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ABSTRACT

The electrical circuit of epithelial cells, formég the plasma membranes ¢

tight junctions, could be explained by combinatiofi€apacitors and resistors. Howe
a direct current (DC)-based technique could noterdeine each of the electrig
components in this circuit. In the present studigraating current (AC)-based impeda
spectroscopy was applied to analyze the capadinek resistive properties of intesti
epithelial cell line Caco-2. The results showedt tGaco-2 monolayer exhibited api
(C) and basolateral ¢ capacitance of 28.98 + 0.69 and 12.36 + O#cnft,
respectively, and apical {Rand basolateral ¢R resistance of 2141.30 + 222.50 :

993.96 + 60.96Q-cn?, respectively. Impedance analysis successfullerdehed the

forskolin-induced reduction in the plasma membregsstance. This technique was t
applied to study the biological responses of Cacel’ to parathyroid hormone (PT}
the direct action of which in the intestine has beéen known. PTH reduced both ap
and basolateral membrane resistance but had nat efie membrane capacitan
indicating that PTH activated transporters in thesma membrane and not transpo
rich vesicle fusion. The mechanism and signalingways of PTH were further examin
by the DC-based Ussing chamber technique. PTH feignily increased short-circt
currents () in a dose-dependent manner. HC@epletion abolished the PTH acti
while CI" depletion had no effect, suggesting that PTH ieduapical HC@ secretion ir
Caco-2 cells. By using various inhibitors, it wasiid that HC@ came from the uptak
via the basolateral electrogenic N4CO; cotransporter-1 (NBCel) and frg
intracellular production catalyzed by carbonic aivage. HC@ was later secrete

through the apical cystic fibrosis transmembranedactance regulator (CFTR). Apic

Na'/H* exchanger (NHE)-3 and basolateral NHE1 might lesdpude excess Horoduceq
by carbonic anhydrase. This ion regulatory actibRTH was exerted through the prot
kinase A (PKA)- and phosphoinositide-3-kinase (PF8lépendent pathways.
conclusion, impedance analysis could be used terméte the plasma membrg
capacitance and resistance of epithelial cellstaid predict responses of cells to P]
PTH induced HC@ secretion in Caco-2 cells through CFTR.

KEY WORDS: ANION SECRETION/CYSTIC FIBROTIC TRANSMEBRANE
CONDUCTANCE REGULATOR (CFTR)/ELECTROGENIC
Na/HCO;” COTRANSPORTER-1(NBCel)/PARATHYROID
HORMONE
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CHAPTERI
INTRODUCTION

Epithelium is composed of electrical barrier netkgoformed by plasma
membranes and tight junctions (Powell, 1981). Thismentary circuit of the
epithelium is simply explained by a combinationabfmic capacitors and resistors.
Conventional direct current (DC) analysis of trgmteelial resistance could not
sufficiently examine each capacitive and resistoeenponent in the cell circuit.
However, alternating current (AC)-based impedancalyasis provides advantages
over the DC-based techniqgue because the plasma maeenlresponds to the
frequency-dependent AC and the hidden electricahpoments, e.g., membrane
resistance and capacitance, could be obtainedimgmally (Clausen, 1989; Gordon
et al., 1989). In other words, all electrical eletseof the epithelial cells can be
analyzed simultaneously by the impedance technighe. impedance analysis has
been used to determine the electrical propertiesegéral epithelia, such as gastric,
corneal, gall bladder, and renal epithelia (Clauseal., 1982; Clausen et al., 1986;
Moser et al., 2007; Paunescu and Helman, 2001s\&ftilal., 1992; Wills et al., 1993).

To demonstrate the application of the impedancesoreaent in the
analyses of cellular capacitance and resistanciéanintestinal epithelium, human
colorectal adenocarcinoma cell line Caco-2, wasl @sea model in this study. The use
of this cell line helps avoid complicated circuitodeling due to the presence of
connective tissue and a muscle layers in the intatetstine as well as cellular
heterogeneity of the epithelial layer. During celllture, Caco-2 cells form a
monolayer on a supporting material (i.e., Snapwetiyi show similar structure and
function to the absorptive cells of the small ititess (Bailey et al., 1996; Hilgers et al.,
1990; Sambuy et al., 2005). This cell line has hessd in many studies of electrolyte
and drug transport (Grasset et al.,, 1985; Inoualet1997; Zhu et al.,, 2005).
Therefore, Caco-2 cells provide a suitable modelkstadying electrical properties of

the intestinal epithelial cells by impedance analys
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Parathyroid hormone (PTH) is known to have a funelaad role in ion
transport systems, especially in the kidney (Bankle 1978; Bezerra et al., 2008;
Bourdeau et al., 1987; lino and Burg, 1979; Laveatyal., 2003; Quamme, 1997).
However, its ion regulatory function in the integtiis poorly understood. Several lines
of evidence have suggested direct actions of PTHhe intestine (Nemere and
Larsson, 2002), since PTH receptor (PTHR) mRNA amadein have been found in rat
small intestinal epithelium (Urena et al., 1993;t¥¢a et al., 2000) and rat and human
intestinal cell lines (Li et al., 1995). Experimemn rat enterocytes showed that PTH
processed signaling transduction through cyclic nadme monophosphate
(cAMP)/protein kinase A (PKA), phospholipase C (Blisitol triphosphate
(IPs)/intracellular C4&', and diacylglycerol (DAG)/protein kinase C (PKQitipwvays
(Massheimer et al., 2000). In addition, Nemere destrated binding of PTH to its
receptor in chick duodenum (Nemere, 1996), and P&aivation after PTH
incubation in isolated chick enterocytes (Nemer@99). Since PTH uses these
signaling pathways to induce @ecretion in the proximal tubular cells (Lavertyak,
2003) and to induce receptor activator of nucleatdr kappa-B ligand (RANKL)
production in osteoblasts (Chesnoy-Marchais antsdfrj 1989), These same signals
may be used by PTH to regulate anion secretiohanritestinal cells.

The present study emphasized the use of the impedanalysis in
predicting the mechanisms of action of PTH on tiemrane electrical properties of
the intestinal epithelium using Caco-2 model. ThEHRnduced alterations in the
plasma membrane capacitance and resistance weszenidetd and were used to
anticipate the responses of cells and transpodersng PTH stimulation. The
transporters were identified by DC-based Ussingnidea technique with the use of
various inhibitors to HC®, CI', Na', and K-related transporters. This could be a
novel application of impedance measurement to prelée biological responses of the

cells to drug and/or chemical treatments in vitro.
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Objectives

The objectives of the present study were:

1. To demonstrate the application of AC-based impeelaneasurement
in analyses of the plasma membrane capacitance rasidtance in intestinal
epithelium-like Caco-2 monolayer.

2. To examine the action of PTH on the plasma membcapacitance
and resistance in Caco-2 monolayer by using ACbaspedance analysis.

3. To demonstrate changes in the DC electrical progserti.e.,
transepithelial potential difference §Vshort-circuit current {), and transepithelial
resistance (B, in Caco-2 monolayer after PTH stimulation.

4. To investigate the action of PTH on ion transpost veell as the
responsible transporters and signaling pathwaySaoo-2 monolayer by using DC-

based Ussing chamber technique.

Hypotheses

Hypotheses of the present study were:

1. Impedance analysis was able to determine the plasmambrane
capacitance and resistance of Caco-2 cells.

2. PTH may modify both apical and basolateral membrasetance and
capacitance in Caco-2 cells.

3. PTH action probably involvethe PKA, PKC and/or PI3K signaling

pathways.
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CHAPTER Il
LITERATURE REVIEW

2.1 Impedance analysis

2.1.1 The principle of impedance analysis

Impedance is an electrical property to impede cusréhat flow through a
particular material. This characteristic is desediliby a current-voltage relationship in
the alternating current (AC) system. Unlike resistg the impedance does not only
explain the relative amplitudes of the current anttage, but it also illustrates the
phase difference between these 2 parameters.

The impedance is a complex quantity composed df aed imaginary
terms which can be generally demonstrated in argdolen. This form shows the

magnitude and phase features of the impedance.

Z=zd& (1)
where  Z is the impedance¢nr)
Z is the ratio of the voltage magnitude to

the current magnitud€(cnr)
e is the Euler’'s number
i is the imaginary unit ¥—1
0 is the phase difference between the current atidge

The Euler’'s formula is

d® = co® +ising (2)
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When & from equation 2 is substituted in equation 1, tixeagion 1 can be

written as
Z = Zco® +iZsind (3)

The term Zcog is the real part of the impedance, while the imagy part
is the term Zsif. Since the impedance of a pure resistor-containirayit shows no
phase difference between the current and volthgeresistor only contributes to the
real part of the impedance This real part is thus called thesistive impedance On
the other handcapacitors and inductors which influence the phaselifference
contribute to the imaginary part of the impedance.This part is thus referred as the
reactive impedance Thus, the impedance can be written as

Z = R +iX (4)

where R is the resistive impedan€eon)
X is the reactive impedanc@-¢nr)

Using an impedance analyzer, the impedance of ermahtcan be
measured based on Ohm'’s law,

V=1z (5)

where S/ is the voltage (V)
I is the current (A/cf)

When a sinusoidal AC current is applied to a malea resulting voltage
including amplitudes and phase differences canebected. Vice versa, the impedance
analyzer can generate the sinusoidal voltage, &sdree the current change instead.
Both current and voltage are used to calculatanipedance. The impedance derived
from Ohm’s equation characterizes overall real andginary components of the

impedance at a specific frequency of the appligdadi
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Figure 2.1 Three types of plots for impedance d#taNyquist plot. & and 4 refer to
real and imaginary parts of the impedance, resgagtiB. Bode magnitude plot. Log
|Z] refers to log of the magnitude of the impeda@cdBode phase plof refers to the

phase difference between the current and voltage.

Impedance analysis interprets the impedance valinsh are measured
from various frequencies of the applied signal.aDattypically presented by Nyquist
and Bode plots. The Nyquist plot shows the re@) @d imaginary (4 parts in the
abscissa and ordinate respectively (Figure 2.1A) & other hand, the Bode plot is
composed of 2 graphs; one with the frequency vettseisog of the magnitude of the
impedance (log |Z|), and the other with the fregyerersus the phase differends (
Figure 2.1B and 2.1C).

The Nyquist and Bode plots define the materialectlcal circuit system.
Notably, each particular circuit yieldmique patterns andvaluesin the plots. Thus,
the electrical elements and their arrangement @ dicuit can be indicated by

simulating an equivalent circuit. The equivalemtgit models a circuit that manifests
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similar patterns and values of the Nyquist and Bpldés to the experimental circuit.
So the electrical components, e.g., resistors apaators, and their arrangement in

the circuit can actually represent the experimeeitalit features.

R1 C,
— 17—
R2

Figure 2.2 An example of an electrical circuit for demonstrgtimpedance analysis.

The circuit is composed of a resistor)lRonnected to a R-C combination{g;).

For example, given an electrical circuit consistoiga resistor connected
in parallel to a R-C combination as shown in FigRr2 the impedance of this circuit

can be written as

Z =7+ Zroca (6)
= T 2L ™
Zr2+ Zc1
where  Z is the total impedance of the circgitgn?)

Zr1 is the impedance of,RQ-cn?)
ZRZ-Cl is the impedance of the-f; combination Q-cnv)
Zz» is the impedance of RQ-cn¥)
Zc1  is the impedance of,GQ-cn?)

Since %=R (8)

and % =iomic ©)
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is the impedance of a resistor-¢nr)
is the resistanc&({cnr)

where

is the impedance of a capacitor¢nv)
is the frequency (Hz)

O'_"J)\“;U.BJI

is the capacitancaf/cnT)

the equation 7 can be written as

5 Ry - 1/i2nfCy

2= R R T LiniC, (10)
_ Ri+R+ R]_(ZT[fCle)Z i 27'CfC1R22 (11)
1 + (2tfC1Ry)? 1 + (2tfC1Ry)?
2
The term  Rit R+ Ri(2nfCiRy) epresents the real part of the
1 + (2tfC1Ry)?
2

impedance, while the term 2rfCiRy represents the imaginary part of the

1 + (2tfC1Ry)?

impedance. When the current at a certain frequescgpplied to the circuit, the
resulting voltage can be detected and these 2 péeasncan be used to calculate the
real and imaginary impedance. To calculate R, and G, the currents at various
frequencies are applied to the circuit, and thues ¢hlculated real and imaginary
impedance values are used to solve far R and G. This process is usually done
automatically by the impedance analysis softwach &s Zplot with Zview (Scribner

Associates, Inc., Southern Pines, NC, USA).

2.1.2 Application of impedance measurement in anadys of the plasma
membrane resistance and capacitance

Epithelium consists of electrical barrier networlkemed by the two
plasma membranes (apical and basolateral) and figittions, which can be
illustrated as an electrical circuit in Figure 2This circuit is simply explained by
“lumped model” comprising of 4 resistors and 2 adjoas. Electrical elements of the
apical and basolateral membranes consist of paRd(& combinations. Rand R are

resistances of the apical and basolateral memhressgsectively. The capacitances of
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the apical and basolateral membranes are symbdig&€d and G, respectively. This
transcellular circuit connects in parallel to agzadlular resistance R Additionally,
the resistances of solution and Snapwell (a parsdiaffold, R) link in series to the
circuit of the cell.

Clausen and coworkers (1979) showed the involvenoénthe lateral
intercellular space resistance and included thrarpater into the equivalent circuit.
This circuit is known as the “distributed modelid&re 2.4). However, this parameter
is considered negligible in leaky epithelia, suchtlae intestine. Thus, the lumped
model is adequate for determining resistive andaciige components, as shown in
the previous studies in human colonic T84 cellmdBiet al., 2002) and human

bronchial epithelial cells (Kreindler et al., 2005)

? Tight junction

R, %% c, l Apical side

Epithelial cell

Rp 1C

Basolateral side

Figure 2.3 The “lumped model” representing an electrical wirof the epithelium.
The apical and basolateral membranes are compdgeatailel R-C circuit. Rand G
are resistance and capacitance of the apical mambRy and G are resistance and
capacitance of the basolateral membrane. Thisdeinkar circuit connects in parallel
to a paracellular resistancepfRThe resistance of the solution and Snapwed) (&

linked in series to the circuit of the cell.
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Figure 2.4 The “distributed model” representing an electratuit of the epithelium.

The apical and basolateral membranes are compdgmatallel R-C components.;R
and G are resistance and capacitance of the apical nagr@bR and G are resistance
and capacitance of the basolateral membrane. Tlaegllar pathway consists of 2
resistors from the tight junction {Rand lateral intercellular space;{R The Rs acts

as a “distributed resistor” which joins multiple ®R-components of the lateral
membrane (Rand G). This transcellular circuit connects tg Bnd Rs as depicted.

The series resistance of the solution and Snapg®egllis linked to the circuit of the

cell.
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Electrophysiological analysis of a monolayer usagdC approach
provides limited information regarding the cellularapacitive and resistive
components. Transepithelial resistance;) (Ralculated from the transepithelial
potential difference (¥ and short-circuit current {J across the monolayer mainly
indicates the tightness of the tight junction amnl riesistibility of the paracellular route
to the overall ion transport (i.e., paracellularrpeability). In other wordghe plasma
membrane capacitance and resistance cannot be examad by DC method The
AC-based impedance analysis provides an advantagetbe DC-based technique
since the plasma membrane properties can be obtaine

The electrical elements of the cells could be attarzed by measuring
the cells’ impedances using AC signals with differéequencies. These values are
used to simulate an equivalent circuit that shdvessame impedance spectrum as the
cell monolayer. The values and arrangement of thevalent circuit can represent
each electrical component of the cells. This teqimiis also useful for determining
the single membrane and tight junction electridaiments. Ultimately, it can predict
the biological responses of the cells to drug andfemical treatments in term of
channel opening, activated transporter or recruitmgf channel to the plasma

membrane (see below).

2.1.3 Examples of the application of impedance maagment

Recent preliminary data showed that parathyroidnoore (PTH) could
change 4. and \{ in the DC method. However, changes in the eladtp@rameters
may be due to the changes in the apical membrage, apening of apical anion
channels, basolateral transporters, and/or tigidtijon properties. Impedance analysis
can reveal which particular resistors (i.e., ressin the apical membrane, basolateral
membrane, and/or tight junction) or capacitors.,(iGpacitors in the apical and
basolateral membranes) that are changed.

For instance, if the electrical components in tipgcal membrane are
changed, we can focus our study on the channetammsporters localized in the apical
membrane. Importantly, the tight junction resistai difficult to measure using the
DC-based technique since the cellular conductarme interfere with the measured

parameters. However, such paracellular parametersde simply determined in the
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AC mode. Moreover, AC impedance analysis is rapampleted within 2 min), and

non-destructive (i.e., the monolayer can later $edun other experiments).

2.2 Parathyroid hormone (PTH)

PTH plays an important regulatory role in “Cahomeostasis, i.e.,
maintenance of serum €alevel within the narrow physiological range. Itegts
hypercalcemic effects by inducing bone resorpticenal C&" reabsorption, and
intestinal C&" absorption (Arnaud et al., 1967). PTH is a polyjueEp hormone
secreted by the parathyroid glands when the pldsseaCa” is decreased (Murray et
al., 2005). In addition, PTH has been found to eitgractions on Na(Azarani et al.,
1995; Bezerra et al., 2008; Fan et al., 1999; @irar al., 2000), Cl(Laverty et al.,
2003), HPGQ* (Zhang et al., 1999), HGO(Bank et al., 1978; lino and Burg, 1979;
McKinney and Myers, 1980a and 1980b), and*M@uamme, 1997) transport. This

implicates its non-calciotropic, ion regulatory éion of PTH.
2.2.1 Chemistry and biology of PTH

2.2.1.1 PTH gene and structure

Human PTH gene locates on the short arm of chromesbl at band
11p15 (Naylor et al., 1983). PTH is originally syasized from PTH mRNA as
preproPTH containing 115 amino acids (Kemper et1&#74; Milstein et al., 1972).
Cleavage of this protein by rough endoplasmic vatim (RER) excises 25-amino-
acid pre-peptide yielding proPTH that still contgai extended amino acids at the N-
terminus (Cohn et al., 1972; Dorner and Kemper 81%emper et al., 1972). Golgi
apparatus converts proPTH to PTH with 84 aminosagithbener et al., 1979).

Structure of native PTH (1-84) was predicted byl Zod Lev (1980). The
first a-helix at the N-terminus forms a structure thabnmporates N-terminal residues
into a hydrophobic site. Residues 26-29 that arposed to the surrounding
environment are significant for receptor bindingaf@ella et al., 1993; Rosenblatt et
al., 1980). Moreover, this sequence links the mgxtrophobic subdomain (34-37) to
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the N-terminal hydrophobic structure. Tyrosine (Twt position 43 is a terminal
amino acid of the N-terminal hydrophobic regionr-Bg also bridges the remaining
amino acids (45—-84) which are poorly investigatedduse of the lack of biological
functions. This tail sequence is plausibly importdor molecular stability and
secretion (Kronenberg et al., 1994; Lim et al.,2)99

Indeed, the residues 1-34 at the N-terminus of REk&in a high receptor-
binding property, and are sufficient for PTH fucts (Pines, et al., 1996; Potts, et al.,
1971).Thus, commercial human PTH (1-34) was used in thagsent study

2.2.1.2 PTH synthesis and secretion

The parathyroid glands are the major source oihydaBTH. Chief cells of
the parathyroid glands are responsible for PTHI®gis and release. PTH enters the
circulation via fusion of PTH-containing vesicles plasma membrane of the chief
cells in response to low plasma EaHPQ?* and 1,25-dihydroxyvitamin D
[(1,25(OH)D3)] (Kronenberg et al., 1994).

