. The increased vessel density was associated with perivascular
collections of immunoglobulin G, implicating recent increases in BBB permeability.
This study implies a continuing stimulus for angiogenesis in temporal lobe epilepsy,
perhaps duetorepeated cycles of hypoxia. The significance of angiogenesis as a pathological
phenomenon is also intriguing. In stroke, angiogenesis is delayed for several days and
so cannot rescue cells from necrotic cell death in the earliest stages of injury. However,
angiogenesis continues for several weeks after stroke, as suggested by a study in which
endothelial proliferation was found 21 days after experimental stroke.*® The new vessels
persisted at 28 days after stroke in the rat* and correlated to survival in human material
at 92 days.** This may be likened to wound repair in general, where angiogenesis occurs
to promoterecovery, by increasing delivery of phagocytes, by restoring oxygen to hypoxic
tissues and by finalizing scar formation. If angiogenesis persists in conditions such as
stroke, it may reflect the ongoing stimulus for repair or the ‘wound that never heals’. It
has been suggested that angiogenesis in stroke promotes recovery by improving cerebral
blood flow to surviving brain leading to improved cognitive outcomes and by promoting
repair processes such as neurogenesis and synaptogenesis. A number of strategies have
been employed to promote angiogenesis in stroke models. This includes direct application
of factors such as VEGF or the angiopoietins, infusion of bone marrow derived stem
cells and studies on the beneficial effects of exercise and the harmful effects of high
cholesterol levels.*® Acute intravenous administration of VEGF increases infarct size and
BBB permeability.’! However, administration of VEGF by injection into the lateral
ventricle had the opposite effect, reducing infarct volume, as well as area of BBB leakage.>
This parallels a study in which VEGF was applied to the cerebral surface and reduced
infarct size without increasing edema.’® These studies may reflect the ability of VEGF
to promote neurogenesis and afford neuronal protection.”” The smaller infarct that results
may generate fewer mediators of increased BBB permeability. Also, it may be that VEGF
receptors are polarized between the luminal and abluminal sides of the endothelium, so
that VEGF applied to the abluminal surface of blood vessels does not increase BBB
permeability. The effect of intravenous VEGF on BBB permeability could also be
counteracted by co-administration of an adenoviral vector expressing Ang-1% and
angiogenesis could be further promoted by co-administration of Ang-2.% Another aspect
to angiogenesis is the process of endothelial apoptosis. Apoptosis (the process of
orchestrated cell death) is a mechanism by which new vessels could be pruned and limited
and might conceivably limit increases in permeability associated with angiogenesis.
However, apoptosis of pre-existing endothelial cells might have the opposite effect and
cause BBB permeability to increase. Studies of apoptosis have been carried out in cultured
cerebral endothelial cells, exposed to a variety of stimuli including exposure to bacteria,®
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to beta-amyloid,*! oxygen glucose deprivation to mimic stroke like conditions® and
exposure to mediators such as the TNF family of ‘death ligands’ known as TNF-related
apoptosis inducing ligand (TRAIL) and Fas ligand.® In a study of angiopoietin signaling
after permanent MCA occlusion in rats, there was a transient increase in endothelial
apoptosis at 12h, associated with upregulation of Ang-2.% This would coincide with early
increases in BBB permeability following stroke and may be limited by subsequent
increases in VEGF, since in this context (increasing VEGF/Ang-2 ratio) Ang-2 is said
to promote angiogenesis. In a recent study using ionizing radiation, it could be shown
thatendothelial apoptosis in spinal cord was associated with increases in BBB permeability
and that both processes were blocked in mice deficient for acid sphingomyelinase.® This
suggests that endothelial apoptosis can increase BBB permeability in contexts such as
radiation injury and may increase BBB permeability during stroke through transient
effects of Ang-2 signaling. It is not clear if its role in vessel regression also limits
permeability increases associated with angiogenesis. However, this may be a moot point,
since angiogenesis may not be a major factor in harmful increases in BBB permeability.

THE EFFECT OF NEUTROPHILS ON BBB PERMEABILITY
DURING INFLAMMATION

One ofthe inflammatory factors whose role is uncertain is that of neutrophils and BBB
permeability. Neutrophils are circulating white blood cells that act as early participants
in inflammation. They form part of the innate immune response, which is not antigen
specific. The application of inflammatory mediators such as TNF or histamine results in
an increased expression of adhesion molecules on the surface of human brain endothelial
cells in culture that regulate the adhesion and migration of applied neutrophils.¢”
These adhesion proteins tether the neutrophil, allowing it to roll along the surface of
the cell, firmly adhere and then migrate through the endothelial barrier into the tissues.
The proteins involved in these processes including the selectins (P and E selectin on the
endothelium, L-selectin on neutrophils) and integrin superfamily members (ICAM-1,
ICAM-2, VCAM-1). Selectins induce rolling, while integrins induce firm adhesion
and regulate transmigration. Particular subsets of leucocytes are cued to adhere to the
endothelium by surface expression of chemokines. In the case of neutrophils these include
IL-8 in the human and CXCL1 and CXCL2 in rodents. This basic story has expanded
in recent years and now includes migration of neutrophils both between and through
endothelial cells, an expanded repertoire of molecular regulators, differences between
different vascular beds in vivo, insights into movement through the vascular basement
membrane and migration through venules as well as capillaries.® Work done by Perry
and his colleagues showed a fascinating restriction to the penetration of neutrophils
into the CNS. Even when cytokines were injected into the mouse hippocampus and it
could be shown that adhesion molecules were expressed, there was little infiltration by
neutrophils. These injections were made into control tissues.® Later work showed that
injection of chemokines or induction of CXCL1 expression by injection of IL1{, was
able to override this resistance and induce infiltration by large numbers of neutrophils,
accompanied by significant increases in BBB permeability, associated with molecular
alterations in the associated microvessels.”*”* By contrast, when neutrophils are applied
to cultured brain endothelial cells both bovine and human, they induce little net changes
in permeability. Application of untreated neutrophils to bovine cells initially reduces
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permeability and during transmigration induced by placing the chemoattractant fMLP
under the cells, the permeability returns to baseline levels (Fig. 5).”* When neutrophils
are activated using leukotriene (Lt)B,, a similar small increase in permeability occurs, but
only back to baseline.” When neutrophils were injected into the brain and then activated
with LtB,, a rather similar pattern was seen. Untreated neutrophils reduced permeability
around the inflamed injection site, while activated neutrophils did not induce significant
permeability increases.” In other work, neutrophils were applied to endothelium exposed
to oxygen glucose deprivation, to explore their effects in the context of cerebral ischemia.”
Here, neutrophils induce a profound reduction in permeability that is unresponsive to
the application of LtB, and only partially responsive to application of PMA. When we
induced neutrophil infiltration into a focal stroke by injecting the chemokine CXCL1, there
was a reduction in local permeability, rather than the increase noted when CXCL1 was
injected into the normal brain, providing evidence that neutrophils reduce permeability
in the inflamed brain, but increase permeability when induced to enter an otherwise
‘normal’ brain (Fig. 5).”7 This likely reflects the balance of pro and anti-inflammatory
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Figure 5. Evidence that neutrophils reduce BBB permeability. Panels A-C show data obtained in a stroke
model. Rat striatum was injected with the vasoconstrictor peptide endothelin-1 and co-injected with the
neutrophil-specific chemokine CXCL1 60h later. At 72h, the tissue was analyzed. Permeability maps
show a reduction on the side of the CXCL1 co-injection (A), with a significant influx of neutrophils (B).
The reduction in permeability is summarized in panel C. Panel D shows that neutrophils applied to
cultures of primary bovine brain endothelial cells increase transendothelial electrical resistance (reduce
permeability, open circles) but this returns to baseline when fMLP is applied to induce neutrophil
migration through the cell layer (filled circles). Panel D adapted from Inglis VI et al. Brain Res 2004;
998:218-229,” ©2004 with permission from Elsevier.
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factors present in the surrounding tissues. Indeed it has been suggested that neutrophils
and other factors may operate very differently depending on the size of the lesion. In
smaller strokes (hemorrhagic or ischemic) they may promote a reduction in permeability
and are generally anti-inflammatory and healing in their effects. In larger strokes, the
opposite may apply.” It should be noted that there is a dismal lack of effective therapy
available to ameliorate stroke. Despite much animal research and clinical trials on many
different agents, little seems to have been achieved. One of the classic failures relates
to the use of NMDA antagonists. By countering the effect of glutamate, this may cause
short term protection, but seems to cause longer term injury, since glutamate at lower
concentrations also promotes recovery.” The same applies to anti-neutrophil strategies. In
clinical trials with enlimomab, a monoclonal antibody that blocks neutrophil infiltration
by binding to ICAM-1, the treated group had a worse outcome than the placebo group.®
Our data suggests that the neutrophil response may be similar to the glutamate response
and should not be limited or might even be promoted to reduce injury.

CONCLUSION—WHERE DO WE GO FROM HERE?

Increases in permeability across the blood-brain barrier are often seen during the
complex inflammatory processes associated with CNS disease (Fig. 6). In some cases, the
associated cerebral edema is both life threatening and associated with significant morbidity
in survivors of an acute episode. In other diseases, like multiple sclerosis, BBB disruption
is not associated with clinically important edema unless critical structures such as the
optic nerve are affected, but is nevertheless commonly observed and may be functionally
important. Attempts to reduce vasogenic edema have met with mixed success. The best
therapeutic results are associated with the use of steroids to reduce tumor associated
edema. But steroids have little impact on the edema associated with stroke or trauma. In
multiple sclerosis, it remains to be seen whether BBB disruption is an epiphenomenon,
or whether its amelioration could impact the disease. One approach to this question is
to determine whether BBB disruption is related to angiogenesis and therefore amenable
to treatment with anti-angiogenic drugs, or by using agents that promote apoptosis of
endothelial cells. If BBB disruption is specifically targeted, what impact does this have
on the disease itself? One question that remains unanswered is that of the relationship
between increases in permeability and the transmigration of immune effector cells into
the CNS. If the intercellular route facilitates both processes, then attempts to reduce one
process could also mitigate the other. In some cases, such as multiple sclerosis, agents
that reduce BBB permeability could therefore have a major impact on the disease, by
sealing the main egress route for pathogenic leucocytes into the CNS. On the other hand,
BBB permeability may not be easy to manipulate as an independent variable and even
if it could be manipulated, there may be little impact on the disease itself. One way to
address these questions has been to target the proteins that form the tight junction between
cerebral endothelial cells. For instance, it was shown that the severity of experimental
allergic encephalomyelitis, a mouse model of multiple sclerosis, was reduced in mice
engineered to overexpress tight junctional claudin-1. Claudin-1 overexpression reduced
BBB permeability but had no effect on the degree of leucocyte infiltration, showing
that permeability alone affects the severity of the disease.”® This suggests that even
when leucocyte infiltration is reduced, the presence of BBB permeability increases is
harmful. Perhaps, this relates to simple interference with ionic homeostasis and neuronal
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Figure 6. Summary of factors discussed in the chapter that cause increases in BBB permeability.
The central picture shows a microvessel with movement of water and protein molecules into the
CNS. This is stimulated by inflammatory cells and the release of mediators that act directly, or
stimulate production of secondary factors like arachidonic acid or nitric oxide. Permeability may also
increase as the result of angiogenesis or endothelial apoptosis. Symbols: AA = arachidonic acid, An
= angiogenesis, Ap = apoptosis, Ec = endothelial cell, Ly = lymphocyte, Mc = macrophage, Me =
soluble mediators, Ne = neutrophil, NO/NOS = nitric oxide/synthase, PLA, = phospholipase A,, Pr
= protein, Wa = water molecules.

functioning, as a significant player in diseases that are otherwise driven by immune cell
involvement. The role of permeability in CNS disease and ordinary homeostasis remains
an open question. Attempts to reduce permeability in the setting of disease need to be
balanced by an understanding of the reparative role that BBB permeability increases
might have in disease. It is usually assumed that permeability increases are harmful in
the CNS, but this is based on the deleterious consequences of vasogenic cerebral edema.
However, in other organs, edema is part of the reparative response to injury, allowing
antibodies and compliment to enter injured tissue and to mount an appropriate immune
response. So, a greater understanding of permeability changes, particularly at the lower
levels unassociated with major protein leakage, and of the impact of modulating these
changes, could lead to a more effective approach to therapy in a variety of CNS disorders.

ACKNOWLEDGMENTS

The author would like to thank Jahnavi Vadaparti for help with constructing the figures.



REGULATION OF PERMEABILITY ACROSS THE BLOOD-BRAIN BARRIER 17

REFERENCES

1. Biedl A, Kraus R. Uber einer bisher unbekannte toxische wirking der gallensaiiren auf das zentralnervensustem.
Zentralblatt inn Med 1898; 19:185-200.

2. Lewandowsky M. Zur lehre der cerebrospinal fliissigkeit. Z Klin Med 1900; 40:480-494.

3. Erlich P. Uber die bezichungen von chemischer constitution, Vertheilung, und pharmakologischer wirkung.
Republished and translated in: Collected Studies in Immunity. New York: John Wiley, 1902:567-595.

4. Goldmann EE. Vitalfarbung am zentralnervensystem. Abh Preuss Akad Wiss Phys-Math. 1913; 1:1-60.

5. Stern L, Gautier R. Rapports entre le liquide céphalo-rachidien et al circulation sanguine. Arch Int Physiol
1921; 17:138-192.

6. Krogh A. The active and passive exchanges of inorganic ions through the surfaces of living cells and through
living membranes generally. Proc Roy Soc B 1946; 133:140-200.

7. Davson H. A comparative study of the aqueous humour and cerebrospinal fluid in the rabbit. J Physiol
1955; 129:111-133.

8. Brodie BB, Kurz H, Schanker LS. The importance of dissociation constant and lipid solubility in influencing
the passage of drugs into the cerebrospinal fluid. J Pharmacol 1960; 130:20-25.

9. Reese TS, Karnovsky MJ. Fine structural localization of a blood-brain barrier to exogenous peroxidase.
J Cell Biol 1967; 34:207-17.

10. Brightman MW, Reese TS. Junctions between intimately apposed cell membranes in the vertebrate brain.
J Cell Biol 1969; 40:648-77.

11. Nagy Z, Peters H, Hiittner I. Fracture faces of cell junctions in cerebral endothelium during normal and
hyperosmotic conditions. Lab Invest 1984; 50:313-322.

12. Petty MA, Lo EH. Junctional complexes of the blood-brain barrier: permeability changes in neuroinflammation.
Prog Neurobiol 2002; 68:311-323.

13. Connell CJ, Mercer KL. Freeze-fracture appearance of the capillary endothelium in the cerebral cortex of
mouse brain. Am J Anat 1974; 140:595-598.

14. Janzer RC, Raff MC. Astrocytes induce blood-brain barrier properties in endothelial cells. Nature 1987;
325:253-257.

15. Stewart PA, Wiley MJ. Developing nervous tissue induces formation of blood-brain barrier characteristics in
invading endothelial cells: a study using quail-chick transplantation chimeras. Dev Biol 1981;84:183-192.

16. Cucullo L, Couraud PO, Weksler B et al. Immortalized human brain endothelial cells and flow-based
vascular modeling: a marriage of convenience for rational neurovascular studies. J Cereb Blood Flow
Metab 2008; 28, 312-328.

17. Hoheisel D, Nitz T, Franke H et al. Hydrocortisone reinforces the blood-brain barrier properties in a serum
free cell culture system. Biochem Biophys Res Comm 1998; 247:312-315.

18. Renkin EM. Transport of potassium-42 from blood to tissue in isolated mammalian skeletal muscle. Am
J Physiol 1959; 197:1205-1210.

19. Crone C. Permeability of capillaries in various organs as determined by the use of the indicator diffusion
method. Acta Physiol Scand 1963; 58:292-305.

20. Robinson PJ. Measurement of blood-brain barrier permeability. Clin Exp Pharmacol Physiol 1990; 17:829-840.

21. Gauden V, Hu DE, Kurokawa T et al. Novel technique for estimating cerebrovascular permeability
demonstrates capsazepine protection following ischemia-reperfusion. Microcirculation 2007; 14:767-778.

22. Fraser PA, Dallas AD. Permeability of disrupted cerebral microvessels in the frog. J Physiol 1993;461:619-632.

23. Crone C, Olesen S-P. Electrical resistance of brain microvascular endothelium. Brain Research 1982;
241:49-55.

24. Inglis VI, Jones MP, Tse AD et al. Neutrophils both reduce and increase permeability in a cell culture
model of the blood-brain barrier. Brain Research 2004; 998:218-229.

25. Rubin LL, Hall DE, Porter S ct al. A cell culture model of the blood-brain barrier. J Cell Biol 1991;
115:1725-1735.

26. Easton AS, Sarker MH, Fraser PA. Two components of blood-brain barrier disruption in the rat. J Physiol
1997; 503:613-623.

27. Easton AS, Fraser PA. Variable restriction of albumin diffusion across inflamed cerebral microvessels of
the anaesthetized rat. J Physiol 1994; 475:147-157.

29. Weller RO, Galea I, Carare RO et al. Pathophysiology of the lymphatic drainage of the central nervous
system: implications for pathogenesis and therapy of multiple sclerosis. Pathophysiology Electronic
publication ahead of print 2009.

30. Klatzo I. Pathophysiological aspects of brain edema. Acta Neuropathol 1987; 72:236-239.

31. Simard JM, Kent TA, Chen M et al. Brain oedema in focal ischaemia: molecular pathophysiology and
theoretical implications. Lancet Neurol 2007; 6:258-268.

32. Fraser PA, Dallas AD. Measurement of filtration coefficient in single cerebral microvessels of the frog.
J Physiol 1990; 423:343-361.

[vww.ebook3000.con)



http://www.ebook3000.org

18

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

BIOLOGY AND REGULATION OF BLOOD-TISSUE BARRIERS

Manley GT, Binder DK, Papadopoulos MC et al. New insights into water transport and edema in the central
nervous system from phenotype analysis of aquaporin-4 null mice. Neuroscience 2004; 129:983-991.
Manley GT, Fujimura M, Ma T et al. Aquaporin-4 deletion in mice reduces brain edema after acute water

intoxication and ischemic stroke. Nature Med 2000; 6:159-163.

Papadopoulos MC, Manley GT, Krishna S et al. Aquaporin-4 facilitates the reabsorption of excess fluid in
vasogenic brain edema. FASEB J 2004; 18:1291-1293.

Fraser PA. Can a broken barrier be repaired? J Physiol 2006; 573:287.

Heiss JD, Papavassiliou E, Merrill MJ et al. Mechanism of dexamethasone suppression of brain
tumor-associated vascular permeability in rats. Involvement of the glucocorticoid receptor and vascular
permeability factor. J Clin Invest 1996; 98:1400-1408.

Ron NP, Kazianis JA, Padbury JF etal. Ontogeny and the effects of corticosteroid pretreatment on aquaporin
water channels in the ovine cerebral cortex. Reprod Fertility Dev 2005; 17:535-542.

Putney LK, BrandtJD, O’Donnell ME. Effects of dexamethasone on sodium-potassium-chloride cotransport
in trabecular meshwork cells. Invest Opthalmol Vis Sci 1997; 38:1229-1240.

Dimberg A. Chemokines in angiogenesis. Curr Top Microbiol Immunol. E-published ahead of print 2010.

Shakur H, Andrews P, Asser T et al. The BRAIN TRIAL: a randomized, placebo controlled trial of a
bradykinin B2 receptor antagonist (Anatibant) in patients with traumatic brain injury. Trials 2009; 10:109.

Emerich DF, Dean RL, Osborn C et al. The development of the bradykinin agonist labradimil as a means to
increase the permeability of the blood-brain barrier: from concept to clinical evaluation. Clin Pharmacokin
2001; 40:105-123.

Sarker MH, Easton AS, Fraser PA. Regulation of cerebral microvascular permeability by histamine in the
anaesthetized rat. J Physiol 1998; 507:909-918.

Easton AS, Fraser PA. Arachidonic acid increases cerebral microvascular permeability by free radicals in
single pial microvessels of the anaesthetized rat. J Physiol 1998; 507:541-547.

Sarker MH, Hu D-E, Fraser PA. Acute effects of bradykinin on cerebral microvascular permeability in the
anaesthetized rat. J Physiol 2000; 528:177-187.

Sarker MH, Fraser PA. The role of guanylyl cyclases in the permeability response to inflammatory mediators
in pial venular capillaries in the rat. J Physiol 2002; 540:209-218.

Hu D-E, Fraser PA. Evidence for interleukin-1p mediating enhanced permeability responses to bradykinin
in single pial capillaries of anaesthetized rats. J Physiol 1997; 505:53P.

Hayashi T, Deguchi K, Nagotani S et al. Cerebral ischemia and angiogenesis. Curr Neurovasc Res 2006;
3:119-129.

Zhang ZG, Zhang L, Tsang W et al. Correlation of VEGF and angiopoeitin expression with disruption
of blood-brain barrier and angiogenesis after focal cerebral ischemia. J Cereb Blood Flow Metab 2002;
22:379-392.

Croll SD, Weigand SJ. Vascular growth factors in cerebral ischemia. Mol. Neurobiol 2001; 23:121-135.

Zhang ZG, Zhang L, Jiang Q et al. VEGF enhances angiogenesis and promotes blood-brain barrier leakage
in the ischemic brain. J Clin Invest 2000; 106:829-838.

Rigau V, Morin M, Rousset M-C et al. Angiogenesis is associated with blood-brain barrier permeability
in temporal lobe epilepsy. Brain 2007; 130:1942-1956.

Hayashi T, Noshita N, Sugawara T et al. Temporal profile of angiogenesis and expression of related genes
in the brain after ischemia. J Cereb Blood Flow Metab 2003; 23:166-180.

Krupinski J, Kaluza J, Kumar P et al. Role of angiogenesis in patients with cerebral ischemic stroke. Stroke
1994; 25:1794-1798.

Kaya D, Giirsoy-Ozdemir Y, Yemisci M et al. VEGF protects brain against focal ischemia without
increasing blood-brain barrier permeability when administered intracerebroventricularly. J Cereb Blood
Flow Metab 2005; 25:1111-1118.

Hayashi T, Abe K, Itoyama Y. Reduction of ischemic damage by application of vascular endothelial growth
factor in rat brain after transient ischemia. J Cereb Blood Flow Metab 1998; 18:887-895.

Udo H, Yoshida Y, Kino T et al. Enhanced adult neurogenesis and angiogenesis and altered affective
behaviours inmice overexpressing vascular endothelial growth factor 120. J Neurosci 2008; 28:14522-14536.

Zhang ZG, Zhang L, Croll SD et al. Angiopoietin-1 reduces cerebral blood vessel leakage and ischemic
lesion volume after focal cerebral embolic ischemia in mice. Neuroscience 2002; 113:683-687.

ZhuY,LeeC, ShenF etal. Angiopoietin-2 facilitates vascular endothelial growth factor-induced angiogenesis
in the mature mouse brain. Stroke 2005; 36:1533-1537.

Bermpohl D, Halle A, Freyer D et al. Bacterial programmed cell death of cerebral endothelial cells involves
dual death pathways. Clin Invest 2005; 115:1607-1615.

Hsu M-J, Hsu CY, Chen BC et al. Apoptosis signal regulating-kinase 1 in amyloid f peptide-induced
cerebral endothelial cell apoptosis. J Neurosci 2007; 27:5719-5729.

Zhang Y, Park TS, Gidday JM. Hypoxic preconditioning protects human brain endothelium from ischemic
apoptosis by Akt-dependent survivingactivation. Am J Physiol Heart Circ Physiol 2007;292:H2573-H2581.



REGULATION OF PERMEABILITY ACROSS THE BLOOD-BRAIN BARRIER 19

63

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

. Chen P-L, Easton AS. Evidence that tumor necrosis factor-related apoptosis inducing ligand (TRAIL)
inhibits angiogenesis by inducing vascular endothelial apoptosis. Biochem Biophys Res Commun 2010;
391:936-941.

Beck H, Acker T, Wiessner C et al. Expression of angiopoietin-1, angiopoictin-2 and Tie receptors after
middle cerebral artery occlusion in rats. Am J Pathol 2000; 157:1473-1483.

Li Y-Q, Chen P, Haimovitz-Friedman A et al. Endothelial apoptosis initiates acute blood-brain barrier
disruption after ionizing radiation. Cancer Res 2003; 63:5950-5956.

Easton AS, Dorovini-Zis K. The kinetics, function and regulation of P-selectin expressed by human brain
microvessel endothelial cells in primary culture. Microvasc Res 2001; 62:335-345.

Wong D, Prameya R, Dorovini-Zis K. Adhesion and migration of polymorphonuclear leukocytes across
human brain microvessel endothelial cells are differentially regulated by endothelial cell adhesion molecules
and modulate monolayer permeability. J Neuroimmunol 2007; 184:136-148.

