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Abstract

Mechanisms of Water and Solute Transport

At the Ocular Surface

by Marc Harris Levin

Fluid transport across corneal and conjunctival epithelia involves secondary
active chloride and sodium transport, which establishes the osmotic gradient to drive net
water secretion. Aquaporins (AQPs), the cystic fibrosis transmembrane conductance
regulator (CFTR), and the epithelial sodium channel (ENaC) provide molecular routes for
transport of water, chloride, and sodium, respectively, through many epithelial tissues.
The studies here define quantitatively contributions of these transporters to water and
solute movement at the ocular surface, thus establishing new regulation mechanisms.
Fluorescence and electrophysiological techniques were introduced to measure
corneal/conjunctival transport properties in living mouse tissue. Comparative
measurements were made between wild-type mice and transgenic mice deficient in
various transporters, and using small-molecule modulators of transporter function.
Supported by mathematical modeling, the data implicate AQPs, CFTR, and ENaC in
ocular surface fluid balance, and as attractive targets for pharmacological treatment of

disorders such as dry eye syndromes and corneal erosions.
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Actions of and interactions among AQPs, CFTR, and ENaC are also of central
importance to airway surface liquid (ASL) function and dysfunction, and have been
considered with regard to both the etiology and possible treatment of cystic fibrosis (CF)
lung disease. Recent data indicated clinical benefit of nebulized hypertonic saline in CF.
The proposed mechanism of increased ASL volume relies on purported inhibition of lung
AQPs by the ENaC inhibitor amiloride. Sensitive fluorescence methods indicated that
amiloride does not inhibit AQP-mediated airway water permeability, indicating the need

to identify alternate mechanisms for clinical benefit of hypertonic saline.

Another therapeutic strategy considered here is inhibition of urea transporters
(UTs). Functional studies in knock-out mice indicate a critical role for UTs in renal
urinary concentration and urea clearance. We performed high-throughput screening using
a human erythrocyte lysis assay to discover the first high-affinity small-molecule UT-B
inhibitors. Compounds were identified with ECsy approaching 10 nM, belonging to
phenylsulfoxyoxozole, benzenesulfonanilide, phthalazinamine, and aminobenzimidazole
chemical classes. UT-B inhibitors will be evaluated for their application as a new class
of diuretics (‘urearetics’) to increase renal water and solute clearance in water-retaining

states, hypertension, and azotemia.
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CHAPTER 1.
Aquaporins and CFTR
in Ocular Epithelial Fluid Transport

Abstract

Aquaporins (AQPs) and the cystic fibrosis transmembrane conductance regulator
(CFTR) provide the molecular routes for transport of water and chloride, respectively,
through many epithelial tissues. In ocular epithelia, fluid transport generally involves
secondary active chloride transport, which creates the osmotic gradient to drive
transepithelial water transport. This chapter examines roles for AQPs and CFTR in water
and ion transport across corneal/conjunctival epithelia, corneal endothelium, ciliary
epithelium, and retinal pigment epithelium. The potential relevance of water and chloride
transport to common disorders of ocular fluid balance is also introduced. Recent data
suggest AQPs and CFTR as attractive targets for drug development for therapy of
keratoconjunctivitis sicca, recurrent corneal erosions, corneal edema, glaucoma, retinal

detachment, and retinal ischemia.

The eye contains specialized fluid compartments and tissues that are avascular
and low in protein so as to meet the needs of optical transparency, as in the cornea, and to
maintain a suitable ionic environment for neural signal transduction, as in the retina.

Regulated transfer of fluid and metabolites between extravascular spaces and adjacent



tissues or the systemic circulation supports these highly specialized functions (reviewed
in Ref ). It is now appreciated that CI” secretion provides a primary driving force for
active near-isosmolar water transport across the principal ocular epithelia:
corneal/conjunctival epithelia, corneal ‘endothelium,’ ciliary epithelium, and retinal
pigment epithelium. HCO;’ transport often plays a crucial, though indirect role in
promoting CI uptake across membranous barriers. AQPs and CFTR have been identified
as the principal molecular pathways for water and chloride transport, respectively, across
a variety of epithelial tissues. The roles of these channels in mammalian physiology have
been elucidated from phenotype analysis of transgenic mice and/or humans with absent

or mutated channels, and in the case of CFTR, from the use of small-molecule inhibitors.

AQP-type water channels make up a family of small (~30 kDa) proteins with six
alpha-helical membrane-spanning domains that facilitate bidirectional osmotic water
transport across cell plasma membranes (reviewed in Ref **). A cell membrane osmotic
water permeability coefficient of greater than ~0.01 cm/s generally indicates the presence
of AQP water channels. Analysis of AQP knock-out mice has established the
involvement of AQPs in extraocular epithelia in osmotically driven and near-isosmolar
fluid transport, as in the urinary concentrating mechanism and glandular fluid secretion.?
Additionally, AQPs are involved in a growing list of less predictable epithelial cell
functions, including cell migration and proliferation.*® This introductory chapter
examines the roles of AQPs in ocular epithelial fluid absorption and secretion with
special consideration of their relevance to common human disorders of ocular fluid

balance such as dry eye syndrome, corneal swelling, and glaucoma.



CFTR, one of a growing list of CI" channels (reviewed in Ref. °), is expressed in
many fluid-transporting epithelia in the airways, pancreas, and intestine (reviewed in
Refs. ). CFTR is a large (~180 kDa) cAMP-stimulated CI" channel comprised of 12
transmembrane domains, two cytoplasm-facing nucleotide-binding domains, and a
cytoplasm-facing regulatory domain. CFTR is the only member of the ATP-binding-
cassette (ABC) transporter superfamily known to conduct ions. Mutations in CFTR cause
cystic fibrosis (CF), a relatively common life-shortening human genetic disease. Though
CF is not commonly associated with overt eye diseases such as keratoconjunctivitis sicca
(KCS, or dry eye), corneal edema, or retinal detachment, various subtle derangements
have been reported in the eyes of CF subjects, including altered ocular surface hydration,
corneal thickness, and vision transduction.”!®!""'2 However, though reduced CFTR
function produces only minor effects on ocular functions, increasing CFTR activity could

be useful in the treatment of several important eye diseases, as discussed below.
AQP and CFTR Expression in Ocular Epithelia

Figure 1 depicts the sites of AQP and CFTR expression in the eye. The
AQP/CFTR expression patterns in corneal/conjunctival epithelium, corneal endothelium,
ciliary epithelium, and retinal pigment epithelium suggest their involvement in regulation
of tear film volume, corneal hydration and transparency, aqueous fluid volume and
intraocular pressure, and subretinal compartment size and ionic composition. Indeed,
functional significance for several AQPs in ocular tissues has been confirmed in AQP-
deficient mice, including AQP1 in corneal endothelium and ciliary epithelium, AQP3 in

conjunctival and corneal epithelium, AQP4 in ciliary epithelium and retinal Miiller cells,



and AQPS5 in corneal >!*1*151617 Aso, recent studies have reported altered AQP
expression in association with various human corneal disease states associated with fluid
imbalance.'®!*?° CFTR is functionally expressed in corneal and conjunctival epithelium,

corneal endothelium, and retinal pigment epithelium,'*>23242526

Ocular Surface Epithelia

The ocular surface is lined by stratified corneal and conjunctival epithelia, which
lie in contact with the tear film. The water permeability of the ocular surface, together
with the rates of evaporative water loss and tear fluid production and drainage, determine
tear film volume and osmolality,27 as well as corneal stromal water content.?® Active CI’
secretion and Na* absorption drive net water secretion into tears across both corneal and
conjunctival epithelia (reviewed in Refs. ?*%). The ocular surface, and the conjunctival
epithelium in particular (covering 17 times more area than the cornea in humans),*'
contributes to active tear fluid secretion under basal conditions, and even more so upon
stimulation.*>** Keratoconjunctivitis sicca is a heterogeneous group of conditions with
the common features of reduced tear volume and tear hyperosmolarity, which lead to
inflammatory damage to the ocular surface.’* A computational model of tear film balance
demonstrated the sensitivity of tear film osmolarity to both excessive tear evaporation
and inadequate tear secretion, the two general causes of dry eye syndrome (Fig. 2).l6 In
this model, tear fluid generated by osmotic flux (J;) and isosmolar active secretion (J) is
removed by evaporation (J.) and isotonic drainage (J3), such that in the steady-state, J; +

Jy =J. + Jy4. Computed tear film osmolarity depended strongly on both passive water



permeation and active fluid secretion, which are influenced by AQPs and CFTR,

respectively.
AQPs and the Ocular Surface

The stratified corneal epithelium of mouse, rat, and human expresses a water-
selective aquaporin, AQPS, and at relatively lower levels, a water- and glycerol-
transporting aquaglyceroporin, AQP3. AQP3 is more highly expressed throughout the
neighboring conjunctival epithelium.>'¢***¢ Kang et al. demonstrated mercurial-sensitive
water transport in cultured bovine corneal epithelial cells, which was attributed to AQPS
based on siRNA knock-down.*’” Subsequent studies in AQP5-null mice revealed that
AQP5-deficient corneas were thicker than wild-type corneas by ~20%, exhibiting both
inter- and intraepithelial fluid accumulation at the ultrastructural level (Fig. 3A)."
Functional measurements on living mice demonstrated AQPS5 to be a significant
epithelial pathway for stromal water uptake and extrusion. The rate of corneal swelling
upon exposure of the epithelial surface to hypotonic saline was reduced 2-fold in AQPS-
null compared to wild-type mice. Osmotically induced net fluid flux across the intact
corneal barrier, measured by a steady-state dye-dilution method, indicated a 5-fold
slowing of transcorneal water movement in AQPS5 deficiency.

Plasma membrane osmotic water permeability of corneal epithelial cells (P{™™)
was determined in mice utilizing an ocular surface perfusion method (Fig. 3B) involving
microfluorimetric measurement of calcein quenching in surface cells. The high P{™™
(0.045 cm/s) measured in wild-type mice was in agreement with conclusions from the
older literature that the cornea is highly water permeable.’®** P{™™ was reduced 2-fold in

AQPS5 deficiency (Fig. 3C). The modest dependence of P{™" on AQP5 was likely
5



accounted for by the ~5-fold upregulation of AQP3 in AQP5-null versus wild-type mouse
corneas. Yet despite this compensation, AQP5-null corneas are grossly edematous,
highlighting the exquisite sensitivity of corneal water balance to altered water permeation

across multiple membrane barriers in series.

Recent studies have suggested a novel role for AQP3 in basal cells of the corneal
epithelium that is unrelated to transepithelial corneal fluid transport.> AQP3-null mice
had ~2-fold decreased P{™™ compared to that of wild-type mice, and greatly reduced
(>10-fold) glycerol transport. AQP3 deletion significantly delayed re-epithelialization
following removal of the corneal epithelium by scraping. Tissue and cell culture studies
suggested the involvement of AQP3 in corneal epithelial cell migration and proliferation,
though the cellular mechanisms linking these functions to AQP3-dependent water and/or

glycerol transport require further investigation.
CFTR and the Ocular Surface

CI'-dependent fluid secretion has been found across ocular surface epithelia in
several species. Electrophysiological measurements on rabbit cornea and conjunctiva, as
well as in cultured cells, have demonstrated Ca™- and cAMP-sensitive outward apical CI
currents, the latter likely due to activation of CFTR and other cAMP-sensitive channels,
such as basolateral membrane K* channels, that establish the electrochemical driving

13,40,41,42,43,44,

force for CI efflux. * CFTR is expressed in apical superficial cell membranes

of corneal and conjunctival epithelia,'*?!

where it may participate in tear film
homeostasis. Studies on CF subjects have shown mild ocular surface abnormalities

suggestive of defective fluid secretion, including decreased tear production, increased



corneal fluorescein staining, corneal and conjunctival metaplasia, and reduced tear film

Na* content.'®!'46

In recent experiments from our laboratory, CFTR function at the mouse ocular
surface was demonstrated directly using an open-circuit potential difference (PD)
technique, which involved perfusion of solutions over the ocular surface of anesthetized
and immobilized mice (Fig. 4A). 2 Electrogenic CI” secretion and Na* absorption across
superficial cell apical membranes of corneal and conjunctival epithelia contribute to
generate sizable steady-state transepithelial potentials (-23 mV on average, tear film with
respect to the body), as measured with Ag/AgCl electrodes and a high-impedance
voltmeter. These voltages were sensitive to imposed transepithelial Cl” gradients and
various CI" channel modulators, including CFTR activators and inhibitors. Comparative
measurements were made on wild-type mice and transgenic mice lacking functional
CFTR (representative PD tracings shown in Fig. 4B). CFTR CI' conductance was
stimulated in wild-type mice by the cAMP agonist forskolin or by a selective activator
(not shown), and this conductance was inhibited by CFTRin-172. The substantial and
sustained activation of CFTR-mediated CI” secretion by CFTR-selective activators
provides a rational basis for their evaluation as therapy for KCS. Indeed, the
phosphodiesterase inhibitor isobutylmethylxanthine reduced tear osmolarity in a rabbit
model of KCS and in humans with KCS.*’*® INS365, a long-acting UTP agonist that
stimulates mucus and calcium-sensitive CI™-driven fluid secretion,* is in phase III clinical
trials for treatment of KCS. Direct measurement of CFTR-dependent ocular surface fluid
secretion will be important in establishing the utility of CFTR activators as clinically

useful secretagogues.



Corneal Endothelium

Maintenance of corneal stromal transparency requires precise regulation of
extracellular water content.’®' The aqueous-facing corneal endothelium, a misnomed
leaky (low-resistance) monolayer epithelium, permits passive hydrostatic flux of water
and ions from the aqueous compartment to the stroma. The endothelium also establishes
opposing ion gradients by secondary active CI" and HCOjs™ transport, driving water
movement to yield a relatively dehydrated stromal matrix of regularly spaced collagen
fibrils. However, the corneal endothelial cell population is gradually depleted due to little
or no cell proliferation in vivo (reviewed in Ref. *2). Corneal dystrophies and iatrogenic
damage from ocular surgeries such as cataract extraction accelerate this age-related cell
loss.” Decreased total endothelial cell surface area results in reduced barrier and pump
functions, potentially leading to corneal edema and opacity requiring corneal
transplantation. Stimulation of stroma-to-aqueous fluid transport might reduce corneal

swelling.

AQPs and Corneal Endothelium

AQP1 is expressed in mouse, rat, and human corneal endothelial cells.'®**

Comeal thickness is ~20% reduced in AQP1 deficiency (Fig. SA), though baseline
corneal transparency is normal.'* AQP1 water transport function in corneal endothelium
in vivo was demonstrated by slowed corneal swelling upon hypotonic challenge at the
endothelial surface utilizing an anterior chamber microperfusion method (Fig. 5B). An
important role for AQP1 in maintenance of corneal transparency was demonstrated in an

experimental model of corneal edema produced by transient exposure of the corneal



surface to hypotonic solution, in which AQP1 deficiency was associated with impaired
recovery of corneal transparency and thickness (Fig. 5C). In primary corneal endothelial
cell cultures, AQP1 deficiency reduced osmotically driven cell membrane osmotic water
permeability, but did not impair active near-isosmolar transcellular fluid transport.>* The
commonly invoked mechanism of transcellular, AQP-facilitated fluid transport has been
questioned in relation to the corneal endothelium, with Fischbarg and colleagues
proposing a central role for electro-osmotic coupling of fluid transport to recirculating

currents at the level of the intercellular junctions.* This model posits that AQP1

contributes primarily to cell volume regulation, a role that remains difficult to reconcile
with the dramatic corneal swelling phenotype of AQP1-null mice and with the

substantially slower rate of cell volume regulation vs. osmotic equilibration.

AQP1 is also highly expressed in stromal keratocytes, where its function is not
known.'6*%%" Keratocytes, the primary resident stromal cells, perform many fibroblast-
like functions including extracellular matrix deposition during development and
enhanced motility and signaling during inflammation and wound healing. AQP1 might be
involved in keratocyte biosynthetic and/or cell migratory functions, and possibly in the
regulation of stromal extracellular water content. The role for keratocyte/endothelial
AQP1 in stromal dehydration may be revealed with an improved understanding of the
evolution of the relatively thin AQP1-null corneas during development, similar to what

SS9

was done for the lumican-deficient mouse.*® Primary cultures of mouse keratocytes™ may

also prove informative in eludicating AQP1 function.



CFTR and Corneal Endothelium

CI" and HCOj" are important for stroma-to-aqueous fluid transport (reviewed in
Ref. %). HCO; is taken up at the stromal-facing (basolateral) membrane by an
electrogenic Na'/HCOs™ co-transporter with 1:2 stoichiometry. CI” enters basolaterally via
the NKCC co-transporter and across the aqueous-facing (apical) membrane via a CI
/HCO5 exchanger. CFTR was localized to the apical membrane in bovine corneal
endothelial cell cultures, where efflux of CI" and HCO3" are cAMP-dependent.23 As found
in other cell types,*"*** CFTR is probably permeable to both CI" and HCO5™ in corneal
endothelium. Recent studies provide evidence for indirect HCO;" activation of CFTR-
dependent CI” transport involving stimulation and upregulation of soluble adenylyl
cyclase.*%* One study on CF subjects reported increased endothelial permeability and
cell density, and slightly (4%) thicker corneas compared to control subjects.®* While
these data support the possibility of CFTR activation to treat corneal edema, direct
measurements of anion and fluid secretion in response to CFTR activators/inhibitors are

needed to prove a role for CFTR in corneal endothelial fluid transport.
Ciliary Epithelium

The ciliary epithelium is a bilayered tissue consisting of pigmented ciliary
epithelia (PCE) and nonpigmented ciliary epithelia (NCE), whose apical surfaces are
juxtaposed and basolateral surfaces face the ciliary body and aqueous humor,
respectively. Aqueous fluid production involves near-isosmolar water secretion across the
ciliary epithelium into the posterior aqueous chamber. Aqueous secretion is crucial for

providing nutrients to avascular ocular tissues of the anterior segment and for inflating

10



the globe to maintain intraocular pressure (IOP). IOP is also influenced by aqueous
drainage, which occurs by pressure-driven bulk fluid flow into the canal of Schlemm and
across the sclera. Elevated IOP is associated with glaucoma, a disorder of progressive
visual loss and a major cause of blindness worldwide.*® Reduction of ciliary secretion is
the primary pharmacologic strategy for treatment of elevated IOP in glaucoma,
warranting examination of AQP- and CFTR-facilitated ciliary fluid transport as possible

targets for inhibition.
AQPs and Ciliary Epithelium

NCE cells co-express AQP1 and AQP4,%67.¢8 gyggesting their involvement in
maintaining a high NCE cell water permeability for aqueous fluid production. An initial
study on human NCE cultures reported AQP1 protein expression and a partial sensitivity
of fluid transport to Hg”>* and AQP1 siRNA, suggesting AQP1-dependent aqueous
inflow.”® Measurements of IOP in mice using a fluid-filled microneedle inserted into the
anterior chamber showed a modest reduction in IOP by 2-3 mm Hg in mice lacking
AQP1 and/or AQP4 compared to wild-type mice.'* AQP1 is also expressed in trabecular
meshwork endothelium in the canal of Schlemm, where a role in cell volume regulation
had been proposed.”’ However, direct measurement of aqueous fluid outflow in mice by a
pulsed infusion method showed no effect of AQP1 deletion.'® Together with
measurements of aqueous fluid production by a fluorescein iontophoresis-confocal
detection method, it was concluded that reduced IOP in AQP-deficient mice was due to
reduced ciliary aqueous fluid production. It will be important to investigate the role of

AQPs in IOP regulation in mouse models of glaucoma, such as an episcleral vein

11



cauterization model developed recently by our lab,” and when selective AQP inhibitors

are available, in large animal models.
CFTR and Ciliary Epithelium

The clinical utility of acetazolamide in reducing aqueous fluid secretion had
focused the bulk of attention regarding ciliary epithelial ion transport on HCOs'- rather
than Cl'-driven fluid secretion. However, CI" but not HCO;" was found to concentrate
within ciliary epithelial cells, leading to the realization that HCO;" plays a critical though
secondary role in supporting CI” secretion (reviewed in Ref. ™). The NKCC co-
transporter and Na'/H" exchanger at the basolateral membrane of PCE cells have been
shown to promote CI" uptake, with inhibition of cytoplasmic carbonic anhydrase by
acetazolamide reducing aqueous fluid secretion by interfering with this secretion
mechanism. Following CI” accumulation in PCE cells and subsequent spread through gap
junctions to NCE cells, CI” release occurs through channel(s) of unknown molecular
identity. There is no evidence for CFTR-dependent secretion across the ciliary
epithelium. Aqueous fluid production in CF subjects was equivalent to that in non-CF
controls.” While cAMP was shown to enhance NKCC symport, thereby increasing net
CI flux, forskolin-induced cAMP production was reported to, if anything, reduce
aqueous fluid secretion.” More likely candidates for the basolateral NPE CI channels
include the swelling-activated CICa-3 and plci, channels, though their roles remain

controversial.
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Retinal Pigment Epithelium

The retinal pigment epithelium (RPE) is a monolayer epithelium separating the
neural retina from the capillaries of the choroid. The RPE lines the outer blood-retinal
barrier (BRB), preventing leak between compartments; the inner BRB consists of tight-
junction-laden endothelial cells that line retinal blood vessels. Functionally, the RPE
supplies the retina with nutrients critical for the visual cycle, phagocytoses photoreceptor
outer segment discs, and absorbs fluid from the subretinal space in the outer retina. Fluid
absorption from the subretinal space is important to maintain the volume and ionic
composition of the extracellular space surrounding photoreceptor segments within a
range that supports phototransduction. Passive forces, including IOP-driven bulk flow
and choroidal osmotic pressure, prevent the build-up of subretinal fluid. However, in
disease states when the BRB is disrupted and protein aberrantly enters the subretinal
space, active RPE transport is crucial to oppose oncotic water accumulation.”
Modulation of RPE absorptive function thus represents a logical strategy for treatment of
retinal detachment.”’ A distinct retinal extracellular space, located in the inner retina, is
maintained by the dehydrating actions of the glial-like Milller cells. Ischemic disorders

caused by retinal artery occlusion, diabetes, and hypertension, are associated with fluid

accumulation in this second compartment.”
AQPs and Retinal Pigment Epithelium

The presence and function of AQPs in the RPE remain in question. In one study,
AQP1 was localized to human RPE in situ using an ultra-sensitive cell-surface

biotinylation method and in cell culture by immunofluorescence using an affinity-purified
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AQPI antibody.” AQP1 mRNA had been previously detected in cultured fetal RPE
cells.’® However, other studies on rat and human tissue have failed to identify AQP1
protein in RPE (Ref. ®, and our own unpublished data). AQP1 localization to
photoreceptor, glycernic amacrine, and Miiller cells has also been reported without
demonstrated function 2%

AQP4 is strongly expressed in Milller cells, especially in perivascular and end-
feet processes (facing the retinal capillaries and vitreous body), where it is thought to
form multiprotein complexes involving the inwardly rectifying Kir4.1 K* channel.%#>%
Analogous to its roles in brain astroglial cells and cochlear supportive cells,*”*® AQP4 in
Miiller cells has been proposed to maintain extracellular space volume and K*
concentration during bipolar cell neural activity. AQP4-null mice exhibited mildly
defective retinal signal transduction as evidenced by reduced short full-field
electroretinogram (ERG) b-wave amplitude and latency,'* suggesting functional coupling
between water and K* clearance. AQP4 deletion in Miller cells also protected against
edema and ganglion cell death following retinal ischemia.'” These results implicate
AQP4 in both neuronal and glial cell swelling. AQP4 inhibitors might therefore limit
inner retinal pathology following vascular occlusive and other ischemic diseases causing

cytotoxic (cellular) edema.”
CFTR and Retinal Pigment Epithelium

CI is transported into RPE cells across the retinal (apical) membrane against a
concentration gradient through the NKCC co-transporter, and across the choroidal
(basolateral) membrane via a CI/HCOj’exchanger. Choroidal CI exit takes place largely

through a Ca™*-sensitive channel. Linkage of mutations in the Best1 gene to Best disease
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(autosomal dominant Best vitelliform macular dystrophy) led to the discovery of
bestrophins, which now appear to be the Ca**-dependent CI' channels of the RPE and
other epithelia.® Interestingly, aspects of Best disease resemble the much more common
disorder, age-related macular degeneration (reviewed in Ref. *°). Basolateral CI" secretion
is controlled by endogenously generated ATP, which initiates purinergic signaling at the
P2Y, receptor on the apical membrane. In addition to expressing anion channels CIC-2,
CIC-3, CIC-5, and the pCLCA1 CI regulator,’ the RPE also expresses CFTR. In human
cell culture and bovine organ culture models, CFTR was proposed to enhance RPE fluid
transport indirectly by ATP release and autocrine purinergic signaling.? In two studies,
Vitamin A-corrected CF subjects exhibited decreased contrast sensitivity in visual
testing, but this phenotype more likely reflects a defect in optic nerve rather than retinal
neural processing.'"!! Pharmacologic studies on non-CF human fetal retinal explants
provided evidence for cAMP regulation of the fast oscillatory component of the ERG,**
which can be generated by CI transport. However, in isolated frog retinal preparation,
cAMP elevation dissipated solute gradients across the RPE, thereby inhibiting rather than
stimulating fluid transport.”> With only this conflicting data available, the precise role for
CFTR in RPE transport is unclear. Nonetheless, modulation of net RPE CI' transport had
considerable therapeutic promise, as demonstrated by reduced subretinal fluid bleb size in
rat and rabbit following stimulation of purinergic receptors by INS37217.** CFTR

activators may similarly enhance RPE fluid absorption.

Additional work is needed to establish roles for AQP1 and CFTR in RPE
function. Recent advances in non-invasive measurement of slow potentials in mice allow

for study of electrical activity derived from non-neuronal components of the visual
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cycle.”® Differences in Miiller cell-generated slow potentials have been identified in
Kir4.1 heterozygous mice compared to wild-type mice.”® Careful study of AQP-deficient
mouse slow ERG components might reveal similar abnormalities. The slow light peak in
the electrooculogram also reflects RPE basolateral membrane CI° conductance,” and is
decreased as a diagnostic feature of Best disease. Advances in mouse ERG measurements
have recently been applied to evaluate the electrophysiological consequences of CFTR
channel gene disruption, demonstrating contributions of CFTR to RPE-driven ERG

components.98
Summary and Perspective

Ocular epithelia have the capacity for high rates of fluid transport, which often
depends on active CI secretion or absorption, producing near-isosmolar fluid transport.
From a variety of approaches, including analysis of AQP- and CFTR-deficient mice,
there is now compelling evidence for involvement of AQPs and CFTR in ocular
epithelial fluid transport. Small-molecule modulators of ocular AQP and CFTR function
or expression might thus be exploited clinically, as summarized in Table 1. At the ocular
surface, AQP3 or AQPS upregulation could accelerate wound healing and reduce corneal
edema, while CFTR activators are predicted to stimulate tear secretion. Corneal
endothelial AQP1 and CFTR activators/inducers might also reduce corneal edema and
associated opacity. AQP1/AQP4 inhibition represents a promising strategy in reducing
IOP associated with glaucoma. In the retina, AQP4 inhibitors might be neuroprotective
following retinal ischemia, and activation of RPE CFTR might be useful in treating

retinal detachment. Potent small-molecule CFTR activators and inhibitors have already
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been identified, and the therapeutic potential of CFTR inhibitors has been demonstrated
in rodent models of CFTR-dependent secretory diarrhea.’®!'%!°! When available, non-
toxic AQP inhibitors will prove useful in confirming analyses of knock-out mice, and
may provide new approaches for treatment of eye diseases associated with abnormalities

in fluid balance.
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Table 1

Proposed AQP- and CFTR-based therapies for common ocular disorders.

Clinical Disorder

Keratoconjunctivitis Sicca
(Tear film deficiency)

Corneal Edema/Opacity
(Dystrophy, trauma)

Recurrent Corneal Erosions

(Persistent abrasions)
Glaucoma

(Elevated IOP)
Retinal Detachment

(BRB break-down &

outer retinal edema)
Retinal Ischemia

(Vascular occlusion &
inner retinal edema)

Treatment Strategy

 Corneal and conjunctival
fluid secretion

1 Endothelial and epithelial
fluid transport

! Epithelial migration
and proliferation

} Ciliary epithelial aqueous
humor secretion

t Retinal pigment epithelial

fluid absorption

| Neuronal and Miiller
swelling
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Intervention
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Figure Legends

Ficure 1. AQP- and CFTR-dependent fluid transport across ocular epithelia. Top left:
water balance in the corneal stroma, showing passive influx through the leaky
endothelium and active efflux across endothelium and epithelium. Botfom lefi: aqueous
fluid secretion across non-pigmented ciliary epithelium, involving transfer of water and
solutes from pigmented ciliary epithelium via gap junctions. Top right: modulation of
outer retinal fluid by retinal pigment epithelium and inner retinal fluid by astroglial
Miiller cells. Locations of confirmed AQP- and CFTR-facilitated transport indicated. See

text for explanations.

Ficure 2. Theoretical role of ocular surface water permeability in tear film dynamics.
Top: schematic of ocular surface geometry and contributors of tear fluid balance. J., rate
of evaporation at the exposed corneal surface; J; rate of fluid secretion by the lacrimal
gland and ocular surface epithelia; J,, osmotic volume flow across the corneal and
conjunctival surfaces; Jy, tear fluid removal by nasolacrimal drainage; ®, and ®;,
osmolarities of tear film and surface tissue, respectively. Bottom: theoretical dependence
of tear film osmolarity on tear evaporation and secretion rates, computed from the model

and plotted as the extent of hyperosmolarity (&, - ®;). Adapted from Ref '.

Ficure 3. AQPS function at the ocular surface. (A) Increased stromal and epithelial
thicknesses in AQP5-deficiency in paraffin-embedded central corneal sections. (B)
Schematic of ocular surface perfusion for fluorescence measurements of cell volume

changes. The instrumentation consisted of a microchamber positioned on the corneal
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surface, optical elements for calcein fluorescence measurement, rapid exchange perfusion
system, and stereotaxic platform. (C) Representative time courses of corneal epithelial
cell calcein fluorescence in response to a hypoosmolar osmotic gradient in wild-type and

AQP5-deficient mice. Adapted from Ref .

Ficure 4. CFTR function at the ocular surface. (A) Diagram of ocular surface perfusion
and PD recording methods. Anesthetized mouse immobilized in a stereotaxic platform,
with perfusion tubing attached to an electrical recording system and in contact with a
droplet of constant size on the ocular surface. Inset: photograph of perfused ocular
surface. (B) Ocular surface PDs in wild-type vs. CF mice in response sequentially to
amiloride (10 uM), low CI’, forskolin (10 uM), and CFTRjn»-172 (10 pM). Adapted from

Ref %,

Ficure 5. AQP1 function in corneal endothelium. (A) Reduced corneal thickness in
AQP1-deficient corneas in paraffin-embedded central corneal sections. (B) Osmotic
water transport across the corneal endothelium. Top: schematic showing micropipette
placement for anterior chamber perfusion. Bottom: time courses of corneal thickness
following corneal endothelial exposure to hypotonic saline in wild-type (open circles)
and AQP1-null (filled circles) mice. (C) Restoration of corneal thickness after osmotic
swelling. Top: procedure to induce corneal swelling and follow recovery of thickness.
Bottom: representative time courses of corneal thickness after exposure of the comeal
surface to hypotonic saline. Corneal thicknesses measured by in vivo by z-scanning

confocal microscopy. Adapted from Ref '*.
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CHAPTER 2.
Aquaporin-Dependent Water Permeation at the Mouse
Ocular Surface: In Vivo Microfluorimetric

Measurements in Cornea and Conjunctiva

Abstract

purpost. Fluorescence methods were developed to quantify membrane and tissue water
permeabilities at the ocular surface and to compare water transport in wild-type mice
versus transgenic mice lacking each of the water channels, aquaporin (AQP)-1, -3, and -5,

normally expressed in cornea or conjunctiva.

MeTHODS. Membrane water permeabilities (Pf™") of calcein-stained surface epithelial cells

were measured from the kinetics of fluorescence quenching in response to rapid (<0.2
seconds) changes in extraocular fluid osmolarity. Tissue water permeabilities (P{™**)
across intact cornea and conjunctiva—the relevant parameters describing water
movement into the hyperosmolar tear film in vivo—were determined by a dye-dilution
method from the fluorescence of Texas red-dextran in an anisosmolar solution in a

microchamber at the ocular surface.

resuLts. Osmotic equilibration occurred with an exponential time constant (7) of 1.3 £ 0.2
seconds (P{™™ = 0.045 cm/s) in calcein-loaded corneal epithelial cells of wild-type mice,

slowing 2.1 + 0.4-fold in AQP5-deficient mice; T was 2.4 + 0.1 seconds in conjunctiva
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(P{™™ = 0.025 cm/s), slowing 3.6 + 0.7-fold in AQP3-deficient mice. In dye-dilution
experiments, P{™ of cornea was 0.0017 cm/s and decreased by greater than fivefold in
AQP5-deficient mice. P{™ in AQP5-null mice was restored to 0.0015 cm/s after removal
of the epithelium. P{™ of conjunctiva was 0.0011 cm/s and was not sensitive to AQP3

deletion.

concLusions. These results define for the first time the water-transporting properties of the
two principal ocular surface barriers in vivo. The permeability data were incorporated
into a mathematical model of tear film osmolarity, providing insights into the

pathophysiology of dry eye disorders.

The ocular surface consists of the cornea and conjunctiva, which make contact
with the tear film. The corneal stroma is covered externally by a stratified squamous
epithelium and internally by a single-layered endothelium. Maintenance of stromal
transparency requires precise regulation of extracellular water content. The conjunctiva,
which covers more of the ocular surface than the cornea (17 times more area in humans),’
consists of a superficial stratified epithelium interspersed with goblet cells and a deeper
stroma with arterial and lymphatic networks. The palpebral and bulbar conjunctivae cover

the posterior lid and the anterior scleral surfaces, respectively.

The ocular surface plays a role in regulation of tear film volume and composition.
Near-isosmolar tear fluid is secreted actively by lacrimal and ocular surface tissues,
dispersed by blinking, and drained through the nasolacrimal duct. Fluid secretion

measurements across the cornea and conjunctiva in several species provide evidence that
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ocular surface epithelia contribute significantly to tear fluid under basal conditions and
may be particularly important in lacrimal gland dysfunction.>** Indeed, new therapies for
dry eye, or keratoconjunctivitis sicca (KCS), target signaling pathways involved in

corneal and conjunctival chloride—driven fluid secretion.>*’

Ocular surface water transport plays an additional role in maintenance of tear
volume and osmolarity by replacing evaporative water losses. Although under normal
conditions, evaporation is retarded by a thin outer lipid tear layer secreted by meibomian
glands,®*!? it is still responsible for at least 10% to 25% of tear turnover,'" driving
transcellular osmotic water transport across ocular surface tissues. Evaporative water loss
is an important determinant of tear film ionic content and is primarily responsible for the
elevated tear film osmolarity and ocular surface changes common to all forms of dry eye
disease.'? Transepithelial osmosis is also an important determinant of corneal hydration.
Hypoxia from contact lens wear generates lactate osmoles in the cornea,' inducing
stromal swelling, which is reversed mainly by evaporation from tears rather than
endothelium pump function." Transepithelial osmosis is responsible for the diurnal 4%
thinning of corneas during the first few waking hours of each day.'* Though these
phenomena are well described, little information is available about water permeability
properties of ocular surface tissues, particularly in vivo. High water permeability at the
ocular surface is thought to facilitate fluid secretion into the tear film in response to active

ion secretion and to minimize tear film hyperosmolarity during evaporation.

Aquaporin (AQP)-type water channels make up a family of small transmembrane

proteins that facilitate osmotically driven water transport across cell plasma membranes,
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providing the major molecular pathway for water movement. Three AQP proteins are
strongly expressed at plasma membranes in cornea and conjunctiva, including AQP1 in
corneal endothelium and keratocytes, AQPS in corneal epithelium, and AQP3 in
conjunctival epithelium.'®'”'*!® Transgenic knock-out mice have been informative in
elucidating the role of AQPs in mammalian physiology, manifesting a variety of
phenotypes such as defective urinary concentrating ability in mice lacking AQP1 or
AQP3,2°?! altered cerebral fluid balance and neural signal transduction in mice lacking
AQP4,2? and defective salivary and submucosal gland secretion in mice lacking
AQP5.%*% In the eye, mice lacking AQP1 and AQP4 (expressed in ciliary epithelium)
have reduced intraocular pressure and aqueous fluid production,’® mice lacking AQP4
(expressed in retinal Milller cells) have reduced flash-induced retinal potentials,’” and
mice lacking AQP1 show delayed restoration of corneal transparency after experimental
swelling.? The presence of AQPs in ocular surface tissues suggests that they have a role

in fluid transport and tear film homeostasis.

