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ABSTRACT 

The electrical circuit of epithelial cells, formed by the plasma membranes and 
tight junctions, could be explained by combinations of capacitors and resistors. However, 
a direct current (DC)-based technique could not determine each of the electrical 
components in this circuit. In the present study, alternating current (AC)-based impedance 
spectroscopy was applied to analyze the capacitive and resistive properties of intestinal 
epithelial cell line Caco-2. The results showed that Caco-2 monolayer exhibited apical 
(Ca) and basolateral (Cb) capacitance of 28.98 ± 0.69 and 12.36 ± 0.23 µF/cm2, 
respectively, and apical (Ra) and basolateral (Rb) resistance of 2141.30 ± 222.50 and 
993.96 ± 60.96 Ω⋅cm2, respectively. Impedance analysis successfully determined the 
forskolin-induced reduction in the plasma membrane resistance. This technique was then 
applied to study the biological responses of Caco-2 cells to parathyroid hormone (PTH), 
the direct action of which in the intestine has not been known. PTH reduced both apical 
and basolateral membrane resistance but had no effect on membrane capacitance, 
indicating that PTH activated transporters in the plasma membrane and not transporter-
rich vesicle fusion. The mechanism and signaling pathways of PTH were further examined 
by the DC-based Ussing chamber technique. PTH significantly increased short-circuit 
currents (Isc) in a dose-dependent manner. HCO3

– depletion abolished the PTH action, 
while Cl– depletion had no effect, suggesting that PTH induced apical HCO3

– secretion in 
Caco-2 cells. By using various inhibitors, it was found that HCO3

– came from the uptake 
via the basolateral electrogenic Na+/HCO3

– cotransporter-1 (NBCe1) and from 
intracellular production catalyzed by carbonic anhydrase. HCO3

– was later secreted 
through the apical cystic fibrosis transmembrane conductance regulator (CFTR). Apical 
Na+/H+ exchanger (NHE)-3 and basolateral NHE1 might help extrude excess H+ produced 
by carbonic anhydrase. This ion regulatory action of PTH was exerted through the protein 
kinase A (PKA)- and phosphoinositide-3-kinase (PI3K)-dependent pathways. In 
conclusion, impedance analysis could be used to determine the plasma membrane 
capacitance and resistance of epithelial cells and help predict responses of cells to PTH. 
PTH induced HCO3

– secretion in Caco-2 cells through CFTR. 
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   CONDUCTANCE REGULATOR (CFTR)/ELECTROGENIC  
   Na+/HCO3
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CHAPTER I 

INTRODUCTION 

 

 

Epithelium is composed of electrical barrier networks formed by plasma 

membranes and tight junctions (Powell, 1981). This elementary circuit of the 

epithelium is simply explained by a combination of ohmic capacitors and resistors. 

Conventional direct current (DC) analysis of transepithelial resistance could not 

sufficiently examine each capacitive and resistive component in the cell circuit. 

However, alternating current (AC)-based impedance analysis provides advantages 

over the DC-based technique because the plasma membrane responds to the 

frequency-dependent AC and the hidden electrical components, e.g., membrane 

resistance and capacitance, could be obtained experimentally (Clausen, 1989; Gordon 

et al., 1989). In other words, all electrical elements of the epithelial cells can be 

analyzed simultaneously by the impedance technique. The impedance analysis has 

been used to determine the electrical properties of several epithelia, such as gastric, 

corneal, gall bladder, and renal epithelia (Clausen et al., 1982; Clausen et al., 1986; 

Moser et al., 2007; Paunescu and Helman, 2001; Wills et al., 1992; Wills et al., 1993).  

To demonstrate the application of the impedance measurement in the 

analyses of cellular capacitance and resistance in the intestinal epithelium, human 

colorectal adenocarcinoma cell line Caco-2, was used as a model in this study. The use 

of this cell line helps avoid complicated circuit modeling due to the presence of 

connective tissue and a muscle layers in the intact intestine as well as cellular 

heterogeneity of the epithelial layer. During cell culture, Caco-2 cells form a 

monolayer on a supporting material (i.e., Snapwell) and show similar structure and 

function to the absorptive cells of the small intestine (Bailey et al., 1996; Hilgers et al., 

1990; Sambuy et al., 2005). This cell line has been used in many studies of electrolyte 

and drug transport (Grasset et al., 1985; Inoue et al., 1997; Zhu et al., 2005). 

Therefore, Caco-2 cells provide a suitable model for studying electrical properties of 

the intestinal epithelial cells by impedance analysis. 
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Parathyroid hormone (PTH) is known to have a fundamental role in ion 

transport systems, especially in the kidney (Bank et al., 1978; Bezerra et al., 2008; 

Bourdeau et al., 1987; Iino and Burg, 1979; Laverty et al., 2003; Quamme, 1997). 

However, its ion regulatory function in the intestine is poorly understood. Several lines 

of evidence have suggested direct actions of PTH in the intestine (Nemere and 

Larsson, 2002), since PTH receptor (PTHR) mRNA and protein have been found in rat 

small intestinal epithelium (Urena et al., 1993; Watson et al., 2000) and rat and human 

intestinal cell lines (Li et al., 1995). Experiments on rat enterocytes showed that PTH 

processed signaling transduction through cyclic adenosine monophosphate 

(cAMP)/protein kinase A (PKA), phospholipase C (PLC)/inositol triphosphate 

(IP3)/intracellular Ca2+, and diacylglycerol (DAG)/protein kinase C (PKC) pathways 

(Massheimer et al., 2000). In addition, Nemere demonstrated binding of PTH to its 

receptor in chick duodenum (Nemere, 1996), and PKA activation after PTH 

incubation in isolated chick enterocytes (Nemere, 1999). Since PTH uses these 

signaling pathways to induce Cl– secretion in the proximal tubular cells (Laverty et al., 

2003) and to induce receptor activator of nuclear factor kappa-B ligand (RANKL) 

production in osteoblasts (Chesnoy-Marchais and Fritsch, 1989), These same signals 

may be used by PTH to regulate anion secretion in the intestinal cells.  

The present study emphasized the use of the impedance analysis in 

predicting the mechanisms of action of PTH on the membrane electrical properties of 

the intestinal epithelium using Caco-2 model. The PTH-induced alterations in the 

plasma membrane capacitance and resistance were determined and were used to 

anticipate the responses of cells and transporters during PTH stimulation. The 

transporters were identified by DC-based Ussing chamber technique with the use of 

various inhibitors to HCO3
–, Cl–, Na+, and K+-related transporters. This could be a 

novel application of impedance measurement to predict the 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 impedance measurement 

in analyses of the plasma membrane capacitance and resistance in intestinal 

epithelium-like Caco-2 monolayer. 

2. To examine the action of PTH on the plasma membrane capacitance 

and resistance in Caco-2 monolayer by using AC-based impedance analysis. 

3. To demonstrate changes in the DC electrical properties, i.e., 

transepithelial potential difference (Vt), short-circuit current (Isc), and transepithelial 

resistance (Rt), in Caco-2 monolayer after PTH stimulation. 

4. To investigate the action of PTH on ion transport as well as the 

responsible transporters and signaling pathways in Caco-2 monolayer by using DC-

based Ussing chamber technique. 

 

Hypotheses 

Hypotheses of the present study were: 

1. Impedance analysis was able to determine the plasma membrane 

capacitance and resistance of Caco-2 cells. 

2. PTH may modify both apical and basolateral membrane resistance and 

capacitance in Caco-2 cells. 

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

pathways. 
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CHAPTER II 

LITERATURE REVIEW  

 

 

2.1 Impedance analysis 

 

2.1.1 The principle of impedance analysis 

Impedance is an electrical property to impede currents that flow through a 

particular material. This characteristic is described by a current-voltage relationship in 

the alternating current (AC) system. Unlike resistance, the impedance does not only 

explain the relative amplitudes of the current and voltage, but it also illustrates the 

phase difference between these 2 parameters.  

The impedance is a complex quantity composed of real and imaginary 

terms which can be generally demonstrated in a polar form. This form shows the 

magnitude and phase features of the impedance. 

 

 Z = Zeiθ  (1) 

 

where Z is the impedance (Ω·cm2) 

   Z  is the ratio of the voltage magnitude to  

    the current magnitude (Ω·cm2) 

   e is the Euler’s number 

   i  is the imaginary unit = √–1 

  θ  is the phase difference between the current and voltage 

 
The Euler’s formula is 

  

 eiθ = cosθ + isinθ  (2) 

 

~ 

~ 
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When eiθ from equation 2 is substituted in equation 1, the equation 1 can be 

written as  

 

 Z = Zcosθ + iZsinθ  (3) 

 

The term Zcosθ is the real part of the impedance, while the imaginary part 

is the term Zsinθ. Since the impedance of a pure resistor-containing circuit shows no 

phase difference between the current and voltage, the resistor only contributes to the 

real part of the impedance. This real part is thus called the resistive impedance. On 

the other hand, capacitors and inductors which influence the phase difference 

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 impedance (Ω·cm2) 

   X is the reactive impedance (Ω·cm2) 

 

Using an impedance analyzer, the impedance of a material can be 

measured based on Ohm’s law, 

 

 V = IZ  (5) 

 
where V is the voltage (V) 

    I is the current (A/cm2) 

  

When a sinusoidal AC current is applied to a material, a resulting voltage 

including amplitudes and phase differences can be detected. Vice versa, the impedance 

analyzer can generate the sinusoidal voltage, and observe the current change instead. 

Both current and voltage are used to calculate the impedance. The impedance derived 

from Ohm’s equation characterizes overall real and imaginary components of the 

impedance at a specific frequency of the applied signal.  

~ 

~ 

~ 

~ 
~ 

~ ~ 
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 A. Nyquist plot   

 

 

 

  

 B. Bode magnitude plot  

 

 

 

 

 C. Bode phase plot 

 

 

 

Figure 2.1 Three types of plots for impedance data. A. Nyquist plot. ZR and ZI refer to 

real and imaginary parts of the impedance, respectively. B. Bode magnitude plot. Log 

|Z| refers to log of the magnitude of the impedance. C. Bode phase plot. θ refers to the 

phase difference between the current and voltage. 

 

Impedance analysis interprets the impedance values which are measured 

from various frequencies of the applied signal. Data is typically presented by Nyquist 

and Bode plots. The Nyquist plot shows the real (ZR) and imaginary (ZI) parts in the 

abscissa and ordinate respectively (Figure 2.1A). On the other hand, the Bode plot is 

composed of 2 graphs; one with the frequency versus the log of the magnitude of the 

impedance (log |Z|), and the other with the frequency versus the phase difference (θ; 

Figure 2.1B and 2.1C). 

