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ABSTRACT

Aquaporin proteins significantly increase water permeabilitpsactissues and cell
membranes. Ocular tissues, including the trabecular meshworkafid/etinal pigment
epithelium (RPE), are especially reliant on aquaporin mediager movement for
ocular homeostasis. Even though bulk fluid movement is paracdhutargh the TM
and transcellular through the RPE, both express aquaporin-1 (AQPhg role and
regulation of AQP1 as it relates to homeostasis in differentabdissues is not well
understood. | hypothesized that ocular tissues respond to externalnioatclzand
molecular cues by altering AQP1 expression and function in ordegtdate ocular fluid
movement and maintain homeostasis.

To test how AQP1 function is altered in response to external mweder to maintain
tissue-specific homeostasis, | addressed the following two aitee first aim was
directed at determining how mechanical strain, an extennallsis that routinely affects
TM function, influences AQP1 expression and TM homeostasis. Priocuwdiyres of
human TM were subjected to static and cyclic stretch and thegzad for changes in
AQP1 expression by western blot and cell damage by activitgotdite dehydrogense
(LDH) in conditioned media. The results show AQP1 expression and tdlease
significantly increased with static stretch. Analysi¢DH release with respect to AQP1
expression revealed an inverse linear relationship (r2 = 0.7780).

The second aim was directed at characterizing signaling meamanésponsible for
regulating fluid transport in RPE, previously shown to be dependent uQdtlLA |

treated primary cultures of human RPE with either atriaiuratic peptide (ANP) or 8-
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bromo-cyclic guanosine monophosphate (8-Br-cGMP) in the presencbsenca of
Anantin (ANP-receptor inhibitor) or H-8 (Protein Kinase G inhibitoffhe results show
that ANP and 8-Br-cGMP significantly increased apical tabast fluid movement (p <
0.05, n = 3). Inhibition of these effects was successful with Anantin treatrbehnot
with application of H-8.

The data presented demonstrate a novel role of protection for AQR,iand also
expand upon cGMP dependent regulation of RPE fluid transport. The comhidexs st
indicate tissue specific AQP1l regulation may offer new avertoesarget water

movement in treatment of ocular pathologies.



15

CHAPTER 1

INTRODUCTION, HYPOTHESIS, AND AIMS

1.1 General Introduction

Water movement is a critical part of homeostasis in tissuesighout the human
body. From blood flow to metabolism, processes throughout the body aneddepe
upon efficient transfer of water. Disruption of water movemenblkeas associated with
pathological conditions in tissues ranging from the kidney to the br@inparticular
interest are ocular pathologies associated with disrupted fhogement, such as
glaucoma and retinal detachment, both of which can result in lossioh (Kang and
Luff, 2008, Quigley, 1996).

Ocular tissues are dynamic and require regular fluid movensesupport basic
functions. Aqueous humor drainage through the trabecular meshwork (TP astant
in removal of harmful byproducts (Liton and Gonzalez, 2008) from trexiansegment
and regulation of intraocular pressure. The balance between agoiowsand outflow
mechanisms, as well as response of tissues such as the TMd@tbeesses, can have
dramatic effects on intraocular pressure (Johnson, 2006), a chatectelosely
monitored in glaucoma patients. In the posterior of the eye, thealrgtigment
epithelium (RPE) is responsible for the absorption of solutes andr vilm the
subretinal space into the blood (Steinberg, 1979). Tight regulation obthgosition in
the subretinal space is important for proper photoreceptor function daad mavement

across the RPE is a critical component of retinal attachment.
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Aquaporins (AQP) are a key component to mediating ocular fluid moven&irt.
known aquaporins are expressed in the eye across a varietgusf tigges suggesting
subtle differences between the channels in terms of regulatioluactcbn. Aquaporins
in the eye include AQPO, 1, 3, 4, 5, and 9. Aquaporin expression is detefcteblthe
anterior segment in the lens (Gorin, et al., 1984, Stamer, et al., 289ighi, et al.,
2002) and conventional outflow pathway (Hamann, et al., 1998, Stamer, et al.,d995) t
the posterior segment in the retina and RPE (Kang, ,28@&mer, et al., 2003).
Aquaporin-1 is found in the NPE, the human lens epithelium, Schlemm& (&C),
trabecular meshwork (TM), and the retinal pigment epithelium (RPE).

Aquaporin-1 is primarily a constitutively active water chanti@ugh previous
studies have indicated modes of regulation for the channels. InductigxQBf
expression has been observed with hypertonic treatment of cellssanelst(Leitch, et
al., 2001, Umenishi, et al., 2004, Umenishi and Schrier, 2002). Phosphorylation and
permeability studies following treatments with secretin andsdrectivators support the
potential for posttranslational regulatory mechanisms of AQPliam¢Han and Patil,
2000, Patil, et al., 1997). Furthermore, AQP1 has been implicatedan cahductance
dependent upon cyclic nucleotide binding (Anthony, et al., 2000). There are other
precedents for aquaporin regulation and variability of function, suchA@P2
phosphorylation (Brown, 2003), AQP6 conductance of anions (Hazama, et al., 2002,
Yasui, et al., 1999), and AQP4 expression regulated by mechaniess &tr skeletal
muscle tissue (Frigeri, et al., 2004). Collectively, these dadiicate aquaporin

regulation and function is variable between aquaporins and tissues.
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The TM and RPE are two ocular tissues that share expressio®@Bl,Abut the
primary pathway of fluid movement through each of these tissulifasent. The TM is
responsible for regulating a paracellular passage of fluid thrabg conventional
outflow pathway. Previous studies have demonstrated however, that AQRGL i
necessary for bulk fluid flow suggesting an alternative role @ water channel.
Conversely, the presence of AQP1 in the RPE has been shown to beamnhgort
transcellular fluid movement. Interestingly, the RPE sharesactairstics with the
choroid plexus where AQP1 function has been shown to include a cation coeducta
when stimulated with cGMP indicating additional functions and regmylanechanisms
may be in place for AQP1 function in the RPE (Boassa, et al., 200@)ile \Wuid
movement in each of these tissues may serve a different purpose and be regolagéd thr
different means, they each express AQP1 suggesting multie fot this protein.
These combined pieces of evidence indicate a potential tissueispaleffor AQP1 in
ocular tissues, responsive to a surrounding microenvironment in ordemitdaim

homeostasis.
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1.2 Central Hypothesis:

Ocular tissues respond to external mechanical and molecular cugsrimngaiquaporin-1
expression or function in order to regulate ocular fluid movement andtamai

homeostasis.

1.3 Specific Aims:To test the central hypothesis | constructed the following aims.

Specific Aim 1— To determine the role of aquaporin-1 in trabecular meshwork respons
to mechanical strain. The rationale for the first aim vad the TM is continuously
subjected to mechanical strain that affects the integrity \aability of the TM. The

working hypothesidor this aim was; Aquaporin-1 contributes in trabecular meshwork

homeostatic response to dynamic mechanical stralime information in chapter 3

indicated aquaporin-1 expression was regulated in response to ncatistnain and that

aguaporin-1 expression was important for cell viability during times of mexdiastrain.

Specific Aim 2 —To determine the contribution of aquaporin-1 to fluid movement in
retinal pigment epithelium. The rationale for the second ais twvat AQP1 has been
shown to contribute to fluid movement in the choroid plexus as a cation tlanwell

as a water channel following stimulation with atrial natrigrgteptide (ANP). The
choroid plexus and the RPE are unique in the apical localization dfali&” ATPase.

The working hypothesidor this aim was;_Atrial natriuretic peptide stimulatesidl

transport in retinal pigment epitheliumThe information in Chapter 4 suggests fluid
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movement across retinal pigment epithelium monolayers is stimulateédddynatriuretic

peptide via cyclic guanosine monophosphate signaling.
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CHAPTER 2

CRITICAL LITERATURE REVIEW

2.1 Aquaporins Discovery, Structure, and Function

2.1.1 Water Permeability and Aquaporin Discovery

Water comprises approximately 65-70% of the human body and is imptota
processes in all tissues. In order for proper operation of sissugter must move
selectively across the tissues and membranes. Biologica@rsare permeated by water
due to the presence of water channels that facilitate water transport

Though the isolation of the first aquaporin did not occur for some, tnmumber
of early studies provided preliminary support for the presence cfipsothat behave as
water permeable channels. The permeability of red blood natlsmparison with lipid
bilayers using tritiated water showed permeability of thé blood cells was greater
indicating another mode of transport outside of simple diffusion wasrmrasred blood
cells that was not available in lipid bilayers (Paganelli &abmon, 1957). Inhibition of
red blood cell water permeability was later accomplished usitipysryl reagents
suggesting the presence of disulfide bonds for the reagent toNawky and Farmer,
1970). Estimation of the pore size for water permeabilitydnbteod cells was achieved
by creating similar pores in lipid bilayers using antibiotind aomparing the hydraulic

conductivity of the lipid bilayers and red blood cells (Solomon and GabgB1972).

! Portions of this chapter were previously publise@D Stamer, NW Baetz and AJ Yool. Ocular
aquaporins and aqueous humor dynamics. The Eyelsodsg Humor in Current Topics in Membranes.
Volume Editor: MM Civan2009.
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Early attempts at characterizing and identifying the proespansible for red blood cell
water permeability included application of radiolabeled sulfhyadsdgents to cell
membranes that showed a localization of the radiolabel with BaradeB,térmed anion
exchanger 1 (Brown, et al., 1975). Analysis of the amino acid sequaticated the
protein was a member of the major intrinsic protein (MIP)ilfaitGorin, et al., 1984).
Collectively, the evidence supported the possibility of a water channel.

In 1987, a 28 kilodalton protein was isolated from red blood cells (Aged,, e
1987) initially labeled CHIP28 or “channel like integral proteirStudies by Smith and
Agre demonstrated the protein was most likely a homotetrameeinhene out of four
subunits was glycosylated (Smith and Agre, 1991). In order tondiee the function of
this protein, Preston and Agre (Preston and Agre, 1991) cloned thergemeDNA
libraries from red blood cells and expressed the proteemopusoocytes subjected to
hypotonic saline (Preston, et al., 1992). The resultant swellingeobdcytes provided
evidence that the newly discovered proteins were water channaisataly renamed
aquaporins.

Aquaporins provide molecular pathways for the movement of water amcteskl
small solutes across cell membranes (King, et al., 2004). Aquapamndound
throughout the kingdoms of life, including prokaryotes and eukaryotegnainmals,
there are at least 12 classes of aquaporins (AQPO to AQP1t) show tissuspecific
patterns of expression. These channels are broadly classifiedhaslox aquaporins,
selective for water, and the aquaglyceroporins including AQP3, AQRI7TA®P9, that

allow transmembrane movement of glycerol as well as wateeyori2l the simple
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bimodal classification scheme, our understanding of permeabilityegiep is being
extended steadily to include roles for aquaporins in the transporhef compounds
including ions, gases, and small organic compounds, as reviewed (Yool, 2004h
remains to be discovered about the full range of functional propertigssofamily of

channels.

2.1.2 Aquaporins in Mammalian Tissues and AssatiBtthologies

Aquaporin proteins are found throughout various tissues in mammals and
knockout models have demonstrated the importance of these channelmmo@
examples of tissues that express aquaporin proteins include the kidingyand the
brain. Studies of the kidney have revealed at least six aquapasenpr Aquaporins 2,

3, 4, (Knepper, et al., 1996) are each expressed in the colldathgwhile aquaporins

1, 7, and 8 have been shown in the proximal tubules (King and Yasui, 2002)kokihoc
mice for AQP2 have shown a reduced urinary concentrating éfidicating aquaporins
are important in routine kidney function (Ma, et al., 1998). Aquaporinsienlung
include AQP1, 3, 4, and 5 (Borok and Verkman, 2002). While AQP1 is primarily
expressed in the vasculture, AQP3 and 4 are found in epithelglacell AQPS5 is found
predominantly in the Type | alveolar cells of the lung (Borok amakiman, 2002).
Knockout mice for AQP5 have shown a decreased capacity for flurdtisecin the
airways and significant reductions in water permeability inltings (Ma, et al., 2000).
Aquaporin 4 is most notably found within astroglial cells of the brhiiel¢en, et al.,

1997, Rash, et al., 1998) and AQP1 is found in the choroid plexus epithelium (Bondy
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—

al., 1993, Speake, et al.,, 2003), responsible for secretion of cerebrodpidal
Knockout models of AQP4 have demonstrated decreased brain eftemimsalt with
meningitis (Papadopoulos and Verkman, 2005). Interestingly, the eyerhalitude of
aquaporin proteins present in various ocular tissues with a rarigeatibns which will

be discussed in following sections.

