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ABSTRACT 

Aquaporins (also known as water channels) are members of the Major Intrinsic 

Protein family. Ion channel function has been shown for several members of the 

aquaporin family and the related neurogenic gene product Big Brain. Aquaporin-1 

(AQPl) is a transmembrane channel that mediates osmotically-driven water flux. Prior 

work demonstrated that AQPl channels expressed in Xenopus oocytes mediate a cGMP-

dependent cationic current. Based on amino acid sequence alignments with cyclic 

nucleotide-gated chaimels and cGMP-selective phosphodiesterases, I found that the 

efficacy of ion channel activation is decreased by mutations of AQPl at conserved 

residues in the C-terminal domain (aspartate D237 and lysine K243). These data provide 

direct evidence for the involvement of the AQPl carboxyl terminal domain in cGMP-

mediated ion channel activation. Because the proportion of active AQPl ion channels 

seen in heterologous expression systems is low, it was of fundamental importance to 

investigate the functional properties of this channel in a physiological context. 

Using rat choroid plexus, a brain tissue that secretes cerebral spinal fluid (CSF) 

and endogenously expresses abundant AQPl, I demonstrated the existence of native 

AQPl ion channels that show properties similar to those described previously in the 

oocyte expression system. They mediate a cGMP-dependent cationic conductance, are 

blocked by cadmium, and show a single-channel conductance of 166 pS. 

Given the skull's rigidity, pathological increases in CSF secretion (tumors, 

hydrocephalus, stroke) can result in brain damage. In the choroid plexus several proteins 
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work ia concert to regulate CSF secretion. The findings presented in this dissertation are 

first to demonstrate that AQPl mediates a cationic current in response to intracellular 

signals that regulate CSF secretion such as ANP signaling. Fluxes of water and Na"*" 

across confluent choroid plexus cell monolayers showed a decreased flow rate following 

treatment with ANP, and Cd^"^ reversed the inhibitory effect. These results suggest that 

activation and block of the AQPl-mediated ionic current may alter net fluid transport 

across the choroid plexus barrier, and therefore be physiologically relevant in the 

regulation of net fluid transport in choroid plexus. This places AQPl as one of the 

important targets for clinical intervention in brain volume disorders. 
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CHAPTER 1. BACKGROUND AND LITERATURE REVIEW 

1.1 CHOROID PLEXUS 

The choroid plexus is a specialized tissue that lines domains within the four 

ventricles of the brain where up to 80-90% of cerebrospinal fluid (CSF) is produced. 

Maintenance of an equilibrium in volume and composition of the CSF is vital for a 

normal brain function, to ensure an optimal environment for the neurons. The ventricles, 

filled with CSF, are lined by ependymal cells, and are connected together by foramina. 

Choroid plexus is present on the floor of each lateral ventricle. It passes into the 

interventricular Foramina of Monro, and is present on the roof of the third ventricle. The 

cerebral (Sylvian) aqueduct connects the third with the fourth ventricle and represents the 

narrowest passage in the ventricular system. There is also choroid plexus on the roof of 

the fourth ventricle, organized in a T-shape. The ventricles are continuous with the 

central canal of spinal cord. Figure 1.1 summarizes the pathways of CSF circulation. In 

adult humans, the total weight of the choroid plexus in the four ventricles is about 1-2 g, 

and contains 10^ epithelial cells organized in finger-like projections (villi) that confer a 

total surface area of about 200 cm (Voetman, 1949). 

(1) Cerebrospinal Fluid 

In the central nervous system (CNS) there are two main types of extracellular 

fluids: the cerebrospinal fluid (CSF) contained in the ventricles and subarachnoid space; 

and the interstitial fluid (ISF) that bathes the neurons and glial cells in the brain 

parenchyma. The CSF is a crystal-clear, colorless fluid that is actively secreted from the 



14 

blood into the ventricles of the brain by the choroid plexus, and circulates in the spaces 

within and surrounding the spinal cord and brain. The blood supply to the choroid plexus 

is from small branches of the internal carotid arteries. Astrocytes are present to support 

both the neurons and the blood vessels. CSF flow through the ventricles is aided by cilia 

of ependymal cells. Ventricular CSF mixes with fluid in the subarachnoid space, and then 

is conveyed to drainage sites where the CSF is reabsorbed back into the venous 

bloodstream through the arachnoid villi. The total volume of CSF in adult humans is 

about 140 ml; about 600 ml are secreted daily to replenish the circulating CSF 

approximately every 5-6 hours. The mean volume of the ventricular system is close to 30 

ml. The rest of the CSF is distributed around the spinal cord (30 ml) and in the 

subarachnoid spaces and cisterns (80 ml) that envelop the cerebral and cerebellar 

hemispheres. 

The CSF exerts several functions (see review by Johanson, 2003) in serving 

the brain: protection against shearing and tearing forces by creating a water-suspension 

for the brain; stabilization of intracranial pressure by adjusting the CSF volume in 

accordance with changes in blood or nervous tissue volume; primary source for transport 

of micronutrients, growth factors and hormones that are essential for brain development 

and metabolism; protection against oscillation of concentration of certain ions (such as 

and H^) in the brain extracellular fluid; removal of catabolites, protein breakdown 

products and toxic substances (actively transported by choroid plexus); parasynaptic 

transmission by transporting neurotransmitters over long distances; and drug delivery to 

target cells. 
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Three different cellular linings (each composed of a single layer of cells) 

separate the CSF system from the brain (Figure 1.2). Inside the brain, ependymal cells 

separate the ventricular CSF from the nervous tissue. On the outside surfaces of the brain, 

cells of the pial-glial linings separate the CSF contained in the subarachnoid space from 

the nervous tissue. In the ventricles, the choroid plexus epithelium separates ventricular 

CSF from the blood supplied by the vascular plexus. While cells of the ependymal and 

pial-glial linings possess discontinuous gap-junctions in the intercellular regions allowing 

relatively free passage of solutes from and to CSF, the choroid plexus epithelium 

represents a barrier for many molecules and ions. As a consequence, the composition of 

the CSF is more similar to the brain ISF than the plasma. 

(2) Structure and function 

The choroid plexus consists of many highly permeable (fenestrated) 

capillaries and choroid epithelial cells. Liquid is actively secreted through these cells 

from blood into the ventricular lumen to become CSF. The epithelium of the choroid 

plexus consists of a single layer of cuboidal frond-like cells, tightly packed to each other 

via tight junctions or zonula occludens (Figure 1.3). These tight junctions located near 

the apical region (CSF-facmg side) of the epithelium form the blood-CSF barrier, 

providing a physical restriction to the passage of most solutes between plasma and CSF. 

The ultrastructural organization of organelles in choroid plexus epithelial cells 

consistently reflects their fimction in active transport associated with CSF secretion and 

ion homeostasis. In fact, they typically have a high density of mitochondria, a rich Golgi 



16 

apparatus, and an extensive microvilli system on the apical membrane (Figure 1.4; Keep 

and Jones, 1990). They resemble the cells of the renal proximal tubule epithelium, which 

is also highly specialized to transport water, ions, and organic solutes. 

The choroid plexus epithelial cells are typically polarized: the apical 

membrane faces the lumen of the ventricles, and the basolateral membrane faces the 

blood side where the capillaries are present. Numerous classes of ion channels and 

transporters are targeted specifically to each side of the cellular membrane, and they all 

work in concert to secrete CSF. The first step in this process is the filtration of plasma at 

the level of the choroidal capillary endothelium; the fenestrated structure offers minimal 

restriction to the passage of ions and other molecules (Figure 1.5). The coordinated 

activity of ion channels and transporters localized in the apical and basolateral 

membranes of choroid plexus epithelial cells determines the vectorial transport of salt 

and water to CSF. The primary driving force for fluid secretion is the Na^-K^-ATPase 

pump, which is unusual in choroid plexus in that it is located in the apical membrane 

(Masuzawa et al., 1984). The hydrolysis of ATP by the ATPase provides the energy for 

creating the Na"*" gradient essential for primary and secondary transport processes to 

generate a net transcellular movement of ions in CSF secretion (Figure 1.6). The 

movement of water, coupled to the net transport of salt into the lumen of the ventricles, 

is mediated by aquaporins. Specifically, AQPl is abundantly and specifically localized 

at the apical membrane of choroid plexus cells (Nielsen et al., 1993; Speake et al., 2003). 

On the other side, to date no aquaporins have been identified at the basolateral 

membrane, leaving open the question of how water moves across this membrane 
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(Speake et al., 2003; Nielsen et al, 1997). It is possible that other aquaporins, not yet 

identified, might contribute to water movement at the blood-CSF barrier, and it will 

require further investigation. The contribution of water channels is absolutely important 

considering that up to 80-90% of the water contained in the CNS enters from the choroid 

plexus. AQP4 expression has been found in the cytoplasm of rat choroid plexus (but not 

in either the apical or basolateral membranes) suggesting a possible expression in the 

membranes of intracellular organelles (Speake et al., 2003); however, other studies did 

not find evidence for AQP4 expression (Nielsen et al., 1997). 

Comparing the composition of CSF and plasma (Table 1.1) it is important to 

note in the CSF the lower levels of proteins and amino acids, and the slightly lower pH. 

CSF ion homeostasis is vital and the choroid plexus is responsible for keeping a stable 

composition of solutes buffering changes in the face of wide ions variations in plasma. 

For example, it is essential to maintain the low levels of CSF and Ca^^ since even 

small changes in their concentration can alter CNS excitability. The structural 

organization of the choroid plexus is suitable for this function: the presence of the tight 

junctions between cells confers to the epithelium the ability to act as a permeability 

barrier; the various transportes and ion channels enable the choroid plexus to regulate the 

passage of substances across the barrier. 



18 

(3) Ion channels 

Different populations of ion channels have been described in the choroid 

plexus epithelial cells, and some of them have been suggested to have a role in CSF 

secretion as well as cell volume regulation. 

Two types of channels have been identified in the rat lateral and fourth ventricle 

choroid plexus: 

- The inward-rectifying channel, Kir?. 1 was investigated with electrophysiological 

and immunocytochemical techniques (Kotera and Brown, 1994a; Doring et al., 1998; 

Nakamura et al., 1999). The conductance is time-independent, blocked by Ba and 

Cs^ and independent from extracellular K^. It is expressed in the apical membrane, 

suggesting it might contribute to the resting potential of the cell as well as serving as 

an apical leak pathway for ~90% of the ions pumped into the cell by the Na"^lY^-

ATPase. 

- Delayed-rectifying channels, Kvl.l and Kvl.3 have also been investigated with 

electrophysiological and immunocytochemical techniques (Kotera and Brown, 

1994a; Speake et al., 2004). They exhibit time-dependent activation at depolarizing 

potentials, and are blocked by Ba^^, tetraethylammonium (TEA), Cs^ and 4-

aminopyridine (4-AP). In addition, they are Ca^"^ insensitive, and inhibited by 

serotonin (5-HT) probably via PKC stimulation (Speake et al., 2004). They also are 

expressed at the apical membrane, suggesting they might contribute to the recycling 

ofK^ ions pumped into the cell by the Na^/K^-ATPase, which is vital to the 

maintenance of cell volume. Also, they might influence CSF secretion as they affect 
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the resting membrane potential, which plays an important role in driving salt 

movement (Speake et al., 2001). Results from Speake and colleagues (2004) indicate 

that these channels are active in the physiological range of the resting membrane 

potential of the choroid plexus epithelial cells, between -25 and -65 mV, suggesting 

they contribute in keeping the intracellular negative membrane potential. Also, 

modulating the activity of these channels will change the resting membrane 

potential, and therefore might affect the movement of anion at the apical side 

resulting in a decrease in the rate of CSF secretion. 

Other channels might contribute to the whole-cell conductance in the choroid 

plexus epithelial cells at the basolateral membrane. 

Two types of anion channels have been characterized in choroid plexus: 

- Inwardly-rectifying anion channels have been investigated using elctrophysiological 

techniques in rat, mouse and pig choroid plexus (Kajita et al., 2000a, b; Kotera and 

Brown, 1994b, c; Kibble et al., 1996, 1997; Speake and Brown, 2004). They exhibit 

time-dependent activation at hyperpolarizing potentials, high permeability to HCO3', 

are blocked by Ba~^, Cd^^, Zn^^, and H^, and are activated by protein kinase A and 

cAMP. They provide the major contribution to the whole-cell conductance at the 

resting membrane potential, suggesting they have a role in CSF secretion. The 

molecular identity still remains to be identified. ClC-2 has been proposed as a 

possible candidate in pig choroid plexus (Kajita et al., 2000b), but studies done in 

ClC-2 knock-out mice suggest that there might be a novel, not yet identified, inward-

rectifying anion channel (Speake et al., 2002). Studies on transgenic knockout mice 
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lacking the cystic fibrosis (CFTR) gene suggest that CFTR is not the anion channel 

in choroid plexus either (Kibble et aL, 1997). 

- Volume-sensitive anion channels, they have been investigated using 

elctrophysiological techniques in rat and mouse (Kibble et aL, 1996,1997; Speake 

and Brown, 2004). They are activated by cell swelling, exhibit outward rectification, 

and depend on intracellular ATP. The membrane locatization of these channels 

remains to be determined. It is unlikely that are involved in CSF secretion, since it 

does not contribute very much to the whole-cell currents at normal cell volume. 

Comparison of the various ion channels conductances in the lateral and fourth 

ventricle choroid plexus revealed no significant differences in the cells from the two 

different locations (Speake and Brown, 2004). Species differences have been reported in 

ion channel expression between mammalian and amphibian choroid plexus (see review 

Speake et aL, 2001), which makes difficult to compare choroid plexus fiinction. For 

example, large conductance Ca^^ dependent K^ channels are expressed in amphibia and 

not in mammalian choroid plexus (Loo et al., 1988; Brown et aL, 1988). 

In summary, several agents, such as serotonin, vasopressin or atrial natriuretic 

peptide have been implicated as modulators of CSF secretion (as discussed below in 

more detail), which is consistent with the effects identified on some of the ionic 

conductances of the choroid plexus epithelial cells. 
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(4) Cell types 

Wislocki and Ladman (1958) were the first to describe two different cell types 

in the choroid plexus epithelium, called "light" and "dark" epithelial cells based on their 

anatomical appearance at the microscopic level. The authors suggested that the 

difference in apparent cytoplasmic density between the two cell types could reflect 

different phases in the secretory cycle of the epithelium, and represent two different 

'phenotypes' of the same basic cell. Subsequently, they have been observed in adult rat 

choroid plexus (van Deurs et al., 1978, Johanson et al., 1999a,b), and in the fetal mouse 

choroid plexus (Sturrock, 1979). The dark cells comprise 5-10% of the total cell number 

at all ages. Typically, they are distinguishable from the light ones for having a dark, 

electron-dense cytoplasm (visible with both light and electron microscopy), more 

narrow microvilli, dilated basolateral spaces, and a smaller size probably as a 

consequence of lost water from the cytoplasm (Figure 1.7). 

The number of dark epithelial cells increases by more than twofold after 

exposure of the choroid plexus to A VP (Figure 1.7; Johanson et al., 1999b; Liszczak et 

al., 1986; Schultz et al., 1977), which is associated with decreased CSF production. Dark 

cell appearance can also be induced by other peptides, such as ANP and FGF-2 (Preston 

et ai, 2003; Weaver et al., 2003, Johanson et al., 1999a), which decrease CSF formation 

rate. Furthermore, they occur more frequently in the choroid plexus of dehydrated and 

hydrocephalic animals (Schultz et al., 1977; Shuman and Bryan, 1991). The current 

hypothesis is that these dark cells might be associated with a state of stimulated 

transchoroidal reabsorption of excess CSF (or a state of downregulated secretion). 
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promoting the removal of ions and water from the ventricles via ion channels and 

transporters located at the apical (CSF-facing) membrane of the choroid plexus 

epithelium. In favor of this idea are the stimulating effect of FGF-2 and A VP on the Na"*"-

K^-2Cr cotransporter, which has been proposed to play a central role in the reabsorption 

of from the CSF to blood (Wu et al., 1998); and the A VP-induced decrease in CI" 

efflux (Johanson et al., 1999b). Considering that the movements of ions and water are 

tightly coupled in the epithelium, both mechanisms might possibly explain the inhibition 

of CSF secretion mediated by AVP. Further studies are needed to test this hypothesis. 