Plasma C# directly controls PTH secretion through“Gaensing receptor
(CaR) expressed on the chief cells. CaR is a memib&-protein-coupled receptor
(GPCR) superfamily. Binding of the extracellular’C® CaR induces conformational
change and subsequently conveys the signal threaugbus pathways. Hypercalcemia
inhibits PTH production and secretion as a panagfative feedback mechanism. This
process is considered a 3-level regulation. Lovempka C&' results in a fast response
through CaR which rapidly stimulates PTH secretioto the circulation within
seconds (Brown et al., 1999). Prolonged hypocalaema period of hours decreases
PTH mRNA level that consequently suppresses PTHhegs (Chung et al., 1996;
Moallem et al., 1998). Furthermore, chronic hypoealia induces parathyroid gland
enlargement which can be detected within days @newonths (Li et al., 1998;
Malloy et al., 1999).

PTH prevents HPE™ reabsorption in the kidney by promoting
Na'/HPO;>~ cotransporter (NaPinternalization (Zhang et al., 1999). On the othe
hand, HPG controls PTH secretion independent of blood"Gad 1,25(0H)PDs. In
contrast to the regulation of PTH secretion by masC&", a high plasma HP&
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level increases PTH secretion, PTH mRNA expressiamg parathyroid gland
proliferation (Kilav et al., 1995; Naveh-Many et,dl995; Rodriguez et al., 1996).

PTH secretion is also controlled by 1,25(@PBy at the transcriptional
level (Russell et al., 1984, Silver et al., 198625(OH}D3 binds to nuclear vitamin D
receptor (VDR) and acts on vitamin D response etgr(dDRE) in the promoter of
the PTH gene (Okazaki et al., 1988). This actionsequently suppresses PTH gene
transcription. Further effect of 1,25(0OB) is demonstrated by upregulation of VDR
in the target cells by 1,25(0O4D; itself (Naveh-Many et al., 1990). These mechanisms
are considered as a part of the negative feedlak lesulting from PTH-induced
increase in 1,25(0OHIp3; production. This process prevents too much ineréashe

plasma C#' levels induced by the effects of both hormoneg#Bedian et al., 1972).

2.2.1.3 Serum PTH level
PTH is eliminated from the circulation mainly bwedr and kidney

resulting in a short half-life of a few minutes (@yhurst et al., 1988). In the liver,
PTH is taken up and degraded by Kupffer cells (gnurst et al., 1982). Filtrated PTH
in kidney is mostly reabsorbed and proteolysedutyliar cells (Martin et al., 1979).
Since the body provides an extremely high rate @H Pbreakdown without
mechanisms for modulation, circulating PTH is mgaidietermined by the rate of
synthesis and release. (Kronenberg et al., 199d3nfa PTH levels vary in the range
of 10-60 pg/mL, depending on the plasm& @ancentrations (Endres et al., 1991).
Neither age nor gender has been observed to héastsebn the plasma PTH levels
(Haden et al., 2000).

2.2.2 PTH receptor (PTHR) and signal transduction

PTHR possesses 7 transmembrane domains with CNdadnini at the
intracellular and extracellular portions, respeslyv The whole configuration of PTH-
PTHR complex consists of 3 main parts: the linedHPthe transmembrane PTHR,
and binding G proteins. This classifies PTHR as emiver of GPCR superfamily.
Ligand binding induces conformational change ofrdeeptor which, in turn, activates

G protein and downstream signaling molecules (Ghetal., 2001).
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Activation of PTHR stimulates 2 distinct signalipgthways depending on
which G protein is recruited. &activates adenylyl cyclase which, in turn, induces
cAMP production and subsequently activates PKAFeQ2.5). PKA phosphorylates
many proteins that later initiate PTH functions (Pils stimulated by ¢, and converts
phosphatidylinositol 4,5-bisphosphate (Bl the plasma membrane to DAG ang. IP
Cytoplasmic IR binds to its receptor on the membrane of the smeodoplasmic
reticulum (SER). IR receptor is a Ca channel, the activation of which cause$Ca
release into the cytoplasm. In the presence 6f, @G stimulates PKC that further
phosphorylates the downstream protein targets (fateal., 2006). A study on
activation domains of the PTH molecule reveals ttiede sequences which are
responsible for adenylyl cyclase and PKC stimufatge the N-terminal residues and
residues 28-32, respectively (Schluter, 1999).

There are 2 isoforms of PTHR, type 1 and 2 PTHRHRT and PTHR?2),
which differ in ligand specificity and tissue expséon. PTHR1 found in bone, kidney,
and intestine is activated by both PTH and PTHteelpeptide (PTHrP) (Abou-Samra
et al., 1992; Gensure et al., 2005; Urena et 8831 Watson et al., 2000). In contrast,
PTHR2 is only stimulated by PTH and is exclusiveipressed in the brain, where
PTH synthesis is inconspicuous (Juppner, 1999;Jstial., 1995). Lack of PTHR2
expression in bone, kidney, and intestine suggististhis PTHR isoform does not
play a physiological role in mineral regulation these organs. Interestingly,
tuberoinfundibular peptide-39 (TIP39), an endogenbgand extracted from bovine
hypothalamus, has been found to specifically asivVirHR2. Additionally, PTHR2
are strongly expressed in the hypothalamus andalspord, which implies a novel
function of PTHR2 on the hypothalamic regulatiorpatiitary hormone secretion and
pain sensation (Usdin et al., 1999).
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Figure 2.5 Classical PTH signaling pathways. PTH binds to RE€teptor (PTHR)
and consequently activates ,sGand/or Gq. G, increases cyclic adenosine
monophosphate (CAMP) levels and in turn activatesgm kinase A (PKA). PKA, a
member of the protein kinase family, phosphorylatemy target proteins. On the
other hand, G stimulates phospholipase C (PLC) that cleaves gitaiglylinositol
4,5-bisphosphate (PJPinto diacyl glycerol (DAG) and inositol 1,4,54phosphate
(IP3). DAG activates protein kinase C (PKC), which gdnosphorylate various target
proteins. IR binds to its receptor, which acts as a’'Cehannel, in the smooth
endoplasmic reticulum (SER) membrane, and subséguexises the intracellular

C&" concentration.
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2.2.3 PTH-related peptide (PTHrP)

PTHrP is named after PTH since it shares similastgin structure,
chemical properties, and some biological actiorg. (stimulation of bone resorption).
Both hormones can bind equally to PTHR1 and corsigylar signaling pathway,
resulting in the increased cAMP and intracellul@‘Qevels (Chorev et al., 2001).
However, PTH and PTHrP are not identical hormongsile PTH production is
apparently limited to the parathyroid glands, PTlxspression has been identified a
number of tissues, including epithelia, mesenchyrissues, endocrine glands,
placenta, and central nervous system (StrewlerQ;20@atson et al., 2000). This
indicates broader physiological functions of PTHnPlocal tissues (i.e., paracrine)
rather than the systemic role on’Chomeostasis. PTHrP secretion does not depend
on the plasma CGélevels (Strewler, 2000). Unlike PTH, PTHrP normalégulates
cell proliferation similar to other growth factoms.g., epidermal growth factor (EGF),
transforming growth factop- (TGF{), and insulin-like growth factor-l (IGF-I)
whereas PTH does not (Wysolmerski and Stewart, 1998

2.3 Intestinal anion secretion

Intestinal anion secretion is required for the rtenance of the optimal
conditions for digestion and absorption of nutrsehy regulating pH and fluidity of
the lumen. This process is accomplished by thea€l and HCQ™ secretion mainly
through the transcellular pathway (Figure 2.6)es$tinal anion secretion is activated
by various secretagogues which increase the inlnésre cCAMP levels such as
forskolin, epinephrine, prostaglandin BPGE), vasoactive intestinal peptide (VIP),
and vasopressin (Dharmsathaphorn and Pandol, Feg&6ida et al., 2000; Grasset et
al., 1985; Weymer et al., 1985). An increase in dAptoduction leads to stimulation
of cystic fibrosis transmembrane conductance regulgCFTR) which provides an
exit for both CT and HCQ@™. Some investigators suggest a role of ‘Gativated Cl
channel (CaCC) in the transport of @tross the apical membrane (Barrett and Keely,
2000).
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In the basolateral membrane,”@nd HCQ™ enter the intestinal cell via
Na'/K*/CI” cotransporter-1 (NKCC1) and electrogenic "ECO;™ cotransporter-1
(NBCel), respectively (Figure 2.6). Both transparteequire a driving force from
Na'/K*-ATPase. K is extruded down its electrochemical gradienttii@ basolateral
K* channels, which can be classified as cAMP- and*-@etivated K channels
(Barrett and Keely, 2000). This step recyclésfét the Na/K*-ATPase function, and
is thus crucial for the maintenance of anion semmgprocess (Kunzelmann and Mall,
2002). Secretion of Clcreates a lumen-negative voltage that favor$ decretion
through the paracellular pathway. Eventually, NaI", and BO are secreted into the
intestinal lumen. On the other hand, HCGecretion is involved in both fluid
secretion and luminal pH regulation.

It is noted that CFTR and CaCC in the apical memd@nd K channels
in the basolateral membrane can be regulated bintreeellular levels of cAMP and
C&": both of which are signaling molecules of PTH. fiffiere, PTH could possibly
activate these transporters through cAMP- and*-@ependent pathways, thereby

leading to intestinal anion secretion.
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Figure 2.6 A schematic model of the intestinal anion secretionthe basolateral
membrane, Clenters the cell through K&*/CI~ cotransporter-1 (NKCC1), while
HCOs™ enters the cell through the electrogeni¢/N&O;™ cotransporter-1 (NBCel).
Both transporters are driven by Naradient created by Ré&K'-ATPase. K is
recycled to the basolateral side through*’Cand cAMP-activated K channels,
which, in turn, help maintain N&*-ATPase activity. Clexits the apical membrane
through cystic fibrosis transmembrane conductarcgilator (CFTR) and/or Ga
activated Cl channel (CaCC). Naand HO move into the lumen down the electrical
and osmotic gradients, respectively. HC® also secreted into the lumen through
CFTR. Cyclic adenosine monophosphate (CAMP) plagsiaial role in the activation
of CFTR and cAMP-activated *Kchannel, whereas €aactivates CFTR, CaCC and
Ce*-activated K channel.
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2.4 Intestinal epithelium-like Caco-2 cells

Caco-2 cells are derived from the human coloreatlnocarcinoma
(Fogh et al., 1977). After confluence in a cultusgstem, Caco-2 cells stop
proliferation and gradually differentiate into emieyte-like cells. The cells become
polarized as columnar epithelial cells, form a mayer (Le Bivic et al., 1990), and
later show important characteristics of typical Bnrgestinal cells, e.g., microvilli,
tight junction, villin expression, and dome fornaetti(Chantret et al., 1988; Hidalgo et
al., 1989). Several studies support a structurdl fanctional resemblance between
Caco-2 and small intestinal absorptive cells (Badé al., 1996; Hilgers et al., 1990;
Sambuy et al., 2005). Various enzymatic marketh®fsmall intestine are abundantly
expressed in the apical membrane of differentif@@ado-2 cells, including sucrase,
isomaltase, lactase, alkaline phosphatasgutamyltransferase, aminopeptidease N,
N-acetyltransferase, and dipeptidyl-peptidase IMg@ret et al., 1988; Jumarie and
Malo, 1991; Yoshioka et al., 1991). Moreover, C2ccells have been used in several
studies of electrolyte transport, including @hd HCQ™ secretion through the apical
CFTR (Grasset et al., 1985; Inoue et al., 1997; &hal., 2004 and 2005). Therefore,
Caco-2 monolayer was used in the present PTH study.
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CHAPTER I
MATERIALS AND METHODS

3.1 Cell culture

Human colorectal adenocarcinoma Caco-2 cell line (ATCC number: HTB-
37) was a gift from the Institute of Nutrition, Mahidol University, and was stored and
propagated at the Department of Physiology, Faculty of Science, Mahidol University,
Thailand.

3.1.1 Maintenance

Caco-2 cells were grown in a 75-cm® T-flask (Corning, Corning, NY,
USA) containing Dulbecco’s modified Eagle’s medium (DMEM; Sigma, St. Louis,
MO, USA) supplemented with 15% heat-inactivated fetal bovine serum (FBS;
GIBCO, Grand Island, NY, USA), 1% nonessential amino acid (NEAA; Sigma), 1%
L-glutamine (GIBCO), and 100 U/mL penicillin-streptomycin (GIBCO). Culture
medium was replaced everyday and the cells were passaged every 7 days or when cell
confluence reached approximately 80%. The cells were maintained at 37 °C under a

humidified 5% CO, atmosphere.

3.1.2 Experiments

In electrophysiological studies, Caco-2 cells (passage number 25-40) were
seeded on a polyester Snapwell insert (12-mm diameter, 0.4-pm pore size, Corning) at
5 x 10° cells/well. Culture medium was replaced everyday for 14 days. The cells were
cultured under a humidified 5% CO; atmosphere containing at 37 °C.

For mRNA isolation, Caco-2 cells (passage number 25-40) were cultured
in a polystyrene 6-well culture plate (Corning) at 5 x 10° cells/well. Culture medium
was replaced everyday for 14 days. The cells were grown under a humidified 5% CO,

atmosphere containing at 37 °C.
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3.2 Polymerase chain reaction (PCR)

3.2.1 mRNA isolation and reverse transcription

Total RNA from Caco-2 cells was extracted using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s instruction. RNA
was treated with RQ1 DNase (Promega, Madison, WI, USA) and purified with
RNeasy Mini kit (Qiagen, Valencia, CA, USA). Quantity and purity of the RNA were
determined by measuring a ratio of 260/280 nm absorbance. One microgram of the
total RNA was reverse-transcribed with Oligo-dT, primer and iScript kit (Bio-rad,
Hercules, CA, USA) by a thermal cycler (model MyCycler; Bio-rad). All samples
were processed along with a house-keeping gene, glyceraldehydes-3-phosphate
dehydrogenase (GAPDH), for normalization and checking reverse transcription

consistency.

3.2.2 Conventional PCR and sequencing

All primers used in this study are shown in Table 3.1. The amplification
reaction was performed by Bio-rad MyCycler (Bio-rad) with GoTaq Green Master
Mix (Promenade, Madison, WI, USA). PCR products were electrophoresed on a 2%
agarose gel and stained with 1 pg/mL ethidium bromide. The products were visualized
under a UV transilluminator (Alpha Innotech, San Leandro, CA, USA). The resulting
PCR products were also extracted by HiYield Gel/PCR DNA Extraction kit (Real
Biotech Corporation, Taipei, Taiwan) and subsequently sequenced by ABI Prism 3100
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA) to confirm the

accuracy of the amplified sequences.
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Table 3.1 Primers used in PCR experiments.

Gene Primers Product length

(Accession number) (forward/reward) (bp)
PTHRI 5'-ACCTGCACAGCCTCATCTTCA-3'

(NM_000316) 5 ' —CACACAGCCACGAAGACAGC-3' 103
PTHR2 5'-TCTGGGAGACCAATGCAGTTG-3"'

(NM_005048) 5 ' ~GGCAGGCATACGAACACGAT-3' 18
GAPDH 5'-CTGGTAAAGTGGATATTGTTG-3"'

(NM 002046)  5'-GAGGCTGTTGTCATACTTCTC-3' 359

PTHRI1, type 1 parathyroid hormone receptor; PTHR2, type 2 parathyroid hormone
receptor; GAPDH, glyceraldehydes 3-phosphate dehydrogenase.

3.3 Bathing solutions

3.3.1 Normal bathing solution

Normal bathing solution was composed of (in mmol/L) 118 NaCl, 4.7
KCl, 1.1 MgSQ4, 1.25 CaCl,, 23 NaHCOs;, 12 p-glucose, 2.5 L-glutamine, and 2
mannitol (all chemicals were purchased from Sigma). The solution was continuously
gassed with humidified 5% CO; in 95% O, and maintained temperature at 37 °C and
pH 7.4. Osmolality of the solution was 290-295 mmol/kg H,O, measured by a
freezing point-based osmometer (model 3320; Advanced Instruments, Norwood, MA,
USA). Water used in all solution formulae had a resistance more than 18.3 MQ-cm

and organic carbon less than 10 pg/L.

3.3.2 Cl™-depleted bathing solution

NaCl and KCI in the normal bathing solution were replaced by NaC¢H;;O¢
(sodium gluconate; Unilab, Sevenhills, NSW, Australia) and KC¢H;,0¢ (potassium
gluconate; Sigma), respectively. To overcome Ca*"-buffering capacity of the

gluconate, CaCl, was raised to 2.5 mmol/L. The solution was gassed with humidified
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5% CO; in 95% O, and maintained temperature at 37 °C and pH 7.4. Osmolality of the

solution was 290-295 mmol/kg H,O, measured by a freezing point-based osmometer.

3.3.3 HCOg3 -depleted bathing solution

HCOj;™ in the normal bathing solution was replaced by HEPES-Na (Sigma)
and the concentration of Na* was adjusted by NaC¢H;;0s. The solution was gassed
with humidified 100% O, and maintained temperature at 37 °C and pH 7.4. Osmolality
of the solution was 290-295 mmol/kg H,O, measured by a freezing point-based

osmometer.

3.3.4 CI"'/HCO3 -depleted bathing solution

NaCl, KCI, and HCO;™ in the normal bathing solution were replaced by
NaC¢H,,0¢, KCcH 106, and HEPES-Na, respectively. The concentration of Na' was
adjusted by NaCgH;10¢. The solution was gassed with humidified 100% O, and
maintained temperature at 37 °C and pH 7.4. Osmolality of the solution was 290-295

mmol/kg H,O, measured by a freezing point-based osmometer.

3.4 Measurement of electrical parameters

3.4.1 Ussing chamber setup

Electrical parameters, i.e., transepithelial voltage (Vy), short-circuit current
(Isc), and transepithelial resistance (R;), were determined by Ussing chamber technique
(Figure 3.1). Snapwell containing 14-day-old Caco-2 monolayer was placed in
between the 2 hemichambers. Two pairs of 2 mol/L KCI 2% agar bridges which were
connected to Ag/AgCl electrodes were fitted adjacent to the monolayer (V; and V;)
for V; measurement and at the end of each hemichamber (I; and 1) for applying direct
current. These Ag/AgCl electrodes were connected to a preamplifier/current
generating unit (model ECV-4000, World Precision Instrument, Sarasota, FL, USA)
and PowerLab/4SP (ADInstruments, Colorado Springs, CO, USA). The
PowerLab/4SP was operated with Chart version 5.4.1 for Windows (ADInstruments).



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Molecular Medicine) / 25

3.4.2 Open-circuit experiment

Ussing chamber experiments were carried out under an open-circuit
condition, as previously described by Kunzelmann and coworkers (2000). V; was
measured by V; and V; using V, on the basolateral side as a reference electrode
(Figure 3.1). I; and I, were used to create desirable currents. To determine R and I
(herein, I, means “equivalent” short-circuit current), current pulses (I; 3 pA
amplitude, 800 ms pulse duration, 0.1 Hz frequency) were continuously applied across
the monolayer. The corresponding V. deflection (AV;) was used to calculate R

according to Ohm’s law;
R, = AV/I (12)

I was then calculated from V; and R; (Equation 13) according to Ohm’s

law,
L. = V/R; (13)

To mimic physiological conditions, temperature inside the Ussing chamber
was maintained at 37 °C throughout the experiment. Bathing solution was
continuously gassed with humidified 5% CO; in 95% O; to maintain fluid mixing, O,

supply for the cells, and pH of 7.4.