2.1.3 Aquaporin-1 Structure and Function

Crystal structural data available for AQP1 has verified assrk in the field
that first defined general principles of structure in the archetypal mreshbigs family of
proteins (de Groot, et al., 2003, Jung, et al., 1994, Ren, et al., 2001, Sui2604).,
Aquaporins are tetrameric complexes of subunits (Fig. 2.1). Each sutamgix full
transmembrane domains per subunit, intracellular N aterr@inal domains, and water
pores framed by loops B and E. The hourglass model of a subunit of A@P1
envisioned as a narrow pore pathway within each subunit, with tineahla asparagine
proline-alanine (NPA) motifs located near the center of the membraeear at the
junction of the folded B and E loops (Jung, et al., 1994). In the intrasubues, fbe
orthodox aquaporins show a high selectivity for water, excluding spliges, and
protons. The central pore at the fourfold axis of symmetry inetinenber may provide a
parallel pathway for regulated movement of other molecules, suclasr@ ions, in
specialized subsets of aquaporins (Yu, et al., 2006). For examplep&@eation
through AQP1 could serve a physiological role in membranes thatahboxe intrinsic

permeability to the gas. Based on analysis of free energiensarthe AQP1 central



24

cavity is favored over the monomeric channel as a candidate patbiw@@, (Hub and

de Groot, 2006). Molecular dynamics simulations suggest the cpotels a pathway

for cations in AQP1 (Yu, et al., 2006). It is possible that the A@P1 channel states
exist as alternatives, with Ngermeating the hydrated central pore in the hypothetical
“open” state, and C@moving through the dehydrated pore in a “closed” state. These
multifunctional properties add complexity to the potential roleshesé¢ channels in

tissues such as the eye.
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Figure 2.1: Tetrameric organization and subunit transmembranetopology of the
aquaporin-1 protein. (A). Aguaporins are assembled as homomeric assemblies of four
subunits. The constitutive water-selective pores are locatechva#ith subunit, and for
AQP1 the proposed ion channel is located in the center of the tatrameplex (Yu, et
al., 2006). (B) Diagram of main features of the transmembrg@otgy of a human
AQP1 subunit, indicating loops A to E and six full transmembrane reditingo M6.
Selected functional domains include the proposed gating region (looptB)anginines
(R159 and R160) suggested to serve in the cGMP-induced activation of Bk iAQic
conductance, and the asparagine-proline-alanine (NPA) motifs in loapsd BEE that
contribute to water-selective pore structures. Tyrosine (Y18d)cgsteine (C189) in
loop E have been shown to mediate block of water permeability xbyacellular
tetraethylammonium and mercuric compounds, respectively. ThHmxyh terminal
domain contains regions that influence cGMP-induced activation, epiaditan-protein
interactions, and in addition to other intracellular protein domains of AQP1 migiteke
of modulation.
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2.2 Ocular Distribution of Aquaporins

2.2.1 Ocular Aquaporins

As is the kidney, the eye is a wateansporting organ. The eye rivals the kidney
in terms of the number of aquaporin homologues that are expressedjrpassss the
kidney in terms of the number of different cell types tharess aquaporin channels. To
date, the selective expression of 6 different aquaporin homologuediffei@nt cell
types located in 10 different ocular tissues have been described @.dpl Thus, the
distribution of AQPO, AQP1, AQP3, AQP4, AQP5, and AQP9 are for the mast pa
nonoverlapping and found in epithelial cells, endothelial cells, fibstdlarabecular
meshwork (TM) cells, lens fiber cells, neuronal, glial, and photmtecs in the eye.
These aquaporin expressing cells populate the cornea, conjunctivaiseridv, ciliary
body, sclera, retina, choroid, and optic nerve. Aquaporin-0 is foundrgyinmathe lens
fiber cells of the crystalline lens, but has been recently @etéc testis and liver as well

(Tietz, 2005).

2.2.2 Lens Aquaporins

The clarity of the organic lenses of the eye is highly depgndpon water
homeostasis, and thus upon aquaporin channel function. The crystalline peesses
two aquaporins, AQP1 in the monolayer of epithelial cells, which sothex anterior
surface, and AQPO in the terminally differentiated lens fd=dis, which forms the bulk
of the lens’ mass. AQPO constitutes almost half of the totatkeijor at the plasma

membrane of lens fiber cells. AQPO was the first aquaporin dismb\(&orin, et al.,
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1984) however, its role as a water channel was not completely wutensttil later
because of its low capacity for water subject to physiolbgegulation (Chandy, et al.,
1997, Mulders, et al., 1995). For example, changes in intracellulaissignthe lens,
Cd*calmodulin and pH, regulate the water permeability of endogenagiyessed
AQPO in lens fiber cells, but not that of AQP1 natively expressdens epithelial cells
(Varadaraj, et al., 2005).

In addition to a role as a regulated water channel, AQPO is thaaghave a
structural function as a cell-cell adhesion protein (Muldersl.et1995). In the lens,
microdomains located at the junctions between fiber cells faordimensional arrays of
AQPO proteins that are thought to provide cell-cell adhesion, and acarsiled by
densely packed gap junction channels that mediate intercellular cooatomi
(Buzhynskyy, et al., 2007, Zampighi, et al., 2002). AQPO arrays appé&e stabilized
by physical associations with both gap junction proteins and thespetsfic
intermediate filament proteins filensin and CP49 (Lindsey Rosa,,e2006, Yu, et al.,
2005).

Consistent with its role in maintaining lens clarity, mutation®&QPO result in
cataract (Shiels and Bassnett, 1996). Dominantly inherited dastavace found in two
families carrying different point mutations in the gene forPEQ presenting different
clinical features: the mutation E134G associates with a uni@angataract, whereas the
mutation T138R correlates with multifocal opacities that ineeagh age (Francis, et
al., 2000). Coexpression of mutant AQPO with wild typé&é@nopus oocytedecreases

water permeability, and high levels of coexpression of the mutgdiisnregulation of
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wild-type water fluxes by G4 These findings suggest that the regulated water
permeability of AQPO could be an important component in lens homeosdasi
development (Kalman, et al., 2006). Taken together, accumulating exidaggests
that AQPO is more than a physical anchoring structure, butsals@s a role in the
movement of fluids within the lens, with details of its functional roles yet to beedkefi
Maintenance of lens transparency depends not only on AQPO, but also dn AQP
The role of the higltapacity AQP1 channels in the lens epithelium is likely ta beore
orthodox one that is, to facilitate the efficient movement of wateoss its epithelial
surface that will contribute to water circulation in the lems] thus to lens health and
transparency. For instance, osmotic water permeability wasatesz almost-®ld in
epithelial cells of intact lenses from AQ#&ficient mice as compared to wild type, and
the loss of lens transparency was accelerated more thénds5@uring osmotic stress

(Ruiz-Ederra and Verkman, 2006).
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Table 2.1: Summary of aquaporin expression in the human eye

Tissue Cell Type Aquaporin References
Cornea Epithelia AQP3, AQP5| (Funaki, et al., 1998, Hamann
et al., 1998, Patil, et al., 1997,
Raina, et al., 1995)
Keratocytes AQP1 (Hamann, et al., 1998)
Endothelia AQP1 (Echevarria, et al., 1993,
Hamann, et al., 1998,
Hasegawa, et al., 1994,
Hasegawa, et al., 1993,
Nielsen, et al., 1993, Patil, et
al., 1997, Stamer, et al., 1994
Conjunctiva Epithelia AQP3, AQP5| (Frigeri, et al., 1995, Hamann,
et al., 1998, Oen, et al., 2006)
Lens Epithelia AQP1 (Hamann, et al., 1998,
Hasegawa, et al., 1994,
Nielsen, et al., 1993, Patil, et
al., 1997, Stamer, et al., 1994
Fiber cells AQPO (Broekhuyse, et al., 1979,
Fitzgerald, et al., 1983, Gorin,
et al., 1984, Zampighi, et al.,
1989)
Iris Anterior and AQP1 (Hamann, et al., 1998,
Posterior Epithelia Hasegawa, etal., 1994,
Nielsen, et al., 1993, Patil, et
al., 1997, Stamer, et al., 1994
Conventional Trabecular AQP1 (Stamer, et al., 2001, Stamer,
Outflow Tract meshwork al., 1995, Stamer, et al., 1994
Schlemm’s Canal AQP1 (Hamann, et al., 1998, Stamet
et al., 1994)
Ciliary Body Non-pigmented AQP1, AQP4 | (Frigeri, etal., 1995, Hamann,
epithelia et al., 1998, Hasegawa, et al.,
1994, Hasegawa, et al., 1993,
Nielsen, et al., 1993, Patil, et
al., 1997, Stamer, et al., 1994
Sclera Fibroblasts AQP1 (Hamann, et al., 1998)
Retina Muller AQP1, AQP4 | (Frigeri, et al., 1995, Hamann,
et al., 1998, Kim, et al., 1998,
Nagelhus, et al., 1998)
Retinal pigment AQP1 (Stamer, et al., 2003)
epithelia
Amacrine AQP1, AQP9 | (landiev, et al., 2006, Kang, et
al., 2005, Kim, et al., 2002,
Kim, et al., 1998)
Photoreceptors AQP1 (landiev, et al., 2006,
Nagelhus, et al., 1998)
Optic Nerve Astrocytes AQP4 (Nagelhus, et al., 1998)
Capillaries Endothelial AQP1 (Hamann, et al., 1998)

et
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2.2.3 Corneal and Conjunctival Aquaporins

The selective expression of AQP1, AQP3, AQP4, and AQP5 in distincarocul
epithelia compels an expectation that each aquaporin clasdisimet and specific role
in complex regulation of water movements in the eye. At the iantsurface of the
mammalian eye, both the corneal and conjunctival epithelia expwes aquaporins,
AQP3 and AQPS5. In contrast, a single monolayer of endothelial atthe posterior
surface of the cornea expresses AQP1 channels and intertacaqweous humor in the
anterior chamber. Here, AQP1 is thought to function in faciiigatine efficient transport
of water out of the corneal stroma and into the anterior chatolbeslp maintain clarity.
Evidence of the role of aquaporin in maintaining corneal hydrationtheusdclarity, was
recently provided in aquaporin knockout mice. Corneal thickness was gy
decreased in AQP1 null mice and increased in AQP5 null miceagatajah and
Verkman, 2002). While corneal transparency was not impaired undetinbase
conditions, the rate of corneal swelling was compromised in botA1lAahd AQPS5 null

mice when challenged upon exposure with hypotonic medium.

2.2.4 Ocular Aquaporins of Undetermined Function

AQP1 is located in several ocular tissues where its functionngdear. For
example, AQP1 is localized to the apical and basolateral maetoraf pigmented
posterior epithelial and anterior myoepithelial cells of the (ifiable 2.1). The precise
role of AQP1 in iris function is unknown, but may relate to changespid water

movement or cell volume that may occur upon contraction or relax@duiomg mydriasis
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or miosis, respectively. AQP1 is also found in fenestrated andemestrated capillaries
in ocular tissues that include the choroid, ciliary body, sclerdl iris. As in other
capillary beds of the body, particularly fenestrated, their fonat role is uncertain.
Finally, AQP1 is highly expressed by resident fibroblasts osthera and corneal stroma
(keratocytes). Unfortunately, the role of AQPL1 in fibroblast fumcboth in the eye and
elsewhere still needs to be determined (Gallardo, et al., 2002, Maeda, et al., 2005).
Aquaporin channels are expressed by cells responsible for the poodant
removal of aqueous humor from the eye. AQP1 and AQP4 localize to both the apical and
basolateral plasma membranes of nonpigmented epithelial cele aifliary body, but
are completely absent from pigmented epithelial cells &R). In the ciliary processes,
aquaporins function to enable formation of agueous humor with the efficiesdagea of
water, following salt transport, from the ciliary stroma intee tposterior chamber
(discussed in detail in the following section). After flowingvietn the lens and iris into
the anterior chamber, the majority of aqueous humor exits theia@ybe conventional
(~70%) and unconventional (~25%) routes (Bill and Phillips, 1971), (Townsend and
Brubaker, 1980), (Toris, et al., 1999). A small portion of water (~B&uEls posteriorly
through the vitreous, and exits across the retina. AQP1 is erdrds/ cells that
populate the conventional and posterior outflow routes. In the conventionadvoutfl
pathway, cells that cover the trabecular lamellae and occugyttaeanalicular region
of the TM express AQP1 (Fig. 2.2). Additionally, endothelial citléd form part of the
blood—aqueous barrier, Schlemm’s canal (SC) endothelia, express &@Rnels. The

role of AQP1 in regulating aqueous movement through the conventional roye is
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uncertain (discussed in detail in the following section). A mindrsignificant amount
of water exits the eye across a continuous monolayer of epltleelia, the retinal

pigment epithelium (RPE) that forms the blood—retina barrier asdust posterior to the
retina. In humans, AQP1 localizes to both the apical and basolatenabranes of RPE

cells however, AQP1 has not been detected in RPE of other models such as mouse.
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SC Trabecular Meshwork

Vitreous

Neurosensory Retina

Figure 2.2: Distribution of aquaporin channels in ocular tissue that participate in
aqueous humor dynamics.Shown is a schematic of the human eye and three ocular
tissues in cross section; the conventional outflow pathway (toptledtiiliary epithelial
bilayer (bottom left) and retinal pigment epithelium (right). taded in green are
putative locations of aquaporin channels that participate in aqueous dynamics in
these three tissues. Red arrows indicate direction of floassithrough these ocular
tissues. SC=Schlemm’s canal, JCT=juxtacanalicular tissuesc@@&ctor channel,
NPE=nonpigmented epithelium, PE=pigmented epithelium, RPE=retinainepig
epithelium.
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2.3 Ocular Fluid Movement

2.3.1 Aqueous Humor and Vitreous Humor

Vision is dependent upon the efficient movement of water between iimich w
various structures of the eye. To facilitate the faithful trassion of light rays from the
corneal surface to the retinal photoreceptors, the eye isupmests having three
compartments that are filled with optically transparent fluiisieous humor occupies
~80% of the interior volume of the eye and lies between the pwstace of the lens and
the retina. Aqueous humor fills the other two compartments, the @nésrdl posterior
chambers, located on either side of the iris. The circulation of aqiemosr from the
posterior to the anterior chamber (and then out of the eye) enthaledelivery of
nutrients and removal of waste products from two specializedcaaastissues, the
cornea and crystalline lens that function to focus light onto thearéhe clarity of these
two organic lenses, and thus their ability to refract light, guesitely dependent upon
water homeostasis within and the circulation of aqueous humor aroundtthetures.
For example, corneal clarity is reliant upon the maintenancearhal water content by
the cellular barriers that line either surface, while intudercpressure is regulated within
a narrow range by the balance of aqueous humor secretion and eraMag
surprisingly, every tissue that produces, removes, or is in contdciaqueous humor
contains aquaporins (AQPs) to facilitate the efficient andctede movement of water

across ocular membranes.
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2.3.2 Aqueous Humor Formation and Outflow

2.3.2.1 Aqueous Humor Formation

The rates of water movement across epithelial barriers iretted tubular system
and ciliary body are similar, among the highest measured ibatie [0.6-1.2 criicn?
(Brubaker, 1991)], and no doubt in part due to aquaporin expression &ialg, 2004).
In contrast to fluid resorption in renal tubules, secretion of aquaausr by the ciliary
epithelium occurs against both oncotic and hydrostatic gradi€otovercome these
forces, water follows the active transport of salt across the tvaoycépithelia.