(5) Neuroendocrine function 

The choroid plexus can act as a target, source and pathway for hormonal and 

neuroendocrine signalling within the brain. In general, CSF produced by choroid plexus 

can convey signalling molecules, such as hormones, and growth factors. Hormones can 

reach their target area in the brain by moving from the blood to the CSF through the 

choroid plexus epithelium, and diffuse through the brain interstitial fluid. 

Neuroendocrine factors can be produced in the brain or by the choroid plexus and be 

transported through the CSF circulation. This volume transmission pathway is thought to 

represent an important route of intercellar communication in the brain (Agnati et al., 

1995). 

Several neurotransmitters, neuropeptides and growth factors can influence 

CSF secretion. One mechanism responsible of modulating CSF production relies on a 

reduction of blood flow to the choroid plexus, limiting the delivery of water and ions to 
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the epithelium and therefore reducing the rate of secretion. Another general mechanism, 

which will be the main focus of my discussion here, would implicate the choroid plexus 

as target of signalling affecting CSF secretion. Specifically, several molecules have been 

demonstrated to have a direct effect on transporters and ion channels present in the 

choroid plexus epithelium, altering their transport activity and therefore modulating the 

net transcellular movement of solutes and water. A great diversity of receptors for 

serotonin (5-HT), atrial natriuretic peptide (ANP), arginine vasopressin (AVP), and 

norepinephrine have been localized to the choroid plexus epithelium (for review see 

Nilsson, 1992). The receptor for serotonin (5-HTic) is highly expressed at the apical 

membrane of the choroid plexus epithelial cells (Giordano et al., 1987), and its density is 

10-fold higher than any other region in the brain (Molineaux et al., 1989). Serotoninergic 

fibers originating in the midbrain project to the ependyma of the four ventricles. It has 

been proposed that 5-HT is secreted into the CSF and can reach the choroid plexus by 

diffusion to modulate CSF secretion (Hartig et al., 1990; Pazos et al, 1984). Serotonin 

can have the effect to decrease CSF production (Lindvall-Axelsson et al., 1988). It has 

been suggested that a possible mechanism for this modulation could be the regulation of 

ion channels in the apical membrane: serotonin via 5-HTic receptors activates CI" 

channels and inhibits channels (Hung et al., 1993; Gamer et al., 1993). Whereas 

inhibition of channels by serotonin is consistent with decreased CSF secretion, the 

effect on the CI" channels is less clear, and it has been suggested that maybe inhibition of 

channels is the main factor in influencing CSF production induced by serotonin 

(Hung et al., 1993). ANP receptors in choroid plexus epithelial cells couple to guanylate 
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cyclase and stimulate cGMP production (Israel et al, 1988; Tsutsumi et al., 1987). Both 

natriuretic peptide receptors type A (NPR-A) and C (NPR-C) have been described in 

choroid plexus (Brown and Zuo, 1993; Herman et al., 1996). AN? increases blood flow 

to choroid plexus (Schalk et al., 1992) but inhibits CSF secretion (Steardo and 

Nathanson, 1987) suggesting that the AN? effect on CSF production might be due on a 

direct action on transport mechanisms in the choroid plexus epithelium. Further studies 

are needed to indentify these mechanisms, and one of my specific aims will be to 

investigate some aspects of this regulation. Vasopressin receptors Via are expressed in 

the choroid plexus cells (Barberis and Tribollet, 1996). Furthermore, vasopressin is also 

a polypeptide synthesized by the choroid plexus (Chodobski and Szmydynger-

Chodobska, 2001), and when administered intravenously reduces both blood flow to 

choroid plexus and CSF secretion (Faraci et al., 1988,1990). 

The choroid plexus is also the main site of synthesis of the thyroid hormone 

transport protein transthyretin (TTR or prealbumin) in the brain (Dickson et al., 1985, 

1986; Dickson and Schreiber, 1986; Herbert et al., 1986; Kato et al., 1986; Mita et al., 

1986). TTR represents 20% of total choroid plexus protein synthesis, and almost 50% of 

protein secreted by choroid plexus, which is indicative of the high specialization of 

choroid plexus cells on these processes. TTR is the carrier protein for thyroid hormones 

in the brain, with higher affinity for thyroxine (T4) than triiodothyronine (T3): TTR may 

bind T4 within the choroid plexus cells or within the CSF, and the complex diffuses 

throughout the CSF to reach the brain where T4 is converted to T3 by deiodinases 

(Southwell et al., 1993). It has been suggested that the transport of T4 to the brain and its 
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distribution between tissue aad extracellular fluid is related to the TTR concentration, 

therefore the secretion of TTR by the choroid plexus may provide an important 

mechanism of regulation of thyroid hormones levels in the brain (Southwell et al, 1993; 

Schreiber et al., 1997,2001). 

In addition, there is evidence from the literature that the choroid plexus represents the 

main site of synthesis of insulin-like growth factor-II (IGF-II) in the brain, which is 

known to have trophic and metabolic effects on neurons and glial cells (Stylianopoulou 

et al., 1988). 

The mammalian choroid plexus receives innervation from noradrenergic 

sympathetic fibers, cholinergic and peptidergic fibers (Nilsson et al., 1992). The 

sympathetic nervous system can modulate CSF secretion (Nilsson et al., 1992) although 

species-specific differences have been described. The superior cervical ganglia projects 

adrenergic fibers to the choroid plexi, which express beta-adrenergic receptors (Lindvall 

et al., 1977a, 1985; Nathanson, 1980). Experiments in rabbit choroid plexus 

demonstrated that sympathetic denervation caused a significant increase in the rate of 

CSF secretion and in the NaVK^-ATPase activity (probably mediated by cAMP), while 

electrical stimulation of superior cervical ganglia induced a significant reduction in CSF 

formation rate (Lindvall et al., 1978a, b, 1982), suggesting that in this species the 

sympathetic nervous system has a tonic inhibitory effect on CSF secretion. Furthermore, 

noradrenaline has been shown to reduce CSF production in rabbit and cat (Lindvall et 

al., 1979; Haywood and Vogh, 1979), probably by stimulation of cAMP production via 

activation of beta-receptors (Lindall et al,, 1985). On the contrary, findings in other 
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species are not consistent with this mechanism, and propose a more complex sceimrio. In 

the amphibian choroid plexus, Saito and Wright (1984,1987) correlated cAMP 

production with elevated apical secretion of bicarbonate and CI", which would induce an 

increase in CSF production. In addition, sympathetic denervation of the choroid plexus 

in rats had an opposite effect than the one observed in rabbit, and induced a decrease in 

the Na'^/K"^-ATPase activity (Lindvall et al., 1982). Experiments to test the effect of 

electrical stimulation of superior cervical ganglia in rats are not available. Although, the 

exact mechanisms of sympathetic nervous system modulation on CSF secretion are not 

completely resolved yet, all the observations are in favor of the assumption that the 

adrenergic innervation reaching the choroid plexus mediates a direct effect on the 

transport mechanisms of the epithelium. 

Cholinergic innervation of choroid plexus is less well characterized 

(Edvinsson et al., 1973; Lindvall et al., 1977b). Cholinergic agonists, such as carbachol 

and acetylcholine, inhibit CSF secretion and Na^/K^-ATPase activity (Lindvall and 

Owman, 1981), probably via cGMP (Ellis et al., 2000). Muscarinic receptors were found 

in the choroid plexus of the rat lateral ventricles, but not of the third or fourth ventricles 

(Rotter et al., 1979). More studies are needed to investigate the role of cholinergic 

innervation of the choroid plexus. 

Peptidergic nerves, containing vasoactive intestinal polypeptide, are present 

but primarily associated only with the vascular bed (Lindvall and Owman, 1981; Nilsson 

et al., 1990a, b). The origin of these fibers is not clear. Based on experiments done in 

choroid plexus from rats VIP was reported to inhibit CSF production (Nilsson et al.. 
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1991), maybe via cAMP. It has been proposed that in the choroid plexus VIP could 

mediate a synergistic effect together with norepinephrine (Nilsson et al., 1992a, b), but 

species-specific differences appear to present a more complicated picture and further 

investigations are awaited to dissect out the various components. 

(6) Embryology 

Choroid plexus develops on the dorsal side on the neural tube following its 

closure. It originates from neuroepithelium, and appears between the 6 and 8th week of 

gestation in humans (Netsky and Shuangshoti, 1975a,b) initially in the roof of the 4th 

ventricle, then in the lateral ventricles, and finally in the 3rd ventricle. By 9 weeks 

gestation, the fetal choroid plexus (relative to brain size) is proportionately larger than in 

adult, and fills -75% of the lateral ventricles. Subsequently, growth of the fetal choroid 

plexus relative to that of the ventricles slows, until the choroid plexus has assumed its 

adult appearance by the 20th week of gestation. In adults, the choroid plexus mass is very 

small compared to the mass of brain tissue. The choroid plexus-CSF system is critical to 

the development of the neurons that make up the cerebral hemispheres, because it 

provides the primary source of nourishment to neural tissue early in development. At 

birth, the anatomical organization of the ventricular system is similar to that in adulthood. 

(7) Pathophysiology 

The net movement of water across the blood-brain and the blood-CSF barriers 

is important in the regulation of brain water content. Water imbalance in the brain can 
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have serious and life-threatening implications such as altered excitability and 

neurodegeneration, by disruption of the normal supply of nutrients and other signalling 

molecules to the neurons as well as lack of the removal of unwanted catabolic 

metabolites. Hydrocephalus is a hydrodynamic disorder that consists of an increase in 

CSF volume within the cranial cavity (Figure 1.8), and can occur with or without an 

elevation of intracranial pressure (Johanson, 2003). In general, it can be a consequence of 

overproduction of CSF, but most commonly is due to obstruction of outflow or impaired 

absorption of CSF. Overproduction of CSF is associated with choroid plexus tumors 

(papilloma or carcinoma), which typically induce increases in intracranial pressure 

(Milhorat et al., 1976; Rickert and Paulus, 2001). Obstruction of CSF flow is the most 

common cause of hydrocephalus; it can be due to congenital malformations or to other 

lesions (tumors, infections, haemorrhage) that can ultimately impair the CSF outflow 

pathway. Impairment of CSF absorption has been linked to venous hypertension, and can 

cause pseudotumor cerebri (also called benign intracranial hypertension). This condition 

is associated with increased intracranial pressure without enlargement of the ventricles. 

Clinical interventions for hydrocephalus are generally limited to surgical 

interventions such as shunting of CSF via catheter to other locations of the body. 

Different pharmacological agents have been used with limited success to manipulate CSF 

secretion rate, but in general their therapeutic value is handicapped by side effects. 

Furosemide and acetazolamide has been widely used to reduce water content in the CNS. 

Furosemide and acetazolamide are inhibitors of carbonic anhydrase that reduce CSF 

secretion rate up to 50-60%. Hypertonic osmotic agents such as mannitol or isosorbide, 
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which are responsible for creating an osmotic gradient between blood and brain, are used 

to induce a movement of water from nervous tissue. However, all these drugs are only 

used as temporary treatment for mild hydrocephalus, and are not effective for long-term 

therapy. 

In conclusion, understanding the mechanisms involved in the modulation of CSF 

secretion is of fundamental importance, and might offer new targets for therapeutic 

strategies in diseases involving water imbalance in the brain. AQPl is highly expressed in 

the choroid plexus, and understanding its functional properties in this tissue might reveal 

it as a potential target for modifying water and salt movements in pathological conditions. 
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1.2 AQUAPORINS AS ION CHANNELS 

Aquaporins (AQPs) are members of the Major Intrinsic Protein (MIP) family. To 

date eleven members, designated AQPO-10, have been characterized in mammals, and 

more than 150 related members of the MIP family are found in plants, bacteria, 

invertebrates and non-mammal vertebrates (reviewed by Amiry-Moghaddam and 

Ottersen, 2003). In the brain, AQPl, 4 and 9 are expressed. Aquaporins have been known 

for mediating transport of water and glycerol, but in recent years a role as regulated ion 

channels has become evident. Several members of the aquaporin family have been 

described so far as ion channels: AQPO, AQPl, and AQP6.1 will summarize the findings 

on AQPO and AQP6 as ion channels first, and then concentrate in more detail on AQPl. 

AQPO was the first member of the MIP family to be cloned (Gorin et al, 1984). It 

is expressed by the fiber cells in the lens of the eye. When expressed in Xenopus laevis 

oocytes, the osmotic water permeability is increased over control levels, although it is 

several fold lower than that seen with expression of AQPl (Chandy et al., 1997; Mulders 

et al., 1995). Reconstitution of the protein in lipid bilayers (Zampighi et al., 1985; Ehring 

et al., 1990) results in large, relatively non-selective, voltage-dependent channels. 

Phosphorylation increases the voltage dependence of these channels (Ehring et al., 1992). 

Mutations in AQPO in the mouse result in congenital cataracts (Shiels and Bassnett, 

1996). Missense mutations in humans underlie inherited autosomal dominant cataract 

(Berry et al., 2000). The role of AQPO in preventing the clouding of the eye's lens is 

vital, but the exact mechanism by which this is accomplished is not clear yet. For 
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example, the physiological role of the AQPO ion channel function is not known, and it 

would be interesting to investigate it in light of this disease state. 

AQP6 is expressed in intracellular vesicles in renal epithelia (Yasui et al., 1999a). 

When expressed in laevis oocytes, it exhibits low basal water permeability; 

however, after Hg^^ treatment (a known inhibitor of AQPl) the water permeability 

increases and is accompanied by anion conductance (Yasui, 1999b), contrasting earlier 

studies reporting Hg^^ as a blocker of AQP6 water permeability (Ma et al., 1996). Also, 

the conductance is reversibly activated by low pH (less than 5.5), which has been 

suggested to be the biological activator for AQP6. Site-directed mutagenesis identified 

Cys-155 and Cys-190 residues as the sites of Hg'^ activation both for water and ion 

conductance (Yasui et al., 1999b; Hazama et al., 2002). The Hg^^-induced current is less 

selective for ions, suggesting that Hg^^ induces a bigger pore in the channel, which is 

probably not achieved physiologically (Hazama et al., 2002). Expression studies of AQP6 

in human embryonic kidney 293 cells revealed rapid, reversible, pH-induced anion 

selective currents (Ikeda et al., 2002). It has been proposed that AQP6 might play a role 

in acidic vesicles to maintain electroneutrality, or contribute to vesicle swelling and 

membrane fusion during exocytosis (Yasui et al., 1999b). 

AQPl is expressed in a subset of mammalian tissues that require high 

transmembrane water movement, including kidney, eye, brain (choroid plexus), lung and 

others. It has been reported to mediate water fluxes but also the transport of other solutes 

such as CO2 (Nakhoul et al, 1998; Cooper and Boron, 1998; Prasad et al., 1998; Prasad 

et al., 1998) and glycerol (Abrami et al., 1995, 1996). On the other hand, Verkman and 
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colleagues (Yang et al., 2000; Fang et al., 2002) investigated the physiological 

consequences of AQPl-mediated CO2 transport by comparing CO2 permeabilities in 

erythrocytes, lung, and kidney of wild-type and transgenic mice lacking AQPl. Their 

conclusion was that AQPl deletion did not affect CO2 transport, and therefore suggested 

AQPl-mediated CO2 transport is unlikely to be physiologically relevant. Recently it has 

been reported that the tobacco plasma membrane aquaporin NtAQPl facilitates CO2 

membrane transport, similarly to AQPl, and has a significant function in photosynthesis 

and stomatal opening (Uehlein et al., 2003). 

