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Abstract

Epithelial cells lining the vas deferens modify the luminal contents to which sperm are

exposed in response to neuroendocrine, autocrine and lumicrine transmitters. The role and

identity of vas deferens epithelial potassium channels that provide the correct luminal

environment for sperm maturation and delivery have not yet been determined. Cultures of vas

deferens epithelial cells isolated from adult pigs were employed to investigate contributions of

selected ion channels to net flux. A two-pore potassium channel, TASK-2, was identified on the

apical membrane of cultured primary porcine vas deferens epithelial cells (1°PVD). Bupivacaine,

a known TASK-2 inhibitor, when added to the apical bathing solution, inhibited forskolin-

stimulated short circuit current, Isc, in a concentration dependent manner with a maximum

inhibition of 72 ± 6% and an IC50 of 7.4 ± 2.2 µM. Apical exposure of 1°PVD cells to quinidine,

lidocaine, and clofilium (other known TASK-2 blockers) inhibited forskolin-stimulated Isc in a

concentration dependent manner. Fitting a modified Michalis-Menten function to the data

revealed IC50 values of 274 µM, 531 µM, and 925 µM, respectively. Riluzole, a two-pore

potassium channel activator, stimulated bupivacaine-sensitive Isc, further confirming the

contribution of TASK-2 to net ion flux. Western blotting demonstrated the presence of TASK-2

immunoreactivity in 1°PVD cell lysates, while immunocytochemistry demonstrated apical

localization of the targeted epitope in virtually all cells lining native porcine vas deferens. These

results suggest that TASK-2 likely plays a role in vas deferens epithelial ion transport that may

account for the reportedly high concentration of potassium in the male reproductive duct lumen.

TASK-2 likely contributes to male fertility as an integral member of the regulated transport

processes that account for the luminal environment to which sperm are exposed.
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CHAPTER 1 - Introduction

1.1 Overview of K+ Channels

Potassium channels are the most diverse group of proteins that are encoded by at least

100 different genes in humans alone (Hietzmann et al, 2008)(30).  Potassium channels are

expressed in almost all cell types including both excitable and non-excitable cells. All potassium

channels share three basic properties: they have high conduction rates of about 107 to 108 ions

per second, are selective for potassium ions and their conduction is gated (Doyle et al, 1998)

(Fig. 1.1).

Figure 1.1 Schematic diagram describing K+ channel basic features.

M1 and M2 represent transmembrane domains. The purple and green balls represent the relative

dehydrated sizes of K+ and Na+ respectively. The K+ is almost twice the size of Na+. Yet Na+, which is

smaller, is essentially excluded as indicated by the green ball turning away from the pore. The conduction

is turned on and off by opening and closing a gate, which can be regulated by an external stimulus such as

ligand-binding or membrane voltage. (Fig. modified from Doyle et al, 1998).
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The potassium channels present in non-excitable cells (e.g., epithelia) can be categorized

broadly into three different groups based on structure: The first group is characterized by six

transmembrane domains and one P-loop that is part of the ion-conducting pore (6TMD/1P, Fig.

1.2A), which includes voltage-dependent (Kv) and calcium-activated (KCa) K+ channels. Kv

channels are gated by membrane voltage, i.e., they open and close in response to changes in

membrane potential. Kv channels comprise a large group of K+ channels encoded by at least 40

different genes in humans (Gutman et al, 2003 and 2005) and are preferentially expressed in

excitable cells. Kv channels expressed in non-excitable cell types such as renal (Hebert et al,

2003), gastro-intestinal (Hietzmann et al, 2008) and respiratory epithelia (Bardou et al, 2009)

have an essential role in various functions including electrolyte and substrate transport, cell

volume regulation, cell migration, wound healing, proliferation, apoptosis, carcinogenesis, and

oxygen sensing (O’Grady et al, 2005). KCa channels are gated by intracellular Ca2+

concentration. Ca2+ may interact directly with the channel protein or may cause a secondary

signaling cascade that may then either activate or inhibit the channel. KCa channels have been

studied extensively in the nervous system where they play an important role in regulation of

intracellular Ca2+ concentration. KCa in epithelial cell types have been shown to play an

important role in O2 sensing in alveoli (Jovanovic et al, 2003), kidney cell migration (Schwab et

al, 2001), inflammatory responses in lung pathologies (Dulong et al, 2007) and control of Cl-

secretion in airways (Devor et al, 2000; Cowley et al, 2002; Bernard et al, 2003)

The second group is characterized by two TMD and one P-loop (2TMD/1P, Fig. 1.2C),

which includes inward-rectifier K+ channels (Kir) (Bardou et al, 2009). A functional Kir channel

like Kv channels, is believed to be a tetramer. However, a striking biophysical property of these
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channels is the inward rectification, which refers to greater K+ conductance under

hyperpolarization and lesser conductance under depolarization, the effect opposite to that seen in

Kv channels (Lu, 2004). These K+ channels are involved in repolarization of action potentials,

setting the resting potential of the cell and contributing to K+ homeostasis. Gene mutations of

inward rectifiers have been linked to several human diseases including Bartter syndrome (Simon

et al, 1996) and Andersen’s syndrome (Plaster et al, 2001).

Figure 1.2 Topology of K+ channel α-subunits.

The numbers (1-6) represent the transmembrane segments. A, B, C) Each panel represents an α-subunit

of a well-described class of K+ channels. A, C) A functional K+ channel is formed by the homo- or hetero-

tetramerization of subunits. B) A functional K2P channel is formed by the dimerization of 4TMD/2P sub-

units. (Modified from Bardou et al, 2009).

The third group is characterized by four TMD and two P-loops (4TMD/2P, Fig. 1.2B),

which includes two-pore K+ channels (K2P) (Lesage et al, 2000). The first member of the two-

pore K+ channel family was named TWIK-1 for Tandem of P domains in a Weak Inward

Rectifying K+ channel. Currently, fifteen mammalian genes have been identified that code for

K2P family members. K2P channels are further classified in to six subfamilies based on their

functional domains and include TWIK, TREK, TASK, TALK, THIK and TRESK. K2P K+
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channels are expressed in a number of different cell types and have distinct functions depending

on the channel subtype expressed.

1.2 TASK Channels

TWIK related Acid Sensitive K+ (TASK) channels are expressed in many tissues and cell

types including the brain, heart, lung, kidney, small intestine, liver, pancreas, placenta and testis

(Reyes et al, 1998). TASK channels are constitutively active near resting membrane potential

(Duprat et al, 1997) and thus were also referred to as background or leak channels. The TASK

channel family is comprised of five different isoforms: TASK-1, TASK-2, TASK-3, TASK-4,

and TASK-5. All these isoforms are sensitive to extracellular pH, which makes them strong

candidates for the K+ conductance(s) contributing to, or regulating pH-sensitive ion transport

systems. For example in murine kidney proximal tubules, TASK-2 channels are activated by an

increase in luminal pH due to bicarbonate transport (Warth et al, 2004). TASK-2 is also involved

in the regulation of apoptosis in kidney proximal tubule cells. Apoptosis in TASK-2 knock out

mice was significantly reduced suggesting a role in apoptotic volume decrease in kidney

proximal tubule cells (L’Hoste et al, 2007a). TASK channels are known to be involved in

neuronal protection (Liu et al, 2005) and general anesthesia (Patel et al, 1999). Expression of

TASK channels in hippocampal cells resulted in a significant protection from an oxygen-glucose

deprivation injury and this neuroprotection was enhanced in the presence of isoflurane, a general

anesthetic (Liu et al 2005). Involvement of TASK-2 has been suggested in volume regulation of

spermatozoa in mice (Barfield et al, 2005). It is known that spermatozoa have high K+

concentration (Chou et al, 1989) and that K+ concentration increases in luminal fluids along the
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length of epididymis and vas deferens (Turner et al, 2002). Hence a role for TASK-2 in the vas

deferens is plausible.

