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Abstract 

Abstract of dissertation entitled: 

The Potential Role of Cyclic 3’,5’-Adenosine Monophosphate in Regulating 

Aqueous Humour Secretion 

submitted by Cheng King Wah Angela 

for the degree of  Doctor of Philosophy 

at The Hong Kong Polytechnic University in March 2015 

 

Glaucoma is one of the leading causes of irreversible blindness. It is often associated 

with elevated intraocular pressure (IOP), resulting from an imbalance in aqueous 

humour production and drainage. Clinically, lowering IOP has been the only 

effective treatment adopted to attenuate the progression of glaucomatous vision 

impairment. However, the detailed mechanisms regulating aqueous humour 

formation have not been fully elucidated. The aim of this study was to investigate the 

role of cyclic 3’,5’-adenosine monophosphate (cAMP) in the regulation of aqueous 

humour production using an integrated approach. This study was conducted in three 

main parts. 

 

In the first part, Ussing-type (UT) chamber system was used to monitor 

transepithelial electrical parameters across freshly isolated porcine ciliary epithelium, 

and fluid flow (FF) chamber system was employed to measure transepithelial fluid 

movement across the tissue preparations. Results showed that administration of 1, 10, 

and 100 µM 8-Br-cAMP (cAMP) to the non-pigmented epithelium (NPE) side 

triggered a sustained stimulation of short-circuit current (Isc) by approximately 70 – 

90%. When applied to the pigmented epithelium (PE) side, it was only effective at 
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100 µM. Forskolin was also shown to elicit a sustained stimulation of Isc. Similarly, it 

acted more effectively when applied to the NPE side than PE side. Concomitant with 

Isc stimulation, aqueous administration of cAMP or forskolin significantly increased 

the spontaneous fluid flow across porcine ciliary body. Aqueous addition of niflumic 

acid (NFA), a Cl- channel blocker, inhibited cAMP-induced Isc stimulation. 

Substituting bathing Cl- concentration or applying heptanol, a gap junction blocker, 

to the bath significantly inhibited the baseline Isc, as well as the subsequent cAMP-

induced Isc stimulation. Pretreating the ciliary epithelium preparations with protein 

kinase A (PKA) blockers (H89 and KT5720) inhibited the stimulatory effect of 

cAMP on Isc. Taken together, these results suggest that cAMP stimulates aqueous 

humour secretion, and its effects may be mediated through Cl- channels in the NPE 

cells and gap junctions linking between PE and NPE cells.  

 

In the second part, the effect of cAMP on NPE Cl- channel activity was investigated 

using whole-cell patch clamping technique. In addition, intracellular Cl- 

concentration was monitored by N-(Ethoxycarbonylmethyl)-6-methoxyquinolinium 

bromide (MQAE) fluorescence imaging technique. Whole-cell Cl- current of porcine 

NPE cells was significantly increased by both cAMP and forskolin. The stimulation 

of Cl- whole-cell current was effectively blocked by H89. In addition, intracellular 

Cl- concentration of isolated NPE cells and PE-NPE cell couplets were significantly 

reduced in the presence of cAMP. In contrast, cAMP had no significant effect on the 

whole-cell current in porcine PE cells. These results imply that cAMP stimulates Cl- 

efflux from NPE cell via the PKA pathway, leading to a reduction of intracellular Cl- 

concentration. 
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In the third part, the effect of cAMP on porcine PE-NPE gap junction permeability 

was studied by dye transfer technique. Results showed that cAMP and forskolin 

enhanced dye diffusion from PE to NPE cells across gap junctions. The effect of 

forskolin was unaffected by the pretreatment with H89, suggesting that cAMP 

increases gap junction permeability independent of the PKA pathway. 

 

The effects of cAMP on aqueous humour inflow have been studied by many 

researchers, but conflicting results were reported. Species variations are likely to 

contribute to the discrepancy. Pig appears to be a good model to mimic human 

physiology. Our results show that, in porcine eye, cAMP stimulates aqueous humour 

secretion by stimulating Cl- channels activity in NPE cells and enhancing PE-NPE 

gap junctional permeability. These findings may aid development of novel anti-

glaucoma drugs. 
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CHAPTER 1 

Introduction 

1.1 Background 

Glaucoma is one of the major causes of irreversible blindness globally (Resnikoff 

and Keys 2012). It is often referred as ‘silent blinder’ because of the absence of 

noticeable symptoms at the early stage of the disease (Coleman 1999). Glaucoma is 

frequently associated with an elevation in intraocular pressure (IOP) which 

subsequently leads to loss of retinal ganglion cells. During its early stage, patients are 

generally asymptomatic. Characteristic visual field defects only become evident in 

the advanced stage of glaucoma. IOP is an important risk for glaucoma and current 

pharmacological treatments of glaucoma aim to reduce IOP. Lowering IOP has been 

the only clinical intervention proven to be effective in delaying the onset and 

progression of glaucoma (Collaborative Normal-Tension Glaucoma Study Group 

1998a; Collaborative Normal-Tension Glaucoma Study Group 1998b; The AGIS 

Investigators 2000; Leske et al. 2003). Researches have been targeted at  developing 

better and more potent drugs as the current treatments are often limited by local and 

systemic side effects (Marquis and Whitson 2005). Moreover, it is not uncommon 

that reduced therapeutic efficacy is observed with long-term therapy (Gehr et al. 

2006). There are also patient compliance issues when multiple drugs are needed 

(Schwartz 2005). 

 

The level of IOP is primarily controlled by the rates of aqueous humour secretion and 

outflow. Lowering IOP can be achieved either by reducing aqueous humour secretion, 

or facilitating aqueous humour outflow, or both. Therefore, better understanding of 

the regulatory mechanisms controlling aqueous humour secretion is an important 
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step in devising better approaches to combat glaucoma.  

 

1.2 Roles of aqueous humour 

Aqueous humour plays several important roles in maintaining the normal function of 

the eye (Krupin and Civan 1996; Civan 1998). For example, aqueous humour is 

involved in: 

1. Supplying oxygen and nutrients to the cornea, trabecular meshwork, and lens. 

2. Removing metabolic waste products, such as CO2 and lactate from the cornea, 

trabecular meshwork, and lens. 

3. Maintaining the shape and structural integrity of the eye. 

4. Facilitating local immune response by clearing blood, macrophages and other 

inflammatory cells and byproducts from the anterior chamber. 

5. Delivering ascorbic acid (a free-radical scavenge) into the anterior segment. 

 

1.3 Structures of the ciliary body 

The ciliary body is highly vascularised and its blood supply is maintained by the 

anterior and posterior ciliary arteries. Anatomically, the ciliary body is divided into 

two regions, the anterior pars plicata and the posterior pars plana. Evidence suggest 

that the pars plicata region is the major site of aqueous humour secretion, as ion 

transporters are predominantly found in this region compared with pars plana 

(Muther and Friedland 1980; Ghosh et al. 1991; Dunn et al. 2001). Structurally, the 

ciliary body consists of a bilayered epithelium (ciliary epithelium), ciliary stroma and 

muscles as well as an inner capillary core. The ciliary epithelium is considered the 

site of aqueous humour production. It is a bilayered epithelium comprising the non-

pigmented epithelium (NPE) and pigmented epithelium (PE) juxtaposed to each 
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other. 

 

1.3.1 Pigmented epithelium 

The PE is the continuation of the retinal pigment epithelium. PE cells have numerous 

melanosomes as well as other organelles (Cole 1984; Saude 1993) and have been 

suggested to be responsible for ion uptake from the blood (Edelman et al. 1994). The 

extensive infoldings at the basalateral surface of PE cells provide a large surface area 

which facilitates ion uptake (Smith 1973).  

 

1.3.2 Non-pigmented epithelium 

The NPE is the continuation of the neural retina. Similar to PE cells, NPE cells 

contain numerous mitochondria and rough endoplasmic reticulum, features 

resembling secretory cells in other tissues. The total surface area is maximised by the 

basal infoldings and interdigitations along the lateral surface of the NPE cell layer 

(Smith 1973). These structural features suggest that PE and NPE cells are both 

involved in aqueous humour production. It has been demonstrated that NPE cells 

contain more mitochondria and rough endoplasmic reticulum than PE cells. In 

addition, higher adenylyl cyclase and Na+, K+-ATPase activities have been reported 

in NPE cells (Elena et al. 1984; Riley and Kishida 1986), suggesting the functional 

significance of NPE cells in producing aqueous humour. Ion channels and 

transporters are present in both the PE and NPE cell layers. However, the exact roles 

of these two cell layers and their interaction in aqueous humour secretion continue to 

remain incompletely understood. The role of ion channels and transporters will be 

discussed in later sections.  
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1.3.3 Tight junctions 

Tight junctions have been involved in the regulation of a variety of physiological 

processes, including cell proliferation, cell polarisation, gene transcription, cell 

growth, and cell differentiation (Balda and Matter 1998; Schneeberger and Lynch 

2004). Their regulation is achieved via several signalling pathways including Rho 

kinase, mitogen-activated protein kinases, protein kinase A (PKA), protein kinase C 

(PKC), and phosphoinositide 3-kinase (Gonzalez-Mariscal et al. 2008). 

 

In the ciliary epithelium, tight junctions are found between the apical regions of 

adjacent NPE cells only (Raviola and Raviola 1978). They are formed from a 

continuous network of varying number of superimposed strands, from two to more 

than twenty. This uneven composition indicates that tight junctions have variable 

‘tightness’ (Noske et al. 1994). Tight junctions are the major constituent of the blood-

aqueous barrier (Cunha-Vaz 1979) and serve two important functions (Hirsch et al. 

1985; Bill 1986; Balda and Matter 1998): (1) controlling the passage of solutes and 

ions from the ciliary stroma through the intercellular space into the posterior 

chamber; and (2) maintaining an electrical gradient across the ciliary epithelium. 

 

1.3.4 Gap junctions 

Gap junctions provide direct intercellular communications between neighbouring 

PE-PE cells, NPE-NPE cells and PE-NPE cells (Raviola and Raviola 1978). Gap 

junctions have been abundantly found between the PE and NPE cell layers, 

indicating communication between the two layers. The presence of gap junctions is 

supported by dye coupling (Edelman et al. 1994; Oh et al. 1994; Stelling and Jacob 

1997; Wang et al. 2010), electrical coupling (Green et al. 1985; Wang et al. 2010), 
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similar membrane potential (Wiederholt and Zadunaisky 1986; Carre et al. 1992), 

and intracellular ionic content (Bowler et al. 1996) between PE and NPE cells. These 

findings imply the presence of free movements of ions and metabolites between 

these two cell layers. As a result, the ciliary epithelium can be viewed as a functional 

syncytium (Wiederholt et al. 1991).  

 

Gap junction channels are formed by two hemichannels called connexons, with two 

adjacent cells each contributing one connexon (Goodenough et al. 1996; Kumar and 

Gilula 1996). Each connexon is comprised of six connexins arranged radially around 

a central pole (Beyer et al. 1990; Bukauskas and Peracchia 1997). Twenty connexins 

genes have been identified in the human genome (Willecke et al. 2002). Different 

connexins have been suggested to attribute to the different functions (Larsen and 

Veenstra 2001) as gap junctions are usually formed by only one or a few subtypes of 

connexins within any given tissue. Coco-Prados and his colleagues (Coca-Prados et 

al. 1992) first identified connexin (Cx) 43 as the major component of gap junctions 

in human ciliary epithelium. Later studies reported that Cx40 and Cx43 are found at 

the apical membranes of the PE and NPE cells in the ciliary epithelium of rabbits, 

rats and cow (Wolosin et al. 1997b; Coffey et al. 2002; Wang et al. 2010), whereas 

Cx26, Cx31 and Cx50 are identified between NPE cells of rabbits and rats (Wolosin 

et al. 1997b; Coffey et al. 2002).  
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1.4 Composition of aqueous humour 

Aqueous humour is comprised of various electrolytes (including Na+, Cl-, K+, Mg2+, 

Ca2+, and HCO3
-), glucose, ascorbic acids, oxygen, amino acids, lactate, urea and a 

small quantities of proteins and lipids, and other substances such as hyaluronic acid 

(Caprioli 1992; Saude 1993). The ionic and organic compositions of aqueous humour 

are different from blood plasma from where it is derived. 

 

1.4.1 Ionic composition 

Ions composition of the aqueous humour varies between species. In addition, 

concentration of various ions such as HCO3
- and Cl- differ significantly between the 

aqueous humour and the blood plasma. For example, in rabbits, cats and guinea pigs, 

a deficit of Cl- and an excess of HCO3
- have been reported in the aqueous humour 

compared with blood plasma. In contrast, opposite findings (i.e. a deficit of HCO3
- 

and an excess of Cl-) was observed in horses, monkeys, and humans (Davson and 

Luck 1956). In cow, pig and sheep, a higher concentration of Cl- is present in their 

aqueous humour as compared to the blood plasma (Gerometta et al. 2005). This 

variation of HCO3
- concentration in aqueous humour across species is reflected in its 

pH. In rabbits, aqueous humour is alkaline while it is acidic in humans (Krupin and 

Civan 1996).  

 

1.4.2 Ascorbic acids 

The concentration of ascorbic acid is significantly higher in aqueous humour than in 

blood plasma in many species (Gaasterland et al. 1979; Reiss et al. 1986; Rose and 

Bode 1991). The accumulation of ascorbic acid in the aqueous humour is mediated 

by the active ascorbate transport across the ciliary epithelium, as demonstrated in 
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rabbit (Chu and Candia 1988; Mead et al. 1996) and cow (To et al. 1998b). Ascorbic 

acid serves as an antioxidant and prevents oxidative damage by scavenging free 

radicals (Varma and Richards 1988; Rubowitz et al. 2003; Erb et al. 2004). 

Furthermore, ascorbic acid acts as ultra-violet (UV) filter and protects the anterior 

intraocular structures against UV radiation by absorption and fluorescence quenching 

(Ringvold 1995; Ringvold 1996). In pig and cow, ascorbic acid accounts for 

approximately 80% of all the antioxidative activities of the aqueous humour (Erb et 

al. 2004).  

 

1.4.3 Proteins 

The total protein concentration in the aqueous humour is remarkably lower than in 

the blood plasma (Tripathi et al. 1989; Goel et al. 2010; Shahidullah et al. 2011). 

Sustaining a very low protein concentration in aqueous humour is important for 

maintaining optical clarity and minimising light scattering (Cole 1984; Abdel-Latif 

1997). Moreover, the protein composition in the aqueous humour differs from blood 

plasma. The blood-aqueous barrier allows primarily the passage of low molecular 

weight proteins (e.g. albumin & beta-globulins), but not high molecular weight 

proteins (e.g. beta-lipoprotein, heavy immunoglobulins) (Stjernschantz et al. 1973; 

Caprioli 1992). An alternative route for protein entry into the aqueous humour exists 

via diffusion from iris capillaries into the anterior chamber directly (Freddo et al. 

1990; Barsotti et al. 1992; Bert et al. 2006) 
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1.5 Aqueous humour formation 

Aqueous humour is continuously secreted by the ciliary epithelium, and drained to 

the anterior chamber from the posterior chamber. Most of the aqueous humour exits 

the eye via the conventional trabecular meshwork pathway which is a pressure-

dependent and to a lesser extent, a pressure-independent uveoscleral pathway (Bill 

1966). The total volume of aqueous humour is around 250 µl (Civan 1998) and the 

average formation rate is around 2.75 µl/min in humans (Brubaker 1991). Thus, the 

turnover rate is around 100 min (Freddo 1999). 

 

At present, it is generally accepted that the ciliary body is responsible for the 

secretion of aqueous humour. Secretion of aqueous humour across the ciliary body is 

a complex process and involves multiple steps (Bill 1975; Brubaker 1991). First, 

blood flows to the blood vessels of the ciliary processes. Second, an extracellular 

fluid is formed from blood plasma, it passes into the interstitial spaces of the ciliary 

stroma through fenestrated ciliary capillaries. Third, solutes from the filtrate are 

selectively transported from the ciliary stroma through the ciliary epithelium into the 

posterior chamber. Fourth, the transport of solutes builds up an osmotic gradient 

which drives the passive flow of fluid by osmosis (Bill 1975; Brubaker 1991). 

 

The movement of solutes across the ciliary epithelium is a vital step of aqueous 

humour formation; it can be attributed to three inter-dependent processes: 

1. Diffusion: passive movement of solutes along the concentration gradient 

across the cell membrane. 

2. Ultrafiltration: passive movement of water or water soluble substances 

through the semi-permeable cell membrane driven by the difference in 
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hydrostatic pressure between the ciliary stroma and the aqueous humour. 

3. Active transport: energy-dependent transport of ions/solutes against the 

concentration gradient across the cell membrane. 

 

Several lines of evidence suggest that aqueous humour secretion is driven by active 

transport rather than diffusion and ultrafiltration. For example, the concentration of 

several components (e.g. ascorbic acid, Cl-, and HCO3
-) in the aqueous humour is 

significantly different from the blood plasma (see section 1.4 for details); this 

apparently rejects the proposition of diffusion being the major driving force. In 

previous times, ultrafiltration was suggested to account for about 80% of aqueous 

humour secretion (Green and Pederson 1972); however findings of various studies  

casted doubt on this hypothesis. The differential oncotic and hydrostatic pressures 

between ciliary stroma and aqueous humour favour reabsorption of aqueous humour 

rather than ultrafiltration (Bill 1975). In addition, alterations in systemic blood 

pressure and ciliary blood flow are reported to have only subtle effects on aqueous 

humour formation rate (Reitsamer and Kiel 2003). Increasing perfusion pressure has 

been shown to cause little effect on IOP in the arterially-perfused bovine eye (Wilson 

et al. 1993). Moreover, fluid secretion against the hydrostatic gradient has been 

detected in the rabbit ciliary epithelium (Burstein et al. 1984a). Further evidence has 

demonstrated that the secretion of aqueous humour can be suppressed by 

hypothermia (Becker 1960; Cole 1969), anoxia (Watanabe and Saito 1978; Krupin et 

al. 1984; Chu and Candia 1988), and metabolic inhibitors (Becker 1963; Becker 

1980; Kodama et al. 1985; Shahidullah et al. 2003). It is now generally accepted that 

ultrafiltration may only be responsible for about 20% of aqueous humour production 

(Bill 1975; Cole 1977; Pederson 1982).  



 10 

1.6 Ion transport across the ciliary epithelium 

Active transport of solutes across the ciliary epithelium provides the major driving 

force for aqueous humour formation. Three major steps are involved in the 

transepithelial transport of ions and solutes (Wiederholt et al. 1991): 

1. Uptake of ions and/or solutes by PE cells from the ciliary stroma. 

2. Transfer of ions and/or solutes from PE cells into NPE cells via intercellular gap 

junctions. 

3. Release of ions and/or solutes into the posterior chamber by NPE cells. 

Many studies have been conducted to identify the ion channels and transporters 

involved in the transfer of ions across the ciliary epithelium (Helbig et al. 1988a; 

Helbig et al. 1989a; Coca-Prados et al. 1995). Given that Na+, HCO3
- and Cl- are the 

major electrolyte constitutes in the aqueous humour and blood plasma, active 

transport of these ions may play a crucial role in aqueous humour formation. In the 

following sections, the current knowledge about transport of these ions across the 

ciliary epithelium will be briefly reviewed. 

  

1.6.1 Na+ transport 

The transport of Na+ ion across the ciliary epithelium is facilitated by Na+, K+-

ATPase. Na+, K+-ATPase is present in all vertebrates, including the ciliary epithelium 

of rabbit (Cole 1964; Flugel and Lutjen-Drecoll 1988; Usukura et al. 1988), cow 

(Ghosh et al. 1990), rat/mouse (Wetzel and Sweadner 2001), and pig (Shahidullah et 

al. 2007). Functional expression of Na+, K+-ATPase has been demonstrated in the 

ciliary epithelium of rabbit (Becker 1980; Riley and Kishida 1986), cat (Oppelt and 

White 1968), cow (Riley and Kishida 1986; Helbig et al. 1987), monkey (Becker 

1980; Chu et al. 1987) and human (Helbig et al. 1989c). This enzyme extrudes three 
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Na+ out of the cell in exchange for two K+ entering the cell, catalysed by the 

hydrolysis of adenosine triphosphate (ATP) (Glynn 2002). Na+, K+-ATPase is 

primarily localised along the basolateral infoldings of both PE and NPE cell layers, it 

is more abundant in NPE cells (Riley and Kishida 1986; Usukura et al. 1988; Mori et 

al. 1991). For example, in the bovine eye the quantity of the catalytic α-subunit of 

Na+, K+-ATPase is eight times higher in NPE cells than in PE cells (Dunn et al. 

2001). Additionally, the expression of Na+, K+-ATPase isoforms differs between PE 

and NPE cells, suggesting functional differences between these two cell layers 

(Ghosh et al. 1991). In PE cells, Na+, K+-ATPase has been suggested to be 

responsible for maintaining intracellular ionic concentration, thereby facilitating 

secondary active transport (Watanabe and Saito 1978; Kishida et al. 1982; 

Wiederholt et al. 1991). Varying distribution of Na+, K+-ATPase isoforms in different 

regions of the ciliary body has also been documented (Ghosh et al. 1990; Ghosh et al. 

1991). For example, α- and β- isoforms are relatively more abundant in the pars 

plicata than in the pars plana (Ghosh et al. 1991), consistent with the notion that the 

pars plicata is the main site of aqueous humour production.  