The Nyquist and Bode plots define the material’s electrical circuit system. 

Notably, each particular circuit yields unique patterns and values in the plots. Thus, 

the electrical elements and their arrangement in the circuit can be indicated by 

simulating an equivalent circuit. The equivalent circuit models a circuit that manifests 
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1 
i2πfC 

similar patterns and values of the Nyquist and Bode plots to the experimental circuit. 

So the electrical components, e.g., resistors and capacitors, and their arrangement in 

the circuit can actually represent the experimental circuit features.  

 

 

 

 

 

 

Figure 2.2 An example of an electrical circuit for demonstrating impedance analysis. 

The circuit is composed of a resistor (R1) connected to a R-C combination (R2-C1). 

 

For example, given an electrical circuit consisting of a resistor connected 

in parallel to a R-C combination as shown in Figure 2.2, the impedance of this circuit 

can be written as 

 

 Z = ZR1 + ZR2-C1  (6) 

 

     = ZR1 +  (7) 

 

where Z is the total impedance of the circuit (Ω·cm2) 

   ZR1 is the impedance of R1 (Ω·cm2) 

   ZR2-C1 is the impedance of the R2-C1 combination (Ω·cm2) 

   ZR2 is the impedance of R2 (Ω·cm2) 

   ZC1 is the impedance of C1 (Ω·cm2) 

 

Since  ZR = R   (8) 

 

and  ZC =   (9) 

 

~ 

~ 

. . 
R2 

R1 C1 

~ 

~ 

~ 

~ 

~ 

~ ~ ~ 

ZR2 ⋅ ZC1 

ZR2 + ZC1 

~ 
~ ~ 

~ ~ 
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where  ZR is the impedance of a resistor (Ω·cm2) 

  R is the resistance (Ω·cm2) 

  ZC is the impedance of a capacitor (Ω·cm2) 

  f  is  the frequency (Hz) 

  C is the capacitance (μF/cm2) 

 

the equation 7 can be written as 

 

 Z = R1 +           (10) 

 

     =                                         – i  (11) 

 

The term                                          represents the real part of the                 

j 

impedance, while the term  –                           represents the imaginary part of the                  

d 

impedance. When the current at a certain frequency is applied to the circuit, the 

resulting voltage can be detected and these 2 parameters can be used to calculate the 

real and imaginary impedance. To calculate R1, R2, and C1, the currents at various 

frequencies are applied to the circuit, and thus the calculated real and imaginary 

impedance values are used to solve for R1, R2, and C1. This process is usually done 

automatically by the impedance analysis software such as Zplot with Zview (Scribner 

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

 

2.1.2 Application of impedance measurement in analysis of the plasma 

membrane resistance and capacitance 

Epithelium consists of electrical barrier networks formed by the two 

plasma membranes (apical and basolateral) and tight junctions, which can be 

illustrated as an electrical circuit in Figure 2.3. This circuit is simply explained by 

“lumped model” comprising of 4 resistors and 2 capacitors. Electrical elements of the 

apical and basolateral membranes consist of parallel R-C combinations. Ra and Rb are 

resistances of the apical and basolateral membranes, respectively. The capacitances of 

R1 + R2 + R1(2πfC1R2)
2 

1 + (2πfC1R2)
2 

2πfC1R2
2 

1 + (2πfC1R2)
2 

R1 + R2 + R1(2πfC1R2)
2 

1 + (2πfC1R2)
2 

2πfC1R2
2 

1 + (2πfC1R2)
2 

~ 

~ 

R2 ⋅ 1/i2πfC1 

R2 + 1/i2πfC1 

~ 
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the apical and basolateral membranes are symbolized by Ca and Cb, respectively. This 

transcellular circuit connects in parallel to a paracellular resistance (Rp). Additionally, 

the resistances of solution and Snapwell (a parallel scaffold, Rs) link in series to the 

circuit of the cell.  

Clausen and coworkers (1979) showed the involvement of the lateral 

intercellular space resistance and included this parameter into the equivalent circuit. 

This circuit is known as the “distributed model” (Figure 2.4). However, this parameter 

is considered negligible in leaky epithelia, such as the intestine. Thus, the lumped 

model is adequate for determining resistive and capacitive components, as shown in 

the previous studies in human colonic T84 cells (Singh et al., 2002) and human 

bronchial epithelial cells (Kreindler et al., 2005). 

 

 

 

  

 

 

 

 

 

  

 

 

 

 

Figure 2.3 The “lumped model” representing an electrical circuit of the epithelium. 

The apical and basolateral membranes are composed of parallel R-C circuit. Ra and Ca 

are resistance and capacitance of the apical membrane. Rb and Cb are resistance and 

capacitance of the basolateral membrane. This transcellular circuit connects in parallel 

to a paracellular resistance (Rp). The resistance of the solution and Snapwell (Rs) is 

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

The apical and basolateral membranes are composed of parallel R-C components. Ra 

and Ca are resistance and capacitance of the apical membrane. Rb and Cb are resistance 

and capacitance of the basolateral membrane. The paracellular pathway consists of 2 

resistors from the tight junction (Rtj) and lateral intercellular space (Rlis). The Rlis acts 

as a “distributed resistor” which joins multiple R-C components of the lateral 

membrane (Rl and Cl). This transcellular circuit connects to Rtj and Rlis as depicted. 

The series resistance of the solution and Snapwell (Rs) is linked to the circuit of the 

cell. 

 

 

. 

. 

Epithelial cell 

Tight junction  

Apical side 

Basolateral side 

Rtj  

Ra 

Rb Cb 

Ca 

Rs 

. . . 

Rl 

Cl 

Rlis 

La
te

ra
l i

nt
er

ce
llu

la
r 

sp
ac

e 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Molecular Medicine) / 11 
 

 Electrophysiological analysis of a monolayer using a DC approach 

provides limited information regarding the cellular capacitive and resistive 

components. Transepithelial resistance (Rt) calculated from the transepithelial 

potential difference (Vt) and short-circuit current (Isc) across the monolayer mainly 

indicates the tightness of the tight junction and ion resistibility of the paracellular route 

to the overall ion transport (i.e., paracellular permeability). In other words, the plasma 

membrane capacitance and resistance cannot be examined by DC method. The 

AC-based impedance analysis provides an advantage over the DC-based technique 

since the plasma membrane properties can be obtained.  

The electrical elements of the cells could be characterized by measuring 

the cells’ impedances using AC signals with different frequencies. These values are 

used to simulate an equivalent circuit that shows the same impedance spectrum as the 

cell monolayer. The values and arrangement of the equivalent circuit can represent 

each electrical component of the cells. This technique is also useful for determining 

the single membrane and tight junction electrical elements. Ultimately, it can predict 

the biological responses of the cells to drug and/or chemical treatments in term of 

channel opening, activated transporter or recruitment of channel to the plasma 

membrane (see below). 

 

2.1.3 Examples of the application of impedance measurement 

Recent preliminary data showed that parathyroid hormone (PTH) could 

change Isc and Vt in the DC method. However, changes in the electrical parameters 

may be due to the changes in the apical membrane, e.g., opening of apical anion 

channels, basolateral transporters, and/or tight junction properties. Impedance analysis 

can reveal which particular resistors (i.e., resistors in the apical membrane, basolateral 

membrane, and/or tight junction) or capacitors (i.e., capacitors in the apical and 

basolateral membranes) that are changed.  

For instance, if the electrical components in the apical membrane are 

changed, we can focus our study on the channels or transporters localized in the apical 

membrane. Importantly, the tight junction resistance is difficult to measure using the 

DC-based technique since the cellular conductance may interfere with the measured 

parameters. However, such paracellular parameters can be simply determined in the 
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AC mode. Moreover, AC impedance analysis is rapid (completed within 2 min), and 

non-destructive (i.e., the monolayer can later be used in other experiments). 

 

 

2.2 Parathyroid hormone (PTH) 

 

PTH plays an important regulatory role in Ca2+ homeostasis, i.e., 

maintenance of serum Ca2+ level within the narrow physiological range. It exerts 

hypercalcemic effects by inducing bone resorption, renal Ca2+ reabsorption, and 

intestinal Ca2+ absorption (Arnaud et al., 1967). PTH is a polypeptide hormone 

secreted by the parathyroid glands when the plasma free Ca2+ is decreased (Murray et 

al., 2005). In addition, PTH has been found to exert its actions on Na+ (Azarani et al., 

1995; Bezerra et al., 2008; Fan et al., 1999; Girardi et al., 2000), Cl– (Laverty et al., 

2003), HPO4
2– (Zhang et al., 1999), HCO3

– (Bank et al., 1978; Iino and Burg, 1979; 

McKinney and Myers, 1980a and 1980b), and Mg2+ (Quamme, 1997) transport. This 

implicates its non-calciotropic, ion regulatory function 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 chromosome 11 at band 

11p15 (Naylor et al., 1983). PTH is originally synthesized from PTH mRNA as 

preproPTH containing 115 amino acids (Kemper et al., 1974; Milstein et al., 1972). 

Cleavage of this protein by rough endoplasmic reticulum (RER) excises 25-amino-

acid pre-peptide yielding proPTH that still contains 6 extended amino acids at the N-

terminus (Cohn et al., 1972; Dorner and Kemper, 1978; Kemper et al., 1972). Golgi 

apparatus converts proPTH to PTH with 84 amino acids (Habener et al., 1979). 

Structure of native PTH (1–84) was predicted by Zull and Lev (1980). The 

first α-helix at the N-terminus forms a structure that incorporates N-terminal residues 

into a hydrophobic site. Residues 26–29 that are exposed to the surrounding 

environment are significant for receptor binding (Gardella et al., 1993; Rosenblatt et 

al., 1980). Moreover, this sequence links the next hydrophobic subdomain (34–37) to 
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the N-terminal hydrophobic structure. Tyrosine (Tyr) at position 43 is a terminal 

amino acid of the N-terminal hydrophobic region. Tyr-43 also bridges the remaining 

amino acids (45–84) which are poorly investigated because of the lack of biological 

functions. This tail sequence is plausibly important for molecular stability and 

secretion (Kronenberg et al., 1994; Lim et al., 1992). 

Indeed, the residues 1–34 at the N-terminus of PTH retain a high receptor-

binding property, and are sufficient for PTH functions (Pines, et al., 1996; Potts, et al., 

1971). Thus, commercial human PTH (1–34) was used in the present study.  

 

2.2.1.2 PTH synthesis and secretion 

The parathyroid glands are the major source of plasma PTH. Chief cells of 

the parathyroid glands are responsible for PTH synthesis and release. PTH enters the 

circulation via fusion of PTH-containing vesicles to plasma membrane of the chief 

cells in response to low plasma Ca2+, HPO4
2– and 1,25-dihydroxyvitamin D3 

[(1,25(OH)2D3)] (Kronenberg et al., 1994). 

