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Abstract 

The purpose was to determine the direction of organic anion (OA) transport across the 

ciliary body and the transport proteins that may contribute.  Transport of several OAs across the 

bovine ciliary body was examined using ciliary body sections mounted in Ussing chambers and a 

perfused eye preparation.  Microarray, RT-PCR, immunoblotting and immunohistochemistry 

were used to examine OA transporter expression in human ocular tissues.  Microarray analysis 

showed that many OA transporters common to other barrier epithelia are expressed in ocular 

tissues.  mRNA (RT-PCR) and protein (immunoblotting) for OAT1, OAT3, NaDC3 and MRP4 

were detected in extracts of human ciliary body from several donors.  OAT1 and OAT3 localized 

to basolateral membranes of non-pigmented epithelial cells and MRP4 to basolateral membranes 

of pigmented cells in human eye.  Para-aminohippurate (PAH) and estrone-3-sulfate transport 

across the bovine ciliary body in Ussing chambers was greater in the aqueous humor-to-blood 

direction than in the blood-to-aqueous humor direction, and active.  There was little net 

directional movement of cidofovir.  Probenecid (0.1 mM) or novobiocin (0.1 mM) added to the 

aqueous humor side of the tissue, or MK571 (0.1 mM) added to the blood side significantly 

reduced net active PAH transport.  The rate of 6-carboxyfluorescein elimination from aqueous 

humor of the perfused eye was reduced 80% when novobiocin (0.1 mM) was present in the 

aqueous humor.  These data indicate that the ciliary body expresses a variety of OA transporters, 

including those common to the kidney.  They are likely involved in clearing potentially harmful 

endobiotic and xenobiotic OAs from the eye.   
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Introduction 

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, many OAs are eliminated 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, in addition to passive elimination via the outflow pathway (Forbes and 

Becker, 1961), OAs are also eliminated from the eye by active transport.  For example, the half-

life of carbenecillin (Barza et al., 1982) and iodopyracet (Forbes and Becker, 1960) in the rabbit 

eye, and cefazolin and carbenecillin in the monkey eye (Barza et al., 1983), increased 

considerably following concomitant administration of probenecid, a well-established 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 (Becler and Forbes, 1961).  What is not apparent from these early in vivo 

studies are the ocular tissue(s) that contribute to active OA elimination.  

There is considerable in vitro evidence that active transport mechanisms for OAs occur in 

the anterior uvea (ciliary body and iris).  Iris-ciliary body preparations from the rabbit 

accumulate the OAs iodopyracet (Sugiki et al., 1961), prostaglandin F2α (Bito, 1972) and 

chlorophenol red (Becker, 1960) in a temperature-dependent and saturable manner, and 

accumulation is inhibited by metabolic poisons and other OAs (Sugiki et al., 1961;Bito, 

1972;Becker, 1960).  The well-established substrate of the renal OA secretory system, para-

aminohippurate (PAH), actively accumulates in preparations of monkey ciliary body, with 

tissue-to-bath ratios of ~6-7 (Stone, 1979).  Another substrate of the renal OA secretory system, 
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6-carboxyfluorescein, is preferentially transported in the aqueous humor-to-blood direction 

across rabbit iris-ciliary body preparations in Ussing chambers (Kondo and Araie, 1994).  

Together, these in vivo and in vitro 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.   

The purpose 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 distribution.  

Expression of 33 OA transporter genes in the ATP-binding cassette and solute carrier families in 

microdissected human ocular tissues was determined by microarray.  The genes examined 

included organic anion transporters (OATs), organic anion transporting polypeptides (OATPs), 

Na-phosphate transporters (NPTs), urate transporter 1 (URAT1), Na-dicarboxylate 

cotransporters (NaDCs), multidrug resistance-associated proteins (MRPs), breast cancer 

resistance protein (BCRP) and P-glycoprotein (P-gp).  The OA transporters that were further 

examined in more detail included organic anion transporter 1 (OAT1; SLC22A6), organic anion 

transporter 3 (OAT3; SLC22A8), the Na-dicarboxylate cotransporter 3 (NaDC3; SLC13A3) and 

the multidrug-resistance associated protein 4 (MRP4), as they are major components of the renal 

OA transport system.       

Materials and Methods 

Reagents & Antibodies – The mouse anti-α1 subunit of Na,K-ATPase monoclonal 

antibody (clone M8-P1-A3) was from Thermo Scientific (Rockford, IL, USA).  The mouse anti-

connexin 43 monoclonal antibody (clone CX-1B1) was from Life Technologies (Burlington, 

ON, Canada).  The rat anti-MRP4 monoclonal antibody (clone M4I-10) used for immunoblotting 
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was from Abcam (Toronto, ON, Canada) – this antibody did not work in immunohistochemistry 

with paraffin embedded tissues (data not shown), so we used a different antibody for this 

application.  The rabbit anti-MRP4 antibody used in immunohistochemistry was a generous gift 

from Dr. Frans G. Russel (Radboud University, Nijmegen Medical Centre, the Netherlands).  

