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ABSTRACT

The cornea, bloodetinal barrier and bloedqueous humor barrier are a
significant impediment to ocular drug delivery. Thbseriers are comprised of
endothelial and/or epithelial tissues that act as a physical barrier to drug movement into
the intraocular compartment from the outsiddere is increasing evidence that these
endothelial and epithelial tissues contain drugdpamters, and that through active
transport they play a functional role in ocular drug disposition as well. Early in vivo and
in vitro studies showed that drugs containing a net negative charge at physiological pH
(organic anions) are actively eliminatedm the eye, with the ciliary body epithelium
being a likely site of elimination. An initial screen of drug transporter gene expression by
microarray showed that several transporters that contribute to the renal elimination of
organic anions are also ergsed in the human ciliary body. These included the organic
anion transporter 1 (OAT1), organic anion transporter 3 (OAT3), the sodium
dicarboxylate cotransport8(NaDC3) and the multidrug resistarassociated protein 4
(MRP4). This led to the hypotsis that the ciliary body epithelium would transport
organic anions in the aqueous hurmblood direction and that the aforementioned
transporters would contributé@.he purpose of this study was to determine the direction
of organic anion transport ags the ciliary body epithelium and the transport proteins
that may contribute. Transport of several organic anions across the bovine ciliary body
was examined using ciliary body sections mounted in Ussing chambefBCRT
immunoblotting and immunohistbemistry were used to examine organic anion
transporter expression in human ocular tissues. MRNARER) and protein
(immunoblotting) for OAT1, OAT3, NaDC3 and MRP4 were detected in extracts of
human ciliary body from several donors. OAT1 and OAT3liped to basolateral
membranes of nepigmented epithelial cells and MRP4 to basolateral membranes of
pigmented cells in human eyPara-aminohippurate and estrofesulfate transport
across the bovine ciliary body in Ussing chambers was greater inutbewsghumaoto-
blood direction than in the blogd-aqueous humor direction, and active. In contrast,
there was little net directional movement of cidofovir. Probenecid (0.1 mM) and
novobiocin (0.1 mM) added to the aqueous humor side of the tissuehablatist active
para-aminohippurate transport. These data indicate that the ciliary body expresses
several organic anion transporters common to the kidney. These transporters are likely
involved in clearing potentially harmful endobiotic and xenobiotgaarc anions from
the eye.

vii



LIST OF ABBREVIATIONS AND SYMBOLS USED

Ci Curie

*H Tritium

kDa Kilodalton

ABC ATP-binding cassette

AH Aqueous humor

ARPE-19 Immortalized human retinal pigmented cell
BAB Blood-aqueous humor barrier

BCRP Breastcancer resistant protein

BRB Blood-retinal barrier

CB Ciliary body

CDCF 5(6)-carboxy2,"7-dichlorofluorescein

CL Clearance

CX Connexin

CYP Cytochrome P450

D407 Immortalized human cornealtirgal pigmented epithelial cell
GFR Glomerular filtrationrate

Gly-Sar Glycylsarcosine

HCEpiC Primary human corneal epithalicell

HCE Human corneal epithelial cell

HEPES Hydroxyethyl piperazineethanesulfonic acid
HRP Horseradish peroxidase

IHC Immunohistochemistry

viii



IOP
lsc

kid
MATE
MRP
mw
NaDC
NKA
NPT
OA
OAT
OATP
oC
OoCT
OCTN
PAH
PBS
PBST
PCR
PEPT
P-gp
PMEA
PMT

RPE

Intraocular pressure

Shortcircuit current

Kidney

Multidrug and toxin extrusion
Multidrug-resistance associated protein
Molecular weight
Sodiumdicarboxylate cotransporter
Na,K-ATPase

Sodiunmphosphate transporter
Organic anion

Organic anion transporter

Organic anion transporting polypeptides
Organic cation

Organic cation transporter

Organic cation transporters novel
para-aminohippurate

Phosphate buffered saline
PBSTween20

Polymerase ChaiReaction

Peptide transporter

P-glycoprotein
9-(2-phosphonylmethoxyethyl)adenine
N-methyltransferase

Retinal pigmented epithelium

ix



RT Reverse transcriptase
SDSPAGE Sodium dodecyl sulfategtyacrylamide gel electrophoresis
SLC Solute carrier

SV40-HCEC Immortalized human corneal epithelial cells

TCDD 2,3,7,8tetrachlorodindibenzp-digoxin
TLC Thin-layer chromatography

TPD Transepithelial potential difference
TER Transepithelial resistance

URAT Urate transporter



ACKNOWLEDGMENTS

| would like to gratefully thank my supervisor, Dr. Ryan Pelis, for his guidance
and the opportunity to work in his lab. Dr. Pelis has been an excellent supervisor. | am
grateful for his patience, kindness and encouragement throughalégrse. He has
taught me techniques that | will use for the rest of my career and provided me a bright
path for becoming a scientist. | sincerely thank him for the time he has devoted to me and
everything that | have learned from his laboratory.

To al the members of the Pelis lab, Leslie Ingraham, Dr. Mansong Li and Dr.
Adam Hotchkiss, thank you for being there for me. | truly appreciate your time for
helping me both technically and emotionally, and most importantly, for being great
friends. | would like to thank Dr. Miguel Coc#rados at the Department of
Ophthalmology and Visual Sciences, Yale University, for the microarray transporter gene
expression data to get me started on this projeso would like toh ank Oul t on’ s
(Windsor, NS, Caada)for supplying bovine eyefr. Frans G. Russel of Radboud
University, Nijmegen Medical Centre for providing the antibody against MRP4, and the
staff at the Capital Health Regional Tissue Bank for assistance with acquiring human
donor eyes.

| would like to extend my thanks to my advisory committee, Dr. George
Robertson and Dr. James Fawcett, for their support and advice throughout my degree. To
the staff of the Department of Pharmacology, Luisa Vaughan, Sandi Leaf and Cheryl
Bailey, thank you for gur help with administrative tasks and for answering my endless
guestions. Thank you alsoBDw. Chris Sinal andhe rest of the faculty and technicians in
the department for letting me use your labs and equipment over the course of my degree.
| would like to thank Stephen Whitefield thfe Cellular and Molecular Digital Imaging
Facility for providing laser confocal microscope trainingvould also like to extend my
thanksto my thesis examiners, Dr. Kishore Pasumarthi and Dr. Kerry Goralski, for their
time for reviewing my thesis.

Finally, to my family and friends, thank you so much for your support,
encouragement and understanding throughout my life. Without them, | could never
succeed in my degree.

Xi



CAHPTER 1: INTRODUCTION

1.1 Introduction

The eye is a pdrmacological sanctuary consistiofgthree major ocular barriers
that physically separate the interior of the eye ftbeoutside—the corneathe blood
retinalbarrierandthe blood-aqueous humor barri€fig 1.1). They protect the ocular
tissues from entry of chemicals, making it challenging to treat many ocular diseases with
therapeutic drugsThe resiliencef the eye to drug exposure is evident from the number
of ocular drug delivery methods in development and use, such as intravitreal injection,
sustained release implants, nanoparticles, iontophoresidryge and magnetic
intraocular insertsTopical, ystemic, periocular, and intraocular are the four basic routes
for drug delivery to the eyieroski and Edelhauser, 2000)herapeutic concentrations
can be achieved with both topical and systemic administration, but often requires the u
of relatively high doses and drugs with sufficient hydrophobicity to efficiently cross the
blood oculatbarriers(Barar et al., 2008;Gaudana et al., 201Bifective topical delivery
is further confounded by pierneal factors, including tear film, blinking, tear turnover
and induced lacrimation, resulting in agueous humor bicabitiy following topical
administration of lesthan ~5%Gaudana et al., 2010;Kuno and Fuijii, 2Q1Periocular
and intraocular administratide.g, ampicillin and gancicloviadministered by
intravitreal injection)areused to avoid issues associated with poor drug penetration
across the blood ocular barriers. However, once inside, the elimination rate of select

drugs is rapid, often necessitating the use of high doses and/or repeated administration to



counteract shodrug haltlives (Geroski and Edelhaus&000;Yasukawa et al., 2005)

The poor intraocular penetration of drugs administengtside of the eye and their rapid
elimination once inside suggests that active mechanisms contribute, along with passive
processes, to poor ocular drug delivery. Indeed, there is evidence that drug transporters
expressed in ocular tissues can functmneduce the intraocular bioavailability of
systemically and topically administered drugs, and can facilitate their elimination from

both the aqueous and vitreous humor. Presented here is the current understanding of drug
transporter expression and fuoctin the ocular barriers and its potential impact on

ocular pharmacokinetics. Emphasis is placed on expression of pertinent drug transporters
(Table 11) in native human tissues, as there are apparent differences in expression
among specie&Zhang et al., 2008 and between native tissue and taks(Vellonen et

al., 2010;Xiang et al., 2009Due to limited data on function in native human tissues,
functional data comes mostly from human cell lines and from native tissue from other
species.Given its importance in pharmacokinetics, also discussed is the current
understanding of drug metabolism in ocular tissakitthere is limited infomation on

the subject

1.2 Drug Transportex

Drug transporters predominately support flux across plasma membranes of
relatively small (approximately 1000 molecular mass or less) organic molecules that are
structurally diverse. Many of these molecules are organic electrolytes that digelay
negaive charge grganic aniong anetpositive chargedqrganic cations or both negative

and positive charges (zwitterions) at physiological pitluded within this class of



chemicals ar@harmacologically and toxicologically relevant xenobiotitteng wih
endogenous chemicals of physiological importaifdaassen and Aleksunes, 201@ue

to their charge at physiological pH, efficient movemerargfnic electrolyteacross
plasma membranes requires facilitated transfortig transporters aexpressed ia
variety of barrier epithelia/endothelia, such as the intestinal epithditenhepatocytes
kidneytubules andbraincapillary endotheliuniKlaassen and Aleksunes, 2010yug
transporters are contained within two distifaehilies, the solute carrier (SLC) family and
the ATRbinding cassette (ABC) family. Transporters ie thBC family use energy in
the form of ATP hydrolysis to facilitate efflux of their substrates out of ¢KlEassen

and Aleksunes, 2010)The multidrug resistance associated proteins (MRPS), breast
cancer resistant protein (BERABCG2) and Rylycoprotein (Pgp; ABCB1) are drug
transporters contained within the ABC familgLC drug transportersse a variety of
energetic mechanisms to support solute flux, inclutlagdependent ctransport
exchange and electrogenic facilitated diffusion, and can facilitate cellular uptake or
exchange depending on the electrochemicaligra of the substrate involvéBelis and
Wright, 2014) Notable examples of SLC drug transporters are the organic anion
transporting polypeptides (OATPSs), organic anion transporters (OATS), organic cation
transporters (OCTs) and multidrug anditogxtrusion transporters (MATES). A feature
of drug transporters is their broad and sometimes overlapping ligand selectivity. SLC and
ABC drug transporters likely evolved with increasing physiological complexity to
provide protection from exposure to iareasing diversity of xenobioti¢graly et al.,
2004) Indeed, many of the SLC and ABC drug transporters have arisen by gene
duplication and display unique but also redundancy in ligardthaty (Eraly et al.,

2004;Moitra and Dean2011) Within the eye drug transporters likely protect tissues that



are important for vision from exposure to potentially toxic xenobiotics and endobiotics,
especially the avascular lens epithelium,dbmea and the retind . able 11 highlights

the drug transporters in the SLC and ABC families, along with their general ligand
selectivity, transport mechanism atfieir direction of transport (cellular uptake or efflux)
given the predominating driving ffices under physiological conditianMany of these

drug transporters interact with drug classes used to treat ocular disease, such as
antibiotics, antivirals, aninflammatory drugs, antjlaucoma drugs and asgancer

drugs. Examples of dugs currentlyused fortreatingocular diseasehat are OA
transporter substratese listed inTable 1.2 When discussing the huan ortholog of the
transportershe acronym used for the transporter is in all capital letters. When discussing
transporters from othepecies the first letter of the acronym is in capétiers with the
subsequent ones in lower case letters. For exathgl@cronym for organic anion
transporting polypeptide 1A2 in human and any other species but human is OATP1A2

and Oatpla2, respeatiy.

