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ABSTRACT 

In most cells, water moves across the plasma membrane by simple 

diffusion. However, there are specialized epithelia, such as the kidney proximal 

tubules, that secrete or absorb water faster than simple diffusion predicts. While 

the identification of a proteinadous pore that transports water was elusive for 

many years, the recent discovery of aquaporin-l (AQP-1) provides a molecular 

mecharusm for the extraordinarily high permeability to water of epithelial cells 

in these tissues. 

Like the kidney, the human eye has several epithelial-lined structures that 

have a high permeability to water. One of these structures, the ciliary process, 

secretes aqueous humor (comprised mostly of water) into the eye and is 

regulated therapeutically by activating ot,-adrenergic receptors (a,-AR) on its 

plasma membrane. The studies presented in this dissertation are structured to 

address four specific aims that were designed to test the hypothesis that the 

AQP-1 water channels are present in the human eye and are functionally 

regulated by cx,-ARs. 

Specific aim 1 characterized the distribution of AQP-1 in the human eye 

by immunofluorescence microscopy using affinity purified antibodies against 

purified AQP-1 protein. Using standard techniques in molecular biology, 

specific aim 2 generated antibodies to three fusion proteins; each containing a 

specific region of AQP-1. After screening several cell lines from the eye and the 

kidney with anti-AQP-1 and anti-a,-AR IgY, specific aim 3 identified a cell line, 

human trabecular meshwork (HTM) cells, that contains both the AQP-1 water 

channels and (x,-ARs. Lastly, specific aim 4 investigated the functional 

relationship between the a2-ARs and AQP-1 water charmels. Using HTM cells as 

a model, the activation of a2-ARs did not measurably affect AQP-1 messenger 
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RNA or AQP-1 protein levels as compared to control. However, since the a2-

ARs primarily couple to cyclic AMP (cAMP) and several other aquaporins are 

regulated by cAMP, the effect of cAMP on AQP-1 was investigated. Using 

Xenopiis oocytes expressing AQP-1 as a model, stimulation of oocytes with 

forskolin, a drug which increases intracellular cAMP, increased the permeability 

of AQP-1 to water. This observation provided evidence that is consistent with 

the general hypothesis that AQP-1 water channels and tta-ARs are functionally 

coupled. 
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CHAPTER 1 

Introduction, Hypothesis and Aims 

1.1 GENERAL INTRODUCTION 

For decades, the existence of facilitated water pathways in several 

segments of the kidney nephron has been hypothesized and supported by 

functional data (review, Verkman, 1992). For example, in the kidney proximal 

tubule, many studies using a variety of approaches have shown that water 

permeability in the apical and basolateral plasma membranes of the renal 

epithelium is high, inhibited by meroorial sulfhydryl reagents and characterized 

by a high ratio of osmotic-to-diffusional water permeability (Whittembury et al., 

1984; Van Hoek et ai, 1990). Recently, the identification of water-selective pores, 

named "aquaporin" water charmels, has provided a molecular explanation for the 

high permeability of these epithelial membranes (review, Agre et al., 1993). 

Impressively, aquaporin-1 (AQP-1) water channels account for -3% of the 

protein in the plasma membrane of the proximal tubule epithelium. By 

increasing its permeability to water ~6-fold over epithelial membranes that do 

not contain aquaporin-1, AQP-1 accounts for -150 of the 180 litres/day of 

glomerular filtrate that is reabsorbed by the proximal tubule. 

Another tissue that is comparable to the renal tubular system in regard to 

the magnitude of fluid movement is the eye and its regulation of intraocular 

pressure. For example, renal tubular cells transport 1.2 cm^ of water per cm" 

area, while the ciliary epithelial cells of the eye traiisport 0.6 cm^ per cm' area in a 

single day (Brubaker, 1991). Similar to the kidney, the flow of fluid is inhibited 

upon treatment with mercurials (Freddo et ai, 1984). Therefore, since the 

aquaporin water channel provided a mechanistic explanation for the enhanced 
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permeability of renal epithelium, it seemed logical that aquaporin water channels 

do the same for the eye. 

Assuming the existence of AQP-1 in the eye, a suitable candidate for its 

regulation is the alpha-2 adrenergic receptor (tx,-AR). Both the a,-ARs and the 

AQP-1 water channels have been co-localized in a variety of mammalian tissues 

with secretory and absorptive functions including the kidney and eye. 

Accordingly, autoradiographic studies and various biochemical approaches have 

shown that (X,-ARs are located in the glomerulus, the proximal tubule, and the 

collecting duct of the kidney (Stanton et ai, 1987). Functionally, selective oc,-

agonists elicit potent diuretic and moderate natriuretic effects in the rat. In 

regard to the eye, investigations using subtype specific antibodies to the ot,-ARs 

have localized the a,-ARs to several structures, including the non-pigmented 

layer of the ciliary process epithelium (Huang et ai, 1995), thus confirming 

previous binding studies. Moreover, the presence of a,-ARs are postulated to 

reside in the trabecular meshwork, the primary outflow region of the eye 

(Tripathi et al, 1989; see chapter 6). Not surprisingly, these two areas experience 

the bulk of fluid flow in the eye, and the balance of secretion by ciliary process 

and drainage by trabectilar meshwork determines the pressure within the eye. 

An imbalance in the rate of secretion or drainage results in ocular hypertension 

and is pharmacologically managed with adrenergic agents. 

Thus, when activated, oc,-ARs are known to ir\hibit the movement of 

electrolytes and water in tissues like the ciliary epithelium. Moreover, AQP-1 

water channels are hypothesized to immediately facilitate the movement of 

water that follows electrolyte shifts. Therefore, I formulated the hypothesis that: 
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1.2 GENERAL HYPOTHESIS 

Aquaporin-1 water channels are present in the human eye and 

functionally regtdated by alpha-2 adrenergic receptors. 

1.3 SPECinC AIMS 

In order to test this hypothesis, experiments were designed and structured 

into four specific aims: The purpose of specific aim 1 was to characterize the 

distribution of AQP-1 in the human eye. In chapter 3, using antibodies that were 

raised to purified AQP-1, human cadaver eyes were sectioned and examined by 

immunofluorescence microscopy. AQP-1 was present in the corneal 

endothelium, the lens epitheliimi, the iris epitheliim\, the non-pigmented ciliary 

epithelium and the trabecular meshwork and canal of Schlemm endothelium. 

Thus, the presence of AQP-1 water channels in the secretory and absorptive 

tissues of the human eye provides a mechanism for transcellular water 

movement. In addition, the existence of AQP-1 in the outflow pathways of the 

human eye provides a novel explanation for the movement of water out of the 

eye. 

The goal of specific aim 2 was to generate antibodies to defined regions of 

AQP-1 which will be used as a tools for future studies with AQP-1. Using 

standard techniques in molecular biology, chapter 4 documents construction of 

three fusion proteins used for the generation of antibodies to AQP-1. Chapter 4 

demonstrates that the different antibodies recognize their corresponding fusion 

protein, while chapter 5 shows that the antibodies recognize native AQPl. 

The purpose of specific aim 3 was to find/establish a cell line that 

contains both the AQP-1 water channels and the a,-ARs. After screening several 

cell lines (human NPE, bovine NPE, A6, MDCK, MDCKII, LL-CPK, and HTM) 

with anti-AQP-1 and anti-a,-AR IgYs, chapters 6 and 7 demonstrate the presence 
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of these two membrane proteins on human trabecular meshwork (HTM) cells. 

Using subtype-specific antibodies, chapter 6 immimolocalized the a2A-AR 

subtype to HTM cells and characterized the second messenger pathways that are 

affected by the activation of a2-ARs in HTM cells. In regards to AQP-1, chapter 7 

demonstrates the presence of AQP-1 mRNA and AQP-1 protein in HTM cells; 

which was cor\sistent with the localization of AQP-1 in the trabecular meshwork 

of the human eye sections presented in chapter 3. 

The goal of specific aim 4 was to establish a functional link between the 

a2-ARs and AQP-1 water charmels. Data presented in chapter 8 shows that ar-

AR activation did not alter AQP-1 messenger RNA or protein levels as compared 

to control. Alternatively, since the a2-ARs predominantly couple to the cAMP 

second messenger system, chapter 9 characterized the effect of elevated cAMP on 

AQP-1. Using AQP-l-injected Xenopiis oocytes as a model, the stimulation of 

intracellular cAMP levels by forskolin increased AQP-1's permeability to water. 

This observation provided evidence to support the general hj^othesis that AQP-

1 and the aj-ARs are functionally coupled by the cAMP second messenger 

system. 

A summary of the results presented in chapters 2-8, and a discussion of 

future studies in this field is provided in chapter 10. 
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CHAPTER 2 

Literature Review 

2.1 THE ADRENERGIC RECEPTORS 
2.1.1 Introduction 

The heart races, bloodflow increases to the muscles and decreases to the 

skin, kidney and gastrointestinal tract; the saliva becomes thick; the bronchioles 

and iris dialate; and the urinary bladder constricts. Confronted with the danger 

of a stalking predator or about to speak in front of a restless crowd, these are 

symptoms that characterize the "fight or flight" response in mammals. All of 

these physiological responses are mediated by a family of receptors, the 

adrenergic receptors, which are activated by the release of catecholamines from 

the sympathetic nervous system and the adrenal medulla in response to diverse 

stimuli. 

The adrenergic receptors are a class of receptors that were identified by 

the endogenous catecholamines that they bind, adrenaline and noradrenaline 

(also known as epinephrine and norepinephrine, respectively). Adrenaline was 

named as a result of the tissue that secretes it, the adrenal glands (noradrenaline 

is adrenaline without (nor) a methyl group). Thus, adrenaline is the blood-bome 

adrenergic agonist and noradrenaline is the sympathetically released adrenergic 

agorust (I will now only refer to these agents as epinephrine and 

norep inephrine). 

The adrenergic family of receptors are members of the superfamily of 

guanine binding protein (G-protein) coupled receptors. The members of this 

superfamily are integral membrane proteins that are composed of a single 

polypeptide chain that is predicted to span the plasma membrane seven times. 



20 

The transmembrane regions are connected by three intracellular and three 

extracellular loops, an amino terminus located extracellularly and a carboxyl 

terminus located intracellularly. Extracellular information is transferred to the 

inside of the cell upon the binding of a ligand to a receptor and the activation of a 

G-protein. Next, a G-protein exchanges GTP for GDP, dissociates into its a and 

Py subunits, and releases from the receptor to activate second messenger 

pathways which results in a physiological response. 

The adrenergic receptor classification is broad, and indicates all of the 

adrenergic receptors that bind the endogenous catecholamines, epinephrine and 

norepinphrine. Pharmacologically, sjmthetic ligands can distinguish three types 

of adrenergic receptors, the alpha-1 (oc,), alpha-2 (a,) and beta (p). Using current 

techniques in molecular biology, the cloning of these receptors has corvfirmed 

this definition of the types and provided evidence for a further division of these 

receptors (figure 2.2). Thus, the P-ARs can be divided into P„ p,, and P, 

adrenergic receptor subtypes. The a,-AR can be separated into OjA, aiB, and oc,D 

adrenergic receptors. Finally, there are three cu-AR subtypes, the a,A, oc,B and 

ouC adrenergic receptors. 

(X,A OLC 
a,D 

a,B 
a, A 

ADRENERGIC RECEPTORS 

Figure 2.1. The adrenergic family tree. 
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2.1.2 History of the adrenergic receptors 

In 1948, the initial charactcrization of the adrenergic family of receptors 

measured the rank order of potency of a series of structurally related 

catecholamines (both natural and synthetic) in several different tissues (Ahlquist, 

1948). The rank order of the respor\se in some tissues was epinephrine> 

noreptnephrine> isoproterenol, and were said to contain a receptors. Because 

the rank order in other tissues was isoproterenol> norepinephrine> epinephrine, 

they were said to contain P receptors. This classification scheme was confirmed a 

decade later when the partial agoriist, dichloroisoprenaline, was shown to 

antagonize the response of tissues thought to contain P but not a receptors 

(Powel and Slater, 1957; Moran and Perkins, 1958). 

After another decade, a battery of sympathomimetic amines were tested 

in tissues thought to contain p receptors; the heart, adipose tissue, as well as 

vascular, uterine and bronchiolar smooth muscle. The drugs were fovmd to have 

similar potencies for cardiac stimulation and lipolysis, while having different 

potencies for bronchiolar dilation and vasodepression (Lands, 1967). Thus, the p 

receptors were sub-classified into p, (heart and adipose tissue) and p, 

(bronchiolar and vascular smooth muscle). Using new ligands and techniques in 

molecular biology, many studies have since confirmed this arrangement and 

have added a third subtype, named Pj. While this subt5^e has a low affinity for 

the traditional P-agonists, it has a high affinity for synthetic agents that mediate 

lipolysis and thermogenesis; thus suggesting a role for the P, receptor in these 

physiological processes (Emorine et al., 1989). 

In 1974, the presence of two a receptor types was suggested by the 

observation that different concentrations of an a antagonist, phenoxybenzamine, 

was necessary to block the presynaptic release of the neurotransmitter as 

compared to the post-synaptic physiological response (Langer, 1974). Thus, the 

a adrenergic receptors were classified as either post-synaptic (ot,) or pre-
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junctional (a,). This classification scheme soon fell apart when the pre-jvinctional 

a, receptors were found in non-jimctional tissues, such as platelets, several 

epithelial tissues, adipose tissue and smooth muscle (Berthelsen and Pettinger, 

1977). The development of radioligand binding techniques and the availability 

of oCj and a, selective radioligands made it possible to distinguish between (X, and 

a, receptors pharmacologically. Thus, the antagonist, [^H] prazosin, was more 

potent at cx, receptors, while the antagonist, [^H] yohimbine, was more potent at 

Oj receptors (Bylimd and U'Prichard, 1983). Corroborating evidence for this 

classification scheme came from second messenger studies which revealed 

differences between the types. In this way, a, receptors coupled to phosphatidyl 

inositol while oc, receptors mediated cyclic AMP accumulation through the 

inhibition of adenylyl cyclase (Fain and Garcia-Sainz, 1980). 

Evidence for the further break-down of the Oj receptor type into subtypes 

was suggested by radioligand studies with (x,-selective agents in the rat brain. 

Two populations of receptors demonstrated a high affinity for [^H]prazosin, 

however or\ly one of these (oqA) also had a high affinity for the competitive 

antagonist WB 4104 (Morrow and Creese, 1986). Moreover, another study 

demonstrated that only the oc,B and not the a,A receptor subtype was sensitive to 

inactivation by the alkylating agent chloroethylclorudine (Han et al, 1987). Using 

molecular biological techniques, the existence of the pharmacologically defined 

(X,A and oCjB receptors was confirmed and a third oc, receptor, (x,D was identified 

from rat brain (Lomasney et ai, 1991). By radioligand binding techniques, the 

OjD receptor had low affinities for several Oj-selective ligands such as 

phentolamine and oxymetazoline, and was orJy partially sensitive to 

chloroethylclorudine. Taken together, both pharmacological and molecular 

evidence suggest the presence of three ot, subtypes, ot,A, a,B and oc^D, which 

mediate a variety of responses predominately in the vascular smooth muscle, but 
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also in the hippocampus, vas deferens, liver, kidney and spleen (Han and 

Miimeman, 1991). Note: After further characterization, the Oj receptor clone that 

was initially termed, (X,C, represents the pharmacologically defined otjA (review. 

Porter and Regan, 1996). 

2.2 THE Oj-ADRENERGIC RECEPTORS 
2.2.1 Heterogeneity 

Soon after the identification of two a adrenergic receptor types, ot, and ou, 

heterogeneity was soon found within the a, receptors. Using radioligand 

binding techniques, prazosin displaced either pH] yohimbine or pH] rauwolscine 

more potently from cx, receptor sites in the rat brain and neonatal rat lung than in 

human platelets (Cheung et al, 1982; Bylund, 1985). Thus, the a,-AR with a high 

affinity for prazosin were termed a,B and the CX;-AR subtypes in human platelets 

with a low affinity for prazosin were named cx,A. Subsequently, a third a,-AR 

was identified as pharmacologically different from the other two subt5^es in 

opossum kidney cells by comparing relative affinities of 49 different drugs, and 

thus was called a,C (Murphy and Bylund, 1988; Blaxall et al, 1991). 

The presence of the three human oc, adrenergic receptor subtypes was 

confirmed by the moleoilar cloning of cDNAs that encode the oc^A, o^B and a,C 

receptors. The first of these to be cloned was the a,A-AR subtype; Following its 

purification from human platelets (Regan et al, 1986), 27 amino acids were 

identified and nucleotide primers that correspond to these amino acids were 

designed and used as molecular probes in its eventual cloning (Kobilka et al., 

1987). The cloned a,A cDNA was then used as a probe and hybridized to 

genomic DNA during Southern blot analysis. The presence of multiple bands 

following restriction digestion with several endonucleases suggested 

heterogeneity among the a,-ARs. Next, information provided by the a,A 

primary sequence permitted the use of homology cross-hybridization to isolate 
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two additional human oCj-AR subtypes, a,B and cuC (Regan et ai, 1988; Lomasney 

et ai, 1990). These cloned receptors, when incorporated into plasmid DNA, 

transfected and expressed in transformed cells demonstrated similar 

pharmacology to their corresponding receptors in native tissues (Regan et ai, 

1988; Lomasney et al, 1990). Since the isolation of the human clones, several 

species homologues that correspond to one of the three a, receptor subtypes 

have been isolated from rat, porcine and fish (review, Regan and Cotecchia, 

1992). 

Similar to other G-protein family members, analysis of the primary 

sequence for the three a, adrenergic receptor subtypes predicted seven 

transmembrane spaiuiing regior^s (Dohlman et al., 1987; figure 2.3). Structurally, 

the a, receptors are composed of -450 amino acids, a short carboxyl terminus 

(-20 amino acids), a variable amino terminus (13-52 amino acids) and large 

intercellular loop 3 (151-179 amino acids). The cx,A and a,C contain potential 

asparagine-liiiked glycosylation sites on their amino terminal, while a,A and a,B 

have coriserved cysteines on their carboxyl tail which may be acylated with fatty 

acids (review, Pepperl and Regan, 1994). 

2.2.2 Second messenger coupling 

Initially, one of the criteria used to distinguish between the oc, and ou 

receptors was differences in second messenger coupling (Fain and Gracia-Sianz, 

1980). The a, receptors were shown to stimulate the phosphatidyl inositol 

pathway and the a, receptors were shown to inhibit adenylyl cyclase (AC) 

activity and the subsequent formation of cAMP by way of a PTX-sensitive G-

protein, Gj. Thus, upon stimulation with agonist, GTP displaces bound GDP on 

the G-protein, the a, subunit dissociates from the Py subunit and inhibits 

adenylyl cyclase activity. Recently, however, the a-AR subtypes were shovm to 
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Figure 2.2. Deduced amino acid sequence and membrane topology for the clA-

adrenergic receptor. 

differentially couple to AC in transiently transfected JEG-3 cells (Pepperl and 

Regan, 1993). Thus, at low concentrations of agonist, the (X,-A subtype iiihibited 

AC but with increasing concentrations, it reversed and stimulated AC. 

Furthermore, the (X,B-subtype inhibited AC in a dose-dependent manner, while 

the (XjC-subtype surprisingly stimulated AC. Therefore, the a,-subtypes interact 

with a variety of G-proteins and have a range of effects on AC (Coupry et al, 

1992; Jansson et al., 1994). 

In addition to the mediation of adenylyl cyclase, a,-ARs interact with a 

variety of second messenger systenas. The a,A and (X,C subtypes have been 

shown to stimulate inositol phosphate turnover through a PTX-inserisitive G-

protein in stably trai\sfected CHO cells and transiently transfected COS cells, 

respectively (Cotecchia et al, 1990). Moreover, the activation of oc,A receptors in 

HT29 cells stimulates phosphoUpase A2 and restilts in the release of arachadonic 

acid (Canitello and Lanier, 1989). Furthermore, the activation of (x,-ARs has been 
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implicated in the modiilation of voltage-sensitive calcium channels, potassium 

channels and the release of intracellular calcium stores (review, Regan and 

Cotecchia, 1992). Recently, the stimulation of the a,-ARs resulted in the 

activation of mitogen activated protein (MAP) kinase in both trarisfected and 

native cells (Flordellis et ai, 1995; chapter 6). As a central component of a 

proliferative signaling pathway, this coupling suggests an added responsibility 

for a,-ARs. 

2.2.3 Tissue distribution and physiological functions 

Like many of its adrenergic family members, the cx, adrenergic receptors 

have a wide distribution in the body. Thus, the central nervous system, many 

peripheral organs and tissues as well as platelets contain a,-ARs. Functionally, 

the stimulation of (X,-ARs in the brainstem results in a decrease in norepinephrine 

release and subsequently a decrease sjmipathetic activity. Because of their 

sympatholytic activity, o^-AR agonists have shown promise as antihypertensive 

and sedative agents and as supplements to patients receiving general anesthesia 

(Ghignone et al, 1987; Ruffolo et ai, 1993). Moreover, the use of oq agonists may 

help dampen the adverse sympathetic activity associated with the withdrawal of 

patients from chemical dependencies (Gold et ai, 1978). In the spinal cord, a, 

receptors have been located in the intermediolateral cell colurrm and have been 

shown to mediate nociception (Nicholas et al, 1993). Thus, a,-AR agonists may 

offer an alternative or an adjimct to the current regimen of administering opioids 

for the management of pain. 

In the periphery, Oj-ARs mediate a spectrvmi of physiological activities 

which include: platelet aggregation, gastrointestinal secretion and motility, 

reabsorption of water in the collecting duct of the kidney, lipolysis, contraction of 

smooth muscle, insulin release in the pancreas and aqueous humor secretion in 

the eye (Yamaguchi et al, 1977; Fyles et al, 1987; Robin et al., 1987; Gellai, 1990; 
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Ruffolo, 1993). Therefore, the development of selective adrenergic ligands may 

be helpful for the treatment of a variety of pathological conditions. For example, 

they may be effective in the treatment of hypertension by way of their effects on 

diuresis in the kidney or the treatment of diabetes with agents that lower blood 

insulin levels. Currently, the cx,-AR agonists are extremely effective at decreasing 

intraocular pressure in the eye. 

At this time, the available cx,-selective adrenergic agents are roughly 

equipotent at all three of the subtypes. Thus, there is not a convincing 

pharmacological marmer by which to distinguish the three receptor subtypes, 

nor to preferentially activate one subtype over another. Very soon, however, the 

development of new subtype-selective oc,-agents will allow the preferential 

activation of a single receptor subtype. This, in addition to, the characterization 

and tissue distribution of the three subtypes wiU enable the specific targeting of a 

receptor in a specific tissue in order to elicit a specific response. Corisequently, 

we will have the ability to effectively manage certain pathological conditions 

without the burden of unwanted side-effects. 
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2.3 THE AQUAPORINS 
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Water is a polar molecule, with excess electrons and a partial negative 

charge on the oxygen atom, and an electron deficiency and a partial positive 

charge on each hydrogen atom. Because of its polarity, water is highly insoluble 

in membrane lipids, yet it penetrates cell membranes at a rate greater than 

expected; apparently passing directly through the lipid bilayer. The biophysical 

explanation for the unusually high diffusional permeability of water through the 

lipid bilayer is not certain. However, because water molecules are small and 

uncharged, it is thought that the dipolar character of the water molecule allows it 

to catapult between polar headgroups of the bilayer, thus interacting minimally 

with the lipid portion. 

The movement of water molecules across a lipid bilayer is described in 

biophysical terms: The permeability of all plasma membranes to water by simple 

diffusion is defined by a diffusional permeability coefficient, P^. is a 

characteristic value of a tissue and thus caimot be pharmacologically inhibited. 

In contrast, osmosis through a plasma membrane occurs by a solubility-diffusion 

mechanism, and P, (osmotic or filtration permeability coefficient) is directly 

related to the partition coefficient of water into the membrane phase and its 

diffusion constant within that phase. Since water is not soluble in lipids, the 

water molecules do not interact and thus there is no cooperative movement. 

Therefore, the movement of water across a lipid bilayer is a function of diffusion 

only and the P, is equal to the P^ (units for both, cm/sec). With this in mind, a 

criterion for deciding whether osmotic water transport occurs primarily by a 

solubility-diffusion process through the lipid bilayer of the plasma membrane or 

by flow through a porous pathway is the ratio of Pf/P^^. If Pf/Pd«, is greater than 

1, the route of water movement through the plasma membrane is through 

membrane pores (the water molecules interact cooperatively and increase their 
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velocity of movement). Thvis, when siirroionded by water, the activation energy 

for the diffusion of water is low, about 4 kcal/mol; activation energies for water 

permeation range theoretically between 4 kcal/mol for water movement in a 

water environment, and 16 kcal/mol for water diffusion in ice (Solomon, 1968). 

However, when water is submerged in a lipid environment, such as a plasma 

membrane, activation energies for permeation are much higher, 11-14 kcal/mol 

(Fettiplace and Haydon, 1980). In other words, the diffusion of water is strongly 

affected by the orgaiiization of membrane lipid molecules. 

hi general, most biological membranes have a Pf/P^ that approximates one 

and an activation energy between 11-14 kcal/mol (Finkelstein, 1987). However, 

there are some exceptions, such as erythrocytes and renal proximal tubule cells, 

that have a high permeability to water, low activation energies (4-6 kcal/mol) 

and P(/Pj»l (Brahm, 1983; Verkman and Wong, 1987). In these cells, the 

membrane characteristics suggest transport by pores rather than simple 

diffusion. Surprisingly, when the reflection coefficients for sodium chloride and 

urea were measured and foimd to be close to unity, the possibility of non

selective, ion-permeant pores was excluded (Van der Goot et al., 1989). Thus, the 

high selectivity and P/P^ of these membranes, suggest the existence of water-

selective pores. 

In addition to the above mentioned characteristics, cells from tissues with 

a high Pf, such as erythrocytes and renal epithelial cells, were shown to be 

sensitive to mercurial agents (Macey and Farmer, 1970; Whittembury et al., 1984; 

van Hoek et al., 1990). For example, the application of para-

chloromercuribenzenesulfonic acid (pCMBS, a mercurial) to erythrocytes 

resulted in a decrease in their P^, nearly to control levels and was without affect 

on urea permeability (Macey, 1984). Moreover, treatment of erythrocytes with 

phloretin inhibited urea flux, but did not affect the P,. This selective effect of 
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meroirials on the water pathway provided further evidence for the existence of 

water-selective pores. 

At the end of the 1980's, many were convinced that a transmembrane 

protein existed which functioned solely to transport water. Thus, the search for 

the identity of this charmel began using tissues that were already known to have 

extraordinarily high permeabilities to water. Unfortunately, the search was slow 

because of the high basal diffusion rate of water and the lack of a specific 

pharmacological ii\hibitor. During this time, several candidates for water 

trar\sport were proposed, but later dropped. The candidates included the band 3 

anion exchanger, the vacuolar H" pump, the urea transporter and the glucose 

transporter (Solomon, 1989; Gluck and Al-Awqati, 1980; Macey, 1984; Fischbarg 

et al., 1990). One observation during this time that was correct and later 

confirmed upon the cloning of the water channel, was the estimation of its size 

by radiation inactivation. Using membranes prepared from erythrocytes and the 

renal brush border, the molecular mass of a water channel subunit was estimated 

to be 30 +/- 3 kda (Van Hoek et al., 1992). 

2.4 CHIP28/AQUAPORIN-1 
2.4.1 Novel channel protein 

While studying Rhestis blood group proteir^s, a likely candidate for the 

water-selective channel in erythrocytes emerged. A 28 kda protein repeatedly 

co-purified with a 32 kda Rh antigen from human erythrocytes (Agre et al., 1987). 

Thought to be merely a proteolytic break-down product at first, anfisera was 

raised to the partially purified 28 kda "break-down" product and used for 

immimoblot analysis of erythrocyte membrane preparatior\s. Immunoblots 

revealed the expected 28 kda band plus diffuse bands between 40-60 kda, but 

curiously not the 32 kda Rh antigen protein. Another clue to the identity of this 

protein was that its copy number (-150,000) in erythrocytes was unusually high 
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and corresponded to the estimated number of water channels from previous 

biochemical studies. Thus, this protein demanded further characterization. 

After a pxirification protocol was established using N-lauroylsarcosine (Denker et 

al., 1988), initial characterization of the protein demonstrated that it was an 

integral membrane protein having a mass of 28 kda. Thus, it was named CHIP28 

(channel-forming integral membrane protein of 28 kda) and later its name was 

changed to aquaporin-1 (AQP-1) in order to align with a family of related 

proteins. Further characterization showed that AQP-1 was anchored to the cell 

cytoskeleton along with three other AQP-1 polypeptides as a homotetramer 

(Smith and Agre, 1991). Interestingly, biochemical data suggest that only one of 

the subunits have a complex carbohydrate attached by an asparagine linkage. 