Aqueous humor formation is thought to involve a thetep process by the
epithelial bilayer that lines the processes of the ciliaryyb(&ivan and Macknight,
2004). First, paired sodiwproton and chloriddicarbonate antiporters play a major role
in transferring sodium and chloride from the ciliary body strom@ ipigmented
epithelial cells. Sodium and chloride easily pass by simple diffusion fromepitpd cells
into the nonpigmented cells through gap junctions before they avelpchoved to the
posterior chamber via a combination of Na/K ATPases, Cl- chanaets Na/K/2Cl-
cotransporters. Because gap junctions between nonpigmented and pigcedatallow
the free movement of water and salt, and pigmented cells do nairctight junctions;
aguaporin channels (AQP1 and AQP4) appear to be needed only in nhonpdycediste
Interestingly, even though tight junctions between nonpigmented epitbelgform the
blood—aqueous barrier and eliminate paracellular passage of sudueater, aquaporins
localize to plasma membranes on both apical and basolateralsidgesting that water

is drawn into nonpigmented cells both from pigmented cells, through gajopsjcand
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from interstitial space on lateral sides, through aquaporins.lhinaater exits
nonpigmented cells and enters the posterior chamber in part through a@PAQP4
channels on the basal membranes.

The functional contribution of aquaporin channels to aqueous humor secretion in
vivo was demonstrated in mice lacking AQP1, AQP4, or both (Zhangl.,e2002).
Despite probable compensatory mechanisms, intraocular pressure nmctdacking
aguaporins (AQP1, AQP4, or AQP1/AQP4) was significantly lower tham wild-type
littermates (Fig. 2.3). Depression of intraocular pressure vaeggdeen 1 and 2 mm Hg,
depending upon the strain of mice and the missing aquaporin homologue(s). This
decreased intraocular pressure in mice lacking aquaporinowag fo be in part due to
lower levels of agueous humor production. In these animals, agueous humotiproduc
was measured using in vivo confocal microscopy after introduction of fluameate the
anterior chamber. Figure 2.3 shows that fluorescein had a lon@difenal the anterior
chamber of mice lacking one or both of the aquaporins expressed hgrthgmented
ciliary epithelium. These data in living animals agree wittadditained with cultured
cells showing that transport of fluid across monolayers of nonpigmeptegtlial cells is
inhibited upon treatment with mercuric chloride (a potent blocker@®A channels) and

antisense oligonucleotides specific for AQP1 RNA (Patil, et al., 2001).
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Figure 2.3: Intraocular pressure measurements and aqueous hwmn production in
aquaporin null mice. Panel A shows results of IOP measurements in two different
strains of wild-type mice, AQP1 and AQP4 null mice and AQP1/AQ&uble null mice.
Shown are data from individual eyes (filled circles) and me8& fopen circles).
*p<0.05, **p<0.002 (ANOVA). Panel B shows measurements of individual eyésd(fil
circles) and mean +SE (open circles) for agueous humor productionditype and
AQP null mice. Data are expressed as half-timgg for fluorescein disappearance.
*p<0.05 (ANOVA). Reprinted from Zhang et al., 2002

In addition to effects of altered aquaporin expression on membraneaiglity,
regulation of AQP1 and AQP4 by secem@éssenger systems was also shown to impact
water movement across cell membranes. For example, phosphorylatd@Rdf by
cyclic adenosine monophosphate (CAMependent protein kinase A (PKA) was shown
to increase fluid movement across cells heterologously expre&QRd. by increasing
AQP1 at the plasma membrane (Han and Patil, 2000). These datanargtent with
known dependency of water movement across the ciliary epithelium inpgacellular

levels of cAMP. However, the specific effects of AQP1 phosphooylato cAMPR

mediated changes in aqueous humor productions have not been denthn$tiittie
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respect to AQP4, phorbol ester treatment resulted in AQP4 phospiworydatd a
consequential decrease in membrane permeability of cells hetarslpgexpressing
AQP4 (Han, et al., 1998). Interestingly, phorbol ester treatmematbfit eyes decreased
intraocular pressure by 40%, although a role for aquaporin involvermamknown
(Mittag, et al., 1987). Finally, atrial natriuretic peptideatment of cells heterologously
expressing AQP4 or AQP1 results in a decreased permeabiliater (Patil, et al.,
1997). Atrial natriuretic peptide is also known to inhibit secretioagafeous humor and
lower IOP; however, the role of aquaporins again remains to be ddfiredk and
Chang, 1997, Fernandez-Durango, et al., 1999, Mittag, et al., 1987). In gbleraid, a
tissue that secretes cerebral spinal fluid and strongly egsrésQ@P1 channels, atrial
natriuretic peptide similarly causes a decrease in fluid alhdransport; this process has
been suggested to involve not only the water channel property of AQP1, dubheals
cyclic guanosine monophosphatetivated cationic conductance mediated by AQP1
(discussed in a following section; (Boassa, et al., 2006)). Pdheoturrent study is
aimed at determining if the ion channel property has any contribtditime regulatory

effects of atrial natriuretic peptide signaling in the eye.

2.3.2.2 Aqueous Humor Outflow

2.3.2.2.1 Anterior Segment Outflow

While the role of aquaporins in aqueous humor inflow has been clearly
demonstrated, the responsibility of aquaporins in outflow function ssceain. AQP1

is expressed abundantly in all regions of the conventional outflas trecluding the
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inner (uveal and corneoscleral) and outer (juxtacanalicular tiSS@i¢,TM and the inner
wall of SC. However, outflow facility measurements in AQP1 multe were not
significantly different from their littermate controls (Zhareg al., 2002). These results
need to be interpreted with caution for several reasons. Sincertlientional pathway
regulates intraocular pressure by controlling the rate of aquaousr drainage, there
are likely multiple compensatory mechanisms to accommodate the lossgfeaprotein
(AQP1 in this case). Next, effects of AQP1 deletion on outflogiifia (hydrostatic
driven) may have been under the level of detection because hyidrdsteen water
permeability in other tissues is affected less by absené®#8fl than is osmotidriven
water permeability (two-fold versus ten-fold); (Bai, et &a999). Additionally,
appreciable differences in the anatomy and physiology of aqueous louamnage exist
between mice and humans. The TM is architecturally less caniphaice (composed of
two to three layers of lamellae) than in humans (seven tbt é&yers). In mice
conventional outflow accounts for roughly half of total outflow, whergatiumans
conventional outflow accounts for about thwpearters of the total outflow. Thus,
clinically relevant analyses of the specific contributiolAQP1 to conventional outflow
would benefit from use of animal models that are carefully neatckith key human
parameters or by use of human tissue such as perfused arggnngs in organ culture
(Johnson and Tschumper, 1987). With the organ culture model, AQP1 protein can be
manipulated using gene transfer, gene silencing, or pharmacologickétd and effects

on outflow facility can be monitored over time.
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Indications about the potential role of AQP1 in the conventional outftaat
were provided using primary cells that were isolated from human dyesr (Stamer, et
al., 2001). In these experiments, AQP1 expression was manipulatgdaggnovirus
vectors that carried AQP1 cDNA oriented in the sense or antisdimsetion.
Interestingly, AQP1 overexpression was found to increase restragellular volume by
~9%, and thus decrease paracellular permeability of trabeculameseolayers. The
inverse occurred upon knockdown of AQP1 protein (by ~70%); where ré&tingell
volume decreased by ~8%. These data were among thie fingplicate a role for AQP1
in cell volume regulation in the outflow pathway. Since this remaveral laboratories
have shown that aquaporins often exist in protein complexes that appsanse or
regulate cell volume (Chan, et al., 2004, Krane, et al., 2001, Kuang, 20@d., Liu, et
al., 2006).

In the conventional outflow tract, changes in volume of cells in the
juxtacanalicular region or inner wall of SC have been shovimflteence outflow facility
[and thus intraocular pressure (Gual, et al., 1997)]. Volume chandes JCT affect the
geometry of the conventional tissues and impact flow pathwayesqgtsgous humor. For
example, a 10% decrease in cell volume results in ~25% indreaséflow facility (Al-
Aswad, et al., 1999). At the inner wall of SC, changes in cell volumgd be expected
to impact transcellular (vs paracellular) routes for fluid. Stoutes have been referred
to as “border pores” (Ethier, et al., 1998). Since the inner walSGf is the only
continuous cell barrier that aqueous humor encounters before enteengystemic

circulation, changes in the number of AQP1 channels at the c&lcewvould likely
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affect the transcellular permeability of the barrier. Ppheportion of aqueous humor that
utilizes transcellular versus paracellular routes presentipknown, and thus the impact
of aquaporin expression in SC cells on total outflow facility is aace (Ethier, 2002,
Johnson, 2006).

A role for AQPL1 in the JCT cells and SC cells can be envisionéght of their
contribution to outflow resistance (i.e., regulation of fluid transportobuhe eye), but
the function of AQP1 channels in TM cells that reside on the lamellar bearssaialy
providing no appreciable resistance to flow due to the wide opentagd® beams- is
unknown. One possibility is that AQP1 channels may accommodate rapid evolum
changes that could occur in the conventional outflow tract when the outfisuwes are
subjected to mechanical deformation. Trabecular cells resideumque environment
that is under continuous mechanical stress, both repetitive and iteetr{ithier, 2002).
For instance, during accommodation, the TM is stretched and foreesaasmitted
throughout conventional outflow tissues via tendons that originate inliaig enuscle
and attach to the basement membrane below the SC inner wall. ioadoinventional
outflow tissues are continually perturbed due to the ocular puls&jrigi squinting, or
eye rubbing (Coleman and Trokel, 1969). Such everyday activitiesagaaiyr and
transiently elevate intraocular pressure by up to an order ghitnde (from 10 to 100
mm Hg). As tissues deform, the resident cells can be fdxethange volume, and
aquaporin could be playing a key role in allowing TM cells to ceanmgume in the
meshwork. Interestingly, in skeletal muscle a similar role AQP4 has been

hypothesized where aquaporins are thought to facilitate the tramsfer of water from
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blood to muscle during periods of intense activity, such as exéFeigeri, et al., 2004).
If this hypothesis is true in the meshwork, the presence of AQP1 oal awel
corneoscleral meshwork cells emphasizes the dynamic biomedremiaanment of the

conventional outflow pathway.

2.3.2.2.2 Posterior Segment Outflow

A small but significant proportion of aqueous humor that is produceddy t
ciliary epithelia exits the eye posteriorly, across thenaetind RPE. To facilitate this
flux, there is a net apical to basolateral movement of solutesacRPE cells
(Marmorstein, 2001, Miller and Steinberg, 1977). In addition to actaesport of
solute, two passive mechanisms, intraocular pressure and oncotic @réssarthe
choroid, contribute to water movement across the RPE and into the chBemduse the
paracellular route is restricted by the presence of highihyplex tight junctions that are
essential to maintain the blood—retinal barrier [resistance PB08s*cnt (Joseph and
Miller, 1991, Marmorstein, 2001)], water and solute must traversemegiibranes in a
process likely to be facilitated by transporters and channels, including AQRietha

The transport of solute across the RPE is dependent in part upon theticdite
of potassium and sodium in the subretinal space (between the photore@eyt RPE),
which in turn is dependent upon ion conductances across photoreceptors during periods
of light and darkness. During light onset for example, the subrepotdssium
concentration decreases, causing changes in the activity @fllapacated potassium

channels and transporters in the RPE that ultimately influenceidenldransport
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(Gallemore, 1998). Interestingly, the apically located/KiaATPase pump of the RPE
does not contribute to vectorial transport of solute (in parallelwatier movement) as it
does in other epithelia, but instead is thought to regulate subrstigialm concentration
to support photoreceptor function. The transepithelial transport of chigliagle a major
role in driving water movement across RPE, mediated by the/R@lKcotransporter on
apical membranes and chloride channels present in basolateraranes) (Hughes and
Segawa, 1993, Joseph and Miller, 1992).

The high permeability of the RPE to water is enabled by AQPbcalization of
AQP1 to plasma membranes of RPE of human donor eyes and in RPEalated from
human donor eyes has been characterized in both fetal and adaie(Set al., 2003).
Figure 4 illustrates that decreased AQP1 expression sigmifycreduces movement of
water across fetal human RPE monolayers. It has been demonstratgobits and
primates that retinal adhesion can be enhanced by stimulating &einsport of fluid
across the RPE (Kita and Marmor, 1992, Marmor and Maack, 1982). Thus, the
expression of AQP1 by human RPE facilitates water movementsthtabught to be
critical for sustaining retinal attachment and visual functiddot surprisingly, AQP1
channels are interesting as candidate therapeutic targetsdat disabilities associated
with pathological states such as retinal edema.

There appears to be a species difference with respect to aquaparession by
RPE. While AQP1 mRNA and protein are observed in human RPE, AQP Inpnas
not detected in the RPE of rat eyes (Hamann, et al., 1998). Tloa feaghis species

difference is unclear, but may be related to differences irseyeture, the presence of
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other compensatory pathways for maintaining fluid balance, or trened®of selective
pressure for longevity of the visual system in the aging rod€onsideration of species
differences is particularly important given that rats ared us® a model organism for
studies of transport properties in RPE (Eichhorn, et al., 1996, Maminighldk, 2002).
It is likely not a coincidence that all cells that form thedol-ocular barriers (blood—
retina and blood—aqueous) and that limit paracellular transport vt tell—cell
junctions, also express aquaporin channels. The RPE, nonpigmented epitigiium
and SC endothelium all express at least one aquaporin channel. Sugpressien
pattern highlights the importance of the efficient water movememiss barriers into and

out of the eye.
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Figure 2.4: Expression and functional analyses of differentiate fetal retinal
pigment epithelium monolayer in culture. Panel A shows the expression of native
AQP1 in fetal RPE monolayers not infected (0) or after indectvith control (empty, E)
adenovirus or adenovirus containing antisense AQP1 DNA (AS). Panel B simount
of water movement across transduced monolayers in response to anc agadient
(~150 mOsM). Data are expressed as rate of water moveménticin?/hr), Asterisks
indicate significant differences between AQP1l expressing monslaygsus control

(**p<0.01). Reprinted from Stamer et al., 2003
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2.4 Aquaporin-1 Water and lon Channel Regulation

Aquaporin-1 has been shown to be regulated at various levelsdimgl
transcriptional and post-translational regulation. At the levelesfegregulation, the
promoter region of the AQP1 gene contains a hypertonicity respoaseeral and
conditions of hypertonic stress have been shown to increase AQP $sapr@menishi,
et al., 2004). Post translational modifications, such as phosphorylathlQRif suggest
potential regulatory mechanisms of the AQP1 protein (Marineld).etl997). Increased
permeability following phosphorylation of AQP1 indicates that reaguiamechanisms
are in place to regulate water movement in tissues.