1.3 Ocular Barriers

There are three major ocular barrier systems that protect the eye interior from
exposure to xenobiotic chemicals outside cornea, the blocdetinalbarier and the
bloodaqueous humdrarrier Figure 1.1). The cornea ptgjcally separates the eye
interior from the external environment outside of the body. The bieiaal and blood
agueous humor barriers separate the eye interior from the systemic circulation. The uveal
and retinal capillaries are the two vascular systéeerived from the ophthalmic artery

that perfuse the eye. The uveal capillaries make up the vascular beds of the ciliary body,



iris and choroid, whereas the retinal capillaries supply the r@ing 1992) The

choroidal capillaries and the capillaries extending into the ciliary processes are
fenestrated and are not a barrier to diffusion, whereas the retinal and iridial capillaries are
continuous with extensive tight junctions between adjacent(@dits 1992) The bl@d

retinal barrier resides in the posterior segment of the eye and consists of the retinal
capillary endothelium (inner bloettinal barrier) and the retinal pigmented epithelium
(outer bloodretinal barrier) Figure 1.1). The bloodagueous humor barrieesides in the
anterior portion of the eye and is comprised of the ciliary body epithelium and the tight
capillary endothelium of the irig={gure 1.1). In vivo data suggests that transporters
expressed in the ocular barriers reduce the intraocularaiiabnity of systemically and

topically administered drugs, and their elimination following intraocular administration.

1.4  In Vivo Evidence for Drug Transporter Function in the Eye

In vivo data indicate that the ocular barriers contribute to forming both a physical
and functional (transportenediated) barrier to drug penetration into the eye from the
outside, but also, through both active and passive (aqueous humor outflow) ttanspor
contribute to the intraocular elimination of drugs. ThgpPsubstrate cyclosporine A
administered orally to rabbits at high doses is not detected in intraocular tissues, except
when the ocular barriers are disrupted by inflammaf8enEzra and Maftzir, 1990)

Hosoya et aJ (Hosoya et al., 2009)sed microdialysis to examine the movement of the
Oat/Oatp substrates benzylpenicllin, mercaptopuringprareiaminohippurate (PAH)
from vitreous humato-choroidal blood across the retinal pigmented epithelium of

anesthetized rats. The elimination sdte all compounds was-®ld higher than that of



mannitol,which is not actively transported and only crosses the epithelium by passive
diffusion, and elimination of each was slowed by several Oat/Oatp inhibitors, such as
probenecid and bromosulfopthaléiosoya et al., 2009)Following a topical dose to
rabbits, the maximum aquemhumor concentration and area under the aqueous humor
concentratiortime curve of the antiviral acyclovir was increased by the Mrp inhibitor,
MK571. The haltlife of cartenecillin(Barza et al., 1982Fluorescein monglucuronide
(Kitano and Nagataki, 198apdopyracet(Forbes and Beckef960)in the rabbit eye,

and cefazolin and carbenecillin in thenkey eygBarza et al., 1983pllowing

intravitreal administratioincreased considerably following concomitant administration
of probenecid.The elimination of iodopyracet from the rabbit éya saturable process
with a secretorynaximum, consistent with the presence of active trangBenker and

Forbes 1961)

1.5  Structure of the Ocular Barriers and Drug Transporter Expression and Function

1.5.1 The Cornea

The cornea is divided into the epithelium, stroma and endothelium. The corneal
epithelium is the outermost layer and pd®s the first line of defense to xenobiotic
penetration into the aquemtumorDoane et al., 1978;Ahmed and Patton, 1985;Ahmed
et al., 1987) The corneal epithelium is composed of thoek types(Figure 1.1): 1)
basal columnar cells, in which cell division occurs, 2) wing cells, which lie above the
basal cells, and 3) stratified squamous epithelial cells, which are the most differentiated

cell type(Grass and Robinson, 1988)he sratified squamous cells, at the cell layer



closest to the corneal surface, contain tightfions, whereas the other cgipes in the
corneal epithelium do ndedward and Prausnitz, 2001J he stratified squamous
epithelium is a significant barrier to tragsrneal drug penetration, especially for
hydrophilic drugs(Zderic et al., 2004;Yang et al., 2009)he stroma is an acellular layer
located beneath the corneal epithelium that constitutes approximately 90% of the total
volume of the corne@aye, 1969) It is a fibrous tissue that is predominantly comprised
of large collagen fibers embedded in a proteoglycan extracellular rfiativard and
Prausnitz 2001) Unlike the corneal epithelium, the stroma, given its hydrophilic
properties, is an impediment to trac@neal diffusion of hydrophobic drug8hmed et
al., 1987;Malhotra and Majumdar, 200I)he innermost hexagonrsthaped endothelial
cells separate the stroma from the aqueous humor. Tight junctions present in the apical
membrane of the corneal endothelium do not completely encircle théNetlke et al.,
1994) and relatively small molecules can traverse the endothelium via the paracellular
pathway(Noske et al., 1994;Prausnitz and Noonan, 1998;Malhotra and Majumdar, 2001)
The primary physiological role of the corneal endothelium, through inorganic solute and
water transport, is to regulate hydration and transparency of the déiiselabarg and
Lim, 1974;Hodson and Miller, 1976Note—the stroma and endothelium are not
included in the model shown Figure 1.1since the epithelium is predominately
responsible for the barrier function of the coraed most active drug transport occurs in
this layer(see below)

Two lines of evidence supportehonclusionthat the squamous epithelial layer is
the primary barrier to solute diffusion across the cofMamnermaa et al., 2006;Barar et
al., 2008) First, horseradish peroxidase injected intravenousiys#i§ across the

endothelium and stroma, and between the basal and wing cells, but its progression to the



apical surface of the corneal epithelium is restricted by the tight junctions between
squamous cellHuang et al., 1989)Second, loss of structural integrity of the squamous
epithelium, induced by chemical and/or physical disruption, results in increased
permeability of drugs across the corneattegdium (Zderic et al., 2004;Yang et al.,
2009)

Dahlin et al, (Dahlin et al., 20133howed using gene expression analysis that of
the 100 most highly expressed genes in the cornea, 29% are drug transporters. Analysis

of TransPortal (UCSHIFDA,; http://bts.ucsf.edu/fdatransporadirug transporter genes of

known importance for drugigposition showed that TransPortal gene expression levels in
cornea are 6:1old higher than in liver and 1-fld higher than in kidneyDahlin et al.,

2013) The most heavily expressed TransPortal ABC drug transporter genes in the cornea
were: MRP2 > MRP5 > MRP4 > BCRP > MRP1 > MR&hlin et al., 2013) Another

study examining mMRNA expression by gPCR of MRRRgp and BCRP in cornea from
four separateonors detected mRNA for MRP1,RP2, MRP3, MRP5, MRP7,-§p and
BCRP(Chen et al., 2013) Protein for MRP1, MRP2, MRP4, MRP5, MRP6, MRP7 and
BCRP were detected in cornea by immbiatting (Pelis et al., 2009;Vellonen et al.,
2010;Chen et al., 20L.3MRP17, BCRP and Rp localize to the stratified squamous
epithelium(Karla et al., 2009;Vellonen et al., 2010;Chen et al., 2013;Dahkh, 2013)

MRPS5 also localizes to the corneal endothel{iarla et al., 2009) There a&

discrepancies regarding expression of ABC transporters in human cornea. For example,
Dahlin et al, (Dahlin et al., 2013)vere unable to detect MRP1, MRP2 or MRP5

expression in the corneal epithelium by immunohistochemistry, and Becker(Beeaker

et al., 2007Yid not detect mRNA (R-PCR) for MRP1, MRP2 or BCRHAN a study

examining expression of MRF3, Rgp and BCRP using immunoblotting, only MRP1,


http://bts.ucsf.edu/fdatransportal/

MRP5 and BCRP were detect@éellonen et al., 2010) These discrepancies are most
likely caused by factors including pasiortem degradation of the sarap)
interindividual differences in expression levels, differences in the antibodies and
oligonucleotideprimer sets used, as well as issues associated with tissue processing, i.e.,
the cornea is thick, composed of multiple tissue types (expression gétsiddnd
difficult to homogenize.

Primary human corneal epithelial cells (HCEpiC) and immortallaethan
corneal epithelial celldHCE cell§ were shown to expressdgp and several MRRs
albeit, levels were higher in cultured cells versus natigeid@/ellonen et al., @10).

The intracellular retention of calcein (agp and MRPsubstrate) iHCEpiC and HCE
cellswas assessed in the presence of cyclosporine A and verapagpiirfRibitors), as
well as MK571 (MRP and-Bp inhibitor)(Vellonen et al., 2010)Consistent with the
expressiorof these transporters in the cultured cetigiacellularcalcein retention
increased in the presence of all inhibitors tested. Funtkesiigation into MRBpecific
activity using5(6)-carboxy2,'7-dichlorofluorescein (CDCFRhowed that intracellular
CDCEF retention in both cell lines increased in the preserh probenecid, an MRP
inhibitor. The transcorneal flux of cyclosporine A (Bp substrate) across a cultured
rabbit corneal cell line was -f8ld higher in the basdb-apical direction than the apieal
to-basal direction, and the intracellular accurtialaof rhodamine 123 Bp substrate) in
the cells was increased by cyclosporine A, suggesting involvemerngmiriPcellular
efflux across the apical membrane of the d@lishe eye intericto-corneal surface
direction)(Deyet al., 2003) MK-571 was shown to inhibit the efflux of(2-
phosphonylmethoxyethyl)adenine (PMEA; an MRP5 substrate) from immortalized

human corneal epithelial cells (S\VMHLCEC) that express MRRXarla et al., 2009)



Compared to ABC transporters, fewardies have examined SLC drug
transporter expression and function in the human cornea. Of note is the relative abundant
gene expression for OATP1A2, OATP1B3, OCT3 and OCTNZ2 in an analysis of
TransPortal geng®ahlin et al., 2013) Zhang et aJ (Zhang et al., 2008howed mRNA
expression for PEPT1, PEPT2, OATP2B1, OCT1, OCT3 and OCTNL1 in human cornea.
Whereas one study failed to detect OAT2 mRNA in humaneafZhang et al., 2008)
another did observe mRNA expression and localized the protein to the corneal epithelium
(Danhlin et al., 2013) The study by Dahlin et alDahlin et al., 20133uggested that
OAT2 may bamportant for the ocular disposition of acyclowirhichis used tareat
ocular herpes infection?EPT1, PEPT20CT1(Kadam et al., 2013ndOCT3(Dahlin
et al., 2013Jocalize to the corneal epithelium

Val-acyclovir is a predrug of acyclovir and a substrate of PEPT1, whose
intestinal expression @neases the oral bioavailability of acyclogtfang and Smith,
2013) Consistent with the expression of PEPT1 in the corneal epith@inamg et al.,
2008) the permeability of Vahcyclovir across thireshly exdésed rabbit cornea was
saturable, pkependent and inhibited lmgherPEPTligandsincluding dipeptidesh-
lactam antibiotics and angiotensin converting enzyfAeand and Mitra, 2002)
ProbenecidandPAH-sensitive uptake of ketopien (Fujii et al., 2013)andNaNs- and
2,4dinitrophenolsensitive uptake of tilisoldSakanaka et al., 2008) cultured rabbit
corneal epithelial cellsuggest th@resence of functional@and Cct transporters,
respectively.

Together, these data indicate that a number of ABC efflux and SLC uptake drug

transporters are expressed in the human cornea, consistent with the poor permeability of

10



select drugs acrosselissue. WhereasABC efflux transporters likely reduce intraocula
bioavailability of topically administered drugs by pumping them to the corneal surface,
select SLC uptake transporters, such as PERUIOATZ could be highjacked to

improve bioavailability. Figure 1.2 summarizes the current understanding ofydru

trangorter expression inuman corndaepithelium

1.5.2 The BloodAqueous Humor Barrier

The bloodaqueous humor barrier consists of the ciliary body epithelium and the
tight capillary endothelium of the iris. The ciliary body is responsible for the production
and secretion of aqueous humor into the eye. The ciliary body forms a ringrkadong t
inner wall of the globe and extends posteriorly from the root of the iris to the retina
(Nobeschi et al., 200§)igure 1.1). The ciliary body has two structurally distinct
segments, the pars plicata and pars plana. The pars plicata is located anteriorly and is
characterized by extensive infoldings called ciliary processes, whereas the pars plana lies
between the pars plicata and retina, and lacks infold@agprioli J, 1992) The ciliary
body is highly vascularized, supplied by the fenestrated choroidal capillaries. The iridial
capillaries are continuous and contain tight junctions, but have a higher permeability than
retinal capillares(Alm, 1992) The ciliary body is not an epithelium per se, but a bilayer
comprised of two distinct cell typesa pigmented cell layer and a npigmented cell
layer. The pigmented cell layer faces the choroidal blood supply, whereas the basolateral
membrane of theam-pigmented epithelium contacts aqueous humor. Tight junctions are
present in the nepigmented epithelial cells, but not in the pigmented cEigufe 1.1).

The functional significance of this was shown in a study that tracked the diffusion of
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horseraish peroxidase out of the fenestrated capillaries after intravenous administration
(Freddo et al., 1990)The horseradish peroxidase diffused into the intercellular space
between the two cell layers, i.¢he space between the apical membrane of the non
pigmented epithelium and the juxtaposing membrane of the pigmented cells, but its
progression into the aqueous humor was prevented by tight junctions of the non
pigmented epithelium.