2.4.2 AQP-1 cDNA and structural gene 

Using antibodies against AQP-1 to screen expression libraries, the initial 

attempts to isolate a cDNA for AQP-1 were unsuccessful. Cor\sequently, a PCR-

based strategy was employed: The amino terminus of AQPl was sequenced 

(Smith and Agre, 1991), degenerate primers designed and the cDNA was 

amplified from a human bone marrow library (Preston and Agre, 1991). The 

clone was nearly fuU-length at 2.9 kb, having a 807 bp open reading frame, 38 bp 

of 5'-untranslated and ~2 kb of 3'-untrar\slated that included a poly A tail. By 

Northern blot analysis, the AQP-1 cDNA hybridized to single major mRNA 

transcript (~3 kb) from hvunan bone marrow, mouse spleen and kidney. The 

cDNA was sequenced and found to have significant homology with MIP; 42% 

overall and >60% with loops B and E (Gorin et al, 1984). In the eye, MIP is the 

major intrinsic protein of the lens which was hypothesized to form an aqueous 

channel between lens fiber cells. It is thought to be a membrane protein that 

spans the lipid bilayer six times with five connecting loops and both its carboxyl 

and amino terminus located intracellular ly. In fact, hydropathy analysis of the 
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primary sequence of AQP-1 predicted the same topological arrangement as MIP 

(figure 2.3). Subsequently, a series of biochemical studies have supported this 

model for AQP-1 and other aquaporin family members (see chapter 5). 

Shortly after the AQP-1 cDNA was isolated, a 17-kb structural gene 

encoding AQP-1 was pulled from a human genomic library and localized to 

chromosome 7 (Moon et al, 1993). The gene contained four exons and a TATA 

box in the 5'-untranslated region. Supporting the homology found in the 

primary sequence between MIP and AQP-1, the locations of the intron-exon 

boundaries were also very similar. When comparing the primary sequence with 

the structural gene, computer analysis predicted a tandem, intragenic, 

duplication event in which exon 1 corresponds to the first repeat and exons 2-4 

correspond to the second repeat (see figure 2.1A). This wovdd explain the 

symmetry of the AQP-1 primary sequence as well as the requirement for both 

NPA motifs on loops B and E in the functional charmel. 

2.4.3 Function 

The next step was to determine the function of AQP-1. Using AQP-1 

cDNA as a template, RNA was transcribed and injected iato Xenopiis oocytes, a 

model system for testing water charmel function. The Xenopiis oocyte model was 

initially developed to test GLUTl for water transport activity (Fischbarg et al, 

1990). The oocytes proved to be excellent osmometers because they efficiently 

translate cRNA to protein, they are large and thus have a low surface to volume 

ratio, and their plasma membrane has a very low basal osmotic water 

permeability. Following injection, oocytes expressing AQP-1 demoristrated a 

low activation energy of ~3 kcal/mol and a 30-fold increase in permeability over 

mock-injected oocytes which was reversed upon pre-incubation with 
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Figure 2.3: Six-transmembrane, a-helical model of the deduced amino acid 
sequence of aquaporin-1. Top panel: Predicted topology of AQP primary 
sequence. A-E indicate the loops which connect six-transmembrane regions; 
black circles indicate conser^sus sequence residues of the aquaporin family; NPA 
on loops B and E indicate consensus aquaporin motif; repeat 1 and 2 refer to 
predicted 180° tandem repeat of aquaporin; * refers to N-linked glycosylation 
site. Bottom panel: hydrophilicity analysis, with predicted hydrophobic regions 
shown as negative values and corresponding to trai\smembrane regions (I-VI). 



34 

meroirials (Preston et ai, 1992). Moreover, voltage clamp experiments in AQP-1-

injected oocytes failed to detect the movement of charge carriers through the 

cannel, including protons. Finally, to exclude the possibility of collateral effects 

that injection of AQPl cRNA had on the oocytes, AQP-1 was reconstituted in 

liposomes and demonstrated the characteristics that define water transport 

activity (Zeidel et al, 1992). Taken together, AQP-1 was called a water-selective 

transmembrane channel. 

Initially used to characterized the water transport activity of the kidney 

proximal tubule and erythrocytes, mercurials are the only know inhibitor of the 

water chaimel activity of AQP-1. In order to determine the molecular location of 

their interaction with AQP-1, four cysteines in the amino acid sequence of AQP-1 

were sequentially mutated to serines. The mutation of Cys-189 to Ser-189 did not 

affect the permeabiHty of AQP-l-injected oocytes, however it did eliminate AQP-

1's sensitivity to mercurials (Preston et al., 1993). Moreover, oocytes that were 

injected together with the Ser-189 mutant cRNA and Cys-189 native cRNA, 

demor\strated a lack of cooperativity upon inhibition with mercurials. In other 

words, these data suggested that meroirials interact specifically with Cys-189 

and that each AQP-1 subunit is a functional pore; which supports an earlier 

hypothesis that was based upon radiation activation of AQP-1 (Van Hoek et ai, 

1992). 

2.4.4 Other aqiiaporins 

Since the discovery of AQP-1 and its characterization as a water channel, 

several other proteins with related sequence have been identified and shown to 

confer high P, values to Xenopus oocytes following injection of cRNA and 

expression of protein. Based upon sequence alignments and functional transport 

characteristics, table 2.1 summarizes the inclusion of several proteins into the 

aquaporin family. Like MIP and AQP-1, each family member has six putative 
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membrane spaiming regions, five loops and both the amino and carboxyl termini 

located intracellularly. Sequence alignment of the family members demonstrates 

some highly conserved regions. Namely, many conserved amino adds are 

located in the putative six transmembrane regions and a stretch of 8-10 amino 

acids on both loop B and loop E (dark circles on figure 2.3A). These loops 

contain a very conserved sequence Asn-Pro-Ala, called the NPA box, that is 

thought to line the pore of the channel and participate in the selection of water 

molecules. The fact that this repeat is conserved from plants to mammals 

emphasizes the functional importance of this sequence. Accordingly, mutant 

AQP-1 constructs with an altered NPA box did not transport water ([ung et ai, 

1994). 

Table 2.1, Summary ofaqiiaporin family members. 

ABREV DESCRIPTION SPECIES #0F 
A.A. 

TRANSPORT REFERENCE 

MI? Major Intrinsic 
protein of the lens 
fiber cells 

human 263 ions/water Gorin et ai, 
1984 

AQFl Aquaporin-l, (also 
CHIP28) 

human 269 water Preston and 
Agre, 1991 

AQF2 Aquaporin-2, (also 
WCH-CD) 

human 271 water Ma etal, 1993 

AQP3 Aquaporin-3 rat 276 water/ 
glycerol 

Echevarria et 
al, 1994 

AQP4 Aquaporin-4 (also, 
MIWC) 

rat 323 water Jung et al, 
1994; 
Hasegawa et 
al, 1994 

AQP5 Aquaporin-5 rat 266 water Raina et al, 
1995 

AQPZ Aquaporin-Z E.Coli 261 water Calamita et aL 
1995 

WCH-3 Collecting duct, 
apical membrane 
channel 

rat 276 water/ 
glycerol 

lAaetal, 1993 
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y-TIP Tonoplast intrinsic 
protein, gamma 

A. 
thaliana 

251 water Ehring et al, 
1990 

a-TIP Tonoplast intrinsic 
protein, alpha 

A. 
thaliana 

268 water Johnson et aL 
1990 

NOD26 NoduIin,Peribacteroid 
membrane protein 

Soy bean 271 dicarboxylic 
acids 

Nap etal, 1990 

GIF Glycerol facilitator E. coll 281 glycerol Heller et al, 
1980 

2.4.5 Tissue distribution of the mammalian aquaporins 

The tissue distribution of the aquaporin family members corresponds to 

their function as water-selective pores. Thus, MTP is found only in lens fiber cells 

of the eye (Gorin et al., 1984). The lens of the eye is an avascular structure whose 

health depends upon the efficient delivery of nutrients and removal of wastes by 

water. In addition, the clarity of the structure is dependent upon the coordinated 

hydration state of each of the lens fiber cells. As a water and ion channel, MIP is 

thought to assist in both of these functions. 

Compared to MIP, the distribution of AQP-1 is much more diverse. Since 

its original localization in erythrocytes and the proximal tubule of the kidney, 

AQP-1 has been found in the choroid plexus of the brain, the biliary duct of the 

liver, gall bladder epithelium, eccrine sweat glands, unfenestrated capillaries, 

male reproductive tract, alveolar epithelium and to many structures of the eye 

(Der\ker et al., 1988; Smith and Agre, 1991; Deen et al, 1992; Nielsen et al, 1993; 

Hasegawa et al, 1993; Stamer et al., 1994). Whether concentrating bile or secreting 

aqueous humor, AQP-1 is hypothesized to enable the efficient absorption or 

secretion of water by these tissues. 

The collecting duct of the kidney did not contain AQP-1 and thus AQP-1 

could not account for its vasopressin-regulated permeability. Shortly after the 

cloning of AQP-1, another aquaporin, AQP-2, was cloned, expressed, and shown 

to localize only to the collecting ducts (Fushimi et al., 1993; Nielsen et al., 1993). 
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Interestingly, at rest the majority of AQP-2 water channels are located 

intracellularly, sequestered in vesicles. Upon stimulation with vasopressin, 

AQP-2 quickly mobilizes to the plasma membrane and increases the permeability 

of the plasma membrane to water. 

A third aquaporin, AQP-3, was cloned and found to reside in the kidney, 

specifically the collecting duct along with AQP-2. Unlike AQP-2 however, AQP-

3 was unresponsive to vasopressin. Therefore, AQP-3 is thought to account for a 

portion of the vasopressin-independent permeability of the collecting duct 

epithelium (Echevarria et al, 1994). 

A fourth aquaporin, WCH3, was cloned from and found only to reside in 

the mammalian kidney by Northern blot analysis. Although containing 

sequence characteristics of the aquaporins, WCH3 has not been shown to 

function as a water charmel (Ma ef al, 1993). 

By homology clorung a cDNA encoding a functional water channel, AQP-

4 (also known as MIWC), was isolated from a rat brain cDNA library Qimg et al., 

1994). By in situ hybridization, AQP-4 was shown to have a widespread 

distribution throughout the adult brain, and is thus thought to facilitate water 

balance in the brain. In addition, RNAse protection studies corifirmed the 

localization of AQP-4 to the lung, eye, kidney and salivary gland that was 

reported in an earlier study (Hasegawa et al., 1994; note: the early clone, MIWC, 

was shown to be nonfunctional and to contain sequence errors). 

The most recent of the mammalian aquaporins to be cloned was AQP-5. 

AQP-5 is a functional water channel that is found in the salivary, lacrimal and 

respiratory tissues and the corneal epithelium of the eye (Raina et al., 1995). 

These chaimels are hypothesized to be involved with the secretion events of 

salivation, lacrimation, and corneal desiccation. 
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The mammalian aquaporins most likely have their origins from the 

bacterial and plant aquaporins. An aquaporin-like protein that traiisports 

glycerol, GlpF, is homologous to mammalian aquaporins (especially AQP-3 

which also transports glycerol) and is expressed in a number of bacteria that 

include, £. coli (Heller et al, 1980). Recently, a cDNA that encodes a protein 

having the characteristic tandem repeat motif of the aquaporins was cloned from 

£. Coli and was shown to transport water in the Xenopus oocyte expression 

system (Calamita et al., 1995). Northern blot analysis, demonstrated the presence 

of aquaporin-Z, AQP-Z, in a wide range of both gram positive and gram 

negative bacteria. Functionally, AQP-Z is thought to participate in the 

management of osmotic stress of bacteria. 

For plants, water is their lifeline. From the root to the leaf, water 

transports nutrients, removes wastes, and is respor\sible for the rigidity of most 

plant structures. The efficient movement of water in plants has recently been 

explained by the discovery of transmembrane water channels. Plants express a 

number of different aquaporins in their tonoplast and plasma membranes. Two 

of these proteins that have been characterized are the tonoplast intrinsic proteins, 

a-TIP and y-TTP (Maurel et al, 1993: Maurel et al., 1995). Fimctionally, these 

proteins are thought to participate in the maintenance of turgor, respiration and 

cell division. 

2.4.7 Regiilation(see chapters 8 and 9 for more detail) 

The regulation of aquaporin proteins occurs on three different levels. 

First, the transcription of aquaporin mRNA is regulated by growth factors and 

drugs that work through cAMP second messenger pathways. The AQP-1 gene is 

one of the growth factor-induced early response genes and thus growth factors 
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have been shown to affect the transcription of AQP-1 mRNA in mouse 3T3 

fibroblast cells (Lanahan, et ai, 1992). Additionally, there were higher AQP-2 

mRNA levels increased in the collecting duct epithelium of dehydrated rats as 

compared to control animals (Ma et ai, 1994). This increase in mRNA correlates 

with the increase in cAMP accumulation in the collecting duct epithelial cells 

upon dehydration. Thus, cAMP is thought to interact with transcription 

promoters and increase mRNA. Second, the epithelial cells of the collecting duct 

have the machinery to increase their membrane permeability by a cAMP-

dependent shuttle mechanism (Katsura et al, 1995; Marples et ai, 1995). Upon 

stimulation with vasopressin, intracellular vesicles containing AQP-2, are 

mobilized to the plasma membrane. Once vasopressin is withdrawn, AQP-2 

water channels are recovered from the plasma membrane and are reassembled 

into vesicles. Third, the water charmel itself is regulated by cAMP; most likely as 

a result of phosphorylation. Four of the aquaporins, AQP-1 (chapter 9), AQP-2 

(Kuwahara et ai, 1995), a-TIP (Maurel et ai, 1995) and MIP (Lampe and Johnson, 

1990) increase their permeability to water upon stimulation by drugs that elevate 

intracellular cAMP. This is significant because it provides a tissue with the 

plasticity to respond to changing envirorunental conditions. 

2.4.8 Disease 

The aquaporins actively participate in the processes of secretion and 

absorption in many different tissues. It seems reasonable to assert that diseases 

involving insufficient secretion and absorption may involve mutant or absent 

aquaporins. Thus, nephrogenic diabetes insipidis (NDI) is an autosomal 

recessive disorder in which the kidneys fail to adequately concentrate urine in 

response to vasopressin. When several NDI patients were examined, mutations 

in the AQP-2 gene product were discovered. Subsequently, these mutant AQP-

2s were shown to be non-functional channels when expressed in the Xenopus 
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oocyte system (van Lieburg et ai, 1994). In another study, three individuals were 

lacking AQP-1 and Colton blood group antigens (Preston, 1994). Amazingly, 

although these patients had red cells that exhibited orUy 20% of the normal 

permeability to water (usually facilitated by aquaporin-1), they were 

phenotypically normal with no apparent pathology. Furthermore, they had no 

hematological, renal, respiratory, gastrointestinal, reproductive or neurological 

dysfunction. It was concluded that there must be some "unknown" 

comperisatory mechanism that enables these patients to live without "normal" 

aquaporin-1. In addition to these two examples of mutant aquaporins, other 

aquaporins have been linked to the aging bovine ler\s of the eye (Zampighi et al, 

1989), the abnormal neurological development of Drosophila (Rao et ai, 1990), and 

the response of plants to infestation by nemotodes and to draught (Opperman et 

ai, 1994; Chrispeels et al, 1994). 

The identification of diseases that involve mutant aquaporins and the 

experimentation with recombinant water charmels will assist in our 

understanding of the structure and the regulation of the aquaporin water 

channels. This knowledge may result in the development of pharmacological 

agents that can modulate the aquaporins and be used to manage diseases of 

ir\sufficient or excessive secretion or absorption. These agents may i) induce 

diuresis for the management of congestive heart failure, ii) decrease the 

formation of cerebral spinal fluid to treat acute hydroencephalitis, iii) increase 

the formation of tear fluid to treat the condition of dry eye, or iv) decrease the 

formation or increase the drainage of aqueous htunor in the eye for the treatment 

of glaucoma. 
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CHAPTER 3 

Localization of Aquaporin-1 in the Human Eye 

Investigative Ophthalmologif and Visual Science 1994,35(11): 3867-3872. 

3.1 INTRODUCTION 

Water balance in the body is primarily maintained by diffusional 

gradients restricted by plasma membranes. There are, however, specialized 

tissues where the transport of water across plasma membranes is greater than 

simple diffusion predicts (Finkelstein, 1987). The discovery of the AQP-1 protein 

(Smith et aL, 1991) and subsequent cloning (Preston et ai, 1991) and expression 

(Preston et aL, 1992) has recently enabled the first demonstration of a water-

selective molecxilar channel. In addition, related cDNAs encoding functional 

water charmels have been identified in diverse plant and mammalian species. 

This group of proteins has been referred to collectively as the "aquaporins" (Agre 

et ai, 1993). Recognition of AQP-1 protein has provided a molecular explanation 

for the enhanced water permeability of erythrocytes and a number of rat 

epithelia, including kidney tubule, male reproductive tract, choroid plexus, bile 

duct and octilar epithelia (Nielsen et al.,1993; Brown et al.,1993; Hasegawa et al., 

1993; Echevarria et al., 1993). 

Many components of the eye are not vascularized and must rely on the 

aqueous humor for nutritive support. The regulation of aqueous volume and 

pressure is complicated and is a function of fluid exiting and entering the eye. 

Defects in this regulation may lead to the increase in the intraocular pressure that 

is associated with glaucoma. Most of the fluid entering the eye is actively 

secreted by a layer of non-pigmented epithelial cells that line the ciliary process. 

It is believed that these cells maintain a local ionic gradient which provides the 
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force needed to move water from the extra-vascular space into the eye. Fluid 

leaves the eye primarily through the trabecular meshwork and then into 

Schlemm's canal and the venous system, and secondarily via the uveo-vortex 

route. The physical structure of the trabecular meshwork functions as a one-way 

valve that permits fluid to leave the eye while limiting backflow. To enter 

Schlemm's canal and leave the eye, the aqueous humor must cross a bilayer of 

endothelial cells. The uveo-vortex route involves the iris epithelium and ciliary 

muscle. Water enters these structures and leaves by way of their respective 

venous beds. 

The possible importance of AQP-1 mediated water movement in the eye 

has been suggested by the effects of mercurials on intraocular pressure. For 

example, the inhibition of aqueous outflow in the human eye by mercurials is not 

a result of the inhibition of glycolysis (Freddo et ai, 1984). Although mercurials 

can affect tissues non-specifically, they are also known to specifically inhibit 

water transport in a number of tissues, including the eye and kidney. In studies 

with AQP-1, HgCl2 inhibits water movement by a reversible reaction with a 

specific cysteine residue (Cys-189) (Preston et al, 1993). 

The tvimover of aqueous humor maintains and supports the functional 

components of the eye. The lens and cornea are thick, avascular structures 

dependent upon water movement for providing nutrients and removing wastes. 

In addition, the physiological functions of the cornea and lens are dependent 

upon their clarity. The transparency of the lens and cornea is a contingent upon 

their state of hydration and appears to be maintained primarily by a surface 

layer of cells that have contact with the aqueous humor in the anterior chamber 

of the eye. It is hypothesized that the force required by these cells to move water 

is provided by osmotic gradients generated by the activity of Na/K ATPase. The 
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presence of AQP-1 then provides a mechanism for the passive movement of 

water in the direction of the resulting osmotic gradient. 

The efficient movement of water is essential for the maintenance and 

proper functioning of the eye. Because a number of human diseases involve 

compromised ability to move water, we have undertaken this study to localize 

AQP-1 water channels in the human eye. 
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3.2 MATERIALS AND METHODS 

3.2.1 Antibodies to AQP-1 

Immunization of rabbits with highly purified AQP-1 protein from 

erythroqrtes was described previously (Smith et al., 1991; Aqre et al., 1993). 

Rabbit affinity-purified anti-AQP-1 IgG was used in immunofluorescence and 

immimoblot studies. Anti-AQP-1 reacts specifically with the 4kDa C-terminal 

cytoplasmic domain of AQP-1 (Smith et al., 1991). 

3.2.2 Human Eye Tissue 

Hiunan donor eyes were obtained from the Arizona Lions Eye Bank, 

Phoenix, AZ. For immunofluorescence microscopy, only adult eyes less than 12 

hours post mortem were studied. For immunoblotting, eyes (ages 3 mo.-80 yrs.) 

were between 12 and 48 hours post mortem, but comparisons of the various 

regions examined were only made with time and donor matched samples. 

3.2.3 Tissue Isolation and Membrane preparation 

Ciliary process and iris were carefully dissected from the anterior eye 

using Castroviejo scissors. Trabecular meshwork was removed from the region 

between the scleral spur and Schwalbe's line by blunt dissection with an ocular 

foreign body instniment, using extra care so as to not include corneal 

endothelium or iris tissue contaminants. Corneal epithelial and endothelial cells 

were scraped from corneas using a #15 scalpel. Lens epithelia were removed 

using forceps and Castroviejo scissors. Tissue specimens were put into TME 

buffer (50 mM Tris, 10 mM MgCl2/ 1 mM EGTA, pH7.5), were homogenized 

using a Polytron homogenizer, and except for pigmented tissues were 

centrifuged at 37,000 X g for 20 minutes. Pigmented tissues were centrifuged at 
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1800 X g for 10 minutes to remove pigment granules and the supematants were 

then centrifuged at 37,000 x g for 10 minutes. The membrane pellets were 

resuspended in TME buffer with a Duall homogenizer and were centrifuged at 

13,000 X g for 6 minutes. Pellets were resuspended in loading buffer (4% SDS, 

125 mM Tris, 20% glycerol, 10% b-mercaptoethanol) and were sonicated with a 

probe sorricator for 10 seconds just prior to loading. 

3.2.4 Immiinoblotting 

Membrane preparations were electrophoresed into 12% polyacrylamide 

gels containing SDS. Proteins were blotted onto nitrocellulose using the 

Transblot system (Biorad, Hercules, Ca). The blots were preincubated for 2 

hours at room temperature in Tris buffered saline, containing 5% non-fat 

powdered milk and 0.1% Tween (TBS-T), and were then probed with purified 

anti-CHIP IgG (1:500 dilution) overnight at 4°C. The blots were washed three 

times in TBS-T and were incubated for two hours at room temperature with goat 

anti-rabbit HRP-conjugated secondary antibody (1:1000 dilution) (Amersham, 

Arlington Heights, IL). Anti-AQP-1 labeling of the blots was visualized by 

chemiluminescence (Amersham's ECL) and exposure to Kodak X-OMAT (Kodak, 

Rochester, NY). 

3.2.5 Immunofluorescence microscopy ofAQP-1 

Human eyes were segmentally dissected and quick frozen in a 2-methyl 

butane bath. The segments were imbedded in tissue-tek O.C.T. (VHR, 

Philadelphia, PA) and frozen at -80°C. Cryosections 7-15 |im were obtained 

using a Hacker cryostat microtome and fixed in 4% paraformaldehyde for 15 

minutes. The cryosections were quenched twice in a 0.75% glycine and 

permeabilized in 0.1% Triton X-100. Cryosections were incubated for 1 hour 
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with goat sera (1:200 dilution), washed twice in 2X SSC (0.3 M NaCl, 0.03 M 

NaCeHsOy) with 0.1% Triton X-100 and incubated overnight at 4°C with rabbit 

purified anti-AQP-1 IgG at a 1:500 dilution. Cryosections were washed three 

times and were incubated for 2 hours at room temperature with fluorescein-

conjugated donkey anti-rabbit (Pierce, Rockford, IL) or with rhodamine-

conjugated goat anti-rabbit secondary antibody (1:100 dilution) (Cappel, 

Durham, NC). Cryosections were washed in 2X SSC with 0.1% Triton X-100 and 

mounted. 
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3.3 RESULTS 
^ ^ 7 hlnf- nrtnU/QiQ . .ww.w. .• »..w. — y-"~' 

Figtire 3.1 shows the results of inunmioblotting of membrar\es isolated 

from several human eye structvires with purified anti-AQP-1 IgG. In lane 1, 

human erythroq/^te membranes served as positive control. The presence of AQP-

1 is evidenced by the bands at Mr 28,000 and 49,000 which represent the 

nonglycosylated and glycosylated forms of AQP-1, respectively. AQP-1 is also 

In these samples, the glycosylated form of AQP-1 has a greater mobility (Mr 32-

40,000) as compared with the erythrocyte membranes suggesting that the pattern 

of glycosylation may be different for the ocular forms of AQP-1. Membrane 

preparations from retina (lane 2) and from corneal epithelium (lane 7) are 

negative for AQP-1. Based upon the amount of protein loaded onto the gels, the 

iris, lens and ciliary process have the highest content of AQP-1 per mg of protein 

and in fact are comparable to the amount of AQP-1 present in erythrocyte 

membranes. The amount of AQP-1 per mg of protein is less in the corneal 

endothelium and the trabecular region than in the other tissues. 

Donor eyes from 8 individuals were sectioned and were examined by 

immunofluorescence microscopy for the presence of AQP-1. Specific labeling 

was only obtained with samples from the anterior chamber. In all cases the 

specificity of labeling was verified by i) labeling in the absence of primary 

antibody, ii) labeling with nonimmune rabbit sera, and iii) labeling following 

preabsorption of the purified anti-AQP-1 IgG with a >50 molar excess of purified 

AQP-1. Representative examples of immimofluorescence microscopy follow. 
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Figiire 3.1: SDS-poIyacrylamide gel electrophoresis and iinmunoblotting of 
membranes isolated from various regions of the human eye. Dissection 
procedures and membrane preparation were described in Materials and 
Methods. Samples were electrophoresed into 12% pc^actylamide §el slabs and 
were immunoblotted with pvirified anti-AQP-1 IgG. Visualization was by 
exposure of X-ray film to chemiliiminescence. Eiymrocyte membranes (1.1 |ig) 
were a positive control (lane 1). The other samples ana the amount of protein 
loaded were as follows: lane 2, retina (1.9 |ig); lane 3, iris (0.4 [ig); lane 4, lens (0.2 
mg); lane 5, ciliary process (0.7 |ig); lane 6 corneal epithelium (1.7 |ig); lane 7, 
corneal endothelium (3 ^g); and lane 8, trabecular meshwork (4.5 |j.g). The 
positions of the moleciolar size markers are indicated on the left (xlO^ kd) .present 
m membranes prepared from isolated iris (lane 3), lens epithelium (lane 4), 
ciliary process (lane 5), corneal endothelium (lane 6), and trabecvilar 
meshwork/canal of Schlemm (lane 8). 
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3.3.2 Comea and lens 

Figvire 3.2A shows that the monolayer of cells comprising the corneal 

endothelium is strongly labeled, whereas corneal epithelium, stromal tissue and 

keratocytes are not. Labeling appeared to be present on both the apical and 

basolateral plasma membranes of these cells. Use of affinity-purified anti-AQP-1 

was essential since preliminary studies with whole antisera to AQP-1 cross 

reacted with structures of corneal epithelium (not shown). Similarly, Figixre 3.2B 

shows that the epithelial cells of the anterior surface of the lens contained 

immunoreactive AQP-1 localized to both the apical and basolateral membranes, 

whereas, labeling was not present in the lens fiber cells. 

3.3.3 Ciliary process 

In Figure 3.3, the htunan ciliary process was examined by 

immunofluorescence microscopy to determine the cellular localization of CHIP. 

Figure 3.3A shows hematoxylin and eosin staining of the ciliary process with the 

cells of the nonpigmented epithelium (NPE) being external to the cells of the 

pigmented epithelium (PE). After labeling with anti-AQP-1 (Fig 3.3C) there was 

abundant fluorescence in the NPE but not in the PE. At higher magiufication 

(Fig 3.3D), the labeling of NPE can be localized to both the surface in contact with 

aqueous humor and the surface facing the pigmented epithelium. Pre-incubation 

of anti-AQP-1 with purified AQP-1 blocked most of the immunolabeling (Fig 

3.3B), but some fluorescence remained. In control studies where both primary 

and secondary antibodies were omitted, this residual fluorescence still was 

observed showing that it was intrinsic, or autofluorescence. 
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Figure 3.2: Immunofluorescence microscopy of the human comea and lens after 
labeling with purified anti-AOP-1 IgG. The top panels are photomicrographs of 
sections stained with hematoxylin and eosin. The midale panels are tissue 
sections (7-15 (im) incubated with purified anti-AQP-1 I^ followed by 
incubation with rhodamine conjugated goat anti-rabbit IgG. Tne bottom panels 
show the nonspecific labeling after preincubation of anti-AQPl with AQP-1. 
(left) Comea (l^eling of endothelial cells indicated by arrow), (right) Anterior 
lens (labeling of epithelial cells indicated by arrow). Origin^ magnification, x 
400. 
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Figme 3.3: Immunofluorescence microscopy of the human ciliary process after 
labeling with anti-AOP-1 IgG. (top left) Hiematoxylin and eosin-stained section 
showing the nonpi^ented epithelium (NPE) and the pigmented ^ithelium 
(PE). (top right) Nonspecific labeling after preincubation of anti-AQP-1 with 
purified AQP-l. (bottom left) Labeling of NPE (arrows). Original mamification, 
x 200. (bottom right) Labeling of NPE at higher magnification (arrow). Original 
magnification, x 1000. 
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3.3.4 Outflow pathways 

The outflow of aqueous humor from the hum.an eye takes place via the 

trabecular meshwork/canal of Schlemm (primary outflow pathway) and the iris 

(uveo-vortex route). The possibility that AQP-1 could be involved in the 

movement of water by these outflow pathways was assessed by 

immunofluorescence microscopy. On the posterior side of the iris (Fig 3.4B), 

there was labeling with anti-AQP-1 of the pigmented epithelium which was 

blocked by preincubation with pxirified AQP-1 (Fig 3.4C). Figure 3.4 also shows 

that the primary outflow pathway demoristrated immunoreactivity. Specifically, 

in the trabecular meshwork, the endothelial cells wrapping the beams (arrows in 

fig 3.4B) were labeled. Similarly, the juxtacanalicular region of the trabecular 

meshwork, and the inner and outer wall of Schlemm's canal were specifically 

labeled. Preincubation of anti-CHIP with purified AQP-1 yielded only 

background fluorescence in aU of these regions (Fig 3.4C). 
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Figure 3.4: Immunofluorescence microscopy of the outflow pathways of the 
human eye after labeling with anti-AOr-l IgCT The upper p^els are 
photomicrographs of the trabecular meshwork remon, and the lower panels are 
of the iris, (left) Hematoxylin and eosin-stainea sections show the trabecular 
meshwork (TM), the canal of Schlemm (CS), the juxtacanalicular region (PCT), 
and the iris, (middle) Labeling of the TM cells lining the trabecular beams (small 
arrows), the interior wall of canal of Schlemm (large arrow), the exterior wall, the 
juxtacanalicular area of the TM region, and the posterior pi^ented epithelium 
(arrow) of the iris, (right) Nonspecific labeling after preincubation of anti-AQP-
1 with AQP-1. Original magnification, x 200. 
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3.4 DISCUSSION 

The trabeoilar meshwork, ciliary non-pigmented epithelium and corneal 

endothelium of the human eye are known for their high permeability to water, 

however, the molecular mechanism of this permeability is poorly understood. 