Details of its synthesis and use in immunolocalizing MRP4 to apical membranes of human 

proximal tubule was published (van Aubel et al., 2002).  The rabbit anti-OAT1 antibody was 

from Genway Biotech, Inc (San Diego, CA, USA).  The rabbit anti-OAT3 antibody was from 

Cosmo Bio Co. LTD (Tokyo, Japan).  The mouse anti-NaDC3 monoclonal antibody (clone 3A6) 

was from Abnova (Taipei City, Taiwan).  The AlexaFluor 488 goat anti-rabbit, AlexFluor 488 

goat anti-mouse, horseradish peroxidase (HRP)-conjugated goat anti-rabbit, HRP-conjugated 

goat anti-mouse and HRP-conjugated goat anti-rat antibodies, and TRIzol® reagent, were from 

Life Technologies.  Normal goat serum (10% solution), 6-carboxyfluorescein and propidium 

iodide solution (1 mg/ml) were from Life Technologies.  The RNeasy mini kit was from Qiagen 

(Valencia, CA, USA).  Custom oligonucleotide primers were synthesized by Integrated DNA 

Technologies (Coralville, IA, USA).  [3H]PAH (40 – 60 Ci/mmol) and [3H]estrone-3-sulfate (50 

Ci/mmol) were from American Radiochemicals (St. Louis, MO, USA).  [3H]cidofovir (25 

Ci/mmol) was from Moravek Biochemicals (Brea, CA, USA).  5-(3-(2-(7-Chloroquinolin-2-

yl)ethenyl)phenyl)-8-dimethylcarbamyl-4,6-dithiaoctanoic acid (MK571) was from Sigma-

Aldrich (Oakville, ON, Canada).  Unless noted otherwise, all other reagents and chemicals were 

from Sigma-Aldrich.   

Human Tissues – Human cadaver eyes obtained from the National Disease Resource 

Interchange (Philadelphia, PA, USA) were used for immunohistochemistry and microarray 

analysis.  Human cadaver eyes used for reverse transcription polymerase chain reaction (RT-

This article has not been copyedited and formatted. The final version may differ from this version.
Molecular Pharmacology Fast Forward. Published on February 6, 2015 as DOI: 10.1124/mol.114.096578

 at A
SPE

T
 Journals on M

ay 24, 2023
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


MOL #96578 
 

7 
 

PCR) and immunoblotting were obtained from the Capital Health Tissue Bank (Halifax, NS, 

Canada).  All human eyes were processed within <24 h post enucleation.  For RT-PCR and 

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 the Eunice Kennedy Shriver National 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 and the Human Subjects Committee of Yale 

University.  The use of human kidney tissue was approved by the Research Ethics Board of 

Dalhousie University.  Use of the human cadaver eyes and kidney followed the tenets of the 

Declaration of Helsinki.       

Animal Tissues – Bovine eyes for Ussing chamber studies and RT-PCR were obtained 

from W.G. Oulton’s & Sons Ltd. (Windsor, NS, Canada).  Bovine eyes for perfusion were 

obtained from the University of Arizona abattoir (Tucson, AZ, USA).  Use of the bovine eyes 

was approved by the Dalhousie University Committee on Laboratory Animals and the University 

of Arizona Institutional Animal Care and Use Committee.  Use of bovine eyes conformed to the 

ARVO Resolution for the Use of Animals in Ophthalmic and Vision Research.   

RNA Isolation, RT-PCR and microarray analysis – Total RNA was isolated using 

TRIzol® reagent and the RNeasy mini kit.  Samples with RNA Integrity Number scores above 

7.5 were used for expression analysis.  RT-PCR was conducted using standard procedures as 

described previously (Pelis et al., 2009).  The oligonucleotide primer sequences used are shown 

in Table 1.  Whole-genome expression profiling was done using the Illumina BeadChip array 

platform (HumanHT-12 v4.0 Expression BeadChip Kit).  cRNA labeling and hybridization to the 
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chip and array data analysis were carried out by the Yale Neuroscience Microarray Center (NIH 

Neuroscience Microarray Consortium) at the Keck Foundation at Yale University.               

SDS-PAGE 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 ml of ice-cold homogenization buffer containing 300 mM sucrose, 1 mM 

ethylenediaminetetraacetic acid and protease inhibitors (in μM: 4-(2-aminoethyl)benzenesulfonyl 

fluoride hydrochloride, 104; aprotinin, 0.08; leupeptin, 2; bestatin, 4; pepstatin A, 1.5; E-64, 1.4).  

The final concentration of crude membrane protein was 2 – 5 μg/ml.  The crude membrane 

protein was diluted with an equal volume of 2× Laemmli sample buffer containing 2.5% β-

mercaptoethanol (final concentration).  Except for immunodetection of MRP4, all samples were 

heated to 100°C for 5 minutes.  Standard procedures were used for gel electrophoresis and 

immunoblotting.  The final concentration of the antibodies are as follows: rabbit anti-OAT1 (5 

μg/ml), rabbit anti-OAT3 (1 μg/ml), rat anti-MRP4 (1.5 μg/ml), mouse anti-NaDC3 (0.5 μg/ml) 

and HRP-conjugated secondary antibodies (0.4 μg/ml).  The SuperSignal West Femto 

chemiluminescent substrate (ThermoScientific) was used for immunoreactivity detection.    