Of the TransPortal BC drug transporter genes, MRP5gP, BCRP, MRP4 and
MRP1 are the most heavily expressed (MRNA level) in human ciliary body-gpd P
MRP4, MRP5 and MRPL1 in iriahlin et al., 2013) Chen et aJ (Chen et al., 2013)
used qPCR and immunolilimg of native human irigiliary body extracts to examine
expression of a variety of ABC drug transporters (MRPRgp and BCRP). Detected at
the mRNA level were MRP1, MRP2, MRP4, MRP5, MRP-gPand BCRP, and protein
for MRP1, MRP2, MRP6, MRP7 -§pand BCRP was observed, with apparent inter
individual differences in expression levéGhen et al., 2013)Another study also
detected rRNA for P-gp, BCRP and MRPL1 in idsiliary body preparation&hang et al.,
2008) Since the studies by Zhang et @Zhang et al., 2008nd Chen et al(Chen et b,
2013)used preparations containing both the iris and ciliary body, no conclusion can be
made regarding the tissue, cellular and subcellular distribution of the transporters from
these studies note, the study bpahlin et al, (Dahlin et al., 2013)sed ciliary body
only. Usng microdissection Pelis et @elis et al., 2009)as able to examine protein
expression by immunoblotting ofd¢p, BCRP, MRP4, MRP2 and MRP1 in the ciliary
body and iris. All transporters examined were observed in human ciliary body, and all
but Rgp were detected in irisalbeit, expression levels were much weaker in iris.

Within the ciliary bodyMRP2localizesto the apical metrane of norpigmented
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epithdial cellswhere it is speculated to function in translocating its substrates from the
intracellular compartmenito the choroidal blood supp(fPelis et al., 2009)

Information on ABC trasporter function in ciliary body is to my knowledge
limited to one study that examined Mrp function in primary cultured porcine non
pigmented epitheliunfPelis et al., 2009) Importantly, similar to human MRP2, porcine
Mrp2 localized to basolateral membrane of qpogmented epithelium. Mrp2 was
detected in the primary cultured porcine ypgmented epithelial cells and the efflux of
severaMrp2 substrates includg CDCF, doxorubicin, calcein and glutathione
methylfluorescein was reduced by a varietyop inhibitors, including MK571(Pelis et
al., 2009)

OATP1B3, OATP1A2, OCT2 and OCTNZ2 are thafsPortal SLC drug
transporter genes identified by Dahlin et @ahlin et al., 20133s most heavily
expressed in ciliary body. A study by Zhang et(@hang et al., 20086howed mMRNA
expression oPEPT1(low level), PEPT20CT1, OCT2, OCT3, OCTN1, OCTN2,
OAT1, OAT3 and OATP2B1 in irisiliary body preparations, buiterestingly, did not
detect OATP1A2 or OATP1B3. Protein for OATP1A2, OATP1C1, OATP2B1,
OATP3A1 and OATP4A1 were detected in ciliary body extracts by immunobldtiag
et al., 2005) The OATPs show apparent regional differences in expressibim the
ciliary body. OATP1A2, OATP1C1, OATP2B1, OATP3Al and OATP4A1 localize to
basolateral membrane of npigmentedepithelialcells in the pars plana, but only
OATP2B1, OATP3A1 and OATP4A1 were detected in the pars plicata, where they occur
in bawlateral membranes of nguigmented epitheliuniGao et al., 2005PEPT1, PEPT2
and OCT1 localize tthe basolateral membranerainpigmented epitheliunfKadam et

al., 2013)
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Several lines of evidence suggest that OATs, OATPs and OCTs contribute to
organic solute uptake into ciliary bodyisior both. In vitroris-ciliary body segments
from the rabbit accumulate the Oat and/or Oatp substrates iodopiBagii et al.,

1961) prostaglandin R2 (Bito, 1972)and chlorophenol re@Becker 1960)in a
temperaturaependent and saturable manner, and accumulation is inhibited by metabolic
poisons and Oat/Oatp inhibitofSugiki et al., 1961;Bito, 1972;@&ker 1960) The Oatl
substratePAH, actively accumulates in monkey ciliary body preparations, with tissue
bath ratios of ~& (Stone, 1979) The substrate of Oatl and Oat3;a8boxyfluorescein,

is prefeentially transported in the aqueous hurtmblood direction across rabbit ifis

ciliary body in Ussing chambe(Kondo and Araie, 1994)Several fixed quaternary
ammonium cations accumulateiiis-ciliary body preparations from the rabbit in a
temperatureand metabolic poisesensitive manner, suggesting involvement of Oct
transporters in organic cation uptgBarany, 1976) Figure 1.3 summarizes the current

understanding of dgutransporter expression fimman ciliary body and iris.

1.5.3 The BloodRetinal Barrier

The retina is a highly specialized neural tissue with a unique vascular system that
is located in the posterior segment of the eye between the vitreous humor and the choroid.
It can be divided into eight layers, with each layer formedisiynctcell types—the
layers include the nerve fiber layer, ganglion cell layers, inner plexiform layer, inner
nuclear layer, outer plexifrom layer, outer nuclear layer, photoreceptor layer and retinal

pigmented epitheliuntErickson et al., 2007)In humans, there are two sources of blood
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supply to the retina the central retinal artery and the choroidal bloedselgErickson
et al., D0O7;Pournaras et al., 2008;Campbell and Humphries, 2018 branches
derived from four branches of the central retinal artery originating at the nerve head
supply approximately two thirds of the inner retinal layélree physiological
requirements of the remaining outer retina are supplied by thieidabvessels, the
highly permeable capillary network that perfusedpb&almembrane of retinal
pigmented epithelial cells.

The bloodretinal barrier consists of the retinal capillary endothelium (inner
bloodretinal barrier) and the retinal pigmedtepithelium (outer bloodetinal barrier).
Both the inner and outdriood retinal barriers are important for regulating solute and
fluid content of the retinfCampbell and Humphries, 2012J he capillaries of the inner
bloodretinal barrier have an ultrastructure similar to brain capillaries in that they both
contain extensive tight junctiofdlm, 1992) Due to the presence of tight junctions,
unlike the leaky vasculature of choroidal blood vessels, the inner-idtiod! capillary
endothelium has low passive paracellular permeability, even to small molecules, such as
sodium iongTornquist et al., 1990;Chen et al., 2008he outer bloodetinal barrier
consists of the retinal pigmented epithelium that contains extensiveutighions, with
its apicalmembrane facing the choroidal blood supply and basolateral membrane facing
the reting([Cohen Al, 1992) The retinal pigmented epithelium controls the movement of
solutes and nutrients from the choroid to the retina.

Dahlin et &, (Dahlin et al., 2013)eported that TransPortal gene expression levels
in retina are 4.08old higher than in liver and 0.6@ld the level of that observed
kidney. The most highly expressed TransPortal ABC drug transporter genegmare P

MRP5, BCRP and MRP(Dahlin et al., 2013) mRNA for MRP1, MRP2MRP3,MRP4,
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MRP5, MRP7, Rgp and BCRP were thcted in human retirehoroidextractsby g°PCR
(Zhang et al., 2008;Chen et al., 201&)d proteirfor MRP1, MRP2, MRP5, MRP6,
MRP7, Rgp and BCRP werdetectedy immunoblotting{Chen et al., 2013)

Using microdisseed retinal pigmented epitheliymresumably to be largely
devoid of retina and choroigrotein expressiofor P-gp, BCRP, MRP4, MRP2 and
MRP1were detecteth retinal pigmented epitheliuii®elis et al., 2009)P-gp localizes
to both apical and basolateral membsaoferetinal pigmented epitheliufikennedy and
Mangini, 2002) These data suggesiatthe efflux of Pgp substrates occsiin the
direction of both choroid and retina.

P-gp expression was also detectegiimaryculturedhuman retinal pigmented
epithelial cells and immortalized human retinal pigmented epithelial cells (D407), and the
uptake of rhodamine 123 (adp substratgin these cells was increased in the presence of
P-gp inhibitors(Kennedy and Mangini, 2002;Constable et al., 203307 cellsand
another immortalizetiuman retinal pigmented cdithe, ARPE19, express MRP1,
MRP4 and MRP%Mannermaa et al., 2009)nlike the D407 cells, the ARRID cells
do not express-Bp, and functional activity of MRP efflux transporterdhe ARPE19
cellswas demonstratedsing calcein (Ryp and MRP substrate) and CDCF (MRP
substratefMannermaa et al., 2009)n this study théntracellular retention of calcein
and CDCF was increadby the MRP inhibitor probenecidCompared taheinward
permeability (choroiegto-retina),the outward permeability (retinto-choroid)of
verapamil and rhodamine {@p substrates) across the porcine retinal pigmented
epithelium was ~3old higher(Steuer et al., 2005)The permeability of calcein and

fluorescein across the porcine retinal pigmented epithelium was also greater in the retina
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to-choroid direction, and reduced by verapamil and probenecid, suggegimgritl Mrp
involvement, respectivelf{Steuer et al., 2005)

The most highly expressed TransPortal SLC drug transporters in retina are
OATP1B3, OATP1A2, OCT2, OCT3 and OCTNRahlin et al., 2013) Zhang et al
(Zhang et al., 2008)sed gqPCR of human native reticlaoroid extracts to examine
expression of a variety of SLC drug transporters. They detected PEPT2, OCT1, OCTS3,
OCTN1, OCTN2, OAT2, OAT3 and OATP1A2, but not OCa20OATP1B3.
Information on SLC transporter localization in the human retina is limR&EPT1,
PEPT2 OCT1(Kadam et al., 2013nd OCT3Dahlin et al., 2013)verelocalized to
retinal pigmented epitheliunbut thér subcellular localization was not determined

Approximately 4fold higher outward (vitreous humao-blood) permeability
compared to the inward (blogd-vitreous humor) permeability dfuorescein and its
glucuronidewas reported using in vitro retinal pigmented epithelehoroid
preparations fromhie rabbit(Koyano etal., 1993) The outward permeability was
inhibited by metabolipoisonsand Oat/Oatp inhibitors, and the net movement was
saturable and temperatesensitive. Tsuboi et al (Tsuboi and Pederson, 19&8%0
demonstrated fluorescein and carboxyfluorescein transport across isolated dog retinal
pigmented epitheliuachoroid. Outward permeability was-4ahd 9fold higher than
inward permeability for fluorescein and carboxyfluorescein, respectively, and no
statistical difference between outward and inwagtmeabilitiedor both substrates was
observed in the presence of probenedichnsport of GlySar(PEPT substrategnd 1
methyt4-phenylpyridnium (OCT substratedcrosssclerachoroidretinal pigmented
epithelium preparationsccurred preferentially in theclerato-retina directiorandwas

inhibitedby PEPT and OCinhibitors, suggestinthatP EP T’ s a mal faGli@ie’ s
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retinal drug deliveryKadam et al., 2013)Figure 1.4 summarizes the current

understanding of dgutransporter expression muman retina.