The recent discovery of AQP-1, a transmembrane water-selective channel, 

provides a possible molecular mechanism for unusually high water permeability 

of these tissues. Using indirect immunofluorescence microscopic and 

immunoblot analyses, we have localized AQP-1 in the corneal endothelium, leris 

epithelium, and ciliary non-pigmented epithelium of the human eye. In 

addition, we have found AQP-1 in Schlemm's canal, the trabecular meshwork 

and the iris where it may be important for the movement of water out of the eye. 

Our localization of AQP-1 in the human eye confirms recent findings of 

AQP-1 in the rat eye (Nielsen et al., 1993; Hasegawa et al., 1993). For example, 

using antibodies directed against human AQP-1, positive immunofluorescence 

was fovmd in the non-pigmented ciliary epithelium, the corneal endothelium, the 

lens epithelium and the iris epithelium. In contrast to our present findings, 

however, AQP-1 could not be localized in the primary outflow region of the rat. 

Furthermore, instead of using membrane preparations from specific regions of 

the eye, membranes were prepared from the entire anterior segment. Therefore, 

the anterior segment was shown to contain an immunoreactive 28 kDa band, but 

it could not be said, for example, whether it arose from the non-pigmented 

epithelial cells, the corneal endothelium, etc. In addition, other studies using in 

situ hybridization have indicated that mRNA encoding AQP-1 may be present in 

the non-pigmented epithelium and corneal endothelium in the rat eye. 

Aquaporin-1 proteins form water-selective pores which permit the rapid 

movement of water across the plasma membrane in the direction of the 

prevailing osmotic gradient (Agre et ah, 1993). Thus far in many of the tissues 
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where AQP-1 has beer\ identified, there are high levels of Na/K ATPase. The 

activity of this enzyme is required for generating the osmotic gradients that are 

needed to allow AQP-1 to move water across the membrane at rates greater than 

simple diffusion would predict. This is especially true for most of the ocular 

tissues where we have found AQP-1. Thus, the ciliary process, corneal 

endothelium and lens epithelium all contain high levels of Na/K ATPase (Duane 

and Jaeger, 1988). The importance of this enzyme for generating the force 

needed to maintairi the flow of water in the eye is evidenced by the effects of 

ouabain which has been foimd to substantially decrease the formation of 

aqueous and to cause hydration of the cornea and lens. In addition to finding 

AQP-1 in tissues known for their high levels of Na/K ATPase, we also found 

AQP-1 in ocular tissues that do not contain high levels of this enzyme. Thus, 

AQP-1 was present in cells of the trabecular meshwork, the endotheliiun of the 

canal of Schlemm and the epithelium of the iris. In these tissues it is possible that 

the force needed to move water through the channels is provided by a gradient 

of hydrostatic pressure. Such a gradient is thought to be important in 

maintaining retinal attachment. However, we did not observe anti-AQP-1 

immunofluorescence in the cells of the retinal pigmented epithelium. These 

studies, which were complicated by the presence of pigment granules and 

autofluorescence of retinal tissues, suggested that either AQP-1 is not present or 

that a homologue of AQP-1 may be functioning in these ceUs. 

Aqueous humor production by cells of the ciliary process and outflow by 

way of the trabecular meshwork are two functions where AQP-1 might have a 

role in the movement of water in the eye. A third role for AQP-1 could involve 

the movement of water that is needed to maintain the state of hydration of the 

refracting surfaces of the eye, i.e. the cornea and lens. This is important because 

to maintain clarity the latticework of proteins that make up the cornea must be 
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properly spaced which in turn depends upon the amount of water present. 

Similarly, maintaining the transparency of the lens depends upon regvilating the 

water content of fiber cells and their interstitial fluid. The presence of AQP-1 in 

the epithelial cells lining the lens and in the endothelium of the cornea provides a 

pathway by which water could rapidly enter and leave these tissues. Moreover, 

recent experiments with antisense probes indicate that AQP-1 RNA accounts for 

the endogenous water channel transcripts in cultured bovine corneal 

endotheliiun (Echevarria et ai, 1993). 

Our findings of AQP-1 water channels in the human eye provide a 

mechanism to partially explain earlier models of water movement in the 

structures we have detected AQP-1. Specifically, a model for the transport of 

water out of the cornea was proposed to be dependent upon the activity of ionic 

pumps in the corneal endothelium (Maurice, 1984). This model, known as the 

"pump-leak" hypothesis, suggests that the active movement of fluid out of the 

cornea equals the movement of fluid leaking into the cornea. The presence of 

AQP-1 in the corneal endothelium would facilitate this movement of fluid. 

The presence of AQP-1 in several regions of the human eye emphasizes 

the importance of the efficient movement of ocular fluids. Several diseases of the 

human eye have been associated with the inability to maintain normal hydration 

of the tissue, such as Fuch's dystrophy of the cornea and cataracts of the lens 

(Duane and Jaeger, 1988). An understanding of the role that AQP-1 plays in the 

movement of water into the lens, cornea and in the regulation of aqueous flow 

may improve our understanding of these human diseases and lead to novel 

therapeutic strategies. 
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CHAPTER 4 

Generation and Characterization of Antibodies to Aquaporin-1 

4.1 INTRODUCTION 

Presently, there are no commercially available antibodies that specifically 

recognize aquaporin-1 (AQP-1). Polyclonal antibodies have been generated in 

other laboratories to the purified AQP-1 protein or to a synthetic peptide that 

corresponds to its amino or carboxyl terminus (Smith & Agre, 1991). Both of 

these types of antibodies have their advantages and disadvantages. Antibodies 

to the entire protein are valuable because they recognize many of AQP-1 

epitopes and thus are very sensitive in native tissues. Conversely, these 

antibodies are quite laborious to generate because they require the purification of 

large quantities of native AQP-1 for injection into animals. Moreover, these 

antibodies have the potential to cross-react with proteins of the aquaporin family 

by recognizing regions that are cor\served amongst aquaporin family members. 

As an alternative, many have raised antibodies to synthetic peptides that 

represent the unique carboxyl tail of AQP-1 because these antibodies are easy to 

generate. The peptides are synthesized commercially and injected into rabbits. 

Blood is collected from the ariimal and antibodies are recovered from their serum 

using affinity chromatography with the synthetic peptide immobilized to 

agarose beads. A drawback to this techiuque is that, in general, only the tail 

regions can be used as epitopes. S5mthetic peptides which represent internal 

regions tend to be too short and therefore usually do not properly fold. In 

addition to their individual shortcomings, neither of these techniques provide a 

set of antibodies that recognize only the extracellular epitopes in the AQP-1 

molecule. 
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For these reasons, we utilized an alternative method for generating 

antibodies to AQP-1. Using recombinant techniques in molecular biology, 

antibodies were raised against fusion proteins that contain specific regior\s of 

AQP-1. These antibodies have several advantages: First, because bacteria are 

used to express the fusion proteins, large quantities of protein can be purified in 

a short amoimt of time. Next, because fusion proteins more closely resemble a 

specific region of the native protein, they provide better epitopes than peptides 

and more selective epitopes than the whole protein. Furthermore, polyclonal 

antibodies that are directed against the fusion protein are inexpensive to 

produce. Lastly, fusion protein antibodies work well in tissues for 

immunohistochemistry studies. For example, fusion antibodies are sensitive and 

selective in distinguishing between the three cu-adrenergic receptor subtypes in 

human tissue (Huang et al, 1995). 

The fusion proteins were generated using standard techniques in 

molecular biology in which a fragment of AQP-1 DNA was cloned into a 

bacterial expression vector (pGEX-2T). The fragments of AQP-1 DNA were 

inserted into individual pGEX-2T vectors, in frame, behind DNA that encodes a 

part of glutathione-S-transferase (GST). The expression of the fusion protein is 

under the control of a strong promoter {tac) which is activated upon stimulation 

with IPTG (isopropyl-P-D-thiogalactopyranoside). The resultant protein was a 

chimera which consisted of part GST and part AQP-1. The GST portion was 

used as a tag in the purification of the fusion protein over a glutathione coluirm. 

Following purification, the fusion protein was injected into chickens for the 

production of antibodies. 

Three regions of aquaporin-1, loop E (LE), loop C (LC) and the carboxyl 

(C) terminus, were chosen as targets for the generation of fusion antibodies (refer 

to figure 4.1). We chose to make antibodies against loop E because these 
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antibodies have the greatest c±iance of cross-reacting with multiple members of 

the aquaporin family. Therefore, they may provide an useful tool to screen cells 

or tissues for isoforms of AQP-1. Furthermore, because loop E is thought to line 

the pore region of AQP-1, anti-AQPl-LE antibodies may serve specific irUiibitors 

of AQP-1 by functionally occluding the channel opening and inhibiting water 

transport. The carboxyl terminus was chosen as a target because it has been 

shown to be intracellular, highly antigenic and unique to aquaporin-l. 

Antibodies were also generated to loop C. This loop was chosen because it is 

extracellular and it has very little sequence homology to other members of the 

aquaporin family. 
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4.2 MATERIALS AND METHODS 

4.2.1 Construction of the expression plasmids (pGEX/AQPl) 

PCR was used to generate a 128 base pair (bp) fragment of human 

aquaporin-1 which encoded 38 amino acids of the carboxyl terminus, a 122 bp 

fragment which encoded 36 amino acids of loop C, and a 149 bp fragment which 

encoded 45 amino acids of loop E. The primer sets used for these PCR reactions 

included the sense primers which corresponds to nucleotides 694-716 (for the 

carboxyl tail), 316-336 (for loop C) and 523-543 (for loop E) of aquaporin-1, and 

the antisense primers which corresponds to nucleotides 796-820 (for the carboxyl 

tail), 412-437 (for loop C) and 646-671 (for loop E). Shown below are the 

nucleotide sequences for the primers that were used in the PCR reactions with 

changes made to the sense primers to introduce a BamHI restriction site as well 

as an EcoRI site to the antisense primers (underlined): 

AQPl-C sense: 5'-GCCGGATCCAGCAGTGACCTCAC-3' 

AQPl-C antisense: 5'-CAGGAATTCTCTATTrGGGCTTCA-3' 

AQPl-LC sense: 5'-ATCGGATCCACCGCCATCCTC-3' 

AQPl-LC antisense: 5'-GTCGAATTCTACTCGATGCCCAGGCC-3' 

AQPl-LE sense: 5'-TCTGGATCCCTTGGACACCTC-3' 

AQPl-LE antisense: 5'-ACAGAATrCTATCCCCCGATGAATGG-3' 

The pcrDNA product was digested with BamHI and EcoRI and was cloned Ln-

frame behind the gene for glutathione-S-transferase (GST) in the expression 

vector pGEX-2T to yield the plasmid pGEX/AQPl-C, pGEX/AQPl-LC or 

pGEX/AQPl-LE with the protein products GST/AQPl-C, GST/AQPl-LC or 

GST/AQPl-LE, respectively. PCR conditions and the isolation, restriction and 

subcloning of the pcrDNA product are described below. E. coli strain, XL-1 Blue 
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(Stratagene, La JoUa, CA) was used to express the fusion protein GST/AQPl-C 

as described below. 

4.2.2 DNA restrictions 

DNA was restricted for at least one hour at 3TC in a final restriction 

voltime of 20 |j1. For PGR generated DNA, 17 |il of a 50 |xl PGR reaction was 

combined with 2 fil of lOx restriction bviffer and 0.5 |il each of the restriction 

enzymes. For plasmid prepared DNA, 1 {il of l|j.g/ml of pDNA was added to 16 

|il of water (distilled and autoclaved), 2|il of lOx reaction buffer and 0.5 |ji of each 

restriction enzyme. 

4.2.3 DNA extraction from agarose gel 

Desired DNA bands on an agarose gel (1% in TAE) were visualized on a 

UV light box, cut out of the gel and placed in an eppendorf tube. The DNA was 

extracted from the agarose using a Gene Glean kit (BiolOl) as per manufacturers 

instructions. Briefly, the volume of the gel containing DNA was estimated, Nal 

was added (3x volume), and the gel was melted for 5 min at 55°G. A glass milk 

solution was vortexed, 5 |j1 was added to the sample and incubated at 22°G for 5 

min with mixing by inversion. The tube was centrifuged in a microcentrifuge set 

on high for 2 min, the supernatant was aspirated and the pellet was washed 3x 

with 200 ^il of ice cold New Wash. After the last wash, the sample was briefly 

centrifuged, assuring that all of the New Wash was removed. The DNA was 

eluted from the pellet with 15 |il of distilled water; Water (7.5 ^1) was added to 

the tube and vortexed, incubated at SS^G for 5 min, centrifuged for 2 min and the 

supernatant (containing DNA) was saved. This cycle was repeated once more. 
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4.2.4 Ligation reaction 

Restricted PCR fragments were visualized on a 0.8% TAE low-melt 

agarose gel using a UV light box, cut out of the gel, and placed into an eppendorf 

tube. The agarose was melted at 70^ for 10 min and 5 ^1 of restricted and gene 

cleaned vector was added to an eppendorf tube and placed in a 3TC water bath. 

The appropriate amoimt of warm {3TC) 5x ligation reaction buffer and T4 DNA 

ligase (5 |ii/40 |il buffer, Gibco/BRL) was added. The mixture was gently 

pipetted up and down to mix, and incubated overrught at 22°C. 

4.2.5 Bacterial transformation 

The ligation mixture was incubated at 50°C until melted and added to 300 

|il of distilled water (37'C). Competent cells (XLl-blue) were removed from the -

80"C freezer and thawed on wet ice and were gently mixed. 50 |il of the cells was 

added to a cold Falcon #2059 tube plus 2 pi of ligation mixture and incubated on 

ice for 30 min. The cells were heat shocked for exactly 45 sec in a 42°C water bath 

without shaking, and placed back on ice for 2 min. To this, 1 ml of warm SOC 

(2% bactotryptone, 0.5% yeast extract, 10 mM NaCl, 25 mM KCL, 20 mM Mg**(lM 

MgCL/MgSO^ stock), 20 mM glucose, pH 7.0) was added and the mixture was 

incubated at 37'C with shaking (225 rpm). Cells (300 |jI) were spread onto 10 cm 

LB/AMP/agarose culture plates and incubated overnight at 37°C. 

4.2.6 Glycerol Stocks of bacteria transformed with plasmid DNA 

Luria Broth (Gibco/BRL) culture media supplemented with ampicillin (50 

|i.g/ml) was innoculated with transformed bacteria and grown at 37°C with 

shaking. After the optical density (600r\m) of the culture was greater than 0.6, 

850 |il of the preparation was added to an eppendorf tube. To this, 150 |il of 
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glycerol (autoclaved) was added, the sample was vortexed and placed at -80°C 

for storage. 

4.2.7 Plasmid Mini-prep 

Bacterial cultures were grown in Luria Broth with ampidllin (50 |ig/ml) 

and 1.5 ml of each culture was centrifuged in an eppendorf tube in a microfuge 

set on high for 2 min. The supernatant was aspirated, 100 jil of ice cold solution I 

(50 mM glucose, 25 mM Tris pH 8.0, 10 mM EDTA) was added to the pellet, 

vortexed and left at 22°C for 5 min. Following the incubation, 200 pi of solution 

n (0.2 N NaOH, 1% SDS) was added and mixed by gentle inversion and put on 

ice for 5 min. Solution in (3 M KAc/5 M Acetate) was made fresh, 150 jil was 

added to the sample, the solution was gently vortexed, and put on ice for 5 min. 

The preparations were centrifuged in a microcentrifuge at 13,000 rpm for 5 min 

at 4''C. The supernatant was transferred to a fresh tube, 600 |il of NTE (5 mM Tris 

pH 8.0, 5 mM NaCl, 1 mM EDTA)-equilibrated phenol/chloroform (1:1, v/v) 

was added, the solution was vortexed, centrifuged on high for 2 min., and the 

aqueous layer (top) was transferred to a fresh tube. This step was repeated 2x 

with chloroform alone. To the last aqueous extract, 1 ml of ice cold 100% ethanol 

was added and the tubes were placed at -80°C for 20 min and were centrifuged at 

13,000 rpm for 15 min at 4°C. The supernatant was poured off and the pellet was 

washed with 70% ethanol and dried under vacuimi. The pellet was resuspended 

in 40 fil of distilled water/RNAse solution (950 |il water plus 50 |il RNAse 

(2mg/ml)). 

4.2.8 Plasmid Maxi-prep 

Luria broth (25 ml) with ampicillin (50 |ig/ml) was innoculated with 

transformed bacteria and grown overnight. The next day, one litre of Terrific 
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broth (1.2% Tryptone, 2.4% yeast extract, 0.4% glycerol, 0.23% KH,PO^, 1.25% 

KjHPOJ with ampicillrn (50 |ig/ml) was innoculated with 12.5 ml of cultured 

bacteria and grown overnight. Culture flasks were placed on ice, centrifuged at 

8000 rpm for 15 min at 4°C, the supernatant was decanted and pellets dried on a 

paper towel. The pellet was resvispended in 20 ml of STE buffer (50 mM NaCl, 50 

mM Tris/HCl, pH. 8.0, 5 mM EDTA), transferred to a 30 ml Corex tube and 

centrifuged at 8000 rpm for 15 min at 4°C. The supernatant was decanted, dried 

and resuspended in 4 ml of GET solution (50 mM glucose, 10 mM EDTA, 25 mM 

Tris/HCl, pH. 8.0). To this, 1 ml of 10 mM Tris containing 5 mg/ml lysozyme 

(Sigma) was added and left at 22°C for 10-15 min. To each tube, 10 ml of lysis 

solution was added, the tube was covered with parafilm, mixed gently by 

inversion and placed on ice for 20 min. To each tube, 7.5 ml of ice cold 3 M 

potassium acetate/5 M acetate solution was added, mixed vigorously and placed 

on ice for 20 min. The tubes were centrifuged at 20,000 rpm for 30 min at 4°C, 

the supernatant was decanted into fresh 30 ml Corex tubes (10.5 ml each) and the 

solutions were warmed to 22°C. To this, 0.8 volumes of isopropanol and DNA 

was allowed to completely precipitate at 22°C. The DNA was centrifuged at 

8,000 rpm for 20 min at 22°C (warm rotor). The pellets were rirised in 70% 

ethanol and dried at 55°C. The pellets were resuspended in 1-2 ml of distiUed 

water and warmed to 55°C to disolve DNA. The undissolved material was 

centrifuged at 3500 rpm in a Beckman table top centrifuge and RNAse A (20 

[ig/ml final) was added to the supernatant and incubated at 3TC for 30 min. An 

equal volvime of NTE-equilibrated phenol/chloroform (1:1, v/v) was added, 

vortexed, centrifuged and aqueous phase was transferred to a fresh tube. This 

step was repeated once more with phenol/chloroform and two more times with 

just chloroform. The DNA was ethanol precipitated in 30 ml Corex tubes 

overnight at -20°C, was centrifuged at 8,000 rpm for 30 min at 4°C, the pellets 
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were rinsed in 70% ethanol and dried at SS^C. The pellets were resuspended in 

500 pil of distilled water and 2 |jJ was analyzed by spectophotometery at 260/280 

run to determine 5^eld. 

4.2.9 Fusion protein induction and solubilization 

Using a frozen glycerol stock, 50 ml of Luria broth (Gibco/BRL) 

contairiing 50 M-g/ml ampicillin was irmoculated with XL-1 bacteria that was 

transformed with one of the three pGEX-2T/AQP-1 expression vectors and 

grown overrught at 3TC with shaking at 250 rpm. Each of two Erlermieyer flasks 

containing 250 ml of Luria broth was innoculated with 12.5 ml of the overnight 

culture and grown with shaking at 3TC. After the optical density (600 nm) of the 

cultures was greater than 0.6 by spectophotometry, 60 mg of EPTG was added to 

one of the flasks. The cultures were incubated at 3TC with shaking for an 

additional 2-3 hours, were transferred to centrifuge tubes and centrifuged at 

10,000 X g for 15 min at 4°C. The pellets were resuspended in 10 mis of 100 mM 

Tris with 1% Triton X-100 and probe sonicated (Cole Parmer) for 30 sec at a 

setting of 4. The solution was frozen in a dry-ice/ethanol bath and then thawed 

in a water bath at 30°C. The sorucate-freeze-thaw cycle was repeated three more 

times. The solution was then centrifuged at 40,000 x g for 15 min at 4°C with the 

fusion proteins remaining in the supernatant (S2 fraction). 

4.2.10 Purification of fusion protein over a glutathione column 

To a disposable affiruty column (Pierce), 75 mg of glutathione was added, 

hydrated with distilled water and equilibrated with 100 mM Tris/HCl pH. 8.0. 

The S2 fusion protein fraction (3.3 ml) was applied to the column, incubated for 

15 min with rotation and drained. This procedure was repeated with the 

remaining 6.6 ml of the S2 fraction. The column was washed 3 times with Tris 
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buffer, then once with 333 mM NaCl in Tris buffer, and finally once more with 

Tris buffer. The fusion proteins were eluted from the column with 10 mM 

glutathione. The Tris and glutathione were removed from the purified fusion 

protein solution using a stir cell (Amicon) with a 10,000 MW filter (Diaflo): The 

eluent (2 ml) was diluted with 10 ml of PBS and concentrated to 1 ml (this was 

repeated two more times until 1 ml of fusion protein in PBS remained). Note: It 

was important to wash the filter well in order to remove all of the fusion protein 

from its surface. 

4.2.11 Coupling of fusion proteins to Aminolinkgel 

Between 1-3 mg of purified fusion protein is needed for the coupling 

procedure. To a Buchner fuimel, 3 ml of Aminolink gel slurry (Pierce) was 

added and drained until a wet cake remained (do not dry). The gel cake was 

washed 3 x 3 ml with 100 mM phosphate buffer, pH. 7.0 (any phosphate). The 

cake was scraped and transferred to a 4 ml polystyrene tube, and 1.5 ml of fusion 

protein solution was added, making a 50% slurry. In a fume hood, 150 ^il of 1.0 

M Sodium Cyanoborohydride (NaCNBH,) was added to the slurry. Note: 

Following the addition of 63 mg of NaCNBR, to 1 ml of distilled water, the 1.0 M 

NaCNBH, solution is allowed to incubate for 1 hr at 22°C before use. The tube 

was capped and mixed by rotation at 22°C for 2 hrs. The tube was removed from 

the mixer and allowed to incubate at 22°C for an additional 4 hrs. The slurry was 

transferred to a Buchner funnel, drained, and washed with 3 ml 1.0 M Tris/HCl, 

pH. 7.4. The gel cake was trar\sferred to fresh 4 ml polystyrene tube and 1.5 ml 

of ml 1.0 M Tris/HCl, pH. 7.4 was added. To this 150 (il of 1.0 M NaCNBH, was 

added in a fume hood and mixed by rotation for 30 minutes. The gel was 

drained and washed with 10 bed volumes (30 mis) of 1.0 M NaCl. The gel was 

then washed with 10 bed volumes (30 ml) of 0.05% NaN, in water and stored at 
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4°C. Notes: i) The effectiveness of the column to bind antibody (and thus its 

yield) is proportional to the amount of fusion protein that is immobilized, ii) 

The columns can be used over and over, even up to two years if stored in 0.05% 

sodium azide. 

4.2.12 Immunization of chickens 

Mature heiis (White Leghorns) were injected intramuscularly with 50-100 

Hg of the GST/AQPl fusion proteins in Freimd's complete adjuvant and were 

given subsequent injections with fusion protein in incomplete adjuvant at two 

week intervals. Eggs were collected and crude IgG fractions were prepared from 

the yolks using polyethylene glycol precipitation as described below. 

4.2.13 IgY isolation 

The yolks from 10 eggs were collected, added to a graduated cylinder and 

measured. Four volumes of 200 mM phosphate buffer (100 mM NaH,PO^ 

monobasic, 100 mM NaHPO^ dibasic, 100 mM NaCl, 0.01% NaN,, pH. 7.5) were 

added to the yolks and mixed until homogeneous. To this mixture 0.175 x the 

yolk volume (ml) of polyethylene glycol (PEG, MW 8000, Sigma) in grams (3.5% 

final) was added and slowly stirred for 5 min at 22"C. The mixture was 

cenfrifuged for 20 min at 10,000 x g at 4''C, the supernatant was poured into fresh 

tubes and centrifuged as before. The supernatant was filtered using a 0.45 iim 

membrane (Millipore) with suction. The filtrate volume was measured and to 

this 0.085 X this volume (ml) of PEG in grams (8.5% final) was added, and stirred 

slowly for 10 min at 22°C. The mixture was centrifuged for 20 min at 10,000 x g 

at 4°C. The supernatant was discarded and the pellet was resuspended by bath 

sonication in 2.5 x the original yolk volume (ml) of phosphate buffer. PEG was 

added to a final concenfration of 12%, and stirred for 10 min at 22"C. The 
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mixture was again centrifuged, the supernatant poured off and the pellet was 

resuspended in the original yolk volume of phosphate buffer. The resultant 

solution is the crude IgY antibody preparation. Notes: When preparing crude 

antibody preparation, it is critical to exclude as much of the whites as possible 

because whites will clog the Millipore filters during filtration step. The integrity 

of egg yolks on older eggs (>2 years old) is fragile and excluding whites is 

difficiilt, however the antibodies are still viable. 

4.2.14 Subtraction of anti-GST antibodies 

Using a peristaltic pimip (ISCO) calibrated at a flow rate of 20 ml/hr, a 

column containing immobilized GST-agarose was equilibrated with 200 mM 

phosphate buffer. The crude IgY antibody preparation was nm through the 

peristaltic pump/GST column apparatus for 20 hr. The efficiency of the GST 

column was monitored by eluting antibodies specific to GST with 100 mM 

glycine pH. 2.8. The GST column was equilibrated with PBS and stored in 0.05% 

NaN3at4''C. 

4.2.15 Ajfinity purification of antibodies to AQPl 

A disposable column containing 2 ml of AQP-1 fusion protein 

immobilized to agarose was equilibrated with 6 ml of 200 mM phosphate buffer, 

while, 20 mis of a crude IgY preparation was concentrated to 1 ml using a 

centricell-30 (Amicon) with centrifugation in a Beckman tabletop centrifuge with 

swinging bucket rotor at 3200 rpm for 1-2 hr at 22°C. The concentrated IgY was 

applied to the column and incubated with rotation for 1 hr at 22°C. The column 

was washed with 20 ml of phosphate bviffer and the AQP-1-specific antibodies 

were eluted with 100 mM glycine pH. 2.8 and neutralized with 1.0 M Tris/HCl 

pH. 9.0 (100 |ji/ml eluent). The fractions from the column were measured at 
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to determine elution profile for column. The antibody was buffer 

exchanged into PBS using a stir cell at 4°C. 