The initial report of a regulated cationic conductance for AQPl came from studies 

done in Xenopus laevis oocytes (Yool et al., 1996), and has been disputed (Agre et al., 

1997). Subsequent work confirmed ion channel function for AQPl in the oocyte 

expression system, provided evidence for direct activation by intracellular cGMP, and 

identified a binding domain in the carboxyl terminal domain of the channel (Anthony et 

al., 2000). These findings were confirmed independently with AQPl channels 

reconstituted in lipid bilayers (Saparov et al., 2001). AQPl currents are cGMP-induced, 

cation-selective (K^ = Cs"*" > Na"*^ > TEA^), and sensitive to Cd^^ block (Yool, 2002). The 

single channel conductance of AQPl expressed in Xenopus laevis oocytes is about 150 

pS (Anthony et al., 2000); the unitary conductance for reconstituted AQPl in lipid 

bilayers is 2, 6, and 10 pS (Saparov et al., 2001). However, both in the oocyte expression 

system and in reconstituted bilayers, the proportions of active AQPl ion channels 

(calculated firom the measured ratios of ionic conductance and water flux) were found to 

be surprisingly low, calling into question the possible physiological relevance of an 
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AQPl-mediated ionic conductance. Model-based calculations from proximal tubule 

suggested that even a relatively small subpopulation of active cation channels could have 

a measurable influence on Na"^ reabsorption (Yooi and Weinstein, 2002), but the question 

of whether native AQPl can function as a gated ion channel remained to be 

demonstrated. An attempt to clarify the discrepancy in the findings in the different 

expression systems (oocytes and bilayers) was done by expressing AQPl in human 

embryonic kidney cells (Tsunoda et al, 2004), but whole-cell patch clamp experiments 

failed to reveal any cGMP-mediated ion channel activity. Surprisingly, the authors were 

not able to show the presence of typical endogenous currents previously described in this 

cell type, and the recordings may have been compromised by a technical error. 

A current hypothesis is that AQPl might have a five-pore structure (Figure 1.9), 

with four constitutively active water-selective pores, located one in each of the individual 

subunits (Sui et al., 2001; Murata et al., 2000), and a putative ion-conducting pore in the 

center of the tetramer (Yool and Weinstein, 2002). The bacterial glycerol facilitator 

(GlpF), related to aquaporins in the MIP family, crystallizes as a symmetric tetramer of 

channel subunits; although GlpF is not known to be an ion channel, its central cavity has 

sites for coordinating ion binding that suggest that this pathway should be considered as a 

candidate ion pore in other regulated aquaporins (Fu et al., 2000). In support of the five-

pore hypothesis, pharmacological data show that the water and ion conduction pathways 

in AQPl are distinct; osmotic water permeability but not ionic conductance is blocked by 

tetraethylammonium (Yool et al., 2002; Brooks et al., 2000); whereas the ionic 

conductance but not the water permeability is blocked by cadmium (Yool, 2002). The 



34 

water permeability of AQPl is an apparently constitutive property that requires assembly 

of the channel as tetramers in the plasma membrane (Preston et al., 1993; Jung et al., 

1994). In contrast to the ion conductance, water flux is suggested to be independent of 

signaling mediated through the C-terminus, since proteolytic removal of the terminus 

after AQPl proteins are incorporated into red blood cell membranes does not alter the 

osmotic water permeability (Zeidel et al., 1994). In addition to the osmotic-driven 

transport of water, AQPl has been proposed to have a role in GTP-induced rapid gating 

of water in secretory vesicles in exocrine pancreas (Cho et al, 2002; Abu-Hamdah et al., 

2004). Based on these studies, it was proposed that a GaB-PLA2 pathway and potassium 

channel might be involved in AQPl regulation. 

In summary, aquaporins are essential for a normal cellular function, and may 

serve in processes of development, volume regulation, and modulated membrane 

transport. Coupling of water and salt fluxes enables control of transmembrane fluid 

transport, thus a role for aquaporins as regulated ion channels as well as osmotic water 

channels is of significant interest. It is compelling to extend the studies of AQPl ion 

channel function beyond heterologous expression systems, and to further investigate 

structure-function relationships with respect to their role as regulated ion channels in 

addition to their water permeability. Fundamental knowledge might be gained that could 

provide a foundation for the manipulation of AQPl as a target for intervention in various 

human diseases involving water and salt imbalance. 
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1.3 GENERAL HYPOTHESIS AND SPECIFIC AIMS 

AQPl proteins assemble as tetramers of membrane-spanning subunits (Agre et 

ai, 1993), each composed of six transmembrane domains and intracellular amino and 

caxboxyl termini in a structural motif that is shared by potassium channels and cyclic 

micleotide-gated (CNG) channels (Jan and Jan, 1992). AQPl channels provide for 

osmotic water flux in many tissues, including eye, brain, choroid plexus, kidney and the 

vascular system (Nielsen et al., 1993; Stamer et al., 1994; King and Agre, 1996; Page et 

al., 1998; van Os et al., 2000; Oshio et al., 2001; Venero et al., 2001). In addition to its 

major role as a water charmel, human APQl was shown to function as a non-selective 

cation channel that is activated by intracellular signaling in Xenopus oocytes (Yool et al., 

1996; Anthony et al., 2000). cGMP-activated cation channel activity was confirmed by 

Pohl and colleagues (Saparov et al., 2001) using AQPl channels reconstituted in lipid 

bilayers. Because the proportion of active AQPl ion chaimels seen in heterologous 

expression systems is low, it was of fundamental importance to investigate the functional 

properties of this channel in a physiological context. 

My first aim was to extend the studies of AQPl ion channel function beyond the 

oocyte expression system, to characterize its role in cells that endogenously express 

AQPl channels and native interacting proteins. I hypothesized that cationic currents with 

the properties of AQPl (activation by cGMP, block by Cd^^, cationic selectivity) could 

be measured in a tissue expressing endogenous AQPl channels. To test this hypothesis, I 

set up a primary cell culture of choroid plexus epithelial cells and analyzed the properties 

of the ionic currents using whole-cell and excised patch clamp configurations. In Chapter 
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2,1 demonstrate that native AQPl mediates a robust cGMP-gated conductance with 

properties similar to those described previously in the oocyte expression system. 

My second specific aim was to identify the structural determinants involved in the 

cGMP-induced activation of AQPl channels. In Chapter 3,1 describe new data showing 

amino acid sequence similarities between the carboxyl-terminal domain of AQPl and 

other proteins known to bind cyclic nucleotides, specifically cyclic nucleotide 

phosphodiesterases (PDE). I found that key residues are conserved between the AQPl 

carboxyl-terminus and the substrate selectivity subdomain of cGMP-specific PDE 

enzymes. I hypothesized that amino acids that mediate cGMP-induced activation 

correspond to conserved residues in cGMP binding sites of PDE and CNG channels. To 

test this hypothesis, I used site-directed mutagenesis to target conserved key residues, 

expressed the mutant channels in Xenopus oocytes, and measured the cGMP-induced 

response by two-electrode voltage clamp. I explain the results of these experiments in 

Chapter 4. The efficacy of ion channel activation is decreased by mutations of AQP1 at 

conserved residues in the carboxyl-terminal domain (aspartate D237 and lysine K243). 

These data provide direct evidence for the involvement of the AQPl carboxyl terminal 

domain in cGMP-mediated ion channel activation. 

My third aim was to assess the physiological role of native AQPl ion channels. 

The choroid plexus produces the majority of the CSF. Several proteins work in concert to 

regulate the secretion of CSF. Choroid plexus epithelial cells express receptors for atrial 

natriuretic peptide that elevate cGMP levels (Israel et al., 1988; Tsutsumi et al., 1987) 

and inhibit CSF production (Steardo and Nathanson, 1987). The hypothesis is that AQPl 
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ionic conductance might be physiologically relevant for water transport in choroid 

plexus. In Chapters 2 and 5 I describe water flux and Na"^ transport experiments 

respectively, in confluent choroid plexus cell monolayers. Treatment with ANP decreased 

the flow rate, and Cd^^ reversed the inhibitory effect. 

The findings presented in this dissertation are first to demonstrate that AQPl 

mediates a cationic current in response to intracellular signals that regulate CSF secretion 

such as ANP signaling. The results showed that activation and block of the AQPl-

mediated ionic current alter net fluid transport across the choroid plexus barrier, and 

therefore suggest that the AQPl-mediated conductance might be physiologically relevant 

in the regulation of net fluid transport in choroid plexus. It is my hope that insight 

provided by this work will provide a foundation for further work exploring the role of the 

gated ion channel function of AQPl in physiological processes of development, volume 

regulation, and modulated membrane transport, as well as support for related studies of 

human diseases involving fluid and salt imbalance in brain, eye, kidney, vascular system 

and lung. 
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Figure 1.1 Patliways of cerebrospinal fluid (CSF) circulation. CSF is formed in 
the ventricles, circulates to the subarachnoid space and is absorbed into the venous 
system by the arachnoid villi. From Amin-Hanjani and Chapman (2000). 
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Figure 1.2 Cellular linings separating the CSF system from the brain. Inside the 
brain, ependymal cells separate the ventricular CSF from the nervous tissue. On the 
outside surfaces of the brain, cells of the pial-glial linings separate the CSF contained 
in the subarachnoid space from the nervous tissue. In the ventricles, the choroid plexus 
epithelium separates ventricular CSF from the blood supplied by the vascular plexus. 
From The Human Brain, J. Nolte, 4* edition, 1999. 
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Figure 1.3 Ultrastnicture of the intact rat choroid plexus epithelium. Intercellular 
tight junctions (TJ) located near the apical region (CSF-facing side) of the epithelium 
form the blood-CSF barrier. Numerous microvilli (Mv) are present in the apical 
membrane. Adapted from Villalobos et al., 1997. 



Figure 1.4 Microvilli system on the apical membrane of choroid plexus cells. 
Ultrastructure of rat choroid plexus epithelium from the lateral ventricle showing 
numerous microvilli (asterisk) and mitochondria (mt). Scale = 1 pm. Adapted from 
Atlas of Ultrastructural Neurocytology, http://synapses.mcg.edu/atlas. 

http://synapses.mcg.edu/atlas
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Figure 1.5 Fenestrated choroidal capillary. A detail from the fenestrated capillary 
of the choroid plexus. 'Pore' is marked by blue arrow. The red arrow indicates the 
basal lamina. P - perivascular space. Scale = 500 nm. Adapted from Atlas of 
Ultrastructural Neurocytology, http://synapses.mcg.edu/atlas. 

http://synapses.mcg.edu/atlas
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Figure 1.6 Model of CSF secretion by the choroid plexus. Summary of some of the 
intracellular signaling pathways that may be involved in modulating CSF secretion. 
From Yool and Stamer, 2004. 
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Figure 1.7 Light and dark cells in the choroid plexus epithelium. Electron 
micrographs of choroid plexus from adult rat lateral ventricle. A. Normal appearance of 
the tissue. B. Appearance of adult choroid plexus after A VP treatment, which increases 
the number of dark epithelial cells. Abbreviations: LC- light epithelial cells; DC- dark 
cells; Mv- microvilli; M- mitochondria; Nu- nucleus; BL- basolateral labyrinth; P- pial 
cell; Cp- capillary; V- ventricular lumen; IS- interstitial space. Bar = 5 pm. Adapted 
from Johanson et al., 1999. 
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Normal Hydrocephalus 

Figure 1.8 Magnetic resonance images of the brain in patients with and without 
hydrocephalus. The ventricles are markedly enlarged compared to normal. From 
Amin-Hanjani and Chapman (2000). 
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Figure 1.9 Structure of AQPl. 
See next page for details. 
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Figure 1.9 Structure of AQPl. Transmembrane topology (A, side view) and tetrameric 
assembly (B, extracellular view) of AQPl (adapted from Murata et a!., 2000). A. 
Transmembrane domains are indicated by different colors. Carboxyl (C) and amino (N) 
terminal domains are intracellular. B. Five-pore hypothesis: four constitutively active 
water-selective pores located one in each of the individual subunits, and a putative ion-
conducting pore in the center of the tetramers. Pictures were generated with RASMOL 
from structural coordinates of AQPl (IFQY) deposited in RCSB protein databank. 



Constituent Plasma CSF 

Na' 159 147 

r 4.6 2.9 

Mg'" 1.6 2.2 

Ca'"" 4.7 2.3 

cr 99 113 

HCO3' 26.8 23.3 

Glucose 4-6 0.8 

Amino acids 2.6 0.7 

pH 7.4 7.3 

Osmolality (mosmol/Kg H2O') 289 289 

Protein (mg/lOOg"') 7000 42 

pCOa (mm Hg) 41 51 

Table 1.1 Composition of CSF and plasma in humans. Concentrations of various 
solutes are reported as mM (unless otherwise indicated). Adapted from Davson and 
Segal, 1996). 
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CHAPTER 2. ION CHANNEL FUNCTION OF AQUAPORIN-1 NATIVELY 
EXPRESSED IN CHOROID PLEXUS 

2.1 INTRODUCTION 

Aquaporin-1 (AQPl; CHIP28) channels in the Major Intrinsic Protein (MEP) 

family mediate transmembrane water flux (Agre et al., 1993) and carry a gated cationic 

current (Anthony et al., 2000; Boassa and Yool, 2003). AQPl is important in facilitating 

the movement of fluid across barrier membranes in kidney, vascular system and brain. 

The possibility of a dual function for AQPl in enabling both water and ion movement in 

parallel is a novel concept. AQPl ion channel activity has been investigated using 

expression in oocytes (Anthony et al., 2000; Boassa and Yool, 2002) and reconstitution in 

bilayers (Saparov et al., 2001). However, in both preparations, the proportions of active 

AQPl ion channels were low (Saparov et al., 2001; Yool and Weinstein, 2002), calling 

into question the possible physiological relevance of an AQPl-mediated ionic 

conductance. Model-based calculations from proximal tubule suggested that even a small 

subpopulation of active cation channels could have a measurable influence on Na'^ 

reabsorption (Yool and Weinstein, 2002), but the question of whether native AQP1 could 

function as a gated ion channel remained to be demonstrated. Here we demonstrate the 

existence of native AQPl ion channels in primary cultures of rat choroid plexus, a tissue 

that endogenously expresses abundant AQPl (Nielsen et al., 1993). 

An expanding role for mammalian aquaporins as pathways for regulated transport 

of solutes other than water and glycerol is becoming evident (Yool and Stamer, 2004). 

Ion channel function has been shown for AQPO (Ehring et al., 1990; Zampighi et al., 

1985; Ehring et al., 1992), AQPl (Anthony et al., 2000; Boassa and Yool, 2003), AQP6 
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(Yasui et al., 1999) and the related neurogenic gene product Big Brain (Yanochko and 

Yool, 2002,2004). Coupling of water and salt fluxes enables control of transmembrane 

fluid transport, thus a role for aquaporins as regulated ion channels as well as osmotic 

water channels is of significant interest. Aquaporins are thought to have four 

constitutively active water-selective pores (one in each of the individual subunits; Sui et 

al., 2001; Murata et al., 2000), and a putative ion-conducting pore in the center of the 

tetramer (Yool and Weinstein, 2002). The bacterial glycerol facilitator (GlpF) in the MIP 

family, although not known to be an ion channel, has ion binding sites in its central 

cavity that suggest this region is a candidate ion pore in other aquaporins (Fu et al., 

2000). Pharmacological data for AQPl show that the water and ion conduction pathways 

are distinct; osmotic water permeability is blocked by tetraethylammonium (Yool et al., 

2002; Brooks et al., 2000) whereas the ionic conductance is blocked by cadmium (Yool, 

2002). 

AQPl channels are expressed in a subset of mammalian tissues that require high 

transmembrane water movement, including kidney, eye, brain (choroid plexus), lung, and 

other tissues including lymph vessels and muscle (King and Agre, 1996). In choroid 

plexus, unlike most epithelial cells, the Na^-K^-ATPase transporter is located in the 

apical membrane (Masuzawa et al., 1984), and provides the driving force for fluid 

secretion into the ventricle. Atrial natriuretic peptide (ANP) receptors in choroid plexus 

epithelia couple to guanylate cyclase, stimulating cGMP generation (Israel et al., 1988; 

Tsutsumi et al., 1987) and inhibiting cerebrospinal fluid production (Steardo and 

Nathanson, 1987). Our data are the first to show that natively expressed AQPl functions 



as a cGMP-gated ion channel that can be activated by ANP signalling, and suggest that 

the ionic conductance is physiologically relevant for modulating fluid transport in 

choroid plexus in a manner that is consistent with the observed effects of cGMP-linked 

signalling in vivo. 

2.2 MATERIALS AND METHODS 

(1) Primary culture. Three- to five-day-old rats were anaesthetized by exposure to CO2 

and decapitated. Lateral and fourth plexi were dissected and placed on sterile dissociation 

buffer (Hanks' balanced salt solution) with 0.25% trypsin solution. To accomplish cell 

dispersion the tissue-enzyme mixture was warmed up to 37°C for approximately 15 

minutes and intermittently triturated and aspirated using a fire-polished Pasteur pipette. 