In addition to its constitutive function as a water channel, AQPlaomnta
parallel pathway for cations that is regulated in partieyitinding of intracellular cGMP
(Anthony, et al., 2000, Yool, 2004). Water permeation occurs through indipdues
located within single subunits of the aquaporin tetramer, and thelcpate at the axis
of a four-fold symmetry has been suggested as a candidate ien porconserved
internal loop of AQP1 (loop D) has been modeled in molecular dynamidagions as a
flexible gate-like structure that could modify ion permeatibtha putative central pore
of the tetrameric AQP1 complex (Yu, et al., 2006).

AQP1 channels were shown to carry nonselective monovalent cationgntsur
after stimulation with PKA (Yool, et al., 1996) and cGMP but not cAMP (Anthony, et al
2000). When reconstituted in lipid bilayers, AQP1 showed a cGMP-deperatamntic
channel function; but only a very small proportion of the total populatiowatér

channels incorporated into the bilayer were available to be geetn channels
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(Saparov, et al.,, 2001) suggesting that other cellular components wssi@grin the
reconstituted system. Further work has shown that native AQRinelsain choroid
plexus generate a robust cGMP-dependent cationic conductance ltstater AQP1
knockdown by small interfering RNAs (Boassa, et al., 2006). Thignsatconductance
activated by atrial natriuretic receptor signaling (and aatat cGMP generation) is
blocked by Cd&', and appears to be physiologically relevant in governing fluiceenr
(Boassa, et al., 2006) Recently, similar effects have been shdawifg stimulation of
AQP1 cation conductance with PKC (Zhang, et al., 2007). These dpfers a
physiological role for AQP1 ion channel activity in tissues invélivefluid secretion and
absorption. The dual ion and water channel function could in theory ailadification
of local osmotic gradients, perhaps enabling adjustments in cethechnd morphology
at a microscopic scale, or might serve in signal transductiaalising depolarization of
the cGMP-stimulated cells.

In the eye, the importance of AQP1 as a water channel iseaptpakn additional
role for AQP1 in its mode as a gated cation channel remaims &3sessed. Since not all
tissues in which AQP1 is expressed would necessarily benatfit fa entry and the
depolarizing effects of the ion channel activity, it is likeigttthis additional function is
under tissue-specific control. The presence of cGMP-sensdivencchannels in tissues
of the eye that express AQP1 and are involved in aqueous humor dynanmaa
intriguing observation, leading to the speculation that some compohdhe cation

currents could be due to the activity of cGMP-gated AQP1 catiors.pArpossible role
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for the dual water and ion channel function of AQP1 in the fine contritliidfsecretion

in ciliary epithelium and RPE is an interesting hypothesis that needs tdduk tes

2.5 Aquaporin and lon Channel Interactions

There is mounting evidence that aquaporins are incorporated into dsaifahe
plasma membrane with other proteins, suggesting that efficigidt fiovement across
tissues depends not on individual water channels but on complex asssciaith
signaling and transport proteins (Cowan, et al., 2000). In many d@daes, chloride
secretion provides a key component of the driving force for water movehwvver, a
parallel pathway for cation flow is required for electroneutralkbélbw. The
coexpression of aquaporin water channels and the cystic fibrasisntembrane
conductance regulator (CFTR) channels for chloride enablestiedfezalt and water
transport in many types of tissues of the eye, such as tapiézelia and endothelia,
ciliary epithelium, and retinal pigmented epithelium (Levin and Verkman, 2006).

In the ciliary epithelium, sodium enters the pigmented layen fthe stromal side
along with chloride and transits through gap junctions to the NPEfoelgcretion with
the aqueous humor primarily through™™& ATPase pumps while chloride exits through
various channels (Civan, 2003, Vessey and Kelly, 2004). A possibleorol@=TR in
chloride movement through the ciliary epithelium is supported by #sepce of CAMP-
activated chloride currents that result in movement of chloridedeet the pigmented
and nonpigmented epithelium; however, there are conflicting resutlstlas presence of

CFTR in the ciliary epithelium (Chu and Candia, 1985, Do, et al., 2004t &li, 2006).
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Fluid transport across the NPE cells relies of/ilaATPase pump activity and AQP1,
as determined by sensitivity to block by mercuric chloride andrtigense knockdown
(Patil, et al., 2001).

In the RPE, chloride is the primary driving force for watansport, moving
through basal chloride channels including CFTR (Blaug, et al., 2003, Hil, 41996,
Miller and Edelman, 1990). Consistent with this idea, humans ayshic fibrosis or
mice with mutations in CFTR exhibit decreased chloride transpodss the RPE
(Gallemore, 1998, Wu, et al., 2006). Less well known are the meankibly sodium,
the likely counterion to chloride, is moved across the epitheliurhus,Twhile apical
sodium entry is facilitated by the Na/K/2Cl-cotransporter, Itasolateral membrane
transport mechanism is unknown. The function of AQP1 as an ion channdhen ei
membrane face might augment sodium flux down its electrochkmiedient. An
intriguing possibility in both the NPE and RPE is that the cGMR-atetd cation flux
through AQP1 may modulate net water transport (Fig. 2.5). Becdudiéferences in
cellular distribution of N9K* ATPase pumps between the NPE and RPE, and the
difference in location of the blood supply relative to transportctioe across these
barriers, it is conceivable that activated AQP1 ionic cusrevorking by the same
mechanism would have opposite effects in these two epithelia (iresponse to cGMP
signaling, slowing the net secretion in the NPE and enhancing net absorpti®B)in R

Signaling pathways involving cAMP and cGMP are known to influentteasd
water transport in the ciliary epithelium and RPE. Interestinghile the AQP1 ion

conductance is activated by increased cGMP (Anthony, et al., 2008sd88aad Yool,
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2003) it has been suggested to be antagonized by intracellular ¢Xbt?, 2004).
Water channel activity of AQP1 is increased by PKA, sugggsthat a cAMP-
responsive redistribution of AQP1 occurs by phosphorylation of AQPfh édd Patil,
2000). It is conceivable that independent regulation of the water actiamnel activity
of AQP1 by intracellular signaling cascades would offeridaty in the control of fluid
transport. At present, there is no direct evidence for or againsieafor AQP1 ion
channels in inflow or outflow pathways, but there are lines of evidemnteating the
presence of cGMP-sensitive ionic conductances (Carre, et al., 1B86gxample, nitric
oxide (NO) and cGMP cause a modest depolarization of the cikgithelial
transmembrane potential (Fleischhauer, et al., 2001) activate eatimauctances in
rabbit ciliary epithelium (Carre, et al., 1996), and inhibit'/N& ATPase via protein
kinase G (PKG) but not PKA (Shahidullah and Delamere, 2006). Edbks® instances
is consistent with the known ability of NO donors to reduce aqueoomhsecretion
(Korenfeld and Becker, 1989, Shahidullah, et al., 2005).

Cyclic nucleotide-gated cation channels in the RPE have not beented:
however, chloride and potassium channels in basolateral membrandsebav&own to
be regulated by intracellular cAMP (Hughes and Segawa, 1993, JasepMiller,
1992). Studies have also shown that changes in cGMP levels incred&seatrat
natriuretic peptide treatment and induce changes in fluid and chkpadsport across
RPE (Mikami, et al., 1995). Further investigation is necessarev@uate the

mechanisms by which cGMP modulates fluid transport. The relatiobshiyeen cGMP
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and AQP1 provides a potential way to control AQP1 ion channel functidnflaid
transport across ciliary and retinal epithelia.

In ocular epithelia, the role of cationic currents mediated by AGQhannels in
agueous humor movement is an interesting possibility that remédnestésted (Anthony,
et al., 2000, Yu, et al., 2006). In choroid plexus, the inhibition 6fiNaATPase activity
and the activation of AQP1 ion channels in response to cGMP stionulatad to a
decrease in net cerebral spinal fluid production; the inhibitoryctefte reversed by
application of an AQP1 ion channel blocker or by knockdown of AQPlesgjun
(Boassa, et al., 2006). These data prompt the hypothesis that thegbid&i of AQP1
ion channel activity on fluid export, in parallel with regulation loé Nd/K* ATPase
(Fig. 2.5) might be a conserved theme in the eye and brain ventncleiliary
epithelium, AQP1 ion channel activation would be expected to dechleasmutflow of
water across the membrane, decreasing aqueous humor productione RPE, the
comparable mechanism of AQP1 ion channel activation will have an oppitct,
serving a complementary role in enhancing net fluid transfertive RPE for subsequent

removal into the blood.
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FIGURE 2.5: Hypothetical mechanism for controlling transmembrare salt and
water flux by cGMP signaling.

(A) Na active transport out of the cell by the*'Na& ATPase and water flux through
AQP1 water pores in the unstimulated state. (B) Downregulatétk MeTPase activity
(Ellis et al., 2000) and activation of the AQP1 ionic conductance &@&®P stimulation,
resulting in a decrease in net secretion (an increase absetption) of fluid via possible
local accumulation of Naat the inner membrane.
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2.6 Future Directions

While the dependency of agueous humor secretion on aqguaporin expression is
clear in aquaporin null mice, such an in vivo model is not ideal fouatra aquaporin
expression in the conventional drainage tract or in the RPE. Thus,inegptx are
needed that test the role of AQP1 in the physiology and pathopiygiof these two
tissues using model systems that more closely resemble thenlwasa For studying
conventional drainage, the human anterior segment perfusion sgstém nonhuman
primates are commonly used. For studying retinal attachmeng adnhuman primate
model is likely best, unless a lower mammal that expressé&slAQthe RPE and shows
retina edema is identified. The species differences in ttveseoutflow pathways for
intraocular fluid is interesting, requires further study, and nodfer new insights from
comparative physiology into the diversity of strategies tHeiwamanagement of
intraocular pressure and maintenance of ocular homeostasis.

The current information suggests aquaporins in general have the pderieéa
regulated through multiple mechanisms for a variety of purpodéss likely that
aquaporins, and AQP1 specifically, contributes in previously undefined wwaysular
physiology. The following studies were aimed at charactgyithe role of aquaporin-1
in trabecular meshwork and retinal pigment epithelium cultures.fi@ustudy provides
new information for the role of AQP1 in trabecular meshwork asné&ibuting factor to
homeostasis during times of mechanical stress. Interestinglystody of RPE fluid

transport suggests that fluid movement previously shown to be mediafe@Riy in an
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RPE culture system is induced via atrial natriuretic pepti@direct activator of AQP1

cation currents.
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CHAPTER 3

ROLE OF AQUAPORIN-1 IN TRABECULAR
MESHWORK CELL HOMEOSTASIS DURING
MECHANICAL STRAIN?

3.1 Introduction

Glaucoma is the second leading cause of blindness and affectxiapiely 3
million people in the United States alone (Quigley, 1996). Primagn apgle glaucoma
is the most common form and is often characterized by an increase inutdrgmessure
(IOP). Despite visibly unobstructed conventional outflow tissues, an aseren
resistance through the conventional outflow pathway is likely respensisl IOP
elevation (Grant, 1963).

The conventional outflow pathway consists of the trabecular meshwbtkgnd
Schlemm’s Canal (SC), and is part of a dynamic environment $ubjecultiple forms
of environmental stress as well as mechanical strain. Soofaksly mechanical strain
in the conventional outflow pathway include intraocular pressure, fliod, fand
contractile activity of surrounding tissues, such as the ciliargcie. Intraocular pressure
and fluid flow are influenced by intraocular processes such as aguemas production
and drainage (Kaufman, 1984), as well as extraocular procassess heart beat, eye

movement, and blinking (Coleman and Trokel, 1969). The TM is subject ta adde

2 Portions of this chapter are currently in presspfablication in Baetz, NW, Hoffman, EA, Yool, AJ,
Stamer, WD. 2009. Role of aquaporin-1 in trabecoashwork cell homeostasis during mechanical strain
Exp. Eye Res.
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sources of strain as mechanical forces stretch it framv&oe’s line to the Scleral spur,
and inward towards the SC lumen (Johnstone and Grant, 1973). As ta tresdiM
stretches not only in accordance with changing pressure gradismhtfuid movement,
but also in conjunction with ciliary muscle contraction (Wiederholt, et al., 2000).
Previous data shows that the TM responds to mechanical stresshthreagety
of mechanisms. Studies using whole eyes, anterior segments, amedisdia cultures
have demonstrated a range of response mechanisms to mechaaitaEgperiments in
eyes of rhesus monkeys and humans revealed reversible structumgeéshn TM tissues
following increases in pressure (Johnstone and Grant, 1973). Berkisidies using
anterior segments of human and porcine eyes reported an increagéow resistance
(Brubaker, 1975) and a decrease in outflow facility following appiigcic pressure,
suggesting pressure oscillations can induce responses in tissmes(Rad Stamer,
2008). Investigators have also looked at alterations in cell morphaodyactin
reorganization following applied mechanical strain to cultured Inunid cells
(Brubaker, 1975), (Epstein and Rohen, 1991, Mitton, et al., 1997, Tumminia, et al.,
1998). Moreover, changes in gene expression have been observed for mrotgies
including myocilin, interleukin factor-6, and matrix metalloproteinases, fotigwapplied
mechanical strain in TM cultures (Borras, et al., 2002, Bradlesl.,e2003, Bradley, et
al., 2001, Liton, et al., 2005, Tamm, et al., 1999, Vittal, et al., 2005). Regulaft
transport mechanisms, commonly associated with cell homeogsesilsa influenced by
mechanical strain in the TM and other tissues (Gasull, €G13). Interestingly, AQP4

has been shown to facilitate increased water flux between missie and the blood
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during increased physical activity, demonstrating a novel mleafuaporin channels
during times of mechanical strain (Frigeri, et al., 2004, Frigeri, et al., 2001).