Plasma Ca2+ directly controls PTH secretion through Ca2+-sensing receptor 

(CaR) expressed on the chief cells. CaR is a member of G-protein-coupled receptor 

(GPCR) superfamily. Binding of the extracellular Ca2+ to CaR induces conformational 

change and subsequently conveys the signal through various pathways. Hypercalcemia 

inhibits PTH production and secretion as a part of negative feedback mechanism. This 

process is considered a 3-level regulation. Low plasma Ca2+ results in a fast response 

through CaR which rapidly stimulates PTH secretion into the circulation within 

seconds (Brown et al., 1999). Prolonged hypocalcemia in a period of hours decreases 

PTH mRNA level that consequently suppresses PTH synthesis (Chung et al., 1996; 

Moallem et al., 1998). Furthermore, chronic hypocalcemia induces parathyroid gland 

enlargement which can be detected within days or even months (Li et al., 1998; 

Malloy et al., 1999).   

PTH prevents HPO4
2– reabsorption in the kidney by promoting 

Na+/HPO4
2– cotransporter (NaPi) internalization (Zhang et al., 1999). On the other 

hand, HPO4
2– controls PTH secretion independent of blood Ca2+ and 1,25(OH)2D3. In 

contrast to the regulation of PTH secretion by plasma Ca2+, a high plasma HPO4
2– 
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level increases PTH secretion, PTH mRNA expression, and parathyroid gland 

proliferation (Kilav et al., 1995; Naveh-Many et al., 1995; Rodriguez et al., 1996).  

PTH secretion is also controlled by 1,25(OH)2D3 at the transcriptional 

level (Russell et al., 1984; Silver et al., 1986). 1,25(OH)2D3 binds to nuclear vitamin D 

receptor (VDR) and acts on vitamin D response element (VDRE) in the promoter of 

the PTH gene (Okazaki et al., 1988). This action consequently suppresses PTH gene 

transcription. Further effect of 1,25(OH)2D3 is demonstrated by upregulation of VDR 

in the target cells by 1,25(OH)2D3 itself (Naveh-Many et al., 1990). These mechanisms 

are considered as a part of the negative feedback loop resulting from PTH-induced 

increase in 1,25(OH)2D3 production. This process prevents too much increase in the 

plasma Ca2+ levels induced by the effects of both hormones (Garabedian et al., 1972).  

 

2.2.1.3 Serum PTH level 

PTH is eliminated from the circulation mainly by liver and kidney 

resulting in a short half-life of a few minutes (Bringhurst et al., 1988). In the liver, 

PTH is taken up and degraded by Küpffer cells (Bringhurst et al., 1982). Filtrated PTH 

in kidney is mostly reabsorbed and proteolysed by tubular cells (Martin et al., 1979). 

Since the body provides an extremely high rate of PTH breakdown without 

mechanisms for modulation, circulating PTH is mainly determined by the rate of 

synthesis and release. (Kronenberg et al., 1994). Plasma PTH levels vary in the range 

of 10–60 pg/mL, depending on the plasma Ca2+ concentrations (Endres et al., 1991). 

Neither age nor gender has been observed to have effects on the plasma PTH levels 

(Haden et al., 2000). 

 

2.2.2 PTH receptor (PTHR) and signal transduction 

PTHR possesses 7 transmembrane domains with C- and N-termini at the 

intracellular and extracellular portions, respectively. The whole configuration of PTH-

PTHR complex consists of 3 main parts: the linear PTH, the transmembrane PTHR, 

and binding G proteins. This classifies PTHR as a member of GPCR superfamily. 

Ligand binding induces conformational change of the receptor which, in turn, activates 

G protein and downstream signaling molecules (Chorev et al., 2001).  
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Activation of PTHR stimulates 2 distinct signaling pathways depending on 

which G protein is recruited. Gαs activates adenylyl cyclase which, in turn, induces 

cAMP production and subsequently activates PKA (Figure 2.5). PKA phosphorylates 

many proteins that later initiate PTH functions. PLC is stimulated by Gαq, and converts 

phosphatidylinositol 4,5-bisphosphate (PIP2) in the plasma membrane to DAG and IP3. 

Cytoplasmic IP3 binds to its receptor on the membrane of the smooth endoplasmic 

reticulum (SER). IP3 receptor is a Ca2+ channel, the activation of which causes Ca2+ 

release into the cytoplasm. In the presence of Ca2+, DAG stimulates PKC that further 

phosphorylates the downstream protein targets (Tovey et al., 2006). A study on 

activation domains of the PTH molecule reveals that the sequences which are 

responsible for adenylyl cyclase and PKC stimulation are the N-terminal residues and 

residues 28–32, respectively (Schluter, 1999). 

There are 2 isoforms of PTHR, type 1 and 2 PTHR (PTHR1 and PTHR2), 

which differ in ligand specificity and tissue expression. PTHR1 found in bone, kidney, 

and intestine is activated by both PTH and PTH-related peptide (PTHrP) (Abou-Samra 

et al., 1992; Gensure et al., 2005; Urena et al., 1993; Watson et al., 2000). In contrast, 

PTHR2 is only stimulated by PTH and is exclusively expressed in the brain, where 

PTH synthesis is inconspicuous (Juppner, 1999; Usdin et al., 1995). Lack of PTHR2 

expression in bone, kidney, and intestine suggests that this PTHR isoform does not 

play a physiological role in mineral regulation in these organs. Interestingly, 

tuberoinfundibular peptide-39 (TIP39), an endogenous ligand extracted from bovine 

hypothalamus, has been found to specifically activate PTHR2. Additionally, PTHR2 

are strongly expressed in the hypothalamus and spinal cord, which implies a novel 

function of PTHR2 on the hypothalamic regulation of pituitary hormone secretion and 

pain sensation (Usdin et al., 1999). 
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Figure 2.5 Classical PTH signaling pathways. PTH binds to PTH receptor (PTHR) 

and consequently activates Gαs and/or Gαq. Gαs increases cyclic adenosine 

monophosphate (cAMP) levels and in turn activates protein kinase A (PKA). PKA, a 

member of the protein kinase family, phosphorylates many target proteins. On the 

other hand, Gαq stimulates phospholipase C (PLC) that cleaves phosphatidylinositol 

4,5-bisphosphate (PIP2) into diacyl glycerol (DAG) and inositol 1,4,5-trisphosphate 

(IP3). DAG activates protein kinase C (PKC), which can phosphorylate various target 

proteins. IP3 binds to its receptor, which acts as a Ca2+ channel, in the smooth 

endoplasmic reticulum (SER) membrane, and subsequently raises the intracellular 

Ca2+ concentration. 
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2.2.3 PTH-related peptide (PTHrP) 

PTHrP is named after PTH since it shares similar protein structure, 

chemical properties, and some biological actions (e.g., stimulation of bone resorption). 

Both hormones can bind equally to PTHR1 and convey similar signaling pathway, 

resulting in the increased cAMP and intracellular Ca2+ levels (Chorev et al., 2001). 

However, PTH and PTHrP are not identical hormones. While PTH production is 

apparently limited to the parathyroid glands, PTHrP expression has been identified a 

number of tissues, including epithelia, mesenchymal tissues, endocrine glands, 

placenta, and central nervous system (Strewler, 2000; Watson et al., 2000). This 

indicates broader physiological functions of PTHrP in local tissues (i.e., paracrine) 

rather than the systemic role on Ca2+ homeostasis. PTHrP secretion does not depend 

on the plasma Ca2+ levels (Strewler, 2000). Unlike PTH, PTHrP normally regulates 

cell proliferation similar to other growth factors, e.g., epidermal growth factor (EGF), 

transforming growth factor-β (TGF-β), and insulin-like growth factor-I (IGF-I) 

whereas PTH does not (Wysolmerski and Stewart, 1998). 

 

 
2.3 Intestinal anion secretion 

  

Intestinal anion secretion is required for the maintenance of the optimal 

conditions for digestion and absorption of nutrients by regulating pH and fluidity of 

the lumen. This process is accomplished by the active Cl– and HCO3
– secretion mainly 

through the transcellular pathway (Figure 2.6). Intestinal anion secretion is activated 

by various secretagogues which increase the intracellular cAMP levels such as 

forskolin, epinephrine, prostaglandin E1 (PGE1), vasoactive intestinal peptide (VIP), 

and vasopressin (Dharmsathaphorn and Pandol, 1986; Fukuda et al., 2000; Grasset et 

al., 1985; Weymer et al., 1985). An increase in cAMP production leads to stimulation 

of cystic fibrosis transmembrane conductance regulator (CFTR) which provides an 

exit for both Cl– and HCO3
–. Some investigators suggest a role of Ca2+-activated Cl– 

channel (CaCC) in the transport of Cl– across the apical membrane (Barrett and Keely, 

2000). 
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In the basolateral membrane, Cl– and HCO3
– enter the intestinal cell via 

Na+/K+/Cl– cotransporter-1 (NKCC1) and electrogenic Na+/HCO3
– cotransporter-1 

(NBCe1), respectively (Figure 2.6). Both transporters require a driving force from 

Na+/K+-ATPase. K+ is extruded down its electrochemical gradient via the basolateral 

K+ channels, which can be classified as cAMP- and Ca2+-activated K+ channels 

(Barrett and Keely, 2000). This step recycles K+ for the Na+/K+-ATPase function, and 

is thus crucial for the maintenance of anion secretion process (Kunzelmann and Mall, 

2002). Secretion of Cl– creates a lumen-negative voltage that favors Na+ secretion 

through the paracellular pathway. Eventually, Na+, Cl–, and H2O are secreted into the 

intestinal lumen. On the other hand, HCO3
– secretion is involved in both fluid 

secretion and luminal pH regulation. 

It is noted that CFTR and CaCC in the apical membrane and K+ channels 

in the basolateral membrane can be regulated by the intracellular levels of cAMP and 

Ca2+; both of which are signaling molecules of PTH. Therefore, PTH could possibly 

activate these transporters through cAMP- and Ca2+-dependent pathways, thereby 

leading to intestinal anion secretion.   
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Figure 2.6 A schematic model of the intestinal anion secretion. In the basolateral 

membrane, Cl– enters the cell through Na+/K+/Cl– cotransporter-1 (NKCC1), while 

HCO3
– enters the cell through the electrogenic Na+/HCO3

– cotransporter-1 (NBCe1). 