Equal volume of DMEM/Ham's F12 medium (1:1) supplemented with 10% (v/v) fetal 

bovine serum was added to stop enzyme activity. The mixture was then filtered with 100-

pm cell strainer and centrifiiged at 400 rpm for 15 minutes at 6 °C. The supematant was 

removed and the cells re-suspended in DMEM/Ham's F12 (1:1) supplemented with 10% 

(v/v) fetal bovine serum, 4 mM L-glutamine, 5 pg/ml insulin, 100 pg/ml penicillin and 

streptomycin and 20 pM cytosine arabinoside. Cytosine arabinoside suppresses the 

growth of contaminating cells and was applied only during the first 4 days in culture. 

The cells were seeded on 35-mm tissue culture plates coated with murine laminin (20 

pg/ml, Invitrogen, Carlsbad, CA, USA). The cell culture was incubated at 37°C in a 

humidified 5% CO2 incubator, and continued without disturbance for at least 48 hrs 

following initial seeding to ensure good attachment. The medium was changed every 2 to 
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3 days. From day 5 on, cells were maintained with DMEM/Ham's F12 (1:1) medium 

containing 5% (v/v) fetal bovine serum and 4 mM L-glutamine, 5 pg/ml insulin, 100 

pg/ml penicillin and streptomycin. Tissue culture media and sera were obtained from 

Gibco, Carlsbad, CA, USA. 

(2) Immunocytochemistry. The brains were removed and rapidly frozen in OCT mounting 

medium in a mixture of dry ice and ethanol. Cryostat sections (17 pm) were mounted on 

Superfrost Plus/electrostatic slides, and then fixed in 4% paraformaldehyde for 1 hour at 

room temperature. To quench the paraformaldeyde the slides were washed twice for 5 

minutes in 50 mM glycine buffer, pH 7.4. Non-specific antibody binding was blocked by 

incubating the sections in 1% normal donkey serum (diluted in PBS, pH 7.4 containing 

0.1% triton). Slides were incubated ovemight at room temperature in the following 

primary antibodies: aquaporin-1 polyclonal antibody generated in rabbit (Stamer et al., 

1995), at a dilution 1:500; prealbumin polyclonal antibody (Santa Cruz Biotechnology, 

Santa Cruz, CA) generated in goat, at a dilution 1:250. Negative controls consisted of 

sections incubated without the primary antibody. The slides were washed in the blocking 

solution four times, 10 minutes each and incubated for 2 hours at room temperature with 

secondary antibodies: fluorescein-conjugated donkey anti-rabbit IgG (1:100, Jackson 

Immunoreseaich Lab., West Grove, PA), and Cy5-conjugated donkey anti-goat IgG 

(1:200, Jackson Immunoresearch Lab., West Grove, PA). Sections were washed in PBS 

solution (pH 7.4) four times, 10 minutes each, and mounted with DAKO fluorescent 
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mounting medium (Dako, Carpinteria, CA) for viewing on a confocai microscope (Nikon 

PCM2000, Nikon Instruments, Melville, NY). 

For immunocytochemistry, cells were plated on glass cover slips coated with laminin. 

Primary rat choroid plexus cultures were fixed in a MEM/HEPES (pH 7.0) solution 

containing 4% sucrose and 4% paraformaldehyde. After fixation, cells were washed in a 

PBS buffer (pH 7.4) containing 0.05% Triton X-100 and 5% normal donkey serum (for 

double staining experiments for AQPl and prealbumin) or 0.1% Triton X-100; 0.25% 

BSA (for AQPl staining only in eGFP-positive cells). This buffer was used for all 

antibody solutions and washes. The cells were incubated in primary antibodies (as 

previously described for cryostat sections) overnight at room temperature. After primary 

incubation, the cell cultures were washed with buffer (three times, 5 minutes each), and 

then incubated for 1 hour at room temperature with secondary antibodies; for double 

staining experiments secondary antibodies where the same as described for cryostat 

sections; for transfected cells secondary donkey anti-rabbit Biotin at 1:500 (for 1 hour at 

room temperature), and then after 3 more washes with PBS (same as above), the cells 

were incubated for 30 minutes with Alexafluor555/Streptavidin at 1:4000 in the dark at 

room temperature. Finally, the cells were washed in PBS solution (pH 7.4) and mounted 

for microscopic visualization. 

(3) Reverse transcriptase-polymerase chain reaction (RT-PCR). Total cellular RNA was 

isolated from primary choroid plexus cultures by scraping the cells into a denaturating 

solution using a commercial kit following the manufacturer's protocol (Qiagen, Santa 
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Clarita, CA). DNase digestion was carried out in order to prevent possible genomic 

contamination. The concentration of the total RNA was determined by UV 

spectrophotometry. The reverse transcription was carried out using 2 pg total RNA to 

synthesize single-stranded cDNA with 1 pg random primer, 0.2 pg oligodeoxythymidine 

(dT) primer, 40 units of RNase-inhibitor and 50 units reverse transcriptase M-MuLV 

(Moloney Murine Leukemia Virus, Boehringer-Mannheim) in 35 pi total volume at 37°C 

for 1 hour. The amount of cDNA template was estimated assuming a 1:1 ratio of cDNA 

to RNA molecules resulting from the reverse transcription reaction. Aliquots of the 

reverse transcribed cDNA preparations were used for PGR amplification with sequence-

specific synthetic oligodeoxyribonucleotide primers. Primers for the AQPl sequences 

were: sense 5'CCGAATTCATGGCCAGCGAGTTCAAGAAGAA3' (fi-om 31 to 61 bp) 

and antisense 5'CGGGGGTGTTATCCGGGGTGGGTCTnTAGGTCAC3' (from 663 to 

697 bp). These primer sequences produced a product of the expected size at 669 bp. 

Cyclophilin served as an internal reference standard; primers for the cyclophilin sequence 

were: sense 5'GGGGAGAAAGGATTTGGCTA3and antisense 

5'GCCACTGTGGTCAGTGTCAT3', and produced a product at the expected size of 259 

bp. PGR reactions for AQPl and cyclophilin were carried out in parallel in separate 

reaction tubes. Each PGR amplification (50 pi final volume) contained 50 pmol of each 

primer, 0.2 mM each of deoxynucleotides (dNTP), and 2.5 unit Taq DNA polymerase 

(Promega). The reactions were carried out in a Perkin-Elmer 9600 thermocycler using 

the following program: denaturation at 94°C for 2 minutes, annealing at 60°C for 1 

minute and 30 seconds and polymerization at 72°C for 2 minutes for 35 cycles, ending 
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with 5 miimtes at 72°C and storage at 4°C. For gel electrophoresis, 2 pi of the PGR 

product volumes were run on a 2% agarose (CLP, San Diego, CA) gel and run at 80 V for 

2 hours. Gels were stained with ethidium bromide and photographed. 

To ensure that the amplification of contaminating genomic DNA did not contribute to the 

signals of interest, a negative control reaction was carried out in which RNA samples 

without RT were used as the templates; no PGR products were found. 

(4) Small interfering RNA (siRNA) synthesis and transfection. Short interfering RNAs 

(siRNAs) were generated by using the commercial kit Dicer siRNA generation kit 

following the manufacturer's protocol (Gene Therapy Systems, San Diego, CA). cDNA 

for wild type human AQPl was provided by P. Agre, Johns Hopkins, Baltimore MD. 

Sense and antisense single-stranded RNA (ssRNA) transcripts were synthesized in vitro 

with T3 and T7 RNA polymerase enzyme, using respectively BamHI- and Hindlll-

linearized cDNA as a template. Double-stranded RNA molecules were generated by 

mixing sense and antisense ssRNA oligomers (100 pg each) in 10 mM Tris-Cl (pH 8.0), 

20 mM NaCl, and 1 mM EDTA (total volume 300 pi), heating at 95°C for 5 minutes, and 

cooling slowly (18 hours) to room temperature. The integrity and the dsRNA character 

of the annealed RNAs were confirmed by gel electrophoresis. 

For transfection, cells were plated on 35x10x12 mm glass-bottom dishes coated with 

laminin. Transfections were performed on days 4 and 11 of culture with siPORT Amine 

transfection agent (Ambion, Austin, TX) as directed by the manufacturer. 
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Plasmid pEGFP-N 1 (BD Bioscences Clontech, Palo Alto, CA) expresses a mammalian-

enhanced version of green fluorescent protein (GFP). Cells were cotransfected as follows: 

100 ng pEGFP-Nl and 50 ng d-siRNAs (AQPl siRNA) per dish; or 100 ng pEGFP-Nl 

and 50 ng negative control siRNAs (Ambion, Austin, TX) per dish; or 100 ng pEGFP-Nl 

and 200 ng negative control siRNAs (Ambion, Austin, TX) per dish; or 100 ng pEGFP-

N1 alone per dish. In all the transfection mixtures the total volume was 250 pi. For 

transfection, antibiotics were excluded from media. To assay knockdown of gene 

expression, cells were used in electrophysiological and immunocytochemicaJ 

experiments 2-3 days after transfection. 

(5) Electrophysiological recordings. Patch clamp experiments were done in whole-cell 

and excised patch clamp configurations. Extracellular solutions all contained (mM) 1 

CaCla, 2 MgCh, 10 glucose, and 5 HEPES, pH 7.3, and in addition contained: "NaCl 

saline" 140 NaCl and 5 KCl; or "Cs MES saline" 125 Csmethanesulfonate and 20 CsCl. 

The intracellular (pipette) solutions all contained (mM) 2 MgCb, 10 glucose, 5 HEPES, 

0.5 EGTA, and 2 NaaATP, pH 7.2, and in addition contained: "K Glue saline" 120 

Kgluconate and 20 KCl; or "KCl saline" 140 KCl; or "TEA CI saline" 140 TEACl; or 

"Na Glue saline" 120 Nagluconate and 20 NaCl; or "Cs MES saline" 135 

Csmethanesulfonate and 5 CsCl. The pipette resistance was 4-6 MO for whole-cell 

recordings and 3-5 MQ for excised patches. Whole-cell recordings were made after 

gigaohm seals had been obtained on the exposed apical membrane of the choroid plexus 

epithelial cells. For the excised patch clamp experiments the pipette was coated with the 
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insulating agent Sylgard. Patch clamp was carried out using an AxoPatch 200A amplifier 

(Axon Instruments, Foster City, CA). Data were filtered at 2 kHz, digitized at 10 kHz, 

and stored to hard disk for off-line analysis with pClamp 9 software (Axon Instruments, 

Foster City, CA). Whole-cell recordings were performed at 37°C; single channel 

recordings were done at room temperature. Sodium nitropmsside (SNP; Sigma Co., St. 

Louis MO) was prepared fresh daily as a stock solution (200-600 mM) in sterile water 

and kept on ice, protected from light. The final SNP concentration was obtained by 

adding a calculated amount of the stock solution to the recording chamber. Data are 

reported as mean ± SEM (unless otherwise stated). Statistical comparisons are described 

in the figure legends or text. 

2.3 RESULTS 

AQPl is abundantly expressed in choroid plexus in vivo and in vitro. In primary 

cultures of choroid plexus isolated from postnatal day 5 rats, expression of AQPl mRNA 

was confirmed by reverse transcription-polymerase chain reaction amplification (Figure 

la). AQPl protein is abundantly expressed in rat choroid plexus cells in vivo and in 

vitro, as detected by immunocytochemistry (Fig. lb, c) with AQPl-specific polyclonal 

antibody recognizing the C-terminal domain (Stamer et al., 1995). Co-immunolabeling 

with prealbumin serves as a specific marker for choroid plexus cells (Aleshire et al, 

1983). 

Expression of AQPl protein was dramatically decreased after co-transfection of 

cultured choroid plexus cells with small interfering RNA (siRNA) for AQPl and 
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enhanced Green Fluorescent Protein (eGFP) vector (Fig. Id-f). Control transfection of 

choroid plexus cells with the eGFP vector alone did not alter the expression of AQPl 

protein (Fig. Ig, h). These data demonstrate that siRNA against AQPl effectively knocks 

down protein expression in choroid plexus cells, confirming the molecular identity of the 

signal detected by RT-PCR and immunocytochemistry, as well as providing a useful tool 

for confirming the role of AQPl in cGMP-induced ionic currents (see below). 

Selective activation of ionic current in cultured choroid plexus cells was recorded 

by whole-cell patch clamp after bath application of sodium nitroprusside (SNP), a nitric 

oxide donor that catalyzes the synthesis of intracellular cGMP. Endogenous and CF 

currents known to be present in choroid plexus (Speake et al, 2001, 2002, 2004; Kotera 

and Brown, 1994; Speake and Brown, 2004; Gamer and Brown, 1992) were minimized 

by ionic substitution of NaCl and KCl with Cs methanesulfonate, resulting in a low initial 

conductance before application of cGMP agonists (Fig. 2a). Prior work with AQPl 

channels expressed in Xenopus oocytes demonstrated that the non-selective cationic 

conductance showed high permeability to Cs"*', Na"*" and (Yool et al., 1996). A robust 

SNP-dependent Cs^ current was activated in choroid plexus cells (Fig. 2a-c), and showed 

a linear voltage-current relationship and block by external Cd^ that were similar to the 

properties of the ionic current described previously in AQPl-expressing oocytes 

(Anthony et al., 2000; Boassa and Yool, 2003; Yool et al., 1996; Yool, 2002). 

Figure 2d shows that the ionic conductance response to SNP was blocked effectively 

by the soluble guanylate cyclase inhibitor ODQ (1 H-[ 1,2,4]oxadiazolo[4,3-a]quinoxalin-

1-one). Conversely, ODQ did not affect the conductance response to atrial natriuretic 
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peptide (ANP), which activates an endogenous ODQ-insensitive receptor guanylate 

cyclase present in choroid plexus. Thus, the SNP-stimulated ionic conductance is 

induced by generation of cGMP rather than by chemical modifications such as S-

nitrosylation (Ahem et al., 2002). Our data show that a cGMP-dependent conductance 

can be stimulated by an endogenous signaling pathway in choroid plexus. 

Ionic substitution in the bath and pipette salines showed that the cGMP-dependent 

current is a non-selective cationic conductance, as determined by comparison of the 

reversal potential with predicted equilibrium potentials for CI" and non-selective cation 

channels (Fig. 2e). These data confirm approximately equal permeabilities for Na"^, K^, 

and Cs^ and no appreciable anionic permeability, matching the prior characterization of 

AQPl-mediated ion currents in oocytes (Yool et al, 1996). 

Figure 3 shows that application of a cGMP agonist (8Br-cGMP) to the internal 

face of excised inside-out patches from choroid plexus cells resulted in the activation of a 

large conductance channel in symmetrical Cs"^ saline (chord conductance 166 ± 3 pS, 

mean ± SD, n= 6 patches), with properties similar to those described previously for 

AQPl channels in oocytes (Anthony et al., 2000). The large conductance channel was 

blocked reversibly by 500 pM Cd"^, although some residual effect of a low concentration 

of Cd"^ may be reflected in the apparent increase in frequency of short closings during an 

open channel burst. Two classes of small conductance channels (probably Cr or non­

selective cationic) were present in patches with and without 8Br-cGMP , and were not 

appreciably blocked by Cd~^. The large conductance channels showed cGMP-dependent 

activation, sensitivity to block by Cd^^ and permeability to Cs^. Taken together, these 
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properties define a unique conductance that cannot be attributed to endogenous Cr 

channels (which should have a greatly reduced conductance in the low-concentration CF 

salines used here), or to endogenous K'^ channels (which are poorly permeated or blocked 

by Cs"*"). The data support the hypothesis that the novel ion channel in choroid plexus is 

AQPl; however, molecular confirmation was needed to rule out the possibility that 

another endogenous choroid plexus ion channel happened to show the same set of 

properties. 

AQPl knockdown by small interfering RNA eliminates the cGMP-activated 

current. To determine whether the SNP-activated Cd"^-sensitive current is carried by 

native AQPl ion channels in choroid plexus, we used siRNA to knock down levels of 

AQPl protein expression (as described for Figure 1). Figure 4a shows that eGFP-

positive cells co-transfected with 50 ng AQPl-siRNA failed to show a SNP-activated Cs^ 

current. Similarly, 10 mM 8 Br-cGMP in the pipette failed to induce a cGMP-activated 

Cs^ current in AQPl-siRNA treated cells (Fig. 4b, c). AQPl-siRNA treated cells did not 

show the typical SNP-induced positive shift of reversal potential when analyzed in 

physiological salines (NaCl saline in the bath and K gluconate saline in the pipette; data 

not shown), indicating that the cGMP-induced cationic conductance was lost. 