I Vi V, 12

Apical solution Basolateral solution

Snapwell

Figure 3.1 A model of Ussing chamber used in the present study. The chamber was
composed of 2 hemichambers. A Snapwell containing cell monolayer was placed in
between hemichambers. Four electrodes, I, I, Vi, and V,, were placed as shown in

the figure.
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3.5 Impedance analysis

Snapwell containing 14-day-old cell monolayer was mounted in the
modified Ussing chamber as shown in Figure 3.1. The electrode arrangement was the
same as described in the measurement of electrical parameters. Impedance analysis
was performed by using a 1255B frequency response analyzer and a 1287A
electrochemical interface (Solartron, Farnborough Hampshire, UK). Sine-wave
currents (35 uA/cmz) were applied to the Caco-2 monolayer at different time points,
i.e., before adding PTH or forskolin, at 1, 5, 10, 15, 20, 25, 30, 35, and 40 min after
adding PTH or forskolin. Frequency used in all experiments was 0.5 Hz — 10 kHz. The
data was processed and plotted in Nyquist and Bode diagrams by Zplot with Zview
(version 3.0; Scribner Associates, Inc., Southern Pines, NC, USA), which incorporates
a non-linear least-squares fitting algorithm.

An equivalent circuit was analyzed with regard to the lumped model as
shown in Figure 2.3. The circuit is comprised of 4 resistors and 2 capacitors. Electrical
elements of the apical and basolateral membranes consist of 2 parallel R-C
combinations, i.e., R-C, and Ry,-Cy,. Ry, a paracellular resistance, connects in parallel
to the R-C combinations. These components constitute a circuit of the cell.
Additionally, Rs which represents a resistance of the solution and Snapwell links in
series to the cell circuit.

In order to calculate the circuit parameters, i.e., Ry, Ry, C,, Cy, it is
required an independent estimate of R,,. R, was acquired from Yy-interception of a plot
between transepithelial conductance (G¢) and I as described by Wills et al. (Wills et
al., 1979).

Gy = I/Ep + G, (14)

G, is transepithelial conductance which is reciprocal to R, while E, is
electromotive force of the basolateral membrane. We used the data during cell
response to PTH or forskolin to plot Gy vs. Iy and the graph was subsequently
analyzed by linear regression (Singh et al., 2002). The calculation was based on the

assumption that R, was constant during PTH stimulation. This assumption was
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validated by mannitol flux and the nystatin-induced membrane permeabilization
method (Wills et al., 1979). The calculated R, with the impedance data was fitted by
Zplot with Zview to obtain R,, Ry, C,, and Cy. The quality of the graph fitting was
appraised by using normalized error (norm) which is the percent difference between
measured and fitted data at each frequency.

For the membrane permeabilization experiment, the monolayer was
stimulated with PTH for 10 min as shown in Figure 3.2. After the electrical parameters
were stable, 10 pg/mL nystatin (Calbiochem, San Diego, CA, USA) was added every
5 min 6 times, and the values of I, and G; measured at 11 time points were used to

calculate G,.

10 nmol/L PTH Nystatin
! l 1 l l # l
I I 1 Time (min)
-15 0 10 15 20 25 30 35 40
—— LLLILLLiLtd

Equilibration period
Measure Il and G;

Figure 3.2 Experimental protocol of the nystatin-induced membrane permeabilization.
A Caco-2 monolayer was equilibrated in normal bathing solution for 15 min.
Parathyroid hormone (PTH; 10 nmol/L) was added to the basolateral side of the
monolayer at 0 min. After the electrical parameters remained stable for 10 min, 10
pg/mL nystatin was added to the apical side of the monolayer every 5 min for 30 min,

and I, and G; were measured at 11 time points.

3.6 Mannitol flux

Measurement of mannitol flux was performed by the method of Tanrattana
and colleagues (2004) as shown in Figure 3.3. A Caco-2 monolayer was incubated for

15 min in normal bathing solution. Then, one side of the chamber (hot side) was
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replaced with *H-mannitol-containing bathing solution (specific activity of ~70
mCi/mol; Amersham, Buckinghamshire, UK), while the other side (cold side) was
replaced with fresh normal bathing solution. PTH was added to the basolateral side of
the monolayer at 10 min. Thereafter, a 100 pL sample was collected from each side of
the chamber every 10 min for 5 times. Radioactivity of *H-mannitol was analyzed by
liquid scintillation spectrophotometer (model Tri-Carb 3100 TR; Perkin-Elmer,
Shelton, CT, USA).

3H-Mannitol PTH

|

I I ) I I I ITime (min)
-15 0 10 20 30 40 50

\ ) | l | | |
Y

Eauilibration period

Collect samples

Figure 3.3 The experimental protocol of mannitol flux measurement. A Caco-2
monolayer was equilibrated in normal bathing solution for 15 min. Then, the solution
was replaced with *H-mannitol-containing solution on one side of the chamber (hot
side), while the other side (cold side) was replaced with fresh normal bathing solution.
PTH (10 nmol/L) was added to the basolateral side at 10 min after solution
replacement. Samples (100 puL) were collected from each side of the chamber every 10

min for 50 min.

Hot-to-cold unidirectional flux (Jy—c) of mannitol was calculated as

follow,

JH—)C = RH—)C/(SH X a) (15)

where Ju—c  is hot-to-cold unidirectional flux (nmol/h/cm?)
Ru—c is a rate of tracer appearance in the cold side (cpm/h)
Sy is a specific activity of the hot side (cpm/nmol)

a is surface area of a Snapwell (cm?)



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Molecular Medicine) / 29

Su was calculated from Equation 16.

SH = CH/CT (16)

where Su is a specific activity of the hot side (cpm/nmol)
Cnu is a mean radioactivity in the hot side (cpm)
Cr is the total concentration of mannitol in the hot side

(nmol)

3.7 Experimental protocols

3.7.1 Measurement of the plasma membrane capacitance and
resistance of Caco-2 monolayer by impedance analysis

3.7.1.1 Basal membrane capacitance and resistance of
Caco-2 monolayer

Caco-2 cells were grown on a Snapwell as a monolayer for 14
days. After reaching confluency, the monolayer was mounted in the Ussing chamber
setup. The monolayer was equilibrated for 15 min, after which basal electrical
parameters, i.e., Vi, I, Ri, were determined by a DC-based procedure. Subsequently,
impedance analysis was performed to determine the basal membrane capacitance and

resistance of the monolayer. R,, Ry, C,, and C, were calculated as described above.

3.7.1.2 Effect of forskolin on membrane capacitance and
resistance of the Caco-2 monolayer

To validate the action of forskolin on the monolayer, the
tracings of electrical parameters which represent ion transport across the monolayer
were examined during forskolin stimulation. Vi, I, and R; were determined under an
open-circuit condition by a DC-based procedure. After 15-min equilibration, 10
umol/L forskolin (Sigma) was added to the basolateral side of the monolayer, and

electrical parameters were determined for 15 min.
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To investigate the effect of forskolin on membrane capacitance
and resistance of the Caco-2 monolayer, the monolayer was grown and later mounted
in the Ussing chamber setup. After 15-min equilibration, impedance analysis was
performed (at 0 min) to measure basal membrane capacitance and resistance of the
monolayer (Figure 3.4). Consequently, 10 umol/L forskolin was added to the
basolateral side of the monolayer, and impedance of the monolayer was measured at 1,
5, 10, 15, 20, 25, 30, 35, and 40 min after forskolin stimulation to investigate the
alterations of membrane capacitance and resistance. R,, Ry, C,, and C,, were calculated

as described in the previous section.

Forskolin/PTH

|

I T T T T T T T 1 Time(min)
-15 0 5 10 15 20 25 30 35 40
N
v AL 11 1 i L1 1 |

Eauilibration period e
Measurement of epithelial impedance

Figure 3.4 The experimental protocol of epithelial impedance measurement. A Caco-2
monolayer was equilibrated in normal bathing solution for 15 min. Forskolin (10
umol/L) or parathyroid hormone (PTH; 10 nmol/L) was added to the basolateral side
of the monolayer at 0 min. Impedance of the monolayer was measured at 0 (baseline),

1, 5,10, 15, 20, 25, 30, 35 and 40 min after PTH treatment.

3.7.2 Effect of PTH on membrane capacitance and resistance in Caco-

2 monolayer as determined by impedance analysis

3.7.2.1 PTHR mRNA expression in the Caco-2 cells

The Caco-2 cells were grown on a 6-well cell culture plate for
14 days until confluent. Then, cells were washed with phosphate buffered saline (PBS)
and harvested by scraping. Total RNA extraction and reverse transcription were
subsequently performed as described in the previous section. Both PTHR1 and PTHR2

mRNA expression was determined by conventional and real-time PCR.
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3.7.2.2 Effect of PTH on the plasma membrane capacitance
and resistance in Caco-2 monolayer

The monolayer was equilibrated for 15 min, and then
impedance analysis was performed (at 0 min) to determine basal membrane
capacitance and resistance of the monolayer (Figure 3.4). Subsequently, 10 nmol/L
PTH (Sigma) was added to the basolateral side of the monolayer, and impedance of
the monolayer was measured at 1, 5, 10, 15, 20, 25, 30, 35, and 40 min after PTH
stimulation to investigate the alterations of membrane capacitance and resistance. R,,

Ry, C,, and C,, were calculated as described in the previous section.

3.7.3 The target transporters and signaling pathways of PTH in Caco-
2 cells

3.7.3.1 Effect of PTH on epithelial ion transport in Caco-2
monolayer

Vi, I, and Ry were determined under an open-circuit condition
by a DC-based procedure. After 15-min equilibration, 0.3, 1, 3, 10 or 30 nmol/L PTH
was added to the basolateral side of the monolayer, and electrical parameters were
determined for 15 min.

To investigate PTH site of action (basolateral vs. apical), 10
nmol/L. PTH was added to either the basolateral side or apical side of the monolayer.
Electrical parameters were then determined for 15 min.

To confirm the specificity of PTH, the monolayer was exposed
to 10 nmol/L 1-34 PTH (active PTH), 13-34 PTH (inactive PTH; Sigma), or
autoclaved 1-34 PTH in the basolateral side. All electrical parameters were then
determined for 15 min. In some experiments, 1-34 PTH was incubated with
polyclonal PTH antibody (CAT No. ab14164, Abcam, Cambridge, UK) at various
dilutions, i.e., 1:10000, 1:1000, 1:100, or 1:10, before adding to the basolateral

solution.
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3.7.3.2 Effect of PTH on the paracellular resistance of
Caco-2 monolayer

Effect of PTH on paracellular resistance of the Caco-2 was
determined by “H-mannitol transport and the nystatin-induced membrane

permeabilization technique.

3.7.3.3 Effects of CI” and/or HCO3 depletion on the PTH-
stimulated ion transport in Caco-2 monolayer

The monolayer was bathed on both sides with normal, CI -
depleted, HCO; -depleted or CI /HCO5 -depleted solution. Preparation of the solution
was described in section C. Vi, I, and R, were determined under an open-circuit
condition by a DC-based procedure. After 15-min equilibration, 10 nmol/L PTH was
added to the basolateral side of the monolayer and electrical parameters were

determined for 15 min.

3.7.3.4 The sources of HCO3 for the PTH-stimulated
HCO;™ secretion in Caco-2 monolayer

Vi, I, and R; were determined under an open-circuit condition
by a DC-based procedure. After 15-min equilibration, the monolayer was preincubated
with NBCel or carbonic anhydrase inhibitors for a specific time as described in Table
3.2. Consequently, 10 nmol/L PTH was added to the basolateral side of the monolayer,

and electrical parameters were determined for 15 min.

3.7.3.5 Responsible apical ion channels for the PTH-
stimulated HCOj3 efflux in Caco-2 monolayer

Vi, I, and R; were determined under an open-circuit condition
by a DC-based procedure. After 15-min equilibration, the monolayer was preincubated
with various anion transporter inhibitors for a specific time as described in Table 3.3.
Consequently, 10 nmol/L PTH was added to the basolateral side of the monolayer, and

electrical parameters were determined for 15 min.
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3.7.3.6 Involvement of Na'/H" exchanger (NHE) in the
PTH-stimulated HCOj3 secretion in Caco-2 monolayer

Vi, I, and Ry were determined under an open-circuit condition
by a DC-based procedure. After 15-min equilibration, the monolayer was incubated
with various NHE inhibitors as described in Table 3.4. Consequently, 10 nmol/L PTH
was added to the basolateral side of the monolayer, and electrical parameters were

determined for 15 min.

3.7.3.7 Involvement of K* channels in the PTH-stimulated
HCOj3 secretion in Caco-2 monolayer

V4, I, and R; were determined under an open-circuit condition
by a DC-based procedure. After 15-min equilibration, the monolayer was incubated
with various K* channel inhibitors as described in Table 3.5. Consequently, 10 nmol/L
PTH was added to the basolateral side of the monolayer, and electrical parameters

were determined for 15 min.

3.7.3.8 Responsible signaling pathways for the PTH-
stimulated HCOj3™ secretion in Caco-2 monolayer

Vi, I, and R; were determined under an open-circuit condition
by a DC-based procedure. After 15-min equilibration, the monolayer was incubated
with PKA, PI3K or Ca*/PKC inhibitors as described in Table 3.6. Consequently, 10
nmol/L. PTH was added to the basolateral side of the monolayer, and electrical

parameters were determined for 15 min.
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3.8 Statistical analysis

Results are expressed as means + standard errors (SE). Multiple sets of
data were compared by one-way analysis of variance (ANOVA) followed by
Dunnett’s multiple comparison test, or Newman-Keuls’ test when appropriate.
Comparisons between 2 sets of data were analyzed by paired Student’s t-test, unpaired
Student’s t-test, or Mann-Whitney U-test when appropriate. A dose-response
relationship of PTH was plotted by nonlinear least squares fitting method. Differences
were considered significant when P < 0.05. All statistical tests were performed by

GraphPad Prism 5.0 for Windows (GraphPad Software, San Diego, CA, USA).
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CHAPTER IV
RESULTS

4.1 Measurement of the plasma membrane capacitane@d resistance

in Caco-2 monolayer by impedance analysis

DC analysis of epithelial circuitry could not detene the electrical
elements of epithelium, i.e.,sRR,, C; and G. These electrical parameters were,

therefore, determined by AC-based impedance amsalysi

4.1.1 Basal membrane capacitance and resistance dfaco-2
monolayer

Basal electrical parameters of Caco-2 monolayersored by DC-based
technique were shown in Table 4.1. The confluemo€amonolayer exhibited a basal
V. of 0.59 = 0.09 mV (apical negative; n = 15), wihbasal Rof 232.74 + 12.77
Q-cn? (n = 15) andd of 2.60 + 0.4QA/cm? (n = 15).

Thereafter, impedance analysis was used to deternrmrembrane
capacitance and resistance of the monolayer. Aivalgat circuit was analyzed with
regard to the lumped model as shown in Figure Bt#& circuit is comprised of 4
resistors and 2 capacitors. Electrical elementh@fapical and basolateral membranes
consist of parallel R-C combinations. This trankdat circuit connects in parallel to a
paracellular resistor (R which is mainly determined by the tight junctiom
addition, a resistor of the solution and SnapwR] {s linked in series to the circuit of
the cell.

Impedance results of the monolayer in the basallition are illustrated in
the Nyquist plot (Figure 4.1A) showing a relatioipshetween real (g and imaginary
(Z)) terms of the impedance. Plots of frequency vggmitade of the impedance (|Z])
and frequency vs. phase differen€® &re shown by Bode magnitude plot (Figure
4.1B) and Bode phase plot (Figure 4.1C), respdgtivdnese parameters were used to
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calculate the plasma membrane capacitance andaressof the monolayer using
impedance analysis software. The calculated plasmeanbrane capacitance and
resistance are shown in Table 4.2. The Caco-2 mgaohad Rand R of 2141.30 +
222.50 and 993.96 + 60.98-cn?, respectively. These values are comparable to the
study of Caco-2 membrane resistance using a mextvetle recording by Grasset and
colleagues (1984). £and G of the monolayer were 28.98 + 0.69 and 12.36 80.2
uF/cnf, respectively, consistent with those found in maiam colon (Wills and
Clausen, 1987).

These results indicated that the AC-based impedanabysis was able to

determine the plasma membrane capacitance anthresof Caco-2 monolayer.

Table 4.1Basal electrical parameters of Caco-2 monolayeneasured by DC-based
Ussing system.

Electrical parameters Values Unit n
Vi 0.59 £ 0.09 mV 15
lsc 260 + 040 pAlcm* 15
Ry 232.74 + 1277 Qocn? 15

Vi, transepithelial voltage (potential) differences, Ishort-circuit current; R

transepithelial resistance.

Table 4.2 Basal membrane capacitance and resistance of Canofblayer as
measured by AC-based impedance analysis.

Electrical parameters Values Unit n
Ra 2141.30 + 22250 Q-cm® 10
Ro 993.96 + 60.96 Q-cm? 10
Ca 28.98 + 0.69 uFlen? 10
Co 12.36 + 0.23 uFlcn?t 10

Ra apical membrane resistancej, Basolateral membrane resistance; @pical

membrane capacitance;,®asolateral membrane capacitance.
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Figure 4.1 A representative transepithelial impedance of thed=2 monolayer. The

data is presented ifA) Nyquist plot,(B) Bode phase plot, an@C) Bode magnitude
plot. The impedance results were fitted by the lachmpodel, and are shown in solid
lines. The parameters are as followed; apical man&rresistance (R= 2028.00
Q-cn?, basolateral membrane resistance) (R 1004.00Q-cn¥, apical membrane
capacitance (§ = 27.43uF/cnf, basolateral membrane capacitance) (€ 12.84
uF/cnf. All parameters were automatically obtained frome impedance analysis
software (see Materials and Methods), #&al term of impedance;,Amaginary term

of impedance; |Z|, magnitude of impedance.
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4.1.2 Effect of forskolin on the plasma membrane gacitance and
resistance in Caco-2 monolayer

To further assure that the plasma membrane capeeitnd resistance can
be accurately determined by impedance analysis)ggdsain the membrane electrical
properties caused by forskolin were observed uthig technique. Forskolin is an
adenylyl cyclase activator which increases theas®lular cAMP level. This
subsequently stimulates CFTR and, in turn, aniocresi®en. Activation of apical
CFTR has been reported to decrease the apical membesistance (Bajnath et al.,
1991, Grasset et al., 1985; Moser et al., 2007gtset al., 2002).

Action of forskolin on electrolyte transport in til@aco-2 monolayer was
demonstrated by DC-based Ussing technique whichoaased out under an open-
circuit condition as shown in Figure 4.2. ExpostwelO pmol/L forskolin on the
basolateral side led to a rapid increasesdifapical negative) which reached the peak
within 2 min QAls = 13.74 + 1.2QuA/cm?). lsc then slightly declined and reached a
new sustained level which continued throughoutetkigeriment (>45 minAls. = 6.71
+ 0.89 pA/cm?). This result indicated that forskolin activateémbrane transporters
and induced anion secretion in Caco-2 monolayer.