The goals of this study were to measure osmotic water permeability of the two
principal ocular surface barriers—the cornea and conjunctiva—in mice in vivo and to
investigate the role of AQPs as the molecular pathway of water permeation. Mice were
chosen because of the availability of transgenic mice lacking each of the major ocular
surface AQPs, permitting quantitative analysis of the role of each AQP by comparative
permeability measurements in wild-type versus AQP knock-out mice. Measurements
were made in vivo, with vascular supply intact, to minimize concerns about altered tissue
architecture, regulatory mechanisms, and AQP expression in isolated or cultured ocular

tissues. In addition, in vivo measurements have direct relevance in relating tear-stromal
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osmotic driving forces to induced water flow into the tear film layer. Novel
microfluorimetric methods were developed to measure water permeability in ocular
surface cells and intact ocular tissues. Several experimental challenges required the design
of custom microperfusion chambers for in vivo optical measurements, including the rapid
osmotic equilibration of surface cells, slow net water transport across intact ocular
surfaces, and physical constraints imposed by the mouse orbit. The new methods were
applied to characterize water permeation mechanisms and the roles of AQPs in cornea
and conjunctiva. The results were incorporated into a quantitative model of tear film

osmolarity with relevance to clinical dry eye syndromes.

Methods

Transgenic Mice

Transgenic mice deficient in AQP1, -3, and -5 in a CD1 genetic background were
generated by targeted gene disruption, as described previously.2**!?* Wild-type and
knock-out mice were matched by age and weight (ages 6-8 weeks, 22-25 g).
Investigators were blinded to mouse genotype in all functional studies until completion of
data analysis. Protocols were approved by the University of California at San Francisco
Committee on Animal Research and are in compliance with the ARVO Statement for the

Use of Animals in Ophthalmic and Vision Research.
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Fluorescence Microscopy

Fluorescence was measured with a stereo epifluorescence microscope (SMZ1500;
Nikon, Tokyo, Japan) equipped with a 1.6x objective lens (working distance, 24 mm,;
numerical aperture, 0.21), adjustable zoom set to 6x, and custom filter sets for Texas red
and FITC (Chroma, Rockingham, VT). The illumination source was a 100-W tungsten-
halogen lamp powered by a stabilized direct current source. Fluorescence was detected
with a 14-dynode photomultiplier, amplifier, and analog-to-digital converter, and
recorded with custom-written software (written in LabView; National Instruments,
Austin, TX). In some studies, fluorescence was imaged with a cooled charge-coupled

device (CCD) camera (CoolSnap HQ; Photometrics, Tucson, AZ).

Ocular Surface Perfusion

Two stainless-steel perfusion microchambers (volumes, ~4 and 33 puL) were
constructed to measure cell and tissue water permeabilities at the ocular surface in vivo.
Scaled drawings with chamber dimensions are provided in Figure 1A . The upper (lens-
facing) surfaces were bounded by sapphire windows (Edmund Optics; Barrington, NJ)
fixed to the chambers with optical cement. The bottom (ocular surface-facing) surfaces
were beveled to the contour of the mouse globe (~3.2-mm diameter sphere). The 2-mm
diameter bottom dimension was chosen to isolate corneal tissue from the limbus and
conjunctiva. The same beveled contact surface achieved an airtight seal with the
conjunctiva. Inlets and outlets were made from 21-gauge steel needles. Solutions were

perfused using PE-90 tubing and a gravity pinch valve system (ALA Scientific
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Instruments, Westbury, NY). Chambers were positioned with an x-y-z micromanipulator

(World Precision Instruments, Sarasota, FL) as depicted in Figure 1B.
Mouse Preparation

Mice were anesthetized intraperitoneally with ketamine (40 mg/kg) and xylazine
(20 mg/kg). Corneas were treated with topical proparacaine (0.5%) and kept hydrated
with PBS supplemented with NaCl to 320 mOsM to match mouse serum osmolarity.
Mice were immobilized for optical measurements with a custom-built stereotaxic device
with a rotating jaw clamp, and the eye under study facing upward (Fig. 1C) . Body
temperature was maintained at 37 + 1°C with a heating pad and rectal temperature probe.
A wire clip applied gentle upward pressure to present the globe to the chamber for corneal
permeability measurements without inducing trauma or corneal edema. In some
experiments, much of the corneal epithelium was mechanically removed without trauma
to the stroma using a Beaver blade (BD Biosciences, Mountain View, CA) and a standard
scraping procedure.”® For measurements on conjunctiva, a flatarea of tissue consisting of
portions of the upper tarsus and fornix was exposed with a pair of hook retractors
threaded through the upper eyelid with sutures and fixed to posts with elastic bands. The
globe was depressed into the orbit with surgical sponges (Medtronics, Jacksonville, FL;

Fig. 1C).
Cell Membrane Water Permeability In Vivo

A calcein-quenching method developed previously for water permeability

measurement in brain astrocyte cell cultures®® was adapted to the mouse eye. Surface
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epithelial cells were loaded with calcein by exposure of the cornea or conjunctiva for 30
minutes to 25 pL PBS containing 10 pM calcein-AM (Molecular Probes, Eugene, OR).
The solution remained in place by surface tension, and, if necessary, solution was added
during the incubation. After 30 minutes, the loading solution was rinsed from the eye
surface with PBS. The 33-uL microchamber was then positioned over the cornea or
conjunctiva for continuous measurement of cell calcein fluorescence during perfusion
with solutions of specified osmolarities. Complete solution exchange time was <50 ms at
a perfusion rate of 55 mL/min achieved with the outlet under vacuum (Fig. 3A, bottom).
The chamber was designed with its inlet close to the ocular surface, to establish a flow
pattern with even faster exchange at the surface of the eye. For water permeability
measurements, superficial cell loss was minimized by slowing perfusion approximately
threefold with an adjustable valve on the outlet tubing. Solutions were exchanged
between PBS (290 mOsM) and hypoosmolar (145 mOsM, PBS diluted with distilled
water) or hyperosmolar (590 mOsM, PBS with added p-mannitol) saline. Solution
osmolarities were measured with a freezing point—depression osmometer (Precision
Systems, Natick, MA). The time course of fluorescence in response to solution osmolarity
changes, F(t), was fitted to a single exponential time constant, T: F(f)=A4 + B e™* where
A and B are related to system sensitivity and background signal. P{™™ was computed with
a mathematical model of osmosis through a multilayer tissue, as described in the Chapter

1 Appendix.
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Transcorneal and Transconjunctival Water Permeabilities In Vivo

Water permeability across intact cornea and conjunctiva was measured by a dye-
dilution method in which a cell-impermeant, photostable dye (Texas red-dextran, 3 kDa;
Molecular Probes) was used as an inert marker of water flux. Texas red-dextran (0.05
mg/mL) was dissolved in hypoosmolar (~150 mOsM), isosmolar (~310 mOsM), or
hyperosmolar (~580 mOsM) saline and infused into the microchamber positioned over
the cornea or conjunctiva. Flow was stopped after solution exchange, and Texas red
fluorescence was monitored continuously over 4 minutes. In some experiments, the
solution was supplemented with 10% (wt/vol) 500-kDa dextran to increase viscosity 10-
fold. Solute-free water movement across the corneal surface produced linear changes in
Texas-red concentration and measured fluorescence. Water flux, J, (in cubic centimeters
per second), was computed from the product of chamber volume, V;, and the rate of
fluorescence change (after background subtraction), d(F/Fo)/dt. V. was determined to be
3.8 uL when in contact with the curved corneal surface and 5.4 pL when in contact with
the flat conjunctiva. With the assumption that unstirred layer effects are negligible, the
osmotic water permeability coefficient, P{"** (in centimeters per second), is defined from
the relation: J, = P{* Sy (®,- ®,), where S is the tissue surface area assuming a smooth
surface, vy is the partial molar volume of water (18 cm’/mol), and (®;- ®,) is the osmotic

gradient, giving: P = V. [d(F/Fo)/dt)/[Svw (®1- 2)).
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Corneal Thickness Measurement by Confocal Microscopy

Corneal thickness changes were measured after removal of the epithelium and
exposure to solutions of various osmolarities, according to a method described
previously.?® After removal of the epithelium, corneas in living mice were exposed to
hypoosmolar, isosmolar, or hyperosmolar solutions for specified times. Corneas were
dried rapidly by blotting, and thickness was determined by scanning bright-field confocal
microscopy, with an upright Nipkow wheel-type confocal microscope with a
confocal/coaxial module (Technical Instrument Co., San Francisco, CA) and 20x air
objective (working distance, 20.5 mm; numerical aperture, 0.35; Nikon). Images were

acquired in the reflectance mode every 5 pm with a cooled CCD camera.
Immunocytochemistry

After mouse sacrifice, globes were enucleated and embedded in Tissue-Tek OCT
compound, and 7-um cryostat sections were cut. Inmunocytochemistry was performed
on acetone-fixed sections by using polyclonal anti-AQP1, -3, and -5 antibodies
(Chemicon, Temecula, CA) and secondary Cy3-conjugated anti-rabbit IgG (Sigma-
Aldrich, St. Louis, MO). Fluorescence micrographs were obtained using a Leica upright
fluorescence microscope with 20x air objective and 3-color cooled Spot CCD camera

(Diagnostic Instruments, Sterling Heights, MI).
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Results

AQP Expression in Ocular Surface Tissues in Mice

Immunocytochemistry showed AQP1 in corneal endothelium and stromal
keratocytes, and AQPS in corneal epithelium, with no specific staining in corresponding
knock-out mice (Fig. 2). AQP3 was expressed in conjunctival and corneal epithelia. RT-
PCR analysis of whole mouse corneas with AQP-specific primers confirmed expression
of transcripts encoding AQP1, -3, and -5, with no detectable transcripts encoding AQPO, -

2,-4, -6, -7, -8, and -9 (not shown).

Water Permeability of Cells Lining the Ocular Surface

Measurement of cell membrane water permeability involved loading ocular
surface cells of anesthetized mice with a membrane-permeant, nonfluorescent calcein
derivative, which when de-esterified in the cytoplasm becomes fluorescent and membrane
impermeant. Figure 3A (top) shows calcein staining of most superficial epithelial cells
across the entire cornea, as visualized by epifluorescence stereomicroscopy through the
33-uL microperfusion chamber (Fig. 1A, top). Initial calcein-quenching experiments at
the maximum perfusion rate indicated osmotic equilibration in ~1 to 2 seconds in cornea
and conjunctiva of wild-type mice. Because cell exfoliation often occurred, in most
studies flow was slowed approximately threefold (exchange time, <150 ms) to minimize
cell loss. A slight downward force was applied to the chamber with a three-axis

micromanipulator to achieve an airtight seal over corneal and conjunctival tissues.



A calcein fluorescence-quenching method was adapted to the mouse eye to
compare in vivo osmotic water permeability in wild-type versus AQP-deficient ocular
surface cells. As found in other cell types,3° calcein fluorescence in ocular surface cells
was sensitive to the size and direction of the imposed osmotic gradient (Fig. 3B). Nearly
twofold changes in relative superficial cell volume produced by changing perfusate
osmolarity from 290 mOsM to 145 or 590 mOsM yielded a 5% to 8% change in
fluorescence signal. Signal changes were independent of magnification, as expected with
a cytoplasmic quenching mechanism (not shown). Figure 3C shows representative
kinetics of reversible corneal (left) and conjunctival (right) cell swelling in response to
serial perfusion with solutions of osmolarities 290, 145, and 290 mOsM. AQPS deletion
in cornea slowed osmotic equilibration, as did AQP3 deletion in conjunctiva. Figure 3D
summarizes exponential time constants () for a series of mice, which are inversely
proportional to swelling rates. Osmotic equilibration was slowed 2.1 + 0.4-fold in AQPS-
deficient corneal epithelium (P < 0.05) and 3.6 + 0.7-fold in AQP3-deficient conjunctiva
(P <0.01). Also, corneal epithelial cell membrane water permeability in AQP1-deficient
mice was similar to that in wild-type mice (Fig. 3D), as expected, since AQP1 is

expressed in corneal endothelium and keratocytes but not in corneal epithelium.

The osmotic water permeability coefficients (P{™™) of corneal and conjunctival
epithelial cell membranes were computed from the time course of fluorescence change in
response to osmotic challenge, assuming multilayered epithelia containing five (cornea)
or four (conjunctiva) cell layers of increasing thickness from superficial to basal layer, as
estimated from histologic sections (see the Chapter 1 Appendix).*! Deduced P{™™ (in

centimeters per second) were: 0.045 (wild-type) and 0.020 (AQP5-null) for cornea, and
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0.025 (wild-type) and 0.007 (AQP3-null) for conjunctiva. The high P{™" of corneal
epithelium in wild-type mice may be important in facilitating rapid water transport across

the multilayered corneal epithelium, which contains ~10 membranous barriers in series.

Water Permeability Across Intact Cornea and Conjunctiva

A different fluorescence approach was developed to measure steady state,
osmotically driven water transport across intact cornea and conjunctiva. A very small 4-
uL chamber (Fig. 1A, bottom) was constructed to measure changes in dye concentration
in anisosmolar solutions contacting ocular surface epithelia, where submicroliter net
osmotic water fluxes are predicted over several minutes. Texas red-dextran (3 kDa) was
found to be a useful volume marker because of its photostability, membrane
impermeability, and, compared with other dyes tested, minimal binding to the
microchamber and ocular surfaces. The experimental procedure involved measurement of
dye fluorescence in isosmolar saline for 4 minutes to establish a baseline signal. In some
experiments there was slow signal loss (generally <1%/min) over this time, possibly due
to reflex tearing from eye irritation and/or dye binding to the chamber walls, which was
corrected for in osmotic water permeability studies. The isosmolar solution was then
changed to a hyperosmolar (~580 mOsM) or hypoosmolar (~150 mOsM) solution for 4
minutes, returned to the control isosmolar solution, and then changed to hypoosmolar or
hyperosmolar solutions, respectively. Figure 4A shows approximately linear kinetics of
the increase in fluorescence with hypoosmolar solutions (water entering tissue resulting in
increased dye concentration) and decrease in fluorescence with hyperosmolar solutions

(water exiting tissue resulting in dye dilution). The fluorescence signal changed by only a
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few percent over 4 minutes in the 4-pL chamber because of the small ocular surface area
available for steady state osmosis. In control experiments, there was no appreciable signal
change when the 33-uL chamber was used, as expected, because of the correspondingly
smaller fractional changes in dye concentration caused by osmotic water transport. Figure
4A also shows reduced changes in fluorescence for water transport across corneas from
AQPS5- but not AQP1-null mice. Similar slopes were produced when conjunctivae of

wild-type were compared with AQP3-null mice.

One concern in this approach was the potential for error in deduced P{™ due to
dye diffusion between the small chamber and the 21-gauge inlet and outlet ports over the
4-minute measurement time. To rule out significant diffusional effects, experiments were
done in corneas of wild-type mice as in Figure 4A (top), except that the viscosity of
bathing solutions was increased 10-fold by addition of an inert, high-molecular-weight
dextran. There were no significant differences in water permeability with the viscous
solutions (for example, d(F/Fo)/dt x 10°* 5™ = -1.7 + 0.3 for nonviscous versus —1.4+ 0.2
for viscous hyperosmolar solutions in same eyes), indicating the absence of significant

diffusional effects.

Figure 4B summarizes averaged slopes for many experiments asin 4A, including
data from corneas in which the epithelium was removed by a scraping procedure. Figure
4C summarizes the corresponding P values. AQP5 deletion reduced P{" significantly
inintact cornea, as measured with both hypo- and hyperosmolar solutions. Removal of
the epithelium had no significant effecton P{™ in cornea from wild-type mice, though it

restored P{™ in cornea from AQP5-null mice to the level in wild-type mice. These results
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implicate the involvement of AQPS5 in water movement across the intact corneal
epithelium and show that the epithelium can be the rate-limiting barrier in osmosis across
the intact cornea in the absence of AQPS. Corneal P wasreduced to a lesser extent by
AQP1 deletion and only for hypoosmolar challenge after removal of the epithelium. P{™
was lower in conjunctiva than cornea. Despite the reduced water permeability of surface
conjunctival cells in AQP3-null mice, as shown in Figure 3D, AQP3 deletion did not
affect osmosis across intact conjunctiva, indicating that AQP3 is not the rate-limiting

barrier for osmosis across intact conjunctiva.
Corneal Thickness Measurements

Measurements of corneal thickness were made after removal of the corneal
epithelium by scraping to investigate possible differences in stromal properties in AQP
deficiency and to determine whether an osmotically sensitive, semipermeable barrier
remained on the stromal surface. Baseline and serial corneal thickness measurements
were made by z-scanning bright-field confocal microscopy as described previously.?
Figure 5A shows an example of serial confocal images used to determine corneal
thickness, with outer and inner corneal surfaces producing characteristic morphologic
features. Figure 5A (bottom, right) summarizes baseline thicknesses for undisturbed
corneas (in micrometers): 130 + 1 (wild-type), 139 + 2 (AQPS-null), and 100 + 1 (AQP1-

null), in agreement with previous results.

As expected, exposure of intact corneas to isosmolar solution produced no change
in thickness (not shown). After removal of the epithelium, corneal thickness increased

when the surface was bathed in hypoosmolar (150 mOsM) or isosmolar solutions, and
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decreased in hyperosmolar (580 mOsM) solution (Fig. 5B). Swelling of de-epithelialized
corneas in hypoosmolar solution was markedly greater in corneas from AQP1-null mice
than in wild-type and AQP5-null mice. Swelling also occurred when de-epithelialized
corneas were bathed in isosmolar solution, reflecting the imbibition pressure of the
dehydrated stroma. For all mice, hyperosmolar challenge produced corneal thinning that
was lower in absolute magnitude than was the swelling measured under hypoosmolar
challenge. Hyperosmolar-induced corneal thinning was slowest in AQP1-deficient mice.
In each case, results were similar for wild-type and AQP5-null mice, suggesting that

AQPS deletion does not affect stromal properties.
Model of Tear Film Osmolarity

Based on the ocular surface water permeabilities measured in this study, a simple
model was constructed to predict tear film osmolarity under normal physiological
conditions and for two traditionally distinct classes of dry eye syndrome—secretory
dysfunction and excessive evaporation. As depicted in Figure 6 (top), tear fluid is
generated by active secretion (J;) and osmotic flux (Jy), and removed by evaporation (J.)

and drainage (J3). In the steady state

Jo+J,=J. +Jy M

Near-isotonic fluid (serum osmolarity, ®;) is actively secreted (J;) by various ocular
tissues, including the main and accessory lacrimal glands, conjunctiva, and cornea.
Evaporation from the air-exposed surface of the eye (primarily from cornea in mouse,

with surface area Seomea ~0.09 cm?) concentrates the preocular film uniformly and rapidly.
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Osmosis (Jy) across the entire corneal and conjunctival surfaces (Scomea + Sconjunctiva) drives

water into the tears, partially reducing tear film osmolarity (®,). J, is defined by the

relation
Jv =[P (cornea) "Scomea + Ps (conjunctiva)'Sconjunctiva] V' (P — Ds) = P vy (P — D5) 2

where, for simplicity, Ps denotes P{"™. Pg(comesy = 0.0017 cm/s, and P conjunctiva) = 0.0011
cm/s as measured in this case, and Py represents a single weighted value of ocular surface
whole-tissue permeability. Because nasolacrimal drainage is assumed to be the only route

for solute removal, J4 = J; (®s/P;). Combining this relation with equations 1 and 2, and

solving for &,
B = [(PrvwDs — s + Je ) + (4P wiJe® )" 2PFw)'] -

[(Js = P v ®s — Je )2 Peva) '] 3)

@, — O is plotted in Figure 6 (bottom) over the range of J, measured in rabbits
and humans at 30% to 40% humidity,*? and a range of plausible J; based on measured
mouse tear production rates.*® &, for mice was taken as 320 mOsM and Seonjunctive/Scomea a5
5 based on microdissection measurements, somewhat lower than Sconjunctiva’Scomea Of 17 in
humans and 9 in rabbits.! Figure 6 (bottom) shows that for a physiological evaporative
rate of 1.5 x 1078 g/cm? per second and J; of 3 x 10 mL/s, tear film osmolarity is
predicted to be mildly elevated over serum osmolarity (®; — ®; is ~6.5 mOsM). If J; is
zero at a normal evaporative rate, ®; — ®; increases to 12 mOsM. In contrast, if J, is

elevated fourfold as in meibomian gland dysfunction,'® @, — ®, becomes 26 mOsM. If J;
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is zero andJ. is increased fourfold, @, — ®, becomes 46 mOsM. The relationship between
@, and J, and J; has relevance to understanding dry eye syndromes (see the Discussion

section).

Discussion

Novel microfluorimetric methods were applied to measure water permeability of
the two principal ocular surface tissues, the cornea and conjunctiva, at the cell membrane
and whole tissue levels. Measurements were made in living mice with selective AQP
deletions to assess the contributions of AQP1, -3, and -5 to osmotic fluid transport across
intact surface tissues. As discussed in the introduction, the motivation for this work was
the recognition of the role of the ocular surface in tear film homeostasis and as a
promising target for development of therapies for dry eye syndromes. Approximately one
half of middle-aged women report dry eye symptoms, with KCS affecting 10% to 15% of
the elderly population.*? Dry eye symptoms are also a common side effect of contact lens

wear and laser refractive surgery in all age groups.

Water permeability of ocular surface cells was measured by acalcein
fluorescence-quenching method, which is based on rapid changes in cytoplasmic calcein
fluorescence in response to changes in concentration of cytoplasmic anionic proteins and
hence to changes in cell volume.* The wide-field fluorescence detection method used for
calcein fluorescence measurement is insensitive to small pulsatile and perfusion-related
eye movements, which precludes water permeability measurement by confocal detection

methods. Osmotic equilibration in corneal and conjunctival epithelial cells was very fast
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in wild-type mice, ~1 to 2 seconds, requiring the development of an ocular surface
perfusion chamber capable of fluid exchange on a much faster time scale. A model
relating induced cell volume changes to osmotic water permeability (P{™™) was
developed for a stratified epithelium, in which the kinetics of thickness of calcein-
containing surface cells was computed after a change in osmolarity of solution bathing
the ocular surface. P™" is the single most informative parameter characterizing the
water-transporting capacity of a membrane barrier, particularly in assessing the potential
role of water transport by molecular pores. Mishima and Hedbys** and Fischbarg and
Motoreano®’ estimated water permeability of ~0.01 cm/s in full thickness corneal
epithelium from osmotically induced changes in corneal thickness in living rabbits and
mounted tissues. This value is lower than the P{™™ of 0.045 cm/s determined in the
present study for plasma membrane in mouse cornea, probably because of the presence of
multiple barriers and possible unstirred layers in full-thickness rabbit corneal epithelium.

A P{™™ of greater than ~0.01 cm/s provides evidence of the presence of molecular water

channels.

Water permeability across the intact corneal and conjunctival barriers was
measured by a steady state dye-dilution method in which the concentration of an inert,
membrane-impermeant fluorescent dye was measured at the external ocular surface in
response to a sustained osmotic gradient. The detection of appreciable changes in dye
concentration required the design of a microchamber with <4-pL solution volume and the
selection of a fluorescent dye with minimal surface binding and excellent photostability.
Dye fluorescence signal changed by ~1%/min for a ~200 mOsM osmotic gradient in

cornea and conjunctiva. The direction of signal changes depended on the direction of the
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osmotic gradient, as expected, with linearly decreasing signal for a hyperosmolar solution
driving water into the external solution. The deduced P{™ for cornea and conjunctiva was
independent of the direction of the osmotic gradient, and substantially lower than P¢™™

because of the multiple layers of epithelial cell membranes and other barriers in series.

Mechanical removal of the entire stratified epithelial layer of the cornea did not
enhance osmotically driven water transport in corneas of wild-type mice. Of the corneal
tissues, the epithelium has been considered rate limiting to water movement. However, in
this study the normal epithelium did not impede osmotically induced transcorneal fluid
movement in vivo. Indeed, the P{"™ of ~0.002 cm/s for whole cornea measured was
approximately five times lower than water permeability of full-thickness corneal
epithelium of ~0.01 cm/s, as mentioned earlier. Although the corneal epithelium in wild-
type mice was not rate-limiting for transcorneal osmosis, reducing epithelial water
permeability by AQPS5 deletion caused a marked ~5-fold slowing of transcorneal water
flux in intact cornea, which was restored by removal of the epithelium to the level in

wild-type mice. These results indicate that AQPS provides the principal route for
osmotically driven water flux across the intact corneal epithelium and that most water

moves from corneal stroma to the tear film layer by a transcellular route.

Osmotic water movement across intact corneas of AQP1-deficient mice was
similar to that in wild-type mice under both hypoosmolar and hyperosmolar conditions,
suggesting that AQP1 is not a rate-limiting barrier for transcorneal osmosis.
Unexpectedly, there was apparent asymmetry in water transport in corneas of AQP1-null

mice after removal of the epithelium, where transcorneal osmosis was reduced ~2.5-fold
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only after hypoosmolar challenge. Measurements of stromal thickness by bright-field
confocal microscopy were obtained to investigate possible differences in stromal
properties in corneas from AQP1-null mice that might account for this result. Thickness
measurements indicated corneal swelling and thinning after exposure of the denuded
corneal surface to hypoosmolar and hyperosmolar solutions, respectively. Because salt
gradients are not thought to induce osmosis across exposed stromal tissue, it is likely that
one or more membranes remained at the stromal surface after the denudation procedure.
Grossly, corneas from AQP1-null mice scattered more light throughout the swelling
process than did corneas from wild-type or AQP5-null mice. Both hypoosmolar and
isosmolar swelling was increased in AQP1-null mice compared with wild-type and
AQPS5-null mice, which may be related to impaired endothelial fluid pump function
and/or differential stromal properties of the relative thin corneas in AQP1-null mice.
AQP1 thus plays an important role in the removal of excess fluid from the coreal stroma
after experimental corneal edema, rather than in osmotically driven water movement from

the aqueous to tear film compartments.

Immunostaining revealed AQP3 expression at the plasma membranes of
conjunctival epithelia, in agreement with data in rat.'® Cell water permeability in AQP3-
deficient mice was substantially reduced (3.6-fold) compared with that in wild-type mice,
although osmotically induced water movement across the intact conjunctiva was not
AQP3 dependent. Therefore, the AQP3-containing conjunctival epithelial cell layer is not
the rate-limiting barrier for osmosis in full-thickness conjunctiva, and thus AQP3-
facilitated water transport does not play a role in transconjunctival fluid movement. Water

movement across complex tissues such as conjunctiva could be impeded by rate-limiting
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obstacles other than plasma membranes. A similar conclusion was reported for AQP3 in
skin, which has a structure similar to that of conjunctiva and other mucous membranes,
except for the presence in skin of a superficial watertight layer of stratum corneum
consisting of lipidic, cornified cell envelopes. Although water permeability was reduced
after AQP3 deletion in epidermal cells, measurements of skin hydration in response to
altered rates of evaporative water loss indicated that the AQP3 water transport function
was not responsible for the reduced hydration and other abnormalities in AQP3-deficient
mice.’**” Decreased epidermal and stratum corneum glycerol content was found in the
AQP3-null mice, which, when normalized by systemic glycerol administration, resulted
in correction of the skin phenotype abnormalities.*® It was concluded that the glycerol-,
rather than the water-transporting function of AQP3, was responsible for the abnormal
skin phenotype. As in skin, we speculate that AQP3-facilitated glycerol transportin

conjunctiva and other mucous membranes plays a functional, but at present unknown,

physiological role.

Osmotic water permeation across the corneal and conjunctival barriers is
important for replacement of evaporative water loss in the tear film when the ocular
surface is exposed to ambient humidity, and for preventing signiﬁcgnt tear film
hyperosmolarity. The model of tear film osmolarity presented in Figure 6 provides a
quantitative prediction of tear fluid hyperosmolarity under physiological and pathologic
conditions. Measurements on human and rabbit tear samples by freezing-point depression
osmometry have shown normal tears to be mildly hyperosmolar (¥, — ®; ~10-14

mOsM),'%3%404! glightly higher than the ~7 mOsM predicted in our model for the mouse
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tear film. In our model, tear secretions are assumed to be isosmolar, whereas the lacrimal

component of tear fluid secretions may be slightly hyperosmolar.*?

Tear film osmolarity is increased in both evaporative (caused by excessive tear
evaporation rates) and tear-deficient (caused by inadequate tear fluid secretion) dry eye.
Tear fluid osmolarity has been established as an objective, quantitative index of KCS
severity.>® Mathers et al.** found both diminished tear flow and increased evaporative
rates to correlate with osmolarity. The model presented in this study makes predictions
for tear film osmolarity in evaporative and tear-deficient states of varying severities alone
and in combination. The ®, — ®; of ~26 mOsM predicted for pure meibomian gland
dysfunction recapitulates the ®; — ®; of 20 to 30 mOsM measured in a rabbit model.* In
pure tear deficiency, decreased tear turnover and consequent greater evaporation time

accounts qualitatively for the hyperosmolarity in KCS, even at normal evaporation rate.
However, this effect ®; — ®; ~12 mOsM) is smaller than that measured in tear-deficient
KCS (@ — ®, >22 mOsM).*** Possible explanations for this quantitative difference

include changes in tear film evaporation at low secretion rates (due to abnormal tear

composition),*"* and/or increased osmolarity of lacrimal secretions at very low secretion
rates.*? However, the latter mechanism probably would not substantially increase tear
film osmolarity because of the low lacrimal secretion rate compared with secretion from
ocular surface tissues. The quantitative difference in predicted versus measured tear film
osmolarity in tear-deficient dry eye syndrome emphasizes the need for further

investigation into the complex interplay of aqueous and meibomian secretions inretarding

tear film evaporation in dry eye syndromes.
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Appendix

Computation of Corneal Epithelial P/"*™

Plasma membrane permeability in corneal epithelial cells was computed from the
kinetics of cell volume change in response to changing the osmolarity of fluid bathing the
cornea according to the model shown in Figure 7A. An approximately linear dependence
of calcein fluorescence on cell volume was assumed, as reported previously.>® Only the
outermost corneal cell layer was loaded with calcein-AM under the conditions of our
experiments as seen by confocal microscopy, consistent with ex vivo experiments using
esterified dyes,*”*® dye injection experiments,*® and ultrastructural studies,* providing
evidence against gap-junctional coupling among superficial cells and between superficial
and deeper wing cell layers. Pgis defined, for simplicity, as the intrinsic plasma
membrane water permeability (P¢™™), assumed to be the same throughout the corneal
epithelium. For model computations, apparent water permeability at the outermost surface

was taken as 2'P;, to account for microvillar surface convolutions®'*

and apparent water
permeability of interfaces between two layers (containing two membrane barriers) was

taken as P¢/2. Unstirred layer effects were considered insignificant.

Water flux (J;) across each membrane barrier is: J; = P{'Svy (®i1— D,), where
dV(t)/dt = J — J;. Because osmotic equilibration occurs much faster than ionic
equilibration, the product of cell volume (¥;) and osmolarity (®;) remains constant over
the time course of the measurement: ®(0) V(0) = ®(¢) V(). Combining these equations

and expressing as the ratio of volume-to-surface area, h(r)
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dh(t)/dt = P} vy [®A0) VA0)/V(t) — ®r1(0) Viis(0)Vii(£)] -
Py vy [@i+1(0) Vir 1(0)/ Vi 1) = DLO) V{O)/ V(1)) (A1)

The five coupled differential equations were numerically integrated by using the forward
Euler method (time-step, 0.01 ms) to obtain h(r). Computed h{f)/h{0) are shown in
Figure 7B for the best fitted Ps, along with a comparison of an experimental curve with

computed A (¢).
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Figure Legends

Ficure 1. Methods for ocular surface perfusion. (A) Microchambers for measurement of
rapid changes in ocular surface cell volume (fop) and steady state water flux (bottom)
across the cornea and conjunctiva. Chambers are drawn to scale. (B) Schematic of
experimental setup for measurement of cell volume changes with the 33-pL chamber
positioned on the mouse cornea by using a three-axis micromanipulator. Optical elements
for fluorescence measurements are depicted, along with the perfusion system and
stereotaxic platform. (C) Photographs of the 33-uL chamber in contact with the cornea of
a proptosed globe (/eff), the 4-puL. chamber forming a seal with the exposed conjunctival
surface (middle), and an area of conjunctiva exposed by retracting the upper lid and

depressing the globe into the orbit (righf).

Ficure 2. AQP expression at the mouse ocular surface. Inmunofluorescence of cornea
(top) and bulbar conjunctiva (bottom) from wild-type (left) and indicated AQP-null

(right) mice, stained for AQPs 1, 3, or S.

Ficure 3. AQP-dependent water permeability in ocular surface cells measured by a
calcein fluorescence-quenching method. (A, top) Fluorescence micrograph of calcein-
stained corneal epithelial cells. Bottom: solution exchange time measurement in 33-pL
chamber perfused with saline and fluorescein-containing saline. (B) Representative
calcein fluorescence in cornea of wild-type mouse showing changes in response to
hypoosmolar (fop) and hyperosmolar (bottom) challenge. (C) Time course of corneal

(left) and conjunctival (right) calcein fluorescence in response to hypoosmolar osmotic
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gradient in wild-type and indicated AQP-deficient mice. (D) Summary of exponential
time constants for swelling response. Each point represents average data for 8 to 15
curves in individual mice, with means + SE for each genotype shown. * P <0.05, ** P <

0.01.

Ficure 4. Osmotic water transport across intact cornea and conjunctiva. The ocular
surface was covered by a 4-puL microchamber containing Texas-red dextran in hypo-, iso-
, or hyperosmolar solutions. (A) Representative kinetics of fluorescence intensities for
measurements on cornea (fop) or conjunctiva (bottom) of mice of indicated genotype.
Osmotic gradients induced water movement into (hyperosmolar) or out of (hypoosmolar)
the chamber, producing dye dilution (decreasing fluorescence) or concentration
(increasing fluorescence), respectively. (B) Averaged rates of relative fluorescence signal
change, d(F/Fo)/dt (+SE, 4-6 eyes per condition, multiple measurements done on each
eye). Where indicated (open bars), the corneal epithelium was removed by scraping. (C)
Whole-tissue osmotic water permeability coefficients P{™** (+SE) computed from data in

(B). *P <0.05, **P < 0.01.

Ficure 5. Corneal thickness changes after removal of the epithelium measured by z-
scanning bright-field confocal microscopy. (A, top) Bright-field confocal images of
cornea from wild-type mouse taken at various z-positions (a—e), where corneal epithelial
and endothelial surfaces are identified by characteristic morphometric features as
depicted (bottom, left). Averaged baseline corneal thickness with epithelium intact
(bottom, right; £SE, 10~12 eyes per group). **P < 0.01 compared with wild-type. Scale

bar = 1 mm. (B) The time course of corneal thickness (7;) after removal of the epithelium
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and exposure of stromal surface to either hypoosmolar (leff), isosmolar (middle), or
hyperosmolar (right) saline (+SE, 3—4 corneas per condition per genotype) *P < 0.05
compared with wild-type.

Ficure 6. Theoretical dependence of tear film osmolarity on rates of evaporation (J,) and
tear fluid secretion (J;). Top: schematic of ocular surface geometry. J,, osmotic volume
flow across the corneal and conjunctival surfaces; Jy, tear fluid removal by nasolacrimal
drainage; ®, and ®,, osmolarities of tear film and surface tissue, respectively. Bottom: &,
— @, computed from the model described in the text (equation 3). See text for

explanations.

Ficure 7. Model for computation of corneal epithelial cell plasma membrane water
permeability from calcein fluorescence quenching experiments. (A) Schematic of
multilayered corneal epithelium. An osmotic gradient is imposed at the most superficial
cell layer (apical osmolarity, ®,). Depicted are layer thicknesses, A{t); osmolarities, ®(7);
and interlayer water fluxes J;. Tissue osmolarity, @, is fixed at serum osmolarity. P
represents the intrinsic osmotic water permeability of the epithelial cell plasma
membrane (P{™™), assumed to be the same in each layer. (B) Time course of relative
corneal epithelial cell thicknesses, h{f)/h{0), in response to a sudden decrease in ¥, from
300 to 150 mOsM. Parameters: P{™" = 0.045 cm/s, ®;(0) = 300 mOsM, A;(0) =2 um,
hy(0) =3 pm, h3(0) =7 pm, h4(0) = 7 pm, hs(0) =21 um. Experimental data are shown
overlying A,(f). The same model was implemented for the thinner conjunctival

epithelium, except that four layers were included, with 4,(0) =2 um, h3(0) = 3 um, h3(0)
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=5 um, hy(0) = 10 um, giving a P{™" of 0.025 cm/s for conjunctiva of wild-type mice

(not shown).
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CHAPTER 3.