1.3 Identification of TASK-2 K+ Channels

Pharmacological agents that selectively either block or activate an ion channel have been

employed to implicate contributions of distinct channels to overall tissue functions. Of the wide

range of K+ channel blockers available, tetraethyl ammonium (TEA), 4-aminopyridine (4-AP),

Cs+, and Ba2+ have been used as broad-spectrum K+ channel blockers. However, K2P channels

are relatively insensitive to these K+ channel blockers.

Local anesthetics including bupivacaine and lidocaine inhibit TASK-2 in heterologously

expressed cells in a concentration dependent manner. These local anesthetics are also known to

inhibit other K2P channels including TASK-1 and TASK-3 and voltage-gated Na+ channels. The

concentration required to inhibit conductance by 50% (IC50) for TASK-2 inhibition by

bupivacaine in HEK293 cells is in the low to mid-micro molar range (17 µM; Kindler et al,

2003), and the IC50 for inhibition of voltage-gated Na+ channels in HEK293 cells is in the same

range (4.5 µM; Wang et al, 2001). The effects of quinine and quinidine on currents elicited by

voltage pulses to +50 mV have been studied in TASK-2-expressing COS cells. Quinidine, at 100

µM, induced a 65 ± 3.8% inhibition of the current in these cells (Reyes et al, 1999). It has been

reported that clofilium inhibited K+ currents in mTASK-2-transfected HEK293 cells in a

concentration dependent manner (Niemeyer et al, 2001) with an IC50 of ~25 µM. Thus

bupivacaine, lidocaine, quinidine, and clofilium can provide pharmacological profile to

characterize TASK-2 K+ channel currents.
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Riluzole reportedly activates TASK-2 channels in Calu-3 cells, a cell line derived from

human airway (11), an attribute that makes it potentially valuable for the proposed studies.

However this compound has been shown also to activate TREK-1 and TRAAK, two members of

K2P family that are closely related to TASK-2 and riluzole has been shown to affect other classes

of ion channels. For example riluzole was shown to activate small conductance, Ca2+-activated

K+ channels (SK channels) expressed HEK293 cells (Cao et al, 2002). These activities of

riluzole across classes of ion channels greatly diminish the diagnostic value of the drug.

Nonetheless, riluzole can be used as one component in a pharmacological toolbox that is

assembled to either implicate or exclude a contribution of TASK-2 to the physiological function

of a tissue.

The selection of K2P channels in general and TASK-2 channels specifically as a focus

point for the proposed studies was built on a limited amount of preliminary information.

Specifically, microarray analysis of RNA isolated from human vas deferens epithelial cells

revealed message coding for various K+ channels including K2P channels (Table 1). Ultimately,

experiments were conducted employing cells and tissues isolated from pigs because of their

availability. Outcomes of initial experiments guided the research to focus on TASK-2.
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Table 1.1 Candidate genes for K+ conductance in human vas deferens epithelial cells.

KCa Kv Kir K2P

KCNN4 (SK4) KCNC4 (Kv3.4) KCNJ15 (Kir1.3) KCNK1 (TWIK1)

KCNMB4 (MaxiK) KCND1 (Kv4.1) KCNJ2 (Kir2.1) KCNK6 (TWIK2)

KCNQ1 (Kv7.1) KCNJ16 (Kir5.1) KCNK3 (TASK1)

KCNQ3 (Kv7.3) KCNJ3 (GIRK) KCNK5 (TASK2)

KCNS1 (Kv9.1) KCNK17 (TASK4)

KCNS3 (Kv9.3) KCNK10 (TREK2)
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2.1 Abstract

Epithelial cells lining the vas deferens modify the luminal contents to which sperm are

exposed in response to neuroendocrine, autocrine and lumicrine transmitters. The role and

identity of vas deferens epithelial potassium channels that provide the correct luminal

environment for sperm maturation and delivery have not yet been determined. Cultures of vas

deferens epithelial cells isolated from adult pigs were employed to investigate contributions of

selected ion channels to net flux. A two-pore potassium channel, TASK-2, was identified on the

apical membrane of cultured primary porcine vas deferens epithelial cells (1°PVD). Bupivacaine,

a known TASK-2 inhibitor, when added to the apical bathing solution, inhibited forskolin-

stimulated short circuit current, Isc, in a concentration dependent manner with a maximum

inhibition of 72 ± 6% and an IC50 of 7.4 ± 2.2 µM. Apical exposure of 1°PVD cells to quinidine,

lidocaine, and clofilium (other known TASK-2 blockers) inhibited forskolin-stimulated Isc in a

concentration dependent manner. Fitting a modified Michalis-Menten function to the data

revealed IC50 values of 274 µM, 531 µM, and 925 µM, respectively. Riluzole, a two-pore

potassium channel activator, stimulated bupivacaine-sensitive Isc, further confirming the

contribution of TASK-2 to net ion flux. Western blotting demonstrated the presence of TASK-2

immunoreactivity in 1°PVD cell lysates, while immunocytochemistry demonstrated apical

localization of the targeted epitope in virtually all cells lining native porcine vas deferens. These

results suggest that TASK-2 likely plays a role in vas deferens epithelial ion transport that may

account for the reportedly high concentration of potassium in the male reproductive duct lumen.

TASK-2 likely contributes to male fertility as an integral member of the regulated transport

processes that account for the luminal environment to which sperm are exposed.
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2.2 Introduction

Vas deferens historically have been considered to be conduits for the transportation of

sperm and as a storage organ until ejaculation. Many studies have evaluated the fluid transport

across rete testis, efferent ducts and epididymis but none have evaluated the vas deferens (8, 20,

43). Nonetheless, the vas deferens functions to provide the correct luminal environment for

sperm maturation. Epithelium lining the vas deferens likely plays a major role in determining the

composition of the luminal fluids to which sperm are exposed. Initial studies in rat male

reproductive tract luminal fluid volume changes suggest the absorptive nature of the epithelia

lining the male reproductive tract with ~50% of reabsorption of fluids taking place between

seminiferous tubules and the caput epididymis and 50% of the remaining fluid reabsorption

between the caput and the vas deferens (26). More recent studies have shown that these epithelia

are capable of anion secretion in response to various neurotransmitters (4, 35), neuro-

hypophyseal hormones (18), and autacoids (33) at physiological concentrations. For electrogenic

anion secretion to occur, one or more basolateral K+ channels are likely required, along with

other ion transport mechanisms (37). However, there are reports demonstrating the presence of

apical K+ channels in certain anion-secreting epithelia including cells lining the epididymis (9),

lacrimal acinar cells (39), and Calu-3 cells, an epithelial cell line derived from human airway

(11). The concept of K+ channels on the apical membrane and their contribution in supporting

the anionic secretion is an emerging field.