In the conventional outflow pathway, aquaporin-1 (AQP1) has been shown to be
expressed in both TM tissue and isolated cultures, though the rol@rRt A the TM is
currently unknown (Hamann, et al., 1998, Stamer, et al.,, 2008, Stamer, ¥9%,,
Stamer, et al., 1994). Since fluid movement through the TM is phnpaiiacellular, the
presence of AQP1l may fulfil a need other than transcellularerwatovement,
particularly in the uveal meshwork where intertrabecular spaedame. In fact, recent
studies have demonstrated that AQP1 does not appear important for luhndement
through the conventional outflow pathway (Stamer, et al., 2008). cliriently unclear
as to why robust expression of a water channel protein in thevdd be necessary if
fluid movement does not require AQP1l expression. Based upon the unique
biomechanical environment of the conventional pathway and recent reptresrole of
aquaporins during times of mechanical strain, we hypothesizeA@RtL functions to
support TM cell homeostasis during times of mechanical strain.

To test our hypothesis we administered a static and cyclibanesal stretch to
cultured human TM cells and evaluated changes in AQP1 expressionMnckll
viability. Our results demonstrate that mechanical strasalt®in a significant increase
in AQP1 expression. To further evaluate the role of AQP1 during meethastrain we
used adenovirus encoding AQP1 to restore AQPlexpression in TM ¢etlesuio levels
closer to those observed in TM tissue. We found that increased srpres AQP1

during static mechanical strain reduced measures of cell @éar@ag data suggest that
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AQP1 in human trabecular meshwork serves a protective rolecbiyatang improved

cell viability during conditions of mechanical strain.
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3.2 Materials and Methods

3.2.1 Human Trabecular Meshwork Cells

Five human TM cell strains were isolated and characterizedurylaboratory as
previously described, (Stamer, et al., 1995) and used for experimabte @1). Figure
1 shows representative expression of AQP1 seen in TM cultures imesrand with
passaging. These data confirm that TM cells require multipys da confluence for
maximum expression of AQP1 and that cells cultured up to 14 dags r&QP1
expression and that TM cells used at passage 2 to 4 mainteis ¢ AQP1 expression.
For experiments in the present study, cells were used at pasdagfter at least 14 days
at confluence. For every experimental condition, we used at ledifteBent TM cell
lines in at least 3 independent experiments. Listed belowXdrenarks designated the

cell line used for each type of experiment.

Table 3.1: Cell Strains and Stretch Treatments used in TM study

™ Donor Passages Time 10% 20% 8% 13%
strain age course static static cyclic = cyclic
TM26 15yrs X X
TM86 3mon X X
TM88 25yrs X X X X X
TMO0 4mon X X X X X X
TM92 44yrs X X X X
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Tissue 1 2 3 4 5 6

Time (days) TM Passages

Figure 3.1. Aquaporin-1 expression by trabecular meshwork cell @wnolayers over
time and with passaging. Left panel shows changes in AQP1 expression over time
(passage 2) and with passaging (passages 1-6, right panel) conepA@P1 expression

in TM tissue. Displayed are representative western blots sorghe cell line (TM90) of
three lines total that were tested (table 1).

3.2.2 Stretch Assays

TM cells on Bioflex membrane supports in 6-well format (ProduBF#3001U
Flexcell Corporation, Hillsborough, NC) were maintained in 10% fetaline serum
(FBS, Gemini Bioproducts, Sacramento, CA) low glucose Dulbeco’s radddagle
Media (DMEM, Invitrogen, Carlsbad, CA) supplemented with penicill®O(linits/mL),
streptomycin (100mg/mL) and glutamine (0.29mg/mL) for one weedr gilating at
confluence. Cells were then switched to media containing 1% &B§lucose media for
1 week prior to experiments. Cells were given 2 mL of fresh 0.1%, F®dium
pyruvate-free media 24 hours prior to and then again during sappiitations. Media
was collected before and after stretch to evaluate ladedtgdrogenase (LDH) release.

The 6-well plate was placed on a Flexcell stretch frame,dabusan incubator at 37°C
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and 5% CQ. Using Flexcell software, mechanical strains capable maftcsting the
flexible membranes by 10 and 20% static stretch (stretch adyl bol9 and 13% Cyclic
(oscillatory) Stretch (1 Hz,), were applied by vacuum pump for periods of 8 and 24 hours.
The limitations of the equipment allowed only for 9 and 13 % stretcmglayclic
stretching at frequency of 1 Hz. Cell lysate samples weteated in 10QL Laemmli

buffer at 0, 8, and 24 hours and then boiled for 10 minutes.

3.2.3 Western Blot

Proteins collected from TM cell lysates in Laemmli buffearevloaded on 10 %
SDS-PAGE gels run at 0.3 milliamps for 1 hour. The proteins in gdissivere
transferred to nitrocellulose at 100mV for 90 minutes. Following tearasfthe proteins,
the nitrocellulose was incubated in Tris/HCI-buffered saline (100m& 137mM NacCl,
2.7mM KCI , pH 7.4) with 2% Tween-20 (TBS-T) and 5% nonfat dry milk (klog
buffer) for 1 hour. The nitrocellulose blots were incubated for 16 hou#’@tin
blocking buffer containing anti-AQP1 IgGs (300 ng/mL). Antibodies vpeepared from
rabbit serum using affinity purification on Glutathione-S-transfereolumns (Stamer, et
al., 1995, Stamer, et al., 1996). Blots were rinsed 4 x 15minutes S, Td&d goat anti-
rabbit IgGs conjugated to horseradish peroxidase (Santa Cruz, CA)neebated with
blots in blocking buffer at a dilution of 1:5000 for 1 hour. The solutions agntai
secondary antibodies were removed and blots were rinsed 4 x 15ninfB&:T. The
blots were then incubated with HyGlo (Denville Scientific, MetughiéJ) or Amersham

(Buckinghamshire, UK) chemiluminescence western blotting detecsolutions.
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Following incubation with chemiluminescence reagents, the protein antdoodglexes
were visualized by timed exposures to X-ray film (Geneseg, E#llowing detection of
AQP1, the blot was re-probed with solution containagctin IgGs (Sigma, St. Louis,
MO) raised in mouse and peroxidase-conjugated secondary antibodg migoat
against mouse 1gG (Santa Cruz, CA). Signals in the linearrahghe film were

digitized, and densitometry was performed using Labworks 4 software (0&PCA).

3.2.4 Cell Viability Assays

Cell damage and/or death, as determined by release of |ldetayelrogenase
(LDH) into conditioned media, was used as an indication of stresks lenposed on TM
cells during mechanical stretch. Conditioned media collected femi well was used in
analysis of LDH content prior to and following periods of mecharst@tch. Briefly,
media were collected, centrifuged at 10,0009 for 1 hr, and @ 2&mple was tested for
LDH activity. Samples were analyzed using a Roche Cytotgxi2etection KitLDH
(cat. no. 11644793001) Indianapolis. Media samples ofi2%re mixed with 250L
of the dye/catalyst solution. The dye/catalyst solution consistatalyst (diaphorase and
NAD™) and dye (lodotetrazolium chloride and sodium lactate) mixed id@ratio and
incubated for 30 minutes in the dark. Reduction of NA® NADH/H" and subsequent
reaction with catalyst allows for the conversion of a yellowamlium salt to a red
formazan salt. Each sample was loaded in triplicate into a 96plage at 15QL per
well. Samples were analyzed using a 490nm filter of Emax gioecimicroplate reader

from Molecular Devices (Sunnyvale, CA). Cell death was atsessed by analyzing
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conditioned media for the presence of a nuclear enzyme, histonetytkesee
Conditioned media were subjected to centrifugation at 10,000 x4¥Cator 1 hr. and
pellets were solubilized in 106L of Laemmli buffer. Histone deacetylase content was
analyzed using SDS-PAGE and western blot with commercialfyiadbte antibodies

from Sigma (St. Louis, MO) and Santa Cruz (Santa Cruz, CA) as described above.

3.2.5 Heterologous Aquaporin-1 Expression

Human TM cell monolayers cultured to confluence for 2 weeks exgresed to
1mL of media containing adenovirus (MOI = 1) encoding AQP1 or grieemekcent
protein (GFP) 48 hours prior to the start of the stretch for a pefiB8dchrs with rocking
every ¥z hour (Stamer, et al., 2001). Viral media was removed H#adveee given 2mL
of fresh media containing 1% FBS overnight. After 16 hours, the media was renmolved a
0.1% FBS sodium pyruvate-free media was added for 24 hours. Medleated as a
“pre-stretch” sample for LDH analysis. Each 6-well platd tvao wells that were treated
with media alone (uninfected control), two wells infected with Gieleénovirus (virus
control), and two wells infected with AQP1 adenovirus. MOI for edchs was
obtained by screening virus transduction efficiency in COS, daiging no endogenous
AQP1, prior to infection of TM cells. After collection of initigdre-stretch media
samples, cells were subjected to 20% static stretch for 24, lesupseviously described.
Cell lysates and media samples were collected and analyzéd)®t expression and

LDH release.
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3.2.6 Statistical analysis

Values for aquaporin-1 expression acquired through densitometry were
normalized top-actin expression from experimental and control samples and were
analyzed by a two tailed, paired student’s t-test. ValuesDét release following stretch
were normalized to prestretch control values and analyzed byodaied, paired

students t-test. Differences were considered significant at p < 0.05.
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3.3 Results

3.3.1 Cyclic Stretch Assay

Our first study was designed to evaluate the effect ofchccypnechanical stretch
on AQP1 expression by cultured human TM monolayers. After subjectiig T
monolayers to cyclic stretch of either 9% or 13% at a frequeh&yHz for periods of 8
and 24 hours, cell lysates were collected and analyzed for AQiréssion. Application
of 1 Hz cyclic stretch reduced the magnitude of stretch acheevablthe Flexcell
instrument from 10% to 9% and from 20% to 13%. Figure 2A shows repm@sent
western blots of AQP1 expression prior to (0) and following either 8 or 24 hours af cycli
stretch. We analyzed the non-glycosylated AQP1 band (28kD) and [issetn
expression as a reference for normalization purposes. Analysemdahated both the
non-glycosylated and glycosylated AQP1 bands (35kD smear) yieldathrsresults
(data not shown). Figure 2B shows summary data (mean +/- SDatindichat we
observed no significant change in expression at either 9% or 13% siyelich for 8 or

24 hours compared to non-stretched controls.

3.3.2 Static Stretch Assay

We also tested whether a static mechanical stretch of alltuwenan TM
monolayers affected AQP1 expression. Cell lysates from TM myerslassubjected to
10% or 20% static stretch for periods of 8 and 24 hours were anabizA@P1 protein
expression. Figure 3A shows a representative western blot BiLA&Qpression from TM

cell lysates prior to (0) and following 8 and 24 hours of stati¢cstréNormalized data
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(mean+/- SD) of AQP1 expression for 10% and 20% static Btristshown in the
summary graph in figure 3B. A significant 2-fold increase wasenled in AQP1
expression following the 10% stretch for 8 and 24 hours (p<0.05). Similarly, we abserve
at least a 3.5-fold increase in AQP1 expression following the 2(8elstfor 8 and 24

hours (p<0.05).

3.3.3 Lactate Dehydrogenase Assay

The presence of lactate dehydrogenase (LDH) in mediauses as an indirect
measure of stress experienced by TM cells during mechastreath. Media collected
before and after stretch were compared to negative control i(@chdt and positive
control (1% Triton lysis) samples. Significant amounts of LDH ewveetected in
conditioned media following 24 hours 13% cyclic (p = 0.044) and 20% stati® (@02)
stretch. With both of these two types of stretch we observed ald-Intrease in LDH
compared to control. Viability was also tested by probing wedikns with primary
antibodies against histone deacetylase (HDA), a nuclear enzimterestingly, we
observed no difference in the appearance of HDA between any afotiteol and
experimental groups (data not shown). Taken together, results inthaathe levels of
mechanical strain applied to cells in the present study indsoste degree of cell

damage, but not global cell death.
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3.3.4 Heterologous Expression of Aquaporin-1 andb&cular Meshwork
Viability

To test the importance of AQP1 expression in TM cell homeostasier
conditions of stretch, we used adenovirus encoding recombinant AQP1 to diahg t
AQP1 levels closer to physiological levels (Figure 3.5a). Becaesebserved that static
stretch had the most consistent effect on TM cell viabilitg, expressed recombinant
AQP1 in TM cells and administered a 20% static stretch for 24 hddeslia was
collected prior to and following 24 hours of static stretch and ardligrel DH activity.
Figure 5b shows that LDH from AQP1 infected cells was 2-foldel in comparison to
GFP control cells (p = 0.03). Interestingly, when analyzed hegetith uninfected cells,
these data demonstrate an inverse linear relationship betweenek@$sion and LDH

in conditioned media in response to stretéh(0.7780).
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Figure 3.2: Effect of cyclic stretch and aquaporin-1 expressn by trabecular
meshwork cell monolayers. TM cells plated at confluence and maintained for two
weeks on Bioflex membranes were subjected to cyclic strétéhof 13%) at 1 Hz for 8

or 24 hours. Cell lysates at 0, 8, and 24 hours were collected and dnblyZ&DS-
PAGE/western blotting using affinity purified antibodies spedibic AQP1 (panels A).
Panel B shows a histogram of AQP1 expression levels over fimeposure to stretch
that were normalized f®-actin prior to stretching. Data represent combined densitometry
data (mean + SD) from 4 independent experiments.
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Figure 3.3: Effect of static stretch on aquaporin 1 expressiorby trabecular
meshwork cell monolayers. TM cells plated at confluence and maintained for two
weeks on Bioflex membranes were subjected to static stretchr(20%) for 8 or 24
hours. Cell lysates at 0, 8, and 24 hours were collected and anabyed
SDSPAGE/western blotting using affinity purified antibodies speédr AQP1 (panel
A). Panel B shows a histogram of AQP1 expression levels overdinexposure to
stretch that were normalized fBactin prior to stretching. Data represent combined
densitometry data (mean + SD) from 4 independent experiments (*p<0.05).
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Figure 3.4: Viability of trabecular meshwork cells exposed to cyclic ostatic stretch.