 

Cardiac glycosides (e.g. ouabain) are able to block Na+, K+-ATPase. It has been 

shown that ouabain lowers IOP (Becker 1963; Waitzman and Jackson 1965) by 

decreasing the aqueous humour production rate (Oppelt and White 1968; Garg and 

Oppelt 1970; Kodama et al. 1985; Shahidullah et al. 2003). Earlier studies suggested 

that active transport of Na+ was the major driving force of aqueous humour 

production, as reflected by the positive potential difference (PD) across the bovine 

and rabbit’s ciliary epithelium (Cole 1961; Cole 1962). The magnitude of PD was 

inhibited by replacing Na+ ions in the bathing solution. It was hypothesised that 
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active transport of Na+ at the basolateral border of NPE cells caused Na+ 

accumulation at the intercellular clefts, thereby generating a hyperosmotic 

environment that drives water movement into the eye (Cole 1961; Cole 1962; 

Diamond and Bossert 1967). However, results from later electrophysiological studies 

questioned the presence of active Na+ transport across ciliary epithelium. Negative 

PD instead of positive PD was reported in several studies using different animal 

species (Holland and Gipson 1970; Watanabe and Saito 1978; Krupin et al. 1984; 

Chu et al. 1987). These findings imply that active anion transport, possibly of HCO3
- 

and/or Cl-, plays an important role in driving aqueous humour production. The 

absence of net transepithelial Na+ flux was also demonstrated in various animal 

species including cat (Holland and Gipson 1970), toad (Saito and Watanabe 1979), 

rabbit (Kishida et al. 1982; Pesin and Candia 1982), and cow (To et al. 1998a). It was 

suggested that the unidirectional Na+ flux was generally high and that might render 

the detection of a comparatively small net Na+ secretion difficult. This was addressed 

by reducing the bathing Na+ concentration whereby the paracellular diffusional 

fluxes were minimised (Candia et al. 1991). At 30 mM Na+, a significant Na+ 

transport was detected but the measured net flux was too small to account for the 

aqueous humour secretion rate (Candia et al. 1991).  

 

1.6.2 HCO3 
- transport 

Active transport of HCO3
- has long been recognised to be involved in aqueous 

humour formation. HCO3
- is synthesised by carbonic anhydrase (CA) from CO2 and 

water. In histochemical studies, CA was found in the ciliary epithelium of rabbit, 

human and monkey (Lutjen-Drecoll and Lonnerholm 1981; Lutjen-Drecoll et al. 

1983). CA activity in the ciliary epithelium of multiple animal species has been 
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demonstrated by several biochemical studies (Dobbs et al. 1979; Wistrand and Garg 

1979; Muther and Friedland 1980; Helbig et al. 1989a; Wu et al. 1997). Cytosolic CA 

isoform II (Wistrand et al. 1986) and membrane bound CA isoform IV (Matsui et al. 

1996; Wu et al. 1997; Shahidullah et al. 2009b) have been detected in the ciliary 

epithelium. Both of them are primarily found in the NPE cell layer, rather than in the 

PE cell layer (Shahidullah et al. 2009b). The combined action of these two isozymes 

are thought to be responsible for facilitating net secretion of HCO3
- across the ciliary 

epithelium into the posterior chamber (Maren 1997). HCO3
- secretion was first 

proposed by Friedenwald (Friedenwald 1949) in a model where HCO3
- formation is 

facilitated by CA. Concomitant with HCO3
-, Na+ is transported into the posterior 

chamber to maintain electrical neutrality (Maren 1977). Accordingly, acetazolamide, 

a CA inhibitor has been reported to reduce HCO3
- accumulation in the aqueous 

humour along with a reduction in Na+ (Kinsey and Reddy 1959; Maren 1976). These 

results are in agreement with higher HCO3
- concentrations in the aqueous humour of 

rabbit and guinea pig when compared with their respective blood plasma (Davson 

and Luck 1956). In the aqueous humour, an excess of HCO3
- is usually concomitant 

to a relative deficit of Cl- so as to maintain electrical neutrality and isotonicity, 

resulting in alkaline aqueous humour (Kinsey 1953; Davson 1956). However, 

aqueous humour is acidic in monkey and human with a relative deficit of HCO3
- and 

a relative excess of Cl- (Davson and Luck 1956; Becker 1959). Interestingly, 

acetazolamide elicits opposing effects on anion composition in the aqueous humour 

of these two distinct groups of species. In rabbit, acetazolamide increases aqueous-

to-plasma Cl- ratio and decreases HCO3
- aqueous-to-plasma ratio. The opposite is 

true in human where acetazolamide induces a reduction in Cl- aqueous-to-plasma 

ratio and a raise in HCO3
- aqueous-to-plasma ratio (Becker 1959). Despite these 
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striking differences, CA inhibitors are shown to reduce aqueous humour inflow and 

IOP in both groups of species (i.e. rabbit as well as monkey and human) (Dailey et al. 

1982; Stein et al. 1983; Bar-Ilan et al. 1984; Kishida et al. 1986; Wang et al. 1991; 

Larsson and Alm 1998; Rosenberg et al. 1998). Based upon the above findings, it 

appears that CA is important in aqueous humour production regardless of their 

HCO3
- and Cl- concentrations in the aqueous humour. Consistent with these findings, 

substituting the bathing HCO3
- reverses the polarity of PD in rabbit (Krupin et al. 

1984). However, the reversal of polarity has not been observed in other species such 

as cow and pig (Do and To 2000; Kong et al. 2006). This suggests that the 

contribution of HCO3
- transport to aqueous humour secretion varies among different 

species.   

 

A potential route of HCO3
- uptake into the PE cells is through the Na+-HCO3

- 

symport which has been demonstrated in rabbit and bovine PE cells (Helbig et al. 

1989b; Butler et al. 1994). In NPE cells, functional evidence shows that the Cl--

HCO3
- antiporter is present at its basolateral membrane (Wolosin et al. 1991). This 

may serve as a HCO3
- efflux pathway to the posterior chamber, facilitating the HCO3

- 

secretion across the ciliary epithelium (Wolosin et al. 1991; Wolosin et al. 1993). 

Nevertheless, no net HCO3
- transport is observed across the bovine ciliary epithelium, 

and the administration of acetazolamide has no effect on HCO3
- secretion (To et al. 

2001). Taken together, it is likely that CA is involved in modulating Cl- secretion 

through the regulation of Cl- uptake by Cl-/HCO3
- exchangers in the PE cells (To et al. 

2001). 
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1.6.3 Cl- transport 

Over the past two decades, Cl- secretion is generally recognised to play a crucial role 

in driving aqueous humour production (Civan 2003). Transepithelial Cl- secretion is 

supported by the results of several electrophysiological studies. For example, Cl--

dependent Isc as well as net Cl- secretion across the ciliary epithelium have been 

demonstrated in different animal species including cat (Holland and Gipson 1970), 

toad (Watanabe and Saito 1978), rabbit (Kishida et al. 1981; Kishida et al. 1982; 

Crook et al. 2000), cow (Do and To 2000) and pig (Kong et al. 2006). Like HCO3
-, 

the quantitative contribution of transepithelial Cl- transport seems to vary among 

species. For example, a reversal of PD across the ciliary epithelium is observed in 

bovine but not in porcine preparations under low bathing Cl- concentration (Do and 

To 2000; Kong et al. 2006), suggesting species variations for ion transport 

mechanisms.  

 

It has been suggested that Cl- transport is coupled to Na+ transport across the ciliary 

epithelium because of the discrepancy between the calculated electrical conductance 

based on unidirectional ion fluxes and the measured electrical conductance (Pesin 

and Candia 1982; Do and To 2000; Kong et al. 2006). This could explain the paradox 

of recorded net Cl- fluxes being several times larger than that calculated from the 

measured Isc (Holland and Gipson 1970; Kishida et al. 1982; Do and To 2000; Kong 

et al. 2006). Figure 1.1 illustrates a simplified model of Cl- transport across the 

ciliary epithelium. 
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Figure 1.1. A simplified model of Cl- transport across the ciliary epithelium.  

NaCl is taken up from the ciliary stroma by the PE cells through Na+-K+-2Cl- 

cotransporters and Na+-H+ and Cl--HCO3
- double exchangers. It then diffuses 

through the gap junctions to enter the NPE cells, where Cl- is released into the 

posterior chamber via Cl- channels of the NPE cells. 

 

 

1.6.3.1 Cl- uptake by PE cells 

The presence of active Cl- uptake by PE cells is also suggested by the finding that the 

intracellular concentration of Cl- in the ciliary epithelium of shark is remarkably 

higher than that predicted from the intracellular potential measurements (Wiederholt 

and Zadunaisky 1986). Other studies also reported similar findings in rabbit ciliary 

epithelium (Green et al. 1985; Carre et al. 1992; Bowler et al. 1996). The uptake of 

Na+ into PE cells is up-regulated by the presence of Cl- in the bathing solution and 

vice versa (Helbig et al. 1989a), indicating that Na+ and Cl- uptake are coupled. 

There are two major mechanisms responsible for the uptake of Cl- into PE cells 
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(Wiederholt et al. 1991). The first one is the Na+-K+-2Cl- cotransporter, and the 

second one is via Cl--HCO3
- and Na+-H+ double exchangers. Cl- uptake via these 

mechanisms is achieved in an electroneutral manner. Both pathways may allow the 

entry of Na+ and Cl- into the PE cells but the relative contribution between these two 

pathways may differ across species (Crook et al. 2000; Do and To 2000; To et al. 

2001; Shahidullah et al. 2003; Kong et al. 2006). 

 

1.6.3.1.1 Na+-K+-2Cl- cotransporter 

The Na+-K+-2Cl- cotransporter is primarily localised at the basolateral membrane of 

the PE cell layer in the anterior pars plicata (Dunn et al. 2001). It simultaneously and 

electroneutrally transports 1 Na+, 1 K+ and 2 Cl- and it can operate bidirectionally. 

Consequently the Na+-K+-2Cl- cotransporter has been shown to play a substantial 

role in several physiological functions including secretion and absorption of 

electrolytes, and cell volume regulation (Haas 1994). An early study has shown that 

the intracellular activity of Cl- in shark ciliary epithelium can be reduced by 

furosemide, a non-specific inhibitor of the Na+-K+-2Cl- cotransporter (Wiederholt 

and Zadunaisky 1986). In bovine PE cells, uptake of both 22Na and 36Cl was reduced 

by bumetanide, a specific inhibitor of Na+-K+-2Cl- cotransporter (Helbig et al. 

1989a). Additionally, reducing the concentrations of Na+, K+, and Cl- in the bathing 

solution isosmotically caused shrinkage of PE cells and was inhibited by bumetanide 

(Edelman et al. 1994). These findings support the existence of a functional 

bumetanide-sensitive Na+-K+-2Cl- cotransporter in the PE cells. Furthermore, stromal 

application of bumetanide is shown to inhibit Cl- transport and Isc across the ciliary 

epithelia of rabbit (Crook et al. 2000), cow (Do and To 2000) and pig (Kong et al. 

2006). Bumetanide and furosemide also reduced aqueous humour secretion in 
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perfused bovine eyes by 35% and 45%, respectively (Shahidullah et al. 2003). These 

findings support the involvement of the Na+-K+-2Cl- symport in the transepithelial 

transport of NaCl across the ciliary epithelium. The relative contribution of the Na+-

K+-2Cl- cotransporter to Cl- uptake in PE cells varies among species. In cow, it 

appears to be the major pathway for Cl- uptake and accounts for up to 80% of Cl- 

secretion (Do and To 2000). In rabbit, however, stromal administration of 

bumetanide inhibits the Isc and stromal-to-aqueous Cl- flux by 43% and 50%, 

respectively (Crook et al. 2000). In pigs, stromal bumetanide reduces the Isc by 32 % 

and inhibits the net Cl- secretion by 36% only (Kong et al. 2006). 

 

1.6.3.1.2 Cl--HCO3
- and Na+-H+ double exchangers 

The existence of Cl--HCO3
- and Na+-H+ double exchangers in the ciliary epithelium 

is supported by several studies (Helbig et al. 1988a; Helbig et al. 1988b; Helbig et al. 

1989b; Matsui et al. 1996; Wu et al. 1998). It is believed that these exchangers play 

essential roles in the regulation of intracellular pH (pHi) and transepithelial Cl- 

secretion into the posterior chamber (Lowe and Lambert 1982; Wakabayashi et al. 

1997). The activity of Cl--HCO3
- and Na+-H+ double exchangers is functionally 

coupled to CA activity and pHi. The exchangers facilitate the uptake of NaCl into the 

ciliary epithelium (Helbig et al. 1989a; Wiederholt et al. 1991). In bovine PE cells, 

Na+-H+ antiport is the major transporter responsible for regulating pHi under baseline 

and acidic conditions, while the Cl--HCO3
- antiport is involved in the pHi regulation 

after alkali load (Helbig et al. 1988a; Helbig et al. 1988b). In the ciliary epithelium, 

cytosolic CA II and plasma membrane-bound CA IV have both been detected, and 

the concerted effort of two isozymes is believed to facilitate the transepithelial ion 

transport. CA IV has been shown to catalyse the dehydration of carbonic acid, 
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leading to the formation of CO2 near to the stromal surface of PE cells (Wiederholt et 

al. 1991; Wu et al. 1998). Then, CO2 diffuses into PE cells through the basolateral 

membrane. CA II hydrates the endogenous CO2, therefore providing HCO3
- and H+ 

as substrates for the uptake of Na+ and Cl- via the paired Cl--HCO3
- and Na+-H+ 

antiports (Wiederholt et al. 1991). Moreover, when PE and NPE cells are incubated 

in HCO3
--rich media, their intracellular Cl- concentration rises, however, this HCO3

--

mediated rise in Cl- content is prevented by acetazolamide (Bowler et al. 1996; 

McLaughlin et al. 1998). Other evidence has shown that NHE-1 and AE2 are 

important in mediating NaCl uptake into the PE cells (Counillon et al. 2000) and the 

turnover rates of NHE-1 (Li et al. 2002) and AE2 (Sterling et al. 2001) antiports can 

be enhanced by CA II. It has been demonstrated that the addition of DIDS, a Cl--

HCO3
- exchanger blocker, inhibits Isc across rabbit (Crook et al. 2000) and bovine 

ciliary epithelium (Do and To 2000). It also reduces aqueous humour formation rate 

and IOP in isolated perfused bovine eyes (Shahidullah et al. 2003). However, no 

significant inhibitory effect was observed in porcine ciliary epithelium (Kong et al. 

2006).  A recent study also showed that DIDS has no effect on the fluid flow rate 

across isolated porcine ciliary epithelium (Law et al. 2009).  

 

The Na+-K+-2Cl- symport and Cl--HCO3
- and Na+-H+ antiports are found to be 

responsible for the uptake of ions into PE cells, although their relative contributions 

differ in published reports. These discrepancies may be due to species differences, 

research methodologies, tissue preparations and so on (Do and Civan 2009).  
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1.6.3.2 Transfer of Cl- from PE to NPE cells 

After entering into the PE cells, NaCl will transfer to NPE cells through gap 

junctions before being released into the posterior chamber. The presence of 

intracellular gap junctions has been documented by histological studies (Raviola and 

Raviola 1978), biochemical methods (Coca-Prados et al. 1992; Wolosin et al. 1997b; 

Coffey et al. 2002) and functional expression studies (Green et al. 1985; Wiederholt 

and Zadunaisky 1986; Edelman et al. 1994; Oh et al. 1994; Bowler et al. 1996; 

Stelling and Jacob 1997; Do and To 2000; McLaughlin et al. 2004; Kong et al. 2006). 

These results suggest that the bilayered ciliary epithelium acts as a functional 

syncytium (Krupin and Civan 1996). This is supported by gap junction inhibitors, 

including octanol (Stelling and Jacob 1997; Hirata et al. 1998) and heptanol 

(Mitchell and Civan 1997; Wang et al. 2010), interrupting the transfer of ions 

between PE and NPE cells. It has been demonstrated that the administration of 

heptanol inhibits Isc by approximately 80 – 90% across the ciliary epithelium of 

rabbit (Wolosin et al. 1997a), cow (Do and To 2000) and pig (Kong et al. 2006), 

resulting in a decrease in net Cl- transport (Do and To 2000; Kong et al. 2006). 

Heptanol has also been shown to suppress the fluid movement by approximately 

80% across porcine ciliary epithelium (Law et al. 2009). These results support the 

notion that gap junctions between PE and NPE cells are important for the 

transepithelial ion and fluid secretion. 

 

Several studies have demonstrated the presence of Cx43 and Cx40 between PE and 

NPE cell layers in human, rat, rabbit, cow and pig (Coca-Prados et al. 1992; Wolosin 

et al. 1997b; Coffey et al. 2002; Wang et al. 2010; Shahidullah and Delamere 2014a). 

A reduction in IOP was observed after partial inactivation of Cx43 in the NPE cells 
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of mouse ciliary epithelium (Calera et al. 2009). The partial inactivation of Cx43 

caused structural changes in murine ciliary body and iris, and possibly contributed to 

the reduced IOP (Calera et al. 2009). The functional significance of Cx43 was further 

supported by a recent study that demonstrated a substantially higher expression of 

Cx43 than Cx40 in bovine ciliary epithelial cells (Wang et al. 2010). Knockdown of 

Cx43 caused an inhibition of gap junction conductance and permeability by 

approximately 50 – 60% in PE-NPE cell couplets, suggesting that Cx43 is likely the 

major functional component of PE-NPE gap junctions (Wang et al. 2010). 

 

1.6.3.3 Release of Cl- into the aqueous humour by NPE cells 

After reaching NPE cells, Cl- is released into the posterior chamber via Cl- channels. 

Among the three transport steps mentioned earlier, Cl- efflux by NPE cells is 

believed to be the rate limiting step of transepithelial secretion for the following 

reasons (Jacob and Civan 1996; Civan 1997): 

1. The intracellular Cl- concentration in the ciliary epithelium is 5-fold higher than 

that predicted from the measured intracellular potential (Wiederholt and 

Zadunaisky 1986), implying Cl- uptake by PE cells is not likely rate limiting. 

2. Similar membrane potential and intracellular Na+, K+ and Cl- contents are 

demonstrated between PE and NPE cells (Wiederholt and Zadunaisky 1986; 

Bowler et al. 1996), suggesting an unimpeded transfer of ions through PE-NPE 

gap junctions. 

3. Baseline activities of Na+, K+-ATPase and K+ channel at the basolateral surface 

of NPE cells are high (Krupin and Civan 1996), suggesting that they are not 

likely rate limiting.  

4. The density of Cl- channels is low in cultured NPE cells (Yantorno et al. 1992; 
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Anguita et al. 1995; Coca-Prados et al. 1995), suggesting that Cl- channels 

potentially limit the rate of aqueous humour formation.  

 

It has been demonstrated that the administration of 5-nitro-2-(3- 

phenylpropylamine)- benzoic acid (NPPB), a Cl- channel blocker, to the aqueous 

surface significantly inhibits the Isc and net Cl- secretion by approximately 90% in 

bovine ciliary epithelium (Do and To 2000). Similarly, the administration of NPPB 

caused a 25% reduction of aqueous humour production in perfused bovine eyes 

(Shahidullah et al. 2003). Another Cl- channel blocker, niflumic acid (NFA) also 

abolished Isc and net Cl- flux across porcine ciliary epithelium (Kong et al. 2006). 

These findings suggest that Cl- channels in NPE cells are crucial in the regulation of 

aqueous humour secretion. However, the identity of the Cl- channel(s) as well as its 

precise gating and regulatory mechanisms are yet to be determined.  

 

Regulatory volume decrease (RVD) is the physiological regulatory response to 

osmotic cell swelling, reflecting the ionic and volumetric changes in response to 

hypotonic stress. RVD has been proposed to be associated with aqueous humour 

formation (Farahbakhsh and Fain 1987). Using whole-cell patch clamping, K+ 

conductance has been found to be the major contributor of the whole-cell 

conductance under baseline isotonic conditions (Yantorno et al. 1992). However, 

hypotonic cell swelling triggers RVD which is dependent primarily on the Cl- 

channel activities (Civan et al. 1992; Yantorno et al. 1992). Apart from hypotonic cell 

swelling, the baseline activity of Cl- channels can be modulated by PKC (Civan et al. 

1994; Coca-Prados et al. 1995; Shi et al. 2002; Shi et al. 2003), A3 adenosine 

receptors (A3ARS) (Mitchell et al. 1999; Carre et al. 2000) and cAMP (Chen et al. 
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1994; Edelman et al. 1995; Chen and Sears 1997). 

 

The identity of the NPE Cl- channel(s) is yet to be determined. However, at least 2 

types of Cl- channels are likely expressed in NPE cells (Zhang and Jacob 1997). 

Swelling-activated Cl- current has been shown to facilitate Cl- release into the 

posterior chamber, resulting in the transepithelial Cl- secretion in bovine NPE cells 

(Do and Civan 2006). It has been suggested that ClC-3 is possibly the dominant 

NPE-cell Cl- channel (Coca-Prados et al. 1996; Civan 2003). This is supported by 

several lines of evidence. Firstly, ClC-3 protein and transcriptase are expressed in 

NPE cells (Coca-Prados et al. 1996). Secondly, NPE-cell Cl- channel activity is 

blocked by PKC (Civan et al. 1994; Coca-Prados et al. 1995; Coca-Prados et al. 

1996), a characteristic of ClC-3 related Cl- currents (Kawasaki et al. 1994). Thirdly, 

ClC-3 expression and swelling-activated Cl- currents can be down-regulated by ClC-

3 antisense deoxynucleotides in NPE cells (Wang et al. 2000). In addition, swelling-

activated Cl- current in cultured rabbit (Vessey et al. 2004) and native bovine (Do et 

al. 2005) NPE cells is inhibited by a functional specific anti-ClC-3 antibody. 

However, it has also been reported that ClC-3 is expressed predominantly within the 

nucleus of the NPE cells and ClC-3 contributes only a portion of the total NPE-cell 

Cl- current (Wang et al. 2000). Given these findings, it is unclear if ClC-3 is the 

major Cl- channel in the NPE cells. Furthermore, it is still controversial whether or 

not ClC-3 plays a role in the regulation of transmembrane Cl- transport in NPE and in 

other cells (Hermoso et al. 2002; Jentsch et al. 2002). Contradictory result was 

obtained in ClC-3 negative mice, in which the activity of swelling-activated Cl- 

channels is retained in pancreatic acinar cells and hepatocytes (Stobrawa et al. 2001). 

It has been suggested that ClC-3 is only part of a protein complex that forms the 
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swelling-activated Cl- channel (Do and Civan 2009). Nevertheless, the time-course 

of the Isc stimulation triggered by hypotonicity is similar to that of RVD shown in 

isolated bovine NPE cells, which suggest the swelling-activated Cl- channels are 

located mainly in the NPE cells and they are fundamentally important in enhancing 

aqueous humour production (Do et al. 2006). 

 

pICln is a protein that is potentially the regulator of NPE Cl- channels. It has been 

detected in human (Coca-Prados et al. 1995) and bovine (Chen et al. 1999) NPE cells. 