The K+ concentration in the luminal fluid of vas deferens of rat (26), ram, boar, bull (10),

and hamster (40), and man (19) is high relative to the plasma concentration. This may be
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attributable to three causes: 1) Selective absorption of water and other solutes in the seminiferous

tubules, epididymes (8), and perhaps vas deferens 2) Secretion of K+ by spermatozoa, and 3)

Secretion of K+ by epithelial cells lining the lumen of epididymis and vas deferens (38). Human

vas deferens epithelial cells reportedly have maxi K+ channel activity in the apical membranes

(38). Also, high K+ concentration in the rat caudal epididymal fluid has been shown to inhibit

initiation of sperm motility (42). Hence, it was speculated that K+ channels are located on the

apical plasma membrane of porcine vas deferens epithelial cells and could provide a pathway for

K+ secretion at this location. The luminal environment of vas deferens can be either acidic or

alkaline in nature depending upon the activity of proton and bicarbonate secreting mechanisms

(3, 5, 6). Thus, it seems logical that an acid-sensitive K+ channel might be present on the apical

membrane of the porcine vas deferens epithelial cells to account for regulated K+ secretion.

Two-pore K+ channels (K2P) are characterized by four transmembrane segments and two

pore domains as opposed to the usual one pore domains that are found in other K+ channel

families. The first member of the two-pore K+ channel family was named TWIK-1 for Tandem

of P domains in a Weak Inward Rectifying K+ channel (24, 25). Two-pore K+ channels have

been shown to be expressed in a number of different cell types since their discovery about twelve

years ago. Currently, fifteen mammalian genes have been identified that code for two-pore K+

channel family members. These channels have been grouped into different two-pore K+ channel

families based on their respective functional properties (17, 25). One of them is the TWIK-

related Acid-Sensitive K+ channel (TASK) family. The TASK channel family has five different

members. These channels are all sensitive to the extracellular pH (2, 12, 14, 21, 34) and exhibit

modest sequence homology (17). TASK-2 is a unique two-pore K+ channel with high sensitivity
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to external pH in the physiological range and wide tissue distribution. TASK-2 mRNA is

expressed in various epithelial tissues including uterus, ovary, testis, kidney, lung, stomach,

intestine, colon, and salivary gland (34), but is poorly expressed or absent in excitable tissues

like brain and muscle (34). Whether TASK-2 or any other two-pore channel is present in porcine

vas deferens epithelial cells is not known.

The goal of this study was to determine whether TASK-2 K+ channels have a role in

modulating epithelial ion transport across porcine vas deferens epithelia. A two-pronged

approach was employed in which cultured cells were either placed in modified Ussing flux

chambers to test for effects on ion transport by known TASK-2 modulators or the cells were

lysed to probe protein samples with anti-TASK-2 antibodies. Finally, immunohistochemistry was

employed to provide evidence for the presence of TASK-2 on the apical membrane of epithelial

cells lining freshly isolated vas deferens.

2.3 Materials and Methods

2.3.1 Culture of Porcine Vas Deferens Epithelial Cells (1°PVD Cells)

Methods for isolation and culture of porcine vas deferens epithelial cells were reported in

detail previously (35). Briefly, adult male reproductive tracts were obtained from a local

slaughter house and maintained in ice-cold Ringer solution (composition in mM: 120 NaCl,

25 NaHCO3, 3.3 KH2PO4, 0.83 K2HPO4, 1.2 CaCl2, and 1.2 MgCl2) until further processing at

the laboratory. Those portions of the deferent ducts that extend from the transitional

epididymis/vas deferens to the prostate gland were used to isolate epithelial cells. Ducts were
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flushed with a collagenase-based dissociation solution to obtain the epithelial cells that then were

seeded onto tissue culture flasks. Cells were incubated at 37°C at 5% CO2 in Dulbecco modified

Eagle medium (DMEM; GIBCO-BRL, Grand Island, NY) supplemented with 10% fetal bovine

serum (FBS; HyClone, Logan, UT) and 1% penicillin and streptomycin (Invitrogen, Carlsbad,

CA). The cells were allowed to grow to confluence (about 3-4 days) and then were subcultured

onto Snapwell permeable supports (1.13 cm2, Costar, Cambridge, MA). The media on both

basolateral and apical sides were changed the day following subculture and every other day

thereafter until assays were performed, typically 14 days after seeding.

2.3.2 Electrophysiology

Transepithelial electrical resistance (Rte), transepithelial potential difference (PDte), basal

short-circuit current (Isc) and changes in Isc stimulated/inhibited by select pharmacological agents

across 1°PVD monolayers on Snapwell permeable supports were assessed using a modified

Ussing chamber apparatus (Model DCV9, Navicyte, San Diego, CA). The experiments were

conducted in symmetrical Ringer solution at 39°C with continuous bubbling of 5% CO2 and 95%

O2. The monolayers were clamped to zero PDte using a voltage clamp apparatus (Model 558C,

University of Iowa, Department of Bioengineering, Iowa City, IA) and the resultant Isc recorded.

Monolayers were exposed to a 5 mV bipolar pulse of 5 s duration every 100 s and the

corresponding change in Isc was recorded. These parameters then were used to determine Rte

from Ohm's law, Rte = ΔV/ΔI. Data were acquired digitally at 1 Hz using an MP100A-CE

interface and Aqknowledge software (ver. 3.2.6, BIOPAC Systems, Santa Barbara, CA).
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2.3.3 Immunohistochemistry

Small portions of porcine vas deferens were snap-frozen in liquid nitrogen and then

submerged in OCT embedding compound (Tissue-Tek, Sakura Finetek USA., Inc. Torrance,

CA). Sections of 10 or 12 µm thickness were cut using a Leica CM3050S Cryostat. The sections

were fixed in 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) for 10

minutes at room temperature and rinsed with phosphate buffered saline for cytochemistry (PBS;

composition in mM: 5 KH2PO4, 15 K2HPO4, and 150 NaCl, pH 7.2-7.4). To prevent non-specific

binding, sections were incubated with 10% goat serum for 1 h at room temperature. Sections

were then incubated with anti-KCNK5 primary antibodies (Rabbit polyclonal, Alomone Labs,

Jerusalem, Israel) at 1:100 dilution in 2% normal goat serum overnight in a humid environment.

Secondary antibodies were prepared by diluting Alexa Fluor 488 goat anti-rabbit IgG (Molecular

Probes, Eugene, OR) in PBS containing 1% goat serum, and sections incubated for 45 minutes in

the dark at room temperature. The final incubation was with TO-PRO-3 iodide (Molecular

Probes) at 1:10,000 dilution for 20 minutes in the dark at room temperature. The slides were

mounted with Vectashield mounting medium for fluorescence (Vector Laboratories, Burlingame,

CA) and visualized using a Zeiss LSM 510 laser scanning confocal microscope.