1.6  Drug Metabolism

Drug metabolism isheprocess by which the bodnzymaticallynodifiesa
compoundnaking it more readilgliminated from the body by urinary or biliary
excretion Most drug metabolism occursliger hepatocytesalthoughthere are many
other tissues with the capacity for drug metabolism, such as epitheliagattdrediungs
andeven intheblood(Litterst et al., 1975;Krishna and Klotz, 1994 he process ofrdg
metabolism is generally divided into two phad&isase | and Phase Hut the reactions
do not necessarily occur seqtialty. Phase | reactioniscludeN- andS-oxidation,N-
andS-dealkylation, aliphatic and aromatic hydroxylation and deamingfi@mcova et al.,
2010;Li and Bluth, 2011;Pereira, | and Bernk®ghnuich, 2014) They transform
compounds ito more polar metabolites by adding or unmasking functional grsuph
as—OH, -NH,, —SH and-CO,H, and theséunctional groups serve as potential sites of
Phase Il reactions. Phase Il metabolic reactawagheconjugatiorreactions The parent
drug and/or the metabolite formed as a consequence of phase | reactions may be subject
to conjugation reactions. Téereactions produce, by giwonidation, sulfation,
glutathioneconjugation N-acetylation and methylation, metabolites that are more readily

excreted from the bodyancova et al., 2010;Pereira, | and Berropnurch, 2014)
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1.7  Ocular Drug Metabolism

Early studiesusinganimal tissue homogenates prepared from the cornea, retina
and ciliary bodysuggest thaPhase | and Il enzyesare present in ocular tissugoss et
al., 1975;Shichi and Nebert, 1982)ata on metabolism of endogenous and exogenous
substrates icular tissues ggest aole for metabolism in ocular drug delivery
preventing entry of and/or eliminating potential toxins from the egiort(Coupland et
al., 1994;Dias et al., 2002;A3hananeem and CrookX)07) In addition there isinterest
in identifyingthe enzymegresent in the various ocular tissues with the hope of
improving ocular drug bioavailabilityhroughenzymatic conversion gfrodrugsto their

active form(Dias etal., 2002;Malik et al., 2012;Vooturi et al., 2012)

1.7.1 Phase | Metabolism in the Eye

Cytochromes P450 (CYPs) constéwa superfamily of heme enzymes that use
heme as a cofactor. CYPs are a major source of variability in pharmacokinetics and drug
response, and found in all living specf@szenbacher and Anzenbachero2a01;Lynch
and Price, 2007;Zanger and Schwab, 2013)e CYP1, 2 and 3 families are responsible
for themetabolismof about 70- 80% of pharmaceutical agerftSardiner and Begg,
2006;Zanger and Schwab, 2013)

Relatively ittle is known about CYP expression and activity in ocular tissues, and
there isimited data demonstratinGYP involvement in ocular drug metabolism.
However, the CYRlependent metabolism of endogenous substratied as arachidonic

acidin the ciliarybody and retinal pigmented epitheliy®chwartzman et al., 19884nd
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prostaglandin# the ciliary body(Asakura and Shichi, 19923long with the conversion
of theamide prodrug of celecoxito celecoxitin the retingMalik et al., 2012)suggests
that CYPs occur in the bloestular barriers andave the potential tcontribute to ocular
drug delivery. Zhang et a[Zhang et al., 2008 xaminednRNA levels of ten major

drug metabolizing CYP enzymes in various tissues in human eye with respect to their
levels in the liver.Notably, CYP2A6and 2D6were detected ithecornea iris-ciliary
bodyand retinachoroi, butlevels were much lower than theliver. Another study
examining MRNA expression by RACR of a variety of CYPs argénes associated with
regulation of CYP expressian primary cultures of nonpigmented human cilibody
epithelium detected CYP1A1, 1B1, 2D6, aryl hydrocarbon receptor, aryl hydrocarbon
receptor nuclear translocator ahe glucocorticoid receptofVolotinen et al., 2009)
Induction of MRNA and protein expression of CYP1B1 by 2,38u&chlorodindibenzo
p-digoxin (TCDD)wasconfirmed by Northern blotting and immunoblottif\plotinen et
al., 2009) CYP1B1llocalizesto nonpigmented ciliaripodyepithelium andheiris in
bothhumangDoshi et al., 2006and mice(Zhao and Shichi, 1995)

The significance of drug metabolizing enzymes should not be limited to their role
in drug metabolism. CYP1Bdlaysa role ineyedevelopnent and in pathology
associated witkkongenital glaucoma and anterior segment dysge(izsshi et al.,
2006;Vasiliou and Gonzalez, 2008;Su et al., 20M2jytations inthecodng region of
CYP1B1 cause reduction in protein stability or enzymatic activity, which ultimately
resulsin reduced CYP1B1 activitfChavarriaSoley et al., 2008;Choudhary et al., 2008)
It is not yet clear how CYP1B1 mutations lead to pathology associated with congenital
glaucoma and anterior segment dysgen@&ishi et al., 2006;Vasiliou and Gonzalez,

2008)
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Acetyltransferase and acetylcholinetransferase activities have been reported in the
isolated retina of mouse using radiolluesubstrate@Ross et al., 1975)Histochemistry
approaches detected monoamine oxidase and hydrolases in various tissneamine
oxidase was detected in the corngatreelium,iris-ciliary body, andretinal pigmented
epithelium(Shanthaveerappa and Bouyri®64) and its functional activity was
confirmed inhomogenates dfovine retingSparks et al., 1981)Phase hydrolases, such
aspg !l uc ur on igdlactesddasdpnatize ® thecorneal epithelium anthe ciliary

bodyepithelium in human, porcine and reye(Coupland et al., 191).

1.7.2 Phase Il Metabolism in the Eye

Compared to Phase | metabolism, information on expression and functional
activity of Phase Il metabolizing enzymes in themaneyeis limited. Sanetcet al,
(Saneto et al., 1983urified two isozymes of glutathiongtransferase from bovine
retina and demonstrated functional activity of the enzyme by measuring the conjugation
of glutathione with ichloro-2,4-dinitrobenzene Histochemical investigation using
dissected rabbit and bovine corrst®wthe presence a@lkaline phosphatase in both
corneal epithelium and endothelifirojda et al., 1976) Functional activity consistent
with alkaline phosphatase activity in cornea come from studies using a phosphate ester
pro-drug ofcannabinoids, which are converted into the active (parent) form following
topical administration(Juntunen et al., 2005)There isalsoevidence of phospholipid-
methyltransferase (PMT) activity in the retina. Sastry.e{@astry et al., 1994)bserved
biotransformation of phosphatidylethnolamine into phosphatidylchulitiee presence of

the PMT cefactor SadenosytL-methionine.
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1.8 Hypothesis

Organic anions (OAs) represent a broad class of chemicals that carry a net
negative charge at physiological pH, and include molecules of physiological,
toxicological and pharmacological significance. Systemically, manya@éeliminated
from the plasma via active transport mechanisms in the kidney tubule and hepatocytes. In
vivo studies using intravitreal injection of OAs that are actively eliminated from the body,
in part by renal tubular secretion, suggest that, intiaidio passive elimination via the
outflow pathway(Forbes and Beckefl961) OAs ae also eliminated from the eye by
active transport. For example, the Hdl of carbenecillin(Barza et al., 19823nd
iodopyrace(Forbes and Beckefl960)in the rabbit eye, and cefazolin and carbenecillin
in the motkey eye(Barza et al., 1983)ncreased considerably following concomitant
administration of probenecid, a welstdlished inhibitor of renal OA transport.

Consistent with the presence of an active OA transport system in the eye, the elimination
of iodopyracet from the rabbit eye in vivo was a saturable process with a secretory
maximum(Becker and Forbed4961) What is not apparent from these early in vivo
studies are the ocular tissue(s) that contribute to active OA elimination.

There is considable in vitro evidence that active transport mechanisms for OAs
occur in the anterior uvea (ciliary body and iris). -tiisary body preparations from the
rabbit accumulate the OAs iodopyra¢8agiki et al., 1961)prostaglandin F& (Bito,
1972)and chlorophenol re(Becker 1960)in a temperaturelependent and saturable
manner, and accumulation is inhibited by metabolic poisons and othe{SOdgiki et al.,

1961;Bito, 1972;Bcker 1960) The wellestablished substrate of the renal OA secretory
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systemPAH, actively accumulates in preparations of monkey ciliary body, with tissue
to-bath ratios of ~& (Stone, 1979) Another substrate of the renal OA secretory system,
6-carboxyfluorescein, is preferentially transported in the aqueous horbtood

direction across rabbit iFsiliary body preparations in Ussing chamb@sndo and

Araie, 1994) An initial analysis by microarray of drug transporter genes in

microdissected human ocular tissues also indicate that members of the renal OA secretory
system are present ihd ciliary body (see Chapt8). Together, these data led to the
hypothesis that OA transporters present in the kidney are expressed in the ciliary body

and that they contribute to the active elimination of OAs from the aqueous humor.

1.9 Objectives

The pupose of this study was to determine 1) the direction in which the ciliary
body transports OAs, 2) if the ciliary body expresses OA transporters common to other
barrier epithelia, including the kidney, and 3) if so, their cellular and subcellular
distribuion. The OA transporters that were examined in detail included organic anion
transporter 1 (OAT1; SLC22A6), organic anion transporter 3 (OAT3; SLC22A8), the Na
dicarboxylate cotransporter 3 (NaDC3; SLC13A3) and the multidzaigtance
associated proteih (MRP4), as they are major components of the renal OA transport
system.

In this study, bovine ciliary body was used as a model system because tissues
were readily available and wereafappropriate size to mount in Ussing chambers
(ciliary bodies from smaller speciegre too small for the Ussing chamber appajatus

We cannot rule out the possibility of species differences (human vs. bovine) in ligand
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selectivity of the individual OA trasporters examined, or in their cellular and subcellular
expression in the ciliary bodyHowever, it is important to note that bovine OAT1 and
OAT3 were expected to transport PAH and estidsealfate, respectively, since OAT1
and OAT3 from a variety afpecies other than human transport PAH and estBoene

sulfate
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Table 1.1.Drug transporters in the SLC and ABC familidggand selectivity and transport mechanis

Generic hame
Organic anion
transporters
OAT1
OAT2
OAT3
OAT4
OAT5
OAT7
OAT10

Urate transporter
URAT1

Na-phosphate
transporters
NPT1
NPT4

Organic anion
transporting
polypeptides

OATP6A1
OATP5A1
OATP4A1
OATP3Al
OATP2A1
OATP1C1
OATP4C1
OATP1A2
OATP1B3
OATP1B1
OATP2B1

Organic cation
transporters
OCT1
OCT2
OCT3

Organic cation
transporters novel
OCTN1

Transport
Gene name Ligand selectivity mechanism
SLC22A6 Small OAs Exchange
SLC22A7 Small OAs Exchange
SLC22A8 Small OAs Exchange
SLC22A11 Small OAs Exchange
SLC22A10 Small OAs Exchange
SLC22A9 Small OAs Exchange
SLC22A13 Small OAs Exchange
SLC22A12  Urate/uricosurics Exchange
SLC17A1 OAs/phosphates Electrogenic uniport
SLC17A3 OAs/phosphates Electrogenic uniport
SLCO6A1 Large OAs Exchange
SLCO5A1 Large OAs Exchange
SLCO4Al Large OAs Exchange
SLCO3Al Large OAs Exchange
SLCO2Al1 Large OAs Exchange
SLCO1C1 Large OAs Exchange
SLCO4C1 Large OAs Exchange
SLCO1A2 Large OAs Exchange
SLCO1B3 Large OAs Exchange
SLCO1B1 LargeOAs Exchange
SLCO2B1 Large OAs Exchange
SLC22A1 OCs Electrogenic uniport
SLC22A2 OCs Electrogenic uniport
SLC22A3 OCs Electrogenic uniport
SLC22A4  Ergothionine/OCs Exchange
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Direction of

transport

Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake

Uptake

Efflux
Efflux

Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake
Uptake

Uptake
Uptake
Uptake

Uptake



Table 1.1.Drug transporters in the SLC and ABC familiBgand selectivity and transport mechanis

OCTN2 SLC22A5 Carnitine/OCs Exchange Uptake
Multidrug and toxin
extrusion
transporters
MATEL1 SLC47A1 OCs OC/H Exchange Efflux
MATE?2 SLC47A2 OCs OC/H Exchange Efflux
Multidrug
resistanceassociated
proteins
MRP1 ABCC1 OAs ATP-hydrolysis Efflux
MRP2 ABCC2 OAs ATP-hydrolysis Efflux
MRP3 ABCC3 OAs ATP-hydrolysis Efflux
MRP4 ABCC4 OAs ATP-hydrolysis Efflux
MRP5 ABCC5 OAs ATP-hydrolysis Efflux
MRP6 ABCC6 OAs ATP-hydrolysis Efflux
MRP7 ABCC7 CI/SCN ATP-hydrolysis lon Channel
MRPS8 ABCCS8 Sulfonylurea/K ATP-hydrolysis Receptor/lon
Channel
MRP9 ABCCS8 Sulfonylurea/K ATP-hydrolysis Receptor/lon
Channel
Breast cancer
resistant protein
BCRP ABCG2 OAs/OCs ATP-hydrolysis Efflux
P-glycoprotein
P-gp ABCB1 OCdOAsNeutral ATP-hydrolysis Efflux

Small OAs <~500 mw
Large OAs~500-1000 mw
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Table 1.2. Examples of drugs that are OA transporter substrates and that are currently
in treating ocular diseases

Drug classes Therapeutic drugs Transporter
- P-gp, BCRP,
Antibiotic Carbenicillin, MRP1, MRP2, MRP4,
Penicillin

OAT1, OATZ2, OATS3, OAT4

Chemotherapeutics Methotrexate P-gp, MRP2, MRP4, MRP5,
P 5-fluorouracil OAT1, OAT3, OAT4
o P-gp, BCRP, MRP4,
Antivirals Gca'l‘r"]?;gl‘(’)'\rm OAT1, OAT3,
OCT1, PEPT1
Prostaalandin analods Bimatoprost, P-gp, MRP2, MRP4, MRP5,
9 9 Latanoprost OAT1, OAT3, OATP2B1
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exposure to xenobiotic chemicals outsidethe cornebepithelium the bloodretinal
barrier and the bloedqueous humor barriefrhe corneal epitheliunphysically separates
the eye interior from the external environment outside of the body. The-tdbodl and
blood-aqueous humor barriers separate the eye interior from the systemic circulation.
The corneal epithelium and the bleaqueous barrier rigke in the anterior segment of
the eye. The blooedetinal barrier resides in the posterior segment of the eye.
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ABC transporters SLC transporters

mRNA: MRP1-7, BCRP and P-gp mRNA: PEPT1-2, OATPLA2, IB3, 2BI,
Protein: MRP1, 2, 4, 5, 6, 7 and BCRP OCTNI, and 2, OCTI and 3
Localization: MRP1-7, BCRP and P-gp Protein: OAT2

Localization: PEPT1-2, OCTI1 and OCT3

Outside

Aqueous humor

= {ight junction squamous cells B wing cells G basal cells

Figure 1.2 Current understanding of drug transporter expression in human
corneal epithelium. mRNAs were detected by RAFCR and/or gPCRProteins were
detected by immunoblotting. Localization was done using immunohistochemistry.
References are given in the text.

