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Abstract 

​

​ In this study, the functional expression of CFTR and the potassium channels, KCNQ1 

and KCNN4, were assessed in the avian chick proximal tubule. A primary cell culture model was 

developed and the apical expression of CFTR in this cell model was revealed using classic 

electrophysiological methods. A basolateral-permeabilization approach was developed in the lab 

to permeabilize the basolateral membrane so that the imposed chloride gradients could be 

observed in this model under the influence of commercial inhibitors. It was found that 

CFTR-Inh172 and GlyH-101, two CFTR inhibitors, both inhibit secretory chloride gradients 

(basolateral to apical side). GlyH-101 was found to be the more effective inhibitor. In addition, 

double inhibitor experiments and a multiple blocker experiment was conducted to examine the 

expression of potassium channels on the basolateral membrane of the monolayers. In the double 

inhibitor experiment, clotrimazole was added to either the basolateral side or apical side first, and 

then added to the opposite side, to observe its effects on Forskolin-activated current. These 

experiments revealed that clotrimazole, a selective calcium-activated potassium channel blocker, 

is able to partially inhibit Forskolin-activated current in non-permeabilized monolayers of chick 

proximal tubules. This suggests that calcium activated potassium channels exist in the proximal 

tubule. As well, double inhibitor experiments revealed that clotrimazole had a more direct effect 

on the current when administered to the apical side first. This further suggests that 

calcium-activated potassium channels may exist on both apical and basolateral sides of the chick 

proximal tubules.  
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Prologue 

PTH-activated chloride secretion in the Avian (Chick) Proximal Tubule 

Parathyroid hormone (PTH) has been shown to affect many renal proximal tubule 

transport systems. In mammalian species such as rats and rabbits, PTH has been shown to inhibit 

sodium, fluid, and bicarbonate reabsorption in vivo and in vitro. (Feraille and Doucet, 2001.) 

This inhibition is partially due to inhibition of an apical sodium hydrogen (Na+/H+) exchanger 

(NHE3) isoform. The function of the Na+/H+ exchanger in renal and intestinal epithelia is 

involved in transcellular sodium and bicarbonate, HCO3
- absorption. (Collazo et. al, 2000). PTH 

treatment has also been shown to inhibit EIPA-(a Na+/H+ exchanger inhibitor) sensitive 

exchange in proximal tubule native tissues and in the proximal-like opossum kidney cell line 

(OK). (Helmle-Kolb et. al, 1990). Other studies on brush border membrane vesicles have shown 

that PTH treatment reduces the activity of pH gradient driven sodium uptake in the rat kidney. 

(Fan et. al, 1990 &  Giardi et. al, 2000). Going further, it has also been shown that PTH reduces 

sodium hydrogen exchanger NHE3 activity by phosphorylation of cytoplasmic domains of the 

transporter, resulting in reduced bicarbonate reabsorption.  (Collazo et. al, 2000).  PTH also 

inhibits an apical sodium phosphate co-transport system resulting in increased urinary excretion 

of phosphate. (Helmle-Kolb et. al, 1999). These studies may indicate multiple effects of PTH in 

the proximal tubule. (Laverty et. al, 2003). 

The cAMP-dependent protein kinase, PKA, signaling pathway seems to mediate the 

effects of PTH on the Na+/H+ exchanger. (Helmle-Kolb et. al, 1999). It has been shown that 

increasing the concentration of intracellular cyclic AMP inhibits Na+/H+ exchange in 

non-epithelial cells. (Collazo et. al, 2000).  More specifically, parathyroid hormone has been 
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shown to activate adenylate cyclase in renal target cells and cause increases in cAMP, leading to 

the inhibition of the sodium hydrogen exchanger in renal proximal tubule cells. (Collazo et. al, 

2000).   

There was less known about PTH function in the avian (chick) PT until recent findings. 

There was evidence of an apical NHE sodium/hydrogen exchanger in chickens. (Renfro et. al, 

1989). As well, it was previously shown that PTH in vivo leads to increased whole animal 

urinary flow rates, sodium excretion and urinary pH. (Laverty and Wideman, 1985). These 

studies suggested PTH inhibition of the sodium hydrogen (Na+/H+) exchange system but has not 

been demonstrated directly.  

Furthermore, many differences between proximal tubule characteristics between birds and 

mammals exist. Superficial proximal tubules of the European starling do not acidify the urine or 

show preferential bicarbonate reabsorption as in mammalian proximal tubules. (Laverty and 

Alberici, 1987.) As well, carbonic anhydrase activity has not been found in the chick proximal 

tubule and none of the mammalian basolateral acid-base transporters seem to be present in 

superficial non-looped nephrons of the chicken. (Martinez et. al, 1997). Another difference is that 

the avian proximal tubule also possesses specific systems for secretory transport, from the 

basolateral side to the apical side for both urate and phosphate. (Martinez et. al, 1997). These 

secretory processes may have evolved to compensate for the lower filtration rates found in 

non-mammalian nephrons. (Laverty et. al, 2003). For example, parathyroid hormone is thought 

to increase phosphate excretion by inhibiting reabsorption, as in mammals, and by stimulating 

secretion.  

In the lab, the effects of parathyroid hormone on the chick proximal tubule has been 
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studied, and PTH has been shown to stimulate a chloride dependent and EIPA-sensitive current 

in chick proximal tubule cells in culture. (Laverty et. al, 2003). Using classic 

electrophysiological methods, these authors were able to demonstrate a novel effect of PTH on 

this epithelial system, which is not conventionally considered a chloride secreting tissue when 

compared to mammalian epithelial systems. (2003). The data from this study suggest that PTH 

activates both an Na+/H+ exchanger and a Cl- channel that may be functionally linked. Since 

2003 however, the hypothesis has been modified, because it seems that EIPA is not very specific. 

It is not hypothesized that EIPA is actually inhibiting the basolateral NKCC. This further 

modifies the overall hypothesis that chloride secretion is coupled to an apical anion exchanger 

(Cl-/HCO3
-) that affects bicarbonate secretion into the lumen. This thesis goes further to analyze 

the PTH-stimulated chloride secretion process in this cell culture model using classic 

electrophysiological methods. Electrophysiological assays were used to assess functional 

expression of key players that may be involved in the chloride secretion mechanism in this cell 

culture model, including the cystic fibrosis transmembrane regulator channel, CFTR, and the 

potassium channels, KCNQ1 and KCNN4.  
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Chapter I. Introduction 

1.1 Proximal Tubule Anatomy and Physiology 

The proximal tubule is a part of the duct system of the nephron of the kidney that leads 

from Bowman’s capsule to the loop of Henle (Figure a) and is composed of the proximal 

convoluted tubule (pars convoluta) and the proximal straight tubule (pars recta.) The proximal 

tubule is characterized by its microvilli of epithelial cells that give it a striated appearance. The 

cytoplasm of these epithelial cells is highly packed with mitochondria in the basal region of the 

plasma membrane. The mitochondria help supply the cells with energy required to actively pump 

sodium ions out of the proximal tubule, which allows water to flow out through passive transport 

or osmosis. 

One of the main functions of the proximal tubule is to regulate the pH of filtrate through 

the exchange of hydrogen (H+) ions in the interstitium in exchange for bicarbonate (HCO3-) ions 

in the filtrate. Additionally, the proximal tubule is also involved in the secretion of organic acids 

into the filtrate. This filtrate is then reabsorbed from the proximal convoluted tubule specifically 

into the peritubular capillaries by active transport. This transport process is regulated by the 

sodium potassium pump (Na+/K+ ATPase) on the basolateral membrane of the epithelial cells.  

Most reabsorption (65%) also occurs in the proximal tubule, and it reabsorbs 70-80% of sodium 

chloride and 95% of glucose.  

 

 

Figure a: The proximal tubule within a nephron of the kidney. 

 
 



14 

1.2 Proximal Tubule Cells Contribute to Fail-safe System in CF Patients 

            Proximal tubule epithelial cells have a significant role in kidney disease. Because 

proximal tubule cells are actively involved in the transport of nutrients and ions, such as sodium, 

they play a major role in renal physiological mechanisms such as chloride transport regulation. 

(Schild & Giebisch, 1998). For example, abnormal gene expression encoding a specific channel 

on the plasma membrane of proximal tubule cells could lead to malfunction in the transport of 

chloride and consequently water. A medical paradigm of this can be seen in patients with cystic 

fibrosis. 

Cystic fibrosis is a genetic disorder, which takes a toll of at least 70,000 lives annually 

worldwide. (Rosenecker et. al 2006). It is a common genetic condition where the victim inherits 

a defective gene that codes for N-linked glycoprotein, cystic fibrosis transmembrane 

conductance regulator (CFTR), found on the apical or luminal surfaces of epithelial cells lining 

many different organs, including the kidney. (Goodman and Percy, 2005). The CFTR channel is a 

cAMP-regulated chloride channel widely expressed in various bodily tissues such as the colon, 

large intestine, respiratory ducts, and kidneys. (Goodman and Percy, 2005). In the lungs the 

presence of the defective CFTR gene ultimately leads to mucous buildup and subsequent 

respiratory infection. On the other hand, the kidneys can be considered a fail-safe system in 

CFTR patients, as there are many other Cl- channels that may compensate for a faulty CFTR 

channel and therefore renal disease is usually not considered a major aspect of cystic fibrosis. 

(Yahiaooui et. al, 2009) Consequently, CFTR patients tend to show more serious problems in the 

respiratory and gastrointestinal systems.  

In the gastrointestinal tract, mucosal hydration is largely determined by chloride 

secretion, just as in the respiratory tract. Thus, a pathological consequence of overactive chloride 
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channels in the G.I. tract is secretory diarrhea. (Verkman & Galleta 2006-9). Besides treatments 

for these diseases and their symptoms, CFTR inhibitors may be used to investigate CFTR 

dependent function in various epithelia and develop research animal models to evaluate new 

therapies for those with cystic fibrosis or secretory diarrhea. 

1.3 Chloride Secretion in Renal Epithelia  

CFTR-mediated chloride secretion has been studied extensively in intestinal and 

respiratory epithelia, but its existence in renal epithelial is less understood. Many studies have 

looked at mammalian nephron segments, but they have been inconclusive due to parallel 

reabsorption of chloride and possible inhibition of reabsorptive transport when looking at 

secretion. (Simmons, 1993). Most importantly, although CFTR has been shown to be expressed 

in several nephron segments including the proximal tubule, there is no obvious renal defect in CF 

patients possibly due to the renal fail-safe system. (Kibble, 2001). Most evidence regarding renal 

chloride secretion comes from studies with non-mammalian nephrons. However in 

mammalian-derived MDCK cell lines and in isolated shark proximal tubules, cAMP agonists 

were found to activate chloride fluid secretion. (Brown et. al, 1986, Simmons, 1993, Beyenbach 

& Fromter, 1985). Similarly, in proximal tubule in winter flounder and killifish, fluid secretion 

dependent on sodium chloride transport has been observed. (Beyenbach & Fromter, 1985, Cliff 

& Beyenbach, 1992). In summary, chloride secretion has been seen in some vertebrate proximal 

tubule segments, such as in mammals and certain groups of fishes.  