Aquaporin-3-Dependent Cell Migration and

Proliferation During Corneal Re-epithelialization

Abstract

purpost. To determine a role for the water- and glycerol-transporting protein aquaporin-3
(AQP3) in mammalian corneal epithelium, where it is expressed but has no known

function.

metHops. Corneal epithelial water and glycerol permeabilities were measured in living
wild-type and AQP3-null mice using calcein fluorescence quenching and 'C-glycerol
uptake assays, respectively. Following removal of the corneal epithelium by scraping, re-
epithelialization was followed by fluorescein staining. The contribution of AQP3-
facilitated cell migration to corneal re-epithelialization was assessed using an organ
culture model, in which initial resurfacing results from epithelial cell migration, as shown
by BrdU analysis and 5-fluorouracil insensitivity, and by scratch wound assay using
primary cultures of corneal epithelial cells from wild-type vs. AQP3-null mice.
Involvement of AQP3 in epithelial cell proliferation was investigated by morphometric
and BrdU analysis of histologic sections, and by measurement of *H-thymidine uptake in

primary cultures of corneal epithelial cells.
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resuLts. AQP3 deficiency did not alter corneal epithelial thickness, morphology, or
glycerol content, though both water and glycerol permeabilities were reduced. Time to
corneal re-epithelialization in vivo was significantly delayed in AQP3-null mice
compared to wild-type mice. A delay was also found in organ and primary cultures,
demonstrating a distinct defect in cell migration arising from AQP3 deletion. Delayed
restoration of full-thickness epithelia of AQP3-null mice over days following scraping
suggested a separate defect in epithelial cell proliferation, which was confirmed by
reduction in proliferating BrdU-positive cells in AQP3-deficient mice, and by reduced

proliferation in primary cultures of corneal epithelial cells from AQP3-null mice.

concrusions. The significant impairment in corneal re-epithelialization in AQP3-deficient
mice results from distinct defects in corneal epithelial cell migration and proliferation.
Our results provide the first evidence for involvement of an aquaporin in cell
proliferation, and suggest AQP3 induction as a possible therapy to accelerate the

resurfacing of corneal defects.

Aquaporins (AQPs) comprise a family of small transmembrane proteins that
transport water, and in some cases, both water and small solutes such as glycerol.
Functional studies on AQP knock-out mice have revealed the importance of high
transcellular water permeability in facilitating osmotically driven epithelial fluid
transport, as with AQP1 and AQP3 in the kidney,'? and in rapid near-isosmolar transport,
as with AQPS in salivary and submucosal glands, AQP1 in choroid plexus, and AQP1
and AQP4 in ciliary epithelium.’*>® In addition to these classical functions of AQPs,

recent phenotype analysis of knock-out mice has revealed several unexpected cellular
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roles. For example, AQP1 facilitates tumor angiogenesis by enhancing cell motility by a
mechanism that may involve facilitated water transport at the leading edge of migrating
cells.” AQPs that transport both water and glycerol are involved in skin hydration and
biosynthesis (AQP3) and fat metabolism (AQP7) by regulation of cellular glycerol
content.*’ In skin, AQP3 deletion also slowed wound healing and recovery of barrier

function after stratum corneum removal. '

The stratified corneal epithelia of mouse, rat, and human express the water-
selective aquaporin AQPS, and the water- and glycerol-transporting aquaglyceroporin
AQP3.'"'213 we previously found reduced transcorneal water permeability in mice
lacking AQPS5." The function of AQP3 in cornea is unknown. Maintenance of the
corneal epithelial layer is crucial to providing a smooth and transparent refractive surface
and a barrier to infection, requiring continued regeneration to replace normal epithelial
cell loss from the surface.' Limbal stem cells located between the cornea and
conjunctiva give rise to a single layer of centripetally migrating, mitotically active
columnar basal cells that adhere to a basement membrane. These transient amplifying
cells undergo several rounds of cell division before producing an intermediate layer of
suprabasal wing cells one to three cells thick, and finally a superficial layer of terminally

differentiated squamous cells two to four layers thick.

Corneal epithelial cell renewal is greatly increased during wound healing.
Whereas suprabasal and basal epithelia of normal mouse cornea migrate centripetally at
an average linear rate of 0.7-1.0 mm/hr,'>'® the marginal cells bordering a defect can

migrate at 30-60 mm/hr.'” There is an body of extensive literature on the biology of
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corneal epithelial regeneration based on wound-closure models (reviewed in Ref. '%).
Corneal epithelial replacement involves three distinct phases: the latent phase, when cells
clear debris at the wound edge and alter their metabolic status (~6 hr); the cell
migration/adhesion phase, involving increased protein and macromolecule synthesis and
glycogen utilization (up to 24 hr); and the cell proliferation phase (days). Recurrent or
persistent corneal erosions in humans generally arise from trauma or various forms of
epithelial basement membrane dystrophy, and may result in ulceration or perforation of

the underlying stroma with associated pain and visual impairment.'*?

We hypothesized that aquaporins might be involved in one or several aspects of
corneal epithelial regeneration. Here, we first demonstrate the functional expression of
AQP3 in corneal epithelium of mice. Significant impairment in corneal re-
epithelialization was found in AQP3-null mice using an established mouse model of
corneal epithelial removal, which was evaluated mechanistically by studies of corneal
epithelial cell migration and proliferation in organ and primary cell cultures. Our results

implicate AQP3 in the two processes fundamental to wound healing: cell migration and

proliferation.

Methods

Mouse Preparation

Transgenic mice deficient in AQP3 and AQPS in a CD1 genetic background were

generated by targeted gene disruption as described.” Mice were bred and cared for at the

University of California, San Francisco, Animal Facility. For each experiment, wild-type
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and knock-out mice were matched by age and weight (6-9 weeks, 22—-30 grams).
Investigators were blinded to mouse genotype in all functional studies until completion of
data analysis. Protocols were approved by the University of California, San Francisco,
Committee on Animal Research and were in compliance with the ARVO statement for

the Use of Animals in Ophthalmic and Vision research.

Mice were anesthetized using 125 mg/kg 2,2,2-tribromoethanol (avertin, Sigma-
Aldrich, St. Louis, MO) intraperitoneally that was supplemented during experiments to
maintain deep anesthesia. Core temperature was monitored using a rectal probe and
maintained at 37 + 1°C with a heating pad. For all maneuvers, mice were immobilized
with the cornea under study oriented to face upward in a custom-built stereotaxic device
with a rotating jaw clamp. Following experiments, mice were killed by avertin overdose

and cervical dislocation, and whole eyes were enucleated using forceps.
Models of Corneal Re-epithelialization

In vivo and organ culture models of mouse corneal re-epithelialization utilized the
same wounding procedure. After anesthesia and topical proparacaine (0.5%; Akorn,
Buffalo Grove, IL), the cornea was blotted dry with a surgical sponge (Medtronic,
Chicago, IL). A 2.3-mm diameter region of central corneal epithelium was demarcated
with a surgical trephine (Roboz, Gaithersburg, MD) under observation with a stereo
epifluorescence microscope (SMZ1500, 1x objective, 2.8x zoom, Nikon, Tokyo, Japan)
and full-thickness corneal epithelium was mechanically removed without damage to the
basement membrane using a number 69 Beaver blade (Becton-Dickinson, Franklin

Lakes, NJ) and standard scraping procedures.?' Corneas were allowed to resurface for up
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to 48 hr, with epithelial defect size monitored with fluorescein staining (0.1% in PBS)
just after scraping and 12, 18, and 24 hr later. Fluorescence was imaged using a cooled
CCD camera (CoolSnap HQ, Photometrics, Tuscon, AZ) and 2-dimensional projections
of relative wound area were quantified using ImageJ software (National Institutes of

Health, Bethesda, MD).

For studies of healing kinetics in vivo, tobramycin ointment (0.3%; Alcon, Fort
Worth, TX) was applied to wounded eyes following scraping. Mice were then returned to
their cages and allowed to awaken. Each subsequent wound area measurement was
performed under light anesthesia followed by recovery. For organ culture studies, eyes
were scraped, excised, and incubated as described.?2? After rinsing in PBS, each
enucleated eye was placed in a well of a 24-well culture plate and immersed fully in 1
mL Dulbecco’s Modified Eagle Medium (DMEM) with 25 mM glucose (Gibco,
Rockville, MD), and supplemented with 2% fetal bovine serum (FBS), penicillin G (100
U/mL), and streptomycin (100 ug/mL). Eyes were kept in a tissue culture incubator (37
°C, 5% CO,) for up to 30 hr. The left eyes served as controls, while right eyes were
incubated in some studies in culture medium supplemented with 10 mg/mL of 5-

fluorouracil (5-FU) or paclitaxel (Sigma-Aldrich), prepared at 2,000x stocks in DMSO.
AQP3 Immunodetection

Eyes were fixed for histology by immersion in 10% neutral buffered formalin
(Accustain; Sigma-Aldrich) for 24 hr. The fixed tissue was processed with xylenes and

graded ethanols and embedded in paraffin, and 5 pm sections were cut through the

central cornea and optic nerve (Histoserv Inc., Germantown, MD). Sections were
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deparaffinized in Citrisolv (Fisher Scientific, Pittsburgh, PA), rehydrated in a series of
graded ethanols, and then either stained with hematoxylin and eosin (H & E) or processed
for immunohistochemistry. Slides were treated for epitope retrieval in citrate buffer (10
mM sodium citrate, 0.05% Tween 20) for 30 min at 95 °C and while cooling, and then
sections were hydrogen peroxide-quenched (3% H;0,). After blocking with goat serum,
sections were incubated with a rabbit anti-AQP3 polyclonal antibody (1:500, Chemicon,
Temecula, CA) and washed in PBS. Bound antibody was detected using the Rabbit
Vectastain ABC kit (Vector Laboratories, Burlingame, CA) and developed using the
substrate 3,3-diaminobenzidene. Photographs were taken on an upright DM4000B
microscope (Leica, Solms, Germany) equipped with a cooled CCD camera (Spot,

Diagnostic Instruments, Sterling Heights, MI).

For immunoblot analysis, corneal epithelia of anesthetized mice were scraped
using sterile Beaver blades and pooled (2—4 eyes/sample) in extraction buffer containing
250 mM sucrose, 10 mM EDTA, and 1% protease inhibitor mix (Sigma-Aldrich). Cells
were mechanically disrupted using an insulin syringe, and samples were loaded on a
4-12% SDS polyacrylamide gel (3 pg/lane). Protein was transferred to a PDVF
membrane and incubated with rabbit anti-AQP3 antibody (1:1000) followed by anti-
rabbit IgG horseradish peroxidase-linked antibody (1:10,000, Amersham Biosciences,
Piscataway, NJ), and visualized using enhanced chemiluminescence (Amersham

Biosciences).
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Transmission Electron Microscopy

Freshly enucleated globes were immersed in 1.2% paraformaldehyde and 0.8%
glutaraldehyde in 0.1 M Sorensen buffer (pH 9.2) for 90 min. Corneas were dissected
from globes, postfixed in 1% osmium tetroxide in sodium Veronal buffer for 1 hr,
dehydrated in graded ethanols, and embedded in araldite epoxy resin. Ultrathin sections
(70-100 nm) were stained with aqueous saturated uranyl acetate and Reynold’s lead
citrate and screened at 2,000-30,000x magnification using a 1200 EX JEOL electron
microscope operating at 80 kV. Also, 1 um thick sections were cut and stained with
Trumpp’s toluidene blue for orientation under the light microscope. Ultrastructure was

compared by an observer blinded to genotype information.
In Vivo Water and Glycerol Permeability Assays

Osmotic water permeability was measured using a calcein-quenching method. "
Briefly, epithelial cells of anesthetized mice were loaded with calcein by exposure of the
cornea for 30 min to 25 pL isosmolar PBS containing 10 uM calcein-AM (Molecular
Probes, Eugene, OR). A custom-built 33-pL microchamber with <50 ms solution
exchange time was then positioned over the cornea for continuous measurement of cell
calcein fluorescence under suction perfusion with solutions of specified osmolarities. The
time course of fluorescence in response to solution osmolarity changes, F{(f), was fitted to
a single exponential time constant, 7: F(f) = A + Be™, where A and B are related to

system sensitivity and background signal.
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For measurements of glycerol permeability in vivo, the corneal epithelium of
anesthetized mice was exposed to 15 pL isosmolar PBS containing 1 mM glycerol
(Fluka, Buchs, Switzerland) and 30 uCi/mL [**C]glycerol (specific activity 146
mCi/mmol; Amersham Biosciences) for 0—20 min. After anesthetic overdose the ocular
surface was washed with the same solution at 4 °C (lacking radioactive glycerol), blotted
with a surgical sponge, and scraped within the limbus to collect full-thickness corneal
epithelium. Cell-associated 'C radioactivity was measured by scintillation counting (one
eye per sample). Assay of total scraped protein per eye indicated <10% differences from

eye to eye.
Assays of Corneal Epithelial Glycerol and Glycogen Content

Cellular glycerol and glycogen contents were measured using coupled enzymatic
assays. After anesthesia and topical proparacaine, the ocular surface was blotted with a
surgical sponge and the corneal epithelium was scraped. Material from 2—4 eyes was
dissolved in 30 pL of cold PBS (for glycerol) or 50 uL hot 5 N NaOH (for glycogen).
Cellular glycerol was assayed by a glycerol kinase absorbance assay (Free Glycerol
Reagent, Sigma-Aldrich) and normalized to tissue protein content. Glycogen was
extracted in hot base, precipitated in ice-cold absolute ethanol, and hydrolyzed in 0.6 N
HCI based on methods established for rabbit corneal epithelium.2*?* Liberated glucose
was measured using a glucose oxidase absorbance assay (Wako Chemicals, Neuss,
Germany) and expressed relative to protein measured in the supernatant collected during
ethanol precipitation. Protein concentration was measured using a DC protein assay kit

(Bio-Rad, Hercules, CA).
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Primary Culture of Mouse Corneal Epithelial Cells

Primary cultures of corneal epithelia cells from wild-type and AQP3 knock-out
mice were grown on either tissue culture plastic or on plastic coated with fibronectin (5
ug/mL, Roche Diagnostics, Indianapolis, IN) in supplementary hormonal epithelial
medium (SHEM) according to the method of Kawakita et al.”® SHEM consisted of
equivolume HEPES-buffered DMEM and F12 media, containing 10 ng/mL mouse-
derived EGF, 5 pg/mL insulin, 5 pg/mL transferrin, 5 ng/mL sodium selenite, 0.5 pg/mL
hydrocortisone, 10'° M cholera toxin A subunit (all from Sigma-Aldrich), 5% FBS, 50
ug/mL gentamicin, and 1.25 pg/mL amphotericin B. Enucleated eyes of 4-8-week-old
mice were washed in SHEM and then enzymatically digested for 18 hr at 4°C in SHEM
containing 15 mg/mL dispase II (Roche Diagnostics) and 100 mM D-sorbitol. Each eye
was then held under suction at its posterior pole by a Pasteur pipette, and the corneal-
limbal epithelial cell sheet was removed intact by gentle shaking in SHEM. Sheets were
broken up into single-cell suspensions in Hanks’ Balanced Salt Solution containing
0.05% trypsin and 0.53 mM EDTA (Gibco) by pipetting for 8—10 min at room
temperature. Cells from eyes of each genotype were pooled, centrifuged (5 min at 800g),
resuspended in SHEM, counted with a hemocytometer, and seeded in 12-well plates at a
density of 6 x 10* cells/cm? (for proliferation studies) or 1 x 10° cells/cm? (for migration

studies). Medium was replaced after 24 hr to remove unattached, suprabasal cells.

Attached basal cells were grown for up to 5 days. To detect the corneal epithelial-
specific marker, cytokeratin 12 (K12), cells were fixed with 4% paraformaldehyde,

blocked with 1% BSA for 30 min, incubated with a rabbit anti-mouse K12 polyclonal
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primary antibody (1:50, Santa Cruz Biotechnology, Santa Cruz, CA) for 2 hr, and washed
with PBS. Antibody binding was detected using a Cy3-conjugated anti-rabbit secondary
antibody (1:200, Sigma-Aldrich). Epithelial cell morphology was observed by phase
contrast light microscopy. Samples for AQP3 immunoblotting were collected by cell

scraping.
Cell Proliferation Assays

For in vivo studies, 5-bromo-2’-deoxyuridine (BrdU, 12 mg/mL, Sigma-Aldrich)
was injected intraperitoneally (100 mg/kg) 2 hr prior to euthanasia, after which eyes were
processed as described above. For organ culture studies, BrdU was added to culture wells
(100 pg/mL final concentration) 2 hr prior to fixation and staining. For BrdU
immunohistochemistry, tissue sections were processed as described above with the
following differences: In place of citrate buffer epitope retrieval, sections were treated
with 2 N HCIl for 1 hr at 37 °C and then with 0.1 M sodium borate solution (pH 9) twice
for 15 min at room temperature. Sections were blocked with rabbit serum and incubated
with a rat anti-BrdU monoclonal primary antibody (1:40, Abcam, Cambridge, MA).
Bound antibody was detected using the Rat Vectastatin ABC kit. BrdU positive cells

were counted from limbus to limbus in a central corneal section for each eye.

Cell proliferation was measured in primary cultures of mouse corneal epithelium
at 5 days after seeding onto uncoated plastic by addition of [methyl-*H]thymidine (2
uCi/mL, specific activity 86 Ci/mmol; Amersham Biosciences) to cultures for 6 hr. Cells
were washed three times with PBS and three times in 1 mL cold 10% tricholoacetic acid,

and then solubilized by addition of 750 uL/well of 0.5 N NaOH for 30 min at room
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temperature. The solution was then neutralized by addition of 75 pL of S N HCl to each
well. *H radioactivity incorporated in 250 uL sample aliquots was measured by
scintillation counting. Total DNA in 20 uL of each sample was assayed by Hoechst
33258 fluorescence (Sigma-Aldrich) in 2 M NaCl, 50 mM Na,HPO,, and 2 mM EDTA

(pH 7.4) after an 8-hr incubation at room temperature.

Cell Migration Assay

72128 was used to compare migration in primary

A scratch wound closure assay
cultures of wild-type and AQP3-deficient mouse corneal epithelia plated onto uncoated
or fibronectin-coated (5 pg/mL, Roche Diagnostic) wells of 12-well plates. Five days
after seeding, when cultures formed confluent monolayers, cells were synchronized by
replacing media with SHEM containing low serum (1% FBS) and lacking EGF for 10 hr.
Monolayers were wounded by two perpendicular linear scratches across each well using a
10-uL pipette tip to produce 300-um-wide strips. After washing away unattached cells,
media was switched to SHEM containing EGF and 5% FBS. Wounds were photographed
immediately by phase contrast imaging at 10x magnification, and at 18 hr after wounding

at 4 marked regions per well near the crossing point. Wound healing for each culture was

reported as the average linear speed of the wound edges over 18 hr.
Statistics

Data are expressed as mean + SE. Significance between experimental groups was

determined by a two-tailed Student’s ¢-test assuming a 95% confidence interval.
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Results

Corneal Epithelial AQP3 Expression

Immunohistochemistry showed AQP3 expression in corneal epithelium of wild-
type mice, with no specific staining found in AQP3-null mice (Fig. 1A, top). AQP3 was
most abundant in plasma membranes of basal epithelial cells. Interestingly, AQPS5-null
corneas had remarkably greater AQP3 staining than wild-type corneas, which extended
throughout cell layers of the stratified epithelium (Fig. 1A, top, right). AQPS5-deficient
corneal epithelium was also consistently thicker than wild-type epithelium, with grossly
swollen basal cells. The increased AQP3 protein expression in corneas from AQPS5-null
mice was confirmed by immunoblot analysis, where specific bands corresponding to
glycosylated and non-glycosylated AQP3 monomers were detected in freshly scraped
corneal epithelia of wild-type but not knock-out mice. Total AQP3 protein was 4.6 = 1.2-
fold greater in AQPS knock-out mice compared to wild-type mice (3 samples per

genotype, Fig. 1A, bottom).

The effects of AQP3 and AQPS deletion on corneal epithelial ultrastructure were
assessed by transmission electron microscopy. As shown in Figure 1B (top), full-
thickness central corneal epithelia from wild-type and AQP3 knock-out mice had the
same total thickness (27.0 + 0.6 vs. 26.7 + 0.9 um, +SE, 4 eyes per genotype), basal cell
height (10.3 £ 0.3 vs. 10.2 + 0.1 um), number of cell layers (6-7), and basal, wing, and
superficial cell morphology. AQPS-null epithelia were thicker (40.8 + 0.4 um) and had

taller basal cells (13.4 = 0.2 um), yet the same number of cell layers. At higher
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magnification, comparable densities of desmosomal (Fig. 1B, bottom) and
hemidesmosomal (not shown) extracellular communications were seen in basal cell
layers of the three genotypes. However, substantial pools of intercellular fluid were seen
between AQPS-deficient epithelial cells (Fig. 1B, bottom, insets). These findings suggest
grossly normal corneal epithelial cell morphology and attachments in AQP3-null corneas,

and edematous AQP5-null corneal epithelia
AQP3 Deficiency Impairs Epithelial Water and Glycerol Transport

Having confirmed expression of AQP3 protein in mouse corneal epithelium,
water and glycerol permeabilities were measured in intact corneal epithelia of living mice
to demonstrate functionally significant AQP3 expression in wild-type mice. Osmotic
water permeability of corneal epithelial cells was measured by a calcein fluorescence
method in which cytoplasmic calcein fluorescence provided an instantaneous readout of
cell volume." The reversible kinetics of cell swelling is shown in Figure 2A (top) in
response to serial perfusion of 470, 310 and 470 mOsm solutions. Osmotically induced

cell volume changes were slowed by 2.4 + 0.3-fold in AQP3-null mice (Fig. 2A, bottom).

A ["“C]glycerol uptake assay was developed to quantify AQP3-dependent corneal
epithelial glycerol permeability in vivo. After anesthesia and immobilization, small
aliquots of PBS containing [**C]glycerol were placed on proptosed eyes for specified
times. Full-thickness corneal epithelium was harvested by scraping for measurement of
cell-associated ['*C]glycerol radioactivity. ['*C]glycerol uptake was linear for at least 30
min in wild-type mice (Fig. 2B, top). ['*C]glycerol uptake measured at 12 min was

remarkably reduced in AQP3-null mice (Fig. 2B, bottom). However, despite the reduced
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glycerol permeability, steady-state corneal epithelial glycerol content was not
significantly affected by AQP3 deletion (Fig. 2C, top). There was a small but significant

reduction in glycogen content (Fig. 2C, bottom).

AQP3 Deficiency Slows Re-epithelialization In Vivo

To determine the roles of aquaporins in corneal surface re-epithelialization, we
utilized an established in vivo model of corneal epithelial wound healing in which
healing was quantified based on fluorescein pooling on the bare stroma, indicating the
advancement of marginal basal epithelia at the wound edge. The 2.3-mm diameter
wound, chosen to avoid damage to the limbus, remained relatively constant for up to 10
hr following wounding (the latent phase), and then decreased in size from 10-24 hr (the
migration phase). Re-epithelialization was quantified from the defect area during the time
of rapid healing at 12, 18, and 24 hr after scraping (Fig. 3A). At the 12- and 18-hr time-
points, a significant delay in resurfacing was found in AQP3-deficient corneas compared
to wild-type corneas (Fig. 3B; 12 hr: 10 £ 4 vs. 28 + 3% area healed; 18 hr: 36 £ 4 vs. 51
+ 5% healed). Interestingly, accelerated healing was found in AQP5 knock-out mice at 18
and 24 hr, which may be related to increased corneal AQP3 expression in these mice.
AQP3 expression remained approximately constant in wild-type mice during the healing
process, as demonstrated by immunoblot analysis and immunohistochemistry at 24 or 48

hr following corneal scraping (data not shown).

Starting at approximately 24 hr and lasting for several days, the healing response
is dominated by cell proliferation and the re-establishment of a multilayered epithelium

(the proliferation phase). The re-stratification process was assessed by histology of
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central corneal sections from eyes fixed at various times after wounding (representative
sections shown in Fig. 3C). In all three genotypes, large wounds with well-demarcated
leading edges were visible at 12 hr. At 24 and 36 hr, AQP3-deficient corneas showed
delayed monolayer surfacing and cell stratification/differentiation compared to wild-type
corneas. AQP5-deficient corneas showed accelerated healing by both criteria. Periodic
Acid-Schiff staining of adjacent sections during healing demonstrated comparable
glycogen store depletion in basal cells of each genotype (not shown). Figure 3D (top)
shows delayed recovery of epithelial thickness in AQP3-null corneas at 24, 36, and 48 hr.
In contrast, restoration of full epithelial thickness was observed by 48 hr after wounding
in wild-type mice (Fig. 3D, bottom). AQP5-null epithelia were confirmed to be thicker
than wild-type corneas at baseline, with full restoration of corneal thickness by 48 hr after
wounding (Fig. 3D, bottom). The central regions of AQP3-null corneas had 0-2 cell
layers at 24 hr following wounding, compared to 3—4 layers in wild-type and AQPS5-null
corneas. At 36 and 48 hr, AQP3-null corneas were 3—4 cell layers thick, less than the 6-7
layers (full-thickness) found for wild-type and AQP5-null corneas, suggesting impaired
proliferation in AQP3 deficiency. Transmission electron microscopy of the advancing
wound edge after 20 hr of healing showed extensive filopodial and lamellipodial
projections in the migrating epithelia (micrograph from wild-type cornea shown in Fig.

3E), enabling fast movement along intact basement membranes.
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Defective Migration of AQP3-null Epithelial Cells in an Organ Culture Wound

Healing Assay

Delayed re-epithelialization in AQP3-deficient corneas might arise from
impairment in cell migration, proliferation, or both. To distinguish between these
processes, an organ culture wound-healing model was used that has been shown to

2223 1n situ wounds were made as in the in vivo model,

largely represent cell migration.
and then eyes were enucleated and cultured in serum-containing medium for up to 30 hr
(Fig. 4A, inset). In preliminary experiments, no healing occurred when eyes were
incubated in serum-free medium. To characterize the model, globes from wild-type mice
were cultured in medium containing either 5-FU (10 pg/mL), paclitaxel (10 pg/mL), or
DMSO vehicle (Fig. 4A). 5-FU impairs cell proliferation but not migration in cornea and
other tissues, while paclitaxel inhibits both processes.2?*%*'*2 In this model, epithelial
resurfacing occurred in the control group at a slightly slower rate than in vivo. Paclitaxel,

but not 5-FU, significantly slowed corneal resurfacing at 18, 24, and 30 hr, supporting the

utility of organ culture for in vitro assessment of corneal cell migration.

There was a marked delay in re-epithelialization of AQP3-null vs. wild-type
corneas (without 5-FU or paclitaxel; Fig. 4B), in agreement with the in vivo data. To
confirm the absence of significant corneal epithelial cell proliferation in this in vitro
assay, BrdU staining was done on corneas at 24 hr (4 corneas per genotype). Less than
one BrdU positive cell on average was found in an entire section of cornea from wild-
type or AQP3 knock-out mice (data not shown). Additionally, whereas the full-thickness,

multilayered morphology observed in uninjured epithelia (Fig. 4B, inset, a) was restored
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following 24 hr of healing in vivo (Fig. 4B, inset, b), organ-cultured eyes were always
covered by only 1-2 layers of epithelial cells at 24 hr, including at and near the
unwounded limbus (Fig. 4B, inset, c). This observation supports the conclusion that basal
cell proliferative capacity is arrested under these organ culture conditions. These
experiments thus indicate impaired corneal epithelial cell centripetal migration in AQP3

deficiency.
Defective Proliferation of AQP3-null Epithelia After Wounding In Vivo

The potential contribution of AQP3 function to corneal epithelial cell proliferation
in vivo was studied by BrdU incorporation. Experiments were done in non-wounded
mice, and at different times after wounding. Figure SA shows representative images of
mid-peripheral cornea (well outside of the advancing wound margin) stained for BrdU.
No significant difference in BrdU staining was observed between the genotypes in the
absence of wounding, with a greatly reduced number of BrdU-positive cells in AQP3-
null and wild-type peripheral corneal epithelium at 12 hr after wounding (data not
shown). As summarized in Figure 5B, at 24 hr AQP3-null corneas showed greatly
diminished basal cell proliferation compared to wild-type corneas. AQP5-null corneas
showed elevated proliferation at 24 hr, which persisted at 48 hr. A similar conclusion was

reached when central, mid-peripheral, and peripheral areas of the corneal epithelium were

counted separately (not shown).
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Defective Proliferation and Migration of AQP3-null Epithelial Cells in Primary

Culture

The role of AQP3 in corneal epithelial cell proliferation was further examined
using a recently developed mouse primary cell culture model.® Intact corneal-limbal
epithelial sheets from wild-type and AQP3 knock-out mouse eyes were isolated by
dispase II digestion, and non-passaged cells were cultured on plastic in SHEM medium.
Substrate attachment of wild-type and AQP3-deficient cells was comparable, as
measured by cell counting at 24 hr after seeding both from trypsinized cultures using a
hemocytometer (7.7 + 0.3 x 10* wild-type vs. 7.7 + 1.4 x 10* AQP3-null cells per well,
+SE, 3 wells per genotype) and from imaging randomly selected 10x fields in

undisturbed cultures (92 + 3 wild-type vs. 89 + 5 AQP3-null cells/field, +SE, 9 wells per

genotype).

Approximately 30% of plated cells adhered to tissue culture plastic, as was
reported previously.?® Cells from both genotypes grew similarly as monolayers of mostly
large basal epithelial cells (Fig. 6A, top), which began to stratify at areas of confluence,
as appreciated by altering the microscope focus. Consistent with the earlier report, larger
(basal) cells showed cytoplasmic immunostaining for the corneal epithelial-specific
marker, K12 (Fig. 6A, middle, left). Inmunoblot analysis showed AQP3 expression in

cell cultures from wild-type but not AQP3-null corneas (Fig. 6B, middle, right).

Cell proliferation was measured after 5 days of culture, when cells were 50-70%
confluent. Under maximal stimulation in the presence of serum and growth factors,

AQP3-null cell cultures incorporated 3.8 + 0.7 times less [*H]thymidine than cultures
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from wild-type corneas (Fig. 6A, bottom). Cultures from wild-type corneas were found
by Hoescht fluorescence to contain ~2 times more DNA (per well) than AQP3-null
cultures, and qualitatively approached confluence 20—-30% faster in all six separate sets of
primary cell cultures prepared for these studies. These results support defective corneal
epithelial cell proliferation in AQP3 deficiency, which likely accounts for the delayed

restoration of full-thickness cornea in vivo over days following scraping.

Cell migration in confluent primary cultures of mouse corneal epithelia was
measured using a standard wound scratch assay. Cultures grown on fibronectin-coated
wells showed accelerated wound closure rates compared to cultures grown on uncoated
plastic, in agreement with previous studies.?*** In vitro wound healing was thus
quantified in fibronectin cultures after a relatively short, 18 hr healing period to avoid
confounding effects of cell proliferation on healing. Fig. 6B shows delayed wound
closure in AQP3-deficient corneal epithelia at 18 hr following creation of linear wounds
(4.0 £ 0.2 mm/hr for wild-type cells vs. 2.8 + 0.1 for AQP3-null cells, +SE, 4 wells per
genotype), supporting the conclusion from in vivo and organ culture experiments that

AQP3 deletion impairs corneal epithelial cell migration following wounding.

Discussion

This study demonstrates AQP3-facilitated water and glycerol transport in mouse
corneal epithelium and provides evidence for distinct roles of AQP3 in corneal epithelial
cell migration and proliferation during re-epithelialization. Migration and proliferation

are fundamental to normal corneal epithelial cell turnover (taking place over weeks) and
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become greatly accelerated during wound healing. The expression of AQP3 in basal cells
of the corneal epithelium suggested a role in one or both of these processes. Defective
corneal resurfacing over the first 24 hr after wounding implicated a role for AQP3 in cell
migration, which was proved using an organ culture model of wound healing in which
cell proliferation was confirmed to be essentially absent by BrdU staining, epithelial
morphology, and 5-FU insensitivity, and using an vitro wound closure assay comparing

corneal epithelial cultures from wild-type and AQP3-null mice.

A separate defect in cell proliferation during re-epithelialization was discovered in
AQP3-null corneal epithelium, providing evidence for a previously unrecognized role for
an aquaporin in cell proliferation. Defective corneal epithelial cell proliferation was
shown by a reduced number of BrdU-positive cells at 24 hr after wounding, and
substantial slowing of re-stratification. Wild-type corneal epithelia achieved their normal
thicknesses and cell numbers by 48 hr, while AQP3-deficient epithelia were delayed by
both measures. AQP3-deficient corneal epithelia cells thus manifest impaired cell
movement and DNA synthesis more slowly than wild-type cells following wounding.
This conclusion is supported by the slowed cell proliferation measured in AQP3-null

primary cultures of corneal epithelial cells.

Our findings in AQPS5 knock-out mice also have potential relevance to human
corneal disease. Kenney et al. reported AQP3 expression primarily in basal epithelial
cells of normal human corneas, ** similar to our findings in wild-type mice. AQP3
localization expands to include both basal and superficial epithelial cells in chronic

edematous corneal diseases. These changes are similar to those in AQPS knock-out
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corneas, where AQP3 upregulation is also associated with stromal and epithelial edema.
Despite the hyperproliferative response in wounded APQS5-deficient corneas, their
increased epithelial thickness appears to arise from fluid accumulation and cell swelling
rather than from increased cellularity. In contrast to the swollen and edematous AQP5-
null corneal epithelia, AQP3-null epithelia appeared normal at the light and electron

microscope levels.

The AQP3-dependent effects on cell migration and proliferation could each, in
principle, be explained by deficiencies in water and/or glycerol transport, or by a
mechanism independent of transporting functions. The migration phase of re-
epithelialization involves lamellipodial and filopodial extension by marginal cells at the
wound leading edge.!” Such protrusions and the rate of cell migration are reduced in a

variety of aquaporin-deficient cells,”?”*

suggesting a role for local water transport at the
leading edge of migrating cells. Corneal epithelial cell migration also requires
mobilization of energy stores, particularly glycogen.*® Defective glycerol transport in
AQP3 deficiency might impair glycogen synthesis or utilization by direct or indirect
effects on glycolysis’ However, basal epithelial glycerol content was similar in wild-type
and AQP3-null mice, and although glycogen stores were slightly diminished in AQP3-
null mice, Periodic Acid-Schiff staining of corneal sections during healing showed no

evidence of differential basal cell glycogen-utilization kinetics compared to wild-type

mice.

The involvement of AQP3 in cell proliferation may be related to its glycerol-

transporting function. AQP3-mediated glycerol transport was found previously to be
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important for lipid biosynthesis in skin,® as glycerol is the backbone of phosphoglyceride,
a major phospholipid in plasma membranes. The role of glycerol in corneal metabolism
remains unexplored. Glycerol is a common ingredient in eye drop formulations, though
primarily because its humectant properties promote ocular surface hydration.*’
Alternatively, the effect of AQP3 on cell proliferation might not involve glycerol

transport, but instead AQP3 protein-protein interactions or modulation of membrane

physical properties.

In conclusion, the involvement of AQPs in cell migration appears to represent a
general phenomenon whose exact mechanism remains to be elucidated, but is likely
dependent on water movement. The involvement of aquaglyceroporins, such as AQP3, in
cell proliferation may also be a general phenomenon, which may be related to AQP3-

dependent glycerol transport or to some non-transporting role of AQP3.
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Figure Legends

Ficure 1. Corneal epithelial AQP3 expression and morphology. (A) AQP3 protein
expression in mouse corneal epithelia. Top: immunohistochemistry of sections through
central cornea with AQP3 plasma membrane staining indicated (arrowheads). Scale bar =
20 pm. Bortom: immunoblot of corneal epithelia from mice of indicated genotypes. (B)
Transmission electron microscopy representative of four corneas from four mice of each
genotype. Top: full-thickness central corneal epithelium showing 6-7 cell layers. Scale
bar = 5 um. Bottom: basal cells with adjacent cell nuclei indicated by stars and
desmosomes marked by arrowheads. Scale bar = 1 um. Insets: magnified regions of

intercellular desmosomal attachments. Scale bar = 0.5 pm.

Ficure 2. Water and glycerol permeabilities of corneal epithelium. (A) Osmotic water
permeability of corneal epithelial cells in mice in vivo, where the ocular surface was
exposed to osmotic gradients. Top: representative time course of cellular calcein
fluorescence, reflecting changes in cell volume, in response to changes of perfusate
osmolality between 310 and 470 mOsm. Bottom: summary of averaged reciprocal single
exponential time constants (1/t) fitted to kinetics of calcein fluorescence (+SE, 4 mice
per genotype, with data from each mouse representing averaged data for 6-10 curves. *P
<0.05). (B) ["*C]glycerol uptake in corneal epithelium in vivo. Top: time course of
[“C]glycerol accumulation in wild-type full-thickness corneal epithelium (+SE, 4-6 eyes
at each time point). Bottom: ["*C]glycerol uptake following 12 min exposure to

[C]glycerol-containing buffer (+SE, 6 wild-type and 4 AQP3-null eyes, *P < 0.01). (C)
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Corneal epithelial glycerol (fop) and glycogen (botfom) content (+SE, 4 samples per

genotype pooled from 2-3 eyes each, *P < 0.05).