Impedance analysis was exploited to show the fdirskaduced changes
in the plasma membrane electrical properties. Hsealts were illustrated in Nyquist
(Figure 4.3A) and Bode (Figure 4.3B and 4.3C) pl&ts 1 min after adding 10
umol/L forskolin, transepithelial impedance of themolayer was decreased as shown
in Nyquist (Figure 4.3A) and Bode (Figure 4.3B)tplA left shift of the intersection
on the real-impedance ¥axis at the low frequency indicated a decreasd®| of the
monolayer (Figure 4.3A). This (Rreduction was accompanied by pronounced
decreases in R(2249.57 + 91.48 to 790.67 + 90.12cn?; Figure 4.4A) and R
(1044.99 + 85.10 to 234.33 + 15.42cnv; Figure 4.4A). These alterations of the
membrane resistance were consistent with an ineneds as measured by DC-based
Ussing chamber technique. The maximglrésponse was observed at 1 min after
adding forskolin, and the patterns of the changmé@mbrane resistance andwere
also similar (Figures 4.2 and 4.4A). Forskolin e effect on @ (27.09 £ 1.79 vs.
27.08 + 1.84uF/cnt in control and forskolin-treated group, respediiv€igure 4.4B)
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and G (12.44 + 0.48 vs. 12.08 + 0.44/cnt in control and forskolin-treated group,
respectively; Figure 4.4B) of Caco-2 monolayer.

These results confirmed that changes in the plaserabrane capacitance
and resistance by a cAMP-producing agent could bterchined by AC-based
impedance analysis. Thus, this technique may bel tgedetermine the plasma
membrane capacitance and resistance changestaftetasion by PTH, which is also
known to increase intracellular cAMP levels (Leal &artridge, 2009; Tovey et al.,
2006).

Baseline +Forskolin

LAY
|

1‘
i L MWMMMMMMM

Figure 4.2 A representative recording of transepithelial pbo&ndifference (V)

showing the action of forskolin on electrolyte tsport in Caco-2 monolayer. Caco-2
cells were grown for 14 days into a monolayer ggeameable membrane (Snapwell)
which was then mounted in Ussing chamber. Experimneas performed under an

open-circuit condition. Forskolin (1@mol/L) was added to the basolateral solution.
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Figure 4.3 Electrical impedance in the control and forskoheated Caco-2
monolayers. The data is presentedAh Nyquist plot,(B) Bode phase plot, an)
Bode magnitude plot. Closed and open circles reptebe data measured in the basal
period and at 1 min after adding fénol/L forskolin, respectively. The impedance
data were automatically fitted with the lumped moded the curves are shown in
solid lines. The obtained parameters were as fathwbaseline, apical membrane
resistance (B = 1933.00Q-cn?, basolateral membrane resistancg) (R 614.90
Q-cn?, apical membrane capacitance)(€ 21.44uF/cnf, and basolateral membrane
capacitance (§ = 13.02uF/cnt; 1 min after adding 1imol/L forskolin, R,= 737.30
Q-cn?, R, = 196.30Q-cn?, C = 32.23uF/cnt, and G = 11.76uF/cnt. Zg, real term

of impedance; Z imaginary term of impedance; |Z|, magnitude gieatance.
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Figure 4.4 Effects of forskolin on membrane electrical prostof Caco-2
monolayer. The monolayer was exposed on the basalaside to 10umol/L
forskolin. The membrane capacitance and resistavere analyzed by impedance
analysis at 0 (baseline), 1, 5, 10, 15, 20, 25,350,and 40 min(A) Apical (R, and
basolateral (R resistance of the monolaygiB) Apical (G) and basolateral (¢
conductance of the monolayeP ¥ 0.05 (paired-test) compared with their respective
baseline values at 0 min. Numbers in parenthegesgent the number of independent

monolayers in each group.
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4.2 Effect of PTH on membrane capacitance and resasice in Caco-2

monolayer as determined by impedance analysis

The aim of these experiments was to demonstrateappdication of
impedance analysis to predict the responses of -Camells to PTH; the action of
which was unknown in the intestine. This impedaanalysis could provide a novel

approach to predict the biological responses ot#ils to drugs and hormones.

4.2.1 PTHR mRNA expression in the Caco-2 cells

Caco-2 cells were investigated for PTH receptorresgion by RT-PCR.
On day 14 after plating, type 1 but not type 2 phanaid hormone receptor (PTHR)
MRNAs was found to be expressed in this cell typgure 4.5). Although PTHR2
was not observed in conventional PCR followed byetgrtrophoresis, real-time PCR
could detect a modest expression of PTHR2 in Caamls (Tulalamba and
Laohapitakworn, unpublished observation). The abr@mplicon of PTHR1 was
confirmed by sequencing.

These results confirmed that Caco-2 cells coulgaed to PTH.

PTHR1 PTHR2

PTHR

GAPDH

Figure 4.5 Expression of type 1 parathyroid hormone receptBi@HR1) in Caco-2

cells, as determined by conventional PCR followgdagarose gel electrophoresis.
PTHR2 expression was not observed by this technidaeever, real-time PCR could
reveal a modest expression of PTHR2 (Tulalambalawdhapitakworn, unpublished

observation). GAPDH, glyceraldehydes 3-phosphatgdiegenase.
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4.2.2 Effect of PTH on the plasma membrane capaeaice and
resistance in Caco-2 monolayer

To explore the alterations in plasma membrane ridatt properties
induced by PTH, impedance analysis was performéardand after PTH application
to the Caco-2 monolayer. Impedance results of tbaalayer at 0 (baseline) and 1
min after adding 1@mol/L PTH to the basolateral bathing solution widtestrated in
the Nyquist plot (Figure 4.6A), Bode phase plotg(ffe 4.6B), and Bode magnitude
plot (Figure 4.6C). PTH decreased epithelial impedaof the monolayer, and
revealed a split semicircle in the Nyquist plotgiiie 4.6A) and different peaks in the
Bode phase plot (Figure 4.6B). In addition, PTHbalgecreased {Ris shown by a left
shift of the intersection ongZaxis at low frequency (Figure 4.6A). These alierst
were accompanied by a pronounced reduction,ii2R41.30 + 222.50 to 1182.08 +
63.94Q-cn; Figure 4.7A) and R(993.96 + 60.96 to 128.71 + 9.18cn¥; Figure
4.7A). No change in £(28.98 + 0.69 vs. 28.97 + 0.46/cnf in control and PTH-
treated groups, respectively; Figure 4.7B) and(12.36 + 0.23 vs. 12.43 £ 0.16
uF/cnf; Figure 4.7B) was observed.

Further analysis of the membrane electrical progeerat different time
points after PTH treatment showed that alteration®, and R were transient and
reversible despite a continual exposure to PTH. ddeeased Rapidly recovered to
the near-baseline level within 5 min and then remdi steady (Figure 4.7A).
Conversely, the recovery of,Rppeared to be slower. Neitheyitr G, was affected
throughout the course of PTH stimulation (Figurés).

These results implicated that PTH activated trariep®in both apical and
basolateral membranes of Caco-2 monolayer, leatdirgjgnificant decreases inaR
and R. Thus, impedance analysis was capable of predictindpe mechanism of
action of PTH. Transporters and signaling pathways involved ia tBsponse were

then determined by Ussing chamber technique iméxé series of experiments.
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Figure 4.6 Electrical impedance in the control and PTH-treaBato-2 monolayer.
The data is presented ifA) Nyquist plot, (B) Bode phase plot, an(C) Bode
magnitude plot. Closed and open circles repressuits measured in the basal period
and at 1 min after adding 10 nmol/L PTH, respetyivdhe impedance data were
automatically fitted with the lumped model, and theves are shown in solid lines.
The obtained parameters were as followed; basdipieal membrane resistance,R
= 2028.00Q-cn?, basolateral membrane resistancg) (R 1044.00Q-cn?, apical
membrane capacitance G 27.43uF/cnt, basolateral membrane capacitance) (€€
12.84pF/cnt; 1 min after adding 10 nmol/L PTH,,R 1077.00Q-cn?, R, = 111.40
Q-cn?, C, = 29.30 uF/en?, C, = 12.80puF/cnf. Zg, real term of impedance;;,Z

imaginary term of impedance; |Z|, magnitude of idgee.
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Figure 4.7 Effect of PTH on the plasma membrane electricapertes in Caco-2
monolayer. The monolayer was exposed on the basalatide to 10 nmol/L PTH.
The membrane capacitance and resistance were addbyzimpedance analysis at 0
(baseline), 1, 5, 10, 15, 20, 25, 30, 35, and 4Dafter PTH exposuréA) Apical (Ry)
and basolateral (fRresistance of the monolay€B) Apical (G) and basolateral (£
conductance of the monolayeP ¥ 0.05 (paired-test) compared with their respective
baseline values at 0 min. Numbers in parenthesgsgent the number of monolayers

in each group.
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4.3 The target transporters and signaling pathwaysf PTH in Caco-2

cells

Since the results from impedance analysis indictitalPTH activated the
transcellular transporters in both apical and lmechl membranes, the present
experiments were to examine the effect of PTH andcellular ion transport as well

as the responsible transporters and signaling @athw

4.3.1 Effect of PTH on epithelial ion transport inCaco-2 monolayer

To study the action of PTH on ion transport, eleatrparameters, i.e.,;V
lso and R, of the Caco-2 monolayer were measured by Ussiragnber technique
under a DC-based open-circuit condition. Exposord@ nmol/L PTH induced an
increase ingt (apical negative) that peaked within 1 miis{ = 14.42 + 1.53A/cm?),
followed by a slow decay (Figure 4.8A). Thereaftgywas sustained at a level above
the baseline for >45 min. This response of Caco<hatayer resembled anion
secretion caused by forskolin (Figure 4.2). Thekpkaresponse Als) was dose-
dependent, which confirmed specificity of PTH (Figu4.8B). The concentration
which caused half-maximal response {gQvas at 3 nmol/L. The maximal response
was observed at 10 nmol/L and this concentratios wgd throughout the study. PTH
exposure on the apical side exhibited a much |lgeak L. response when compared
to basolateral exposure (2.38 + 0.72 vs. 18.63B3 2A/cm?; Figure 4.8C).

To confirm the specificity of PTH, action of 1-34I® (active form of
PTH) was compared to 13—-34 PTH (inactive form oHP®r autoclaved 1-34 PTH.
The result showed that both 13-34 PTH and autodldv&4 PTH had no effect on
Caco-2 monolayer (1-34 PTH vs. 13-34 PTH vs. aated 1-34 PTH; 13.09 = 1.01
vs. 0.54 £ 0.10 vs. 0.40 0.19\/cm2; Figure 4.9). Furthermore, the response of the
monolayer to PTH was abolished when PTH was préatmd with various
concentrations of PTH antibody in a dose-depenchamner. This result indicated that
the response of the monolayer was specific to PTH.

Taken together, it could be concluded that PTHvatgd ion secretion in

Caco-2 monolayer.
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Figure 4.8 Effect of PTH on ion transport in Caco-2 monolay@&). A representative
tracing of transepithelial potential difference)(\8howing the response of Caco-2
monolayer to 10 nmol/L PTH added in the basolateo#tition.(B) A dose-response
relationship of PTH. Changes ig. Were plotted against increasing doses of PTH
added in the basolateral solution. Half-maximal {§f@nd maximal responses were
achieved at 3 and 10 nmol/L PTH, respectivéG) A comparison between addition
of 10 nmol/L PTH in the basolateral vs. apical solu **P < 0.01 (Mann-Whitney

U-test). Numbers in parentheses represent the nuohibeonolayers.
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Figure 4.9 Specificity of L. response of Caco-2 monolayer to PTH. The monolayer
was exposed on the basolateral side to 10 nmol34 PTH (active form of PTH), 10
nmol/L 13—-34 PTH (inactive form of PTH), or 10 nifiohutoclaved 1-34 PTH. For
PTH antibody experiment, 1-34 PTH was preincubatitidl PTH antibody at various
dilutions (1:10000, 1:1000, 1:100, or 1:10) prior adding the mixture in bathing
solution. *** P < 0.001 compared with the 1-34 PTH-treated grddpmbers in

parentheses represent number of monolayers inggaap.
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4.3.2 Effect of PTH on the paracellular resistanceof Caco-2
monolayer

To study the effects of PTH on the paracellularstaace (R) of Caco-2
monolayerH-mannitol flux was first used as an indicator fioe change in Rduring
PTH stimulation. The results showed tfidtmannitol flux was not affected by PTH
(control vs. PTH; 27.47 + 2.26 vs. 26.22 + 1.64 fitdon?; Figure 4.10A). R was
also determined using nystatin-induced membrans@abilization method (Wills et
al., 1979). R of both control and PTH-treated groups were fotmdtbe comparable
(269.04 + 15.4&2-cnPvs. 268.66 + 11.48-cn¥; Figure 4.10B).

These results indicated that PTH had no effect pm Raco-2 monolayer.
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Figure 4.10Effect of PTH on the paracellular resistancg) (& Caco-2 monolayer.
(A) Transepithelia®H-mannitol flux in control and PTH-treated Caco-®nmlayer.
®H-mannitol flux was an indicator of the widening tfe tight junction.(B) Ry in
control and PTH-treated Caco-2 monolayer as medsurg nystatin-induced
membrane permeabilization method. Numbers in phesetss represent the number of

monolayers.
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4.3.3 Effects of Cl and/or HCO3 depletion on the PTH-stimulated ion
transport in Caco-2 monolayer

Since the results from the previous Ussing chanelperiments showed
that PTH induced anion secretion in Caco-2 monoléygure 4.8), the secreted ions
were then examined whether they were @I HCG;™ by the present ion substitution
experiments. Clor HCQ;™ in the bathing solution was replaced with glucenat
HEPES, respectively. Interestingly, @epleted solution had no effect on the PTH-
stimulated J; (16.72 £ 1.32 vs. 15.08 £ 1.4123\/cm2; Figure 4.11), indicating that ClI
was not involved in such PTH response. However, Fi@€épletion could abolish the
action by ~80% (16.72 + 1.32 vs. 3.66 + 0;68/cm?). Depletion of both Cland
HCO; from the bathing solution also decreased the Riddged J. response to PTH
at the level comparable to HGOremoval (2.74 + 0.811A/cm? ~80% reduction).
These results suggested that it was HCBut not CI, that was transported across the

monolayer after PTH stimulation.
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Figure 4.11Effects of CI and/or HC@ depletion on the PTH-induceg fesponse in

Caco-2 monolayer. Cland/or HC@ in the bathing solution were substituted with
gluconate and/or HEPES, respectively. The monolaserthen exposed to 10 nmol/L
PTH in the basolateral solution. *® < 0.001 compared with the control group.

Numbers in parentheses represent the number oflay@ms.
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4.3.4 The sources of HC@ for the PTH-stimulated HCO3™ secretion
in Caco-2 monolayer

Basolateral uptake of HGO was evaluated by incubating Caco-2
monolayer with the blockers of N&*/CI™ cotransporter-1 (NKCC1; 10Qmol/L
bumetanide) or electrogenic MACO;™ cotransporter-1 (NBCel; 5q0mol/L DIDS)
on the basolateral side before 10 nmol/L PTH expmosBumetanide did not inhibit
the PTH response (16.98 + 1.09 vs. 17.95 + LA8m?; Figure 4.12), consistent with
the findings from the previous experiment that @iedepletion had no effect on the
PTH response (Figure 4.11). However, the PTH aottas markedly diminished by
~90% after exposure to DIDS (16.98 + 1.09 vs. 1#8@.85 pA/cm?). This result
indicated that NBCel supplied HGOfrom the basolateral side. Since NBCel
requires the activity of N&K*-ATPase for maintaining Nagradient, addition of
ouabain (1 mmol/L), an inhibitor of the NK*-ATPase, to the basolateral side also
inhibited the PTH action (16.98 + 1.09 vs. 2.70 #10uA/cm?, ~85% reduction).
Furthermore, HC@ could be generated intracellularly as methazolaniidmmol/L),
an inhibitor of carbonic anhydrase, reduced the Pasponse by 60% (16.98 + 1.09
vs. 7.08 + 0.81A/cm?; Figure 4.12).

These results suggested that NBCel in the basallawembrane played a
major role in PTH regulation of HGO secretion in Caco-2 cells, and carbonic
anhydrase in the cytoplasm also helped generate ;HE@M CG, for the apical
HCOs™ secretion.
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Figure 4.12 Effects of various inhibitors of basolateral menmaaransporters and
carbonic anhydrase on the PTH-stimulatedrésponse in Caco-2 monolayer. The
monolayer was preincubated with W&/CI~ cotransporter-1 (NKCC1) inhibitor (100
umol/L bumetanide), electrogenic NEHCO;™ cotransporter-1 (NBCe1) inhibitor [500
umol/L 4,4-diisothiocyanatostilbene-Z;@8isulfonic acid disodium salt hydrate
(DIDS)], Na'/K*-ATPase inhibitor (1 mmol/L ouabain), or carboniahgdrase
inhibitor (1 mmol/L methazolamide) prior to 10 nthoPTH exposure. DMSO was a
vehicle for inhibitor preparation. * < 0.001 compared with the control grolif® <
0.01 compared with the ouabain-treated group. Nusnibeparentheses represent the

number of monolayers.
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4.3.5 Responsible apical ion channels for the PTHisulated HCO3~
efflux in Caco-2 monolayer

To investigate the apical transporters which medi&tCO;~ efflux from
Caco-2 cells, the monolayer was pre-treated witlioua anion transporter blockers.
The PTH-stimulateds} response was significantly inhibited by apical @syre to a
broad-spectrum Clchannel blocker, NPPB, in a dose-dependent ma(ifigure
4.13). The PTH action was markedly abolished byhilgbest dose of NPPB by ~95%
(200 pmol/L; 12.97 + 0.40 vs. 0.83 + 0.18A/cm?). Moreover, the specific CFTR
blockers, thiazolidinone CFTR-172 and glycine hydrazide GlyH-101, were used to
determine the role of CFTR, which can transport HCAaross various epithelial cells
including the enterocytes (Kim and Steward, 2008¢ Et al., 2009). CFTR-172
inhibited the PTH-stimulatedslresponse in a dose-dependent manner. The highest
dose of CFTRx-172 (20umol/L) strongly blocked the PTH action ~80% (1287
0.40 vs. 2.70 + 0.2RA/cm?), while GlyH-101 (50umol/L) showed ~80% inhibition
(12.97 + 0.40 vs. 3.07 + 0.28A/cm?). These results implied that CFTR played an
important role in apical HC® secretion induced by PTH in Caco-2 monolayer.
However, the PTH-stimulated.Iresponse was not affected by apical application of
anion exchanger inhibitor DIDS (5@0nol/L; 12.97 + 0.40 vs. 12.07 + 1.1d\cm?),
which can inhibit apical CaCC and HCO;” exchangers, but not CFTR.