Thus, a deeper look at the proximal tubule epithelial cell model may help scientists 

understand the complexity of chloride transport to help treat patients with chloride secretion 

related diseases. Because transepithelial transport of chloride across cells in these systems is 

largely due to the fact that the epithelium is functionally polarized, a number of different signals 
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may work in concert with the CFTR channel as a complex transport system that is able to 

successfully deliver chloride across the cell. Thus, the steps involved in chloride transport could 

be manipulated through experimentation to better understand the mechanism and key players 

involved in chloride transport.  

1.4 Mechanism of Chloride Transport in Epithelial Cell Model 

 

 

 

Figure 2: Model of Chloride Transport 

Mechanism 

in an Epithelial Cell 

 

Because the regulation of chloride is a vital process for normal bodily function, many 

epithelia possess the ability to transport (Liedtke, 1989). Chloride transport regulation, via the 

CFTR channel in epithelial cells, affects the distribution of water in the body. While the CFTR 

channel is located at the apical portion of epithelial cells as shown in Figure 2, a cotransporter 

known as NKCC, and K+ channels are located on the basolateral side. (Liedtke, 1989). NKCC 

(Na+K+2Cl-) regulates the uptake of chloride from the basolateral side of an epithelial cell. A 

large inward sodium gradient established by Na-K ATPase helps drive the inward movement and 

secondary active transport of chloride, Cl. Then, Cl- leaves the cell apically via the CFTR 

channel. Both of these plasma membrane components, NKCC and CFTR, are stimulated by 

cAMP for the efficient regulation of transepithelial transport. After Cl- is transported to the 

lumen, sodium ions follow it along a voltage gradient. (Liedtke, 1989). Thus, not only is chloride 
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secreted, but also sodium. Subsequently, water follows by osmosis or with the concentration 

gradient of solutes leaving the cell. 

  

1.5. Key Players in Chloride Transport in PT cells 

1.5.1. Potassium K+ Channels 

Potassium (K+) channels in the renal proximal tubule are linked to several important 

functions in mammalian nephron segments. One significant process that potassium channels are 

involved in is generating the cell’s negative membrane potential. (Wang, Herbert, Giebisch, 

1997). This negative membrane potential is what drives apical transport by the positively 

charged co-transporter such as the sodium glucose co-transporter, SGLT, in chloride transport. 

Another important function potassium channels possess is the recycling of potassium across the 

basolateral membrane. Finally, potassium channels are involved in many renal physiological 

processes such as cell volume regulation and the transport of water in mammalian proximal 

tubule cell models.  

1.5.1a. Potassium K+ Channels: Apical 

There are two types of apical potassium channels that have been identified in the 

mammalian proximal tubule, small and large conductance. One small conductance channel that 

regulates an inward current in the rabbit and mouse S3 segment has been identified. (Gogelein & 

Greger, 1984). Another small conductance channel has been found in the mouse kidney. 

(Gogelein, H., 1990). Finally, large conductance potassium channels have been observed in 

primary cultures of proximal tubule cells and shown to be activated by calcium (Ca2+). (Dube, 

Parent, Sauve, 1990). Zweifach et al have also identified a large conductance potassium channel 

in on brush border vesicles from a rabbit kidney cortex. (1991). In addition, both large and small 
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conductance calcium activated potassium channels have been found in amphibian proximal 

tubules. (Kawahara, Hunter, Giebisch, 1987).  

1.5.1b. Potassium K+ Channels: Basolateral 

Many studies have been done that have described ATP-sensitive potassium channels 

located on the basolateral membrane of rat and rabbit proximal tubules. (Beck et. al, 1993). As 

well, it has been shown that depolarization of the basolateral membrane increases the open 

probability of the channel. In another recent study it was found that in the absence of ATP, 

ATP-sensitive potassium channels were also inhibited on the basolateral membrane of 

ambystoma proximal tubule cells, and that addition of ATP restores their activity. (Mauerer, 

Boulpaep, Segal, 1995). Two stretch activated potassium channels that exist in amphibian 

proximal tubules have also been reported. (Sackin & Palmer, 1987). The activation of 

ATP-sensitive K+ channels on the basolateral membrane of the proximal tubule during renal 

ischemia, decrease in blood flow in kidneys, has also been studied. Researchers have found that 

the loss of intracellular potassium during renal ischemia may be due the activation of K+ 

channels as a response to hypoxia.  

1.5.1c. Potassium K+ Channels: Regulation in the Proximal Tubule 

Many studies have found evidence that potassium channels are either sensitive to calcium, 

ATP, and/or mechanical stretch. ATP sensitive channels in the mammalian proximal tubule have 

been found to contribute to cell membrane negative potential and share several properties to 

ATP-regulated potassium channels found in the thick ascending limb of the loop of henle and in 

principal cells in the cortical collecting tubule. In these studies, addition of glyburide that blocks 

ATP was administered to the cells and it was found that it reduced basolateral K+ conductance in 

isolated rat proximal tubule cells. (Tsuchiya et. al, 1992). Other studies have found potassium 

channels in the rat and rabbit proximal tubules that are activated by diasozaide, a supposed 
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opener of ATP-sensitive potassium channels, are actually inhibited by the addition of ATP.  (Hurst 

et. al, 1993). Similarly, many studies have shown that ATP- sensitive channels may play a role in 

linking basolateral potassium conductance to the activity of the sodium potassium ATPase pump. 

For example, it was found that inhibition of the sodium potassium ATPase pump decreases the 

activity of the 60 pS potassium channel. (Beck et. al, 1993). Another way researchers studied the 

effect of ATP concentration on potassium channels was to add amino acid to the lumen, as a 

substrate for transport. (Beck et. al, 1993). This has been shown to decrease intracellular ATP 

concentration as well as increase the activity of the basolateral potassium channel. Following this, 

removal of luminal substrates in the lumen causes an increase in ATP concentration and a 

decrease in the activity of the basolateral potassium channel. 

1.5 Key Players in Chloride Transport 

1.5.2 CFTR Channel 

In the mammalian renal proximal tubule many types of chloride channels have been 

identified. Some of these channels are modulated by either cyclic nucleotides, calcium, or are 

voltage dependent. However, a specific chloride channel on the apical side of mammalian 

epithelial cells has been identified to be involved in chloride transport. The cystic fibrosis 

transmembrane conductance regulator (CFTR), a cyclic AMP-activated chloride channel, has 

been found to regulate overall net chloride secretion in many tissues.  ATP-dependent 

conformational changes open and close the CFTR gate to allow the flow of millions of chloride 

ions per second, down their electrochemical gradient. Certain membrane receptors are activated 

that lead to a cAMP mediated opening of the CFTR channel involving protein kinase A 

phosphorylation of the channels domains. 

 
 



20 

CFTR is part of the ABC transporter class of ion channels that transport chloride ions 

across epithelial cells. (Gadsby, Vergani, Csnady, 2006). The CFTR gene consists of 170,000 

base pairs and encodes the CFTR glycoprotein with 1480 amino acids. The CFTR protein 

consists of five domains, two of which are transmembrane domains each with six spans of alpha 

helices. These transmembrane domains are connected to a nucleotide-binding domain, where 

ATP binds, in the cytoplasm. The first nucleotide-binding domain is connected to the second 

transmembrane domain of CFTR, by a regulatory “R” domain that may be phosphorylated by 

PKA in order for the CFTR channel to open.   

Mutations in the gene encoding CFTR may result in either cystic fibrosis or congenital 

absence of the vas deferens. (Gadsby, Vergani, Csnady, 2006).  The most common mutation is 

delta F508 that results from a deletion of three nucleotides causing the deletion of phenylalanine 

at the 508th position of the protein. The protein consequently does not properly fold and is 

quickly degraded. Other mutations in this gene include replacements, duplications, deletions, or 

shortenings that affect either the presence or function of the CFTR protein in normal epithelial 

cells.   

1.5 Key Players in Chloride Transport​

1.5.3. Sodium-Potassium ATPase 

The sodium-potassium ATPase pump, an enzyme located in the plasma membrane of all 

animals, is also crucial in the regulation of chloride transport as it helps maintain the 

transmembrane sodium gradient. (Giebisch, 1998). The sodium pump is involved in many 

activities, including the establishment of a resting potential, the control of cell volume, and the 

regulation of calcium. 

One of the ways the sodium-potassium pump maintains cell volume and the 
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transmembrane sodium gradient in chloride transport is by regulating the influx of positive ions 

entering the cell. Inside the cell there are many proteins and organic acids that are negatively 

charged that cannot escape. Positive ions rush into the cell and aggregate around these proteins 

and anions. This causes water to come into the cell by osmosis, which, if unchecked, may cause 

the cell to swell and lyse. The pump in response pumps 3 Na+ ions out the cell for 2 K+ ions into 

the cell, resulting in a continual net loss of sodium ions out of the cell.  

The mechanism by which the pump holds the capacity to maintain this process is a fairly 

simple process. ATP binds to the pump, which increases the pump's affinity for sodium ions. The 

pump then binds 3 intracellular sodium ions, and ATP is hydrolyzed. This leads to the 

phosphorylation of the pump at an aspartate residue and a conformational change so that sodium 

ions are exposed to the outside, and they are released as the phosphorylated form of the pump 

has low affinity for sodium ions. The pump then binds two extracellular potassium ions and is 

de-phosphorylated, resulting in a conformational change to its initial form where it faces the 

inside of the cell.  

1.5 Key Players in Chloride Transport:  

1.5.4 NKCC Transporter 

​ The Na-K-2Cl, NKCC protein, is a membrane transporter protein that actively transports 

sodium, potassium, and chloride across the cell membrane. (Giebisch, 1998). The NKCC 

co-transporter belongs to the solute carrier family 12, and there are two identified isoforms of 

this protein – NKCC1 and NKCC2. NKCC1 is common to many tissues in the body, while 

NKCC2 is specifically found in the kidney – the thick ascending loop of Henle in the nephron. 

NKCC1 is commonly found on the basolateral membrane of cells, closest to the blood vessels. 

This gives NKCC the ability to transport ions from the blood into the cell. The result of 
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basolateral uptake of these ions allows apical secretion of the same ions into the lumen, thereby 

increasing luminal concentration of solutes. Water consequently follows by osmosis.  

​ The mechanism by which NKCC is able to carry out its functions is regulated by an 

electrochemical gradient. The sodium electrochemical gradient on the basolateral side of the 

membrane established by the sodium-potassium pump and the recycling of potassium ions, 

provides NKCC with the energy to move solutes. NKCC is then indirectly regulated by ATP that 

regulates the Na/K ATPase pump, and able to carry out secondary active transport of one sodium 

ion, one potassium ion, and two chloride ions.  