2.3.4 1°PVD Whole Cell Lysate Preparation

Cell monolayers cultured on Snapwell permeable supports were used for whole cell

lysate preparation. The Snapwell trays containing cells were placed on ice; media removed by

aspiration and washed three times with PBS, with final wash being ice-cold PBS. RIPA buffer
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(composition: 1 M TRIS-HCl pH 7.5, 1 M NaCl, 250 mM EDTA, 1% Triton-X, 1% sodium

deoxycholate, and 0.1% SDS) and protease inhibitor cocktail set III (Calbiochem, La Jolla, CA)

were mixed in a 1:100 ratio and added to each Snapwell permeable support (100 µL) to disrupt

the cell membranes. The cells were scraped using a pipette tip, aspirated using a 22 gauge

needle, transferred to a 1.5 mL eppendorf tubes and sheared by aspirating three times with a 26

gauge needle. The tubes containing lysate were placed on a rocker in a cold room for 2 hours.

The lysate was then spun at 15,000 rpm at 4°C for 5 minutes and the pellet was discarded. The

supernatant containing soluble protein was collected, transferred to new tubes and stored at -

20°C until further use. The protein concentrations in the lysates were measured using a

bicinchoninic acid assay kit (BCA; Pierce, Rockford, IL) just before performing Western blot

assays.

2.3.5 Pig Kidney Cortex Lysate Preparation

A small amount of pig kidney was obtained from a local slaughter house and the cortex

region was identified and immediately snap-frozen in liquid N2 until further processing at the

laboratory. About 1 g of frozen pig kidney cortex was powdered in liquid N2 using mortar and

pestle. 10 mL of RIPA buffer was added to the powdered tissue that was then homogenized

using a polytron with one burst of 20 s duration. The homogenized mixture was then centrifuged

at 15,000 rpm for 10 minutes at 4°C, supernatant collected and aliquoted into 100 µL and stored

at -80°C until used. The protein concentrations in the lysates were measured using BCA just

before performing Western blot assays.
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2.3.6 Western Blotting

Protein samples were denatured by adding Laemmli sample buffer (Bio-Rad, Hercules,

CA) containing sodium dodecyl sulfate (SDS) and heating at 70°C for 10 minutes. β-

mercaptoethanol was added to create reducing conditions. Lysate samples (20 µg protein) were

loaded in each well of 4-20% SDS-polyacrylamide gel (Bio-Rad) and resolved by

electrophoresis with 30 mA for about 1 hour. Proteins were then transferred to polyvinylidene

fluoride (PVDF) transfer membrane (Millipore, Bedford, MA) under semi-dry conditions at 100

mA for 3 hours. Membranes were blocked overnight at 4°C in blocking buffer containing 5% fat

free dry milk (Nestle, Glendale, CA), and 0.025% sodium azide dissolved in PBS. The

membranes were then probed with anti-KCNK5 antibody or anti-KCNK5 antibody pre-adsorbed

with its immunizing peptide (Alomone, Jerusalem, Israel) in blocking buffer. Appropriate ECL

peroxidase labeled secondary antibody was used with a digital imaging system (Image Station

4000R, Kodak, Rochester, NY).

2.3.7 Chemicals

Penicillin, streptomycin, amphotericin-B, collagenase, gentamicin, and trypsin-EDTA

were purchased from Invitrogen (Carlsbad, CA). Forskolin was purchased from BioMol

(Plymouth Meeting, PA). Bupivacaine, lidocaine, quinidine, clofilium, and riluzole were all

purchased from Sigma-Aldrich (St. Louis, MO).
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2.3.8 Data Analysis

Data are presented as means ± SE. Means were compared between treatments using a

Student's t-test. Statistical significance was assigned at P < 0.05.

2.4 Results

2.4.1 Apical Bupivacaine Inhibits Forskolin-Stimulated Isc in 1°PVD Cells

The cultured 1°PVD cells had basal Isc values near zero. Forskolin exposure was

employed to assess the responsiveness of the cell monolayers. The responses of 1°PVD cells to

forskolin were typical (35), which was characterized by an immediate peak in Isc followed by a

sustained plateau (see Fig. 2.1A). The increase in Isc was accompanied by a concurrent reduction

in Rte, suggesting that a conductive pathway is activated by forskolin. It has been demonstrated

previously with 1°PVD cells that an increase in Isc in response to forskolin is indicative of HCO3
-

and/or Cl- secretion (5, 35). The sustained forskolin-stimulated Isc across 1°PVD cell monolayers

in current studies was 4.2 ± 0.1 µA/cm2 (n = 71). It was shown previously that pan-selective

potassium channel blockers reduced forskolin-stimulated Isc (35). Additional experiments are

required to determine the identity of channels that contribute to this response.

Bupivacaine, a local anesthetic, is known to inhibit two-pore potassium channels [TASK-

2 (23) and TREK-1 (25)] in both excitable and non-excitable cells. Results presented in Fig.

2.1A demonstrate that bupivacaine (100 _M), when added to the apical bathing solution,

inhibited the sustained component of Isc that was stimulated by forskolin. Basolateral exposure to

bupivacaine also reduced forskolin-stimulated Isc, but to a lesser extent and with slower kinetics.
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Inhibition of forskolin-stimulated Isc by bupivacaine was concentration dependent (Fig. 2.1B). A

similar pattern is observed regardless whether one examines the absolute magnitude of inhibition

or the proportion of Isc that is inhibited. At the lowest concentration tested, 1 _M, bupivacaine

caused a small, but reproducible decrease in Isc. Incrementally greater inhibition was observed at

higher concentrations with an apparent plateau being reached at 100 to 300 _M. Proportional

inhibition was fitted by a modified Michalis-Menten equation, I = Imax*[x/(c+x)], where I is the

proportion of Isc that is inhibited, Imax is the derived maximal inhibition, x is concentration of

bupivacaine, and c is the concentration of bupivacaine causing a half-maximal inhibition (IC50).

The results indicate that bupivacaine inhibits a maximum of 71.6 ± 5.8% of forskolin-stimulated

Isc, while the IC50 was 7.4 ± 2.2 µM. The goodness of fit, as evaluated by eye and with a

modified Hill equation, suggests strongly that the data are well-described by a simple

bimolecular reaction scheme in which the interaction of a single bupivacaine molecule with a

single transport protein (e.g., channel) results in the immediate inhibition of all dependent

transport processes. Following exposure to bupivacaine, there was also a concentration-

dependent increase in Rte (Fig. 2.1C) that is consistent with the blockade of a potassium

conductive pathway. The dynamic portion of the sensitivity range to bupivacaine is similar to the

reported IC50 values for inhibition of TASK-2 channels by racemic bupivacaine (26 ± 5 µM

(22)), suggesting that TASK-2 inhibition by bupivacaine accounts for the reduction in Isc across

1°PVD monolayers.
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Figure 2.1  Forskolin-stimulated Isc in primary porcine vas deferens epithelial cell

monolayers (1°PVD cells) is inhibited by apical application of bupivacaine.