29



ABC transporters
mRNA: MRP1.2.4.5 and 7, BCRP,

SLC transporters
mRNA: PEPTI and 2, OCT1.2 and 3,
OCTNI and 2, and OATI and 3,

and P-gp
protein: MRP1,2.6 and 7, BCRP, OATP1AZ2 and 1B3
and P-gp protein: OATP1A2, 3A1. 4A1, 2B1 and
1C1
[ - |
/ basolateral localization:
) A OATPIA2, 3A1, 4A1, 2BI
Choroidal 0 and 1C1
capillary \S\ . '. |
[K\I b | @ 1___:_‘1—_‘__“ localization:
\"\.I ;-’{ 6 | PEPT! and 2, and OCT1
= g |
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Figure 1.3. Current understanding of drug transporter expression in human ciliary
body and iris. mMRNAs were detected byTRPCR and/or gPCR. Proteins were detected
by immunoblotting. Localization was done using immunohistochemi&eferences are
given in the text.
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Figure 1.4. Current understanding of drug transporter expression in human retina.
MRNAs were detecteloy RT-PCR and/or qPCR. Proteins were detected by
immunoblotting. Localization was done using immunohistochemifeferences are

given in the text.
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CHAPTER 2: MATERIALS AND METHODS

2.1 Reagents and Antibodies

Themouseantial subunit of N&K-ATPasemonoclonalantibody(clone M8P1-
A3) was fromThermo Scientific (Rockford, IL, USA) Themouseanti-connexin 43
monoclonalantibody(clone Cx1B1)was from Life Technologies (Burlington, ON,
Canada).The rat aniMRP4 monoclonal antibody (clone M4D) used for
immunoblotting was from Abcam (Toronto, ON, Canad#)is antibody did not work in
immunohistochemistry with paraffin embedded tissues (data not shown), so we used a
different antibody for tts application.The rabbit antMRP4 antibodyused in
immunohistochemistrwas a generous gift from Dr. Frans G. Russel (Radboud
University, Nijmegen Medical Centre, the Netherland3gtails of its synthesis and use
in immunolocalizing MRP4 to apical mdmranes of human proximal tubule can be found
in a publication by Van et aljvan Aubel et al., 2002)The rabbit antDAT1 antibody
was from Genway Biotech, Inc (San Diego, CA, USAhe rabbitantrOAT3 antibody
wasfrom Cosmo Bio Co. LTD (Tokyo, Japa The mouse ariNaDC3 monoclonal
antibody (clone 3A6) was from Abnova (Taipei City, Taiwamlhe AlexaFluor 488 goat
antirabbit AlexFluor 488 goat antinouse, horseradish peroxidase (HRBhjugated
goat antirabbit, HRRconjugatedjoat antimouse ad HRRconjugated goat antat
antibodies were frorhife Technobgies. Normd goat serum (10% solution) and
propidium iodide solution (1 mg/ml) wefeom Life Technologies.The bicinchoninic

acid protein assay kit was from ThermoScientifitie QuantiEct Reverse Transcription
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kit and RNeasy mini kit wergom Qiagen(Valencia, CA, USA) Custom
oligonucleotidegorimerswere synthesized by Integrated DNA Technologies (Coralville,
IA, USA). [PH]PAH (40— 60 Ci/mmol) and3H]estrone3-sulfate (50 Ci/mmolyvere

from American Radiochemicals (St. Louis, MO, USAJH]idofovir (25 Ci/mmol) was
from Moravek Biochemicals (Brea, CA, USA). Unless noted otherwiisetheer

reagents andhemicals were from Sigmaldrich (Oakville, ON, Canada).

2.2 Human Tissas

Human cadaver eyes obtained from the National Disease Resource Interchange
(Philadelphia, PA, USA) were used for immunohistochemistry and microarray analysis.
Human cadaver eydsom four donoraised for reverse transcription polymerase chain
reaction(RT-PCR) and immunoblotting were obtained from the Capital Health Tissue
Bank (Halifax, NS, Canada)All donors were maleAge ranged.9-60 yearss old) and
died oftraumaticevents All human eyes were processed within <24 h post enucleation.
For RT-PCRand immunoblotting the ciliary processes, retina, retinal pigmented
epithelium, iris and cornea were dissected under a microscope and stored in liquid
nitrogen until further analysis. Human kidney cortex from a single donor was obtained
from theEunice Kennedy ShriveNational Institute of Child Health and Human
Development (NICHD) Brain and Tissue Bank at the University of Maryland (Baltimore,
MD, USA). The use of human cadaver eyes was approved by the Research Ethics Board
of Dalhousie University andie Human Subjects Committee of Yale University. The use

of human kidney tissue was approved by the Research Ethics Board of Dalhousie
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University. Use of the human cadaver eyes and kidney followed the tenets of the

Declaration of Helsinki.

2.3  Animal Tissues

Bovine eyes were obtained from W. G. Oul
Canada) and used within 2 hours of enucleatldse of the bovine eyes was approved by

the Dalhousie University Committee on Laboratory Animals.

2.4  RNA Isolation RT-PCRard MicroarrayAnalysis

Total RNA was isolated usintge RNeasy mini kiaccording to the
manuf act ur er RNA canaergtrationuandtpurity (260/280 ratio) was
determined using a Take3 Miekéolume Plate (2x8 microspots) with an Epoch
Microplate Spectrophotometer running Gen5 1.09 Microplate Datige€tion and
Analysis Software (BioTekstruments, Inc.) The 260/280 ratios for all samples were
between 2.0 and 2.2netenth of a microgram of total RNA was reverse transcribed
using the Quantilet Rever se Transcription kit accorc
The protocol included a step to remove genomic DI$#xty nanograms of cDNA were
used in the PCR reaction$he oligonucleotide primer sequences used are sirown
Table 2.1 ThePCRcomponents were assembled followed by a single denaturation step
for 2 min at 94C. This was fdbwed by 35 cycles of: 9€ for 30 sec, 558C for 30 sec
and 72C for 2 min. A final elongation step of 7 min (7Q) was included after the last

cycle. Prodicts were separated on 1% agarose gels and visualized with ethidium
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bromide. Images of the amplification signals were taken witldak EDAS 290 Gel
Documentation and Analysis SysteM/hole-genome expression profilingas done
using the lllumina BeadChip array platform (Humanta v4.0 Expression BeadChip
Kit). cRNA labeling and hybridization to the chip and array data analysiscagied
out by the Yale Neuroscience Microarray Center (NIH Neuroscience Microarray

Consortium)at the Keck Foundation at Yale University.

2.5 SDSPAGE and Immunoblotting

Crude homogenates of human ciliary body or human renal cortex were prepared
by homogenizing ~0.3 g of tissue using a TissueRuptor (Qiagen) in ~1 miadlcte
homogenizatio buffer containing 300 mM sucrose, 1 mM ethylenediaminetetraacetic
acid and proteasahibitors {n nmM: 4-(2-aminoethyl)benzenesulfonyl fluoride
hydrochloride, 104aprotinin 0.08;leupeptin,2; bestatin, 4; pepstatin A, 1.5-64, 1.4).

The final concatration of crude membrane protein was 2ng/ml as determined by the
bicinchoninic protein assay method. The crude membrane protein was diluted with an
eqgual volume of 2 Laemmli sample buffer containing 2.984mercaptoethanol (final
concentration).Except for immunodetection of MRP4, all samples were heated t€100

for 5 minutes. Twenty micrograms of protein were separatedl@¥# Trisglycine
polyacrylamide gels and transferred to polyvinylidine membranes. The membranes were
blocked for 1 h ataom temperature in phosphate buffered saline (PBS) containing 0.05%
Tween20 (PBST) and 5% noffat dry milk (blocking buffer). The membranes were

incubated overnight at € in primary antibody diluted in blocking buffer. The final
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concentration of therpmary antibodies are as follows: rabbit a®®T1 (5 ng/ml), rabbit

ant-rOAT3 (1 ng/ml), rat anttMRP4 (1.5mg/ml) and mouse antlaDC3 (0.5mg/ml).

Table 2.2summarizes primary antibodies atmhcentrationsised for immunoblotting.

After extensive washg in PBST the membranes were incubated for 1 h at room

temperature with secondary antibodies diluted in blocking buffer (final concentration of
0.4ng/ml). After extensive washing in PBISthe membranes were incubated in

SuperSignal West Femto chemilumascent substrate (ThermoScientific) according to the
manufacturer’”s protocol . -XPosutetilmr eact i vi ty

(ThermoScientific) using a Konika Minolta SRKO1A processor.

2.6  Immunohistochemistry

Thehumancadaer eye was fixed oveight at 4C in periodatdysine-
paraformaldehyde fixative containig (mM): 75 L-lysine, 10 sodium periodate, 37
NaHPO,, pH 7.4,and 2% paraformaldehydéfter fixation the ge was equilibrated in
70% ethanolembedded in paraffijrand 5mm sectionsvere cut and placed on glass
slides All subsequent immunohistochemispgocedures used gentle shaking on an
orbital shakein a humidified atmospherd-ollowingparaffin removablnd rehydration
the specimens were blockém 1 h at room temperatune 10% normal goat serum.
After blocking, the specimens wereubated overnight at 4°®ith primary antibody
diluted in 10% normal goat serurithe oncentration of primary antibodiesedfor
immunohistochemistry am@s follows: rabbit artMRP4 (1:500 dilition; protein

concentration unknownmouse antconnexin 43 (6.7pg/ml), mouse antNa,K-ATPase
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(7.28ug/ml), rabbitant-rOAT1 (1 ug/ml) andrabbit antOAT3 (5ug/ml). Primary
antibodies andoncentrationsised foimmunohistochemistrgre listed inTable 22.

After extensive washing with PBS the specimens werebated for th at room

temperatre with Alexa 48&onjugated secondary antibodies diluted in 10% normal goat
serum (final concentration 0of-410 ng/ml). Omission of secondary antibodies served as
negative controls and resulted in a near undetectable level of fluorescence (not shown).
Following extensive washingith PBSthe specimensvereincubated for 5 minvith PBS
containing propidium iodidé5 ng/ml) to label nuclei Following several washes with

PBS immunoreactivity was visualized usingeiss LSM 51META laser scanning

confocal nicroscopeat the Cellular and Molecular Digital Imaging facility in the Faculty

of Medicine at Dalhousie University

2.7  Ussing Chamber Experiments

Following dissection bovine ciliary body was mounted in Ussing chambers with
an aperture size of 0.12 éniTissues were mounted in that only pars plicata was placed
over the apertureEach hemichamber contained 1.RahKreb* s s ol ut . on cont
117mM NacCl, 4.6mM KCI, 20 mM NaHCGQ;, 6 glucose, 1 mM MgGJ 1.5 mM CaCl
and 10 mM hydroxyethyl piperazineethanesulfonic adBRES) pH 7.4 Thebuffer
inside the chambers waentinuously stirred with magnetic stir bagassed with 95%
0./5% CQ, and the temperature wamintained at 37°C with water circulated on the
outside surface of the chambers. Ag/AgCl electrodes were used to monitor transepithelial

potential differenceTPD) and as shodircuiting electrodesThe Ag/AgCl electrodes
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were connectedotthe aqueous humand blood sides of the tissue witljaa bridges (3 M
KCI-2% agar).Electrode asymmetry was corrected at the beginning and end of each
experiment with fluid resistan@mmpensation Transepithelialésistance (TER) was
determinedy thechange in PD generated by a brief40A pul se control |l ed
impedance automatic dual voltage cla(ipVC 4000; World Precision Instruments,
Sarasota, FL)Transepithelial electrical data was collected andyaealusing a
PowerLab 28T antdabChart softwarerespectivelyf{ADInstruments Colorado Springs,
CO, USA)

All transport experiments were conducted under voltagmped conditions.e.,
in the absence of electrical and chemical gradiehtsis, any net mvement of
compound across the tisswasdue to active transpothat is, only the net transport is
the true measure of active transpdrhe unidirectional fluxes could be a combination of
both passive and active transpdftux measurements beganléoling the addition of a
tracer level (~26-50 nM) of PH]labeled compound (PAH, estroesulfateor
cidofovir) tothe appropriate hemichamber (aqueous hwsit® or blood sideglong with
a higher concentration of unlabeled compoundi¥g 15 M or 1 mMfinal
concentration- as stated in the Figure Legends) added to both hemichanibeseme
cases, inhibitor drug (probenecid or novobiocin, &Dfinal concentration) was added
to the aqueous humeide of the tissue. Ten microlitsamplegin duplicae)were taken
from the labeled side at the beginning and end of each experiment. Dupligatie 50
samples were collected from the unl abel ed
solution at 3@min intervals over a period @fh. Radioactivity contenin the samples

was determined by liquid scintillation spectroscopy (LS6500, Beckman Coulteg).
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difference between the unidirectior@mueous humeto-blood and bloodo-aqueous
humorfluxes represents net active flukor an individual replicate oatrol and transport
protein inhibitor treated tissues were prepared from the same ciliary body and the flux
measurementsereperformed simultaneouslyTPD and TER were determined at the
beginning and end of each experiment to monitor tissue viabAitlyrief overview of

this technique is found iRigure 2.1, wherean individualUssing chambesetup and the
entire system ardisplayed in Figure 2.1And Figure 2.1B, respectivelgnd the

experimental desigis in Figure 2.T.