4.2.16 Immiinoblot analysis 

Fusion proteins were electrophoresed into 12% polyacrylamide gels with 

0.1% SDS and blotted onto nitrocellulose using the Transblot system (Biorad, 

Hercules, Ca) as per manufacturers instructions. The blots were preincubated for 

2 hrs at 22°C in Tris buffered saline, containing 5% non-fat powdered milk and 

0.2% Tween (TBS-T), and were then probed with chicken affinity-purified anti-

AQPl IgY (1:500 dilution) overnight at 4°C. The blots were washed three times in 

TBS-T and were incubated for two hrs at room temperature with goat anti-

chicken/alkaline phosphatase-conjugated secondary antibody (1:1000 dilution) 

(Sigma, St. Louis, MO). Visualization was done using MBT/BCEP (nitroblue 

tetrazolium chloride/5-bromo-4-chloro-3-indolyIphosphate p-toluidine salt, 

Gibco, Grand Island, NY) as a substrate for alkaline phosphatase secondary 

antibody, as per manufacturers instructior\s. 
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4.3 RESULTS 
4.3.1 Construction of bacterial expression vectors 

Sense and antisense oligonucleotide primers were designed to flanking 

regions of loops C and E and to the carboxyl tail of AQP-1. The primers were 

designed to include restriction sites for BamHI and EcoBU so as to insure that the 

AQP-1 PCR fragments were inserted in frame behind a portion of glutathione-S-

transferase (GST) from Schistosoma japonicum. The primers were used in a PCR 

reaction that used pCHEPev (Preston et ai, 1992) as a template. The products and 

bacterial expression vector, pGEX-2T, were digested with BamHI and EcoRI and 

ligated together yielding pGEX-AQPl-LC, pGEX-AQPl-LE and pGEX-AQPl-C. 

The location of the primers on AQPl that were used in the PCR reaction 

are illustrated in figiore 4.1 by the shaded circles. For example, the seiise primer 

for loop C corresponds to the amino acid symbols, I, V, A, T, A, I, L (5-3') and the 

antisense corresponds to the amino acid symbols, Q, G, L, G, I, E, I, I, G (5-3'). 

Figure 4.2 is an ethidium-stained agarose gel that shows the products of a PCR 

reaction that have been digested with EcoRI and BamHI: Lanes 1, 2 and 3 are the 

PCR products that correspond to loop E, loop C and the carboxyl terminus, 

respectively. Their expected sizes are 149, 122, and 128 base pairs, respectively 

which is consistent with their mobility on the gel relative to the molecular size 

markers shown in lane 1. Shown in lane 4 is the bacterial expression vector 

pGEX-2T that has also been linearized with BamHI and EcoRI. 

Figure 4.1: Six-transmembrane. g-helical model for the primary sequence of 
aquaporin-1 (next pa^e). Shaded circles indicate anaino acids that "correspond to 
nucleotides for wnicn PCR primers were designed. NPA designates consensus 
aquaporin motif. CYS-189 is the mercury-sensitive cysteine. {*) represents a 
putative glycosylation site. 
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4.4.^ 

Figtire4.2: Ethidium-stained agarose gel showing PCR products of aquaporin-l. 
PGR primers were desimed to flanking rerions of loopE, loop C and carboxyl 
terminus of aquaporin-l and used in a PCR with pCHIPev as a template. The 
PCR products (lane 1: loop E, lane 2: loop C and lane 3: carboxyl tail) and a 
bacterial expression vector (lane 4 : pGEX-2T) shown were digestea with BamHI 
and EcoRI as described in Methods (Molecular weight markers at left in kb). 
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Figure 4.3 is a plasmid map for pGEX-2T that demonstrates the location of the 

BamHI and EcoRI restriction sites and indicates where the aquaporin inserts 

(black arrow at top) were placed. There are three other features of this vector 

that are of interest: First, there is a lac operon component upstream of the insert 

which was used for the induction of the fusion protein. Second, there is an 

ampicillin resistance component downstream of the insert which allows for the 

selection of bacteria that contain this plasmid during the trar\sformation 

procedure. Lastly, the GST fragment, (Sj26) located directly in front of the irisert, 

is used as a "tag" for the purification of the fusion protein. 

Following the ligation reaction in which AQP-1 fragments were inserted 

into pGEX-2T, a restriction digest was performed with the endonucleases, 

BamHI and EcoRI, in order to confirm their presence in the vector. Because of 

the small size of the inserts, 120-150 bp, it was difficult to resolve them on an 

agarose gel because they would run with the die front at the bottom of the gel. 

Even after rurming the restriction digest into very dense agarose (1.4%), all three 

inserts were difficult to corvfirm and difficxilt to photograph for docimientation. 

To resolve this problem, PstI, an alternative restriction site down-stream of the 

insert in the Amp' region of the vector, was utilized (figure 4.3). Following a 

restriction reaction using BamHI and PstI, figure 4.4 shows that products for each 

of the AQP-1 constructs (lanes 2-7) were clearly less mobile (by -100 bp, arrows) 

on a 1.1% ethidium-stained agarose gel as compared to vector without ii\sert 

(lane 1 and lane 8). 

4.3.2 Expression and purification of fusion proteins 

Competent bacteria, £. Coli, were transformed with the new coristructs, 

pGEX-AQPl-C, pGEX-AQPl-LC and pGEX-AQPl-LE, plated and grown on 

agarose plates containing ampicillin, and colonies were picked to inoculate 
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Figure 4.3: Plasmid map of the bacterial expression vector, pGEX-AOPl 
containing a fra^ent of aquaporin-l (either AOPl-C. AOPl-LC or AOPl-LE). 
The AQPl insert is indicated by the bold black arrow and bordered by the Bam 
HI and Eco RI restriction sites. Abbreviations are as follows: ORI is the 
promoter for DNA polymerase, lacl-q and lacZ are components of the lac operon, 
tac is the promoter for RNA polymerase, Sj26, is a portion of glutathione-S-
transferase and Amp-r is the ampicillin resistance. 
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Figure 4.4: Ethidium-stained agarose gel of the PstI restriction products of 
pGEX-AOPl. £. Coli were transformed with pGEX-2T or pGEX-AQPl containing 
one of the AQP-1 inserts and were cultured as described in Methods. Plasmid 
DNA was prepared from the cultures, restricted for one hour at 37'C with 
BamHI and PstI and the results are shown: lanes 1 and 8 contain pGEX-2T. 
Lanes 2-3 contain pGEX-AQPl-C, lanes 4-5 contain pGEX-AQPl-LC and lanes 6-
7 contain pGEX-AQPl-LE. Molecular size markers are indicated to the left (in 
kb). 
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plasmid mini-prep cultures. Plasmid DNA was isolated from the cultures and 

cut with restriction enzymes to check for inserts. If positive, glycerol stocks were 

prepared from mini-prep cultures and used to inoculate large culture 

preparations. Large ctiltures were inoculated and induced with EPTG to initiate 

expression of the fusion protein and the ciiltiores were checked by SDS-PAGE for 

expression of the fusion proteins. If positive, the fusion proteins were purified 

over a bed of glutathione-agarose. 

Figiire 4.5 shows the results of crude bacterial cultures (transformed with 

pGEX-2T, pGEX-AQPl-C, -LC, or -LE) that were either induced with IPTG or 

not, solubilized and subjected to SDS-PAGE. In the first lane (M) are the 

molecular weight markers. Lanes 2, 4, 6 and 8 are S2 fractions of bacterial 

cultures containing GST, GST/AQPl-C, GST/AQPl-LC, and GST/AQPl-LE, 

respectively. Lanes 1, 3, 5 and 7 are S2 fractions of bacterial cultures that have 

been induced with IPTG (the arrow indicates the approximate location of the 

induced fusion proteins). Since all three fusion proteins were expressed upon 

induction, S2 bacterial fractions were prepared for each fusion protein. Figure 

4.6 shows the elution profiles for glutathione-agarose columns that were 

incubated with S2 bacterial fractions containing aquaporin-1 fusion proteins. 

The pass through fractions (1-3) were followed by 5 washes (fractions 4-8) and 

the fusion proteins were eluted with glutathione (fraction 9). A sample from the 

eluent fractions for the three aquaporin fusion proteins and GST were loaded 

onto a 12% polyacrylamide gel and subjected to SDS-PAGE. These results are 

shown in figvire 4.7: (lane 2: GST/AQPl-C, lane 3: GST/AQPl-LC, lane 4: 

GST/AQPl-LE, lanes 1 and 5: GST only). As expected, the apparent molecular 

sizes are -30,000-32,000 for all three fusion proteins and are less mobile than 

GST. Following glutathione/agarose purification, the fusion proteins were 

buffer exchanged into PBS, aliquotted and stored at -80''C. Because of a 
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Figure 4.5: Coomassie-stained. SDS/polyacrylamide eel after induction of the 
AOP-1 fusion proteins and a fragment of GST. E. Coll were transformed with 
pGEX-2T (encoding GST, lanes 1-2), pGEX-AQP-C (encoding GST/AQPl-C, 
lanes 3-4), pGEX-AQP-LC (encoding GST/AQPl-LC, lanes 5-6) or pGEX-AQP-
LE (encoding GST/AQPl-LE, lanes 7-8) and cultured. Odd numbered columns 
are samples from cultures that were induced with IPTG for 4 hours and even 
columns were not. The samples were centrifuged, the pellets were solubilized 
with 4"o SDS, and were electrophoresed into a 12"<) acrylamide gel containing 
O.r'o SDS. Molecular weight marker designations are as indicated (x 1000 
daltons). 
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Figure 4.6: Elution profiles of glutathione/agarose coliunns that were ir\cubated 
with S2 bacterial fractions containing AOP-1 fusion proteins. A column used for 
the purification of GST/AQPl-C is shown in panel A (GST/AQPl-LC: panel B, 
and GST/AQPl-LE: panel C). Columns were incubated with 3.3 mis of the S2 
bacterial fraction (3 x 20 min) at 22''C. The column was drained after each 
incubation (pass tiirough fractions 1-3), washed with Tris buffer (5x3 ml, 
fractions 4-8) and eluted with 10 mM glutathione (fraction 9). 
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Figure 4.7: Coomassie-stained SDS-PAGE of solubilized GST/AOP-1 fusion 
proteins following affinity purification with glutathione column 
chromatography. The first lane (M| contains standard markers with molerular 
weight desi^ations at the left (X 10 daltons). In lanes 1 and 5 are 10 |ig of GST 
fusion protein, lane 2 is 10 |ig of GST/AQPl-C fusion protein, lane 3 is 10 jig of 
GST/AQPl-LC fusion protein and lane 4 is 10 jig of GST/AQPl-LE fusion 
protein. 
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thrombin cleavage site between the GST and insert portion of the protein, the 

fusion proteins are vulnerable to proteolytic cleavage. Fortunately, all three 

AQP-1 fusion proteins are relatively stable at 4°C with only -50% of the proteins 

were degrading over 1.5 years (order of stability: C>LC>LE). A summary of the 

expected molecular sizes for the aquaporin-1 fusion proteir\s and corresponding 

nucleotides is shown in table 1. 

Table 4.1: Expected molecular sizes ofAQPl fusion proteins 

Ab name Nucleotides Amino Fsp name Sizes: 
acids GST Insert Total 

AQPl-C 694-820 39 GST/AQPl-C 27,500 4,242 31,742 
AQPl-LC 316-437 36 GST/AQPl-LC 27,500 3,545 30,045 
AQPl-LE 523-671 44 GST/AQPI-LE 27,500 4,946 32,446 

4.3.3 Generation and purification of antibodies 

The fusion proteins were then used to inoculate chickens for the 

production of antibodies. After four weeks the chickens were checked for an 

antibody titer agaii^t AQP-1 fusion proteins by immunoblot analysis. Positive 

eggs were collected and the antibody fraction of the egg yolks were prepared by 

PEG precipitation. Next, the crude IgG fraction was run through a bed of 

immobilized GST-agarose in order to remove antibodies that were generated to 

the GST part of the fusion protein. The anti-aquaporin antibodies were isolated 

from the GST-subtracted IgG preparation by immuno-affinity chromatography 

using GST/AQP-1 fusion protein that was chemically immobilized to agarose. 

The antibodies were then characterized for their ability to recogruze their 

respective fusion protein versus GST protein. 

Figiure 4.8 demoristrates the results of immimoblot analysis of eggs that 

were collected from either pre-immunized (PRE) or post-immunized (POST) 
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Figure 4.8: Dot-blot analysis of GST/AOPl-C fusion protein with pre-
immunized (PI^ versus post-immunized (POST) eeg yolks containing chicKen 
IgY. Yolks were diluted (1:10) with hybridization Duffer (Tris buffered saline 
(TBS) containing 0.2% Tween-20 and 5% non-fat dry milk) and incubated with 
strips of nitrocellulose that were blotted with 1 |ig, 100 ng and 10 ng of fusion 
protein (as indicated) for 2 hr at 22'C. Blots were washed with TBS (3x5 min), 
probed with alkaline phosphatase-conjugated secondary antibody in 
Hybridization buffer for 1 hr at 22"C and washed as before. Blots were visualized 
bv adding substrates (nitro blue and tetrazolium and 5-bromo-4-chloro-3-indolyl 
phosphate). 
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chickens (in this example, GST/AQPl-LC). In all three cases, post-immunized 

eggs from chickens injected with GST/ AQPl-C, GST/ AQPl-LE or GST/ AQPl-

LC are shown to react with their respective fusion protein at the 10 ng 

concentration, while pre-immunized eggs only partially reacted at the l|ig 

concentration. A crude IgY fraction was prepared from the yolks of the eggs and 

antibodies to GST were removed by subtraction using a GST-immobilized 

agarose column. Figure 4.9 shows the elution profile for a GST column: Because 

GST sites on a column saturate with anti-GST IgY, it was necessary to cycle 100 

mis of a crude antibody preparation (in this case, anti-AQPl-LC) completely 

through the GST column (3 mg GST/column, panel A) three times, elute, and 

then cycle the preparation three more times (panel B). The column was washed 3 

times with buffer (fractions 1-3), once with a high salt solution (fraction 4, arrow 

1), once more with buffer (fraction 5) and eluted with low pH (fraction 6, arrow 

2). Once the anti-GST antibodies were removed, the crude IgY preparations 

were subjected to immuno-affinity columns that are constructed of their 

respective fusion protein that was chemically immobilized to agarose. Figure 

4.10 shows the elution profiles for affinity columns for each of the three AQP-1 

antibodies. Panel A is a colunm used to purify anti-AQPl-C antibodies, panel B 

is for anti-AQPl-LC and panel C is for anti-AQPl-LE. The crude IgY fraction 

was allowed to drain from the column (fraction 1). The column was then washed 

with buffer (fractiorrs 2-4), subjected to a high salt solution (fraction 5, arrow 1), 

washed once more (fraction 6), and eluted with a low pH solution (fractions 6-7, 

arrow 2). 

To determine the sensitivity of an individual antibody preparation and 

the relative amount of anti-GST versus anti-AQP-1 antibodies are in the 

preparation, sequential dilutions of fusion proteins and GST were subjected to 

SDS-PAGE and analyzed on an inununoblot using the affinity antibodies. In 
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Figure 4.9; Elution profiles for GST immuno-affinity colunm. A crude chicken 
IgG fraction from cxiicken egg yolk (100 ml total 'volume) was continuously 
recycled through a GST column overnight at a constant rate of 20 ml/hr. The 
column was washed with phosphate buffer (3x3 ml); fractions 1-3, washed with 
333 mM NaCl (arrow fraction 4, once more with phosphate buffer; fraction 5 
and anti-GST antibodies were eluted with 100 mM glycine, pH 2.8 (arrow 2); 
fraction 6. Panel A shows the elution profile of a GST column after incubation 
with 100 ml of a crude antibody preparation. Panel B shows the elution profile 
of the same column after the seconcl overnight incubation with the same crude 
antibody preparation. 
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panel A of figure 4.11, antibodies to the carboxyl tail recognized 1 ng of 

GST/AQP-C fusion protein (lane 4). In comparison, these same antibodies 

needed 50 ng of GST protein to produce a reactive band (lane 5). In other words, 

these antibodies are 50 times more sensitive to the AQPl part of the fusion 

protein. Similar results were obtained with antibodies to loop E and loop C as 

demonstrated in panels B and C, respectively. 

Figure 4.10: Elution profiles for aquaporin-l immuno-affinity columns (panel A: 
GST/AOPl-C. panel B: GST/AOPl-LC and panel C: GST/AOPl-LEKnexf pa^e). 
After anti-GST antibodies have been subtracted, 10 ml of a crude antibody 
preparation were concentrated to 3 ml using a centricell and incubated with the 
affiruty column for 20 minutes with rotation at 22°C. The coliomn was drained 
(pass through: fraction 1), washed 3 x 3 ml with phosphate buffer (fractions 2-4), 
washed with 3 mi of 333 mM NaCl (arrow 1, fraction 5), washed once more with 
3 ml of phosphate buffer (fraction 6) and anti-AQPl antibodies were eluted with 
100 mM glycine, pH 2.8 (arrow 2, fractions 7-8). 

Figure 4.11: SDS-polyacrylamide gel electrophoresis and immunoblotting of 
AOP-1 fusion proteins (page after next). Panel A shows the reactivity of 
antibodies agairist the carbo)^l tail (anti-C) to 50 ng, 10 ng, 5 ng and 1 ng of 
GST/AQPl-C fusion protein (lanes 1-4) versus 50 ng and 10 ng or GST (lanes 5-
6). Panel B shows the reactivity of antibodies against loop C (anti-LC) to 100 ng, 
10 ng and 1 ng of GST/AQPl-LC fusion protein (lanes 1-3) versus 100 ng, 10 ng 
and 1 ng of GST (lanes 4-6). Panel C shows the reactivity of antibodies against 
loop E (anti-LE) to 100 ng, 50 ng, 10 ng and 5 ng of GST/AQPl-LE fusion protein 
(lanes 1-4) versus 100 ng, 50 ng and 10 ng of GST (lanes 5-7). Gels were run, 
proteins were transferred, and blots were probed and visualized as described in 
Methods. The positions of the molecular size markers are indicated on the left 
(X 10^ daltons). 
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4.4 DISCUSSION 

The techniques used in this chapter demonstrate an "integrated approach" 

for the development of antibodies against specific regions of a transmembrane 

protein. Moleailar biology, combined with biochemistry and immunology 

yielded tools useful for the future characterization of AQP-1 water channels. As 

demonstrated, antigens that represent three different regions of aquaporin-1 

were made, and injected into chickens which produced AQP-l-specific 

antibodies. 

There were several reasons for choosing chickens as a host for the 

aquaporin-1 antiger\s. First, the yolk of chicken eggs contain a very high titer of 

antibodies. Our experience has determined that up to 1.0 mg of chicken IgY can 

be purified from one egg (unpublished observations). Accordingly, a chicken 

produces eighteen times the amount of antibodies to the same antigen than a 

rabbit, a traditional host for the production of antibodies (Gottstein and 

Hemmeler, 1985; Gassmann et al., 1990). Second, there is a greater likelihood of 

producing specific anti-mammalian antibodies in a chicken because of the 

phylogenetic separation between birds and mammals Qensenius et al, 1981). 

Third, chicken IgY has been shown not to cross-react with mammalian IgG or 

bacterial and mammalian Fc receptors; which is critical when examining 

mammalian tissues (Larsson, 1993). Lastly, compared to bleeding an aiiimal for 

antibody recovery, eggs are easy to obtain from chickens. The eggs are collected 

daily and provide sterile packages for antibodies that can be stored for years 

before processing. 

There are two disadvantages to using chicken antibodies. First, since 

chicken antibodies do not bind protein A or protein G with a high affinity, they 

are not useful in immunoprecipitation experiments (although PEG precipitation 

has been used successfully to immunoprecipitate protein-IgY complexes). 
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Second, the amount of commercially-available secondary antibodies that 

recognize chicken antibodies is limited. So, experimental design is influenced by 

the tjqjes of anti-chicken secondary antibodies that are available. 

Whether using chickens or other ariimals as hosts for the production of 

antibodies to fusion proteins, the animal will make antibodies against both the 

GST part and the AQP-1 part of the chimeric protein. Even though the GST 

portion of the fusion protein is from a flatworm, care was taken to remove 

antibodies against this portion of the fusion protein. Thus, anti-GST antibodies 

were subtracted from the anti-GST/AQP-1 IgY population using a 

immunoaffinity column. Cor\sequently, the resulting antibody population was, 

on average, a hundred-fold more sensitive to GST-AQPl fusion protein than 

pure GST protein. This difference in reactivity is significant because the levels of 

aquaporin-1 in native tissues fall in the range of detectability by the anti-AQP-1 

antibodies (100 pg-10 ng) but not the anti-GST antibodies, (see chapter 7 for the 

use of these antibodies with native aquaporin-1). As demonstrated in figture 4.11, 

antibodies to each of the three aquaporin-1 regions preferred the AQP-1 part of 

the fusion protein at least 50 times (and up to 1000 times) more than GST alone. 

Thus, on a Western blot all three antibodies were sensitive to their fusion protein 

at the 5 ng level. By dot blot analysis, antibodies to all three fusion proteins were 

reactive down to the 100 pg level. 

The goal of this chapter was to generate antibodies that recognize specific 

regions of the native aquaporin-1. Using current molecular biology techniques, 

fusion proteins were made that correspond to three different regions of 

aquaporin-1. The fusion proteins were injected into chickens and antibodies 

were purified from chicken eggs. All three antibodies were tested and shown to 

react specifically to the fusion proteins from which they were raised and 

minimally to GST or non-corresponding fusion proteins. 
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CHAPTERS 

Antibodies to Recombinant Fusion Proteins Confirm the Molecular 

Orientation of Loops C and E, and the Carboxyl Terminus of 

Aquaporin-1 

5.1 INTRODUCTION 

Cells live in an aqueous environment and the movement of water across 

cell membranes is a fundamental biological process. In general, water crosses the 

cell membrane in two ways; either by simple diffusion or by a chaimel-mediated 

process. For simple diffusion, the movement of water across the membrane is 

limited by the hydrophobic nature of the lipid bilayer. The movement of water 

through channels, however, is much more efficient and in membranes which 

contain such channels the movement of water across the membrane is up to ten

fold greater than simple diffusion (Macey and Farmer, 1970; Firikelstein, 1987). 

Interestingly, although, channel-mediated water movement was 

postulated some time ago (Sidel and Solomon, 1957; Hays and Leaf, 1962; Macey 

and Farmer 1970; Finkelstein, 1987), the water channel proteins themselves have 

only recently been characterized. The first of these, aquaporin-1 (AQP-1), was 

initially purified as a protein of unknown function (Saboori et ai, 1988) and was 

subsequently cloned and expressed and was foimd to be a water charmel 

(review, Agre et ai, 1993). Water can move freely through the channel in either 

direction, however, protons, other ions or uncharged solutes cannot. 

The structure of this protein is starting to be imderstood. Biochemical 

evidence indicates that AQP-1 associates in the plasma membrane as a 

homotetramer, with only one of the four subvmits being glycosylated and all 
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subunits containing a functional pore (Smith and Agre, 1991; Shi et al, 1994, 

Verbavatz et al., 1993). In addition, biochemical and immunological experiments 

have provided convincing evidence that both the carboxyl and amino terminals 

reside inside the cell (Smith and Agre, 1991; Nielsen et al., 1993), but there is 

some disagreement about its remaining structure. Several groups favor the six-

transmembrane, a-helical model for the protein (Preston and Agre, 1991; Van 

Hoek et al, 1993; Jung et al., 1994). This is based on evidence from hydropathy 

analysis, biochemical data and information gained from a series of mutations to 

AQP-1. According to this model, three loops would reside outside the cell, loops 

A, C and E, and two ir\side, loops B and D (see figure 4.1). Molecular evidence in 

favor of this arrangement was provided by mutations near or in the asparagine-

proline-alanine (NPA) motifs of loops B and E or the N-glycosylation site on loop 

A. This work demonstrated the importance of both loops B and E in the 

transport of water, and the exofacial location of loop A Qung et al., 1994). Using 

another strategy, epitope tags (El viral protein) with protease cleavage sites were 

inserted into specific locations within the aquaporin-1 cDNA and were analyzed 

in the functional protein by digestion with a-chjonotrypsin. These experiments 

demonstrated the exofacial location of loop C and cytoplasmic location of loop D. 

However, evidence indicating the specific orientation of loop E and loop B from 

these experiments was not as convincing (Preston et al, 1994). 

Recently, claims that the a-helix model could not fold properly brought 

about an alternative model for aquaporin-1. This model has AQP-1 constructed 

of 16 p-sheets that would form a p-barrel, similar to bacterial porin molecules 

(Fischbarg et al., 1995a, Fischbarg, 1995b). Kyte Doolittle hydrophobicity, 

Eisenberg's amphiphilicity, Chou-Fasman-Prevelige propensities, and Union 

algorithms were used to analyze the structure of AQP-1 and to compare it to 

other water charmels in the aquaporin family. These analytical data suggested 
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that putative transmembrane regions were consistently too short for the 20 

amino adds required for the a-helical model, however, were ideal for the |3-

barrel model. In addition, these computer models looked at turn propensity and 

showed it to be high at frequent intervals, which is also consistent with the P-

barrel model. 

Finally, a third model for the membrane topology of AQP-1 has been 

proposed (Skach et al., 1994). A reporter protease cleavage sequence was 

engineered into nine sequential sites in the cDNA encoding AQP-1. The 

constructs were expressed in Xenopiis oocytes and the topology of the reporter 

with respect to the endoplasmic reticular membrane was determined by protease 

sensitivity. Results from these experiments suggested an unique four 

transmembrane model for AQP-1. This topological arrangement was further 

supported by cell-free translation of five truncated AQP-1 cDNAs, by an 

engineered N-linked glycosylation site at His-69 and by epitope tagging of the 

amino terminus. 

As a consequence of the present controversy, the purpose of this present 

study was to use antibodies that were raised against epitopes from specific 

regions of AQP-1 in an attempt to clarify the topological structure of aquaporin-

1. Fusion proteins that correspond to two of the extracellular loops (C and E) 

and the carboxyl tail were generated using recombinant methodologies 

(Vanscheeuwijck et al., 1993). Antibodies were raised to these epitopes and used 

in immunological studies with COS cells that were transiently transfected with 

AQP-1. We report that these antibodies localized loops E and C to the 

extracellular side and the carboxyl tail to the intracellular side of the plasma 

membrane and therefore lend support to the a-helical model for AQP-1. 
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5.2 MATERIALS AND METHODS 

5.2.1 Construction of the expression plasmids (pGEX/AQPl-) and purification of fusion 

proteins (GST/AQP1-) 

PCR was used to generate a 128 base pair (bp) fragment of the human 

aquaporin-1 which encoded 38 amino acids of the carboxyl terminus, a 122 bp 

fragment which encoded 36 amino acids of loop C, and a 149 bp fragment which 

encoded 45 amino acids of loop E. The primer sets used for these PCR reactions 

included the sense primers which corresponds to nucleotides 694-716 (for the 

carboxyl tail), 316-336 (for loop C) and 523-543 (for loop E) of aquaporin-1 and 

the antisense primers which corresponds to nucleotides 796-820 (for the carboxyl 

tail), 412-437 (for loop C) and 646-671 (for loop E). Shown below are the 

nucleotide sequences for the primers that were used in the PCR reactions with 

changes made to the sense primers to introduce a BamHI restriction site as well 

as an EcoRI site to the antisense primers (underlined): 

AQPl-C sense: 5'-GCCGGATCCAGCAGTGACCTCAC-3' 

AQPl-C antisense: 5'-CAGGAATTCTCTATTTGGGCTTCA-3' 

AQPl-LC sense: 5'-ATCGGATCCACCGCCATCCTC-3' 

AQPl-LC antisense: 5'-GTCGAATTCTACTCGATGCCCAGGCC-3' 

AQPl-LE sense: 5'-TCTGGATCCCTTGGACACCTC-3' 

AQPl-LE antisense: 5'-ACAGAArrCTATCCCCCGATGAATGG-3' 

The pcrDNA product was digested with BamHI and EcoRI and was cloned in-

frame behind the gene for glutathione-S-transferase (GST) in the bacterial 

expression vector pGEX-2T to yield the plasmid pGEX/AQPl-C, pGEX/AQPl-

LC or pGEX/AQPl-LE with the protein products GST/AQPl-C, GST/AQPl-LC 

or GST/AQPl-LE, respectively. PCR conditions and the isolation, restriction and 

subcloning of the pcrDNA product were as previously described 
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(Vanscheeuwijck et al, 1993). E. coli strain, XL-1 Blue (Stratagene, La JoUa, CA) 

was used to express the fusion protein GST/AQPl-C as previously described 

(Vanscheeuwijck et al, 1993). 

5.2.2 Immunization of chickens and purification of antibodies to AQP-1 

Mature hens (White Leghorns) were injected intramuscularly with 50-100 

fig of the GST/AQPl fusion proteins in Freund's adjuvant and were given 

subsequent injections with fusion protein in incomplete adjuvant at two week 

intervals. Eggs were collected and crude antibody fractions were prepared from 

the yolks using polyethylene glycol precipitation as described (Vanscheeuwijck 

et al, 1993). Antibodies specific for aquaporin-1 were affinity purified by first 

passing crude IgG fractions through columns of GST that was immobilized to 

agarose beads in order to remove anti-GST antibodies, then through columns of 

immobilized GST/AQPl fusion proteii\s. The purified antibodies were then 

eluted from the column with 100 mM glycine (pH 2.8). These antibodies were 

characterized by heterologous expression of AQP-1 in COS-7 cells, in eye tissue 

sections, and on immunoblots with erythrocyte membranes, which are known to 

express AQP-1 (Stamer et al, 1994). In addition, they were compared to 

antibodies that were raised to the entire aquaporin-1 protein in rabbits and used 

in our previous study (Stamer et al, 1994). 