Immunohistochemistry – All immunohistochemistry procedures, including tissue 

fixation, are nearly identical to those described previously (Pelis et al., 2009).  The final 

concentration of antibodies used for immunohistochemistry are as follows: rabbit anti-MRP4 

(1:500 dilution; protein concentration unknown), mouse anti-connexin 43 (6.75 µg/ml), mouse 

anti-Na,K-ATPase (7.28 µg/ml), rabbit anti-OAT1 (1 µg/ml), rabbit anti-OAT3 (5 µg/ml) and 

Alexa 488-conjugated secondary antibodies (4 – 10 μg/ml).  Nuclei were stained with propidium 

iodide (5 μg/ml).  Immunoreactivity was visualized using a Zeiss LSM 510 META laser 
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scanning confocal microscope at the Cellular and Molecular Digital Imaging facility in the 

Faculty of Medicine at Dalhousie University. 

Ussing Chamber Experiments – Following dissection bovine ciliary body wedges were 

mounted in Ussing chambers with an aperture size of 0.12 cm2.  It was possible to obtain ~6 

wedges from a single ciliary body.  Each hemichamber contained 1.2 ml of Kreb’s solution 

containing (in mM): 117 NaCl, 4.6 KCl, 20 NaHCO3, 6 mM glucose, 1 mM MgCl2, 1.5 mM 

CaCl2 and 10 mM hydroxyethyl piperazineethanesulfonic acid (HEPES), pH 7.4.  The buffer 

inside the chambers was continuously stirred with magnetic stir bars, gassed with 95% O2/5% 

CO2, and the temperature was maintained at 37°C.  Ag/AgCl electrodes were used to monitor 

transepithelial potential difference (TPD) and as short-circuiting electrodes.  Electrode 

asymmetry was corrected at the beginning and end of each experiment with fluid resistance 

compensation.  Transepithelial resistance (TER) was determined by the change in TPD generated 

by a brief 10-μA pulse controlled by a high-impedance automatic dual voltage clamp (DVC 

4000; World Precision Instruments, Sarasota, FL).  Transepithelial electrical data was collected 

and analyzed using a PowerLab 28T and LabChart software, respectively (ADInstruments, 

Colorado Springs, CO, USA). 

All transport experiments were conducted under voltage-clamped conditions.  Flux 

measurements began following the addition of ~20 – 50 nM of [3H]labeled compound (PAH, 

estrone-3-sulfate or cidofovir) to the appropriate hemichamber (aqueous humor side or blood 

side) along with a higher concentration of unlabeled compound (5 μM, 15 μM or 1 mM final 

concentration – as stated in the Figure Legends) added to both hemichambers.  In some cases, 

probenecid or novobiocin (100 μM final concentration) was added to the aqueous humor side of 

the tissue, or MK571 (100 μM final concentration) was added to the blood side.  Samples were 
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collected at 30-min intervals over a period of 2 h.  Radioactivity content in the samples was 

determined by liquid scintillation spectroscopy (LS6500, Beckman Coulter).  For an individual 

replicate, control and transport protein inhibitor treated tissues were prepared from the same 

ciliary body and the flux measurements were performed simultaneously.  TPD and TER were 

determined at the beginning and end of each experiment to monitor tissue viability.    

Perfused Bovine Eye – Bovine eyes were perfused using a method described in earlier 

studies on aqueous humor formation and multifocal electroretinogram (Shahidullah et al., 

2003;Shahidullah et al., 2005).  The ophthalmic artery was cannulated and the eye perfused with 

a physiological saline.  The arterial pressure was continuously monitored using a digital pressure 

transducer (model 60-3003; Harvard Apparatus, South Natick, MA) and never exceeded 140 

mmHg.  After establishing steady state perfusion and intraocular pressure (see below), the 

anterior chamber was cannulated with three 23G needles.  The first needle was connected via 

fine silicon tubing (0.5 mm internal diameter) passing through a Watson-Marlow peristaltic 

pump to the inlet of a 95 μl quartz flow-through cell.  The outlet of the flow-through cell was 

then connected to the anterior chamber via silicon tubing and a second 23G needle to constitute 

the anterior chamber circulating system.  The anterior chamber circulating system was filled with 

aqueous humor substitute (AHS) containing (in mM): 110 NaCl, 3 KCl, 1.4 CaCl2, 0.5 MgCl2, 

0.9 KH2PO4, 30 NaHCO3, 6 glucose, 3 ascorbic acid, equilibrated with 95% O2:5% CO2, pH 

7.56.  The AHS contained either 150 μM 6-carboxyfluorescein (6-CF) (control eyes) or 150 µM 

6-CF plus 150 µM novobiocin (treated eyes).  Based on the anterior chamber volume of bovine 

eyes the final concentration of 6-CF and novobiocin in the anterior chamber was ~100 μM.  A 

third needle connected to the anterior chamber continually monitored intraocular pressure, which 

ranged between 9 – 15 mm Hg at steady-state.  The aqueous humor compartment was perfused 
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for 150 min.  After 30 minutes of perfusion the venous effluent (about 1 ml) was collected every 

5 min.  The fluorescence in the samples was read at excitation and emission wave lengths of 492 

and 517 nm, respectively, using a Varioskan flash multimode plate reader (Thermo Scientific, 

Barrington, IL, USA).  The amount of 6-CF in the venous effluent was quantified from a 

standard curve.     

Statistics – Data are mean ± standard error of the mean.  Comparison of sample means 

was done using an unpaired student’s t-test.  All statistical analysis was performed with 

GraphPad Prism (version 5) and deemed significant when p < 0.05. 