TM cells plated at confluence and maintained for two weeks oneRiofembranes were
then subjected to no stretch (control), static stretch (10 or 20%j)cbc stretch (9 or

13% at 1Hz). Conditioned media was collected after 8 or 24 hours of stretch anddénalyze
for lactate dehydrogenase (LDH) content. Shown are combinednd@san + SD) from 4
independent experiments that were normalized to optical density y@Des for total

lysis controls (*p<0.05).
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Figure 3.5: Viability of rabecular meshwork cells exposed to 20% atic stretch
following expression of recombinant aquaporin-1TM cells plated at confluence and
maintained for two weeks on Bioflex membranes were eithetraosduced (control) or
were transduced with GFP or AQP1 adenovirus and subjected to 20%ts&dth for 24
hours. Conditioned media was collected after 24 hours of stretch dgydeshtor lactate
dehydrogenase (LDH) content. Cell lysates were collectetl analyzed by SDS-
PAGE/western blot using affinity purified antibodies for AQP1, Gifldp-actin (Panel
A). Shown in panel B is a histogram of combined data (me&B}from 5 independent
experiments that were normalized to optical density (OM)egafor total lysis controls
(*p<0.05).
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3.4 Discussion

The purpose of our study was to examine the role of AQP1 in TN daling
mechanical strain. TM cells responded to static mechaniedtlstby increasing AQP1
expression. Interestingly, cyclic mechanical stretch did natifgigntly impact AQP1
expression. Consistent with a role for AQP1 in cell homeostdmsmiost significant
impact on cell viability was found during static mechanicaltgtreWe observed that
LDH release from TM cells was inversely proportional withe tlevel of AQP1
expression. Taken together, our data suggest that AQP1 serves averotde in human
TM cells during static mechanical stretch.

Our studies were designed to approximate physiological levesaté stretch in
vivo by applying a stimulus of 10 and 20% to cultured human TM cellsh W¥dtic
stretch we attempted to model two physiological stressorsierped by the TM, ciliary
muscle contraction and/or elevated IOP. Earlier studies $tamen that IOP elevations
in rhesus monkeys result in as much as a 50% stretch of TM am@l/8Gn the JCT
region (Ethier, 2002, Grierson and Lee, 1977). Qualitative studiesctbised human
conventional outflow tissue however, demonstrate less distention in KheinT
comparison to the SC (Grierson and Lee, 1974), in part due to the laghbiacuoles
which allow for larger increases in surface area (GriersonLae, 1975). We note that
10% stretch is commonly used by other groups and estimated to bm \the
physiological range experienced by TM cells (Chow, et al., 200&pMiet al., 1997,

Tamm, et al., 1999, Tumminia, et al., 1998, WuDunn, 2001). Consistent with this idea
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we observed elevations in LDH release from cells exposed torhsgieéch magnitudes
for longer times, but did not see global cell death as measyrdistone deacetylase.
These data further suggest that though the stretch magnitudes ubedcurrent study

are estimated to approximate the mechanical strain in viv@,Nhes likely subjected to

much greater levels of stress in vivo. It is important to notetttea™™ in vivo is also

subject to a variety of other stresses associated with phagcgf cellular debris and
exposure to oxidative biproducts in the anterior chamber which may icéllacgamage

or death that might not be achievable with the stretch sydtama @.iton and Gonzalez,
2008).

The cyclic mechanical stretch in the current studies was indetalesimulate
changes associated with ocular pulse. Previous studies, palyicaldM cultures have
used a 10% cyclic stretch and estimated this level of stretbl tvithin a physiological
range (Chow, et al., 2007, Mitton, et al., 1997, Tamm, et al., 1999, Tumnaina.,
1998, WuDunn, 2001). To our knowledge, studies have not examined the level bf stretc
experienced by the TM in response to ocular pulse. However, studies in other tisbues s
as pulmonary capillaries have suggested that 5% stretching of eralatb#s is within a
physiological range (Birukov, et al., 2003, Birukova, et al., 2006). We marable to
detect a change in AQP1 expression at either the 9 or 13% Igeelgje did see an
increase in LDH release during 13% cyclic mechanical stratdicating that the cells
were experiencing physical strain. The reason that T4 celreased AQP1 expression
in response to both 10 and 20% static stretch, but not cyclic sttetthex the 9 or 13%

levels is unclear.



74

We structured the present study to test our novel hypothesis th&l AQ
accommodates rapid changes in TM cell volume during mechanieal $tr maintain
TM homeostasis. A precedent for the role of aquaporins in cell votegudation has
already been demonstrated in the TM as well as other ti§Shas, et al., 2004, Krane,
et al., 2001, Liu, et al., 2006, Mitchell, et al., 2002, Stamer, et al., 2001yoult be
interesting to determine in future studies the connection betwdevokene regulation
and cell viability during mechanical strain. Moreover, it would dfeinterest to
determine if in some glaucomas, AQP1 levels are unusually lownmdk¥ cells more
vulnerable to mechanical insults such as elevated IOP (Alvarad@l.,etl984).
Characterizing the mechanisms responsible for TM maintenaacpratection is critical
for improving our general understanding of TM physiology al ageproviding potential
targets for treatment of TM cells that are subject to meachh as well as other

environmental stressors.
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CHAPTER 4

THE EFFECT OF ATRIAL NATRIURETIC PEPTIDE
ON RETINAL PIGMENT EPITHELIUM FLUID
TRANSPORT

4.1 Introduction

The retina is attached in the posterior of the eye by adh&sies that prevent
retinal detachment and the potential loss of vision (Marmor anatkhMd®82, Marmor
and Yao, 1994). Adhesion of the retina to the underlying retinal pigepghielium and
choroid is dependent upon a combination of intraocular pressure, extacabiarix
between the retina and retinal pigmented epithelium (RPE) (Maal.,e1990), and
transport processes across the RPE (Michels, 1990). Active trap$mmiutes across
the RPE into the blood is important for the steady export of flaich the eye to the
blood across the RPE barrier to keep the extracellular fluidespamall, facilitating
retinal attachment, while allowing the exchange of extracellmladium needed to
maintain an appropriate ionic and metabolic environment for the photorecsi®
(Steinberg, 1979). Accumulation of fluid in the subretinal spaceresuét of damage to
the retina can lead to retinal detachment and ultimately blindri@ssuption of water
and ion transport across the RPE inhibit recovery to normal volimtee subretinal
space following retinal detachment (Kang and Luff, 2008). Understgride regulation
of volume in the subretinal space is important for efficient mmeat of retinal

detachment.
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Several classes of channels and transporters are involved itr&RBport. The
apical localization of the N&K* ATPase has been shown in bovine and human RPE and
has been proposed to provide for the accumulation of sodium into thersllspace to
support the background dark current of the photoreceptors (Hu, et al., 1994, aadeph
Miller, 1991, Miller, et al., 1978). Paradoxically, while the sodiunpusnped into the
subretinal space by the MK ATPase, the net fluid flow measured in RPE under
physiological conditions is in the apical to basal direction. Timsctional export of
fluid has been proposed to facilitate retinal attachment , anédgatad predominantly
by anion and cation influx through the apically located Na/K/Clacsporter (Adorante
and Miller, 1990, Hu, et al., 1996). The cotransporter serves as the \prioude for
apical chloride uptake; basal chloride channels provide a meamhltwide to move
across the RPE, creating the transepithelial salt transpededeas the major driving
force for water transport (Bialek and Miller, 1994). Potasssitihhought to serve as a
counter ion for chloride in baseline RPE fluid absorption procesghigeseems more
plausible at the basal membrane than for net transport (Hughe$akatlira, 1996,
Segawa and Hughes, 1994, Takahira and Hughes, 1997). Though epithelial sodium
channels (ENaC) are presumably a large part of this net soldtéuedd movement, the
involvement of these channels is not well understood (Wimmers, et al., 2007).

Regulatory pathways for ion and water transport in the RPE haea be
demonstrated by identification of receptors as well as clesization of signaling
pathways. Identification of adrenergic receptors in human and b&Rfe support the

potential for receptor mediated signaling to regulate RPE tranfp@mbach, et al.,
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1990, Frambach, et al., 1988, Joseph and Miller, 1992). Agonists such as ATP and
epinephrine stimulate a variety of processes in RPE includingspatasand chloride
transport, fluid transport, and calcium signaling indicating prelyoudentified
adrenergic receptors are important for RPE physiology (Edelamal Miller, 1991,
Hughes, et al., 1987, Hughes, et al., 1988, Hughes, et al., 1984, Hughes amd, Sega
1993, Hughes and Takahira, 1998, Maminishkis, et al., 2002, Peterson, et al., 1997).
Epinephrine activates adenylyl cyclases increasing inttda@etAMP levels. Studies of
cAMP effects on RPE differ between species and when cAM&nient showed a
reduction in apical to basal RPE fluid transport in bovine (Milleglg 1982), whereas
studies of cGMP in rabbit eyes indicate an increase apical d4al baid transport
(Marmor and Negi, 1986). In line with this evidence is a studyaestrating atrial
natriuretic peptide (ANP) treatment of RPE rabbit cultureseemes chloride uptake in
cultured RPE (Mikami, et al., 1995). Furthermore, this effect was reducediblgilitor

of Protein Kinase G, suggesting atrial natriuretic peptideadimg likely increases
intracellular cGMP which activates PKG to increase chlotid@sport. These data
provide a precedent for ANP signaling in the RPE and a contributiorhltoide
movement, the primary driving force for water transport in the RPE.

Atrial natriuretic peptide regulation of fluid movement in the hanbody has
been shown in a number of tissues (Potter, et al., 2006, Tremblay, 20G#2), most
notably the heart and kidney, but also in the brain (Johanson, et al., Z288&ytion of
cerebrospinal fluid across the choroid plexus cultures was reducedre@nent of with

atrial natriuretic peptide (Steardo and Nathanson, 1987). Briefly, atrialneéitipeptide
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is a 28 amino acid peptide primarily produced in the cardiac mygdyteugh evidence
suggests there are local sources of the peptide in the ey&(adhdrger, et al., 1994).
Atrial natriuretic peptide binds a membrane bound guanylylasgcland increases
intracellular levels of cGMP. Agquaporin-1 studies in primaryusltof choroid plexus
cells indicated that part of the reduction in CSF secretioasponse to atrial natriuretic
peptide is due to a cation current through AQP1, activated by c(Bd&ssa, et al.,
2006). Interestingly, the choroid plexus and the RPE share functicagrassporting
epithelium, the unique apical localization of the’/d ATPase, and expression of
AQP1. These data raise the question as to whether AQP1 iorethamtion may play
a role in fluid absorption across the RPE.

The current study was designed to address whether attiairegc peptide
influences apical to basal fluid movement in RPE; if the siggahduced by atrial
natriuretic peptide is mediated by a cGMP/PKG dependent patlandyf the AQP1 ion
current facilitates ion and ultimately water flux across RR&nolayers. My results
confirm that atrial natriuretic peptide increases apical taldasd movement in cultured
RPE, and that this signaling is mediated by a cGMP dependent paitivich is not
blocked by PKG inhibitors, in contrast to the data previously shown for PKG in thé rabbi
RPE (Mikami, et al., 1995). Combined, the new information supportseafaplatrial
natriuretic peptide induced fluid transport, but indirectly implicaeegets of cGMP

other than PKG.
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4.2 Methods

4.2.1 Retinal Pigment Epithelium Culture Model

Retinal pigment epithelium from a human donor was prepared asopséyi
described (Davis, et al., 1995, Hu and Bok, 2001). As documented in thasstymlies,
these monolayers maintain polarity, resistance, and pigment juRPEsin vivo do.
Briefly, newly proliferated cells from primary tissue in ewl calcium media were
collected every 3-4 days and frozen in 10% DMSO/10% FBS DMEM aveeriod of
approximately 4 weeks. Cells were thawed to give ~300,000 celt2pamn Millicell
HA filter (Millipore, Billerica, MA) coated with approximalye 1-2ug of mouse laminin.
Cells were cultured for a period of 8-10 weeks. RPE monolayedsinsny studies had
an average net resistance of 324 Ohm$*camd the resistances ranged from
approximately 75 to 900 Ohms*ém Figure 4.1 shows representative images of RPE

pigmentation over 8-10 weeks

6 Weeks 9 Weeks

eeks

Figure 4.1: Retinal pigment epithelium photos of pigmentation over time.
Representative photos of RPE pigmentation over time. (photos from RPE cell line 4967)
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4.2.2 Transepithelial Resistance (TER) Measurement:

Prior to treatment, transepithelial resistances (TER) of RiBolayers were
recorded using World Precision Instruments Voltohmeter (Saragtfp, Control
resistances were recorded on filters with no cells and suddr&@m total resistance of
monolayers. Figure 4.2 shows representative TER recordings fomth lthes. Groups
refer to RPE monolayers plated at the same time on individigakfi Variation between

groups is representative of the variation in TER seen between groups af filters
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Figure 4.2: Retinal pigment epithelium transepithelial regsstance measurements
over time. Panels A and B. RPE cell line 7988 and 4967; Representative TER
recordings of three groups of monolayers from 2 cell lines over 8-10 weeks.
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4.2.3 Atrial Natriuretic Peptide and Anantin Fluldansport Assay

Three or more RPE monolayers were incubated witlul1%® RPE media (Hu
and Bok, 2001) added to the apical chamber and 1mL added to the basal cttamber
measure baseline fluid transport for 2 hours at 37°C. Media freragical chamber was
then collected and weighed to calculate the amount of fluid dispfacedthe apical
chamber in 1 hour. RPE monolayers were incubated ipl56tedia for 1 hour at 37°C
before further treatment. Following measurement of baselire tlansport across RPE
monolayers, the same monolayers were incubated a second tim&5@ith of media
containing 4.5M ANP (Sigma, St. Louis CAT # A1663). Media from the apical
chamber was collected and weighed to calculate the amount ofifgthced from the
apical chamber in 1 hour. RPE monolayers were rinsed three tuttesnedia and
allowed to equilibrate for 1 hour. Inhibition of ANP induced fluid tpeoms was
performed using a combination treatment of ANP #pand Anantin (45M) (Sigma,
St. Louis, CAT# A4316) in 150 of media for 2 hours at 37. Media from the apical
chamber was collected and weighed to calculate the amount ofifgthced from the

apical chamber in 1 hour.