5.2.3 Construction of pBC/AQPl and heterologous expression of aquaporin-1 

The eukaryotic expression vector pBClZBI and a plasmid containing 

AQP-1 (pCHIPev, Preston et al., 1992), were digested with two endonucleases, 

Hindm and BamHI. The digests were electrophoresed into a 1.1%, ethidium-

stained agarose gel and a 1.15 kb fragment, corresponding to the open reading 

frame for aquaporin-1, and a 3.9 kb fragment of the expression vector were 
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excised from the gel and purified using Geneclean (BiolOl, La Jolla, CA). The 

fragments were ligated together using T4 DNA ligase (Gibco/BRL), and XL-1 

Blue cells (Stratagene) were transformed and subsequently shown to contain the 

plasmid pBC/CHIP. 

COS-7 cells were transfected with pBC/AQPl using the DEAE-dextran 

procedure with DMSO shock as previously described (Vanscheeuwijck et al, 

1993). COS-7 cells were plated and grown until 60-70% confluent on 15 cm 

culture dishes. Cells were then transfected with 50 p,g of plasmid DNA and 

grown for two days and were prepared for either irrununocytochemistry or 

immunoblotting. 

5.2.4 Membrane preparation and immiinoblot analysis 

COS-7 cells were scraped into TME buffer (50 mM Tris, 10 mM MgCl2, 1 

mM EGTA, pH 7.5), homogenized using a Polytron homogenizer, and 

centrifuged at 2,500 x g for 10 min. The supernatant was poured into fresh tubes 

and centrifuged at 37,000 X g for 20 min. The membrane pellets were 

resuspended in TME buffer with a Duall homogenizer and were centrifuged at 

13,000 X g for 6 min. 

Membrane preparatioris were suspended in loading buffer (4% SDS, 125 

mM Tris, 20% glycerol), electrophoresed into 12% polyacrylamide gels with 0.1% 

SDS and blotted onto nitrocellulose using the Transblot system (Biorad, 

Hercules, Ca) as previously described (Stamer et al., 1994). The blots were 

preincubated for 2 hrs at room temperature in Tris buffered saline, containing 

5% non-fat powdered mUk and 0.2% Tween (TBS-T), and were then probed with 

chicken affinity-purified anti-aquaporin-1 IgY (1:500 dilution) overnight at 4oC. 

The blots were washed (3X5 min) in TBS-T and were incubated for an 

additional 10 min in TBS-T at 23°C with rotation. Blots were incubated in 5% 
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milk in TBS-T for two hrs at room temperature with goat anti-chicken/alkaline 

phosphatase-conjugated secondary antibody (1:1000 dilution) (Sigma, St. Louis, 

MO). Blots were visualized using NBT/BCD? (nitroblue tetrazolium chloride/5-

bromo-4-chloro-3-indolylphosphate p-toluidine salt, Gibco, Grand Island, NY) as 

a substrate for alkaline phosphatase secondary antibody, as per manufacturers 

instructions. 

5.2.5 Immunoreactivity ofAQPl antibodies by Dot Blot Analysis 

Membranes were prepared from COS-7 cells that were trar\siently 

transfected with pBC/CHIP or the expression vector, pBC12BI (without an 

insert). Membranes were prepared as described above, solubilized in 1% NP-40 

and 10 |jJ (20 |Xg total protein) of each preparation were applied to strips of 

nitrocellulose (BioRad). The blots were allowed to dry and then they were 

blocked with 5% milk in TBS-T for 1 hr at 23°C with rotation. After blocking, the 

blots were incubated with anti-aquaporin-1 antibodies (AQPl-C, AQPl-LC or 

AQPl-LE at a 1:500 dilution) overnight at 4°C. The blots were washed 3X5 min 

in TBS-T and incubated for 10 min in TBS-T with rotation at 23°C. Following a 5 

min preincubation with 5% milk in TBS-T, alkaline phosphatase-conjugated 

rabbit anti-chicken (Sigma) secondary antibody (1:1000 dilution) was added and 

the blots were incubated for 2 hr at 23°C with rotation, washed as before, and 

exposed to substrate (NBT/BCIP) in alkaline phosphatase reaction buffer (100 

mM Tris/HCl, 100 mM NaCl, 50 mM MgCL, pH. 9.5) for 10 min. The reaction 

was quenched with an excess of distilled water and blots were digitized and 

analyzed by densitometry using the AMBIS system (San Diego, CA). 
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5.2.6 Live cell Immunocytochemistry 

COS-7 cells were plated onto glass coverslips in 15 cm cxxlture plates 

(Falcon). Cells were grown in DMEM (Gibco/BRL) with 5% FBS (Summit), 

penicillin G sodium (100 U/ml) and streptomycin sulfate (100 \ig/ml) and grown 

to 60-70% confluency in humidified air containing 5% CO, at 37°C. Cells were 

transfected with the expression vector pBC12BI which contained the full coding 

sequence for aquaporin-1 using the DEAE/Dextran with DMSO shock 

transfection method (Vanscheeuwijck et al, 1993). Cells were grown for 72 hr, 

plates of cells were placed on ice, and cells were washed twice with ice-cold PBS 

and kept on ice for 15 min. Cells were labeled using a modification of a 

previously described procedure (Pappas et al., 1995): The primary antibodies 

(AQPl-C, AQPl-LC and AQPl-LE, 1:100 dilution) were preincubated with 

secondary antibodies (FITC-conjugated anti-chicken, 1:100 dilution. Pierce) in 

PBSA buffer (4% goat senim and 2% BSA in PBS) for 30 min at 4°C in the dark. 

Coverslips with cells were inverted onto 40 |il of antibody mixture for 20 min at 

4°C in the dark. Cells were washed four times with ice cold PBS, and fixed in 4% 

paraformaldehyde in PBS for 5 min. Cells were incubated for 5 minutes in 100 

mM glycine (pH 7.5), washed twice with PBS and mounted in glycerol 

containing p-phenylenediamine. Cells were visualized for fluorescence labeling 

with the Leica TCS-4D confocal microscope with SCANWARE version 4.2a 

(Southwest Environmental Health Sciences Center, Experimental Pathology 

Service Core). 

5.2.7 Immunocytochemistry 

Aquaporin-l-transfected COS were seeded onto glass coverslips and were 

grown for 3 days as described above. Cells were fixed with 4% 

paraformaldehyde in phosphate buffered saline (PBS) for 15 min at 23°C and 
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washed three times with PBS. Cells were incubated with sodium borohydride 

(Img/ml) for 10 min and washed three times with PBS. Cells were then 

permeabilized with saponin buffer (0.05 % saponin in PBS containing 10% goat 

serum) for 30 min at 23°C. Coverslips with cells were inverted onto 40 ^1 of 0.05% 

saponin buffer with primary antibody at a 1:400 dilution for 2 hrs at 23''C. Cells 

were washed three times with PBS and then were incubated with 40 |il 

flourescein-conjugated rabbit anti-chicken (1:1000 dilution in 0.05% saponin 

buffer. Pierce, Rockford, IL) for 2 hrs at 23°C. Cells were then washed three times 

in PBS, mounted, and examined using a Leica confocal microscope. In all 

experiments specificity of labeling was determined by either omitting primary 

antibody, omitting primary and secondary antibody, or preincubating primary 

antibody with a ten-fold excess of corresponding fusion protein (GST/AQPl). 

5.2.8 Oocyte preparation and injection 

Stage V and VI oocytes were isolated from Xenopiis laevis and incubated 

in ND-96 culture media (120 mM NaCl, 25 mM KCl, 23 mM CaCl,, 13 mM MgCL 

and 63 mM HEPES, pH. 7.6, with Penicillin and Streptomycin) as described in 

chapter 9. In vitro transcripts of AQPl cRNA (1-10 ng) in 50 nl of distilled water 

were injected into oocytes. 

5.8.9 Osmotic challenge assay 

After incubation for 3 days, the experiments were initiated by transferring 

oocytes from 200 mOsM IMD-96 media to 100 mOsM ND-96 media at 22°C. 

Osmotic swelling of the oocytes was monitored by videomicroscopy with a 

Nikon dissecting microscope equipped with a CCD camera (MTI). The cross-

sectional area of each oocyte was captured at 15 sec intervals for 5 min and 

calculated using image-1 software (Universal Imaging Corp). 
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5.3 RESULTS 

Sense and antisense oligonucleotide primers were designed to flaiiking 

regioiis of loops C and E and to the carboxyl tail of aquaporin-l. Following 

polymerase chain reaction (PGR), products of expected sizes (128, 149, and 122 

base pairs, respectively) were produced using pCHIPev (Preston et al., 1992) as a 

template. These fragments were cloned into a bacterial expression vector 

(pGEX2T) to yield pGEX-AQPl-LC, pGEX-AQPl-LE and pGEX-AQPl-C, 

respectively. The primers were designed to include restriction sites for BamHI 

and EcoRI so as to insure that the aquaporin-l PGR fragments were inserted in 

frame behind a portion of glutathione-S-transferase (GST) from Schistosoma 

japonicum which pelds a protein product of 26,000 daltons. Thus, each of the 

resultant fusion proteins are expected to be 26,000 daltoris (GST) plus -5,000 

(aquaporin-l fragments) equaling -31,000 daltons. Figure 5.1 shows the results 

of SDS-PAGE for the three aquaporin-l fusion proteins and GST (lane 2: 

GST/AQPl-C, lane 3: GST/AQPl-LC, lane 4: GST/AQPl-LE, lanes 1 and 5: GST 

only). As expected, the apparent molecular sizes 31,000 da for all three fusion 

proteins and are less mobile than GST. 

5.3.1 Immunoblot analysis 

The purified GST/AQPl fusion proteins were used to inoculate mature 

hens, eggs were collected and antibodies were purified from the yolks by 

polyethylene glycol precipitation followed by iiruntmoaffinity chromatography. 

The antibodies were characterized using immunoblot analyses: Figure 5.2 is a 

photomicrograph of western blots which demonstrates that antibodies to either 

loop C (panel B) or the carboxyl terminus (panel A) were able to recogruze their 

corresponding fusion proteins (lane 1), erythrocyte membrane preparations 



Figure 5.1: Coomassie-stained SDS-PAGE of solubilized GST/AQP fusion 
proteins following affinity purification vvitl^ glutathione column 
chromatography. In lanes 1 and 5 are 10 fig of GST msion protein; lane 2 
contains 10 }ig of GST/AQP-C fusion protein, lane 3 contains 10 |ig of GST/AQP-
LC fusion protein and lane 4 contains 10 |ig of GST/ AQP-LE fusion protein. In 
the last lane (M) are protein standard markers with molecular weight 
designations at right (X 10 daltons). 
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(native aquaporin-l, lane 2), and membrane preparations from COS cells that 

were transiently trai\sfected with aquaporin-l (lane 3). However, they did not 

recognize COS cells that were transfected with the expression vector that did not 

contain aquaporin-l (lane 4) and did not cross react with non-corresponding 

fusion proteins (data not shown). In contrast, antibodies to loop E were only 

able to recognize its fusion protein (panel C, lane 1), but neither of the 

preparations of native protein (lanes 2-3). 

To test the possibility that the conformation of the native aquaporin-l 

molecule was altered during SDS-PAGE, aU three antibodies were used in 

immunoblot analysis without SDS-PAGE (dot blot). Membranes (-20 |ig total 

protein) prepared from COS cells that were transfected with the eukaryotic 

expression vector alone, pBC12BI, or containing AQP-1, pBC-AQP-1 were 

solubilized in 1% NP-40, were blotted onto nitrocellulose, and were probed 

sequentially with primary antibodies to aquaporin-l followed by alkaline 

phosphatase-conjugated secondary antibodies. Figure 5.3 shows that all three 

antibodies preferentially recognized membrane preparations from COS cells that 

were transfected with aquaporin-l (aqp"^) over those transfected with just the 

expression vector that did not contain aquaporin-l (aqp ). 

Figure 5.2: SDS-polyacrylamide gel electrophoresis and immvmoblotting of 
AOPl fusion proteins, membranes prepared from erythrocytes, aquapotm-1 
transfected COS cells, or mock-trai\sfected COS cells (next pa^e). All fliree blots 
were loaded identically, however panel A was probed with antibodies gainst 
the carboxyl tail (anti-C), panel B with antibodies against loop C (anti-LQ and 
panel C with antibodies against loop E (anti-LE): Lane 1 shows reactivity of anti-
aquaporin-1 antibodies to their respective fusion proteins. Erythrocyte cell 
membranes (Lane 2) and aquaporin-l transfected COS (Lane 3) ceU membrane 
preparations served as positive controls for aquaporin-l protein. As a negative 
control, lane 4 contains membranes pr^ared from COS-7 cells that were 
transfected with the expression vector pBCl2BI that did not contain aquaporin-
1. The positions of the molecular size markers are indicated on the left (x 10^ 
daltons). 
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Figure 5.3: Immunoblot (dot blot) analysis of membranes that were prepared 
from COS-7 cells and probed with anti-^u^orin-1 antibodies. Cells were 
transfected with an expression plasmid, pBCl2BI, that either contains the cDNA 
that encodes aquaporin-1 (aqp j or does not (aqp). Membranes were prepared 
as described in Methods, solubilized in iVo NP-40, and blotted onto 
nitrocellulose (20 |ig total protein). Blots were probed with antibodies that were 
raised against GST/AQPl-C (panel A), GST/AQPl-LC (panel B) or GST/AQPl-
LE (panel C). Blots were washed, probed with alkaline phosphatase-conju^ted 
rabbit anti-chicken antibodies ana visualized as described in Methods. Blots 
were cmantified by densitometry and expressed as average of three experiments 
(+/- SEM). A representative example of the developed blots are shown as an 
insert to each panel. 
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These results demonstrate that antibodies to the carboxyl terminus (panel A) 

were more reactive to aquaporin-1 than antibodies to loop C or loop E, (panel B 

and C, respectively) which were roughly equivalent 

5.3.2 Live versus fixed immunofluorescence cytochemistry 

These antibodies were designed against epitopes that correspond to two 

putative extracellular portioris of AQP-1, AQPl-LC and AQPl-LE, and the 

intracellular carboxyl tail, AQPl-C (see figure 5.6A). The antibodies were used 

for indirect immunofluorescence microscopy on COS cells that were transiently 

transfected with an eukaryotic expression vector (pBC12BI) which contains the 

coding sequence for aquaporin-1 (pBC/AQPl) and seeded onto glass coverslips. 

The traiisfected cells were analyzed either live at 4°C (unpermeabilized, figure 

5.4) or following a light fixation (permeabilized, figure 5.5) with 4% 

paraformaldehyde for anti-AQP-1 immunoreactivity. 

Figure 5.4 shows photomicrographs of COS cells that were transfected 

with aquaporin-1, grown for 3 days, washed with ice cold PBS and probed with 

antibodies to AQP-1. These antibodies were preincubated with fluorescein-

conjugated secondary anti-chicken antibodies before incubation with cells. Panel 

A shows transfected COS cells that were probed with antibodies that recognize 

the putative loop E of aquaporin-l. This panel shows that only the cells that 

took-up the plasmid DNA and expressed aquaporin-1 were irrununoreactive 

while neighboring cells did not. Upon preabsorption of anti-loop E antibodies 

with fusion protein, no labeling was observed (panel B). Similarly, panel C 

demonstrates that antibodies directed against loop C also label transfected COS 

cells, and that its fusion protein blocks this labeling (panel D). In contrast, 

antibodies that were generated against the carboxyl tail of AQP-1 were unable to 

recognize live COS cells that were transfected with AQP-1 (panel E). As a 
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control, panel F demonstrates the background fluorescence that was observed 

when primary antibodies are omitted. 

Figure 5.5 shows photomicrographs of COS cells that were transfected 

with aquaporin-1, fixed in 4% paraformaldehyde, permeabilized by saponin and 

exposed successively to primary antibodies to AQP-1 and fluorescein-conjugated 

secondary antibodies. Panel A demonstrates immunofluorescence labeling of 

trai\sfected COS cells that were probed with antibodies to the carboxyl tail of 

AQP-1. This labeling was shown to be specific because preabsorption of these 

antibodies with fusion protein completely blocked the immimoreactivity (panel 

B). Likewise, panel C shows the specific labeling of transfected COS cells when 

using antibodies that were raised to loop C of AQP-1. This labeling was also 

shown to be specifically blocked by its fusion protein (panel D). Interestingly, 

antibodies that were generated to loop E of aquaporin-1 were unable to 

recogriize AQP-1 in COS cells that were fixed (panel E). Finally, panel F shows 

the backgroimd fluorescence that was observed following the incubation of COS 

with only the fluorescein-conjugated secondary antibody. 

Figure 5.4: Immunofluorescence microscopy of live COS cells that were 
transfected with full length cDNAs that encode AOP-1 and were probed with 
anti-AOP-1 antibodies {next pave). Antibodies were raised against the 
GST/AQPl-LE (panels A,B), GST/AQPl-LC (panels C,D) and GST/AQPl-C 
(panel E) fusion proteins. Cells were seeded onto glass coverslips and 
transfected using the DEAE/dextran with DMSO shock method as previously 
described (Vanscheeuwiick et ah, 1993). Transfected cells were placed on ice, 
washed with ice cold PBS, and probed with an antibody cocktail or primary plus 
secondary antibodies as described in methods. Pan^s A and C demonsnrate 
^ecific labeling of aquaporin-1 in COS cells using antibodies generated to 
GST/AQPl-LE or GST/AQPl-LC fusion proteins, respectively. Panel E shows 
no reactivity of antibodies to GST/AOPl-C in live COS that were transfected 
with aquaporin-1. Panels B and D show the non-specific labeling that was 
obtained after preincubation of primary antibodies with a lO-foId excess of 
corresponding fusion proteins for 16-18 h at 4°C. Panel F shows background 
fluorescence when primary antibody is omitted. Bar = 10 ^m\. 
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5.3.3 Examination of functional blockade ofAQP-1 by anti-AQPl-LE 

As shov.T. above, antibodies generated to Loop E, one of the putative 

water-selective regioris of AQP-1, recogriized functional AQP-1. With this in 

mind, these antibodies were tested for their ability to obstruct the permeability of 

AQP-1 to water. Xenopiis oocytes, the traditional model for testing the 

permeability of water channels, were preincubated with antibodies to AQP-1 and 

subsequently subjected to hypotonic shock (100 mOsM gradient). Figure 5.6 

shows the increase in oocyte volume over time in response to the hypotonic 

shock. Oocytes were injected with either cRNA encoding AQP-1 or water. 

Following preincubation with anti-LE antibodies, no significant change in AQP-

1-injected oocyte permeability was observed as compared to control (AQP-1 

injected oocytes treated with anti-AQPl-LC and anti-AQPl-C antibodies). 

Figure 5.5: Immunofluorescence microscopy of fixed and permeabilized COS 
cells that were transfected with full length cDNAs that encode aquaporin-1 and 
probed with anti-aqu^orin-1 antibodies {next page). Antibodies were raised 
against the GST/AQPl-C (panels A,B), GST/AQPl-LC (panels C,D) and 
GST/AQPl-LE (panel E) fusion proteins. Cells were seeded onto glass 
coverslips and transfected using the DEAE/dextran with DMSO shock method 
as previously described. Trar\sfected cells were fixed in 4% paraformaldehyde 
in PBS, permeabilized with 0.05% saporiin in PBS with 10% goat serum and 
labeled as described in methods. Panels A and C demonstrate specific labeling 
of aquaporin-1 in transfected COS cells using antibodies generated to 
GST/AQPl-C and GST/AQPl-LC fusion proteins, respectively. Panel E shows 
that antibodies to GST/AQPl-LE did not react with transfected COS cells that 
were fixed and permeabilized. Panels B and D show the non-specific labeling 
that was obtained after preincubation of primary antibodies with a 10-fold 
excess of corresponding fusion proteins for 16-18 h at 4°C. Panel F shows 
background fluorescence when prmiary antibody is omitted. Bar = 10 |im. 



107 

m 



108 

1.15 

wat inj 

aqp inj 

aqp + hg 

aqp + C 

aqp + LC 

aqp + LE 

TIME (sec) 

Figure 5.6. Time-course of osmotic swelling nf Xeriopus oocytes treated with 
anti-AOPl antibodies. Oocytes were injected with water (•) or in vitro 
transcribed mRNA encoding AQP-1 (all others). AQPl-injected oocytes were 
pretreated with either 0.1 mM HgCU (O) for 5 min, or 10 ng/|jJ of anti-AQPl-C 
antibodies (A), anti-AQPl-LC antibodies (•) or anti-AQPl-LE antibodies (•) for 
2 hours. A control curve was generated from oocytes that were injected with 
AQP-1 P) but received no pretreatment. Experiments were done three days 
following injection. The time-dependent swelling of oocytes was captured by 
videomicroscopy at 15 sec intervals for 5 min and analyzed as previously 
described (Preston et ah, 1992). Data were collected upon changing to 100 mOsM 
ND-96 culture medium (200 mOsM ND-96, diluted 1:1, v/v with distilled water). 
Shown are the combined averages of three oocytes for each condition, and are 
representative examples of seven separate experiments). 
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5.4 DISCUSSION 

The present studies describe the immimoreactivity of antibodies that were 

raised agaii\st fusion proteins that contain specific regions of aquaporin-1. Using 

the 6-transmembrane model for aquaporin-1 and recombinant DNA techniques, 

three different regions of aquaporin-1 were incorporated into three fusion 

proteins and were used as epitopes in the generation of antibodies. Target 

regions were two extracellular sites, loop C and loop E, and one intracellular 

location, the carboxyl tail. Using COS cells that had been transiently transfected 

with aquaporin-1, the three antibodies revealed differential immunoreactivity to 

cells that were alive versus cells that were permeabilized with detergents and 

fixation (table 5.1). Thus, antibodies to loop C and loop E but not the carboxyl 

tail recognized the live, unpermeabilized COS cells. Conversely, antibodies to 

loop C and the carboxyl tail, but not loop E were able to react with COS-7 cells 

that were permeabilized and fixed. These data are consistent with the 6-

transmembrane a-helical model for aquaporin-1 but not the P-barrel model nor 

the four transmembrane model, which place loops E and C extracellularly and 

the carboxyl tail intracellularly (figure 5.7). 

Table 5.1. Summary of fusion antibodies to AQP-1. 

AQPl-C AQPl-LC AQPl-LE 

Live cell - -h + 

Fixed/permeabilized -h -h -

Western blot -I- -f- -

Dot blot -I- -h + 
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Figure 5.7. Three topological models for aquaporin-1. 

Based on hydropathy analysis, the 6-transn\embrane model for 

aquaporin-1 was first proposed by those who cloned, purified and expressed this 

water channel (figure 5.7A). Experimental support for this model has since been 

steady and compelling, however, this model was recently challenged: Using a 

variety of computer algorithms, the amino acid sequence of aquaporin-1 was 

compared to other related water channels and tested for structural tendencies. 

These computer-generated models predicted that aquaporin-1 is comprised of 16 

P-sheets which will fold into a P-barrel with a central pore (figiure 5.7B). This 

model differs dramatically from the a-helix model, however a few topological 

features are the same: For example both models place the amino and carboxyl 

termini on the inside and loop E on the outside of the plasma membrane. 

However, these two different models are divided in their assigriment of loop C. 

The P-model has loop C on the inside and the a-model has it on the outside of 

the plasma membrane. 

A third model for the membrane topology of AQP-1 has emerged. 

Protease cleavage sites were engineered into AQP-1 and the chimeras were 

expressed in Xenopiis oocytes. The topology of the reporter site with respect to 
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the endoplasmic reticular membrane was determined by protease sensitivity. 

Results from these experiments predict four transmembrane regior\s that are 

cormected by three loop regions (figure 5.7C). This four-transmembrane model 

assigns loop E to the inside of the cell similar to the other two models, however, 

this model places loop C intracellularly like the |3-barrel model, but unlike the 6-

transmembrane model. 

Data from this present study confirms the location of the carboxyl 

terminus and loop E as suggested by all three models. Antibodies to loop E were 

able to recognize live cells which have access to only the outside of the plasma 

membrane, while antibodies to the carboxyl tail did not immunoreact with its 

intracellular epitope. When antibodies to the carboxyl tail were provided access 

to the interior of the cells by permeabilization, they immunoreacted with AQP-1. 

In contrast, antibodies to loop C were able to recognize both the live and fixed 

COS cells, suggesting that loop C is on the outside of the plasma membrane. 

Cor\sequently, this finding is consistent with the 6-transmembrane model and 

not the P-model nor the four transmembrane model. 

These data also provide some subtle information about the structure of 

AQP-1. Namely, antibodies to loop E or\ly recognize the non-fixed and not the 

fixed water channels in transfected COS cells. This suggests that loop E is 

inaccessible to the antibodies in the fixed state either because it is cross-linked 

ir^side of the pore or that its secondary structure is altered due to fixation. In 

addition, antibodies to loop E did not recognize aquaporin-1 molecules that have 

been subjected to an electrophoretic field, which also suggests that its secondary 

structure is very important in the native state. Thus, taken together these data 

demonstrate that anti-AQPl-LE antibodies only recogruze the native aquaporin-1 

protein. Unfortimately, in a functional assay for AQP-1, anti-AQPl-LE 

antibodies were unable to block the AQP-1 pore. Specifically, pretreatment of 
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AQP-l-injected oocytes with anti-AQPl-LE antibodies did not significantly 

protect oocytes from swelling as compared to control. Lastly, antibodies to loop 

C recognized both the live/unfixed AQP-1 and the solubilized/fixed AQP-1. 

This suggests that loop C is located outside of the plasma membrane in a 

conformation that fixation does not disrupt. 

With the use of recombinant molecular technology, antibodies were 

generated to recognize specific regions of aquaporin-1; the carboxyl tail, loop C 

and loop E. These antibodies were used in experiments that explored the 

topological location of the stretches of amino acids against which these 

antibodies were raised. Resvdts from these experiments demonsfrate that the 

carboxyl tail is located intracellularly, while loops C and E are located outside 

the cell. These findings lend support to the six-transmembrane, a-helical model 

for aquaporin-1. 
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CHAPTER 6 

Cultured Human Trabecular Meshwork Cells Express Functional 

cXjA Adrenergic Receptors 

Submitted for publication to Investigative Ophthalmology and Visual Science 

6.1 INTRODUCTION 

In the human eye, the maintenance of intraocular pressure involves a 

dynamic balance between the secretion of aqueous humor by the ciliary 

epithelium and its outflow via the trabecular meshwork and uveoscleral region. 

Both a and p adrenergic agents have been useful in the treatment of elevated 

intraocular pressure by their effects on these pathways either by decreasing 

secretion or increasing outflow, or in some cases by a combination thereof. For 

example, the formation of aqueous humor by the ciliary epithelium is decreased 

by both P-antagonists and a-agonists (Bartels, 1994). In addition, outflow can be 

increased in both human and monkey eyes following the administration of 

certain catecholamines (Robinson and Kaufman, 1990; Kaufman and Barany, 

1981; Erikson-Lamy and Nathanson, 1992). Both pharmacological and 

physiological data indicate that this increase in outflow is mediated by p,-

adrenergic receptors (ARs) located in cells of the trabecular meshwork, the 

primary route for aqueous outflow (Wax et al., 1989; Jampel et ai, 1987; Alvarado 

et ai, 1990). While activation of Pa-ARs in the trabecular meshwork and in 

cultured hviman trabecular meshwork (HTM) cells increase adenylyl cylcase 

activity and cAMP levels, the regulation of P^-AR activity by receptors that 

inhibit adenylyl cyclase is unknown (Erikson-Lamy and Nathanson, 1992; Busch 

et al., 1993). 
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The activation of Oj-ARs inhibits adenylyl cyclase and cAMP formation in 

a number of secretory and absorptive epithelia including the ciliary epithelium of 

the eye (Mittag and Tormay, 1985; Gellai, 1990, Nakaki et al., 1982). Although, oc,-

ARs have been postulated to be present on the trabecular meshwork (Tripathi et 

al., 1989), where they might counter the effects of P-AR activation, it has been 

difficult to verify this experimentally (Matsuo and Cyander, 1992). Using 

immunofluorescence microscopy and functional assays, we now report evidence 

for the presence of the (x,A-AR subtype in primary cultures of human trabecular 

meshwork cells. 
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6.2 METHODS 

6.2.1 Trabecular meshwork cells 

Human eyes were provided by the Missouri Lions Eye and Tissue Bank 

from donors who were imidentified except for their sex, age and time of death. 

The trabecular meshwork was isolated by blunt dissection and cells were 

obtained following digestion of the extracellular matrix and plating (Stamer et al., 

1995). Five strains of HTM cells were prepared from five pairs of eyes 

corresponding to ages of 59 years (TMOOl), 64 years (TM002), 32 years (TM008), 

25 years (TMOlO), and 71 years (TMOll). Cell strains were previously 

characterized with respect to their morphology, ability to take-up acetylated low 

derisity lipoprotein, and secretion of tissue plasminogen activator (Stamer et al., 

1995). 