A) Typical response of 1°PVD cells to forskolin (2 µM) and bupivacaine (100 µM apical). B) Summary

of concentration-dependent inhibition of change in forskolin-stimulated Isc by bupivacaine in 1°PVD cells

(bar graphs). Responses of 1°PVD cells to apical bupivacaine exposure are summarized as percent

inhibition of forskolin stimulated Isc. The solid line represents the best fit of a modified Michalis-Menten

equation to the data set (Fit parameters reported in the text). C) Summary of percent change in trans-

epithelial resistance of 1°PVD cells in response to the different concentrations of bupivacaine that were

tested. Each data point represents 3-5 observations, vertical bars indicate standard error of mean (SEM).

2.4.2 Lidocaine, Clofilium and Quinidine Inhibit Forskolin-Stimulated Isc across 1°PVD

Monolayers

We sought to determine whether other putative TASK-2 blockers, when applied to the

apical side of 1°PVD monolayers, had any effect on forskolin-stimulated Isc. Lidocaine, clofilium

and quinidine have been reported previously to inhibit TASK-2 and other two pore potassium

channels (7, 11, 22); hence experiments were conducted to determine the effects of these

pharmacological agents on forskolin-stimulated Isc across 1°PVD cell monolayers.
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Apical application of lidocaine, similar to bupivacaine, inhibited sustained forskolin-

stimulated Isc across 1°PVD cells (Fig. 2.2A). However, basolateral application of lidocaine had

no effect. Inhibition by lidocaine was either incomplete or occurs at higher concentrations than

those required for bupivacaine as the subsequent apical exposure to an equal concentration of

bupivacaine (100 µM) resulted in substantially greater inhibition. Nonetheless, even over the

range that was tested, inhibition of forskolin-stimulated Isc was concentration dependent (Fig.

2.2D). These data were replotted as percent inhibition of the forskolin-stimulated Isc and fitted by

a modified Michalis-Menten equation that was constrained to a maximal inhibition of 71.6%

(equal to Imax derived for bupivacaine; Fig. 2.0.2E). The IC50 for inhibition of forskolin-

stimulated Isc by lidocaine was 531 ± 1834 µM. The concentration predicted to cause half-

maximal inhibition with this analysis is slightly less than was employed in other reports to

achieve TASK-2 inhibition (11, 22). Thus, the potency that is observed is in the anticipated range

based upon previous reports for the inhibition of TASK-2.

Clofilium reportedly inhibits potassium currents in mTASK-2 transfected HEK293 cells

with an IC50 of 25 µM (32), although it is also known to inhibit cAMP-gated potassium channels

in Calu-3 and human bronchial epithelial cells (11, 13). Apical clofilium exposure to 1°PVD

monolayers caused a modest decrease in forskolin-stimulated Isc (Fig. 2.2B) that, like lidocaine,

was superseded in magnitude by bupivacaine exposure. Inhibition by apical clofilium was clearly

concentration dependent (Fig. 2.2D), although, there was not a significant change in Isc at the

lowest concentration tested, 30 µM. Incrementally greater inhibition with 100 and 300 µM was

observed in paired studies. Fitting a modified Michalis-Menten function to the data (again, with

Imax constrained to 71.6%) revealed an extremely low potency of 925 ± 12800 µM. The
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tremendous variation associated with this estimate is expected, given that less than 20%

inhibition was observed at the highest concentration tested, 300 µM. Basolateral exposure to

clofilium also inhibited Isc across 1°PVD cells, although with much slower kinetics indicating

that an alternative mechanism was likely affected in this approach. Rapid, concentration-

dependent inhibition by apical clofilium is consistent with targeting to apical TASK-2 channels,

although the concentrations required for inhibition are greater than expected. Thus, the effects of

a fourth putative TASK-2 antagonist were assessed.

Quinidine has been shown to inhibit potassium currents generated by TASK-2 transfected

HEK293 cells (34). Apical exposure of 1°PVD monolayers to quinidine, like bupivacaine,

lidocaine, and clofilium, inhibited forskolin-stimulated Isc in a concentration dependent manner

(Fig. 2.2D) while there was no effect of basolateral application. The IC50 for inhibition of

forskolin-stimulated Isc by quinidine when applied to the apical side was 274 ± 382 µM. Taken

together, results presented in Figs. 2.1 and 2.2 show concentration dependent inhibition of

forskolin-stimulated ion transport by four compounds that are reported to block TASK-2

channels with the following rank order of potency: bupivacaine>>quinidine>lidocaine>clofilium.
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Figure 2.2 Forskolin-stimulated Isc across 1°PVD cells is inhibited by apical exposure to

lidocaine, clofilium or quinidine.

Typical response of 1°PVD cells to forskolin (2 µM) and A) lidocaine (100 µM apical) followed by

bupivacaine (100 µM apical), B) clofilium (100 µM apical) followed by bupivacaine, and C) quinidine

(100 µM apical). D) Summary of concentration-dependent inhibition of forskolin-stimulated Isc by

lidocaine, clofilium and quinidine across 1°PVD cell monolayers. E) Responses of 1oPVD cells to apical

lidocaine, clofilium and quinidine exposure are summarized as % inhibition of forskolin-stimulated Isc.

Solid or dashed lines represent the best fit of a modified Michalis-Menten equation to each data set.

Parameters of the fits are reported in the text. Data points in D and E represent 3-5 observations in each

condition and vertical bars indicate standard error of mean (SEM).
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2.4.3 Riluzole, a two-pore potassium channel activator stimulates Isc across 1°PVD cells

Riluzole is a neuroprotective agent used in the treatment of amyotrophic lateral sclerosis

in humans that activates TREK-1 and TRAAK (15). Hence experiments were conducted to

determine if riluzole had any stimulatory effect on Isc across 1°PVD cells. Apical exposure to

riluzole (100 µM) caused a biphasic increase in Isc. There was a transient peak in Isc followed by

a sustained plateau (Fig. 2.3A). Basolateral application of riluzole also increased Isc; however the

response was slowly developing and small compared to the apical response (Fig. 2.3B), which

might result from passive diffusion across the monolayer to affect apical channels. Results

presented in Fig. 2.3C and D show that, in the presence of bupivacaine, the response to riluzole

is significantly less, an outcome expected if riluzole is activating TASK-2. Thus, the

pharmacology resulting from the use of five compounds, one activator and four blockers is

consistent with TASK-2 activity in the apical membrane being required to achieve maximal

anion secretion.
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Figure 2.3 Apical application of riluzole stimulates Isc across 1°PVD cells.

Typical responses to A) apical or B) basolateral riluzole (100 µM) or C) apical riluzole in the presence of

bupivacaine are shown. Results are typical of 3-5 observations per condition. D) Summary of the peak

responses of 1°PVD cells to riluzole (100 µM apical) in the absence and presence of bupivacaine (100

µM apical). Results are summarized from 5 paired observations. Asterisk indicates a statistical significant

difference in the responses of 1°PVD cells to riluzole alone and riluzole plus bupivacaine.