Taken together, CFTR, but not CaCC orf/BCOs; exchangers, in the
apical membrane mediated HgOefflux during PTH stimulation in Caco-2

monolayer.
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Figure 4.13Effects of various Clchannel inhibitors on the PTH-inducedrkesponse
in Caco-2 monolayer. The monolayer was preincubatddthe inhibitors which were
added to the apical bathing solution at the follmyvconcentrations: 20, 50, 100, and
200 pmol/L of the broad-spectrum Tl channel inhibitor 5-nitro-2-(3-
phenylpropylamino)benzoic acid (NPPB); 2, 5, 10d &0 umol/L of specific cystic
fibrotic transmembrane conductance regulator (CFTiR)ibitor thiazolidinone
CFTRn-172; 50umol/L of specific CFTR inhibitor glycine hydrazid&lyH-101);
500 umol/L anion exchanger inhibitor DIDS (which blooksf*-activated Cl channel
(CaCC) and CIHCO; exchangers, but not CFTR). DMSO was a vehiclenfoibitor
preparation. **P < 0.001 compared with the control group. Numbarparentheses

represent the number of monolayers.
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4.3.6 Involvement of N&/H" exchanger (NHE) in the PTH-stimulated
HCOj3 secretion in Caco-2 monolayer

The previous study by Laverty and coworkers (20€18)wed that NHE
was involved in the PTH action in chick proximabtlar cells. Moreover, NHE1 and
NHE3 are expressed in the basolateral and apicahbrane of Caco-2 cells,
respectively (Sambuy et al., 2005). Therefore, risle of NHE in the PTH-induced
HCO;™ secretion in Caco-2 cells was investigated in $kises of experiments. On the
apical side, 1Qmol/L amiloride known to have no effect on NHE1MNIE3 did not
block the PTH-inducedsd response (16.62 + 0.80 vs. 16.39 + 1;@8cm?® Figure
4.14). Nevertheless, 10@mol/L amiloride known to fully inhibit NHE1 and bi&
NHE3 by ~50% significantly inhibited the PTH acti¢t6.62 + 0.80 vs. 10.24 + 1.15
uA/cm?, ~40% reduction), while 1 mmol/L amiloride, whidhhibits all types of
NHESs, diminished the PTH action by ~70% (16.62800vs. 5.40 + 0.6iA/cm?). In
addition, EIPA, a derivative of amiloride with NHBRhibitory activity was used to
confirm the role of NHE in the PTH action. EIPA atconcentration of 1@mol/L
known to fully inhibit NHE1 and block NHE3 by ~50%ould block the PTH-induced
lsc response by ~40% (16.62 + 0.80 vs. 10.01 + fA/Sm?). The inhibition by EIPA
was dose-dependent. The highest concentration A E50 umol/L), which inhibits
all types of NHEs, suppressed the PTH action byo-856.62 £ 0.80 vs. 2.77 + 0.64
nA/cm?). These results suggested that NHE3 in the apiesthbrane was involved in
the PTH-induced HC® secretion in Caco-2 cells.

Amiloride and EIPA were also preincubated on theokateral side of the
monolayer to examine the role of basolateral NHA&hiloride (1 mmol/L) as well as
EIPA (50umol/L) inhibited the PTH action by ~50% (control. @niloride vs. EIPA,
16.62 = 0.80 vs. 9.14 £ 0.62 vs. 8.01 = Oﬂ/@/cmz; Figure 4.14). These results
suggested that basolateral NHE1 also played aimotee action of PTH in Caco-2

monolayer.
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Figure 4.14Effects of amiloride and 5-(N-ethyl-N-isopropyl) aonide (EIPA) on the
PTH-induced J. response in Caco-2 monolayer. The monolayers werimcubated
with inhibitors at the following concentrations:, M0, and 100@mol/L amiloride in
the apical solution; 10, 20, and Mdnol/L EIPA in the apical solution; 1 mmol/L
amiloride in the basolateral solution; or pol/L EIPA in the basolateral solution.
DMSO was a vehicle for inhibitor preparation. #*< 0.001 compared with the

control group. Numbers in parentheses representuher of monolayers.
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4.3.7 Involvement of K channels in the PTH-stimulated HCQ~
secretion in Caco-2 monolayer

To examine whether Kchannels played roles in the response of Caco-2
monolayer to PTH, 5 mmol/L Bag(a nonspecific K channel inhibitor), 10@mol/L
chromanol 293B (a blocker of cAMP-activated” Khannel) and 100 nmol/L
charybdotoxin (a blocker of Gaactivated K channel) were preincubated on the
basolateral side of the monolayer prior 10 nmolllHRexposure. BaGlreduced the
PTH action by ~30% (12.10 + 0.63 vs. 8.51 + Ou83cm?® Figure 4.15). However,
neither chromanol 293B nor charybdotoxin inhibitée PTH-inducedst response
(control vs. chromanol 293B vs. charybdotoxin, 024 0.63 vs. 11.23 + 0.55 vs.
11.39 + 1.61uA/cm?), suggesting that Kchannels apart from cAMP-activated and
Cd*-activated K channels were involved in the action of PTH in Gaaells.
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Figure 4.15Effects of K channel blockers on the PTH-inducegrésponse in Caco-2
monolayer. Each inhibitor was preincubated on thsolateral side of the monolayer
at the following concentration: 5 mmol/L BaQh nonspecific K channel inhibitor);
100 umol/L chromanol 293B (a blocker of cAMP-activated khannel); or 100
nmol/L charybdotoxin (a blocker of &aactivated K channel). DMSO was a vehicle
for chromanol 293B and charybdotoxin preparationmiders in parentheses represent

the number of monolayers.
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4.3.8 Responsible signaling pathways for the PTHistulated HCO3™
secretion in Caco-2 monolayer

In the last experiment, signaling pathways of PTiHCiaco-2 cells were
examined. Inhibitors of PTH signaling pathways weseeincubated with the
monolayer in both apical and basolateral sidesr gddlO nmol/L PTH exposure. A
PKA inhibitor, 20umol/L PKI 14-22, decreased the PTH action by ~70%16 +
1.39 vs. 5.33 + 1.0pA/cm? Figure 13). However, an intracellular Cahelator, 50
umol/L BAPTA-AM, and a protein kinase C (PKC) inHity, 1 pmol/L GF-109203X,
had no effect on the PTH action (control vs. BAPARK vs. GF-109203X, 17.16 +
1.39 vs. 13.46 + 1.82 vs. 15.89 + 1.08/cm?), while PI3K inhibitors, 200 nmol/L
wortmannin and 7umol/L LY-294002, inhibited the PTH-induced. response by
~50% (control vs. wortmannin vs. LY-294002, 17.16.39 vs. 8.47 + 0.58 vs. 9.91 *
0.86pAlcm?).

These results indicated that PTH activated HCs2cretion via the PKA
and PI3K pathways.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Mollecuvedicine) / 67

Figure 4.16 Effects of signaling pathway inhibitors on the Pirtduced {. response
in Caco-2 monolayer. The monolayers were prein@aguwiith the inhibitors added in
both apical and basolateral solution at the follmyoncentrations: a protein kinase A
(PKA) inhibitor, 10 pmol/L protein kinase inhibitor 14-22 (PKI 14-22)n a
intracellular C&" chelator, 50pmol/L 1,2- bisp-aminophenoxy)ethane-N,N’)NI-
tetraacetic acid tetra (acetoxymethyl) ester (BAPAM); a protein kinase C (PKC)
inhibitor, 1 pmol/L GF-109203X; phosphoinositide-3-kinase (PI3Khibitors, 200
nmol/L wortmannin and 7fmmol/L LY-294002. DMSO was a vehicle for inhibitor
preparation. **P < 0.001 compared with the control group. Numbarparentheses

represent the number of monolayers.
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CHAPTER V
DISCUSSION

Electrical circuitry of epithelia is composed ofapina membranes and
tight junctions. The properties of the plasma memnbr can be described as a
combination of capacitance and resistance, wheheatsght junction is represented by
a single resistance. However, these electrical e&isn cannot be determined
individually by a DC-based technique. The preseémdys used AC-based impedance
spectroscopy as a model for measuring capacitanderesistance of the plasma
membrane in Caco-2 monolayer. The accuracy of tdghnique was confirmed by
showing the forskolin-stimulated alterations of tpgasma membrane electrical
properties. Moreover, impedance analysis was us@deisure changes in the plasma
membrane capacitance and resistance induced byt®Predict the mechanisms of
PTH action. Finally, the PTH mechanisms were furtheestigated by identifying the
responsible transporters and signaling pathwayshbyUssing chamber technique.
This study thus demonstrated a novel applicatiothefimpedance analysis in the

prediction of the biological responses of epitHalglls to hormonal treatment.

5.1 Plasma membrane capacitance and resistance ofadcd-2

monolayer

Impedance analysis has been used to determine ldseng membrane
capacitance and resistance of gastric (Clauseh,et982), corneal (Clausen et al.,
1986), gall bladder (Moser et al., 2007), renal I[fVet al., 1993), and colonic
epithelia (Wills and Clausen, 1987). However, theasurement of plasma membrane
electrical properties in intact epithelia is coropted by the underlying connective

tissue and muscle layers, both of which also advaasers to the applied electrical
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currents. In addition, the impedance measuremecdrigplicated by heterogeneity of
cells which are structurally different and thus éadistinct electrical properties.
Therefore, intestinal epithelial cell line Caco-2asv used to overcome the
aforementioned limitations. Caco-2 cells are sugtdbr this type of study because
their structure and function resemble human smédistinal epithelial cells (Bailey et
al., 1996; Hilgers et al., 1990; Sambuy et al.,500

Impedance was analyzed based on the lumped equiv@teuit (Figure
2.3). The lumped model simplifies the morphologytlté epithelium into 2 separate
membranes which connect in parallel with the pdhalee resistance. Although some
investigators suggested that the contribution eflétteral intercellular space resistance
should be resolved by the distributed equivalerdudi model (Figure 2.4), the effect
of distributed resistance in leaky epithelia sushngestine was not important (Clausen
et al., 1979). Generally, the lumped model is adegdor determining resistive and
capacitive components, as shown in the previousiegun human colonic T84 cells
(Singh et al., 2002) and human bronchial epithelkdls (Kreindler et al., 2005).

During the basal period, the apical resistangeaRd the basolateral
resistance Rof Caco-2 cells was 2141.30 + 222.50 and 993.960:96 Q-cnT,
respectively (Table 4.2). The calculated apical fdmeme fractional electrical
resistance [R(Ra + Ry)] was 0.67 £ 0.01. These values were consistettt tie
previous report using a direct microelectrode rdicwy in Caco-2 cells showing,R®f
~2300Q-cn?, and the apical membrane fractional electricaktasce of 0.76 + 0.02
(Grasset et al., 1984). The apical and basolataqadcitances, £and G, of Caco-2
cells in this study were also comparable to theieslreported in mammalian colon as
determined by impedance analysis,[28.98 + 0.6QiF/cnf vs. 20.70 + 1.7QF/cnt;

Cb, 12.36 + 0.23 vs. 9.80 + 0.70-/cnf] (Wills and Clausen, 1987). Thus, the present
impedance analysis could be used to accuratelyrrdete the plasma membrane
capacitance and resistance in Caco-2 monolayer.

To validate the impedance technique in Caco-2 aetisedance of Caco-2
monolayer was determined during forskolin stimwalati Forskolin is known to
increase the intracellular cAMP levels which inntgtimulate anion secretion through
apical CFTR. This process normally causes a reslugti the apical and basolateral
membrane resistance (Bajnath et al., 1991; Gradsat, 1985; Moser et al., 2007,
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Singh et al., 2002). In this study, decreases th Bg and R after forskolin treatment
were detected (Figure 4.4) and also correlated aitlincrease insd as measured by
DC-based Ussing technique (Figure 4.2). These teegudlicated that the forskolin-
induced changes in plasma membrane resistance beuttttermined by the present
impedance spectroscopic technique.

Forskolin led to anion secretion by activating s@orters in both apical
and basolateral membranes. Activation of apical RRVas explained by direct
phosphorylation by cAMP-dependent protein kinase.,(iPKA), thus leading to
channel opening (Gadsby and Nairn, 1999). Ameen aligéagues (2000) further
showed that cAMP also induced CFTR insertion todpi&al membrane. Fusion of
CFTR-rich vesicles to the apical membrane could l@aa detectable change in the
plasma membrane capacitance as the plasma mendapaetance was proportional
to the plasma membrane area (Clausen et al., 1888yever, the present study
suggested that the reduction inWas caused by the increased channel opening rather
than vesicle fusion since there was no changedrafiical membrane capacitance. On
the other hand, a decrease ip €vbuld result from the activation of basolateral
transporters involved in forskolin-induced aniorcrs¢ion, such as K channels,
NKCC1, NBCel, and/or N&*-ATPase (Figure 2.5), all of which were found to be
activated by cAMP (Bachmann et al., 2003; Barratt Keely, 2000; Carranza et al.,
1998; Reynolds et al., 2007).

5.2 Application of impedance analysis in predictingiological actions

of PTH in Caco-2 monolayer

Application of impedance spectroscopy in predictittge biological
responses of cells to hormonal treatment was detmaded by the study of Caco-2 cell

responses to PTH.
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5.2.1 Direct PTH action on Caco-2 monolayer

Several previous studies on PTH action suggestedrtitial roles of PTH
in regulating renal transport of various ions, imtthg C&* (van Abel et al., 2005),
Na" (Azarani et al., 1995; Bezerra et al. 2008; Fanlgt1999; Girardi et al., 2000),
CI™ (Laverty et al., 2003), HP# (Zhang et al., 1999), HGO(Bank et al. 1979;
McKinney and Myers, 1980a and 1980b), and*M@uamme, 1997). In human
intestine, PTH usually stimulated €aand HPGQ* absorption indirectly through
1,25(0OH}D3 action (Cross et al., 1990; Khanal and Nemere 8p0However, the
direct effect of PTH on the intestine was still leac.

In this study, PTHR1 was found to be expressedacoc2 cells, consistent
with previous reports of the expressions of PTHRRNA and protein in rat small
intestine (Urena et al., 1993; Watson et al., 2000)HR1 was the major isoform
which mediated PTH action in bone and kidney, wH€HR2, which was less
abundant in Caco-2 cells, was mainly expressechénhirain and did not show a
physiological role in other organs (Juppner, 19992abo et al., 2010; Usdin et al.,
1995). Apart from PTHR expression, Massheimer awiockers (2000) demonstrated
that PTH could activate cAMP/PKA and PLC/lRtracellular C&" pathways in rat
enterocytes. In chick enterocytes, PTH also bounBTHR which in turn activated
PKA (Nemere, 1996 and 1999). Therefore, it was esgggl that PTH had a direct ion
regulatory action in the intestine independent,@6{OH)}Ds.

5.2.2 PTH-induced changes in plasma membrane ressice in Caco-2
monolayer

PTH action was further examined by impedance spsobpy in Caco-2
cells. Ry and R, were decreased at 1 min after PTH administraftogufe 4.7A). This
response was correlated with the rapidly incredsedevealed by DC-based Ussing
chamber technique (Figure 4.8A). This altergdnibrmally indicated electrogenic
anion secretion across the monolayer. Various nawod which increased the
intracellular cAMP levels and subsequently actigdataion transport have been shown
to lower the resistance of both apical and bas@hteembranes (Moser et al., 2007;
Paunescu and Helman, 2001; Singh et al., 2002)s,Time decreased,Rnd R in

Caco-2 monolayer might reflect the increased dgtiaf apical and basolateral
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transporters, which were usually under the regouhatif CAMP/PKA- and PKC/C&-
dependent signaling pathways. Moreover, the ragoeé R, and R even in the
presence of PTH implicated possible desensitizaifdATH receptors, presumably by
receptor internalization as seen in the kidneylaoak (Ferrari et al., 1999; Pun et al.,
1990; Vilardaga et al., 2002).

Since PTH was found to induce anion secretion ilto€a monolayer
(Figure 4.8A), and the cAMP/PKA pathway was thessieal PTH signaling in the
intestine (Massheimer et al., 2000), the cAMP-depah CFTR is the most likely ion
channel in the apical membrane for PTH-induced rarsecretion. cAMP directly
induced phosphorylation of CFTR and later causedncll opening for anion
secretion (Gadsby and Nairn, 1999). This proceafdaexplain the rapid reduction of
Ra in the PTH-exposed Caco-2 cells. A decrease gnnfight result from the
stimulation of basolateral transporters for anigrmake. By using DC-based Ussing
chamber technique, the basolateral NBCel, NHE1IN&UK -ATPase were found to
be involved in PTH action (Figures 4.12 and 4.4y activation of these transporters
could cause a reduction in,.FSuch basolateral transporters had also been kimwa
regulated by cAMP and PKA (Azarani et al., 1995¢iBaann et al., 2003; Carranza et
al., 1998).

Changes in plasma membrane electrical propertiesuaually directly
associated with membrane structure itself. Plasnmamimane is composed of
phospholipid bilayers which contain a hydrophobiempartment in between 2
hydrophilic surfaces resembling a sandwich strgcturhis structure effectively
maintained a separation of charge, similar to &aetednic capacitor. In general, the
phospholipid bilayers resemble a parallel-plateacépr which is composed of 2
parallel conductive plates separated by a dieteatnedium. Plasma membrane
capacitance was relatively unaffected by the eméedcholecules (e.g., integral
membrane proteins), and the value was directly gntagnal to the plasma membrane
area [normal value of plasma membrane capacitahaesimgle cell was ~LF/cnf]
(Cole, 1972). Therefore, plasma membrane capaeitaoald be used as an indicator
of plasma membrane surface area. Any cellular s which altered cell surface
area (e.g., endocytosis or vesicle fusion) coulthdeectly determined by changes in

the plasma membrane capacitance. Clausen andqude41982) also elucidated the
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mechanism of bullfrog gastric acid secretion byngghe membrane capacitance as a
representative of plasma membrane area. Spegyfidaké histamine-induced gastric
acid secretion which resulted from insertion ohs@orter-rich vesicles into the apical
plasma membrane was demonstrated by this technigulee present study, PTH had
no effect on ¢or G, throughout the PTH-exposed period (Figure 4.7Bplicating
that PTH did not cause new CFTR insertion througkiale fusion to the apical

plasma membrane.

5.3 Mechanisms of PTH-induced HC@ secretion in Caco-2 cells

Functional study of the direct PTH action was fartperformed by DC-
based Ussing chamber technique. PTH substantradigaseds) (apical negative) in a
dose-dependent manner, suggesting that PTH dirstithyulated anion secretion in
Caco-2 cells (Figures 4.8A and 4.8B). The finditiyt 13—-34 PTH (an inactive form
of PTH), autoclaved PTH, and neutralized PTH bycdgmePTH antibody did not
increase & (Figure 4.9) indicated that this response wasiBpd¢o PTH. Since PTH
did not change mannitol flux, an indicator of thedening of the tight junction
(Krugliak et al., 1994; Madara, 1989; Perez et H)97), or even Ras measured by
nystatin-induced membrane permeabilization methibdy PTH-stimulated anion
secretion should occur solely via the transcellpithway (Figures 4.10A and 4.10B).

HCO;  depletion that markedly attenuated PTH action Wfég4.11)
indicated that HC@ was the major anion secreted during PTH exposBhece
depletion of Cl had no effect on the PTH action,” @as unlikely to be involved in
the PTH-induced anion secretion. Some cAMP-producimediators also induced
HCO;™ secretion in the intestinal epithelial cells (Tetaal., 2009; Zhu et al., 2004). In
the present study, the PTH-induced HC®ecretion was confirmed by the findings
that DIDS (as an inhibitor of NBCel), and not buaméte (an inhibitor of NKCC1),
in the basolateral solution blocked the PTH-indukgdhanges (Figure 4.12). In the
rat colon, HC@ was responsible for the bumetanide-insensitivekiaim-evoked

anion secretion (Schultheiss and Diener, 1998). ddmribution of NBCel was also
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confirmed by the evidence that the PTH action wiasirdshed by the inhibitor of
Na'/K*-ATPase, which was required for NBCel activity (Fig4.12). Several studies
demonstrated that HGOentered the cell through NBCel in the basolateehbrane
(Ainsworth et al., 1996; Ishiguro et al., 1996; Maod et al., 1996). Although the
basolateral HC® influx could also be supplied by basolaterall@CO;~ exchangers,
such transport was not dependent on/K&ATPase activity, and was considered
electroneutral (Romero et al.,, 2004). Some invagtig suggested that HGO
generated by intracellular carbonic anhydrase atsutributed to HC@ secretion
(Feldman, 1994; Feldman et al., 1988; Furukawal.et2804; Moser et al., 2007).
Since the PTH-induced HGO secretion was diminished after exposure to
methazolamide, an inhibitor of carbonic anhydrdsgure 4.12), carbonic anhydrase
did help to supply HC® for the PTH-enhanced apical HgGQecretion.