2.8 Statistics

Experimental results are presented as mean + staadardf the mean

Comparison of sample means wtd Aldstatstecal usi ng

analysis was performed with GraphPad Prism (version 5) and deemed significant when p

< 0.05.
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Table 2.1.0ligonucleotide sequence of primers used forFROR

Species Transporter Oligonucleotide primer
sense strand;jHCATCTTGAACTACCTGCAGAGS3j
OAT1 antisense strand;-£AGAGTCCATTCTTCTCTTGTGS;
sense strand;;i&TTCGTCTTCTTCCTATCATCCS3;j
OAT3 antisense strand;-BGACCTAGGGACAGAGAGCTAAG3;
Human sense strand i AGTACTTCCTCGACACCAACTT3;
NaDC3 antisense strand;-BGTCAAACCACCACTTGAGAG-3;
sense strand;jATCTGCTGTCCAATGATGTGS3;j
MRP4 antisense strand;-EAGTTCGAACAAGTGTCTGG3;
sense strand;;i{ AGCTGGCTCAGTCCTTATACAT3;
Oatl antisense strand;-BACAGCACCGTAGATAAAGAGAG-3;
sense strand;;i ACAACCTGCTACAGATCTTCAGS3;|
.y Oat3 antisense strandi-EATAGCTTATGGCCAGTGTAGTG3;
ovine
sense strand;;i AGTACTTCCTGGACACCAACTT3;j
Nadc3 antisense strandi&TCTCTGTGTTGGGAGCTTTA3;
Mrp4 sense strand;i BsATGACATGTACTCGGTGTTTGS3;j

antisense strandji-€ETGTAATCAGGTTGTCAAGGAG?3j
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Table 2.2.Primary antibodies and concentrations usednfonunoblottingand
immunohistochemistry (IHC).

o . . Final
Application Primary Antibody Concentration Source
Immunoblotting Rabbit andiOAT1 5 pg/ml Genway Biotech, Inc
Rabbit andOAT3 1 pg/mi Cosmo Bio Co. LTD
Rat antiMRP4 1.5 wg/ml Abcam
Mouse antiNaDC3 0.5 pg/ml Abnova
IHC Rabbit aniMRP4 Unkn_ow_n, 1:500 Gift from Dr. Frans
dilution G. Russel
Mouse anticonnexin 43 6.75ug/ml Life Technologies
Mouse antiNa,K-ATPase 7.28pug/ml Thermo Scientific
Rabbit andiOAT1 1 pg/mi Genway Biotech, Inc
RabbitantrOAT3 5 pg/ml Cosmo Bio Co. LTD
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Figure 2.1. Ussing chamber methodology Unidirectional and net active transepithelial
flux of para-aminohippurate (PAH) was determined using bovine ciliary body in Ussing
chambers Panel Aand Panel Bhow an individuaUssingchamberand the entire

system, respectivelyPanelC shows how the unidirectional fluxes are measured. Net
flux is the difference between the unidirectional fluxes.
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CHAPTER 3: RESULTS

3.1 mRNA Expressiorof Organic AnionTransporters in Ocular Tissues

Expression of 33 genes corresponding to the major OA drug transporters in the
SLC and ABC transporter families was determined by microarray in the following
microdissected ocular tissues: cornea, trabecular meshworkgmssepithelium, ciliary
body, retina and retinal pigmented epithelidfigre 3.1). The transporters examined
were the organic anion transporters (OATS), urate transporter 1 (URAT-phdsphate
transporters (NPTs), Ndicarboxylate cotransportefdaDCs), multidrug resistance
associated proteins (MRPS), breast cancer resistant protein (BCggpProtein (P
gp) and the organic anion transporting polypeptides (OATPs). We further focused on the
expression of OAT1, OAT3, NaDC1, NaDC3 and MRPm tiliary body since the
microarray data suggested all five transporters are present, they are primary components
of the renal OA transport systgielis and Wright, 2011and previous in vivo and in
vitro functional studies showed OA transport activity consistent with their expression in
the ciliary body (se€hapter L

RT-PCR was further used examine thenRNA expression of OA transporters
(MRP4, NaDC1, NaDC3, OAT1 and OAT?3) in the ciliary body, retina, iris, retinal
pigmented epithelium and cornea. All of the tissues examined expressedghleunit
of Na,K-ATPase, MRP4 and NaDC3, whereas the other protesns differentially
expressedFigure 3.2. NaDC1 mRNA was only detected in the retina, OAT1 mRNA in

theciliary body, iris and retinal pigmented epithelivamd OAT3 mRNA in the ciliary
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body and to a lesser extent in the retinal pigmented epithelidma.ofiservation that the
ciliary body expressed most of the members of the renal OA transport system led us to

focus further on this tissue.

3.2 Determination of Active Transepithelial PAH TranspacrossCiliary Body

PAH is a wellestablished substrate of the renal OA transport system. To
determine if the ciliary body supports active PAH transport we measured the
transepithelial transpoaf PAH under shorcircuited conditionscrosghe freshly
dissected bovineiliary body in Ussing chambergigure 3.3A shows a representative
flux experiment with 1 mM PAH bathing both sides of the tissue. The unidirectional
agueous humetio-blood flux was greater than the bletsdaqueous humor fluxyith net
active transport ithe aqueous humdo-blood direction- net active transport
approached steaeBtate at the 2 h time point. In several different experiments the
agueous humeto-blood flux was 5.gold higher at t = 2h than the blodd-aqueous
humor flux Figure 3.38). The TER, TPD anddvalues for these control experiments
wer e 66 .087 -&32% 0.DmVdaqueous humor side negative)-a8 + 4.2
mA®M?, respectively.The transepithelial electrical properties determined here are in
relatively good agreement with previous res(ilts et al., 1998) We also examined
PAH transport at a bath concentration ofid. Under these conditions the aqueous
humokto-blood flux (1.05 + 0.08 nmoleg&m? ¢h™) was 11.7old higher than the bload
to-aqueous humor flux (0.09 + 0.02 nmof&sn? th™) att = 2h (n = 3, P < 0.001, two

tailed unpaired studentgest). Similar to the human ciliary bodyyRNA for Oatl, Cat3,
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Nadc3 and Mrg were detected in boviradiary bodyextracts by RTIPCR Eigure

3.3C).

3.3 Inhibition of Transepithelial PAH TranspakcrossCiliary Body

Given the evidenctor active PAH transport acrofise bovine ciliary bodywe
also performed inhibition experiments usthgwell-known renalOA transport
inhibitors, probenecid and novolia. The inhibitors were added to the aqueous humor
side of the tissue only since we speculated that at least OAT1, which transports PAH, and
is inhibited by probenecifingraham et al., 2014)nd novobiociHDuan and You, 2009)
is located in basolatal membranes of nguigmented epithelial cells. We used a bath
PAH concentration of 1 mM given that net transport approached ss¢atgyunder these
conditions, but did not when the bath containedvbPAH (not shown).Probenecid
nearly abolished altet active transport by reducing the aqueous htioibtood flux
(Figure 3.4). Novobiocin completely inhibited net active secretion, but its effect was due
to an apparent simultaneous reduction in the aqueous Horbtwod flux and an increase
in the blad-to-aqueous humor fluxigure 3.5). Neither inhibitor influenced the

transepithelial electrical properties (not shown).

45



3.4 Investigation ofActive Estrone3-sulfate and Cidofovir TranspoficrossCiliary

Body

Since PAH is a preferentialbstrate of OAT1 versus OA{lZhang et al., 2004)
and both the human and bovine ciliary body express OAT3, the transepithelial transport
of estrone3-sulfate (a preferential substrate of OAT2hang et al., 2003)across the
bovineciliary bodyin Ussing chambers was examined. We alsorened the transport
of cidofovir since it is used clinically to treat AlB&sociated cytomegalovirus and is an
OAT1 substratéCihlar et al., 1999) At a bath cocentration of 5rM the estrones-
sulfate aqueous humea-blood flux (26.1 + 7.3 nmole&m? (h') was 3.5fold higher
than the bloodo-aqueous humor flux (7.45 + 1.5 nmofé&sn? ¢h™) at t = 2h Figure
3.6). Interestingly, there was no significatitference in the unidirectional fluxes of

cidofovir across the bovine ciliary bodigure 3.6).

3.5  Expression of Organic Anion Transporterghe Ciliary Body

RT-PCRand immunoblotting for OAT1, OAT3, MRP4 and NaD®@as
conducted for additional evidence for their expression in husiiany bodyusing
preparations from four separate human dordrsman renal cortex was used as a
positive control in each casenRNA transcripts for OAT1, OAT3, MRP4 and NaDC3

were degcted in all human donor samples and in human kidrigyie 3.7).
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Furthermore, mRNA transcripts for additional transporters, including PEPT2, OCT2 and
MPR5, were also detected by FPCR igure 3.7). MRP5 was examined since it was
detected in the microay analysigFigure 3.1). PEPT2 and OCT2 were also detected by
microarray analysis (data not showrHigure 3.1). All of the anplified productsvere of
the expected size based on the oligonucleopdesersused and therespective
sequences.

Proein for OAT1, OAT3, MRP4 and NaDC3 were also detected in ciliary body of
all donors examined, as well as in human renal coRigu(e 3.8). OAT1, OATS3,
MRP4 and NaDC3 migrated on the SBBGE gels with apparent sizes of ~60 kDa, ~60
kDa, ~160 kDa and ~5&Da, respectively. There were apparent differences in the
expression level of the various transport proteins between donors and with respect to the
kidney tissue- equal amounts of crude membrane protein were loaded into each lane (20
ngy). Overall, theexpression of the transporters in the ciliary body samples was slightly
lower or equivalent to that found in the kidney. The expression level of OAT1, MRP4
and NaDC3 were lower in donors one and three, but OAT3 expression was highest in

these donors.

3.6  Cellular and Subcellular Localization of Organic Anion Transporters in Ciliary

Body

Immunohistochemistry was used to determine the cellular and subcellular

expression pattern of OAT1, OAT3, MRP4 and NaDC3 in paraffin embedded sections of

human eyeKigure 3.9). Theal subunit of Na,KATPase was used as a marker of
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basolateral membranes of pigmented cells andpigmented epithelium while connexin

43 was used as a marker of apical membranes of pigmented cells gpigmented
epithelium. The levedf immunoreactivity for Na,KATPase was high in the basolateral
membrane of nopigmented cells and much weaker (almost undetectable) at the
basolateral membrane of pigmented cells. Connexin 43 had a punctate staining pattern
that was sporadic and ocoedrat the apical junction of pigmented and-paymented

cells. The pattern of Na;ATPase and connexin 43 immunoreactivity in the ciliary body
is consistent with previous repo(i&ugel and LutjerDrecoll, 1988;Shahidullah and
Delamere, 2014) The level of OAT1 was relatively weak, but appeared to occur
predominately in the nepigmented epithelial cells with an expression pattern consistent
with its occurrence in basolateral membranes. OAT3 also apltealecalize to

basolateral membranes of Apigmented epithelial cells. In contrast, MRP4 had a
localization pattern consistent with its expression in basolateral membrane of pigmented

cells. Attempts to immunolocalize NaDC3 to human ciliary body waseiccessful.