1.6 Regulating Chloride Secretion by Manipulating CFTR’s Activity 

1.6.1 Activators: Sustaining Chloride Secretion 

Common activators in chloride secretion include the diterpene, Forskolin. (Insel and 

Onstrom, 2003). Forskolin comes from the plant Coleus forskohlii, a perennial herb in a large 

genus of mints, native to east Africa. It has been long used in Ayurvedic medicine for heart and 

lung diseases, intestinal spasm, insomnia, and convulsions. Forskolin has been shown to relax 

contracted airways in humans as well as cause bronchodilation in asthma patients. In research 

studies by Seamon and Daly, it has been shown to directly activate adenyl cyclase, AC, and raise 

intracellular cAMP in a variety of cell types. (1981). As well, they showed that the response to 

Forskolin is influenced by heterotrimeric G protein, Gs, that activates adenyl cyclase. This 

occurs when cells are incubated with exogenously administered agonists that activate G-protein 

coupled receptors like ATP, that also serve as regulators of cellular levels of cAMP under basal 

conditions. Thus, since Forskolin activates cAMP it has been valuable for understanding basal 

cAMP formation as well as defining responses to cAMP levels. In other studies, Forskolin has 

been shown to concurrently activate apical cystic fibrosis transmembrane conductance regulator 
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CFTR and basolateral small conductance potassium K+ channels. (Lucky, Singh, and Wilterding, 

2000). 

 

1.6 Regulating Chloride Secretion by Manipulating CFTR’s Activity 

1.6.2 Inhibitors: Blocking the Activity of CFTR 

 

There are many commercial inhibitors of CFTR available that include CFTR Inh-172 and 

GLYH101. Use of inhibitors is significant in research as they may provide more information into 

the structure and function of the CFTR channel in the chloride transport process in certain 

epithelia.  

Thiazolidinone CFTR-Inh 172, [3-[(3-trifluoromethyl) phenyl]-5-[(4-carboxyphenyl) 

methylene]- 2-thioxo-4-thiazolidinone] is a voltage-independent selective CFTR chloride 

channel blocker. It works by altering the CFTR channel gating. In research it has been shown to 

block intestinal fluid secretion induced by cholera toxin and E-coli and suppress cyst growth in 

kidney cell culture models of polycystic disease. (Thiagajarah, 2004). 

​ Glycine hydrazide GLYH101, [N-(2-naphthalenyl)-((3,5-dibromo2,4dihydroxyphenyl 

methylene) glycine hydrazide] is a selective and reversible open channel CFTR chloride channel 

blocker. It has been shown to inhibit apical membrane chloride current at intermediate speed and 

it has high water solubility. It has been suggested to directly interact with the channel pore at the 

extracellular side of the membrane. (Maunprasat et. al, 2004). 

1.6 Regulating Chloride Secretion by Manipulating NKCC uptake 

1.6.3 Inhibitors: Inhibition of NKCC uptake 

Chloride secretion can also be blocked by the inhibition of the uptake step by NKCC. 

Loop diuretics binding to NKCC can also block chloride secretion experimentally. (Brown et. al, 
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1986). Drugs that have been previously used to block NKCC include bumetanide, furosemide, 

piretanide, and torasemide. These inhibitors are not useful from a practical standpoint in treating 

secretory diarrhea however as they would induce a maximal diuresis if used to inhibit intestinal 

secretion.  

1.7 Regulating Chloride Secretion by Manipulating K+ Channel Activity 

1.7.1 KCNQ1 in the Proximal Tubule 

KCNQ1 is a pore-forming potassium voltage-gated channel expressed in the kidney 

proximal tubule and entire gastrointestinal tract of mice. (Jesperson et. al, 2008). The KCNQ1 

protein is also expressed in the inner ear, cardiac muscle, and lungs. Four alpha subunits make up 

the KCNQ1 channel, while one beta subunit from a gene in the KCNE family binds to the 

KCNQ1 channel and regulates its activity. Research has also pointed to the binding of 

phosphatidylinositol-2 phosphate (PIP2) to the channel in order to activate the channel by 

stabilizing the open formation. Open formation of the channel allows potassium ions to flow into 

the cell.  

KCNQ1 belongs to the KCN gene family. Mutations in the gene encoding KCNQ1 may 

lead to long QT syndrome in humans, predisposing them to sudden cardiac death and deafness. 

Other mutations in the gene have been associated with familial atrial fibrillation, Jervel and 

Lange-Nielson syndrome, Romano ward syndrome, and SIDS (in infants).  

​ In mice it was found that blocking the activity of KCNQ1 by inhibitor chromanol 293 B 

affected gastric acid secretion in gastric parietal cells. (Heitzmann, 2004). The researchers from 

this study concluded that KCNQ1/KCNE2 channel complexes recycle potassium from the cell to 

the lumen. Another study hypothesized that KCNQ1/KCNE3 channel complexes in the colon 

resided on the basolateral membrane and were involved in recycling potassium to create the 

 
 



25 

driving force for luminal chloride secretion by repolarization of the membrane. Thus, this study 

linked the KCNQ1 channels to the mechanism of chloride transport in the colon through 

stabilizing cell membrane potential. This study also noted that other channels in kcnq1-null mice 

might have other potassium channels not active in wild-type mice that become active in the 

absence of kcnq1. 

 

1.7. Regulating Chloride Secretion by Manipulating K+ Channel Activity 

1.7.2. KCNQ1 Blocker as an Antidiarrheal Agent 

The researchers in the previous study found that by blocking KCNQ1 channels with 

chromanol 293B, there was complete blockade of Forskolin-induced chloride secretion in the 

rabbit and rat colons. Future implications of the findings of this study may help scientists find 

more therapeutic options for treating secretory diarrhea. For example, by inhibiting the KCNQ1 

channel in the colon, chloride secretion as well as water secretion is repressed. This is significant 

because an increase in water secretion associated with increase in chloride and anion secretion 

most commonly occurs in secretory diarrhea. Researcher, Dr. Greger also notes in his review of 

the Role of CFTR in the Colon, that the effect of chromanol 293B may be useful to treat 

secretory diarrhea because it acts from both sides of the epithelium in a similar fashion. (2000) 

In another study, it was found that fenofibrate selectively inhibits potassium recycling 

through cAMP-stimulated KCNQ1/KCNE1 channel complexes in the intestines of rats and mice, 

leading to inhibition of intestinal chloride secretion by this mode. (Bajwa et. al, 2004). For 

example, fenofibrate only inhibited cAMP activated channels, while clofibrate inhibited both 

cAMP and calcium-activated basolateral potassium channels involved in potassium recycling. 

The researchers also found that chloride secretion was partially restored by cAMP activation of 

luminal CFTR by potassium currents. (Bajwa et. al, 2004). The study suggests that fenofibrate 
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may show potential to serve as an anti-diarrheal agent for clinical use and an effective blocker of 

KCNQ1/KCNE1 complexes. 

 

1.7 Regulating Chloride Secretion by Manipulating K+ Channel Activity 

1.7.3. KCNN4 in Secretory Epithelia 

​ KCNN4 also seems to be part of the basolateral conductance in tissues that secrete 

chloride. (Heitzman and Warth, 2004). KCNN4 is an intermediate conductance calcium-activated 

potassium channel belonging to subfamily N. Research indicates that KCNN4 may be 

heterotetrameric channel that is activated by intracellular calcium. Activated KCNN4 contributes 

to membrane hyper-polarization, which promotes the influx of extracellular calcium in 

circulating blood cells. (Begenisch, 2004). KCNN4 also contains homologous mRNA sequences 

between the mouse and human.  

​ KCNN4, or IKCa1, also known as the Gardos Channel, is important to the physiology of 

lymphocytes, erythrocytes, and intestinal and airway epithelial cells. As well, there have been 

numerous studies on KCNN4 existence in the gastrointestinal secretory epithelia. In intestinal 

and respiratory epithelial cells, KCNN4 has been located on the basolateral side and found to 

regulate apical water and chloride secretion. (Heitzman and Warth, 2008) It has also been shown 

that gastrointestinal serosal KCNN4 channels are essential for agonist-induced cAMP and 

calcium secretion. (Heitzman and Warth, 2008). KCNN4 channel expression is also not solely 

restricted to the basolateral side of intestinal epithelial cells but has been expressed on both 

apical and basolateral sides of mammalian colon epithelia. (Heitzman and Warth, 2008). Finally, 

KCNN4 channels have also been detected in secretory epithelia or organs such as the pancreas 
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and salivary glands. (Thomas-Vest et. al, 2006). Thus expression of KCNN4 may be a crucial 

regulator involved in the normal function of secretory epithelia. 

​
 

1.7 Regulating Chloride Secretion by Manipulating K+ Channel Activity 

1.7.4 KCNN4 Blocker Clotrimazole Relieves Secretory Diarrhea 

​ Clotrimazole is an antifungal medication commonly used to treat yeast infections, oral 

thrush, athlete’s foot, and ringworm. (Rufo et. al, 1996). Clotrimazole is a membrane-permeant 

triarylmethane imidazole that is a specific inhibitor of cytochrome p450 oxidase. Side effects 

connected with clotrimazole are dose-dependent and thought to be the product of interactions 

between the imidazole ring and cytochrome p-450 enzymes. However, a metabolite of 

clotrimazole lacking the imidazole ring has been found to be successful in chloride secretion 

inhibition in T84 cells. This metabolite may be more effective for in vivo purposes generating 

less toxicity. As well, it has been shown that the inhibition of p450 is not a requirement for these 

compounds for the inhibition of potassium channels.  Finally, clotrimazole is metabolized to 

compounds of lower toxicity, and oral clotrimazole may have utility in treating secretory diarrhea 

of diverse etiology.  

The effects of clotrimazole have been studied in the human red cell and found to inhibit 

calcium dependent potassium channels in rat thymocytes and human erythrocytes. (Rufo et. al, 

1996). Additional studies have also been done on the colon, as the biophysical parameters of red 

cells’ potassium channels can be comparable to human intestinal T84 cells, for example the 

similar presence of calcium dependent potassium channels. (Rufo et. al, 1996). Clotrimazole was 

found to reversibly inhibit cAMP and calcium-dependent chloride secretion in human colonic 

epithelial cells. (Rufo et. al, 1996). Addition of micromolar concentrations of clotrimazole to the 
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basolateral side of the colon has also been found to completely inhibit the basolateral potassium 

channel expression in the co-presence of chromanol 293B. It has been suggested clotrimazole 

acts by direct inhibition of basolateral potassium channels, while not affecting apical chloride 

conductance or basolateral NKCC co-transporter. As well, a few studies have suggested that 

clotrimazole inhibits potassium conductance in erythrocytes by binding to the external part of the 

Gardos channel. (Rufo et. al, 1996). Finally, these studies provide evidence that clotrimazole 

may not only be used to effectively treat secretory diarrhea but also to study the physiology of 

biophysically comparable secretory epithelia.  