Woodfin A, Voisin MB, Nourshargh S. Recent developments and complexities in neutrophil transmigration.
Curr Opin Hematol 2010; 17:9-17.

Bell MD, Perry VH. Adhesion molecule expression on murine cerebral endothelium following the injection
of a proinflammogen or during acute neuronal degeneration. J Neurocytol 1995; 24:695-710.

Bell MD, Taub DD, Perry VH. Overriding the brain's intrinsic resistance to leukocyte recruitment with
intraparenchymal injections of recombinant chemokines. Neuroscience 1996; 74:283-292.

Anthony DC, Bolton SJ, Fearn S et al. Age-related effects of interleukin-1 beta on polymorphonuclear
neutrophil-dependent increases in blood-brain barrier permeability in rats. Brain 1997; 120:435-444.
Anthony D, Dempster R, Fearn S etal. CXC chemokines generate age-related increases inneutrophil-mediated

brain inflammation and blood-brain barrier breakdown. Curr Biol 1998; 8:923-926.

Bolton SJ, Anthony DC, Perry VH. Loss of the tight junction proteins occludin and zonula occludens-1
from cerebral vascular endothelium during neutrophil-induced blood-brain barrier breakdown in vivo.
Neuroscience 1998; 86:1245-1257.

Inglis VI, Jones MPJ, Tse ADY et al. Neutrophils both reduce and increase permeability in a cell culture
model of the blood-brain barrier. Brain Res 2004; 998:218-229.

Joice SL. Mydeen F, Couraud PO et al. Modulation of blood-brain barrier permeability by neutrophils:
in vitro and in vivo studies. Brain Res 2009; 1298:13-23.

Cowan KM, Easton AS. Neutrophils block permeability increases induced by oxygen glucose deprivation
in a culture model of the human blood-brain barrier. Brain Res 2010; 1332:20-31.

MacMillan CJ, Easton AS. In vivo effects of neutrophils on the blood-brain barrier. Poster abstract P-10,
8th Cerebrovascular Biology International conference 2009, Sendai, Japan.

Keep RF, Xi G, Hua Y et al. The deleterious or beneficial effects of different agents in intracerebral
hemorrhage: think big, think small, or is hematoma size important? Stroke 2005; 36:1594-1596.

Kalia LV, Kalia SK, Salter MW. NMDA receptors in clinical neurology: excitatory times ahead. Lancet
Neurol 2008; 7:742-755.

Becker KJ. Anti-leukocyte antibodies: LeukArrest (Hu23F2G) and enlimomab (R6.5) in acute stroke. Curr
Med Res Opin 2002; 18 (S2):S18-S22.

Engelhardt B, Pfeiffer F, Schafer J et al. TET-induced expression of claudin-1 in brain endothelium reduces
edema formation and clinical disease in an animal model of multiple sclerosis. Symposium abstract, 8th
Cerebrovascular Biology International conference 2009, Sendai, Japan.

[vww.ebook3000.con)



http://www.ebook3000.org

CHAPTER 2

DRUG TRANSPORTERS AT BRAIN BARRIERS

Expression and Regulation by Neurological Disorders

Tamima Ashraf, Olena Kis, Nilasha Banerjee and Reina Bendayan*

Department of Pharmaceutical Sciences, Leslie Dan Faculty of Pharmacy, University of Toronto,
Toronto, Ontario, Canada
*Corresponding Author: Reina Bendayan—Email: r.bendayan@utoronto.ca

Abstract: Drugtransport in the central nervous system can be highly regulated by the expression
of numerous influx and efflux transport proteins not only at the blood-brain barrierand
blood-cerebrospinal fluid barrier but also in brain parenchymal cellular compartments
(i.e., astrocytes, microglia, neurons). In particular, members of the ATP-Binding
Cassette membrane-associated transporter superfamily and Solute Carrier family are
known to be involved in the traffic of several endobiotics and xenobiotics (including
drugs) into and out of the brain. These transport proteins have also been implicated in
anumber of neurological disorders including HIV-encephalitis, Alzheimer’s disease,
Parkinson’s disease and neoplasia. This chapter summarizes recent knowledge on
the role of drug transporters in the brain.

INTRODUCTION

Membrane-associated transport proteins are important determinants of drug disposition.
In the central nervous system (CNS), tightly regulated influx and efflux transport systems
are involved in the traffic of solutes and drugs into and out of the brain.! Influx transport
systems facilitate the uptake of numerous nutrients (i.e., amino acids, glucose, nucleosides)
as well as xenobiotics, whereas, efflux transport systems restrict the entry of a broad
spectrum of xenobiotics and extrude endogenous compounds (i.e., neurotoxins, metabolic
products) from the brain. In order to characterize the involvement of drug transporters in
physiological and pathological events in the CNS, itis crucial to understand their localization
and functional expression in several brain cellular compartments. The objectives of this
chapter are: (i) to briefly introduce the physiology of the blood-brain barrier, mechanisms
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of transport processes and established methods to study drug transport and (ii) to review
the expression, localization and functional activity of drug transporters in different brain
cellular compartments under normal physiological and neuropathological conditions.

PHYSIOLOGY OF THE BLOOD-BRAIN BARRIER

The blood-brain barrier (BBB) forms a dynamic physical and biochemical barrier that
separates the CNS from systemic circulation. The discovery of the BBB is attributed to the
German immunologist Paul Ehrlich who first reported in 1880 that injection of cationic dyes
into the systemic circulation stained most of the organs with the exception of the brain and
spinal cord (Ehrlich, 1904). Later work from Edwin E. Goldman demonstrated that if the dye
is injected in the cerebrospinal fluid (CSF) directly, only the nervous tissue is stained whereas
other tissues remain unstained, confirming the existence of a physiological barrier between
the systemic circulation and the brain (Goldmann, 1913). It was not until another 70 years
when with the use of electron microscopy several researchers observed lack of horseradish
peroxidase perfusion in mouse vascular endothelium suggesting the existence of a structural
barrier at the blood-brain interface.> The identification of tight junction proteins that connect
endothelial cells and restrict the paracellular traffic of substrates further confirmed the concept
of atightly regulated physiological barrier surrounding the CNS.2 To date, the BBB is known
asamulti-cellular unit formed of brain microvessel endothelial cells, basal lamina, surrounding
pericytes, adjacent astrocytes and neurons (Fig. 1). These cellular compartments and basal
lamina are collectively referred to as the “neurovascular unit” (Fig. 1).>*

Figure 1. Neurovascular unit and localization of selected ABC and SLC transporters in brain microvessel
endothelial cells, astrocytes, microglia and neurons. Arrows indicate the direction of substrate transport.
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Neurovascular Unit
Brain Microvascular Endothelial Cells (BMECs)

Brain microvascular endothelial cells (BMECs) have unique structural and functional
properties that form a selectively permeable and highly regulated barrier between the
CNS and systemic circulation.” The intercellular network of tight junctions limits and
regulates the traffic of immune surveillance cells (macrophages) and substances from
the systemic circulation.® Tight junction proteins (i.e., claudins, occludin) and adherent
junction proteins (i.e., junctional adhesion molecule 1) expressed in BMECs are
responsible for the high transendothelial electrical resistance (1500 to 2000 ohm.cm?)
that restricts the paracellular entry of water and solutes.”® In a functional BBB, BMECs
also express a number of polarized receptors, ion channels and active influx and efflux
transport proteins.’ In addition to these systems, endocytosis and transcytosis of hormones
and plasma proteins have also been reported in BMECs, which take place in membrane
microdomains such as caveolae. The integrity of the BBB in known to be compromised
in a number of neuropathological conditions such as stroke, trauma, bacterial or viral
infections, multiple sclerosis, Alzheimer’s disease, Parkinson’s disease, epilepsy, brain
tumours and pain.>!%!

Astrocytes

Astrocytes are the most abundant glial cells in the CNS. These cells have a stellate
morphology and possess numerous cytoplasmic fibrils that are enriched in glial fibrillary
acidic protein.'? Astrocyte foot processes surround more than 99% surface of the cerebral
capillary basement membrane and this close interaction between astrocytes and BMECs
has been implicated in the maintenance of tight junction integrity, proliferation and
angiogenesis of endothelial cells and regulation of inflammatory responses in the brain.*!?
Astrocytes also actively participate in maintaining the homeostasis of the CNS by locally
removing excess K* and excitatory neurotransmitter glutamate released from neurons. !>
Astrocytes secrete various neurotrophic factors (i.e., transforming growth factor-beta,
glial-derived neurotrophic factor, basic fibroblast growth factors) that are known to promote
growth of neurons as well as differentiation and maturation of microglia.'’ Astrocytes also
express numerous transporters that mediate the traffic of nutrients, solutes and xenobiotics
across the cell membrane.'*!” These cells are also involved in the regulation of immune
and inflammatory events during brain injury and infection. Loss of astrocyte-mediated
neuroprotective effects as well as chronic activation of astrocytes have been reported in
neurodegenerative diseases, HIV-dementia, hepatic encephalopathy, hyperammonemia
and ischemia. '8

Pericytes

Pericytes are perivascular cells within the basal lamina that are important constituents
of the BBB.? They surround the microvessel endothelial cells and maintain the structural
integrity and stability of the BBB.?! Pericytes are known to regulate many other brain
functions such as angiogenesis, capillary flow, immune response as well as hemostasis.’
Dueto theirmultiple role in maintaining a functional BBB, pericytes have been implicated
in the pathogenesis of numerous cerebrovascular, neurodegenerative and neuroimmune
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diseases.”? Inaddition, pericytes are known to express several drug transport proteins at the
gene and/or protein level.”> However, the role of these transporters at this site is not clear.

Neurons

Neurons are involved in the transmission of nerve signal through axonal processes.
The interaction between blood vessels and neurons plays an essential role for the
neurovascular network and maintenance of brain homeostasis.?*** Neuronal injury or loss
has been implicated in many diseases such as Alzheimer’s disease, Parkinson’s disease,
infectious diseases, vascular dementia, stroke and multiple sclerosis.?® A few studies have
demonstrated the expression of several drug transporters at this site.?’

Other Glial Cells in Brain Parenchyma
Microglia

Microglia, the resident immunocompetent cells in the brain, were first identified
by the Spanish neuroanatomist del Rio-Hortega in 1932. Under normal physiological
condition, these cells appear in a resting state, characterized by smaller cell body, ramified
processes and low expression of surface antigens. In response to injury, ischemia or
inflammatory stimuli, microglia become activated and release inflammatory mediators such
as pro-inflammatory cytokines, prostaglandins and nitric oxide that further recruit other
microglia to the site of injury, trigger the activation of astrocytes and signal recruitment
of peripheral monocytes from the systemic circulation. The beneficial role of microglia
during CNS injury can be deleterious in situations where they become chronically active.
Activated microglia have been implicated in many neuropathological conditions such as
Alzheimer’s disease, Parkinson’s disease, HIV-encephalitis and others.?® Like BMECs
and astrocytes, these cells also express many active transport processes.?? A decade ago,
our group demonstrated functional expression of multiple drug efflux transporters in both
microglia and astrocytes and proposed that along with astrocytes, microglia constitute a
secondary barrier to drug permeability in the brain.?*3!-3

Oligodendrocytes

Oligodendrocytes are myelin producing cells that are critical for the survival
and maintenance of axon structure in the CNS. Therefore, the injury and death of
oligodendrocytes are directly related to axonal damage. Diseases such as periventricular
leukomalacia, multiple sclerosis, ischemic stroke, traumatic brain or spinal injury,
radiation necrosis and leukodystrophies have been associated with oligodendrocyte
loss or damage.?” Although several transporters have been detected at the gene and/or
protein level in oligodendrocytes, their expression level is known to vary according to
the differentiation state of glial cells and their physical location in the brain.*

Blood-Cerebrospinal Fluid Barrier
The blood-cerebrospinal fluid barrier (BCSFB) composed of choroid plexus epithelial

cells plays a major role in the permeability of nutrients and xenobiotics. The choroid
plexus is a highly vascularised branched structure with numerous villi that project
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Figure 2. Localization of selected ABC and SLC transporters in choroid plexus epithelial cells. Arrows
indicate the direction of substrate transport.

into all four cerebral ventricles.’® The capillaries of the choroid plexus are fenestrated
and provide little resistance to the movement of water and solutes. However, a barrier
is formed by a monolayer of polarized epithelial cells surrounding the fenestrated
capillaries that are joined together by tight junctional proteins.*® These tight junctions
form a functional barrier that restricts the movement of molecules and ions. The main
function of the choroid plexus epithelial cells is to secrete and maintain the homeostatic
composition of the CSF. The CSF fills the ventricles of the brain, the spinal canal and
subarachnoid space. In humans, the total volume of CSF is approximately 140 ml
which is replaced four to five times daily. The CSF also provides a drainage system
for the brain, known as the sink effect, into which products of metabolism and other
molecules are diluted and subsequently removed.* The sink effect is greater for large
molecular weight and hydrophilic compounds. At the level of choroid plexus epithelial
cells, polarized expression of numerous receptors, ion channels and transporters has
been reported (Fig. 2).34142

MECHANISMS OF DRUG PERMEABILITY ACROSS THE CNS
Passive Diffusion

Passive diffusion is a spontaneous and concentration gradient dependent process that
allows molecules to move across cellular membranes down their electrochemical gradient
without the requirement of metabolic energy (Fig. 3). Although passive diffusion of a
drug is triggered by concentration differences, several factors can affect the diffusion of
a drug across the BBB. For example, lipophilicity or lipid affinity of a drug can be used
to predict how readily the drug will partition into the cellular lipid bilayer.* Molecular
weight can also affect passive transport and is inversely correlated with the partition.
For example, lipid soluble molecules with a molecular weight less than 400-600 Da are
predicted to rapidly diffuse through the BBB, whereas, water soluble molecules and/or
molecules with higher molecular weight are expected to show poor permeation across
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Figure 3. Mechanisms of drug transport.

the barrier.** However, a large number of drugs with favourable lipophilicity show poor
permeability into the brain due to drug efflux transport processes suggesting that other
transport mechanisms also influence passive diffusion of a compound.*

Carrier-Mediated Transport Processes

Many drugs can permeate into brain cellular compartments via specific carrier
proteins or transporters. Uniporters are transporters that facilitate the movement of poorly
permeable solutes across cellular membranes down the concentration gradient. Symporters
cotransport more than one substrate in the same direction, whereas antiporters move two
or more molecules or solutes across the phospholipid bilayer in opposite direction.*’
These carrier-mediated transport processes can further be divided into two categories:
(1) facilitated diffusion that does not require metabolic energy and (ii) active transport
that requires metabolic energy. Facilitated diffusion involves carrier-mediated passage of
solutes across cellular membranes down their concentration gradient (Fig. 3). Transport
of substrates via facilitated diffusion is energy-independent and saturable. A number
of solute carrier transporters exhibit facilitated diffusion (i.e., glucose transporters with
equilibrative nucleoside transporters).*® Similar to facilitated diffusion, active transport is
a carrier-mediated process that allows the passage of poorly permeable solutes across the
membrane. However, unlike facilitated diffusion, active transport is energy dependent and
uses ATP hydrolysis as an energy source to move molecules against their electrochemical
gradient. Primary active transport is directly coupled with the hydrolysis of ATP by
ATPase activity. In contrast, secondary and tertiary active transport utilize ion gradients
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across the membrane, which are generated by active transport processes (Fig. 3). For
example, members of the ATP-Binding Cassette superfamily of transporters are primary
active transporters, whereas, members of the Solute Carrier family transporters utilize
sodium or proton gradient across the membrane generated by primary active transporters
to move solutes against their electrochemical gradient (Fig. 3).* In contrast to primary
active transporters, secondary and tertiary active transporters do not have ATP-binding
sites in their structure.

Endocytosis/Transcytosis

Endocytosis/transcytosis allow the internalization, sorting and trafficking of many
plasma macromolecules to their location. Endocytosis is a process where molecules from
the circulation are internalized in vesicles and are directed to endosomes or lysosomes
within the cells. Transcytosis refers to the transcellular movement of molecules. Caveolae
are specialized plasma membrane microdomains that are involved in both endocytosis
and transcytosis. These processes can be either adsorptive (nonspecific process) or
receptor-mediated.”® Adsorptive endocytosis/transcytosis facilitates the transport of
large peptides such as IgG, histone, albumin, native ferritin, horse radish peroxidase
and dextran. Adsorptive processes largely depend upon electrostatic interactions
that allow the positively charged moiety of the substrate to bind to the negatively
charged cell membrane. Studies suggest that adsorptive-mediated transport efficiency
depends on cationic charge and lipophilicity of the peptide, but not peptide size.*!
Receptor-mediated processes are activated by ligand binding to luminal cell surface
receptors which lead to internalization of the receptors at the luminal side followed by
either endocytosis to endosomes/lysosomes or transcytosis across the membrane to be
externalized at the abluminal surface.* Unlike adsorptive processes, receptor-mediated
endocytosis/transcytosis primarily depends upon the binding of molecules to specific
binding sites within clathrin coated vesicles that in turn, directs the molecules to
endosomes. Uptake of molecules by these processes is saturable and dependent on the
number of available receptors on the cell surface. Peptides such as transferrin, albumin,
insulin, insulin growth factor, low-density lipoprotein, ceruloplasmin and others utilize
receptor-mediated endocytosis/transcytosis.*

MODELS TO STUDY DRUG TRANSPORT AND PERMEABILITY

Over the past several years, numerous techniques have been developed to study
drug transport across the BBB as well as into cellular compartments located in brain
parenchyma. These techniques can be divided into three main categories: in vivo, in situ
and in vitro.

In Vivo

Many key findings involving the physiological and functional role of drug transporters
have been identified in in vivo models. Knockout animal systems have provided a
convenient method to selectively downregulate a transporter of interest. A number of single,
double or even triple knockout mice models are currently available. Comparison of drug
accumulation in the brain between wild-type and knockout animals may provide insights
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into the functional role or substrate specificity of a transporter; however, compensatory
mechanisms within the cells may influence transport properties and data generated from
these models must be interpreted cautiously.

In vivo systems available for the study of drug transport across the BBB can be
categorized into two classes: single and multi-passage techniques. Single passage
techniques measure drug uptake into the CNS after a single passage through the brain
following an injection in the blood stream. These techniques include indicator dilution
method, brain uptake index and external registration.” Single passage techniques do not
permit to study time-profile of BBB transport in a single animal and the use of many
animals may introduce large data variability. In addition, these methods are not suitable
for studying uptake of hydrophilic drugs since compounds with extremely slow uptake
have a short exposure time and cannot be accurately measured.> Therefore, multi-passage
techniques such as intravenous administration and microdialysis are more favourable to
study BBB transport of hydrophilic drugs since these techniques allow longer circulation
time for the test substance.” Intracerebral microdialysis is a technique that allows direct
sampling of brain interstitial fluid by implanting a dialysis fibre into the brain. This
technique allows the determination of the local concentration of free drug as a function
of time in a single animal which reduces the number of animals to be used. However,
since only low concentrations of drugs may be present in the dialysate, this method
can be limited by the sensitivity of the analytical procedure. Another multi-passage
technique that allows the quantification of drug transport from the blood into the CSF is
CNS deconvolution technique. This technique is based on serial CSF fluid sampling and
numerical deconvolution of data that enables the determination of a complete transport
profile of a drug in a single living animal.*® This technique has the advantage of being
model-independent and involves a small number of animals; however, it requires skilled
surgical and experimental experience.

Although a number of in vivo models have been established to quantify drug
transport across the BBB, most of these models are cost and time-intensive and often
require complex mathematical models. Therefore, in situ or in vitro systems are more
commonly used.

In Situ

In situ perfusion techniques allow exposure of the brain tissue to the test substance
by perfusion with a physiological buffer.”” The in situ perfusion technique was first
introduced by Takasato et al and involves carotid artery perfusion of the brain of an
animal (usually rat) and sampling of drug levels.*® This model was generated to limit
the metabolism of the test substance and control conditions such as pH or temperature
during transport. However, in situ techniques require fine surgery and experimental set
up as well as complex kinetic analysis.

In Vitro

Since cell culture systems provide a broader level of control over environmental
factors (i.e., pH, temperature) compared to in vivo systems, they are more commonly
used to generate information on the properties of a transporter (i.e., kinetics, specificity).
Often substrate specificity and driving force of a transporter are determined using in
vitro methods such as reconstituted liposomes, Xenopus oocytes and/or transporter
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overexpressing cell lines (i.e., MDCK, HeLa, HEK293).>° To exclusively understand the
CNS-specific role of drug transporters, numerous BMEC and glial cell culture systems
have been used.?*06!

To date, many researchers have established primary cultures of BMECs from a
number of mammalian species (i.e., bovine, porcine, murine, human). In addition, several
immortalized rodent and human cell systems are also available (i.e., RBE4, GPNT, b.End3,
BB19,NKIM-6,hCMEC/D3).%2 Among these systems, the immortalizedhCMEC/D3 cell
line generated from primary human BMECs is one of the most established and extensively
characterized systems available to study drug transport across the BBB.®* This cell line
has been shown to retain several morphological and functional characteristics of the brain
microvessel endothelial cells in vivo. Dauchy et al compared the gene and functional
expression of various ABC transporters between hCMEC/D3 and freshly isolated human
brain microvessels and reported that P-glycoprotein (P-gp) and breast cancer resistance
protein (BCRP) expression are lower in hCMEC/D3 than in human microvessels, but
activity remains comparable.®*

Since the BBB is considered a dynamic multi-compartment unit, advances have
been made to establish coculture systems where mixed cultures of cells are grown either
together or in separate compartments using transwell systems. A coculture system may
allow cell-cell communication and/or generate specific signaling proteins and/or tropic
factors necessary for the differentiation and proliferation of neighbouring cells. Therefore,
coculture systems with mixed glia or pericytes have been considered a more physiological
model of BBB.% Several studies have also described dynamic three-dimensional model
of the BBB where drug transport properties are investigated in BMECs cocultured with
other cellular components of the neurovascular unit under flow conditions. In order to
study drug transport in brain parenchymal cells, standard procedures have been established
to generate primary cultures of astrocyte or microglia.’'*¢ Due to the low yield, a few
immortalized microglia cell systems have also been utilized to determine transport
properties in vitro.3!3236.67.68

FUNCTIONAL EXPRESSION AND LOCALIZATION OF FAMILIES
OF MEMBRANE DRUG TRANSPORTERS IN THE CNS

ATP-Binding Cassette (ABC) Transporters

The ABC superfamily is one of the largest protein families containing numerous
functionally diverse membrane-associated transporters that are expressed throughout
the human body. To date, 50 ABC proteins have been identified in humans that can be
separated in seven subfamilies (A to G) based on the structural organization of these
transporters.® These membrane-associated proteins are responsible for the movement ofa
wide range of substrates across the lipid bilayer using ATP hydrolysis as the energy source
(Table 1).7>™ ABC transporters are characterized by the presence of a highly conserved
Nucleotide Binding Domain (NBD) containing three distinct motifs, Walker A, Walker
B and a signature motif (LSGG).”” Mutations in a number of ABC genes can lead to
diseases such as cystic fibrosis, retinal degeneration, impaired cholesterol/bile transport
and others.”® An increased recognition of these transporters in the absorption, distribution
and elimination of a wide spectrum of xenobiotics including several pharmacological
agents highlights the significance of these proteins.”’
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P-Glycoprotein (P-gp)

P-gp, the first identified ABC transporter, was isolated and characterized by Victor
Ling in Toronto, Canada, in a Chinese hamster ovary cell line where this transporter
was associated with resistance to colchicine.”® Since its discovery, overexpression of
P-gp has shown resistance to numerous chemotherapeutic drugs, a phenomenon known
as “Multidrug resistance (MDR)”. P-gp consists of 1276-1280 amino acids with a
molecular mass of approximately 170 kDa. It is encoded by the MDR/Mdr gene which
has two isoforms in humans (MDR1 and MDR?2) and three isoforms in rodents (mdrla,
mdrlb and mdr2).”8° MDR2/mdr2 is exclusively expressed in the liver and involved
in phosphatidylcholine translocation, whereas, P-gp is encoded by the MDR1 gene in
humans. Inrodents, bothmdrlaand mdr1b are products of the mdr1 gene and demonstrate
similar MDR phenotype. The membrane topology of P-gp shows a tandemly duplicated
structure with two homologous halves.?! Each half consists of a highly hydrophobic
transmembrane domain (TMD) containing six transmembrane helices and a NBD .32
The two homologous halves of P-gp are connected by a hydrophilic linker region,
which is phosphorylated at several sites by protein kinase C, although phosphorylation
of this linker region does not appear to affect P-gp function. The N- and C-termini as
well as the NBDs are located intracellularly. Both NBDs are critical for P-gp function
and ATP binding to both NBDs allows P-gp activity. Using P-gp reconstituted into
proteoliposomes, previous studies have shown that P-gp may function as a unidirectional
flippase and conformational change induced by ligand binding allows P-gp to move
the ligand across the lipid barrier using ATP hydrolysis. Recent advances in structural
studies have generated the crystal structure of mouse P-gp which shows an internal
cavity with nucleotide-free inward facing conformation.’® This study also reported
two cocrystal structures of P-gp bound to cyclic peptide inhibitor. In the drug-bound
conformation, the drug-binding pocket of P-gp is open to the cytoplasm and lipid
bilayer.?* This conformation likely represents a pretransport state of P-gp where drug
binding followed by ATP binding causes a dimerization in the NBDs, resulting in the
outward facing conformation where the drug is released due to changes in conformation
and/or accompanied by ATP hydrolysis.