Endogenous currents measured in physiological saline conditions were unaffected by the 

siRNA treatment (data not shown). These findings support the specificity of the siRNA 

knockdown, and demonstrate that the SNP-activated cationic current in choroid plexus is 

mediated by AQPl. Conversely, control cultures of choroid plexus cells (non-

transfected, and transfected with eGFP vector alone) did show cationic current responses 
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to both 8Br-cGMP and SNP. Similarly, control siRNA-treated cells also showed a 

cGMP-induced conductance that was significantly greater than that seen in the AQPl-

siRNA treated group. Two doses (50 and 200 ng) of control siRNA were tested. At the 

higher dose, the cationic cuirents were less than those seen for the other control groups 

(suggesting that an excess of the commercial mixture of control siRNA might decrease 

the expression of AQPl or associated signaling or structural proteins). Nevertheless, the 

cGMP-induced conductance in control siRNA-treated cells at both doses was 

significantly greater than that in the AQPl-siRNA treated group. Thus, the cGMP-

dependent cationic conductance that we have defined here can be attributed to AQPl 

channels that are natively expressed in choroid plexus membrane. 

To assess a possible contribution of AQPl ion channel function to net fluid 

movement, choroid plexus epithelial cells were grown on 0.4 pm polycarbonate 

membranes (12 mm diameter, Costar transwell plates) as confluent monolayers, attaining 

an electrical resistance of at least 50 Ohm/cm^. At day 14 in culture, isotonic medium 

was placed on both sides, 4 ml in the lower chamber (basolateral) and 50 pi in the upper 

chamber (apical). Net fluid flux was monitored before and after treatment with 4.5 pM 

ANP (applied basolaterally), in the presence and absence of 500 pM Cd^^ (applied 

apically). After 2 hours incubation, the volume from the apical side was measured using 

an analytical balance. Measures were standardized to the baseline flow rates for the 

same filters. ANP decreased the flow rate to 58.5 ± 13.4 % of baseline (n=4; mean ± 

SD), and this inhibitory effect was reversed by Cd^^ (85.5 ± 14.9 % of baseline; n=4; 

mean ± SD), which restored fluid movement to near baseline levels (Fig. 4d). Further 
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characterization by knockdown of AQPl with siRNA was not feasible, since <10% of 

choroid plexus cells were transfected. However, we noted from immunocytochemistry 

that AQPl was strongly expressed in apical membrane at two weeks in culture, whereas 

it was substantially down-regulated by 3 weeks. In transport studies of choroid plexus at 

23 days in vitro, there was no inhibitory effect of ANP on net fluid movement (data not 

shown), supporting the essential role of AQPl in the fluid secretion process. 

2.4 DISCUSSION 

Our study is the first to characterize ion channel properties of any endogenously 

expressed MIP channel. The results demonstrate that native AQPl in choroid plexus 

functions as a cGMP-gated ion channel. Other endogenous ion channels in choroid 

plexus cannot explain the findings. The linear current-voltage relationship and the 

cationic selectivity of the cGMP-induced current rule out contributions of native and 

Cr channels characterized previously in choroid plexus cells by molecular and 

electrophysiological methods (Speake et al., 2001,2004; Hung et al, 1993). In 

particular, the ability of siRNA directed against AQPl to knock down AQPl protein 

levels and to selectively eliminate the ionic current having AQPl-like channel properties 

provides a compelling argument that AQPl cGMP-gated ion channels not only exist, but 

are capable of contributing to cellular function in choroid plexus. 

Ion channels and water channels allow the movement of substrates down 

chemical and electrochemical gradients by diffusion. An intriguing combination is seen 

in AQPl, which provides both osmotically-driven water transport and a cationic 
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conductance. Our results suggest that the AQPl ionic conductance might be 

physiologically relevant for regulation of cerebrospinal fluid secretion in choroid plexus. 

In foture work, it will be interesting to consider how depolarization, bacMeak of Na'^, or 

other mechanisms involving activated AQPl ion channels might contribute to the 

decrease of the net transport of fluid across the choroid plexus barrier in response to 

ANP. Our data suggest cGMP-dependent activation of AQPl ion channels could be one 

of several mechanisms that contribute to the regulatory response, since block of the 

AQPl ionic conductance with Cd^^ reverses the inhibitory effect. Activation of guanylate 

cyclase and elevation of cGMP has been correlated with inhibition of Na"*^-K^-ATPase 

(Ellis et al., 2000), suggesting another mechanism of regulation of Na^ transport. Further 

work is needed to quantify the effects of AQPl ion channel activation on net fluid 

transport in barrier epithelial cells. 

While the ion channel function of AQPl in choroid plexus is robust, the reason 

for the low proportion of ion channels reported for heterologous expression systems 

remains unknown. The balance between water transport and ion channel function in 

AQPl may be influenced by membrane envirorunent, cytoskeletal associations, or 

protein-protein interactions (such as with linker proteins, EphB2 tyrosine receptor kinase 

and anion transporters. Cowan et al., 2000). Insights into the nature of the regulatory 

factors that control AQPl ion channel function may be gained from continuing studies of 

AQPl channels expressed in other native tissues. It is reasonable to expect that not all 

tissues in which AQPl is highly expressed would benefit from the presence of a large 

conductance cationic current; instead, the water-to-ion channel ratio of AQPl might be a 
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target of convergent control mechanisms that provide for tissue-specific levels of 

modulation. 

Pathologies and injuries associated with an imbalance between the production and 

removal of cerebrospinal fluid currently are limited in treatment options, including 

systemic diuretics or invasive physical shunting. ICidney proximal tubule and choroid 

plexus both express high levels of AQPl, and coincidentally are also principle targets of 

Cd^^ toxicity (Valois and Webster, 1989; Thevenod, 2003), suggesting the interesting 

possibility that the AQPl ionic conductance may be one of the targets in the pathological 

process, in addition to other known targets of Cd^^ that contribute to toxic effects. Our 

research on AQPl as a regulated channel may identify a new target for therapeutic 

strategies involving cGMP signalling and AQPl ion chaimel activation and block. AQPl 

expression in tissues such as choroid plexus, eye, kidney and the vascular system 

implicates it as a potentially important therapeutic target for modifying water and salt 

fluxes in pathological conditions involving fluid and salt imbalance (edema, 

hydrocephalus, pseudotumor cerebri, glaucoma, etc.). Expanding our understanding of 

mechanisms for the selective activation and block of aquaporin channels and their role in 

transmembrane signalling and transport are areas of compelling interest for advances in 

research and medicine. 



65 

Figure 2.1 AQPl in choroid plexus in vivo and in vitro, (a) RT-PCR confirmation 
of AQPl in vitro. Lanes: (1) Low mass DNA marker. (2-6,8) PGR products for AQPl 
using (2,3) cDNA from RT-RNA at 114 and 400 ng respectively; (4) non-RT-RNA 
(no genomic contamination); (5,6) cloned AQPl cDNA; and (8) no template. (7) PGR 
product for cyclophilin using cDNA from RT-RNA. (b) Immunostaining of cryostat-
sectioned fourth ventricle choroid plexus for AQPl (green) and prealbumin (red). 
Scale 30 pm. (c) Primary cultures show AQPl (green) and prealbumin (red). Scale 10 
|im. (d) Phase contrast superimposed with fluorescence 48 h after cotransfection of 
AQPl siRNA and eGFP (green). (e,l) AQPl (red) and eGFP (green) show non-
overlapping distributions after siRNA knockdown. Scales 10 pm. (g,h) Control cells 
transfected with eGFP alone (48 h). AQPl (red) and eGFP (green) are uniformly 
present. Scales: (g) 20 pm; (h) 10 pm. 



66 

initial 

SNP 1 mM 

Cd^"^' 200 pM 

Cd^"^ 600 mM 

i2nA 
60 ms 

V (mV) 
-120 -80 -40 

SOOuM 

m 
c 

O 

80 

60 

40 

20 

0 

20 
ODQ (14 mM; 15min) 

init SNP 
3mM 

S.. 
UU 

-55 

i i X i 
o 

)K 

^ § o 
.1 

€0 z 
CO ® j3 2 

O 

o 
(0 
Z 

o 3 
05 
to 
r 
o (Q 
z 

Figure 2.2 cGMP-dependent cation current in cultured choroid plexus. 
See next page for details. 
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Figure 2.2 cGMP-dependent cation current in cultured choroid plexus, (a-c) Ionic 

currents induced by SNP are sensitive to Cd . (a) Whole cell recording in Cs-
methanesulfonate before and after SNP, and after addition of Cd^^. Voltages +40 to -
110, from -30 mV holding, (b) Current-voltage relationship for (a), (c) Summary of 
SNP-induced currents and block by Cd (n = 5 each), (d) Block of the response to 
SNP but not to ANP by ODQ (14 pM; 15 min; n= 5). (e) Monovalent cation selectivity 
determined by reversal potential, Erev (circle) of SNP-induced currents (n= 6 each) in 
ion-substituted salines, compared with equilibrium potentials for CF (star), and non­
selective cations (triangle). 
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Figure 2.3 Excised inside-out patcli recording from choroid plexus in vitro, 
illustrating activity of a Cd^^-sensitive AQPl-like channel. 
See next page for details. 
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Figure 2.3 Excised inside-out patch recording from choroid plexus in vitro, 
illustrating activity of a Cd^'^-sensitive AQPl-like channel, (a) Consecutive sweeps 
at +60 mV after 8Br-cGMP (1 mM). Numbered boxes mark three classes distinguished 
by unitary conductances, (b) Selective block of the large-conductance AQPl-like 
channel by Cd^"^ (500 pM). (c) Recovery after washout of Cd^^. (d) Current amplitudes 
determined from all-points histograms. Unitary channel current levels are identified at 
+60 mV by numbered boxes; other amplitudes reflect combinations of channel events. 
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Figure 2.4 Loss of the cGMP-dependent cationic conductance by siRNA knockdown 
of AQPl in choroid plexus in vitro. 
See next page for details. 
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Figure 2.4 Loss of the cGMP-dependent cationic conductance by siRNA knockdown 
of AQPl in choroid plexus in vitro, (a) Whole-cell currents in Cs-methanesulfonate 
saline before and after SNP, and after Cd^^ in cells transfected with AQPl siRNA (50 
ng), control siRNA (200 ng), or eGFP alone, (b) Currents without (left) and with 8Br-
cGMP (right) in the pipette from cells transfected with 50 ng AQPl siRNA, 200 ng 
control siRNA, eGFP alone, and non-transfected cells. Voltages: +60 to-110 mV, from 
-60 mV. (c) Summary of conductances (G/Gmax), standardized to the mean conductance 
for all non-transfected 8Br-cGMP-treated cells within the same set of cultures. (**) 
Statistically significant difference from all cGMP groups (impaired two-tailed Student's 
t test; P < 0.0001).). (d) Water transport assay in confluent monolayers before and after 
treatment with ANP, with and without Cd^^ (see text for details). Statistical differences 
compared with baseline standardized flow rate (unpaired two-tailed Student's t test; 
*P < 0.05, •* P < 0.001, NS non-significant). 
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CHAPTER 3. A FASCINATING TAIL: cGMP ACTIVATION OF AQUAPORIN-1 
ION CHANNELS 

3.1 INTRODUCTION 

At least eleven aquaporins (AQPO - 10) are expressed in mammals in 

tissue-specific patterns. AQPl channels are found in a specialized subset of mammalian 

tissues that require enhanced transmembrane water movement, including kidney, eye, 

brain (choroid plexus), vasculature, and other tissues including lymph vessels and muscle 

(King and Agre, 1996). Although AQPl has been described as an 'archetypal' water 

channel that excludes ail other substrates (Agre et al., 1993), it is now clear that a subset 

of MIP channels including AQPl also show ion channel function (Yool and Stamer, 

2002). The initial characterization of AQPl as a cation channel (Yool et al., 1996) was 

disputed; however, subsequent work has shown that AQPl expressed in Xenopus oocytes 

has an ionic conductance gated by cGMP (Anthony et al., 2000), a finding confirmed 

independently with AQPl reconstituted in lipid bilayers (Saparov et al., 2001). 

Structural studies of another MIP channel (glycerol facilitator protein) suggest the ionic 

pore might be located in the center of the tetramer (Fu et al, 2000). An elegant 

combination of functions is seen in AQPl, which provides for both a osmotically-driven 

water transport, and a cation flux gated by intracellular cGMP (Figure 3.1). Patch 

clamp studies using excised inside-out patches demonstrated that the activation of AQPl 

ion channels depends on the presence of cGMP at the cytoplasmic face of the channel 

(Figure 3.1b). An area of current interest, addressed in this Chapter, is the role of the 

intracellular C-terminal domain in regulating the activation of AQPl ion channel 
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ftmction. 

In ihQXenopus oocyte expression system, only a small proportion (-0.002%) of 

the AQPl channels that are present in the membrane appear to be available for cGMP-

induced activation of the ionic conductance. However, calculations based on a 

quantitative model of kidney proximal tubule indicate that this contribution could be 

physiologically relevant for modulating net Na"^ reabsorption (Yool and Weinstein, 

2002). Furthermore, this small proportion of ion channels could have profound effects on 

membrane potential. Unlike transporters, which move substantial amounts of substrate, 

ion channels alter membrane potential by the net movement of tiny amounts of charge 

(-10 picomoles per cm membrane to generate a change of 100 mV; Hille, 2001). 

Hence, a low proportion of active AQPl ion chaimels could participate effectively in 

gated ionic signaling while the larger pool would allow for substantial osmotic water 

permeability. It is possible that additional regulatory mechanisms, not yet identified, 

could govern the proportion of AQPl available to serve as cGMP-gated ion channels. 

Of interest is the observation that AQPl interacts (via its C-terminus) with a linker 

protein connecting it to a receptor kinase and anion transporters (Cowan et a!., 2000). 

The C-terminus of AQPl could also serve as a Ca^^-binding domain (Fotiadis et al., 

2002). Protein-protein interactions have been shown to modulate the NMDA receptor, 

cystic fibrosis transmembrane regulator (CFTR), epithelial Na^ channels (ENaC), CNG 

and other channels and transporters that are organized into fimctional complexes in 

membranes (Bezprozvanny and Maximov, 2001; Fanning and Anderson, 1999; Sheng 

and Pak, 2000; Kramer and Molokanova, 2001). ENaC expressed in oocytes also shows a 
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majority of channels in a non-conducting or very low open-probability state, and 

relatively few channels in a high open-probability mode (Firsov et al., 1996). The inward 

rectifier KirS.l is electrically silent in HEK293 cells unless coexpressed with the 

anchoring protein PSD-95 (Tanemoto et a!., 2002). Protein interactions might also play 

a role in determining AQPl ion channel availability (Fig. 3.1a), but no data are yet 

available. 

Controversies surround aquaporin-mediated transport, but it is important to 

recognize that diverse intracellular signaling pathways might influence channel 

properties, and that the various experimental findings are not necessarily mutually 

exclusive. The first mammalian aquaporin to be identified as an ion channel was the lens 

MIP, AQPO, a protein that is vital in maintaining the optical clarity of the crystalline lens. 

Mutations in AQPO underlie inherited autosomal dominant cataract disease in humans 

(Berry et al., 2000), and cataract formation in mice (Shiels and Bassnett, 1996). The 

unitary water permeability of AQPO is low as compared with AQPl (Chandy et al., 

1997), but reconstitution of bovine and chicken lens AQPO proteins into lipid bilayers 

was found to yield large-conductance ion channels (Zampighi et al., 1985; Ehring et al., 

1990; Modesto et al., 1996). An ionic conductance was not observed during osmotic 

swelling of oocytes expressing bovine AQPO (Mulders et al., 1995); however, it turns out 

that AQPO ion channel activity was not an artifact of the bilayer system as was suggested. 