Both transporters are driven by Na+ gradient created by Na+/K+-ATPase. K+ is 

recycled to the basolateral side through Ca2+- and cAMP-activated K+ channels, 

which, in turn, help maintain Na+/K+-ATPase activity. Cl– exits the apical membrane 

through cystic fibrosis transmembrane conductance regulator (CFTR) and/or Ca2+-

activated Cl– channel (CaCC). Na+ and H2O move into the lumen down the electrical 

and osmotic gradients, respectively. HCO3
– is also secreted into the lumen through 

CFTR. Cyclic adenosine monophosphate (cAMP) plays a crucial role in the activation 

of CFTR and cAMP-activated K+ channel, whereas Ca2+ activates CFTR, CaCC and 

Ca2+-activated K+ channel. 
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2.4 Intestinal epithelium-like Caco-2 cells 

 

 Caco-2 cells are derived from the human colorectal adenocarcinoma 

(Fogh et al., 1977). After confluence in a culture system, Caco-2 cells stop 

proliferation and gradually differentiate into enterocyte-like cells. The cells become 

polarized as columnar epithelial cells, form a monolayer (Le Bivic et al., 1990), and 

later show important characteristics of typical small intestinal cells, e.g., microvilli, 

tight junction, villin expression, and dome formation (Chantret et al., 1988; Hidalgo et 

al., 1989). Several studies support a structural and functional resemblance between 

Caco-2 and small intestinal absorptive cells (Bailey et al., 1996; Hilgers et al., 1990; 

Sambuy et al., 2005). Various enzymatic markers of the small intestine are abundantly 

expressed in the apical membrane of differentiated Caco-2 cells, including sucrase, 

isomaltase, lactase, alkaline phosphatase, γ-glutamyltransferase, aminopeptidease N, 

N-acetyltransferase, and dipeptidyl-peptidase IV (Chantret et al., 1988; Jumarie and 

Malo, 1991; Yoshioka et al., 1991). Moreover, Caco-2 cells have been used in several 

studies of electrolyte transport, including Cl– and HCO3
– secretion through the apical 

CFTR (Grasset et al., 1985; Inoue et al., 1997; Zhu et al., 2004 and 2005). Therefore, 

Caco-2 monolayer was used in the present PTH study. 
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CHAPTER III 

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-cm2 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% CO2 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-µm pore size, Corning) at 

5 × 105 cells/well. Culture medium was replaced everyday for 14 days. The cells were 

cultured under a humidified 5% CO2 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 × 105 cells/well. Culture medium 

was replaced everyday for 14 days. The cells were grown under a humidified 5% CO2 

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-dT20 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 µg/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  
(Accession number) 

Primers  
(forward/reward) 

Product length 
(bp) 

PTHR1  
(NM_000316) 

5′–ACCTGCACAGCCTCATCTTCA–3′ 103 5′–CACACAGCCACGAAGACAGC–3′ 
PTHR2  

(NM_005048) 
5′–TCTGGGAGACCAATGCAGTTG–3′ 118 5′–GGCAGGCATACGAACACGAT–3′ 

GAPDH  
(NM_002046) 

5′–CTGGTAAAGTGGATATTGTTG–3′ 359 5′–GAGGCTGTTGTCATACTTCTC–3′ 
 

 

PTHR1, 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 MgSO4, 1.25 CaCl2, 23 NaHCO3, 12 D-glucose, 2.5 L-glutamine, and 2 

mannitol (all chemicals were purchased from Sigma). The solution was continuously 

gassed with humidified 5% CO2 in 95% O2 and maintained temperature at 37 °C and 

pH 7.4. Osmolality of the solution was 290–295 mmol/kg H2O, 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 MΩ·cm 

and organic carbon less than 10 µg/L.  

 

3.3.2 Cl–-depleted bathing solution 

NaCl and KCl in the normal bathing solution were replaced by NaC6H11O6 

(sodium gluconate; Unilab, Sevenhills, NSW, Australia) and KC6H11O6 (potassium 

gluconate; Sigma), respectively. To overcome Ca2+-buffering capacity of the 

gluconate, CaCl2 was raised to 2.5 mmol/L. The solution was gassed with humidified 
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5% CO2 in 95% O2 and maintained temperature at 37 °C and pH 7.4. Osmolality of the 

solution was 290–295 mmol/kg H2O, measured by a freezing point-based osmometer.  

 

3.3.3 HCO3
–-depleted bathing solution 

HCO3
– in the normal bathing solution was replaced by HEPES-Na (Sigma) 

and the concentration of Na+ was adjusted by NaC6H11O6. The solution was gassed 

with humidified 100% O2 and maintained temperature at 37 °C and pH 7.4. Osmolality 

of the solution was 290–295 mmol/kg H2O, measured by a freezing point-based 

osmometer.  

 

3.3.4 Cl–/HCO3
–-depleted bathing solution 

NaCl, KCl, and HCO3
– in the normal bathing solution were replaced by 

NaC6H11O6, KC6H11O6, and HEPES-Na, respectively. The concentration of Na+ was 

adjusted by NaC6H11O6. The solution was gassed with humidified 100% O2 and 

maintained temperature at 37 °C and pH 7.4. Osmolality of the solution was 290–295 

mmol/kg H2O, 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 (Vt), short-circuit current 

(Isc), and transepithelial resistance (Rt), 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 KCl 2% agar bridges which were 

connected to Ag/AgCl electrodes were fitted adjacent to the monolayer (V1 and V2) 

for Vt measurement and at the end of each hemichamber (I1 and I2) 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).  
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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). Vt was 

measured by V1 and V2 using V2 on the basolateral side as a reference electrode 

(Figure 3.1). I1 and I2 were used to create desirable currents. To determine Rt and Isc 

(herein, Isc means “equivalent” short-circuit current), current pulses (I; 3 µA 

amplitude, 800 ms pulse duration, 0.1 Hz frequency) were continuously applied across 

the monolayer. The corresponding Vt deflection (∆Vt) was used to calculate Rt 

according to Ohm’s law;  

 

 Rt = ∆Vt/I  (12) 

 

Isc was then calculated from Vt and Rt (Equation 13) according to Ohm’s 

law, 

 

 Isc = Vt/Rt  (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% CO2 in 95% O2 to maintain fluid mixing, O2 

supply for the cells, and pH of 7.4.  

 

 

 

 

 

 

 

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, I1, I2, V1, and V2, were placed as shown in 

the figure. 

Apical solution Basolateral solution 

V2 V1 I1 I2 

Snapwell  
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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 µA/cm2) 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., Ra-Ca and Rb-Cb. Rp, 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., Ra, Rb, Ca, Cb, it is 

required an independent estimate of Rp. Rp was acquired from y-interception of a plot 

between transepithelial conductance (Gt) and Isc as described by Wills et al. (Wills et 

al., 1979). 

 

 Gt = Isc/Eb + Gp  (14) 

 

Gp is transepithelial conductance which is reciprocal to Rp while Eb is 

electromotive force of the basolateral membrane. We used the data during cell 

response to PTH or forskolin to plot Gt vs. Isc and the graph was subsequently 

analyzed by linear regression (Singh et al., 2002). The calculation was based on the 

assumption that Rp 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 Rp with the impedance data was fitted by 

Zplot with Zview to obtain Ra, Rb, Ca, and Cb. 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 µg/mL nystatin (Calbiochem, San Diego, CA, USA) was added every 

5 min 6 times, and the values of Isc and Gt measured at 11 time points were used to 

calculate Gp. 

 

 

 

 

 

 
 

 

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 

µg/mL nystatin was added to the apical side of the monolayer every 5 min for 30 min, 

and Isc and Gt 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 

Equilibration period
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Measure Isc and Gt 

Nystatin 
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replaced with 3H-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 µL sample was collected from each side of 

the chamber every 10 min for 5 times. Radioactivity of 3H-mannitol was analyzed by 

liquid scintillation spectrophotometer (model Tri-Carb 3100 TR; Perkin-Elmer, 

Shelton, CT, USA). 

 

 

 

 

 
 

 

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 3H-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 µL) were collected from each side of the chamber every 10 

min for 50 min. 
 

Hot-to-cold unidirectional flux (JH C) of mannitol was calculated as 

follow, 

 

 JH C = RH C/(SH × a)  (15) 

 

where JH C is hot-to-cold unidirectional flux (nmol/h/cm2) 

   RH C  is a rate of tracer appearance in the cold side (cpm/h) 

  SH is a specific activity of the hot side (cpm/nmol) 

  a is surface area of a Snapwell (cm2) 

Equilibration period 
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SH was calculated from Equation 16. 

 

 SH = CH/CT  (16) 

 

where SH is a specific activity of the hot side (cpm/nmol) 

  CH is a mean radioactivity in the hot side (cpm) 

  CT 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., Vt, Isc, Rt, were determined by a DC-based procedure. Subsequently, 

impedance analysis was performed to determine the basal membrane capacitance and 

resistance of the monolayer. Ra, Rb, Ca, and Cb 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. Vt, Isc, and Rt were determined under an 

open-circuit condition by a DC-based procedure. After 15-min equilibration, 10 

µmol/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 µmol/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. Ra, Rb, Ca, and Cb were calculated 

as described in the previous section. 

 

 

 

 

 

 

 

 

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 

µmol/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. Ra, 

Rb, Ca, and Cb 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 

Vt, Isc, and Rt 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 3H-mannitol transport and the nystatin-induced membrane 

permeabilization technique.  

 

3.7.3.3 Effects of Cl– and/or HCO3
– depletion on the PTH-

stimulated ion transport in Caco-2 monolayer 

The monolayer was bathed on both sides with normal, Cl–-

depleted, HCO3
–-depleted or Cl–/HCO3

–-depleted solution. Preparation of the solution 

was described in section C. Vt, Isc, and Rt 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 

HCO3
– secretion in Caco-2 monolayer 

Vt, Isc, and Rt were determined under an open-circuit condition 

by a DC-based procedure. After 15-min equilibration, the monolayer was preincubated 

with NBCe1 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 HCO3
– efflux in Caco-2 monolayer 

Vt, Isc, and Rt 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 HCO3
– secretion in Caco-2 monolayer  

Vt, Isc, and Rt 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 

HCO3
– secretion in Caco-2 monolayer  

Vt, Isc, and Rt 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 HCO3
– secretion in Caco-2 monolayer  

Vt, Isc, and Rt were determined under an open-circuit condition 

by a DC-based procedure. After 15-min equilibration, the monolayer was incubated 

with PKA, PI3K or Ca2+/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 capacitance and resistance 

in Caco-2 monolayer by impedance analysis 

 

DC analysis of epithelial circuitry could not determine the electrical 

elements of epithelium, i.e., Ra, Rb, Ca, and Cb. These electrical parameters were, 

therefore, determined by AC-based impedance analysis. 