P-gp can transport many structurally diverse compounds that are weakly amphipathic
or relatively hydrophobic such as anticancer, antiretroviral, immunosuppressive,
antihypertensive, anti-arrhythmic, anti-depressant, antimicrobial, H2-antagonistic and
antiepileptic agents as well as steroids, natural products, fluorescent dyes and others. 37618485
The majority of P-gp substrates contain an aromatic ring and a positively charged tertiary
nitrogen atom in their structure. A list of P-gp substrates can be found in Table 1.

Functional expression of P-gp has been detected at several blood-tissue barriers
(i.e., blood-testis, blood-placenta) including the BBB suggesting a predominant role
of this transporter in the absorption and elimination of xenobiotics at these sites.®¢%
At the BBB, P-gp localization has been reported in BMECs, adhesive pericytes and
adjacent astrocytes.®® Although P-gp is mainly detected at the luminal membrane in
brain endothelium,*?° a few studies, including the ones from our group, have reported
P-gp localization at the abluminal surface as well as in astrocyte foot processes.'** P-gp
functional expression has been characterized in isolated brain capillaries as well as in
several primary and immortalized brain cell culture systems including a rat microglia cell
line (MLS-9), cultured rat astrocytes, rat brain microvessel endothelial cell line (RBE4)
and human brain microvessel cell line.?*3¢%09192 At the BCSFB, P-gp has been detected
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at the apical side of choroid plexus epithelia.” Studies performed in mdrla/1b knockout
mice models further support the protective role of P-gp in the brain.**%

Highlevels of expression at the BBB and the wide range of substrate specificity of P-gp
is considered as one of the major obstacles to drug permeation into the brain. Modulating
P-gp expression, therefore, has been extensively studied by many researchers to improve
drug delivery into the brain. Numerous physiological and pathological signals have also
been implicated in the regulation of P-gp functional expression including pro-inflammatory
cytokines, polypeptide hormone endothelin-1, viral proteins, bacterial lipopolysaccharide
and B-amyloid.**” Many cellular signaling pathways have been reported to regulate
P-gp such as Mitogen-Activated Protein Kinase pathway (MAPK), nuclear factor-kB
pathway (NF-«kB), nuclear receptors [i.e., pregnane-X-receptor (PXR), peroxisome
proliferator-activated receptor (PPAR), constitutive androstane receptor (CAR)], protein
kinase C, protein kinase Akt and Rho pathways.”*1® P-gp has also been implicated in
numerous drug-drug interactions. Co-administration of drugs that are substrates, inducers or
inhibitors of P-gp canresultin altered pharmacokinetic and pharmacodynamic response.'*
Altered P-gp expression at the BBB and in brain parenchymal compartments can affect
drug distribution during therapy. The regulation of P-gp in several CNS diseases will be
discussed in a later section of this chapter.

Multidrug Resistance-Associated Proteins (MRPs)

Multidrugresistance-associated protein (MRP) family is a group of ABC transporters
that primarily confer resistance to a number of organic anions. MRPs are ubiquitously
expressed in many tissues including liver, kidney, intestine and brain. The mammalian
MRP family (humans, MRP; rodents, Mrp) has 13 members including nine proteins
involved in drug transport, MRP1-9 (ABCC1-6 and ABCC 10-12), one ion channel (cystic
fibrosis transmembrane regulator gene, CFTR), two receptors (sulfonylurea 1 and 2) and
one truncated protein that does not mediate transport (ABCC13).3*1% With regards to
membrane topology, MRP transporters can be classified into two groups (MRP1-3,
MRP6-7 and MRP4-5, MRP8-9). MRP1-3, MRP6 and MRP7 have predicted membrane
topology of three TMDs showing a topology of 5 + 6 + 6 configuration of transmembrane
helices where the first TMD is linked to the core region by a shorter cytoplasmic loop.
In the case of MRP1, the linker region is required for function, whereas, the first TMD
is not essential for transport activity.'% In comparison, MRP4, MRP5, MRP8 and MRP9
do not possess the first TMD with five helices at their N-terminus and contain two TMDs
each having 6 transmembrane helices and a NBD.!””

Among the MRP proteins, MRP1 was the first to be identified in a human lung cancer
cell line, H69AR, which displayed characteristics of the MDR phenotype in the absence
of P-gp expression.!® MRP1 shows substrate selectivity towards organic anions or neutral
organic drugs and unlike P-gp, MRP1 is also capable of transporting glutathione (GSH),
glucuronide and sulphate conjugates.'®!'° Substrates of MRP1 include anticancer drugs,
inflammatory mediator leukotriene C4 (LTC4), protease inhibitors, oxyanions and several
dietary constituents (i.e., bioflavanoids).3*!'! MRP1 function can be distinguished from
MRP2 and MRP3 by its high affinity for LTC,. Mrpl has been shown to be involved
in the transport of a few cationic drugs (i.e., vincristine, etoposide) in the presence of
GSH.!"'2113 MRP1 is known to be ubiquitously expressed with higher expression in lung,
testes and peripheral blood mononuclear cells. In the CNS, MRP1 protein expression has
been located in the luminal membrane of BMECs and basolateral membrane of choroid
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plexus epithelial cells.”*!!* Studies have also confirmed the localization of this protein
in pericytes, astrocytes, microglia, oligodendrocytes and neurons.?*-23¢!> Functional
expression of MRP1 has also been demonstrated in vivo. In Mrpl knockout mice,
vincristine permeation in the knockout animal brain was found to be significantly higher
than the wild-type animal.!! In addition, a few signaling pathways have been identified
in MRP1 regulation such as MAPK, NF-kB and Janus Kinase-Signal Transducer and
Activator of Transcription (JAK-STAT).!17:118

MRP1, along with other MRP isoforms (MRP2, MRP4 and MRPS), can also
contribute towards cellular defence during oxidative stress by regulating intracellular
GSH and glutathione disulfide (GSSG) concentrations. GSH levels within cells are tightly
regulated and compromised levels lead to the progression of many disorders including
cancer, inflammatory and neurodegenerative diseases. Elevated levels of GSH have
been found in tissues from Mrp1 and Mrp2 knockout mice.!"” It is now known that both
MRP1 and MRP2 can mediate transport of GSH as a substrate as well as cotransport of
GSH in the presence of other compounds. MRP1 mediated transport of GSH has been
well characterized in cultured astrocytes and this transporter has also been implicated in
the transport of GSSG and other oxidized GSH derivatives.!? Other MRP isoforms are
also known to be involved in GSH transport (MRP4 and MRP5),!21:122137 a]though their
functional role in brain cellular compartments is not clear. For example, using astrocyte
cultures derived from Mrp1l and Mrp5 knockout mice, Minich et al demonstrated that
Mrpl, but not Mrp5 is involved in GSH and GSSG transport in cultured astrocytes.!*

MRP1 and MRP2 share similar substrate specificities, although differences in kinetic
properties exist between MRP1 and MRP2 mediated transport. Endogenous substrates
of MRP2 include conjugated steroids, bile salts and LTC4. MRP2 also transports many
exogenous compounds such as anticancer drugs, antiretrovirals, antibiotics, environmental
toxins and metal complexes. MRP2 can also mediate transport of GSH independently
or along with other compounds. MRP2 plays an important role in extruding metabolites
into bile'?* and mutations in MRP2 gene lead to Dubin-Johnson syndrome. MRP2 has a
more limited tissue distribution compared to MRP1. In polarized cells such as hepatocytes
and kidney proximal tubule epithelial cells, MRP2 is expressed at the apical surface. At
the BBB, Mrp2 has been localized at the luminal side of BMECs and brain capillaries.’!
At the BCSFB, the mRNA expression of Mrp2 has been reported to be negligible.'* In
brain parenchyma, Mrp2 mRNA, but not protein expression in astrocytes isolated from
embryonic rats has been detected.’® Study by Potschka et al demonstrated an increased
accumulation of phenytoin, an antiepileptic agent in Mrp2-transport deficient mice
suggesting a defensive role of this transporter at the level of the BBB.'?¢ Although there
has been no evidence to date that supports a role of MRP2 in clinical MDR phenotype. In
rodent capillaries, Mrp2 has been shown to be regulated by the nuclear receptor, CAR.!*

MRP3 has anarrower but similar substrate preference as MRP1 and MRP2. However,
MRP3 cannot transport GSH and prefers glucuronide conjugates over glutathione
conjugates.'?” MRP3 can mediate the transport of monoanionic bile acids. MRP3 is
expressed in adrenal gland, kidney, placenta, intestine, pancreas, liver and gallbladder.
At the BBB, Mrp3 expression appears negligible and has not been detected in mouse
brain microvessels; however, gene expression was reported in hCMEC/D3 cells.® Low
levels of Mrp3 have also been detected in bovine BMECs whereas expression was
not observed in capillary enriched homogenate.'?® In choroid plexus epithelium, Mrp3
staining was observed at the inter-cellular junctions, although the function of this protein
at this site is unknown.'? In brain parenchyma, MRP3/Mrp3 gene expression has been
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detected in astrocytes, microglia, oligodendrocytes and neurons.’*!** Upregulated MRP3
expression has been observed in several gliomas suggesting a role of this transporter in
chemotherapeutic resistance.'!

Unlike MRP1-3, MRP4 has the unique ability of transporting a range of endogenous
molecules involved in cellular communication of signaling including cyclic nucleotides
(cAMP, cGMP), eicosanoids, urate, conjugated steroid hormones, folate, bile acids,
nucleotide and purine analogs.!** MRP4 substrates also include antiretrovirals, antibiotics,
cardiovascular and cytotoxic agents. Cellular localization of MRP4 varies in polarized
cells. Basolateral localization has been reported in prostate epithelial cells and hepatocytes,
whereas, apical expression has been detected in proximal tubule kidney epithelial cells.
Using immunocytochemical analysis, MRP4 expression has been detected at the luminal
and abluminal sides of brain capillary endothelial cells and at the basolateral side in
the choroid plexus epithelia.3%!313> MRP4 is also expressed in astrocytes, microglia,
oligodendrocytes and neurons.'* In our hands, we have also detected MRP4/Mrp4
expression in primary cultures of rat and human astrocytes.'*” In Mrp4 knockout mice
model, an enhanced accumulation of the anticancer drug topotecan was observed in brain
parenchyma and CSF.'*> Another study reported increased brain penetration of adefovir
in Mrp4 knockout mice suggesting a functional role of MRP4 in limiting nucleoside
analogue drugs into the brain.!'

Similar to MRP4, MRPS can function as a cyclic nucleotide export pump and confers
resistance to nucleoside analogs which suggests that these transporters may synergistically
contribute to the regulation of tissue levels of cAMP and ¢cGMP. In addition to these
cyclic nucleotides, MRPS5 substrates include a number of other organic anions such as
nucleoside monophosphate analogs, glutathione S-conjugates and fluorescein diacetate.
MRP4 and MRPS5 do not interact with established substrates of MRP1-3 (i.e., vincristine,
daunorubicin, etoposide). GSH is also a substrate for MRP4 and MRPS5, although GSH
cotransport is not necessary for all the substrates of these transporters. MRPS is also
expressed in brain cellular compartments. In comparison to MRP4 expression, MRPS
is localized at the luminal membrane of BMECs, but is expressed at the basolateral
membrane of the choroid plexus.!**13413 MRP5 is also highly expressed in pyrimidal
neurons and astrocytes.'** Others have reported Mrp5 gene expression in oligodendrocytes
and microglia.’*!* Using PMEA, a substrate for MRP4 and MRP5, our group has shown
that these transporters are functional in a rat microglia cell line (MLS-9).3*

Functional studies have shown that MRP6 exhibits a weak resistance to
chemotherapeutic drugs such as etoposide, doxorubicin and daunorubicin. MRP6 can
also transport GSH conjugates (i.e., LTC4, N-ethymaleimide S-glutathione) and cyclic
pentapeptide BQ123. Transcripts of Mrp6 have been detected in primary cultures of
bovine BMECs, in capillary enriched fraction of bovine brain homogenate and in human
brain tissue.'* Overexpression of MRP6 transcripts was also detected in human BMECs
isolated from epileptic patients.'*! Mrp6 expression at the gene and protein level has
been detected in glial cells and neurons, but not in pericytes.”> MRP6 is also known to
be expressed in liver and kidney. Loss of MRP6 function causes an autosomal recessive
multi-organ disorder known as pseudoxanthoma elasticum, resulting in calcification of
elastic fibres.'*

A few in vitro studies have suggested that MRP7 is a lipophilic anion transporter that
confers resistance to several natural product anticancer drugs (i.e., docetaxel, vincristine).
MRP7 can also transport physiological substrates such as 17p-glucuronosyl estradiol
and LTC4 as shown in membrane vesicles expressing recombinant MRP7. High levels
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of MRP7 transcripts have been detected in various tumor specimens including breast,
ovary, prostate, lung, colon and pancreas suggesting a potential role of this transporter
in the intrinsic sensitivity of tumors.'** Transcripts of Mrp7 have been detected in brain
tissue;!* however, protein expression as well as the functional role of MRP7 in drug
distribution in the brain is currently unknown.

MRP8 has been characterized as a lipophilic anion efflux pump in vitro that shows
resistance to PMEA, fluorouracil, steroid sulphates and GSH conjugates such as LTCA4.
MRP8, similar to MRP4 and 5, confers resistance to several purine and pyrimidine
nucleotide derivatives.'* Gene expression of MRPS has been detected in liver, placenta,
breast, testis, breast cancer samples as well as in several tumor cell lines.!*¢ Transcripts
and protein expression of MRP8 have been detected in human brain samples and gliomas.
Using immunofluorescence microscopy, MRPS8 protein expression was found to be
colocalized with neurofilaments in white matter in human brain suggesting that MRP8 is
an axonal protein.'*” The axonal localization of MRPS8 together with its substrate affinity
towards steroids indicates that this transporter may potentially participate in regulating
neurotransmitter receptors by mediating the efflux of neurosteroids from neurons.

High levels of MRP9 transcripts have been detected in brain as well as testes,
mammary epithelial and breast cancer cells.'*® However, additional localization and
functional studies are required to clarify the role of this transporter in the brain.

Breast Cancer Resistance Protein (BCRP)

ABCG?2 (BCRP) transporter was first identified in a P-gp and MRP1-negative breast
cancer cell line that showed high resistance to mitoxantrone, an anthracycline anticancer
drug.'* Unlike P-gp and MRPs, ABCG?2 is a half-transporter with six membrane spanning
helices and one ATP-binding site.'* BCRP is predicted to function as a homodimer;
however, evidence suggests that BCRP may also function as a monomer. The substrate
profile of ABCG2 overlaps with that of P-gp or MRP1 and includes many anticancer
drugs (i.e., daunorubicin, doxorubicin, mitoxantrone, etoposide, topotecan, camptothecins,
methotrexate), phototoxins (i.e., pheophorbide-A), antiretrovirals (i.e., zidovudine),
fluorescent dyes (i.e., rhodamine 123) and many others.**!>! ABCG2 is expressed in the
blood-brain, blood-placenta and blood-testis barriers and is known to colocalize with P-gp
at the luminal membrane of BMECs.!? Several studies have reported the expression of
BCRP in primary cultures of human BMECs, mouse brain capillaries and immortalized
rat brain endothelial cell line.!5*13> ABCG?2 expression has also been detected in pericytes
and at the apical membrane of choroid plexus epithelial cells.!* In brain parenchyma,
ABCG?2 expression has been detected in astrocytes and microglia. Our group has confirmed
Abcg?2 protein expression in primary cultures of rat astrocytes and in a microglia cell line,
MLS-9.** Despite ABCG?2 protein expression in multiple brain cellular compartments,
functional activity of this transporter in these cell systems is not clear. A few studies have
reported ABCG2 mediated transport in cultured human and rodent BMECs, whereas,
others have suggested lack of ABCG2 mediated transport in these cells.!*>!*3 For example,
accumulation of mitoxantrone, an established BCRP substrate, did not increase in the
presence of ABCG2 inhibitors in primary cultures of human brain endothelial cells as
well as in RBE4 cell line. In addition, a lack of Abcg2 mediated transport of mitoxantrone
has also been shown in primary cultures of rat astrocytes and in a microglia cell line.'>*
In contrast, functionally active ABCG2 has been reported in intact brain capillaries.'’
Several in vivo studies have also supported a functional role of Abcg?2 at the BBB. In
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Mdrla knockout mice model, upregulated Abcg2 protein expression was observed in
brain microvessels compared to wild type animals suggesting a compensatory role of
ABCG2."%® Recent studies also indicate that ABCG2, in conjunction with P-gp can limit
the penetration of tyrosine kinase inhibitors into the brain.!¥-16!

Several studies have reported the involvement of nuclear receptors (i.e., CAR,
aryl hydrocarbon receptor, PPARY, PPAR«) and other signaling pathways in ABCG2
regulation.'>1%* Using isolated rat and mouse brain capillaries, Wang et al showed
CAR mediated upregulation of Abcg2 along with P-gp and Mrp2.!® A recent report by
Hartz et al demonstrated that estrogen can be a modulator of BCRP and treatment with
17-B-estradiol resulted in a decreased Abcg?2 functional expression in brain capillaries
isolated from rat and mouse.”®” A complex inflammation-mediated regulation of Abcg2
and P-gp has also been reported in porcine BMECs suggesting that ABC transporters at
the BBB are susceptible to modulation by pathological conditions.'¢’

Solute Carrier (SLC) Transporters

The SLC transporter superfamily includes more than 360 membrane transporters
divided into 48 families (SLC1-48) which mediate solute transport across cellular,
mitochondrial and vesicular membranes by a variety of transport mechanisms.!
Protein nomenclature of SLC transporters is based on function (e.g., Organic Cation
Transporter family), while gene nomenclature is assigned using the root symbol SLC
and a numeral designated to each family (e.g., SLC22) followed by a letter indicating
the subfamily (e.g., A) and a number assigned to each isoform within family in the
order of discovery.!% The exception to this rule is the SLCO superfamily (formerly
SLC21), which has new nomenclature introduced by Hagenbuch and Meier in 2004,
with families numbered 1-6 and subfamilies designated a letter (A, B).'” Several SLC
families such as SLC15, SLC224, SLCO, SLC28 and SLC29 are considered to play the
primary role in xenobiotic uptake, and recently SLC47 family, encoding the multidrug
and toxin extrusion (MATE) transporters, was also identified to play a role in drug
transport and drug-drug interactions (Table 2).!6®

Organic Anion Transport Systems

Uptake of organic anions is mediated by two families of transporters, the organic anion
transporting polypeptides (OATPs, SLCO family)'® and the organic anion transporters
(OATs, SLC224 family).' In general, OATPs transport large amphipathic organic
anions with molecular weights greater than 450 Da via sodium-independent transport
mechanism.'?’ In contrast, OATs transport smaller hydrophilic organic anions eliminated
by renal excretion by sodium-dependent mechanism.!”!

Organic Anion Transporting Polypeptides (OATPs). Members of the SLCO
superfamily (human: OATPs; rodent: Oatps) play an important physiological role in
mediating the hepatobiliary transport and tissue distribution of steroid hormones and their
conjugates, thyroid hormones, linear and cyclic peptides and bile salts.!® Many OATP
isoforms are ubiquitously expressed in multiple tissues including brain. Currently, 11
human, 11 rat and 8 mouse OATPs/Oatps have been identified, which are divided into six
gene families (i.e., SLCO1-6).'" Large interspecies variability in OATPs/Oatps makes
the correlation between rodent and human data difficult because many rodent Oatps do
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not have corresponding human orthologs. For example, in SLCOIA subfamily, four
mouse and five rat Oatp isoforms (m/rOatplal, rOatpla3, m/rOatplad4, m/rOatpla5, and
m/rOatpla6) have one corresponding human OATP1A2 transporter. While most OATP
family substrates are amphipathic organic anions, some organic cations and neutral
substrates have also been identified.'®

The OATPs/Oatps are predicted to have 12 helical TMDs, intracellular carboxy-and
amino-termini and a conserved OATP “superfamily signature” located between TMD
6 and extracellular loop 3.1 Most OATPs/Oatps act as anion exchangers, coupling the
uptake of organic anions with the efflux of a counterion such as bicarbonate (HCO;"),
GSH or glutathione-S-conjugates.'’>!® The efflux of intracellular GSH was found to
play an important role for Oatplal- and Oatpla4-mediated uptake of organic anions
in hepatocytes and choroid plexus epithelial cells, indicating an antiport transport
mechanism.'7*!”> While OATP-mediated transport is Na*-independent, substrate/
counterion gradient typically acts as a driving force (Fig. 3) and some OATPs/Oatps
have been shown to mediate bidirectional transport depending on the direction of the
local ion gradient.!’>!7 A number of human/rodent OATPs/Oatps also demonstrate
pH dependent transport with enhanced substrate uptake at lower extracellular pH.!737
In addition, OATP-mediated transport can be regulated by steroid hormones such
as androgens (e.g., testosterone), which act as potent inhibitors, or gestagens (e.g.,
progesterone) that enhance OATP2B1-mediated transport.!”

Most OATP family members have broad and overlapping spectrum of endogenous
substrates (Table 2) including bile acids (e.g., taurocholate, cholate), steroid hormones
and their conjugates (e.g., estrone-3-sulphate (E3S), dihydroepiandrosterone (DHEAS),
estradiol-178-glucuronide (E,17pG), cortisol), thyroid hormones, eicosanoids (i.e.,
prostaglandins), peptides, bilirubin and glucuronide derivatives.'**'” In addition, many
human and rodent OATPs/Oatps transport a diverse spectrum of drugs (Table 2) including
the antihistamine, fexofenadine,'*® HMG-CoA reductase inhibitors, i.e., statins (e.g.,
pravastatin, rosuvastatin), #1822 endothelin receptor antagonist, BQ-123,'3 opioid receptor
agonists, [p-Pen?*°]-enkephalin (DPDPE) and deltrophin II,'8%!% thrombin inhibitor,
CRC220, cancer chemotherapeutics (e.g., methotrexate, paclitaxel),'® HIV protease
inhibitors (e.g., saquinavir, lopinavir, darunavir),'®”!® antibiotics (e.g., rifampicin,
rifampin)'® and cardiovascular agents (e.g., digoxin, ouabain) (Table 2).!”