2.4.4 1°PVD cells express TASK-2 immunoreactivity

Antibodies raised against amino acid residues 483-499 of human TASK-2 were used to

test for TASK-2 immunoreactivity in 1°PVD cell lysates. Two prominent bands were labeled
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consistently at ~55 kDa by this antibody in the 1°PVD cell lysates (Fig. 2.4A) consistent with the

observations made by other researchers (11, 16), whereas only single band was labeled in pig

kidney cortex cell lysates (Fig. 2.4B), as expected. A band of greater mobility was also observed

consistently in the 1°PVD cell lysates (Fig. 2.4A). However, when the TASK-2 antibody was

pre-adsorbed with the immunizing peptide provided by the manufacturer, no labeling was

observed (Fig. 2.4C and D) indicating that the immunoreactivity was likely specific to TASK-2

expressed in 1°PVD cell and pig kidney cortex lysates.

A

55kDa

CB D

33kDa

Figure 2.4 TASK-2 immunoreactivity is present in 1°PVD cell lysates.

1°PVD (A & C) and pig kidney cortex (B & D) cell lysates were resolved by SDS-PAGE and probed with

antibodies raised against a TASK-2 epitope or the same antibodies that had been preadsorbed with the

immunizing peptide (C & D). Results are typical of three separate experiments.

2.4.5 Apical localization of TASK-2 protein in native porcine vas deferens ducts

Experiments were conducted to determine the localization of TASK-2 in freshly procured

porcine vas deferens. Tissues were processed and probed for TASK-2 immunoreactivity as

described in the METHODS. Images of anti-TASK-2 labeled and TO-PRO-3 iodide stained

sections of the porcine vas deferens duct were obtained as optical sections using a confocal
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microscope (Fig. 2.5). A nearly continuous line of immunoreactivity is present at or near the

apical membrane of cells lining the duct, suggesting that the immunoreactive epitope is present

in the apical membrane of virtually all epithelial cells present in the sample. No labeling was

observed either when the primary antibody was omitted from the protocol or when the primary

antibody was pre-adsorbed with immunizing peptide (Fig. 2.5B & C). These results presented in

Figs. 2.4 and 2.5 provide strong evidence that TASK-2 is expressed by epithelial cells lining the

porcine vas deferens, which supports the observations employing pharmacological techniques to

suggest that TASK-2 at the apical epithelial membrane contributes to stimulated anion secretion.

 A B 

Lumen 

C 

Figure 2.5 TASK-2 immunoreactivity is present in cells lining native porcine vas deferens.

A) TASK-2 immunoreactivity (green) is localized to the apical region of virtually all cells lining native

porcine vas deferens. Immunolabeling is not observed when the primary antibody was omitted from the

assay protocol (B) and is virtually absent when the primary antibody was pre-adsorbed with immunizing

peptide (C). Nuclei are stained blue with TO-PRO-3 iodide. These results are typical of experiments

employing vas deferens derived from three different pigs.

2.5 Discussion

Evidence presented in this manuscript supports a cellular model to account for vas

deferens ion transport that includes a two-pore potassium channel, TASK-2, in the apical

membrane of epithelial cells lining the duct. A panel of pharmacological agents including four
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compounds known to block TASK-2 channels and one compound that was expected to increase

TASK-2 activity had the expected effect to either reduce or enhance Isc, respectively. Inhibition

of Isc by each of the four blockers was concentration dependent and the rank order of potency is

consistent with the expectations for inhibition of TASK-2. Immunoreactivity for TASK-2 was

present in lysates derived from cultured vas deferens epithelial cells. Most importantly,

antibodies raised against TASK-2 provide a robust signal at the apical membrane of virtually all

epithelial cells lining the native duct. These results compel us to revise cell models that are

currently envisioned to account for the generation and/or modification of the reproductive duct

luminal contents by including an apical potassium conductance that contributes to the fluid and

solute environment to which sperm are exposed.

Models to account for epithelial anion secretion typically include channels that provide

an exit route for potassium, which enters the cell with the actions of the Na+/K+ ATPase and the

Na+/K+/2Cl- cotransporter. Potassium exit through membrane channels concurrently

hyperpolarizes the cell membrane, providing the electromotive force for anion exit at the apical

membrane. Such a cellular model was proposed for epithelial cells derived from porcine vas

deferens (35). Indeed, it was shown that basolateral Ba2+ and clotrimazole, but neither

charybdotoxin nor 293B, were associated with substantial inhibition of forskolin-stimulated Isc

(35). While the published model (35) accounts for anion secretion and the observed Isc, such a

model does not account for the possibility of potassium secretion, even though the potassium

concentration in luminal contents is reportedly greater than the concentration in plasma  (10, 19,

26, 40). It was suggested some time ago that apical K+ channels might also support anion

secretion (9), and more recently it was reported that members of the two-pore potassium channel
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family were expressed in the apical membrane of Calu-3 cells (11), a cell line derived from

human airway that has the characteristics of serous cells. Thus, experiments were designed and

conducted to test for the effects of two-pore K+ channel blockers on 1°PVD ion transport.

Bupivacaine, lidocaine, clofilium and quinidine, which are known to block TASK-2 (7,

11, 22, 23), reduced forskolin-stimulated Isc across 1°PVD monolayers. All of these compounds

inhibited forskolin-stimulated Isc in a concentration dependent manner when applied to the apical

membrane of 1°PVD monolayers. Following the addition of all these drugs, there was also a

concurrent concentration dependent increase in Rte that is consistent with the blockade of a

conductive pathway (i.e., a potassium channel). Bupivacaine was the most potent blocker with an

IC50 of <10 µM and the rank order of potency was bupivacaine>>quinidine>

lidocaine>clofilium. Only bupivacaine showed an apparent maximal effect in the concentration

range that was tested, inhibiting ~72% of forskolin-stimulated Isc. These blockers were most

effective when applied to the apical membrane of 1°PVD monolayers. Bupivacaine and clofilium

also showed inhibitory effects with basolateral exposure although the kinetics were slower and

the degree of inhibition appeared to be less, indicating that an alternative mechanism was

affected. It is possible that these agents are able to partition across the epithelial monolayer to

affect apical channels. Alternatively, it is possible that both an apical K+ channel (in this case,

TASK-2) and a basolateral bupivacaine- and clofilium-sensitive voltage gated K+ channel may

be activated for the electrogenic anion secretion to occur. Additionally riluzole, an activator of

two-pore potassium channels (15) stimulated an increase in Isc when applied to the apical side of

1°PVD cells. Taken together, these data strongly suggest that functional TASK-2 K+ channels

are present in the apical membrane of 1o PVD cells.
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Western blotting revealed immunoreactivity of 1°PVD cell lysates to anti-TASK-2

antibodies and immunohistochemistry localized TASK-2 immunoreactivity to the apical side of

virtually all epithelial cells lining native porcine vas deferens. Taken together, these data suggest

that TASK-2 protein is present in porcine vas deferens epithelial cells and that it is functionally

active and expressed at the apical side of the epithelial cells lining the duct.