Swelling-activated Cl- current is delayed and reduced by antisense oligonucleotide-

mediated down-regulation of pICln in bovine NPE cells, suggesting the involvement of 

pICln in the stimulation of swelling-activated Cl- current (Chen et al. 1999). However, 

pICln is found to be located in the cytoplasm of the NPE cell but not on the cell 

membrane, and the translocation of pICln to the cell membrane has not been observed 

under hypotonic condition (Sanchez-Torres et al. 1999). It was suggested that pICln 

may only indirectly exert effects on the activity of Cl- channels in NPE cells, 

possibly through cytostructural restructuring (Do and Civan 2004; Do and Civan 

2009). 

 

1.6.3.4 Recycling of Cl- 

It has been shown that Cl- taken up by PE cells can be recycled at their basolateral 

surface (Jacob and Civan 1996). The recycling of Na+ and Cl- at the basolateral 

membrane of PE cells likely reduces the net Cl- secretion into the posterior chamber. 

ATP has been shown to be released by swollen PE cells (Mitchell et al. 1998), 

thereby triggering shrinkage of bovine PE cells by activating their Cl- channels 

(Fleischhauer et al. 2001). It has also been demonstrated that ATP activates PE-cell 
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Cl- channels by stimulating P2Y2 ATP receptors (Shahidullah and Wilson 1997). It is 

likely that maxi-Cl- channels are involved in this recycling process. The stimulation 

of swelling- and cAMP-activated maxi-Cl- channels modulates net Cl- and aqueous 

humour secretion (Do et al. 2004b). Cl- recycling to the ciliary stroma plays an 

important role in preventing excessive accumulation of Cl- in PE cells (Do and Civan 

2006). 

 

At the basolateral surface of NPE cells, functional activities of the Na+-Cl- symport, 

paired Na+-H+ and Cl--HCO3
- antiports and an amiloride-sensitive Na+ channel have 

also been reported in various species including rabbit, human and pig (Wolosin et al. 

1993; Civan et al. 1996; Wu et al. 1997; Shahidullah et al. 2009b). Several studies 

have demonstrated the presence of the Na+-K+-2Cl- cotransporter in cultured rabbit 

and human NPE cells (Dong and Delamere 1994; Crook and Polansky 1994b; Civan 

et al. 1996). Stimulation of these transporters is expected to increase Na+ and Cl- 

uptake by the NPE cells from the aqueous humour, thus enhancing the Cl- 

reabsorption and reducing the net aqueous humour secretion (Do and Civan 2009). 

 

1.6.4 Regulation of net Cl- and aqueous humour secretion 

Despite the success in mapping the transmembrane events across the ciliary 

epithelium, the integration and regulation of aqueous humour formation remain 

elusive. A number of signalling cascades have been reported to modulate aqueous 

humour inflow, but their precise mechanisms are not completely understood. This 

could be due to the unique structure of the bilayered ciliary epithelium and the 

complexity of the ion transport and signalling mechanisms involved. Examples of 

reported signalling cascades mediating aqueous humour formation include cAMP 
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(Chu and Candia 1985; Chu et al. 1986; Horio et al. 1996), cGMP (Carre and Civan 

1995; Shahidullah and Wilson 1999; Shahidullah et al. 2005), nitric oxide (Ellis et al. 

2001; Liu et al. 2002; Shahidullah et al. 2005), and melatonin receptors (Crooke et al. 

2012; Dortch-Carnes and Tosini 2012). 

 

β-adrenergic antagonists (β-blockers) have long been used as an anti-glaucoma drug. 

It works by reducing IOP by suppressing aqueous humour production. β-adrenergic 

antagonists lead to reduced adenylyl cyclase activity, and resulting in a reduction in 

cAMP production. Whether or not the ocular hypotensive effect of β-adrenergic 

antagonists is related to cAMP is not yet clear. In this study, we aim to investigate 

the potential significance of cAMP on aqueous humour dynamics.  

 

1.6.4.1 Roles of cAMP 

Many cellular signalling cascades have been suggested to be involved in the 

regulation of aqueous humour formation. Among them, cAMP has long been 

proposed to play an important role in the modulation of aqueous inflow and 

regulation of IOP (Lee et al. 1984; Chu and Candia 1985; Horio et al. 1996). cAMP 

is an intracellular second messenger participating in a variety of physiological 

processes including ion transport regulation (Ruiz and Arruda 1992; Yun et al. 1997; 

Bachmann et al. 2008). For example, cAMP-stimulated Cl- channels have been 

reported in the epithelia of different tissues (Greger et al. 1996; Kim et al. 2007; Li et 

al. 2011; Laverty et al. 2012; Liao et al. 2013). 

 

In ciliary epithelium, β-adrenergic receptors have been identified in both animals and 

humans (Elena et al. 1984; Polansky et al. 1985; Wax and Molinoff 1987). Binding 



 27 

of adrenergic agonists to these membrane receptors stimulates adenylyl cyclase, 

leading to cAMP formation. The presence of β2-adrenergic receptor-activated 

adenylyl cyclase has been demonstrated in rabbit ciliary processes (Nathanson 1980). 

Similarly, stimulation of vasoactive intestinal peptide (VIP) receptors in ciliary 

epithelial cells caused an increase in cAMP production (Crook et al. 1994a). 

Subsequent to adenylyl cyclase activation, cAMP elicits a series of cellular 

physiological responses through the activation of PKA. Forskolin is a labdane 

diterpene and acts by directly activating adenylyl cyclase and by facilitating or 

potentiating hormone- or guanyl nucleotides-mediated modulation of adenylyl 

cyclase activity (Seamon and Daly 1981; Seamon et al. 1981). It has been 

demonstrated that agents such as forskolin, isoproterenol (a β-adrenergic agonist) and 

VIP stimulate cAMP production in the ciliary processes of human (Bausher and 

Horio 1995), pig (Samuelsson-Almen and Nilsson 1999) and rabbit (Horio et al. 

1996). The increase in cAMP production by isoproterenol can be abolished by the 

pretreatment with timolol (Horio et al. 1996).  

 

The intravenous application of VIP was shown to enhance aqueous humour flow in 

monkey (Nilsson et al. 1990). Similarly, isoproterenol has been reported to increase 

aqueous humour inflow in monkey (Bill 1970). Later findings show that 

isoproterenol enhances Cl- uptake by PE cells and stimulates net Cl- transport across 

the rabbit ciliary epithelium (Crook et al. 2000) such that cAMP is anticipated to 

facilitate net Cl- secretion to the posterior chamber, resulting in an increase in 

aqueous humour secretion (Ni et al. 2006). In this regard, β-adrenergic antagonists 

inhibit the production of cAMP and, therefore, are expected to suppress the aqueous 

humour formation and IOP. However, forskolin which stimulates endogenous 
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production of cAMP does not stimulate the rate of aqueous humour secretion. Rather, 

it reduces the rate of aqueous humour formation (Caprioli et al. 1984; Lee et al. 

1984). Topical administration of forskolin reduces IOP in human, monkey, and rabbit, 

and the effect is mediated by an inhibition of aqueous humour inflow (Caprioli and 

Sears 1983; Lee et al. 1984). Similarly, topical isoproterenol decreases the rate of 

aqueous humour formation and thereby IOP in humans (Gaasterland et al. 1973; 

Brubaker and Gaasterland 1984). Several lines of evidence indicate that intravitreal 

and topical administration of forskolin or VIP reduce IOP in the rabbit, monkey and 

human (Caprioli and Sears 1983; Caprioli et al. 1984; Lee et al. 1984; Mittag et al. 

1987). In other words, agents which stimulate endogenous cAMP production as well 

as β-adrenergic antagonists both have ocular hypotensive effects in both animals and 

humans. Clinically, β-adrenergic antagonists have been commonly used to treat 

patients with glaucoma (Arthur and Cantor 2011). Whether or not the effects of these 

antagonists are mediated through a cAMP-dependent pathway is unknown. The fact 

that agents believed to cause an increase in cAMP concentrations and agents believed 

to decrease cAMP concentrations (i.e. β-adrenergic antagonists) both reduce IOP 

hinders our understanding of the precise functional significance of cAMP in 

regulating aqueous humour secretion. 

 

In monkey, administration of forskolin and isoproterenol stimulate Isc across the 

ciliary body preparation, and the isoproterenol-induced Isc can be blocked by 

propranolol, a β-adrenergic antagonists (Chu et al. 1987). In rabbit, controversial 

results have been reported in the literature. Forskolin was shown to stimulate Isc 

when administrated to the aqueous side, but induced no effect when administered to 

the stromal side (Chu et al. 1986). Nevertheless, 8-Br-cAMP (a cell permeable cAMP 
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analogue that is more resistant to phosphodiesterases) was found to stimulate Isc 

when applied to either surface of the preparation (Chu and Candia 1985). While 

aqueous administration of isoproterenol was ineffective in triggering any change in 

Isc, surprisingly it reduced Isc when added to stromal side (Chu and Candia 1985). 

However, a later study demonstrates that isoproterenol, forskolin and VIP stimulate 

Isc when added to the stromal surface of rabbit ciliary epithelial bilayer (Horio et al. 

1996). The stimulation of Isc could be mediated by the increased Cl- secretion into the 

eye (Crook et al. 2000). Consistent with this result, it has been shown that the 

elevation in IOP during the dark phase of the alternating light and dark cycle in 

rabbits is associated with an increase in aqueous humour formation and cAMP 

concentration in the aqueous humour (Rowland et al. 1986). 

 

With regard to additional mechanisms regulating cAMP concentration, it has been 

shown that cAMP production can also be stimulated by ATP release upon hypotonic 

cell swelling in PE cells (Fleischhauer et al. 2001), in addition to stimulation of β-

adrenergic and VIP receptors. However, cAMP was also shown to inhibit the 

ouabain-sensitive Na+, K+-ATPase in rabbit ciliary epithelium via PKA signalling 

cascades (Delamere and King 1992; Nakai et al. 1999), potentially reducing the 

driving force of aqueous humour secretion. In results obtained from bovine 

preparations, cAMP was shown to inhibit net Cl- transport across the ciliary 

epithelium (Fleischhauer et al. 2001; Do et al. 2004b). Addition of forskolin, 

isoproterenol, VIP and 8-Br-cAMP to the ciliary epithelium decreased the net Cl- 

secretion into the eye, suggesting a cAMP-inhibitable Cl- transport mechanism in 

bovine ciliary epithelium (Do et al. 2004a). The inhibitory effect of cAMP is 

probably mediated by the regulation of gap junction permeability between PE and 
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NPE cells. Using freshly harvested bovine PE-NPE cell couplets, cAMP was shown 

to inhibit the junctional conductance between PE and NPE cells by approximately 40 

– 55% using dual-cell patch clamp technique (Wang et al. 2010). Consistent with this 

finding, addition of cAMP induced a parallel reduction of dye transfer from PE to 

NPE cells, indicating that cAMP inhibits the aqueous humour formation by closing 

the PE-NPE gap junctions (Wang et al. 2010). However, recent findings suggest a 

different mechanism involved in the regulation of aqueous inflow in the porcine eye. 

Using isolated porcine ciliary body preparations, cAMP was shown to trigger a 

stimulation of Isc, leading to a transient increase in net Cl- secretion into the eye (Ni 

et al. 2006). The exact reason for these differences are not clear, it may reflect 

species variations in relation to the transport mechanism across the ciliary epithelium. 

 

1.7 The objectives of the study 

Transepithelial Cl- secretion across the ciliary epithelium is recognised as a major 

force for driving aqueous humour production. However, the precise underlying 

mechanisms controlling aqueous humour secretion continue to remain incompletely 

understood, with multiple unresolved discrepancies present in the published literature.  

cAMP has been extensively studied and shown to modulate aqueous humour 

secretion and IOP; however, its precise physiologic significance and net effect on 

aqueous humour production and IOP remain controversial. The complexity of the 

responses reported in the literatures may be due to multiple effects elicited by cAMP 

on the aqueous humour dynamics, as well as to variations among animal species. It is 

crucial to determine the precise functional roles of cAMP in mediating aqueous 

inflow despite the fact that the in vivo physiological regulation of aqueous humour 

dynamics is complicated. In addition, it is also important to establish a good animal 
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model that reliably mimics human physiology. Pig appears to be a valuable 

biomedical model for the studies of human diseases (Aigner et al. 2010; Walters et al. 

2012; Wolf 2012). The major focus of this project is to examine how cAMP affects 

aqueous humour secretion in porcine eyes. This question will be addressed by using 

physiologic approaches to study the effects of cAMP on several parameters of 

aqueous humour inflow using isolated ciliary epithelial cells, cell-couplets and 

excised ciliary body preparations. The use of isolated ciliary epithelial cells and 

excised ciliary epithelia can exclude effects potentially resulting from outflow 

pathway and systemic influences. Specifically, we shall 1) investigate the effects of 

cAMP on transepithelial Isc and fluid transport across porcine ciliary epithelium; and 

2) elucidate the potential cellular sites and signalling pathway of cAMP. This 

information is fundamental to our understanding of the precise functional 

significance of cAMP and also for devising future therapeutic approaches in 

glaucoma therapy. 
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CHAPTER 2 

Methods 

2.1 Porcine as an animal model 

Domestic pigs are anatomically and physiologically similar to humans (Niekrasz et al. 

1992). They are easily accessible and have been considered a valuable biomedical 

model in the studies of human health and diseases such as diabetes, cardiovascular 

diseases, and neurodegenerative diseases (Aigner et al. 2010; Walters et al. 2012; 

Wolf 2012). Anatomically, the size of pig eyes is comparable with human eyes. 

Physiologically, the composition of pig’s aqueous humour is similar to that of 

human’s with a higher concentration of Cl- in the aqueous humour compared with the 

blood plasma (Gerometta et al. 2005). This suggests the presence of an active 

transport mechanism of Cl- across the ciliary epithelium, which is similar to other Cl-

-secreting species such as cow and human. In this study, porcine ciliary 

body/epithelium was used to study the aqueous humour secretion and its underlying 

ion transport mechanism. 

 

2.2 Transepithelial electrical measurements 

Transepithelial electrical measurements across porcine ciliary body were conducted 

using a custom-made, re-circulating Ussing-Zerahn-type (UT) chamber.  

 

2.2.1 Tissue preparation 

The preparation method described below was based on our previous studies (To et al. 

1998a; Do and To 2000; To et al. 2001; Kong et al. 2006). Briefly, fresh enucleated 

porcine eyes were obtained from a local slaughterhouse and were transported to the 

laboratory on ice (4 – 8ºC) within 1 hour. Upon arrival, they were stored in a 
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refrigerator and dissected within 2 hours post mortem.  

 

Fatty and connective tissues around the globe were removed to expose the sclera. 

Four incisions (two on nasal and two on temporal side) were then made on the sclera 

from the equator to the limbal regions. A small central corneal cut was made to 

remove the central cornea tissue. An incision was also made at the anterior angle 

towards the equator to separate the sclera from the underlying choroid. This 

procedure was repeated until the two sectors (superior and inferior) of the ciliary 

body were detached from the sclera. The crystalline lens was then carefully removed. 

Two sectors of ciliary body were carefully isolated from the attached vitreous 

humour avoiding damage to the ciliary body. Two preparations were obtained from a 

porcine eye. They were bathed in HEPES buffered normal Ringer’s solution before 

being mounted in a chamber.   

 

2.2.2 Configuration of modified Ussing-Zerahn-type chamber 

Figures 2.1-2.3 illustrate the basic configuration of the modified Ussing-Zerahn-type 

(UT) chamber. The whole chamber system consisted of four major components.  

1. Figure 2.1 illustrates the tissue mounting blocks which consist of two conjugate 

Perspex hemi-chambers. An oval-shaped aperture was present at the centre of 

each hemi-chamber (0.10 cm2 in size) surrounded by a plastic O-ring. Isolated 

tissue preparations were mounted between the two half chambers and was 

secured by 8 needles surrounding the central aperture. In addition, two flat-ended 

pins were used to hold the conjugate pair of hemi-chambers in place. 

2. Figure 2.2 shows the tissue bathing chamber fitted with tissue mounting blocks. 

In each of the bathing half chamber, two large openings (i.e. inlet and outlet) 
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were made to connect the re-circulating reservoirs. In addition to that, there were 

two small openings for the connection of electrodes. Two pairs of electrodes were 

used for sensing voltage and passing current across the preparations. The voltage 

electrodes were connected to the chamber via a potential-sensing bridge. The 

potential-sensing bridge consisted of five polyvinyl chloride (PVC) tubes and 

two 3-way valves. The arrangement was described in detail previously (Do and 

To 2000; Kong 2005). This maneuver allowed neutralisation of the PD caused by 

electrical drift of the electrodes during the experiment, facilitating the detection 

of transepithelial PD changes across the preparation. 

3. As shown in Figure 2.3, a chamber mounting rack was used to securely fix the 

chamber in place. 

4. The re-circulating reservoir was made of borosilicate glass and was connected to 

the tissue bathing chamber via PVC tubings, as shown in Figure 2.3. The cavity 

was filled with Ringer’s solution to bath the tissue. The reservoir was open to air, 

facilitating solution filling and drug administration. Circulation was achieved by 

gently bubbling 95% O2 and 5% CO2 to the bathing solution via a gas bubbler 

connected to a port of the reservoir.  

 

 



 35 

 

Figure 2.1. Tissue mounting blocks of a modified UT chamber. The figure shows the 

front and lateral views of a pair of hemi-chambers.  

 

 

Figure 2.2. Lateral view of the assembled tissue mounting blocks, tissue bathing 

chamber, and chamber mounting rack of a modified UT chamber. 
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Figure 2.3. Schematic diagram showing the set-up for transepithelial electrical 

measurements. 

 

2.2.3 Tissue mounting 

Excised ciliary body sector was carefully transferred to the smaller tissue mounting 

hemi-chamber in a way that only exposed the ciliary body to the aperture. The larger 

hemi-chamber was then placed over the smaller block to secure the preparation in 

place. Remaining parts of the chamber were assembled according to procedures 

described above. Each side of the chambers was filled with 15 ml of bathing solution. 

95% O2 and 5% CO2 were gently bubbled into the bathing solution throughout the 

whole experiment. Experiments were conducted at around 23 – 25ºC. 
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2.2.4 Electrical measurements 

A dual voltage current clamp unit (DVC-1000; World Precision Instruments, 

Sarasota, FL) was used to measure transepithelial electrical parameters. DVC-1000 

signals outputs were fed into a data acquisition system (PowerLab 8/30 PL3508; 

ADInstruments, Sydney, Australia) or a dual-channel flatbed chart recorder (BD-12E; 

Kipp & Zonen Inc., Saskatchewan, Canada). A pair of Ag/AgCl electrodes (EKV; 

World Precision Instruments) filled with 154 mM NaCl polyacrylamide gel was 

connected to the chamber to record transepithelial electrical PD developed across the 

ciliary body. 

 

The magnitude of PD changes (∆PD) was recorded by passing a known current (I) of 

5 µA across the preparation via another pair of Ag/AgCl electrodes. Subsequently, 

ciliary body tissue resistance (Rt) was calculated by the following formula:  

∆PD = IRt 

Short-circuit current (Isc) was then calculated using the formula below: 

Isc = PD/Rt 

 

In the absence of ciliary body, blank resistance of the chamber system containing 

bathing solution was determined and compensated prior to the experiments. For ion 

substitution experiment, blank resistance was pre-determined and taken into account 

during calculation of Rt. After tissue mounting, the electrical parameters were 

continuously monitored throughout the experiment and needed to be stable for at 

least 15 min before experimental maneuvers were implemented and were 

continuously monitored throughout the experiment. Tissue preparations with 

standing transepithelial PD less than -0.40 mV were discarded, as these preparations 
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usually displayed lower tissue resistance (i.e. more ‘leaky’) and were less responsive 

to drug treatment. At the end of each experiment, ouabain was administered to the 

aqueous side of the tissue preparation to confirm the viability of the preparations. 

 

2.2.5 Bathing solutions 

Bathing solution used in the experiment was HEPES buffered normal Ringer’s 

solution which contained (in mM) NaCl 113.0, KCl 4.56, NaHCO3 21.0, MgSO4 0.6, 

D-glucose 7.5, reduced glutathione 1.0, Na2HPO4 1.0, HEPES 10.0, and CaCl2 1.4. 

The pH and osmolality of the Ringer’s solution were adjusted to 7.4 and 290 

mosm/kg (with D-Mannitol), respectively. Similarly, low Cl- Ringer’s solution was 

prepared by substituting NaCl with equimolar amount of Na cyclamate. The 

concentration of bathing Cl- was reduced to 7 mM in the low Cl- Ringer’s solution, 

compared to the Cl- concentration of 120 mM in normal Ringer’s solution. All 

chemical reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA).  
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2.3 Transepithelial fluid flow 

Fluid flow across the excised porcine ciliary body was measured and monitored by 

employing the fluid flow (FF) chamber. 

 

2.3.1 Tissue preparation 

Ciliary body was obtained from fresh porcine eye, and the tissue preparation method 

was adopted from a previous study (Candia et al. 2007). Following the clearance of 

connective and fatty tissues around the globe, the whole cornea was removed 

circumferentially along the limbal region. Afterwards, an incision was made at the 

trabecular meshwork extending from the limbal region towards the equator to 

separate the sclera from the choroid. The anterior portion of the sclera was removed 

and the choroid in the anterior segment of the eye was exposed. The globe was then 

dissected into two halves along the equator, disposing the posterior eye cup. An 

intact annulus ring of ciliary body with iris attached was excised. The remnant 

vitreous humour was carefully trimmed away. The isolated preparation was then 

bathed in normal Ringer’s solution until mounting in the chamber.  

 

2.3.2 Configuration of fluid flow chamber 

The fluid flow (FF) chamber used in the present study was developed and validated 

by previous reports on the measurements of spontaneous fluid transport across the 

isolated ciliary body of different species (Candia et al. 2005; Candia et al. 2007; Law 

et al. 2009). The configuration of the FF chamber is illustrated in Figure 2.4 and 2.5. 

Similar to UT chamber, FF chamber consisted of a pair of conjugate hemi-chambers. 