1.8 Statement of Problem 

1.8.1 A Unique Proximal Tubule Epithelium 

Previously it has been shown by Dr. Laverty and others, that the avian (chick) proximal 

tubule shows evidence of a PTH-activated and cAMP-induced (Forskolin) chloride anion 

secretion by electrophysiological assays (Laverty et. al, 2003). Recently in the lab, there has been 

new evidence of an NKCC transporter and a CFTR transporter existing in this proximal tubule 

cell model, by using RT-PCR and Western Blot. Additionally, through functional assays and 

using commercial inhibitor bumetanide, Dr. Laverty has been able to locate the NKCC 

transporter to be on the basolateral membrane of this proximal tubule cell model. In summary, 

this avian chick proximal tubule cell model seems to be a unique epithelial cell model where the 

proximal tubule shows evidence of chloride anion secretion activity, possibly involving the 

CFTR-mediated chloride transport mechanism, unlike other proximal tubule segments of other 

mammalian tissues that have received most attention only regarding their reabsorptive abilities.  

Thus, there is a need to explore this chloride anion secretion process in this model, by 

identifying the presence of other key players normally involved in the chloride transport 
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mechanism of other epithelial cell models, such as CFTR. CFTR has been shown to exist on the 

apical membrane of epithelial cells exhibiting chloride transport activity. Even further, the CFTR 

channel has also been shown to mediate PTH-activated chloride secretion in certain epithelia. 

For our model, because mRNA for the CFTR gene has already been identified in the lab, there is 

a pressing need to functionally assess the expression of this gene in this model through 

electrophysiological assays. This can be done by using commercial inhibitors such as CFTR-Inh 

172 and GlyH-101.  

In addition, many studies have found that inhibition of potassium channels directly 

affects chloride anion transport.  Another missing link in the chloride transport process poses a 

dilemma. The dilemma is whether the missing link, a potassium channel, is a potassium channel 

commonly found in the proximal tubule or a potassium channel commonly found in chloride 

secreting tissues. Finally, identification of the CFTR channel as well as the potassium channel 

involved in the chloride anion secretion process in this model, shall further prove that the avian 

chick proximal tubule is a unique proximal epithelium that is able to secrete chloride.  

1.8 Statement of Problem 

1.8.2 Candidates for Missing link Potassium Channel 

A rational strategy was used to choose possible candidates for the potassium channels 

found in this cell culture model. These candidates are KCNN4 and KCNQ1. KCNN4 was chosen 

because of its known expression in many epithelia that secrete chloride and has been especially 

researched in intestinal epithelia, where the primary mediators of intestinal chloride secretion are 

cAMP and intracellular calcium. KCNN4 has also been shown to be involved in basolateral 

potassium conductance. Thus, KCNN4 could possibly maintain the apical conductance of 
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chloride by sustaining the driving force maintaining the negative potential on the basolateral 

membrane through the recycling of potassium ions.  

On the other hand, KCNQ1 was chosen as it is a commonly known potassium channel 

expressed in mammalian tissues involved in transepithelial transport such as sodium/glucose 

transport. KCNQ1 has been shown in previous studies to be expressed in the kidney and GI tract 

of mice, inner ear, cardiac muscle, and lungs. KCNQ1’s role in the mammalian proximal tubule 

seems to be involved in stabilizing the driving force for sodium reabsorption. However, there 

have been conflicting studies claiming KCNQ1 to be present on either luminal, basolateral, or 

both sides of the mammalian kidney proximal tubule.  

1.9 Hypothesis 

In summary, many researchers studying chloride secreting cells have proposed that 

potassium channels and CFTR chloride channels are involved in the chloride transport process. 

Our lab data further suggests that parathyroid hormone activates a chloride channel in the Avian 

(chick) proximal tubule primary cell culture model. In this study, we hypothesize that 

PTH-activated chloride transport in the avian (chick proximal tubule cell is based on an apical 

CFTR channel and a basolateral cAMP activated potassium channel, KCNQ1 or KCNN4. 

1.10 Objective 

The first aim of this study was to prove that CFTR exists on the apical membrane of the 

chick proximal tubule cell. The physiological expression of the CFTR channel was explored 

through an electrophysiological approach. This approach consisted of permeabilizing the 

basolateral membrane, and setting up a gradient. Then chloride transport was inhibited using 

commercial inhibitors CFTR-Inh 172 and GlyH-101. A siRNA approach was also taken to assess 

the effects of decreased CFTR expression in successfully knockdown cells. The second aim of 
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this study was to study the role of potassium channels in chloride secretion on the basolateral 

membrane of the proximal tubule cells. An electrophysiological approach was used to 

characterize specific potassium channels, KCNQ1 and KCNN4, associated with the chloride 

transport process. The apical membrane was permeabilized and a gradient was set up. Then 

specific potassium channel blockers, clotrimazole, Charybdotoxin, and chromanol-293B were 

used to assess functional activity of the potassium channels present on the basolateral membrane. 

RT-PCR was then performed with chicken specific primers to assess the expression of KCNN4 

and KCNQ1 in the proximal tubule monolayers.  

Chapter II. Methods 

2.1 Reagents, supplies, and animals 

Growth media and supplements, collagen I, Percoll, as well as Nystatin, bumetanide, and 

Forskolin were obtained from SigmaAldrich. CFTR inhibitors 172 and GlyH-101 were obtained 

from EMD chemicals. Collagenase A and Dispase came from Roche Applied Science. Potassium 

channel blockers clotrimazole, Charybdotoxin, and chromanol-293B, KCNN4 reverse and 

forward primers, KCNQ1 reverse and forward primers came from Integrated DNA Technologies. 

SDS-Page gels, RT-PCR Invitrogen kits (One Step and Two Step), and the siRNA Tri-fecta kit 

came from Integrated DNA technologies. Chicks were grown in University of Delaware’s 

Poultry unit and sacrificed by cervical dislocation according to University’s Institutional Animal 

Care and Use Committee approved protocol. 

2.2 Cell Culture 

​ Primary cultures of avian chick proximal tubule were prepared by methods previously 

used in Sutterlin and Laverty, 1998 and Laverty et. al 2003. Kidneys were aseptically removed 

from 1-week old White Leghorn chicks and put on ice. The tissue was then minced and digested 
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in 1 mg/ml collagenase A/0.6 U/ml Dispase for 30 minutes at 37 degrees Celsius. The tissue was 

then triturated and sieved through a stainless steel screen. The suspension of proximal tubule 

fragments was then washed in HBSS through low-speed centrifugation and separated on a 

Percoll density gradient in 50% Percoll in 2 X Krebs-Henseleit buffer at 15,000 g for 30 minutes. 

This resulted in major tissue bands at low and high density. The high-density band was the one 

that consisted mostly of short proximal tubule fragments. These fragments were then assessed by 

cell microscopy and marker enzyme enrichment. The band was then removed from the Percoll, 

and washed in HBSS several times and resuspended in growth media. For total RNA or protein 

extraction, washed band samples were immediately treated with Lysis buffer and referred to as 

native proximal tubule samples that were directly isolated from kidney tissue.  

​ The inserts were then pre-coated with 20:1 dilution of calfskin collagen and dried before 

seeding onto the inserts. The proximal tubule fragments were then seeded onto Nunc filter inserts 

and grown in serum-free DME/F12 media, supplemented with 5ug/ml insulin, 5ug/ml transferrin, 

5 ug/ml selenite, 5 x 10^-8 M hydrocortisone, and 20mM ethanolamine. The cells were then put 

in an incubator and grown at 37 degrees Celsius with 5% carbon dioxide. The cells were fed 

every two days. After 1-2 days after seeding, tubule fragments attached to the substrate and the 

cells appeared to reach confluence within 2 weeks. The confluence of the cells was checked with 

an epithelial volt-ohmeter, EVOM, to monitor the resistance status of the filter-grown 

monolayers. Those cells having a resistance status of at least 300Ω were used for 

experimentation. It has been previously shown in the lab that the monolayers become highly 

polarized with apical microvilli and proximal tubule-like electrophysiological characteristics 

including glucose-stimulated sodium transport.  
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2.3 Reverse Transcription PCR 

​ Total RNA was obtained from the proximal tubule cultures or native band samples by 

using the PureLink Micro to Midi kit from Invitrogen. The samples were then Dnase treated. 

cDNA was prepared from RNA samples with the SuperScript III First Strand Synthesis system 

using oligo dT20 primer. PCR was performed using AccuPrime Taq DNA polymerase with 

chicken gene-specific primers and a Techne TC-312 thermocycler. The SuperScript One-Step 

RT-PCR kit was also used as an alternative. Minus RT controls were performed on total RNA 

samples by omitting the first strand synthesis step or by keeping samples on ice during the initial 

RT phase for the One-Step program. Primers for KCNN4 and KCNQ1 were designed using the 

NCBI database. They were synthesized by Integrated DNA technologies and designed using 

PrimerQuest Software. The sequences for chicken KCNN4 mRNA and KCNQ1 mRNA were 

obtained from the NCBI database. The primers used for KCNQ1 were:  

forward: 5’-ATGACGCCCGGCAAGAAGCC and reverse: 5’ 

TCGGGGAGTGGGGCGTAGTG. 

Product length was 77. 

The primers used for KCNN4 were: 

forward: 5’-CTGCACGGCTCTGGTCGTCG and reverse: 5’-ACCCGCTTGGTTAGCTGCGT. 

Product length was 105. 

PCR products were run on 1.2% agarose gels and visualized with UV light. Reactions were 

performed on culture and band samples.  

2.4 siRNA Knockdown and Western Blot 

​ siRNA knockdown did not prove to be successful, so the results are omitted from this 

paper. However the methods used to perform it shall be described in this section. TriFecta Kit 
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was used to perform siRNA knockdown. The kit consisted of 3 Dicer-Substrate siRNA duplexes, 

Cy3TM duplex (fluorescent), HPRT-S1 DS positive control duplex, DS scrambled, universal 

negative control duplex, and RNAse-free duplex buffer. The amount of duplex added to each cell 

as well as the concentration of the transfectant agent was manipulated every experiment. Duplex 

concentrations of 0.14uL, 1.4uL, and/or 6uL were used. 200 and/or 250uL of Lipofectamine 

were used. After the duplex dilutions and transfection master mix was made, the cells were 

transfected and left with the transfectant for about 24 hours. The cells were then lysed and 

centrifuged. Then western blot was performed to see if the experiment had worked. During 

western blot, the samples were diluted in a 1:1 SDS sample buffer and heated at 37 degrees 

Celsius for 30 minutes. Then the 50ug of each sample or positive control was loaded onto either 

3-8% (Nu-page, Invitrogen) or 4-15% (Read Gels, Bio-Rad) gradient gels. Then they were 

electrophoresed under reducing conditions. The gel was then blotted onto nitrocellulose paper 

and then blocked with tris-buffered saline (TBS) with 0.1% Tween-20 and 3.5% milk for one 

hour. Then the blot was exposed to primary antibody to blot for 18-20 hours at four degrees 

Celsius. Then the blot was exposed for 1.5 hours to a 1:80,000 dilution of peroxidase-conjugated 

rabbit anti-mouse IgG. The blot was then washed in TBS and TBS tween 20 and shaker. Then it 

was exposed to chemiluminescence reagent for 3 minutes and then developed on Kodak/BioMax 

film. 