6.2.2 Immunocytochemistry 

Antibodies, specific for each of the cx,-AR subtypes, were prepared and 

characterized as previously described (Vanscheeuwijck et al., 1993; Huang et al., 

1995). HTM cells were seeded onto gelatin-coated (1%) glass coverslips and were 

fixed with 4% paraformaldehyde in phosphate buffered saline (2.7 mM KCl, 1.5 

mM KH,PO„ 0.5 mM MgCl, 137 mM NaCl, 8.1 mM Na^O,, pH 7.4, PBS) for 15 

minutes at 22°C and were washed (3X5 min.) with PBS. Cells were incubated 

with sodium borohydride (1 mg/ml, Mallinckrodt, Paris, KY) for 10 minutes at 

22°C and were washed (3X5 min.) with PBS. Cells were then permeabilized in 

saponin buffer (0.05 % saponin in PBS containing 10% goat serum) for 30 minutes 

at 22"C and were placed upside-down onto 40 ^il of saponin buffer containing the 

chicken anti-ot,A, oCjB, or oCjC antibodies (1:800, 1:50 and 1:50 dilution, 

respectively) for 2 hours at 22''C. The cells were washed (3X5 min.) with PBS 

and were incubated with 40 |il of fluorescein-conjugated rabbit anti-chicken 
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secondary antibody (Pierce, Rockford, IL) at a 1:1000 dilution in saponin buffer, 

for 2 hours at 22°C. Lastiy, cells were washed (3X5 min.) in PBS, mounted, and 

visualized using a Leica TCS-4D confocal microscope equipped with 

SCANWARE version 4.2a (Southwest Environmental Health Sciences Center, 

Experimental Pathology Service Core). 

6.2.3 Membrane preparation and immiinoblot analysis 

HTM or COS-7 cells were scraped into TME buffer (50 niM Tris, 10 mM 

MgCl2,1 mM EGTA, pH 7.5), homogenized using a Polytron homogenizer, and 

centrifuged at 2,500 X g for 10 minutes. The supernatant was poured into fresh 

tubes and centrifuged at 37,000 X g for 20 minutes. The membrane pellets were 

resuspended in TME buffer with a Duall homogenizer and were centrifuged at 

13,000 X g for 6 minutes. Pellets were resuspended in loading buffer (4% SDS, 

125 mM Tris, 20% glycerol), and were subjected to sodium dodecyl sulfate-

polyacrylamide gel electrophoresis according to the manufacturer's ir\structioris 

for a 12% gel (Mini-protean II, BioRad, Hercules, CA). Following 

electrophoresis, proteins were transferred to nitrocellulose using a Transblot 

system (BioRad). The blots were preincubated for one hour at 22''C in Tris-

buffered saline (10 mM Tris, 154 mM NaCl, pH 8.0), containing 5% non-fat 

powdered milk and 0.2% Tween (TBS-T), and were then probed with the 

affinity-purified anti-a,A-AR antibodies (1:1000 dilution) overnight at 4°C. The 

blots were washed (3X5 min.) in TBS-T and were incubated with a 1:1000 

dilution of horseradish peroxidase-conjugated secondary antibody for two hours 

at 22''C (goat anti-chicken IgG, Sigma, St. Louis, MO). The blots were visualized 

using chemiluminescence (Pierce) on Kodak X-OMAT film (Kodak, Rochester, 

NY) according to manufacturer's ir\structions. 
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6.2.4 Cyclic AMP assay 

HTM cells were seeded onto 24-well plates at a density of 50-100,000 cells 

per well and were grown in humidified air with 5% CO, in media 199 (Gibco, 

Grand Island, NY) containing 15% defined fetal bovine serum (Hyclone, Logan, 

UT), 90 |ig/ml porcine heparin (Sigma), 20 U/ml endothelial cell growth 

supplement (containing crude bFGF), 1.7 mM L-glutamine (Sigma), 50 mM 

Hepes (Sigma) without added antibiotics. After 24 hours, the media were 

removed and the cells were rinsed once and then cultured with senmi-free media 

199 for an additional 24 hours. Following replacement with fresh senim-free 

media, the HTM cells were preincubated with 0.5 mM 3-isobutyl-l-methyl-

xanthine (IBMX, Sigma) for 1 minute at 37°C. The medium was aspirated and 

drug(s) plus 0.5 mM IBMX were added for 15 minutes at 3TC. The drug 

solutions were aspirated, the plates were transferred to ice and 150 |il of ice-cold 

Tris/EDTA (50 mM Tris/4 mM EDTA, pH= 7.5) was added to each well. The 

cells were scraped, transferred to microfuge tubes, boiled for 10 minutes, and 

centrifuged in a microcentrifuge at maximum speed for 2 minutes (-12,000 X g). 

The supernatant (50 |il) was added to 50 [il [^H]cAMP (Dupont-NEN, Boston, 

MA) and 100 ^il of cold protein kinase A (PKA, Sigma) solution (0.06 mg 

PKA/ml of Tris/EDTA). Following a two hour incubation at 4°C, 100 |i.l of 

activated charcoal solution (20 mg/ml activated charcoal containing 2% BSA in 

Tris/EDTA) was added and the mixture was vortexed and centrifuged at 

maximum speed in a microcentrifuge for 1 minute at 22°C. The samples were 

placed on ice and 200 jil of each supernatant was transferred to scintillation vials 

for counting. A standard curve was generated by adding 50 |jJ of cAMP 

standards (0.25-32.0 pmoles, Sigma), instead of cytosol, to PKA solution with 

['H]cAMP. 
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6.1.5 MAP kinase assay 

HTM cells were seeded onto 6-well culture plates and grown as described 

above. The cells were washed once and grown with serum-free media 199 for 24 

hours. Cells were stimulated with drug solutions for 10 minutes at 37°C, drug 

solutions were aspirated, and cells were transferred to ice and washed with ice-

cold PBS. The preparation of cell lysates and measurement of MAP kinase 

activity were performed as previously described (Burkey et al., 1995). Cells were 

scraped into 300 |il of ice-cold lysis buffer (50 mM ^-glycerophosphate, 1 mM 

EGTA, 2 mM MgCU, 100 |iM sodiimi vanadate, 0.5% Triton X-100,1 mM PMSF, 1 

mM dithiothreitol, 20 |jM pepstatin, and 20 |iM leupeptin, pH 7.2) and 

centrifuged in a microcentrifuge at maximum speed (-12,000 X g) for 15 minutes 

at 4°C. Cell lysate (10 |il) was added to 30 |il MAP kinase assay buffer (48 mM 

MgCU plus 4 mg/ml myelin basic protein, Gibco), 10 |il of 100 iig/ml protein 

kinase A inhibitor (PKI, Sigma) and 10 )il of [y"P]ATP (2200 cpm/pmole, 

Dupont-NEN) and incubated at 37'C for 15 minutes. The reaction was stopped 

by precipitation with 10 |il of 25% (w/v) trichloroacetic acid and 25 |il of the 

resulting mixture was spotted onto P-81 phosphocellulose filter paper 

(Whatman, Maidstone, UK), and air-dried. The filters were washed four times 

with 75 mM phosphoric acid for 5 minutes, once with acetone for 2 minutes and 

air dried before counting. Specific counts for each sample were calculated as 

total counts for that sample minus the background binding of ^'P-ATP to filters 

in the absence of cell lysate. For comparisons, specific counts for each sample 

were normalized to protein concentration. 

6.2.6 PCNA immunolabeling 

HTM cells were seeded onto coverslips in 6-well culture plates and 

cultured as described above. Cells were grown in serum-free media 199 for 24 
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hours and were then incubated for 30 hrs in one of the following: 1) serum-free 

media 199, 2) media 199 supplemented with 15% serum and bFGF (20 U/inl), 3) 

serum-free media 199 plus 100 nM dexmedetomidine, 4) serum-free media 199 

containing rauwolscine (10 pM) plus dexmedetomidine (100 nM) or 5) serum-free 

media 199 containing atipamezole (10 |iM) plus dexmedetomidine (100 nM). 

After treatment, the cells were washed once in PBS and fixed in 5% glacial acetic 

acid in ethanol for 15 minutes at 22°C and washed (3X5 min.) in PBS. Cells were 

incubated for 10 minutes with sodium borohydride (1 mg/ml), washed (3X5 

min.) in PBS and were permeabilized in Triton buffer (0.1% Triton X-100 in PBS 

with 10% goat serum) for 30 min. The coverslips (inverted) were then placed in 

40 |il of FTTC-conjugated anti-PCNA antibody (Accurate Chemical and Scientific 

Corp., Westbury, NY) at a 1:100 dilution in Triton buffer and incubated for 60 

min at 22°C. Cells were washed (3X5 min) with PBS, mounted and visualized 

with an Olympus BH-2 microscope (Ol5nnpus, Melville, NY) equipped with a 

vertical fluorescence illuminator and high performance dichroic filters (excitation 

475 nm, emission 525 nm). PCNA expression was quantified by counting PCNA-

labeled and unlabeled nuclei in 10 random visual fields and expressing the data 

as the percent PCNA-labeled nuclei per total nuclei (PCNA-labeled plus 

unlabeled). Counts were recorded and averaged by two viewers that were 

blinded to the nature of treatment. 
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6.3 RESULTS 
6 5 1 r r»*^»»*<rv-.4^.X llf^fft,t^t nJj I. tti/t C.Oi,C.tH^C. ffttC/UDCL/py ti/tu. Htl/ftUtlUUtULt.ift^ 

Five HTM cell strains were screened with antibodies specific for the three 

(x,-adrenergic receptor subtypes (a,A, a,B and a,C). Figtire 6.1 shows that 

immunofluorescence labeling of HTM cells was obtained with antibodies against 

ol,A subtype. Panel A shows the total fluorescence and panel B shows the 

background fluorescence that remained following preincubation of primary 

antibody with a ten-fold excess of GST/a,A fusion protein. Panel C shows the 

background that was observed when the primary antibodies were omitted. 

Similar studies using antibodies against the a,B and the (x,C subtypes did not 

reveal any specific immunofluorescence (data not shown). 

In figure 6.2, immunoblotting was used to additionally characterize the 

labeling of HTM cells by the anti-(x,A antibodies. Lanes 3 and 4 represent 

positive controls and show membranes from COS cells that were trarisfected 

with the oc,A subtype. The membrane preparation used in lane 4 was diluted ICQ 

fold relative to lane 3. Lane 1 shows membranes prepared from HTM cells, and 

the diffuse band at M, -70,000 is consistent with the presence of the glycosylated 

form of OjA-AR (Regan and Cotecchia, 1992). Lane 2 represents a negative 

control and shows membranes prepared from COS cells that were transfected 

with the oc,B subtype. 

6.3.2 Functional assays 

To determine if this a,A-like immunoreactivity could be correlated with 

functional evidence, cAMP accumulation, MAP kinase activity and PCNA 

expression were determined in the presence and absence of (x,-adrenergic agents. 

Figure 6.3A shows a concentration-response curve for the inhibition of forskolin-

stimulated cAMP formation by the a,-selective agonist, dexmedetomidine. At a 

concentration of 1 (iM, there was approximately a 90% ii\hibition of 
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B 

Figure 6.1: Immunofluorescence microscopy of cultured HTM cells probed with 
antibodies specific for the a.A-AR. Panel A shows total fluorescence and panel B 
shows the background labeling that was obtained after preincubation of primary 
antibodies with a 10-fold excess of the GST/ a,A fusion protein for 16-18 h at 
40C. Panel C shows the fluorescence when the primary antibody was omitted. 
Bar = 10 |im. 
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Figlue 6.2; SDS-Polyacrylamide gel electrophoresis and immxmoblotting of 
membranes prepared from HTM cells (lane iV or from COS-7 cells trar\si^tly 
transfected mth plasmids encoding thp ftiH rnding sequence of the a^- (lanes 3, 
4) or (^B-AR (lane 2). Blots were probed with antibodies to oc^-AR and were 
visualized as described in Methods. Lane 4 is a 1:100 dilution of the COS 
membranes shown in lane 3. The positions of the molecular size markers are 
indicated on the left (X 10^ daltoiis). The arrow indicates the expected size of the 
otjA subtype. 
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Figure 6.3: The effect of the ol-AR agonist, dexmedetomidine. on forskolin-
stimulated cAMP accumulation (panel A) and its blockade by antagonists fpanel 
B) in HTM cells. Panel A shows a concentration-response curve for the inhibition 
of forskolin-stimulated (FSK, 10 fiM) cAMP formation with increasing 
concentrations of dexmedetomidine. Panel B shows the results obtained from co-
incubation of dexmedetomidine (DEX, 100 nM) with either atipamezole (AT, 10 
|jM) or rauwoLscine (RW, 10 |jM), on forskolin-stimulated cAMF accximulation in 
HTM cells. Cells were treated for 10 minutes at 3TQ and cell lysates were 
analyzed for cAMP content as described in Methods. Untreated cells reflect 
basal (BSL) levels of cAMP accumulation. The data represent the mean +/-
S.E.M. of one experiment which has been repeated a total of 7 times for panel A 
and 9 times for panel B. 
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forskolin-stimulated cAMP formation and an EC^ of 10 nM was observed. In 

addition, figure 3B shows the ability of the Oj-AR antagonists, rauwolsdne (10 

|jM) and atipamezole (10 |iM), to reverse the inhibition of forskolin-stimulated 

cAMP formation by dexmedetomidine (100 nM). 

In addition to the inhibition of adenylyl cyclase, it has recently been 

shown that the activation of a,-ARs can stimulate MAP kinase activity (Albas et 

ai, 1993). To examine this possibility in HTM cells, dexmedetomidine was tested 

for its ability to stimulate MAP kinase activity and the results are shown in figure 

4. In the presence of dexmedetomidine (100 nM) MAP kinase activity was 

stimulated to a level comparable to that obtained with phorbol ester (PMA, 100 

nM), a known activator of this pathway. In addition, co-incubation of 

dexmedetomidine with the oc,-AR-specific antagonists, rauwolsdne (10 |jM) or 

atipamezole (10 |iM), completely blocked the stimulation of MAP kinase activity 

by dexmedetomidine. 

The effects of cx,-AR activation on PCNA expression was also examined in 

the HTM cells. PCNA is a protein whose expression is associated with the 

mitotic activity of cells and can be quantified by immunofluorescence 

microscopy as described in Methods. Figure 5 shows that in HTM cells treated 

with dexmedetomidine (100 nM) there was a three-fold increase in PCNA 

expression over that of untreated cells. Additionally, co-incubation of HTM cells 

with either of the cx,-AR antagonists, rauwolscine (10 |xM) or atipamezole (10 

|iM), prevented the increase of PCNA expression by dexmedetomidine. As a 

positive control, cells were treated with 15% serum and bPGF (20 U/ml) which 

also stimulated the expression of PCNA (four-fold over the serum-free treated 

cells). 
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Figure 6.4: The effect of ol-AR agents on mitogen-activated protein (MAP) 
kinase activity in HTM cells. Following senim starvation for 24 hrs, cells were 
treated with phorbol ester (PMA, 100 nM), dexmedetomidine (DEX, 100 nM) or 
DEX plus antagonist; either rauwolsdne (RW, 10 (iM) or atipamezole (AT, 10 
pM). Cells were treated with drugs for 10 minutes at 3TC and cell lysates were 
analyzed for MAP kinase activity as described in Methods. The basal (BSL) level 
of MAP kinase activity is indicated and represents cells that did not receive 
drugs and remained in serum-free media. Results are the mean +/- S.E.M. of one 
experiment which has been repeated a total of 4 times. 
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Figure 6.5: The effect of ol-AR agents on the expression of proliferating cell 
nuclear antigen fPCNA) in HTM cells. HTM cells were incubated with the ^-AR 
agonist, dexmedetomidine (DEX, 100 nM), or co-incubated with DEX plus one of 
the cx,-AR antagonists, rauwolscine (RW, 10 piM) or atipamezole (AT, 10 ^iM). 
Control levels of PCNA expression were determined in cells that were untreated 
and remained in serum-free media (SF), or were treated with serum (+S) plus 
bFGF (20 U/ml). Cells were labeled with FTTC-conjugated monoclonal 
antibodies specific for PCNA, and examined by immunofluorescence 
microscopy. The conditions for the treatment of cells, the microscopy, and the 
desiOT for analysis of data are described in Methods. The data represent the 
combined results of 3 experiments and are expressed as the mean +/- S.E.M. 
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6.4 DISCUSSION 

Open-angle glaucoma in humans is characterized by chroruc intraocular 

hypertension and is hypothesized to have a cellular etiology which involves the 

trabecular meshwork (Bartels, 1994). In this regard, HTM cells have been shovm 

to play a critical role in the regulation of aqueous outflow and, therefore, have 

been a target for the pharmacological treatment of glaucoma. One approach has 

involved use of adrenergic agents; thus, the application of epinephrine to human 

eyes increases aqueous outflow (Robinson and Kaufman, 1990; Kauftnan and 

Barany, 1981; Erikson-Lamy and Nathanson, 1992). As shown in culttired HTM 

cells, the mechanism of action of epinephrine involved the activation of p,-ARs 

and the stimulation of intracellular cAMP formation (Erikson-Lamy and 

Nathanson, 1992; Busch et al., 1993). Using this same model, we have 

investigated the possibility that a,-ARs might also be present. Utilizing subtype-

specific antibodies and functional assays we have characterized the presence of 

cx,A-AR subtype in HTM cells. 

Although it had been previously specialated that these receptors are 

present in the human TM (Tripathi et al., 1989), this is the first demoristration of 

oCj-ARs in HTM cells. The finding that it is the a,A subtype which is present in 

HTM cells is interesting in light of our previous findings of the cx,B and oc,C 

subtypes in the human ciliary epithelium (Huang et al., 1995). This means that, at 

least for the human eye, there are marked differences in the cellular localization 

and possible function of the cXj-AR subtypes. Thus, in the ciliary epithelium the 

activation of (X,B and/or a,C subtypes are involved with inhibiting the secretion 

of aqueous humor, in contrast to the P-ARs which stimulate secretion. In the TM, 

the activation of p,-ARs increases outflow, and the possibility exists that 

activation of the otjA-AR in this tissue might limit outflow. These potentially 
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counteracting effects, in principle, could limit the efficacy of Oj-AR agents which 

activate all three subtypes. 

To demoristrate the presence of a,A-ARs in HTM cells, we took advantage 

of sensitive antibodies that are specific for each of the human oCj-AR subtypes 

(a,A, (XjB and a,C) (Vanscheeuwijck et al., 1993, Huang et al., 1995). Using 

immunofluorescence microscopy, only antibodies to the (X,A subtype showed 

positive immunoreactivity. This immunoreactivity was shown to be specific 

because preabsorption of antibodies with the a,A/GST fusion protein (the 

antigen used to generate the antibodies) blocked the labeling. In addition, when 

membranes prepared from HTM cells were subjected to SDS-PAGE and 

immunoblotting, a band corresponding to the known molecular size of the a,A 

subtype was observed to co-migrate with an identical band in COS-7 cells 

transfected with a plasmid encoding the cloned (x,A subtype. 

Further evidence for the presence of a,-ARs in cultured HTM cells was 

obtained from studies of the functional effects of cx,-selective agonists and 

antagonists on second messenger resporises. Thus, following the stimulation of 

adenylyl cyclase by forskolin, dexmedetomidine, an a,-adrenergic agonist, 

decreased cAMP acciunulation. This inhibition was blocked by the ou-adrenergic 

antagonists, rauwolscine and atipamezole, and was consistent with the known 

ability of the ouA subtype to inhibit cAMP formation. In previous studies of 

HTM cells, cAMP formation was increased by the stimulation of P-ARs, 

suggesting that the a,-ARs functionally antagoiuze the effects of p-AR activation 

in the TM. 

A novel activity which has recently been ascribed to the activation of 

recombinant a,-ARs is the stimulation of MAP kinase activity (Albas et al., 1993; 

Seuwen et al, 1990; Flordellis et al., 1995). We examined this pathway in the 

HTM cells and found that dexmedetomidine produced a stimulation of MAP 
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kinase activity which could be blocked with ot,-adrenergic antagonists. These 

results indicate that the endogenous (x,-ARs of HTM cells are coupled to a second 

messenger pathway that is potentially involved with cellular proliferation. 

Further support for this possibility was obtained in our studies of PCNA 

expression which is a marker for DNA replication and cellular mitosis (Hall and 

Woods, 1990). Thus, following treatment of HTM cells with dexmedetomidine, 

there was an increase in PCNA expression which was blocked by rauwolscine 

and atipamezole. This is similar to the findings of a recent study in which 

clonidine, an a,-adrenergic agonist, increased the incorporation of tritiated 

thymidine into cultured HTM cells (Qiang et al, 1994). Again, functional 

antagonism of P-ARs is suggested since it has been reported that epinephrine 

irOiibits the mitotic activity of cultured HTM cells through a mechanism which 

involves P-AR stimulation (Tripathi and Tripathi, 1984). 

It has previously been thought that the main effect of the activation of oc,-

ARs in the eye was to decrease aqueous secretion via the ii\hibition of cAMP 

formation in ciliary epithelial cells. By immunofluorescence microscopy, we 

have now shown the presence of the cx,A subtype in cultured HTM cells and 

have shown functional a,-AR responses on cAMP formation, MAP kinase 

activity and PCNA expression. This suggests that a,-ARs are present in the 

human TM where they may function to oppose the effects of P-AR activation on 

aqueous outflow and the mitotic activity of this tissue. 
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CHAPTER? 

Cultured Human Trabecular Meshwork Cells Express Aquaporin-1 

Water Channels 

Current Eye Research 1995,14:1095-1100 

7.1 INTRODUCTION 

The water permeability of most biological membranes can be explained 

by simple diffusion through the lipid bilayer. There are, however, specialized 

cell membranes of many secretory and absorptive tissues which demonstrate an 

enhanced permeability to water (Fiiikelstein, 1987). It was predicted that the 

increased permeability of these cells would require the presence of molecular 

water channel proteins which could serve as pores that transverse the plasma 

membrane. The purification of aquaporin-1 (CHIP-28) from erythrocytes and its 

subsequent cloning and expression has enabled the demonstration of such 

water-selective molecular channels (review, Agre et ai, 1993). In addition, a 

number of other functionally related cDNAs have been cloned, which provide a 

molecxilar explanation for the enhanced permeability of other tissues including 

the collecting ducts of the kidney (Fushimi et ai, 1993; Echevarria et al., 1994), the 

cerebral-spinal aquaduct (Jung et ai, 1994), and the acini of the lacrimal gland 

(Raina et al, 1995). 

In a previous study the localization of aquaporin-1 in human eye tissues 

and sections was characterized by immunofluorescence microscopy and 

immunoblotting (Stamer et ai, 1994). Aquaporin-1 immunoreactivity was 

present in the non-pigmented ciliary epithelium, the corneal epithelium, the lens 

epithelium, the posterior iris epithelium and the trabecular meshwork 

endothelium. These results confirmed an earlier report of aquaporin-1 in 
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corresponding tissues of the rat eye (Nielsen et al., 1993) with the exception that 

the outflow region of the rat eye did not label with antibodies to aquaporin-l. 

The trabecxilar meshwork of the human eye is a critical structiure for the 

maintenance of intraocxilar pressure because of its role in aqueous outflow. 

Physically, it is a latticework of extracellular matrix proteins that are wrapped 

by trabecular endothelial cells. The trabecvdar meshwork can be divided into 

three distinct areas which include the uveal meshwork, the corneoscleral 

meshwork, and the juxtacanaliciilar tissue adjacent to the Canal of Schlemm. Its 

distinctive architecture serves to provide resistance to flow as the aqueous 

moves through the layers of trabecular beams until it reaches the 

juxtacanalicular region, which is the primary site of resistance to outflow. 

Human trabecular meshwork (HTM) cells are the predominant cell type 

of the trabecular meshwork. They cover the trabecular beams and are thought to 

be important in the maintenance of normal outflow resistance (Polansky and 

Alvarado, 1994). HTM cells maintain the patency of the outflow passage by 

continuously remodeling the latticework of proteins that make up the trabecular 

meshwork by secreting proteolytic enzymes and by phagocytosing loose debri 

(Polansky and Alvarado, 1994). In addition, the recent discovery of aquaporin-l 

in the trabecular meshwork suggests an additional dimension for these cells in 

regards to the movement of aqueous (Stamer et al, 1994). Therefore, 

determining HTM cell biology is important for a better understanding of both 

the outflow of aqueous humor and conditions which can disrupt this outflow 

and result in diseases such as glaucoma. 

To further understand the role of aquaporin-l in the trabecular meshwork 

and to possibly develop a ceU culture system to study its function, we 

determined if aquaporin-l could be foimd in cxiltures of HTM cells. Using both 

molecular and immunological techniques, we demonstrate that HTM cells have 
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the message for aquaporin-1 and express the aquaporin-1 protein on their 

plasma membrane. 
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7.2 MATERIALS AND METHODS 

7.2.1 Human trabecular meshivork cells 

HTM cells were isolated and cultured as previously described (Snyder et 

ai, 1993; Seftor et ai, 1994). The cell strains used in this study were isolated from 

donor tissue from four different individuals of ages 57 (TMOOl), 64 (TM002), 32 

years (TM008) and 71 years (TMOll). Donor corneoscleral rims were obtained 

from the Missouri Lions Eye Bank, St. Louis, MO. 

7.2.2 Total RNA isolation 

Ten ml of guanidine isothiocyanate buffer (4 M guanidrne isothiocyanate, 

25 mM sodium acetate, 650 mM b-mercaptoethanol) was added to a 15 cm 

cultvire dish coated with 1% gelatin and confluent with HTM cells at 4oC for 30 

sec. The solution was draw up and down into a syringe with a 23 gauge needle 

three times, applied to 12.5 ml of 5.7 M cesium chloride solution in SW28 

polyallomer tubes (Beckman, Palo Alto, CA), and centrifuged for 24 hr at 25,000 

rpm at 20°C using a Beckman L565 ultracentrifuge with a SW28 rotor. The liquid 

was removed by aspiration from the centrifuge tube leaving a clear pellet. The 

RNA pellet was dissolved in diethyl pjnrocarbonate (DEPC) treated water, and 

ethanol precipitated as previously described (Vanscheeuwijck et ai, 1993). 

7.2.3 Reverse transcrij)tion/PCR 

A sense primer was designed to nucleotides 523-543, corresponding to the 

putative extracellular loop E of aquaporin-1 with changes made to introduce a 

BamHI site (underline). An antiser\se primer was designed to nucleotides 796-

820, corresponding to the carboxyl terminus of aquaporin-1 with changes made 

to introduce an EcoRI site: 
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AQPl-LE sense: 

5'-TCTGGATCCCTTGGACACCTC-3' 

AQPl-C antisense: 

5'-CAGGAAITCTCTATTTGGGCTTCA-3' 

The expected product size from this primer pair is 298 bp. The sense and 

antisense primers were used in a combined reverse transcription/PCR reaction 

with total RNA from primary cultured HTM cells. The reverse transcription 

reaction (final volume, 20 ml) contained 2 ml lOX PCR buffer (Perkin Elmer, 

Branchburg, NJ), 0.5 ml RNasin (Boehringer Marmheim, Indianapolis, IN, 40 u 

ml'l), 2.0 ml dNTP's (5 mM). 2.0 ml random primers (1 mg ml*l), 2.0 ml RNA (1 

mg ml"l) and 1.0 ml AMV reverse transcriptase (Boehringer Mannheim, 25 u ml* 

1). The reaction was incubated at room temperature for 10 min., 42°C for 1 h., 

950C for 5 min. and was placed on ice. The PCR reaction (final volume, 50 ml) of 

1 ml from the reverse transcription reaction, 5 ml lOX PCR buffer, 5.0 ml 

dimethylsulphoxide (DMSO), 2.5 ml sense primer (20 mM), 2.5 ml antisense 

primer and 0.5 ml taq polymerase (Perkin Elmer, 2.5 u ml'l). The following 

program was used for the PCR: 94°C, 3 min.; 50°C, 2 min.; 72°C, 3 min.; 

followed by 29 cycles of 94°C, 1 min.; 50oC, 2 min.; 72°C, 3 min.; 4oC, 12 h. The 

product was analyzed by electrophoresis on a 1.2 % agarose gel. 

7.2.4 Construction of the expression plasmid (pGEX/AQPl-C) and purification of fusion 

protein (GST/AQPl-C) 

PCR was used to generate a 128 base pair (bp) fragment of himian 

aquaporin-1 which encoded 38 amino acids of the carboxyl terminus. The 

primers used for this PCR reaction included the ser\se primers (shown below) 

which corresponds to nucleotides 694-716 of aquaporin-1 and the previously 

described primer, AQPl-C antisense: 
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AQPl-C sense: 

5'-GCCGGATCCAGCAGTGACCTCAC-3' 

The pcrDNA product was digested with BamHI and EcoRI and was cloned in-

frame behind the gene for glutathione-S-transferase (GST) in the expression 

vector pGEX-2T to jaeld the plasmid pGEX/AQPl-C with the protein product 

GST/AQPl-C. PGR conditior\s and the isolation, restriction and subcloning of 

the pcrDNA product were as previously described (Vanscheeuwijck et ai, 1993). 