The OATPs/Oatps are suggested to play an important role in the brain permeability of
organic anions. Much of the current knowledge on the role of OATPs in the brain comes
from studies in rodents. Gene expression of several rodent Oatps has been detected in
the brain, including Oatpla4, Oatpla$, Oatplcl, Oatp2al, Oatp2bl, Oatp3al, Oatp4al
and Oatp5al.!?>181% Fyrthermore, Oatps have been localized at the BBB (Fig. 1) and the
BCSFB (Fig. 2). At the BBB, rat Oatpla4 and Oatplcl are localized at the luminal and
abluminal membranes of the brain capillary endothelial cells, Oatp2b1 is localized at the
abluminal membrane, and mouse Oatpla5 is found at the luminal membrane.'3*!! At the
choroid plexus, rat Oatplal, OatplaS and Oatp2b1 and mouse OatpSal are localized at
the apical brush border membrane in contact with CSF,**!% while Oatpla4 and Oatplcl
are expressed at the basolateral membrane.'®*!** Among these, Oatpla5 isoform has the
highest expression at the rodent choroid plexus, while localization of Oatplal at this site
has been controversial because Oatplal antibody also binds Oatpla$ protein due to the
high sequence homology between these isoforms.* Protein expression of Oatp3al is also
detected in various regions of rat brain; however, its localization at the BBB and BCSFB are
stillunclear.'” Oatplc1 expressed at the BBB and BCSFB is believed to play an important
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physiological role in brain uptake of thyroxine.'*® In humans, gene expression of several
OATPs has been detected in the brain, including OATP1A2, OATP1C1 and OATP3A1
which are highly expressed as well as OATP1B1, OATP1B3, OATP2A1, OATP4Al,
OATP4C1 and OATP6A1 which are detected at much lower levels.'®® OATP1A2 is
ubiquitously expressed in the brain, with high expression in the frontal cortex. This
transporter is localized at the luminal and abluminal membranes of the brain capillary
endothelial cells, while its expression at the BCSFB has not been reported to date.*>!6
OATP1Cl1 also demonstrates high protein expression in the CNS and at the BBB; however,
its exact localization has not been identified.'”” To date, OATP3A1 is the only isoform
detected at the human choroid plexus. Interestingly, two splice variants of OATP3A1
were found to have different localization at the BCSFB (Fig. 2) and in brain parenchyma
(Fig. 1).'® Both of these variants exhibit similar transport activities for prostaglandins E,
and E,, thyroid hormone T4, and oligopeptides BQ-123 and vasopressin. Rat Oatp3al,
which is highly homologous to the human v1 variant, demonstrated similar brain
localization to both human OATP3 A1 variants.'* Interestingly, expression of OATP1A2
and OATP2BI is also detected at the blood-tumor barriers of gliomas, suggesting that
these OATPs may play a role in tumor distribution of anticancer agents and other drugs
and could also control tumor uptake of steroid hormones and their derivatives.!'*®

Functional studies in rodents demonstrate that Oatps play an important role in
CNS uptake and clearance of organic anions and drugs. Oatpla4 was found to mediate
brain uptake of opioid receptor agonist, DPDPE, across the BBB.!® This process was
inhibited by other Oatpla4 substrates such as digoxin and E,178G. Furthermore, brain
clearance of several Oatp substrates (i.e., 1-naphtyl 17p3-glucuronide, taurocholate, E3S,
E,17pG, DHEAS) as well as several drugs (i.e., pitavastatin, rosuvastatin, pravastatin,
cyclic peptide RC-160) was demonstrated to involve OATP-mediated transport.*>!8!
The clearance of these substrates from the CNS after microinjection was saturable and
susceptible to inhibition by probenecid, an OATP/OAT family inhibitor. Moreover,
the elimination of E,178G from the brain was 40% inhibited by digoxin, a high affinity
substrate of Oatpla4, almost completely inhibited by probenecid and taurocholate,
while p-aminohippurate (PAH), a substrate and inhibitor of OAT family, had a minimal
but significant effect.?®® Collectively, these interactions suggest that E,17pG clearance
from the brain is primarily mediated by Oatpla4 and to a lesser degree Oat family
transporter (presumably Oat3), and another taurocholate-sensitive transporter also
makes a relatively similar contribution.??*?°! Furthermore, since Oatpla4 and Oatpla5
have opposite membrane polarization in the choroid plexus epithelial cells and many
common substrates (e.g., E,17pG, taurocholate, E3S, DHEAS, digoxin, fexofenadine,
ouabain), these isoforms have been suggested to participate in vectorial transport of
substrates across the BCSFB resulting in the overall uptake or clearance of these organic
anions and drugs from the CNS. 420!

The proposed role of OATPs in human brain is mainly based on the data obtained in
animal studies. OATP1A2 has the highest homology with rat Oatpla4 and Oatpla5, and
also demonstrates overlapping substrate specificity and localization with these isoforms.
Hence, it has been suggested that human OATP1A2 may also play an important role
in the clearance of drugs from the CNS. OATP1A2 transports a diverse spectrum of
drug substrates including fexofenadine, ouabain, methotrexate, DPDPE, deltorphin II,
GD-B20790 chlorambucil-taurocholate, BQ123, rocuronium, levofloxacin, statins (i.e.,
pravastatin, rosuvastatin, pitavastatin), HIV-protease inhibitors (i.e., saquinavir, lopinavir,
darunavir), erythromycin, p-penicillamine, BSP and unprostone.!¢*18%292 The polarized
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expression of multiple Oatps/OATPs at the BBB and BCSFB contributes to the net
directional movement of multiple endo- and xenobiotics in the CNS. These along with
the other ABC and SLC transporter family members contribute to the regulation of CNS
drug distribution in humans.

Organic Anion Transporters (OATs). The OATs, which belong to the SLC224
gene family, are highly expressed in epithelial cells of the renal tubules, where they
mediate active excretion of organic anions into the urine. The first member of the
OAT family was identified in 1997 as the PAH transporter in rat, which was later
renamed as the OAT1.2® Members of the Oat/OAT family include Oat/OATI1-4,
URAT-1 and more recently identified members such as Oat5-10.2* Most of the
members of this family are located in the proximal tubular epithelial cells of the kidney
or in the liver.

The structural features of OATSs are similar to the OCTs and OCTNs, which also
belong to the major facilitator superfamily (MFS), i.e., the SLC224 gene family. OATs
have 12 membrane spanning domains with intracellular carboxy- and amino- terminus
and have been reviewed in detail by Klaassen and Aleksunes. !¢

Cellular influx of organic anions by OATs is described as Na*-dependent organic
anion exchange. This process is tertiary active since it is energized by the dicarboxylate
gradient generated by Na*/dicarboxylate cotransport system, which is dependent on the Na*
gradient produced by the primary active Na*K* ATPase pump (Fig. 3).2* OATs transport
a wide range of endogeneous substrates and xenobiotics including neurotransmitter
metabolites (e.g., homovanilic acid), antimetabollites (e.g., methotrexate), xanthine-related
compounds, HMG-CoA reductase inhibitors (e.g., pravastatin), NSAIDS, toxins (e.g.,
ochratoxin), steroid hormones and their metabolites (e.g., estrone-3-sulphate).'”’ Some
members of the family such as Oatl/OATI, Oat2, Oat3/OAT3 are expressed in the
brain, at the choroid plexus and/or the endothelial cells of the BBB.!2!168205206 They
play an important role in the permeability of organic anions from the brain or CSF into
the blood.

Rodent Oatl is expressed predominantly in the kidney with lower expression in the
brain, where it is localized at the basolateral membrane of the choroid plexus ependymal
cells.*” Human OAT1 is expressed at the apical membrane of the choroid plexus epithelial
cells and demonstrates tertiary active transport of organic anion xenobiotics, facilitating
their removal from the CSF into the blood.?** Furthermore, OAT 1-mediated uptake of PAH
is stimulated by an outwardly-directed dicarboxylate gradient, demonstrating an anion
exchange transport mechanism. Rodent Oat2 is detected in epithelial cells of the choroid
plexus and this transporter was found to function without a direct sodium or dicarboxylate
gradient inin vitro studies.?® In rodents, Oat3 is also localized at the apical membrane of the
choroid plexus and the luminal and abluminal membranes of rat brain endothelial cells.?%
This isoform mediates the extrusion of organic anions from the CSF and brain compartment
into blood. Oat3 is mainly involved in the transport of thiopurines such as 6-mercaptopurine
and 6-thioguanine used in the treatment of acute lymphoblastic leukemia.'*® Interestingly,
Oat3-mediated clearance of thiopurines is thought to be responsible for the relapse of
leukemia. The active metabolite of Oseltamivir (i.e., Ro 64-0802) is cleared from the
CNS by Oat3. Thus, modulation of Oat3 activity may be implicated in the CNS toxicity
of Oseltamivir. Apical localization of the Oats in the choroid plexus and their basolateral
localization atthe BBB suggest that OA Ts/Oats may play an importantrole in the extraction
of anionic chemicals from the brain.*>2!
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OATs may also be regulated in neurological disorders associated with
neuroinflammation. Pro-inflammatory cytokine-mediated release of matrix
metalloproteins from the choroid plexus was found toreduce OAT functional activity.>”
Inflammation near the ventricles in the brain has been reported to reduce the expression
of Oatl and Oat3 at the apical membrane of the choroid plexus epithelial cells and
impair the clearance of anionic drugs from the brain.*

Organic Cation Transport Systems

Membrane transport of organic cations can be mediated by the SLC224 family
including organic cation transporters (OCTs), organic cation/carnitine transporters
(OCTNs) and the multidrug and toxin extrusion (MATE) transporters encoded by the
SLC47 family. OCTs mediate sodium-independent facilitated diffusion of organic cations
and are capable of bidirectional transport driven by the electrochemical gradient of the
transported organic cation. OCTNs demonstrate a variety of transport mechanisms,
including electroneutral H*/organic cation exchange, Na*-independent translocation or
Na*-dependent transport, while MATE transporters mediate active efflux of organic
cations, rather than uptake or bidirectional transport, and their mode of transport
is electroneutral H*/organic cation exchange. While these transport families have
overlapping substrate specificities for organic cations, OCTNs also serve as carnitine
transport systems.

Organic Cation Transporters (OCTs). Members of the OCT/Oct family include human
OCT1 (SLC22A41), OCT2 (SLC22A42) and OCT3 (SLC22A43) and their rodent orthologs
Octl, Oct2 and Oct3. While the OCT1 and OCT2 have highest expression in the liver
and kidney, respectively, they are also expressed in the brain. OCT3 (the extraneuronal
monoamine transporter) has a wider tissue distribution and is expressed in glial cells,
heart, skeletal muscles, blood vessels and liver.?'?

Both OCTs and OCTNs share similar structure characteristics of the MFS, with 12
o-helical transmembrane domains, an intracellular amino- and carboxy- terminus, as
described previously.?'?

Members of the OCT/Oct family share similar transport mechanism, facilitating
diffusion of small organic cations down their electrochemical gradient by Na*-independent
and electrogenic mechanisms. Electrogenecity of OCT-mediated transport of organic
cations was demonstrated for rat rOct1, rOct2 and rOct3 as well as human transporters
hOCT1 and hOCT2. While most OCT substrates are weak organic bases with net
positive charge at physiological pH, some substrates are not charged. Most OCTs
transport a broad spectrum of endogenous substrates such as tetracthyl ammonium
(TEA), 1-methyl-4-phenylpyridinium (MPP), choline, acetylcholine, prostaglandins
and monoamine neurotransmitters (i.e., dopamine, epinephrine, norepinephrine,
histamine), as well as a large spectrum of xenobiotics including antidiabetic drugs
(metformin), antiviral agents (e.g., acyclovir, lamivudine, zalcitabine), acid-lowering
drugs (e.g., famotidine, ranitidine), antineoplastic agents (e.g., cisplatin), quinidine
and quinine.!%®2!° The OCT1 and OCT2 have overlapping substrate specificities. They
mediate the transport of a large number of chemically unrelated small organic cations
like MPP, TEA, quinine and metformin. The OCT2 also transports choline, several
neurotransmitters (i.e., dopamine, norepinephrine, epinephrine), glutamate receptor
antagonists (i.e., amantidine and memantine) and histamine receptor antagonists
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such as cimetidine and ranitidine. The extraneuronal monoamine transporter, OCT3,
has overlapping spectrum of endogenous substrates with OCT2 including many
neurotransmitters and also transports several pharmacological agents (i.e., quinine,
metformin, atropine, guanidine, etilefrine).?'°

OCTS3 is the most predominantly expressed OCT in the brain (neurons and glial
cells). It is highly expressed in hippocampus, cerebellum, and cerebral cortex where it
participates in serotonin uptake.?!! Treatment of mice with methamphetamine causes
increased locomotor activity. Reduced protein expression of Oct3 in mice was associated
with substantially enhanced locomotor activity induced by methamphetamine. This
suggests that OCT3/Oct3 plays an important role in the clearance of monoaminergic
neurotransmitters in the brain.?!? Furthermore, two SLC2243 (OCT3) polymorphisms
were identified in subjects with methamphetamine dependence, which were associated
with the development of substance abuse in these subjects, indicating that human
OCT3 plays a role in the transport of neurotransmitters in the brain.?'> OCT1/Oct1
and OCT2/Oct2 are expressed at the luminal side of the brain microvessel endothelial
cells isolated from brain cortex of humans, rats and mice and human OCT?2 has also
been localized in neurons.?*!?!® Luminal localization of OCTs at the BBB suggests
that these isoforms mediate the uptake of substrates across the BBB into the brain.
In rodents, Oct2 is also expressed apically in the choroid plexus epithelial cells.?*
However, the role of OCT transporters in neurons and glial cells is yet to be elucidated
at the functional level.

Organic Cation/Carnitine Transporters (OCTNs). Members of the OCTN/Octn family,
including human OCTN1 (SLC22A4), OCTN2 (SLC22A5), and OCTN3 (SLC22A21)
and rodent Octnl, Octn2, and Octn3, mediate facilitated diffusion of organic cations,
but are also capable of transporting carnitine.?! OCTN1/Octn1 can act as organic cation
uniporter or H*/organic cation antiporter capable of bidirectional transport depending on
the direction of the local ionic gradients. OCTN2/Octn2 can serve as sodium-independent
organic cation uniporter or sodium-dependent organic cation transporter.?'* Mouse Octn1
and Octn2 mediate sodium-dependent carnitine transport, while Octn3 transports carnitine
in a sodium-independent manner. These rodent isoforms appear to be more specific for
carnitine transport compared to human orthologs, which also transport a number of
organic cations.?!

The OCTNs are predicted to have structural characteristics of the MFS, as described
for OATs and OCTs.!%21% nterestingly, OCTNs can function by a variety of transport
mechanisms. OCTNI1 transport mechanism is dependent on the electroneutral H*/organic
cation exchange. OCTN2 can function as Na*-dependent transporter, using the Na*/
organic cation gradient as the driving force, or Na*-independent carrier, as observed in
the translocation of cationic substrates, TEA, choline and verapamil. OCTN3 mediates
Na*-independent transport of carnitine.*'°

OCTNI transports adiverse spectrum of substrates including L-carnitine, zwitterions,
TEA, quinidine, pyrilamine, verapamil, stachydrine and antioxidant ergothionine and is
implicated in their renal clearance and intestinal absorption in humans. Octnl protein
expression is also detected in different regions of mouse brain.'®® Similarly, OCTN2
is a high affinity sodium-dependent transporter for L-carnitine but also transports
many zwitterions and cations in a sodium-independent manner.?!° Other substrates of
OCTN2 include acetyl L-carnitine, 3-lactam antibiotic, cephaloridine, valproic acid,
spironolactone, and cationic substrates, TEA, choline, verapamil and pyrilamine.!¢3-210
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OCTN2 has been shown to localize at the abluminal membrane of the brain capillary
endothelial cells where it may facilitate the transport of organic cations/carnitine
across the BBB.?'® The expression of rodent Octn2 has also been demonstrated in glial
cells such as astrocytes as well as in different regions of mouse and rat brain, such as
choroid plexus, cortex, cerebellum, spinal cord, hippocampus, and hypothalamus 2!
OCTN3 functions primarily as a sodium-independent carnitine transporter?' and is
predominantly expressed in testes, but mouse Octn3 expression has also been detected
in choroid plexus, brain cortex, cerebellum, olfactory bulb and nerve, hippocampus, and
hypothalamus.'¢

Multidrug and Toxin Extrusion (MATE) Transporters. Although MATE transporter
family (SLC47) belongs to the solute carrier superfamily, these carriers act as active
efflux transporters for organic cations, rather than influx or bidirectional transporters.'¢®
Human MATE transporters include rodent and human MATE1 (SLC47A1), human
MATE2-K (SLC47A42), and rodent Mate 2 which are not orthologous to the human
isoform.?'21821% In the kidney, MATE transporters mediate electroneutral H*/organic
cation exchange, using the inwardly directed proton gradient as a driving force for
the efflux of organic cations, including typical OCT substrates (e.g., TEA, MPP,
N1-methylnicotinamide) and a number of cationic drugs (e.g., cimetidine, metformin,
procainamide, quinidine, cephalexin, verapamil).”!’ The expression of rodent Matel
has been reported in mouse brain; however, its localization in specific cell types is still
unclear. The expression of other MATE/Mate transporters in various brain compartments
has not been reported to date.?!?

Nucleoside Transport Systems

Nucleoside transporters are highly preserved between species due to their important
role in tissue distribution of nucleosides (i.e., cytidine, uridine, adenosine, guanosine,
thymidine, and inosine) used as precursors for the synthesis of RNA/DNA nucleotides
necessary for cell growth and body homeostasis. Some of these nucleosides also act
as neurotransmitters, explaining why nucleoside transporters are widely expressed in
various brain compartments, in particular, the BBB and the BCSFB.?2%??! Since many
antiviral drugs and cancer chemotherapeutics are nucleoside analogs, ENTs and CNTs
play an important role in drug pharmacokinetics, tissue distribution and CNS toxicity.
The major difference between the CNTs and the ENTs is their mode of transport. While
CNTs mediate an active (concentrative) transport of nucleosides and other substrates
against their concentration gradient, the ENTs mediate facilitated diffusion (equilibrative)
transport of nucleosides down their concentration gradient.???

Concentrative Nucleoside Transporters (CNTs). The CNTs, encoded by the SLC284
gene family, are high-affinity transport systems for nucleosides, with pyrimidine
nucleosides preferentially transported by hCNTI1, purine nucleosides by hCNT2,
and both purine and pyrimidine nucleosides by hCNT3. These transporters, found
primarily in specialized epithelial tissues, constitute secondary active nucleoside uptake
systems capable of accumulating their substrates in specific cellular compartments. In
addition to the diverse spectrum of endogenous substrates, CNTs also play a role in
membrane transport of several drugs such as nucleoside reverse transcriptase inhibitors
(e.g., antivirals).”?
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The predicted structure of CNT1 and CNT2 contains 13 transmembrane helices with
intracellular amino terminus and extracellular carboxyl terminus; their exact crystal structure
has not been determined.?”>*** CNTs utilize Na* gradient as a driving force for the influx
of nucleosides and nucleoside analog compounds against their concentration gradient.

Pyrimidine and purine nucleosides have important functions in the brain, and since
they are hydrophilic molecules, they need to be transported across cell membranes by
specialized nucleoside transporters. Furthermore, the transport of nucleoside analog
drugs may have important pharmacological implications. The expression of CNTs in
brain compartments appears to be lower compared to ENTs. In rodents, gene expression
of Cntl and Cnt2 has been detected at low levels in the brain,?** while at the choroid
plexus, high levels are reported.!>>22 However, CNT3 is the only concentrative nucleoside
transporter detected at the human choroid plexus. Functional studies in freshly isolated
choroid plexus slices demonstrated sodium-dependent inosine transport which was likely
mediated by hCNT3. When expressed in Xenopus laevis oocytes, hCNT3 could mediate
transport of several nucleoside derivatives, such as the antiviral agents: zidovudine,
2'3'-dideoxycytidine (zalcitabine) and 2'3’-dideoxyinosine (didanosine); however,
its affinity for these derivatives was lower compared to the transport of endogenous
substrates. In glial cells, our group has also demonstrated the activity of a sodium
dependent thymidine transporter.®

Equilibrative Nucleoside Transporters (ENTs). The ENTs belong to the SLC294
family and represent a bidirectional facilitated transport system for nucleosides/
nucleoside analogs, mediating membrane translocation of nucleoside substrates down
their concentration gradient. The direction of transport depends on the local substrate
gradient. ENTs are also expressed within the mitochondrial membrane where they
facilitate mitochondrial uptake of nucleoside precursors, and may also be implicated in
the drug-induced mitochondrial toxicity. Although ENTs and CNTs have overlapping
substrate-specificities, the affinity of common substrates for the ENTs is generally much
lower compared to their affinity for the CNTs.?!

A topology of hENT1 has been confirmed experimentally, with eleven
membrane-spanning helical domains, intracellular amino terminus and extracellular
carboxy terminus. Similar topology is predicted for other human and rodent ENTs/Ents.
While hENT1 and hENT2 have similar broad specificities for purine and pyrimidine
nucleosides, hENT2 also mediates transport of nucleobases.””® hENT3 has a broad
specificity for nucleosides and nucleobases and is expressed not only at the cell surface
but also in intracellular organelles such as lysosomes.??” In contrast, hRENT4 is selective
for adenosine, but can also transport a diverse spectrum of organic cations. In regards,
to transport characteristics, hENT3 and hENT4 are pH sensitive, with optimal activity
demonstrated under acidic conditions.

Human choroid plexus expresses three equilibrative nucleoside transporter family
members, hENTSs 1-3; hENT2 is expressed at higher levels and involved in the transport
of inosine, along with hCNT3.22°22 [n addition to many physiological functions in the
brain, such as nucleoside and nucleobase uptake and neurotransmission, ENTs also play
a role in brain permeability of drug that are synthetic nucleosides such as agents used
for the treatment of cancers and viral diseases. Human ENT2, expressed in Xenopus
oocytes, mediates transport of zidovudine, zalcitabine, and didanosine.?”® Basolateral to
apical permeability of zidovudine across the choroid plexus epithelium is significantly
higher compared to the permeability of sucrose, a paracellular flux marker, demonstrating
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a carrier-mediated process.”** Didanosine transport across the BBB in guinea pigs was
found to involve nucleoside transporters, while OCT-like transport system was implicated
in didanosine transport from blood into the CSF across choroid plexus epithelium.?!
Human ENTS3 is also capable of transporting zidovudine, zalcitabine, and didanosine.?*

Peptide Transporters

Peptide transporters belong to the proton-coupled oligopeptide transporter (POT)
family (SLC154), which consists of four members (i.e., PEPT1, PEPT2, PHT1, PHT?2).
While PHT1 and PHT?2 are primarily involved in the transport of histidine, PEPT1 and
PEPT2 mediate the transport of di- and tri-peptides and can also transport many drugs
(e.g., p-lactam antibiotics). PEPT1 demonstrates high capacity and low affinity for di-
and tri-peptides, whereas PEPT2 has low capacity and high affinity for the peptides.?

The mammalian peptide transporters PEPT1 and PEPT2 have twelve transmembrane
o-helical domains, intracellular carboxyl and amino termini and a large extracellular
loop between TMDs 9 and 10. In addition, transmembrane domains 1-4 and 7-9 were
found to contribute to affinity and substrate binding characteristics.?* These transporters
use an inwardly directed proton gradient as a driving force for the translocation of their
substrates, such as peptides, across the membranes against their concentration gradient.
Peptide transport by PEPT1 and -2 is coupled with the inward translocation of protons
leading to electrogenic transport. Typical substrates for peptide transporters are di- or
tri-peptides, with free amino and carboxy termini, another free amino group in the o
or B position and many also contain hydrophobic side chains and stereoselectivity for
L-amino acid peptides.?*

Peptide transporters have a very broad and overlapping substrate spectrum including
many di-peptides, tri-peptides and peptidomimetic compounds (e.g., drugs), but not amino
acids or tetrapeptides.’* PEPT1 and PEPT2 have different affinities for their common
substrates, with PEPT1 described as low affinity/high capacity systems and PEPT2 as high
affinity/low capacity transporter. Glycylsarcosine (GlySar) is a prototypical substrate for
Pept/PEPT1 and -2 transporters.?*® A number of pharmacological agents are substrates
of Pept/PEPTs, including B-lactam antibiotics of cephalosporin and penicillin classes
(e.g., cefadroxil, cefixime, ceftibuten), angiotensin converting enzyme inhibitors, renin
inhibitors, dopamine receptor antagonists, the photosensitizing agent 5-aminolevulinic
acid, antitumour agents, amino-acid ester prodrugs and bestatin, used as ancillary
anticancer treatment.?*

Tissue localization of PEPT1 and PEPT2 differs significantly. While PEPT1 is
primarily localized in the small intestine, functioning as a nutrient transporter, PEPT2
demonstrates highest expression in the kidney, where it mediates re-absorption of peptides
and other substrates, but is also expressed in other tissues including the brain. In rat,
Pept2 mRNA is detected in different cell types, including astrocytes, subependymal
cells, ependymal cells and the epithelial cells of choroid plexus.?® At the BCSFB,
Pept2 is localized at the brush-border membrane of the choroid plexus epithelial cells,
suggesting it may be involved in the clearance of peptide fragments and neuropeptides
from the CSF.?*® Smith et al demonstrated using Pept2-knockout mouse model that Pept2
plays a critical role in the brain distribution and clearance of peptides such as GlySar,
peptidomimetics (i.e., S-aminolevulinic acid), neuropeptide carnosine and peptide-like
drugs (i.e., cefadroxil) and is the main transport system responsible for their uptake by
the choroid plexus epithelial cells as well as astrocytes.?->
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REGULATION OF MEMBRANE DRUG TRANSPORTERS
BY NEUROLOGICAL DISORDERS

HIV-1 Associated Encephalopathy

Human immunodeficiency virus 1 (HIV-1), an enveloped retrovirus, can significantly
compromise the immune system by infecting immune cells and ultimately results inacquired
immunodeficiency syndrome (AIDS) in humans.?*'2* HIV-1 can penetrate the CNS early
in the course of the infection and infect glial cells, primarily microglia and to a lesser
extent astrocytes.!**** HIV-1 infection may result in a neuropathological condition known
as HIV-encephalitis (HIVE). HIVE is characterized by elevated monocyte/macrophage
infiltration into the brain, myelin pallor, multinucleated giant cells, activated microglia,
reactive astrocytosis (proliferation and activation of astrocytes) and presence of microglial
nodules.*” The chronic neuroinflammation associated with HIV-1 infection often leads to
the development of neurocognitive disorders and ultimately, can result in memory loss,
apathy and a poor quality of life in infected individuals. Despite the availability of highly
active antiretroviral therapy, neurological disorders are highly prevalent and on the rise as
patients live longer with HIV-1.2% Poor penetration of antiretroviral drugs across the BBB
and subsequently into parenchymal cells remains a major obstacle to the suppression of
HIV-1 infection in the brain.** The inadequate permeability of different antiretrovirals, in
particular HIV-1 protease inhibitors and nucleoside-reverse transcriptase inhibitors, into
different brain cellular compartments is primarily attributed to the functional expression
of ABC transporters.