Ficure 3. Aquaporin-dependent corneal re-epithelialization in vivo following wounding.
(A) An epithelial defect (diameter 2.3 mm) created at the center of corneas (leff column)
was monitored (right columns). Scale bar = 1 mm. (B) Imaging of corneal resurfacing

after wounding. Percent remaining epithelial defects determined by fluorescein staining

at 12, 18, and 24 hr after wounding (+SE, 8-14 eyes per genotype at each time point; *P

<0.01, comparing to wild-type). (C) Histology showing unwounded corneas (top row) e .
P oiall
and wounded corneas after 12, 24, and 36 hr of healing (bottom rows). (D) Averaged ‘1: 'f

central corneal epithelial thicknesses before and at indicated times after wounding (+SE,

4 corneas from each genotype analyzed in two central sections separated by 50 um, *P < ;,‘.‘ = -
0.01). (E) Transmission electron micrograph of the leading edge of migrating epithelial o
cell in wild-type mouse cornea after 20 hr of resurfacing. Representative of two wild-type : | ;
and two AQP3-null corneas. Scale bar =2 um. ::«', )
e
Ficure 4. Corneal epithelial cell migration during wound healing in organ culture. (A) e

Eyes were enucleated after corneal scraping and cultured (insef) in DMEM containing
2% FBS without or with 10 pg/mL 5-FU or paclitaxel. Average percentages of resurfaced
wound quantified by fluorescein staining (+SE, 6-7 eyes per group, *P < 0.05). (B)
Averaged healing (+SE, 8 eyes per group, *P < 0.05). Inset: H & E-stained sections from

uninjured wild-type cornea (a) and after 24 hr of healing in vivo (b) vs. organ culture (c).

Ficure 5. AQP3-dependent corneal epithelial cell proliferation during re-epithelialization.

(A) Representative sections of mid-peripheral cornea showing BrdU-immunoreactive
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cells (dark brown nuclei) before (fop row) and at 24 hr (middle row) or 48 hr (bottom
row) after corneal scraping. (B) Histogram of BrdU-positive cells distributed from limbus
to limbus in uninjured corneal epithelia and during healing (+SE, 4 corneas per genotype

at each time point, *P <0.01).

Ficure 6. AQP3 deficiency impairs cell proliferation and migration in primary cultures of
corneal epithelial cells. (A) Primary cultures of mouse corneal epithelial cells. Top: phase
contrast light microscopy of confluent areas of wild-type and AQP3-null cells at 7 days
following seeding. Scale bar = 30 um. Middle, left: K12 immunofluorescence staining of
5-day wild-type culture. Scale bar = 10 um. Middle, right: AQP3 immunoblot of 5-day
wild-type and AQP3-null cultures. Bottom: averaged [methyl-*H]thymidine incorporation
normalized to DNA content following 6 hr of incubation in [methyl-*H]thymidine
containing medium (+SE, 4 wild-type and 5 AQP3-null 5-day cultures in 12-well plates,
*P <0.01). Representative of two sets of experiments. (B) In vitro wound closure model
to study corneal epithelial cell migration. Top: Light micrographs of wounded cell
monolayers grown on fibronectin-coated wells, showing delayed wound closure at 18 hr
in AQP3-deficient corneal epithelia. Dashed lines indicate the wound margin
immediately after scraping. Scale bar = 50 um. Botfom: Speed of wound edge in wild-

type and AQP3-null cells (+SE, 4 cultures per genotype, *P < 0.01).
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CHAPTER 4.
CFTR-Regulated Chloride Transport
at the Ocular Surface in Living Mice

Measured by Potential Differences

Abstract

rurpose. To define the role of the cystic fibrosis transmembrane conductance regulator

(CFTR) in CI” secretion at the mouse ocular surface in vivo.

metHoDs. Open-circuit potential differences (PDs) across the fluid-bathed ocular surface
were measured in anesthetized wild-type and cystic fibrosis (CF) mice in response to CI

ion substitution and transport agonists and inhibitors.

resuLTs. Basal ocular surface PD was -23 + 1 mV (SE; 20 wild-type mice), depolarizing to
—16 £2 mV after amiloride, then hyperpolarizing to —34 + 3 mV after low CI". CFTR
activation by forskolin or a selective activator caused further sustained hyperpolarization
to =50 to .60 mV. UTP produced a comparable but transient hyperpolarization. The
CFTR inhibitors CFTRin-172 and GlyH-101 largely reversed agonist- but not low CI™-
induced hyperpolarizations. PD in CF mice hyperpolarized by 2.1 mV afterlow CI” and

was insensitive to CFTR activators or inhibitors.

concLusions. CFTR provides a major pathway for mouse ocular surface CI” secretion,

suggesting the application of CFTR activators as therapy for dry eye. Amiloride-sensitive
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Na' transporters facilitate Na* absorption. PD measurements provide a robustand

reproducible means of assessing ocular surface ion transporting mechanisms.

The ocular surface, lined by corneal and conjunctival epithelia, plays an important
role in regulating tear film volume and composition. Prior studies indicate that these
"tight epithelia" are able to secrete chloride and absorb sodium (reviewed in Refs. ).
Apical chloride secretion across ocular surface epithelia provides a primary driving force
for near-isosmolar fluid transport across cornea and conjunctiva into the tear film.
Measurements of basal and agonist-induced chloride-driven fluid secretion in several
species suggest corneal and conjunctival involvement in basal tear production as well as
their possible role in tear film dysfunction.>** Dry eye syndrome, or keratoconjunctivitis
sicca (KCS), represents a diverse group of conditions that manifest as inadequate ocular
surface lubrication. Dysfunction of various ocular adnexa can alter tear lipid, aqueous, or
mucin components, resulting in dry eye symptoms in 15% to 60% of the population. In

the United States, pathologic KCS is diagnosed in 7% of women aged 55 and older.®

The cystic fibrosis transmembrane conductance regulator (CFTR) is a cAMP-
dependent chloride channel expressed in many mammalian tissues performing fluid
transport, including epithelia of the airway, intestine, and pancreas (reviewed in Refs. ™%).
CFTR s a voltage-independent anion channel and a regulator of otherion channels.
CFTR activation requires nucleoside triphosphates and cAMP for phosphorylation by
protein kinase A on a cytoplasmic-facing regulatory domain. In humans, CFTR mutations
that alter its cellular processing, expression, and/or intrinsic transport function cause

cystic fibrosis (CF), the most common lethal hereditary disease. In the eye, CFTR is
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present in corneal endothelium and retinal pigment epithelium, where it has been
proposed to facilitate corneal deturgescence’ and to regulate subretinal extracellular
volume and chemical composition,'®!! respectively. CFTR has also been localized to

apical superficial cell membranes of the stratified conjunctival epithelium,'>"

suggesting
arole for CFTR in tear film homeostasis under normal conditions and as a target for
therapy of KCS. Patients with CF exhibit subtle hints of ocular surface derangement, such
as decreased tear production and increased corneal fluorescein staining." Characteristics
of dry eye, including corneal and conjunctival squamous metaplasia, persist in patients
with CF, even after correcting the potentially confounding Vitamin A deficiency that

arises from intestinal malabsorption.'*'

17,18 and

Short-circuit current measurements on rabbit cornea and conjunctiva
patch-clamp studies on cultured corneal epithelial cells'® demonstrated a cAMP-
dependent outward apical chloride current, possibly due to activation of CFTR. Calcium
and phospholipase C signaling stimulate transient chloride secretion across conjunctiva
through an as yet unidentified channel.?’ INS365, a long-acting UTP agonist that

21,22 .

stimulates calcium-sensitive chloride—fluid secretion,”  is currently in phase III clinical

trials for treatment of dry eye. Our laboratory has identified potent CFTR-selective

activators by high-throughput screening,?*

with the potential for use in dry eye
syndrome if CFTR is found to provide a major route for ocular surface chloride secretion.
A potential advantage of agonists of CFTR versus calcium-activated chloride channels is

the sustained versus transient activation kinetics.
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The purpose of this study was to identify the major transport pathways for CI” at
the ocular surface, focusing on the potential role of CFTR. Experiments were performed
on mice based on the availability of transgenic mice lacking functional CFTR and on our
prior work establishing optical methods to characterize aquaporin-dependent water
transporting mechanisms at the mouse ocular surface.”® In addition to comparative
measurements in CF mice, potent CFTR inhibitors?*?? and an activator* identified by our
laboratory were used to define the role of CFTR in ocular surface CI” transport. To study
conductive Cl™ transportin vivo, we introduce a novel, minimally invasive potential
difference (PD) measurement approach, which was motivated by the successful
application of open-circuit PD measurements to study ion transport mechanisms in nasal
and rectal epithelia.z"’”'3  We found large, robust, and reproducible PDs at the mouse
ocular surface that were sensitive to ion substitution and pharmacologic maneuvers,

providing direct evidence for a major role of CFTR in ocular surface Cl™ secretion.

Methods

Mice

Wild-type mice and CF mice (homozygous G551D-CFTR mutant mice*!) in a
CD1 genetic background were bred at the University of California, San Francisco Animal
Facility. G551D heterozygous mice were bred to generate homozygous CF mice. Wild-
type mice were fed a standard diet, and CF mice were fed Peptamen (Nestle Nutrition,
Vevey, Switzerland). Mice weighing 25 to 30 g were studied at age 8 to 12 weeks.

Protocols were in compliance withthe ARVO Statement for the Use of Animals in

112



Ophthalmic and Vision Research and were approved by the University of California at

San Francisco Committee on Animal Research.

Mouse Preparation for PD Measurements

Mice were anesthetized with 2,2,2-tribromoethanol (avertin, 125 mg/kg
intraperitoneal; Sigma-Aldrich, St. Louis, MO), with additional avertin injected during
experiments to maintain anesthesia. Mice were immobilized with a custom-built
stereotaxic device equipped with a rotating jaw clamp to orient the eye under study to
face upward. Corneas were kept hydrated with PBS supplemented with NaCl to 320
mOsM to match mouse serum osmolarity. A heating pad and rectal temperature probe
were used to maintain body temperature at 37 + 1°C. The cornea and bulbar conjunctiva
were exposed by gently retracting the loose facial skin by hand (Fig. 1A , inset). A probe
catheter fashioned from PE-90 polyethylene tubing beveled at a 45° angle was positioned
~1 mm above the ocular surface using a micropositioner and was not adjusted during
experiments. Solutions were perfused through plastic tubing (0.16 cm inner diameter)
using a multireservoir gravity pinch valve system (ALA Scientific), with the flow rate set
at 6 mL/min using a variable-flow peristaltic pump (medium flow model, Fisher). A ~50-
uL fluid reservoir was maintained around the probe tip on the ocular surface throughout
the experiment by surface tension, with a suction cannula positioned ~3 mm from the
orbit to drain excess fluid. This setup permitted rapid solution changes (dye-exchange
experiments indicated a solution exchange time of <3 seconds) with minimal electrical

noise.
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Measurement of Ocular Surface PD

PD at the ocular surface was measured using a protocol adapted from nasal PD
studies,”® with the experimental apparatus depicted in Figure 1A . Ocular surface PD was
measured continuously with the ocular surface perfused serially with up to eight different
solutions. PD was insensitive to exact catheter probe orientation and was unaffected by
switching between identical solutions. The probe was connected through a 1-M KCl agar
bridge to an Ag/AgCl electrode and high-impedance digital voltmeter (IsoMilivolt Meter;
World Precision Instruments, Sarasota, FL). Voltmeter input and system electrical
resistances were 10'? and 1.1 x 10° Q, respectively. PD was recorded at 5 Hz with a 14-
bit analog-to-digital converter. The reference electrode consisted of a second Ag/AgCl
electrode with 1-M KCl agar bridge and was connected to a winged 21-gauge needle
filled with 320 mOsM saline (PBS + NaCl). The needle was inserted in the subcutaneous
tissue at the back of the neck, though PD was insensitive to reference electrode placement
(<1 mV difference with subcutaneous placement in neck versus abdomen). CI”
replacement produced a small positive junction potential (generally ~1 mV) that was

measured daily and used to correct PDs measured with low CI~ perfusates.
Compounds and Solutions

All perfusion solutions were isosmolar to mouse serum (320 + 5 mOsM) as
measured using a freezing point-depression osmometer (Precision Systems, Natick, MA).
The compositions of each solution are provided in Table 1. Solution 1 (control solution)
consisted of phosphate buffered-saline supplemented with 15 mOsM NaCl. In Solution 2

(low-CI" solution; 4.7 mM CI"), most CI” was replaced by gluconate. In some
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experiments, NaCl was replaced isosmotically with 25 mM NaHCO; (solution 3). Unless
noted otherwise, all chemicals were purchased from Sigma-Aldrich and prepared as
1000x stock solutions in dimethyl sulfoxide (DMSO). All perfusion solutions contained
10 uM indomethacin (see the Results section). In most experiments, amiloride (100 uM)
was present in all solutions after baseline measurement. Other activators and inhibitors
used in the perfusates included forskolin (2 or 10 uM); UTP (10 uM, freshly dissolved in
PBS); DIDS (4, 4'-diisothiocyanotostilbene-2,2'-disulfonic acid; 200 puM); CFTRnp-172
(3-[(3-trifluoromethyl)phenyl]-5-(3-carboxyphenyl) methylene]-2-thioxo-4-
thiazolidinone; 10 pM)?® ; GlyH-101 (N-(2-naphthaleny)-[(3,5-dibromo-2,4-
dihydroxyphenyl)methylene]glycine hydrazide; 20 pM)*’ ; and CFTR 04 (2-

(ethylimino)-3-ethyl-5-(1,3-benzodioxol-5-methylene)-4-thiazolidinone; 10 pM).2*
Experimental Protocols

Ocular surface PDs were measured continuously in response to topical application
of isosmolar saline followed by isosmolar solutions containing various agonists and/or
inhibitors that often imposed transepithelial ionic gradients. An idealized curve for a
typical protocol is illustrated in Figure 1B. Aftera baseline PD was recorded (using
solution 1), the perfusate was switched to an amiloride-containing solution to depolarize
ocular surface PD if there were functional amiloride-sensitive Na* channels. Amiloride
was present in subsequent solutions to minimize the influence of Na* channel function on
interpretation of PDs in terms of CI” channel function. Perfusate C1” was then largely
replaced by the relatively impermeant anion gluconate (solution 2) to give a sustained

hyperpolarization related to cAMP-independent CI” secretion. Addition of a CI” channel
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agonist (forskolin, CFTR.04, or UTP) produces a further hyperpolarization that can be
subsequently reversed by a Cl™ channel inhibitor (CFTRim-172, GlyH-101, or DIDS). In
some experiments, 25 mM HCO;™ was present (solution 3) at various stages in the

protocol to examine alternative mechanisms of anion transport.

Data Analysis

Data are expressed as the mean + SE of absolute PDs or PD differences (APD),

with statistical comparisons between groups made using the one-tailed Student’s ¢-test.

Results

Ocular surface PD was measured by modification of methods used in nasal PD
studies. As diagrammed in Figure 1A, the ocular surface was perfused at constant flow (6
mL/min) with solutions that could be switched without interruption of flow. The baseline
PD of approximately —23 mV in wild-type mice perfused with physiological saline
generally remained constant over many minutes (0—2 mV fluctuation around a stable
mean value). The high-resistance epithelial surface, comprising cornea and conjunctiva in
parallel, was responsible for generating and maintaining the large PD. As expected, PD
was reduced to near-zero after a low-resistance ion pathway was created by scraping the
cornea or conjunctiva with a cotton swab. In some experiments, the ocular surface was
perfused with the original chloride-containing solution at the end of the chloride transport
protocol shown in Figure 1B, with PD returning to within 4 mV of baseline value.
Although minimal drift of PD in these control experiments implies the maintenance of

epithelial barrier function, return to baseline was not routinely assessed, because the
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various maneuvers performed in the study are expected to alter intracellular ionic
activities over time, thus changing electrochemical driving forces. Moreover, some of the

activators/inhibitors used may not be fully or rapidly reversible.

In preliminary experiments, the hyperpolarization due to CI” substitution was
somewhat variable and was often larger than the effects of subsequently added agonists,
which was attributed to variable basal cAMP stimulation related to stress- or trauma-
induced prostaglandin production. As has been done in many tissue electrophysiology
studies, indomethacin was present in all solutions to block prostaglandin production. We
found large and reproducible effects of cAMP agonists in the presence of indomethacin

with reduced initial low Cl -induced hyperpolarization.
Ocular Surface CI' Transport

The first series of experiments was designed to identify CFTR CI” channel
function using the cAMP agonist forskolin and two classes of high-affinity CFTR
inhibitors. Thiazolidinone (CFTRim-172) and glycine hydrazide (GlyH-101) CFTR
inhibitors have low micromolar or better inhibitory potencies, and their application in
vivo has been demonstrated in mouse models of secretory diarrhea and nasal epithelial
CFTR CI” secretion.?*"?832 Representative ocular surface PD recordings in Figure 2A
show a small amiloride-induced depolarization. The amiloride effect at 10 pM was «90%
of maximum response at 100 uM (not shown). Exchange to a low CI™ perfusate resulted
in a hyperpolarization, and subsequent activation of CFTR (and possibly other cAMP-
dependent ion transporters) by forskolin produced a further hyperpolarization. CFTRny-

172 or GlyH-101 added after forskolin produced a depolarization. Figure 2B summarizes
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absolute PDs for a series of experiments as in Figure 2A. The forskolin-induced
hyperpolarization was reversed by CFTRins-172 and to a lesser extent by GlyH-101.
Higher concentrations of GlyH-101 were not used to avoid nonspecific inhibition of
calcium-activated chloride channels. The forskolin-induced hyperpolarization in the
presence of low CI™ and its reversal by CFTR inhibitors provide evidence for functional

CFTR CI channels at the ocular surface.

UTP is a CI” channel agonist that stimulates ocular surface CI” secretion by a
calcium-dependent process.** UTP inthe low-CI” perfusate consistently produced a large,
negative spike in PD, followed by a slower, transient hyperpolarization (Fig. 3A).
Addition of the disulfonic stilbene inhibitor DIDS, but not CFTRy-172 (not shown),
reversed the UTP-dependent hyperpolarization when added at any time during the
transient hyperpolarization. A substantial forskolin response occurred after the transient

UTP-induced hyperpolarization.

To determine the contribution of HCO;™ transport to PDs, a small set of studies
was performed in which 25 mM HCO;™ was added to the perfusate. PD did not change
when HCO;5™ was added to the physiological ClI"-containing solution, but depolarized
reversibly by 1.5 + 0.2 mV (SE) when HCO;~ was added to the low-Cl™ perfusate after
forskolin (six eyes studied); CFTRinn-172 did not prevent the small HCO; -induced

depolarization.

To investigate whether the low Cl™-induced hyperpolarization in the absence of
agonists involves DIDS- or CFTRin-172-sensitive C1™ channels, inhibitors were added

without prior addition of the agonist. In some experiments, as shown in Figure 3B, DIDS
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and CFTRinp-172 partially reversed the low-Cl—induced hyperpolarization. Significant
variability was noted from mouse to mouse, though the combined depolarizations from

DIDS and CFTRinn-172 were always <30% of the low-Cl —induced hyperpolarization.

Two additional strategies were applied to investigate the involvement of CFTR in
ocular surface CI” secretion: use of a CFTR-selective agonist that activates CFTR without
elevating cCAMP (CFTR,-04) and measurements on transgenic mutant (CF) mice lacking
functional CFTR. Figure 4A (left) shows a representative PD measurement as in Figure
2A, except that CFTR,.~04 was added before forskolin. CFTRy~04 produced a prompt
hyperpolarization that was increased relatively little by forskolin, and was reversed by
CFTRinn-172. Agonist-induced hyperpolarization was absent when CFTRnn-172 was
added with CFTR,-04 (not shown), and in some cases a small depolarization was noted,
resembling the depolarization that occurred when CFTRinn-172 was added after low CI™ in
the absence of agonists. Figure 4A (right) shows a study on CF mice. Although
substantial amiloride-sensitive depolarization occurred, there was little effect of low CI™
or CFTR agonists or inhibitors. Baseline ocular surface PD was similar in wild-type and
CF mice, but the depolarization due to amiloride was significantly greater in CF mice.
Absolute PDs are summarized in Figure 4B (left), and a paired analysis of PD changes
after specific maneuvers (APD) is given in Figure 4B (right). The CFTR agonistand CF
mouse studies provide direct evidence for the involvement of CFTR in ocular surface CI”

transport.
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Discussion

In this study, we sought to clarify the involvement of CFTR in transepithelial
chloride conductance at the mouse ocular surface. An ocular surface open-circuit
potential difference approach was introduced, which is based on the generation of PDs
across tight epithelia from asymmetries in apical and basal membrane ion conductances.

3433 and Klyce®® measured electrical potentials between the body and tear film in

Maurice
rabbit of —15 to —30 mV (tears negative to blood). This original observation of the ability
of the ocular surface to generate a PD was expanded on in the present study to
characterize electrogenic CI™ transport processes in living mice by perfusion of the ocular
surface with solutions that created ionic gradients and contained transport activators or
inhibitors. In contrast to short-circuit current and single-cell microelectrode approaches,
which require tissue and cell isolations in vitro, the ocular surface PD approach is
technically simple and permits minimally invasive in vivo measurements under
physiological open-circuit conditions. Also, ocular PDs produce robust voltage changes
that are readily interpreted in terms of specific ion transport processes. HCO;™ transport

contributed little to ocular surface PDs compared with CI", demonstrating the relative

importance of chloride channels in ocular surface anion flux.

Several lines of evidence implicate the functional involvement of CFTR in ocular
surface Cl™ secretion, including activation of CI” secretion by CFTR agonists and reversal
of agonist effects by CFTR inhibitors. The incomplete reversal by GlyH-101 may be
related to its external pore-blocking mechanism in which reduced extracellular CI”

concentration and plasma membrane depolarization are predicted to reduce its potency.”’
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While agonists were shown to stimulate CFTR conductance, experiments where CI”
channel inhibitors were added under low CI™ but in the absence of agonists indicate that
CFTR does not mediate most cAMP-independent CI™ secretion at the ocular surface.
Because DIDS is a relatively nonspecific CI” channel inhibitor, the partial DIDS effect in

these experiments cannot be interpreted to implicate the activity of specific CI” channels.

The absence of CFTR agonist and inhibitor effects in CF mice provides additional
evidence for CFTR involvement in ocular surface CI™ transport. One interesting
observation was the near-zero hyperpolarization in CF mice after low CI” in the absence
of CFTR agonists. This observation seems at variance with the conclusion based on
CFTR inhibitor studies that only a small fraction of the low-Cl™—induced
hyperpolarization involves CFTR-mediated transport. However, similar results were
found in nasal PD measurements in CF mice,”*?° where it has been proposed that the low-
CI” response results from CI” transport by a CFTR-regulated CI” channel, though not
CFTR itself. An alternative possibility is that the non-CFTR CI” channel responsible for

the low-Cl™ response is downregulated in CF mice.

Previous RT-PCR and immunocytochemical studies have detected CFTR in
corneal and conjunctival epithelial cell cultures and tissue mounts from rabbit.'>'*!?
However, functional studies on in vitro preparations relied exclusively on nonspecific
channel activators (e.g., genistein) and inhibitors (e.g., glibenclamide), and cAMP-
elevating agents (IBMX [3-isobutyl-1-methylxanthine] and forskolin). In our in vivo

studies, we treat the ocular surface as a single functional unit as in the intact eye, so that

ocular surface PDs represent the aggregate of corneal and conjunctival properties.
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Another reason that we performed measurements on the minimally perturbed whole
ocular surface is that mechanical isolation of the two tissues in vivo disrupted epithelial
cellintegrity. A machined plastic chamber, beveled to create a seal at the limbus and
permit selective perfusion and measurement of cornea or conjunctiva, results in a slow,
progressive reduction in PD toward zero. Such contact also imposed a stress that may
affect cellular transport processes. Further studies are needed to quantify the relative
contributions of cornea versus conjunctiva to the ion channel-dependent PD responses
recorded in the study and to determine whether increasing CFTR-dependent fluid
transport across each tissue could supplement tear formation in states of aqueous

deficiency.

Although CF is not generally associated with overt dry eye symptoms, the results
of the current study suggest that CFTR provides an important pathway for agonist-
stimulated fluid secretion across the ocular surface. Several factors may account for the
mild ocular phenotype in CF. Basal CFTR activity may be very low under normal
conditions, so that ocular surface hydration does not depend on CFTR function. Also,
upregulation of alternative secretory pathways either in tear-producing glands, or within
the cornea or conjunctiva, may compensate for impaired CFTR CI” channel function.
Indeed, calcium-activated Cl™ channels have been found in some models to compensate

for CFTR dysfunction.”’

Our results suggest the possibility of using CFTR activators for treatment of dry
eye syndrome. Topical application of IBMX, a phosphodiesterase inhibitor/CFTR

activator, has been found to reduce the osmolarity of collected tears in humans and
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rabbits with KCS.***° In our study, CFTR activation produced sustained, large increases
in ocular surface CI™ secretion, with quantitatively much greater time-integrated
hyperpolarization than UTP, an activator of calcium-sensitive CI” channels. Currently,
topical cyclosporin A, which suppresses downstream inflammatory cascades that
ultimately compromise epithelial barrier function, is the only drug approved for treatment

of dry eye, with UTP analogues currently under development.2'*

Although this study was focused primarily on mechanisms of CI” secretion, ocular
surface PD measurements in response to amiloride indicated the involvement of
amiloride-sensitive Na" channels, such as ENaC, in ocular surface Na* absorption.
Inhibitors of Na* absorption may provide another therapy for dry eye syndrome. The
evidence here for the involvement of amiloride-sensitive Na* channels in mice contrasts
with short-circuit experiments in rabbit tissue.'*® However, functional evidence for
ENaC was reported in bovine cornea by Midelfart,*"*? and ENaC protein has been found
by immunocytochemistry in rat and human cornea.* The roles of individual ocular
surface transporters are probably species specific; for example, CAMP activates
basolateral K* channels in frog corneal epithelium but inhibits them in rabbit.**** The
amiloride-induced depolarization was greater in CF than wild-type mice, as has been
reported in nasal PD measurements.?® The greater depolarization in nasal PDs in CF mice
has been interpreted as increased ENaC activity in CF resulting from direct or indirect
CFTR-ENaC interaction, though it remains controversial whether altered electrochemical
driving forces for Na* absorption in CF can account fully for the greater depolarization in

CF.%47

123



In summary, measurements of ocular surface PD in mice indicated the
involvement of CFTR in ocular surface Cl secretion. Based on evidence for Na*
absorption by corneal and conjunctival epithelia'?'” and the amiloride effects described
herein, ocular surface PDs should also be useful in studying mechanisms of electrogenic
Na' transport at the ocular surface. The substantial and sustained activation of CFTR-
mediated CI™ secretion by CFTR agonists supports the evaluation of CFTR-selective

activators as potential treatment for dry eye syndromes.
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Table 1

Composition of Perfusate Solutions (mM)

Solution Name Ccr gluconate HCOy
1 Control 160.0 0 0

2 Low CI' 4.7 155 0

3 Bicarbonate 135.0 0 25

All solutions contained (in mM): 170 Na*, 4.2 K*, 9.5 phosphate, 1 Ca**, 0.5 Mg**
(pH 7.40).
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Figure Legends

Ficure 1. Schematic of ocular surface perfusion and PD recording methods. (A)
Anesthetized mouse immobilized in a stereotaxic platform with PE-90 tubing (attached to
perfusion and electrical recording systems) immersed in solution contacting the ocular
surface. Inset: Photograph of perfused ocular surface. (B) Ocular surface PD recordings
showing PD changes after sequential solution exchanges. Typical protocol for studying
CI transport, with perfusates containing amiloride, low CI”, agonists, and inhibitors. PD

changes (APD) shown as used for statistical comparisons.

Ficure 2. CFTR inhibitors reverse cAMP-dependent ocular surface CI” conductance. (A)
Representative PD recordings showing responses to amiloride, low CI", forskolin, and
CFTRinn-172 (leff) or GlyH-101 before CFTRinn-172 (right). Solutions used: 1 alone,
1+amiloride, 2+amiloride, 2+amiloride+forskolin, and 2+amiloride+forskolin+CFTR
inhibitor. Inhibitor chemical structures are shown. Concentrations: amiloride, 100 uM;
forskolin, 10 uM; CFTRims-172, 10 pM; GlyH-101, 20 uM. (B) PDs (mean + SE, n=8

[left] and n = 4 [right] mice) measured from experiments as in (A).

Ficure 3. Purinergic-stimulated and agonist-independent ocular surface CI” conductance.
(A) PD recording showing responses to amiloride, low-CI”, UTP (10 uM), DIDS (200
puM), forskolin, and CFTRins-172 (10 puM). Representative of eight experiments.
Solutions used: 1 alone, 1+amiloride, 2+amiloride, 2+amiloride+UTP,
2+amiloride+UTP+DIDS, 2+amiloride+UTP+DIDS+forskolin, and

2+amiloride+UTP+DIDS+forskolin+CFTRiny-172. (B) PD recordings showing effects of
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DIDS and CFTRinn-172 (added in different orders) in the absence of agonists.
Representative of eight experiments. Solutions used: 1 alone, 1+amiloride, 2+amiloride,

2+amiloride+DIDS or CFTRin-172, and 2+amiloride+DIDS+CFTR;nn-172.

Ficure 4. Reduced ocular surface Cl” conductance in CF mice. (A) PD recordings in
wild-type (left) and CF (righf) mice in response to amiloride, low-Cl~, CFTRy04 (10
uM), forskolin (2 uM), and CFTRinp-172 (10 uM). Inset: CFTRq-04 structure. Solutions
used: 1 alone, 1+amiloride, 2+amiloride, 2+amiloride+CFTR-04,
2+amiloride+CFTRg-04+forskolin, 2+amiloride+CFTRy-04+forskolintCFTRnn-172.
(B, left) PD (mean + SE) measured after indicated maneuvers from experiments as in (A).
(*) Wild-type mice (n = 7); (O) CF mice (n = 3). Right: Paired analysis of APD for wild-
type and CF mice for indicated maneuvers. *P < 0.01 comparing wild-type versus CF

mice.
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CHAPTER 5.
Potential Difference Measurements of Ocular Surface
Na® Absorption Analyzed
Using an Electrokinetic Model

Abstract

purpose. Corneal and conjunctival epithelia are capable of transcellular Na* absorption and
CI secretion, which drives water movement across these tissues. A recent study
demonstrated with a new open-circuit potential difference (PD) technique that CI" moves
across the ocular surface in mice through Ca®*- and cAMP-sensitive CI” channels, the
latter pathway being the cystic fibrosis (CF) transmembrane conductance regulator
(CFTR). The purpose of the present study was to identify transporting mechanisms
involved in Na* absorption and to develop a mathematical model of ocular surface ion
transport to quantify the relative magnitudes of and electrochemical coupling among

transporting processes.

metHops. PDs across the fluid-bathed ocular surface were measured in anesthetized wild-
type and CF mice in response to Na*, CI-,and K" ion substitution and transporter
agonists, inhibitors, and substrates. An electrokinetic model of the ocular surface
epithelium was developed to simulate PD measurements, which involved computation of
membrane potentials and cell [Na'], [K*], [CI'] and volume from transporter activities

and extracellular ion concentrations.
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resuLts. Na' replacement produced a 6 + 2-mV depolarization that was blocked by
amiloride (K; 0.8 pM) and benzamil (X; 0.2 uM). The Na'-dependent depolarization by
amiloride was significantly greater in CF mice (19 + 3 mV). In wild-type mice, o-, but not
L-glucose produced a phloridzin-sensitive, 4.1-mV hyperpolarization in the presence of
Na* and amiloride, with a Ky, for p-glucose of 2.5 mM. Glycine and L-arginine also
produced Na'-dependent hyperpolarizations. The epithelial transport model accurately

reproduced experimental PD measurements.

concrusions. PD measurements coupled with model computations defined quantitatively
the roles of Na* and CI” transport processes in ocular surface ion and fluid secretion, and
indicated that CFTR-dependent changes in apparent epithelial Na* channel (ENaC)
activity could be accounted for by electrochemical coupling, without requiring ENaC-
CFTR interactions. The data and modeling also predicted significant enhancement of
ocular surface fluid secretion by ENaC inhibitors and CFTR activators as possible

therapies for dry eye syndromes.

The ocular surface, lined by corneal and conjunctival epithelia, can actively
absorb Na* from and secrete CI” into the tear film (reviewed by Dartt' and Candia®). The
relative magnitudes of net Na" absorption and CI™ secretion largely dictate the direction
and magnitude of fluid movement across the ocular surface. A quantitative, mechanistic
understanding of ocular surface ion transport is important in understanding the
pathophysiology of dry eye conditions, or keratoconjunctivitis sicca (KCS), and in
identifying targets for development of therapies to treat KCS. At present, INS365, a

uridine triphosphate (UTP) agonist that stimulates chloride-fluid secretion through as yet
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unidentified channels, is in phase III clinical trials for treatment of KCS.? The purpose of
this study was to establish, through experimental electrical potential measurements and

mathematical modeling, a quantitative description of ion transport at the ocular surface.

We recently introduced an open-circuit potential difference (PD) method to study
ion transport at the ocular surface in vivo.* In this method, electrical potentials generated
at the superfused ocular surface (with respect to the body) are measured by a high-
impedance voltmeter in response to ion substitution, agonist-inhibitor addition, or other
maneuvers. Surface PDs arise from polarized ion conductances in apical and basolateral
membranes across tight epithelia and so can provide, in principle, quantitative
information about electrogenic transporting systems. The corneal and conjunctival
surfaces are superfused as a single compartment in this method to mimic native tear film
physiology, allowing assessment of the relative contributions of individual transporters to
tear film homeostasis. In our initial study, CFTR was identified as a major route for CI”
secretion across the ocular surface into the tear film, and CFTR activators were proposed

as a possible therapy for dry eye conditions.

In the current study, we extend the initial experimental analysis of ocular surface
CI” transport to include Na'-transporting mechanisms and, by mathematical modeling, to
assess the contributions of individual ion transporting pathways to net solute and fluid
movement across the ocular surface. Prior experimental data with regard to Na* channels
include short-circuit current experiments on in vitro albino rabbit cornea and conjunctiva,
where amiloride-sensitive Na* conductance could not be demonstrated.>® However, short-

circuit measurements on excised bovine cornea,’ and more recently on primary cultures of
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rabbit corneal 4.:pithelium,8 have provided functional evidence for amiloride-sensitive
channels. Of potential relevance to human ocular disorders, the epithelial Na' channel
(ENaC) subunit proteins have been localized to the apical membrane of human corneal

epithelium.’

In this study, ocular surface PDs were used to identify and characterize Na*
channel and Na*-coupled glucose- and amino acid-transporting pathways at ocular
surface epithelia in living mice. A model of ocular surface epithelial ion transport was
developed to compare quantitatively the rates of Na* absorption versus CI” secretion and
to analyze mechanisms of proposed coupling between CFTR and ENaC.'"!! Modeling
computations were applied to test the hypotheses that ENaC provides a quantitatively
significant mechanism for ocular surface fluid transport that may be exploited for therapy
of KCS and that enhanced Na* absorption in CF mice can be accounted for by CFTR-
ENaC electrochemical coupling. The mathematical model describing ocular surface
epithelial transport is an extension of prior models developed by our laboratory and others
for non-ocular epithelial ion transport.'>'*' Figure 1 diagrams the transporting systems
and pathways included in the model. The model allowed the computation of epithelial cell
membrane potentials and currents, transepithelial water flow, and cellular [Na'], [K'],
[CI'] and volume in response to experimental maneuvers such as transporter activation-
inhibition and ion substitution. Although such an epithelial transport model contains
multiple parameters, constraints imposed by experimental observations allowed little
freedom in selecting model parameters. The model was able to reproduce experimental
findings closely and to provide quantitative information and insights not otherwise

possible.
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Methods

Mice

Wild-type and CF mice (homozygous AF508 mutant mice)'’ on aCD1 genetic
background were bred and cared for at the University of California, San Francisco,
Animal Facility. Wild-type mice were fed a standard diet, and CF mice were fed a
nutritional supplement (Peptamen; Nestlé, Vevey, Switzerland). Mice aged 8 to 12 weeks
weighing 25 to 30 g were used. Protocols were approved by the University of California,
San Francisco, Committee on Animal Research and were in compliance with the ARVO

Statement for the Use of Animals in Ophthalmic and Vision Research.