E. coli strain, XL-1 Blue (Stratagene, La JoUa, GA) was used to express the fusion 

protein GST/AQPl-G as previously described (Vanscheeuwijck et ai, 1993). 

7.2.5 Immunization of chickens and purification of antibodies to AQP-1 

Mature hens (White Leghorns) were presented with 50-100 mg of 

GST/AQPl-C fusion protein in Freund's adjuvant by intramuscular injection 

and were given subsequent injections with fusion protein in incomplete adjuvant 

at two week intervals. Eggs were collected and crude IgG fractions were 

prepared from the yolks using polyethylene glycol precipitation as described 

(Vanscheeuwijck et al 1993). Antibodies specific for aquaporin-1 were affinity 

purified by first passing crude IgG fractions through a column of chemically 

immobilized GST to remove anti-GST antibodies, then through columns of 

immobilized GST/AQPl-C fusion protein. The purified antibodies were then 

eluted from the column with 100 mM glycine (pH 2.8) (Vanscheeuwijck et ai, 

1993). These antibodies were characterized by heterologous expression of 

aquaporin-1 in COS cells, in eye tissue sections, and on immunoblots with 

erythrocyte membranes, which are known to express aquaporin-1 (Stamer et ai, 

1994). In addition, they were compared to antibodies that were raised to the 

entire aquaporin-1 protein in rabbits and used in our previous study (Stamer et 

al., 1994). 
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7.2.6 Construction ofpBC/AQPl and heterologous expression of aqiiaporin-1 

The eukaryotic expression vector pBClZBI and a plasmid pCHIPev 

(Preston et al., 1992) containing aquaporin-1 were digested with Hindin and 

BainHI. The digests were electrophoresed into a 1.1 %, ethidium-stained agarose 

gel. A 1.15 kb fragment, corresponding to the open reading frame for aquaporin-

1, and a 3.9 kb fragment of the expression vector were cut out of the gel and 

purified using Geneclean (BiolOl, La JoUa, CA). The fragments were ligated 

together, and XL-1 Blue cells (Stratagene) were transformed and subsequently 

shown to contain the plasmid pBC/AQPl. 

COS-7 cells were transfected with pBC/AQPl using the DEAE-dextran 

procedure as previously described (Vanscheeuwijck et al., 1993). COS cells 

grown in 15 cm culture dishes were trarisfected with 50 mg of plasmid DNA and 

were harvested 3 days after transfection for either immunocytochemistry or 

immimoblotting. 

7.2.7 Immunocytochemistry 

Aquaporin-transfected COS or human trabecular meshwork cells were 

seeded onto gelatin-coated (1%) glass coverslips. Cells on coverslips were fixed 

with 4% paraformaldehyde in phosphate buffered saline (PBS) for 15 minutes at 

23°C and washed three times with PBS. Cells were incubated with sodium 

borohydride (Img/ml) for 10 minutes and washed three times with PBS. Cells 

were then permeabilized with 0.05 % saponin in PBS containing 10% goat serum 

for 30 minutes at 23°C. Coverslips with cells were inverted onto 40 ml of 0.05% 

saponin buffer with primary antibody at a 1:400 dilution for 2 hours at 23''C. 

Cells were washed three times with PBS and then were incubated with 40 ml 

flourescein-conjugated rabbit anti-chicken or goat anti-rabbit secondary 



137 

antibody (1:1000 dilution in 0.05% saponin buffer. Pierce, Rockford, IL) for 2 

hours at 23°C. Cells were then washed three times in PBS, mounted, and 

examined using a Leica TCS-4D confocal microscope with SCANWARE version 

4.2a (Southwest Environmental Health Sciences Center, Experimental Pathology 

Service Core). In all experiments specificity of labeling was determined by either 

omitting primary antibody, omitting primary and secondary antibody, or 

preincubating primary antibody with a ten-fold excess of fusion protein 

(GST/AQPl-C). 

7.2.8 Membrane preparation and immunoblot analysis 

HTM cells were scraped into TME buffer (50 mM Tris, 10 mM MgCl2, 1 

mM EGTA, pH 7.5), homogenized using a Polytron homogenizer, and 

centrifuged at 37,000 X g for 20 minutes. The membrane pellets were 

resuspended in TME buffer with a Duall homogenizer and were centrifuged at 

13,000 X g for 6 minutes. Pellets were resuspended in loading buffer (4% SDS, 

125 mM Tris, 20% glycerol, 10% b-mercaptoethanol) and were sonicated with a 

probe sonicator for 10 seconds just prior to loading. 

Membrane preparations were electrophoresed into 12% polyacrylamide 

gels contairiing SDS and blotted onto nitrocellulose using the Transblot system 

(Biorad, Hercules, Ca). The blots were preincubated for 2 hours at room 

temperatvire in Tris buffered saline, containing 5% non-fat powdered milk and 

0.1% Tween (TBS-T), and were then probed with chicken affiruty-purified anti-

aquaporin-1 IgY (1:500 dilution) overnight at 4oC. The blots were washed three 

times in TBS-T and were incubated for two hours at room temperature with goat 

anti-chicken/alkaline phosphatase-conjugated secondary antibody (1:1000 

dilution) (Sigma, St. Louis, MO). Visualization was done using NBT/BCIP 

(nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolylphosphate p-
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toluidine salt, Gibco, Grand Island, NY) as a substrate for alkaline phosphatase 

secondary antibody, according to manufacturers instructions. 
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7.3 RESULTS 
7.3.2 RT-PCR and restriction analysis 

Reverse transcription followed by PCR was used with a primer 

combination that was specific to aquaporin-l to determine if human trabecular 

meshwork (HTM) cells contained mRNA encoding this protein. In both panels A 

and B, lane 2 in figure 7.1 shows a positive control in which these primers were 

used with plasmid DNA encoding the aquaporin-l cDNA. In the region 

delineated by these primers there are two introris of 0.8 and 0.43 kb in the 

aquaporin-l gene (Moon et al, 1993); therefore, the observed product of 298 bp 

(lane 3) was generated from mRNA rather than genomic DNA which would 

have yielded a PCR product of 1.53 kb (arrow). Lane 3 shows that when using 

total RNA prepared from the HTM cells a single product of 298 base pairs was 

obtained. To confirm that these products encoded aquaporin-l, the 298 bp bands 

from lanes 2 and 3 were digested with Bcl-I; a restriction enzyme which should 

specifically cleave the products and yield fragments of 218 and 80 bp. In panel 

B, lanes 4 and 5, respectively, show the results of these digests and indicate that 

the PCR product obtained with HTM cell RNA encodes aquaporin-l. 

7.3.2 Immunofluorescence microscopy 

Immunofluorescence microscopy using antibodies directed against the 

carboxy terminus of aquaporin-l, was used to determine the presence of 

aquaporin-l in HTM cells. Figure 7.2 shows photomicrographs of HTM cells 

after a primary incubation with antibodies to aquaporin-l followed by a wash 

and a secondary incubation with FTTC-conjugated secondary antibodies. Panels 

A and B represent the total immunofluorescence observed using primary 

antibodies to GST/AQPl-C and aquaporin-l purified protein (Smith and Agre, 

1991), respectively. Panel C represents the non-specific labeling 
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Figure 7.1: Photographs of two ethidium-stairied agarose gels containing the 
products of a reverse transcription/PCR reaction with primers specific for 
aquaporin-1. followed by resmction analysis. Panels A: Lane 1 contains 
moleailar size standards; Lane 2 is a positive control using pCHIPev as template 
(Preston et al, 1992)); Lane 3 is the result of a reaction using total RNA from 
human trabecular meshwork cells (10 ml of the 50 ml PCR reaction); Lane 4 is a 
control containing the PCR reagents, sense and antisense primers, but no 
template. Panel B: Lanes 1-3 are the same as panel A; Lane 4 shows the result of 
a restriction digest with Bcl-I of the PCR product shown in lane 2 (20 ml of the 
PCR reaction was digested with 1 ml Bcl-i (Gibco) for 1 hr at 37°C); Lane 5 is the 
result of a restriction digest of the RT-PCR product shown in lane 3 with Bcl-I. 
The arrow indicates the predicted size or the PCR product amplified from 
genomic DNA (1.53 kb). Similar results were also obtained from HTM cDNA 
prepared from TM002. 
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Figxire 7.2: Inmmnofluorescence microscopy of cultured human trabecular 
meshwork cells fTMOll) probed with antibodies specific for aquaporin-1. Panels 
A and B demonstrate specific labeling of aquaporin-1 in HIM cells using 
antibodies generated to GST/AQPl-C fusion protein and to the entire 
aquaporin-1 protein, respectively. Panel C shows non-specific labeling that was 
obtained after preincubation or primajy antibodies with a 10-fold excess of 
GST/AQPl-C fusion protein for 16-18 h at 4oC. Panel D shows background 
fluorescence when primary antibody is omitted. Bar = 10 nun. A similar pattern 
of labeling was obtained using all four strains of the HTM cells (TMOOl, iMOOZ, 
and TM008). 
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obtained after preincubation of the anti-aquaporin-1 antibodies with the 

GST/AQPl-C fusion protein and panel D represents the non-specific labeling 

that was observed when the primary antibody specific for aquaporin-1 was 

omitted. 

7.3.3 Immiinoblotting 

In figure 7.3, immimoblotting was used to determine the molecular size of 

the immunoreactive protein recognized by antibodies raised against 

GST/AQPl-C. In lane 1 the GST/AQPl-C fusion protein yielded a band of 

-30,500 which corresponds to the molecular size of GST (26,500) plus the 

carboxyl terminus of aquaporin-1 (4,000). In lanes 2 and 3, erythrocyte 

membranes and membranes from COS cells transfected with aquaporin-1, 

respectively, served as controls. The presence of aquaporin-1 is evidenced by the 

bands at Mr 28,000 and 49,000 which represent the nonglycosylated and 

glycosylated forms of aquaporin-1, respectively (Agre et al., 1993). Lane 5 

contains membranes prepared from HTM cells (TM008) and the bands at Mr 

28,000 and 35-40,000 are again consistent with the presence of the 

nonglycosylated and glycosylated forms of aquaporin-l. These results agree 

with our previous findings of M^ 28,000 and 35-40,000 bands using freshly 

isolated human trabecular meshwork tissue (Stamer et al., 1994). 
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Figure 7.3: SDS-polyacrylamide gel electrophoresis and immunoblotting of 
AOPl-C fusion protein or membranes prepared from erythrocytes, aquaporin-1 
transfected COS cells, or HTM cells with antibodies to the GST/ AOPl-C fusion 
protein and visualized as described in Methods. Lane 1 shows reactivity of anti-
aquaporin-1 antibodies to fusion protein containing carboxyl terminus of 
aquaporin-l (GST/AQPl-C). Erythrocyte (Lane 2) and aquaporin-1 transfected 
COS (Lane 3) cell membrane preparations served as positive controls for 
aquaporin-1 protein. Lane 4 is blank. Lane 5 shows reactivitv of anti-aqu^orin-1 
IgV with membranes prepared from human trabecular meshwork cells (TM008). 
The reactiv^e bands above M^49,000 are aggregates of aquaporin-1 or GST/AQPl-
C. Positive immunoblots in duplicate have been obtained for all three HTM cells 
strains (TMOOl, TM002, TMOOSY The positions of the molecular size markers are 
indicated on the left (X 10^ daltons). 
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7.4 DISCUSSION 

Our recent identification of aquaporin-1 water diannels in several regions 

of the human eye has suggested a role for this protein in the movement of water 

in the eye. Of particular interest, because of its role in aqueous humor outflow, 

was the identification of immunoreactive aquaporin-1 in tissue from the 

trabecular meshwork. We have used PGR and immunocytochemical analysis to 

show that the predominant cell-type of the trabecular meshwork, the HTM cell, 

contains aquaporin-1. 

Physically, the trabecular meshwork is a sponge-like structure whose 

function is to facilitate the outflow of aqueous from the eye, while preventing 

backflow. The trabecular meshwork consists of a series of parallel layers of 

lamellae that are thin, flat, and stacked one on top of another. The fluid-filled 

spaces between each lamellae are connected by a series of perforations. This 

maze of openings is larger in the inner, uveal meshwork, and smaller towards 

the outer, juxtacanalicular meshwork. The lamellae consist of a collagen 

backbone sandwiched between layers of heparin sulfate, proteoglycans, 

fibronectin and laminin (Polansky and Alvarado, 1994). These extracellular 

matrix components are completely covered by a tight monolayer of HTM 

endothelial cells. 

Functionally, HTM cells have two primary roles in the trabecular 

meshwork. They have phagocytic activity and they secrete enzymes such as 

tissue plasminogen activator which helps to maintain the flow of aqueous over 

the lamellae. In addition, HTM cells secrete the extracellular matrix components 

and the proteolytic enzymes which maintain the integrity of the trabecular 

lamellae. These lamellae provide resistance to aqueous outflow and the presence 

of aquaporin-1 on HTM cells may be important for the modulation of aqueous 

outflow. 
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In retrospect, the first evidence that aquaporin-1 might be present in 

HTM came from the application of mercurial agents to freshly enucleated eyes. 

Thixs, treatment with either of the hydrophilic mercurial agents p-

chloromercuribenzene sulfonate (PCMBS) or p-chloro-mercuribenzoate (PCMB), 

which are known to inactivate aquaporin-1, caused a decrease in aqueous 

outflow (Freddo et al, 1984). Microscopic examination of the cells showed 

swelling of HTM cells which is consistent with the presence of aquaporin-1. 

Similarly, other cells which contain aquaporin-1, such as renal epithelial cells 

and erythrocytes swell following treatment with these same merciuials (Freddo 

et al, 1984). 

Our findings of aquaporin-1 in HTM cells suggest that they may 

contribute functionally to the outflow of aqueous through the trabecular 

meshwork. Thus, hydrostatic pressure in the eye could provide the force needed 

to drive the flow of water through the charmels. In agreement with this idea 

were previous studies which predicted the existence of an "exclusive" water 

channel and demonstrated that hydrostatic pressure in the frog mesenteric 

capillaries could account for the transcellular movement of water out of the 

capillary (Curry et al., 1976.). 

As aqueous moves from the inner to the outer TM, it encounters 

increasing resistance which reaches a maximum in the juxtacanalicular region, 

the primary site of outflow resistance. This increased resistance is thought to be 

due to tighter stacking of trabecular lamellae, the deposition of several ECM 

components, and the presence of trabecular meshwork cells. To model the 

involvement of HTM cells in outflow resistance, previous studies have grown 

HTM cells to confluency on filter supports and then mounted them in a 

perfusion chamber (Perkins et al, 1988). When a perfusion pressure of 5 mm of 

Hg was applied, the hydraulic conductivity of the HTM cells increased in a dose-
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dependent manner following treatment with cytochalasin B, an inhibitor of actin 

polymerization. Since treatment with cytochalasin B compromised the tight 

jimctions between cells and increased pericellular flow, the authors concluded 

that transceliular water flow was a significant component of resistance in the 

TM. Our findings of aquaporin-1 water charmels in HTM cells provides a 

molecular mechanism that could accommodate this transceliular water flow. 

Furthermore, changes in the number of aquaporin-1 channels being expressed 

could be expected to affect outflow and could be a component of the normal 

physiological regulation of aqueous outflow. Future studies of the expression of 

aquaporin-1 in HTM cells will provide insight into this possible role of 

aquaporin-1 in the trabecular meshwork. 
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CHAPTER 8 

Effect of ttj-Adrenergic receptor activation on Aquaporin-1 

Message and Protein Levels in Human Trabecular Meshwork Cells 

8.1 INTRODUCTION 

Cyclic adenosine monophosphate (cAMP), a second messenger implicated 

in a wide variety of activities, regvdates many membrane proteins, including the 

aquaporin-2 (AQP-2) water channels. Specifically, the activation of alpha-2 

adrenergic receptors (a,-AR) decrease cAMP accumulation by the inhibition of 

adenylyl cyclase, and consequently regulates AQP-2 in two ways. The activation 

of cx,-ARs in the collecting ducts of the kidney mediates the effects of vasopressin 

on both the activity (Kuwahara et al., 1995) and distribution (Marples et ai, 1995) 

of AQP-2. In contrast, the involvement of cAMP in the regulation of AQP-1 is 

not well characterized, however, there are three possibilities: Changes in 

intracellular cAMP levels may regulate i) the messenger RNA levels, ii) the 

cellular protein distribution and/or iii) the function of AQP-1. 

First, the activation of (X,-ARs may influence the steady-state levels of 

AQP-1 messenger RNA by influencing its transcription or degradation. At the 

"transcription level", mRNA for many membrane proteins, including the 

adrenergic receptors, is regiolated by upstream promoter regions called cyclic 

AMP responsive elements CRE, (Hosada et al. 1994; Hosada et ai, 1995; Kanasaki 

et al, 1994). While at the "degradation level", the activation of cAMP-coupled 

receptors alters the stability of mRNA (Hadcock et al., 1989). Therefore, the 

steady-state pool of mRNA that encodes a partiaolar protein is the net result of 

its transcription and degradation and is generally proportional to the amount of 

that protein that is translated into protein. Therefore, changes in either the 
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transcription or degradation of mRNA that encodes that protein determine the 

density of a protein in the plasma membrane. This is sigiiificant for AQP-1 

because the permeability of a cell is proportional to the number of water 

chaimels present in its plasma membrane (Preston, 1992). Thus, steady-state 

mRNA levels may reflect the resting permeability of the plasma membrane to 

water. 

Second, the activation of a,-ARs may affect the cellular distribution of 

AQP-1. For example, AQP-2 in the collecting ducts of the kidney are packaged 

in intracellular vesicles and upon stimulation by vasopressin (which increases 

intracellular cAMP) mobilize and insert into the plasma membrane (Marples et 

al, 1995). Moreover, an elevation of intracellular cAMP in LL-CPK, cells, stably 

transfected with AQP-2, also results in the mobilization of AQP-2 from the 

plasma membrane to intracellular stores (Katsura et al., 1995). In both cases, the 

insertion of AQP-2 results in an increase in the permeability of the plasma 

membrane to water. In contrast, upon stimulation with cAMP, AQP-1 remained 

on the plasma membrane of AQP-l-transfected LL-CPK, cells and thus the 

permeability of these cells did not change (Katsura et al, 1995). 

Third, the activation of a,-ARs may alter the function of AQP-1. For 

example, an elevation of cAMP results in the increased permeability of three of 

the aquaporins, aTEP, MIP and AQP-2 by phosphorylation through a cAMP-

dependent kinase (Maurel et al, 1995; Lampe et al, 1990; Kuwahara et al, 1995). 

Alternatively, cAMP also binds directly with membrane proteins and alters their 

function. For example, the binding of cAMP to eag channels increases their 

permeability to ions (Bruggemann et al., 1993). Chapter 9 reports the influence of 

cAMP on the water permeability of AQPl-injected Xenopus oocytes. 

In order to test the general hypothesis that oCj-ARs and AQP-1 water 

channels are functionally coupled, a model system was needed that contain both 
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proteins. To this end, chapters 6 and 7 demonstrate the presence of functional a,-

ARs and AQP-1 water channels, respectively, in cultures of human trabecular 

meshwork (HTM) ceils. Thus, HTM cells provide a useful model to investigate 

the relationship between a,-ARs and AQP-1. Using immunofluorescence 

microscopy and Northern blot analysis, the purpose of this study was to monitor 

changes in both protein and message levels of aquaporin-1 upon treatment with 

the a,-AR agonist, dexmedetomidine, in HTM cells. 
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8.2 MATERIALS AND METHODS 

8.2.1 Human trabecular meshwork cells 

HTM cells were isolated and cultured as previously described (Stamer et 

ai, 1995). The cell strains used in this study were isolated from human donor 

scleral rims obtained from the Missouri Lioris Eye Bank, St. Louis, MO. The 

tissue was from two different individuals of ages 71 years (TMOll) and 47 years 

(TM012). 

8.2.2 Total RNA isolation 

Total RNA was prepared from HTM cells using the Trizol (Gibco) 

solution as per manufacturers instructions. Briefly, 2 ml of Trizol was added to 

each 10 ml culture plate containing HTM cells and incubated for 5 min at 22°C. 

The Trizol solution was transferred to glass Corex tubes, 400 |il of chloroform 

was added, the tubes were vortexed, incubated at 22°C for 3 min and were 

centrifuged at 10,000 rpm for 15 min at The aqueous phase was transferred 

to RNAse-free microcentrifuge tubes, 1 ml of isopropyl alcohol was added and 

incubated at 22°C for 10 min. The samples were centrifuged at 10,000 rpm for 10 

min at 4°C. The supernatant was poured off and the pellet was washed with 2 

ml of 75% ethanol (in DEPC-treated water), vortexed, and centrifuged at 8,000 

rpm for 5 min at 4°C. The pellets were dried under vacuum and dissolved in 12 

|il of DEPC-treated water. 

8.2.3 Preparation ofcDNA probe to aquaporin-1 

The plasmid pCHIPev (Preston et al, 1992) is an expression vector 

containing the himian AQP-1 open reading frame flarU<ced by Xenopus p-globin 5' 

and 3' UTR ligated into the Hindlll-Pstl site of pBluescript 11 KS-. This plasmid 
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was restricted with BamHI and Hindin for one hour at 37°C in buffer 3 (Cibco). 

The fragments were run on a TAE /0.8% low melt agarose gel at 50 volts for 1 

hour and visualized on a UV light box. A single fragment of the expected size 

for the open reading frame of AQP-1 (1.15 kb) was cut from the gel and "gene 

cleaned" as described before. The amount of DNA was estimated by 

spectrophotometry at an absorbance ratio of 260/280 run. The DNA was 

radiolabeled by nick translation using the Gibco Nick Translation Kit. DNA (1 

fig) was incubated with dNTP (except CTP), [a'*P]dCTP, and transcriptase for 1 

hr at IS-C. The label probe was separated from the free radioactive nucleotides 

using a spin column (Stratagene). The nick translation prep was added on top of 

the column, centrifuged at 1500 rpms on a Beckman tabletop centrifuge and the 

eluent was collected. The eluent was diluted two-fold and 1 |jI was added to 

scintillation cocktail and cotmted. 

8.2.4 Northern Blot Analysis 

Human trabecular meshwork cells were grown until confluent and were 

treated with 10 |iM dexmedetomidine for 2, 6, 10 and 22 hrs. Total RNA was 

prepared from HTM cultures and 10 Hg was subjected to electrophoresis in an 

18% formaldehyde-0.8% agarose gel. The fractionated RNA was transferred to 

nylon (Zeta Probe, BioRad) by capillary transfer, the blot was baked at 80''C for 2 

hr and incubated in hybridization buffer (5X SSPE, lOx Denhardt's, 200 |J.g/ml 

yeast tRNA, 50% deionized formamide and 2% SDS) for 4 hr at 3TC with 

shaking. The radio-labeled AQP-1 probe was added to fresh hybridization buffer 

and was incubated with the blot overnight at 3TC with shaking. Following the 

incubation, the blot was washed 4x 20 min with wash buffer I (2x SSC, 0.05% 

SDS) at 22°C and Ix 45 min with wash buffer II (O.lx SSC, 0.1% SDS) at 55°C. The 
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blots were wrapped in plastic wrap and visualized following exposure to X-ray 

film (Kodak). 

8.2.5 Immunocytochemistry 

HTM cells were seeded onto gelatin-coated (1%) glass coverslips and 

grown as described before. Cells were treated for 4, 6, 10 or 22 hours with 

dexmedetomidine (10 |iM) or remained untreated. Following treatment, cells on 

coverslips were fixed with 4% paraformaldehyde in phosphate buffered saline 

(PBS) for 15 min at 23°C and washed three times with PBS. Cells were incubated 

with sodium borohydride (Img/ml) for 10 min and washed three times with 

PBS. Cells were then permeabilized with 0.05 % saponin in PBS containing 10% 

goat serum for 30 min at 23°C. Coverslips with cells were inverted onto 40 |j.l of 

0.05% saponin buffer with primary antibody at a 1:500 dilution for 2 hrs at 23''C. 

Cells were washed PBS (3x 15 min) and then were incubated with 40 |il 

flourescein-conjugated rabbit anti-chicken or goat anti-rabbit secondary 

antibody (1:1000 dilution in 0.05% saponin buffer. Pierce, Rockford, IL) for 2 hrs 

at 23''C. Cells were then washed PBS (3x 15 min), mounted, and examined using 

a Leica TCS-4D confocal microscope with SCANWARE version 4.2a (Southwest 

Envirorunental Health Sciences Center, Experimental Pathology Service Core). 

In all experiments specificity of labeling was determined by either omitting 

primary antibody, omitting primary and secondary antibody, or preincubating 

primary antibody with a ten-fold excess of fusion protein (GST/AQPl-C). 
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8.3 RESULTS 

In chapter 6, the activation of cx,A-ARs on HTM cells by dexmedetomidine 

inhibited forskolin-stimulated cAMP in a potent and dose-dependent manner. 

Since cAMP is implicated in a variety of regulatory activities, the experiments in 

this chapter were designed to examine the effect that activation of ot^-ARs has on 

steady-state AQP-1 message and protein levels as well as the distribution of 

AQP-1. 

S.3.1 Northern blot analysis 

The effect of dexmedetomidine on AQP-1 mRNA levels was examined by 

Northern blot analysis. Figtire 8.1 is a photomicrograph of a Northern blot that 

was probed with '*P-labeled, single-stranded cDNA that encodes the full open 

reading frame for AQP-1. Panel A shows a single band at ~2 kb for each of the 

lanes (arrow). Lane 1 represents a positive control in which 10 ng total RNA 

prepared from rat kidney (abundant in AQP-1 mRNA) was examined. Lane 2 is 

10 |ig of total RNA from HTM cells that were not treated with dexmedetomidine 

and represents basal AQP-1 mRNA levels. Lanes 3 and 4 are samples of total 

RNA (10 pig each) from HTM cells that were treated with dexmedetomidine for 4 

hr and 22 hr, respectively. These results were replicated in four separate 

experiments which additionally examined an 8 and 12 hour exposure to 

dexmedetomidine, having similar results. Equal loading of the gel was 

determined by spectophotometry and by examination of the 188 and 28S 

ribosomal RNA density for each sample on a ethidium-stained agarose gel (panel 

B). 
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Figure 8.1: Northern blot analysis of total mRNA prepared from HTM cells and 
treated with dexmedetomidine. HTM cells were grown and total mRNA was 
prepared as described in Methods. Panel A: Lane 1 represents a positive control 
of total mRNA (5|ig) that was prepared from rat kidnev. Total mRNA (10 ug) 
was prepared from HTM cells tnat were treated with dexmedetomidine (10 |iM) 
for 4 hr (lane 3) or 22 hr (lane 4), or remained untreated (lane 2). Panel B: An 
ethidium-stained agarose gel of total mRNA from rat kidnev and HTM cells that 
correspond to the Northern blot in panel A. 
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8.3.2 Immunofluorescence microscopy 

Elevation of cAMP in the kidney collecting duct by vasopressin results in 

the cellular redistribution of AQP-2. In this study, we examined the effect of 

dexmedetomidine on the distribution and relative amount of AQP-1 on HTM 

cells by immunofluorescence microscopy. Using anti-AQP-1 antibodies that 

were characterized in chapter 4, 5 and 7, figure 8.2 shows a time course of the 

immunoreactivity of HTM cells following treatment with dexmedetomidine. 

Panel A shows cells that were untreated and represent the basal AQP-1 protein 

levels. Cells shown in panels B-E were treated with dexmedetomidine for 4, 6, 

10, and 22 hours respectively. In panel F, are cells that were probed only with 

secondary antibody and represent background fluorescence. This experiment 

was repeated 6 times with two different HTM cell strains with similar results. 

Figure 8,2: Immimofluorescence microscopy of cultured HTM cells treated with 
dexmedetomidine and probed with antibodies specific for the ocA-AR {next 
page). Panels A-E show the total fluorescence that was obtained following 
incubation of cells with dexmedetomidine (10 mM) for 0, 4, 6, 10 and 22 hrs, 
respectively. Panel F shows the fluorescence when the primary antibody was 
omitted. Bar = 10 |im. 
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8.4 DISCUSSION 

Currently, AQP-1 is described as a constitutive water channel. The term 

"constitutive" refers to the concept that once translated into a protein, AQP-1 is 

directed to the plasma membrane of a cell where it inserts, and functions as a 

water selective pore with a fixed aperture. This assessment is based upon the 

lack of evidence for the regvdation of AQP-1 at the protein level. For example, 

the expression or distribution of AQP-1 in LL-CPK, cells does not change upon 

treatment with drugs that elevate cAMP (Marples et al., 1995). However, this 

study examined transformed cells that were stably transfected with a 

recombinant water channel. Using fluorescence microscopy, the present study 

looked for changes in the expression of endogenous AQP-ls in a native cell strain 

(HTM cells). The stimulation of (X,-ARs in HTM cells with dexmedetomidine 

resulted in no detectable change in the relative expression or distribution of 

AQP-1, thereby supporting the "constitutive" idea for AQP-1. 

In contrast to the regulation of AQP-1 at the protein level, there is 

evidence to support the modulation of AQP-1 expression at the level of mRNA. 

Surprisingly, it was observed that AQP-1 was amongst the growth factor-

induced delayed early response genes in fibroblasts (Lanahan et al., 1992). 