CFTR was the major apical HGCchannel in this study as confirmed by
the use of 2 different CFTR inhibitors (CFRL72 and GlyH-101; Figure 4.13). The
results were consistent with the evidence that CFWURs activated through
cAMP/PKA, which were also the downstream signalmglecules of PTH in most
target organs (Gadsby and Nairn, 1999; Lee anditgat 2009; Massheimer et al.,
2000). Laverty and coworkers (2003) observed simPaH effects on CFTR
stimulation in chick proximal tubule. In additioa EFTR, C&"™-activated Cl channel
(CaCC) was expressed in Caco-2 cells, but with veetoexpression compared to
CFTR (Zhu et al., 2004). Indeed, Cwas one of the second messengers downstream
to PTHR in intestinal cells (Massheimer et al., @0Anvolvement of CaCC in the
present study must, therefore, be excluded expeataitg. Since DIDS (also an
inhibitor of CaCC) in the apical solution was ureahd inhibit the PTH action (Figure
4.13), CaCC was not responsible for the PTH-induggresponse. This finding was
consistent to the previous report of Davenport emlteagues (1996) that CaCC was
not functional in Caco-2 cells. Therefore, CFTR whe principal channel in the
apical membrane for the PTH-enhanced HCs&cretion in Caco-2 monolayer.

Laverty and coworkers (2003) further showed thatBENias involved in
the PTH action in chick renal proximal tubular selThe involvement of NHE in the
PTH action in Caco-2 cells was evaluated using-digée amiloride and EIPA, both

of which when present in the apical solution blatkbe L. response in a dose-
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dependent manner (Figure 4.14). At their half-iitbity concentrations (I6) on
NHE3, the PTH actions were inhibited by ~40%. Ome thasolateral side, both
amiloride and EIPA at concentrations known to inthdl types of NHE (Orlowski,
1993) blocked the PTH action by ~50%. Since NHE3 [dRHE1 were abundant in the
apical and basolateral membrane of Caco-2 celpertively (Sambuy et al., 2005),
both types of NHEs might indirectly contribute t@Hrinduced HCQ@ secretion,
perhaps by extruding the excesspfoduced by carbonic anhydrase.

Basolateral K channels helped to recycle’ Kons for Nd/K*-ATPase,
which in turn provided a driving force for NBCel.okkover, N&K*-ATPase
maintained a hyperpolarized membrane voltage (@ethalar negative) that was
crucial for anion secretion (Kunzelmann and Mall02). Two main types of K
channels have been characterized in the basolatena@brane of mammalian colon,
namely cAMP- and C&activated K channels. However, the PTH action was
insensitive to chromanol 293B and charybdotoxinicWispecifically inhibited cAMP-
and C&"-activated K channels, respectively. Zhu and colleagues (286%) showed
that the tetramethylpyrazine-induced cAMP- and*@&pendentg} change in Caco-2
monolayer was not blocked by chromanol 293B or yitdotoxin. These results
suggested that other Kchannels were involved in the PTH-induced HCSecretion.
Some studies demonstrated the involvement of atenii acid-activated K
channels, which showed distinct characteristicenfrAMP- and C&-activated K
channels, in Clsecretion in T84 colonic cells (Barrett and Bigh$93; Devor and
Frizzell, 1998). Moreover, it was also possiblet tBa *-activated K channels might
compensate for cAMP-activated*Kchannel activity during cAMP-activated *K
channel inhibition, and vice versa. The responsklechannels for the PTH action
remain to be investigated.
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5.4 Signaling pathways involved in PTH-induced HC@ secretion in

Caco-2 monolayer

Signaling pathways of PTH through PTHR have bederestvely studied
in bone and kidney (Lee and Partridge, 2009; Tategl., 2006). PTHR, a member of
GPCR superfamily, exerted its action through 2edéht G-proteins, namely,&and
Guq. Gus increased cAMP levels which, in turn, activatedAPKConsequently, PKA
phosphorylated downstream PTH targets, such 4sdbannels (Picotto et al., 1997).
On the other hand, & stimulated PLC which cleaved Bl the plasma membrane
into DAG and IR. IP; induced C4' release from SER and thus increased intracellular
Cd&*. DAG then activated PKC which further phosphomtatdownstream PTH
targets, such as €achannels (Fritsch and Chesnoy-Marchais, 1994)ak evident
that PTH also exerted its action through extraGallusignal-regulated kinase
(ERK)/mitogen-activated protein kinase (MAPK) patdw(Swarthout et al., 2001;
Verheijen and Defize, 1997). In the intestine, P3ighal transduction was similar to
that in the kidney and bone, i.e., involving cAMRA PLC/DAG/PKC,
PLC/IPyintracellular C4", and ERK/MAP pathways (Gentili et al., 2001; Masister
et al., 2000; Nemere, 1999).

The present study showed that PTH-induced kiCfcretion in Caco-2
cells was inhibited by PKI 14-22, wortmannin, and-294002, indicating the
involvement of PKA and PI3K (Figure 4.16). Both lpatys were found to regulate
some transporters responsible for HC®ecretion, e.g., NBCel (Bachmann et al.,
2003; Yu et al., 2009), CFTR (Tuo et al., 2009),B8HAkhter et al., 2002; Zhao et
al., 1999), NHE1 (Putney et al., 2002), and'/M&-ATPase (Bhargava et al. 2007;
Carranza et al., 1998). PTH also used cAMP/PKAathto induce Clsecretion in
the renal proximal tubular cells (Laverty et alQ03) and osteoblasts (Chesnoy-
Marchais and Fritsch, 1989). On the other hand, Ga&/PKC pathway did not
contribute to the PTH action since neither intradat C&£* chelator, BAPTA, nor
PKC inhibitor, GF-109203X, inhibited the PTH-indadc&. response in Caco-2 cells
(Figure 4.16). ERK/MAPK pathway was not investigata the present study, but it
was unlikely to be involved in PTH-induced HgEGecretion. The ERK and MAPK
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usually regulated cell proliferation at the genontéwvel, rather than the rapid
stimulation of intestinal ion transport (Chang aatin, 2001).

Taken together, the present investigation provieedence, for the first
time, that PTH exerted its direct ion regulatorydtion in the intestinal cells. This
PTH-induced HC®@ secretion may be essential for the luminal hydratind/or local
pH regulation for the digestive process. Howeverthier investigation is required to

demonstrate physiological significance of this Paddon in vivo.
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CHAPTER VI
CONCLUSIONS

The present study demonstrated the application wipedance
measurement in the analyses of the plasma memlsepazitance and resistance in
the intestinal epithelium-like Caco-2 monolayer. -A@sed impedance spectroscopy
was used to predict biological responses of Caceli2 to PTH, the action of which in
the intestine was previously not known. Finallpnsporters and signaling pathways
responsible for the PTH action were investigated D0y-based Ussing chamber

technique. Conclusions could be drawn as followed;

1. Impedance spectroscopy was capable of determininglgsma membrane

capacitance and resistance of Caco-2 cells.

1.1 Impedance analysis could determine baseline plasmanbrane
capacitance and resistance of Caco-2 monolayge=(£3.98 + 0.69
uF/enf, Gy = 12.36 + 0.23:F/cnt, Ry = 2141.30 * 222.5@-cn?, Ry
= 993.96 + 60.9&-cn).

1.2 Impedance analysis could detect the forskolin-tredu decrease in

plasma membrane resistance.

2. Impedance spectroscopy was capable of predictinge¢iPTH action on Caco-2

monolayer.

2.1 PTH reduced the resistance of both apical andidt@sal membranes,
indicating that transporters in both membranes \aeteated by PTH.

2.2 Plasma membrane capacitance was not affected HyiRiplying that
PTH action did not induce fusion of subapical viesio the plasma

membrane.
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3. PTH exerted direct actions on Caco-2 cells by stintating epithelial anion

secretion.

3.1 Caco-2 cells predominantly expressed PTHR1 mRNAckvwas the
functional PTHR isoform in most target organs, sashbone and
kidney.

3.2 Direct exposure to PTH induced anion secretioa oiose-dependent
manner [half-maximal effective concentration ¢gC= 3 nmol/L;
maximal effective concentration = 10 nmol/L].

3.3 13-34 PTH (inactive form of PTH), autoclaved 1+3PH, and 1-34
PTH preincubated with neutralizing PTH antibody dat show anion
secretion, indicating that this epithelial respowse specific to PTH.

4. Mechanisms and signaling pathways responsible fohé PTH-induced anion

secretion.

4.1 PTH had no effect on R indicating that PTH predominantly
increased transcellular ion transport rather trenagellular transport.

4.2 The principal anion secreted during PTH exposuas WICQ", and
not CI.

4.3 HCO;™ availability was provided by HCO entry through NBCel in
the basolateral membrane and endogenous JHCgeneration
catalyzed by carbonic anhydrase.

4.4 HCO; was secreted through CFTR in the apical membrane.

4.5 Apical NHE3 and basolateral NHE1 helped extrudeess H
produced by carbonic anhydrase.

4.6 Na'/K*-ATPase provided driving force for NBCel, and otH€r
channels apart from cAMP-activated and*activated K channels
helped recycle Kto the basolateral solution.

4.7 PTH exerted its action through PKA- and PI3K-dajmnt pathways.

This PTH action and its possible mechanism arectieghin Figure 6.1.
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Figure 6.1 Hypothetical diagram of PTH-induced HgOsecretion in Caco-2
monolayer. HC@ enters the basolateral membrane through electiodéai/HCO;~
cotransporter-1 (NBCel). NBCel requires *Neoncentration gradient which is
maintained by N&K*-ATPase activity. K is recycled to the basolateral side through
K* channel. HC@ is also partly generated by intracellular carb@ribydrase. HCO
leaves the cell through the apical cystic fibraesmembrane conductance regulator
(CFTR). Excess Hproduced by carbonic anhydrase is extruded byagheal Na/H*
exchanger-3 (NHE3) and basolateral "M& exchanger-1 (NHE1). PTH-induced
HCO;™ secretion is mediated by cyclic adenosine monqgputete (CAMP)/protein
kinase A (PKA) and phosphoinositide-3-kinase (PI3#gnaling pathways, which
have been known to activate apical CFTR and basalatNBCel activities
(Bachmann et al., 2003; Tuo et al., 2009). Inhisitof transporters and signaling

molecules are shown in the figure.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (MolecwMedicine) / 81

REFERENCES

Abou-Samra AB, Juppner H, Force T, Freeman MW, K&Rg Schipani E, Urena P,
Richards J, Bonventre JV, Potts JT Jr, Kronenbeld, Fbegre G.
Expression cloning of a common receptor for panatigly hormone and
parathyroid hormone-related peptide from rat odtsthike cells: a single
receptor stimulates intracellular accumulation ofhlbcAMP and inositol
trisphosphates and increases intracellular fregwal Proc Natl Acad Sci
USA 1992;89(7):2732-2736.

Agus ZS, Puschett JB, Senesky D, Goldberg M. Mofleation of parathyroid
hormone and cyclic adenosin€,53monophosphate on renal tubular
phosphate reabsorption in the dog. J Clin Inveg150D(3):617-626.

Ainsworth MA, Amelsberg M, Hogan DL, Isenberg Jkid-base transport in isolated
rabbit duodenal villus and crypt cells. Scand J tBasterol
1996;31(11):1069-1077.

Akhter S, Kovbasnjuk O, Li X, Cavet M, Noel J, Anpg\, Hubbard AL, Donowitz M.
Na'/H" exchanger 3 is in large complexes in the centethef apical
surface of proximal tubule-derived OK cells. Am ByBiol Cell Physiol
2002;283(3):C927-C940.

Ameen NA, van Donselaar E, Posthuma G, de Jongddiaughlin G, Geuze HJ,
Marino C, Peters PJ. Subcellular distribution of TRFin rat intestine
supports a physiologic role for CFTR regulation fgsicle traffic.
Histochem Cell Biol 2000;114(3):219-228.

Arnaud CD Jr, Tenenhouse AM, Rasmussen H. Parathyrormone. Annu Rev
Physiol 1967;29:349-372.

Azarani A, Goltzman D, Orlowski J. Parathyroid home and parathyroid hormone-
related peptide inhibit the apical MA® exchanger NHE-3 isoform in
renal cells (OK) via a dual signaling cascade ianig protein kinase A
and C. J Biol Chem 1995;270(34):20004—-20010.



Suparerk Laohapitakworn References / 82

Azarani A, Orlowski J, Goltzman D. Parathyroid home and parathyroid hormone-
related peptide activate the Wd® exchanger NHE-1 isoform in
osteoblastic cells (UMR-106) via a cAMP-dependeathpay. J Biol
Chem 1995;270(39):23166—-23172.

Bachmann O, Rossmann H, Berger UV, Colledge WH¢IRaR, Evans MJ, Gregor
M, Seidler U. cAMP-mediated regulation of murindgestinal/pancreatic
Na'/HCOs;  cotransporter subtype pNBC1. Am J Physiol Gastesin
Liver Physiol 2003;284(1):G37-G45.

Bailey CA, Bryla P, Malick AW. The use of the intiesl epithelial cell culture model,
Caco-2, in pharmaceutical development. Adv Drug iN2el Rev
1996;22:85-103.

Bajnath RB, Augeron C, Laboisse CL, Bijman J, dengédo HR, Groot JA.
Electrophysiological studies of forskolin-inducegaages in ion transport
in the human colon carcinoma cell line HT-29 cl.1%#ck of evidence for
a CcAMP-activated basolateral “K conductance. J Membr Biol
1991;122(3):239-250.

Bank N, Su WS, Aynedjian HS. A micropuncture stoflyenal phosphate transport in
rats with chronic renal failure and secondary hgpeathyroidism. J Clin
Invest 1978;61(4):884—894.

Barrett KE, Bigby TD. Involvement of arachidonicicaan the chloride secretory
response of intestinal epithelial cells. Am J PblysCell Physiol
1993;264(2 Pt 1):C446—C452.

Barrett KE, Keely SJ. Chloride secretion by theestinal epithelium: molecular basis
and regulatory aspects. Annu Rev Physiol 2000;&2:532.

Bezerra CN, Girardi AC, Carraro-Lacroix LR, Reboaai®¥A. Mechanisms underlying
the long-term regulation of NHE3 by parathyroid hone. Am J Physiol
Renal Physiol 2008;294(5):F1232—-F1237.

Bhargava M, Lei J, Mariash CN, Ingbar DH. Thyroidrimone rapidly stimulates
alveolar Na,K-ATPase by activation of phosphatiagtitol 3-kinase. Curr
Opin Endocrinol Diabetes Obes 2007;14(5):416—-420.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (MolecwMedicine) / 83

Bourdeau JE, Langman CB, Bouillon R. Parathyroidmume-stimulated calcium
absorption in cTAL from vitamin D-deficient rabhitKidney Int
1987;31(4):913-917.

Bringhurst FR, Segre GV, Lampman GW, Potts JT Jetaldolism of parathyroid
hormone by Kupffer cells: analysis by reverse-phlaggh-performance
liquid chromatography. Biochemistry 1982;21(18):228258.

Bringhurst FR, Stern AM, Yotts M, Mizrahi N, Seg&V, Potts JT Jr. Peripheral
metabolism of PTH: fate of biologically active amiterminus in vivo.
Am J Physiol Endocrinol Metab 1988;255(6 Pt 1): E8B8893.

Brown EM, Vassilev PM, Quinn S, Hebert SC. G-pmotedupled, extracellular €&
sensing receptor: a versatile regulator of diveeilar functions. Vitam
Horm 1999;55:1-71.

Carranza ML, Rousselot M, Chibalin AV, Bertorelld/AFavre H, Feraille E. Protein
kinase A induces recruitment of active M&-ATPase units to the plasma
membrane of rat proximal convoluted tubule cell®hysiol 1998;511(Pt
1):235-243.

Chang L, Karin M. Mammalian MAP kinase signallingascades. Nature
2001;410(6824):37-40.

Chantret |, Barbat A, Dussaulx E, Brattain MG, Zbaim A. Epithelial polarity,
villin expression, and enterocytic differentiatioh cultured human colon
carcinoma cells: a survey of twenty cell lines. Gan Res
1988;48(7):1936-1942.

Chesnoy-Marchais D, Fritsch J. Chloride currentivatéd by cyclic AMP and
parathyroid hormone in rat osteoblasts. PflugershAt989;415(1):104—
114.

Chorev M, Alexander J, Rosenblatt M. Interactiorfsparathyroid hormone and
parathyroid homone-related protein with their reéoep In: Bilezikian JP,
Levine MA, Marcus R, edShe parathyroids. basic and clinical concepts.

2 ed. Calif: Academic Press 2001:31-52.

Chung U, Igarashi T, Nishishita T, Iwanari H, lwaswaA, Suwa A, Mimori T, Hata

K, Ebisu S, Ogata E, Fujita T, Okazaki T. The iattion between Ku



Suparerk Laohapitakworn References / 84

antigen and REF1 protein mediates negative genaillatggn by
extracellular calcium. J Biol Chem 1996;271(15):858598.

Clausen C. Impedance analysis in tight epitheli@tidds Enzymol 1989;171:628—
642.

Clausen C, Lewis SA, Diamond JM. Impedance analyses tight epithelium using a
distributed resistance model. Biophys J 1979;2802)-317.

Clausen C, Machen TE, Diamond JM. Changes in thearmambranes of the bullfrog
gastric mucosa with acid secretion. Science 19824558):448-450.

Clausen C, Reinach PS, Marcus DC. Membrane tranppoameters in frog corneal
epithelium measured using impedance analysis tqabsi J Membr Biol
1986;91(3):213-225.

Cohn DV, Macgregor RR, Chu LL, Kimmel JR, Hamiltdw. Calcemic fraction-A:
biosynthetic peptide precursor of parathyroid hammdProc Natl Acad Sci
USA 1972;69(6):1521-1525.

Cole KS. Membrane, ions, and impulses. In: DavsoedHA textbook of general
physiology. Calif: University of California Press 1972:12-59.

Cross HS, Debiec H, Peterlik M. Mechanism and r&iiuh of intestinal phosphate
absorption. Miner Electrolyte Metab 1990;16(2—-3%1124.

Davenport SE, Mergey M, Cherqui G, Boucher RC, @eBpC, Gabriel SE.
Deregulated expression and function of CFTR and gBkretion after
activation of the Ras and Src/PyMT pathways in Caaells. Biochem
Biophys Res Commun 1996;229(2):663—-672.

Devor DC, Frizzell RA. Modulation of Kchannels by arachidonic acid in T84 cells.
Il. Activation of a C&'-independent K channel. Am J Physiol Cell
Physiol 1998;274(1 Pt 1):C149-C160.

Dharmsathaphorn K, Pandol SJ. Mechanism of chloseéeretion induced by
carbachol in a colonic epithelial cell line. J Climvest 1986;77(2):348—
354.

Dorner AJ, Kemper B. Conversion of pre-proparatid/ftormone to proparathyroid
hormone by dog pancreatic microsomes. Biochemisfdi8;17(25):5550—
5555.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (MolecwMedicine) / 85

Endres DB, Villanueva R, Sharp CF Jr, Singer FRmimochemiluminometric and
immunoradiometric determinations of intact and ltaramunoreactive
parathyrin: performance in the differential diagsasf hypercalcemia and
hypoparathyroidism. Clin Chem 1991;37(2):162—-168.

Fan L, Wiederkehr MR, Collazo R, Wang H, Crowder ,LMoe OW. Dual
mechanisms of regulation of Na/H exchanger NHE-3 payathyroid
hormone in rat kidney. J Biol Chem 1999;274(16)8%211295.