Evidence in the literature suggests that functional expression of ABC transporters
in the brain is altered during HIV-1 infection. Increased P-gp immunoreactivity in glial
cells has been reported in brain autopsy tissues from patients with HIVE.?*” Furthermore,
shed viral proteins (i.e., gp120, Tat) and secreted pro-inflammatory cytokines during
HIV-1 infection are also known to alter expression of ABC transporters. Hayashi et al
have shown HIV-1 viral protein Tat-induced upregulation of P-gp expression in both
murine BMECs and astrocytes.?*® Zhong et al have further reported the involvement of
intact lipid rafts and Rho signaling pathways in Tat-mediated P-gp upregulation.” Our
group has extensively investigated P-gp regulation in an inflammatory model of primary
cultures of rat astrocytes triggered by HIV-1 gp120. Our work in rodent astrocytes has
demonstrated that HIV-1 gp120 can mediate secretion of pro-inflammatory cytokines
(IL-6, IL1-p and TNF-a) by interacting with chemokine receptors and significantly
downregulate the functional expression of P-gp. We have further delineated the effect
of different cytokines on P-gp expression and demonstrated that IL-6 can profoundly
decrease P-gp expression in primary cultures of rat astrocytes, whereas, TNF-o or IL-1f3
exposure results in an enhancement in P-gp expression.”® Recently, an IL-6 mediated
decrease and TNF-a mediated increase in P-gp expression has been reported in cultured
human BMECs, further supporting that P-gp expression can be altered by cytokines.?*
We have recently confirmed similar findings in primary cultures of human fetal astrocytes
and demonstrated that HIV-1 has a down-regulatory effect on P-gp functional expression
suggesting altered antiretroviral drug accumulation within brain parenchyma during
HIV-1 infection.?*°

Altered MRP1 expression has also been reported in the context of HIV-1 infection.
Hayashi et al demonstrated Tat induced upregulation of Mrp1 at the mRNA and protein
level in cultured astrocytes with an involvement of the MAPK pathway.!'” In primary
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cultures of rat astrocytes, we have also observed an increase in Mrp1 functional expression
in response to HIV-1 gpl20 treatment which correlated with an enhanced efflux of
GSH and GSSG, suggesting a potential role of MRP1 in regulating oxidative stress in
glial cells.'”” We have further shown that NF-kB and JNK pathways are involved in the
gpl120-mediated upregulation of Mrpl in these cells. Our data suggest that JNKs are
involved in the direct regulation of Mrpl, whereas, NF-kB mediates Mrp1 regulation
via the release of TNF-q, illustrating the complexity of signaling pathways interactions
involved in transporter regulation.!!®

Antiretroviral therapy itself can also modulate the expression of ABC
transporters.?!>* Nuclear receptors (i.e., PXR, CAR) have been implicated in the
xenobiotic-mediated regulation of these transporters. Using a human endothelial cell line
system (hCMEC/D3), our group has demonstrated that in the presence of atazanavir or
ritonavir, two HIV-protease inhibitors, a PXR dependent induction in P-gp functional
expression occurs.?? Using primary cultures of human BMECs, Bousquet et al showed
atazanavir induced increase in P-gp functional expression in vitro.?** In addition, data
from a recent study have suggested that other classes of antiretroviral drugs such as
chemokine receptor antagonists (maraviroc, vicriviroc) and HIV-1 integrase inhibitor
(elvitegravir) may have the potential to modulate P-gp and/or BCRP expression.?
Taken together, these observations provide evidence that ABC transporters are highly
regulated during HIV-associated neuroinflammation which in turn may result in altered
pharmacotherapy of brain HIV-infection. Although a few SLC transporters (i.e.,
nucleoside transporter, hCNT1) have been implicated in the uptake of antiretrovirals
into the brain, the regulation of these transporters in the context of brain HIV-1 infection
is not yet characterized.

Alzheimer’s Disease

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder worldwide.
It is characterized by the decline of cognitive performance including memory and mental
processing in affected individuals. Pathological features of AD include neurofibrillary
tangles and formation of amyloid plaques primarily characterized by the expression of
amyloid-f3 (AP) peptides (40 or 42 amino acids in length) that are known to play a central
role in the pathogenesis of AD.?® Impaired clearance of A across the BBB has been
implicated in the progression of AD.?” The main receptor for A transport from brain to
blood is low-density lipoprotein receptor related protein-1 (LRP1), whereas, blood to brain
transport of Ap is primarily mediated by receptor for advanced glycation end products
(RAGE). Evidence also suggests a potential role of drug efflux transporter, P-gp, in Ap
transport from brain to blood. Using P-gp enriched plasma membrane vesicles, Lam and
colleagues have shown ATP-dependent transport of AB.?*8 P-gp mediated active transport of
ApB has been further demonstrated in overexpressing P-gp cell line.* Fluorescent labelled
accumulation of Af in the lumen of isolated mouse brain capillaries has been shown to be
reduced by P-gp specific inhibitors.?® In addition, increased accumulation of A (1-40) was
observed in a human brain microvessel endothelial cell line (hCMEC/D3) in the presence
of tariquidar and vinblastine suggesting a role of P-gp in Af transport in these cells.?!

Several in vivo studies have also attempted to identify the role of P-gp in Af peptide
transport. A study by Cirrito et al reported suppression of Ap (1-40; 1-42) elimination from
the brain in mdrla/1b double knockout mice model.?* However, this study also reported
a downregulation in the expression of LRP1 in cerebral vessels of the knockout animals
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which may also contribute to the decreased Ap elimination.?> Due to the compensatory
mechanisms involved in knockout animal models, it is overall difficult to conclude to
what extent P-gp contributes towards Ap clearance. Therefore, in another study, Ito et al
injected rodent brains with radiolabelled A (1-40) and measured A3 elimination from the
brain in the presence of P-gp inhibitors, quinidine or verapamil. But none of the inhibitors
significantly reduced AP (1-40) elimination suggesting that P-gp may not play a major
role in AP clearance.?®® However, these data should be interpreted with caution since
wild type rodents do not exhibit age-dependent accumulation of Ap. It is anticipated that
transgenic mice or aged rodent models represent a more appropriate system to determine
Ap clearance. Interestingly, using aging animals or transgenic models of AD, several
studies have confirmed that P-gp is involved in the clearance of Af in vivo. A recent study
reported an age dependent loss of brain capillary P-gp expression as well as increased
accumulation of AP in aging rats suggesting a role of this transporter in trafficking Ap
across the BBB.?** In addition, Hartz et al reported reduced functional expression of P-gp
at the brain capillary level in a transgenic mouse model of AD suggesting P-gp-mediated
transport of Ap across the BBB.

Alteration of other ABC transporters has beenreported in AD. Upregulation of ABCG2
at gene and protein level has been reported in brain tissues obtained from patients with
cerebral amyloid angiopathy.?> In Abcg2 knockout mice, a higher brain accumulation
of Ap was observed compared to wild-type mice after intravenous administration of
AP suggesting that this transporter may act as a gatekeeper at the BBB by preventing
blood-borne A peptides from entering the brain.?> A study by Shen et al has demonstrated
that overexpression of ABCG2 is associated with reduced reactive oxygen species
(ROS)-mediated toxicity and inflammatory response in cultured cell systems.?* This study
further suggests that upregulation of ABCG2 may partly be responsible for inhibiting
ROS-mediated NF-kB activation.?®® Based on their findings, the authors have proposed
that upregulation of ABCG2 in AD brain may be an adaptive response to protect the
brain tissue against ROS and inflammatory damage.

Among MRP isoforms, an increase in MRP1 protein expression was observed in
hippocampal samples from Alzheimer’s patients.?*” Although a correlation between P-gp
and MRP1 expression was not established in these tissue samples, the upregulation of
MRP1 could be a compensatory mechanism for the loss of P-gp efflux activity. Further
studies need to elucidate the complex role of drug transporters in the context of AD.

Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disorder
worldwide thatis pathologically characterized by aloss of nigral dopaminergic neurons and
formation of lewy bodies. The progression of this disease results in bradykinesia, akinesia,
muscle rigidity and tremor.?*® PD may result from familial or sporadic etiology.?**"° In
sporadic PD, several environmental neurotoxins (i.e., pesticides, drug contaminants)
as well as lack of brain detoxification have been implicated.?””’ Since neurotoxicity in
PD could potentially occur by accumulation of xenobiotics, impaired function of drug
transporters may be associated with the accumulation of neurotoxins. Therefore, genetic
polymorphism in the MDR1 gene has been implicated as a risk factor for PD. Although
correlation between MDR 1 polymorphism and PD remains controversial, several studies
support that MDR1 polymorphism may increase the risk of PD by making individuals
susceptible to environmental factors.?’"-?72
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Alteration of P-gp expression has been reported in PD. Using autopsy samples,
Westerlund et al reported areduction in MDR 1 mRNA in postmortem human Parkinsonian
subject endothelial cells compared to control samples.?”> An increase in intracerebral
uptake of radiolabelled verapamil, a substrate of P-gp, has also been reported in the
midbrain of patients with PD suggesting an impaired function of this efflux transporter.?’*
Another study reported an increase in radiolabelled verapamil brain distribution in
patients with advanced PD compared to healthy volunteers indicating a downregulation
of P-gp, whereas, an upregulation of P-gp was observed in patients with less advanced PD
suggesting that different stages of disease may have different effect on the transporter.?”
Furthermore, P-gp has been shown to interact with several antiparkinsonian drugs such
as levodopa and bromocriptine in brain capillary endothelial cells.?’®?”7 Bromocriptine
is known to be a substrate as well as an inhibitor of P-gp in vitro,””® however, data from
mdrla knockout mice suggest that bromocriptine is not a P-gp inhibitor in vivo.?”® Other
anti-parkinsonian drugs such as budipine, pramipexole and pergolide are also known to
be P-gp substrates.”’”?%* To date, the interaction of antiparkinsonian drugs with other
members of the ABC family are not known.

Epilepsy

Epilepsy is a neurological disorder characterized by recurrent seizures. Chronic
administration of antiepileptic drugs (AEDs) is used to treat epilepsy. However, inabout 40%
ofthe patients, AEDs fail to suppress recurrent seizures resulting in pharmacoresistance or
refractory epilepsy.?! Enhanced efflux of AED at the BBB is considered one of the major
mechanisms behind refractory epilepsy and several studies have confirmed upregulation
of drug efflux transporters in brain tissue obtained from both patients with refractory
epilepsy or animal model of epilepsy.?*?* Tishler et al first reported the involvement of
drug transporters in the development of pharmacoresistant epilepsy where high expression
of P-gp was detected in brain capillary endothelial cells isolated from tissues collected
from patients with pharmacoresistant epilepsy.?®* Since then, enhanced expression of
P-gp as well as other efflux transporters has been reported by many others. For example,
upregulation of P-gp has been observed in capillary endothelium as well as in reactive
astrocytes in epileptogenic tissue.?®> Upregulation of Abcg2 protein expression has also
been observed in a rat model of status epilepticus.?®¢ Among the members of the MRP
family, MRP1, MRP2 and MRPS5 are known to be upregulated in the brain tissue of
pharmacoresistant patients.?”**® In addition, polymorphism in the MRP2 gene has been
found to be associated with adverse neurological drug reactions to carbamazepine.?

Numerous in vitro and in vivo studies have further demonstrated that several AEDs
(i.e., phenytoin, phenobarbital, levetiracetam, topiramate) are substrates of P-gp or
MRPs (i.e., phenobarbital, levetiracetam).** Several studies have further demonstrated
that upregulation of ABC transporters is associated with reduced brain penetration of
antiepileptic drugs. For example, using brain microdialysis in rats, brain extracellular
levels of phenytoin and carbamazepine were significantly increased by P-gp and MRP
inhibitors suggesting a role of ABC transporters in limiting antiepileptic drug penetration
in the brain.?®* In contrast, in Mdr1 knockout mice, brain penetration of phenytoin and
carbamazepine was not different than wild-type animals, although significant increase
in other AEDs was observed (i.e., topiramate, lamotrigine and gabapentin).?**? This
variability may be due to compensatory mechanisms in the knockout animals. Although
MRPs have been implicated in AED transport, Luna-Tortos et al reported that common
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AEDs (i.e., carbamazepine, valproate, levetiracetam, phenytoin, lamotrigine and
Phenobarbital) are not substrates for human MRP1, MRP2 or MRP5 in vitro®? suggesting
the need for further investigation in vivo. Although the severity of the disease state seems
to affect the expression of the transporters, AEDs themselves may not be involved in
regulating the expression of these transporters.?**

Brain Neoplasia

Gliomas are the most common tumors in human brain. Combination of chemotherapy,
radiation and surgery are used to treat and eradicate these tumors. However, one of the major
obstacles against successful chemotherapeutic outcome is development of MDR phenotype
in cancer cells. Numerous in vitro and in vivo studies have demonstrated that a broad
spectrum of chemotherapeutic agents are substrates of ABC transporters and many members
of this family have been implicated in the development of MDR phenotype. For example,
using single (mdrla/lb —/-, Berp—/-) and triple (mdrla/lb —/-~Bcrp—/-) knockout mice
models, de Vries et al demonstrated that both P-gp and Berp can limit the brain penetration
of erlotinib, a chemotherapeutic agent recommended for glioblastoma.”” Similarly, others
have demonstrated inadequate penetration of other chemotherapeutic agents (i.e., gefitinib,
sorafenib) due to active efflux transport processes such as P-gp and BCRP.!¢!2%

Upregulation of P-gp expression has been reported in tumor microvasculature in
both gliomas and glioblastomas.?” Upregulation of P-gp and ABCG2 has been reported
in a number of neuroblastomas, astrocytomas and glioblastomas suggesting their
contribution in generating resistance towards a number of therapeutic substrates.”! In
addition, overexpression of MRP1 has been strongly associated with MDR phenotype
in many human brain tumors including astrocytomas, glioblastomas, meningiomas,
neuroblastomas and oligodendrogliomas.”® In particular, high expression of MRP1 in
neuroblastoma has been found to be associated with poor treatment outcome.?” Studies
have shown enhanced sensitivity towards anticancer drugs in cells with downregulated
MRP1 expression either due to administration of SIRNA or MRP specific inhibitors.
For example, Burkhart et al have identified a potent inhibitor of MRP1, reversan, which
increased tumour sensitivity to anticancer agents in a mouse model of neuroblastoma.’®
Using malignant human glioma T98G cells, another study demonstrated that targeting
HIF-1a using siRNA resulted in reduced MRP1 transcript levels and increased cellular
susceptibility to chemotherapeutic agents.**! Recently, the tumor-promoting hedgehog
signaling pathway inhibitor, HhAntag691, has been identified as a potent inhibitor of both
P-gp and ABCG2 and a mild inhibitor of MRP1. This compound is now investigated in a
clinical trial against various tumors due to its potent role in inhibiting hedgehog signaling
as well as transporters involved in MDR phenotype.3®

Among other MRP isoforms, increased expression of MRP3 has also been implicated
in MDR phenotype in gliomas. MRP3 is expressed at relatively low levels in normal
brain, however, overexpressed MRP3 transcript and protein expression have been
observed in glioblastoma multiforme, the most aggressive astrocytic tumors.>*® MRP4
and MRP5 have also been detected in glioma cell lines.'*! Additional studies are needed
to further understand the role of these transporters in gliomas since the expression of
these transporters may differ between different phases (i.e., metastatic, malignant) or
types of tumor. Among SLC transporters, transcripts of various OATP isoforms have
been detected in human gliomas; however, the functional expression of these transporters
in drug distribution during brain neoplasia is not yet characterized.
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CONCLUSION

Limited drug penetration in the brain remains a major obstacle to brain pharmacotherapy
for many neurological diseases. Although the localization and functional characterization
of many influx and efflux transport processes have been investigated in vitro and/or
in vivo in the CNS, modulating the expression of these transporters to improve brain
pharmacotherapy still remains elusive. Moreover, functional relevance of several SLC
and ABC transporters in brain cellular compartments is yet to be discovered. In addition,
wide spectrum of overlapping substrate specificities of these drug transporters may lead
to unexpected drug-drug interactions leading to failure in brain pharmacotherapy. In
order to identify novel mechanisms to overcome poor drug penetration in the brain and
effective drug targeting to the CNS, a more comprehensive understanding of human
drug transporters and their regulatory mechanisms in the context of neuropathological
processes is required.
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THE BLOOD-RETINA BARRIER
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Abstract: The blood-retina barrier (BRB) is composed of both an inner and an outer barrier.
The outer BRB refers to the barrier formed at the retinal pigment epithelial (RPE)
cell layer and functions, in part, to regulate the movement of solutes and nutrients
from the choroid to the sub-retinal space. In contrast, the inner BRB, similar to
the blood brain barrier (BBB) is located in the inner retinal microvasculature and
comprises the microvascular endothelium which line these vessels. The tight junctions
located between these cells mediate highly selective diffusion of molecules from the
blood to the retina and the barrier is essential in maintaining retinal homeostasis. In
this chapter, we summarize the key differences between the iBRB and oBRB and
outline the molecular constituents of the tight junctions associated with the iBRB.
We also describe a process for modulation of the iBRB to enhance systemic delivery
of therapeutics to the retina, a technology which may pave the way for safer and
more effective therapies for retinal diseases.

INTRODUCTION: GENERAL ANATOMY OF THE HUMAN EYE

The eye is one of the most specialized organs of the human body. It allows for light
from the environment, mediated by specialized cells in the retina, to be converted into
specific signals required for the process of vision. The retina, located at the back of the
eyeball, contains photoreceptor cells (rods and cones) which receive the light, and the
resulting neural signals subsequently undergo complex processing by other neurons of
the retina, and are transformed into action potentials in retinal ganglion cells whose axons
form the optic nerve. The optic nerve forms at the point of the retina where ganglion cell
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axons converge at the optic disk, and allows for the transmission of information to the
brain, to be processed for the function of vision.

The retina is made up of a distinct group of neurons, including photoreceptor cells,
bipolar cells, ganglion cells, Miiller glial cells and various forms of interneurons. In
general, the retina can be divided histologically into ten distinct layers, with each layer
formed by certain cell types. The human retina has the highest oxygen consumption per
weight of any tissue in the body. The high metabolic rate of the neural retina underlines
the need for a distinct and regulated blood supply, and this is mediated via the Blood
Retina Barrier (BRB), which will be discussed later in this chapter.

There are two sources of blood supply to the retina; the central retinal artery arises
adjacent to the optic nerve, passing forward into the neural retina in the center of the
optic nerve accompanied by the central retinal vein, and the choroid, which functions to
nourish the outer layers of the retina. The choroid however is thin and loose compared
with the highly regulated barrier properties of the vasculature associated with the inner
retina, and is situated at the posterior portion of the eye, with the choriocapillaris providing
nutritional requirements for outer retinal cells and the photoreceptors. At the inner retina,
retinal capillaries arising from the central artery permeate the retina as far as the outer
plexiform layer (OPL), with the outer segments of the retina remaining avascular.!

THE BLOOD-RETINA BARRIER (BRB)

Similar in structure and function to the Blood Brain Barrier (BBB), the Blood Retina
Barrier (BRB) in the eye allows for the maintenance of neural tissue environments through
the regulation of ion concentrations, water permeability, delivery of amino acids and sugars,
and by preventing the exposure of the neural tissue to circulatory factors such as antibodies
and immune cells.? In contrast to the BBB, however, the BRB consists of both an inner blood
retina barrier (iBRB) and an outer blood retina barrier (0BRB). The iBRB comprises retinal
endothelial cells, which line the micro-vessels allowing for the maintenance of blood vessel
integrity and preserving the vessel’s homeostasis. The 0BRB is made up of Retinal Pigment
Epithelial (RPE) cells and Bruch membrane, and it acts as a filter to restrict the passage of
macromolecules to the outer segments of the photoreceptors. The RPE cells that comprise
the oBRB allow for supporting functions essential to photoreceptor survival. These include
phagocytosis of photoreceptor outer segments and transport of nutrients from the choroid
to the sub-retinal space. The RPE also allows for the transport and processing of Vitamin
A, general adhesion of the retina, and the absorption of scattered and out of focus light.?
The apical surface of the RPE interacts with the photoreceptor outer segments in the outer
nuclear layer of the retina, while the basolateral side interacts with the choroid, acting as a
barrier to the highly perfused and permeable choriocapillaris.*

Both the iBRB and o0BRB contain tight junctions that confer highly selective properties
on barrier function. Tightjunctions contain a unique assembly of proteins which constitute
a highly selective barrier. Proteins making up the tight junction include Occludin and the
Claudins, which span the plasma membrane and interact homotypically, while a series
of peripheral cytoplasmic proteins function to anchor the transmembrane proteins to the
actin cytoskeleton. Among others, these peripheral proteins include Zonula occludens-1
(Z0O-1), Zonula occludens (Z0O-2), and Zonula occludens-3 (ZO-3), which act through
multiple protein-protein interaction domains, and are crucial for the distinct organization
and initial formation of tight junctions.’* Although the principle of the tight junctions is
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inherently similar at the iBRB and the 0BRB, i.¢., the restriction of paracellular diffusion
of molecules into the neural environment, the molecular composition of these junctions
differs considerably.

TIGHT JUNCTIONS

Tight junctions were first identified in 1963 in epithelial cells, using electron
microscopy.’ Since then, our understanding of the tight junction and its composition and
localization has increased dramatically. Tight junctions are formed at the apical periphery
of endothelial cells of the iBRB and RPE cells of the o BRB. They perform the dual role
of creating a primary barrier to the diffusion of solutes through the paracellular pathway,
while also maintaining cell polarity as a boundary between the apical and basolateral
plasmamembrane domains.'® Tight junctions are complex structures, which are composed
of a series of integral and peripheral membrane proteins. The transmembrane proteins of
the tight junction include occludin, Junctional Adhesion Molecule (JAM) and claudins,
and they extend into the paracellular space, creating the seal characteristic of the tight
junction.'" Of the known integral membrane proteins of the tight junction, the proteins
Z0-1, -2, -3 and cingulin have been shown to play an integral role in the scaffolding of
transmembrane proteins, while also creating a link to the perijunctional actin cytoskeleton.'?
The 220 kDa phosphoprotein ZO-1 in particular has three PDZ (PSD-95, DLG, ZO-1)
domains that could potentially bind to a wide variety of protein partners and allow for
the control of tight junction assembly.!*!* The PDZ domains associated with ZO-1 will
be discussed in more detail later in this chapter.

At the ultra-structural level in freeze-fracture replicas, tight junctions have been
shown to appear as an intricate network of fibrils encircling the apical end of the lateral
membrane in cells expressing tight junctions. These fibrils have previously been identified
as transmembrane proteins.'>!¢

Breakdown of the iBRB is a hallmark of many degenerative retinal diseases, including
diabetic retinopathy, sickle-cell disease, and cystoid macular edema.'”?!

TIGHT JUNCTION PROTEINS
Occludin

Occludin is an integral membrane protein located at the tight junction. It has been
described as a phosphoprotein which can exist in many phosphorylated states, and normally
migrates on SDS-PAGE between the molecular weights 60-100 kDa.?

Occludin has four transmembrane domains with both the N- and C-terminal located
cytoplasmically. It contains two extracellular loops, which are involved in interactions
between adjacent cells, regulating permeability and certain selectivity functions. The first
loop contains approximately 60% Tyrosine and Glycine residues, which may possibly
play an important role in cell-cell coupling through homotypic interactions with other
extracellular occludin loops.?

The second loop has been implicated in the formation of the paracellular barrier
characteristic of the tight junction. The C-terminal end of occludin interacts with ZO-1
and ZO-2 and the last 150 amino acids of the C-terminal interact with F-actin.?*%’
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Ithasbeen shown previously that overexpression of chicken occludin in Madin-Darby
Canine Kidney cells (MDCK) increases the trans-epithelial/endothelial electrical resistance
(TER), which correlates with decreases in paracellular permeability. However, the
COOH-terminal truncated occludin in MDCK cells increases paracellular flux of small
tracer molecules from the apical to basolateral domain. This increase in paracellular flux
upon transfection of the COOH-terminal cytosolic domain of occludin suggests that this
domain may be involved in regulating paracellular permeability.?