2.5 Electrophysiology 

Monolayers that reached confluency, as measured by the EVOM, were mounted in 

Ussing chambers. Adapters were used to mount the inserts and an “O” ring was used to seal the 

outside of the cup within the adapter. This way the edge of the monolayer could not be damaged 

and the monolayer had an intact barrier between circulating apical and basolateral solutions. The 
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basic transport buffer used contained 130 NaCl, 4 KCL, 1.3 CaCl2, 1 MgSO4, 5 HEPES, and 25 

NaHCO3. The reservoirs attached to the two chamber halves had air circulating in them (95 % 

oxygen and 5% carbon dioxide) and maintained a constant temperature of 37 degrees Celsius and 

a pH of 7.5. A voltage clamp was used to short-circuit the monolayers and correct the 

monolayers for fluid resistance. Ringer agar bridges were used to electrically couple the apical 

and basolateral solutions to a matched pair of calomel half-cells for measurement of the potential 

difference (PD). A MacLab Data Acquisition system was used to record the short circuit current 

during the experiment. Short circuit current is the current, which reduces the electrical potential 

across the tissue to zero. To short-circuit a tissue, the voltage clamp drives the transepithelial 

current back to zero by introducing a current in the opposite direction of the existing current in 

the epithelium. (In any epithelial tissue there is ion transport taking place from apical to 

basolateral sides or vice versa that produces a potential difference across the epithelium. The 

voltage difference is measured by two voltage electrodes and canceled out by another two 

voltage electrodes injecting current. The amount of current injected is a direct measure of net ion 

transport taking place.) Thus ion transport can be measured as an electric potential difference 

(Ussing and Zerahn, 1951). Every five minutes, transepithelial resistance, TER, a measure or 

sum of apical, basolateral, and intercellular tight junction resistance, was recorded by deflections 

in response to 1 mV changes in the clamping voltage. Positive current responses (inward) meant 

apical to basolateral cation transport or basolateral to apical anion transport (secretion).  

​ Once the monolayers were mounted, the voltage clamp was turned on and the initial short 

circuit current was allowed to stabilize for a few minutes. Then 5 mM of glucose was added to 

the reservoirs on both sides. It has been previously shown that apical addition of glucose to the 

apical side activated sodium-glucose luminal co-transporter, SGLT. A basolateral 
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permeabilization approach was used to study the apical membrane responses to Forskolin. 

Chloride ion gradients were established by replacing either the apical or basolateral solution with 

2.6 mM chloride versus 37mM. Then after a stabilization period, 200ug/ml Nystatin was added 

to the basolateral side. Nystatin is an antibiotic that renders the sodium potassium pump futile as 

it introduces non-specific cationic conductance. This lets all cations to equilibrate between the 

basolateral and apical sides, thus eliminating the difference between basolateral and apical 

membranes. Finally this sets up a specific gradient for chloride. Forskolin was then added to 

activate apical conductance and chloride diffusion currents. The expression of the CFTR channel 

on the apical membrane was tested using CFTR blockers, CFTR-Inh 172 and GlyH-101 at 

20uM. For the potassium channel experiments, glucose was added as previously mentioned, and 

then Forskolin to activate the ion gradients. However, in these experiments, the expression of 

KCNQ1 or KCNN4 channels was tested by using blockers, clotrimazole, chromanol 293B and 

Charybdotoxin. Multiple blocker experiments, and double inhibitor experiments were performed 

to assess where the potassium channels were located and the subsequent effects of the blockers 

on the monolayers.  
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Chapter III. Results 

3.1 CFTR Inhibitor Experiments: Using a basolateral permeabilization approach 

For the experiments assessing the functional activity of the CFTR channel, a basolateral 

permeabilization approach was employed. Chloride gradients were established by replacing 

either the apical or basolateral bathing solution with 2.6 nM of chloride (gluconate salt 

substitution.) If this established a gradient in the basolateral to apical direction, then the current 

responses were positive, and if it were in the opposite direction (apical to basolateral) then the 

current responses were negative.  An antibiotic, nystatin, was first added to the monolayers. 

Nystatin introduces a small monovalent ion permeability in membranes, abolishing ion gradients 

and rendering the sodium-potassium pump futile. Nystatin allows non-specific cation 

conductance where ions equilibrate between the outside and inside of the membrane. A 

concentration of 300 ug/ml of Nystatin was determined as the amount needed to completely 

permeabilize the basolateral membrane of the cells in the monolayer from previous experiments 

done in the lab. (Laverty et. al, unpublished data, 2010). Now, because the sodium potassium 

pump is useless, active transepithelial transport is abolished, and currents measured under voltage 

clamp conditions can be attributed to diffusive ion fluxes. This way active uptake of the chloride 

would be eliminated and the currents would reflect the prevailing direction of the chloride 

gradient. Then to the nystatin-permeabilized monolayers, 1.0uM was added to both reservoirs of 

the chamber. A response to forskolin then shows the direction of the chloride gradient as well as 

activation of a chloride channel, in this case the CFTR Cl- channel. A positive current, or 

positive deflection,  reflected anion secretion while a negative current or downward deflection 

represented absorptive diffusion.  This can be compared to similar experiments that did not have 

an established chloride gradient, where forskolin was added to the permeabilized monolayers 
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with no response to the forskolin. This is because there had been no chloride gradients 

established before the addition of forskolin. As a checkpoint from results from previous 

experiments, bumetanide, 100uM, was then added and showed no effect on the current. This was 

to show that complete permeabilization had occurred, as bumetanide normally inhibits the 

NKCC transporter on the basolateral membrane. Finally 20uM of the CFTR-inhibitor or 

GlyH-101 was added to the apical reservoir resulting in a partial inhibition of the 

forskolin-activated current. In Figure 1, with the CFTR inhibitor, the current was reduced from 

7.3 to 4.5μA/cm2in the secretory direction and from -19.3 to -10.7μA/cm2 in the reabsorptive 

direction. GlyH-101 was reduced from 5 to 1.6μA/cm2 in the secretory direction. In this 

experiment, it is evident that current was reduced more in the secretory direction and GlyH-101 

had a greater effect on inhibition of the current than did CFTR-172 on the current.  

​ Figure 1 represents a sample recording showing two basolaterally permeabilized 

monolayers with opposite chloride gradients and how this was established using nystatin and 

bumetanide. The inhibition of forskolin stimulated current in the secretory direction (BL�AP) by 

apical addition of the CFTR inhibitor follows the idea that there is a CFTR channel on the apical 

membrane of the cells. In addition, it is also notable that absorptive gradients (AP�BL) was 

much higher than secretory gradients (BL�AP) in these monolayers.   
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Figure 1: Two traces of basolaterally permeabilized monolayers in CFTR inhibitor experiment 

 

 

 

 

 

 

 

 

 

 

 

Short circuit Isc recording of CFTR inhibitor experiment using CFTR-Inh172. Each period between a spike 

represents 5 minutes. Administrations of drugs were made at the beginning of a spike. The monolayer’s 

basolateral side was permeabilized with Nystatin at point A. Positive Forskolin response occurred after 

1.0uM of Forskolin administration at point B on the basolateral to apical gradient monolayer, while a 

negative response occurred in the apical to basolateral gradient monolayer. No change in current occurred 

at point C, after the administration of bumetanide to the basolateral side. This shows that active uptake of 

chloride has been eliminated, and the basolateral membrane is fully permeabilized. At point D 

CFTR-Inh172 was administered to the apical side with a significant effect on the current. Negative 

response occurred in the secretory gradient (BL�AP), while a positive response occurred in the absorptive 

direction (AP�BL). Forskolin stimulated currents were much higher in the absorptive direction. This is a 

sample recording from a set of 8 total experiments that were done using CFTR-Inh172 and GlyH-101. 
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​ Figure 2 is a bar graph of a summary of experiments using both CFTR-Inhibitor 172 and 

GlyH-101. For the CFTR inhibitor, the current was reduced from 7.3 to 4.5μA/cm2 in the 

secretory direction and from -19.3 to -10.7μA/cm2  in the reabsorptive direction. For GlyH-101 

the current fell from 5 to 3μA/cm2. It is also notable that the apical to basolateral currents were 

much greater than basolateral to apical currents in these permeabilized monolayers. Both blockers 

caused significant inhibition of the Forskolin-activated current, with decreases of 38% and 69% 

for CFTR Inhibitor 172 and GlyH-101 respectively for the secretory currents. CFT-Inhibitor 172 

was also tested in monolayers with absorptive currents and found to reduce the currents by 46%.  
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Figure 2: Bar graph of summary of experiments using CFTR-Inhibitor 172 and GlyH-101 

 

 

 

 

 

 

 

 

 

 

Summary of inhibitor experiments using either CFTR-Inh 172 or GlyH-101 in permeabilized monolayers 

with either basolateral to apical or apical to basolateral chloride gradients. Open bars represent the average 

change in current with forskolin addition and shaded bars represent the currents following subsequent 

addition of 20 uM of either CFTR inhibitor 172 or GlyH-101. Values are means +/- SEM, where n = 8 for 

each treatment group. Letter indicates significant inhibition of forskolin-activated current: a, P < 0.02; b, P 

< 0.05.  
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3.2 Baseline Electrophysiological Characteristics for CLT experiments 

Monolayers were used from four different cell culture preparations for the double 

inhibitor experiments, assessing the effects of clotrimazole, CLT, on the potassium channels 

present in this proximal tubule model. PT monolayers in the inserts were checked by microscopy, 

before experimental use, to ensure appropriate formation. After the monolayers of proximal 

tubule cells in the culture inserts reached confluency as measured by the EVOM, they were used 

in modified Ussing chambers. The 15 monolayers in Table 1 were used for experimentation in 

order to measure the effects of the addition of clotrimazole to apical or basolateral sides of these 

cell monolayers. Glucose was first added to all chambers to activate the SGLT transporter, 

already identified previously in the lab, on the apical membrane of the cells. Then after a 

stabilized response, Forskolin, a cAMP agonist, was added to both reservoirs of each chamber to 

stimulate the chloride secretion response previously described. (Laverty et. al, 2003). It has 

already been determined in the lab that 1.0μM Forskolin is a maximum dosage. Thus, this was 

the Forskolin dosage used for every experiment.  