4.2.4 8-Bromo-cyclic Guanosine Monophosphate an@l Huid Transport

Assay

Fluid transport with treatment of 8-Bromo-cyclic Guanosine MonophospBat

Br-cGMP) was conducted same as described above for atrialretitr peptide assay.
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Following measurement of baseline fluid transport RPE monolayans tlven incubated
a second time with 150 of media containing 2mM 8-Br-cGMP (Sigma, St Louis CAT
# B1381). Media from the apical chamber was collected and weighealdulate the
amount of fluid displaced from the apical chamber in 1 hour. RPE mamslayere
rinsed three times with media and allowed to equilibrate overriigiidre further
treatment. Inhibition of cGMP induced fluid transport was detemniyefirst repeating
baseline fluid transport studies to ensure a return to baselidenflovement across the
monolayers with a 1 hour equilibration period, followed by a treatméh H-8 (N-[2-
(Methylamino)ethyl]-5-isoquinolinesulfonamide dihydrochloride PKGibitbr, 2mM)
(Calbiochem, San Diego, CAT #371958) for 30 minutes inul5®edia at 37°C. The
media was then removed and the same RPE monolayers weéed tréh a combination
of 8-Br-cGMP (2mM) and H-8 (2mM) for 2 hours at 37°C. Media from dbecal
chamber was collected and weighed to calculate the amount ofifgthced from the

apical chamber in 1 hour.

4.2.5 8-Br-cGMP Dose Dependent Fluid Transport Assa

Dose dependent measurements of 8-Br-cGMP induced fluid transpuss &iPE
monolayers were made using of 8-Br-cGMP (@0 50uM, 2mM, 5mM, 10mM).
Baseline fluid transport was measured as previously describatiatrial natriuretic
peptide assay. Each dose of 8-Br-cGMP was tested threedmiisee replicate RPE
monolayers. Media from the apical chamber was collected armghedeto calculate the

amount of fluid displaced from the apical chamber in 1 hour.
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4.2.6 8-Br-cGMP induced Fluid Transport vs. Hydetst Gradient

Fluid transport against a hydrostatic pressure was testedi@asing the volume
of media in the basal chamber from 1 to 2mL and repeating thsuneeaents as
described above. These experiments were conducted three tinaédeast three RPE
monolayers each time with 2mM dose of 8-Br-cGMP for 2hours at 37M&dia from
the apical chamber was collected and weighed to calculataribant of fluid displaced

from the apical chamber in 1 hour.

4.2.7 Protein Kinase G Assays

Protein Kinase G activity was assayed using Cyclex CyeMP dependent
protein kinase (cGK) Assay Kit (CAT# CY-1161, MBL Internationdlpburn, MA).
Briefly, a purified catalytic domain of PKG was incubatedhwl25uM ATP in the
presence or absence of H8 as well as a peptide substrate phosptidoylactivated
PKG. PKG and ATP were removed after 30 minutes and the subsiasteinsed,
incubated with anti-phospho antibody, provided with the PKG assayokitl fhour,
rinsed and incubated for 5 minutes with substrate reagent. Stop Satitieas added
after five minutes and colorimetric change was measured wiflolacular Devices 96

well plate reader at 450nM.

4.2.8 Statistical Analysis

Values for fluid transport between treatments and controls amaityzed using paired

students t-test. Differences were considered significant at p < 0.05.
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4.3 Results
4.3.1 Effect of Atrial Natriuretic Peptide on RetinPigment Epithelium

Fluid Transport

My first study was designed to determine if ANP affdcRPE fluid transport.
Net fluid displacement from the apical side was determined dight after a 2 hour
incubation period at 37°C in the absence or presence of ANP. Spgeifastconfirmed

with Anantin, an antagonist of the ANP-receptor, which blockedtthmkatory effect of
ANP. Figure 4.3 shows that compared to baseline (-0.8%5 pL/hr«cnr), net fluid
movement increased with ANP treatement of RPE monolayers (12601 #L/hr-cn)

(p = 0.02, n = 3). Co-incubation of ANP and Anantin on RPE monolagsuited in a
decrease in this effect. Anantin (#8) inhibited the ANP stimulated fluid transport
(5.19 pL/hr«cn?) (n=2). Using the same methods, | conducted a fluid transpary ass
using 100uM dose of adenosine triphosphate (ATP) to demonstrate that ATiks s

effects in the system presently used as in other RPE modeinsy@viaminishkis, et al.,

2006). In fact figure 4.4 shows that fluid transport was signifigantireased in ATP

treated (10.70 4.92uL/hr-cm?) RPE monolayers in comparison to control (4.14.67

ul/hrscr?) (p < 0.01, n = 3);asults = mean+SD.
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4.3.2 Effect of 8-Bromo-cyclic Guansine Monophosploa Retinal Pigment
Epithelium Fluid Transport

To further characterize the signaling responsible for the teffiedANP on RPE
fluid movement, we evaluated fluid transport following treatmenRBE monolayers
with 2mM 8-Br-cGMP. RPE monolayers were treated usingsdmae protocol, with
baseline fluid movement measured first followed by treatmemgse Figure 4.5 shows
that in comparison to baseline fluid flow (2.872#73puL/hrscn?), the treatment of RPE
monolayers with 2mM 8-Br-cGMP significantly increased apical to basdl ihovement

(21.35 +1.59 pl/hr«cn?), (p<0.0005, n=3). Application of H-8 did not significantly

inhibit 8-Br-cGMP induced fluid movement (19.696+77 uL/hrcn?), (p = 0.56, n=3).

This data indicates that Protein Kinase G (PKG) activatioishecessary for net fluid
transport in an RPE culture model. To evaluate the efficacy oHtBeinhibitor we
measured PKG phosphorylation of a peptide substrate using purifagticatomain of
PKG in the presence of ATP or ATP with H-8. Figure 4.6 shakat PKG
phosphorylation of the substrate (1.740#20) as measured by optical density was
significantly reduced (n=3_fx05) in the presence of H8 (0.230t13). This data

indicates that the H8 inhibitor does effectively reduce kinase activity.
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4.3.3 Dose dependent Effect of 8-Bromo-cyclic GsmeoMonophosphate
on Retinal Pigment Epithelium Fluid Transport

A dose dependent effect of 8-Br-cGMP on RPE fluid transport wassaed
(50uM, 50QuM, 2mM, 5mM, 10mM). Fluid transport was measured as previously
described with a baseline control for fluid movement prior to each. dddee dose
response curve for the effects of 8-Br-cGMP on fluid movementatebcan E€ value
of 2.5mM cGMP showing that the dose of 2mM 8-Br-cGMP used ipteé@ous assays

was appropriate. Figure 4.7 illustrates the dose response measured irathis ass

4.3.4 Effect of 8-Bromo-cyclic Guanosine Monophasphagainst a

Hydrostatic Pressure

The possible contribution of hydrostatic pressure to the fluid fluxas
determined by repeating the fluid transport assays with 2nB#&sMP but increasing
the basal volume to 2mL, predicted to generate a basal to hgaralstatic pressure of

approximately 0.003mmHg. Our results indicate the apical to baghinhiovement in
treated (15.18 .05 uL/hr-cn?) monolayers that persisted against the hydrostatic back
pressures was significantly different (n=3;_@005) than baseline values (4.542#48
uL/hrscn?) and was not significantly (n=3; p = 0.15) different than thoseegaobserved
after cGMP treatment with 1mL volume in the basal chamber (172148uL/hr«cn).

The data suggest that the fluid movement originally observed in resfmmssatment

with 8-Br-cGMP is not due to hydrostatic pressure.
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Figure 4.3: The effect of atrial natriuretic peptide on retnal pigment epithelium
fluid transport Volume flow in control (-0.58 ®.65uL/hrcn¥) vs. ANP treated (12.60

+ 2.11 plL/hr=cm?) RPE monolayers was significantly different (p < 0.019, n = 3);
Anantin (4:M) inhibited RPE fluid transport (5.19L/hr«cn?) (n=2). esults = mean+
SD
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Figure 4.4: The effect of adenosine triphosphate on retinaligment epithelium fluid
transport Volume flow in control (4.17 +4.07 uL/hr<cn?) vs. ATP treated (10.70 +
1.92 pL/hr«cm?) RPE monolayers was significantly different (p < 0.01, n =r&ults =
mean+SD



90

30

25 1

20

— —

15 A

10 +

Volume Flow (uL/hr*cmz)

0 T T T

Control cGMP cGMP + H-8

Figure 4.5: The effect of 8-bromo-cyclic guanosine monophosphaten retinal
pigment epithelium fluid transport Volume flow in control (2.87 +2.73 uL/hrscn?)

vs. 8-Br-cGMP treated (21.35 %.59 uL/hr<cn?) RPE monolayers was significantly
different (p < 0.0005, n=3esults= mean8&D H-8 did not inhibit RPE fluid movement

(19.69 +6.77uL/hrscn?) (p = 0.56, n=3).
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Figure 4.6: The effect of H-8 on protein kinase G activity

H8 significantly (n=3 p <0.05) reduces the PKG activity (0.23:43) in comparison to
control (1.74 +0.20) as determined by optical density absorbance reading (450nM) of
phosphorylated substrate treated with phospho-antibody and substrate reagent.
results = mean+SD
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Figure 4.7: Dose repsonse of retinal pigment epithelium mamayers to 8-bromo-
cyclic guanosine monophosphateRPE monolayers treated with 5 concentrations of 8-
Br-cGMP showed a dose dependent response. Thei€8.4, approximately 2.5mM 8-
Br-cGMP. esults = mean+5D
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Figure 4.8: Effect of 8-bromo-cyclic guanosine monophosphate ontieal pigment
epithelium fluid transport against a hydrostatic pressure. RPE monolayer fluid

transport against a hydrostatic pressure (15.580%uL+cn?) was significantly different
(n=3; p <0.05) than control (4.54 2.48uL+cn¥) but not significantly different then

monolayers treated in the absence of a hydrostatic pressure (d71luL+cnm).
results = mean+SD
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4.4 Discussion

The current study confirmed that ANP increased RPE fluid transpartigh
cGMP signaling. Stimulation of RPE monolayers with ANP argt-8GMP resulted in
an increased apical to basal net fluid transport. To assessigh&ing pathways
responsible for the stimulatory effect in RPE, | used H-8rasmhibitor of PKG, and
observed no significant difference in net fluid transport, sugges@MP mediated fluid
transport is mediated by a kinase-independent pathway. Furthetimata presented
support an active process of fluid transport based on the consistattagi@asal fluid
movement against a hydrostatic pressure. Of interest iaresprdies that demonstrated
the regulation of AQP1 cation channel activity was due to ecdiaction of cGMP,
independent of kinase activity (Anthony, et al., 2000). Taken togelieedata suggest
ANP stimulates RPE fluid transport by a cGMP dependent pathveaylbes not appear
to involve PKG.

Primary cultures of RPE cells on permeable supports and cufarr8el0 weeks
developed increased resistances. The RPE culture systemeusd@avis, et al., 1995,
Hu and Bok, 2001) is considered to be the best available having bsancally

optimized to simulate numerous features of RPE in vivo includingadenal
morphology of the cells, transepithelial resistances (~1000 «aimf)sthat approach
resistances of RPE in vivo (~2000 ohnre?), localization of characteristic proteins, such

as the NAK*ATPase (Hu, et al., 1994), and expression of pigmentation with maturity

The investigation of RPE fluid transport against a hydrostagsspire further supports
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the tightness of these monolayers contributing to the simikntigh RPE in vivo.

Additionally, it is important to note that previous studies in rabbit maperted similar
amounts of fluid transport (6pL/hr=cn?) per hour following treatment of rabbit eyes

with 1mM 8-Br-cGMP (Marmor and Negi, 1986). The combined past aedept
studies indicate that the RPE model system employed for thentwtudies responds
similarly to 8-Br-cGMP as other previously established systesed for physiological
studies of the RPE.

The present data show a functional response to agonist of ANPoarscepthe
RPE monolayers. Previous work has shown the natriuretic peptide ascépt ANP
and BNP peptides are present in human retina and RPE (Rollin,.,e20a4,
Wolfensberger, et al., 1994). Furthermore, studies in RPE culturesrithvated that
ANP significantly increases intracellular cGMP levels emparison to treatment with
SNP, an activator of soluble guanylyl cyclase (Diederen, eR@D8, Diederen, et al.,
2007) suggesting that the activation of the membrane bound guanylgseyd the
preferred pathway for increasing intracellular levels ofMé&Gin RPE. Studies
demonstrating RPE secretion of ANP and subsequent activation of @@Mifresis in
RPE cells further support the presence and possible relevanus eignaling pathway
in the RPE (Diederen, et al., 2008). Collectively, the precedemdiniuretic peptide
signaling in the RPE and the new data presented here suppbet far ANP induced
fluid transport in the RPE.