Feldman GM. HCO3- secretion by rat distal colonfe@t of inhibitors and
extracellular N& Gastroenterology 1994;107(2):329-338.

Feldman GM, Berman SF, Stephenson RL. Bicarboreieeon in rat distal colon in
vitro: a measurement technique. Am J Physiol Ceisibl 1988;254(3 Pt
1):C383-C390.

Ferrari SL, Behar V, Chorev M, Rosenblatt M, BiseA. Endocytosis of ligand-
human parathyroid hormone receptor 1 complexesrateim kinase C-
dependent and involvdsarrestin2. Real-time monitoring by fluorescence
microscopy. J Biol Chem 1999;274(42):29968—-29975.

Fogh J, Fogh JM, Orfeo T. One hundred and twentgrseultured human tumor cell
lines producing tumors in nude mice. J Natl Carlost 1977;59(1):221—
226.

Fritsch J, Chesnoy-Marchais D. Dual modulationh#& L-type calcium current of rat
osteoblastic cells by parathyroid hormone: oppositiects of protein
kinase C and cyclic nucleotides. Cell Signal 198%6—-655.

Fukuda M, Ohara A, Bamba T, Saek Y. Activation rahsepithelial ion transport by
secretin in human intestinal Caco-2 cells. Jpn ysi®eh 2000;50(2):215—
225.

Furukawa O, Bi LC, Guth PH, Engel E, Hirokawa M,uf#&z JD. NHE3 inhibition
activates duodenal bicarbonate secretion in the Aah J Physiol
Gastrointest Liver Physiol 2004;286(1):G102—-G109.

Gadsby DC, Nairn AC. Control of CFTR channel gatimg phosphorylation and
nucleotide hydrolysis. Physiol Rev 1999;79:S77-S107



Suparerk Laohapitakworn References / 86

Garabedian M, Holick MF, Deluca HF, Boyle IT. Caitr of 25-
hydroxycholecalciferol metabolism by parathyroidmgls. Proc Natl Acad
Sci USA 1972;69(7):1673-1676.

Gardella TJ, Wilson AK, Keutmann HT, Oberstein Rtt® JT Jr, Kronenberg M,
Nussbaum SR. Analysis of parathyroid hormone's cjpal receptor-
binding region by site-directed mutagenesis and lognadesign.
Endocrinology 1993;132(5):2024—-2030.

Gensure RC, Gardella TJ, Juppner H. Parathyroichboe and parathyroid hormone-
related peptide, and their receptors. Biochem BjspRes Commun
2005;328(3):666—678.

Gentili C, Morelli S, Boland R, de Boland AR. Pdnatoid hormone activation of map
kinase in rat duodenal cells is mediated Bbp-8yclic AMP and C&'.
Biochim Biophys Acta 2001;1540(3):201-212.

Girardi AC, Titan SM, Malnic G, Reboucas NA. Chroneffect of parathyroid
hormone on NHE3 expression in rat renal proximautes. Kidney Int
2000;58(4):1623-1631.

Gordon LG, Kottra G, Fromter E. Electrical impedaranalysis of leaky epithelia:
theory, techniques, and leak artifact problems. hdés Enzymol
1989;171:642—663.

Grasset E, Bernabeu J, Pinto M. Epithelial propertif human colonic carcinoma cell
line Caco-2: effect of secretagogues. Am J Phy<uall Physiol
1985;248(5 Pt 1):C410-C418.

Grasset E, Pinto M, Dussaulx E, Zweibaum A, Desjédbx Epithelial properties of
human colonic carcinoma cell line Caco-2: electrigarameters. Am J
Physiol Cell Physiol 1984;247(3 Pt 1):C260-C267.

Habener JF, Amherdt M, Ravazzola M, Orci L. Parailtdy hormone biosynthesis.
Correlation of conversion of biosynthetic precussavith intracellular
protein migration as determined by electron micopgcautoradiography. J
Cell Biol 1979;80(3):715-731.

Haden ST, Brown EM, Hurwitz S, Scott J, El-Hajj €&iblan G. The effects of age and
gender on parathyroid hormone dynamics. Clin Endotr (Oxf)
2000;52(3):329-338.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (MolecwMedicine) / 87

Hidalgo 1J, Raub TJ, Borchardt RT. Characterizatbrthe human colon carcinoma
cell line (Caco-2) as a model system for intestiy@thelial permeability.
Gastroenterology 1989;96(3):736—749.

Hilgers AR, Conradi RA, Burton PS. Caco-2 cell miayers as a model for drug
transport across the intestinal mucosa. Pharm B@3;7(9):902-910.

lino Y, Burg MB. Effect of parathyroid hormone oricérbonate absorption by
proximal tubules in vitro. Am J Physiol Renal Ploysi979;236(4):F387—
F391.

Inoue CN, Woo JS, Schwiebert EM, Morita T, Hana#kaGuggino SE, Guggino
WB. Role of purinergic receptors in chloride seicrein Caco-2 cells. Am
J Physiol Cell Physiol 1997;272(6 Pt 1):C1862—-C1870

Ishiguro H, Steward MC, Wilson RW, Case RM. Bicarate secretion in interlobular
ducts from guinea-pig pancreas. J Physiol 1996P#95)(179-191.

Jumarie C, Malo C. Caco-2 cells cultured in servee-fmedium as a model for the
study of enterocytic differentiation in vitro. JICRhysiol 1991;149(1):24—
33.

Juppner H. Receptors for parathyroid hormone anctiparoid hormone-related
peptide: exploration of their biological importandone 1999;25(1):87—
90.

Kemper B, Habener JF, Mulligan RC, Potts JT Jr,hR& Pre-proparathyroid
hormone: a direct translation product of parathymiessenger RNA. Proc
Natl Acad Sci USA 1974;71(9):3731-3735.

Kemper B, Habener JF, Potts JT Jr, Rich A. Propgraid hormone: identification of
a biosynthetic precursor to parathyroid hormonecPatl Acad Sci USA
1972;69(3):643—-647.

Khanal RC, Nemere |. Regulation of intestinal aatei transport. Annu Rev Nutr
2008;28:179-196.

Kilav R, Silver J, Naveh-Many T. Parathyroid hormorgene expression in
hypophosphatemic rats. J Clin Invest 1995;96(1)-333.

Kim D, Steward MC. The role of CFTR in bicarbonagcretion by pancreatic duct
and airway epithelia. J Med Invest 2009;56:336—342.



Suparerk Laohapitakworn References / 88

Kreindler JL, Jackson AD, Kemp PA, Bridges RJ, DaaH. Inhibition of chloride
secretion in human bronchial epithelial cells bgacette smoke extract.
Am J Physiol Lung Cell Mol Physiol 2005;288(5):L894€02.

Kronenberg HM, Bringhurst FR, Segre GV, Potts JT Barathyroid hormone
biosynthesis and metabolism. In: Bilezikian JP, &dar R, Levine MA,
eds. The parathyroids. basic and clinical concepts. New York: Raven
Press 1994:125-138.

Krugliak P, Hollander D, Schlaepfer CC, Nguyen Ha MY. Mechanisms and sites of
mannitol permeability of small and large intestinethe rat. Dig Dis Sci
1994;39(4):796—-801.

Kunzelmann K, Beesley AH, King NJ, Karupiah G, YgudA, Cook DI. Influenza
virus inhibits amiloride-sensitive Nachannels in respiratory epithelia.
Proc Natl Acad Sci USA 2000;97(18):10282-10287.

Kunzelmann K, Mall M. Electrolyte transport in theammalian colon: mechanisms
and implications for disease. Physiol Rev 2002;8245—-289.

Laverty G, McWilliams C, Sheldon A, Arnason SS. P3tinulates a Cldependent
and EIPA-sensitive current in chick proximal tubatdls in culture. Am J
Physiol Renal Physiol 2003;284(5):F987—F995.

Le Bivic A, Quaroni A, Nichols B, Rodriguez-Boulda. Biogenetic pathways of
plasma membrane proteins in Caco-2, a human ing&gstpithelial cell
line. J Cell Biol 1990;111(4):1351-1361.

Lee M, Partridge NC. Parathyroid hormone signalm¢pone and kidney. Curr Opin
Nephrol Hypertens 2009;18(4):298-302.

Li H, Seitz PK, Thomas ML, Selvanayagam P, Rajara®aCooper CW. Widespread
expression of the parathyroid hormone-related pgepéand PTH/PTHrP
receptor genes in intestinal epithelial cells. Lakest 1995;73(6):864—
870.

Li YC, Amling M, Pirro AE, Priemel M, Meuse J, Bar®, Delling G, Demay MB.
Normalization of mineral ion homeostasis by dietangans prevents
hyperparathyroidism, rickets, and osteomalacia, bat alopecia in
vitamin D receptor-ablated mice. Endocrinology 1,998(10):4391—
4396.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (MolecwMedicine) / 89

Lim SK, Gardella TJ, Baba H, Nussbaum SR, Kronemlb#vl. The carboxy-terminus
of parathyroid hormone is essential for hormonecgssing and secretion.
Endocrinology 1992;131(5):2325-2330.

MacLeod RJ, Redican F, Lembessis P, Hamilton JBIdA. Sodium-bicarbonate
cotransport in guinea pig ileal crypt cells. Am hly8&iol Cell Physiol
1996;270(3 Pt 1):C786—C793.

Madara JL. Loosening tight junctions. Lessons frim intestine. J Clin Invest
1989;83(4):1089-1094.

Malloy PJ, Pike JW, Feldman D. The vitamin D recepand the syndrome of
hereditary 1,25-dihydroxyvitamin D-resistant ricket Endocr Rev
1999;20(2):156-188.

Martin KJ, Hruska KA, Freitag JJ, Klahr S, Slataggl E. The peripheral metabolism
of parathyroid hormone. N Engl J Med 1979;301(2092-1098.
Massheimer V, Picotto G, Boland R, De Boland ARfeEif of aging on the
mechanisms of PTH-induced calcium influx in ratestinal cells. J Cell

Physiol 2000;182(3):429-437.

McKinney TD, Myers P. Bicarbonate transport by pnaal tubules: effect of
parathyroid hormone and dibutyryl cyclic AMP. AmRhysiol Renal
Physiol 1980a;238(3):F166-F174.

McKinney TD, Myers P. PTH inhibition of bicarbonateansport by proximal
convoluted tubules. Am J Physiol Renal Physiol 19889(2):F127-134.

Milstein C, Brownlee GG, Harrison TM, Mathews MB. possible precursor of
immunoglobulin light chains. Nat New Biol 1972;29%9}:117-120.

Moallem E, Kilav R, Silver J, Naveh-Many T. RNA-Rem binding and post-
transcriptional regulation of parathyroid hormoneng expression by
calcium and phosphate. J Biol Chem 1998;273(9):52839.

Moser AJ, Gangopadhyay A, Bradbury NA, Peters KWzZell RA, Bridges RJ.
Electrogenic bicarbonate secretion by prairie dadlbtadder. Am J
Physiol Gastrointest Liver Physiol 2007;292(6):G3:661694.

Murray TM, Rao LG, Divieti P, Bringhurst FR. Paratbid hormone secretion and

action: evidence for discrete receptors for thé&aeyl-terminal region and



Suparerk Laohapitakworn References / 90

related biological actions of carboxyl-terminal digls. Endocr Rev
2005;26(1):78-113.

Naveh-Many T, Marx R, Keshet E, Pike JW, Silver Regulation of 1,25-
dihydroxyvitamin @ receptor gene expression by 1,25-dihydroxyvitamin
D3 in the parathyroid in vivo. J Clin Invest 1990;88(968-1975.

Naveh-Many T, Rahamimov R, Livni N, Silver J. Pagabid cell proliferation in
normal and chronic renal failure rats. The effatsalcium, phosphate,
and vitamin D. J Clin Invest 1995;96(4):1786—1793.

Naylor SL, Sakaguchi AY, Szoka P, Hendy GN, KroremgbHM, Rich A, Shows TB.
Human parathyroid hormone gene (PTH) is on shaont @ir chromosome
11. Somatic Cell Genet 1983;9(5):609-616.

Nemere |. Parathyroid hormone rapidly stimulatesspihate transport in perfused
duodenal loops of chicks: lack of modulation byamiin D metabolites.
Endocrinology 1996;137(9):3750-3755.

Nemere 1. 24,25-dihydroxyvitamin 3D suppresses the rapid actions of 1,25-
dihydroxyvitamin @ and parathyroid hormone on calcium transport in
chick intestine. J Bone Miner Res 1999;14(9):154391

Nemere |, Larsson D. Does PTH have a direct efbecintestine? J Cell Biochem
2002;86(1):29-34.

Okazaki T, Igarashi, T, Kronenberg HM!-Hanking region of the parathyroid
hormone gene mediates negative regulation by I02H(vitamin Ds. J
Biol Chem 1988;263(5):2203—-2208.

Orlowski J. Heterologous expression and functiopadperties of amiloride high
affinity (NHE-1) and low affinity (NHE-3) isoform®f the rat Na/H
exchanger. J Biol Chem 1993;268(22):16369-16377.

Paunescu TG, Helman Sl. P&éactivation of apical membrane Gthannels in A6
epithelia: impedance analysis. Biophys J 2001;8852)-866.

Pérez M, Barber A, Ponz F. Modulation of intestipalracellular permeability by
intracellular mediators and cytoskeleton. Can J skhyPharmacol
1997;75(4):287-292.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (MolecwMedicine) / 91

Picotto G, Massheimer V, Boland R. Parathyroid hamrenstimulates calcium influx
and the cAMP messenger system in rat enterocytes.JAPhysiol Cell
Physiol 1997;273:C1349-C1353.

Pines M, Fukayama S, Costas K, Meurer E, GoldsRikh Xu X, Muallem S, Behar
V, Chorev M, Rosenblatt M, Tashjian AH Jr, Suva lnbsitol 1-,4-,5-
trisphosphate-dependent “Casignaling by the recombinant human
PTH/PTHrP receptor stably expressed in a humanekidrll line. Bone
1996;18(4):381-389.

Potts JT Jr, Tregear GW, Keutmann HT, Niall HD, &aR, Deftos LJ, Dawson BF,
Hogan ML, Aurbach GD. Synthesis of a biologicallgtize N-terminal
tetratriacontapeptide of parathyroid hormone. Pxatl Acad Sci USA
1971;68(1):63-67.

Powell DW. Barrier function of epithelia. Am J PiyisGastrointest Liver Physiol
1981;241(4):G275-G288.

Pun KK, Ho PW, Nissenson RA, Arnaud CD. Desenditireof parathyroid hormone
receptors on cultured bone cells. J Bone Miner R@30;5(12):1193—-
1200.

Putney LK, Denker SP, Barber DL. The changing fatehe N&/H® exchanger,
NHEL: structure, regulation, and cellular actioAsinu Rev Pharmacol
Toxicol 2002;42:527-552.

Quamme GA. Renal magnesium handling: new insigitsunderstanding old
problems. Kidney Int 1997;52(5):1180-1195.

Reynolds A, Parris A, Evans LA, Lindqgvist S, Sh&pLewis M, Tighe R, Williams
MR. Dynamic and differential regulation of NKCC1 lpalcium and
CAMP in the native human colonic epithelium. J Rbly2007;582(Pt
2):507-524.

Rodriguez M, Almaden Y, Hernandez A, Torres A. Eff®ef phosphate on the
parathyroid gland: direct and indirect? Curr OpirpNrol Hypertens
1996;5(4):321-328.

Romero MF, Fulton CM, Boron WF. The SLC4 family bfCO;  transporters.
Pflugers Arch 2004;447(5):495-509.



Suparerk Laohapitakworn References / 92

Rosenblatt M, Segre GV, Tyler GA, Shepard GL, Nassb SR, Potts JT Jr.
Identification of a receptor-binding region in pdmgoid hormone.
Endocrinology 1980;107(2):545-550.

Russell J, Silver J, Sherwood LM. The effects d€ioan and vitamin D metabolites
on cytoplasmic mMRNA coding for pre-proparathyromhone in isolated
parathyroid cells. Trans Assoc Am Physicians 198296—303.

Sambuy Y, De Angelis I, Ranaldi G, Scarino ML, Staati A, Zucco F. The Caco-2
cell line as a model of the intestinal barrierluehce of cell and culture-
related factors on Caco-2 cell functional charasties. Cell Biol Toxicol
2005;21(1):1-26.

Schluter KD. PTH and PTHrP: Similar structures Mlifferent functions. News
Physiol Sci 1999;14:243-249.

Schultheiss G, Diener M. 'Kand CT conductances in the distal colon of the rat. Gen
Pharmacol 1998;31(3):337-342.

Silver J, Naveh-Many T, Mayer H, Schmelzer HJ, Roper MM. Regulation by
vitamin D metabolites of parathyroid hormone geramgcription in vivo
in the rat. J Clin Invest 1986;78(5):1296-1301.

Singh AK, Singh S, Devor DC, Frizzell RA, van Dsebe W, Bridges RJ.
Transepithelial impedance analysis of chloride etgmn. Methods Mol
Med 2002;70:129-142.

Strewler GJ. The physiology of parathyroid hormoelated protein. N Engl J Med
2000;342(3):177-185.

Swarthout JT, Doggett TA, Lemker JL, Partridge N&imulation of extracellular
signal-regulated kinases and proliferation in rateoblastic cells by
parathyroid hormone is protein kinase C-dependentBiol Chem
2001;276(10):7586—7592.

Szabo FK, Snyder N, Usdin TB, Hoffman GE. A direetironal connection between
the subparafascicular and ventrolateral arcuatdenuie non-lactating
female rats. Could this pathway play a role in thekling-induced
prolactin release? Endocrine 2010;37(1):62—70.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (MolecwMedicine) / 93

Tanrattana C, Charoenphandhu N, Limlomwongse Lshframra N. Prolactin directly
stimulated the solvent drag-induced calcium trartsipothe duodenum of
female rats. Biochim Biophys Acta 2004;1665(1-23S1L

Tovey SC, Dedos SG, Taylor CW. Signaling from pgayedid hormone. Biochem Soc
Trans 2006;34:515-517.

Tuo B, Wen G, Zhang Y, Liu X, Wang X, Dong H. Invement of
phosphatidylinositol 3-kinase in cAMP- and cGMPuogdd duodenal
epithelial CFTR activation in mice. Am J Physiol lICdhysiol
2009;297(3):C503-C515.

Urena P, Kong XF, Abou-Samra AB, Juppner H, KroreegtHM, Potts JT Jr, Segre
GV. Parathyroid hormone (PTH)/PTH-related peptieeeptor messenger
ribonucleic acids are widely distributed in ratstiss. Endocrinology
1993;133(2):617-623.

Usdin TB, Gruber C, Bonner TI. Identification andh€tional expression of a receptor
selectively recognizing parathyroid hormone, theHPTreceptor. J Biol
Chem 1995;270(26):15455-15458.

Usdin TB, Hoare SR, Wang T, Mezey E, Kowalak JA39: a new neuropeptide and
PTH2-receptor agonist from hypothalamus. Nat Nexirb899;2(11):941—
943.

van Abel M, Hoenderop JG, van der Kemp AW, Friedtsex MM, van Leeuwen JP,
Bindels RJ. Coordinated control of renal ?Cdransport proteins by
parathyroid hormone. Kidney Int 2005;68(4):1708-1.72

Verheijen MH, Defize LH. Parathyroid hormone actesamitogen-activated protein
kinase via a cCAMP-mediated pathway independentad. R Biol Chem
1997;272(6):3423-3429.