One of the hemi-chambers comprised by a circular trough and an inner central post 

(A in Figure 2.5). A pupil block was used to cover the pupillary opening. The pupil 
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block was then screwed onto the central post as shown in Figure 2.4. A trough was 

machined to the conjugate hemi-chamber (B in Figure 2.5), and was fitted onto the 

other hemi-chamber with four pins. O-rings were placed at the edge of the troughs, 

central post and pupil block to prevent water leak. The total exposed area of the 

excised ciliary body preparation was 0.78 cm2. The central post was decentered to 

match with the anatomical asymmetry of the ciliary process: a narrower nasal region 

and a wider temporal region (Figure 2.5). Four ports were used to hold the electrodes, 

bubbling reservoir and the capillary tube as shown in Figure 2.4. The bubbling 

reservoir was fitted to the upper port of one of the hemi-chambers, and the conjugate 

hemi-chamber was fitted with a 25 µl capillary with markings of 0.25 µl.  
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Figure 2.4. Schematic diagram illustrating the structure of the FF chamber. 

  

 

Figure 2.5. A pair of conjugate hemi-chambers of the FF chamber system. The 

central post of hemi-chamber A was decentered to suit the anatomical asymmetry of 

the ciliary process. 
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2.3.3 Tissue mounting 

A piece of nylon was tightly stretched to cover the cavity of hemi-chamber A (Figure 

2.5). A complete annulus ring of excised preparation was transferred to the nylon 

surface. The preparation was carefully aligned in order to expose the ciliary body to 

the chamber’s cavity. The pupil block was screwed onto the hemi-chamber to cover 

the pupillary opening. The chamber was assembled by placing a paired hemi-

chamber over its conjugate. Bathing solution (HEPES buffered Ringer’s solution 

identical to UT chamber experiments) was filled on both sides of the hemi-chamber 

via a bubbling reservoir (8 ml) or a connector port (~1 ml) to the respective sides of 

the hemi-chamber. 95% O2 and 5% CO2 was continuously bubbled into the reservoir 

throughout the experiment. These experiments were conducted at around 23 – 25ºC. 

 

2.3.4 Measurements of fluid flow and electrical parameters 

The measurement of spontaneous fluid flow was determined by the changes in water 

level in the capillary. Prior to the experiments, hydrophobic agent (Rain-X; Soapus 

Products, Houston, TX) was applied to the inner wall of the capillary to minimise 

fluid crawl within the capillary due to capillary action. In FF chamber, solution 

alteration and drug administration was only achieved unilaterally on the hemi-

chamber attaching to bubbling reservoir (Candia et al. 2007). To minimise pressure 

differences across the tissue preparation, the water level of the capillary was adjusted 

to less than 5-mm difference from the water level of the bubbling reservoir during 

experiment. The measurements of the capillary water levels were taken in 15-min 

intervals and were converted to fluid flow rates across the ciliary body. 

 

Similar to UT chamber experiment, two pairs of Ag/AgCl electrodes filled with 154 
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mM NaCl polyacrylamide gel were used (Figure 2.4) and were connected to DVC-

1000. The output signals were recorded by a dual-channel flatbed chart recorder. 

Using the current clamp function of the DVC-1000, a fixed current (10 µA) was 

passed across the tissue preparation once every 15 min to record the magnitude of 

∆PD. This was used to calculate the tissue resistance (Rt), as described in section 

2.2.4.  Similarly, the blank resistance was pre-determined and compensated 

accordingly. The PD was set to zero in order to neutralise the PD caused by electrical 

drift of the electrodes.  
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2.4 Whole-cell currents  

Whole-cell patch clamping technique was employed for the measurements of whole-

cell currents of isolated native porcine NPE and PE cells. 

 

2.4.1 Cell preparation 

Cell preparation method was modified from our previous studies (Do et al. 2004b; 

Wang et al. 2010). A small incision was made in the cornea near the limbus. The 

whole cornea was then removed along the limbal region. Afterwards, the iris was 

removed and the ciliary body was exposed. With a pair of fine scissor, the ciliary 

body was cut into small segments and rinsed with phosphate-buffered saline (PBS) in 

a small tube. The preparation was treated with trypsin (0.25%, Thermo Scientific-

Hyclone) and incubated for 30 min at 37ºC with agitation at 150 rpm. The action of 

trypsin was stopped by transferring the cells to a small tube containing cell culture 

medium comprised of high glucose Dulbecco’s modified Eagle’s medium (DMEM, 

Thermo Scientific-Hyclone), 10% fetal bovine serum (Invitrogen) and 1% Penicillin-

Streptomycin (Invitrogen-GIBCO). The tissues were triturated to facilitate the 

isolation of cells. Dissociated cells were obtained with a cell strainer. The suspension 

was centrifuged for 5 min at 1500 rpm. After the removal of supernatant, the cells 

were then re-suspended with cell culture medium. The washing step was repeated 

twice before incubating the cells overnight at 37ºC and 5% CO2. The cells were 

harvested on the following day or the day after, and were plated on round glass 

coverslips in cell culture medium for at least 3 hours at 37ºC and 5% CO2. Only day 

1 and day 2 cells were used in this experiment. 
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2.4.2 Whole-cell patch clamp 

The coverslips with adherent cells were transferred to an open diamond bath 

recording chamber (RC-15, Warner Instruments, Hamden CT). The chamber was 

fixed in place on the stage of an inverted microscope and was perfused with bathing 

solution via a gravity-feed perfusion system at around 23 – 25ºC. A singly isolated 

PE or NPE cell was chosen under microscope and patched with a micropipette.  

 

Micropipettes were prepared by a Flaming/Brown micropipette puller (P-97; Sutter 

Instrument, San Raphael, CA) and polished with a microforge (MF-830; Narishige, 

Tokyo, Japan) before use. The micropipettes (with resistance of 3 – 7 MΩ) were 

fitted in a micropipette holder with an Ag/AgCl electrode and its movement was 

controlled by piezoelectric micromanipulators (models PCS-6000; EXFO Burleigh, 

Victor, NY, USA). First, the micropipette was directed towards the cell surface via 

the micromanipulators. A gigohm seal was formed at the micropipette tip when 

touching the cell surface. A rupture patch was then established by gentle suction 

force. The set-up was grounded by an Ag/AgCl bath electrode connected to the 

perfusion chamber via a 3 M KCl agar salt bridge. In all experiments, the cells were 

clamped with a holding potential of 0 mV. Whole-cell currents in PE/NPE cell were 

measured with Axopatch 200B capacitor feedback patch clamp amplifier (Molecular 

Devices, Union City, CA). Data was acquired and analysed with Digidata 1440A 

(Molecular Devices, Union City, CA) and Clampex 10 software (Molecular Devices, 

Union City, CA). The applied voltages were set in 20 mV increments ranging from -

90 to +90 mV. The baseline current needed to be stable for at least 5 min before 

implementing experimental maneuvers. Whole-cell capacitance was noted and used 

in subsequent calculations after the experiments. Experimental solutions were 
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perfused into the chamber through a gravity-feed perfusion system at a rate of about 

1 ml/min. 

 

2.4.3 Micropipette and bathing solutions 

The micropipette solution comprised of (in mM) NaCl 25.0, L-Aspartic Acid 110.0, 

NMDG 120.0, CaCl2 0.38, HEPES 12.0, EGTA 1.0, Mg-ATP 1.0, and GTP 0.01, at 

pH 7.4 (Wang et al. 2010). The isotonic bathing solution consisted of (in mM) NaCl 

116.0, HEPES 6.0, Na HEPES 6.0, CaCl2 1.8, MgCl2 1.2, D-glucose 5.0, and D-

Mannitol 47.0. The osmolality of the solution was 290 mosm/kg and pH was 

adjusted to 7.4 (Wang et al. 2010). The hypotonic bathing solution comprised of the 

same content as the isotonic bathing solution but without D-Mannitol to achieve an 

osmolality of 240 mosm/kg. All chemical reagents were purchased from Sigma-

Aldrich.  
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2.5 Intracellular Cl - concentration 

N-(Ethoxycarbonylmethyl)-6-methoxyquinolinium bromide (MQAE) is a fluorescent 

Cl- indicator which was used to detect intracellular Cl- concentration of the NPE cells. 

MQAE detects Cl- via diffusion-limited collisional quenching (Jayaraman and 

Verkman 2000). This method was not suitable for the determination of intracellular 

Cl- concentration of PE cells due to the presence of pigment in PE cells which greatly 

weakened the fluorescent signal detected. 

 

2.5.1 Cell preparation 

Native porcine PE/NPE cells were dissociated from the ciliary body and cultured as 

described in section 2.4.1. After an overnight incubation, the cells were harvested 

and plated on coverslips for three hours before use. The cells were then incubated 

with normal Ringer’s solution containing 10 mM MQAE dye (Invitrogen) for one 

hour at room temperature. The cell preparation was rinsed with normal Ringer’s 

solution after dye loading and before it was transferred to the imaging chamber. 

 

2.5.2 MQAE imaging 

Coverslip with adhered dye-loaded cells was transferred to an imaging chamber (RC- 

26, Warner Instruments, Hamden, CT) and fixed on the stage of an inverted 

microscope. Bathing and experimental solutions were perfused into the chamber via 

a peristaltic pump (505S, Watson-Marlow, Wilmington, MA, USA) at a constant rate 

of 1 ml/min. MQAE fluorescence intensity of the cells was monitored continuously 

with excitation wavelength of 360 nm and emission wavelength of 465 – 495 nm. 

The excitation light source was a xenon/mercury-xenon lamp (C6979-01, 

Hamamatsu Photonics K.K., Hamamatsu City, Japan). Images of the cells were 
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captured with a cooled digital 12 bit CCD camera system (Sensicam qe, PCO, 

Kelheim, Germary) coupled with MetaFluor imaging software (Molecular Devices, 

Sunnyvale, CA). MQAE signals were sampled every 30 s with an exposure time of 

15 ms. The baseline fluorescence signal needed to be stable for at least 5 min before 

experimental perturbations..  

  

2.5.3 Determination of intracellular Cl- concentration 

MQAE fluorescence intensity was calibrated against standard intracellular Cl- 

concentration [Cl]i using double ionophore technique. This was done by perfusing 

the MQAE loaded cells with solutions of different concentrations of Cl- containing 

two ionophores: K+/H+ exchanger, nigericin (Sigma-Aldrich) and Cl-/OH- exchanger, 

tributyltin (Sigma-Aldrich) in order to offset transmembrane Cl- gradient (Krapf et al. 

1988; Koncz and Daugirdas 1994; Mikami et al. 1995; Bevensee et al. 1997; 

Maglova et al. 1998; Rocha-Gonzalez et al. 2008). The dye-loaded cells were 

perfused with high K+ bathing solution containing 10 µM nigericin and 10 µM 

tributyltin and of Cl- concentration ranging from 0 to 120 mM. In the presence of 

double ionophores, [Cl]i was assumed to be equal to [Cl-]o (Cl- concentration in the 

bathing solution). After the baseline fluorescence intensity in normal bathing solution 

was measured, the cells were perfused with Cl- free high K+ solution (with nigericin 

and tributyltin) to deplete intracellular Cl- and assuming [Cl]i = 0 mM. This new 

fluorescence intensity value was taken as F0. Then, the cells were exposed to high K+ 

bathing solution with increasing Cl- concentration in a stepwise manner. The emitted 

fluorescence intensity (F) was recorded accordingly. Each solution was perfused to 

the chamber for at least 10 min. Finally, the solution containing 150 mM KSCN was 

perfused into the chamber to quench the MQAE fluorescence and this was taken as 
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the background value (FKSCN), and was subtracted from all the fluorescence intensity 

readings recorded from that cell.  

 

Since MQAE detected Cl- via diffusion-limited collisional quenching, therefore the 

emitted fluorescence intensity was inversely proportional to the concentration of Cl- 

following a linear Stern-Volmer relation (Verkman et al. 1989; Koncz and Daugirdas 

1994; Maglova et al. 1998; Marandi et al. 2002; Rocha-Gonzalez et al. 2008), as 

illustrated below.  

=−
sv

0

K

1) /FF(
[Cl-] i 

The Stern-Volmer constant Ksv was determined from the Stern-Volmer plot. Based on 

the equation, when the data for calibration was plotted with F0/F against [Cl-] i, the 

slope of the best fit line was equivalent to Ksv (Marandi et al. 2002). Ksv was then 

used to estimate the intracellular Cl- concentration of the cells under investigation. 

 

At the end of each experiment, F0 and FKSCN were determined similarly for each cell. 

Based on their parameters, the intracellular Cl- concentration was calculated 

accordingly. 

 

Figure 2.6 showed the calibration of MQAE fluorescence intensity with various Cl- 

concentration. Ksv was found to be 26.65 ± 0.96 M-1 (n = 68). The Ksv value fell 

within the range of 19.8 to 28.3 M-1, similar to other documented studies using 

different cell types (West and Molloy 1996; Bevensee et al. 1997; Maglova et al. 

1998; Marandi et al. 2002). 
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Figure 2.6. Calibration of MQAE fluorescence intensity with various intracellular 

Cl- concentrations in NPE cells. Data points were plotted with mean ± SEM.  

 

2.5.4 Bathing and calibrating solutions 

HEPES buffered normal Ringer’s solution was used as the bath in this imaging 

experiment, the components were described in section 2.2.5. High K+ Ringer’s 

solution used in calibration was made up of the same components as the normal 

Ringer’s solution with the exception of replacing all Na+ with equimolar amount of 

K+. Cl- free high K+ solution was prepared by replacing all Cl- content in the high K+ 

Ringer’s solution with equimolar of NO3
-. Solutions containing different 

concentrations of Cl-, used for the calibration of MQAE fluorescence, were prepared 

by mixing high K+ Ringer’s solution and Cl- free high K+ solution appropriately to 

obtain the desired Cl- concentration, the sum of Cl- and NO3
- concentration was kept 

constant at 120 mM. All the solutions were adjusted to pH 7.4 with NaOH/HCl and 

osmolality was adjusted to 290 mosm/kg with D-Mannitol.  
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2.6 Gap junctional permeability 

Gap junctional permeability between native porcine PE-NPE cell couplets was 

monitored using Lucifer Yellow dye transfer method adopted from a previous study 

(Wang et al. 2010). 

 

2.6.1 Cell preparation 

The cells were prepared with the same protocol as described in section 2.4.1. As 

stated above, only cells cultured for 1 or 2 days were used in this experiment. 

 

2.6.2 Lucifer yellow dye transfer 

This experiment applied the same cell patching technique as in the whole-cell patch 

clamping experiment described in section 2.4.2. PE-NPE cell couplets were chosen 

from the coverslips. Then, the PE cell of the cell couplet was patched with a 

micropipette filled with micropipette solution with Lucifer Yellow. Diffusion of dye 

from the PE (donor) cell to the NPE (recipient) cell reflected the solute transfer 

across the ciliary epithelium. PE and NPE cells were distinguished from each other 

by the existence of pigment granules in the PE cells. The PE-NPE cell couplets with 

a large contact area between the two cell types were chosen for this experiment as 

these couplets were more likely to be arising from physiologically coupled cells in 

vivo (Wang et al. 2010). Dye diffusion across the cell couplet was monitored for 30 

min after achieving break-in configuration. For experiments which required 

pretreating the cells with 8-Br-cAMP or H89, the pretreatment was done by 

incubating the cell in cell culture medium containing 8-Br-cAMP or H89 for 30 min 

before transferring the coverslip to the recording chamber.  
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2.6.3 Image capturing and data analysis 

Cell images were captured by a digital camera (SPOT idea CMOS 5.0MP; 

Diagnostic Instruments Inc, Sterling Heights, MI, USA) connected to a computer 

using an imaging software SPOT Basic (Diagnostic Instruments Inc, Sterling Heights, 

MI, USA). Data acquisition was achieved by capturing images of the cell couplets 

every 30 sec for 30 min after break-in configuration. Excitation filter used was 

ranged from 465 – 495 nm. Captured images were analysed using ImageJ software 

(National Institutes of Health, Bethesda, MD, USA). Fluorescence intensities of the 

donor and recipient cells were analysed and the relative fluorescence intensity (Ft) 

was calculated by dividing the intensity of the NPE (recipient) cell by the PE (donor) 

cell.  

 

Data were then transformed according to Michaelis-Menten kinetics. The Michaelis-

Menten equation is shown below: 

][

][max

SK

SV
v

m +
=  

where Km was the Michaelis–Menten constant and Vmax was the maximum reaction 

velocity and [S] was the substrate concentration. However, for the purpose of our 

experiments, the equation was revised as follows: 

][

][max

tK

tF
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m
t

+
=  

where Ft was the relative fluorescence intensity; Fmax denoted the maximum relative 

fluorescence intensity, [t] was the time elapsed after the introduction of Lucifer 

Yellow dye to the donor cell. Km denoted the Michaelis–Menten constant which 

represented the time required for the relative fluorescence intensity to reach half 

maximum (i.e. the smaller the Km, the faster the dye transfer rate).  
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Data obtained in the dye transfer experiment was plotted in a Hanes-Woolf plot. The 

equation of the Hanes-Woolf plot was obtained by re-arranging the above equation 

and shown as follows: 

maxmax
][

1][

F

K
t

FF

t m

t
+=  

The data was plotted with 
tF

t][
 against [t] as shown in the Figure 2.7. 

 

 

Figure 2.7. Hanes-Woolf plot for data transformation of Lucifer Yellow dye transfer 

experiment. 

 

By transforming the data with the approach described above, the Michaelis–Menten 

constant (Km) and maximum relative fluorescence intensity (Fmax) were determined 

and used for comparison. 
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2.6.4 Micropipette and bathing solutions 

The micropipette solution comprised of the same components as that used in whole-

cell patch clamping experiment described in section 2.4.3 with the addition of 

Lucifer Yellow (1 mg/ml) (Invitrogen) with an adjusted solution pH value to 7.4 

(Valiunas et al. 2002; Wang et al. 2010). The bathing solution used in this experiment 

was HEPES buffered Ringer’s solution, as described above in section 2.2.5.  
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2.7 Intracellular cAMP level 

cAMP Direct Immunoassay Kit (ab65355) was purchased from abcam (Cambridge, 

MA, USA)  and used to determine the intracellular cAMP level of the porcine 

PE/NPE cells. 

 

2.7.1 Cell preparation 

Method of dissection and dissociating PE and NPE cells from the porcine ciliary 

body was described in section 2.4.1. After cells isolation, cells were cultured in an 

incubator for 48 hours with cell culture medium at 37ºC and 5% CO2. After that, the 

native PE/NPE cells were washed with PBS and re-suspended with 0.05% trypsin 

(Thermo Scientific-Hyclone). Then the cells were centrifuged for 5 min at 1500 rpm. 

Supernatant was drained away and the pellet was washed with cell culture medium 

twice. Finally, the cells were transferred to a four-well plate with a cell number of 

around 2 x 106 cells per well and cultured over-night. Afterwards, the porcine 

PE/NPE cells were washed with PBS. Cell culture medium with or without forskolin 

was then added to each well, and the four-well plate was put into the incubator for a 

desired period of time (i.e. 10, 20 or 30 min). After incubation, the cells were washed 

with PBS. Subsequently, 0.1 M HCl was added to each well and incubated for 20 

min at room temperature with gentle agitation to lyse the cells. Finally, the sample 

was triturated and the cell lysates were centrifuged for 10 min with 13000 rpm at 

room temperature. The supernatant was ready for assay. 

 

2.7.2 Protein assay 

Bio-Rad Protein Assay was used to quantify the amount of protein in each sample. 

Following the procedures suggested by the manufacturer (Bio-Rad, Hercules, CA, 
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USA), protein standard solutions were prepared by diluting standard bovine serum 

albumin (BSA) with 0.1 M HCl. Five dilutions were prepared within the range of 

0.05 to 0.5 mg/ml. The samples were diluted 10 times with 0.1 M HCl. Samples and 

standard solutions were transferred to a 96-well plate. Diluted dye reagent was added 

to each well, thoroughly mixed, and incubated for at least 5 min at room temperature. 

The absorbance was measured with a microplate reader at 595 nm (Model 680, Bio-

Rad).  

 

Samples and standards were assayed in duplicates, and the average was calculated. A 

standard curve was plotted with absorbance against protein amount. The protein 

amount of each sample was then calculated by the equation of the best fit line of the 

standard curve. 

 

2.7.3 cAMP direct immunoassay 

The procedures of performing cAMP direct immunoassay was adopted from the 

protocol provided by the manufacturer (abcam) Nine different concentrations of 

standard cAMP were prepared to plot the standard curve. Neutralising buffer and 

acetylating reagent mix were added to each standard cAMP solution and sample. The 

samples and standards were incubated at room temperature for 10 min for acetylation. 

Afterwards, 1X assay buffer was added and the acetylated standard cAMP and 

samples were added to a separate well of a Protein G coated 96-well plate. cAMP 

antibody was added to each well. The 96-well plate was then incubated at room 

temperature for 1 hour with gentle agitation. cAMP-HRP was added to each well and 

incubated at room temperature with agitation for 1 hour. Then, each well was washed 

with 1X assay buffer. HRP developer was added and incubated for 1 hour at room 
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temperature with agitation. Finally, the reaction was stopped by adding 1 M HCl to 

each well. The absorbance was measured with a microplate reader at 450 nm.  

 

The samples and standards were assayed in duplicate, the average was taken as the 

absorbance of that sample. The background reading was subtracted from all samples 

and standards absorbance. The standard curve was plotted with absorbance against 

cAMP amount in the linear region only. The equation of the best fit line was used to 

calculate the cAMP concentration. By dividing the cAMP concentration with protein 

concentration, cAMP level of the samples were expressed in pmol/mg. 
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2.8 Pharmacological agents 

Forskolin, 8-Br-cAMP, timolol (timolol maleate), IBMX (3-isobutyl-1-

methylxanthine), H89, and KT5720 (all from Sigma-Aldrich) were prepared as stock 

solution and were stored in -20ºC freezer. Timolol, 8-Br-cAMP, and H89 were 

dissolved in distilled water, forskolin, IBMX, and NFA were dissolved in DMSO, 

and KT5720 was dissolved in methanol. The final solvent concentrations in the 

bathing solutions did not exceed 0.1% for both DMSO and methanol. Heptanol 

(Fluka) was added directly to the bathing solution before use.  