Physiologically relevant levels of cyclic nucleotides @sgmated to be within the

micromolar range in vivo following activation of guanylyl or adghycyclases
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(Smolenski, et al., 1998), suggesting our doses may be above the phgaialagge.
Interpretation of the relevance of the results obtained with an aplyarsupra-
physiological dose of 8-Br-cGMP (2 mM) requires consideratiamvofpoints. First, the
micromolar doses are for intracellular actions, whereas tha agelied in my studies is
extracellular and thus the effective intracellular dose is unknownMembrane
permeability of analogs of second messengers differs; -Brec&MP analog is less
lipophilic than newer analogs such as Rp-8-Br-PET-cGMP which coritiger
hydrophobic side groups that increase membrane permeability (Scheteamle, 2000).
Second, it is important to note that previous studies also used ofdfimoncentrations
of 8-Br-cGMP during perfusion of rabbit eyes indicating thesel$eare needed in order
to deliver enough agonist (Marmor and Negi, 1986). My dose responses sifidi@MP
in the RPE monolayers indicates that the concentration used ibglest the half
maximal effective concentration defined empirically. Takenttogre the doses of 8-Br-
cGMP used in the current study, appear to be below saturatinig leveevaluating
effects on fluid transport.

The inhibition studies using H-8 for inhibition of PKG did not reducefioed
transport, supporting the possibility of other targets for cGMP, ssitheaAQP1 cation
channel. Implication of AQP1 in mediating RPE fluid transport lesn previously
shown (Stamer, et al., 2003). | anticipate that a contribution of @felAcation channel
in RPE would result in an increase in net fluid movement in thelajoidasal direction.
In fact, this is exactly what was observed in the curreratys Also, no cyclic nucleotide

gated channels aside from the potential AQP1 cation channel haveHazanterized in
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the RPE. Of particular interest are any channels that roggtitibute to cation flux. The
exact mechanism of sodium transport in the RPE is not understootheli&pisodium
channels are believed to play a role, but the identification of ttiemenels in RPE has
not been demonstrated (Wimmers, et al., 2007). A contribution from AQR Xkaison
channel would perhaps contribute to large net flux of sodium and otheriglotations,
such as potassium. The fact that the observed increase in fhegdrais not reduced
using PKG inhibitors would be explained by direct targets for cGMP.

The prevention and treatment of retinal detachment is aimedlating retinal
edemas following damage to the retina. The new findings hegethe first to
demonstrate a role in RPE fluid transport for ANP signaling sughest that targets
downstream of cGMP aside from PKG may be important in fluid p@ms These data
provide a new possibility for regulating RPE fluid transport ancreiasing fluid
movement from the subretinal space into the blood. The studies alsdepaopotential
candidate channel that may contribute to RPE solute movement. Alleofesults
presented here provide new information regarding basic biologyP&f fRiid transport
and also potential therapeutic implications for pathologies asswciaith retinal

detachment.
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CHAPTER 5
SUMMARY, INTERPRETATION, AND FUTURE

STUDIES

5.1 Summary

The combined studies provide new evidence regarding the role andicegofa
AQP1 mediated ocular fluid movement. The first study showed th&l1A€xpression in
TM cells is increased with static mechanical stretch andTiacell damage is reduced
as AQP1 expression is restored to near-tissue levels. The stadgdhowed that fluid
transport across RPE monolayers, through previously identified AQétinels (Stamer,
et al., 2003), is increased by ANP and cGMP and that inhibitiorK&f @oes not reduce
this effect. Taken together, the data demonstrate that AQRIs fissue-specific
requirements in ocular tissues in response to external mechanical and molessilar ¢

In the first study AQP1 expression was increased with 8 and 24pkaods of
static mechanical stretch. The results show that AQP1 expnesignificantly increased
by 2 fold with 10% static stretch and 3.5 fold with 20% statiddirat 8 h (n=4, p<0.05)
and 24 h (n=6, p<0.05). While histone deacetylase levels were unaffgciezhtinents,
release of LDH from TM cells was the most profound at the 2@%¢ stretch level (n=4
p<0.05). Significantly, cells were refractory to the 20% stsifietch level when AQP1
expression was increased to near tissue levels. Analysis ldfrel@ase with respect to

AQP1 expression revealed an inverse linear relationship (r2 = 0.778Bgrefore,
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correlative changes in AQP1 expression and TM viability depend tigomagnitude
and type of imposed mechanical strain.
In the second study fluid transport across RPE monolayerexpegss AQP1 is

increased with treatments of ANP and cGMP. The results shinaedompared to the

baseline flow rate (-0.58 2.65 pL/hr«cn?), flow across ANP treated (12.60 2:11
ul/hr-cm?) RPE monolayers increased significantly (p = 0.02, n =A)antin (45M)
inhibited the ANP stimulated fluid transport (5.19 ukfm®) (n=2). Compared to
baseline volume flow (2.87 2.73uL/hrscn?), flow across 8-Br-cGMP treated (21.35 +

1.59 ul/hr«cn?) RPE monolayers increased significantly (p<0.0005, n=3). Apmitati
of H-8 did not significantly inhibit 8-Br-cGMP induced fluid movemémh9.69 +6.77
ul/hrscn?) (p = 0.56, n=3). Thus, ANP increases fluid movement through cGMP

dependent signaling, that is not dependent upon PKG.

The collective results of this study demonstrate a tissusfispeesponse for the
role and regulation of AQP1 water channels in ocular tissues.tralecular meshwork,
which is routinely subjected to sources of mechanical straingeases the expression
level of AQP1, one result of which is the prevention of cell aigen The current data
support an alternative role for AQP1 mediated fluid transport iTMeutside of bulk
fluid movement. In contrast, the RPE serves a traditional roknaspithelial barrier
tissue where bulk fluid movement is mediated by AQP1. The RPE hgvebages an
apical localization of the N&K™ ATPase with only one other epithelium in the human

body, the choroid plexus. Interestingly AQP1 cation conductance hasshewn to
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contribute a solute drag effect in the choroid plexus followingrtreat with ANP. Net
fluid transport in the RPE occurs in the opposite direction, thus a lmatndn of AQP1
cation conductance would be expected to increase net fluid transpeetapical to basal
direction. In accordance with this idea, treatment of RPE calwia ANP and cGMP
increased apical to basal fluid movement providing new information aguoaling
mechanisms that regulate RPE fluid transport and preliminary supp@QP1 in RPE
as a cation channel. The current study provides new informatiordirggidéhe potential
roles for AQP1 in ocular tissues in response to various stimulirahchte that AQP1 is
not limited to constitutive water movement across cells, but raghenvolved in
regulation of homeostasis though both traditional (water movement) aruladdional

(ion movement) processes.

5.2 Interpretation

The present work demonstrates the potential roles for AQP1 iretitf ocular
tissues. While serving a traditional role of transcellulaidfimovement in the RPE,
AQP1 mediated fluid movement serves a unique role in the TM, providongtective
effect during periods of mechanical strain. The TM is saildj@ routine stress from
oxidative biproducts in the aqueous humor outflow, phagocytosis of debris, and
mechanical stress (Liton and Gonzalez, 2008). The mechanical istiased on the
TM can result from normal physiological events including ocular puldiary muscle
contraction, and blinking or squinting (Coleman and Trokel, 1969). Furthermore,

pathological conditions, such as those associated with increaggsamcular pressure,



101

can also result in mechanical stress in the outflow pathwhg. TM adapts to respond to
these changes through stretching and contraction in order to accatenthe changes in
surrounding tissues and environment. Previous studies have demonstratbd it t
responds to periods of mechanical strain by changing outflowtyaaid resistance and
even by increasing cell number (Ramos and Stamer, 2008). Inighgestiudies have
also indicated a volume regulation response mechanism in TM lcatlexpress AQP1
(Mitchell, et al., 2002, Stamer, et al., 2001). The present stughests that increased
levels are important specifically during static mechanitatch indicating the duration
and magnitude of stretch may require a corresponding response frolMtheOne
possible explanation for the differences observed in the TM stutlyatsa sustained
pressure or force on the TM requires increased permealulityat TM cells can absorb
some of the volume that may be associated with an increasdgrabdular pressure.
Based on the new data, | hypothesize that AQP1 channels in th&aciliate rapid
changes in cell volume in response to periods of mechanicalisti@ider to prevent cell
damage. The daily changes in stress load that the TM experievamald require
mechanisms sufficient to promote TM tolerance and the abilitydéptato recurring
influences that might otherwise compromise the tissue.

The RPE, which is an epithelial barrier, functions to support thearend
balance the composition of fluid and solutes in the subretinal space@rdper
photoreceptor function and retinal attachment. The environment around this RE
subjected to the same dynamic mechanical strain as the T RPE shares more

similarity with other epithelial tissues such as the choroidyslexin fact, the RPE and
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choroid plexus are unique in comparison to other epithelium based orzdticali of
transporters and channels. Interestingly, studies in the choroidsptexe shown that
AQP1 cation conductance is physiologically relevant in reduciogl fsecretion.
Because of the similarities between the RPE and choroid pldeisutrent study was
designed to determine if an AQP1 cation conductance might be importdre RPE.
The possibility of an AQP1 cation current in the RPE stimulatedWP treatment is
supported by previous studies where cGMP treatment reduced ¢hef $ilebs induced
under rabbit retinas suggesting cGMP stimulates an apicahsal fluid movement
(Marmor and Negi, 1986). The current investigation provided evidenceAtNERt
increases apical to basal net fluid movement through a cGMP depemelgranism that
does not appear to be dependent upon activation of Protein Kinase G. n€hf li
evidence supports the possibility of another target for inttdaelcGMP. There are
multiple targets for cGMP including ion channels gated by cyclucleotides,
phosphodiesterases, and protein kinase G, which subsequently targets palmps and
the inositol-triphosphate receptor (IP3R) (Schwede, et al., 2000, Skipketnal., 1998).
Though cyclic nucleotide gated (CNG) channels would provide the mest dinswer
for the effect observed in the current study, there is no preckmtehis type of channel
in the RPE. The CNG channel is characteristic of photorecegmarsurrently, AQP1 is
the only channel in the RPE known to be directly regulated by cGMPfeedback
mechanism of cGMP dependent activation of phosphodiesterases could [hptentia
decrease levels of cyclic nucleotides that influence RPE ftamssport. Due to many

targets of cGMP as well as cAMP, further study in thisasam@uld help solidify the
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effects of these two second messengers. Additionally, the tpadviPKG has been
shown not only to influence transporters, such the Na/K/Cl cotranspodethe N&K”*

ATPase in the plasma membrane, but also calcium pumps in the pleesmiarane and
endoplasmic reticulum which would effectively reduce intracellldaels of calcium.
Because calcium signaling is thought to increase chloride transgmonnajor driving
force of RPE fluid transport, PKG may also reduce fluid transpditiough multiple
mechanisms may be responsible for cGMP induced fluid transport, ésenprdata,
provide new information regarding the potential role of AQP1 in R& transport and
open the possibility that AQP1 cation conductance may play arr@lentributing to ion

flux as well as water flux across the RPE.

5.3 Future Studies

The new information in the current study can be advanced by futurestinait
characterize the role and regulation of AQP1 in ocular tissules.sflidy of AQPL1 in the
TM culture system during mechanical strain would be furthereccdmgpleting the
following experiments. First it would be important to determirteafrole of AQP1 as a
contributor to homeostasis could be perturbed with addition of a block&Bd. We
would expect that blocking the AQP1 water channel during a staéitch for example
would prevent water flux in and out of these cells, leading to arase in cell damage
and possibly cell death despite a parallel increase in AQPL ssypme Second,
investigation of how cell volume changes during periods of mechasiiah in the

presence and absence of a specific blocker for AQP1 would suppoet farrtthe water
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channel in volume regulation during stress. Third evaluation of thessipn of AQP1
by in situ hybridization in control versus glaucomatous eyes wowoldd® insight as to
how the water channel is regulated in vivo under pathological conditi@igen the
potential activity of AQP1 in response to ANP in epithelial tissue may also be
interesting to determine if ANP has an effect in TM cellstipaarly during mechanical
strain. Studies have shown ANP has an effect in agueous humdiosedrat no effect
has been established in TM or the outflow pathway. Overalbitldvbe important to
investigate how a rapid recovery of cell volume during mecharti@ahss important for
TM cell viability.

Our study of ANP signaling and RPE fluid transport indirectlggest AQP1
could act as an ion channel in mediating solute and fluid transportheFstipport for
AQP1 as a cation channel in the RPE would be provided by the fofostirdies. First,
it would be necessary to measure currents across an RPE monol#yermpresence or
absence of an AQP1 cation channel blocker to serve as prelimindeynee that the ion
channel property is a potential contributor to RPE fluid movementorfsle patch clamp
studies of single RPE cells in the presence of known agonists AQ&1 current would
also support a potential role for the channel. Third, charadienzaf other signaling
mechanisms responsible for the effect of ANP on fluid transportdvoelp determine
how significant the effect of an AQP1 current may be. Fangple, if cGMP does
indeed reduce intracellular calcium levels, it would be intergdt know what the effect
is on net fluid transport and whether calcium dependent chloride chameeddfected.

Perhaps block of calcium release from stores would provide evidertmvodignificant
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a calcium release might be for fluid transport. Fourth, furtheracterization of
channels, such as the epithelial sodium channels (ENaC), thatiglbtesdntribute to
cation flux across RPE would be beneficial in determining whethsntribution from
AQP1 would be physiologically relevant.

The present data taken into account with information from padiest provides
new perspective on the possible roles for AQP1 in ocular tissué, these studies
emphasize the importance of water movement through multiple tigges and
demonstrate how water movement may be essential for diffezasbns depending on
the tissue being studied. Improved understanding of AQP1 roles andiimguaén help
provide new insights with respect to prevention and treatment ofedeldiseases.
Prevention of glaucoma for example is dependent in part upon tiegulaf fluid
movement through the conventional outflow pathway. Disruption in this prdoest
degradation of the TM could lead to insufficient aqueous humor outflow arehgexdt
IOP, a hallmark of glaucoma. Manipulation of AQP1 function in the diving
mechanical strain may provide a new avenue for stabilizingfMhand reducing damage
associated with pathological conditions such as glaucoma. Synildre new
characterization of ANP signaling in the RPE and resultaatisfion RPE fluid transport
indicate that AQP1 function can be regulated through different meahsam support
both traditional and non traditional roles. Investigation of ANP $iigménas provided a
new target for regulation of AQP1 function in RPE and new potentiaiapies

associated with retinal edema or detachment. Combined the tatgleshphasizes how
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water movement can serve multiple purposes and be regulated isua $specific

manner.
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