Table 1 represents a summary of the baseline electrophysiological measurements and Isc, 

short circuit current responses, for each monolayer used in the clotrimazole experiments. 

Monolayers with an EVOM reading status of 300 or greater were used and ranged from 360 to 

880. Average EVOM transepithelial electrical resistance reading was 527. Baseline current Isc 

ranged from -23μA/cm2 to 28μA/cm2, with a mean of 15.47 μA/cm2. Whether or not the baseline 

current was positive or negative was not an issue as long as the current reached stabilization (< 

than 1μA/cm2 change) before the addition of glucose. This calculated average baseline current 

for all the monolayers used is consistent with data found in previous studies using this same 

model. (Laverty et. al, 2003). Average transepithelial resistance, TER, was measured by the 
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spikes, representing command voltage steps, and was 40.00Ω⋅cm2 for the monolayers. All TER 

measurements were positive by definition, and variability among TER was generally not an issue 

as long as it was stable. A decrease in TER usually only happened near the end of an experiment 

when a monolayer began losing resistance, or the cell was dying. After addition of 5mM glucose 

to all reservoirs of the chambers, the average response or change from baseline Isc, was 

2.67μA/cm2 Δ Isc. After the glucose response, the current was then allowed to stabilize for 8-15 

minutes, and then 1.0μM Forskolin was added to all reservoirs of both chambers. All but one of 

the Forskolin responses was positive. The addition of Forskolin resulted in an increase from both 

initial baseline current and the current established after glucose addition. An overshoot resulted 

immediately after the addition of Forskolin in every experiment, which came down within 2 

minutes, see Figure 2. This is normal for the PT cell culture model and is due to a high 

production of cAMP followed by regulation by phosphodiesterase and other controls (Laverty et. 

al, 2003). After the overshoot came down, and the current was stabilized, the Forskolin response 

or change in current after glucose addition, ranged from -3 to 16μA/cm2 Δ Isc. The mean overall 

change in current due to Forskolin, compared to initial baseline current, was 6.43μA/cm2Δ Isc.  

All of the mean values in Table 1 are consistent with avian chick proximal tubule 

monolayer electrophysiological characteristics. (Laverty et. al, 2003). Standard deviation values 

were calculated for each measurement taken, except for EVOM readings and are listed in Table 

1. Standard deviation value for baseline current may have been high, because each monolayer 

can have a variable degree of its own established currents due to the natural and expected 

variability between cells and between cultures. As well, the standard deviation for TER, 

transepithelial resistance was also high because each monolayer is not constructed exactly the 

same as the next in terms of its tight junctions. There is the possibility of damage having 
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occurred when loading the inserts into the modified Ussing chambers. Damage to the monolayers 

would cause changes in transepithelial resistance as well as “noise” on the short circuit 

recordings. Finally, the information contained in Table 1 served as evidence that the monolayers 

being used after mounting in the modified Ussing chambers were in fact chick proximal tubule 

cell monolayers that exhibited normal electrophysiological characteristics, such as low 

resistance, and response to glucose and Forskolin, like previously described for this model. 

(Laverty et. al, 2003). 

 



45 

Table 1: Baseline Electrophysiological Characteristics for Monolayers used in CLT experiments 

Group Exp. Date 
Prep 
Date 

EVOM 
Baseline Isc 

μA/cm2 
TER, ​

Ω*cm2 
Δ Isc Glucose Addition 

μA/cm2 
Δ Isc Forskolin 

Addition  μA/cm2 

1 01/04/11 12/30/10 350 -4 22 2 9 

1 01/11/11 12/30/10 330 16 40 0 5 

1 01/11/11 12/30/10 580 38 70 -3 -3 

2 03/29/11 03/17/11 640 19 35 6 16 

2 03/29/11 03/17/11 600 8 27 11 15 

2 03/31/11 03/17/11 600 24 35 9 11 

2 03/31/11 03/17/11 580 28 38 3 4 

3 04/08/11 03/28/11 580 11 19 2 3 

3 04/15/11 03/28/11 880 19 42 3 13 

3 04/20/11 03/28/11 500 -2 58 -1 1 

3 04/20/11 03/28/11 570 4 16 0 2 

4 04/27/11 04/15/11 515 10 48 -1 4 

4 04/27/11 04/15/11 420 -23 15 1 2 

4 04/29/11 04/15/11 400 79 102 -1 8 

4 04/29/11 04/15/11 360 5 33 3 16 

Mean  527 16 40 2 6 

Standard Deviation 
 

  39 22 4 6 

With SEM   16  ± 10 40 ± 6 3 ± 1 16 ± 1 

 ​

All measurements taken, other than EVOM and Baseline Isc, were calculated as changes from baseline 

short circuit current. Acronyms: Isc, short circuit current; TER, transepithelial resistance; Isc glucose, current 

response to addition of 5mM glucose to both apical and basolateral sides; Isc Forskolin current response to 

addition of 1.0uM Forskolin to both apical and basolateral sides; CLT, clotrimazole.  Group 1 = 12/30 

prep, Group 2 = 3/17 prep, Group 3 = 3/28 prep, Group 4 = 4/15 prep. All values, other than Mean and 

Standard deviation, are rounded to the nearest whole number.  
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3.3 Multiple Blocker Experiment: Clotrimazole is an Effective Inhibitor 

Because there are many different potassium channels, there is the possibility of more than 

one type of potassium channel present in this proximal tubule cell culture model.  The inhibition 

of one type of channel could simply force entry through another type of channel. Thus a multiple 

blocker experiment was performed to assess this dilemma. There were three blockers used in this 

experiment which included clotrimazole, a calcium-activated potassium channel blocker; 

chromanol 293-B, a selective intermediate channel conductance blocker; and Charybdotoxin, a 

calcium-activated potassium channel blocker. Figure 3 represents a trace of an experiment using 

multiple potassium channel blockers. Baseline current was 7.0μA/cm2 Isc. At point A, 5mM of 

glucose was added with a current response 3.0μA/cm2 Δ Isc. At point B 1.0uM of Forskolin was 

administered with a highly sensitive current response after an overshoot of 11.0μA/cm2 Δ Isc., 

compared to initial baseline current before glucose addition. At point C, 100uM clotrimazole was 

administered to the basolateral side of the chamber, resulting in a reduction in current of 

7.0μA/cm2 Δ Isc. This is significant as it means that clotrimazole was showing partial inhibition of 

the potassium channels. This supports the idea that there is a calcium-activated potassium 

channel on the basolateral side of the proximal tubule cell. Then at point D, 100uM of chromanol 

293B was administered to the basolateral side also, but with no significant reduction 

(<1.0μA/cm2 Isc) in short circuit current. Thus, lack of inhibitory effects by chromanol 293B 

further supports the idea that the potassium channel is a small conductance potassium channel 

not an intermediate potassium conductance channel.  However, lack of inhibitory effects by 

chromanol 293B could also be due to some sort of maximum inhibitory response or reduction in 

current when blockers are administered to that particular side of the cell (basolateral side.) This 

idea will be further explored in the rest of the clotrimazole experiments.   
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Then at point E, second administration of 200uM clotrimazole occurred for the 

basolateral side with no further reduction in current. This further supports the fact that 100uM of 

clotrimazole may be the maximum dosage for inhibition to occur. Following this at point F, 1nM 

of Charybdotoxin was administered to the basolateral side and had no significant effect or 

reduction (<1.0μA/cm2 Isc) on short circuit current. Again, because Charybdotoxin is a 

calcium-activated potassium channel blocker like clotrimazole, there may have been maximum 

inhibition occurring in this experiment. Finally, a third administration of clotrimazole occurred at 

point G, but to the apical side or reservoir. This resulted in a significant reduction of current of 

3.0μA/cm2 Δ Isc. The reduction in current that appeared again when Clotrimazole was 

administered to the opposite side is further evidence that maximum inhibition occurred on the 

basolateral side for the calcium activated potassium channel. The fact that inhibition also 

occurred on the apical side may mean that the channel is also located on the apical side and/or 

that current may be flowing out of the same type of channels being blocked by clotrimazole on 

the apical side of the cell. 

In summary, no significant reduction in current by chromanol 293B or Charybdotoxin 

had occurred after the first administration of clotrimazole that resulted in reduction of the short 

circuit current. As well, no reduction in current occurred after 200uM of clotrimazole was 

administered (2nd addition to same side (basolateral)). Thus, it was concluded that when 

inhibition of the calcium activated potassium channel occurred, potassium ions were not being 

exiting intermediate conductance potassium channels on the same side (basolateral), because 

chromanol 293B, which targets intermediate conductance potassium channels, did not have any 

subsequent effects on the current. As well, 100uM seems to be a maximum dosage for 

clotrimazole inhibition. Interestingly however, administration of clotrimazole to the opposite side 
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had a reduction on the current, possibly suggesting that potassium ions were not only being 

conducted by potassium channels on the basolateral side, but on the opposite apical side, also.  

This would also explain why only a partial inhibition of current occurred even though dosage for 

clotrimazole seemed to be maximum at 100uM. Finally although current was able to be 

significantly reduced, it did not reach baseline by the end of the experiment even after 

administration of clotrimazole to both sides, apical and basolateral. This may also suggest that 

this is not the only type of potassium channel present in this model.  
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Figure 3: Short circuit recording of multiple potassium blockers experiment 
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Short circuit Isc recording of multiple potassium blockers experiment. Each period between a spike 

represents 5 minutes. Administrations of drugs were made at the beginning of a spike. Monolayer was 

initially tested for glucose responsiveness at point A. Positive Forskolin response occurred after 1.0uM of 

Forskolin administration at point B, following highly sensitive overshoot to 50μA/cm2. Significant 

reduction in current occurred at point C, after the administration of Clotrimazole to the basolateral side. At 

point D administration of chromanol-293B, E of clotrimazole again, and F of Charybdotoxin to the 

basolateral side, no significant reduction in current occurred. Double line at point F is due to a concurrent 

experiment that is taking place on another monolayer not pictured in this figure. At point G, clotrimazole 

was administered to the opposite side (apical) resulting in a reduction in current.  Short circuit current 

established by Forskolin was reduced to almost one half of the baseline current before addition of Glucose. 

This experiment was done on 12/3/2010 using monolayer from 11/18/2010 kidney preparation. EVOM 

reading for this monolayer was 520. 
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3.4 Clotrimazole Double Inhibitor Experiments: Basolateral then Apical CLT Addition 

To further assess the question of where the potassium channels being inhibited by 

clotrimazole were located, double inhibitor experiments were performed. In these experiments, 

glucose and Forskolin were administered in a similar fashion to previous experiments. However, 

in these experiments, clotrimazole was administered to one side of the cell and then administered 

again at the same dosage to the other side of the cell. These experiments helped assess also the 

mechanism by which the current was being inhibited. Figure 4 shows a sample short-circuit 

current recording from 2 of the two types of double inhibitor experiments conducted, with the 

first administration of clotrimazole to the basolateral side, and the second administration to the 

apical side. The monolayer used in Figure 4 had an EVOM reading of 360. A summary of 7 

experiments of this type is shown in Figure 5. 