 

4.1.1 Basal membrane capacitance and resistance of Caco-2 

monolayer 

Basal electrical parameters of Caco-2 monolayer measured by DC-based 

technique were shown in Table 4.1. The confluent Caco-2 monolayer exhibited a basal 

Vt of 0.59 ± 0.09 mV (apical negative; n = 15), with a basal Rt of 232.74 ± 12.77 

Ω⋅cm2 (n = 15) and Isc of 2.60 ± 0.40 µA/cm2 (n = 15). 

Thereafter, impedance analysis was used to determine membrane 

capacitance and resistance of the monolayer. An equivalent circuit was analyzed with 

regard to the lumped model as shown in Figure 2.2. The circuit is comprised of 4 

resistors and 2 capacitors. Electrical elements of the apical and basolateral membranes 

consist of parallel R-C combinations. This transcellular circuit connects in parallel to a 

paracellular resistor (Rp), which is mainly determined by the tight junction. In 

addition, a resistor of the solution and Snapwell (Rs) is linked in series to the circuit of 

the cell.  

Impedance results of the monolayer in the basal condition are illustrated in 

the Nyquist plot (Figure 4.1A) showing a relationship between real (ZR) and imaginary 

(ZI) terms of the impedance. Plots of frequency vs. magnitude of the impedance (|Z|) 

and frequency vs. phase difference (θ) are shown by Bode magnitude plot (Figure 

4.1B) and Bode phase plot (Figure 4.1C), respectively. These parameters were used to 
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calculate the plasma membrane capacitance and resistance of the monolayer using 

impedance analysis software. The calculated plasma membrane capacitance and 

resistance are shown in Table 4.2. The Caco-2 monolayer had Ra and Rb of 2141.30 ± 

222.50 and 993.96 ± 60.96 Ω⋅cm2, respectively. These values are comparable to the 

study of Caco-2 membrane resistance using a microelectrode recording by Grasset and 

colleagues (1984). Ca and Cb of the monolayer were 28.98 ± 0.69 and 12.36 ± 0.23 

µF/cm2, respectively, consistent with those found in mammalian colon (Wills and 

Clausen, 1987).  

These results indicated that the AC-based impedance analysis was able to 

determine the plasma membrane capacitance and resistance of Caco-2 monolayer. 

 

Table 4.1 Basal electrical parameters of Caco-2 monolayer as measured by DC-based 

Ussing system. 

 

Electrical parameters Values Unit n 
Vt 0.59  ± 0.09 mV 15 
Isc 2.60  ± 0.40 µA/cm2 15 
Rt 232.74   ± 12.77 Ω⋅cm2 15 

 

Vt, transepithelial voltage (potential) difference; Isc, short-circuit current; Rt, 

transepithelial resistance. 

 

Table 4.2 Basal membrane capacitance and resistance of Caco-2 monolayer as 

measured by AC-based impedance analysis. 

 

Electrical parameters Values Unit n 
Ra 2141.30  ± 222.50 Ω⋅cm2 10 
Rb 993.96  ± 60.96 Ω⋅cm2 10 
Ca 28.98   ± 0.69 µF/cm2 10 
Cb 12.36 ± 0.23 µF/cm2 10 

 

Ra, apical membrane resistance; Rb, basolateral membrane resistance; Ca, apical 

membrane capacitance; Cb, basolateral membrane capacitance. 
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Figure 4.1 A representative transepithelial impedance of the Caco-2 monolayer. The 

data is presented in (A) Nyquist plot, (B) Bode phase plot, and (C) Bode magnitude 

plot. The impedance results were fitted by the lumped model, and are shown in solid 

lines. The parameters are as followed; apical membrane resistance (Ra) = 2028.00 

Ω⋅cm2, basolateral membrane resistance (Rb) = 1004.00 Ω⋅cm2, apical membrane 

capacitance (Ca) = 27.43 µF/cm2, basolateral membrane capacitance (Cb) = 12.84 

µF/cm2. All parameters were automatically obtained from the impedance analysis 

software (see Materials and Methods). ZR, real term of impedance; ZI, imaginary term 

of impedance; |Z|, magnitude of impedance. 

A 

C 

B 
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4.1.2 Effect of forskolin on the plasma membrane capacitance and 

resistance in Caco-2 monolayer 

To further assure that the plasma membrane capacitance and resistance can 

be accurately determined by impedance analysis, changes in the membrane electrical 

properties caused by forskolin were observed using this technique. Forskolin is an 

adenylyl cyclase activator which increases the intracellular cAMP level. This 

subsequently stimulates CFTR and, in turn, anion secretion. Activation of apical 

CFTR has been reported to decrease the apical membrane resistance (Bajnath et al., 

1991; Grasset et al., 1985; Moser et al., 2007; Singh et al., 2002).  

Action of forskolin on electrolyte transport in the Caco-2 monolayer was 

demonstrated by DC-based Ussing technique which was carried out under an open-

circuit condition as shown in Figure 4.2. Exposure to 10 µmol/L forskolin on the 

basolateral side led to a rapid increase in Isc (apical negative) which reached the peak 

within 2 min (∆Isc = 13.74 ± 1.20 µA/cm2). Isc then slightly declined and reached a 

new sustained level which continued throughout the experiment (>45 min; ∆Isc = 6.71 

± 0.89 µA/cm2). This result indicated that forskolin activated membrane transporters 

and induced anion secretion in Caco-2 monolayer. 

Impedance analysis was exploited to show the forskolin-induced changes 

in the plasma membrane electrical properties. The results were illustrated in Nyquist 

(Figure 4.3A) and Bode (Figure 4.3B and 4.3C) plots. At 1 min after adding 10 

µmol/L forskolin, transepithelial impedance of the monolayer was decreased as shown 

in Nyquist (Figure 4.3A) and Bode (Figure 4.3B) plots. A left shift of the intersection 

on the real-impedance (ZR) axis at the low frequency indicated a decreased in Rt of the 

monolayer (Figure 4.3A). This Rt reduction was accompanied by pronounced 

decreases in Ra (2249.57 ± 91.48 to 790.67 ± 90.12 Ω⋅cm2; Figure 4.4A) and Rb 

(1044.99 ± 85.10 to 234.33 ± 15.42 Ω⋅cm2; Figure 4.4A). These alterations of the 

membrane resistance were consistent with an increase in Isc as measured by DC-based 

Ussing chamber technique. The maximal Isc response was observed at 1 min after 

adding forskolin, and the patterns of the change in membrane resistance and Isc were 

also similar (Figures 4.2 and 4.4A). Forskolin had no effect on Ca (27.09 ± 1.79 vs. 

27.08 ± 1.84 μF/cm2 in control and forskolin-treated group, respectively; Figure 4.4B) 
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and Cb (12.44 ± 0.48 vs. 12.08 ± 0.44 μF/cm2 in control and forskolin-treated group, 

respectively; Figure 4.4B) of Caco-2 monolayer. 

 These results confirmed that changes in the plasma membrane capacitance 

and resistance by a cAMP-producing agent could be determined by AC-based 

impedance analysis. Thus, this technique may be used to determine the plasma 

membrane capacitance and resistance changes after stimulation by PTH, which is also 

known to increase intracellular cAMP levels (Lee and Partridge, 2009; Tovey et al., 

2006). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2 A representative recording of transepithelial potential difference (Vt) 

showing the action of forskolin on electrolyte transport in Caco-2 monolayer. Caco-2 

cells were grown for 14 days into a monolayer on a permeable membrane (Snapwell) 

which was then mounted in Ussing chamber. Experiment was performed under an 

open-circuit condition. Forskolin (10 µmol/L) was added to the basolateral solution. 
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Figure 4.3 Electrical impedance in the control and forskolin-treated Caco-2 

monolayers. The data is presented in (A) Nyquist plot, (B) Bode phase plot, and (C) 

Bode magnitude plot. Closed and open circles represent the data measured in the basal 

period and at 1 min after adding 10 µmol/L forskolin, respectively. The impedance 

data were automatically fitted with the lumped model, and the curves are shown in 

solid lines. The obtained parameters were as followed; baseline, apical membrane 

resistance (Ra) = 1933.00 Ω⋅cm2, basolateral membrane resistance (Rb) = 614.90 

Ω⋅cm2, apical membrane capacitance (Ca) = 21.44 μF/cm2, and basolateral membrane 

capacitance (Cb) = 13.02 μF/cm2; 1 min after adding 10 µmol/L forskolin, Ra = 737.30 

Ω⋅cm2, Rb = 196.30 Ω⋅cm2, Ca = 32.23 μF/cm2, and Cb = 11.76 μF/cm2. ZR, real term 

of impedance; ZI, imaginary term of impedance; |Z|, magnitude of impedance. 
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Figure 4.4 Effects of forskolin on membrane electrical properties of Caco-2 

monolayer. The monolayer was exposed on the basolateral side to 10 µmol/L 

forskolin. The membrane capacitance and resistance were analyzed by impedance 

analysis at 0 (baseline), 1, 5, 10, 15, 20, 25, 30, 35, and 40 min. (A) Apical (Ra) and 

basolateral (Rb) resistance of the monolayer. (B) Apical (Ca) and basolateral (Cb) 

conductance of the monolayer. *P < 0.05 (paired t-test) compared with their respective 

baseline values at 0 min. Numbers in parentheses represent the number of independent 

monolayers in each group. 

0 10 20 30 40

0

10

20

30

40
Apical membrane (n = 7)
Basolateral membrane (n = 7)

Time (min)

C
ap

ac
it

an
ce

 (
µµ µµ

F/
cm

2 )
A 

B 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Molecular Medicine) / 47 
 

4.2 Effect of PTH on membrane capacitance and resistance in Caco-2 

monolayer as determined by impedance analysis 

 

The aim of these experiments was to demonstrate the application of 

impedance analysis to predict the responses of Caco-2 cells to PTH; the action of 

which was unknown in the intestine. This impedance analysis could provide a novel 

approach to predict the biological responses of the cells to drugs and hormones. 

 

4.2.1 PTHR mRNA expression in the Caco-2 cells 

Caco-2 cells were investigated for PTH receptor expression by RT-PCR. 

On day 14 after plating, type 1 but not type 2 parathyroid hormone receptor (PTHR) 

mRNAs was found to be expressed in this cell type (Figure 4.5). Although PTHR2 

was not observed in conventional PCR followed by gel electrophoresis, real-time PCR 

could detect a modest expression of PTHR2 in Caco-2 cells (Tulalamba and 

Laohapitakworn, unpublished observation). The correct amplicon of PTHR1 was 

confirmed by sequencing.  

These results confirmed that Caco-2 cells could respond to PTH. 