It has been suggested that occludin associates with ZO-1 at the tight junction upon
recruitment by JAM. This conclusion was drawn after co-transfection of Chinese Hamster
Ovary (CHO) cells with both JAM and occludin, increased the localization of occludin
to the tight junction.’

With regard to occludin’s association with the tight junction protein ZO-1, it has been
reported that this interaction may play a fundamental role in modulating the function of
occludin at the tight junction. It was reported that at low to normal levels of occludin, an
optimum amount of ZO-1 would be present to interact with it, thus mediating an increase
in TER and a decrease in paracellular flux. However, upon overexpression of occludin,
the binding sites on ZO-1 may become saturated; leading to a surplus of occludin that
may mediate the formation of pores as opposed to sealing the paracellular space.” This
study only further highlighted the dynamics of this transmembrane protein’s function
at the tight junction, and its involvement in the maintenance of tight junction integrity.

Phosphorylation of Occludin as a Regulatory Mechanism

In Retinal Microvascular Endothelial cells (RMECs), occludin exists in multiple
phosphorylation states.?**> In RMECs, occludin has been shown to migrate at molecular
weights of 60 and 62 kDa on SDS-PAGE, with higher molecular weight bands frequently
appearing at between 75 and 100 kDa. Higher molecular weight forms of occludin have
previously been proposed to be richly phosphorylated on serine residues while also
exhibiting phosphorylation on threonine residues.'°

These post-translational modifications to occludin may have a significant bearing
on the overall function of the tight junction protein and the overall integrity of the tight
junction itself. When occludin was immunoprecipitated and treated with a phosphatase,
the higher molecular weight bands disappeared. Also, the addition of a peptide constituting
an extracellular domain of occludin decreased the TER of MDCK cells along with a
decrease in the higher molecular weight forms of occludin.® This strongly suggests that
hyper-phosphorylated occludin is essential in maintaining tight junction integrity.

The phosphorylation of occludin on tyrosine residues can increase paracellular
permeability in endothelial and epithelial cells, further highlighting the importance of
specific residue phosphorylation status in determining occludin localization at the tight
junction of cells.** Interestingly, at its C-terminal tail, the tyrosine phosphorylation status
of occludin is essential in mediating its binding properties to ZO-1, ZO-2 and ZO-3. It
has also been shown that the binding properties of ZO-1,-2 and -3 to the C-terminal tail
of occludin were significantly decreased compared with non-phosphorylated occludin.®
Tyrosine phosphorylation of occludin has also been directly postulated as a mediator in
disrupting the association of occludin and ZO-1, thus leading to an increase in paracellular
permeability.’ Shear stress has also been shown to decrease occludin content while
increasing phosphorylation, allowing for increases in Bovine Aortic Endothelial cell
(BAEC) permeability.
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It is clear however that the post-translational phosphorylation status of occludin is
of fundamental importance in mediating its cellular localization and the regulation of
paracellular permeability, with threonine and serine phosphorylation occurring in tandem
with maintenance of tight junction integrity, while tyrosine phosphorylation appears to
occur concomitant with increases in paracellular permeability.

It is not sufficient however to say that occludin alone can determine tight junction
integrity, as ithas been shown that differentiated embryonic bodies isolated from embryonic
stem cells in which the occludin gene was knocked out, still developed a normal network
of tight junction fibrils between adjacent epithelial cells.”’ It is however possible that
in cells with an established tight junction, occludin will mediate important and highly
significant regulations of the junction via interactions with integral membrane proteins
and adjacent tight junctions associated with neighboring cells.

Zonula Occludens-1 (ZO-1)

Z0-1 isamember of the Membrane Associated Guanylate Kinase (MAGUK) family
of proteins. It is a tight junction phosphoprotein with a molecular weight of approximately
220 kDa, and it was among the first tight junction associated proteins to be identified.*

Z0-1 contains several PDZ domains. These domains are regions of sequence homology
found in a diverse range of signaling proteins. The name “PDZ” derives from the first three
proteins in which these domains were identified: PSD-95, a protein involved in signaling at
the post-synaptic density; DLG, the Drosophila Discs Large protein; and ZO-1, the zonula
occludens-1 protein. PDZ domains are also sometimes called DH domains or GLGF repeats.*

By recruiting downstream proteins in a signaling pathway, PDZ domains mediate
assembly of specific multi-protein complexes, including those complexes necessary
for tight junction formation. Proteins that contain PDZ domains play important roles in
many key signaling pathways, including the maintenance of epithelial cell polarity and
morphology, organizing the postsynaptic density in neuronal cells, and regulating the
activity and trafficking of membrane proteins.

Aswellasthe PDZ domains, ZO-1 also contains a Src homology (SH3) domain which
mediates intracellular protein-protein interactions through the recognition of proline-rich
sequence motifs on cellular proteins. A guanylate kinase (GK) domain adjacent to the
SH3 domain facilitates interaction of ZO-1 with occludin.*’

Z0-1 also contains a long carboxyl terminal region with an acidic module, a proline
rich domain and several alternative-splicing sites, (Fig. 1). Due to this alternative splicing,
Z0-1 can be found in two different isoforms ZO-1o" and ZO-1 . The two isoforms differ
by an internal 80 amino acid domain.*!

Z0-1 is a peripheral membrane protein enriched at tight junctions, however, cells
with decreased cell-cell contact reportedly display a strong presence of ZO-1 staining
in the nuclei, and therefore ZO-1 may mediate certain signaling mechanisms un-related
to the tight junction.*?

Z0-1 is found to associate initially with adherens junction components prior to final
localization at the tight junction, and it has been shown to bind to the adherens junction
protein a-Catenin and the gap junction associated protein connexin-43.4-* Only in certain
conditions will it localize to the nucleus.?® It has been proposed that in the nucleus, ZO-1
interacts via its SH3 domain with a novel transcription factor, namely, ZO-1 associated
nucleic acid-binding protein (ZONAB), and regulates gene expression of components
involved in epithelial cell proliferation and cell density,including ErbB-2.47
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The overall molecular structure of ZO-1 facilitates a capacity for multiple
protein-protein interactions. At the tight junction, ZO-1 binds to the actin cytoskeleton
through its carboxyl terminal end, and forms a bridge between the C-terminal sequences
of occludin and B-actin. ZO-1 interacts with ZO-2 and ZO-3 through its second PDZ
domain, while as previously discussed, associating with adherens junction proteins
a-Catenin and gap junction proteins Connexins -43 and -45 at this domain.*®

In a certain percentage of breast cancers, the putative expression of ZO-1 has been
shown to be significantly decreased.® Therefore, as well as playing an important role in
the regulation of the tight junction, ZO-1 and its respective family members may play a
distinct and important role in the regulation of cell growth and differentiation.

ZO-1 Localization in the Mammalian Retina

Unlike the tight junction protein occludin, ZO-1 has been shown to localize to
numerous regions and cell types of the mammalian retina, again highlighting its importance
in mediating more cellular functions than solely barrier properties. ZO-1 has been shown
to localize to retinal blood vessels and the RPE of the mammalian retina, however, it is
also present at the Outer Limiting Membrane (OLM) mediating important interactions
between the junctions of Miiller cells and photoreceptor cells. ZO-1 is expressed in the
blood vessels of the choroid and the core stroma of the ciliary process, however, as
these vessels are highly permeable to solutes, it has been proposed that ZO-1 does not
feature predominantly as a barrier related protein, but rather mediates important cell-cell
interactions in these vessels.’>3? ZO-1 is expressed at the borders of the anterior and the
posterior epithelial cell layers in the iris and also in the epithelial layer of the ciliary
body.® ZO-1 appears to be a dynamic protein whose functions are more diverse and
complex than previously thought, and its wide distribution in the mammalian retina may
be fundamental in the overall health and integrity of the eye.

Zonula Occludens-2 and -3 (ZO-2 and -3)

Z70-2is a 160 kDa phosphoprotein located peripherally on the cytoplasmic side of the
tight junction. It was originally identified through co-immunoprecipitation experiments
with ZO-1. ZO-2 has 51% homology to ZO-1 most of which occurs in the MAGUK
domain. ZO-1 and ZO-2 associate with each other through their second PDZ domains.>*
Z0-2 can interact with claudins through its first PDZ domain,* with occludin through
its GK region and also with cingulin and catenin.?

The proline rich domain at the C-Terminal of ZO-2 binds to actin. It has also been
proposed that ZO-2 interacts with transcription factors such as Fos, Jun and C/EBP
(CCAAT/enhancer-binding protein),*® and it has previously been shown to localize to the
nucleus of epithelial cells.”” This may imply that ZO-2 has a role to play in cell signaling
and tight junction formation.

Our knowledge to date of the expression and localization of the tight junction protein
Z0-3 is still at a very early stage, due mainly to a lack of antibodies that can specifically
distinguish ZO-3 from the proteins ZO-1 and ZO-2. ZO-3 is a 130 kDa phosphoprotein
that was initially identified as a protein that immunoprecipitated with ZO-and it has
been shown to interact with both ZO-1 and occludin, but not ZO-2.%® Interestingly, ZO-3
expression has not been detected at the OLM of the mammalian retina and appears to
localize predominantly at the RPE.¥
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BothZO-1and ZO-2 have previously been reported to localize to the nucleus individing
cells, which suggests a role for these proteins in distinct and specific signals necessary for
tight junction formation.®® As it is proposed that ZO-1 may interact with a transcription
factor called Zonula-Occludens Associated Nucleic Acid-Binding protein (ZONAB) to
regulate specific gene expression including that of cell division kinase (CDK) 4.

Claudins

Like occludin, the claudin family of proteins are transmembrane proteins that
allow for the maintenance of tight junction integrity. Claudins, like occludin, span the
membrane four times and interact with ZO-1 via their C-terminal domain, which all
contain a tyrosine and a valine as the last two amino acids, allowing for interaction with
Z0-1.%" It has been shown that co-expression of occludin and claudin-1 in fibroblast cells
causes co-localization of both proteins at the periphery of the cells in tight junction-like
strands.® This suggests that, like occludin, claudins may play a role in regulating barrier
function and the overall development of the tight junction.

Claudin-1 overexpression in Madin-Darby Canine Kidney (MDCK) cells has
previously been shown to increase Trans-Epithelial Electrical Resistance (TER) and reduce
Flourescien Isothiocyanate (FITC)-dextran flux across the monolayer, again suggesting
it plays a role in regulating barrier function.® In 2003, claudin-5 knockout mice were
first reported.* Although these mice died within hours of birth for reasons that have yet
to be elucidated, they formed intact tight junctions at the blood-brain barrier (BBB).
Following a series of tracer molecule experiments however, it was observed that the
mice had a size-selective compromise to the BBB, where molecules below approximately
800 Da were able to freely diffuse form the blood to the brain while larger molecules
were restricted to the blood. These findings offered clues to the function of claudin-5
at the neuronal barrier and it was proposed that claudin-5 played a fundamental role in
the formation of paracellular pores at the tight junctions. Not only was this an important
finding relating to the molecular biology of the neurovascular unit, but it also raised the
possibility that levels of claudin-5 could be modulated to allow for the diffusion of low
molecular weight drugs from the blood to the brain or retina.

A NOVEL THERAPEUTIC STRATEGY FOR RETINAL DISEASES

Globally, an estimated 161 million people are visually handicapped.®® The most
common causes of visual handicap are cataract and glaucoma, however in the developed
world, age-related macular degeneration (AMD) is the most prevalent cause of registered
blindness in the older population, closely followed by diabetic retinopathy. In the US,
1.75 million people are estimated to have advanced AMD defined as geographic atrophy
or neovascularisation in at least one eye, with 7.3 million people at risk of developing
the disease owing to the presence of drusen.®® With regard to Diabetic retinopathy, in the
US, for example, 4.1 million people over the age of 40 have the condition with almost 1
million people having sight-threatening disease.®” Given that, in the overall, only limited
therapies are available for these diseases, their negative social and economic impact is
immense. The cost of AMD, involving diagnosis, monitoring, visual aids, habitation,
accident treatment, rehabilitation, treatment of associated depression and anxiety, as well
as direct treatment of the disease itself has been estimated to amount to approximately
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€200,000 per patient in any five year period.” Costs associated with the management of
diabetic retinopathy are also high.

In regard to therapeutic intervention in these major causes of visual handicap,
there is currently no means of prevention of the dry form of AMD, apart from dietary
supplementation and attempting to reduce the impact of environmental risk factors such
as cigarette smoking. In regard to some wet cases of the disease, monoclonal antibodies
targeting VEGF, Lucentis® and Avastin®, are now being used with increasing frequency,
although the latter is licensed only for anti-tumor use and is therefore currently being
used ‘off label” for AMD.® These antibodies are introduced into the vitreous of the eye
by direct intraocular injection at intervals of approximately one month to six weeks.
While improvement in vision has been reported in numerous trials, each intraocular
injection can result in the development of severe endophthalmitis, retinal hemorrhage,
retinal detachment and cataract in up to 0.1% of patients. Other estimates in relation to
the general intra-ocular injection of material into the eye put this figure at closer to 2%.
The proliferative retinopathy associated with diabetes is treatable by scatter laser surgery,
in which up to 2,000 burns are placed in areas of the retina away from the macula.® In
addition, in cases of macular edema, focal laser surgery may be used to introduce burns
around the macula. While treatments are generally useful, they do to an obvious extent,
compromise retinal function and do not cure the disease and in addition, neovascular
vessel leakage can occur post laser surgery in a significant proportion of cases.

Highly relevant to the advancement of preventive therapies for AMD and diabetic
retinopathy, however, is the fact that an estimated 98% of drugs with established
anti-neovascular, neuroprotective, anti-inflammatory or anti-apoptotic potential, do not
easily cross the BBB or iBRB, rendering systemic delivery of such compounds either
impractical or highly inefficient.”® The endothelial cells of the microvasculature supplying
the brain and inner retina contain tight junctions, composed of a variety of interacting
proteins which form a tight seal, constituting the BBB and iBRB respectively.” Permanent
and un-controlled opening of these barriers to large molecules such as anaphylatoxins,
antibodies, other soluble proteins or pathogens would be disastrous for neuronal viability.
However, controlled and transient modulation of these barriers for short periods of time to
allow passive diffusion of very low molecular weight compounds could have substantial
therapeutic potential, avoiding the necessity forregular invasive delivery to ocular tissues.

RNAi MEDIATED BARRIER MODULATION

In 2008, Campbell et al’? reported for the first time on the use of barrier modulation
technology to suppress levels of the tight junction protein claudin-5 at the BBB and
iBRB. In this study, they employed the hydrodynamic delivery technique to introduce
siRNA’s to the microvasculature associated with the brain and retina. It was observed
that 48 h post injection of the siRNA, the BBB and iBRB became transiently permeable
to low molecular weight molecules similar to the phenotype observed on the claudin-5
knockout mouse. Molecules lower than approximately 1 kDa were able to freely passively
diffuse across the BBB and iBRB, while molecules with molecular weights greater than
this were restricted to the blood. This initial study was followed by a report in 2009 that
barrier modulation could be used to enhance delivery of drugs with potential to prevent
oxidative stress induced damage to the murine retina. Following modulation of the iBRB
by suppression of claudin-5, Campbell et al,”* demonstrated that the calpain inhibitor
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ALLM could prevent light induced retinal degeneration in albino mice. Moreover, they
also showed that mice lacking the enzyme IMPDHI, the rate limiting enzyme in the d
novo synthesis of GTP, could be supplemented with systemically administered GTP and
gain periods of functional retinal electrophysiology (Fig. 1). These studies provided the
platform for the experimental use of barrier modulation as a means to enhance systemic
drug delivery to neuronal tissues, however for chronic conditions such as those observed
onretinal disease, repeated systemic injection of siRNA would not be a feasible approach
and therefore alternative strategies were needed.

ADENO-ASSOCIATED VIRUS (AAV)-MEDIATED
BARRIER MODULATION

In developing barrier modulation technology for general drug delivery in patients,
it was necessary to develop a process for inducible, periodic and reversible modulation
either of the BBB or the iBRB exclusively (i.e., modulating one, or other, but not both).
In this regard, barrier-modulating machinery was incorporated into an AAV2/9 vector
such that when sub-retinally introduced into the retina the virus accessed the vasculature,
and reversible barrier modulation can periodically be induced by systemic treatment with
a well tolerated inducing agent, doxycycline. It is of note that AAV infection of retinal
tissues is long lasting or may even be permanent following a single sub-retinal inoculation
and hence repeated ocular injections of this inducible barrier-modulating agent would not
be required. Moreover, it is of note that AAV delivery systems have now been approved
for use in a growing number of gene therapy trials, including those recently initiated for
the congenital retinopathy, Leber congenital amaurosis (LCA).™7

The objective was to develop a minimally invasive system, requiring only a once-off
sub-retinal injection for periodic reversible modulation of the iBRB in mice, which could
subsequently be used in human subjects. While AAV systems have been used extensively
for the delivery of cDNAs and shRNAs to retinal tissues in mice a limitation of this form
of delivery was that until recently, no viral serotype was available to allow efficient
infection of retinal vascular endothelia. However, Foust et al”” reported that AAV-2/9
preferentially targets neonatal neurons and adult astrocytes, and in so doing, traverses
the blood-brain barrier. While no data were presented on transduction of ocular tissues,
the similarities between brain and retinal vascular endothelia strongly suggested that this
particular AAV serotype could also transfect the latter. This opened up the possibility of
introducing an inducible barrier opening system into the genome of an AAV virus such
that it could be delivered specifically to the retina. The iBRB could then be periodically
and selectively opened by systemic administration of the inducing agent, doxycycline,
which is required to traverse only a single lipid bilayer, that of the endothelial cells of
the inner retinal vessels, in order to activate claudin-5 targeted shRNA (Fig. 2).

In2011, itwasreported for the first time that this AAV could allow for the enhanced
systemic delivery of VEGF receptor antagonists systemically to prevent the development
oflaserinduced choroidal neovascularisation (CNV), the hallmark pathology associated
with wet AMD. The commercially available low molecular weight drugs Sunitinib
malate (Sutent) and 17-AAG were used in his study and they were both shown to be
highly efficacious in treating CNV development. Establishment of enhanced delivery
of anti-neovascular compounds following reversible modulation of the iBRB provides
a direct proof of principle for further development of an AAV-mediated system for
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inducible barrier opening, extending the use of this novel drug delivery system to an
extremely important condition. Inducible suppression of claudin-5 in humans may
pave the way for the controlled delivery of low molecular weight therapeutics currently
deemed useless as they do not cross the iBRB.” In this regard, barrier modulation
technology may have significant implications for the enhancement of drug delivery in
general for a wide range of neurodegenerative conditions. In a clinical setting, a patient
would require a “once-off” inoculation of the inducible AAV either by sub-retinal or
intra-vitreal injection. Following this procedure, the iBRB could be induced to modulate
by the administration of doxycycline via an oral tablet. Claudin-5 levels would then be
sufficiently reduced in the retina 2—3 d post administration of doxycycline, at which time
the active component could be taken by systemic or oral routes. This dosing regimen
could be used in chronic conditions such as AMD or Retinitis pigmentosa and would
negate the need for regular, risky and in many patients, stressful intra-ocular injection
of monoclonal antibodies.

CONCLUSION

Barrier modulating technologies are now being tested for a range of neuronal
conditions, not just limited to retina diseases. However a range of safety/toxicology
studies are on-going so that AAV-mediated barrier modulation can be used in future
human clinical trials associated with enhanced systemic delivery of therapeutics to the
retina for AMD and Retinitis pigmentosa treatments. These non-invasive methods for
chronic drug delivery should pave the way for a safer, more patent friendly option for
treating the most common debilitating forms of blindness.
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THE INNER BLOOD-RETINAL BARRIER
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Abstract: The inner blood-retinal barrier (inner BRB) is created by complex tight junctions of
retinal capillary endothelial cells. Although this barrier prevents the free diffusion
of substances between the circulating blood and the neural retina, the inner BRB
efficiently supplies nutrients to the retina and removes endobiotics and xenobiotics
from the retina to maintain a constant milieu in the neural retina. We review herein
the molecular structure and transport mechanism at the inner BRB.

INTRODUCTION

In mammals, the retina is a thin tissue (~0.5 mm in thickness) which lines the
interior of the posterior globe of the eye, is a highly organized ultrastructure composed
of about ten cell layers and plays a key role in vision. Retinal neuronal cells are the most
sensitive and critical cells in the eye analogous to neurons in the brain. Therefore, it is
necessary to have developed a specialized structure to isolate neuronal cells from blood
to maintain a stable ionic environment and to ensure appropriate activities of neuronal
cells in a specialized microenvironment. The blood-retinal barrier (BRB), which is
created by complex tight junctions of retinal capillary endothelial cells (inner BRB)
and retinal pigment epithelial cells (outer BRB), restricts nonspecific transport between
the neural retina and the circulating blood (Fig. 1).12 The inner two-thirds of the human
retina is nourished by the inner BRB and the remainder is covered by choriocapillaris
via the outer BRB.?
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Figure 1. Schematic diagram of the inner blood-retinal barrier. The inner blood-retinal barrier consists
of tight junctions of the retinal endothelial cells which are covered with pericytes and Miiller cells. The
tight junction complex includes two classes of transmembrane molecules such as occludin and claudins,
which interact with transmembrane proteins on adjacent endothelial cells. The cytoplasmic tails of the
occludin and claudin complex are linked to the actin cytoskeleton via a number of accessory proteins,
including members of the zonula occludens family, ZO-1, ZO-2 and ZO-3. Vascular endothelial cadherin
and catenins help to seal between endothelial cells as adherens junctions.

The concept of the BRB was first proposed by Schnaudigel in 1913 based on the
similarity to the blood-brain barrier (BBB).> He found that dyes injected into vein did
not stain the retina as well as brain even though peripheral tissues were stained.® The
concept was then formulated in greater detail during the 20th century with the advance
of technology of an electron microscopy.' Like the BBB, the inner BRB is composed of
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tight junctions of the retinal endothelial cells which are covered with pericytes and glial
cells. Miiller cells are the most prominent glial cells of the retina, although astrocytes
are predominantly present in the brain. They are also present in species having a retinal
circulation. In these species, astrocytes are restricted largely to the nerve fiber layer
at the inner boundary of the retina. In contrast, outer BRB is formed by the retinal
pigment epithelium, where tight junctions between epithelial cells create the barrier,
but the choriocapillaris are fenestrated (Fig. 1). The inner BRB has been proposed to
be a glio-vascular unit since endothelial barrier constructed by an extensive network of
endothelial cells, Miiller cells/astrocytes and neurons to regulate retinal capillaries by
paracrine interactions.*

CELLULAR FACTORS IN GLIO-VASCULAR INTERFACE

The inner BRB properties are not intrinsic to endothelial cells but are inducible by
the surrounding pericytes and glial cells. Several lines of evidences suggest that glial cells
such as Miiller cells and astrocytes play this role in the retina as astrocytes do in the brain.
Astrocytes induce BBB properties in endothelial cells.” Indeed, Type I astrocytes injected
into the anterior eye chamber of the rat are able to induce a host-derived angiogenesis
and some barrier properties in endothelial cells of nonneural origin.®* When bovine retinal
endothelial cells were cocultured with astrocytes fromrat brain, astrocytes increase barrier
properties in retinal endothelial cells.” These observations suggest that soluble factor(s)
from astrocytes modulate barrier properties of endothelial cells. Miiller cells can enhance
the barrier properties of retinal blood vessels by production of factors that contribute to
tight junction formation.® Conditionally immortalized rat Miiller cell line (TR-MUL cells)
can up-regulate barrier-related marker enzyme activities such as alkaline phosphatase
in conditionally immortalized rat retinal capillary endothelial cell line (TR-iBRB cells)
by production of transforming growth factor-p (TGF-B).” Moreover, glia cell-derived
neurotropic growth factor in the TGF-f3 family, interleukin-6 and basic fibroblast growth
factor (bFGF) are also involved in barrier regulation.'? Pericytes also induce barrier function
of endothelial cells in a manner similar to astrocytes by production of angiopoietin-1."!
Pericytes communicate with endothelial cells via gap junctions between both cells and
considered contractile cells that help to regulate blood flow.!? Pericytes contract when
exposed to endothelin-1, angiotensin IL,"* hypoxia and ATP and relax on exposure to
CO,," nitric oxide (NO) and adenosine. "

MOLECULAR STRUCTURE OF THE INNER BRB

The inner BRB is composed of a tightly sealed monolayer of retinal endothelial
cells, which normally prevent passive diffusion via paracellular transport of solute
across endothelial cells between the circulating blood and the neural retina. Interestingly,
blood-to-retina influx permeability rate of p-mannitol, which is a nonpermeable
paracellular marker, is more than 300 times less than that of p-glucose and amino
acids, which are transported via a carrier-mediated transport mechanism (Table 1),
suggesting that the inner BRB acts as a ‘selective’ barrier. Retinal endothelial cells
are normally connected via a junctional complex composed of tight junctions and
adherens junctions (Fig. 1).
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Table 1. Influx transporters/transport processes at the inner blood-retinal barrier

Influx Permeability Plasma
Transporter/ Rate Concentration ~ Km
Transport Process Substrate [uL/(min - g retina)] (uM) (uM)  Refs.
GLUTI1 p-Glucose 544> ~12,500 5,000 41
DHA 2,440 10 93 42
ENT2 Adenosine 25.8 0.09 29 46
CATI L-Arginine 118 170 11 49
TAUT Taurine 259 100-300 22 50,52
LATI1 (System L) L-Leucine 203 180 14 50,54
xCT (System Xc)  L-Cystine 286° 100-200 10 60,61
GlyT1 Glycine 8.6 200 55 62
OCTN2 Acetyl-L- 2.3 18 26 63
carnitine
CRT Creatine 10.7 140-600 15 64
SMVT Biotin 5.6 0.006 146 68
Choline transport ~ Choline 271 10 6-100 69
RFCl MTF N.D. ~0.05 5.1 71
MCTI L-Lactic N.D. 10,000 1,600  72-74
acid
SR-BI a-Tocopher- N.D. - - 75
ol/HDL
Passive diffusion p-Mannitol® 0.6 - - 63

The influx permeability rate was determined by integration plot analysis after intravenous injection of
radiolabeled compound. *p-Mannitol is anonpermeable paracellular marker (passive diffusion). *Influx
permeability rate of b-glucose [544 uL/(min - g retina)] is calculated from the influx rate of p-glucose
(6.8 wmol/(min - g retina))/normal p-glucose concentration in rat plasma (12.5 mM).* indicates uL/
(min - g eye). N.D.: not determined. DHA: dehydroascorbic acid, MTF: methyltetrahydrofolate.