Unlike other two-pore potassium channels that are predominantly expressed in excitable

cells, TASK-2 is more prominently expressed in epithelial tissues such as in kidney, pancreas,

liver, small intestine, lung, placenta and uterus (28, 34). In fact, it is believed to be absent from

both human and mouse brain (1, 34, 41), in spite of few reports suggesting TASK-2 mRNA

expression in human dorsal root ganglia and spinal cord (29) and mouse taste receptor cells (27).

Nonetheless, TASK-2 has been increasingly gaining attention and is thought to play key roles in

epithelial ion transport processes such as cell volume regulation in primary cultures of mouse

proximal renal tubules (32), regulation of bicarbonate transport in mouse proximal renal tubules

(41), vectorial chloride transport in human pancreatic duct adenocarcinoma cell line (16), K+

exit/recycling across the apical membrane in Calu-3 cells (11), and in the maintenance of acid-

base homeostasis (31).

Initially it was surprising that apical exposure to TASK-2 blockers was associated with a

decrease in Isc because potassium secretion would generate a negative Isc and the inhibition of

cation secretion would necessarily increase Isc, opposite to what was observed. However, cells

derived from porcine vas deferens, like pancreatic duct cells, express a number of bicarbonate
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transporters including SLC4A4 (sodium bicarbonate cotransporter), SLC26A3, SLC26A4,

SLC26A6 (chloride bicarbonate exchangers), and CFTR (chloride and bicarbonate permeant

channel) (5, 6). Importantly, both SLC26A3 and SLC26A6 (36) are reportedly electrogenic, as is

SLC4A4 (5). Thus, the possibility exists that the activation of TASK-2 supports bicarbonate

and/or chloride exits via electrogenic exchangers.

Ion transport across porcine vas deferens epithelial cells might be modeled as shown in

Fig. 2.6. CFTR and an electrogenic Cl-/HCO3
- exchanger (e.g., SLC26A6) are present on the

apical membrane along with TASK-2. The basolateral membrane includes the Na+/K+ ATPase

that, in concert with an unidentified K+ conductance is thought to set the resting membrane

potential of the cell, a Na+/HCO3
- cotransporter (SLC4A4), and NKCC, both of which harness

the electromotive force for Na+ to bring anions into the cell (5, 6, 35). It was proposed previously

that exposure to forskolin or to adrenergic or adenosine receptor agonists elicit an increase in Cl-

and HCO3
- secretion (4, 5, 35). Exit of Cl- through CFTR would enhance the activity of the Cl-

/HCO3
- exchanger. However, the activity of these two mechanisms, CFTR and SLC26A6 would

depolarize the membrane, which would limit anion secretion.

The presence of HCO3
- in the lumen, however, would increase the activity of TASK-2,

which would repolarize the cell and maintain ongoing anion secretion. As long as there is a net

excess of Cl- and/or HCO3
- exit across the apical membrane relative to the amount of K+ exit, the

activity of TASK-2 would tend to increase Isc. Alternatively the blockade of TASK-2 by

bupivacaine would depolarize the apical membrane, reduce exit of Cl- via CFTR and reduce the

driving force for the electrogenic anion exchanger, which would be seen as a decrease in Isc.
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Figure 2.6 Porcine vas deferens epithelial cell model for ion transport.

It has been suggested that TASK-2 acts as a molecular switch for K+ conductance and

bicarbonate transport activity (41). In this proposed scheme, an increase in extra-cellular pH due

to HCO3
- secretion activates the pH-sensitive TASK-2 to permit K+ exit and thereby

hyperpolarizes or repolarizes the cell membrane. This scenario can be used to explain functional

significance of basolateral localization of TASK-2 in proximal renal tubule cells where there is

HCO3
- reabsorption (41) and the apical localization of TASK-2 in pancreatic (16) and lung

epithelial cell lines (11) where there is HCO3
- secretion. 1°PVD cells and PVD9902 cells, an

epithelial cell line derived from normal porcine vas deferens, are capable of HCO3
- secretion and

the results from the current study provide functional and molecular evidence for TASK-2

expression in the apical membrane of primary cultured and native porcine vas deferens epithelia,
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suggesting that such a mechanism for HCO3
- associated K+ secretion may be present in this

tissue.

This positive feedback loop that includes TASK-2 support for HCO3
- secretion can be

envisioned to have a physiological role in male fertility. Sperm are quiescent in an acid

environment, which has been reported for the epididymis and vas deferens, and the sperm

become active in an alkaline environment. Thus, during emotional stimulation prior to

ejaculation, norepinephrine released from the hypogastric nerve would be expected to stimulate

Cl- and HCO3
- secretion across vas deferens and perhaps distal epididymal epithelium. The

secreted HCO3
- would activate TASK-2 to support ongoing HCO3

- secretion. Sperm in this

region of the duct would initiate activity due to HCO3
- exposure. At ejaculation, the alkaline

contents of the lumen would be propelled forward and the more acid contents from proximal

regions of the epididymis would be propelled into this region of the duct to cause an immediate

reduction in TASK-2 activity. Concurrently, norepinephrine release from the hypogastric nerve

would cease and the epithelial cells would return to basal activity that includes little or no HCO3
-

secretion. Any sperm in this region of the duct would be stored in a quiescent state until HCO3
-

secretion is again stimulated. Thus, TASK-2 contributes to a system that modifies the luminal

environment to either store sperm in a quiescent state or to activate sperm during arousal.

In conclusion, this report suggests that TASK-2 is present in the apical membrane of

1oPVD cells and may contribute to greater K+ concentration in vas luminal fluids that may be

required for maturation of sperm to occur.
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CHAPTER 3 - Potential experiments and future directions

3.1 Overview

The results presented in Chapter 2 certainly support the contention that TASK-2 is

present in the apical membrane of epithelial cells lining porcine vas deferens. However, these

results are not unequivocal. None of the pharmacological agents employed are specific (or even

highly selective) for TASK-2. Thus one or more alternative K+ channels may have been targeted

by these agents over the concentration ranges tested. For example, 100 µM quinidine has been

reported to inhibit TWIK-1 and TREK-1 in addition to TASK-2. Also, the IC50 for inhibition of

voltage-gated Na+ channels in HEK293 cells by bupivacaine is in the same range (4.5 µM; Wang

et al, 2001) as seen in our inhibition of forskolin-stimulated Isc by bupivacaine in porcine vas

deferens epithelial cells (7.4 µM, see Results, Chapter 2). Likewise, Western blots and

immunohistochemistry provide evidence that the epitope derived from TASK-2 is present at the

apical membrane of these epithelial cells. However, there is the possibility that this epitope is

present in another protein and there is the possibility that protein carrying this epitope, regardless

of its identity, is not integrated into the apical membrane. Thus, additional lines of evidence

could be generated to test the hypothesis that TASK-2 is present in porcine vas deferens

epithelial cell apical membranes and contributes to net anion secretion.
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Gene microarray of RNA isolated from porcine vas deferens epithelial cells can be used

to examine the expression of various K+ channel genes. Such K+ channel candidates can then be

selected for subsequent RT-PCR analyses to confirm the presence of full length mRNA

transcripts and to determine relative abundance of each coding message. Presence of mRNA

however, does not confirm the presence of proteins or that those gene products contribute to net

ion transport. Rather, the presence of mRNA provides evidence that the message is in place to

synthesize TASK-2 or other K2P channels.