 

 

 

 

 

 

 

 

 

 

Figure 4.5 Expression of type 1 parathyroid hormone receptors (PTHR1) in Caco-2 

cells, as determined by conventional PCR followed by agarose gel electrophoresis. 

PTHR2 expression was not observed by this technique. However, real-time PCR could 

reveal a modest expression of PTHR2 (Tulalamba and Laohapitakworn, unpublished 

observation). GAPDH, glyceraldehydes 3-phosphate dehydrogenase. 
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4.2.2  Effect of PTH on the plasma membrane capacitance and 

resistance in Caco-2 monolayer 

To explore the alterations in plasma membrane electrical properties 

induced by PTH, impedance analysis was performed before and after PTH application 

to the Caco-2 monolayer. Impedance results of the monolayer at 0 (baseline) and 1 

min after adding 10 µmol/L PTH to the basolateral bathing solution were illustrated in 

the Nyquist plot (Figure 4.6A), Bode phase plot (Figure 4.6B), and Bode magnitude 

plot (Figure 4.6C). PTH decreased epithelial impedance of the monolayer, and 

revealed a split semicircle in the Nyquist plot (Figure 4.6A) and different peaks in the 

Bode phase plot (Figure 4.6B). In addition, PTH also decreased Rt as shown by a left 

shift of the intersection on ZR axis at low frequency (Figure 4.6A). These alterations 

were accompanied by a pronounced reduction in Ra (2141.30 ± 222.50 to 1182.08 ± 

63.94 Ω⋅cm2; Figure 4.7A) and Rb (993.96 ± 60.96 to 128.71 ± 9.18 Ω⋅cm2; Figure 

4.7A). No change in Ca (28.98 ± 0.69 vs. 28.97 ± 0.46 µF/cm2 in control and PTH-

treated groups, respectively; Figure 4.7B) and Cb (12.36 ± 0.23 vs. 12.43 ± 0.16 

µF/cm2; Figure 4.7B) was observed.  

Further analysis of the membrane electrical properties at different time 

points after PTH treatment showed that alterations in Ra and Rb were transient and 

reversible despite a continual exposure to PTH. The decreased Ra rapidly recovered to 

the near-baseline level within 5 min and then remained steady (Figure 4.7A). 

Conversely, the recovery of Rb appeared to be slower. Neither Ca nor Cb was affected 

throughout the course of PTH stimulation (Figure 4.7B).  

These results implicated that PTH activated transporters in both apical and 

basolateral membranes of Caco-2 monolayer, leading to significant decreases in Ra 

and Rb. Thus, impedance analysis was capable of predicting the mechanism of 

action of PTH. Transporters and signaling pathways involved in this response were 

then determined by Ussing chamber technique in the next series of experiments. 
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Figure 4.6 Electrical impedance in the control and PTH-treated Caco-2 monolayer. 

The data is presented in (A) Nyquist plot, (B) Bode phase plot, and (C) Bode 

magnitude plot.  Closed and open circles represent results measured in the basal period 

and at 1 min after adding 10 nmol/L PTH, respectively. The impedance data were 

automatically fitted with the lumped model, and the curves are shown in solid lines. 

The obtained parameters were as followed; baseline, apical membrane resistance (Ra) 

= 2028.00 Ω⋅cm2, basolateral membrane resistance (Rb) = 1044.00 Ω⋅cm2, apical 

membrane capacitance (Ca) = 27.43 μF/cm2, basolateral membrane capacitance (Cb) = 

12.84 μF/cm2; 1 min after adding 10 nmol/L PTH, Ra = 1077.00 Ω⋅cm2, Rb = 111.40 

Ω⋅cm2, Ca = 29.30 μF/cm2, Cb = 12.80 μF/cm2. ZR, real term of impedance; ZI, 

imaginary term of impedance; |Z|, magnitude of impedance. 
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Figure 4.7 Effect of PTH on the plasma membrane electrical properties in Caco-2 

monolayer. The monolayer was exposed on the basolateral side to 10 nmol/L PTH. 

The membrane capacitance and resistance were analyzed by impedance analysis at 0 

(baseline), 1, 5, 10, 15, 20, 25, 30, 35, and 40 min after PTH exposure. (A) Apical (Ra) 

and basolateral (Rb) resistance of the monolayer. (B) Apical (Ca) and basolateral (Cb) 

conductance of the monolayer. *P < 0.05 (paired t-test) compared with their respective 

baseline values at 0 min. Numbers in parentheses represent the number of monolayers 

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

cells 

 

Since the results from impedance analysis indicated that PTH activated the 

transcellular transporters in both apical and basolateral membranes, the present 

experiments were to examine the effect of PTH on transcellular ion transport as well 

as the responsible transporters and signaling pathways. 

 

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

To study the action of PTH on ion transport, electrical parameters, i.e., Vt, 

Isc, and Rt, of the Caco-2 monolayer were measured by Ussing chamber technique 

under a DC-based open-circuit condition. Exposure to 10 nmol/L PTH induced an 

increase in Isc (apical negative) that peaked within 1 min (∆Isc = 14.42 ± 1.51 µA/cm2), 

followed by a slow decay (Figure 4.8A). Thereafter, Isc was sustained at a level above 

the baseline for >45 min. This response of Caco-2 monolayer resembled anion 

secretion caused by forskolin (Figure 4.2). The peak Isc response (∆Isc) was dose-

dependent, which confirmed specificity of PTH (Figure 4.8B). The concentration 

which caused half-maximal response (EC50) was at 3 nmol/L. The maximal response 

was observed at 10 nmol/L and this concentration was used throughout the study. PTH 

exposure on the apical side exhibited a much lower peak Isc response when compared 

to basolateral exposure (2.38 ± 0.72 vs. 18.63 ± 2.83 µA/cm2; Figure 4.8C).  

To confirm the specificity of PTH, action of 1–34 PTH (active form of 

PTH) was compared to 13–34 PTH (inactive form of PTH) or autoclaved 1–34 PTH. 

The result showed that both 13–34 PTH and autoclaved 1–34 PTH had no effect on 

Caco-2 monolayer (1–34 PTH vs. 13–34 PTH vs. autoclaved 1–34 PTH; 13.09 ± 1.01 

vs. 0.54 ± 0.10 vs. 0.40 ± 0.19 µA/cm2; Figure 4.9). Furthermore, the response of the 

monolayer to PTH was abolished when PTH was preincubated with various 

concentrations of PTH antibody in a dose-dependent manner. This result indicated that 

the response of the monolayer was specific to PTH. 

Taken together, it could be concluded that PTH activated ion secretion in 

Caco-2 monolayer. 
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Figure 4.8 Effect of PTH on ion transport in Caco-2 monolayer. (A) A representative 

tracing of transepithelial potential difference (Vt) showing the response of Caco-2 

monolayer to 10 nmol/L PTH added in the basolateral solution. (B) A dose-response 

relationship of PTH. Changes in Isc were plotted against increasing doses of PTH 

added in the basolateral solution. Half-maximal (EC50) and maximal responses were 

achieved at 3 and 10 nmol/L PTH, respectively. (C) A comparison between addition 

of 10 nmol/L PTH in the basolateral vs. apical solution. **P < 0.01 (Mann-Whitney 

U-test). Numbers in parentheses represent the number of monolayers. 

 
 

-10 -9 -8 -7

0

6

12

18

24

(3)
(3)

(3)

(3) (3)

Log[PTH] (mol/L)

∆∆ ∆∆
Is

c 
( µµ µµ

A
/c

m
2 )

A B 

Bas
olat

er
al

Apica
l

0

6

12

18

24 (5)

(5)
**

+PTH

∆∆ ∆∆
Is

c 
( µµ µµ

A
/c

m
2 )

C 



Fac. of Grad. Studies, Mahidol Univ.  Ph.D. (Molecular Medicine) / 53 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.9 Specificity of Isc response of Caco-2 monolayer to PTH. The monolayer 

was exposed on the basolateral side to 10 nmol/L 1–34 PTH (active form of PTH), 10 

nmol/L 13–34 PTH (inactive form of PTH), or 10 nmol/L autoclaved 1–34 PTH. For 

PTH antibody experiment, 1–34 PTH was preincubated with PTH antibody at various 

dilutions (1:10000, 1:1000, 1:100, or 1:10) prior to adding the mixture in bathing 

solution. *** P < 0.001 compared with the 1–34 PTH-treated group. Numbers in 

parentheses represent number of monolayers in each group. 
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4.3.2 Effect of PTH on the paracellular resistance of Caco-2 

monolayer 

To study the effects of PTH on the paracellular resistance (Rp) of Caco-2 

monolayer, 3H-mannitol flux was first used as an indicator for the change in Rp during 

PTH stimulation. The results showed that 3H-mannitol flux was not affected by PTH 

(control vs. PTH; 27.47 ± 2.26 vs. 26.22 ± 1.64 nmol/h/cm2; Figure 4.10A). Rp was 

also determined using nystatin-induced membrane permeabilization method (Wills et 

al., 1979). Rp of both control and PTH-treated groups were found to be comparable 

(269.04 ± 15.48 Ω⋅cm2 vs. 268.66 ± 11.43 Ω⋅cm2; Figure 4.10B). 

These results indicated that PTH had no effect on Rp in Caco-2 monolayer. 
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Figure 4.10 Effect of PTH on the paracellular resistance (Rp) of Caco-2 monolayer. 

(A) Transepithelial 3H-mannitol flux in control and PTH-treated Caco-2 monolayer. 
3H-mannitol flux was an indicator of the widening of the tight junction. (B) Rp in 

control and PTH-treated Caco-2 monolayer as measured by nystatin-induced 

membrane permeabilization method. Numbers in parentheses 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 chamber experiments showed 

that PTH induced anion secretion in Caco-2 monolayer (Figure 4.8), the secreted ions 

were then examined whether they were Cl– or HCO3
– by the present ion substitution 

experiments. Cl– or HCO3
– in the bathing solution was replaced with gluconate or 

HEPES, respectively. Interestingly, Cl–-depleted solution had no effect on the PTH-

stimulated Isc (16.72 ± 1.32 vs. 15.08 ± 1.42 µA/cm2; Figure 4.11), indicating that Cl– 

was not involved in such PTH response. However, HCO3
– depletion could abolish the 

action by ~80% (16.72 ± 1.32 vs. 3.66 ± 0.65 µA/cm2). Depletion of both Cl– and 

HCO3
– from the bathing solution also decreased the PTH-induced Isc response to PTH 

at the level comparable to HCO3
– removal (2.74 ± 0.81 µA/cm2, ~80% reduction). 