Mice were anesthetized with 125 mg/kg 2,2,2-tribromoethanol (Avertin; Sigma-
Aldrich, St. Louis, MO) intraperitoneally, with supplementation during experiments to
maintain deep anesthesia. Mice were immobilized, with the eye under study oriented to
face upward in a custom-built stereotaxic device equipped with a rotating jaw clamp.
Corneas were kept hydrated with isosmolar saline (PBS with NaCl added to give 320
mOsM) before measurements began. Core temperature was monitored with a rectal probe

and maintained at 37 + 1°C with a heating pad.
Measurement of Ocular Surface PD

PD was measured continuously, with the ocular surface perfused serially with
different solutions, as described in detaii previously. Briefly, solutions were perfused at 6

mL/min through plastic tubing using a multireservoir gravity pinch-valve system (ALA
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Scientific, Westbury, NY) and a variable-flow peristaltic pump (medium flow model;
Fisher Scientific, Fair Lawn, NJ). An ~50-pL fluid reservoir was maintained at the ocular
surface by surface tension, with the probe catheter (PE-90 polyethylene tubing) fixed ~1
mm from the eye surface by a micropositioner and a suction cannula positioned ~3 mm
from the orbit. Solution exchange time was generally less than 3 seconds. The measuring
and reference electrodes consisted of Ag/AgCl with 1-M KCl agar bridges. The
measuring electrode was located near the catheter probe and connected to a high-
impedance digital voltmeter (IsoMillivolt Meter; World Precision Instruments, Sarasota,
FL), having input and system electrical resistances of 10'% and 1.1 x 10° Q, respectively.
The reference electrode was connected via a continuous liquid (320 mOsM saline)
column to a winged, 21-gauge needle inserted in the subcutaneous tissue at the back of

the neck. PDs were recorded at 5 Hz with a 14-bit analog-to-digital converter.
Solutions and Compounds

All perfusion solutions were isosmolar to mouse serum (320 £ 5 mOsM) as
measured by freezing point-depression osmometry (Precision Systems, Natick, MA).
Solution compositions are listed in Table 1. Solution 1 (control solution) was PBS
supplemented with 30 mOsM NaCl. Solution 2 (Na'-free solution) was made by replacing
NaCl with choline chloride and Na,HPO, with 8 mM phosphoric acid, titrating to pH 7.4
with choline base and then adding choline chloride to achieve 320 mOsM. In some
experiments, NaCl was replaced isosmotically with 30 mM p-glucose, L-glucose, or p-
mannitol (solution 3). In solution 4, choline chloride (from solution 3) was replaced

isosmotically with 30 mM p-glucose or p-mannitol. Solutions 1 and 3 or 2 and 4 were
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mixed to give solutions of intermediate organic solute concentrations. In solution 5 (low
CI” solution; 4.7 mM CI"), most CI” was replaced by gluconate. Solution 6 (high-K*
solution; 174.2 mM K") differed from solution 1 in that NaCl and Na,HPO, were
replaced by equimolar amounts of KCl and K;HPO4. Whereas CI™ replacement produced
a small junction potential (generally ~+1 mV) that was measured daily and used to
correct PDs measured with low-CI™ perfusates, Na'-free and high-K" solutions did not

produce junction potentials.

Compounds were purchased from Sigma-Aldrich unless indicated otherwise.
Inhibitors, activators, and substrates used in the perfusates included amiloride or benzamil
(0.1-100 uM), phloridzin (100 pM), forskolin (10 pM), and L-arginine or glycine (0.1-10
mM, freshly dissolved in perfusate). CFTRipy-172 (3-[(3-trifluoromethyl)phenyl]-5-(3-
carboxyphenyl) methylene]-2-thioxo-4-thiazolidinone; 10 uM) was synthesized as
described.' In protocols in which solution 5 (low-Cl solution) was used, all solutions
contained 10 pM indomethacin to suppress CFTR activation by mechanical or other
stimulation under control (unstimulated) conditions, as discussed previously.* Inhibitors-
activators were prepared as 1000x stock solutions in dimethyl sulfoxide (DMSO), unless

otherwise indicated.
PD Protocols and Data Analysis

Na' transport was studied by measuring PDs during continuous perfusion of the
ocular surface with a series of solutions thatimposed Na* gradients and contained
transporter substrates and/or inhibitors. C1” channel function was assessed with protocols

described previously.* Data are expressed as the mean + SE of absolute PDs or changes in
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PD (APD), and statistical comparisons between groups were made with the two-tailed

Student’s r-test.

Model Formulation
Overview

The model treats the ocular surface as an infinite, homogeneous monolayer of
cells containing transcellular and paracellular solute transport pathways (Fig. 1) .
Programming was done using Visual Fortran (Compaq; Hewlett Packard, Palo Alto, CA).
Intracellular solute activities, cell membrane potentials, and cell height (reflecting
volume) were allowed to vary in time. Mucosal and serosal compartments consisted of
infinite well-stirred solute pools with compositions that could be altered at specified

time(s). Transporting systems for Na*, K*, and CI” were included in the model.

In ocular surface epithelia, the basolateral ouabain-sensitive 3Na'/2K*ATPase
(transporter 7) establishes the electrochemical potential that drives electroneutral
(bumetanide-inhibitable) Na*/K*/2CI™ symport (transporter 6). Na* can also enter cells
through an amiloride-sensitive Na* channel (transporter 1), and organic solute-coupled
cotransporters (transporter 2). Distinct glucose- and amino-acid transporters, assumed to

be coupled 1:1 to Na* based on data from rabbit conjunctiva'”'®

are represented in the
model as a single "Na*-org" transporter. A neutral exit pathway for organic solutes is
included that represents cellular efflux and/or utilization (transporter 9). Cl™ secretion
occurs at the apical membrane through transporter 4, now known to be the cAMP-
regulated CI” channel CFTR, as well as a Ca®*-activated Cl channel (transporter 5).

Apical and basolateral K* conductances are included as possible exit pathways for K*
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(transporters 3 and 8). Paracellular pathways for all charged species (transporters 10-14)
are also included. Although cellular pH regulation may be important in cornea and
conjunctiva, bicarbonate and proton transport pathways are not considered significant
determinants of ocular surface fluid transport, as seen by the small, ~2-mV bicarbonate
effecton ocular PD.* As such, bicarbonate transport and Na*/H" exchange pathways are

not included in this model.
Parameters

Definitions and units of symbols are listed in Table 2. Transporter permeability
coefficients were determined from open-circuition flux and membrane potential data (see
Tables Aland A2 inthe Chapter 4 Appendix) deduced from measured ocular PDs and
literature values, as explained in the Chapter 4 Appendix. Solute activities were related to
absolute concentrations and osmotic activities according to intracellular and extracellular

activity and osmotic coefficients, as listed in Table A3.

Solute flux (J ,x) through each membrane and paracellular transport pathway was
defined as a function of solute concentrations on each side of the membrane and, if
electrogenic, a membrane potential. Electrodiffusive flux of solute X through the ith
transport pathway was assumed to be nonsaturable and nonallosteric, unless otherwise

noted, as given by the Goldman-Hodgkin-Katz equation:

Jix "Pt'zt'Uz(Xl‘Xz'e-z"uz)/(l‘e_z"u') s 1)
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where P, is the permeability coefficient (in centimeters per second), z, is the ionic charge,
and X,and X, are the activities of transported solute (in millimolar) in compartments to
the left and right of the diffusive barrier, respectively. U,, the dimensionless membrane
potential, is related to the appropriate potential difference () in Table 2 . Equations for
flux through each transport pathway (J, ,x ), and the resultant net apical, basolateral, and
paracellular currents (/,, I,, and 1)) are provided in the Chapter 4 Appendix, Equation

Al-Al7).
Numerical Solution

Cell membrane potentials at time (¢ + Ar) were calculated iteratively with the
Newton-Raphson method based on electroneutral conditions. The open-circuit model
requires equal opposing transcellular and paracellular currents (1, = I, =-1,). An option
was included to model transport under short-circuit conditions, wherel, = I, and U, =
U,. U, and U, were computed iteratively by user-supplied initial guess. Assuming
instantaneous osmotic equilibration and constant cell surface area, cell height h(z + Ar)

(in micrometers) was computed as

h(t+At) =h(D) + At Y “* ¢ -1 /W, )

2 be J ix generically represents the net osmotic flux (in milliosmolar per square

centimeter per second) into the cell and is related to individual transporter fluxes in

equation A18. ¥, is mouse serum osmolarity (in milliOsmols per cubic centimeter).
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Intracellular solute activities were computed from fluxes and the updated cell height from

equation 2 according to

X(t+A8) = [X(1)- k() + At- > a, - J XV (e + Ar) 3)

ZaxJ,x is defined as the net rate of entry of active solute X (in 10* meq/cm? per second)

into the cellular compartment through the various transporters. Refer to equations A19
—A22 for the specific expressions used in computing Na*(t + Ar), K* (1 + Ar),

CI (t+ Atr), and org(z + At). The model also offers the option to impose brief current or
voltage spikes (one each minute) to compute total tissue resistance. The observed change
in voltage or current can be used to monitor transepithelial electrical resistance (TEER, in
kilo-ohms per square centimeter) under open- or short-circuit conditions, respectively
(TEER =Avy/A I,). Though the exact mechanism of transepithelial fluid movement
remains controversial, it is agreed that it results in near-isosmolar water flux driven by
solute transport. As such, net transepithelial water secretion or absorption (microliters per
square centimeter per hr) was computed assuming isosmolar fluid flow across the apical

membrane and paracellular tight-junctional barrier by
J(t+Af)= 2 “rg -JXIW )

where E “+r¢ JX is the net osmotic flux (in milliOsmols per square centimeter per

second) into the apical compartment from individual transport pathway fluxes (equation

A23), and ¥, is serum osmolarity (in Osmols per liter).
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Results

Amiloride-Sensitive Na' Transport

Na" channel function was studied by using ion replacement and transporter
substrates and inhibitors. Baseline PD was first established (using solution 1) before
replacement of perfusate Na' by the relatively impermeant cation choline (solution 2).
This exchange produced a 5- to 10-mV depolarization that was reversed by reintroduction
of Na' (solution 1). Representative PD recordings in Figure 2A show the reversible
changes in PD on Na" substitution, depolarization by amiloride (100 uM) in the presence
of a Na'-containing perfusate (left), and blocking of the Na*-induced hyperpolarization
by amiloride (right). Dose-inhibition studies were performed for amiloride and its
analogue, benzamil. A representative dose-response curve for amiloride is shown in
Figure 2B (left). K was 0.82 uM for amiloride and 0.22 uM for benzamil (right). These
data indicate the involvement of amiloride- and benzamil-sensitive Na* channel(s) in

ocular surface Na* absorption, which is probably ENaC.

To determine the contribution of the other major cation K* to apical electrogenic
transport, experiments were performed using a high-K"* solution (solution 6). Amiloride
was first added to solution 1 to minimize the influence of Na* channel function on
interpretation of PDs in terms of K* channel function. Switching to solution 6 produced a
very small 1- to 2-mV reversible hyperpolarization (data not shown, n = 5 separate
experiments). Model computations supported the conclusion that apical K* conductance

is much lower than apical Na* or CI” conductance.
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Ion Transport in CF Mice

Ocular surface CI” transport was assayed as described previously.‘ Figure 3A
shows PD data from wild-type versus CF mice in which baseline PDs (of similar values)
were firstrecorded with solution 1. Switching to an amiloride-containing solution
depolarized ocular surface PDs, with CF mice showing a significantly greater response
(15-20 mV in CF vs. 5-10mV in wild-type mice). Replacing most CI” by the relatively
impermeant anion gluconate (solution 5) gave a sustained hyperpolarization in wild-type
but not CF mice, which is related to cAMP- but not CFTR-independent CI” secretion. The
CFTR agonist forskolin produced a further hyperpolarization in wild-type mice that was

reversed by CFTRn,-172.

The protocol used in Figure 2A was applied to investigate amiloride-sensitive Na*
conductance in CF mice. Representative PD recordings in Figure 3B (left) show
reversible depolarizations in wild-type and CF mice in response to Na* substitution.
Depolarizations of similar magnitude were produced by amiloride (100 pM)in the
presence of Na’-containing perfusate. The CF mice consistently showed greater responses
than wild-type mice to both Na' replacement and amiloride addition. As summarized in
Figure 3B (right), Na* replacement and amiloride administration produced APDs of 20 +
3 and 19 £ 2 mV, (SE, n = 6) in CF mice, respectively. The same maneuvers produced 6
+ 2- and 7 £ 1-mV depolarizations in wild-type mice (n = 6). These results indicate the
presence of an amiloride-sensitive Na* channel at the ocular surface, with apparent

increased activity in CF mice.
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Modeling Ocular Surface Na* and CI” Transport

The PD measurements suggest that active Na* and CI” transport processes dictate
net fluid movement across corneal-conjunctival epithelia, and comparative experiments
performed on wild-type versus CF mice suggest a complex interaction among these
pathways. As such, we developed a model to gain better qualitative understanding and to

define quantitatively the key determinants of active ocular surface fluid secretion.

According to the model in Figure 1 with parameters for the ocular surface of wild-
type mice selected as described in the Chapter 4 Appendix, Figure 4A shows the time
course of the major cellular variables in mice after "inhibition" (by amiloride) of
transporter 1 (ENaC conductance). Before inhibition, all parameters were stable to within
0.01% for a 60-minute simulation (not shown). The top graph shows the time-dependent
apical, basolateral, and transepithelial potentials (s, Y», and PD). Conductances were
chosen to give a baseline PD of —23 mV and a ratio of active Na* to CI” flux of 1:1, which
produced a 5.5-mV amiloride-induced PD depolarization. The second graph shows total
transepithelial current before and after amiloride. The steady-state current of 8.0 pA/cm’
was reduced by 22% by ENaC inhibition. The current spikes produced by the periodic
brief voltage spikes gave a baseline TEER of 5.3 kQ/cm?, which increased to 6.8 k€/cm’
after amiloride addition. The bottom two panels in Figure 4A show the influence of apical
Na* conductance on the three major intracellular ions and cell height. There was a small
decrease in cell height consequent to reduced cellular Na*. Secondarily enhanced

transport of K" into the cell produced a small 0.4% final increase in cell height. In
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general, each cell parameter reached a new steady state within minutes after inhibition of

transporter 1.

Figure 4B shows the time-dependent PD response in open-circuit conditions after
a series of maneuvers commonly used to elucidate transport mechanisms. As seen in the
top graph, simulated Na' replacement by choline yielded a depolarization similar to the
experimental findings in Figures 2A and 3B. The immediate and sustained
hyperpolarization of 9.5 mV predicted on replacing most apical CI” with gluconate
(solution 1 switched to solution 5) also replicated experimental trends. The bottom two
panels predict the time course of PD reduction toward zero after basolateral inhibition of
the lone source of cellular CI", the Na*/K*/2Cl~ symporter (transporter 6), and the
transepithelial current generator, the 3Na’/2K* ATPase (transporter 7). Because the
electroneutral Na*/K*/2CI” symporter lacks a membrane-potential dependence, no

immediate change in PD was present on its inhibition.

The main findings from ocular PD experiments were modeled. In Figure 5A, the
protocol for studying chloride transport was simulated, with initial ENaC inhibition,
followed serially by switching to a low-CI” solution, addition of a CFTR activator, and
then addition of a CFTR inhibitor. This simulation resembled experimental PD data (as in
Fig. 3A, top) with one exception. Simulated instantaneous CI” channel activation yielded
a significant transient hyperpolarization followed by more modest sustained
hyperpolarization. Such PD behavior is not seen experimentally in response to either
forskolin or direct CFTR activators, butis observed after addition of UTP.* Of note,

incorporating rectification into the basolateral K* channel (transporter 8) conductance (as
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described by Horsiberger'") did not alter this general behavior. To mimic the finite
solution exchange time and the noninstantaneous time course of CFTR activation after
addition of the agonist, an additional simulation was performed in which apical chloride
conductance was increased to the same extent, but over 4 minutes (not shown). The
slower channel activation blunted much of the transient hyperpolarization, but did not

change steady state PD.

Direct CFTR activators and the general cAMP agonist forskolin have been found
to elicit nearly identical diffusion potentials under low-CI” conditions.* To test whether
isolated CFTR activation can be predicted to enhance apical CI™ secretion in a manner
similar to forskolin, simulations were performed in which basolateral K* (transporter 8)
conductance was activated to various degrees along with CFTR. Indeed, only a small
augmentation of CFTR-activator-induced hyperpolarization could be achieved by
concurrent stimulation of basolateral K* conductance (—35.4-mV PD after threefold
CFTR and K* channel activation vs. —34.4 mV for CFTR activation alone, not shown).
These findings have implications regarding strategies of pharmacological modulation of

fluid secretion (see the Discussion section).

The simulation in Figure 5B focused on the difference in amiloride effect in wild-
type versus CF mice (as seen in Figs. 3A, 3B) and the possibility of CFTR-ENaC
interactions. Model parameters for wild-type and CF mice were chosen to yield identical
baseline PDs of —23 mV, as reported previously* and depicted in Figure 3B. Apical CI”
permeability in CF mice was chosen to be 20% of that in wild-type mice, to recapitulate

the observed amiloride effect in CF mice whereas Na' conductance was fixed to that in
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wild-type mice. As seen in Figure 5B, PD depolarized by 14.5 mV upon ENaC inhibition
in CF mice, similar to that measured in Figure 3B. Switching the apical compartment to a
low-CI" solution (solution 5) correctly predicted a small diffusion potential of 2.1 mV in
CF mice, compared with the 8.7-mV hyperpolarization in wild-type mice. Simulations
were also performed in which ENaC permeability was increased twofold (using
parameters from CF or wild-type mice), examining effects of ENaC inhibition and low-
CI” substitution. ENaC inhibition yielded depolarizations of 19 and 10 mV with CF and
wild-type parameters, respectively, and hyperpolarizations of4.1 and 8.8 mV for low CI".
In both cases, ENaC hyperactivity produced substantial low-Cl" effects, which was
inconsistent with experimental findings. Of importance, the model reproduced the major
ocular surface electrophysiological properties in wild-type and CF mice only in the

absence of CFTR-dependent ENaC conductance (see the Discussion section).

By assuming isosmolar fluid secretion, implying fixed coupling between
transepithelial solute and water transport, we also modeled the ability of transporter
modulators to increase transepithelial water secretion. Computations were performed
under physiological conditions (in the absence of transepithelial ionic gradients) to
simulate compound action on fluid secretion into the native tear film. Figure 5C shows
that both ENaC inhibition and CFTR activation increased net fluid secretion by inhibiting
Na" absorption and enhancing CI” secretion, respectively, and that the effects were

additive.
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Organic Solute-Coupled Na* Transport

In addition to amiloride-sensitive Na* channels, electrogenic Na* transport across
the ocular surface, and thus fluid secretion, may also involve Na'-glucose and Na*-amino
acid cotransport. Figure 6A (left) shows that isosmolar addition of p-glucose but not of p-
mannitol produced a small hyperpolarization that was reversed by the Na*-glucose
cotransporter inhibitor phloridzin. L.-Glucose (5 mM) produced no significant change in
PD (datanot shown, n = 4 eyes). Under physiological conditions of high apical Na*
concentration, extracellular o-glucose saturability (K,) was 2.5 mM as measured from
PDs at increasing concentrations of p-glucose (Fig. 6A, middle and right). Hill analysis
gave a p-glucose-Na" coupling ratio of 0.89, consistent with 1:1 Na*-glucose cotransport.
The PD data in Figure 6A were modeled to determine the turnover rates of transporters 2
and 9 (see Chapter 4 Appendix for explanation of parameter selection). Modeling of the
experimentally measured ~4-mV hyperpolarization under conditions of saturated
cotransport and tonic ENaC inhibition (Fig. 6B)indicated a J, (SGLT-1) turnover equal
to ~75% of the J, (ENaC) basal activity (0.11 vs. 0.15 peg/cm’per hr). Because SGLT-1
likely transports two solutes per turnover, this implies similar osmolar absorptive
capacities of amiloride-insensitive and amiloride-sensitive pathways. The basic and
neutral amino acids L-arginine and glycine also produced small, reversible
hyperpolarizations in the presence of Na* (Fig. 6C). Amino acid transport was saturated
only at relatively high concentration (several mM) for both amino acids studied. .-
Arginine and glycine, added at 10 mM, yielded hyperpolarizationsof 1.5+ 0.9 mV (n =
4, SE) and 2.1 £ 0.4 mV (n=5), respectively. PD analysis also revealed competitive

substrate binding, where addition of L-arginine to glycine-containing solution
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reproducibly caused a depolarization (Fig. 6C, right). The Na* dependence of these
electrogenic pathways of glucose and amino acid absorption was confirmed. Figure 6D
(left) shows hyperpolarizations produced by S mM p-glucose and 1 mM L-arginine (but
not mannitol) in the presence of Na* and amiloride. The hyperpolarizations were
abolished after Na* replacement by choline. Averaged results are summarized in Figure
6D (right). Together, these results provide evidence for at least three distinct electrogenic
Na" pathways at the ocular surface: amiloride-sensitive Na* channels, Na*-glucose

cotransport, and Na*-amino acid cotransport.

Discussion

The goals of this study were to identify experimentally and to quantify by
modeling the major Na'-transporting pathways at the ocular surface and to use
experimental and modeling results to examine the roles of epithelial transporters in
driving fluid secretion and putative CFTR-ENaC interactions. This approach provides a
framework to define electrochemical coupling relevant to a variety of epithelial disorders,
and for ocular surface epithelium, this approach allowed us to predict computationally the
efficacy of therapies for states of tear deficiency. The PD measurement method is
technically simple and permits minimally invasive in vivo measurements under
physiological open-circuit conditions. The high-resistance epithelial surface, comprising
cornea and conjunctiva in parallel, is responsible for generating and maintaining a large
PD. The dependence of ocular PDs on specific Na* and CI” transport processes, combined
with transport agonist-inhibitor and ion substitution maneuvers, allows for rapid

qualitative assessment of solute transport in vivo. In this study, we extended the PD
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measurement concept by developing a mathematical model to rigorously relate measured

PDs to transporter permeabilities and transporting mechanisms.

A major role for amiloride-sensitive apical Na* absorption was found, which,
according to the model, was equal in magnitude to total net CI” secretion. The inhibitory
half-concentrations of amiloride (Xj, 0.82 mM) and benzamil (X, 0.22 mM) measured are
in close agreement with those reported recently in primary cultures of pigmented rabbit
corneal epithelial cells® and are consistent with the greater potency of benzamil than
amiloride for ENaC. Comparable depolarizations were observed for Na* replacement and
amiloride application in both wild-type and CF mice, suggesting that amiloride-sensitive
Na* conductance provides the primary route for apical membrane Na' transport under the
experimental conditions (solution 1, which lacks p-glucose and amino acids). Modeling of
fluid secretion in the absence of an ionic gradient predicted that Na* channel inhibition or
CFTR CI" channel activation would increase fluid secretion into the tear film and that

both together would provide an even greater benefit than either strategy alone.

In contrast to the large measured apical Na* conductance, a weak dependence of
ocular surface PD on perfusate K concentration was found in the presence of amiloride,
indicating a relatively small apical surface K* conductance. Similar results were reported
for human nasal epithelia.'® At steady state, basolateral K* channels enhance the
electrochemical driving force for fluid secretion. However, modeling of PDs in this study
predicted that increased basolateral K* conductance would augment apical Cl™ secretion

little, suggesting that CFTR-specific activators would be as effective as general cAMP

155



agonists (which activate CFTR and some basolateral K* channels) in increasing apical

chloride-driven fluid secretion.

Ocular surface PD measurements also provided direct evidence for transepithelial
glucose- and amino acid-coupled Na* absorption. The kinetics of substrate activation for
the Na*-glucose cotransporter (SGLT-1) varies widely among species.”’ Whereas tear
Na' concentration (>100 mM) is thought to provide a saturating concentration for Na*
(Km ~60 mM), the affinity of SGLT-1 for glucose must be determined experimentally for
a given system. The Kp, of 2.5 mM for glucose measured in this study is lower than that
of 16.7 mM measured in rabbit conjunctiva.'® The relatively low concentration of glucose
in the normal human tear film (~200 pM) is unlikely to cause significant fluid
absorption.”” However, elevated tear glucose may contribute to the ocular surface disease
noted in hyperglycemic diabetes (~1 mM) by producing net absorption in the steady
state.2'?? This prediction is supported by data in rabbits obtained by Shiue et al.,> who
found a ~75% reduction in transconjunctival fluid secretion upon apical addition of

saturating glucose.

Na'-dependent neutral-basic amino acid cotransport has also been characterized
in rabbit conjunctiva, where both high (micromolar Ki,)- and low (millimolar Ki,)-affinity
processes have been described for L-arginine.'” We measured qualitatively significant
absorption at superphysiologic (in millimolar) amino acid concentrations, compared with
the low-micromolar values reported by Puck et al.>* in native tear film. Thus, although

Na'-coupled amino acid cotransport may not be relevant to steady-state tear fluid balance,
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our results support the strategy of delivering ocular therapeutics, either as amino acid

analogues or conjugates, through cotransporters.

Although both corneal and conjunctiva epithelia are complex multilayered tissues,
the ocular surface epithelial cell is modeled in the current study as a single cell layer with
a parallel shunt, as was done previously to study passive solute fluxes across corneal
epithelium.2® Measurements in rabbit corneal epithelium have documented intimate
electrical connection among superficial and wing cell layers, in support of this
assumption.”’ Moreover, the apical superficial cell membrane largely dictates the
electrical properties of stratified ocular surface epithelia because of its highly resistive

tight junctions.?’*

The magnitudes of flux chosen in this simulation yielded a TEER of
5.3 kQ/cm?, between the range of 12 to 17 k€/cm? measured under short-circuit
conditions in rabbit cornea®?* and that of 1 to 2 k/cm? reported in rabbit

conjunctiva.®'’?

A potential weakness of the current model is the simplistic
consideration of paracellular conductances in the context of a complicated multilayered
epithelium, where possible unstirred layers could affect intercellular solute movement. In
polarized epithelia that can both absorb and secrete ions to comparable extents, such as
those lining the ocular surface, relative paracellular ion conductances largely determine
the degree of basal fluid absorption and secretion.”’ However, the treatment of
paracellular conductance would only affect estimates of basal fluid secretion and not
predictions regarding the utility of membrane-transport modulators. Relative impermeant-

to-permeant paracellular ion permeabilities of 0.7 were selected for anions and cations, to

reproduce the minimal effect of Na* replacement by choline or K" in the presence of
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amiloride. Of note, these parameters are also in accord with the measurements of

Amasheh et al.*°

As has been found in nasal PD measurements in CF versus wild-type mice*'* and
CF versus non-CF human subjects,'® amiloride produced a much greater depolarization at
the ocular surface in CF versus wild-type mice (seen in Fig. 3). We also found an
enhanced depolarization in CF mice after Na* replacement. There is ongoing controversy
regarding the mechanism responsible for these apparent CFTR-ENaC interactions.
Whereas some studies have suggested direct inhibition of ENaC function by CFTR,!%%
recent modeling and careful experimentation suggest that electrochemical coupling
accounts for the apparent hyperabsorption of Na* across CF epithelia.''** We
investigated purported CFTR-ENaC interactions by modeling the system with parameters
for CF mice chosen to test whether enhanced Na* absorption across CF epithelia can be
explained by electrochemical coupling between parallel-functioning transporters. PDs
from the CF mouse ocular surface were accurately simulated with fivefold reduced apical
CI” conductance, yet identical Na* conductance, compared with wild-type mice,
indicating that direct regulation of ENaC by CFTR by a mechanism other than
electrochemical coupling is not necessary to explain the experimental results. Although
CF epithelia are predicted to have 20% of normal function, both experiments and
modeling suggest that most of the unstimulated (CAMP- and Ca?*-independent) CI” flux
passes through CFTR-dependent channels, though not through CFTR itself. We showed
previously that the low-Cl™ hyperpolarization in wild-type mice was reversed only to a
small extent by a CFTR inhibitor.* Our model also demonstrated that reduced apical CI”

conductance and unaltered Na* absorptive capacity were both necessary to abolish most
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of the low CI” effect in CF mice (2.1-mV hyperpolarization predicted in CF as found

experimentally).

In conclusion, our results define quantitatively the principal Na'-transporting
pathways at the ocular surface and the electrochemical coupling between Na* and CI”
transport in wild-type and CF ocular surface epithelia. The model predicted significant
enhancement of serosal-to-mucosal fluid transport by Na* channel inhibitors and CI”
channel activators. Direct measurement of fluid secretion across the intact ocular surface
and studies in animal models of dry eye syndrome are needed to guide and validate the

modeling of fluid secretion.
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Appendix

Model Flux Equations

For electrogenic fluxes, individual transport pathways were governed by simple
electrodiffusion unless otherwise specified, with fluxes defined by the Goldman-
Hodgkin-Katz equation (equation 1 in the main text). Neutral transport pathways lacked a
potential dependence. Each equation is provided below, along with any necessary

explanation.

J, = BU,[Na; - Na*(t)eV J/(1-e™*) (A1)

+ + U,
J,=PU, I\I:c,za?rga Na’ (t)org(t)e
a org X
— e D224+ D1-€""
Cen + DGgrs +DMI-€™)

(A2)

Transporter 2, when modeled as the Na*-glucose cotransporter, was assigned extracellular
saturability values for both Na* (K}+) and glucose (K3®). K}« was assumed to be 60 mM
based on data of Horibe et al.'® in rabbit conjunctiva. K was determined experimentally

to be 2.5 mM at the mouse ocular surface by dose-response experiments under conditions

of saturating apical Na'.
J,=PUIK: -K*(t)e V" 1/(1-€e) (A3)
J, ==PU,[CI; -CI'(t)e" 1/(1-¢€") (A4)
Jy==PU [CI - CI(t)e" 1/(1-¢€") (AS)
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Na (OK*(1)Cr(2)* -Na,:K (CL)?

R b

3 2
Na'(1) K*(1) _
g P7[Na"(t) + K" I [K*., +K¥ l (@0 +b) an

Jo= (A6)

Flux equations for transporters 6 and 7 (the Na'/K*/2CI” symporter and
3Na'/2K*ATPase) were identical with those used in the model of tracheal epithelia by
Hartmann and Verkman.'* Saturability (in millimolar) was assigned accordingly (K=
3.8; KX=1.5; K{'=26; K)*=11.8; K)=1.4), as were the constants in equation A7 that
define the weak basolateral membrane potential dependence of 3Na’/2K*ATPase

(a=0.006; b=1-a-U,).

Jg=PRU,IK*()-K e I(1-e™) (A8)
Jy = Py(org(t) -org,) (A9)
Jio = PoU,[Na; - Naje™” 1/(1-€™") (A10)
Ju=P UK, -K;e" )i(1-€"") (A11)
Jiy = =P,U,[CL; - Cle”" 1/(1-¢€"") (A12)
Jis = ByU, [chol; - cholye™” 1/(1-€™") (A13)
Ji ==PU, [gluc; - glucye"" 1/(1- ") (A14)
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Model Parameter Selection

Transporter permeability coefficients were calculated from the flux equations
using estimated ion activities, membrane potentials, and net transcellular Na* and CI”
fluxes under open-circuit conditions (see Table A1 for a summary of parameters for
simulations in wild-type mice). Apical ion activities were chosen from the composition of
solution 1. Basolateral ion activities were assigned based on serum concentrations from
CD1 wild-type mice (measured by the University of California, San Francisco, Moffitt
Hospital Clinical Laboratory; n = 5). Cellular ion activities and apical and basolateral
membrane potentials were estimated from intracellular microelectrode measurements
made in frog and rabbit corneal epithelial in vitro systems.’>*® Baseline cellular CI”
activity was set at 33 mM, 1.9-fold greater than predicted for passive distribution across
the apical membrane.”® Values of—50 and -73 mV were chosen for 1, and y,
respectively, to yield the experimentally measured steady state transepithelial potential

(Ya—pp=-23 mV).

All transcellular permeability coefficients (with the exceptions of P; and Py) were
determined from estimated steady state net active Na* and CI” fluxes. The ratio of active
Na" absorption to CI” secretion (1:1 in wild-type mice and 5:1 in CF mice) was deduced
experimentally from the magnitude of the amiloride effect, as described in the Results
and Discussion sections. Because no levels of ion fluxes across mouse ocular surface
epithelia have been determined, the absolute magnitudes of active Na* and CI” flux for

wild-type mice were chosen as intermediate values between those for cornea and
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conjunctiva, which were reported from rabbit and frog under both open- and short-circuit

conditions %7182

We had some freedom in selecting the relative apical and basolateral K* fluxes (J
and Js, respectively). However, modeling of the very weak experimentally determined
dependence of PD on apical K* confirmed that most of the K* flux occurred through
transporter 8 (J,: Jg= —1:224 in wild-type mice). Paracellular permeability values were
selected based on the small effect of Na * replacement on PD (see Fig. 2A). Equal and
opposing transcellular and paracellular Na * fluxes were assumed.” A combination of
higher assumed baseline absolute transcellular Na * and C1 ~ and relative paracellularNa *
flux values would increase the predicted baseline ocular surface fluid secretion rate.
Based on constraints imposed by our own experimental observations and in accordance
with flux measurements through tight junctions,”® Na* and K* permeabilities (P, and P,,)

were assumed to be equal, with relative selectivity for choline * versusNa* and K* as Pis

P,: Py: B,=0.7:1:1, and for gluconate versus chloride as P,: P,,= 0.7:1 (Table A2).

Simulations involving Na*-organic cotransport (Fig. 6B) focused on Na*-coupled glucose
permeation. P,was chosen to produce in simulations the 4- to 5-mV hyperpolarization
measured experimentally in the presence of amiloride. P,was then selected to give equal
apical and basolateral membrane glucose fluxes in the steady state (J,=J,). Parameters
for these simulations were selected based on the intracellular Na* activity (12.1 mM) and
Y, (-59.9 mV) achieved after amiloride addition and on the apical Na* and CI” contents

of solution 3.
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Iterative Procedure

Computations in this study were performed under open-circuit conditions. Fluxes
through each transport conduit were computed using the guesses for 1, and y» over time
intervals of At = 1 second. Computations using a smaller step size (At = 0.1 second) gave
similar results, confirming the adequacy of the 1-second step size. Total currents across

each major barrier were then calculated at the end of each time interval:

1, =96500-(J, + J, +J, = J, = J5) (A15)
I, = 96500-(J, +J;) (A16)
I, = 96500-(J,o+ J, = J iy + Iy = J,) (A17)

where 96,500 represents Faraday’s constant, which converts flux into current. The
threshold for acceptable relative deviation from open-circuit electroneutrality was set at
0.01%. If boundary conditions were not met, both vy, and y», were modified by 1 mV and
the two-dimensional Newton-Raphson method was used to update guesses for both v,

and y for the next iteration.

Once electroneutrality was established (1, = I, =-1,), changes in cell volume

(expressed as height, assuming a constant surface area) were computed based on net
isosmolar water fluxes. The equation for computing net osmotically active solute flux into

the cellular compartment is

2 a-b¢x~lix = Onad) + (Dng + Do Wo + Qx5 + O Sy + OS5 — (P, + Ox + 200, )s
—(3¢Na - 2¢x )J 77 ¢KJ 8~ ¢org" 9

(A18)
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Steady state cell height was assumed to be 5 um, similar to the height of the superficial
ocular surface cell layer. The exact choice of cell height was important only for
pre—steady-state kinetics after perturbation. Employing the updated cell heightas well as

solute fluxes, new intracellular solute activities at time (7 + At) were computed:

Na*(t+At) =[Na*(t) h(t)+ At ay, - 10° - (J, + J, = J, = 3J,)1/ h(t + At) (A19)
K*(t+ A =[K* (1) h(t)+ At- a, 10* - (J, +2J, = J, = J))/ h(t + At) (A20)
Cl(t+At)=[CI'(t)-h()+ At ay- 10* - (J, + J5 =20 )V h(t + At) (A21)
org(t + At) = [org(t)- h(t) + At-a,, -10* - (J, - J)))/ h(t + At) (A22)

Net isosmolar water movement across the apical cell membrane and intercellular
space into the apical compartment was calculated (equation 4 in the Methods section;

Table A3) using the summed osmotically active solute movement:

2 d+P¢xJ‘x - -[¢Na.¢‘ll + (¢Na.¢ + org.e )"2 + ¢K.¢"3 + ¢Cl.e"4 + ¢Cl,¢"5 + ¢Na.e‘]lo + ¢K,¢Jll
bcreiz * Poroedis + Ppuc.ia

(A23)
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Table 1

Composition of Perfusate Solutions

Solution Name Na*
1 Control 170
2 Na'-free 0
3 Organic 154
4 Organic (-Na") 0
5 Low CI’ 170
6 High K* 0

All solutions contained (in mM): 9.5 phosphate, 1 Ca®*, 0.5 Mg®* (pH 7.40).