 

 

2.9 Statistical analysis 

All data were presented as mean ± SEM. Statistical analyses were performed using 

GraphPad Prism5 (San Diego, CA, USA). Paired or unpaired t-test was used to 

compare the mean values of two groups and one-way ANOVA was applied to 

compare the mean values of three or more groups as paired or unpaired. P-value less 

than 0.05 was regarded as statistically significant. P-values were expressed in tables 

and figures as follow: 

 

Symbol Statistical significance 
ns p ≥ 0.05 
* p < 0.05 
** p < 0.01 
*** p < 0.001 
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CHAPTER 3 

Results 

3.1 Transepithelial electrical parameters and fluid flow measurements 

3.1.1 Baseline transepithelial electrical parameters 

The baseline transepithelial electrical parameters recorded from the UT chamber are 

summarised in Table 1.  

 

Table 1. Measurements of baseline transepithelial electrical parameters using UT 

chambers. 

n PD (mV) Isc (µA·cm-2) Rt (Ω·cm2) 
180 -0.86 ± 0.02 11.0 ± 0.3 80.8 ± 1.8 
Data were expressed as the mean ± SEM. n, number of experiments. A negative PD value indicated 
aqueous side to be more negative than stromal side 

 

 

3.1.2 Effects of cAMP on Isc 

The effects of 8-Br-cAMP (cAMP) at various concentrations (1, 10 or 100 µM) 

applied to the NPE (aqueous) and/or PE (stromal) sides on Isc were studied. Results 

showed that cAMP produced a significant increase in Isc under all three 

concentrations when applied to the aqueous (NPE) side. The percentage changes 

were found to be 78% (1 µM, n = 8, p < 0.001), 94% (10 µM, n = 13, p < 0.001), and 

71% (100 µM, n = 8, p < 0.001) (Figure 3.1, Table 2). Statistical analysis showed no 

significant difference among these three groups of experiments (p > 0.05, one-way 

ANOVA as unpaired data). Furthermore, the addition of 100 µM cAMP to the NPE 

side triggered a biphasic response with a rapid, transient Isc stimulation of up to 

approximately 110% before plateauing at steady-state (p < 0.05). A similar response 
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was also observed with aqueous-side application of 10 µM cAMP although the 

maximum stimulation was not statistically different from the steady-state response (p 

> 0.05). No biphasic response was observed with aqueous administration of 1 µM 

cAMP. 

 

Stromal application of cAMP was less effective compared with aqueous 

administration. At 1 µM (n = 8) and 10 µM (n = 6), stromal cAMP were ineffective 

in triggering Isc stimulation (Figure 3.1, Table 2). At 100 µM, cAMP triggered a 

sustained increase (~70%) in Isc (n = 6, p < 0.001) that was similar to the effect 

produced by 1 µM aqueous cAMP. The latency of Isc stimulation was, however, 

significantly longer (14 min vs 4 min) when compared with aqueous administration.  

 

For the bilateral administration of 100 µM cAMP, a transient Isc stimulation peak was 

observed before reaching a steady-state condition that was similar to aqueous 

application  (n = 10, Figure 3.1, Table 2). Likewise, the steady-state stimulation was 

comparable to that triggered by aqueous cAMP administration (p > 0.05, unpaired t-

test). 
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Figure 3.1. Effects of cAMP on Isc. cAMP was added to the aqueous (aq), stromal (st) 

or both (bl) side(s) of the preparation. Comparisons were made within group by one-

way repeated measures ANOVA.  
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Table 2. Effects of cAMP on Isc. 

8-Br-cAMP administrated 

Normalised Isc  

 
 
 

8-Br-cAMP 
Concentration 

 
 
 
 
n 

Maximum Statistical 
Significance# 

Steady State Statistical 
Significance+ 

1 µM (aq) 8 1.79 ± 0.15 *** 1.78 ± 0.15 *** 
10 µM (aq) 13 2.14 ± 0.18 *** 1.94 ± 0.12 *** 
100 µM (aq) 8 2.12 ± 0.17 *** 1.71 ± 0.14 *** 
1 µM (st) 8 1.02 ± 0.05 ns 1.01 ± 0.05 ns 
10 µM (st) 6 0.98 ± 0.05 ns 0.98 ± 0.05 ns 
100 µM (st) 6 1.72 ± 0.11 *** 1.70 ± 0.13 *** 
100 µM (bl) 10 2.45 ± 0.27 *** 1.88 ± 0.17 *** 
   

Isc (µA·cm-2) 
8-Br-cAMP 

Concentration 
n Baseline Maximum Steady State 

1 µM (aq) 8 10.62 ± 1.44 18.25 ± 2.15 18.13 ± 2.13 
10 µM (aq) 13 10.53 ± 0.95 21.03 ± 1.12 19.44 ± 1.23 
100 µM (aq) 8 9.94 ± 1.56 21.10 ± 3.75 17.47 ± 3.38 
1 µM (st) 8 8.68 ± 0.94 8.76 ± 0.90 8.69 ± 0.91 
10 µM (st) 6 9.36 ± 0.50 9.26 ± 0.86 9.26 ±0.86 
100 µM (st) 6 9.35 ± 0.95 16.02 ± 1.52 15.70 ± 1.42 
100 µM (bl) 10 11.19 ± 0.75 26.10 ± 1.88 20.25 ± 1.53 
Data were expressed as the mean ± SEM. n = number of experiments.  
# Maximum Isc compared with baseline Isc.with one-way ANOVA as paired data. 
+ Steady state Isc compared with baseline Isc with one-way ANOVA as paired data. 
aq; application to aqueous side, st; application to stromal side, bl; application to both aqueous and stromal 
sides.  
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3.1.3 Effects of forskolin on Isc 

Similar to cAMP, addition of forskolin to the aqueous surface induced a stimulatory 

effect on Isc. When added to the aqueous bath at 500 nM, 1 µM, and 10 µM, 

forskolin caused a significant increase in Isc by 72% (n = 5, p < 0.01), 116% (n = 9, p 

< 0.001), and 115% (n = 8, p < 0.001), respectively (Figure. 3.2, Table 3). Transient 

stimulation was not observed in all three forskolin concentrations administered. 

Moreover, differences in the Isc stimulation induced by these three concentrations of 

forskolin were not statistically significant (p > 0.05, one-way ANOVA as unpaired 

data). Additionally, forskolin caused less stimulation of Isc when added to the stromal 

surface. Stromal administration of 10 µM forskolin increased Isc by 67% (n = 6, p < 

0.001) whereas aqueous administration of 10 µM forskolin triggered a significantly 

greater response (p < 0.05, unpaired t-test, Figure 3.2, Table 3).  
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Figure 3.2. Effects of forskolin on Isc. Forskolin was applied either to the aqueous or 

stromal side of the porcine ciliary body. Within group comparisons were made by 

one-way repeated measures ANOVA.  

 

Table 3. Effects of forskolin on Isc. 

Forskolin administrated 

Normalised Isc 
Forskolin 

Concentration n Maximum 
Statistical 

Significance# 
Steady State 

Statistical 
Significance+ 

500 nM (aq) 5 1.72 ± 0.15 ** 1.72 ± 0.15 ** 
1 µM (aq) 9 2.17 ± 0.13 *** 2.16 ± 0.13 *** 
10 µM (aq) 8 2.17 ± 0.18 *** 2.15 ± 0.18 *** 
10 µM (st) 6 1.77 ± 0.11 *** 1.67 ± 0.13 *** 

  Isc (µA·cm-2) 
Forskolin 

Concentration 
n Baseline Maximum Steady State 

500 nM (aq) 5 13.47 ± 1.28 23.29 ± 3.05 23.29 ± 3.05 
1 µM (aq) 9 10.59 ± 1.94 23.93 ± 4.30 23.71 ± 4.24 
10 µM (aq) 8 10.10 ± 1.31 21.49 ± 2.75 21.20 ± 2.59 
10 µM (st) 6 11.64 ± 0.80 20.61 ± 1.99 19.59 ± 2.24 

Data were expressed as the mean ± SEM. n = number of experiments.  
# Maximum Isc. compared with baseline Isc.with one-way ANOVA as paired data. 
+ Steady state Isc compared with baseline Isc with one-way ANOVA as paired data. 
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3.1.4 Effects of IBMX on Isc  

Unlike cAMP and forskolin, NPE-side administration of 100 µM IBMX did not 

induce any effects on Isc (n = 8, p > 0.05). Subsequent addition of 1 µM forskolin to 

the NPE side triggered a significant increase in Isc (n = 8, p < 0.001, Figure 3.3). The 

normalised Isc was found to be comparable to the effect elicited by forskolin alone (p 

> 0.05, unpaired t-test). Our results suggested that there were no additive effects 

exerted by IBMX on the forskolin-induced Isc stimulation. 
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Figure 3.3. Sequential effects of IBMX and forskolin on Isc. Both IBMX and 

forskolin were administered to the NPE side of the preparation. (n = 8; one-way 

repeated measures ANOVA) 
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3.1.5 Effects of cAMP on transepithelial fluid transport 

To relate the effect of cAMP on Isc and fluid secretion by the porcine ciliary body, 

transepithelial fluid movement and electrical parameters were measured 

simultaneously using the FF chamber. The average fluid flow rate measured in the 1-

hour period prior to cAMP/forskolin administration was taken as the baseline fluid 

flow rate. Consistent with previous studies, a stromal-to-aqueous net fluid flow was 

observed across the ciliary epithelium. The baseline fluid flow rate was found to be 

1.83 ± 0.33 µl/h per preparation (n = 6). Administration of 10 µM cAMP to the 

aqueous side of the preparation significantly increased the fluid flow rate to a 

maximum of 4.00 ± 0.73 µl/h per preparation (p < 0.001, Figure 3.4A). This effect of 

was sustained for at least 2 hours after cAMP treatment. The average fluid flow rate 

within the first and second-hour period after cAMP administration were 3.72 ± 0.65 

µl/h per preparation and 3.38 ± 0.60 µl/h per preparation, respectively. 

 

Simultaneous measurement of baseline transepithelial PD across the ciliary body was 

-0.62 ± 0.10 mV (n = 6). Administration of cAMP to the NPE side of the preparation 

triggered a concomitant increase in PD (p < 0.001, Figure 3.4B). The maximum PD 

induced by cAMP was -1.07 ± 0.14 mV. Tissue resistance (Rt) remained stable 

throughout the experiment (Figure 3.4C). Isc was calculated from the corresponding 

PD and Rt. Similar to PD, cAMP caused a significant stimulatory effect by 

approximately 90% on Isc (p < 0.001, Figure 3.4D). 
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Figure 3.4. Effects of cAMP on (A) transepithelial fluid flow, (B) PD, (C) Rt, and (D) 

Isc. Fluid flow, PD, Rt, and Isc were monitored simultaneously over a period of 3 

hours. Data were plotted with mean ± SEM. Average fluid flow rate within the 1-

hour period prior to cAMP administration was taken as the baseline fluid flow rate. 

PD, Rt, and Isc immediately before the administration of cAMP were taken as the 

baseline values. (n = 6, repeated measures one-way ANOVA). 
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3.1.6 Effects of forskolin on transepithelial fluid transport 

Similarly, forskolin triggered a significant increase in transepithelial fluid movement 

across porcine ciliary epithelium. Fluid flow rate was increased significantly from 

the baseline value of 2.39 ± 0.31 µl/h per preparation to a maximum of 4.57 ± 0.72 

µl/h per preparation after the administration of 1 µM forskolin to the NPE side of the 

tissue preparation (n = 7, p < 0.001, Figure 3.5A). The effect of forskolin was 

sustained in the 2-hour period after drug administration. The average fluid flow rate 

within the first and second-hour period succeeding forskolin administration were 

4.11 ± 0.45 µl/h per preparation and 4.32 ± 0.56 µl/h per preparation, respectively. 

 

Concomitant to the stimulation of fluid flow, aqueous administration of forskolin (1 

µM) elicited an increase in PD from -0.61 ± 0.07 mV to -1.06 ± 0.07 mV (n = 7, p < 

0.001, Figure 3.5B). Rt only decreased by 3.8% from baseline at the end of the 

experiment despite this different was statistically significant (p < 0.001, Figure 3.5C). 

Similar to PD, Isc was significantly stimulated by approximately 90% (p < 0.001, 

Figure 3.5D).  

 

The above results indicated that the change in spontaneous fluid flow across the 

preparation was accompanied by corresponding changes in Isc, supporting the notion 

that Isc was a good indicator of aqueous humour secretion by the ciliary epithelium. 

Because of the technical challenges in tissue preparation for fluid flow measurements, 

most of the subsequent experiments were conducted with only electrical 

measurements. 
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Figure 3.5. Effects of forskolin on (A) transepithelial fluid flow, (B) PD, (C) Rt, and 

(D) Isc. Fluid flow and electrical parameters were monitored simultaneously. Data 

points were plotted with mean ± SEM. The average fluid flow rate of the 1-hour 

period prior to forskolin administration was taken as the baseline fluid flow rate. PD, 

Rt, and Isc immediately before the administration of forskolin were taken as the 

baseline. (n = 7, one-way repeated measures ANOVA). 
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3.1.7 Stimulation of endogenous cAMP production by forskolin 

As shown by our results, cAMP and forskolin elicited similar effects on Isc and fluid 

transport across porcine ciliary epithelium. To investigate whether forskolin 

stimulates cAMP production in porcine ciliary epithelial cells, the effect of forskolin 

on intracellular cAMP content was studied. Treating the porcine PE/ NPE cells with 

1 µM forskolin for 10, 20, and 30 min significantly increased intracellular cAMP 

level by 48% (n = 8, p < 0.05), 62% (n = 9, p < 0.01), and 49% (n = 8, p < 0.05), 

respectively (Figure 3.6, Table 4). No significant difference was detected among 

three different treatment durations.  
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Figure 3.6. Effects of forskolin on intracellular cAMP concentration of porcine 

PE/NPE cells. Statistical analysis was conducted to compare the three forskolin 

treatment groups with the control group using one-way ANOVA as unpaired data. 

 

 



 71 

Table 4. Effects of forskolin on intracellular cAMP level of porcine PE/NPE cells. 

 n 
cAMP Concentration 

(ρmol/mg) 
Statistical 

Significance^ 
Control 8 13.06 ± 1.69 -- 

10 min 1 µM Forskolin 8 19.37 ± 0.89 * 
20 min 1 µM Forskolin 9 21.17 ± 1.35 ** 
30 min 1 µM Forskolin 8 19.52 ± 0.85 * 

Data were expressed as the mean ± SEM. n, number of experiments.  
^ Compared with control by one-way ANOVA as unpaired data.  

 

 

 

 

3.1.8 Effects of cAMP on Isc under low bathing Cl- condition 

To investigate whether the stimulatory effect of cAMP was related to Cl- transport, 

the effects of cAMP on Isc under low bathing Cl- concentration was investigated. 

Substituting the bathing Cl- with cyclamate (Cl- concentration reduced to 7 mM from 

120 mM) abolished the baseline Isc (p < 0.001). Subsequent addition of cAMP at 

various concentrations to the aqueous side or to the stromal side did not trigger a 

significant change in Isc (Figure 3.7, Table 5). This result implied that the stimulatory 

response induced by cAMP could be mediated by the regulation of transepithelial Cl- 

transport across the ciliary epithelium. 
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Figure 3.7. Effects of cAMP on Isc in low bathing Cl- condition. cAMP were 

administered after a new steady state Isc was reached under low bathing Cl- 

concentration. Comparisons were performed by one-way repeated measures ANOVA. 

 

 

Table 5. Effects of cAMP on Isc in low bathing Cl- condition. 

Normalised Isc 

8-Br-cAMP 
Concentration n 

Low Cl- 
8-Br-cAMP 

Administrated  
(Low Cl-) 

Statistical 
Significance# 

1 µM (aq) 6 0.01 ± 0.07 0.03 ± 0.05 ns 
10 µM (aq) 7 0.01 ± 0.05 0.02 ± 0.04 ns 
100 µM (aq) 7 -0.02 ± 0.06 0.10 ± 0.04 ns 
100 µM (st) 6 0.02 ± 0.05 0.05 ± 0.05 ns 

Data were expressed as the mean ± SEM. n, number of experiments.  
# Stable Isc compared with low Cl- baseline Isc with paired t-test.  
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3.1.9 Inhibition of cAMP- and forskolin-induced Isc and fluid transport by Cl - 

channel blocker 

The effects of NFA on cAMP-induced Isc are summarised in Figure 3.8a. NFA (1 mM) 

was administered to the NPE side of the ciliary body preparation after the stimulation 

of Isc by 10 µM cAMP added to the aqueous side. NFA significantly inhibited the 

cAMP-induced Isc stimulation (n = 6, p < 0.001). Similarly, administration of 1 mM 

aqueous NFA significantly abolished the Isc stimulated by aqueous administration of 

1 µM forskolin (n = 3, p < 0.001, one-way repeated measures ANOVA). Moreover, 

the effects of NFA on forskolin-stimulated fluid flow were also studied (Figure 3.8b). 

NFA (1 mM) was added to the NPE side of the ciliary body 2 hours after forskolin (1 

µM) administration. NFA significantly inhibited the forskolin-stimulated fluid flow, 

PD, and Isc (p < 0.001, one-way repeated measures ANOVA). In the presence of NFA, 

fluid flow, PD, and normalised Isc were found to be 1.50 ± 0.02 µl/h per preparation, 

-0.05 ± 0.04 mV, and 0.14 ± 0.10, respectively (n = 6). These findings suggested that 

Isc and fluid transport stimulated by cAMP and forskolin were likely mediated by the 

stimulation of Cl- channels in NPE cells. 
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Figure 3.8a. Effects of NFA on cAMP-induced Isc. cAMP and NFA were 

administered to the NPE side of the tissue preparation. (n = 6, one-way repeated 

measures ANOVA, **/*** represented significant difference when comparing with 

baseline, unless otherwise stated). 
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Figure 3.8b. Effects of NFA on forskolin-induced fluid flow and Isc. Forskolin and 

NFA were administered to the NPE side of the tissue preparation. (n = 6, one-way 

repeated measures ANOVA, **/*** represented significant difference when 

comparing with baseline, unless otherwise stated). 
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3.1.10 Effects of cAMP on Isc with gap junction blocker 

To study whether gap junctions between PE and NPE played a role in the regulation 

of Isc by cAMP, heptanol, a gap junction blocker was used. The preparations were 

first pretreated with 3.5 mM aqueous heptanol before the administration of cAMP. As 

shown in Figure 3.9 and Table 6, heptanol abolished the baseline Isc (n = 5, p < 0.001) 

and also inhibited the subsequent response of 10 µM cAMP when added to the NPE 

side. Increasing the cAMP concentration to 100 µM was ineffective in triggering a 

change in Isc. This result suggested that gap junctions could be a potential target site 

for cAMP-induced Isc stimulation. 
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Figure 3.9. Effects of cAMP on Isc in the presence of heptanol. Heptanol and cAMP 

were administered to the NPE side of the tissue preparation. Within group 

comparisons (heptanol-treated conditions with and without cAMP) were made using 

one-way repeated measures ANOVA.  
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Table 6. Effects of cAMP on Isc in the presence of heptanol. 

Normalised Isc 
3.5 mM Heptanol  

 
n 3.5 mM Heptanol 

10 µM 8-Br-
cAMP  

Statistical 
Significance# 

100 µM 8-Br-
cAMP  

Statistical 
Significance# 

5 0.06 ± 0.13 0.10 ± 0.17 ns 0.05 ± 0.18 ns 
Data were expressed as the mean ± SEM. n, number of experiments.  
# Stable Isc compared with heptanol baseline Isc with repeated measures one-way ANOVA as paired data.  

 

 

 

3.1.11 Effects of PKA blockers on cAMP- and forskolin-mediated Isc stimulation  

To test whether PKA signalling pathway was involved in actions of cAMP on Isc, two 

commonly used PKA inhibitors, H89 and KT5720 were used to pretreat the ciliary 

body preparations. No significant difference in Isc was observed with either 10 µM (n 

= 6) or 50 µM (n = 22) bilateral H89 pretreatment for 30 min (Table 7). After 

pretreatment of 10 µM H89, cAMP (1 µM) caused a significant stimulation of Isc (n = 

6, p < 0.001, Table 7) that was comparable to that elicited by cAMP alone (p > 0.05). 

In contrast, pretreatment of 50 µM H89 effectively reduced the subsequent 

stimulation by 1 µM cAMP by half (n = 8, p < 0.05, Figure 3.10). Also, 50 µM H89 

inhibited the Isc stimulation triggered by 10 µM cAMP by 22% (n = 8); however this 

effect was not statistically significant (p = 0.31, Figure 3.10). Pretreatment of 

bilateral 5 µM KT5720 for 30 min had no significant effect on baseline Isc (n = 8, p > 

0.05, Table 7). Similar to H89, it effectively reduced the subsequent 1 µM cAMP-

induced stimulation of Isc by 62% (p < 0.05, Figure 3.10). The effect of H89 on 

forskolin-induced Isc stimulation was also studied. Bilateral administration of 50 µM 

H89 significantly inhibited the subsequent stimulation of Isc elicited by 1 µM 

forskolin added to the aqueous surface by 47% (p < 0.01, Figure 3.10). 
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Our results showed that PKA blockers (H89 and KT5720) exerted a partial inhibitory 

effect on the action of cAMP and forskolin in stimulating transepithelial Isc across 

porcine ciliary body, suggesting the involvement of PKA signalling pathway in 

aqueous humour secretion. 
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Figure 3.10. Inhibition of cAMP/forskolin-stimulated Isc by PKA blockers. Tissue 

preparations were pretreated with PKA blockers bilaterally for 30 min before the 

administration of cAMP/forskolin. Percentage inhibition was calculated using the 

steady-state Isc stimulation induced by the same concentration of cAMP or forskolin, 

either in the presence or absence of PKA blocker pretreatment. */** represented 

statistical significance comparing steady-state stimulation with and without PKA 

blockers pre-treatment using one-way ANOVA or t-test as unpaired data. PKA 

blockers (H89/KT5720) were added on both sides, while cAMP and forskolin were 

added on the aqueous side. 
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Table 7. Effects of cAMP and forskolin on Isc in the presence of PKA blockers. 