Immunoreactivity is employed to implicate the expression of an epitope that is unique to

a protein of interest. Indeed, results presented in Fig. 2.4 demonstrate that a protein of the

expected mobility is labeled by an antibody raised against a TASK-2 epitope. To bolster the

veracity of these data, additional Western blotting can be performed using antibodies that are

raised against epitopes derived from both N- and C-termini of TASK-2. Lysates from porcine

kidney cortex can be analyzed in parallel since TASK-2 expression has been reported routinely

for the kidney. The kidney lysate samples would be expected to reveal a single band of expected

mobility with each antibody for comparison to the vas deferens cell lysates (as shown in Fig.

2.4). To confirm the identity of the TASK-2 protein in these cells, the porcine vas deferens

epithelial cell lysate can be immunoprecipitated with anti-TASK-2 antibody, resolved by SDS-

PAGE, visualized by Coomassie blue, excised at the expected mobility and analyzed using

Matrix-Assisted Laser Desorption/Ionization Time of Flight (MALDI-TOF) mass spectrometry

to confirm the protein identity. Results from these experiments will provide an unequivocal line

of evidence for TASK-2 protein expression in porcine vas deferens epithelial cells.
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Whether this TASK-2 protein is located at apical, basolateral or both surfaces is of

crucial physiological importance in porcine vas deferens epithelial cells. In order to determine

this localization, immunofluorescence using confocal microscopy was employed, which revealed

labeling by anti-TASK-2 antibodies of virtually all the cells lining the lumen of a freshly frozen

porcine vas deferens (Fig. 2.5). However, it can not be ascertained from this technique whether

the immunolabeling observed is in the apical cell membrane, or in the sub-apical vesicles of the

cells lining the lumen of vas deferens. Apical membrane incorporation can be verified by

performing cell-surface biotinylation wherein biotin is conjugated to the apical or basolateral cell

surface proteins without altering their biological activity and then detecting that labeled protein

by Western blotting with anti-TASK-2 antibody using avidin.

Functional studies can be conducted to test for TASK-2 activity in the apical membrane

of the porcine vas deferens epithelial cells. TASK-2 channels are sensitive to changes in

extracellular pH with maximal activity reported at pH 8.8 and progressively less current as pH

was decreased (Warth et al, 2004). In the current context, forskolin-stimulated Isc can be

measured in 1°PVD cells that are maintained in normal physiological salt solutions that are

buffered to selected pH values ranging from 5.4 to 9.4. The experiment can be conducted in two

different ways. One way is to measure the magnitude of forskolin-stimulated Isc in 1°PVD cells

that are bathed on the basolateral side with HEPES buffered saline (pH 7.4) and on the apical

side with different buffer solutions having pH values of 5.4 (citrate buffer), 6.4 (MOPS buffer),

7.4 (HEPES buffer), 8.4 (Tris buffer), and 9.4 (borate buffer). If TASK-2 is rate limiting for ion

transport, the expectation is that the greatest response to forskolin will be observed in the

chamber that is exposed to apical pH of 8.4 or 9.4. A further test of this hypothesis would
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include apical exposure to bupivacaine (100 µM) with the expectation that the magnitude of the

bupivacaine-sensitive current would be greatest at pH 8.4 or 9.4 and that there would be no

bupivacaine-sensitive current at pH 5.4. An alternative, although  more difficult, approach to test

for pH sensitivity in the response to forskolin is to place the monolayers at symmetrical pH of

7.4, expose the cells to forskolin to maximize Isc, and then adjust the apical pH either up or down

in the absence or presence of apical bupivacaine. If TASK-2 is involved in the response, the

expectation would be that the magnitude of Isc would increase as pH was increased and decrease

as the pH was lowered, but only in the monolayers not exposed to bupivacaine. While there may

be other concerns regarding the practical implementation of these experiments that must be

addressed concurrently (e.g., is pH 5.4 or 9.4 detrimental to the cell monolayers), the outcomes

will provide strong evidence to either exclude or incorporate TASK-2 in the epithelial apical

membrane as depicted in Fig. 2.6.

An alternative method to implicate the presence of TASK-2 in the apical membrane of

1°PVD cells is to test for bupivacaine-sensitive K+-dependent Isc across isolated apical

membranes. These experiments are conducted by establishing an apical to basolateral gradient in

the concentration of K+ (replace apical Na+ with K+) and permeabilizing the basolateral

membrane with nystatin. TASK-2 activity could be maximized by employing an apical pH of 8.4

and exposing the monolayer to forskolin. If TASK-2 is present and active in the apical

membrane, the Isc should be positive, indicating net cation absorption and the Isc should be

reduced substantially by bupivacaine. Since there is no gradient for Cl- secretion in this

arrangement and since the Na+ concentration gradient would tend to decrease Isc, the expected

results would rule out the possibilities that bupivacaine is having the affect on intact tissues by
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inhibiting either Na+ or Cl- channels. The expected outcome would support the conclusion that

TASK-2 is actually integrated into the apical membrane and contributes to the observed Isc.

So, are TASK-2 channels required to observe a maximal Isc response to forskolin? One

way to answer this question is by reducing or eliminating TASK-2 expression using RNA

interference (RNAi). It has been reported that TASK-2 protein expression and current were

significantly down regulated in TASK-2 stably transfected HEK293 cells following the

incorporation of small interfering RNA (siRNA) against TASK-2 (Gonczi et al, 2006). The

effectiveness of RNAi can be determined at the mRNA and protein levels by RT-PCR and

Western blotting, respectively. Any difference in the magnitude of forskolin-stimulated Isc

response between control 1°PVD cells and 1°PVD cells transfected with siRNA against TASK-2

can be suggestive of a role for TASK-2 channels in anion secretion. In 1°PVD cells treated with

TASK-2 siRNA, forskolin would be expected to stimulate some, albeit reduced, level of Isc.

However, this response would be expected to be insensitive to either changes in apical pH or to

bupivacaine. Such an outcome would provide the most compelling evidence that TASK-2 is

required for maximal ion transport across vas deferens epithelial cells.

In conclusion, a cellular model that incorporates TASK-2 in the apical membrane is

presented in Fig. 2.6 and evidence supporting this model is presented throughout chapter 2. Each

figure provided evidence that was supportive of the model, but in isolation was not compelling.

The combination of techniques, however, provides a body of evidence that is substantive, but

neither exhaustive nor definitive. Thus, additional techniques and reagents as outlined in the

current chapter can be used to test the model presented in Fig. 2.6 further. Each of the suggested
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experiments tests a distinct hypothesis regarding the expression and function of TASK-2. Some

or all of these techniques will likely be required to provide evidence that is viewed as compelling

by many scientists in this field.
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