Cr

K" Gluconate” Choline® Organic

160
160
144
144
4.7
160

42
42
42
42
42
174.2

‘Organic’ signifies D-glucose, L-glucose, or D-mannitol
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0
0
0
0
1

0

55

0
170
0
154
0
0

0
0
30
30
0
0



Table 2

Model Symbols and Definitions

X(® Activity of solute X in cytoplasm (mM)

Xa Activity of solute X in apical bathing solution (mM)

Xb Activity of solute X in basolateral bathing solution (mM)

ay Cellular activity coefficient of solute X

(/% Cellular osmotic coefficient of solute X

a°  Extracellular activity coefficient of solute X

¢  Extracellular osmotic coefficient of solute X

Y, Serum osmolarity (units vary and are specified for each equation)
h(r)  Cell height (um)

Ji Turnover rate of ith transporter (Fig. 1). Solute flux forX is the product of J; and

the number of X transported per turnover event (J;*, peqcm/>per second), defined as
positive from left-to-right

I,
b

K

Apical-to-cell membrane current (nA/cm?)

Cell-to-basolateral membrane current (uA/cmz)

Apical-to-basolateral paracellular current (nA/cm?)

Permeability coefficient for ith transporter (units provided in Table AII)
Apparent binding constant for solute X to transporter i (mM), used for saturable

transporters as described in the Chapter 4 Appendix.

Ya
')

W
U.

Apical membrane potential (cell with respect to apical solution); (mV)
Basolateral membrane potential (cell with respect to basolateral solution); (mV)
Transepithelial potential (PD; y»— ,); (mV)

Dimensionless potential (U, = y.F/RT, where F = 23 cal/mV per mole, R =

1.9872 cal/K per mole, and T =310 K)
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Table Al

Baseline, Steady State Cell Parameters for Wild-Type Mouse Open-Circuit PDs

Solute activities (mM) Apical Cell Basolateral

Na' 119 20 112

cr 112 33 84

K* 33 75 3.2

Organic* 30 20 10

Net active ion fluxes (peq/cm’per hr) INa+ Jor

0.15 —0.15

Membrane potentials (mV) Y ™ ¥

-50 =73 -23

* Organic (p-glucose) was absent from most apical perfusates but was included at 30
mM when calculating P, and Py.
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Table A2.

Transporter Permeabilities and Baseline, Steady-State Fluxes

Transporter P; units Ji (p.eq/cm2 per hr)
Apical membrane

1 Na' conductance 1.63x 107 cm/s 0.15

2 Na'/org symporter 1.43x 107 cm/smM™ 0.11

3 K* conductance 1.52x10% cm/s -0.001
4/5 CI" conductance 1.21x10% cm/s -0.15
Basolateral membrane

6 Na'/K*/2CI" symporter 1.81x10°% cm/smM™ 0.075

7 3Na*/2K* ATPase 1.73x 10 umol.cm™s 0.075

8 K* conductance 1.24x10° cm/s 0.224

9 Org conductance 3.06 x 10 cm/s 0.11
Paracellular

10 Na* conductance 4.54x 107 cm/s -0.15

11 K* conductance 4.54x 107 cm/s ~0.00439
12 CI" conductance 3.53x 107 cm/s 0.145

13 Choline” conductance 3.18x 107 cm/s -

14 Gluconate” conductance 247x 107 cm/s -

Transporter numbers correspond to those depicted in Figure 1.
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Table A3

Activity and Osmotic Coefficients

Solute a [ 9
Na',K*, CI 0.75 0.7
Org 1 1
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Figure Legends

Ficure 1. Ocular surface epithelial cell ion transport. Transport pathways are numbered
and time-dependent intracellular solute activities, cell height, and membrane potentials
are shown. Solute fluxes are defined as positive in the left (apical) to right (basolateral)
direction. Arrowheads: direction of solute movement under open-circuit conditions. See

Table A2 for specific transporter parameters under baseline, steady state conditions.

Ficure 2. Amiloride-sensitive Na* transport at the ocular surface. (A) PD recordings
showing effects of switching between sodium-containing (+Na*) and sodium-free (-Na’,
sodium replaced by choline) solutions. Horizontai line: presence of amiloride, added to
either the +Na"* (leff) or —-Na' (right) solutions. Representative of six experiments.
Solutions used were left: 1 alone, 2 alone, 1 alone, 1+amiloride, and 2+amiloride; right: 1
alone, 2 alone, 1 alone, 2 alone, and 2+amiloride. (B) Dose-dependent inhibition of
sodium absorption by amiloride and benzamil. Left: Representative time course of PD
inhibition, first by Na' replacement, and then by adding amiloride to the perfusate at
increasing concentrations. Solutions used: 1 alone, 2 alone, 1 alone, and 1+amiloride.
Right: dose response of benzamil and amiloride for depolarizing PD, determined from

experiments as shown on the Jeff (mean + SE, n = 5 for benzamil; n = 6 for amiloride).

Ficure 3. Ion transport at the ocular surface in CF mice. (A) PD recordings in CF (top)
and wild-type (bottom) mice in response to amiloride, low CI”, forskolin (10 uM), and
CFTRim-172 (10 uM). Solutions used: 1 alone, 1+amiloride, S+amiloride,

S+amiloride+forskolin, and 5+amiloride+forskolin+CFTR;u-172. (B) Elevated

180






amiloride-sensitive Na' absorption in CF mice. Leff: PD tracings in wild-type versus CF
mice (curves overlaid) in response to Na* replacement and amiloride. Solutions used: 1

alone, 2 alone, 1 alone, and 1+amiloride. Right: Summary of APD for wild-type and CF
mice for indicated maneuvers (SE, n = 6 eyes per genotype). *P < 0.01 comparing wild-

type versus CF mice.

Ficure 4. Ocular surface epithelial ion transport model. For each maneuver, individual
transporter conductances or apical compartment solute compositions were changed
instantaneously. See the Chapter 4 Appendix for model parameters. (A) Influence of
amiloride on time-dependent model parameters in open-circuit conditions. Transporter 1
(apical Na*) conductance was fully inhibited (at dashed line). Changes in (from top to
bottom) membrane potentials, currents, intracellular ion activities, and cell height are
shown. Brief voltage spikes were applied every minute (fop tracings) by an imposed
current spike (second trace from top) with a magnitude that was a fixed proportion of the
instantaneous current. (B) Effects of different maneuvers on open-circuit PD. From top to
bottom, apical Na* replaced with choline, apical Cl replaced by gluconate, basolateral

Na'/K*/2CI” symporter inhibited, and basolateral 3Na'/2K" ATPase inhibited.

Ficure 5. Modeling PD protocols and fluid secretion. (A) Simulation of protocol for
studying chloride transport (as in the experiment in Fig. 3A). CFTR activation was
produced by a threefold increase in apical CI” permeability. (B) Simulation of protocol
for studying sodium transport. Comparison of wild-type versus CF mouse ocular PDs in
response to amiloride and then low CI". Solutions simulated: 1 alone, 1+amiloride, and

5+amiloride. CF mouse apical CI™ permeability was 20% of that in wild-type mouse,
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whereas apical Na* permeability was not changed in the CF mouse parameter set. (C)
Incremental steady state water secretion (above baseline), modeled in response to
addition to solution 1 of amiloride, a CFTR activator (increasing apical CI” conductance

threefold), or both together.

Ficure 6. Solute-coupled Na* absorption. (A, leff) PD response to additions of p-mannitol
(30 mOsM, replacing NaCl) and p-glucose (30 mOsM, replacing o-mannitol), followed
by the Na'-glucose cotransporter inhibitor phloridzin (100 uM), all in solutions
containing amiloride (100 uM). Solutions used: 1 alone, 1+amiloride, 3(p-mannitol)+
amiloride, 3(p-glucose)+amiloride, 3(o-glucose)+amiloride+phloridzin, 3(p-
mannitol)+amiloride+phloridzin, and 1+amiloride+phloridzin. Middle: Concentration-
dependent effect of p-glucose on PD in the presence of amiloride (100 uM). Solutions
used: 1 alone, 1+amiloride, and a series of mixtures of 1 and 3(p-glucose)+amiloride.
Right: Corresponding concentration-response curve (mean + SE, n = 5). (B) Simulated
PD tracing of maneuvers identical with those performed experimentally and depicted in
(A, left). (C) PD responses to amino acids, in the presence of amiloride. Left: L-arginine
(1 mM) was added to and then removed from solution 1. Representative of six
experiments. Solutions used: 1 alone, 1+amiloride, 1+amiloride+.-arginine, and
1+amiloride. Right: addition to solution 1 of glycine (5 mM) followed by L-arginine (5
mM) before Na* replacement by choline. Representative of four experiments. Solutions
used: 1+amiloride, 1+amiloride+glycine, 1+amiloride+glycine+.-arginine, and
2+amiloride+glycine+i-arginine. (D, /eff) Representative PD response to serial isosmolar
additions of 30 mM p-mannitol, 30 mM p-glucose, and 1 mM L-arginine in the presence

of amiloride. Solutions used: 1 alone, 1+amiloride, 3(p-mannitol)+amiloride, 3(p-
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glucose)+amiloride, 3(p-glucose)+amiloride+.-arginine, 4(p-glucose)+amiloride+.-
arginine, 4(p-glucose)+amiloride, 4(p-mannitol)+amiloride, and 2+amiloride. Right:
Paired analysis of APD measured in +Na* or -Na" solutions. SE, n = 3-5 mice; *P <

0.01, comparing PD responses to zero.

183






CHAPTER 6.
Non-Invasive Measurements

of Mouse Tear Film Ionic Composition

Abstract

purpose. The cornea and conjunctiva are semi-permeable barriers at the ocular surface

involved in regulation of tear film composition and volume.

meTHops. To measure absolute tear [Na'], [C17], and pH, ratioable and cell impermeant
small-molecule fluorescent indicators were dissolved in the intact murine tear film for

quantitative dual wavelength ratio imaging microscopy.

resuLts. For CD1 wild-type mice, tear [Na'] was 123 + 5 mM, [CI'] was 127 + 4 mM, and

pH was 7.63 £ 0.06 (SE, n=9-12 mice per ion).

concLusions. [Na'], [C1], and pH were measured in the tear film of wild-type mice at
baseline. This technical advance will allow us to test the hypotheses that tear fluid
salinity increases in experimental dry eye, and that these alterations normalize along with

other functional and histopathological tear film properties in successfully treated dry eye.

Tear film osmolarity is elevated in both evaporative (caused by excessive tear

evaporation rates) and tear-deficient (caused by inadequate tear aqueous secretion) dry
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eye and has long been an objective, quantitative index of KCS severity.! Sodium, in
particular, is thought to correlate to ocular surface inflammatory changes that characterize
keratoconjunctivitis sicca (KCS).2 All previous studies assessing tear film ion content
have assayed microsamples, an approach that introduces potential artifacts. For example,
samples must be collected from the tear meniscus, which likely has a lower osmolarity
than the rest of the tear film. For example, samples must be collected from the tear
meniscus, which likely has a lower osmolarity than the rest of the tear film. This would
result in an underestimate of the degree of hyperosmolarity experienced in KCS.? In situ
fluorescence measurements of tear film pH have been previously reported.**$
Fluorescence techniques were previously developed to measure [Na*], [CI], and pH in
microscopic quantities of airway surface liquid (ASL) in vivo. ’ Here, this methodology is
adapted to the murine tear film, where it should be useful in both characterizing tear film

ionic elevations that are present in KCS and evaluating improvement of ocular surface

health during therapy.

Methods

Mice

Wild-type CD1 mice (ages 6—10 weeks, 22-30 g) were anesthetized
intraperitoneally with ketamine (40 mg/kg) and xylazine (20 mg/kg). Core body
temperature was maintained at 38°C with a heating pad and monitored using a rectal
thermometer. The mouse head was rotated and fixed using a custom-built stereotaxic

device, with the central corneal surface positioned perpendicular to the optical axis for
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imaging. Protocols were approved by the University of California at San Francisco
Committee on Animal Research and are in compliance with the ARVO Statement for the

Use of Animals in Ophthalmic and Vision Research.
Fluorescence Probes

Tear film pH measurements were performed using the dual-excitation wavelength
pH indicator BCECF (2',7'-bis-[carboxyethyl]-5-carboxyfluorescein) conjugated to a
dextran (10 kDa, Molecular Probes). pH is measured from green images (520 nm

emission) taken at two excitation wavelengths (440 and 490 nm).

Tear [C]'] was measured from red (TMR) and green (BAC) images of BAC-TMR-
dextran—stained tear film. The ratioable CI" sensitive fluorescent indicator BAC-TMR-
dextran synthesized as described previously,® in which the Cl'-sensitive, green fluorescent
chromophore BAC (10,10'-bis[3-carboxypropyl]-9,9'-biacridinium) was conjugated
covalently to dextran (40 kDa) together with the Cl'-insensitive, red fluorescent
chromophore TMR (tetramethylrhodamine, Molecular Probes). BAC fluorescence is

quenched by CI” by a collisional mechanism.

Tear [Na'] was measured from red (Corona Red™) and green (BODIPY-f])
images taken of tears stained with fluorescent Na*-sensing beads. A ratioable Na'-
sensitive fluorescent indicator prepared by incubation of carboxyl-modified latex beads
(200-nm diameter, Polymer Laboratories Inc., Amherst, Massachusetts, USA) with the
Na'-insensitive, green fluorescent chromophore BODIPY-fl-EDA (Molecular Probes)

and the Na'-sensitive, red fluorescent chromophore Corona Red™ (Molecular Probes).
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Indicator beads for [Na‘] were prepared according to Jayaraman et al.,’ with slight
modification. BODIPY-fl-EDA was dissolved in ethanol and added at a final
concentration of 100 pM to a 1% (vol/vol) suspension of beads in suspended in 4 mL
water. After shaking for 2 hr at room temperature, “sodium red” (Molecular Probes Inc.)
was added to 10 pM. The beads were shaken for 1 more hr, centrifuged at 14,000 g for 30
minutes, dispersed by brief sonication, and washed three times with water. The
chromophores remained quantitatively immobilized on the beads for approximately 2
weeks storage in water at 4°C in the dark, with aggregation prevented by brief sonocation

prior to each use.
Tear Film Labeling

After anesthesia was initiated, the tear film was maintained throughout an
experiment by 31-35°C humidified air streaming through a 2 cm opening 2 cm away
from the corneal surface and periodic mechanical blinking.” To label tears for
measurement of pH, ~2 mg of BCECF-dextran was dispersed in 1 mL of low-boiling
perfluorocarbon (compound FC-72, boiling point 56°C; 3M company, St. Paul,
Minnesota, USA) using brief-probe sonication. Two minutes before measurements,
50-100 pL of perfluorocarbon was pipetted onto the ocular surface and the lids were
briefly closed to disperse and dissolve the dye homogeneously throughout the tear film.
To instill CI" indicator into tears, solid BAC-TMR-dextran was inserted into the outer
canthus with a needle tip and dissolved with repeated mechanical blinking. The Na*

indicator was added to tears by direct pipetting of 0.25 pL of beads into the outer canthus
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followed by several forced blinks. For all three ion measurements, dye was redistributed

with blinking between most measurements.
Fluorescence Microscopy

Ratio imaging was done using a set-up initially described by Song et al.'® A
Nikon SMZ1500 stereo epifluorescence microscope was equipped with a mercury arc
lamp, 1.6x objective lens (numerical aperture 0.21, working distance 24 mm), cooled
CCD camera (Photometrics), and custom filter sets (Chroma, Rockingham, VT) for BAC,
tetramethylrhodamine, Corona Red™, BODIPY-fl, and BCECF. For ratio image analysis,
images (1,000-ms acquisitions for pH and 1,500-ms acquisitions for Cl" and Na") were
obtained from pairs of filter sets that were manually switched with <1 s lag. Tear
fluorescence ratios were computed over randomly selected regions after subtraction of
background determined from three regions of the ocular surface imaged before adding
fluorescent indicator. [Na'}, [CI], or pH were determined from fluorescence ratios using
calibrations as described below. Photobleaching, insignificant for the Na* and pH
indicators, was minimized for the CI" indicator by limiting BAC excitation to periods of

image acquisition.
Calibration Protocols.

In vitro calibrations were performed to obtain absolute ion concentrations from
the in vivo fluorescence ratio measurements. Ratiometric imaging of [Na*], [CI'], or pH
was performed on 10 pL drops of buffer standards of varied composition containing

fluorescent dyes. The base buffer, designed to approximate native tear ion composition,
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consisted of 120 mM NaCl, 30 mM KCl, 20 mM HEPES, 0.7 mM MgCl,, and 0.7 mM
CaCl, (pH 7.4). For Na' calibrations, a Na'-free buffer (choline chloride replacing NaCl)
was mixed with the base buffer at varied proportion. For CI" calibrations, a CI'-free buffer
(sodium gluconate replacing NaCl) was mixed similarly with the base buffer. The base

buffer was titrated with nitric acid or potassium hydroxide for pH calibrations.

Results

In Vitro Calibrations

For Na" measurements, bead red-to-green fluorescence ratio (R/G) increased
linearly with [Na'] from 0 to >200 mM and was not affected by pH. For CI
measurements, indicator red-to-green fluorescence ratio (R/G) decreased linearly with
[CI'] from 0 to >200 mM CI" and was not affected by pH. For pH measurements,
BCECF-dextran fluorescence measured at 490 and 440 nm excitation wavelengths
(F490/Fa40) was pH sensitive with a pKa ~7.0. Calibration curves to later determine

absolute tear [Na'], [Cl], and pH in situ are shown in Figure 1 (A-C).

In Vivo Controls

Control experiments were performed included adding variable amounts of
indicator to the same eye between measurements or taping the eyelids shut until seconds
before dye instillation and measurement to mitigate against evaporative changes.

Buffered solutions with known ion contents were also added to acutely alter ion
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concentrations or pH. The expected changes were observed with a gradual return to the

original steady state over several minutes.

In Vivo [Na*], [CT], and pH

A preliminary study using untreated wild-type mice validated these protocols and
provided the first in situ measurements of tear fluid composition (Fig. 1, A-C). Tear
fluid [Na'] was 123 + 5 mM, [C]] was 127 + 4 mM, and pH was 7.63 + 0.06 (+ SE,

n=9-12 mice).
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Discussion

Chemical indicators (fluorescent ratioable sensors) for measurement of [Na'‘],
[CI'], and most recently, [K'], have been developed by our lab for in vivo measurements
in microscopic fluid compartments. Measurements of [Na'] and [CI'], as well as pH,
involve introduction of ratioable fluorescent dyes and in vivo fluorescence microscopy.
Additionally tear fluid [K"] will soon be measured to complete the analysis of in situ
ionic composition, given the recent development of the first long-wavelength K* selective
fluorescent sensor (TAC-Red), based on a triazacryptand-chromophore covalent
conjugate.'! For measurement of tear fluid composition of anesthetized mice, the eye is
maintained in a heated, humidified air atmosphere and fluorescent indicator dye is

distributed throughout the tear film with periodic mechanical blinking.

We propose that this approach will facilitate a more accurate correlation of dry
eye severity with altered ionic content. This prediction will soon be tested using a well-
characterized experimental mouse model of KCS (systemic scopolamine + dry air
current) which reproduces features of the human disorder, including decreased tear
production, clearance, and barrier function, conjunctival squamous metaplasia, and
decreased conjunctival goblet cell density.' In this model, changes in tear ion
composition are predicted to precede the progression of functional and histopathological
changes of KCS. Such a time-course would be consistent with the measurements of
Gilbard et al.'* made on collected tear microvolumes from a surgical rabbit model. If tear

ionic composition is indeed altered in this dry eye model, effective topical treatment
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(with a CFTR activator and/or ENaC inhibitor, for example)'* would be expected to

normalize electrolyte disturbances.
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Figure Legend

Ficure 1. Biophysical measurements of tear film ionic content. (A) Na" calibration in
standard solutions and in situ concentration in tear fluid. Measurements done using
NaRed beads as described in text (+ SE, n=9 eyes, >3 regions measured per eye). (B) CI'
calibration and in situ concentration measured using BAC-tetramethylrhodamine dextran

(£ SE, n=12 eyes). (C) pH measured using BCECF-dextran (+ SE, n=11 eyes).
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CHAPTER 7.

Hypertonic Saline Therapy in Cystic Fibrosis:
Evidence Against the Proposed Mechanism

Involving Aquaporins

Abstract

PURPOSE: Recent data indicate clinical benefit of nebulized hypertonic saline in cystic
fibrosis lung disease, with a proposed mechanism involving sustained increase in airway
surface liquid (ASL) volume. To account for the paradoxical observation that amiloride
suppressed the beneficial effect of hypertonic saline, Donaldson et al. (N. Engl. J. Med.
354:241-250, 2006) concluded that amiloride-inhibitable aquaporin (AQP) water

channels in airway epithelia modulate ASL volume.

METHODS: Here, we characterize water permeability and amiloride effects in well-
differentiated, primary cultures of human airway epithelial cells, stably transfected Fisher
Rat Thryoid (FRT) epithelial cells expressing individual airway/lung AQPs, and perfused

mouse lung.

ResULTS: We found high transepithelial water permeability (P, 54 + 5 um/s) in airway
epithelial cells that was weakly temperature-dependent and inhibited by > 90% by
reduced pH in the basal membrane-facing solution. RT-PCR and immunofluorescence

suggested the involvement of AQPs 3, 4, and § in the high airway water permeability.
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coNCLUSION: Experiments using several sensitive measurement methods indicated that
amiloride does not inhibit water permeability in non-CF or CF airway epithelia, AQP-
transfected FRT cells, or intact lung. Our data provide evidence against the mechanism
proposed by Donaldson et al. to account for effects of amiloride and hypertonic saline in

CF lung disease, indicating the need to identify alternate mechanisms.

Cystic fibrosis (CF) is a relatively common hereditary disease in Caucasians
caused by mutations in the CF transmembrane conductance regulator (CFTR) chloride
channel. Morbidity and mortality in CF result primarily from chronic airway infection,

which results in progressive deterioration of lung function.

Two recent clinical studies have demonstrated short- and long-term benefits of
nebulized hypertonic saline in improving lung function in CF.'? Prior clinical studies also
support the efficacy of various inhaled hyperosmolar agents in CF.>** The recent study
by Donaldson et al.! concluded that hypertonic saline produces sustained elevation in
airway surface liquid (ASL) volume, which improves mucociliary clearance in the
airways. However, a paradoxical effect was found when amiloride was administered
together with hypertonic saline. Rather than improving lung function because of its
inhibitory effect on ENaC and consequent prevention of ASL absorption, amiloride
negated the beneficial effect of hypertonic saline. To account for these findings,
Donaldson et al. postulated the involvement of airway AQPs in establishing ASL volume
(Fig. 1), and reported strong amiloride inhibition of osmotic water permeability in airway
epithelial cells. In their model, ENaC hyperactivity dehydrates the ASL in CF airways

(left panel), and hypertonic saline restores ASL volume (middle panel). If amiloride acts
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only on ENaC, then amiloride is predicted to increase ASL volume (right, top panel). To
account for the clinical data, they hypothesize that amiloride inhibits airway AQPs, which

prevents water from entering the airways (right, bottom panel).

The proposed involvement of AQPs in ASL regulation is surprising, as is the
inhibition of AQP water permeability by amiloride. Osmotically induced water transport
across airways was shown to be high and likely AQP-dependent in microperfused small
airways,’ and later in cultured human tracheal epithelial cells® and in spheroids composed
of airway epithelial cell monolayers.” Despite this, reduction of airway epithelial water
permeability by deletion of the various lung/airway aquaporins (AQPs 1, 3, 4 and 5) in
transgenic mice did not affect ASL volume or ionic composition.'® Inhibition of AQP
water permeability by amiloride is surprising because amiloride has no aquaretic effect at

concentrations that inhibit ENaC in the renal distal tubule.

Here, we tested the hypothesis of Donaldson et al.' by characterizing water
permeability and amiloride effects in human bronchial epithelial cell cultures, stably
transfected epithelial cells expressing airway/lung AQPs, and intact lung, using a variety
of biophysical methods to quantify water transport. Water permeabilities of airway cells
and intact lung surface were found to be high and AQP-dependent, though amiloride did
not inhibit water permeability, nor did it inhibit water permeability of the individual
AQPs. These findings have important implications for understanding the benefit of
hypertonic saline in CF, and for the future development of related strategies for therapy

of CF lung disease.
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Methods

Cell Culture

Surface bronchial epithelial cells were obtained from non-CF human lung
specimens that were not suitable for lung transplantation. CF bronchial epithelial cells
were obtained from patients at the time of transplantation. Cells were dissociated by
enzymatic digestion, as described.'" Isolated cells were suspended in a 1:1 mixture of
Dulbecco’s modified Eagle’s medium (DMEM) and Ham’s F12 medium containing 5%
fetal calf serum (FCS, Hyclone; Logan, UT), gentamicin (50 mg/mL), penicillin (100
U/mL), streptomycin (1 mg/mL), and fungizone (2.5 mg/mL), and seeded as passage 0
(PO) cultures at a density of 108 cells/cm? onto 12-mm Transwell polycarbonate inserts
(0.4 pm pore size; Costar, Corning, NY) overlaid with a thin coat (15 pg/cmz) of human
placental collagen (HPC, Sigma-Aldrich, St. Louis, MO). The next day, cells were rinsed
with PBS and medium was replaced with ALI medium'? containing gentamicin,
penicillin, and streptomycin at the concentrations given above. Medium was changed
daily. When the cell sheets became confluent and actively absorbed mucosal fluid, as
indicated by loss of apical fluid in the central portion of the insert (generally 3-5 days),
the mucosal surface was rinsed with PBS, and media was added only to the basal side of

the insert.

For some experiments bronchial epithelial cells (non-CF and CF) were obtained
after expansion in HPC-coated tissue culture flasks. After 80-90% confluence, cells were

released using 0.05% trypsin and 0.2% EDTA in 0.9% NaCl at 37 °C. The trypsin was
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neutralized with DMEM/Ham’s F12 medium containing 20% FCS, and propagated cells
were resuspended in plating medium and seeded onto cell culture inserts as described
above, but designated as passage 1 (P1) cultures. By day 15 after seeding, both PO and P1
cultures formed tight layers with transepithelial resistance of 1-2 kQcm?, at which time
they were used for experiments. Cultures were confirmed to express cAMP-activated
CFTR by measurement of short-circuit current, as reported.'* Protocols were approved by

the University of California, San Francisco Committee on Human Research.

Fisher rat thyroid epithelial (FRT) cells stably transfected with either control
plasmid (encoding yellow fluorescent protein, YFP) or with plasmids encoding AQP1,
AQP3, or AQP4' were grown in F12-Coombs medium (Sigma-Aldrich) supplemented
with 10% fetal bovine serum (Hyclone), penicillin G (100 U/mL), streptomycin (100
ug/mL), and appropriate antibiotic selection markers. For dye-dilution experiments, FRT
cells were plated onto uncoated Transwell inserts and used for flux measurements at

resistances of 2-5 kQcm?.

Transepithelial Water Permeability

Osmotic water permeabilities across HBE and FRT cell layers were determined
using a dye dilution method, as depicted in Figure 2A. The dilution of a cell-impermeant,
photostable, inert dye (Texas Red™-dextran, 10 kDa, Molecular Probes, Eugene, OR)
was used as a measure of transcellular osmotic water flux. The basal surface of cells on
the porous filter was bathed in 1 mL of isosmolar PBS. The apical surface was bathed in

200 pL of hyperosmolar PBS (PBS + 300 mM D-mannitol) containing 0.25 mg/mL

Texas Red-dextran. In some experiments, 500 uM amiloride (Sigma-Aldrich), dissolved
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freshly from powder, was added to the apical buffer, as done by Donaldson et al.!, or to
both the apical and basal-bathing buffers. Cultures were placed in a 5% CO, tissue
culture incubator (at 27 or 37°C), and 5 uL samples of dye-containing apical fluid was
collected at specified times. Samples were diluted in 2 mL of PBS and fluorescence was
measured by cuvette fluorimetry (Fluoro Max-3, Horiba, Tokyo, Japan). In some
experiments, the osmotic gradient was reversed by addition of mannitol to the basal
rather than the dye-containing apical solution. In other experiments, the pH of either the
basal or apical solutions was adjusted to 5.0 using buffers containing 137.6 mM NaCl, 5
mM KCl, 2 mM CaCl,, 1 mM MgCl,, 6 mM D-glucose, and 10 mM HEPES (for pH 7.4)

or MES (for pH 5.0).

For computation of transepithelial osmotic water permeability coefficients (Py, in
cm/s), the time course of fluorescence in response to solution osmolarity changes, F(f),
was fitted to a single-exponential time constant: F(f)/F, = B + A¢™, where F, is initial
fluorescence, A4 is amplitude and 7 is the exponential time constant. Because of dye
binding to cells and/or the support, data used for exponential regression was collected at
5 min and later after establishing the osmotic gradient. Water flux was computed as the
rate of dye dilution by: dV(0)/dt = V,A/z, which follows from the relation: F({)/F, =V, /
(Vo + V(1)). V, is the initial volume of dye-containing apical buffer (0.2 cm®) and W(f) is
apical solution volume at time ¢. From these equations, Pr was computed as: dV(0)/dt =
P§Svy (®1- D7), where S is the tissue surface area assuming a smooth surface (1.13 cm?),
vy is the partial molar volume of water (18 cm*/mol), and (®;- @) is the transepithelial

osmotic gradient (3 x 10 mol/cm?).
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Plasma Membrane Water Permeability

Plasma membrane osmotic water permeability was measured using a calcein-
quenching method (shown in Fig. 3A) that has been applied previously to in vitro and in
vivo cell systems.'>'® Cells were loaded with calcein by incubation with PBS containing
10 uM calcein-AM (Molecular Probes) for 30 min at 37 °C. HBE cultures grown on
collagen-coated supports were studied by cutting the flat supports from the plastic inserts
and mounting them in a custom-built perfusion chamber, with support bottoms pressed
against a cover slip and apical cell surfaces exposed to perfusate. FRT cells grown on
glass cover slips were inserted in a similar perfusion chamber but with cells facing
upwards. Solutions were exchanged between PBS (290 mOsm) and hyperosmolar PBS
(590 mOsm, PBS with added D-mannitol) using a gravity pinch valve system (ALA
Scientific Instruments, Westbury, NY). Perfusates contained either DMSO vehicle
(0.1%) or amiloride (500 uM) added from a 1000x DMSO stock solution. Fluorescence
was excited using an X-cite 120 mercury lamp (EXFO Life Sciences, Ontario, Canada)
and focused through an inverted epifluorescence microscope through a long-working-
distance 25x air objective (numerical aperture 0.35, Leitz, Germany). Excitation and
emission light was filtered using a custom cube (Chroma, Rockingham, VT), and
fluorescence was collected using a 14-dynode photomultiplier, amplified, digitized and

recorded using custom software (written in LabView, National Instruments, Austin, TX).

To compute plasma membrane Py, relative fluorescence, F(f)/F,, was fitted to a
single exponential function (as above) for FRT cell studies, or a biexponential function,

F(0)/Fy=Ae"™ + Be" + C, for HBE studies. Plasma membrane P; was computed as
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described above, where surface area, S, was taken as apical surface area of the cell
monolayer, assuming a flat, smooth surface. The time-varying cell layer height, h(7), was
related to normalized amplitudes according to the predicted 50% final decrease from
initial height (h,) under hypertonic conditions. For FRT and HBE cells, A, was taken as 5

and 20 pm, respectively. Pr was then computed from: dh(0)/dt = Psvy (®;- ©2).
Airspace-Capillary Water Permeability in Intact Lung

Wild-type and AQPS-deficient mice in a CD1 genetic background (age 8—14
weeks)'” were sacrificed using an overdose of 2,2,2-tribromoethanol (avertin, Sigma-
Aldrich) intraperitoneally. Protocols were approved by the University of California, San
Francisco Committee on Animal Research. The trachea was transected and cannulated,
the pulmonary artery was cannulated, and the heart and lungs were moved en bloc to a
perfusion chamber as described.'® After ensuring that no air leaks were present, 0.5 mL
of FITC-dextran solution (10 kDa, 0.5 mg/mL in PBS; Sigma-Aldrich), with or without
freshly dissolved amiloride (500 uM), was instilled into the tracheal catheter. The
pulmonary artery was perfused at constant pressure (~60 cm H,O) with PBS, with or
without 500 uM amiloride, for at least 5 min before measurements. The pleural surface
was washed continuously with PBS, and perfusate and wash effluent were continuously
withdrawn from the chamber by suction (perfusate flow 5 mL/min). The time course of
fluorescence intensity from a 3—5 mm spot on the lung pleural surface, in a similar
location for all samples, was continuously monitored while perfusate fluid was

exchanged between isosmolar and hyperosmolar PBS (PBS + 300 mM D-mannitol),
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using the microscope set-up, detection system, and gravity pinch valve system described

above.

Histology and Immunocytochemistry

Paraffin sections of PO HBE cell culture inserts and fixed human trachea were
prepared. For paraffin sections, inserts were fixed for at least 30 min in buffered
formalin (10%) and stored in 0.1 M phosphate buffer (pH 7.4). Standard tissue
dehydration and paraffin infiltration was performed in a Tissue-Tek VIP processor
(Sakura Finetek, Torrance, CA). Sections were cut at 4 um on a rotary microtome and
stained with hematoxylin and eosin. Specimens were viewed and photographed on an
Olympus light microscope (Olympus America, Inc., Melville, NY) equipped with a
digital imaging system (QImaging, Burnaby, Canada). Immunostaining was done by
standard procedures using polyclonal antibodies for AQP3, AQP4 and AQPS (Chemicon,
Temecula, CA) incubated for 2 hr and Cy3-conjugated goat anti-mouse IgG (1:200;

Sigma-Aldrich) incubated for 30 min.

RT-PCR

Total RNA from HBE cells scraped freshly from PO culture inserts was isolated
by homogenization in TRIzol reagent (Invitrogen, Carlsbad, CA), and mRNA was
extracted using the Oligotex mRNA midi kit (Qiagen, Valencia, CA). cDNA was reverse
transcribed from mRNA with oligo(dT) (SuperScript II preamplification kit, Invitrogen).
Primers were designed to amplify 300-350 base pair fragments of cDNAs encoding

human B-actin (sense, 5'-GCATGGAGTCCTGTGGCATCC-3'; antisense, 5'-
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CATTTGCGGTGGACGATGGAC-3"), AQP1 (sense, 5'-
GCCATCGGCCTCTCTGTAGCC-3'; antisense 5'-CTATTTGGGCTTCATCTGCAC-
3", AQP2 (sense, 5'-ACCTCCTTGGGATCCATTACA-3'; antisense, 5'-
TCAGGCCTTGGTACCCCGTGG-3"), AQP3 (sense, 5'-
CTGGTGGTCCTGGTCATTGGC-3'; antisense, 5'-CTGCTCCTTGTGCTTCACATG-
3", AQP4 (sense, 5'-GGACCTGCAGTTATCATGGGA-3'; antisense, 5'-
CAATACCTCTCCAGATTGTGC-3'), AQPS5 (sense, 5'-
CTGTCCATTGGCCTGTCTGTC-3', antisense, 5'-GCGGGTGGTCAGCTCCATGGT-
3"), AQP6 (sense, 5'-CTGGGCCACCTCATTGGGATC-3'; antisense, 5'-
TCACACACTCTCCATCTCCAC-3), AQP7 (sense, 5'-
CAGGTCTTCAGCAATGGGGAG-3'; antisense, 5'-CTCTAGGGCCATGGATTCATG-
3", AQP8 (sense, 5'-GTGGCAGAGATCATCCTGACG-3'; antisense, 5'-
TTCAGGATGAGGCGGGTCTTC-3'), and AQP9 (sense, 5'-
GACTCCAGAAACTTGGGAGCC-3'; antisense, 5'-TTGTCCTCAGATTGTTCTGCC-
3"). RT-PCR (for stained agarose gels) was performed with the Taq DNA polymerase kit

(Invitrogen) and PCR products were electrophoresed on a 1.2 % agarose gel.

Fluorescence-based real-time RT-PCR was done to compare relative AQP3,
AQP4, and AQP5S mRNA expression in non-CF vs. CF cells using the LightCycler™ and
with LightCycler FastStart DNA Master’-US SYBR Green I kit (Roche Diagnostics
Corp., Indianapolis, IN) according to the manufacturer’s instructions. Surface epithelial
cells were dissociated from human bronchi, quick-frozen, and stored at —80 °C until
thawed for RNA isolation. PCR primers were as described above. Results were reported

as a normalized, calibrated ratio with all samples normalized to B-actin. Concentration
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ratios for each CF and non-CF sample were calibrated to calibrator samples (pooled
c¢DNA from non-CF subjects), with the results reported as a normalized ratio with the
calibrator sample as the denominator: relative mRNA level = ratio of sample (target /

reference) / ratio of calibrator (target / reference).