Normalised Isc 

Pretreatment 
of PKA 
blockers 

8-Br-cAMP or forskolin (with 
H89/KT5720) 

Condition n  Maximum Steady State 
Statistical 

Significance# 
10 µM H89 + 1 µM 

8-Br-cAMP 
6 0.96 ± 0.03 1.74 ± 0.17 1.68 ± 0.16 *** 

50 µM H89 + 1 µM 
8-Br-cAMP 

8 0.99 ± 0.01 1.38 ± 0.04 1.38 ± 0.04 *** 

50 µM H89 + 10 µM 
8-Br-cAMP 

8 0.96 ± 0.02 1.86 ± 0.16 1.74 ± 0.15 *** 

5 µM KT5720 + 1 
µM 8-Br-cAMP 

8 0.96 ± 0.03 1.30 ± 0.09 1.29 ± 0.09 *** 

50 µM H89 + 1 µM 
Forskolin 

6 0.98 ± 0.04 1.63 ± 0.07 1.62 ± 0.07 *** 

Data were expressed as the mean ± SEM. n, number of experiments.  
# Stable Isc compared with baseline Isc with one-way ANOVA as paired data.  
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3.1.12 Sequential effects of timolol and forskolin on Isc 

To investigate whether β-adrenergic antagonist played a role in the mediation of the 

cAMP-stimulated Isc, the effect of timolol pretreatment was examined. At 50 µM, 

timolol had no significant effect on Isc (n = 10, Figure 3.11). In addition, the 

pretreatment of timolol did not block subsequent stimulation of Isc by 1 µM forskolin 

(p < 0.001). This stimulation was comparable to that induced by 1 µM forskolin 

without pre-treatment (p > 0.05, unpaired t-test).  
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Figure 3.11. Sequential effects of timolol and forskolin on Isc. Timolol and forskolin 

were administrated to NPE side of the preparation. (n = 10, one-way repeated 

measures ANOVA). 
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3.2 Measurements of whole-cell currents in ciliary epithelial cells 

NPE-cell Cl- channels have been suggested to limit the rate of aqueous humour 

formation. Based upon the above results, we attempted to determine the effects of 

cAMP on whole-cell Cl- channel activities in porcine ciliary epithelial cells. Currents 

were recorded at the applied membrane potentials (Vm) from +90 to -90 mV and 

were expressed as normalised current density. Hypotonic solution was added to the 

bath at the end of the experiment to check the activity of the swelling-activated Cl- 

channels. 

 

3.2.1 Baseline whole-cell currents of NPE cells 

With 25 mM NaCl in the micropipette solution, the baseline whole-cell current 

densities were -1.56 ± 0.27 ρA/ρF at -90 mV and 1.95 ± 0.32 ρA/ρF at +90 mV, 

respectively (n = 37). 

 

3.2.2 Effects of cAMP on whole-cell Cl- currents of NPE cells 

The stimulatory effects of cAMP on whole-cell Cl- current are summarised in Table 8. 

Sequential addition of 10 µM and 100 µM cAMP induced a significant increase in 

current density of NPE cells at both +90 mV and -90 mV (Table 8, Figure 3.12).  

Additional experiments were conducted by treating the cell with 100 µM cAMP 

alone. Similarly, the whole-cell current densities were significantly increased at both 

applied potential differences. (n = 13, p < 0.01, Table 8, Figure 3.12). 

 

As shown in Figure 3.13, the cAMP-stimulated whole-cell current was outwardly-

rectifying, and was consistent with the biophysical characteristics of swelling-

activated Cl- channels reported in previous studies (Do et al. 2005). Moreover, the 
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administration of 500 µM NFA abolished the cAMP-stimulated whole-cell current (n 

= 4, p < 0.05, one-way repeated measures ANOVA, Figure 3.13). These results 

suggested that cAMP-stimulated NPE whole-cell current is primarily due to the up-

regulation of Cl- channel activity. The reversal potential of cAMP-induced whole-cell 

current was estimated to be -17.2 ± 4.8 mV (n = 17).  
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Figure 3.12. Effects of cAMP on NPE whole-cell Cl- currents. (A) 10 and 100 µM 

cAMP was added sequentially and; (B) 100 µM cAMP was added alone. Either one-

way ANOVA or t-test (as paired data) was used for data analysis.  
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Table 8. Effects of cAMP on NPE whole-cell currents. 

Normalised Current Density  
Vm (mV) Baseline  

(n = 9) 
10 µM 8-Br-cAMP 

(n = 9) 
100 µM 8-Br-cAMP 

(n = 7) 
+90 1.00 1.56 ± 0.08 3.97 ± 0.94 
-90 1.00 1.71 ± 0.32 2.99 ± 0.80 

Vm (mV) Baseline  
(n = 13) 

100 µM 8-Br-cAMP 
(n = 13) 

+90 1.00 2.54 ± 0.39 
-90 1.00 1.59 ± 0.16 

Data were expressed as the mean ± SEM. n, number of experiments. 
 

 

 
Baseline 

 
100 µM 8-Br-cAMP 

 
500 µM NFA + 100 µM 8-Br-cAMP 

 

Figure 3.13. Representative experiment showing the stimulation of NPE whole-cell 

current by cAMP, and the subsequent inhibition by NFA. 
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3.2.3 Stimulation of whole-cell Cl- currents of NPE cells by forskolin  

In addition to cAMP, forskolin was shown to stimulate whole-cell Cl- current in 

porcine NPE cells. After measuring baseline whole-cell currents, the cells were 

exposed to 100 µM IBMX for 5 – 10 min. As transepithelial Isc measurements, the 

pretreatment of IBMX had no effect on whole-cell currents (n= 10, Figure 3.14, 

Table 9). Subsequent addition of 1 µM forskolin triggered a significant increase in 

whole-cell current at both -90 mV and +90 mV (p < 0.01). As shown in Figure 3.15, 

the biophysical characteristics of forskolin-activated whole-cell current were similar 

to that of cAMP-activated Cl- current, with a reversal potential of -22.1 ± 2.0 mV. 
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Figure 3.14. Effects of IBMX, forskolin, and H89 on NPE whole-cell currents. 

Results were plotted with mean ± SEM. Statistical analysis was performed with one-

way ANOVA as paired data. 
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Figure 3.15. Representative experiment showing the stimulation of NPE whole-cell 

currents by forskolin and its subsequent inhibition by H89. 

 

 

Table 9. Effects of IBMX, forskolin, and H89 on NPE whole-cell currents.  

Normalised Current Density 
Vm 

(mV) 
Baseline 
(n = 10) 

100 µM IBMX 1 µM Forskolin 
+ 100 µM IBMX 

10 µM H89 
+ 1 µM Forskolin 
+ 100 µM IBMX  

+90 1.00 0.94 ± 0.06 34.03 ± 13.03 2.43 ± 0.45 
-90 1.00 1.20 ± 0.16 15.27 ± 5.66 1.90 ± 0.30 

Results were expressed as the mean ± SEM. n, number of experiments. 
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3.2.4 Inhibition of cAMP- and forskolin-induced NPE whole-cell Cl- currents by 

PKA blocker 

To investigate whether cAMP stimulation of whole-cell Cl - currents acted through 

PKA pathway, H89 (10 µM) was applied to the bathing solution after the stimulation 

of whole-cell currents by cAMP/forskolin. As shown in Figures 3.14 and 3.15, H89 

significantly inhibited the forskolin (1 µM)-induced whole-cell current at both -90 

mV and +90 mV (n = 10, p < 0.05). Similarly, whole-cell Cl- currents stimulated by 

100 µM cAMP was also inhibited by H89 at both applied voltage differences, a 90 – 

100% inhibition was observed. However, due to the variations among preparations, 

the effect was only marginally significant at -90 mV (n = 8, p = 0.057, Figure 3.16A, 

Table 10). 

 

In addition, the effects of H89 pretreatment on cAMP-induced whole-cell current 

were studied. Results showed that H89 had no remarkable effect on baseline whole-

cell currents at both +90 and -90 mV (n = 5, p > 0.05). Subsequent administration of 

cAMP elicited no significant effect on whole-cell current (p > 0.05, Figure 3.16B, 

Table 10). These results suggested that the activation of Cl- channels in NPE cells by 

cAMP/forskolin were regulated by PKA signalling pathway.  
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Figure 3.16. Effects of H89 on cAMP-stimulated whole-cell Cl- currents in NPE 

cells. (A) NPE cells were exposed to H89 after the stimulation by cAMP. (B) NPE 

cells were pretreated with H89 for 5 min before exposing to cAMP. Normalised 

current density was plotted with mean ± SEM. Comparisons were made by one-way 

repeated measures ANOVA. 
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Table 10. Effects of H89 on the cAMP-stimulated whole-cell currents in NPE cells. 

Normalised Current Density 

Vm (mV) Baseline  
(n = 8) 

100 µM 8-Br-cAMP 10 µM H89 + 100 µM 
8-Br-cAMP 

+90 1.00 2.71 ± 0.45  1.39 ± 0.24   
-90 1.00 1.60 ± 0.33 0.84 ± 0.12 

    
Vm (mV) Baseline  

(n = 5) 
10 µM H89 10 µM H89 + 100 µM 

8-Br-cAMP 
+90 1.00 0.95 ± 0.03 1.08 ± 0.27 
-90 1.00 0.91 ± 0.10 0.88 ± 0.16 

Data were expressed as the mean ± SEM. n, number of experiments. 
 

 

3.2.5. Effects of cAMP on whole-cell currents in porcine PE cells 

Apart from NPE cells, the effects of cAMP on whole-cell currents in PE cells were 

studied. The baseline current density of PE cells were -2.69 ± 0.74 ρA/ρF and 3.43 ± 

0.77 ρA/ρF at -90 mV and +90 mV, respectively (n = 6). As shown in Figure 3.17 

and Table 11, 100 µM cAMP had no significant effect on whole-cell currents in 

porcine PE cells. 
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Figure 3.17. Effects of cAMP on the whole-cell currents in PE cells. Normalised 

current density were plotted with mean ± SEM; no significant effect was observed (n 

= 6, p > 0.05, paired t-test). 

 

 

Table 11. Effects of cAMP on PE whole-cell currents. 

Normalised Current Density 
Vm (mV) Baseline (n = 6) 100 µM 8-Br-cAMP 

+90 1.00 0.99 ± 0.14 
-90 1.00 1.17 ± 0.23 

Data were expressed as the mean ± SEM. n, number of experiments. 
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3.3 Measurement of intracellular Cl- concentration 

Based upon our results obtained from whole-cell patch clamping studies, cAMP was 

shown to stimulate Cl- channels in NPE cells. In order to determine whether cAMP 

produced a detectable change in intracellular Cl- concentration in native isolated NPE 

cells, fluorescence imaging technique was employed to monitor the changes in 

intracellular Cl- concentration. Given that pigment granules present in PE cells 

greatly weakened the detected fluorescent signals; therefore, we focused primarily on 

the measurements of intracellular Cl- concentration in NPE cells. 

 

3.3.1. Effects of cAMP on intracellular Cl- concentration of NPE cells 

Two selected groups of NPE cells were used, namely the isolated NPE cells and the 

NPE cells attached with PE cells (PE-NPE cell couplets). The baseline intracellular 

Cl- concentration of PE-NPE cell couplets and isolated NPE cells were 21.9 ± 2.1 

mM (n = 21) and 26.2 ± 1.0 mM (n = 99), respectively (Figure 3.18, Table 12). The 

difference between these two groups was not statistically significant (p > 0.05, 

unpaired t-test).  

 

The addition of 100 µM cAMP induced a significant reduction (~30%) in 

intracellular Cl- concentration in both PE-NPE cell couplets and isolated NPE cells 

(Figure 3.18, Table 12). This result was in agreement with the notion that cAMP 

facilitated Cl- efflux by NPE cells, leading to a decrease in intracellular Cl- 

concentration. The effect of cAMP on intracellular Cl- concentration was reversible 

by washout and the recovery was more effective in PE-NPE cell couplets than 

isolated NPE cells. In isolated NPE cells, the intracellular Cl- concentration after 

washout was still lower than the baseline value (p < 0.001, Figure 3.18, Table 12). 
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Figure 3.18. Effects of cAMP on intracellular Cl- concentration of isolated NPE cells 

and PE-NPE cell couplets. The comparisons were made using one-way ANOVA as 

paired data. 

 

Table 12. Effects of cAMP on intracellular Cl- concentration of NPE cells. 

Intracellular Cl- Concentration (mM)  
PE-NPE Couplet (n = 21) Isolated NPE (n = 99) 

Baseline 21.92 ± 2.06 26.19 ± 1.01 
100 µM 8-Br-cAMP 16.28 ± 1.83 17.56 ± 0.96 

Washout 23.49 ± 2.56 21.52 ± 1.18 
Data were expressed as the mean ± SEM. n, number of experiments.  
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3.4 Modulation of gap junctional permeability by cAMP 

Apart from NPE-cell Cl- channels, PE-NPE gap junctions might serve as a target site 

for the cellular effect of cAMP. In this regard, dye transfer experiments were 

conducted to study the modulation of gap junctional permeability by cAMP. As 

shown in Figure 3.19, an isolated PE-NPE cell couplet was patched with a micro-

pipette containing solution with Lucifer Yellow. The PE cell of the couplet was 

patched and chosen as the donor cell while the NPE was the recipient cell. Figure 

3.20 showed the changes in fluorescence level of cell couplet over a 30-min period in 

a control experiment. After breaking into the PE cell (similar to the establishment of 

whole-cell configuration in patch clamping), diffusion of dye was from PE cell into 

NPE cell through intercellular gap junctions.  

 

Figure 3.19. Bright field image of a PE-NPE cell couplet patched with a micro-

pipette. 
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Figure 3.20. Images of a PE-NPE cell couplet captured at different time points in a 

control experiment. Lucifer Yellow fluorescence was monitored throughout the 

experiment. 
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As shown in Figure 3.21, the relative fluorescence intensity (fluorescence intensity of 

NPE / fluorescence intensity of PE) was monitored over a period of 30 min. As 

compared to control experiments, the dye diffusion rate was enhanced by 10 µM 

cAMP (n = 23). In the presence of 3.5 mM heptanol (a gap junction blocker), the gap 

junctional permeability was completely blocked, as reflected by the absence of dye 

diffusion across the cell couplets (n = 12). The maximum relative fluorescence 

intensity (Fmax) and the Michaelis–Menten constant (Km) were obtained after data 

transformation.  
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Figure 3.21. The changes of relative fluorescence intensity over time under different 

conditions. Data points were plotted with mean ± SEM. 
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3.4.1 Effects of cAMP, forskolin, and heptanol on gap junctional permeability 

Figure 3.22 and Table 13 summarised the effects of cAMP, forskolin, and heptanol 

on Fmax. Our results showed that the observed Fmax was significantly reduced by 

heptanol (n = 12, p < 0.001) as compared with control, indicating the blockade of 

PE-NPE gap junction by heptanol. In the presence of heptanol, administration of 10 

µM cAMP did not produce a noticeable change in Fmax (n = 11, p > 0.05 comparing 

with heptanol group). Similar Fmax were found among the remaining seven groups of 

experiments (p > 0.05).  
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Figure 3.22. Effects of cAMP, forskolin, and heptanol on Fmax. Intergroup results 

were compared using one-way ANOVA (as unpaired data). *** represents significant 

difference compared with control.  
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Negative calculated Km values were obtained from the two groups of data that 

involved heptanol (Table 13). This was because the relative fluorescence intensity 

decreased with time in these two groups of experiments, as shown in Figure 3.21. 

The relative fluorescence intensity was found to be highest at the beginning of the 

experiment. This negative Km value implied that the dye could not diffuse from PE 

into NPE cells via gap junctions, while the fluorescence intensity increased over time 

within PE cells. Therefore, the Km values for these data groups were not used for 

comparisons with the other groups.  

 

Since Fmax showed no significant difference among the remaining seven 

control/treatment groups, Km could be used to compare the gap junctional 

permeability within different sets of experiments. Km represented the time required 

for the relative fluorescence intensity to reach half maximum, the smaller the Km, the 

faster the dye transfer rate (i.e. higher gap junctional permeability). Km of the control 

experiment was 4.15 ± 0.54 min (n = 29). Exposing the cell to 1 µM cAMP had no 

effect on Km (Figure 3.23, Table 13). At higher concentrations of cAMP (10 and 100 

µM), significant changes in Km were observed. The effect of cAMP on gap junction 

permeability was sustained. Pretreating the preparations with 10 µM cAMP for 30 

min prior to the measurement of dye diffusion led to a Km value which was 

comparable with cAMP without pretreatment (Figure 3.23, Table 13). These results 

indicted that cAMP enhanced gap junction permeability. 

 

Similar to cAMP, forskolin was also found to significantly up-regulate gap junctional 

permeability. At 1 µM, forskolin significantly decreased Km (Figure 3.23, Table 13). 

PKA blocker (H89) was used to investigate whether PKA signalling pathway was 
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involved in the modulation of gap junctional permeability by cAMP/forskolin. The 

experiment was conducted by pretreating the cells with 10 µM H89 for 30 min 

before adding 1 µM forskolin. Km value observed was not significantly different from 

that of forskolin alone (p > 0.05, one-way ANOVA as unpaired data), indicating that 

H89 did not block the effect of 1 µM forskolin on gap junction permeability.  
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Figure 3.23. Effects of cAMP and forskolin on Km. One-way ANOVA (as unpaired 

data) was used to compare the data of each treatment group with control. 
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Table 13. Effects of cAMP, forskolin, and heptanol on Fmax and Km in the dye 

transfer experiments. 

 n Fmax Statistical 
Significance# 

Km (min) Statistical 
Significance# 

Control 27 1.30 ± 0.09 -- 4.15 ± 0.54 -- 
1 µM 8-Br-cAMP 18 1.42 ± 0.08 ns 3.78 ± 0.57 ns 
10 µM 8-Br-cAMP 23 1.34 ± 0.07 ns 2.17 ± 0.34 ** 
30 min Pretreatment 
10 µM 8-Br-cAMP 

20 1.41 ± 0.08 ns 2.06 ± 0.30 ** 

100 µM 8-Br-cAMP 14 1.18 ± 0.10 ns 1.32 ± 0.23 *** 
1 µM Forskolin 21 1.24 ± 0.06 ns 1.46 ± 0.28 *** 

10 µM H89 +1 µM 
Forskolin 

16 1.20 ± 0.06 ns 1.20 ± 0.26 *** 

3.5 mM Heptanol 12 0.32 ± 0.06 *** -1.29 ± 0.35 n/a 
3.5 mM Heptanol + 
10 µM 8-Br-cAMP 

11 0.24 ± 0.02 *** -0.01 ± 0.50 n/a 

Data were expressed as the mean ± SEM. n, number of experiments. 
# Compared with control by one-way ANOVA as unpaired data. 
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CHAPTER 4 

Discussion 

4.1 Rationale of the study 

Glaucoma is a lifelong eye disease for which no cure is currently available, although 

lowering IOP can delay its onset and progression. Lowering IOP by pharmacological 

agents is the most common therapy of glaucoma both as first-line treatment and at 

more advanced stage of the disease. It requires high patient compliance for maximum 

impact, which can be a challenge and limitation in clinical practice. Consequently, 

simpler, more potent and longer lasting treatment regimes are urged. To meet this 

challenge a complete understanding of the mechanism and regulation of aqueous 

humour secretion is paramount. 

 

The regulation of aqueous humour dynamics by cAMP has been extensively studied. 

However, while there is generally consensus that aqueous humour formation can be 

influenced by cAMP, the underlying precise mechanisms and cellular effects in both 

experimental animals and humans remain unclear and controversial (Caprioli et al. 

1984; Nilsson et al. 1990; Edelman et al. 1995; Do and Civan 2004; Do et al. 2004a; 

Ni et al. 2006). Adding to the uncertainty is the finding that pharmacological agents 

that either stimulate or inhibit endogenous cAMP production produce parallel ocular 

hypotensive effects in human (Caprioli and Sears 1983; Whitson et al. 2008; 

Pescosolido and Librando 2010; Khan et al. 2012; Vetrugno et al. 2012; Zhao et al. 

2013). β-adrenergic antagonists have been used clinically to lower IOP, primarily by 

decreasing the rate of aqueous humour formation (Coakes and Brubaker 1978; Arthur 

and Cantor 2011). However, whether the reduction in IOP mediated by β-adrenergic 

antagonists is through a cAMP-dependent pathway remains unclear (McLaughlin et 
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al. 2001).  

 

The complexity of the responses and at times seemingly paradoxical effects elicited 

by cAMP can be attributed, at least in part, to: 1) the concentration of drugs used; 2) 

the routes of drug administration; and 3) the multiple (both cAMP- and non-cAMP-

mediated) effects on the aqueous humour dynamics. To address these potential 

sources of conflicting results, the sidedness and dose response effects of cAMP were 

investigated in the current study.  

 

Significant species variations in the transport mechanisms across the ciliary 

epithelium have been reported (Do and To 2000; Gerometta et al. 2005; Kong et al. 

2006). Therefore the full implications of results from animal studies for humans 

remain, to some extent, undetermined. Being aware of this potential limitation of 

animal studies, we adopted an integrated approach to study the acute effects of 

cAMP on the regulation of aqueous humour secretion and IOP in porcine eyes. Pig is 

considered a good model for studying human physiology and diseases because of the 

similarities in relation to anatomy and pathophysiology (Gerometta et al. 2005; 

Aigner et al. 2010; Zaragoza et al. 2011; Walters et al. 2012; Wolf 2012). As a result 

of this study design, our results may provide a better understanding of the regulatory 

pathways involved in cAMP modulation of aqueous humour secretion, that have the 

potential for translation into human therapeutic strategies. 
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4.2 Baseline transepithelial electrical parameters 

In this study, a negative PD (i.e. aqueous side was more negative with respect to 

stromal side) was observed across the porcine ciliary body. This finding was 

consistent with the results reported in other species such as cat (Holland and Gipson 

1970), rabbit (Kishida et al. 1982; Krupin et al. 1984), cow (Do and To 2000), and 

pig (Kong et al. 2006; Law et al. 2009). The negative PD suggested a net transfer of 

anions across the ciliary epithelium. Cl- is a plausible candidate as it is the most 

abundant anion in the aqueous humour. This hypothesis is in agreement with the 

findings demonstrating a higher Cl- concentration in aqueous humour compared to 

blood plasma in pigs (Gerometta et al. 2005). This observation is supported by 

several studies that reported a net transepithelial Cl- secretion across the ciliary body 

of toad (Watanabe and Saito 1978), cow (Do and To 2000), and pig (Kong et al. 

2006). 