48



oATL OATPEAL

[ OAT2 [ OATP5A1
= OAT3 ) OATP4CL
B8 OAT4 EE OATP4AL
1200y OATS 2000y OATP3AL
OAT7 1800] OATP2AL
HB OAT10 HH OATP1C1
— 1000 URATL — OATP1A2
g NPTL g 1600, K OATP1B3
[@)] NPT4 fe)) 1400 OATP2B1
¢) 800| EE NaDCl1 N OATP1B1
c = NaDC3 = 1200
£ S
T 600] T 1000
N N
bel o 800
S 400] =
Qo K]
B 4004
200 .
g 200
" " 0 . : "
Cornea ™ Iris Lens CB Retina RPE Cornea Retina RPE

MRP2

2500

2250°
1250y

10004

7501

5001

Hybridization Signal

2501

Figure 3.1.Microarray analysis of OA transporter expression in microdissected

human ocular tissues.The data are mean * the standard error of the mean of the
hybridization signal from tissue from&individual human donor eyes. The horizontal

line represents a background level of hybridization signal, i.e., only values above this line
are considered ositive signal. TM, trabecular meshwork; CB, ciliary body; RPE,

retinal pigmented epithelium. URAT1, urate transporter 1; NPIpiNsphate

transporter; OATP, organic anion transporting polypeptide; BCRP, breast cancer resistant
protein; Rgp, Rglycoprotein.
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Figure 3.2. mRNA expression of organic anion transporters common to kidney in
human ocular tissues.RT-PCR analysis oNa,K-ATPase 41 subunit), MRP4, NaDC1,
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PCR products were separated on 1% agarose gels and visualized with ethidium.bromide
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Figure 3.3. Bovine ciliary body supports net activeransport of PAH in the aqueous
humor-to-blood direction. Unidirectional fluxegaqueous humeto-blood, AHto-
blood; bloodto-aqueous humor, bloe-AH) and netactiveflux of PAH across bovine
ciliary body in Ussing chambers (Panel A and Banel A § a representative tireourse
experiment (n = 1). Panel B are the fluxes at stestale (t = 2h) frond separate
experiments (mean standard error of the meanTheunlabeled concentration 8AH
usedwas 1 mM. Netflux is the difference between theaidirectional fluxes and is in the
aqueoushumorto-blood direction. *P < 0.05, significantly different from the Add
blood flux,twet ai | ed u n p &test. lRadel Gis mRNA expréssianalysis of
Oatl, Oat3, Nadc@nd Mp4 in bovine ciliarybody(CB) by RT-PCR. Kidney wasused
as apositive controlkid). PCR products were separated on 1% agarose gels and
visualized with ethidium bromide.
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Figure 3.4.Transepithelial transport of PAH across the bovine ciliary body in
Ussingchambers is inhibited by probenecid.Panel A are representative fluxaghe
absence or presence of 1@ probenecid added to the aqueous humor side of the tissue
only. Panel B is the mean = SEM of the fluxes at t = 2h from three separate experiments.
The concentrationf unlabeledPAH was 1 mM. *P < 0.05significantly different from

control, twetailedunpaireds t u d etestt * s
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Figure 3.5.Transepithelial transport of PAH across the bovine ciliary body in

Ussing chambers is inhibited bynovobiocin. Panel A are representative fluxashe

absence or presence of 1@ novobiocin added to the aqueous humor side of the tissue
only. Panel B is the mean = SEM of the fluxes at t = 2h from three separate experiments.
The concentrationf unlabeledPAH was 1 mM. *P < 0.05significantly different from

control, twetailedunpaireds t u d etestt * s
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Figure 3.6. Transepithelial transport of estrone3-sulfate and cidofovir.

Unidirectional fluxeqaqueous humeto-blood, AHto-B; bloodto-aqueous humor, -
AH) and netactiveflux of estrone3-sulfate or cidofoviacross bovine ciliary body in
Ussing chambersThe flux values were obtained at t =&id are the meanstandard
error of the meanfal (estrone3-sulfate) or 3 (cidofovirseparate experiment3he
unlabeled concentration of estreBeulfate and cidofovir was®M. Netflux is the
difference bawveen the unidirectional fluxes. *P < 0.05, significantly different from the
AH-to-bloodflux,two-t ai | ed wunpéatest ed student’ s
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Figure 3.7. mRNA expression of SLC transporters in the ciliary body from four
separate human donors.RT-PCR analysishowingOAT1, OAT3, MRP4, NaDC3,
PEPT2, OCT2 and MRP5 mRNA transcripts in ¢ii@ry body from four separate human
donors (134). Human kdneycortexwas used as a positive cont(kid). PCR products
were separated on 1% agarose gels and visualized with ethidium bhromide
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Figure 3.8. Protein expression of organic anion transporters common to kidney in

the ciliary body of four separate human donors.Immunoblotshowng the expression

of OAT1, OAT3and MRP4 in the human ciliary body of four different dor(@rg).

Crude homgenate ohuman kidney cortex served apositive contro(kid). Twenty
micrograms of crude homogenate from each of the tissue samples was separated on 4
12 % SDSPAGE gels before electrophoretic transfer of the proteins to polyvinylidene
difluoride membranes.Immunoreactivity was detected using protein specific antibodies
and enhanced chemiluminescence detection.
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Figure 3.9. Cellular and subcellular distribution of organic anion transporters in

the human ciliary body. Immunolocalization oNa,K-ATPase, connexin 43 (Cx43),
MRP4, OAT1 and OAT3 in paraffin embedded human dya,K-ATPase was used as a
marker of basolateral membrar@gpigmented and nepigmented cellsConnexin 43
(Cx43)was used asmarker for the apical membranéboth e&ll types. Proteinsof
interestare in green and nuclei are stained red with propidium ioditie.arrowheads

point to pigmented cells whereas the arrpamtto nonpigmented cells The inset

figures are magnifications of the areas near the arrovaodhead. AH = aqueous
humor. Limited immunoreactivity was detected when the primary antibody was omitted
(negative control).
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CHAPTER 4: DISCUSSION

4.1 Overview

Intraocular tissues are well protected from exposure to xenobiotic agents,
including therapeutic drugs, which has led to intensive research into ocular drug delivery
strategies. Many drugs used to treat eye diseases are OAs at physiological pH, such as
many antibiotics, antivirals, nonsteroidal amflammatory drugs and chemotherapeutics.
For many of these OAs, their elimination from plasma is mediated in part by renal
proximal tubular secretion involving the concerted activity of OA transporters in
baolateral and apical membranes of proximal tubule cells. Notably, OAT1, OAT3 and
NaDC3 occur in basolateral membranes and are involved in cellular uptake of OAs,
whereas MRP2 and MRP4 are involved in efflux of OAs across apical membranes into
the tubular iftrate (Pelis and Wright, 2011)

Most of the currently available data on OA transport in the human eye are based
on in vitro studies with excised animal tissues or in vivo studies using intravitreal
injection. Thesatudies shoedthat the accumation of OAsby theciliary epitheliumis
dependent ometabolic energy and temperature, is saturable, antiisted by other
OAs, including probeneci(Becker 1960;3ugiki et al., 1961;Bito, 1972)In order to
better understand the process of Qansport by the ciliary bodye performed molecular
and functional studies to identifize OAtransporters that possibtpntribute tcOA

transportoy the ciliary body
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Previous studies showed tiMRP2 is expressed in the apical membrane of non
pigmented epithelial cells aridwasproposed that it contributes to cellular efflux of OAs
into the choroidal bloo¢Pelis et al., 2009) In the present study, an initial screen for
OAT1, OAT3, NaDC3 and MRP4 in microdissected ocular tissues osicrgarray and
RT-PCR revealed that each occur in the ciliary bodsich led to the hypothesis that the
tissue would support the transepithelrahisport in the aqueous huntorblood direction

of prototypic substrates of the renal OA transport system.

4.2 Ciliary Body Supports Elimination of Organic Anions from the Eye

To probe for evidence @A transport across the ciliary body, we inityal
examined transepithelial transport of PAd¢s$trone3-sulfate and cidofoviusing bovine
ciliary body mounted in Ussing chambers. PAH, estr8sellfate and cidofovir were
chosen as substrates since they are all secreted by proximal tubules via thegp#t t
system(Irish, Il and Dantzler, 1976;Shuprisha et al., 1999;Cundy et al.,
1995;Lungkaphin et al., 2006Net PAH transport across thiiary bodyin Ussing
chambers was in the agueous hutweblood direction, and activi@oltageclamped
conditions). Consistent with these results, PAH actively accumulates in in vitro
preprations of monkey ciliary bodystone, 1979) The flux ratio (aqueous humtn-
blood flux/bloodto-aqueous humor flux) was ~f@ld higher at a PAH bath concentration
of 5nM (flux ratio of 11.7) versus 1 mM (flux ratio of®). The decrease in flux ratio

with increasing PAH concentration suggests that thelirateng step in transepithelial
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PAH secretion can be saturatedlthough it was likely not saturated at the 1 mM
concentration, as the flux ratio was >1 under tleselitions.

Similar to PAH, the active transport e$trone3-sulfate across the ciliary body
Ussing chambers was in the agueous hutmdriood direction (flux ratio of 3.5). In
contrast, there was no active transport of cidofovir, i.e., the aqueous-to-blood flux
and blooédto-aqueous humor flux were not different from each other. Renal tubular
secretion of cidofovir is not particularly robust. That is, the renal clearangg ¢CL
cidofovir exceeds the glomerular filtration rate (GFR), but doylya relatively small
fraction (CLr cidorovid GFR@L.5Cundy et al., 199%) Nephrotoxicity is a dosémiting
toxicity for cidofovir in the clinig(Cundy, 1999)largely due to OATAmediated uptake
of cidofovir into proximal tubule celldJwai et al.,2007;Ho et al., 2000)ut, perhaps,
also due to the slow rate at which cidofovir is effluxed from the cells. MRP2 and MRP4,
which localize to apical membranes of proximal tubule, do not suppord&pBndent
cidofovir transpor{lmaoka et al., 2007)The ciliary epithelium generates aqueous
humor,which is necessary for maintenance of intraocular pressure (IOP). Interestingly,
an adverse event associated with cidofovir treatment for cytomegalovirus retinitis is low
intraocular pressure (ocular hypotoriBrinbridge et al., 1999)It is possible that OAT1
medated uptake of cidofovir into ciliary epithelial cells, and its slow rate of cellular
efflux, contribute to this adverse event. Probenecid is used to prevent cidofimged
nephrotoxicity by blocking OAT-Inediated cidofovir uptak@Cundy, 1999)and may

prove useful in ameliorating ocular hypotony in patients receiving cidofovir.
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4.3 Tranggithelial PAH Transport is Inhibited by Organic Anion Transporter

Inhibitors

The effects on transepithelial PAH transport of probenecid and novobiocin were
examined since they both inhibit multiple OA transporters. We specifically avoided
trying to use slective inhibitors of individual transporters in these experiments since a
complete profileof the OA transporters in the ciliary botyunknown, and OA
transporters in the SLC and ABC families have a tendency for overlapping ligand
selectivity, makingtinearly impossible to identify selective inhibitors. Addition of
probenecid or novobiocin to the aqueous humor side of the tissue completely abolished
net active PAH transport (flux ratio of ~1). Although both drugs were added to the
agueous humor sid the tissue, we cannot rule out the possibility that the drugs entered
the cells and inhibited the apical efflux pathway. Probenecid inhibited by reducing the
agueous humeto-blood flux. Consistent with the effects of probenecid on transepithelial
PAH transport, probenecid inhibitdtAH accumulation into monkey ciliary body vitro
(Stone, 1979) The effects of novobiocin were more compidxoth unidirectional fluxes
appeared to change. The apparent increase in the-fol@apieous humor flux caused by
novobiocin may reflect the ability of the novobiocin gradienthmdqueous hum«o-
blood direction, to reverse PAH transport via anion exchange mechanisms, which are

known to occur in apical membranes of proximal tul§Blelis and Wright, 2011)
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4.4 Organic Anion Transporters Are Expressed in the Ciliary Body

The transport activity observed led us to speculate that OAT1, OAT3 and NaDC3
occur in basolateral membranes of ypgmented cells and MRP4 in either basolateral
membranes of pigmented cells, or, localizes to apical membranes-pigmented cells
alongwith MRP2(Pelis et al., 2009)mRNA (RT-PCR) and protein (immunoblotting)
expression for OAT1, OAT3, NaDC3 and MRP4 were examined in multiple human
donors. mMRNA and protein for eatthngorter was expressed in ciliary bogm all
donors, with apparent interindividual variability in protein levels. Consistent with our
hypothesis, OAT1 and OAT3 appeared to localize to basolateral membranes of non
pigmented epithelial cells. Although weere unsuccessfih immunolocalizing NaDC3
to ciliary body George et al(George et al., 2004howed by in situ hybridization that
NaDC3 mRNA is contained within ngeigmented epithelial cells. Thus, we speculate
that NaDC3 localizes to basolateral membranes ofpigmented epithelium ahg with
OAT1 and OAT3, similar to the kidney tubule. MRP4 localized to basolateral
membranes of pigmented cells. The pattern of localization for the transporters examined
is entirely consistent with the direction of act®é transport supported by théiary

body, and its sensitivity to probenecid and novobiocin

45 Predicted Elimination

From the data generated, and knowledge of anterior chamber physiology, we are

able to model the rates of PAH elimination from the living eye, and the effects of active