Results

Amiloride-Independent Transepithelial Water Permeability in HBE Cultures

Water transport in airway surface epithelium was studied using well-differentiated
human bronchial epithelial (HBE) cell cultures. Transepithelial osmotic water
permeability was measured using a dye dilution method that assays water flux across
tight epithelia cultured on porous filters (Fig. 2A). The fluorescence of an apical solution
volume marker provided a quantitative readout of osmotically driven water transport
across the cell layer. An induced osmotic gradient caused transepithelial water
movement, from which osmotic water permeability (Ps) was deduced. The PO non-CF
cultures were first characterized. Figure 2B (top) shows fluorescence dilution at 37 °C, in
which a 300 mM gradient of D-mannitol induced osmotic water flux into the apical, dye-
containing solution. Data in the absence vs. the presence of amiloride (500 uM) are
compared. Figure 2C summarizes transepithelial Pr values. There was no significant
difference in Prupon exposure of PO HBE cultures to high-dose amiloride (control vs.

amiloride: 54 £ 5 vs. 52 £ 7 um/s).

When the direction of the osmotic gradient was reversed by addition of mannitol

to the basal-bathing solution, the fluorescent volume marker became concentrated over
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time (Fig. 2B, middle). The deduced transepithelial P¢ (46 + 15 pm/s) did not differ
significantly from that in control studies (mannitol in apical solution), indicating
symmetrical water transport. To investigate the involvement of AQPs in HBE water
permeability, experiments were done at reduced temperature (27 °C), and with reduced
pH in the apical or basal-bathing solutions (Fig. 2C, bottom). Pgat 27 °C (47 £ 9 pm/s)
was similar to that at 37 °C, indicating a low Arrhenius activation energy as expected for
AQP-facilitated water transport. Reducing apical solution pH to 5 did not change P
significantly, whereas a basolateral solution pH of 5 decreased P¢ by > 90%, providing
functional evidence for the involvement of basolateral membrane AQP3 in water
permeability; the water permeability of AQP3 is inhibited at low pH, whereas that of

other AQPs is not."”

Non-CF and CF P1 cell cultured were also studied to mimic the culture conditions
employed by Donaldson et al.' As summarized in Figure 2D, P1 cultures had ~50% lower
water permeability than PO cultures, but without significant differences comparing non-
CF vs. CF cultures, or control cultures vs. cultures exposed apically to 500 uM amiloride.
Finally, as an additional attempt to look for amiloride-sensitive water transport, water
permeability was measured in PO cultures in the presence of both apically and
basolaterally added amiloride (500 pM). As seen from the raw fluorescence data in
Figure 3E, osmotic water flux was not inhibited by high-dose amiloride, indicating lack

of amiloride inhibition of apical or basolateral AQPs.
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Amiloride-Independent Plasma Membrane Water Permeability in HBE Cultures

Plasma membrane water permeability in PO HBE cultures was determined using a
calcein-quenching method, which is based on rapid changes in cytoplasmic calcein
fluorescence in response to changes in concentration of cytoplasmic anionic proteins and
hence to changes in cell volume (Fig. 3A, Ref. ). Supports with calcein-loaded HBE
cells were mounted in a perfusion chamber for continuous measurement of cytoplasmic
calcein fluorescence. Switching between isosmolar and hyperosmolar perfusates
produced reversible changes in fluorescence with biexponential kinetics (Fig. 3B),
probably reflecting the heterogeneous distribution of AQPs and the complicated
geometry of bronchial epithelia. P was quantified from initial kinetics of fluorescence
change in response to osmotic gradients as described under Methods. As summarized in
Figure 3C, plasma membrane P¢ was not significantly affected by inclusion of 500 uM

amiloride in the perfusates.
Aquaporin Expression in HBE Cultures

AQP expression was characterized in PO HBE cells. Hematoxylin and eosin-
stained transverse paraffin sections confirmed the differentiation of 2-week old cultures
into a ~20 um thick pseudostratified epithelium with numerous cilia (Fig 4A). Cultures
were scraped for RT-PCR analysis, which detected mRNA for several AQPs (Fig 4B).
Transcripts of AQP3, AQP4, and AQPS were found in highest abundance, consistent
with previous studies (see Discussion). Lesser, but non-zero expression of AQP1, AQP6,
and AQP7 mRNA was detected. Quantitative real-time RT-PCR was done to compare

expression of the principal AQPs in PO HBE cultures from non-CF vs. CF airways. As
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summarized in Figure 4C, no significant differences were found in AQP transcript
expression in non-CF vs. CF cells. Immunofluorescence done on paraffin sections of
HBE cultures and intact human bronchus demonstrated AQP3 and AQP4 protein
expression on basolateral membranes, while AQPS protein expression was not detected.
Positive control staining of kidney for AQP3 and AQP4 is shown, and of salivary gland

for AQPS.

Amiloride-Independent Water Permeabilities in AQP-Expressing FRT Cells

We next investigated possible effects of amiloride on the major lung AQPs,
including AQP1 (expressed in microvascular endothelia), using AQP-transfected
epithelial cells and intact mouse lung. Transepithelial and plasma membrane water
permeabilities were measured in FRT cells expressing either YFP (control), AQP1,
AQP3 or AQP4. Transepithelial water permeability of FRT cell lines grown on Transwell
supports was measured after cultures formed electrically tight monolayers. Water
permeabilities of AQP-expressing FRT cells were greater than that in control cells, and
not sensitive to amiloride (Fig. SA, top). Figure 5A (bottom) summarizes transepithelial
Ps values. Plasma membrane water permeability was measured on the FRT cells, with
calcein fluorescence curves fitted to single-exponential functions (representative traces
for FRT-AQP3 and FRT-AQP4 cells shown in Fig 5B, top). In agreement with
measurements of transepithelial water permeability, plasma membrane P was increased

with AQP expression, and not sensitive to amiloride (Fig. 5B, bottom).
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Amiloride-Insensitive Airspace-Capillary Water Permeability in Perfused Mouse

Lung

Last, the effect of amiloride was investigated in intact, perfused mouse lung using
a pleural surface method to measure airspace-capillary osmotic water permeability.'® The
airspace compartment was filled with isotonic fluid containing FITC-dextran as a volume
marker. The kinetics of pleural surface FITC-dextran fluorescence was measured in
response to changes in osmolality of the pulmonary artery perfusate. There was rapid
osmotic equilibration across the airspace-capillary barrier, which was not affected by
inclusion of 500 uM amiloride in the airway instillate and pulmonary artery perfusate
(Fig. 6A, top). In agreement with previous results,?’ osmotic equilibration was ~10-fold
slowed in lungs of AQPS5-deficient mice (Fig. 6A, bottom), indicating the involvement of
AQPS5 in airspace-capillary osmotic water transport. The rates of osmotic water
equilibration in lungs from wild-type mice (with and without amiloride) are summarized

in Figure 6B.

Discussion

The primary purpose of this study was to investigate a proposed AQP-dependent
mechanism to account for the clinical effects of nebulized hypertonic saline (HS) and
amiloride on lung function in CF. The validity of the proposed mechanism of clinical
benefit involving amiloride-sensitive airway AQPs has important implications regarding
the use of HS vs. non-salt hyperosmolar agents in CF therapy, as well as in the proposed

use of amiloride-type ENaC inhibitors in preventing ASL dehydration.
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HS is being used increasingly as a chronic therapy in CF, particularly following
the recent publication of two clinical trials in the New England Journal of Medicine
demonstrating clinical benefit.'? The larger of the two studies reported that 4 mL of 7%
HS nebulized twice daily for 48 weeks decreased exacerbation rate by 56% in CF
subjects.’ Exacerbations were defined by the need for intravenous antibiotics, or using a
symptom score involving increased sputum production, lethargy, dyspnea and fever. In
previous smaller studies of CF subjects, a single nebulized dose of 6~7% HS increased
mucociliary clearance at 60 and 90 min, as measured by radionucleotide imaging.*’
Increased mucociliary clearance was dose-dependent up to 12% HS in 10 adults treated
with a single dose and tested at 90 min.* In a 2-week study in 52 CF subjects, 10 mL of
6% HS improved lung function as measured by a 12% increase in forced expiratory
volume in one second (FEV1).® HS has also been shown to increase mucociliary
clearance in healthy subjects and in subjects with asthma or chronic obstructive lung
disease.?'*? Various non-salt hyperosmolar agents have been posited to improve mucus
clearance in CF and other chronic inflammatory lung diseases. The best-studied non-salt
hyperosmolar agent is mannitol. In 12 CF subjects, single-dose administration of 300 mg
mannitol as a dry powder improved bronchial mucus clearance at 60 min, though there
was a small decline in FEV1 immediately after inhalation that was unresponsive to
bronchodilator premedication.’ The same dose of mannitol improved mucus clearance
two-fold in healthy, asthmatic, and bronchiectatic subjects.?'** A 12-day trial of 400 mg
mannitol daily in 9 non-CF bronchiectatic subjects gave no change in FEV1, but
improved various sputum characteristics such as surface tension and spinnability.2*

Another inhaled hyperosmolar agent, xylitol, reduced ASL salt concentration in CF and

213



non-CF airway epithelia in vitro.?* Pretreatment of human airway explants for 1 hour

with 60-80 mg/mL xylitol reduced binding of a Burkholderia cepacia isolate.?®

As part of the present study we characterized AQP expression and function in
water transport across human bronchial epithelial cells. As discussed in the Introduction,
a central prediction of the mechanism proposed by Donaldson et al. is the inhibition of
AQP water permeability by amiloride. To support their mechanism, the authors measured
transepithelial flux across HBE cultures in response to an apically directed mannitol
gradient as we have done here (Fig. 2A), with two differences. First, in their study, the
concentration of Texas Red-dextran was measured in the basolateral (rather than apical)
solution. Second, in their study fluorescence was measured by confocal microscopy,
without any buffer sampling. They detected membrane transport rates as changes in cell
height over time, with cytoplasmic calcein fluorescence imaged using reconstructed x-z
confocal stacks. From both approaches, they reported a >70% reduction in osmotic water
transport by 100400 uM amiloride in non-CF and CF HBE cultures. Amiloride also
prevented the transient increase in ASL volume upon acute addition of perfluorocarbon-
dispersed NaCl to the mucosal surface of epithelial cultures. HgCl,, a toxic and non-
specific inhibitor of AQPs, dramatically inhibited this ASL volume response, though this
finding appears at odds with their prior report of a much milder (~30 %) reduction of
transepithelial and membrane water permeability by apically added HgCl,.® Based on
these data, the authors proposed that inhibition of airways AQPs by amiloride accounted

for clinical effect, and supported the hypothesis of ASL dehydration in CF.
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Here, using essentially the same airway epithelial cell culture model used
Donaldson et al., we found no effect of amiloride on transepithelial or plasma membrane
osmotic water permeability. Our fluorescence-based methods are capable of detecting
small water permeability differences of under 10%. Also, we found no effect of amiloride
on the water permeability of individual airway/lung AQPs in transfected epithelial cells,
or in AQP5-dependent airspace-capillary water permeability in intact perfused mouse
lung. We conclude that amiloride does not inhibit osmotically-driven water transport in
the airways or lung, indicating the need to identify other mechanism(s) to explain the
paradoxical clinical observations reported by Donaldson et al. The discrepancy between
our findings and those of Donaldson et al. may be related to differences in measurement
techniques, as discussed above. The techniqués of Donaldson et al. were first employed
by Matsui et al.” in characterizing HBE water permeabilities. This earlier study reported
in both non-CF and CF P1 cultures a plasma membrane Pg(~90 um/s) ~2-fold less than
transepithelial Pr(~160 um/s), which is a physical impossibility for a tight epithelium
since the apical and basolateral membranes are barriers in series. Here, our results for PO
cultures are very different: a higher membrane P¢ (~200 um/s), which is ~4-fold greater
than transepithelial P¢(~50 pm/s). For non-CF and CF P1 cultures, we found a lower
transepithelial P¢(~25 pm/s). Our results are consistent with the predicted lower

transepithelial permeability of a multi-layered cell culture.

Without confirmed inhibition of AQP function, it remains difficult to understand
the reported deleterious clinical effect of amiloride. Several small studies, including that
by Donaldson et al.,' have shown that amiloride does not reverse the HS-mediated acute

increase in mucociliary clearance. For example, in 16 healthy subjects, a single dose of
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inhaled amiloride plus 7% HS did not increase or decrease mucociliary clearance
compared to 7% HS alone.?” There is some evidence to suggest that inhaled amiloride
alone, not paired with HS, may have a beneficial effect on mucociliary clearance in
healthy and CF subjects.”’?® However, it is reported that amiloride should not remain in
lung tissue long enough to have significant long-term effect on lung function.?
Amiloride is known to inhibit Na'/H" exchange, so it is possible that the apparently
negative effects of amiloride in the presence of a large hyperosmotic load are related to
action at other site(s) on airway epithelial cells, via alteration of cell pH regulation or ion

balance.

Prior immunolocalization studies have reported the expression of AQP4 at the
basolateral membrane surface in epithelial cells throughout large and small airways in
mice, rats and humans (reviewed in Ref. *®). AQP3 was found to have a more limited
expression pattern in basolateral membranes in basal cells of large and central airways
and nasopharnyx. Several studies have shown the expression of AQP1 in microvascular
endothelia through the airways/lung, but not in epithelial cells.*'*> AQPS5 is expressed
strongly type I alveolar epithelial cells in humans and rodents, and likely in some airway
epithelial cells in human large airways.*>** In well-differentiated primary cultures of
human airway epithelial cells and in fixed human bronchi, we found here expression of
AQP3 and AQP4 in the basolateral membranes of airway epithelia, but did not detect
AQPS5 protein expression. However, the lack of AQPS5 immunostaining probably reflects
a lack of antibody specificity rather than the absence of functional protein, given the
demonstrated presence of AQPS in nasal and bronchial epithelial cells in previous

studies.*
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Prior functional studies have suggested the involvement of AQPs in airway water
permeability. Our initial measurements in microperfused small airways from guinea pig
showed high transepithelial water permeability (P~ 50 pm/s) that was weakly
temperature-sensitive and was mercury-insensitive, suggesting the involvement of
AQP4.” Recent data from spheroid explants of human nasal polyps provided evidence for
AQPS function in airway epithelia. In these large, spherical airway cell monolayers, with
ciliated apical membrane facing outward, Pederson et al.” reported high membrane Ps
(~150 pm/s) that was sensitive to brief exposure to low-concentration mercury. Here, our
high Ps values for HBE cultures and the weak temperature-dependence of permeability
suggest AQP-mediated water movement (Fig. 2). Additionally, the reduced
transepithelial osmotic water permeability under low pH in the basal (but not apical)
membrane-facing solution provides indirect evidence for function of AQP3 (the only pH-
regulated airway AQP regulated) in HBE basolateral membranes.'® CF cultures had
similar water permeability to non-CF cultures, consistent with our RT-PCR data (Fig. 3C)

and with previous reports.®’

On theoretical grounds the functioning of airway AQPs is not expected to be a
significant determinant of ASL volume, composition or other properties. Because the
lipid bilayer in plasma membranes has substantial water permeability, the presence of
AQPs generally increases plasma membrane water permeability by only 5-10 fold, which
is important for rapid fluid movement such as in kidney or salivary gland, but not for the
many orders of magnitude slower fluid movement in the lung (reviewed in Ref.

34). Indeed, despite 10-fold slowed osmotic water permeability in mouse lung by deletion

of AQP1 and AQPS, isosmolar fluid absorption was unaffected.?**® Also, we reported
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previously that deletion of each of the airway/lung aquaporins (AQP1, AQP3, AQP4 and
AQPS), individually and in combinations, did not affect ASL volume or ionic
composition, and had only minimal effect of airway hydration at maximal respiratory

rates. 10

The discussion above indicates the difficulty in ascribing aquaporin function, and
increased ASL volume in general, to account for the effects of nebulized HS. Another
potential problem with the hypothesis of increased ASL volume is that the excess fluid
added to the intact airways/lung is likely to dissipate over minutes or tens of minutes,
rather than produce a sustained increased in ASL volume over hours between hypertonic
saline treatments. Because of the large surface-to-volume ratio of the alveoli and airways
and their high water permeability, added hypertonic fluid becomes nearly isotonic within
one minute due to osmotic water efflux into the airspaces. We showed rapid osmotic
equilibration initially in sheep lung,’ and later in other mammals,'® including mouse as
seen in Figure 6. Because of rapid isosmolar fluid absorption in mammalian lung,
including human lung (reviewed in Ref. *’), the ~40 mL of isosmolar fluid produced by
nebulizing 5 mL of 7 % HS is likely to be absorbed in < 15-30 min. However, the exact
clearance rate of HS would depend on its distribution in small vs. large airways following
nebulization. Rapid isosmolar fluid absorption has also been shown in the CF lung
despite absent CFTR, because basal, cAMP-independent lung fluid absorption does not
involve CFTR.* Thus, it is difficult to reconcile the clinical benefit of HS with the
expected transient increase in ASL volume; however, the exact location of excess fluid,

in terms of airways vs. alveoli and periciliary vs. mucus fluid, is not known. The
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increased ASL volume mechanism would also predict better outcome of inhaling non-

absorbed solutes such as mannitol or xylitol, which from clinical studies is not the case.’

Alternative mechanisms have been proposed to account for the apparent clinical
benefit of inhaled hyperosmolar agents. One mechanism involves the direct effects of
NaCl and mannitol on mucus rheology.’ HS has been proposed to reduce mucin
entanglement by shielding fixed negative charges on the mucin backbone; mannitol has
been proposed to compete with oligopolysaccharides on mucin macromolecules, thereby
disrupting hydrogen bonds and reducing entanglements.*****! A proposed mechanism for
benefit of mannitol is based on the hypothesis that a relatively salty ASL in CF decreases
innate immune defenses such as lysozyme, lactoferrin, and beta-defensins. If correct, a
nonionic osmotic agent such as mannitol might be of benefit by reducing ASL salt
concentration.>”**? Another proposed mechanism is the induction of cough in subjects
inhaling hyperosmolar agents, which are quite irritating to the airways, although some
studies concluded that changes in the mucociliary clearance are unlikely to be attributed
to increased cough.>*?? Another proposed mechanism involves the direct or indirect
action of hyperosmotic agents on mucus-secreting cells or sensory nerves in stimulating
mucus secretion, whereby increased mucus secretion and ciliary action are proposed to
‘flush out’ sticky, bacteria-laden secretions.” We would add to this list the possibility of
transient osmotic flow-induced convection of mucus into the airways as a major factor in
the clinical benefit of HS. A critical re-examination of the mechanism(s) by which HS
improves lung function in cystic fibrosis might lead to a better, mechanism-based

approach for inhaled osmolar therapy.
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Figure Legends

Ficure 1. Proposed mechanism of hypertonic saline and amiloride effects on airway
surface liquid (ASL) in cystic fibrosis. In CF, periciliary fluid is depleted due to impaired
CI" secretion through CFTR, and increased Na" absorption through ENaC (left panel).
Hypertonic saline is proposed to increase ASL volume (middle panel) via AQP-mediated
and/or transmembrane water movement (blue arrows). By inhibition of ENaC, amiloride
is postulated to increase ASL volume by blocking Na* and fluid absorption (right, top
panel). Amiloride inhibition of AQP water channels was proposed as a mechanism to
account for the amiloride effect of negating the beneficial clinical effects of hypertonic

saline (right, bottom panel). See text for explanations.

Ficure 2. Transepithelial water permeability of human bronchial cell cultures. Water
permeability across HBE cell layers measured by a dye dilution fluorescence method. (A)
Schematic of osmotically induced transcellular water flux across porous Transwell
membranes. Water movement from basal to apical solutions reduces the concentration of
an inert volume marker in the apical solution. (B) Time course of osmotic water
movement across PO HBE cell cultures, with apical solution fluorescence normalized as
F/F,, and single-exponential fits shown as solid lines (see Methods). Top: comparison of
control cultures (open circles) with cultures exposed to 500 pM amiloride at their apical
surface (closed circles). Measurements performed at 37 °C (7 cultures per group, + SE).
Middle: time course of apical solution fluorescence upon inclusion of 300 mM D-
mannitol in basal (rather than apical) surface-facing buffer (37°C, 4 cultures, + SE).

Bottom: comparison of control cultures (open circles) with cultures exposed to low pH at
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their apical (open triangles) or basolateral (open squares) surfaces (27 °C, 4 cultures, +
SE). (C) Summary of Ps for experiments in (B). * P < 0.05. (D) Summary of Ps for
experiments done on P1 non-CF and CF HBE cells, in the absence and presence of 500
uM apical amiloride (37 °C, 4 cultures for each non-CF group and 5 cultures for each CF
group, £ SE). (E) Time course of osmotic water movement across PO HBE cells,
comparing control cultures (open circles) with cultures exposed to 500 uM amiloride at
both apical and basolateral surfaces (closed circles). Data expressed as absolute

fluorescence in arbitrary units (4 cultures per group, + SE).

Ficure 3. Plasma membrane water permeability of human bronchial cell cultures. Water
permeability measured by a calcein fluorescence quenching method. (A) Schematic of
cell-volume-dependent calcein quenching, where apical plasma membrane exposure to
hypertonic buffer induces cell shrinking, reducing cytoplasmic calcein fluorescence due
to quenching by anionic cytoplasmic proteins. (B) Representative time-courses of calcein
fluorescence in HBE cells in response to hyperosmolar challenge followed by return to
isosmolar solution, in the absence (fop) or presence (bottom) of 500 uM amiloride.
Double-exponential fits used for P¢ determination are overlaid (see Methods). (C)
Summary of calculated P (3—6 curves averaged for individual cultures, 3 cultures per

condition, + SE). Differences not significant.

Ficure 4. (A) Histology of well-differentiated HBE cells. Hematoxylin and eosin-stained
section cut from non-CF culture embedded in paraffin. Scale bar = 20 um. (B) AQP
transcript expression in HBE cultures. Top: RT-PCR analysis of HBE cultures. Bottom:

positive control taken from cDNA pooled from human brain, kidney, and lung. (C)
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Quantitation of relative AQP3, AQP4, and AQP5 mRNA expression in PO CF vs. non-CF
HBE cells by fluorescence-based RT-PCR (see Methods; 2 CF and 3 non-CF subject
isolates analyzed, + SE). (D) AQP3, AQP4 and AQP5 immunostaining of paraffin
sections of human bronchus tissue (fop panes), HBE culture (middle panels), and positive
controls (mouse renal cortex, bottom left; renal medulla, bottom middle; salivary gland,
bottom right). Arrows denote apical side and arrowheads denote basal side. Scale bar =

50 mM.

Ficure §. Transepithelial and membrane water permeabilities in AQP-transfected FRT
cell cultures. (A) Transepithelial osmotic water permeability of transfected FRT cells
measured by dye-dilution. Top: averaged time courses of osmotic water movement in
FRT cell cultures transfected with YFP (circles), AQP1 (squares), AQP3 (diamonds),
and AQP4 (triangles), with apical solution fluorescence normalized as F/F,. Controls
cultures (open symbols) were compared with cultures exposed to 500 uM amiloride at
their apical surface (closed symbols). Measurements performed at 37 °C (3 cultures per
group, £+ SE). Single-exponential fits shown as solid lines. Bottom: summary of P values.
Differences not significant. (B) Plasma membrane osmotic water permeabilities of YFP-,
AQP-transfected FRT cells measured by calcein quenching. Top: representative time
courses of calcein fluorescence in cultures of AQP3- (top curve) and AQP4- (bottom
curve) transfected cells in response to hyperosmolar challenge and return to isosmolar
solution, in the absence of amiloride. Bottom: summary of P¢(4-8 curves averaged from

single cultures, 3 sets of cultures per condition, + SE). Differences not significant.
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Ficure 6. Airspace-capillary water permeability in perfused mouse lung. (A)
Representative traces of pleural surface FITC-dextran fluorescence from wild-type mouse
lung without (top, left) and with (top, right) 500 uM amiloride, and untreated lung of
AQP5-null mouse (bottom). Pulmonary artery perfusate osmolality indicated. (B)
Summary of rates of capillary-airspace osmotic equilibration from experiments as in (A).

(4 mice per condition, + SE). Difference not significant.
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CHAPTER 8.

Nanomolar Potency Small-Molecule Inhibitors
of Urea Transporter UT-B

Identified by High-Throughput Screening

Abstract

PURPOSE: Functional studies in knock-out mice indicate a critical role for urea transporters
(UTs) in the urinary concentrating mechanism and in renal urea clearance. However,
potent and specific urea transport blockers have not been available. Here, we used high-
throughput screening to discover high-affinity small-molecule inhibitors of the UT-B

urea transporter.

METHODS: A collection of 50,000 diverse, drug-like compounds was screened using a
human erythrocyte lysis assay based on UT-B-facilitated acetamide transport. ~700
structurally similar analogs of ‘hits’ were also tested to establish structure-activity

relationships and to identify potent inhibitors.

RESULTS: Primary screening yielded ~30 UT-B inhibitors belonging to the
phenylsulfoxyoxozole, benzenesulfonanilide, phthalazinamine and aminobenzimidazole
chemical classes. Screening of analogs of ‘hits’ gave many active chemicals, the most
potent of which inhibited UT-B urea transport with ECsy ~10 nM, with ~100% inhibition
at higher concentrations. Phenylsulfoxyoxozoles and phthalazinamines also blocked
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rodent UT-B at higher concentrations (ECso ~200 nM), and had good UT-B vs. UT-A
specificity. The UT-B inhibitors did not reduce aquaporin-1-facilitated water transport.
In AQP1-null erythrocytes, ‘chemical UT-B knock-out’ by UT-B inhibitors reduced by
~3-fold UT-B-mediated water transport, providing strong support for the hypothesis that

UT-B contains an aqueous pore pathway.

concLusions: UT-B inhibitors may represent a new class of diuretics, ‘urearetics,” which

are predicted to increase renal water and solute clearance in water-retaining states.

Urea is generated as the major end product of hepatic nitrogen metabolism and is
excreted primarily by the kidney. Urea and NaCl are the major solutes in the
hyperosmolar renal medulla. In the antidiuretic kidney urea is greatly concentrated with
respect to plasma (up to 100 times in humans and 250 times in rodents) by countercurrent
multiplication and exchange mechanisms.' Of central importance to these mechanisms is
intrarenal urea recycling, which requires facilitated urea transport by molecular urea
transporters (UTs). UTs are comprised of two major subfamilies encoded by different
genes (UT-A and UT-B, reviewed in Refs. >*). In kidney, a single UT-B isoform is
expressed in vasa recta while several splice variant UT-A-type transporters are expressed

in kidney tubule epithelia (reviewed in Ref. *).

Phenotype analysis of mice separately lacking vasa recta UT-B or inner medullary
collecting duct UT-A1/3 implicated UT involvement in the formation of concentrated
urine and in renal urea clearance.>®’ The UT-B knock-out mice generated by our lab

manifest a urea-selective urinary concentrating defect associated with urinary
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hypoosmolality and increased renal urea clearance.’ UT-B is also expressed outside of
the kidney, most notably and in highest abundance in red blood cell (RBC) membranes.
Loss-of-function human UT-B mutations result in greatly reduced RBC urea permeability
and a mild urinary concentrating defect. ** The mouse and human phenotypes support the
possible use of UT-B inhibitors as unique urea-clearance-enhancing diuretics, which we
call ‘urearetics.” However, studies in genetically modified mice are potentially
confounded by changes in expression of other proteins such as membrane transporters.
‘Chemical knock-out’ by potent and specific small-molecule inhibitors would largely

obviate these concerns.

The only available UT inhibitors include the non-specific membrane intercalating
agent phloretin (acting at >0.5 mM), urea analogs such as thiourea, methylurea, and
dimethylurea (acting at 50-100 mM), ' and chemically modified urea analogs (acting
irreversibly at 30-100 uM)."! The goal of this study was to identify potent, small-
molecule UT inhibitors. Since no structural information about UTs is available, nor are
existing UT inhibitors useful for ‘lead-based’ discovery, our strategy to identify UT
inhibitors was high-throughput screening of a drug-like small molecules with high

chemical diversity.

Our high-throughput screening strategy, as diagrammed in Figure 1, was based on
measurement of lysis of human RBCs after imposing a large, outwardly directed gradient
of acetamide, a urea analog that is transported efficiently by UT-B. RBCs were chosen
for the primary screening assay because of their: (a) availability in large quantities; (b)

high urea permeability resulting from strong expression of only one UT, UT-B; and (¢)

236



high aquaporin (AQP)-mediated water permeability (for a lysis-based assay). We used
human RBCs for primary compound screening with the aim of discovering inhibitors that
could be further developed as therapeutics. In the assay, imposing a large, outwardly
directed gradient of acetamide causes cell swelling, which is limited by UT-B-facilitated
acetamide efflux. Under appropriate conditions, UT-B inhibition slows acetamide efflux
and increases cell lysis, which was assayed by near-infrared light scattering. Our cell-
based lysis assay was validated and used to discover novel small-molecule UT-B
inhibitors, which were then optimized by screening of chemical analogs, and further

characterized.

Methods

Mouse and Human Blood Collection

Human venous blood obtained from a single donor (M.H.L.) was collected into
Vacutainers coated with sodium heparin (Becton-Dickinson, Franklin Lakes, NJ), stored
at 4 °C, and used within 48 hr of collection. All human procedures were approved by the
University of California, San Francisco Committee on Human Research. Whole mouse
blood was collected from 8-12 week-old (25-35 g) wild-type, AQPI1-null," or UT-B-
null® mice in a CD1 genetic background by orbital puncture following subcutaneous
injection with sodium heparin (150 USP units). All animal protocols were approved by

the University of California, San Francisco Committee on Animal Research.
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Instrumentation and Compounds for High-Throughput Screening

Screening was carried out using a Beckman Coulter (Fullerton, CA) integrated
system consisting of a 3-meter robotic arm, microplate carousel, liquid handling work
station with parallel 96-well solution mixing and transfer (Biomek FX), plate sealer, and
two fluorescence plate readers (FLUOstar Optima; BMG LABTECH Gmbh; Durham,
NC), each equipped with a 710 + 5 nm absorption filter (Chroma, Rockingham, VT).
Primary screening was done using a collection of 50,000 diverse, drug-like compounds
(>90% with molecular size of 250-500 Da) from a commercial source (ChemDiv Inc.,
San Diego, CA). 96-well plates containing four compounds per well (each 2.5 mM) were
prepared for screening and stored frozen in DMSO. Plates with one compound per well
(at 10 mM in DMSO) were stored separately and used later to identify and characterize

active compounds.

Screening Procedures

At the time of the assay, whole human blood was diluted to a hematocrit of 1% in
hyperosmolar PBS containing 1.25 M acetamide and 5 mM glucose (1550 mOsm,
measured using freezing point-depression osmometry; Precision Systems, Natick, MA).
Identical assay results were obtained when washed/centrifuged RBCs were used instead
of whole blood. RBC suspensions were maintained at room temperature for up to 2 hr by
periodic pipette mixing. 99 uL from a reservoir containing the RBC suspension was
added to each well of a 96-well round-bottom microplate (FALCON, Becton Dickinson),
to which test compounds were added (1 pL, 25 uM final compound concentration, 1%

final DMSO concentration). After 6 min incubation, 20 pL of the RBC suspension was
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added rapidly to each well of a 96-well black-walled plate (Costar, Corning, NY)
containing 180 uL isosmolar buffer (PBS containing 1% DMSO) in each well. Vigorous

mixing was achieved by repeated pipetting.

RBC lysis was quantified from a single time-point measurement of absorbance at

710-nm wavelength, 13,14

made within 5 min after hypoosmolar shock. Absorbance values
were stable for at least 1 hr. Each assay plate contained eight negative ‘no-lysis’ controls
(isotonic buffer; PBS + 1.25 M acetamide with 1% DMSO) and eight positive ‘full-lysis’
controls (distilled H,0 with 1% DMSO) that were mixed with DMSO vehicle-treated
blood. The statistical z factor, indicating ‘goodness of the assay,’'* was computed using
data from test plates as defined by: z'= 1 — 3 (SDpost SDneg) / (Apos— Aneg)], Where SD;
and 4, are the standard deviations and mean absorbance values for positive (pos) and
negative (neg) controls. The percentage of RBC lysis in each test well of a given plate
was calculated using control values from the same plate as: % lysis = 100% (Aneg — Atest) /
(Aneg — Apos), where A, is the absorbance value from a test well. During assay
optimization, some test wells were incubated with the non-specific UT-B inhibitor
phloretin (0.7 mM, dissolved at 100x in DMSO stock solution) as an additional positive
control. Chemicals were purchased from Sigma-Aldrich (St. Louis, MO) unless otherwise

noted.

Stopped-Flow Measurement of RBC Urea and Water Permeabilities

RBC urea and water permeabilities were assayed by stopped-flow light scattering
using a Hi-Tech Sf-51 instrument (Wiltshire, UK). For measurement of urea

permeability, dilutions of whole blood (human or mouse) in PBS (hematocrit ~0.5%)
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were incubated with test compounds for 5 min and then subjected to a 250-mM inwardly
directed gradient of urea. After an initial osmotic shrinking phase, the kinetics of
increasing cell volume caused by urea influx was measured as the time-course of 90°
scattered light intensity at 530 nm, with increasing cell volume resulting in reduced
scattered light intensity. As a positive control, 0.7 mM phloretin was added to the RBC
suspension prior to stopped-flow experiments. Measurements of water permeability were
carried out similarly, with sucrose (cell-impermeant) used instead of urea to establish a
250-mM osmotic gradient. As a positive control, HgCl, (0.3 mM) was added to the RBC
suspension prior to stopped-flow measurements. Osmotic water permeability coefficients

(P¢) were computed from light scattering data as described.'®
Inhibitor Optimization by Analysis of Structure-Activity Relationships (SARs)

Approximately 700 commercially available analogs (ChemDiv Inc. and Asinex;
Moscow, Russia) of active compounds identified in the primary screen were tested
against human and mouse UT-B using the RBC lysis assay. For some of the more active
compounds dose-response experiments were done using human and/or mouse blood by
the lysis assay. ECso was calculated by non-linear regression to the equation: % lysis = %
lysiSmin + (% lySiSmax [inh ]") / (ECso" + [inh]”), where [inh] is inhibitor concentration and

H is the Hill coefficient.
Determination of ECs for UT-B Inhibition from Stopped-Flow Measurements

ECs for inhibition of RBC urea transport was determined independently by

comparing stopped-flow light scattering curves to a model of cell shrinking-swelling. For
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stopped-flow experiments, a 100-mM gradient of urea (for human RBCs) or N-
methylurea (for mouse RBCs) was used to minimize competition effects (apparent urea
and N-methylurea affinities at 23 °C are ~200 and 100 mM, respectively).'® N-
methylurea, with >2-fold slower RBC permeability than urea, was used in mouse studies
to better resolve overlapping water and urea transport kinetics. Dose-response data was
also collected for human RBCs using a high concentration of 1 M urea to distinguish

between competitive vs. non-competitive inhibitor binding.

The two coupled differential equations describing water efflux and solute influx
in response to externally added urea or methylurea were numerically integrated using the
forward Euler method (At = 0.01 s) to reproduce the biphasic changes in cell volume
observed experimentally. Computations done using the smaller time step (A¢ = 0.001 s)
gave similar results, confirming the adequacy of the 0.01 s time step. Water flux, J, (in
cm®/s), across erythrocyte membranes is: J, = —PsSvw|[ (I — I.(i)) + (U — U.(i)) ]; solute
flux, Js (in mol/s), is: PsS'(U. — U.(7)). Permeability coefficients (Prand P;) are expressed
in units of cm/s, cell surface area (S) in cm?, extracellular () and cellular (c)
concentrations of impermeant (/) and urea/methylurea (U) solute in mol/cm®, and v, is 18
mol/cm’. Initial conditions were: I, = I(0) = 2.9 x 10 mol/ecm®, U, = 10* mol/cm®, and
U.(0) = 0. For each time step, a new cell volume (normalized to the initial size;
V(i+1)/V(0)) and a new cell permeant concentration (U(i+ 1)) were calculated from:
V(i+1)/V(0) = V(i)/ (0) — At Ps(S/V(0)) vw [ I (1 = V(i)/V(0)) + (U, — U(i)) ] and U (i+1)
= U ())/V(0) — At U (S/V(0)) vw (Ue — U,(i)). Normalized cell volume was assumed to be
inversely proportional to scattered light intensity. The product of Ps and the surface area-

to-volume ratio (S/¥(0)) was determined to be 3.4 x 10> s and 8.5 x 10? 5! for human
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and mouse erythrocytes, respectively, from water permeability measurements. P was
varied to reproduce experimental data, and ECso was computed using non-linear

regression (see above) of P vs. [inh] data.