 

The baseline Isc and Rt recorded from the UT chamber experiments were 11.0 ± 0.3 

µA·cm-2 and 80.8 ± 1.8 Ω·cm2, respectively. These values were comparable to a 

similar study conducted by Kong et al. (Kong et al. 2006) where the Isc and Rt were 

found to be 12.4 µA·cm-2 and 85 Ω·cm2, respectively. The magnitude of electrical 

parameters were, however, higher than that reported by Ni et al. (Ni et al. 2006) in 

which the Isc and Rt were 7.76 µA·cm-2 and 62.64 Ω·cm2, respectively. Generally, it 

is more preferable to have tissue preparations with higher Rt (i.e. less “leaky”). Rt is 

an good indicator of the tissue freshness as well as the damage caused to the tissue 

preparations during dissection and mounting. We found that PD and Isc were usually 

more stable when Rt was higher, thereby providing a better condition for studying the 

sidedness of drug effects. 
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In the FF chamber, the baseline Rt was 143.1 ± 11.3 Ω·cm2, which is relatively higher 

than that of UT chamber. The difference could be due to differences in the chamber 

design, edge damage to the tissue preparations, or the area of tissue exposed to the 

chamber cavity. In addition, the Rt was shown to be relatively stable throughout the 

experiment (i.e. only a < 5% reduction from baseline to the end of the experiments), 

suggesting that the integrity of the tissue was well maintained. 

 

4.3 Viability of tissue preparation 

For all electrical measurements using chambers, the viability of the tissue was 

assessed by the administration of ouabain (a Na+,K+-ATPase inhibitor) to the aqueous 

side of the preparation after the experimental procedures. The effect of ouabain 

observed in this study is similar to that reported in published literature. The addition 

of ouabain triggered an initial hyperpolarisation followed by a depolarisation over 

time across ciliary epithelia of rabbit (Krupin et al. 1984), cow (Do et al. 2004a) and 

pig (Kong et al. 2006). This initial hyperpolarisation is believed to result from the 

direct inhibition of the Na+,K+-ATPase at the basolateral surface of NPE cells. Since 

Na+,K+-ATPase is the major energy source for transport activities, an inhibition of 

Na+,K+-ATPase would affect other secondary transport activities, thereby causing a 

subsequent reduction of transepithelial potential. 
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4.4 Stimulation of Isc by cAMP and forskolin 

The effects of three different concentrations (1, 10, and 100 µM) of cAMP on Isc 

were investigated. Our experimental results showed that all three concentrations of 

cAMP triggered a sustained increase in Isc when administered to the aqueous side of 

the ciliary body preparation. In addition, a biphasic response, namely a transient peak 

followed by plateau stimulation, was observed only when 100 µM cAMP was used. 

No biphasic response was seen at 1 and 10 µM of cAMP. In contrast, cAMP was less 

effective when added to the stromal side. Our results demonstrated that 1 and 10 µM 

of cAMP did not induce any change in Isc, when administration was at the stromal 

surface. At 100 µM, it triggered a stimulation of Isc that was similar to the effect of 1 

µM cAMP applied to the aqueous side. The latency of the stimulation was, however, 

much slower when cAMP was added to the stromal surface compared to aqueous 

side administration. 

 

Given that stromal administration of cAMP, at low concentrations, had no effect on 

Isc, the effect of bilateral administration of 100 µM cAMP was studied. Our results 

showed a stimulation of Isc similar to that of 100 µM cAMP added to the aqueous 

side alone. These findings suggested the absence of additive effects triggered by the 

addition of cAMP to both sides, and that the primary effect of cAMP was likely 

mediated in the NPE cells. 

 

The effect of cAMP on Isc across the porcine ciliary body has been reported 

previously (Ni et al. 2006). In their study, Ni and colleagues (Ni et al. 2006) 

demonstrated that aqueous administration of 0.01-1.0 mM 8-Br-cAMP triggered 

biphasic Isc stimulation across porcine ciliary processes. Likewise, Isc stimulation 
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induced by aqueous administration of cAMP was higher than by stromal 

administration. In our study, we showed that a sustained stimulation of Isc was 

achieved even at the lower (i.e. 1 µM) cAMP concentration, which may be a more 

physiological intracellular cAMP concentration (Iancu et al. 2008). In addition to 

cAMP, we studied the effect of forskolin on Isc. Forskolin can stimulate endogenous 

cAMP production through direct activation of adenylyl cyclase (Seamon and Daly 

1981; Seamon et al. 1981). In addition to corroborating the findings of cAMP 

addition, the use of forskolin enabled us to determine whether 1) adenylyl cyclase is 

functional in porcine ciliary epithelium; and 2) forskolin produces a response similar 

to cAMP in a more physiological condition. Three different concentrations (500 nM, 

1 µM, and 10 µM) of forskolin were used. Like cAMP, the administration of 

forskolin to the aqueous side triggered a sustained stimulation of Isc. In addition, 

forskolin was shown to act more effectively when applied to the NPE side. Our 

results showed that 10 µM stromal forskolin increased Isc by 67%, as opposed to 

115% when the same concentration of cAMP was added to the aqueous side.  

 

In addition to pig, forskolin- and cAMP-induced Isc stimulation were observed in the 

isolated ciliary body of rabbit and monkey (Chu and Candia 1985; Chu et al. 1986; 

Chu et al. 1987). In contrast, cAMP was also shown to inhibit Isc across the bovine 

ciliary epithelium (Do et al. 2004a). The exact reason for this discrepancy is not clear 

but species variations in ciliary physiology are one possible explanation. Consistent 

with our findings, a recent study demonstrated that both cAMP and forskolin 

stimulated Isc in human ciliary epithelium (Wu et al. 2013). Similarly, they showed 

that stimulatory effects of cAMP and forskolin were more pronounced on the 

aqueous surface than on the stromal side (Wu et al. 2013). Their results also showed 
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that aqueous cAMP and forskolin stimulate Isc in a dose-dependent manner where 

cAMP triggered a significant effect as low as 1 µM and peaked at 10 µM which are 

in agreement with our present findings. Similarly, forskolin was shown to cause 

maximum stimulation at 500 nM in human ciliary epithelium which is in parallel 

with our findings of 1 µM observed in pig. Additionally, cAMP- and forskolin-

induced Isc stimulations were found to be higher in human (Wu et al. 2013) than in 

pig, suggesting that the functional significance of cAMP may be more pronounced in 

human. 

 

The sidedness response induced by cAMP and forskolin suggest that the target site(s) 

of cAMP are likely to be located in NPE cells. This hypothesis is in agreement with 

the findings that higher adenylyl cyclase activity was found in NPE cells than in PE 

cells (Elena et al. 1984; Mittag et al. 1987). It is possible that the stimulation of  Isc 

by stromal cAMP and forskolin could be the result of activating the Na+-K+-2Cl- 

symport, as has been reported for rabbit PE cells (Crook et al. 2000), leading to an 

increase in Cl- uptake. To test this hypothesis, it would be useful to study the effect of 

cAMP on intracellular Cl- concentration in PE cells. However, due to the presence of 

pigments in these cells, intracellular Cl- concentration cannot be measured precisely. 

Due to this technical limitation in measuring intracellular Cl- concentration of PE 

cells, our present results could not rule out the possibility whether cAMP stimulates 

Na+-K+-2Cl- symport in PE cells. However, since Cl- efflux by NPE cells was 

suggested as the rate limiting step in transepithelial Cl- transport, it is more likely that 

the Isc stimulation elicited by stromal cAMP and forskolin was due to the diffusion of 

these agents from PE to NPE cells, where they subsequently triggered their 

pharmacological effects. This hypothesis is supported by the findings that 1) stromal 
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administration of cAMP could only elicit stimulation of Isc at high concentration; 2) 

the time required to trigger an effect was significantly longer when cAMP/forskolin 

was added to the stromal side compared to aqueous side; and 3) there was no 

apparent additive stimulatory effect observed with bilateral administration of cAMP. 

Our results showed that 100 µM stromal cAMP triggered a Isc stimulation similar to 1 

µM cAMP applied to the NPE side. This might be due to the presence of ciliary 

stroma (i.e. a diffusional barrier) near the basolateral membrane of PE cells, leading 

to a lower concentration of cAMP reaching the target site(s) subsequently. In addition, 

it was suggested that stromal cAMP was subject to hydrolysis by phosphodiesterase 

in the ciliary process before reaching its target site in NPE cells, as IBMX, was 

shown to lower the concentration of stromal 8-Br-cAMP required to trigger a 

stimulation on Isc (Ni et al. 2006). However, further investigation is needed to verify 

this hypothesis. Our findings support the notion that the target site(s) of cAMP is 

likely located in the NPE cells and the diffusion of cAMP from PE to NPE cells 

possibly accounted for the effects elicited by stromal administration of cAMP and 

forskolin at high concentration.  

 

4.5 Concomitant effects of cAMP and forskolin on fluid transport and I sc  

Using the FF chamber system, we were able to demonstrate a continuous fluid 

transport across the porcine ciliary body in the stromal-to-aqueous direction for at 

least 4 hours. The technique was developed and validated by Candia et al. (Candia et 

al. 2005), providing an excellent platform to evaluate drug effect on aqueous humour 

secretion ex vivo. Measurements of fluid flow across the ciliary body were previously 

demonstrated in cow, rabbit and pig (Candia et al. 2005; Candia et al. 2007). In our 

study, the baseline fluid flow rate was 2.12 ± 0.23 µl/h per preparation, similar to 
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previous studies where the fluid flow rate across porcine ciliary body was shown to 

be 2.26 to 2.56 µl/h per preparation (Candia et al. 2007; Law et al. 2009). The in vivo 

rate of aqueous humour formation in pig was unknown. In humans, whose eyes are 

similar in size to pig, the rate of aqueous humour secretion was reported to be around 

165 µl/h in vivo (Brubaker 1991) The large discrepancy between in vivo and ex vivo 

rate of fluid secretion by the ciliary body was also observed in rabbit (Candia et al. 

2005). There are several reasons that might account for this discrepancy. Firstly, in 

FF chamber, not the entire ciliary body was exposed to the chamber cavity; this 

could lead to an underestimation of the fluid flow rate. Secondly, the lack of 

hormones and/or paracrine agents as well as blood supply to the isolated preparations 

possibly reduced the rate of active transport across ciliary epithelium (Candia et al. 

2005; Candia et al. 2007). Thirdly, not all aqueous humour is derived and driven by 

the movement of fluid across ciliary body. Previous findings suggested that aqueous 

humour might enter the anterior chamber directly through the anterior surface of the 

iris (Freddo 2001; Candia and Alvarez 2008).    

 

In the present study, we showed that aqueous administration of cAMP or forskolin 

elicited a significant increase in fluid movement across the ciliary body, with a 

simultaneous increase in PD and Isc. Accordingly, our results also showed that NFA 

induced a concomitant decrease in PD, Isc, and fluid flow. These results strongly 

support the direct link between ion transport and fluid movement across the ciliary 

epithelium. This also indicates that Isc is an important indicator for the secretion of 

aqueous humour. 

 

Furthermore, it was noted that the magnitude of Isc stimulation or inhibition induced 
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by various agents including cAMP, forskolin and NFA were comparable between two 

different types of chambers used. In the present study, most of the experiments were 

conducted using UT chamber, instead of FF chamber, for the following reasons: 1) 

the tissue dissection and mounting were easier to handle with UT chamber; 2) the UT 

chamber enabled bilateral administration of drugs whereas the FF chamber only 

allowed unilateral drug administration. Given the fact that electrical responses 

obtained from both chamber systems were comparable, the UT chamber was chosen 

for the subsequent investigation of the cellular effect(s) of cAMP. 

 

Apart from the stimulation of fluid flow rate and Isc by aqueous administration of 

cAMP and forskolin, we also showed that NFA effectively blocked the forskolin-

induced stimulation of both fluid flow and Isc. These results support the hypothesis 

that cAMP stimulates Cl- efflux and aqueous humour secretion across the porcine 

ciliary epithelium.  

 

4.6 Biphasic Isc response induced by cAMP  

Apart from the significant stimulation of Isc, a biphasic response (a transient peak 

stimulation followed by a steady-state plateau) was elicited by the aqueous 

application of 100 µM cAMP (Figure 3.1). A similar response was also observed with 

bilateral administration of cAMP at 100 µM. At lower concentrations (1 and 10 µM), 

no significant biphasic responses were found. Our results were consistent with recent 

studies reported in pig (Ni et al. 2006) and human (Wu et al. 2013). However, other 

studies did not show a biphasic response using rabbit (Chu and Candia 1985) and 

bovine (Do et al. 2004a) preparations. It is possible that at high concentration, cAMP 

can trigger multiple effects, each affecting Isc differently. Conceivably, two or more 
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transport elements are involved in the biphasic response. Our results showed that 

both aspects of the cAMP-induced Isc responses (i.e. transient and sustained Isc 

stimulation) were abolished by either substituting Cl- in the bathing solution or by 

heptanol. Hence, both aspects of cAMP response are likely associated with the 

regulation of Cl- channels and gap junction permeability. However, it is less clear 

which transport component(s) can be attributed to which aspect of the cAMP 

response. The effects of cAMP on both gap junction permeability and whole-cell Cl- 

currents were sustained throughout the experimental period. Whether the underlying 

mechanism for the transient peak increase in Isc was different from that of the 

sustained plateau increase was not apparent and further investigations are needed. 

Despite this, the effect of cAMP on fluid transfer across the ciliary epithelium was 

sustained and comparable with the steady-state stimulation of Isc, suggesting that the 

transient response might not play a dominant role in aqueous humour secretion, when 

compared with steady-state stimulation. 

 

4.7 Elevation of intracellular cAMP concentration by forskolin 

To determine whether forskolin was effective in stimulating endogenous cAMP 

production in ciliary epithelium, we studied its effect on intracellular cAMP 

concentration in excised ciliary epithelial cells (i.e. a mixture of PE and NPE cells). 

Forskolin has been demonstrated to stimulate endogenous cAMP production in rabbit 

and human ciliary processes (Bausher and Horio 1995; Horio et al. 1996). Also, 

forskolin significantly increased cAMP content in arterially perfused isolated bovine 

eye (Shahidullah et al. 1995). In the present study, forskolin triggered an increase in 

intracellular cAMP concentration in porcine ciliary epithelial cells. Our results 

showed that 1 µM forskolin increased intracellular cAMP concentration by 66 – 83% 
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after 10 – 30 min of incubation, proving functionality and potency of adenylyl 

cyclase in porcine ciliary epithelium. The basal intracellular cAMP level detected in 

this study was consistent with a recent study using primary cultured porcine NPE 

cells (Shahidullah et al. 2014b). In the present study, a mixture of PE and NPE cells 

was obtained from enzymatic digestion and used for the measurements of cAMP 

concentration. Therefore, the observed results represented an overall change in 

cAMP content in both PE and NPE cells, although adenylyl cyclase found to be more 

abundant in NPE cells by previous reports (Elena et al. 1984; Mittag et al. 1987).  

 

4.8 NPE Cl- channels as a target site for cAMP 

Our results showed that the bilateral depletion of Cl- in the bathing solution abolished 

baseline Isc across the ciliary epithelium, suggesting Cl- plays a central role in driving 

aqueous humour formation. This was in agreement with previous studies in which 

NFA significantly inhibited transepithelial Isc and spontaneous fluid flow across the 

porcine ciliary body (Kong et al. 2006; Law et al. 2009). As shown in Figure 3.7, 

cAMP-induced Isc stimulation was abolished under conditions of Cl- depletion. In 

addition, cAMP- and forskolin-induced Isc and fluid transport were effectively 

inhibited by NFA, strongly indicating a crucial role for cAMP in the modulation of 

transepithelial Cl- transport. The sidedness effect of cAMP, with higher potency 

when administered to the aqueous surface indicates that the target site of cAMP is 

likely located on the basolateral membrane of NPE cells. Taken together, these 

findings suggested that cAMP stimulates Isc and fluid secretion across the porcine 

ciliary epithelium. The effect was likely mediated by the stimulation of NPE-cell Cl- 

channels (Chen et al. 1994; Chen and Sears 1997). 
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4.9 Regulation of NPE Cl- channel by cAMP 

Based upon our results obtained from excised preparations, and because of the 

similarities of the response to cAMP between porcine and human preparations, we 

investigated the effects of cAMP on Cl- release in NPE cells. cAMP has also been 

demonstrated to stimulate NPE-cell Cl- channel activities in different species 

(Edelman et al. 1995; Chen and Sears 1997). Forskolin and cAMP were found to 

enhance Cl- conductance along with a cell volume decrease in dog NPE cells (Chen 

et al. 1994). Using cloned human NPE cells, cAMP and forskolin have been 

demonstrated to enhance regulatory cell volume decrease, suggesting that cAMP 

upregulates Cl- channels and facilitates Cl- efflux in NPE cells (Civan et al. 1994). To 

test this hypothesis, we employed whole-cell patch clamping and intracellular Cl- 

imaging techniques in primary ciliary epithelium cells to investigate the effects of 

cAMP on Cl- efflux into posterior chamber.  

 

Patch clamping results showed that cAMP had no significant effect on whole-cell 

current in porcine PE cells, supporting the notion that the primary target site of action 

of cAMP was located on the NPE cells rather than the PE cells. Our results 

demonstrated that both cAMP and forskolin stimulated the whole-cell current in 

isolated native porcine NPE cells. The stimulated currents were outwardly rectifying 

and could be inhibited by the addition of NFA. These findings indicated that cAMP 

activated the NPE Cl- channels, consistent with the previous observations where 

cAMP stimulated Cl- channel activities at the basolateral surface of NPE cells 

(Edelman et al. 1995; Chen and Sears 1997). 
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It was worth noting that, unlike cAMP and forskolin, IBMX (a non-specific inhibitor 

of cAMP phosphodiesterases) had no effects on both whole-cell currents in NPE 

cells and Isc across porcine ciliary body. The blockage of phosphodiesterases retards 

the degradation of cAMP, which in turn can increase intracellular cAMP level. Our 

results are in agreement with a previous report which showed IBMX had no effect on 

fluid transport across porcine ciliary epithelium (Law 2010). The lack of effect of 

IBMX could be due to low basal cAMP level in the ciliary epithelium. This is 

supported by the finding that IBMX had no effect on basal level of cAMP in bovine 

ciliary epithelium (Shahidullah et al. 1995).  

 

From the whole-cell patch clamping results, the reversal potential was found to be 

about -20 mV in isolated NPE cells which was less negative than the calculated 

Nernst potential for Cl- (-39.7 mV) in our experimental condition. However, the 

reversal potentials of other Cl- channels were also similar to the value reported in this 

study. For example, Cl- channels in rat choroid plexus epithelial cells were found to 

be at -15.3 mV (Garner et al. 1993). In bovine NPE cells, the reversal potentials of 

swelling-activated and cAMP-sensitive Cl- channels were found to be -27 mV (Do et 

al. 2005) and -23 mV (Edelman et al. 1995), respectively. Given that the magnitude 

of the reversal potential can be affected by the activities of other channels, the 

observed potential might not truly reflect the theoretical predicted value. 

 

In addition to its effect on whole-cell current, we studied the effects of cAMP on 

intracellular Cl- concentration. Our results agreed with the patch clamping findings 

and that cAMP enhanced NPE Cl- efflux by NPE cells. In the present study, cAMP 

reduced intracellular Cl- concentration in NPE cells, suggesting that NPE-cell Cl - 
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efflux was enhanced by cAMP. The effect of cAMP on intracellular Cl- concentration 

was reversible. We demonstrated that the recovery of intracellular Cl- concentration 

observed in PE-NPE cell couplets was better than in isolated NPE cells. The 

discrepancy in recovery response could be due to the fact that PE cells were 

responsible for Cl- uptake into the ciliary epithelium from ciliary stroma (Wiederholt 

et al. 1991). When the Cl- concentration in NPE cells was reduced by cAMP, Cl- 

diffusion from PE cells to NPE cells and Cl- uptake by PE cells may increase to 

replenish the loss of intracellular Cl- in NPE cells. Taken together, our results support 

the idea that cAMP stimulates the activity of Cl- channels located on the basolateral 

surface of NPE cells, leading to an increase in Cl- release into the aqueous humour.  

Currently, the molecular identity of the NPE-cell Cl- channel(s) is still unclear. Based 

upon our experimental results, it was likely that a cAMP-sensitive Cl- channel might 

be present in NPE cells. One of the possible candidates is cystic fibrosis 

transmembrane conductance regulator (CFTR). CFTR is a cAMP-regulated Cl- 

channel found in both secretory and absorptive epithelial cells (Kunzelmann 1999; 

Kunzelmann 2003). CFTR is primarily responsible for fluid transport as well as 

transepithelial fluid homoeostasis (Li and Naren 2010; Edelman 2014). It has been 

found in ocular tissues including the retinal pigment epithelium (RPE) (Weng et al. 

2002; Blaug et al. 2003), corneal endothelium (Sun et al. 2001; Sun and Bonanno 

2002) and corneal epithelium (Cao et al. 2010). CFTR appears to play a significant 

role in cAMP-stimulated Cl- and HCO3
- transport in corneal endothelium (Li et al. 

2008) and it has been suggested to facilitate fluid absorption in human RPE (Reigada 

and Mitchell 2005; Li et al. 2011). These results suggest that CFTR is involved in Cl- 

and fluid transport in ocular surface epithelium. At present, there is no direct 

evidence showing the presence of CFTR in the ciliary epithelium and previous 
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findings seemingly rule out the involvement of CFTR on aqueous humour formation 

(McCannel et al. 1992; Coca-Prados et al. 1995). It has been shown that patients with 

cystic fibrosis retain normal circadian rhythm of aqueous humour formation and 

respond normally to topical timolol treatment (McCannel et al. 1992). CFTR mRNA 

has neither been detected in human ciliary epithelium nor cultured NPE using 

northern blot (Coca-Prados et al. 1995). Furthermore it had also been reported that 

the unitary conductance of cAMP-sensitive Cl- channel in bovine NPE was a few 

times higher than that of CFTR reported in human tracheal gland cells (Becq et al. 

1993; Edelman et al. 1995). However, based on our current findings, it is likely that 

CFTR is present in the NPE, as our results indicate a cAMP-sensitive NPE Cl- 

channel is involved in the regulation of aqueous humour production. Further 

investigations are required to determine the existence of CFTR in NPE cells and to 

identify the major Cl- channel responsible for Cl- efflux into the aqueous humour. 