Results 

Expression of 33 genes corresponding to major OA drug transporters in the SLC and 

ABC transporter families was determined by microarray in the following microdissected ocular 

tissues: cornea, trabecular meshwork, iris, lens epithelium, ciliary body, retina and retinal 

pigmented epithelium (Figure 1).  The transporters examined were the organic anion 

transporters (OATs), urate transporter 1 (URAT1), Na-phosphate transporters (NPTs), Na-

dicarboxylate cotransporters (NaDCs), multidrug resistance-associated proteins (MRPs), breast 

cancer resistant protein (BCRP), P-glycoprotein (Pgp) and the organic anion transporting 

polypeptides (OATPs).  Many of the transporters examined were expressed in the various ocular 

tissues examined (Figure 1).  We further focused on the expression of OAT1, OAT3, NaDC3 

and MRP4 in the ciliary body since the microarray data suggested that the transporters are 

present, they are primary components of the renal OA transport system (Pelis and Wright, 2011), 

and previous in vivo and in vitro functional studies showed OA transport activity consistent with 

their expression in the ciliary body (see Introduction).    
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RT-PCR was further used to examine the mRNA expression of MRP4, NaDC1, NaDC3, 

OAT1 and OAT3 in the ciliary body, retina, iris, retinal pigmented epithelium and cornea from a 

single human donor.  All of the tissues examined expressed the α1 subunit of Na,K-ATPase, 

MRP4 and NaDC3, whereas the other proteins were differentially expressed (Figure 2).  NaDC1 

mRNA was only detected in the retina, OAT1 mRNA in the ciliary body, iris and retinal 

pigmented epithelium, and OAT3 mRNA in the ciliary body and to a lesser extent in the retinal 

pigmented epithelium.   

RT-PCR and immunoblotting for OAT1, OAT3, MRP4 and NaDC3 was conducted for 

additional evidence for their expression in human ciliary body using preparations from four 

separate human donors – human renal cortex was used as a positive control in each case.  mRNA 

transcripts for OAT1, OAT3, MRP4 and NaDC3 were detected in all human donor samples and 

in human kidney (Figure 3).  Protein for OAT1, OAT3, MRP4 and NaDC3 were also detected in 

ciliary body of all donors examined, as well as in human renal cortex (Figure 4).  OAT1, OAT3, 

MRP4 and NaDC3 migrated on the SDS-PAGE gels with apparent sizes of ~60 kDa, ~60 kDa, 

~160 kDa and ~55 kDa, respectively.   

Immunohistochemistry was used to determine the cellular and subcellular expression 

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

(Figure 5).  The α1 subunit of Na,K-ATPase served as a marker of basolateral membranes of 

pigmented cells and non-pigmented epithelium while connexin 43 (Cx43) was used as a marker 

of apical membranes of pigmented cells and non-pigmented epithelium.  The level of 

immunoreactivity for Na,K-ATPase was high in the basolateral membrane of non-pigmented 

cells and much weaker (almost undetectable) at the basolateral membrane of pigmented cells.  

Connexin 43 had a punctate staining pattern that was sporadic and occurred at the apical junction 
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of pigmented and non-pigmented cells.  The pattern of Na,K-ATPase and connexin 43 

immunoreactivity in the ciliary body is consistent with previous reports (Flugel and Lutjen-

Drecoll, 1988;Shahidullah and Delamere, 2014).  OAT1 appeared to occur predominately in 

non-pigmented epithelial cells, with an expression pattern consistent with its occurrence in 

basolateral membranes.  OAT3 also appeared to localize to basolateral membranes of non-

pigmented epithelial cells.  In contrast, MRP4 had a localization pattern consistent with its 

expression in basolateral membrane of pigmented cells.  Attempts to immunolocalize NaDC3 in 

human ciliary body were unsuccessful.  

PAH is a well-established substrate of the renal OA transport system.  To determine if the 

ciliary body supports active PAH transport we measured the transepithelial transport of PAH 

under short-circuited conditions across the freshly dissected bovine ciliary body in Ussing 

chambers.  Figure 6A shows a representative flux experiment with 1 mM PAH bathing both 

sides of the tissue.  The unidirectional aqueous humor-to-blood flux was greater than the blood-

to-aqueous humor flux, with net active transport in the aqueous humor-to-blood direction – net 

active transport approached steady-state at the 2 h time point.  In several different experiments 

the aqueous humor-to-blood flux was 5.3-fold higher at t = 2h than the blood-to-aqueous humor 

flux (Figure 6B).  The TER, TPD and Isc values for these control experiments were 66.8 ± 5.9 

Ω⋅cm2, -0.32 ± 0.2 mV (aqueous humor side negative) and -19.9 ± 4.2 μA⋅cm-2, respectively.  

The transepithelial electrical properties determined here are in relatively good agreement with 

previous results (To et al., 1998).  We also examined PAH transport at a bath concentration of 5 

μM.  Under these conditions the aqueous humor-to-blood flux (1.05 ± 0.08 nmoles ⋅ cm-2 ⋅ h-1) 

was 11.7-fold higher than the blood-to-aqueous humor flux (0.09 ± 0.02 nmoles ⋅ cm-2 ⋅ h-1) at t = 

2h (n = 3, P < 0.001, two-tailed unpaired students t-test).  Similar to the human ciliary body, 
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mRNA for Oat1, Oat3, Nadc3 and Mrp4 were detected in bovine ciliary body extracts by RT-

PCR using oligonucleotide primers specific for the bovine orthologs of the transporters (Figure 

6C).  