Tight junctions are composed of multiple transmembrane, scaffolding and signaling
proteins. There are at least three different types of transmembrane proteins within tight
junctions: occludin, claudin and junctional adhesion molecule (JAM).'S18 Transcript levels
oftight junction proteins inisolated rat and mouse retinal endothelial cells were quantified.
Caludin-5, occludin and JAM-1 mRNAs are predominantly expressed in rat and mouse
retinal capillary endothelial cells compared with nonretinal endothelial cells.!”*° The
cytoplasmic tails of the occludin and claudin complex are linked to the actin cytoskeleton
via a number of accessory proteins, including members of the zonula occludens family,
70-1, ZO-2 and Z0O-3.2'2 Vascular endothelial cadherin (VE-cadherin) and catenins
help to seal between endothelial cells as adherens junctions.” The tight junctions act not
only as a physical barrier, but also as a segregator of the luminal (blood) and abluminal
(retina) domains in the endothelium® (Fig. 1).

Reduction of occludin by the anti-sense oligonucleotides increases permeability.?
Thus, occludin likely regulates barrier function.” The endothelial expression of occludin
in the retina is reduced in experimental diabetes.?® In addition, vascular endothelial
growth factor (VEGF) significantly reduced occludin in the retinal endothelial cell
culture and increased permeability across the endothelial cell monolayers.”’” VEGF
promotes leakage of plasma proteins from blood vessels.?® It has been shown to
induce an increase in vascular permeability via synthesis or release of NO.? Increased
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VEGF and NO production was observed in the rat retina in response to hypoxia.?’
Generation of reactive oxygen species (ROS), resulting in oxidative stress, occurs in
many tissues in hypoxia-ischemia. In ocular pathologies, ROS have been correlated
with neovascularisation in diabetic eyes in humans*® and in eyes with retinopathy of
prematurity.’! Enhanced production of VEGF, NO and ROS underlies disruption and
the increased permeability of the inner BRB. Inhibition of these factors is beneficial
for treating retinal diseases such as diabetic retinopathy, ischemic central retinal vein
occlusion and retinal hypoxia.*?

INFLUX TRANSPORTERS AT THE INNER BLOOD-RETINAL BARRIER

The tight junctions of retinal capillary endothelium control paracellular impermeability
for hydrophilic compounds. Since neural cells, including photoreceptor cells in the retina
require a large amount of metabolic energy for phototransduction and neurotransduction,
metabolic substrates, such as D-glucose, amino acids and their metabolites must cross
the endothelial wall transcellularly to reach their neural targets or leave the retina.’33*
In general, transcellular transport across the inner BRB can be classified into three main
categories: passive diffusion (lipid-mediated transport), carrier-mediated transport and
receptor-mediated transport. The carrier-mediated transport systems at the inner BRB
consist of facilitated transport, secondary active influx and efflux transport and primary
active efflux transport (Fig. 2).

The inner BRB transporters play an essential role in the blood-to-retina transport of
hydrophilic nutrients such as p-glucose, amino acids, vitamins and nucleosides.** The
in vivo blood-to-retina transport of a test compound across the BRB is evaluated by
integration plot analysis after intravenous injection of the radiolabeled compound in rats.>
This approach allows determination the influx permeability rate of text compound. The
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Figure 2. Schematic representation of transport systems at the inner blood-retinal barrier. The transport
systems at the inner blood-retinal barrier can be classified into three main categories; (i) passive diffusion
(lipid-mediated transport), (ii) carrier-mediated transport and (iii) receptor-mediated transport. The
carrier-mediated transport systems at the inner BRB consist of facilitated transport, secondary active
influx and efflux transport and primary active efflux transport.
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influx permeability rates differ for transporter-mediated transport and passive diffusion
(Table 1). The molecular identify of the transporters at the inner BRB has been established
using TR-iBRB cells as an in vitro model of inner BRB.>%’

GLUT1

D-Glucose, which is the main energy souse for the retina, is transported from the
circulating blood to the retina via facilitative glucose transporter 1 (GLUT1/SLC2A1).
GLUT]1 is a member of a gene family of Na*-independent glucose transporters, which is
expressed exclusively at the inner BRB. GLUT]1 transports hexoses and dehydroascorbic
acid (DHA), which is an oxidized form of vitamin C.*® The expression of GLUT1 on the
abluminal membrane of the inner BRB is 2- and 3-fold greater than that on the luminal
membrane in human and rats, respectively.***° The asymmetrical distribution of GLUT1
at the inner BRB provides a homeostatic control for p-glucose influx into the retina by
preventing D-glucose accumulation in the interstitial fluid of the retina at levels higher
than those in the blood. The influx permeability rate of p-glucose is 544 uL/(min - g
retina)* (Table 1). DHA transport is mediated via GLUT1 at the inner and outer BRB
and DHA has the influx permeability rate with 2,440 uL/(min - g retina)** (Table 1).
Even though GLUT]1 is not a concentrative transporter, DHA is rapidly reduced to
ascorbic acid and thus is trapped within the retina,*> most likely by Miiller cells.** The
Michaelis-Menten constant (Km) of GLUT1 for p-glucose is ~8§ mM and normal plasma
D-glucose concentration in most mammals is ~5 mM* while the Km of GLUT1 for
DHA is 93 uM and DHA is present in the circulation at much lower level (~10 uM).*
Therefore, DHA transport via GLUT1 across the BRB does not exhibit complete inhibition
under physiologic conditions. On the other hand, DHA transport from the blood to the
retina decreases with increasing blood p-glucose concentration (~20 mM) under diabetic
conditions.* Diabetic patients may experience enhanced oxidative stress in the retina
because of reduced influx of DHA.

ENT2

Adenosine, which is a purine nucleoside, plays a number of roles in retinal
neurotransmission, blood flow, vascular development and response to ischemia through
cell-surface adenosine receptors. Although the influx permeability rate of adenosine is
25.8 uL/(min - g retina) which is about 10-fold lower than that of amino acids (Table 1),
the blood-to-retina transport of [*H]adenosine is inhibited by unlabeled adenosine and
thymidine but not by cytidine.* Similar features are evident for adenosine uptake by
TR-iBRB cells which express equilibrative nucleoside transporter 2 (ENT2/SLC29A2)
mRNA.* The Km of ENT2 for adenosine is ~30 uM, which is much higher than
adenosine concentration in plasma (~0.1 uM), suggesting that ENT2 at the inner
BRB is not saturated by the plasma adenosine under physiologic conditions. Since the
nucleotide drugs, such as 3'-azido-3'-deoxythymidine (AZT),2’ 3'-dideoxycytidine (ddC),
2'3'-dideoxyinosine (ddl), cladribine, cytarabine, fludarabine, gemcitabine and
capecitabine, are substrates for ENT2, this transporter is potentially involved in the
delivery of such drugs into the retina.*’43
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CAT1

Unlike the anionic amino acids such as L-glutamic acid and L-aspartic acid, essential and
semi-essential cationic amino acids such as L-lysine and L-arginine cannot be synthesized
by the retina at adequate rates to meet the needs for retina metabolism and protein
synthesis. Thus, the retina requires a steady and balanced supply of these cationic amino
acids from the circulating blood. L-arginine is the precursor for generation of NO via nitric
oxide synthases. NO not only regulates vascular tone and blood flow but also is a critical
component in a variety of cell signaling pathways. It is also an important determinant in
the progression of retinal pathology in diseases such as diabetic retinopathy and glaucoma.
L-arginine uptake by TR-iBRB cells is mediated by the Na*-independent cationic amino
acid transporter 1 (CAT1/SLC7A1).* CAT1 is expressed in retinal capillary endothelial
cells. The influx permeability rate of L-arginine is 118 uL/(min - g retina)** (Table 1) and
the blood-to-retina transport of [*H]L-arginine is inhibited by unlabeled L-arginine and
L-lysine.* Since NO synthesis depends on extracellular L-arginine, the function of CAT1 in
the delivery of L-arginine into the retina across the inner BRB may represent a rate-limiting
step in NO production in the retina. Since CAT1 also transports a variety of arginine- and
lysine-based inhibitors of nitric oxide synthases, this transporter at the inner BRB can be
exploited for delivery of such compounds into the retina in the treatment of specific retinal
diseases associated with overproduction of NO (e.g., inflammation).

TAUT

Taurine is a non-essential amino acid in humans, but is considered to be an essential
amino acid during fetal growth and lactation. In the retina, taurine exerts a number of
neuroprotective functions as an osmolyte and antioxidant and accounts for more than
50% of the free amino acid content. The activity of cysteine sulfinic acid decarboxylase,
a rate-limiting enzyme for taurine biosynthesis from L-cysteine, in the rat retina is low
in comparison with the abundance of retinal taurine,’! leading the hypothesis that the
blood-to-retina transport system(s) of taurine play a key role in maintaining the taurine
concentration in the retina. The influx permeability rate of taurine is 259 uL/(min - g
retina)*?(Table 1) and the blood-to-retina transport of [*H]taurine is inhibited by substrates
of taurine transporter (TAUT/SLC6A6).>° Taurine uptake by TR-iBRB cells is Na*-,
CI™- and concentration-dependent with a Km of 22.2 uM and inhibited by substrates of
TAUT.? TAUT is expressed in TR-iBRB and primary cultured human retinal endothelial
cells.> We found that TAUT transports y-aminobutyric acid (GABA) as a substrate with a
lower affinity than taurine.” Although the physiological role of TAUT in GABA transport
in the retina is not fully understood, TAUT most likely mediates taurine transport from
the circulating blood to the retina across the inner BRB.

LAT1

Theretinarequires a steady stream of essential large neutral amino acids (e.g., L-leucine,
L-phenylalanine and L-tryptophan) to maintain metabolic function and protein synthesis. The
system L consists of L (leucine-referring)-type amino acid transporter 1 (LAT1/SLC7AS)
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and an additional subunit protein of the heavy chain of 4F2 cell surface antigen (4F2hc/
SLC3A2) and is involved in the transport of branched-chain and aromatic amino acids.
LAT1 appears to operate principally via an Na*-independent, substrate-coupled antiport,
although it can mediate net influx. An immunohistochemical study showed that LAT1 is
expressed at the inner BRB.>* The influx permeability rate of r-leucine is 203 uL/(min -
g retina)** (Table 1) and the blood-to-retina transport of [*C]L-phenylalanine is inhibited
by substrates of LAT1.% L-Dopa is transported across the BBB by system L and is readily
biotransformed to dopamine in the brain.”® Many patients with Parkinson’s disease have
blurred vision or other visual disturbances, which are reflected in the reduced retinal
dopamine concentration and delayed visual evoked potentials.’ L-Dopa administration has
been reported to reduce these delayed visual evoked potentials in Parkinson’s disease.’’
Indeed, we recently found using retinal uptake index (RUI) method that the blood-to-retina
transport of [*'H]L-Dopa is 8-fold greater than that of the [*H]p-mannitol and inhibited by
unlabeled L-Dopa.”® LAT] is also potentially important for drug delivery into the retina.”

xCT

The system Xc~ consists of xCT(SLC7A11) and 4F2hc and is involved in transport
of L-cystine and L-glutamic acid. The system Xc~ appears to operate principally via an
Nat-independent, substrate-coupled antiport, although it can mediate net influx of L-cystine.
To protect the retina against light-induced oxidative stress and maintain intracellular
antioxidants, such as gluthathione (GSH) and vitamin C, at an appropriate level, transport
of L-cyst(e)ine (one of the constitutent amino acid for GSH) and vitamin C into the retina
is critical for the health of the retina. XCT is expressed at the inner BRB and transports
L-cystine,® which is also one of the rate-limiting precursor of GSH synthesis. The influx
permeability rate of L-cystine is 286 uL/(min - g eye) (Table 1).! An in vivo intravenous
administration study has shown thatL-cystine uptake by the eye is activated by pretreatment
with diethyl maleate (DEM), a reagent used to deplete intracellular GSH in order to
induce oxidative stress.®! This uptake is inhibited in the presence of L-glutamic acid and
L-a-aminoadipic acid, selective substrates of system Xc .5 TR-iBRB cells express xCT and
4F2hc mRNA and L-cystine uptake by TR-iBRB cells takes place in an Na*-independent
and concentration-dependent manner with a Km of 9.2 uM and is inhibited by substrates
and inhibitors of system Xc~.% DEM treatment causes significant induction of xCT mRNA,
L-cystine uptake and the GSH concentration in TR-iBRB cells.® These results suggest
that L-cystine influx transport at the inner BRB is mediated by system Xc~ and induced
under oxidative stress by enhanced transcription of the xCT gene.

GlyT1

Glycine plays a pivotal role in neurotransmission and in the biosynthesis of creatine and
GSH in the retina. It is also a co-agonist for the N-methyl-p-aspartate (NMDA) receptor. The
influx permeability rate of glycine is 8.6 uL/(min - gretina) (Table 1) and the blood-to-retina
transport of ['*C]glycine is inhibited by unlabeled glycine.®* Glycine uptake by TR-iBRB
cells is Na*-, CI-- and concentration-dependent with a Km of 55.4 uM and inhibited by
substrates and inhibitors of Na* and Cl--dependent glycine transporter 1 (GlyT1/SLC6A9).5>
GlyT1 most likely mediates the blood-to-retina transport of glycine across the inner BRB.
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OCTN2

L-Carnitine has multiple roles in mammalian cells, even though its primary and
most recognized function is to promote fatty acid oxidation for energy production.
Acetyl-L-carnitine is effective inimproving visual function in patients with early age-related
macular degeneration. Uptake of L-carnitine and acetyl-L-carnitine in TR-iBRB cells occurs
via the Na*-dependent organic cation/carnitine transporter 2 (OCTN2/SLC22A5).% The
influx permeability rate of acetyl-L-carnitine is 2.33 uL/(min - g retina) (Table 1) and the
blood-to-retina transport of [*H]acetyl-L-carnitine is inhibited by unlabeled L-carnitine
and acetyl-L-carnitine.®> OCTN?2 is expressed in isolated rat retinal capillary endothelial
cells. The Km value for the transport of L-carnitine and acetyl-L-carnitine via OCTN2 in
TR-iBRB cells is ~30 uM, a value similar to the physiological levels of these compounds
in plasma (L-carnitine, ~50 uM; acetyl-L-carnitine, ~20 uM).%* Exogenous administration
of L-carnitine and acetyl-L-carnitine would therefore be able to increase the retinal levels
of these protective compounds through OCTN2-mediated transfer across the inner BRB.

CRT

Creatine plays a vital role in the storage and transmission of phosphate-bound energy
in the retina. The Na*- and Cl™-dependent creatine transporter (CRT/SLA6AS) plays a
role in the influx of creatine into the retina at the inner BRB.% CRT is localized on both
the luminal and abluminal membranes of rat retinal capillary endothelial cells.®* CRT
expressed on the luminal membrane would mediate creatine supply to the retina, but the
function of CRT on the abluminal membrane is not yet known. The influx permeability
rate of creatine is 10.7 uL/(min - g retina) (Table 1).** Creatine supplementation into the
retina is a potentially promising treatment for gyrate atrophy of the choroid and retina
with hyperornithinemia. However, CRT at the inner BRB is almost saturated by plasma
creatine (140-600 uM in mice and rats), since the Km for creatine uptake in TR-iBRB
cells (~15 uM) is much lower than these plasma concentrations.®* Although creatine is
biosynthesized in Miiller cells from L-arginine and glycine, % which are transported from
blood across the inner BRB as above mentioned,*$* CRT at the inner BRB constantly
supplies creatine to the retina.

SMVT

Biotin, a water-soluble vitamin, acts as a cofactor for five carboxylases catalyzing
essential steps in fatty acid biosynthesis, glyconeogenesis and catabolism of several
branched-chain amino acids and odd-chain fatty acids. Recently, Arunchaipong
et al reported that biotin is involved in glutamine synthetase activity and glutamate
decarboxylase activity as a 42 kDa biotin-coupled protein in the chick retina.®’” Biotin
uptake by TR-iBRB cells is Na*- and concentration-dependent with a Km of 146 uM and
inhibited by substrates and inhibitors of Na*-dependent multivitamin transporter (SMVT/
SLC5A6).% The influx permeability rate of biotin is 5.6 uL/(min - g retina) (Table 1) and
the blood-to-retina transport of [*H]biotin is inhibited by substrates of SMVT.%® SMVT
is expressed in isolated rat retinal capillary endothelial cells.®® SMVT plays a role in the
influx of biotin into the retina at the inner BRB.
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OTHER TRANSPORTERS

Several other transporters and transport processes have been identified as the
blood-to-retina influx transport of nutrients. Choline is an important cell membrane
constituent in the form of phosphatidylcholine and sphingomyelin. It is also a precursor
of neurotransmitter acetylcholine. Choline uptake by TR-iBRB cells is Na*-independent,
potential- and concentration-dependent with Km of 6.4 and 99.7 uM.® The influx
permeability rate of choline is 271 uL/(min - g retina)® (Table 1) and the blood-to-retina
transport of [*H]choline is inhibited by unlabeled choline and hemicholinium-3.7° Even
though it is clear that a specific choline transport system is responsible for transfer of
choline into the retina across the inner BRB, the molecular identify of the transporter
remains to be established.

Folates play an essential role as cofactors for one-carbon metabolism in cells and,
consequently, they are required for the de novo synthesis of purines, pyrimidines, some
amino acids and for the conversion of homocysteine to methionine. Folate deficiency
in the retina has been associated with increased risk of nutritional amblyopia and
methanol-induced retinal toxicity. Much of the folate in the plasma of most mammals is
in the reduced form, methyltetrahydrofolate (MTF) and its concentration is 5-50 nM. The
MTF uptake by TR-iBRB cells is Na*- and Cl"-independent and concentration-dependent
with a Km of 5.1 uM."" This process is inhibited competitively by reduced folate carrier
1 (RFC1/SLC19A1) substrates, such as methotrexate and formyltetrahydrofolate.” RFC1
mRNA, compared with other folate transporters, such as H*-coupled folate transporter
(RCFT/SLC46A1), is predominantly expressed in TR-iBRB cells and isolated rat retinal
capillary endothelial cells.”! RFC1 plays a role in the influx of MTF into the retina at
the inner BRB.

The retina produces more L-lactic acid aerobically than any other tissue. Moreover,
L-lactic acid appears to be required as an energy source, in addition to p-glucose, in
photoreceptors. Alm and Tornquist were the first to use the RUI method to show that
L-lactic acid transport across the rat BRB exhibits saturability, pH-dependence and is
inhibited by pyruvate and 3-hydroxybutyrate.”” In addition to this functional evidence,
Gerhart et al used immunoelectron microscopy to provide morphological evidence
that monocalboxylate transporter 1 (MCT1/SLC16A1) is localized on both the luminal
and abluminal membranes of the inner BRB.” TR-iBRB cells express MCT1 mRNA
and r-lactic acid uptake by TR-iBRB cells was shown to be a temperature-, H*- and
concentration-dependent process with a Km of 1.7 mM.™ rL-Lactic acid uptake was
inhibited by a protonophore, MCT inhibitors and a number of other monocarboxylates.”
MCT]1 plays a role in the influx of monocarboxylates into the retina at the inner BRB.

SR-BI

Vitamin E has preventive and therapeutic effects in human retinopathy. Among the
member of the vitamin E family, a-tocopherol has the highest biological activity and
is exclusively associated with high-density lipoprotein (HDL), in the circulating blood.
HDL-associated ['*C]a-tocopherol ([““Cla-tocopherol-HDL) uptake by TR-iBRB cells
exhibited a time-dependent increase and a temperature-dependence.” The uptake of ['*C]
a-tocopherol-HDL was inhibited by in the presence of block lipid transport-1, a specific
inhibitor of the scavenger receptor class B, Type I (SR-BI)-mediated lipid transfer
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between HDL and cells.” The expression of SR-BI protein was detected in TR-iBRB
cells and immunostaining of SR-BI was observed along the rat retinal capillaries.” The
inhibition of SR-BI protein expression by RNAi using SR-Bl-specific siRNA duplexes
resulted in a reduction in [*C]a-tocopherol-HDL uptake.” SR-BI plays a role in uptake
of HDL-associated a-tocopherol by the retinal capillary and may transfer a-tocopherol
into the retina.

S1P AND LPA RECEPTOR

Sphingosine 1-phosphate (S1P) and lysophosphatidic acid (LPA) are simple bioactive
lysophospholipids which exhibit an effect on blood vessels via their G protein-coupled
receptors.”® Hyponatremia is a frequently encountered clinical disorder, in which the
Na* concentration and osmolarity in the plasma are significantly reduced and causes
neural cell swelling in the retina and contributes to the development of edema.”” Retinal
capillary endothelial cells first detect the reduction in plasma osmolarity and should rapidly
respond to hypoosmotic stress. Otherwise, the breakdown of the inner BRB would lead to
further damage of retinal function. Under hypoosmotic stress, although the cell volume
is regulated by releasing inorganic ions, such as K*, CI- and organic osmolytes, such as
taurine,’® taurine seems to be an ideal organic osmolyte because of its metabolic inertness
and abundance in the inner BRB.” S1P and LPA significantly enhanced the taurine release
from TR-iBRB cells under hypotonic conditions in a time- and concentration-dependent
manner, whereas S1P and LPA had no significant effect under isotonic conditions.’* S1P
receptor, S1P, and S1P, and LPA receptor LPA, mRNAs are predominantly expressed
in isolated rat retinal capillary endothelial cells.*® The S1P-enhanced taurine release
under hypotonic conditions was significantly inhibited by S1P, receptor antagonists.*
Since SIP and LPA are present in the serum, they play a novel role in the regulation of
osmolyte efflux from the inner BRB in response to hypoosmotic stress via the activation
of their specific receptors.

EFFLUX TRANSPORTERS AT THE INNER BLOOD-RETINAL BARRIER

Since the retina produces various metabolites and neurotoxic compounds and
their accumulation is believed to one of the causes of neurodegenerative diseases, the
efflux transport systems at the inner BRB are required to eliminate such compounds
as a means to protect the retina from unwanted harmful effects. There are two distinct
mechanisms in the elimination process. The endobiotics and xenobiotics including drugs
are taken-up from the circulating blood into the retinal capillary endothelial cells via
either passive diffusion or some influx transporters and subsequently undergo efflux into
the circulating blood via a primary active efflux transport system. ATP-binding cassette
(ABC) transporters as an efflux transport system are mainly present on the luminal
membrane of the inner BRB (Fig. 2). Of ABC transporter family, ABC transporter A
(ABCA), B (ABCB), C (ABCC) and G (ABCQG) play a role in transporting endobiotics
and xenobiotics in the plasma membrane. The second mechanism involves transcellular
transport of endobiotics and xenobiotics from subretinal space to the circulating blood.
The first step is the uptake of these compounds by secondary active transporters on the
abluminal membrane and subsequently these compounds undergo efflux to the circulating
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blood via primary/secondary active transporters on the luminal membrane of the inner
BRB. Of secondary active transporters on the abluminal membrane, organic anion
transporting polypeptide (OATP/SLCO/SLC21A) and organic anion transporter (OAT/
SLC22A) family take part in the transport of organic anions (Fig. 2).