In Figure 4, 5mM of glucose was administered at point A to both reservoirs of both 

chambers (equivalent to apical and basolateral sides of the cell). This resulted in a normal 

increase of 3.0μA/cm2 Δ Isc from baseline Isc before glucose addition. Then the current was 

allowed to stabilize for 20 minutes and 1.0uM Forskolin was added at point B. This resulted in 

an overshoot of about 20.0μA/cm2 Δ Isc that eventually declined. The overshoot may be due to a 

high rate of cAMP production followed by phosphodiesterase secondary regulation. (Laverty et. 

al, 2003).  After the current came down, the change in steady-state current due to Forskolin was 

recorded as 13.0μA/cm2 Δ Isc. Then after 15 minutes, at point C, 100uM of clotrimazole was 

added to the basolateral side of the chamber. This resulted in a significant reduction of the 

current of about 11.0μA/cm2 Δ Isc. Then the current was allowed to stabilize for another 20 

minutes before the second administration was made. At point D, 100uM of clotrimazole was 

added to the apical side of the chambers. This resulted in another reduction of 13μA/cm2 Δ Isc. 
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This reduction of current went below the established current after glucose addition of 8.0μA/cm2 

Isc Glucose. It even went below the baseline current Isc of 5.0 μA/cm2 before glucose addition. In the 

graph, it is also apparent that TER starts to increase in height of 5-minute spikes after the second 

addition of clotrimazole. This may be because the monolayer is losing resistance and the 

monolayer is dying.  

In summary, it is apparent from this short circuit recording present in Figure 4 that 

current is partially reduced after the first administration of clotrimazole and then further reduced 

after the second administration to the apical side. After second administration of clotrimazole to 

the apical side in all double inhibitor experiments, it was found that the overall reduction in 

current was always past the current established by Forskolin. The current was reduced to at least 

baseline current after glucose administration or before glucose administration, if not more. This 

suggests that upon administration of clotrimazole to the apical side, the monolayer soon loses 

resistance and the monolayer starts to die.  The sharp reduction in current after the second 

administration (d), as compared to the slow reduction in current after the first administration may 

suggest that the channel being inhibited is actually located on the apical membrane.  

 It was hypothesized that clotrimazole may pass through the basolateral membrane and 

inhibit channels on the apical membrane. This is because the short circuit current response after 

the apical addition is much more rapid than the response after the basolateral addition. As well, 

clotrimazole has low water solubility and has been shown to pass through the cell membrane in 

other studies. (Rufo et. al, 1996). Thus this not only provides insight into where the channels are 

located but as to the mechanism of inhibition by clotrimazole. To test this idea, double inhibitor 

experiments with clotrimazole administered to the apical membrane first and then to the 

basolateral membrane were also conducted.  
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Figure 4: Short circuit recording of sample double inhibitor experiment 

Basolateral Addition, Then Apical Addition 
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Short circuit Isc recording of double inhibitor experiment. Each period between a spike represents 5 

minutes. Administrations of drugs were made at the beginning of a spike. The monolayer was initially 

tested for glucose responsiveness at point A. A positive Forskolin response occurred after 1.0uM of 

Forskolin administration at point B, following highly sensitive overshoot. A significant reduction in 

current, negative change in Isc, occurred after the administration of Clotrimazole to the basolateral side at 

point C. At point D, a second administration of Clotrimazole was made again, but to the apical side. There 

was another significant reduction in current. Short circuit current established by Forskolin was reduced 

almost halfway to the baseline current before addition of Glucose after the first administration of 

clotrimazole. After the second administration of clotrimazole, the reduction in current went past baseline 

current Isc. 
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The short circuit recordings for all the double inhibitor experiments in which clotrimazole 

was first administered to the basolateral side and then to the apical side are summarized in Figure 

5. A total of 7 monolayers underwent this type of experiment. EVOM statuses for the 

monolayers ranged from 330 to 600 with an average reading of 461. Responses to Forskolin 

ranged from 2 to 16μA/cm2 Δ Isc. The average response to Forskolin was 8.42μA/cm2 Δ Isc among 

the monolayers. After clotrimazole was administered to the basolateral side, all responses 

recorded were negative changes in the current. These changes ranged from -3 to -19μA/cm2 Δ Isc. 

The average reduction in current after the 1st administration of clotrimazole to the basolateral 

side was -7.86μA/cm2 Δ Isc. Then after clotrimazole was administered to the apical bathing 

solution, all monolayers exhibited another reduction of the current. This negative change in 

current ranged from -2 to -17μA/cm2 Δ Isc The average negative change after second 

administration of clotrimazole was -6.86 μA/cm2 Δ Isc.  

​ In summary, there was a negative change recorded for both administrations of 

clotrimazole. There was not a significant difference in how much current was reduced based on 

whether clotrimazole was added to the basolateral or apical side. However, administration of the 

drug to either side had a clear effect on the current and always resulted in a reduction of the 

Forskolin-induced current. Based on average change in current Δ Isc, almost full inhibition of 

Forskolin current (94%) occurred after the first administration, and partial inhibition occurred 

after the second administration. The mean decrease in current following the second clotrimazole 

dose resulted in current levels below the glucose current baseline.   
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Figure 5: Bar Graph of Average Reduction of Current by Clotrimazole in Basolateral then Apical 

Addition Double Inhibitor Experiments 
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Summary of inhibitor effects on Forskolin-induced Isc responses. Th inhibitor clotrimazole was added to 

the basolateral bathing solution at 100uM and then to the apical bathing solution at 100uM. This figure 

summarizes the Isc responses for a total of 7 monolayers. Partial inhibition occurred after the 1st addition of 

clotrimazole and further inhibition occurred after the second addition of clotrimazole but to the opposite 

side. Overall negative change in Isc, or combined inhibition on both apical and basolateral sides, was 

higher than positive change in Isc due to the addition of Forskolin. 
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3.5 Clotrimazole Double Inhibitor Experiments: Apical then Basolateral CLT Addition 

There were a total of 6 experiments done to test the effects of apical addition and then 

basolateral addition of the drug clotrimazole. We were looking to see whether adding the drug to 

the apical side first would make a difference, in terms of quantifiable effects on the short circuit 

current. Figure 6 shows a sample short circuit current recording of this type of double inhibitor 

experiment. Baseline current Isc was recorded as 79μA/cm2. This current was high, however it 

reached stabilization. At point A, 5mM of glucose was added to both reservoirs of the chamber 

(both apical and basolateral sides). Then the current was allowed to stabilize for 20 minutes 

before 1.0uM of Forskolin was added to both reservoirs at point B. This addition resulted in a 

positive change of 8μA/cm2 Δ Isc. After the current stabilized, 100uM of clotrimazole was added 

to the apical side at point C, resulting in a negative change or reduction of the current of 

-7μA/cm2 Δ Isc. Then after 25 minutes at point D, 100uM of clotrimazole was added to the 

basolateral side with no further reduction in current. As one can see from the Graph, the line 

starts to go up, meaning the cell is losing resistance and dying.  

In summary, there was a clear reduction in current when clotrimazole was administered to 

the apical side (88% of Forskolin-induced current) and no further reduction in current when 

administered to the basolateral side. Although some of the other experiments did in fact show a 

reduction in current when clotrimazole was administered to the basolateral side, most of the 

monolayers started dying after the basolateral addition and TER started increasing. This suggests 

that there may be a relationship between how long after clotrimazole is administered to the apical 

side that the monolayer starts to lose resistance.   
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Figure 6: Short circuit recording of sample double inhibitor experiment 

 

Apical Addition, Then Basolateral Addition 
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Short circuit Isc recording of double inhibitor experiment. Each period between spikes represents 5 

minutes. Administrations of drugs were made at the beginning of a spike. The monolayer was initially 

tested for glucose responsiveness at point A. Positive Forskolin response occurred after 1.0uM of 

Forskolin administration at point B, following a highly sensitive overshoot. A significant reduction in 

current, occurred after the administration of Clotrimazole to the apical side at point C. At point D, 

clotrimazole was administered again, but to the basolateral side. There was no significant reduction in 

current. Short circuit current established by Forskolin was able to be reduced almost entirely (88%) after 

the first administration of clotrimazole. Monolayer started dying at point D.  

 

​  
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The short circuit recordings for all the double inhibitor experiments where clotrimazole 

was first administered to the apical side and then to the basolateral side are summarized in Figure 

6. A total of 6 monolayers underwent this type of experiment. EVOM statuses for the 

monolayers ranged from 400 to 880 with an average reading of 580. Responses to Forskolin 

ranged from 1 to 16μA/cm2 Δ Isc with a mean response of 7.5μA/cm2 Δ Isc . After clotrimazole 

was administered to the apical side, all responses recorded were negative changes in the current. 

These changes ranged from -2 to -10μA/cm2 Δ Isc with a mean reduction in current of -5.8μA/cm2 

Δ Isc. Then after clotrimazole was administered to the basolateral bathing solution, all 4 

monolayers had a reduction in the current while 3 monolayers had no further reduction in 

current. This negative change in current ranged from -2 to -6μA/cm2 Δ Isc The average negative 

change after second administration of clotrimazole was -2μA/cm2 Δ Isc.  

​ In summary, there was a negative change recorded after the 1st administration of 

clotrimazole. There was also a clear difference in how much the current was reduced depending 

upon which side the drug was added. For all monolayers, the Δ Isc after second administration to 

the basolateral side was always less than the Δ Isc that occurred upon first administration to the 

apical side. This is also represented in the average Δ Isc measured after the 1st administration and 

2nd administration (5.8>2). Based on average change in current Δ Isc, partial inhibition of 

Forskolin current (77%) occurred after the first administration. The overall average reduction of 

current -7.8μA/cm2 Δ Isc reached the baseline current before Forskolin addition. (After Forskolin 

addition, average change in current from baseline was 7.5μA/cm2 Δ Isc.) 
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Figure 7: Bar Graph of Average Reduction of Current by Clotrimazole In Basolateral then Apical 

Addition Double Inhibitor Experiments 
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Summary of inhibitor effects on Forskolin-induced Isc responses. The inhibitor clotrimazole was added to 

the apical bathing solution at 100uM and then to the basolateral bathing solution at 100uM. This figure 

summarizes the Isc responses for a total of 6 monolayers. Partial inhibition occurred after the 1st addition of 

clotrimazole and slight further inhibition occurred after the second addition of clotrimazole but to the 

opposite side. Overall negative change in Isc, or combined inhibition on both apical and basolateral sides, 

reached baseline current before the addition of Forskolin. 
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3.6 RT-PCR: Expression of KCNQ1 or KCNN4 gene  

There is a partial mRNA sequence in the chicken database that seems to have homology 

to human KCNN4, so primers were designed for both KCNN4 and KCNQ1 to use in chick 

tissues for reverse transcriptase-pcr. Reverse transcriptase- PCR, RT-PCR, was used to identify 

the expression of the KCNQ1 gene and/or the KCNN4 gene in the chicken genome. Total RNA 

was prepared from primary cell cultures and from native proximal tubules obtained from percoll 

gradient band samples. Some of the samples were reverse transcribed, while some were not. 