Given the evidence for active PAH transport across the bovine ciliary body we also 

performed inhibition experiments using the well-known OA transport inhibitors probenecid, 

novobiocin and MK571.  Probenecid and novobiocin were added to the aqueous humor side of 

the tissue only since OAT1, which transports PAH, and is inhibited by probenecid (Ingraham et 

al., 2014) and novobiocin (Duan and You, 2009), localized to basolateral membranes of non-

pigmented epithelial cells (Figure 5).  MK571 was added to the blood side of the tissue only to 

target MRP-mediated efflux – both MRP2 (Pelis et al., 2009) and MRP4 (Figure 5) localize to 

the blood side of the ciliary body epithelium.  Para-aminohippurate is a substrate of both MRP2 

and MRP4, both of which are inhibited by MK571 (Smeets et al., 2004).  We used a bath PAH 

concentration of 1 mM given that net transport approached steady-state under these conditions, 

but did not when the bath contained 5 μM PAH (not shown).  Probenecid nearly abolished all net 

active transport by reducing the aqueous humor-to-blood flux (Table 2).  Novobiocin completely 

inhibited net active secretion, but its effect was due to an apparent simultaneous reduction in the 

aqueous humor-to-blood flux and an increase in the blood-to-aqueous humor flux (Table 2).  

MK571 caused a 60% reduction in the aqueous humor-to-blood flux, but had no effect on the 

blood-to-aqueous humor flux, resulting in a 68% reduction in net active transport (Table 2).  

None of the inhibitors influenced the transepithelial electrical properties (not shown).   

Since PAH is a preferential substrate of OAT1 versus OAT3 (Zhang et al., 2004), and 

both the human and bovine ciliary body express OAT3, the transepithelial transport of estrone-3-

sulfate (a preferential substrate of OAT3; (Zhang et al., 2004)) across the bovine ciliary body in 
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Ussing chambers was examined.  We also examined the transport of cidofovir since it is used 

clinically to treat cytomegalovirus infections and is an OAT1 substrate (Cihlar et al., 1999).  At a 

bath concentration of 5 μM the estrone-3-sulfate aqueous humor-to-blood flux (26.1 ± 7.3 

pmoles ⋅ cm-2 ⋅ h-1) was 3.5-fold higher than the blood-to-aqueous humor flux (7.45 ± 1.5 pmoles 

⋅ cm-2 ⋅ h-1) at t = 2h (Figure 7).  Interestingly, there was no significant difference in the 

unidirectional fluxes of cidofovir across the bovine ciliary body, and net active transport was in 

the aqueous humor-to-blood direction (Figure 7).    

6-CF was used as a substrate in ex vivo experiments with the perfused bovine eye since it 

is a substrate of both OAT1 and OAT3 (Rodiger et al., 2010) (and likely other OA transporters 

as well), and it is actively transported in the aqueous humor-to-blood direction by the ciliary 

body (Kondo and Araie, 1994).  Novobiocin was used as an inhibitor since it inhibits OAT1 and 

OAT3 (Duan and You, 2009).  The amount of 6-CF eliminated from the aqueous humor into the 

venous perfusate, a product of passive outflow through the trabecular meshwork and flux across 

the ciliary epithelium, was significantly reduced when novobiocin was present in the aqueous 

humor (5.78 ± 0.27 vs 1.19 ± 0.03 μmol ⋅ L-1 ⋅ h-1, P < 0.001, two-tailed unpaired students t-test).   

Discussion 

Gene expression analysis was done to examine OA transporter expression in various 

microdissected ocular tissues, an approach used previously by others (Chen et al., 2013;Dahlin et 

al., 2013;Zhang et al., 2008).  The transporter expression profile in the human ciliary body 

shown in Figure 1 are in relatively good agreement with these previous studies, with a side-by-

side comparison shown in Table 3.  We further characterized OAT1, OAT3, MRP4 and NaDC3 

in more detail since previous in vivo and in vitro functional studies showed OA transport activity 

consistent with their expression in the ciliary body (see Introduction).  OAT1, OAT3, NaDC3 
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and MRP4 were detected in ciliary body preparations from multiple donors by RT-PCR and 

immunoblotting.  OAT1 and OAT3 localized to the basolateral membrane of non-pigmented 

epithelial cells and MRP4 to the basolateral membrane of pigmented cells.  We previously 

showed that MRP2 localizes to the apical membrane of non-pigmented epithelium (Pelis et al., 

2009).  This is the first study to determine the cellular and subcellular distribution of OAT1, 

OAT3 and MRP4 in the human ciliary body. 

The localization of OAT1 and OAT3 (uptake transporters) on the aqueous humor side of 

the ciliary epithelium, and MRP2 and MRP4 (efflux transporters) on the blood side led to the 

hypothesis that the tissue would support the transepithelial transport in the aqueous humor-to-

blood direction of prototypic substrates of the renal OA transport system.  PAH, estrone-3-

sulfate, cidofovir and 6-CF were chosen as substrates since they are all secreted by proximal 

tubules via the OA transport system (Irish, III and Dantzler, 1976;Shuprisha et al., 1999;Cundy 

et al., 1995;Lungkaphin et al., 2006).  Net PAH transport across the ciliary body in Ussing 

chambers was in the aqueous humor-to-blood direction, and active (voltage-clamped conditions).  