Recent work has shown that AQPO, heterologously expressed in mouse erythroid 

leukaemia cells, or baculovirus infected cells, shows acidic-pH-dependent ion channel 

activity (Drake et al, 2002). In the study with AQPO in oocytes (Mulders et al., 1995), 



75 

only the signals that might have accompanied a volume change were tested; the role of 

pH was unknown. Similar uncertainty with regard to AQPl as an ion channel (technical 

comments, Science, 1997, vol. 275, pp. 1490-1492) might have stemmed from the 

indirect nature and inherent variability of cAMP-induced activation (Miledi et al, 1989; 

Cicirelli and Smith, 1985), and an unrecognized element of kinase-dependent crosstalk 

with endogenous cGMP signaling (Yool and Weinstein, 2002). For AQPl, it is now 

clear that cGMP not cAMP is the direct inducing agent, and that truncation of the AQPl 

C-terminal domain abolishes ion channel function without disrupting osmotic water 

permeability (Anthony et al., 2000; Saparov et al., 2001). 

3.2 MATERIALS AND METHODS 

(1) Sequence alignment analysis. Sequence alignments were done with the Vector NTI 

software. Color coding summarizes the sequence comparison: black text- not similar; 

green text- weakly similar; dark blue text on light blue- conservative; black text on 

turquoise- a block of similarity; red text on yellow- identical. Sequences of proteins are 

from the public domain database (GenBank). 

(2) Protein structure analysis. Models were created with Cn3D (NCBI 3D Structure 

viewer) with information from the Molecular Modeling Database. 

3.3 RESULTS 

An amino acid sequence alignment between C-terminal domains of AQPl and 

CNG channels provides support for the existence of a portion of the cyclic-nucleotide-
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binding domain (CNBD) in each subunit of the AQPl channel (Figure 3.1c). The CNBD 

in CNG channels is a complex structure. Based on homology with Escherishia coli 

catabolite-gene-activator protein (CAP) for which the crystal structure is known (Weber 

and Steitz, 1987), it has been suggested that the CNBD consists of a series of p segments 

(Pl-PS, forming a 'beta roll'), followed by two a helices (oB and aC) (Kumar and 

Weber, 1999; Matulef et al., 1999; Vamum et al., 1995). For amino acid sequence 

comparisons over their full lengths, the homologies between CNG channels and AQPl 

are poor. However, over short stretches, greater similarities are seen (Figure 3.2), and 

importantly the functional consequences of mutations identify these regions as important 

for cyclic nucleotide binding. The AQPl C-terminus seems to represent a "minimalist 

sequence" of the CNBD, spanning only P7, p8, £xB and aC. How can the AQPl channel 

function as a cGMP-gated ion channel with such minimal homology? It is possible that 

other cytoplasmic regions of the AQPl channel could complement the C-terminus, 

providing missing facets of a larger binding domain. Altematively, the minimalist 

sequence could be sufficient. For example, cyclic-nucleotide-selective PDEs use a 

comparably small region within the larger catalytic domain for determining cAMP and 

cGMP substrate selectivity (Turko et al, 1998). 

We present here a previously unrecognized sequence similarity between the 

AQPl C-terminus and the selectivity subdomain of cGMP-specific PDE enzymes (Turko 

et al., 1998). Figure 3.2a shows key residues that are conserved between the AQPl C-

terminus and the PDE selectivity domains. The numbering of the residues (1-29) 

defining the selectivity subdomain is internally referenced for convenience. The 
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residues Dl, L2 and K7 are conserved across the PDEs, AQPl and the CNG channels, 

suggesting an essential structural motif among diverse cyclic-nucleotide-binding proteins. 

In cGMP-selective PDEs such as PDE2A and PDES A, the highly conserved residues 

(W9, Q13, A17 and L19) are crucial for substrate selectivity (Turko et al., 1998). Of 

these, three are identical at corresponding positions in AQPl (Fig. 3.2a, upper panel). 

The exception, A17, is not seen in AQPl; instead, at this site the AQPl sequence shows 

conservation with CNG channels (El6, Y17; Fig. 3.2a lower panel). For the cAMP-

selective PDEs such as PDE4C, PDE4D, and Drosophila PDEAl, a different pattern is 

conserved at the same essential positions, but does not match that of AQPl, in keeping 

with the observation that ion chaimel activation of AQPl is mediated by cGMP not 

cAMP. 

A positively charged residue that influences CNG chaimel gating is K596 in 

bovine rod a CNG (Scott and Tanaka, 1998). This residue, K or R (at position 27 in 

Figure 3.2a, lower panel), also is conserved in AQPl. However, many residues 

influencing CNG channel ligand selectivity and channel activation are located outside the 

region that is aligned with the short AQPl C-terminus. For example, studies suggest that 

F533 (in pS) interacts with the ligand purine group (Scott and Tanaka, 1995); T560 (in 

P7) forms a hydrogen bond with cGMP not cAMP and mutation of the threonine 

decreases the cGMP sensitivity 30-fold (Altenhofen et al., 1991); and mutations at 

residues 533 and 604 in bovine rod CNG affect cGMP affinity (Scott and Tanaka, 1998). 

Furthermore, D604 appears to participate in an electrostatic interaction with cGMP (Scott 

and Tanaka, 1998) and influences nucleotide interactions (Vamum et al., 1995). Y498 is 



78 

implicated in modulation of CNG channel open probability through tyrosine kinase-

mediated phosphorylation (Molokanova et ai, 1999). The C-linker region, located 

between the last transmembrane domain and the CNBD, is required for potentiation by 

Ni^"^ involving residue H420 (Gordon and Zagotta, 1995). In contrast to PDEs, residues 

that contribute to substrate selectivity are distributed throughout a large region in CNG 

channels. The crystal structure solved for cAMP-specific PDE shows that the selectivity 

domain includes a helical region and a loop linked to another helix (Xu et al., 2000). An 

analogous model is proposed for the selectivity domain of the cGMP-specific PDE 

(Figure 3.2b,c), and might provide insight into a rational constraint for solving high-

resolution images of the AQPl C-terminal domain, because the secondary structure 

pattem is likely to follow the similarities in amino acid sequence. 

A dendrogram of the strength of sequence similarities for the AQPl C-terminus 

and the equivalent domains of other cyclic-nucleotide-binding proteins (Figure 3.3) 

suggests that within this region AQPl is most similar to cGMP-specific PDEs types 2A 

and 5 A (30-33%), and less similar (20%) to the cAMP-selective classes of PDEs (type 

4C, 4D and Drosophila PDEA1). AQPl shows intermediate similarity to the rod CNG-1 

and -3 channels, the olfactory CNG-2 channel, and the Drosophila CNG channel (23-

26% similarity). The similarity between APQl and the PDEs fits a pattem of substrate 

selectivity for cGMP. In contrast, there is no obvious difference in the degree of 

similarity of AQPl with cGMP-selective CNG chaimels (rod) as compared with olfactory 

CNG channels that bind both cAMP and cGMP, perhaps reflecting the observation that 

this subdomain does not contain all the residues crucial for ligand binding in CNG 



79 

channels. It is interesting that cGMP-selective PDEs and CNG channels show a lower 

similarity to each other than they do to AQPl. For example, the human PDE5A shows 

31% similarity with AQPl, but only 14% with the human CNG-1 channel. Thus, AQPl 

appears to show hybrid features of both PDEs and CNG channels. No evolutionary 

relationships are implied; the limited extent of the sequence comparisons and modest 

levels of similarity shown here suggest that beyond a handful of essential residues that 

are conserved in character and position, the proteins diverge substantially. Nonetheless, 

the interesting observation that the crucial residues of cGMP-selective PDEs are also seen 

in AQPl suggests that this domain is of interest for further study as a candidate region for 

cGMP binding in AQP1. 

3.4 DISCUSSION 

Ion channel function in aquaporins has significance in the regulated control of 

water and ion fluxes across membranes, and possible functions in ligand-mediated 

signaling. The essential role of AQP 1 in the formation of concentrated urine is evident 

in transgenic knockout mice that are grossly normal in survival, appearance and organ 

structure, but susceptible to severe dehydration when deprived of free access to water 

(Ma et al., 1998). Cases of humans with homozygous mutations in AQPl, identified by 

the absence of associated Colton blood group antigens, are rare. The low frequency of 

occurrence in humans suggests that AQPl mutations might not be benign, and implies 

that survival requires a genetic background that provides unknown compensatory 

mechanisms (King and Agre, 1996). Electrophysiological studies in combination with 
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molecular methods have expanded our understanding of the fundamental properties of 

AQPl channels. At present, the role of a regulated ionic conductance of AQPl channels 

in the physiology of various tissues is unknown. It will be important to carry out 

experiments on tissues in which AQPl and other MIP channels are natively expressed to 

confirm the physiological relevance of the ion channel function, and to begin to 

investigate how the dual permeability of these channels to both water and ions might 

influence the processes of net water and salt movement across epithelial membranes. 
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Figure 3.1 Summary of the properties of AQPl expressed in Xenopus oocytes, 
and the C-terminal location of the putative cGMP-binding domain. 
See next page for details. 
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Figure 3.1 Summary of the properties of AQPl expressed in Xenopus oocytes, and 
the C-terminal location of the putative cGMP-binding domain. A. Proposed 
functional states of AQP1 as a water channel (majority of population) and as a cGMP-
gated cation channel (minority). Because the number of ion channels is comparatively 
small, it is unknown whether channels in the ion gating mode also show water channel 
function. The mechanism that regulates the availability of AQPl ion channels is 
unknown, but could involve protein-protein interactions, phosphorylation or other 
modulatory elements (shown with question mark). B. AQPl single-channel activity is 
induced in an excised inside-out patch by application of cGMP (200 pM). The single-
channel conductance is approximately 150 pS (Anthony et al., 2000). C. Images 
illustrating catabolite-gene-activator protein (CAP) with yellow highlighting the region 
W85 to Q126 within the cyclic-nucleotide-binding domain that corresponds to the 
AQPl C-terminus (left); and one subunit of bovine AQPl with yellow highlighting the 
C-terminus, F229 to K269 (right). Models were created with Cn3D (NCBI 3D 
Structure Viewer) with information from the Molecular Modeling Database for CAP 
(MMDB #15043, submitted by J.M. Passner, S.C. Schultz and T.A. Steitz, 7-Nov-OO) 
and AQPl (MMDB #18789, submitted by H. Sui, B.-G. Han, J.K. Lee, P. Walian and 
B.K. Jap, 19-Oct-Ol). 
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Figure 3.2 Amino acid sequence similarities between the carboxy terminal domains 
of AQPl, the selectivity domain of cGMP- and cAMP-selective phosphodiesterases, 
and the equivalent region of CNG channels. 
See next page for details. 
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Figure 3.2 Amino acid sequence similarities between the carboxy terminal domains 
of AQPl, the selectivity domain of cGMP- and cAMP-selective phosphodiesterases, 
and the equivalent region of CNG channels. A. Conserved amino acids show a high 
similarity between the catalytic domain of cGMP-specific phosphodiesterases (PDEs) 
and the carboxy tail domain of AQPl (upper panel). Sequence alignments were done 
with Vector NTI software. Color coding summarizes the sequence comparison: black 
text- not similar; green text- weakly similar; dark blue text on light blue- conservative; 
black text on turquoise- a block of similarity; red text on yellow- identical. Sequence 
similarities between the carboxy tail domains of AQPl and cyclic nucleotide-gated 
channels (lower panel) show a complementary pattern. Numbering of residues is 
internally referenced for comparison, not based on the full length amino acid sequence. 
PDE2A and PDE5A are cGMP-specific PDEs; PDE4C, PDE4D and Drosophila PDEAl 
are cAMP selective. AAC53139 is a rat rod CNG channel; AAD41473 is a rat olfactory 
CNG channel. Sequence names identify proteins listed in the public domain database 
(GenBank). B. Model of the human cAMP-specific PDE subunit (4b2b) with the catalytic 
domain highlighted in red. (MMDB #13828; R.X. Xu et al, 2000). C. Hypothetical 
model of the catalytic domain of cGMP-specific PDE based on analogy with the cAMP-
PDE structure. A similar structural design might be predicted for the carboxy tail of 
AQPl. Numbered residues (positions shown in red) correspond to key amino acids 
shown in A. Models of the cAMP-specific phosphodiesterase and catalytic domain were 
created with Cn3D (NCBI 3D Structure Viewer) with information from the Molecular 
Modeling Database. 
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Figure 3.3 Dendrogram of sequence similarities between the C-terminal domain of 
AQPl, and the corresponding regions of cyclic-nucleotide-gated (CNG) channels 
and phosphodiesterases (PDEs), for sequences illustrated in Fig. 3.2. PDEs 2 and 5 
are cGMP-selective whereas PDE 4 and Drosophila PDEAI are cAMP-selective. The 
graphical representation was generated using Vector NTI software, with percent 
similarity to AQPl (right) calculated by assigning relative values for amino acid identity 
as 1.0, similarity as 0.5 and weak similarity as 0.2. Gene sequences are from the 
GenBank database. The lengths of the connecting line segments correspond inversely to 
the degree of sequence similarity. 
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CHAPTER 4. SMGLE AMINO ACIDS IN THE CARBOXYL TERJMINAL 
DOMAIN OF AQUAPORIN-1 CONTRIBUTE TO cGMP-DEPENDENT ION 
CHANNEL ACTIVATION 

4.1 INTRODUCTION 

AQPl proteins assemble as tetramers of membrane-spanning subianits, 

each composed of six transmembrane domains and intracellular amino and carboxyl 

termini (Sui et al., 2001). This general structural motif is shared by cyclic nucleotide-

gated (CNG) channels and voltage-gated potassium channels (Jan and Jan, 1992). AQPl 

provides for osmotic water flux in tissues including eye, brain (choroid plexus), kidney 

and the vascular system (King and Agre, 1996; Nielsen et al., 1993; Page et al., 1998; 

Stamer et al., 1994; van Os et al., 2000; Venero et al., 2001), and also it functions as a 

gated cation channel that is activated by intracellular signaling in Xenopus oocytes 

(Anthony et al., 2000; Yool et al., 1996). The forskolin-sensitive pathway originally 

suggested for AQPl channel activation (Yool et al., 1996) proved to be indirect and thus 

variable (Yool and Weinstein, 2002). It has since been shown that the direct mechanism 

of AQPl ion channel activation requires binding of intracellular cGMP (Anthony et al., 

2000), an observation confirmed by Pohl and colleagues with AQPl reconstituted in lipid 

bilayers (Saparov et ai, 2001). The cGMP-dependent activation of AQPl ion channels 

was hypothesized to involve the carboxyl (C)-terminus (Anthony et al., 2000). 

Truncation of the C-terminal domain prevented ion channel activation of AQPl by cGMP 

(Saparov et al., 2001), suggesting functional significance for this region. Limited 

sequence similarities at key residues have been observed between the C-termini of AQPl 

and CNG channels (Anthony et al., 2000; Goulding et al., 1994; Vamum et al., 1995) and 
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the substrate selectivity domain of cGMP-selective phosphodiesterases (Turko et al., 

1998; Boassa and Yool, 2002). In CNG channels, studies of cGMP binding and channel 

'activation support the identification of a putative cyclic-nucleotide-binding domain 

(CNBD) in the C-terminus (Goulding et al., 1994; Vamum et al., 1995; Matulef et al., 

1999). Three residues not previously linked to cGMP-mediated signaling are identical 

between AQPl, CNG channels and PDEs (Boassa and Yool, 2002). The relevance of 

these residues for AQPl ion channel activation was unknown, and is the focus of work 

presented here. 

The molecular structure of AQPl investigated by high resolution imaging 

suggests the presence of four individual pathways for transmembrane water movement 

(one in each subunit) that are structurally incompatible with ion conduction (Sui et al., 

2001; Fu et al, 2000; Murata et al., 2000). It is proposed that a gated pathway for cations 

might be in the central pore of aquaporin ion channels (Yool and Weinstein, 2002; Fu et 

al., 2000). In the oocyte expression system, only a small proportion of the population of 

aquaporin water channels appear active as ion channels, as determined by comparing the 

total water permeability and the total ion conductance values. For example, AQPl 

expressed in Xenopus oocytes exhibited water-to-ion channel ratios ranging from 

1:30,000 to 1:180,000, depending on the batch of oocytes (Boassa and Yool, unpublished 

observations). AQPl-expressing oocytes injected with 1 ng cRNA showed a water 

permeability (Pf) value of approximately 95 x 10"* cm/s, and an ionic conductance of 

approximately 50 }iS after activation by cGMP (Anthony et al., 2000; Brooks et al., 

2000). Similarly, AQP6 expressed in oocytes injected with 5-10 ng cRNA showed a Pf 
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value of approximately 93 xlO"^ cm/s and an ionic conductance of approximately 35 pS 

after activation by HgCla (Yasui et al, 1999), suggesting a comparably low overall ratio 

of total water permeability to ionic conductance (reasonably assuming the unitary 

conductances within an order of magnitude to those of AQPl). Low levels of ion channel 

activity might reflect an incomplete environment in non-native expression systems, or 

altematively might suggest that not many AQP ion channels are needed to exert a 

physiological effect. 