Oatpla4

Many clinically important drugs including antibiotics, anti-tumor drugs, anti-HIV
drugs and anti-inflammatory agents are organic anions. The limited distribution of
B-lactam antibiotics in the vitreous humor/retina after systemic administration is
problematic, resulting in reduced efficacy in the treatment of bacterial endophalmitis.
Some p-lactam antibiotics are substrates for organic anion transporting polypeptide
(oatp) 1a4 (Slcola4; oatp2).’!

We used microdialysis to carry out an in vivo evaluation of vitreous/retina-to-blood
efflux transport in rats and to determine the efflux transport of organic anions across
the BRB.*# Estradiol 17-f glucuronide (E17pG) was injected with p-mannitol, a bulk
flow marker, into vitreous humor of the rat eye and a microdialysis probe was placed in
the vitreous humor.?? E173G and p-mannitol were bi-exponentially eliminated from the
vitreous humor after vitreous bolus injection.®? The elimination rate constant of E17G
during the terminal phase was 2-fold greater than that of D-mannitol and it was significantly
inhibited by organic anions including digoxin,* a specific substrate of oatp1a4.3* Inaddition
to functional evidence, oatpla4 is expressed in rat retinal capillary endothelial cells.®*
Moreover, oatpla4 and 1cl (Slcolcl/oatpl4) mRNA are predominantly expressed in
isolated rat retinal capillary endothelial cells.!” Oatplcl transports E17pG as is the case
with oatplad4 whereas oatplcl does not have high affinity for digoxin.* This suggests
that oatplcl and oatpla4 play distinctive roles in the retina-to-blood efflux transport in
terms of the specificity of the drugs and xenobiotics. Further studies are needed to clarify
the individual contribution of oatplcl and oatpla4 to the efflux of specific anionic drugs
across the inner BRB.

OAT3

Some (3-lactam antibiotics, such as benzylpenicillin (PCG) are substrates for organic
anion transporter (OAT) 3 (SLC22A8).% 6-Mercaptopurine (6-MP) is frequently used for
cancer chemotherapy in patients with childhood acute lymphoblastic leukemia. Relapse of
childhood acute lymphoblastic leukemia involving eye is arare but challenging problem.®
This is probably due to the restricted distribution of 6-MP in the eye. One possible factor
in the restricted drug distribution in the retina/eye is the retina-to-blood efflux transport
of such anionic drugs across the BRB.

Betzand Goldstein demonstrated that p-aminohippuric acid (PAH) uptake by isolated
retinal capillaries was slightly greater than that of the extracellular marker, sucrose and
inhibited by fluorescein and penicillin.* Oatp does not transport PAH, but OAT family
transporters prefer PAH as asubstrate. Therefore, in addition to oatp, OAT is also involved
in the organic anion transport at the inner BRB.

PAH, PCG and 6-MP were bi-exponentially eliminated from the vitreous humor after
bolus injection into vitreous of the rat eye.® The elimination rate constant of PAH, PCG
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and 6-MP during the terminal phase was about 2-fold greater than that of p-mannitol.®
This efflux transport was reduced in the retina in the presence of probenecid, PAH and
PCG, relatively specific substrates of OAT3,* but not in the presence of digoxin. OAT3
is localized on the abluminal membrane of retinal capillary endothelial cells.® Thus,
OAT3 is involved in the uptake of PAH, PCG and 6-MP across the abluminal membrane
of retinal capillary endothelial cells and contributes to the efflux transport of PAH, PCG
and 6-MP from vitreous humor/retina into blood across the inner BRB.

SYSTEM A (ATA2)

As mentioned above, LAT1,** xCT,®® TAUT,? GlyT1%* and CAT1* have been
identified as an amino acid transporter at the inner BRB. They play an essential role in
supplying L-leucine, L-cystine, taurine, glycine and L-arginine to the retina. However,
byproducts from the biosynthesis pathway of amino acids in the retina need to excrete
from retina to the circulating blood. It has been suggested that small neutral amino
acid transporter, system A is present on the abluminal membrane of the inner BRB
because a-methylaminoisobutyric acid (MeAIB), which is a substrate for system A is
taken up from the retinal side using isolated bovine retinal capillaries and this process
is ouabain-sensitive.*

MeAIB uptake by TR-iBRB cells is Na*- and concentration-dependent with a Km
of 234 uM and this process is strongly inhibited by substrates of system A, such as
L-alanine, L-proline, glycine, L-serine and L-methionine.®* On the other hand, L-proline
uptake by TR-iBRB cells is Na*- and concentration-dependent with a Km of 392 uM
and this process is strongly inhibited by substrates of system A.*® System A isoform,
ATA2 mRNA (SLC38A2/SNAT2/SAT2) is predominantly expressed in TR-iBRB
cells and isolated rat retinal capillary endothelial cells.”® L-Proline and p-mannitol are
bi-exponentially eliminated from the vitreous humor after vitreous bolus injection. The
elimination rate constant of L-proline during the terminal phase was 2-fold greater than
that of b-mannitol and it was significantly inhibited by MeAIB.” We found an evidence
using RUI method that ["*C]MeAIB undergoes limited blood-to-retina transport across
the BRB.% Thus system A is most likely localized on the abluminal membrane of the
inner BRB. L-Proline is biosynthetically derived from r-glutamic acid in the retina and
can act as an agonist or antagonist of excitatory L-glutamic acid.”! L-Proline, L-alanine
and other amino acids concentrations in the vitreous humor of rat are increased after
chronic intraocular pressure elevation.”? System A, most likely ATA2 is responsible
for the retina-to-blood transport of L-proline across the inner BRB and plays a role in
maintaining the concentration of small neutral amino acids in the retina.

ABCB1 (P-GLYCOPROTEIN)

P-Glycoprotein (P-gp/ABCBI1), which is an ATP-dependent 170 kDa membrane
glycoprotein, exhibits a protective role by restricting the entry of several classes of drugs,
including antibiotics, anti-tumor drugs, anti-HIV drugs, steroids and immunosuppressants
into the eye. P-gp is localized on the luminal membrane of the inner BRB? and the
expression of mdrla mRNA is predominantly exhibited in isolated rat'* and mouse?
retinal capillary endothelial cells. P-gp is expressed in TR-iBRB?*” and primary cultured
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bovine retinal endothelial cells®® and accumulation of rhodamine 123% and paclitaxel®
is enhanced in the presence of inhibitors of P-gp in TR-iBRB and and primary cultured
bovine retinal endothelial cells, respectively. The active efflux transport function of P-gp
at the inner BRB could lower the blood-to-retina transport of its substrates. Cyclosporin
A, which is a substrate of P-gp, was not detected in the intraocular tissues of cyclosporin
A-treated rabbits,” rats® and human,’” although significant level of cyclosporin A can
detected in the plasma. These pieces of evidence indicate that P-gp at the inner BRB
plays an important role in protecting the retina from xenobiotics and, therefore, hinders
the retinal transfer of therapeutic drugs.

ABCC4 (MRP4)

The multidrug resistance-associated protein (MRP/ABCC) family plays a role in
transporting anionic compounds, such as glucuronic acid conjugates and glutathione
conjugates.”® The transcript levels of ABCC transporters at the inner BRB have been
quantified in isolated mouse? and rat retinal capillary endothelial cells.>* MRP4 (ABCC4)
was shown to be most highly expressed at the transcriptlevel and MRP3 (ABCC3) (mouse)*
and MRP6 (ABCC6) (mouse and rat)?>* are also expressed at lower levels. Consistent
with these transcript data, it was recently shown that MRP4 protein is localized on the
luminal membrane of the inner BRB in mice.”” MRP4 are known to transport PAH, 6-MP
and f-lactam antibiotics as substrates.!?*!! These findings suggest that MRP4 is involved
in excreting of PAH, PCG and 6-MP from cell to blood across the luminal membrane
of retinal capillary endothelial cells and contributes to the efflux transport of PAH, PCG
and 6-MP from vitreous humor/retina into blood across the inner BRB.

ABCG2 (BCRP)

Breast cancer resistance protein (BCRP/MXR/ABCP/ABCG2) is localized on the
luminal membrane of the inner BRB in rats.!”> ABCG2 prefers not only drugs (e.g.,
mitoxantrone and doxorubicin) but also photosensitive toxins, including pheophorbide
a, a chlorophyll-derived dietary phototoxin related to porphyrin.'® The retina is subject
to high levels of cumulative irradiation and, therefore, vulnerable to light-induced
damage caused by a variety of phototoxic compounds including porphyrins. TR-iBRB
cells express ABCG2 protein and Ko143, an ABCG2 inhibitor, inhibits the excretion of
pheophorbide a from TR-iBRB cells.!”®> ABCG2 at the inner BRB also plays a role in
protecting the retina from xenobiotics.

ABCAs

Although the transport function and the precise cellular localization of ABCA family
at the inner BRB is not fully understood, ABCA1 plays a role in efflux of sterols.!®
ABCA3 and ABCA9 mRNA are highly expressed in isolated mouse retinal capillary
endothelial cells.? Transport function and localization of ABCA3 and ABCA9 at the
inner BRB remains to be established.
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CONCLUSION

It has been almost 100 years since the physiological concept of the inner BRB was
initially proposed.’ Recent progress in the inner BRB research has revealed that retinal
capillary endothelial cells interact with glial cells and pericytes and are sealed by junctional
barrier proteins. The inner BRB expresses a wide variety of transporters essential for the
blood-to-retinal influx of nutrients. There are also several transporters that contribute to
the protective function of the inner BRB by mediating the retina-to-blood efflux of toxins
and drugs (Fig. 3). Thus, the inner BRB acts as dynamic interface between the neural
retina and the circulating blood.!® Several retinal acting drugs have been discovered, but
not yet successful in treating the diseases in retina because the inner BRB acts not just
the structural barrier but also efflux pump. Better understanding of the influx and efflux
transport mechanisms at the inner BRB will help in the design of optimal drug candidates
as well as the prediction of drug penetration.

FUTURE CHALLENGES

Numerous challenges remain. At the inner BRB level, for instance, a number of
carrier-mediated transporters, such as choline, peptides and vitamins, several active
efflux transporters and receptor-mediated transport processes need to be identified. The
role and regulation of the junctional barrier proteins and transporters at the inner BRB
in the pathogenesis of diabetic retinopathy, age-related macular degeneration and retinal
vein occlusion remains to be explored. Developing an absolute quantification method
for membrane proteins using liquid chromatography-tandem mass spectrometer (LC/
MS/MS)'% will enable us to construct a quantitative atlas of transporters and junctional
barrier proteins at the inner BRB and to compare protein expression profiles with other
barriers such as blood-brain and blood-placental barriers. If the inner BRB transporters
and junctional barrier proteins contribute to progression of retinal disease such as via a
breakdown of the inner BRB, manipulation of transport systems and barrier functions
may offer innovative neuroprotective and treatment strategies. The inner BRB specific
transporters and receptors could also be potentially utilized as portals of entry for retinal
drug targeting systems.
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Abstract: Endothelial and epithelial cells form selectively permeable barriers that separate tissue
compartments. These cells coordinate movement between the lumen and tissue via
the transcellular and paracellular pathways. The primary determinant of paracellular
permeability is the tight junction, which forms an apical belt-like structure around
endothelial and epithelial cells. This chapter discusses endothelial and epithelial
barriers in graft-versus-host disease after allogeneic bone marrow transplantation,
with a focus on the tight junction and its role in regulating paracellular permeability.
Recent studies suggest that in graft-versus-host disease, pathological increases in
paracellular permeability, or barrier dysfunction, are initiated by pretransplant
conditioning and sustained by alloreactive cells and the proinflammatory milieu. The
intestinal epithelium is a significant focus, as it is a target organ of graft-versus-host
disease, and the mechanisms of barrier regulation in intestinal epithelium have been
well characterized. Finally, we propose a model that incorporates endothelial and
epithelial barrier dysfunction in graft-versus-host disease and discuss modulating
barrier properties as a therapeutic approach.

INTRODUCTION

A key function of endothelia and epithelia is to form selectively permeable
barriers that separate distinct tissue compartments. Transport across these barriers is
accomplished by coordinating the specific, but saturable, transcellular pathway with
the nonspecific, nonsaturable paracellular pathway. The paracellular space must be
at least partially sealed in order to maintain the concentration gradient established by
active transcellular transport. Such trans-epithelial and -endothelial gradients also direct
passive paracellular transport. The tight junction, a component of the apical junctional
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complex, is the primary determinant of paracellular permeability, and can be regulated
in response to physiological and pathological stimuli.

Tight Junction Structure and Barrier Function

A large number of transmembrane and cytosolic proteins, most notably the claudin
family, the tight junction-associated MARVEL protein (TAMP) family, which includes
occludin, and the zonula occludens proteins ZO-1, Z0-2 and ZO-3, form the tight junction,
which creates a belt-like structure at contact sites between adjacent epithelial or endothelial
cells.!? The interaction between tight junction transmembrane proteins at these sites creates
a selectively permeable seal. While endothelial and epithelial cells express similar tight
junction proteins, the structure is more complex and highly developed in epithelium,
where tight junctions are clearly separated from the more basal adherens junction. In
contrast, it can be difficult to differentiate the endothelial tight junction and adherens
junctions, and these structures are collectively referred to as the interendothelial junction.?

Transepithelial, or transendothelial, electrical resistance measures the properties of the
seal that limits movement of ions across the paracellular pathway under most experimental
conditions,*and is generally higher in epithelia than endothelia.”® Although mostendothelia
are leaky, some do form tight seals, particularly at specialized sites. For example, endothelia
that form the blood-brain barrier have extremely well developed tight junction structures and
are some of the least permeable in the body, ' contrasting sharply with tight junctions within
postcapillary venules. This difference in endothelial paracellular permeability depending
on site illustrates the reduced permeability that is generally associated with a greater need
to prevent mixing of separate compartments. While the vascular space is typically sterile,
many epithelia are in direct contact with the external environment, including the airspaces
and gut lumen. This requires a tighter paracellular barrier to prevent contamination of the
tissues and subsequent inflammatory responses. In contrast, the leaky endothelial barrier
supports free exchange of nutrients and waste products. In addition, although inflammatory
cells can cross epithelia, primarily in the setting of disease, immune cells regularly traffic
across vascularand lymphatic endothelium. Thisis particularly true in postcapillary venules,
which readily allow immune cell extravasation.’

Justasthere are barrier differences between endothelia at separate sites, barrier function
also varies between epithelia.!! For example, barrier function increases progressively from
proximal to distal along the renal tubule.'*!* This reflects the need to establish a steep
electrochemical gradient in order to concentrate or dilute urine in the distal tubule and
collecting duct. It follows that bladder epithelium forms one of the least leaky mucosal
barriers in the body. !¢ Although small intestinal and colonic epithelia are much leakier
than those of the distal nephron and bladder, a qualitatively similar pattern of decreasing
paracellular permeability occurs along the length of the intestine and correlates with the
need to extract water and ions from lumen. Further, there is a gradient of barrier function
along the small intestinal crypt-villus axis.'” Villus tight junctions are structurally well
developed and have been characterized as preventing paracellular flux of molecules with
radii greater than ~6 A.'® In contrast, crypt tight junctions accommodate molecules up
to 50 A radius.' This correlates with greater numbers and complexity of tight junction
strands in villus, relative to crypt, epithelium' (Fig. 1). As with the proximal to distal
permeability gradient of the intestines and renal tubule, this crypt to villus gradient also
reflects function. The crypt is primarily secretory, and the permeable tight junctions
at that site support the paracellular water flow that follows transcellular Cl- secretion.
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Figure 1. Normal mouse small intestine was stained for occludin (red), ZO-1 (green) and nuclei
(blue). Note the difference in subcellular occludin localization in villous versus crypt epithelium, which
corresponds with more and less complex tight junction structure, respectively. A) Low magnification.
B) High magnification of villus epithelium, which shows almost all occludin is localized at the tight
junction (arrows). C) High magnification of crypt epithelium, where there is a vesicular pool of occludin
(arrows). A color version of this figure is available at www.landesbioscience.com/curie.

This flow into the gut lumen creates a protected, relatively sterile crypt lumen, which
minimizes the potential hazards of a leaky gut barrier. In contrast, the villous epithelium
must establish a relatively tight barrier to prevent backflow of absorbed nutrients and
tissue contamination by luminal microbes and their products.

REGULATION OF THE PARACELLULAR BARRIER

The paracellular permeability of endothelial and epithelial cells is not static. Inaddition
to factors that govern baseline barrier function, there are separate mechanisms that regulate
tight junction permeability in response to physiological and pathological mediators. For
example, permeability of small intestinal epithelial villous tight junctions increases after
activation of Na*-nutrient, e.g., Na*-glucose, cotransport.>?2 This allows the transepithelial
osmotic gradient established by active transcellular transport to drive passive paracellular
nutrient absorption.?*** In pathological conditions, such as graft-versus-host disease that
develops following allogeneic bone marrow transplantation, increases in paracellular
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permeability of both endothelial and epithelial tight junctions occurs in many organs.>28
Similar increases in epithelial and endothelial tight junction permeability are found in
inflammatory bowel disease, celiac disease, ischemia reperfusion injury, and acute lung
injury, where they are thought to enhance disease pathogenesis.?*3> As discussed in this
chapter, efforts to re-establish and maintain intestinal barrier function may be a viable
therapeutic approach in graft-versus-host disease. Using this hypothesis as a framework, we
will address the mechanisms that lead to increased paracellular permeability in endothelia
and epithelia, how barrier dysfunction contributes to disease, and how modulating barrier
function may alter the course of disease. Overall, the intestine is the focus, as it is one of
the target organs of graft-versus-host disease, and the mechanisms of barrier regulation
in intestinal epithelium have been well characterized in other diseases.

Endothelium

Endothelial paracellular permeability can be increased by interendothelial junction
disassembly, cell contraction, and cell retraction.* Interendothelial junction disassembly
is primarily accomplished by redistribution of interendothelial junction scaffolding
proteins, which destabilizes overall structure. In addition, endocytosis removes
transmembrane proteins, including claudins, occludin, and junctional adhesion molecules
(JAMs), from the junctions in response to inflammatory or ischemic insults.**7° This
redistribution alters the localization of other tight junction proteins, creating an additive
effect on interendothelial junction disassembly and barrier dysfunction.*’

Proximal signaling events for interendothelial junction disassembly are mostly
regulated through phosphorylation of interendothelial junction components.* For example,
thrombin induces disassembly of the interendothelial junction and increases permeability
by stimulating PKCa activation and translocation to the interendothelial junction, where it
phosphorylates residues on the adherens junction proteins VE-cadherin and p120.%** These
phosphorylation events cause both target proteins to be removed from the interendothelial
junction, which destabilizes structural integrity and increases paracellular permeability.
Vascularendothelial growth factor (VEGF) increases permeability by a similar mechanism
that involves phosphorylation and endocytosis of VE-cadherin, junction disassembly,
and barrier dysfunction.” In this case, VEGF uses p21-activated kinase (PAK), not
PKCa, as an intermediate to induce VE-cadherin phosphorylation. Similar processes
drive internalization of the tight junction protein occludin in response to VEGF.® While
the specific kinase(s) involved in VEGF-induced occludin phosphorylation are not
known, Rho-associated kinase (ROCK), PKCf and PKC9 have all been implicated in
VEGF-dependent endothelial barrier regulation.*!4¢

Endothelial cell contraction causes barrier loss that is less pronounced than
interendothelial junction disassembly. Nevertheless, it leads to development of small
interendothelial gaps. These gaps are formed by an actin driven process that changes
endothelial cell shape, re-organizes intercellular junctions, and increases paracellular
permeability. This process requires myosin [l regulatory light chain (MLC) phosphorylation,
by myosin light chain kinase (MLCK) or ROCK, to drive actin-myosin cross-bridge
cycling.*”® ROCK can also potentiate actomyosin contraction by phosphorylating and
inhibiting MLC phosphatase.*-5! Upstream events that activate MLCK include and Ca**/
calmodulin signaling.®*

Further mechanisms that allow flux of cells and nutrients from the blood stream to the
interstitium are cell retraction and transcellular passage. These mechanisms are unique to
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Figure 2. Mechanisms of permeability in endothelium (top) and epithelium (bottom). Cell retraction
(far left) and transcellular migration are unique to endothelium, while junctional disassembly and
actomyosin-mediated barrier regulation occur in both endothelium and epithelium. In absorptive
epithelium, water movement from the lumen follows Na* absorption. The proinflammatory cytokines
TNF and LIGHT lead to increased MLCK activity and actomyosin-mediated barrier regulation, thereby
increasing paracellular permeability to water and small solutes. In addition, TNF triggers endocytosis of
the Na*-H* exchanger NHE3 from the apical membrane, which reduces Na* absorption and results in net
water flux into the lumen. A color version of this figure is available at www.landesbioscience.com/curie.

endothelium and have not been reported in epithelium (Fig. 2). Although endothelial cell
retraction does generate interendothelial gaps that increase paracellular permeability, it
is distinct from cell contraction in that retraction is neither driven by actin nor associated
with cell shape changes. Rather, retraction is thought to be mediated by phosphorylation
of integrin-linked proteins such as vinculin and talin, which are critical for maintaining
cell-cell and cell-matrix contacts.*

Transcellular movement refers to the passage of cells and solutes from the lumen
to the interstitium directly through endothelial cells. This was clearly demonstrated by
ultrastructural examination of serial sections of inflamed guinea pig skin.” Mechanistic
analysis has revealed that transcellular movement utilizes components of the endothelial
lateral border recycling compartment, termed the LBRC,>* and suggest that the LBRC
is recruited to the luminal surface where it surrounds the transmigrating leukocyte and
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creates atranscellular pore that mimics paracellular transit. Thus, transcellular movement
relies on many of the same molecules required for paracellular cell migration, including
platelet/endothelial adhesion molecule (PECAM)-1,JAM-A and CD99.>° While epithelia
transport nutrients, immunoglobulins, viral proteins, bacterial products, and even whole
bacteria transcellularly,>*> there have been no reports of transcellular leukocyte migration.
Rather, morphological and physiological data suggest that leukocytes traverse epithelial
cells only at intercellular junctions. This is not surprising, as transport of unwanted luminal
materials through the transcellular pore may be acceptable in the case of endothelium,
which interfaces with the sterile vascular space, but not, for example, in intestinal
epithelium, which protects the internal milieu from gut microbiota.

Epithelium

In contrast to the endothelium, which regulates paracellular permeability by gaps that
involve interendothelial junction disassembly, the epithelial tight junction does not generally
undergo such drastic structural changes. While there is biochemical and morphological
evidence of actomyosin contraction, gross cell separation, as seen in endothelia, does
not occur. Instead, smaller changes to tight junction protein-protein interactions and
trafficking, some of which are mediated by actin and myosin, are thought to account
for increases in epithelial paracellular permeability. As discussed above, formation of
endothelium-like gaps in epithelia would be dangerous given that most epithelia separate
sterile and nonsterile compartments.

MLCK is an important mediator of epithelial barrier regulation under physiological
and pathological conditions. This has been most carefully demonstrated in intestinal
epithelial cell lines and in vivo models of intestinal barrier dysfunction.5*¢ The first
direct evidence for MLCK-mediated increases in paracellular permeability in response to
physiological stimuli was obtained using an in vitro model of Na*-glucose cotransport in
intestinal epithelial cells.? [t was later shown that the same mechanisms of MLCK-driven
barrier dysfunction are activated in proinflammatory conditions, both in vitro,"63 and in
vivo.? These studies also showed that the inflammatory cytokine tumor necrosis factor
(TNF) was an important signaling molecule that enhanced MLCK expression and activity
in the intestinal epithelium. The related cytokine LIGHT, (lymphotoxin-like inducible
protein that competes with glycoprotein D for HVEM on T cells) a TNF core family
member, as well as IL-1f also upregulate MLCK expression and activity to cause barrier
dysfunction.*7 Importantly, TNF, LIGHT, and IL-18 signaling have all been implicated
in graft-versus-host disease,” 8 and the potential of TNF neutralization in graft-versus-host
disease therapy is under active investigation.”* This confluence suggests that it may
also be appropriate to assess the role of MLCK activation and barrier dysfunction in
graft-versus-host disease® (Fig. 3).

MLCK-MEDIATED BARRIER DYSFUNCTION

The basis for our understanding of MLCK-mediated barrier dysfunction has
been established in vitro using cell lines and in vivo using mouse models of acute
immune-mediated diarrhea. TNF treatment of intestinal epithelium is commonly used
as a method to induce barrier loss in vitro.®”¢#7° This is pathophysiologically relevant,
as TNF is a central mediator in human dis<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>