Consistent with these results, PAH is actively accumulated by in vitro preparations of monkey 

ciliary body (Stone, 1979).  The flux ratio (aqueous humor-to-blood flux/blood-to-aqueous 

humor flux) was ~2-fold higher at a PAH bath concentration of 5 μM (flux ratio of 11.7) versus 

1 mM (flux ratio of 5.3).  The decrease in flux ratio with increasing PAH concentration suggests 

that the rate-limiting step in transepithelial PAH secretion can be saturated – although it was 

likely not saturated at the 1 mM concentration, as the flux ratio was >1 under these conditions.  

Similar to PAH, the active transport of estrone-3-sulfate across the ciliary body in Ussing 

chambers was in the aqueous humor-to-blood direction.  In contrast, there was no active 

transport of cidofovir, i.e., the aqueous humor-to-blood flux and blood-to-aqueous humor flux 
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were not different from each other.  Renal tubular secretion of cidofovir is not particularly 

robust.  That is, the renal clearance (CLR) of cidofovir exceeds the glomerular filtration rate 

(GFR), but only by a relatively small fraction (CLR,cidofovir/GFR ≅ 1.5 (Cundy et al., 1995)).  

Nephrotoxicity is a dose-limiting toxicity for cidofovir in the clinic (Cundy, 1999), largely due to 

OAT1-mediated uptake of cidofovir into proximal tubule cells (Uwai et al., 2007;Ho et al., 

2000), but, 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 support ATP-

dependent cidofovir transport (Imaoka et al., 2007).  The ciliary epithelium generates aqueous 

humor, which is necessary for maintenance of intraocular pressure.  Interestingly, an adverse 

event associated with cidofovir treatment for cytomegalovirus retinitis is low intraocular pressure 

(ocular hypotony) (Bainbridge et al., 1999).  It is possible that OAT1-mediated cidofovir uptake 

into ciliary epithelial cells, and its slow rate of cellular efflux, contribute to this adverse event.  

Probenecid is used to prevent cidofovir-induced nephrotoxicity by blocking OAT1-mediated 

cidofovir uptake (Cundy, 1999), and may prove useful in ameliorating ocular hypotony in 

patients receiving cidofovir.      

Inhibition studies were done using MK571 to target MRP-mediated efflux, or probenecid 

or novobiocin to target OAT-mediated uptake.  MK571 added to the blood side reduced net 

active PAH transport, likely due to inhibition of MRP-mediated efflux from the ciliary 

epithelium.  Addition of probenecid or novobiocin to the aqueous humor side of the tissue 

completely abolished net active PAH transport, most likely due to inhibition of OAT1.  

Probenecid inhibited by reducing the aqueous humor-to-blood flux.  Consistent with the effects 

of probenecid on transepithelial PAH transport, probenecid inhibited PAH accumulation into 

monkey ciliary body in vitro (Stone, 1979).  The effects of novobiocin were more complex – 
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both unidirectional fluxes appeared to change.  The apparent increase in the blood-to-aqueous 

humor flux caused by novobiocin may reflect the ability of the novobiocin gradient, in the 

aqueous humor-to-blood direction, to reverse PAH transport via anion exchange mechanisms, 

which are known to occur in apical membranes of proximal tubule (Pelis and Wright, 2011).  

Although the inhibitors were added to one side of the tissue only, we cannot rule out the 

possibility that the drugs entered the cells and inhibited the pathway at the opposing membrane.  

Novobiocin was also effective at reducing the rate of 6-CF elimination from the perfused bovine 

eye.  Kondo et al. (Kondo and Araie, 1994) used Ussing chambers to show that 6-CF transport 

across the rabbit ciliary body, which is in the aqueous humor-to-blood direction (flux ratio ~3), is 

inhibited by probenecid.     

Figure 8 shows a model of OA flux across the ciliary epithelium involving OAT1, 

OAT3, NaDC3, MRP2 and MRP4.  OAT1 and OAT3 occur in basolateral membranes of non-

pigmented epithelial cells and operate via a tertiary active transport mechanism to mediate 

cellular OA uptake.  The first step in this process is generation of the Na-gradient by Na,K-

ATPase, followed by the Na-dependent uptake of α-ketoglutarate (a Kreb’s Cycle intermediate) 

by NaDC3.  Although we were unsuccessful in immunolocalizing NaDC3 in ciliary body, 

George et al (George et al., 2004) showed by in situ hybridization 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-

directed α-ketoglutarate concentration gradient thus energizing OA uptake via an exchange 

mechanism on OAT1 and OAT3.  Kondo and Arai (Kondo and Araie, 1994) previously showed 

using the Na,K-ATPase inhibitor ouabain that 6-carboxyfluorescein transport across the ciliary 

body in Ussing chambers is Na-dependent, consistent with the tertiary active uptake mechanism 
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proposed above.  Once inside non-pigmented epithelial cells OAs are pumped across the apical 

membrane into the intercellular space by MRP2.  Once in the intercellular space OAs enter the 

choroidal blood by diffusing between the leaky junctions between pigmented cells.  This is 

possible since large molecular weight tracers, such as horseradish peroxidase, when injected 

intravenously diffuse out of the choroidal blood and into the space between adjacent pigmented 

cells, and between the apical junction of pigmented and non-pigmented cells (Freddo, 2001).  

Alternatively, OAs diffuse through gap junctions connecting non-pigmented and pigmented cells 

for final efflux into the interstitium by MRP4 located on basolateral membranes of pigmented 

cells.  The currently accepted model for aqueous humor secretion by ciliary epithelium involves 

the movement of solutes between pigmented and non-pigmented cells through gap junctions (Do 

and Civan, 2004).   