In some experiments, to determine the sidedness of inhibitor action, compounds
were added only to the urea-containing solution (at concentrations 2 times higher than
their ECsp) before mixing with RBCs in stopped-flow measurements. To assay for
reversibility, compounds (at concentrations 4 times higher than their ECso) were added to

RBCs for 10 min and then washed by centrifugation prior to stopped-flow measurements.
Assay of UT-Al-Facilitated Urea Transport

MDCK cells stably transfected with rat UT-A1 (MDCK-UT-A1)"" were
generously provided by Dr. Jeffrey Sands. Cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM) with bicarbonate and supplemented with 10% fetal bovine
serum (FBS), 25 mM HEPES buffer, penicillin G (100 U/mL), streptomycin (100 pg/mL)
and hygromycin (500 pg/mL). For assay of urea flux, cells were grown on 12-mm
collagen-coated Transwell inserts (0.4 pm pore size; Costar) as described.'”'® Inserts
were incubated in hygromycin-free medium for 1 hr in a 5% CO, tissue culture incubator
(37°C), and then 2 x 10° cells/cm® were loaded onto each insert. Cells were used after
culture for 4 days in hygromycin-free medium, at which time they formed tight

monolayers (transepithelial resistance 500—-600 Qcm?).

UT-Al-facilitated urea flux in the basolateral-to-apical direction across

unstimulated and forskolin-stimulated MDCK-UT-A1 cell layers was measured in
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response to a 15-mM urea gradient. Experiments were carried out in 12-well plates in
which PBS, containing either DMSO vehicle or forskolin, with or without UT-B
inhibitor, added to both the apical-facing (0.2 mL) and basal-facing (1 mL) surfaces of
cells on the porous filters. Cultures were incubated in the absence of urea for 30 min at
37°C. Then, the basal-facing solution was replaced with PBS (containing same
components) with 15 mM urea. Five-uL samples of apical fluid were collected at
specified times during incubation at 37°C for assay of urea concentration using a
commercial kit based on chromogenic urea complexation at 520-nm wavelength
(Quantichrom™ Urea Assay Kit, BioAssay Systems, Hayward, CA). Forskolin (10 uM),
with or without UT-B transport inhibitors, was added from 1000x DMSO stock solutions
(0.2% final DMSO content). Inhibition of UT-A1-mediated transport was defined as %
inhibition = 100% (A forsk — Atest) | (Aforsk — Aphior). Aforsks and Apnior are averaged
absorbance values (at 520 nm) for cultures treated with forskolin and forskolin +
phloretin, respectively, and A are values from cultures treated with forskolin + test

compound.

Results

Assay Development and Validation

An RBC lysis assay was optimized for identification of small-molecule UT-B
inhibitors. As shown in Figure 1 and explained in the Introduction, UT-B inhibition was
assayed by increased RBC lysis when urea- or acetamide-loaded RBCs were rapidly

diluted into PBS. Conditions were optimized to give a robust assay with high sensitivity

243



and a low false-positive rate for high-throughput screening. Absorbance at 710 nm was
measured as a read-out of RBC lysis to minimize interference by test compounds and
hemoglobin. Urea and a panel of small urea-like solutes (formamide, N-methylurea,
acetamide, proprianamide, butyramide and isobutyramide) were evaluated as the loading
solute based on their transport kinetics and passage through UT-B. Acetamide was
selected because its equilibration in RBCs was ~2-fold slower than water, which is
optimal in an osmotic lysis assay, and because >95% of its transport in RBCs is UT-B-

dependent (as determined by stopped-flow light scattering, data not shown).

The optimal acetamide loading concentration was determined to identify UT-B
inhibitors in an automated, 96-well format. Figure 2A shows RBC lysis, determined by
absorbance at 710 nm (0.D.7)9), as a function of the acetamide concentration used to load
RBCs prior to mixing with acetamide-free buffer. Greater lysis, seen as reduced O.D.7,
was found with increasing acetamide concentration, as expected. Fifty percent lysis was
seen at ~1.6 M acetamide under control conditions (open circles) and at ~1.1 M when
UT-B-facilitated acetamide transport was inhibited by phloretin (filled circles). To best
distinguish between control vs. inhibited UT-B, we chose to use 1.25 M acetamide
(dashed vertical line) for the assay. Other technical considerations that were addressed
during assay optimization included maintenance of RBC viability and uniform
suspension, mixing conditions (rates, volumes and pipette tip locations in wells) and
incubation time/temperature. The goodness of the optimized assay was evaluated by
screening a series of plates containing positive and negative controls (0 and 100% lysis),

which gave a very good statistical z’-factor of 0.57 for the screen (Fig. 2B).
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Identification and Optimization of Small-Molecule UT-B Inhibitors

A collection of 50,000 small, drug-like compounds with high chemical diversity
was screened at 25 uM to identify UT-B inhibitors. Figure 2C shows the frequency
histogram of O.D.7;¢ values for all test compounds in the primary screen. Most
compounds showed no significant apparent UT-B inhibition based on little (<30%) RBC
lysis. Approximately 100 compounds producing >75% lysis were selected for further

evaluation.

After confirming active compounds using the 96-well plate RBC lysis assay, bona
fide urea transport inhibition was confirmed by stopped-flow light scattering from the
kinetics of urea influx (RBC swelling) in response to an inwardly directed urea gradient.
Rapid mixing of an RBC suspension with a hyperosmolar solution containing excess 250
mM urea produced rapid cell shrinking due to osmotic water efflux, followed by cell
swelling as urea (and water) influx occurred. Thirty-two compounds in four distinct
chemical structural classes were identified that at 5 uM produced substantial inhibition
(>95%) of UT-B-facilitated urea transport. Other compounds, with either much lower or
no activity in the stopped-flow assay, probably had apparent UT-B inhibitory activity in
the primary screen in part due to RBC toxicity and consequent increased lysis. Original
stopped-flow urea transport data for one representative compound (at 5 uM) of each class
is shown in Figure 2D (left). Tracings from control (no inhibitors) and phloretin-treated
RBC:s are provided for comparison. The new compounds at 5 pM inhibited UT-B-
facilitated urea transport in human RBCs by >95%, which is as good as or better than that

with 0.7 mM phloretin. Figure 2D (right) shows that none of the UT-B inhibitors, tested
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at an even higher concentration of 25 pM, inhibited RBC osmotic water permeability as
measured by cell shrinking in response to a sucrose gradient. Curves from negative
control (no inhibitor) and positive control (HgCl, water transport inhibitor) are provided

for comparison.

We next screened ~700 commercially available analogs of compounds from the
four chemical classes in order to establish structure-activity relationships (SAR) and to
potentially identify compounds with improved UT-B inhibitory potency. Analogs were
screened at 25 pM. Concentration-inhibition data were obtained for those compounds
producing >75% apparent UT-B inhibition by the RBC lysis assay. Figure 3A shows
chemical structures of potent compounds from each of the phenylsulfoxyoxozole,
benzenesulfonanilide, phthalazinamine, and aminobenzimidazole classes. These
structures are unrelated to phloretin or urea analog inhibitors. Figure 3B shows
concentration-inhibition data with apparent ECso values (in nM): ureaj,-101, 30; ureajn-
201, 300; ureainy-302, 100; and urea;n-404, 400. However, the apparent ECs, values in
this acetamide-based RBC lysis assay are not true ECs, values because of non-linearity
between acetamide permeability and percentage RBC lysis, and possible acetamide-

inhibitor competition.

To determine ECsg values for urea transport inhibition directly, RBC urea
transport was measured by stopped-flow light scattering using a non-saturating
concentration of extracellular urea (to avoid possible competition effects). Figure 4A
shows representative data for inhibition of RBC urea transport by ureaj;,-101 and ureaju,-

302. Urea permeability coefficients (Ps) were determined from light-scattering curves by
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numerical integration of the flux equations for coupled RBC water/urea transport (see
Methods). An example of computed concentration-inhibition data is plotted in Figure 4B.
The deduced ECsg values from stopped-flow measurements were in general agreement
with the ECsg values determined in the lysis assay. Of note, as expected, the computations
indicated that 50% UT-B inhibition produces only a subtle (~2-fold slowing) change in
the light-scattering curve, whereas the more obvious visual evidence for slowed kinetics
is seen at >95% inhibition. Additionally, these computations indicated that many of the

new inhibitors produced >99% UT-B inhibition.

To determine the sidedness of UT-B inhibitor action, RBCs were exposed
externally to ureais,-101 and urea;n,-302 at final concentrations of 0.05 and 0.2 uM,
respectively (~2 times their ECs) just at the time of stopped-flow experiments (inhibitor
inclusion only in urea-containing solution). Whereas ureainy-101 did not inhibit urea
transport under these conditions, suggesting an intracellular site of action, urea;y-302 had
a sizable effect. The inhibition of urea permeability by externally added urea;s-302 was
concentration-dependent at concentrations down to 0.05 uM. To test reversibility of
inhibition, RBCs were pre-incubated with ureaj;-101 or ureaiyy-302 for 10 min (at 0.1
and 0.4 uM, respectively), producing >95% transport inhibition. After washing, urea
transport was identical to that in non-inhibitor-exposed RBCs, indicating fully reversible

inhibition.

Structure-Activity Analysis of UT-B Inhibitors

UT-B inhibitory potencies for the most active compounds of each of the chemical

classes are summarized in Tables 1—4. The conclusions from SAR analysis are
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summarized in Figure 5. Class 1 compounds consisted primarily of
phenylsulfoxyoxozoles, but also included several phenylsulfoxyimidazoles (urea;u-
130-132). In highly active compounds, unsubstituted thioglycoamide was present as R1
(ureay,-101-119). Compounds with reduced activity often had amino groups such as
mono/dialkylated amines (urea;s-120-123), n-morpholino (urea;,-124—-125), and
hexahydro-1-H-azepine-1-yl (urea,»-126—128) as R1, whereas activity was lost with R1
as thioglycoamides or mono/dialkylated amides. The best compounds (ECso <100 nM)
contained 2-thiopene or pheny! rings as R2, though 2-furan also gave submicromolar
potency. Methyl or halo substitutions at the 4-position of the phenyl ring as R2 reduced
activity, while compounds with 3/di/tri-substituted phenyl rings as R2 were inactive. For
R3 substitutions, halo and methyl groups conferred substantial activity compared to

unsubstituted analogs.

Most active benezesulfonanilides of Class 2 contained either 2,5-dimethoxy
groups (urea;,-201-205) or a fused 1,4-dioxane ring at the 3,4 positions (urea,,-207-216)
of the aniline phenyl, with the former producing greater UT-B inhibition. Compounds
with other mono/di-substitutions at R1/R2, including 3-methoxy, 4-amino, and 3,4-
dimethoxy, were inactive. The benzenesulfonamide phenyl ring tolerated a range of
mono-substitutions as R3, including bromo, fluoro, thiomethyl, methoxy, and acetyl
(urea;,;-203-205, 209), but not methoxy or methyl functions. However, methoxy and
methyl groups were tolerated as di-substitutions as R3/R5 (urea;-201, 208) and to a

lesser extent as R3/R4 (urea;,-212, 214).
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SAR of Class 3 phthalazinamines indicated preferred mono-substitution at the 4
position of the 4-phenyl ring, especially with carboxamide or methoxy functions (ureau-
301-308, 312). Other acceptable 4-phenyl mono-substitutions included 4-methyl, 4-
hydroxy, 4-diethylcarboxamide, and 4-n-hydroethylcarboxamide (urea;,,-309-311,
314-317). Active phthalazinamines containing di-substitutions on this phenyl ring
combined methyl at the 3-position, with a variety of unsubstituted and mono/di-alkylated
sulfanoyls at the 4-position (urea;,»-321-331). Alkylation of 1-amino resulted in complete
loss of activity, whereas replacement by oxygen reduced activity partially (urea;,-332,
333). Inhibitory activity was also lost when the 1-amino group was substituted by
phenylmethyl rather than phenyl. Analogs were active when the n-phenyl-1-amino
moiety was substituted at the 4-position, particularly with methyl and methoxy groups
and mono/di-alkylated carboxamides (urea;»-301-304); also well tolerated were hydroxy,
sulfanoyl, glycoamide and n-methyl-glycoamide substitutions (urea;,;-306, 307, 311,

312).

For the Class 4 aminobenzimidazoles, no substitutions were allowed at R1 except
for methyl, which reduced activity (urea,,-404 vs. 420). The 2-hydroxyphenylmethyl
group was necessary for activity, with activity eliminated by replacement of hydroxy
with methoxy or substituted sulfonyl amino groups. The loss of activity upon hydroxy-
methylation could be due to disruption of hydrogen bond donor effects. Additional
substitutions at the benzyl function, such as 5-bromo, 5-chloro, and 5-methyl, increased
activity (urea,,-401-406, 414—417), though compounds without 5-position substitutions
were also active (urea,,-407—413). In contrast, compounds with substituents at the 3-, 4-

or 6-positions were generally inactive. Alkylation of the imidazole nitrogen (R3) was
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favorable, especially with ethyl, n-propyl, isopropyl, and 2-propenyl groups (urea;,-
401406, 409411, 414-416). Several bulky alkyl chains carrying substituted amino

functions were also active (urea,»-407, 408).
UT-B Inhibitor Efficacy on Rodent UTs

In order to identify UT-B inhibitors for future application to mouse models, we
screened the inhibitors of human UT-B for activity against mouse UT-B. Interestingly,
whereas many highly active phenylsulfoxyoxozoles and phthalazinamines (Classes 1 and
3) against human UT-B were active against mouse UT-B by lysis assay, no
benzenesulfonanilides or aminobenzimidazoles (Classes 2 or 4) were active even at 25
uM, which was surprising given the 85% sequence identity of human and mouse UT-B.?
Similar UT-B inhibitory potencies were measured in mouse and rat RBCs (data not

shown), as expected from the closely related sequences of mouse vs. rat UT-B.

As done above with human RBCs, ECs for the most potent compounds with
activity in the mouse RBC lysis assay was determined by stopped-flow light scattering.
Representative curves for two UT-B inhibitors (ureai-101 and ureajyp-302) are shown in
Figure 6A. For these studies methylurea was used as the transported solute instead of
urea because its transport is slower, allowing better estimation of ECs, values.
Concentration-inhibition data indicated ECso ~200 nM for mouse UT-B for the most
potent Class 1 and 3 compounds. These compounds, when tested at 25 pM, did not affect

urea transport in RBCs from UT-B-null mice (data not shown).
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Because of significant sequence similarities between UT-B and UT-A urea
transporter isoforms, we carried out concentration-inhibition studies for the active mouse
UT-B inhibitors against UT-A. These studies were done using available MDCK cells
expressing rat UT-A1. MDCK-UT-A1-expressing cells were grown on collagen-coated
porous filters until they were electrically tight, at which point 15 mM urea was
introduced into buffer bathing the basolateral cell surface. Figure 6B shows the kinetics
of urea appearance in the apical solution. As reported previously, UT-A1-facilitated urea
transport was strongly increased by the cAMP agonist forskolin, and inhibited by
phloretin.'” Concentration-inhibition data were obtained at a 15-min time point, when
urea accumulation in the apical bathing solution is approximately linear. Ureaj,-101 was
more active (ECso ~ 1.2 uM) against rat UT-A1 than ureaj,-302 (ECso ~ 15 uM) (Figure
6C). For comparison, concentration-inhibition data are shown for mouse UT-B,
indicating good selectivity of these compounds for UT-B over UT-A1. Neither urea;n,-

201 nor urea;nn-404 significantly inhibited rat UT-A1 at 25 uM (not shown).
UT-B ‘Chemical Knock-out’ in RBCs Reveals UT-B-Facilitated Water Transport

Compounds ureajy-101, and ureainy-302, which have good inhibitory potencies
against mouse UT-B, were used to test the hypothesis that UT-B contains a pore that
conducts water in response to an osmotic gradient (see Discussion). Osmotic water
permeability was measured by stopped-flow light scattering in RBCs from wild-type and
AQP1-null mice as shown in Figure 7A. Water permeability coefficients are summarized
in Figure 7B. The UT-B inhibitors phloretin, urea;;,-101 and urea;,-302 had little effect

on water transport in RBCs from wild-type mice, as expected since AQP1 provides the
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principle route for water transport. Phloretin at 0.7 mM produced a small but significant
reduction in Ps that is likely due to its non-specific effects on membrane fluidity. AQP1-
null RBCs had >5-fold reduced P¢compared to wild-type RBCs. As seen in Figure 7B,
ureainp-101 and ureai;p-302 further inhibited water permeability in AQP1-null RBCs,

providing strong evidence for UT-B-facilitated water transport.

Discussion

We report here the discovery of potent small-molecule inhibitors of the UT-B
urea transporter. The primary goal of this study was to identify small molecules with
strong activity against human UT-B to initiate development of a new type of clinically
useful diuretic—a ‘urearetic.” A secondary goal was to identify those compounds with
activity against rodent UT-B to enable ‘chemical knock-out’ studies in animal tissues.
We developed a lysis-based high-throughput screening assay that relied on opposing
water and urea transport processes in RBCs. Our assay allowed a simple, static read-out
of percentage RBC lysis, which provided an accurate surrogate of the complex and
difficult-to-measure kinetics of RBC water/solute transport. The high ‘hit’ rate in the
primary screen, and the ease in identification of analogs with submicromolar potency

indicate the ‘druggability’ of urea transporters.

Diuretics are used widely to increase renal salt and water clearance in a variety of
conditions associated with total body fluid overload, such as congestive heart failure and
cirrhosis, as well in normovolemic states such as hypertension and syndrome of

inappropriate secretion of antidiuretic hormone (SIADH). Most diuretics are inhibitors of
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salt absorption by kidney tubules, such as furosemide block of Na*/K*/2ClI" co-transport
in the thick ascending limb of Henle and thiazide block of Na*/Cl" co-transport in the
distal tubule. Recently, a new type of diuretic, called an ‘aquaretic,’ has been introduced
to increase renal water clearance in hyponatremia associated with fluid overload or
SIADH (reviewed in Refs. '°2°). Vasopressin-2 receptor (V2R) antagonist aquaretics
have been approved for clinical use in some countries, though not yet in the United
States, and aquaporin inhibitor aquaretics are under development. We propose here the
concept of a ‘urearetic’ as a third type of diuretic, which targets renal urea clearance
mechanisms. Since urea is of at least equal importance to NaCl in the renal
countercurrent mechanism for urinary concentration, ! possible indications of urearetics
would include increasi_n‘g' solute clearance in states of fluid overload, hypertension, and

perhaps in prolonging dialysis-free survival in chronic renal insufficiency.

Many active phenylsulfoxyoxozole, benzenesulfonanilide, phthalazinamine, and
aminobenzimidazole compounds were identified in the primary and analog screens, none
of which have been reported previously to have significant biological activity based on a
SciFinder search of basic radical structures from each compound class. The most potent
compounds of each class had submicromolar potency for inhibition of human UT-B as
measured by the RBC lysis assay (Fig. 3). The phenylsulfoxyoxozole class contained the
most potent UT-B inhibitors, with several compounds identified in the primary screen
having ECsy between 20 and 100 nM. The ECs, obtained by this indirect measure of
acetamide transit were in general agreement with ECso measured for the most potent
compounds by direct stopped-flow measurement of urea permeability (Figs. SA and B).

Analysis of a series of chemical analogs of each class indicated the structural
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requirements for UT-B inhibition, and provided many potent UT-B inhibitors for
optimization of ADME (absorption, distribution, metabolism, excretion) properties for

use as possible diuretics.

Membrane sidedness-of-action and reversibility and were studied for the most
potent phenylsulfoxyoxozoles and phthalazinamines. External addition of the
phthalazinamine inhibitor just at the time of stopped-flow experiments (at non-saturating
concentration) produced strong UT-B inhibition, suggesting an external site of action for
Class 3 compounds. It is unlikely that inhibition was produced by action at an
intracellular site, which would require permeation of this relatively polar compound
(CLogP 4.8) in less than 1 second. In contrast, the lack of inhibition of external added
phenylsulfoxyoxozole suggests an intracellular site of action, though very slow binding to
an external site, while unlikely, cannot be ruled out. Inhibition by both the

phenylsulfoxyoxozoles and phthalazinamines was fully reversible upon washout.

One additional application of UT-B inhibitors is in the analysis of UT-B functions
in animal tissues by ‘UT-B chemical knock-out.” Here we used UT-B inhibitors and
mouse erythrocytes to clarify the possibility of UT-B-facilitated water transport. Our lab
first reported UT-B-facilitated osmotic water transport from measurements of urea
permeability and reflection coefficient in UT-B-expressing Xenopus oocytes.Z2 A
subsequent study confirmed our original data, but concluded that UT-B-facilitated water
transport is only a phenomenon seen at supra-physiological UT-B expression levels, and
thus likely to be insignificant in mammalian physiology.” A follow-up study from our

lab comparing RBCs from AQP1-null and AQP1/UT-B double knockout mice provided
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evidence for UT-B-facilitated osmotic water transport.>* The ~3-fold reduced osmotic
water permeability measured in AQP1-deficient erythrocytes upon specific chemical
inhibition of UT-B (Figure 7) supports the conclusions by Yang et al. that UT-B provides

an efficient, bona fide route for water transport.

After characterization of inhibitor pharmacokinetics and ADME properties, acute
inactivation of renal medulla UT-B in animal models should reveal the role of UT-B in
normal kidney physiology and as a possible drug target in states of fluid overload and
azotemia. ‘Chemical knock-out’ of renal UT-B will be particularly useful because
upregulation of UT-A and AQP expression has been found in UT-B knock-out mice,?
which might influence their urinary concentrating ability and confound conclusions about
the role of UT-B. Compared to UT-B knock-out mice, UT-A1/3-deficient mice have a
more severe urinary concentrating defect, with ~65% reduced urine osmolarity.® Given
the important contribution of UT-A to urinary concentration in the medullary collecting
duct, either a UT-A-selective inhibitor or a non-selective UT inhibitor would be most
desirable for evaluation as a urearetic. The UT-A1 isoform evaluated here contains both
UT-A2 and UT-A3 amino acid sequences.? As such, similar UT-A2 and UT-B sequences
and predicted membrane topologies (62% identity in rat)®® likely account for the
measured cross-reactivity of UT-B inhibitors toward UT-A 1. Nevertheless, the most
potent of the ‘rodent-active’ inhibitors had a high degree of selectivity, with more than
10-times greater potency for rodent UT-B vs. UT-A1 (Figure 6C). Class 3
phthalazinamines had even greater specificity than Class 1 phenylsulfoxyoxozoles. UT-B
inhibitors should enable selective chemical knock-out of UT-B in the renal medulla to

define the role of UT-B in the urinary concentrating mechanism.
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Table 1

Structure-activity analysis of phenylsulfoxyoxolozes.

Class 1: RZYN ﬁ
Phenylsulfoxyoxozoles X {i‘@‘m
1
Active compounds
ECso

Compound X -RI -R2 -R3 (M)
urea,,-101* O  -S-CH;-CO-NH; -Ph -Br 0.03
urea,,-102* O -S-CH,-CO-NH; -Ph -Cl 0.04
urea,,-103* O -S-CH,-CO-NH, -Ph -Me 0.1
urea,,-104* O  -S-CH,-CO-NH; -Ph -H 1
urea,,-105* O -S-CH;-CO-NH; -(4-F)-Ph -Me 0.1
urea,,-106 O  -S-CH,-CO-NH; -(4-F)-Ph -Cl 0.2
urea,,-107* O -S-CH,-CO-NH; -(4-F)-Ph -F 6
urea,,,-108* O -S-CH,-CO-NH; -(4-F)-Ph -H 15
urea,,-109* O -S-CH;-CO-NH; -(4-Me)-Ph  -Br 0.2
urea,,-110* O -S-CH,-CO-NH; -(4-Me)-Ph  -Me 1
ureagn,-111 O -S-CH;-CO-NH; -(4-Me)-Ph  -Cl 1
urea,-112 O -S-CH;-CO-NH; -(4-Me)-Ph  -H 15
urea-113 O -S-CH;-CO-NH; -2-thiophene -Cl 0.02
ureag,,-114* O -S-CH,-CO-NH, -2-thiophene -Me 0.5
urea,-115 O  -S-CH,-CO-NH; -2-thiophene -F 0.6
urea-116 O -S-CH,-CO-NH; -2-thiophene -H 1
urea,,-117* O -S-CH;-CO-NH;, -2-furan -Cl 0.1
urea,-118* O  -S-CH,-CO-NH; -2-furan -Br 0.2
ureag,,-119* O  -S-CH,-CO-NH; -2-furan -Me 1
ureagn,,-120 O -NH-CH,-Ph -(2-F)-Ph -Cl 1
urea,-121 O -S-CH,-CO-NH-CH;-2-furan  -Ph -Br 4
urea,,-122 O -S-CH;-CO-NH-CH,-2-furan  -Ph -Cl 15
urea,,-123 O -N(CH;); -(2-Cl)-Ph -H 5
ureagy-124 O -n-morpholino -(2-F)-Ph -H 7



urea,-125 O -n-morpholino -(2-C)-Ph -Me 11
urea,,-126 O -hexahydro-1-H-azepine-1-yl  -(2-OMe)-Ph -H 10
ureaiy-127 O  -hexahydro-1-H-azepine-1-yl  -(4-Me)-Ph  -H 10
urea;»-128 O -hexahydro-1-H-azepine-1-yl  -(4-F)-Ph -H 10
urea;,-129* O -SMe -2-furan -Cl 20
urea,,-130* N -SMe -(4-Me)-Ph  -H
urean,-131 N -SH -Ph -Me
urean-132 N -S-CO-Ph -Ph -H

Inactive compounds
R1: SCH,-CO-NR;, SCH,-CO-NHR (R is substituted Ph or bulky aliphatic)
R2: 3-, di-, or tri-substituted phenyls

* Denotes inhibitors identified in primary screening
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Table 2

Structure-activity analysis of benzenesulfonanilides.

Class 2: i1 o A3
Benzenesulfonanilides H Ra
RZQ 6
RS

Active compounds
Compound -R1  -R2 R3  -R4 RS ECso

M)
urea;»-201* 2-OMe 5-OMe OMe H OMe 0.3
urea;,-202* 2-OMe 5-OMe H Br H 04
urea;,,-203* 2-OMe 5-OMe Br H H 0.7
urea;;-204* 2-OMe 5-OMe F H H 1
ureay,,-205* 2-OMe 5-OMe SMe H H 1
urea,;-206* 4-OMe -H i-Pr OH SO,-[4-(OMe)-Ph] 1
urea;,-207 3-0-C;H4-0-4 H CO-NH, H 2
urea;;-208 3-0-C;H4-0-4 Me H H 4
urea;,-209 3-0-C;H4-0-4 OMe H H 6
urea,,-210 3-0-C;H4-0-4 CO-Me H H 6
urea;,,-211 3-0-C;H4-0-4 Br H H 8
urea;-212 3-0-C;H4-04 Me Me H 10
urea;;-213 3-0-C,H4-0-4 3-C4Hs-4 H 10
urea;,-214 3-0-C;H4-0-4 OMe OMe H 15
urea;,;-215 3-0-C;H4-0-4 CF; H H 15
urea;-216 3-0-C,H4-0-4 H NH-CO-Me H 15
urea;»-217 3-0-CO-N(Me)-4 CF; H H 4

Inactive compounds
R1, R2: 3,4-di-OMe, 3-OMe, 4-amino

R3, RS: di-(halo/carboxy)
R4: acetyl, Ph-acetyl, Me, OMe, F, sulfonyl-aminos

* Denotes inhibitors identified in primary screening
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Table 3

Structure-activity analysis of phthalazinamines.

"
Class 3: {
Phthalazinamines o Q Q XQ

Active compounds

ECso

Compound X -R1 -R2 -R3 (uM)
urea;,-301 NH 4-CO-NH; -H OMe 0.1
urea;,,-302 NH 4-CO-NH, -H Me 0.2
urea,»-303 NH 4-CO-NH; -H CO-N(Me), 0.2
urea;,;-304 NH 4-CO-NH; -H CO-NH-Me 0.6
urea,-305 NH 4-CO-NH; -H pyran 0.7
urea;,-306 NH 4-CO-NH; -H OH 2
urea;,-307 NH 4-CO-NH, -H SO,-NH; 3
urea;;,-308 NH 4-CO-NH; -H CO-NH-Me 2
urea;,;-309 NH 4-CO-N(Et), -H OH 5
urea;,;-310 NH 4-CO-N(Et), -H CO-N(Me), 3
urea,»-311 NH  4-CO-NH-C,H4-OH -H O-CH,-CO-NH-Me 0.8
urea-312  NH 4-OMe -H 0O-CH,-CO-NH; 1
urea;»-313 NH 4-OMe -H 2-benzimidazole 10
urea,»-314 NH 4-Me -H 0-CH;-CO-NH; 2
urea,»-315 NH 4-Me -H O-CH;-CO-NH-Me 2
urea;»-316* NH 4-OH -H OMe 2
urea;,-317* NH 4-OH -H NH-CO-Me 3
urea;»-318 NH -H -H O-CH-CO-NH; 2
urea;,;-319 NH -H -H O-CH;-CO-NH-Me 3
urea;-320 NH -H -H OMe 4
ureaiy-321  NH  3-SO,-N(Me), 4-Me CO-NH; 1
urea;y-322 NH  3-SO-N(Me), 4-Me O-CH,-CO-NH; 2
urea;;-323 NH 3-SO,-NH-C;H4-OH 4-Me CO-OMe 2
urea;;-324 NH 3-SO,-NH-C;H4-OH 4-Me CO-NH; 5
urea,,-325 NH  3-SO,-NH-Me 4-Me 0O-CH,-CO-NH; 2
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urea,,-326 NH 3-SO,-NH-Me 4-Me O-CH,-CO-NH-Me 2

urea,-327 NH  3-SO,-NH-Me 4-Me CO-NH-Me 2
urea,,-328 NH  3-SO;-n-morpholino 4-Me OH 3
urea,-329 NH  3-SO;-NH, 4-Me CO-NH; 5
urea,,-330  NH  3-SO;-NH; 4-Me O-CH,-CO-NH-Me 10
urean,-331  NH  3-SO,-NH-C(Me)(CH,-OH) 4-Me OH 9
ureag-332 O 4-OMe -H H 2
urea,-333 O 4-Me -H H 3
Inactive compounds

X: NR, where R is any aliphatic

* Denotes inhibitors identified in primary screening
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Table 4

Structure-activity analysis of aminobenzimidazoles.

H
Class 4: Qg__( !
Aminobenzimidazoles A2 u_{:@
R3
Active compounds
Compound -R1 -R2 -R3 ECso (UM)
urea;,,-401 H 5-Cl -n-Pr 03
urea;,,-402 H 5-Cl -Et 04
urea;,;,-403* H 5-Cl -i-Pr 5
urea;,,-404 H 5-Br Et 0.4
urea;;-405* H 5-Br -i-Pr 04
urea;,;-406* H 5-Br -CH,;-CH=CH; 1
urea;,,-407 H -H -C,H4-N(EY), 0.8
urea;,;,-408 H -H -C,H,4-n-pipiridine 0.9
urea;;,-409 H -H -Et 2
urea;,-410 H -H -n-Pr 2
urea,-411 H -H -i-Pr 5
urea-412 H -H -C2H4-n-morpholino 6
urea;,,-413 H -H -CH,-CH=CH; 9
urea;,,-414 H 5-Me -n-Pr 1
urea;,,-415 H 5-Me -i-Pr 1
urea;,-416 H 5-Me -Et 1
urea;,-417 H 5-Me -n-Bu 2
urea;,,-418 H 5-OMe -n-Pr 6
urea;;,-419 H 5-OMe -CH,-CH=CH; 25
urea;,-420 H 5-OMe -i-Pr 3
urea;y-421 H 5-C4Hy4-6 -Et 3
urea;-422 H 3-OMe -Et 11
urea;;-423 Me 5-Cl -Et 5
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Inactive compounds
R1: Me reduces activity, bulkier aliphatics are inactive
R2: most 3-, 4-, 6-substitutions

* Denotes inhibitors identified in primary screening
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Figure Legends

Ficure 1. Erythrocyte osmotic lysis assay for UT-B inhibitor discovery. (A) Human
RBCs expressing water and urea channels (AQP1 and UT-B) are preloaded with urea or a
urea analog, such as acetamide. Following replacement of the external buffer with
urea/acetamide-free isosmolar solution, water entry results in cell swelling, which is
limited by UT-B-mediated urea/acetamide efflux. Under optimized assay conditions, UT-
B-facilitated urea/acetamide prevents osmotic lysis (fop), whereas UT-B inhibition
impairs urea/acetamide exit resulting in substantial lysis (botfom). (B) Biphasic cell
volume changes in the lysis assay. Increased RBC volume beyond a threshold results in
lysis. The dashed curve shows the hypothetical time course of RBC volume if lysis had

not occurred.

Ficure 2. Identification of UT-B inhibitors by high-throughput screening. (A) Effect of
acetamide concentration on RBC osmotic lysis. Human RBC suspensions, loaded with
indicated concentrations of acetamide, were diluted in acetamide-free buffer in the
absence (open circles) or presence of 0.7 mM phloretin (closed circles). RBC lysis was
assayed by absorbance at 710 nm (O.D.7)0) (+SE, 4 wells per condition). The dashed line
indicates the condition chosen for high-throughput screening. (B) Frequency histogram of
0.D.710 for positive and negative controls from eight 96-well plates, with z’-value shown.
(C) Frequency histogram of per-cent erythrocyte lysis for the primary screen in (12,500
test wells with 4 compounds per well; 50,000 compounds total), with the dashed line
representing the criteria chosen to define ‘hits.’ (D, /eff) Urea permeability measured

from the kinetics of light scattering in response to a 250-mM inwardly directed urea
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gradient in the absence of inhibitor (control) or in the presence of 0.7 mM phloretin
(positive control) or 5 uM of indicated compounds. Right: osmotic water permeability of
human RBCs measured by light scattering in response to a 250-mM inwardly directed
sucrose gradient in the absence or presence of 0.3 mM HgCl, (positive control) or 25 uM

of inhibitors.

Ficure 3. Nanomolar-potency UT-B inhibitors identified from primary high-throughput

screening and assay of analogs. (A) Chemical structures of UT-B inhibitors (ureain), with
one compound per class shown. (B) Dose-inhibition data for inhibitors as in (A),
determined by the lysis assay in human RBCs (£SD) and fit to calculate ECsg (solid lines)

as described in the Methods.

Ficure 4. Stopped-flow measurements of urea transport in human RBCs. (A)
Concentration-inhibition curves for indicated compounds (structures shown in Fig. 3)
determined by light scattering in response to a 100-mM inwardly directed urea gradient.
RBCs were incubated for S min with compounds at indicated concentrations prior to
stopped-flow measurements. (B) Numerically simulated inhibitor concentration-
dependence used to determine ECs, from stopped-flow experiments as in (A) (see
Methods for details). The inverse of normalized cell volume, V,/¥(f), is plotted to

approximate light-scattering data at indicated percentages of urea transport inhibition.

Ficure 5. Structure-activity analysis of phenylsulfoxyoxozoles, benzenesulfonanilides,
phthalazinamines and aminobenzimidazoles. General structures of UT-B inhibitors, with
substitution preferences illustrated. See Tables 1-4 for lists of UT-B inhibition activities

corresponding to different substitutions. ‘
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Ficure 6. Activity of UT-B inhibitors against rodent UT-B and UT-A1. (A) Dose-
inhibition relationships for urea;,,-101 (/eff) and urea;,-302 (right) against mouse UT-B.
Stopped-flow light scattering measurements done using wild-type mouse RBCs in
response to a 100-mM inwardly directed gradient of N-methylurea. (B) UT-A1-mediated
urea flux in stably transfected MDCK cells. Cells were treated (open circles and open
triangles) or not treated (closed circles) with 10 uM forskolin. Where indicated, phloretin
(0.7 mM) was present (open triangles) (+SE, 3 filters per condition). The dashed line
indicates the time chosen (15 min) to evaluate UT-A1 inhibition in (C). (C)
Concentration-dependent inhibition of mouse UT-B (triangles) and rat UT-A1 (circles)
by ureainy-101 (closed symbols) and ureain,-302 (open symbols), determined from data

such as in (A) and (B).

Ficure 7. UT-B-facilitated water transport demonstrated by ‘chemical UT-B knock-out’.
Osmotic water permeability was measured from the time course of RBC volume in
response to a 250-mM inwardly directed sucrose gradient. (A) Representative traces of
mouse RBC water permeability done at 10°C, with genotypes and conditions indicated.
Inhibitors ureajny-201 and ureainy-302 were used at 25 uM. (B) Osmotic water
permeability coefficients (Pr) from experiments as in (A) (xSE, 3-7 curves per group of
RBCs pooled from 4 mice per genotype). *, P <0.01 compared with no inhibitor; #, P <

0.01 compared with wild-type (no inhibitor).
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