Stimulation of quiescent mouse 3T3 fibroblast cells by serum or growth factors 

induced the mouse AQP-1 gene. Furthermore, in a study using rats between 

embryonic day 14 and maturity, the expression of AQP-1 was analyzed by in situ 

hybridization. This study concluded that there are complex expression patterns 

of AQP-1 in a variety of tissues during embryogenesis and post natal maturation 

(Bondy et al., 1993). These complex expression patterns of AQP-1 in proliferating 

cells during development are hypothesized, in part, to reflect the involvement of 

AQP-1 in the maintenance of the intracellular volume of dividing cells. 
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Based upon the complex expression of AQP-1 during development, a role 

for promoters in the AQP-1 gene is implicated, but has not been characterized. 

Recently, the AQP-1 structural gene was isolated and intron-exon boimdaries 

were determined (Moon et al., 1993). However, the 5'-untranslated region, a 

region usually rich in promoters that include CREs, had not been examined. 

While there is not yet evidence for the presence of CREs in AQP-1, the 

transcription of AQP-2 is sensitive to elevated cAMP. Thus, increases in AQP-2 

mRNA upon dehydration of rats was shown by Northern blot analysis (Ma et ah, 

1994) and correlated well with increases in AQP-2 expression (Lampe and 

Johnson, 1990). The same Northerns were reprobed for AQP-1 mRNA and no 

increase in expression was observed (Deen et al., 1992). The present study 

examined mRNA prepared from HTM cells that were treated with 

dexmedetomidine, a drug that binds to oc,-ARs and lowers cAMP. Again, our 

results were consistent with sinailar experiments performed in AQP-l-transfected 

LLC-PK, cells. We found no modulation in mRNA levels upon a decrease in 

cAMP of HTM cells. These data are consistent with the absence of a CRE in the 

AQP-1 gene. 

Using primary cultures of HTM cells as a model, this study characterized 

the relationship between two endogenous membrane proteins, AQP-1 and a,-

AR. The Oj-AR, a known irihibitor of cAMP, was stimulated with 

dexmedetomidine and mRNA and protein levels were monitored by Northern 

blot analysis and immunofluorescence microscopy, respectively. Results suggest 

that AQP-1 mRNA and protein levels as well as the distribution of AQP-1 are 

unaffected by changes in intracellular cAMP levels in HTM cells. 
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CHAPTER 9 

cAMP Regulates the Membrane Penneability to Water of 

Aquaporin-l-Injected Xenopus Oocytes 

Data from this chapter are included in a manuscript submitted to Science 

9.1 INTRODUCTION 

Much has been learned about the molecular physiology of the plasma 

membrane as a result of the cloning and recombinant expression of many ion 

channels. The permeability characteristics of these channels and their regulation 

by a variety of mechanisms, including phosphorylation and cyclic nucleotide 

binding, have been extensively characterized (reviewr, Levitan, 1994). Similarly, 

the recent cloning and expression of the aquaporins has provided a molecular 

explanation for the enhanced permeability of the plasma membrane to water of 

many specialized epithelial cells (review, Agre et ai, 1994). Not surprisingly, the 

regulation of these channels is the subject of many current investigations. 

It has recently been shown that three of the aquaporins, AQP-2, aTIP and 

MIP, are phosphorylated by a cAMP-dependent protein kinase, PKA, and that 

the phosphorylation increases their permeability to water (Kuwahara et al, 1995; 

Maurel et ai, 1995; Lampe and Johnson, 1990). The phosphorylation is by a 

cAMP-dependent kinase at serines on consensus phosphorylation sequences. 

AQP-2 contains a consensus site for PKA on the carboxyl tail at Ser-256 and 

mutations to this amino add disrupts the cAMP-mediated increase in the 

permeability of AQP-2 to water (Kuwahara et ai, 1995). Thus, while the mutant 

charmels effectively express in oocytes, the mutant channels are not responsive to 

drugs that elevate cAMP like the wild-type. For example, upon stimulation with 
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forskolin oocytes expressing the wild-type AQP-2 demonstrate a 50% increase in 

permeability to water over water-injected oocytes while. 

Similar to AQP-2, MIP possesses a cAMP-dependent phosphorylation site 

on its carboxyl terminus, at Ser-243 (Lampe and Johnson, 1990) In vitro 

phosphorylation experiments with peptide fragments from cell membrane 

preparations containing MIP, demonstrate that Ser-243 is phosphorylated. 

Moreover, in live oocytes the phosphorylation of MIP by PKA alters its charmels 

properties. Thus, the voltage dependence and long duration closures of MIP 

increase upon phosphorylation at Ser-243. 

The plant aquaporin, a-TIP, contains three consensus phosphorylation 

sites for PKA. When each of these putative phosphorylation sites are mutated 

and the mutant cRNAs are expressed in oocytes, only mutations at Ser-99 on 

loop B affect the cAMP-mediated increase in oocyte permeability to water. 

(Maurel et al, 1995). Lastly, although not tested, a recently cloned aquaporin, 

AQP-5, contains a conser\sus sequence for phosphorylation by PfCA on 

intracellular loop D (Raina et al, 1995). 

For AQP-1, results presented in chapter 8 suggest that neither AQP-1 

mRNA, the distribution of AQP-1 protein nor the expression of AQP-1 is 

influenced by changes in intracellular cAMP in primary cultures of HTM cells. 

This finding is consistent with previous work that examined the effect of cAMP 

on recombinant AQP-1 in transformed cells (Marples et al., 1995). As 

demonstrated with AQP-2, a-TIP and MLP, changes in intracellular cAMP may 

affect AQP-1 directly; either through the activation of protein kinase A and the 

phosphorylation of AQP-1 or by the direct binding of cAMP to AQP-1. Results 

presented in this chapter test the hj^othesis that increased intracellular cAMP 

can influence the permeability of the AQP-1 water channel. 
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9.2 MATERIALS AND METHODS 

9.2.1 In vitro transcription ofaquaporin RNA 

The expression vector encoding AQP-1, pCHIPev (10 ng), was linearized 

using the restriction endonudease BamHI at 3TC for 1 hr. The linearized DNA 

(1 of 10 p.g) was resolved by electrophoresis on a 1% TAE agarose gel to 

visualize the results of the restriction reaction. The DNA was extracted three 

times with NTE-equilibrated phenol/chloroform (1:1 v/v), once with 

chloroform, and precipitated overnight in ethanol. DNA was centrifuged at 

13,000 rpm at 4°C for 15 min, the supernatant was decanted and the pellet 

washed with 70% ethanol (in DEPC-treated water). The DNA was centrifuged 

at 13,000 for 5 min at 4°C, the supernatant was decanted, the pellet was dried and 

resuspended in 17 |il of DEPC-treated water. To the DNA, 10 |il of rNTPs (2.5 

mM each), 5 ^1 of rGpppG cap (10 mM), 5 pJ of DTT (lOOmM), 10 |jI of 

transcription buffer (5X stock), 2 (jJ of RNasin and 1 |il of T3 RNA polymerase 

were added (transcription reagents from Gibco/BRL). After 3 hrs of incubation 

at 37°C, 1 |il of RNasin and 1.5 ^il of RQl DNase (Promega) were added to the 

mixture and incubated for 30 min at 37°C. The RNA was extracted by adding 50 

|il of DEPC-treated water, 50 pi of phenol and 50 |il of chloroform. The mixture 

was centrifuged at 13,000 rpm for 5 min at 4°C, the supernatant was transferred 

to a fresh tube and extracted once more with phenol/chloroform, followed twice 

with chloroform. The RNA was precipitated with 20 |il of filter-sterilized 3M 

sodium acetate and 200 ^il of 100% ethanol for 30 minutes at -SO^C. The RNA was 

centrifuged at 13,000 rpm for 15 min at 4°C, the pellet was washed with 70% 

ethanol (with DEPC-treated water), dried, and resuspended in 12 |il of DEPC-

treated water. 
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9.2.2 Oocyte removal 

A female Xenopus laevis frog was anesthetized in 0.2% Tricaine (Sigma) for 

30 minutes. The frog was placed on ice, ventral side up, and a 5 mm incision was 

made one side of the midline of its lower abdomen. A similar incision was made 

through the muscle layer. Using forceps, several ovarian lobes were retrieved 

from the frog's abdomen, the connective matrix of the lobe was cut and the lobes 

of eggs were placed in a 60 ml culture plate with ND-96 culture mediiim (120 

mM NaCl, 2.5 mM KCl, 2.3 mM CaCl,, 1.3 mM MgCL and 6.3 mM HEPES, pH. 

7.6, with Perucillin and Streptomycin). Both the muscle and skin layers were 

sutured with 5-0 chromic gut sutures. 

9.2.3 Defolliculation 

The finger-like lobes of the ovary were opened lengthwise with dissecting 

scissors. The eggs were rinsed in a 50 ml conical tube containing 30 ml of OR-2 

media (110 mM NaCl, 3.3 mM KCl, 1.3 mM MgCL and 6.3 mM HEPES, pH. 7.6 

with Penicillin and Streptomycin) and 45 mg of coUagenase type lA (Sigma). 

The eggs were shaken at 18°C for 2 hr and checked periodically under a 

dissecting microscope for the loss of their follicular coats. When 50% of the coats 

were gone, the eggs were rinsed 5 times with fresh OR-2 and the oocytes were 

transferred to a 60 ml culture plate containing fresh ND-96 medium. 

9.2.4 Oocyte selection 

The oocytes were examined under a Nikon dissecting microscope and 

segregated into a separate 60 ml plate containing ND-96. Oocytes were chosen to 

be acceptable (stage 5-6) if they were large (1.0- 1.3 mm diameter) and have an 

even symmetrical pigmentation. Eggs were determined to be acceptable if their 

two hemispheres were equally divided in color; with the animal hemisphere 
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having an uniform dark brown color and the vegetal hemisphere having imiform 

pale white color and neither hemisphere having a mottled appearance. 

9.2.5 Injection 

An injection pipet was pvdled on a Narishige electrode puller, poked twice 

through a clean Kim wipe, filled with mineral oil and inserted into the injection 

tubing. Care was taken to remove air bubbles from the pipet and injection 

tubing. Water (DEPC-treated) containing AQPl cRNA (60 ng/3 ^1) was 

centrifuged at 10,000 rpm in a microcentrifuge for 1 min, was dropped onto a 

sterile cultiore plate, and drawn into the injection pipet. The oocytes were 

injected with either 50 nl of water (DEPC-treated) containing 1 ng of cRNA or 50 

nl of water alone into the vegetal side of an oocyte. 

9.2.6 Immunofluorescence microscopy 

Oocytes were placed in Tissue-Tek mounting medium (Miles Inc.) and 

quick frozen in liquid nitrogen. Sections of 10 ^ thickness were prepared using 

a cryostat, placed on gelatin-coated slides and fixed in 4% paraformaldehyde in 

phosphate buffered saline (PBS) for 5 min at 22°C. Sections were washed (3 x 15 

min) with PBS, incubated with sodium borohydride (1 mg/ml) for 10 min, 

washed (3 x 15 min) again with PBS, and permeabilized with 0.05% saponin in 

PBS at 22°C. Sections were incubated overnight with anti-AQPl IgY at a 1:500 

dilution in saponin buffer (0.05% saponin, 10% goat serum in PBS), and washed 

(3 X 15 min) with PBS containing 0.05% saponin at 22°C. The sections were 

incubated with secondary antibody (rabbit anti-chicken, FITC-conjugated, Pierce) 

at a 1:50 dilution in saponin bxiffer for 1 hr at 37°C. The sectior\s were washed (3 

X 15 min) in PBS containing 0.05% saponin and mounted for microscopy. 
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9.2.7 Osmotic challenge assay 

After incubation for 3 days, the experiments were initiated by transferring 

oocytes from 200 mOsM ND-96 media to 100 mOsM ND-96 media (100 mOsM 

gradient) at 22°C. Osmotic swelling of the oocytes was morutored by 

videomicroscopy with a Nikon dissecting microscope equipped with a CCD 

camera (MTI). The cross-sectional area of each oocyte was captured at 15 sec 

intervals for 5 min and calculated using image-1 software (Universal imaging 

corp., Westchester, PA). The positive change in relative volume per vinit time, 

d(V/VJ/dt, was fit by a computer to a quadratic polynomial, and the initial rates 

of swelling were calculated. The volumes of sequential images were calculated 

as previously described (Preston et al., 1993). Osmotic water permeability (?,) 

was calculated from the initial rate of cell volume change using the formula: P,= 

(V^ X d(V/V„)/dt) / (S X (Osm^^ - Osm„„,)), initial cell volume Vj= 9 x 10"* cm^ 

initial oocyte surface area S = 0.045 cm% and volume of water V„= 18 cmV mol. 

9.2.8 Cyclic AMP assay 

Oocytes were maintained in ND-96 culture medium at 18°C. Oocytes 

were transferred to a glass test-tube and were stimulated with 10 fiM forskolin in 

500 |il of ND-96 or remained in 500 |ji of ND-96 for 10-30 minutes at 22°C. The 

drug solutions were aspirated, the tubes were transferred to ice and 500 |ji of ice-

cold Tris/EDTA (50 mM Tris/4 mM EDTA, pH= 7.5) was added to each. The 

oocytes were homogenized with a Polytron homogenizer, transferred to 

microfuge tubes, boiled for 10 minutes, and centrifuged in a microcentrifuge at 

maximum speed for 10 minutes (-12,000 x g). The supernatant (50 jil) was added 

to 50 ^il ['H]cAMP (Dupont-NEN, Boston, MA) and 100 |jI of cold protein kinase 

A (PKA, Sigma) solution (0.06 mg PKA/ml of Tris/EDTA). Following a two 

hour incubation at 4°C, 100 [jI of activated charcoal solution (20 mg/ml activated 
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charcoal containing 2% BSA in Tris/EDTA) was added and the mixture was 

vortexed and centrifuged at maximum speed in a microcentrifuge for 1 minute at 

ITQ. The samples were placed on ice and 200 |ji of each supernatant was 

transferred to scintillation vials for coimting. A standard curve was generated by 

adding 50 |il of cAMP standards (0.25-32.0 pmoles, Sigma), instead of cytosol, to 

PKA solution with [^H]cAMP. 
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9.3 RESULTS 
9.3.1 I/rWliinOflliOVcSCcnCc i'tllCYOSCO'py 

Ooq^tes from Xenopus laevis are aorrently considered the standard model 

system for the expression of water channels and the measurement of their 

functional activity by an osmotic swelling assay. The expression and the 

insertion of AQP-1 protein into the oocyte plasma membrane was reconfirmed 

by immunofluorescence microscopy. In figure 9.1A, the plasma membrane of 

AQP-l-rnjected oocytes immunoreacted with anti-AQPl IgY, while the 

cytoplasm has only weak immxmoreactivity. In panel B, water-injected oocytes 

represent a negative control and show only background labeling. 

9.3.2 Osmotic permeability assay 

The functional activity of AQP-1 was tested in Xenopus oocytes that were 

injected with ~1 ng of in vitro trar\scribed complementary RNA (cRNA). Three 

days following injection of AQP-1 cRNA, oocytes were subjected to a 100 mOsM 

osmotic gradient, and swelling rates were monitored by videomicroscopy. 

Figure 9.2A depicts a time-course of swelling for oocytes that were injected with 

either water or 1 ng of AQP-1 cRNA in water. AQP-l-injected oocytes were 

pretreated with forskolin (10 |iM) for 15 min, HgCl, (100 |iM) for 5 min or were 

untreated. Oocytes expressing AQP-1 that were treated with forskolin 

demonstrated the greatest rate of swelling. The oocytes expressing AQP-1 that 

remained imtreated were next, then HgCl-treated oocytes expressing AQP-1 and 

lastly the water-injected oocytes were the least permeable to water. The relative 

volume to time relationships shown in figure 9.2A were used to determine the 

permeability coefficients (P,) of oocytes in the different treatment group shown in 

figure 2B. Oocytes expressing AQP-1 and treated with forskolin (P^ = 48.5 X 10"* 

cm/s) demor\strate a 56% increase in permeability over untreated oocytes 

expressing AQP-1 (P, = 27.2 X 10"* cm/s). Compared to water- injected oocytes 
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Figure 9.1. Immunofluorescence microscopy of Xenopus oocytes that were 
injected with cRNA encoding AOP-1 (panel A) or water (panel B)" Oocytes were 
either injected with ~1 ng or in vitro transcribed RNA encoding AQP-1 or with 
50 nl of DEPC-treated water. After 3 days, oocytes were prepared for 
immunofluorescence microscopy as described in Methods. Bar = 10 |im. 
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Figure 9.2. Osmotic water permeability of Xenopus oocytes following injection 
with water (water) or following injection with cRNA encoding aquaporin-1 
(AOP-1) and treatment with either 10 uM forskolin (AOP-l+forskcnin) or 100 
HgCL (AOP-l+HgClX Experiments were done three days following injection. 
The time-dependent swelling of oocytes was captvired by videomicroscopy at 15 
sec intervals for 5 min and analyzed as previously described (Preston, 1992). 
AQPl-injected oocytes were pretreated for 5 min with HgClj (O) or for 1 min 
with forskolin (O). Data were collected upon changmg to 100 mOsM ND-96 
culture medium (200 mOsM ND-96, diluted 1:1, v/v with distilled water) and are 
the means of the number of oocytes indicated in the parentheses. Similar results 
have been obtained in two additional experiments with eggs from different frogs. 
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(1.9 X 10"* on/sec), oocytes expressing AQP-1 demonstrate a 16-fold increase in 

permeability which increases to 25.7-fold following treatment with forskolin. As 

a control, water injected oocytes were treated with forskolin and were shown not 

to differ from unstimulated oocytes (data not shown). 

9.3.3 cAAiP assay 

As a control experiment, oocytes were treated with forskolin and assayed 

for cAMP acciunulation. Figure 9.3A shows a time-course of cAMP 

accumulation in oocytes that were treated with forskolin (10 |iM). The first 

measiurement at 10 minutes shows a 2 fold increase in cAMP in treated oocytes 

over untreated oocytes. Maximal accumulation is noticed at 15 minutes (3-fold) 

and returns to a 2-fold increase at 20 min. The 15 min incubation time was 

chosen for the swelling experiments with AQP-l-injected oocytes and was 

characterized using a greater number of oocytes in figure 9.3B. Thus, at 15 

minutes there is a significant increase (2 fold) in cAMP accumulation in 

forskolin-treated oocytes versus untreated oocytes. 
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Figure 9.3. Accumulation of cAMP in Xenopiis oocytes following treatment with 
forskolin. Panel A shows the cAMP accumulation in oocytes over time following 
treatment with forskolin, while, panel B shows the accxunulation of cAMP in 
oocytes following a 15 min incubation with forskolin. Oocytes were maintained 
in ND-96 culture media and stimulated with forskolin (10 mM, +FSK) or 
remained untreated (NO FSK). Cell lysates were collected and examined for 
cAMP content using a [^H]cAI^/PKA binding assay as described in Methods. 
Shown is a representative experiment or three and the number of 
oocytes/condition are indicated. 
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9.4 DISCUSSION 

Aquaporin-1 was the first of the water channels to be cloned, expressed 

and shown to conduct water. Because of its distribution in the kidney (in the 

constitutively permeable proximal tubules), in comparison to AQP-2 (in the 

vasopressin-sensitive collecting ducts), it was named the "constitutive" water 

channel. Unlike AQP-2, AQP-1 was not packaged in vesicles that mobilized to 

the plasma membrane upon an elevation in intracellular cAMP and did not 

contain a consensus site for phosphorylation. Thus, its permeability to water 

was hypothesized to be constitutive. The present study demonstrates for the first 

time that AQP-1, like AQP-2 does respond to increases in intracellular cAMP 

with a corresponding increase in permeability to water. Following stimulation 

with forskolin, AQP-l-injected oocytes demor\strated more than a 50% increase 

in their permeability to water over AQPl-injected oocytes that were untreated. 

Functionally, a phosphorylation event represents a mechanism of control 

over a physiological parameter. In the case of the aquaporins it appears that this 

parameter is an increase in water permeability of a cell and ultimately of a tissue 

as a whole. For example, the phosphorylation of a-IIP is hypothesized to allow 

a dynamic control of vacuolar swelling and fusion. It is believed that the 

regulation of a-TTPs, highly-selective pathways for water, are counter balanced 

with less selective water transport pathways, such as the diffusional permeability 

of the plasma membrane, in order to finely control the osmotic behavior of the 

protein storage vacuoles in the tonoplast. For another example, the elevation of 

intracellular cAMP following the stimulation of vasopressin type 2, V,, receptors 

on the collecting duct epithelial cells by vasopressin has two independent effects 

on AQP-2. Elevated cAMP activates kinases that phosphorylate AQP-2 and 

result in an increase in permeability to water. In addition, cAMP has been shown 
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to stimulate the insertion of exoq'^totic AQP-2 vesicles into the apical plasma 

membrane which resialts in an increase in membrane permeability to water. 

The regulation of AQP-1 by intracellular cAMP levels may be 

physiologically significant in tissues that express AQP-1 and are known to 

change permeability in response to receptors that are coupled to cAMP. Thus, 

the activation of cXj-adrenergic receptors or the blockade of the p-adrenergic 

receptors in the ciliary process of the eye is a standard therapy for the treatment 

of glaucoma. Decreases in cAMP levels in this tissue correlate with a decrease in 

the secretion of aqueous humor into the eye, and thus must involve a decrease in 

permeability of these cells to water. Moreover, cells of the ciliary process of the 

eye express AQP-1 (Stamer et ai, 1994). Thus, based upon the evidence 

presented in this chapter, the decrease in permeability of the ciliary process in 

response to a decrease in intracellular cAMP may be partly explained by a 

decrease in the conductance of AQP-1 to water. This hypothesis provides an 

additional mechanism to explain the responsiveness of the ciliary process 

epithelial cells to agents that regulate cAMP levels. 

There are a myriad of second messenger pathways and kinases that the 

elevation of cAMP can effect. Although AQP-1 does not have a consensus site 

for PKA it does have a consensus site for PKC. However, experiments directed 

at testing the effects of phorbol ester on the phosphorylation of these sites have 

failed to demonstrate a change in the permeability of AQP-1 to water (van Os, 

1994). Since the present study demonstrates the ability of cAMP to modulate 

chaimel function, the possibility exists that cAMP binds directly to AQP-1. 

Sequence alignments between AQP-1 and other membrane proteins that bind 

cAMP reveal some regions of homology in their carboxyl tail. Similarities were 

foimd with several of the ion channels, including the vertebrate photoreceptor 

and olfactory cation channels which bind cyclic nucleotides on their carboxyl 
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termini (Kaupp et al., 1989). With this in mind, a fusion protein construct which 

contains a portion of glutathione-S-transferase and the entire carboxyl terminus 

of AQP-1 was tested for its ability to bind cAMP. However, preliminary results 

indicated that this construct does not bind cAMP (data not shown). This can be 

interpreted to mean that the carboxyl terminvis of AQP-1 does not bind cAMP or 

the construct does not adequately represent the native AQP-1 tail and thus does 

not form a cAMP binding pocket. 

Once thought of as consititutive pores that were regvilated orUy at the 

level of mRNA and vesicular trafficking (for AQP-2), three of the aquaporins are 

known to be phosphorylated and results from this present study suggest that a 

forth, AQP-1 is modified either by phosphorylation or cyclic nucleotide binding. 

Evidence presented in this chapter shows that upon treatment with forskolin, 

AQPl-injected oocytes exhibit more than a 50% increase in their permeability to 

water over untreated oocytes. Furthermore, this increase in permeability 

correlates well with the two-fold elevation in intracellular cAMP that was 

measured in forskolin-stimulated oocytes. For future studies, this observation 

needs to be expanded to characterize the exact nature of the second messengers 

and/or kinases Involved, and the site(s) on AQP-1 where the phosphorylation 

event or cyclic nucleotide binding occurs. 
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CHAPTER 10 

Simunary, Conclusions and Future Directions 

10.1 SUMMARY 

The presence of aquaporin-1 (AQP-1) water channels in several structures 

of the human eye was documented in chapter 3. Following this irutial 

observation, the primary goal of my studies was to establish a functional lirik 

between the newly discovered AQP-1 water channels and the Oj-adrenergic 

receptors (ou-AR) that were known to regulate secretion in the eye. 

In order to find a model to study the relationship between the cx,-AR and 

AQP-1, antibodies were generated to three regions of AQP-1 and were used to 

screen several different cell lines for the presence of AQP-1 water channels. 

These same cell lines were also examined with antibodies to each of the (X-AR 

subtypes. Because both the cx,-ARs and AQP-1 water channels are present in the 

mammalian eye and kidney, transformed cell lines from these tissues were 

chosen. Since most of these transformed cells lines were found to contain one of 

the (X,-AR subtypes but not the AQP-1 water channels, primary cell cultures were 

considered as an alternative model. Subsequently, a primary cell line from the 

outflow region of the eye, the trabecular meshwork, was examined and shown to 

have both AQP-1 water channels and OjA-adrenergic receptors. Thus, hvm:ian 

trabecular meshwork cells (HTM) provided a model to study the interaction of 

these two proteins. 

Using HTM cells as a model, the effect of dexmedetomidine, and oc,-

agonist, on AQP-1 protein and messenger RNA levels was monitored. 

Activation of a,-adrenergic receptors in hixman trabecular meshwork cells by 

dexmedetomine did not result in a measurable change in either AQP-1 protein 
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levels or distributiori, as observed by inamunofluorescence microscopy. In 

addition, dexmedetomidine treatment did not affect the apparent amoxint of 

AQP-1 messenger RNA in human trabecular meshwork cells as determined by 

Northern blot analysis. 

While neither the protein nor message levels of AQP-1 were noticeably 

altered, the permeability characteristics of the charmel itself were changed upon 

the application of forskolin, a direct stimulator of adenylyl cyclase. Thus, upon 

elevation of cAMP by forskolin, the conductance of AQP-1 to water increased 

more than 50% over control. This is significant because activation of ot,-

adrenergic receptors inhibits the activity of adenylyl cyclase in tissues that are 

known to have both AQP-1 and (X,-AR receptors, and provides a mechanism for 

their interaction. Therefore, these data provide evidence to support the general 

hypothesis that cx,-adrenergic receptors and aquaporin-1 water charmels are 

functionally coupled. 

10.2 CONCLUSIONS 

While testing the general hypothesis that Oj-ARs and AQP-ls are present 

in the human eye and are functionally coupled, experiments were designed and 

several novel observations were made: 1) Using modem techniques in 

molecular biology, functional antibodies to three specific regions of AQP-1 were 

generated, and used in experiments that provided corroborating evidence that 

support the six-transmembrane model for AQP-1. 2) Using immimofluorescence 

microscopy in frozen sections of human eyes, AQP-1 was localized to several 

structures of the human eye. One of these structures, the trabecxilar meshwork, is 

the primary outflow route for aqueous in primates and the location of the 

pathology of glaucoma. 3) To support this uruque observation, HTM cells were 

cultured from cadaver eyes and shown to contain AQP-1 messenger RNA by 
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poljnuerase chain reaction and Northern blot analysis, and AQP-1 protein by 

immunofluorescence microscopy and Western blot analysis. 4) Additionally, 

HTM cells were screened with antibodies specific to each of the a,-AR subtypes 

and shown to contain the subtype. 5) These endogenous (x,A receptors were 

activated and shown to functionally couple to several second messenger systems 

which include cAMP, mitogen activated protein (MAP) kinase and proliferating 

cell nuclear antigen. Significantly, this was the first time that endogenous a,-ARs 

have been shown to activate MAP kinase in primary cell cultures. 6) Finally, the 

permeability of AQP-1 to water was shown to increase upon treatment with 

forskolin in the Xenopiis oocyte model which challenged the current idea that 

AQP-1 is a "constitutive" water charmel and is not regialated at the "protein 

level". This last observation provided evidence to support the general 

hypothesis that a,-adrenergic receptors and aquaporin-1 water channels are 

hmctionally coupled through a cAMP second messenger. 

10.3 FUTURE DIRECTIONS 

The observation that AQP-1 is functionally modulated by cAMP provides 

a foundation to study: 1) the relationship between AQP-1 water chaiuiels and G-

protein coupled receptors that interact with adenylyl cyclase, such as the a, 

receptors, 2) the intercellular components in between the activated receptor and 

the modified AQP-1, such as G-proteins and kinases, 3) the chemical 

modification of the AQP-1 polypeptide, such as cAMP binding or 

phosphorylation that alters AQP-1 permeability to water and 4) the permeability 

characteristics of the channel pore at the molecular level upon stimulation. In 

addition to an increased permeability to water, studies that are currently in 

progress demonstrate that AQP-1 becomes permeant to mixed cations upon 

stimulation with cAMP (impublished observatioris). 
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While cyclic AMP has been shown to alter the permeability of AQP-1 in 

vitro, the physiological relevance of the regulation of aquaporin-1 water chaimels 

awaits characterization in native tissues. With this focus, investigations may 

uncover information that will aid in the understanding and treatment of diseases 

that are characterized by an aberrant control of water movement, such as 

glaucoma. 
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