While the proposed model is limited to OAT1, OAT3, NaDC3, MRP2 and MRP4, there 

are likely other OA transporters functioning in aqueous humor-to-blood flux of OAs.  Indeed, the 

gene expression analysis shown here and done by others indicate that the tissue expresses a 

variety of OA transporters.  We previously showed that the human ciliary body expresses protein 

for P-gp, BCRP, MRP2 as well as MRP1 (Pelis et al., 2009), and others have shown protein 

expression for OATP1A2, OATP1C1, OATP2B1, OATP3A1 and OATP4A1 at the basolateral 

membrane of non-pigmented epithelium in human ciliary body (Gao et al., 2005).  Given the 

tendency for overlap in ligand selectivity of OA transporters, we cannot rule out the possibility 

that in addition to OAT1, OAT3, MRP2 and MRP4, that other OA transporters shown to be 

expressed in the ciliary body, such as OATPs, MRP1 and BCRP contributed to transepithelial 

OA flux across the ciliary body observed here.  However, to our knowledge there is no evidence 

that OATPs or BCRP support para-aminohippurate transport.  In conclusion, the ciliary body 
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expresses a variety of OA transporters, including several involved in renal tubular OA secretion.  

They are likely involved in clearing OAs from the eye.   
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Legends for Figures 

Figure 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 5-6 individual human donor eyes.  The horizontal line represents a background level 

of hybridization signal, i.e., only values above this line are considered a positive signal.  TM, 

trabecular meshwork; CB, ciliary body; RPE, retinal pigmented epithelium.  URAT1, urate 

transporter 1; NPT, Na-phosphate transporter; OATP, organic anion transporting polypeptide; 

BCRP, breast cancer resistant protein; Pgp, P-glycoprotein.   

 

Figure 2.  RT-PCR analysis of Na,K-ATPase (α1 subunit), MRP4, NaDC1, NaDC3, OAT1 and 

OAT3 in human ciliary body (CB), retina (Ret), iris, retinal pigmented epithelium (RPE) and 

cornea (Corn).  Kidney was used as a positive control.  PCR products were separated on 1% 

agarose gels and visualized with ethidium bromide. 

 

Figure 3.  RT-PCR analysis showing MRP4, NaDC3, OAT1 and OAT3 mRNA transcripts in 

ciliary body from four separate human donors (1-4).  Human kidney cortex was used as a 

positive control (kid).  PCR products were separated on 1% agarose gels and visualized with 

ethidium bromide.  

 

Figure 4.  Immunoblot showing the expression of OAT1, OAT3 and MRP4 in the human ciliary 

body of four different donors (1-4).  Crude homogenate of human kidney cortex served as a 

positive control (kid).  Twenty micrograms of crude homogenate from each of the tissue samples 

was separated on 4 – 12 % SDS-PAGE gels before electrophoretic transfer of the proteins to 
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polyvinylidene difluoride membranes.  Immunoreactivity was detected using protein specific 

antibodies and enhanced chemiluminescence detection.   

 

Figure 5.  Immunolocalization of Na,K-ATPase, connexin 43 (Cx43), MRP4, OAT1 and OAT3 

in paraffin embedded human eye.  Na,K-ATPase was used as a marker of basolateral membranes 

of pigmented and non-pigmented cells.  Connexin 43 (Cx43) was used as a marker for the apical 

membrane of both cell types.  Proteins of interest are in green and nuclei are stained red with 

propidium iodide.  The arrowheads point to pigmented cells whereas the arrows point to non-

pigmented cells.  The inset figures are magnifications of the areas near the arrow and arrowhead.  

AH = aqueous humor.  Limited immunoreactivity was detected when the primary antibody was 

omitted (negative control).   

 

Figure 6.  Unidirectional fluxes (aqueous humor-to-blood, AH-to-blood; blood-to-aqueous 

humor, blood-to-AH) and net active flux of PAH across bovine ciliary body in Ussing chambers 

(Panel A and B).  Panel A is a representative time-course experiment (n = 1).  Panel B are the 

fluxes at steady-state (t = 2h) from 4 separate experiments (mean ± standard error of the mean).  

The unlabeled concentration of PAH used was 1 mM.  Net flux is the difference between the 

unidirectional fluxes and is in the aqueous humor-to-blood direction.  *P < 0.05, significantly 

different from the AH-to-blood flux, two-tailed unpaired student’s t-test.  Panel C is mRNA 

expression analysis of Oat1, Oat3, Nadc3 and Mrp4 in bovine ciliary body (CB) by RT-PCR.  

Kidney was used as a positive control (kid).  PCR products were separated on 1% agarose gels 

and visualized with ethidium bromide. 
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Figure 7.  Unidirectional fluxes (aqueous humor-to-blood, AH-to-B; blood-to-aqueous humor, 

B-to-AH) and net active flux of estrone-3-sulfate or cidofovir across bovine ciliary body in 

Ussing chambers.  The flux values were obtained at t = 2h and are the mean ± standard error of 

the mean of 4 (estrone-3-sulfate) or 3 (cidofovir) separate experiments.  The unlabeled 

concentration of estrone-3-sulfate and cidofovir was 5 μM.  Net flux is the difference between 

the unidirectional fluxes.  *P < 0.05, significantly different from the AH-to-blood flux, two-

tailed unpaired student’s t-test.   