62



transport, probenecid inhibition and passive outflow following the hypothetical
administation of 1 mM PAH to agueous humor. As mentioned eathergiliary body
produces and secretes aqueous humor into the anterior chamber of the eye (aqueous
humor inflow) To maintainnormal intraocular pressure and the optical properties of the
globe,abalancebetween aqueous humor inflow by the ciliary body and passive outflow
via the trabecular meshwork is required.other words, the rate of aqueous humor
inflow is equal to the rate of aqueous humor outflow in the normal healthy eye. The rate
of aqueous humor inflow ranges from £8.0m min™ according to a circadian rhythm
that is thought to be regulated by endogenous catecholamines, such as epinephrine and
norepinephringEakins and Ryanl964;Caprioli and Sears, 1984;Cooper et al.,
1984;Farahbakhsh, 2003;Zhong et al., 20133ing the net active steadiate PAH lux
value (50 nmole§cm? ¢h™) obtained from our Ussing chamber experimeRigure

3.3), the surface area of the human ciliary body (6, ¢@aprioli J, 1992) and the

volume of aqueous humor in human eye (0.25@wprioli J, 1992) the raé of PAH
elimination passively via the outflow pathway and actively by the ciliary body can be
estimated using equation 1 and equation 2, respectivigiyre 4.1). Based on the rate

of passive aqueous humor outflow, using a valuerdfratin™ (i.e., 120m ¢h%) the rate

of passive elimination of 1 mM PAH via the trabecular meshwork isrridesCh™.

The rate of active PAldlimination out of the agueous humor across the ciliary body is
0.3mmolesCh™, a rate ~Jold higher than passive outflow. Thus, the anticipated
combined passive and active rate of PAH elimination from the agqueous humor is 0.42

mmolesCh. Since there is 0.28moles of PAH in the aqueous humor (equatipn 3

Figure 4.1), and it 5 eliminated at a rate of 0.4nolesCh™ (considering both active and
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passive elimination), it would take 36 minutes to eliminate 1 mM PAH from the aqueous
humor (considering elimination rate does not change with PAH concentration in aqueous
humor, i.e, steadystate conditions) (equation Bigure 4.1). Also, the effect of

probenecid on the amount of time it takes to eliminate PAH can be estimated from the
functional studies shown fRigure 3.4. At steadystate the net active PAH flux in the
presencef probenecid was 2 nmolésmi® ¢hl. This equates to an elimination rate of
0.012mmoles¢h™ (equation SFigure 4.1). In the presence of probenecid, the

elimination rate of PAH should approximate 0.188olesCh™ (combined influence of

active transport and passive outflow). Thus, in the presence of probenecid it would take
113 minutes to eliminate the PAH from the aqueous humeigld3onger than in its
absence (equation bigure 4.1). Interestingly, the halife of iodopyracet (structurally
similar to PAH) after intravitreal injection of rabbits increaseeel8 by concomitant
administration of probenecidorbes and Beckefl960) In the monkey eye injected
intravitreally with the antibiotics carbenecillin and cefazolin, administration of
probenecid increased their vitreal hives 2fold and ~4fold, respectivelyBarza et al.,

1983)

4.6 Proposed Mechanism of Ocular Organic Anion Elimination

Based on the transport observed and the patfdotalization the following

model of OA transport across the ciliary bodgom aqueous huméo-blood, is proposed

(Figure 4.2). Similar to renal proximal tubule, OAT1, OAT3 and NaDC3 occur in

basolateral membranes of apigmented epithelial cells droperate via a tertiary active
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transport mechanism to mediate cellular OA up{@edis and Wright, 2011)The frst

step in this process is generation of thegkadient by Na,KATPase, followed by the
Na-dependentuptakeafk et ogl ut arate (a Kreb’s Cycl e
Although we were unsuccessful in immunolocalizing NaDC3 to ciliary body, George et al
(George et al., 2004howed by in sitinybridization that NaDC3 mRNA is contained

within non-pigmented epithelial cells, where it could occur in either apical or basolateral
membranes. Regardless of its localization, it is expected to establish an outwardly
directeda-ketoglutarate concentrah gradient thus energizing OA uptake via an

exchange mechanism on OAT1 and OAT3. Once insidepigmented epithelial cells

OAs are pumped across the apical membrane into the intercellular space by MRP2, which
localizes to this membrar{Pelis et al., 2009) Once in the intercellular space OAs can
enter the choroidal blood supply by diffusing between the leaky junctions between
pigmented cells. This is possible since large molecular weight tracers, such as
horseradish peroxidase, when injectadawvenously diffuse out of the choroidal blood
supply and into the intercellular junction between adjacent pigmented cells and between
the apical junction of pigmented and Apigmented cellgFreddo, 2001) Alternatively,

OAs can diffuse through gap junctions connecting-pigmented and pigmented cells for
final efflux into the interstitium by MRP4 located on basolateral mendsrahpigmented
cells. The currently accepted model fqguaous humor secretion by the ciliary body
involves the movement of solutes between pigmented angigarented cells through

gap junctiongDo and Civan, 2004)Future work should be directed at confirming this

mockl, for example, by using Na;KTPase, NaDC3 and MRP inhibitors
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While the proposed model is limited to OAT1, OAT3, NaDC3, MRP2 and MRP4,
there are likely other OA transporters functioning in aqueous htovdpod flux of
OAs. Indeed, our microarray screghow that the human ciliary body expresses a variety
of OA transporters, including OATP4A1, OATP3Al, OATP2A1l, OATP2B1, MRP2,
MRP3, MRP5 and #p, and probably OATP5A1, OATP1C1 and OATP1A2, although
these signals were weak. Indeed, we previously shdvatdhie human ciliary body
expresses protein forgp, BCRP, MRP2 as well as MRFRelis et al., 2009)and others
have shown protein expression for OATP1A2, OATP1C1, OATP2B1, OATP3Al and
OATP4A1 in human ciliary bod¢Gao et al., 2005) Given the tendency for overlap in
ligand selectivity of OA transporters, we cannot rule out thesipdity that in addition to
OAT1, OAT3 and MRP4, that other OA transporters contributed to transepithelial OA
flux across the ciliary body observed here. The microarray data also show that other
ocular tissues express a variety of OA transporters, Wikigly contribute to OA

disposition eye.
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Rate of aqueous humor production in healthy human eye =0.12 ml - h-!
Volume of aqueous humor =025 ml

Surface area of human ciliary body = 6 cm?

Net active PAH flux at steady state = 50 nmoles - cm™ - b'?

Net active PAH flux at steady state with probenecid = 2 nmoles - cm™? - bt

PAH concentration in aqueous humor compartment = 1 mM/L

Eqguation 1: Rate of PAH elimination via passive outflow

mimoles

L
0.00012 —x 1 =0.12 pmoles - h'!
Equation 2: Rate of PAH elimination wia active transport

nmoles

g = _h-1
50 e 6 cm== 0.3 pmoles-h

Equation 3: Amount of PAH in aqueous humor

i
0.001 @ % 0.00025 L=0.25 pmoles
Equation 4: Amount of time to eliminate 0.25 pmoles PAH from aqueous humor

0.25 umoles + 0.42 pm;xes = 36 minutes

Equation 5: Rate of PAH elimination wvia active transport in presence of probenecid

nmoles
Ixh

x 6 cm?=0.012 pmoles - h'!

Equation 6: Amount of time to eliminate 025 pmoles PAH from agueous humor with probenecid

0.25 pmoles + 0.132 5= = 113 minutes

Figure 4.1 The effects of active transport, probenecid inhibition and passive
outflow. Rates of PAH elimination from the living eye following the hypothetical
administration of 1 mM PAH to agueous hunaoe calculatetbased on the data
generated and knowledge of anterior chamber physiology

67



igmented non-pigmented
choroid P bl

0

2K*
Gap junction

i

T OA oA

Figure 4.2. Hypothetical model of the involvement of NaDC3, OAT1, OAT3, MRP2
and MRP4 in transepithelial OA transport across the ciliary body, aqueous humor
(AH)-to-blood (choroid). Uptake of OA across the basolateral membrane of non
pigmented cells occurs via a tertiary active transport process involvingANRidse (1;
NKA), NaDC3 (2) and OAT1 and/or OAT3 (3. OA are then pumped into the
interstitium by MRP2which localizes to apical membranes of ymgmented cells.
Alternatively, OAs diffuse through gap junctions into pigmented cells and are pumped
into the interstitium by MRP4. MRP2 and MRP4 are Adépendent efflux transporters.
MRNA for NaDC3 has beattetected in noipigmented epithelial celli&George et al.,
2004) but its subcellular localization is unknown. It is placed in the basolateral
membrane of nopigmented cells in this model given that it trafficks to basolateral
membranes of other epithelial cells. Other OA transporters may also contribute to
transepihelial OA secretion. OATPs are included in the model since several OATPs
have been localized to the basolateral membrane epigomented epitheliuniGao et al.,
2005) The subcellular distribution of other OA transporters in ciliary epitheigu
unknown, so they are not included in this model.
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CHAPTER 5: CONCLUSION

Ocular diseases range from mild to severe and can significantly impact quality of
life. For many of these diseases there are small molecule therapeutic drugs that are
effective for treatment, but delivering them to their target site inside of the efgens o
challenging. The blood ocular barriers include the cornea, fqadous humor barrier
and bloodretinal barrier. There is increasing evidence that drug transporters present in
tissues comprising these barriers contribute to drug disposition igghevigh the
potential to either reduce or increase ocular drug bioavailablity. A better understanding
of the cellular and subcellular expression of drug transporters in ocular tissues, and their
function in the tissue distribution of drugs in the eyeyesotoward more effective
strategies to deliver drugs to intraocular tissues.

Many drugs used ttveat eye diseases are O#tphysiological pHsuch as
antibiotics, antivirals, nonsteroidal aimiflammatory drugsprostaglandin analogsd
chemotherapgics. Systemically, many of these OAs are eliminated from plasma by
renal proximal tubular secretion involving the concerted activity of OA transporters in
proximal tubule cells. Although there are in vivo and in vitro data suggesting that the
ciliary body contributes to OA elimination from the eye, the molecular mechanisms have
not been elucidated.

Here we showed that OAT1, OAT3, NaDC3 and MRP4 are expressed in the
ciliary body epithelium of the human and we determined their subcellular localization.
OAT1, OAT3 and NaDCa3 are at the basolateral membrane epigmnented epithelial

cells and in the position to facilitate organic anion uptake from aqueous humor to cell.
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MRP4 is present in the membrane facing the choroidal blood supply, and givenghat it i
an efflux transporter it likely pumps organic anions into the blood. The net active
transport ofpara-aminohippurate and estrolesulfate, and the effects of OAT/MRP
inhibitors is consistent with the contention that the concerted activity of thespdrters
contribute to organic anion elimination from the aqueous humor. The pharmacokinetic
implication of this process is that it would likely reduce drug-hfdfin the eye, either
necessitating higher dosing or the need for more frequent dosingapBeadjuvants,
such as probenecid, which are relatively safe when given systemically, could be used to
increase organic anion hdife in the aqueous humor. While active organic anion
transport by the ciliary body has clear pharmacological implicatibissnot yet clear
what, if any, physiological significance this process may have. The lens is avascular and
dependent on aqueous humor for both delivery of nutrients as well as removal of
metabolic waste products. Perhaps, organic anion transpibr loyliary body
contributes to removal of metabolic wastes that are organic anions.

The microarray data lends clues to other transporters that are expressed in the
ciliary body. Interestingly, organic cation transporters important for the hepatiemaid r
elimination of drugs are present, leading to speculation that like organic anion
transporters, they contribute to organic cation elimination from the eye. This would have
implications for the ocular disposition of select drugs used to treat glaucwhaing b-
adrenergic agonists and carbonic anhydrase inhibitors. Other transporters of immediate
interest are the peptide transporters (PEPTs). Aqueous humor contains protein that is

involved in absorbing ultraviolet radiatiopwhich may protect agash cataract However,
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it is not clear how the protein gets into aqueous humor or how it is cleared. Perhaps

PEPTSs in the ciliary body help regulate peptide levels in aqueous humor.
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