These results suggested that it was HCO3
–, but not Cl–, that was transported across the 

monolayer after PTH stimulation. 
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Figure 4.11 Effects of Cl– and/or HCO3

– depletion on the PTH-induced Isc response in 

Caco-2 monolayer. Cl– and/or HCO3
– in the bathing solution were substituted with 

gluconate and/or HEPES, respectively. The monolayer was then exposed to 10 nmol/L 

PTH in the basolateral solution. ***P < 0.001 compared with the control group. 

Numbers in parentheses represent the number of monolayers. 
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 4.3.4 The sources of HCO3
– for the PTH-stimulated HCO3

– secretion 

in Caco-2 monolayer 

 Basolateral uptake of HCO3
– was evaluated by incubating Caco-2 

monolayer with the blockers of Na+/K+/Cl– cotransporter-1 (NKCC1; 100 µmol/L 

bumetanide) or electrogenic Na+/HCO3
– cotransporter-1 (NBCe1; 500 µmol/L DIDS) 

on the basolateral side before 10 nmol/L PTH exposure. Bumetanide did not inhibit 

the PTH response (16.98 ± 1.09 vs. 17.95 ± 1.06 µA/cm2; Figure 4.12), consistent with 

the findings from the previous experiment that the Cl– depletion had no effect on the 

PTH response (Figure 4.11). However, the PTH action was markedly diminished by 

~90% after exposure to DIDS (16.98 ± 1.09 vs. 1.82 ± 0.85 µA/cm2). This result 

indicated that NBCe1 supplied HCO3
– from the basolateral side. Since NBCe1 

requires the activity of Na+/K+-ATPase for maintaining Na+ gradient, addition of 

ouabain (1 mmol/L), an inhibitor of the Na+/K+-ATPase, to the basolateral side also 

inhibited the PTH action (16.98 ± 1.09 vs. 2.70 ± 0.41 µA/cm2, ~85% reduction). 

Furthermore, HCO3
– could be generated intracellularly as methazolamide (1 mmol/L), 

an inhibitor of carbonic anhydrase, reduced the PTH response by 60% (16.98 ± 1.09 

vs. 7.08 ± 0.81 µA/cm2; Figure 4.12).  

 These results suggested that NBCe1 in the basolateral membrane played a 

major role in PTH regulation of HCO3
– secretion in Caco-2 cells, and carbonic 

anhydrase in the cytoplasm also helped generate HCO3
– from CO2 for the apical 

HCO3
– secretion. 
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Figure 4.12 Effects of various inhibitors of basolateral membrane transporters and 

carbonic anhydrase on the PTH-stimulated Isc response in Caco-2 monolayer. The 

monolayer was preincubated with Na+/K+/Cl– cotransporter-1 (NKCC1) inhibitor (100 

µmol/L bumetanide), electrogenic Na+/HCO3
– cotransporter-1 (NBCe1) inhibitor [500 

µmol/L 4,4′-diisothiocyanatostilbene-2,2′-disulfonic acid disodium salt hydrate 

(DIDS)], Na+/K+-ATPase inhibitor (1 mmol/L ouabain), or carbonic anhydrase 

inhibitor (1 mmol/L methazolamide) prior to 10 nmol/L PTH exposure. DMSO was a 

vehicle for inhibitor preparation. ***P < 0.001 compared with the control group, ##P < 

0.01 compared with the ouabain-treated group. Numbers in parentheses represent the 

number of monolayers. 
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4.3.5 Responsible apical ion channels for the PTH-stimulated HCO3
– 

efflux in Caco-2 monolayer 

To investigate the apical transporters which mediated HCO3
– efflux from 

Caco-2 cells, the monolayer was pre-treated with various anion transporter blockers. 

The PTH-stimulated Isc response was significantly inhibited by apical exposure to a 

broad-spectrum Cl– channel blocker, NPPB, in a dose-dependent manner (Figure 

4.13). The PTH action was markedly abolished by the highest dose of NPPB by ~95% 

(200 µmol/L; 12.97 ± 0.40 vs. 0.83 ± 0.13 µA/cm2). Moreover, the specific CFTR 

blockers, thiazolidinone CFTRinh-172 and glycine hydrazide GlyH-101, were used to 

determine the role of CFTR, which can transport HCO3
– across various epithelial cells 

including the enterocytes (Kim and Steward, 2009; Tuo et al., 2009). CFTRinh-172 

inhibited the PTH-stimulated Isc response in a dose-dependent manner. The highest 

dose of CFTRinh-172 (20 µmol/L) strongly blocked the PTH action ~80% (12.97 ± 

0.40 vs. 2.70 ± 0.22 µA/cm2), while GlyH-101 (50 µmol/L) showed ~80% inhibition 

(12.97 ± 0.40 vs. 3.07 ± 0.23 µA/cm2). These results implied that CFTR played an 

important role in apical HCO3
– secretion induced by PTH in Caco-2 monolayer. 

However, the PTH-stimulated Isc response was not affected by apical application of 

anion exchanger inhibitor DIDS (500 µmol/L; 12.97 ± 0.40 vs. 12.07 ± 1.14 µA/cm2), 

which can inhibit apical CaCC and Cl–/HCO3
– exchangers, but not CFTR. 

Taken together, CFTR, but not CaCC or Cl–/HCO3
– exchangers, in the 

apical membrane mediated HCO3
– efflux during PTH stimulation in Caco-2 

monolayer. 
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Figure 4.13 Effects of various Cl– channel inhibitors on the PTH-induced Isc response 

in Caco-2 monolayer. The monolayer was preincubated with the inhibitors which were 

added to the apical bathing solution at the following concentrations: 20, 50, 100, and 

200 µmol/L of the broad-spectrum Cl– channel inhibitor 5-nitro-2-(3-

phenylpropylamino)benzoic acid (NPPB); 2, 5, 10, and 20 µmol/L of specific cystic 

fibrotic transmembrane conductance regulator (CFTR) inhibitor thiazolidinone 

CFTRinh-172; 50 µmol/L of specific CFTR inhibitor glycine hydrazide (GlyH-101); 

500 µmol/L anion exchanger inhibitor DIDS (which blocks Ca2+-activated Cl– channel 

(CaCC) and Cl–/HCO3
– exchangers, but not CFTR). DMSO was a vehicle for inhibitor 

preparation. ***P < 0.001 compared with the control group. Numbers in parentheses 

represent the number of monolayers. 
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4.3.6 Involvement of Na+/H+ exchanger (NHE) in the PTH-stimulated 

HCO3
– secretion in Caco-2 monolayer 

The previous study by Laverty and coworkers (2003) showed that NHE 

was involved in the PTH action in chick proximal tubular cells. Moreover, NHE1 and 

NHE3 are expressed in the basolateral and apical membrane of Caco-2 cells, 

respectively (Sambuy et al., 2005). Therefore, the role of NHE in the PTH-induced 

HCO3
– secretion in Caco-2 cells was investigated in this series of experiments. On the 

apical side, 10 µmol/L amiloride known to have no effect on NHE1 or NHE3 did not 

block the PTH-induced Isc response (16.62 ± 0.80 vs. 16.39 ± 1.38 µA/cm2; Figure 

4.14). Nevertheless, 100 µmol/L amiloride known to fully inhibit NHE1 and block 

NHE3 by ~50% significantly inhibited the PTH action (16.62 ± 0.80 vs. 10.24 ± 1.15 

µA/cm2, ~40% reduction), while 1 mmol/L amiloride, which inhibits all types of 

NHEs, diminished the PTH action by ~70% (16.62 ± 0.80 vs. 5.40 ± 0.67 µA/cm2). In 

addition, EIPA, a derivative of amiloride with NHE-inhibitory activity was used to 

confirm the role of NHE in the PTH action. EIPA at a concentration of 10 µmol/L 

known to fully inhibit NHE1 and block NHE3 by ~50%, could block the PTH-induced 

Isc response by ~40% (16.62 ± 0.80 vs. 10.01 ± 1.15 µA/cm2). The inhibition by EIPA 

was dose-dependent. The highest concentration of EIPA (50 µmol/L), which inhibits 

all types of NHEs, suppressed the PTH action by ~85% (16.62 ± 0.80 vs. 2.77 ± 0.64 

µA/cm2). These results suggested that NHE3 in the apical membrane was involved in 

the PTH-induced HCO3
– secretion in Caco-2 cells. 

Amiloride and EIPA were also preincubated on the basolateral side of the 

monolayer to examine the role of basolateral NHE1. Amiloride (1 mmol/L) as well as 

EIPA (50 µmol/L) inhibited the PTH action by ~50% (control vs. amiloride vs. EIPA, 

16.62 ± 0.80 vs. 9.14 ± 0.62 vs. 8.01 ± 0.79 µA/cm2; Figure 4.14). These results 

suggested that basolateral NHE1 also played a role in the action of PTH in Caco-2 

monolayer. 
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Figure 4.14 Effects of amiloride and 5-(N-ethyl-N-isopropyl) amiloride (EIPA) on the 

PTH-induced Isc response in Caco-2 monolayer. The monolayers were preincubated 

with inhibitors at the following concentrations: 10, 100, and 1000 µmol/L amiloride in 

the apical solution; 10, 20, and 50 µmol/L EIPA in the apical solution; 1 mmol/L 

amiloride in the basolateral solution; or 50 µmol/L EIPA in the basolateral solution. 

DMSO was a vehicle for inhibitor preparation. ***P < 0.001 compared with the 

control group. Numbers in parentheses represent the number of monolayers. 
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4.3.7 Involvement of K+ channels in the PTH-stimulated HCO3
– 

secretion in Caco-2 monolayer 

To examine whether K+ channels played roles in the response of Caco-2 

monolayer to PTH, 5 mmol/L BaCl2 (a nonspecific K+ channel inhibitor), 100 µmol/L 

chromanol 293B (a blocker of cAMP-activated K+ channel) and 100 nmol/L 

charybdotoxin (a blocker of Ca2+-activated K+ channel) were preincubated on the 

basolateral side of the monolayer prior 10 nmol/L PTH exposure. BaCl2 reduced the 

PTH action by ~30% (12.10 ± 0.63 vs. 8.51 ± 0.83 µA/cm2; Figure 4.15). However, 

neither chromanol 293B nor charybdotoxin inhibited the PTH-induced Isc response 

(control vs. chromanol 293B vs. charybdotoxin, 12.10 ± 0.63 vs. 11.23 ± 0.55 vs. 