 

Figure 8.  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 involving Na,K-ATPase (1°; NKA), NaDC3 (2°) and OAT1 and/or 

OAT3 (3°).  OAs are then pumped into the interstitium by MRP2, which localizes to apical 

membranes of non-pigmented cells.  Alternatively, OAs diffuse through gap junctions into 

pigmented cells and are pumped into the interstitium by MRP4.  MRP2 and MRP4 are ATP-

dependent efflux transporters.  mRNA for NaDC3 has been detected in non-pigmented epithelial 

cells (George et al., 2004), but its subcellular localization is unknown.  It is placed in the 

basolateral membrane of non-pigmented cells in this model given that it trafficks to basolateral 

membranes of other epithelial cells.  Other OA transporters may also contribute to transepithelial 

OA secretion.  OATPs are included in the model since several OATPs have been localized to the 

basolateral membrane of non-pigmented epithelium (Gao et al., 2005).  The subcellular 

distribution of other OA transporters in ciliary epithelium is unknown, so they are not included in 

this model.    
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Table 1. Oligonucleotide primer sequences used in RT-PCR analysis.  

Species Transporter Oligonucleotide primer 

Human 

OAT1 
sense strand: 5′-TCATCTTGAACTACCTGCAGAC-3′ 
antisense strand: 5′-CAGAGTCCATTCTTCTCTTGTG-3′ 

OAT3 
sense strand: 5′-CTTCGTCTTCTTCCTATCATCC-3′ 
antisense strand: 5′-AGACCTAGGGACAGAGAGCTAAG-3′ 

NaDC3 
sense strand: 5′-AGTACTTCCTCGACACCAACTT-3′ 
antisense strand: 5′-AGTCAAACCACCACTTGAGAG-3′ 

MRP4 
sense strand: 5′-ATCTGCTGTCCAATGATGTG-3′ 
antisense strand: 5′-CAGTTCGAACAAGTGTCTGC-3′ 

Bovine 

Oat1 
sense strand: 5′-AGCTGGCTCAGTCCTTATACAT-3′ 
antisense strand: 5′-GACAGCACCGTAGATAAAGAGAG-3′ 

Oat3 
sense strand: 5′-ACAACCTGCTACAGATCTTCAC-3′ 
antisense strand: 5′-GATAGCTTATGGCCAGTGTAGTG-3′ 

Nadc3 
sense strand: 5′-AGTACTTCCTGGACACCAACTT-3′ 
antisense strand: 5′-GTCTCTGTGTTGGGAGCTTTA-3′ 

Mrp4 
sense strand: 5′-GATGACATGTACTCGGTGTTTC-3′ 
antisense strand: 5′-CTGTAATCAGGTTGTCAAGGAG-3′ 
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Table 2. Effect of probenecid, novobiocin or MK571 on unidirectional and net fluxes of PAH across the 

bovine ciliary body in Ussing chambers. 

  AH-to-Blood Flux Blood-to-AH Flux Net Flux 

Control  58.7 ± 10.7 9.4 ± 0.82 49.3 ± 10.2 

Probenecid (100 μM)  18.8 ± 3.3* 16.9 ± 8.3 1.84 ± 8.2* 

     
Control  41.4 ± 10.8 10.8 ± 1.41 30.6 ± 9.4 

Novobiocin (100 μM)  28.8 ± 11.1 28.9 ± 15.2 -0.10 ± 4.6* 
     

Control  67.6 ± 7.8 16.5 ± 3.6 51.2 ± 10.5 

MK571 (100 μM)  26.7 ± 8.7* 10.5 ± 1.6 16.2 ± 9.3* 

The flux values were obtained at t = 2h and are mean ± standard error of the mean of three separate 

experiments.  The concentration of unlabeled PAH was 1 mM.  Probenecid and novobiocin were added 

to the aqueous humor side of the tissue only.  MK571 was added to the blood side of the tissue only.  

AH, aqueous humor.  *P<0.05, significantly different from control, two-tailed unpaired student’s t-test. 
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Table 3. Comparison of OA transporter genes detected in human ciliary body in this study to 

three previously published studies. 

Transporter This study Dahlin et al. Zhang et al. Chen et al. 

OAT1 detected - detected - 

OAT2 not detected - not detected - 

OAT3 detected - detected - 

OATP1A2 detected  
(weak signal) 

detected not detected - 

OATP1B1 not detected - not detected - 

OATP1B3 not detected detected not detected - 

OATP2B1 detected - detected - 

MRP2 detected - not detected detected 

MRP3 detected - detected not detected 

MRP4 detected detected - detected 

MRP5 detected detected - detected 

MRP7 detected - - detected 

BCRP detected 
(weak signal) 

detected detected detected 

Pgp detected detected detected detected 

The gene expression data from this study was taken from Figure 1.  The study by Dahlin et al. 

(Dahlin et al., 2013), like the present study, used ciliary body, whereas the studies by Chen et 

al. (Chen et al., 2013) and Zhang et al. (Zhang et al., 2008) used iris-ciliary body preparations.  

Although the Dahlin et al. (Dahlin et al., 2013) manuscript examined expression of other 

transporters they only reported data for the ten most highly expressed TransPortal 

(http://bts.ucsf.edu/fdatransportal) transporter genes identified in their study.  The six shown 

above were also examined by us.  -, indicates that expression of the transporter gene was not 

reported or was not examined.    
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