The fact that several members of the MIP family have been found to show ion 

channel activity suggests that this function is physiologically relevant, rather than a rare 

accident of protein misfolding as has been suggested for AQPl (Saparov et al., 2001). 

Ion channel fimction has been shown for mammalian AQPO (lens MIP; Zampighi et al, 

1985; Ehring et al., 1990,1992), AQPl (Anthony et al., 2000; Saparov et al., 2001), 

AQP6 (Yasui et al., 1999), soybean nodulin 26 (Weaver et al., 1994), and Drosophila Big 

Brain (Yanochko and Yool, 2002). Physiological roles of ion channel fimction remain to 

be demonstrated for any of these channels expressed in native tissues. Possible regulatory 

mechanisms that might govern aquaporin ion channel availability in native tissues remain 

to be identified. 

Model-based calculations indicate that even a relatively small proportion of AQPl 

channels (1:56,000) having an ion conductance stimulated by cGMP could contribute a 

physiologically relevant increase in renal Na"*" reabsorption (Yool and Weinstein, 2002). 

Furthermore, the ability of a small number of ion channels to potently influence 

membrane potential is well established, in that relatively tiny net ion fluxes drive large 
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changes in membrane potential (Hille, 2001). Ion channels need not be abundant to have 

physiologically significant functions. In addition, the existence of a majority of non-

active channels has precedent. For example, the long opening events (Po ^ 0.5) described 

for epithelial Na channels (ENaC) using patch clamp have been found to involve a 

minority of the channels at the oocyte cell surface; if channel activity is calculated instead 

considering the whole ENaC population, the mean open probability is estimated at 0.014 

to 0.004 (Firsov et al, 1996). 

Although water passes through individual pores in each subunit of the tetramer, 

the water permeability of AQPl requires tetrameric assembly of the channel in the 

plasma membrane (Preston et al., 1993; Jung et al., 1994). In contrast to the ion 

conductance, water flux is suggested to be independent of signaling mediated through the 

C-terminus. Proteolytic removal of the AQPl C-terminus after proteins were 

incorporated into red blood cell membranes did not abolish osmotic water permeability 

(Zeidel et al., 1994). Because water flux depends on correct assembly and membrane 

localization, the expression of osmotic water permeability is a useful tool to rule out 

gross disruptions of protein folding or targeting in AQPl mutant channels. 

C-terminal amino acids that are conserved between AQPl, CNG channels and 

cGMP-selective phosphodiesterases (PDE) were analyzed by site-directed mutagenesis in 

the present study. Mutations of two key amino acids (D237 and K243) were found to 

decrease the amplitude of the AQPl ionic conductance to sodium nitroprusside (SNP). 

Several mutations at other C-terminal residues had no effect on the cGMP-dependent 
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conductance response. These data support the hypothesis that the C-terminal domain 

mediates cGMP-induced activation of ion channel function in AQPl. 

4.2 MATERIALS AND METHODS 

(1) Oocyte preparation. Oocytes at stages V and VI were harvested from female Xenopus 

laevis and prepared as described previously (Anthony et al., 2000). Oocytes were 

injected the day after isolation with either 50 nl of water or 50 nl of water containing 

human AQPl wild type, D237N, D237S, D237A, K243C, or double-mutant D237A-

K243C cRNA. Oocytes were incubated at 18 °C in ND96 culture medium (96 mM NaCl, 

2 mM KCl, 1.8 mM CaClz, 1 mM MgCl2,2.5 mM Na-pyruvate, 5 mM HEPES, 100 U/ml 

penicillin, and 100 fig/ml streptomycin, pH 7.6) for 2-5 days to allow protein expression 

before recording. cDNA for wild type human AQPl was provided by P. Agre, Johns 

Hopkins, Baltimore MD (Preston and Agre, 1991). In all experiments, control and AQPl 

wild type- and mutant-expressing oocytes were compared within the same batch of 

oocytes; replicate experiments were done in separate batches of oocytes. 

(2) Swelling assay. Osmotic swelling was analyzed from volume changes recorded by a 

high performance CCD video camera (Cohu, San Diego, CA). At time zero, oocytes were 

transferred from Na"^ saline (~200 mOsM) into 50% hypotonic Na"^ saline (-100 mOsM) 

to induce swelling. The Na'^ saline contained (in mM) NaCl 100; MgCla 5; HEPES 5 (pH 

7.3). The hypotonic saline contained (in mM) NaCl 50; MgCla 5; HEPES 5 (pH 7.3). 

Images were captured every 4 s for 3 minutes and analyzed using Scion Image Software 
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(Scion Corporation, Frederick, Maryland). The measured maximal cross sectional area of 

the oocyte was used to calculate spherical volume. The relative volume increase v^as 

determined as the proportional increase in volume, standardized to the initial volume at 

time zero. The relative volume increase responses plotted as a function of time of 

exposure to hypotonic saline were fit with a model-independent second order polynomial, 

and the initial rates of swelling [(d(VA^o)/dt] were calculated from the linear component 

of the fit. Osmotic water permeability (Pf) values for each oocyte are defined as: Pf= 

[Vo X d(VA^o)/dt]/[S X Vw X (osmin - osniout)], with initial oocyte volume Vo = 9 x 10"^ 

-J 0 "X 
cm , initial oocyte surface area S = 0.045 cm , molar ratio of water Vw = 18 cm /mol, 

osmolarity inside the oocyte osmin = 200 mOsM, and osmolarity outside the oocyte in 

hypotonic saline osniout =100 mOsM. Pf values (cm/s x 10"^) are given as mean ± SEM. 

(3) Site-directed mutagenesis and in vitro RNA synthesis. Site-directed mutagenesis was 

done with the Quikchange kit (Stratagene, La Jolla, CA) using PfuTurbo DNA 

polymerase. Complementary pairs of synthetic oligonucleotide primers containing the 

desired mutation (listed in Table 4.1) were used to amplify the Ml-length plasmid with 

the AQPl cDNA insert. As per the manufacturer's protocol, the PCR product was treated 

with Dpn I endonuclease to digest the methylated wild type DNA template, and 

transformed into Epicurian Coli XLl-Blue supercompetent cells. Successful 

incorporation of the mutations was confirmed by DNA sequence analyses, using forward 

and reverse primers to check the entire AQPl sequence, and confirm the absence of 

random mutations. Capped cRNA transcripts were synthesized in vitro with T3 RNA 



92 

polymerase enzyme, using BamHI-linearized cDNA as a template. The RNA 

concentration was determined by UV absorbance spectrophotometry to standardize the 

amounts of RNA that were injected into the oocytes, and the correct size and quality was 

checked by agarose gel electrophoresis. 

(4) Electrophysiological recordings. Recordings were made using the two-electrode 

voltage clamp technique. Borosilicate electrodes were filled with 3M KCl (1-3 MOhm). 

Recordings were done in bath saline containing 40 mM KCl, 60 mM K gluconate, 5 

mM MgCla, 5 mM HEPES, and 2 mM EGTA, pH 7.3, at room temperature. Conductance 

responses were measured before, during and after the application of each SNP dose with 

a GeneClamp amplifier and pClamp software (Axon Instruments, Foster City, CA). Data 

were filtered at 2 kHz, digitized at 10 kHz, and stored to hard disk for off-line analysis. 

Net conductance values are reported as mean ± SEM. Statistical comparisons are 

described in the figure legends or text. Sodium nitroprusside (SNP; Sigma Co., St. Louis 

MO) was prepared fi-esh daily as a stock solution (200-600 mM) in recording saline and 

kept on ice, protected from light. The final SNP concentration was obtained by adding a 

calculated amount of the stock solution to the recording chamber. Oocytes were tested 

either with single doses, or with a series of increasing concentrations of SNP; the results 

were comparable with either method of application. All oocytes were preincubated prior 

to recording for 1-3 hours in the presence of 10 pM H7 (1 -(5-Isoquinolinesulfonyl)-2-

methylpiperazine dihydrochloride; Sigma Co., St. Louis MO), a kinase antagonist that 



minimizes possible cross talk with other endogenous signaling pathways in oocytes 

(Anthony et al., 2000; Yool and Weinstein, 2002). 
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(5) Biochemical measures of cGMP. cGMP was assayed using the Biotrak enzyme 

immunoassay (EIA) system (Amersham Pharmacia, Piscataway NJ). Oocytes (10 per 

group) were placed in 24-well plates in recording saline. SNP at different doses was 

added for 4 minutes to match the conditions of the electrophysiology experiments. 

Reactions were stopped by removal of the SNP saline, and addition of the kit assay 

buffer. After cooling on ice, cells were lysed and centrifuged at 1,000 g for 15 minutes. 

The supernatant was removed and centrifuged at 10,000 g for 20 minutes; pellets of 

membranes and cellular debris were discarded. The supernatant, which consisted of the 

oocyte cytosolic fraction, was then used immediately for the EIA assay. 

4.3 RESULTS 

Expression of AQPl wild type and mutant channels in the oocyte plasma 

membrane was confirmed by osmotic swelling assays (Figure 4.1). Xenopus oocytes 

were injected with 50 nl of sterile water containing no cRNA (control), or with 1 ng of 

human AQPl wild type or site-directed mutant cRNAs, at least two days prior to 

analysis. Relative volume increases were measured by osmotic swelling assays (as 

described in the Methods). Figure 4.1 A shows data for relative volume increases in 

representative examples of control oocytes and oocytes expressing AQPl wild type and 

mutant channels. In all experiments, control and AQPl-expressing oocytes were 
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compared within the same batch of oocytes; replicate experiments were done in separate 

batches of oocytes. Expression of the wild type and mutant channels enabled rapid 

osmotically-driven increases in relative volume in 50% hypotonic saline. Control 

oocytes did not show any appreciable increase in relative volume over several minutes in 

the same condition. Figure 4.IB summarizes the osmotic water permeability (Pf) values 

for wild type and mutant channels, compiled from a total of 123 oocytes from 11 batches. 

Mutant channels showed osmotic water permeability values equivalent to those of wild 

type (significantly greater than control, but not significantly different than wild type 

AQPl), ruling out non-specific effects of the mutations on translation, folding and 

targeting of the subunits. 

Direct injection of cGMP or extracellular application of a membrane-permeant 

cGMP analog has been used previously to activate the AQPl ion conductance, although 

relatively slowly (Anthony et al., 2000). Extracellular SNP, a nitric oxide donor, is a 

more rapid and simple method for inducing the AQPl ion current, as illustrated in Fig. 

4.2 for the wild type AQPl channel. Oocytes express soluble guanylate cyclase that can 

be stimulated by nitric oxide to produce cGMP (Moon et al., 2000). SNP caused a dose-

dependent activation of the ionic conductance in AQPl-expressing oocytes, with 

significantly less effect on the native channels of control oocytes (Fig. 4.2A). In each 

experiment, data for control, AQPl wild type- and AQPl mutant-expressing oocytes 

were compared within the same batch of oocytes. Oocytes were tested either with a 

single dose or with a series of increasing concentrations of SNP; no differences were 

observed in the final amplitudes of the induced responses. In most cases at lower doses 
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(3-6 mM SNP) the AQPl conductance showed an outward rectification (Fig. 4.2B), but it 

was linear in current-voltage relationship at higher doses. This effect is generally similar 

to that seen for cGMP-gated channels from rod photoreceptors, which rectify at sub-

saturating concentrations of cGMP and, at saturating levels of cGMP, show a linear 

current-voltage relationship (Bader et al., 1979; Karpen et al., 1988; Benndorf et al., 

1999). In Figure 4.2C, the "initial conductance" represents the value for oocytes 

recorded prior to SNP, and the "final conductance" is the response at 4 min after SNP 

application. The "net conductance" responses after SNP were calculated by subtracting 

the initial from the final traces for each oocyte. Control oocytes showed a small but 

reproducible conductance response to 14 mM SNP, and variable conductances at higher 

SNP concentrations that prevented assessment of doses exceeding 14 mM. For AQPl 

channels, the component of the response that is attributed specifically to a cGMP-

dependent conductance is the difference in net conductance values between AQPl and 

control oocytes (Figure 4.2D). Data for the difference between mean net wild type and 

control conductances (wt-cont) were fit with the equation: 

G(WT-con) = c + {[SNP] G  ̂/ [SNP]+EC5O} 

yielding an estimated EC50 of 7.8 mM (correlation coefficient R = 0.98). This value 

should be considered as an approximation at best, since saturating doses of SNP were not 

achieved (our studies were limited by endogenous oocyte currents at SNP concentrations 

greater than 14 mM). 

The ion conductance response initiated by SNP typically showed a latency of 5-10 

s, and approached a dose-dependent plateau of current amplitude after ~4 min in most 
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batches of ooc3^es (Figure 4.2E). This plateau reflected a steady state between the 

proportion of channels activated and not activated at a given concentration of SNP, which 

was presumed to correspond directly to the intracellular level of cGMP as a balance 

between synthesis and degradation. However, to confirm this, it was necessary to 

correlate the dose of SNP with the steady state cGMP concentration achieved, and to 

ensure that the SNP effect was in a linear dose-response range for cGMP production. 

In order to relate the magnitude of the ionic conductance responses induced by 

SNP to increases in oocyte cGMP levels, we used an enzyme-based immunoassay to 

measure cGMP concentrations under the same conditions used in the electrophysiological 

experiments (Figure 4.3). The mean basal cGMP content in the unstimulated state was 

199 ± 137 finol/oocyte (mean ± SEM, for 4 replicate samples of 10 oocytes per sample, 

with each sample from a different batch of oocytes). The large standard error indicates 

that some variability exists in endogenous levels of cGMP between batches of oocytes 

derived from different female donor frogs; a similar phenomenon has been noted for 

basal cAMP levels in oocytes (Cicirelli and Smith, 1985). In our experiments, oocytes 

were incubated with different doses of SNP for 4 minutes, matching the conditions of the 

electrophysiological assays (above). The level of cytosolic cGMP in the oocyte reflects 

the balance between nitric oxide stimulation of guanylate cyclase and the levels of 

phosphodiesterase activities. Phosphodiesterase inhibitors were not used in the 

electrophysiological or biochemical assays. 

A linear concentration relationship was found between the dose of SNP and the 

resulting net increase in intracellular cGMP. The net increase in cGMP above basal 
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levels did not show saturation within the range of SNP doses tested. Thus, the maximal 

ionic conductance responses seen in voltage clamp recordings are unlikely to result from 

an inherent limit on total oocyte cGMP production, but instead appear to reflect a 

maximal effect of the steady state cGMP level on AQPl ion channel activity. However, 

we cannot rule out possible localized degradation of a membrane-compartment associated 

pool of cGMP in limiting the response, similar to that described for cAMP in HEK cells 

(Rich et al., 2001). 

An equilibrium dissociation constant (Kd) value of 0.2 pM cGMP was estimated 

previously from competition binding studies with cGMP for AQPl channels expressed in 

SF9 cells (Anthony et al,, 2000). The concentration required for the half maximal 

response (EC50) value for AQPl is expected to be higher than the Kd value, since 

receptor occupancy is not identical to response efficacy (Zhu, 1993). A dose of ~8 mM 

SNP (estimated EC50 value) corresponds to ~900 finol cGMP per oocyte (Figure 4.3), or 

approximately 1.8 pM cGMP (assuming a cytoplasmic volume of 0.5 pi), and thus falls 

into a reasonable range for the observed dose-dependent activation. 