Then all samples were PCR amplified with gene-specific primers. Finally the products were 

loaded on a 1.2% agarose gel and electrophoresed. 

Figure 8 shows a gel showing possible results of KCNN4 gene expression in the proximal 

tubule cell model. A two-step procedure was done for this gel as it has been shown to be more 

sensitive than the one-step method according to previous studies. Step one consisted of setting up 

the reverse transcription reactions. Total RNA, random decamers, RT Buffer, dNTP mix, RNase 

Inhibitor, Reverse transcriptase, and Nuclease-free water was added to each tube. This was then 

incubated in the thermacycler for an hour and then for 10 minutes at a high temperature to 

inactivate the reverse transcriptase enzyme. Not all tubes received the RT part. Step two 

consisted of the PCR. Primer stocks were made, as well as the master mix, and aliquoted to each 

tube. PCR was then performed on all tubes to amplify a cDNA that corresponds to a 

housekeeping transcript. For the negative controls minus-RT controls were used. As well, 

because both native proximal tubule RNA as well as primary cell culture RNA was separately 

tested, this served as a secondary control that mRNA being amplified was in fact being 

expressed.   
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In Figure 8, Lane 1 was testing the KCNQ1 primers in primary cell culture tissue that 

received RT and PCR. Lane 2 was the negative control for Lane 1 that did not receive the RT 

part. Lane 3 was testing the KCNQ1 primers in native proximal tubule tissue from the Percoll 

Band samples that received RT and PCR. Lane 4 was the negative control for Lane 3 that did not 

receive the RT part. Lane 5 was testing the KCNN4 primers in primary cell culture tissue that 

received RT and PCR. Lane 6 was the negative control for Lane 5 that did not receive the RT 

part. Lane 7 was testing the KCNN4 primers in native proximal tubule tissue from the Percoll 

Band samples that received RT and PCR. Lane 8 was the negative control for Lane 7 that did not 

receive the RT part. Therefore, from this gel, KCNN4 seems to be expressed in the chick, as it 

showed up on the gel for lanes that received RT and PCR and not in the lanes that served as their 

negative controls. However these bands are fairly light, and there could be an issue with the 

primers being used. On top of that the samples were not DNAse treated, so there is also the issue 

of just DNA being amplified in those lanes. As well, the fact that nothing showed up for Lanes 1 

and 3 does not completely cancel KCNQ1 expression out from the chick. There could be an issue 

with the primers that were being used. Moreover the results from this gel, led us to further look 

at the KCNN4 gene in more detail by conducting another analysis, using DNAse treated samples. 

Figure 9 shows an analysis just of mRNA expression of KCNN4 in the chick PT. sing 

DNAse treated samples. Lanes 1 and 2 are primary cell culture samples while lanes 3 and 4 are 

native proximal tubule samples. Lanes 1 and 3 received RT while lanes 2 and 4 did not. All 

samples received PCR. The base markers lane is on the right, labeled lane 5. Bands showed up in 

all four lanes. This Figure suggests that they were actually amplifying the genomic sequence for 
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both cultured tissue and native tissue. The minure RT controls in lanes 2 and 4 are less intense so 

it might be a combination of amplifying the genomic sequence and the mRNA for KCNN4. 
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Figure 8: mRNA expression for KCNN4 and KCNQ1 in chick proximal tubules 
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mRNA expression for KCNQ1 and KCNN4 in chick proximal tubules. Total RNA was prepared from 

primary cell cultures (lanes 1,2,5,6) and from native proximal tubules (lanes 3,4,7,8). (Percoll gradient 

band samples were native proximal tubule samples). Samples were then either reverse transcribed (lanes 

1, 3, 5, 7) or not (lanes 2, 4, 6, 8). Then all lanes were PCR amplified with gene-specific primers (KCNQ1 

for lanes 1 through 4) (KCNN4 for lanes 5 through 8). Products were loaded on a 1.2% agarose gel and 

electrophoresed. A 50 bp ladder is shown on the left in the figure.  
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Figure 9: mRNA expression of KCNN4 in chick proximal tubule 
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mRNA expression for KCNN4 in chick proximal tubules. Total RNA was prepared from primary cell 

cultures (lanes 1 and 2) and from native proximal tubules (Percoll gradient band samples, lanes 3 and 4). 

Samples were either reverse transcribed (lanes 1 and 3) or not (minus RT controls lanes 2 and 4). All 

samples were PCR amplified with gene-specific primers for KCNN4. Products were loaded on a 1.2% 

agarose gel and electrophoresed. A 50 bp ladder is shown on the left in the figure. Bands showed up in all 

four lanes, while bands in lanes 1 and 3 were the most intense. 
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Chapter IV: Discussion 

​ A chloride-dependent current response to parathyroid hormone in primary cultures of 

chick renal proximal tubule has been identified previously in the lab. (Laverty et. al, 2003). 

According to previous data, this current response was positive in direction which is consistent 

with secretory chloride gradients, basolateral to apical transport. This study suggested that avian 

proximal tubules have the components needed for chloride transport found in other chloride 

secreting tissues such as intestinal and respiratory epithelia. Here we provide both physical and 

functional evidence in this segment for the existence of two major transport components involved 

in the classical model of epithelial chloride secretion, an apical CFTR channel and a basolateral 

potassium channel.  

First electrophysiological assays were done with nystatin-permeabilized chick PT 

monolayers to assess the functional expression of CFTR. CFTR-Inh172 and GlyH-101 were used 

to prove that there is an apical CFTR channel present in these monolayers that is involved in a 

secretory chloride gradient from the basolateral side to the apical side.. Figure 1 shows a sample 

trace in which forskolin addition to nystatin-permeabilized monolayers with imposed chloride 

gradients activates oppositely directed currents in the predicted directions (for example, positive 

current is consistent with basolateral to apical chloride flux). In the nystatin-permeabilized 

monolayers, bumetanide had no inhibitory effects on the forskolin-activated currents suggesting 

that these monolayers were completely permeabilized on the basolateral side. In summary these 

experiments show that the forskolin-activated currents are driven by the imposed chloride 

gradients and that the cAMP agonist Forskolin activated an apical chloride secretory gradient that 

is consistent with CFTR. It is also notable that forskolin-activated diffusion currents were 
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significantly larger in the apical to basolateral direction than in the basolateral to apical direction. 

This may be due to the fact that previous studies have demonstrated that there is an outward 

rectification associated with asymmetric gluconate-substituted buffers (Lindsell and Hanrahan, 

1996).  

In addition,  the double inhibitor experiments with clotrimazole suggested that there is in 

fact a basolateral potassium channel in these monolayers. However there results from the 

experiments suggested that perhaps that channel is also present on the apical membrane and that 

clotrimazole is able to pass through the membrane and block both channels. RT-PCR results for 

the potassium channels suggest that there may be expression for the KCNN4 gene however more 

analysis is needed to prove this. The existence of KCNQ1 also must not be ruled out. Perhaps 

new primers could be designed and used to help assess the presence of both KCNN4 and 

KCNQ1 in the chick proximal tubule.  

Finally, although the possibility of a chloride secretion system in mammalian proximal 

tubules has been discussed, it has been difficult to demonstrate due to great reabsorptive transport 

associated with the proximal tubule. (Simmons, 1993).  In addition, human cystic fibrosis 

patients seem to have normal proximal tubule function possibly due to expression of multiple 

types of chloride channels within this segment. (Devuyst and Guggino, 2002). Nevertheless, 

there are still lines of evidence that suggest chloride secretion in the mammalian proximal tubule. 

For example, CF patients under salt-loaded conditions have increased proximal tubule NaCl 

reabsorption, consistent with a reduced secretory component mediated by CFTR. (Berg et. al, 

1982). In addition, cysts that arise in the autosomal dominant polycystic kidney disease secrete 
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chloride into the cyst lumen, and may come from various nephron segments including the 

proximal tubule. (Sullivan et. al, 1998).  

Finally, it has also been postulated that there is a fluid secretion mechanism in renal 

tubules that may serve to maintain excretory function and prevent lumen collapse during periods 

of low glomerular filtration (Cliff and Beyenbach, 1992). This is relevant to the chick  as the 

avian kidney is also known to exhibit glomerular intermittency (Braun, 1993). Thus, this is a 

possible role for why there may be chloride secretion in the avian proximal tubule. Another 

possible role is that it may provide the driving force for bicarbonate secretion into the lumen, as 

PTH is known to inhibit HCO3 reabsorption in order to increase the delivery of HCO3 to 

downstream nephron segments. (Fan et. al, 1999). As well, CFTR has been shown to operate 

with the chloride bicarbonate exchanger in other epithelia to provide the driving force for 

bicarbonate secretion. Finally, I conclude based on other lab data concerning NKCC and CFTR 

protein expression in the chick PT as well as the data that I have collected in this study that the 

chloride secretion mechanism exists in the chick proximal tubule and that it is mediated by 

CFTR and a potassium channel.  

Furthermore, these results which support the proposed chloride secretion model can be 

further analyzed to discuss the role of chloride secretion in the avian chick proximal tubule. In 

fish, chloride secretion in isolated shark renal proximal tubules, has been found to drive net fluid 

secretion. As well, as previously stated in the introduction, parathyroid hormone has been found 

to contribute to whole animal urinary excretion in the avian chick. Thus PTH-activated chloride 

secretion may be related to fluid secretion by the proximal tubule, which mediates many renal 

processes. Another possibility for the existence of chloride secretion in the proximal tubule of 
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this model may be related to bicarbonate secretion. PTH-activated bicarbonate secretion via a 

chloride bicarbonate exchanger, Cl-/HCO3, has been reported to exist in other chloride secreting 

tissues like the colon.  (Laohapitakworn et. al, 2011) Consequently, future work may include 

exploring the existence of chloride bicarbonate exchanger in this cell model. In addition, if PTH 

is found to activate both chloride secretion and bicarbonate secretion in this model, then 

PTH-activated chloride secretion via this chloride bicarbonate exchanger may be an alternative 

mechanism found in this cell model used to regulate bicarbonate secretion. Normally, 

PTH-activated bicarbonate secretion has been linked to NHE3 isoform sodium hydrogen 

exchanger in the avian chick. However, the chloride bicarbonate exchanger and related CFTR 

chloride channels may provide an alternative route for this same process to happen.   
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