Vilardaga JP, Krasel C, Chauvin S, Bambino T, Lohdd, Nissenson RA.
Internalization determinants of the parathyroid rhone receptor
differentially regulate pB-arrestin/receptor association. J Biol Chem
2002;277(10):8121-8129.

Watson PH, Fraher LJ, Hendy GN, Chung Ul, Kisiel Ngtale BV, Hodsman AB.
Nuclear localization of the type 1 PTH/PTHrP recegh rat tissues. J
Bone Miner Res 2000;15(6):1033-1044.



Suparerk Laohapitakworn References / 94

Weymer A, Huott P, Liu W, McRoberts JA, Dharmsatmaqm K. Chloride secretory
mechanism induced by prostaglandin E1 in a colepithelial cell line. J
Clin Invest 1985;76(5):1828—-1836.

Wills NK, Clausen C. Transport-dependent alteratiai membrane properties of
mammalian colon measured using impedance analysiglembr Biol
1987;95(1):21-35.

Wills NK, Lewis SA, Eaton DC. Active and passiveoperties of rabbit descending
colon: a microelectrode and nystatin study. J Merlml 1979;45(1—
2);81-108.

Wills NK, Purcell RK, Clausen C. Naransport and impedance properties of cultured
renal (A6 and 2F3) epithelia. J Membr Biol 1992;13)573-285.

Wills NK, Purcell RK, Clausen C, Millinoff LP. Effgs of aldosterone on the
impedance properties of cultured renal amphibiathela. J Membr Biol
1993;133(1):17-27.

Wysolmerski JJ, Stewart AF. The physiology of payedid hormone-related protein:
an emerging role as a developmental factor. Annw HRhysiol
1998;60:431-460.

Yoshioka M, Erickson RH, Matsumoto H, Gum E, Kim ¥&pression of dipeptidyl
aminopeptidase IV during enterocytic differentiati@f human colon
cancer (Caco-2) cells. Int J Cancer 1991;47(6):926&-

Yu H, Riederer B, Stieger N, Boron WF, Shull GE, rivla MP, Seidler UE,
Bachmann O. Secretagogue stimulation enhances NE€lettrogenic
Na'/HCOs cotransporter) surface expression in murine colongpts. Am
J Physiol Gastrointest Liver Physiol 2009;297(62&3-G1231.

Zhang Y, Norian JM, Magyar CE, Holstein-Rathlou N¥ircheff AK, McDonough
AA. In vivo PTH provokes apical NHE3 and NaPi2 stdbution and Na-
K-ATPase inhibition. Am J Physiol Renal Physiol 99876(5 Pt 2):F711—
F7109.

Zhao H, Wiederkehr MR, Fan L, Collazo RL, CrowdeA,LMoe OW. Acute
inhibition of Na/H exchanger NHE-3 by cAMP. Role mfotein kinase A
and NHE-3 phosphoserines 552 and 605. J Biol Che98;274(7):3978—
3987.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (MolecwMedicine) / 95

Zhu JX, Yang N, He Q, Tsang LL, Zzhao WC, Chung Y@%han HC. Differential Cl
and HCQ™ mediated anion secretion by different colonic dgpes in
response to tetromethylpyrazine. World J Gastroehte
2004;10(12):1763-1768.

Zhu JX, Zhang GH, Yang N, Rowlands DK, Wong HY, igd.L, Chung YW, Chan
HC. Activation of apical CFTR and basolateraf Gactivated K channels
by tetramethylpyrazine in Caco-2 cell line. Eur Jhafnacol
2005;510(3):187-195.

Zull JE, Lev NB. A theoretical study of the strueuwf parathyroid hormone. Proc
Natl Acad Sci USA 1980;77(7):3791-3795.



Suparerk Laohapitakworn Appendices / 96

APPENDICES



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Molecuvedicine) / 97

APPENDIX A
SOLUTION PREPARATION

A. Normal bathing solution

Normal bathing solution was prepared asdplution.

Concentration Weight per

Substance M\?Vleeia::?r in 1x solution 1000 mL

9 (mmol/L) 5x solution (g)
NacCl 58.44 118.0 34.47960
KCI 74.55 4.7 1.75193
NaHCG; 84.01 23.0 9.66115
MgSQO,-7H,0 246.48 1.1 1.35564
D-Glucose 180.16 12.0 10.80960
L-Glutamine 146.15 12.5 1.82688
Mannitol 182.17 2.0 1.82170

CaClL was not readily added into thex5solution to prevent CaGO
precipitation. 25 mmol/L Cagwas prepared separately and diluted together mwth
solution to make up A normal bathing solution. The final concentratidnCaCl in
the 1x solution was 1.25 mmol/L.

The 1x normal bathing solution was continuously gassat wumidified
5% CQ in 95% Q, and maintained at 37 °C and pH 7.4. Osmolalityhef $olution
was 290-295 mmol/kg 4.
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B. ClI™-depleted bathing solution

Cl™-depleted bathing solution was prepared assblution.

Concentration  Weight per

Substance M\?vlsim;]l?r in 1x solution 1000 mL

9 (mmol/L) 5x solution (g)
NaCeH1106 218.15 118.0 128.70850
(Sodium gluconate)
KCeH1106 234.25 4.7 5.50488
(Potassium gluconate)
NaHCG; 84.01 23.0 9.66115
MgSQO,-7H,0O 246.48 1.1 1.35564
D-Glucose 180.16 12.0 10.80960
L-Glutamine 146.15 12.5 1.82688

CaClL was not readily added into thex5solution to prevent CaGO
precipitation. 25 mmol/L Caglwas prepared separately and diluted together Sw%th
solution to make up A normal bathing solution. The final concentratidnCaCl in
the 1x solution was 2.5 mmol/L in order to compensateGaf'-chelating effect of
gluconate. Osmolality of A solution was adjusted by 1 mol/L mannitol, andfthal
osmolality was 290-295 mmol/kg8.

The 1x bathing solution was continuously gassed with [difred 5%
C0O, in 95% Q and maintained at 37 °C (pH 7.4).
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C. HCOg3 -depleted bathing solution

HCO;-depleted bathing solution was prepared assblution.

Concentration  Weight per

Substance M\?VI;CL;II?r in 1x solution 1000 mL
9 (mmol/L) 5x solution (g)
NacCl 58.44 118.0 34.47960
KCI 74.55 4.7 1.75193
HEPES sodium salt 260.30 10.0 13.01500
MgSQO,-7H,0 246.48 1.1 1.35564
D-Glucose 180.16 12.0 10.80960
L-Glutamine 146.15 12.5 1.82688

25 mmol/L CaCJ was prepared separately and diluted together Sith
solution to make up A normal bathing solution. The final concentratidnCaCl in
the 1x solution was 1.25 mmol/L. Osmolality of the< Isolution was adjusted by 1
mol/L mannitol and the final osmolality was 290-28/ol/kg HO.

The 1x bathing solution was continuously gassed with [difred 5%
CO, in 95% Q and maintained at 37 °C (pH 7.4).
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D. CI'/HCO3; -depleted bathing solution

CI'/THCO; -depleted bathing solution was prepared assblution.

Concentration Weight per

Substance M\?Jgicﬂfr in 1x solution 1000 mL

9 (mmol/L) 5x solution (g)
NaCeH1:0 218.15 118.0 128.70850
(Sodium gluconate)
KCoH1106 234.25 4.7 5.50488
(Potassium gluconate)
HEPES sodium salt 260.30 10.0 13.01500
MgSQOy-7H,0 246.48 1.1 1.35564
D-Glucose 180.16 12.0 10.80960
L-Glutamine 146.15 12.5 1.82688

25 mmol/L CaC] was prepared separately and diluted together Swth
solution to make up A normal bathing solution. The final concentratidnCaCl in
the 1x solution was 2.5 mmol/L in order to compensatetfiar C&*-chelating effect
of gluconate. Osmolality of thexisolution was adjusted by 1 mol/L mannitol, and the
final osmolality was 290-295 mmol/kg.@.

The 1x bathing solution was continuously gassed with ldifred 5%
C0O, in 95% Q and maintained at 37 °C (pH 7.4).
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APPENDIX B
PREPARATION OF BIOCHEMICALS, HORMONES
AND INHIBITORS

A. Amiloride

Amiloride is a guadinidium group which contains igyne derivative. Its
protonated form directly interacts with the extthdar domain of ENaC, NHE, and
Na'/C&* exchanger (NCX) resulting in inhibition of thesmrtsporters. Amiloride
blocks ENaC at concentrations in the rangeuobl/L while inhibition of NHE and
NCX requires higher concentrations in the range mmol/L. The higher
concentrations of amiloride (several mmol/L) hagrbeeported to nonspecifically
inhibit other transporters, e.g., M&"-ATPase and Nacoupled solute transporters. In
this study, amiloride was dissolved in DMSO to abta final concentration of 1

mol/L (stock solution).
B. BAPTA-AM

BAPTA is a polyamino carboxylic acid compound whizdn chelate G4
using its 4 carboxyl arms. To allow it permeate gi@sma membrane, carboxylic
acids are modified with acetoxymethyl (AM) esteowpus resulting in an uncharged
molecule called BAPTA-AM. Once BAPTA-AM enters thell, the AM ester group
is cleaved by nonspecific esterases, and the aB#\RTA is trapped intracellularly.
BAPTA-AM is generally used to chelate intracellul@g”, thus reducing cytosolic
free C&" concentration. In this study, BAPTA-AM was dissedvin DMSO to obtain

a final concentration of 10 mmol/L (stock solution)
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C. Bumetanide

Bumetanide is a benzoic acid derivative which isuctrally and
pharmacologically similar to loop diuretic furosel®j but is more potent than
furosemide. Bumetanide specifically inhibits NKCI@. this study, bumetanide was
dissolved in DMSO to obtain a final concentratidri®0 mmol/L (stock solution).

D. CFTRjnn-172

CFTRm-172 is an analog of thiazolidinone which has hpghency and
specificity to CFTR. It directly interacts with tlogtosolic domain of CFTR, leading
to an increase in the mean closed time, probablstélyilizing the closed state of the
channel, without affecting the mean open time. Haison is different from GlyH-101
which blocks CFTR by occluding the channel porethis study, CFTR.,-172 was

dissolved in DMSO to obtain a final concentratidr2® mmol/L (stock solution).

E. Charybdotoxin

Charybdotoxin is a neurotoxin from the venom of gu®rpionLeiurus
quinquestriatus hebraeus. This toxin binds to the extracellular part of fhere of C&'-
activated K channel. In this study, charybdotoxin was disswliredistilled water to
obtain a final concentration of 1@@nol/L (stock solution).

F. Chromanol 293B

Chromanol 293B is a chromanol derivative which lonisi the cAMP-
activated K channel. It blocks the channel activity by bindittgthe pore of the
channel. In this study, chromanol 293B was dissblire DMSO to obtain a final

concentration of 1200 mmol/L (stock solution).
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G. 4,4-diisothiocya natostilbene-2,2disulfonic acid disodium salt hydrate
(DIDS)

DIDS is a nonspecific blocker of anion transportetech as CaCcC,
NBCel, and CIHCO; exchangers. However, DIDS does not block CFTRthia
study, DIDS was dissolved in DMSO to obtain a finahcentration of 200 mmol/L

(stock solution).

H. 5-(N-ethyl-N-isopropyl) amiloride (EIPA)

EIPA is an amiloride derivative which has high speity and potency to
NHE, but low inhibitory effect on ENaC. In this gy EIPA was dissolved in DMSO

to obtain a final concentration of 100 mmol/L (¥&@olution).

|. Forskolin

Forskolin as an activator of adenylyl cyclase isggally used to increase
an intracellular cAMP level. Forskolin stimulated™ Gnd/or HC@ secretion in
various epithelia by activating CFTR. In this stuétyskolin was dissolved in DMSO

to obtain a final concentration of 10 mmol/L (stakution).

J. GF-109203X

GF-109203X is an aminoalkyl bisindolylmaleimide iglative which has
high potency and specific to PKC. GF-109203X cammeate the plasma membrane
and inhibits PKC by binding to the ATP-binding s@kthe catalytic domain. It is a
competitive inhibitor with respect to ATP. In trlegidy, GF-109203X was dissolved in

DMSO to obtain a final concentration of 0.33 mmajgtock solution).
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K. GlyH-101

GlyH-101 is a glycine hydrazide analog which spealfy blocks CFTR.
It acts from the extracellular side to occlude there of the channel, thereby
decreasing the mean open time and showing a vetftegendent inhibition. In this
study, GlyH-101 was dissolved in DMSO to obtainnalf concentration of 50 mmol/L

(stock solution).

L. LY-294002

LY-294002, a morpholino derivative of quercetinaipotent and specific
membrane-permeable inhibitor of PI3K. LY-294002 gqetitively blocks ATP
binding at the ATP-binding site of the PI3K catatydomain. It is less potent but more
specific than wortmannin, another PI3K inhibiton this study, LY-294002 was

dissolved in DMSO to obtain a final concentratidr26 mmol/L (stock solution).

M. Methazolamide

Methazolamide, a sulfonamide-containing inhibitdrtiee Zn-containing
carbonic anhydrase, directly binds to the metalterenf this enzyme, and also
interacts with amino acids around that area. Tmsyme normally catalyzes the

following reaction;
H,O + CQ s H + HCO;
Methazolamide is more permeable to the plasma mamsbthan its

analog, acetazolamide. In this study, methazolamwake dissolved in DMSO to obtain

a final concentration of 1 mol/L (stock solution).
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N. 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPB)

NPPB is a potent nonspecific'Glhannel blocker. It inhibits various types
of CI" channels including CFTR and CaCC. In this stud@PB was dissolved in
DMSO to obtain a final concentration of 100 mma(gtock solution).

O. Nystatin

Nystatin is a pore-forming antifungal drug. It bin sterols in the plasma
membrane and, in turn, forms pores leading to arease in membrane permeability
without affecting the paracellular permeability. dan be applied to determine the
resistance of the plasma membrane (please seeidatmnd Methods section). In this
study, nystatin was dissolved in DMSO to obtainnalfconcentration of 36Qg/mL

(stock solution).

P. Ouabain

Quabain is a cardiac glycoside derived from thedses Strophanthus
gratus. It specifically inhibits N¥K*-ATPase by binding to the extracellular surface
of the a subunit of the pump. In this study, ouabain wasalved in normal bathing

solution to obtain a final concentration of 10 mfhdbktock solution).

Q. Myristoylated PKI (14—22) amide

PKI (14-22), a 14-22 fragment of an endogenousttbstable protein
kinase inhibitor, is a pseudosubstrate peptidebitdri of CAMP-dependent protein
kinase or PKA. It targets the substrate-binding@ sif the PKA catalytic domain.
Modification of PKI (14—-22) by N-terminal myristagtion (covalent attachment of a
myristoyl group to the N-terminal amino acid of asnent peptide) yields a
membrane-permeable form of PKI (14-22). In thigigfumyristoylated PKI (14-22)
was dissolved in distilled water to obtain a ficahcentration of 0.8nmol/L (stock

solution).
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R. PTH (1-34)

PTH (1-34) is the N-terminal active 1-34 fragmerit parathyroid
hormone. This polypeptide regulates *Caransporters in the kidney, bone and
intestine in response to the plasma®’Ctevels. In this study, PTH (1-34) was
dissolved in distilled water to obtain a final centration of 20umol/L (stock

solution).

S. PTH (13-34)

PTH (13-34) is a truncated 13-34 fragment of pgrattt hormone. Since
it lacks a functional sequence of the N-terminalremacids, it is an inactive form of
PTH and can be used as a negative control for Ri#H/sIn this study, PTH (13-34)
was dissolved in distilled water to obtain a fimaincentration of 2Qumol/L (stock

solution).

T. Wortmannin

Wortmannin, a furanosteroid metabolite of the fugBenicillium
funiculosum, is a potent inhibitor of PI3K. It irreversiblyhibits PI3K by forming a
covalent bond with a lysine residue in the ATP-bigdsite of the PI3K catalytic
domain. It is more potent but less specific than294002. In this study, wortmannin
was dissolved in DMSO to obtain a final concentratiof 66.67 mmol/L (stock

solution).
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APPENDIX C
PREPARATION OF CULTURE MEDIUM

A. Basal DMEM

Basal DMEM was prepared by dissolving 13.5 g powdedDMEM and
3.7 g NaHCQ in H,O. The solution was mixed thoroughly using a magnsirrer.
The pH of the solution was adjusted to 7.4 by 1 BHEG; or 1 M HCI. Thereafter,
the volume of the solution was adjusted to 1 L incdumetric flask. Finally, the
solution was filtered through a O@n-pore membrane (Corning, Corning, NY, USA)
and dispensed into a sterile container. The baSHEN) can be stored at 4C up to 6

months.

B. Complete DMEM

Complete DMEM was prepared in a class |l biosafespinet. Basal
DMEM was supplemented with 15% heat-inactivated FB&at-inactivation at 56C
for 30 min), 1% NEAA, 1% -glutamine, and 100 U/mL penicillin-streptomycirher
solution was mixed thoroughly by pipetting. The gdete DMEM was stored at4C

up to 2 weeks.
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APPENDIX D
CACO-2 STORAGE AND THAWING

A. Freezing medium

Freezing medium was 5% v/v DMSO in heat-inactivate8S. The
medium was freshly prepared in a class |l biosatatyinet.

B. Caco-2 storage

After trypsinization, cell suspension was trangdrinto a sterile 15-mL
centrifuge tube and centrifuged at 1508 for 5 min. The medium was then discarded
and the cells were resuspended in ice-cold freemiegium. Cell suspension was
aliquoted into a cryotube (Corning) and slow-steg@vifrozen by placing in
StrataCooler (Stratagene, La Jolla, CA, USA) anpt lee@ —80°C overnight. Finally,

the frozen cell-containing cryotube was storedqnitl nitrogen.

C. Caco-2 thawing

A cryotube containing frozen Caco-2 cells was gadlgitheated to 37C

in a water bath. The cells were later resuspendedmplete DMEM.
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APPENDIX E
*H-MANNITOL MEASUREMENT

A. Principle

Radioactive®*H-mannitol is measured by detecting radiation dtiutn
(3H) in its molecule3H is an isotope of hydrogen containing 1 protod ameutrons.
It decays into helium-33( H by p-decay with a half-life of approximately 12.33

years. This reaction releases 18.6 keV of energlgeafollowing equation.

*H »>He + B+ 18.6 keV

In order to determine thg H radioactivity, a saenjgl first dissolved in
scintillation cocktail which is composed of a salvand scintillators, i.e., phosphors.
The emittedp™ particles from the sample are transferred to theti$ators by the
solvent. As a consequence, the excited scintillatolecules dissipate the energy by
emitting photon of light. The first scintillator wdh takes up the3™ particles and
produces light is called primary scintillator. A vedength of the light generated by the
primary scintillator is too short and, thereforeanonot be detected by most
photodetectors. This energy is thus absorbed bgdhendary scintillator (wavelength
shifter) which reemits new photons at a longer wervgth. This light can be detected
by a photodetector of a liquid scintillation count&he radioactivity is shown as

counts per minute (cpm).
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B. Liquid scintillation cocktail preparation

Liquid scintillation cocktail was prepared by dissog 5 g 2,5-
biphenyloxazole (a primary scintillator which emiight at 360 nm), and 0.3 g 1,4-
bis(5-phenyloxazole-2-yl)benzene (a secondary iatar which emits light at 420
nm) in 300 mL toluene. After mixing by a magneticrer, 200 mL toluene and 500
mL Triton X-100 were added into the solution. Thére solution was further stirred
overnight. Liquid scintillation cocktail was storatl room temperature and kept away

from light.
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