Ion channels can be affected by nitric oxide through chemical modification, such 

as S-nitrosylation (Ahem et al., 2002). To test for a direct role of cGMP in the responses 

we observed, AQP1 -expressing oocytes were pre-incubated 3 hours with ODQ (IH-

[ 1,2,4]oxadiazolo[4,3-a]quinoxalin-1 -one), an inhibitor of soluble guanylate cyclase. If 

AQPl channel activation were due to nitric oxide modification, then the conductance 

should persist in ODQ. However, the ODQ inhibitor effectively prevented an AQPl 

conductance response to SNP (Figure 4.4), confirming that the activation of the 
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conductance is dependent on guanylate cyclase activity and cGMP production, and 

cannot be attributed to a possible chemical modification of AQPl residues by nitric 

oxide. 

Based on similarities in amino acid sequence between the AQPl C-terminus, and 

subdomains of CNG channels and cGMP-PDE (Boassa and Yool, 2002), we generated a 

set of mutations in the carboxyl terminal domain of AQPl. Aspartate (D) at position 237 

was substituted with serine (S), asparagine (N), lysine (K) or alanine (A). Lysine at 

position 243 was substituted with cysteine (C). These mutant channels showed 

osmotically induced water permeabilities at levels equivalent to that of AQPl wild type 

(Figure 4.1, Table 4.2). In contrast, the ionic conductance responses showed distinct 

differences depending on the mutation (Figures 4.5,4.6). Data compiled in histograms 

summarize the initial and net SNP-induced conductance data for mutant channels, with 

corresponding wild type and control responses assessed from within the same batches of 

oocytes (Figures 4.5,4,6). The "initial conductance" represents the value for oocytes 

recorded prior to SNP, and the "final conductance" is the response at 4 min after SNP 

application. The "net conductance" responses after SNP were calculated by subtracting 

the initial from the final traces for each oocyte. Oocytes expressing AQPl channels with 

single mutations D237S, D237N (Figure 4.5A) and D237K (Figure 4.5B) showed dose-

dependent ionic conductance responses to SNP that were comparable to that of wild type 

AQPl; however, the conductance response of D237A-expressing oocytes was decreased 

by a small but significant amount (Figure 4.5A). Oocytes expressing the mutant channel 
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K243C also showed a significantly lower conductance response as compared with wild 

type AQPl (Figure 4.5C). 

Based on the two effective single mutations, we generated an AQPl mutant 

containing the double mutation D237A and K243C (Figure 4.6). Although the double 

mutant channel was not significantly different from wild type AQPl in water 

permeability (Figure 4.1, Table 4.2), this mutant channel showed a dramatic decrease in 

ion conductance amplitude at 14 mM SNP, to a level that was significantly less than wild 

type but significantly greater than control. Two general possibilities could explain a 

reduced conductance response for mutated channels. First, the decreased amplitude 

could reflect a decrease in the number of channels that are expressed correctly in the 

membrane as compared to wild type. However, the possibility that the double mutant 

channel was poorly expressed was contradicted by our observation that the osmotic water 

permeabilities of oocytes expressing wild type and double mutant AQPl constructs were 

comparable, arguing against a substantial defect in channel expression. Second, a 

decreased amplitude could reflect a decrease in affinity for cGMP or a decrease in 

maximal response amplitude in the mutant channels. Additional studies are needed to 

distinguish between the two possibilities. 

Interestingly, several other substitutions of D237 with uncharged amino acids 

were tolerated without grossly affecting the macroscopic properties of cGMP-dependent 

AQPl channel activation, suggesting that this residue might serve a general property such 

as positioning of the C-terminal domain, rather than providing for direct electrostatic 

interactions. The persistence of residual cGMP-dependent ion channel activity in the 



100 

double mutant and the tolerance of the region for other mutations at D237 indicate that 

binding and activation by cGMP are not absolutely disrupted by mutations of D237 and 

K243, suggesting that other residues contribute to the cGMP-dependent activation. 

Nonetheless, based on our results, a si^ificant decrease in the response of the double 

mutant is clear, and suggests the structure of AQPl C-terminal domain is important for 

cGMP-mediated activation. 

Mutations also were generated at three other positions that are similar between 

AQPl C-terminal and the corresponding region of CNG channels (data not shown). 

These were R263G/E/Q, and the double mutant S236H+L238R; neither construct had an 

appreciable effect on SNP-induced activation of the AQPl ion conductance (Boassa, 

Steidl, and Yool, unpublished data). Thus, not all the observed similarities in sequence 

necessarily reflect positions critical for cGMP-induced channel activation, although they 

might serve in other regulatory interactions not identified in this study. 

In order to assess the possibility that the reduced current in the double mutant was 

due to a rapid selective loss of channels from the membrane after SNP application, we 

compared the osmotic water permeability values in oocytes expressing D237A + K243C, 

with and without treatment with 14 mM SNP. The water permeability Pf values (given 

here as units cm/s x 10"^) for the double mutant without SNP treatment were 100 ± 12 

(mean ± SEM, n = 11), and 79±7(n = 21) after SNP. For AQPl wild type, the Pf values 

were 83 ± 10 (n = 6) without SNP treatment, and 96 ± 7 (n = 27) after SNP. No 

treatment group showed statistically significant differences from any of the other groups. 
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We next considered the possibility that the effect of cysteine substitution at K243 

might alter AQPl ion channel function by allowing the formation of disulfide bridges 

with other cysteine residues (Figure 4.7). If bridge formation were inhibiting activation 

in the double mutant channel, we would expect treatment with a cysteine-reducing agent 

to enhance the amplitude of the conductance response. We tested this possibility by pre-

incubating control, AQPl wild type, and double mutant D237A + K243C-expressing 

oocytes in the reducing agent dithiothreitol (DTT, 10 mM, in ND96 saline) for one hour 

prior to testing for activation with SNP. Data presented in Figure 4.7 indicate that wild 

type AQP1 -expressing oocytes showed conductance responses to SNP that were not 

significantly different with or without DTT preincubation. However, double mutant 

D237A + K243C-expressing oocytes appeared to show a significantly lower conductance 

after DTT treatment as compared to no DTT exposure (p < 0.03). This result 

contradicted the alternative hypothesis, and suggested that disulfide bridge formation 

does not account for the reduced ionic conductance response. In agreement with results 

of Figure 4.6, the responses of the double mutant-expressing oocytes shown in Figure 4.7 

were significantly greater than that of control oocytes (p < 0.02), and significantly less 

than that of wild type (p < 0.007) within the same treatment groups (with and without 

DTT). Interestingly, the small native conductance activated by SNP in control oocytes 

was significantly reduced by DTT pre-treatment (p < 0.01), as compared with SNP-

induced control oocytes without DTT. This suggests that the unidentified SNP-sensitive 

oocyte channels might have cysteine disulfide bonds that influence levels of channel 

activity, apparently unlike wild type AQPl. Based on this observation, it is possible that 
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the perceived reduction in the conductance response of D237A + K243C after DTT might 

simply reflect the reduced contribution of the native oocyte channels to the overall final 

conductance, made more noticeable by the smaller signal-to-noise ratio for D237A + 

K243C as compared with wild type. If the net control conductances are subtracted from 

the net mutant conductances within each treatment group, the conductances of D237A + 

K243C channels with and without DTT are comparable. 

In summary, our data show that the C-terminal domain of AQPl is essential for 

cGMP-mediated activation of the ionic conductance, and that amino acids D237 and 

K243 influence the efficacy of cGMP-induced gating. 

4.4 DISCUSSION 

Results here show that the cGMP-mediated activation of ion conductance in 

AQPl channels depends on the amino acid sequence of the C-terminal domain, and that 

the efficacy of activation is altered by the mutation of two key residues. These AQPl 

residues D237 and K243 are found in CNG channels and cGMP-selective 

phosphodiesterases (Boassa and Yool, 2002). The double mutation of AQPl D237A and 

K243C significantly decreased the efficacy of cGMP as compared with AQPl wild type. 

Several mechanisms could contribute to the lowered efficacy of macroscopic activation, 

including a decreased affinity for cGMP, alterations in coupling of cGMP binding to 

channel opening, decreased open probability or single channel conductance, the loss of 

modulating protein/signaling interactions, and others; these are interesting questions to 

pursue in future studies. Our analyses support the idea that the reduced conductance of 
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the AQPl chamels with C-terminal mutations is not simply due to a loss of channel 

expression in the membrane, or to the formation of cysteine disulfide bridges involving 

the K243C residue. 

Although the AQPl C-terminus is small in comparison to the fall CNBD of CNG 

channels, our data indicate this domain is important in cGMP-induced activation. The 

tolerance of this region for several of the various mutations tested in our study suggests 

that D237 and K243 do not alone account for cGMP-dependent activation. Other 

residues in the C-terminus, as well as other regions of the AQPl channel could contribute 

to regulating channel activation. Protein-protein interactions also might regulate 

aquaporin ion channels. For example, AQPl is expressed in the inner ear (Beitz et ai., 

1999), where it is linked by PDZ-mediated protein interactions to ephrin tyrosine-kinase 

receptors and anion transporters that might direct the production of endolymph fluid 

(Cowan et al., 2000). Results presented here provide a foundation for further work 

exploring the role of the C-terminal sequence in the mechanism of activation of AQPl 

ion channels. 

The gated ion channel function of AQPl might contribute to many regulatory 

mechanisms, including development, volume regulation, and transmembrane fluid 

transport. AQPl is expressed in some mammalian tissues in which elevation of cGMP 

levels could subserve transmembrane signaling. However, at present, there are no 

published data demonstrating physiological roles for any of the aquaporin ion channels. 

The presence of ion channel function in three of the mammalian aquaporins (AQPO, 1 

and 6) lends credence to the hypothesis that the ion channel capacity is a useful feature 
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whose functional role still is not completely understood. Other aquaporin channels 

might yet be identified once appropriate triggering signals are identified. It will be of 

interest to extend the studies of various aquaporin ion channels beyond the oocyts 

expression system, to characterize their roles in cells that endogenously express these 

channels and their native interacting proteins. 
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Figure 4.1 Osmotically induced swelling in oocytes expressing AQPl wild type and 
C-terminal mutant channels. See next page for details. 
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Figure 4.1 Osmotically induced swelling in oocytes expressing AQPl wild type and 
C-terminal mutant channels. A. Relative volume increases were determined by 
videomicroscopy as a fiinction of time after the transfer of the oocytes from 200 mOsM 
into 100 mOsM saline at time 0. The change in cross-sectional area of the oocyte was 
converted to volume to calculate relative volume increase and standardized to the initial 
volume at time zero. Data are shown for representative individual oocytes. Panels show 
data for control and AQPl wild type- or mutant- expressing oocytes from within the same 
batches of oocytes. B. Summary of the osmotic water permeability (Pf) values for wild 
type and mutant channels. Data for Pf (cm/s x 10"^) are mean ± SEM; n values are shown 
in parentheses (right). Unpaired two-tailed Student's t tests were used to analyze 
significance. An asterisk (*) indicates a value that is significantly different (p<0.0005) 
from control; the pound sign (#) indicates a value that is significantly different (p<0.009) 
from wild type AQP1. 
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Figure 4.2 Wild type AQPl channels show a dose-dependent ionic conductance 
response to the nitric oxide donor, sodium nitroprusside. 
See next page for details. 
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Figure 4.2 Wild type AQPl channels show a dose-dependent ionic conductance 
response to the nitric oxide donor, sodium nitroprusside. A. Comparison of 
representative currents before and after 14 mM SNP in AQPl-expressing and control 
oocytes. Voltage steps were +60 mV to-110 mV in -10 mV intervals, from -40 mV 
holding potential. The net current is (final)-(initial). B. Dose-dependence of net current 
responses of wild type AQPl-expressing oocytes, with the same voltage protocol as in 
(A). C. Summary of data for conductance responses (mean ± SEM, n = 9-34 oocytes per 
group) at different doses of SNP (indicated in mM on horizontal axis). 'Initial' data are 
the conductance levels of the oocytes recorded prior to SNP application, and represent 
total conductance rather than net values. The net conductance responses were calculated 
by subtracting the matched initial values individually from the SNP response for each 
oocyte. D. Mean values ± SEM (n = 7 oocytes per group within the same batch of 
oocytes) are shown for net conductance responses to SNP for control (square) and 
AQPl-expressing oocytes (circle). The difference between mean net AQPl and control 
conductances (diamond) was fit to estimate an EC50 value of 7.8 mM SNP; see text for 
details. E. Dose-dependent rate of activation of ionic current by SNP in representative 
AQPl-expressing oocytes, measured at 5 sec intervals with voltage steps to +40 mV 
from a holding potential of -40mV. The arrow indicates the time of application of 
SNP in the recording chamber bath. Data prior to the application are superimposed. 
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Figure 4.3 Intracellular cGMP produced in oocytes in response to SNP. Oocytes 
were tested in conditions comparable to those used for electrophysiological analyses, 
being assayed after 4 minutes of treatment with various concentrations of SNP in 
recording saline. The amount of cGMP per oocyte was measured by enzyme 
immunoassay. Each point represents the mean of duplicate or triplicate measurements 
from four different experiments (separate batches of oocytes). Values shown are 
mean ± SEM. 
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Figure 4.4 Inhibition of soluble gu any late cyclase prevents the AQPl conductance 
response to SNP. Wild type AQPl-expressing and control oocytes were incubated 
three hours in ND96 saline with or without an inhibitor of soluble guanylate cyclase 
(lH-[ 1,2,4]oxadiazolo[4,3-a]quinoxalin-1 -one, ODQ, 10 pM) prior to 
electrophysiological analysis of the response to SNP (doses indicated in mM on 
horizontal axis). Data are mean ± SEM; n = 3 or 4 oocytes per group. An asterisk (*) 
indicates values that are significantly different (p<0.04) from control; the pound sign 
(#) indicates values that are significantly different (p<0.04) from wild type AQPl 
(unpaired two-tailed Student's t test). 
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Figure 4.5 Summary of the effects of AQPl C-terminal mutations on the net 
conductance responses evoked by SNP. Data are grouped to compare control, AQPl 
wild type and mutant responses from within the same batches of oocytes. The mutants 
D237S, D237N (A) and D237K (B) showed dose-dependent responses to SNP (mM) 
comparable to that of wild type AQPl. However, the mutations D237A (A) and K243C 
(C) showed decreased conductance responses at all doses of SNP as compared with wild 
type. 'Initial' data are the conductance levels of the oocytes recorded prior to SNP 
application, and represent total conductance rather than net values. The net conductance 
responses were calculated by subtracting the matched initial values individually from the 
SNP response for each oocyte. Data are mean ± SEM; n = 3-28 oocytes per group. An 
asterisk (*) indicates values that are significantly different (p<0.02) from control; the 
pound sign (#) indicates values that are significantly different (p<0.04) from wild type 
AQPl (unpaired two-tailed Student's t test). 
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Figure 4.6 Double mutation D237A+K243C in the AQPl carboxyi terminal domain 
shows a decreased conductance response to SNP as compared with wild type. 
See next page for details. 
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Figure 4.6 Double mutation D237A+K243C in the AQPl carboxyl terminal domain 
shows a decreased conductance response to SNP as compared with wild type. A. 
Net current responses of control oocytes, and oocytes expressing AQPl wild type and 
mutant channels were measured for voltage steps from +60 mV to -110 mV in-10 mV 
intervals, from -40 mV holding potential, after 4 minutes in 8 mM SNP. B. Summaiy 
of conductances (mean ± SEM, n = 9-18 oocytes per group) measured at different doses 
of SNP (mM). 'Initial' data are the conductance levels of the oocytes recorded prior to 
SNP application. The net conductance responses were calculated by subtracting the 
matched initial values individually from the SNP response for each oocyte. An asterisk 
(*) indicates values that are significantly different (p<0.006) from control; the pound 
sign (#) indicates values that are significantly different (p<0.0001) from wild type 
AQPl (impaired two-tailed Student's t test). 
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Figure 4.7 Effects of preincubation with the reducing agent dithiothreitol (DTT) on 
SNP-induced ionic conductances. Oocytes expressing AQPl wild type and double 
mutant D237A+K243C channels, and control oocytes were preincubated in ND96 saline 
with and without 10 mM DTT for 1 hour prior to electrophysiological recording of the 
response to SNP. Initial data are prior to SNP application; net conductances are (flnal)-
(initial) for the SNP doses (mM) as indicated. An asterisk (*) indicates values that are 
significantly different (p<0.006) from control; the pound sign (#) indicates values that 
are significantly different (p<0.0001) from wild type AQPl (unpaired two-tailed 
Student's t test) for comparisons within the same treatment group (with or without 
DTT). For other statistical comparisons, see details in text. 