 

4.10 Physiological significance of intracellular gap junctions in ciliary 

epithelium 

The passage of solutes between cell layers is a vital step in transepithelial transport. 

The presence of numerous gap junctions in the ciliary epithelium indicates their 

significance in mediating transfer of ions and solutes between PE and NPE cells. 

Functional expression of gap junctions in ciliary epithelium had been demonstrated 

in various studies by dye coupling and electrical coupling (Green et al. 1985; Oh et al. 

1994; Stelling and Jacob 1997; Wang et al. 2010). 

 

In the present study, pretreating the excised ciliary body preparation with heptanol 

abolished Isc. Similar results were reported by other studies using different animal 
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species including rabbit (Wolosin et al. 1997a), cow (Do and To 2000), and pig 

(Kong et al. 2006). Consistent with Isc measurements, heptanol has been shown to 

reduce net Cl- secretion and fluid transport across porcine ciliary body by 

approximately 80% (Kong et al. 2006; Law et al. 2009). Moreover, our results 

showed that heptanol effectively uncoupled the gap junctions and blocked dye 

transfer from PE (donor) to NPE (recipient) cells. Similar results were observed in a 

previous study, where heptanol was shown to interrupt the communication between 

bovine PE and NPE cell using dye transfer and dual-patch clamping techniques 

(Wang et al. 2010). 

 

4.11 Regulation of gap junction permeability by cAMP 

In ciliary epithelium, gap junction permeability has been shown to be mediated by 

cAMP. For example, isoproterenol is found to increase gap junction permeability in 

rabbit ciliary epithelium (Hirata et al. 1998). The effect of cAMP may be mediated 

by an increase in the phosphorylation of gap junction connexin Cx43 (Sears et al. 

1998). Later studies showed that cAMP inhibits the net Cl- secretion in cow, a 

species that secretes Cl- into the eye (Do et al. 2004a). The inhibitory effect is likely 

caused by the uncoupling of gap junctions between PE and NPE cells (Do et al. 

2004a; Wang et al. 2010). In another study that was conducted in pig, another species 

secreting Cl- to the aqueous humour, cAMP had the opposite effect on Cl- secretion. 

While cAMP reduced the Cl- secretion in bovine eyes (Do et al. 2004a), it enhanced 

the Cl- transport in porcine eyes (Ni et al. 2006). And yet, both of these two species 

secrete Cl- into the aqueous humour, as is the case in human eye. Because of this 

profound species variations, it is important to confirm the precise effect of cAMP on 

gap junctional permeability in porcine eyes. 
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Our results showed that the pretreatment with heptanol abolished the stimulatory 

effect of cAMP on Isc, suggesting functional gap junctions are required for cAMP-

induced response. The results obtained from our dye transfer experiments supported 

this hypothesis. We found that 10 and 100 µM cAMP and 1 µM forskolin enhanced 

the gap junction permeability as they facilitated dye diffusion from PE to NPE cells. 

This up-regulation of gap junction permeability is in line with our results using 

excised preparations, suggesting that cAMP enhances transepithelial Cl- transport. 

Gap junctional communication has been shown to be up-regulated by cAMP in many 

cell types including pancreatic epithelial cells (Chanson and Suter 2001), thymic 

epithelial cells (Nihei et al. 2010) and luteal cells (Grazul-Bilska et al. 2001).  

 

Gap junction connexins, Cx40 and Cx43, have been identified between PE and NPE 

cells, and Cx43 is suggested to be the major functional component of PE-NPE gap 

junctions in various species including rabbit, rat, and cow (Coca-Prados et al. 1992; 

Wolosin et al. 1997b; Coffey et al. 2002; Wang et al. 2010). It has been shown that 

the expression of Cx43 is much higher than Cx 40 in bovine ciliary epithelium 

(Wang et al. 2010). Knockdown of Cx43 by siRNA significantly reduces gap 

junction permeability by 60% (Wang et al. 2010). A recent study also demonstrated 

the expression of Cx43 at the junction between PE and NPE cell layers in porcine 

ciliary epithelium (Shahidullah and Delamere 2014a). Moreover, it has been reported 

that the inactivation of Cx43 caused a reduction in IOP in mouse (Calera et al. 2009). 

This is possibly caused by the structural changes in the eye that results in alterations 

of aqueous humour inflow, outflow or both (Calera et al. 2009). These findings 

strongly suggest that Cx43 is the major functional component of PE-NPE gap 

junctions and it likely plays an important role in aqueous humour regulation. In other 
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cell types, cAMP was also demonstrated to be associated with regulation of Cx43. It 

was shown that the contribution of Cx43 to RPE cell differentiation was regulated 

via the cAMP signalling pathway (Kojima et al. 2008). Furthermore, cAMP was also 

shown to increase Cx43 protein accumulation and Cx43 mRNA expression in thymic 

cells within 1 hour after cAMP treatment (Nihei et al. 2010). These findings suggest 

that cAMP’s effect on gap junction permeability may be due to its effect on Cx43. 

Therefore, there is a possibility that cAMP-induced enhancement of PE-NPE gap 

junctional conductance could be due to its effect on Cx43 which a key component in 

aqueous humour production. However, at present, further investigation is required to 

confirm the relationship between cAMP and Cx43 in ciliary epithelium, and to better 

understand the detailed molecular mechanism of cAMP-mediated regulation of PE-

NPE gap junction permeability. 

 

4.12 PKA as a signalling pathway for cAMP 

Two commonly used PKA inhibitors, H89 and KT5720 were used to investigate 

whether cAMP acts via the PKA signalling pathway. In porcine ciliary epithelium, 

our results showed that H89 reduced the stimulation of Isc induced by cAMP and 

forskolin by approximately 50%, indicating a crucial role of PKA in regulating 

cAMP-induced effects. Similar results were observed with KT5720 which inhibited 

cAMP-induced Isc by approximately 60%. Consistent with transepithelial electrical 

measurements, H89 was demonstrated to significantly inhibit the cAMP-and 

forskolin-stimulated Cl- current in isolated porcine NPE cells. In contrast, H89 was 

ineffective in blocking the forskolin-mediated increase in gap junction permeability. 

Our findings suggest that PKA signalling pathway is involved in transepithelial Cl- 

transports across ciliary epithelium. Its effect is primarily associated with the 
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inhibition of NPE-cell Cl- channels, rather than uncoupling the PE-NPE gap 

junctions.  

 

It is interesting that a higher concentration of H89 was required to inhibit the 

transepitheial Isc response in ciliary body preparations than to inhibit isolated whole-

cell currents. For example, 10 µM H89 was sufficient to block the cAMP or 

forskolin-induced whole-cell Cl- current in isolated NPE cells. However, 10 µM H89 

had no significant inhibitory effect on cAMP-induced Isc stimulation in excised tissue 

preparations. Only at a higher concentration (50 µM) did H89 inhibit the Isc response 

partially. The exact reason for this difference is not apparent. Several explanations 

are conceivable, including the following reasons. 1) Differences in tissue preparation 

methods and experimental conditions may be responsible for the different dose 

requirements. 2) Limited permeability of H89 across plasma membranes (Hidaka et 

al. 1991) may be the reason. In whole-cell patch clamping experiments, cells are 

exposed directly to the pharmacological drugs. However, for transepithelial 

measurements using intact preparations, the presence of vitreous humour and stromal 

tissue may have hindered drugs access to the target site(s), rendering the reduced 

effectiveness of the pharmacological agents (Kong et al. 2006; Ni et al. 2006). 3) The 

intact ciliary body preparation may have target site(s) for cAMP which is not locating 

in the ciliary epithelium. It has been reported that the forskolin-induced Isc 

stimulation elicited in isolated rabbit ciliary epithelial bilayer only accounts for 60% 

of the response observed using the whole ciliary processes (Horio et al. 1996). A 

similar result has also been reported in porcine preparations. The stimulations of Isc 

by 8-Br-cAMP and 8-OH-cAMP were found to be larger in whole ciliary process 

than in the isolated epithelial bilayer (Ni et al. 2006). It was suggested that these 
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discrepancies could be attributed, at least in part, to the effects of cAMP on non-

epithelial tissues such as vascular and stromal tissues in the ciliary processes (Horio 

et al. 1996). However, the reduced response observed in ciliary epithelial bilayer can 

also be explained by the damages caused to the tissue during preparation, as ciliary 

epithelial bilayer usually have a lower tissue resistance compared to intact ciliary 

body preparation (Ni et al. 2006).  

 

4.13 Aquaporin and cAMP  

In addition to Cl- channels and gap junctions, aquaporin (AQP) could potentially be 

regulated by cAMP. AQPs are membrane proteins facilitating water transport across 

the plasma membrane along the osmotic gradient. AQPs are expressed in various 

types of tissues, especially in epithelial cells involving fluid secretion. AQPs are 

expressed in several organs including kidney, intestine, stomach, lung, central 

nervous system and the eye (Verkman et al. 2014). In rat and human ciliary 

epithelium, AQP1 and AQP4 are primarily expressed in the NPE cells at both 

basolateral and apical membranes (Nielsen et al. 1993; Stamer et al. 1994; Patil et al. 

1997b; Hamann et al. 1998; Yamaguchi et al. 2006). Functional expression of AQP1 

has also been documented by a later study (Han et al. 2000), which employed a 

stopped-flow light scattering method to measure the cells’ osmotic water 

permeability. Their results showed that AQP1 was expressed on the plasma 

membrane of human NPE cells and an increase in extracellular osmolality increased 

NPE cell osmotic water permeability, which was inhibited by HgCl2 (a non-specific 

potent blocker of Hg2+-sensitive AQP) (Han et al. 2000). Previous studies have 

demonstrated that AQPs in NPE cells likely play an important role in aqueous 

humour secretion. For example, fluid transport across cultured human NPE cell layer 
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is partially inhibited by HgCl2 and AQP1 antisense oligonucleotides (Patil et al. 

2001). In addition, IOP is lowered in AQP1/AQP4 double knockout, AQP1 knockout,  

and AQP4 knockout mice compared to wild-type mice (Zhang et al. 2002).  AQP 1 

knockout and AQP1/AQP4 double knockout mice show a reduced aqueous inflow 

rate while aqueous outflow is not affected by AQP1 and/or AQP4 knockout (Zhang 

et al. 2002). These findings indicate that the IOP reduction resulting from genetic 

ablation of AQPs is potentially caused by an inhibition of aqueous humour 

production. Accordingly, a later study reported that overexpression of AQP1 in the 

Schlemm’s canal and trabecular meshwork cells did not increase outflow facility, 

suggesting AQP1 does not play a significantly role in aqueous humour drainage via 

the conventional outflow pathway (Stamer et al. 2008). 

 

cAMP has been shown to stimulate AQPs in various cell types. For example, AQP3 

plasma membrane diffusion is increased by cAMP in cultured dog kidney epithelial 

cells (Marlar et al. 2014). Forskolin was also found to up-regulate AQP2 protein 

expression levels in rat inner medullary collecting duct cells (Nedvetsky et al. 2010). 

The expression of AQP5 was reported to be significantly increased by isoproterenol 

in rat salivary glands (Susa et al. 2013). Moreover, cAMP was shown to stimulate 

membrane water permeability in AQP1-expressing Xenopus oocytes (Yool et al. 

1996; Patil et al. 1997a) through PKA-dependent phosphorylation (Han and Patil 

2000). Similarly, cAMP and forskolin have been demonstrated to up-regulate AQP5 

mRNA and protein expressions via the PKA pathway in both murine lung epithelial 

cells (Yang et al. 2003) and rat nasal epithelial cells (Wang and Zheng 2011). These 

findings clearly support a potential role for cAMP in regulating the permeability of 

AQPs. It is yet to be determined whether the cAMP-stimulated aqueous humour 
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secretion is mediated by AQPs in porcine eyes. 

 

4.14 Species variation 

Several common animal models including rabbit, cow and pig have been used to 

study the mechanism and regulation of aqueous humour secretion. Significant 

species variations in relation to the transport mechanisms exist. In species like rabbit, 

transepithelial HCO3
- secretion was found to be more important in driving fluid 

formation (Candia et al. 2005); whereas in other species such as cow and pig, Cl- 

transport was shown to be the major driving force of aqueous humour production 

(Do and To 2000; Candia et al. 2005; Gerometta et al. 2005; Kong et al. 2006). 

Despite the fact that both pig and cow secrete Cl- into the eye, similar to humans, the 

ionic transport mechanisms across ciliary epithelium are different. The dependency 

of Cl- and HCO3
- are distinct between these two species. At low bathing Cl- condition, 

reversal of PD polarity was only observed in bovine, but not in porcine ciliary 

epithelium (Do and To 2000; Kong et al. 2006). Moreover, the identities of Cl- 

channels in NPE cells were found to be different. Administration of NPPB produced 

a significant inhibition of Isc in bovine (Do and To 2000) but had no effect in porcine 

ciliary epithelium (Kong et al. 2006), suggesting that different Cl- channels may be 

involved in facilitating Cl- release into the posterior chamber. Surprisingly, cAMP 

produced opposite effects on transepithelial Cl- transport. cAMP has been found to 

inhibit Isc and net Cl- flux from the blood to aqueous direction across bovine ciliary 

epithelium (Do et al. 2004a), while it stimulated Isc and induced a transient increase 

in net Cl- flux across porcine preparations (Ni et al. 2006). The inhibition of net Cl- 

secretion in bovine eyes was potentially elicited by the uncoupling of gap junctions 

as well as stimulation of maxi-Cl- channels in PE cells (Do et al. 2004a; Do et al. 
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2004b). Given the confounding role of species-specific regulation mechanisms in 

aqueous humour secretion that may hinder efforts to relate experimental findings to 

the human, it is crucial to compare data obtained from different mammalian species. 

Porcine eyes were used in this study, because pig has been considered a good model 

for studying human diseases owing to their similarities in anatomy and 

pathophysiology (Aigner et al. 2010; Walters et al. 2012; Wolf 2012). In a recent 

study, a transplantable corneal endothelial graft was successful developed by 

combining cultured human corneal endothelial cells and porcine atelocollagen 

vitrigel membrane (Yoshida et al. 2014), demonstrating the good biocompatibility 

between human and porcine components of the eye. 

 

Our results show that cAMP stimulates Cl- and fluid secretion into the eye, 

potentially increasing the rate of aqueous humour formation. The effects of cAMP 

are likely attributed to its stimulatory effects on both NPE-cell Cl- channels and PE-

NPE gap junctions. Our results are in good agreement with a recent study in which 

cAMP and forskolin were shown to stimulate Isc across human ciliary process (Wu et 

al. 2013). Consistent with our findings, their results also showed that cAMP-induced 

Isc was inhibited by NFA and replacing Cl- in the bathing solution (Wu et al. 2013). 

Given that the supply of human tissue is limited and not easily accessible, our results 

support the notion that pig is a good animal model, and constitutes a useful surrogate 

for human material, to study the mechanism of ion transport across ciliary epithelium. 

Since species variations apparently exist, it is essential to take into account the 

animal model being used when interpreting the data related to transepithelial ion 

transport and aqueous humour formation. 
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4.15 Effects of cAMP on IOP 

Timolol (a β-adrenergic antagonist) is a commonly used anti-glaucoma drug which 

lowers IOP by reducing the aqueous humour formation rate. However, the precise 

mechanism underlying its action has not been fully understood. Timolol was 

previously shown to block the isoproterenol-induced endogenous cAMP production 

and Isc stimulation (Horio et al. 1996). Our results revealed that there was no 

significant inhibitory effect of timolol on forskolin-induced Isc. This suggests that 

timolol likely could not inhibit cAMP’s up-regulation of NPE Cl- channel activities 

or PE-NPE gap junction permeability, suggesting that timolol’s inhibition of aqueous 

humour could be independent of the cAMP pathway (McLaughlin et al. 2001). It has 

been reported that timolol was not able to block forskolin’s activation of adenylyl 

cyclase (Caprioli et al. 1984). However, our results could not exclude the possibility 

that the hypotensive action of timolol is contributed by its ability to lower cAMP 

production induced by β-adrenergic agonist. Further investigations are required to 

confirm whether the ocular hypotensive action of β-adrenergic agonist is related to 

cAMP pathway.  

 

Despite evidence supporting the hypothesis that cAMP and forskolin enhance 

aqueous humour production, a forskolin-induced hypotensive effect has also been 

reported in the literature. Topical administration of forskolin has been shown to 

reduce IOP in rabbits, monkeys, and humans (Caprioli and Sears 1983; Lee et al. 

1984). And in recent studies oral administration of forskolin in combination with 

rutin, a flavonoid with antioxidant properties, further lowered IOP by approximately 

10 – 20% in primary open angle glaucoma patients who were under topical 

associated glaucoma treatment (Pescosolido and Librando 2010; Vetrugno et al. 
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2012). This hypotensive effect may have resulted from the enhancement of aqueous 

humour drainage. In addition to the effect on aqueous humour production, forskolin 

and cAMP have also been reported to facilitate aqueous humour outflow in rabbit 

(Neufeld et al. 1975a), monkey (Neufeld and Sears 1975b), and cow (Gilabert et al. 

1997; Ramachandran et al. 2011). In pig, forskolin has been reported to increase 

extracellular adenosine produced by trabecular meshwork cells, which is likely to 

enhance aqueous humour outflow (Wu et al. 2012). In the same study it was also 

reported that extracellular cAMP did not increase the concentration of extracellular 

adenosine, and the forskolin-induced increase in extracellular adenosine was not 

inhibited by IBMX, indicating that the rise in extracellular adenosine levels was not 

due to the conversion of cAMP into adenosine (Wu et al. 2012). The authors suggest 

that endogenous production of intracellular cAMP may stimulate an extracellular 

adenosine pathway (Wu et al. 2012) which in turn leads to the enhancement of 

aqueous humour outflow. At present, the relative effect of cAMP on the inflow and 

outflow of aqueous humour is unknown. IOP is regulated by the dynamics between 

aqueous humour inflow and outflow, the reported IOP lowering effects of forskolin 

and cAMP may be mediated by the increase in aqueous humour drainage rate. 

Consequently, to better understand the net effect of cAMP on IOP in humans, further 

studies that quantitatively investigate the effects on aqueous humour inflow and 

outflow are required.  

 

Furthermore, a better understanding of the mechanisms underlying the effects of 

cAMP on aqueous humour inflow is valuable, as some pathways regulating IOP have 

been proposed to be associated with intracellular cAMP level. For example, 

melatonin and 5-methylcarboxyamino-N-acetyl tryptamine (5-MAC-NAT) were 



 124 

reported to reduce IOP by activating melatonin receptors in rabbit, monkey, and 

human (Samples et al. 1988; Pintor et al. 2001; Serle et al. 2004). Recently, 

melatonin receptors have been reported to increase cAMP production and reduce Cl- 

secretion in rabbit NPE cells, which was suggested to be the major mechanism 

underlying the effects of melatonin and 5-MAC-NAT on IOP (Huete-Toral et al. 

2015). Therefore, characterising mechanisms underlying the effects of cAMP on 

aqueous humour production could identify new targets for the development of anti-

glaucoma drugs.  
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CHAPTER 5 

Conclusion 

We have adopted an integrated approach, collecting experimental data both at the 

tissue and cellular level, to investigate the potential significance of cAMP in 

regulating aqueous humour inflow. Custom-made UT and FF chamber systems were 

used to monitor electrical parameters and spontaneous fluid movement across 

porcine ciliary epithelium. Both cAMP and forskolin were shown to trigger a 

significant increase in Isc, and both of them acted more effectively when administered 

to the NPE side of the preparation. Moreover, addition of cAMP and forskolin to the 

aqueous surface caused a concomitant increase in fluid flow in the stromal-to-

aqueous direction, supporting the crucial role of cAMP in facilitating aqueous 

humour secretion. Our results are consistent with the findings reported in primates 

including monkey and human (Chu et al. 1987; Wu et al. 2013), suggesting that pig 

may be a good animal model for studying aqueous humour dynamics. Cl- efflux from 

NPE cells has been suggested to be the rate limiting step of aqueous humour 

formation. The stimulation of Isc by cAMP was abolished by depleting Cl- in the 

bathing solution. In addition, aqueous administration of NFA significantly inhibited 

the forskolin-induced Isc and fluid transport into the eye, supporting the notion that 

cAMP acts by stimulating Cl- channels in NPE cells. In addition, pretreating the 

preparation with heptanol abolished the cAMP-triggered Isc stimulation. In summary, 

our results suggest that gap junctions linking PE and NPE cells as well as NPE-cell 

Cl- channels are the potential targets for cAMP-mediated effects. 

 

Whole-cell patch clamping technique was adopted to study the effects of cAMP and 

forskolin on Cl- current in isolated native porcine NPE cells. Fluorescence imaging 
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technique was also used to determine the effects of cAMP on intracellular Cl- 

concentration of NPE cells. We found that cAMP stimulated whole-cell Cl- currents 

in NPE, but not PE cells. In addition, cAMP reversibly induced a reduction of 

intracellular Cl- concentration in native NPE cells. These findings are in agreement 

with our hypothesis that cAMP stimulates Cl- efflux into the eye, thereby potentially 

increasing the rate of aqueous humour secretion. Additionally, the permeability of 

gap junctions linking PE and NPE cells was studied using the dye transfer technique. 

cAMP was shown to induce a sustained increase in gap junction permeability across 

porcine PE-NPE cell couplets, potentially leading to an increase in aqueous humour 

formation. To some extent, the cAMP-induced responses were shown to be 

modulated by PKA. Isc stimulation triggered by cAMP was partially inhibited by 

PKA blockers, potentially by preventing cAMP-induced Cl- efflux in NPE cells as 

PKA blocker inhibited cAMP-induced NPE whole-cell Cl- current. In contrast, the 

stimulatory effect of cAMP on gap junctional permeability was shown to be 

independent of PKA signalling cascades. Figure 5.1 illustrates a simplified model for 

the regulatory pathways through which cAMP modulates Cl- and fluid transport 

across the porcine ciliary epithelium. The results contribute to a more comprehensive 

understanding of the regulation of transport mechanism and aqueous humour 

formation across ciliary epithelium, and potentially aiding the development of anti-

glaucoma drugs. 
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Figure 5.1. Simplified model of the proposed regulatory pathways of cAMP on Cl- 

transport and aqueous humour production across the porcine ciliary epithelium. 
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