11.39 ± 1.61 µA/cm2), suggesting that K+ channels apart from cAMP-activated and 

Ca2+-activated K+ channels were involved in the action of PTH in Caco-2 cells. 
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Figure 4.15 Effects of K+ channel blockers on the PTH-induced Isc response in Caco-2 

monolayer. Each inhibitor was preincubated on the basolateral side of the monolayer 

at the following concentration: 5 mmol/L BaCl2 (a nonspecific K+ channel inhibitor); 

100 µmol/L chromanol 293B (a blocker of cAMP-activated K+ channel); or 100 

nmol/L charybdotoxin (a blocker of Ca2+-activated K+ channel). DMSO was a vehicle 

for chromanol 293B and charybdotoxin preparation. Numbers in parentheses represent 

the number of monolayers. 
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4.3.8 Responsible signaling pathways for the PTH-stimulated HCO3
– 

secretion in Caco-2 monolayer 

In the last experiment, signaling pathways of PTH in Caco-2 cells were 

examined. Inhibitors of PTH signaling pathways were preincubated with the 

monolayer in both apical and basolateral sides prior to 10 nmol/L PTH exposure. A 

PKA inhibitor, 10 µmol/L PKI 14–22, decreased the PTH action by ~70% (17.16 ± 

1.39 vs. 5.33 ± 1.02 µA/cm2; Figure 13). However, an intracellular Ca2+ chelator, 50 

µmol/L BAPTA-AM, and a protein kinase C (PKC) inhibitor, 1 µmol/L GF-109203X, 

had no effect on the PTH action (control vs. BAPTA-AM vs. GF-109203X, 17.16 ± 

1.39 vs. 13.46 ± 1.82 vs. 15.89 ± 1.08 µA/cm2), while PI3K inhibitors, 200 nmol/L 

wortmannin and 75 µmol/L LY-294002, inhibited the PTH-induced Isc response by 

~50% (control vs. wortmannin vs. LY-294002, 17.16 ± 1.39 vs. 8.47 ± 0.58 vs. 9.91 ± 

0.86 µA/cm2).  

These results indicated that PTH activated HCO3
– secretion via the PKA 

and PI3K pathways. 
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Figure 4.16 Effects of signaling pathway inhibitors on the PTH-induced Isc response 

in Caco-2 monolayer. The monolayers were preincubated with the inhibitors added in 

both apical and basolateral solution at the following concentrations: a protein kinase A 

(PKA) inhibitor, 10 µmol/L protein kinase inhibitor 14–22 (PKI 14–22); an 

intracellular Ca2+ chelator, 50 µmol/L 1,2- bis(o-aminophenoxy)ethane-N,N,N′,N′-

tetraacetic acid tetra (acetoxymethyl) ester (BAPTA-AM); a protein kinase C (PKC) 

inhibitor, 1 µmol/L GF-109203X; phosphoinositide-3-kinase (PI3K) inhibitors, 200 

nmol/L wortmannin and 75 µmol/L LY-294002. DMSO was a vehicle for inhibitor 

preparation. ***P < 0.001 compared with the control group. Numbers in parentheses 

represent the number of monolayers. 
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CHAPTER V 

DISCUSSION 

 

 

Electrical circuitry of epithelia is composed of plasma membranes and 

tight junctions. The properties of the plasma membrane can be described as a 

combination of capacitance and resistance, whereas the tight junction is represented by 

a single resistance. However, these electrical elements cannot be determined 

individually by a DC-based technique. The present study used AC-based impedance 

spectroscopy as a model for measuring capacitance and resistance of the plasma 

membrane in Caco-2 monolayer. The accuracy of this technique was confirmed by 

showing the forskolin-stimulated alterations of the plasma membrane electrical 

properties. Moreover, impedance analysis was used to measure changes in the plasma 

membrane capacitance and resistance induced by PTH to predict the mechanisms of 

PTH action. Finally, the PTH mechanisms were further investigated by identifying the 

responsible transporters and signaling pathways by the Ussing chamber technique. 

This study thus demonstrated a novel application of the impedance analysis in the 

prediction of the biological responses of epithelial cells to hormonal treatment. 

 

 

5.1 Plasma membrane capacitance and resistance of Caco-2 

monolayer 

 

Impedance analysis has been used to determine the plasma membrane 

capacitance and resistance of gastric (Clausen et al., 1982), corneal (Clausen et al., 

1986), gall bladder (Moser et al., 2007), renal (Wills et al., 1993), and colonic 

epithelia (Wills and Clausen, 1987). However, the measurement of plasma membrane 

electrical properties in intact epithelia is complicated by the underlying connective 

tissue and muscle layers, both of which also act as barriers to the applied electrical 
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currents. In addition, the impedance measurement is complicated by heterogeneity of 

cells which are structurally different and thus have distinct electrical properties. 

Therefore, intestinal epithelial cell line Caco-2 was used to overcome the 

aforementioned limitations. Caco-2 cells are suitable for this type of study because 

their structure and function resemble human small intestinal epithelial cells (Bailey et 

al., 1996; Hilgers et al., 1990; Sambuy et al., 2005). 

Impedance was analyzed based on the lumped equivalent circuit (Figure 

2.3). The lumped model simplifies the morphology of the epithelium into 2 separate 

membranes which connect in parallel with the paracellular resistance. Although some 

investigators suggested that the contribution of the lateral intercellular space resistance 

should be resolved by the distributed equivalent circuit model (Figure 2.4), the effect 

of distributed resistance in leaky epithelia such as intestine was not important (Clausen 

et al., 1979). Generally, the lumped model is adequate for determining resistive and 

capacitive components, as shown in the previous studies in human colonic T84 cells 

(Singh et al., 2002) and human bronchial epithelial cells (Kreindler et al., 2005). 

During the basal period, the apical resistance Ra and the basolateral 

resistance Rb of Caco-2 cells was 2141.30 ± 222.50 and 993.96 ± 60.96 Ω⋅cm2, 

respectively (Table 4.2). The calculated apical membrane fractional electrical 

resistance [Ra/(Ra + Rb)] was 0.67 ± 0.01. These values were consistent with the 

previous report using a direct microelectrode recording in Caco-2 cells showing Ra of 

~2300 Ω⋅cm2, and the apical membrane fractional electrical resistance of 0.76 ± 0.02 

(Grasset et al., 1984). The apical and basolateral capacitances, Ca and Cb, of Caco-2 

cells in this study were also comparable to the values reported in mammalian colon as 

determined by impedance analysis [Ca, 28.98 ± 0.69 µF/cm2 vs. 20.70 ± 1.70 µF/cm2; 

Cb, 12.36 ± 0.23 vs. 9.80 ± 0.70 µF/cm2] (Wills and Clausen, 1987). Thus, the present 

impedance analysis could be used to accurately determine the plasma membrane 

capacitance and resistance in Caco-2 monolayer. 

To validate the impedance technique in Caco-2 cells, impedance of Caco-2 

monolayer was determined during forskolin stimulation. Forskolin is known to 

increase the intracellular cAMP levels which in turn stimulate anion secretion through 

apical CFTR. This process normally causes a reduction in the apical and basolateral 

membrane resistance (Bajnath et al., 1991; Grasset et al., 1985; Moser et al., 2007; 
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Singh et al., 2002). In this study, decreases in both Ra and Rb after forskolin treatment 

were detected (Figure 4.4) and also correlated with an increase in Isc as measured by 

DC-based Ussing technique (Figure 4.2). These results indicated that the forskolin-

induced changes in plasma membrane resistance could be determined by the present 

impedance spectroscopic technique. 

Forskolin led to anion secretion by activating transporters in both apical 

and basolateral membranes. Activation of apical CFTR was explained by direct 

phosphorylation by cAMP-dependent protein kinase (i.e., PKA), thus leading to 

channel opening (Gadsby and Nairn, 1999). Ameen and colleagues (2000) further 

showed that cAMP also induced CFTR insertion to the apical membrane. Fusion of 

CFTR-rich vesicles to the apical membrane could lead to a detectable change in the 

plasma membrane capacitance as the plasma membrane capacitance was proportional 

to the plasma membrane area (Clausen et al., 1982). However, the present study 

suggested that the reduction in Ra was caused by the increased channel opening rather 

than vesicle fusion since there was no change in the apical membrane capacitance. On 

the other hand, a decrease in Rb could result from the activation of basolateral 

transporters involved in forskolin-induced anion secretion, such as K+ channels, 

NKCC1, NBCe1, and/or Na+/K+-ATPase (Figure 2.5), all of which were found to be 

activated by cAMP (Bachmann et al., 2003; Barrett and Keely, 2000; Carranza et al., 

1998; Reynolds et al., 2007). 

 

 

5.2 Application of impedance analysis in predicting biological actions 

of PTH in Caco-2 monolayer 

 

Application of impedance spectroscopy in predicting the biological 

responses of cells to hormonal treatment was demonstrated 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 suggested the crucial roles of PTH 

in regulating renal transport of various ions, including Ca2+ (van Abel et al., 2005), 

Na+ (Azarani et al., 1995; Bezerra et al. 2008; Fan et al., 1999; Girardi et al., 2000), 

Cl– (Laverty et al., 2003), HPO4
2– (Zhang et al., 1999), HCO3

– (Bank et al. 1979; 

McKinney and Myers, 1980a and 1980b), and Mg2+ (Quamme, 1997). In human 

intestine, PTH usually stimulated Ca2+ and HPO4
2– absorption indirectly through 

1,25(OH)2D3 action (Cross et al., 1990; Khanal and Nemere, 2008). However, the 

direct effect of PTH on the intestine was still unclear.  

In this study, PTHR1 was found to be expressed in Caco-2 cells, consistent 

with previous reports of the expressions of PTHR1 mRNA and protein in rat small 

intestine (Urena et al., 1993; Watson et al., 2000). PTHR1 was the major isoform 

which mediated PTH action in bone and kidney, while PTHR2, which was less 

abundant in Caco-2 cells, was mainly expressed in the brain and did not show a 

physiological role in other organs (Juppner, 1999; Szabo et al., 2010; Usdin et al., 

1995). Apart from PTHR expression, Massheimer and coworkers (2000) demonstrated 

that PTH could activate cAMP/PKA and PLC/IP3/intracellular Ca2+ pathways in rat 

enterocytes. In chick enterocytes, PTH also bound to PTHR which in turn activated 

PKA (Nemere, 1996 and 1999). Therefore, it was suggested that PTH had a direct ion 

regulatory action in the intestine independent of 1,25(OH)2D3. 

 

5.2.2 PTH-induced changes in plasma membrane resistance in Caco-2 

monolayer  

PTH action was further examined by impedance spectroscopy in Caco-2 

cells. Ra and Rb were decreased at 1 min after PTH administration (Figure 4.7A). This 

response was correlated with the rapidly increased Isc revealed by DC-based Ussing 

chamber technique (Figure 4.8A). This altered Isc normally indicated electrogenic 

anion secretion across the monolayer. Various modulators which increased the 

intracellular cAMP levels and subsequently activated anion transport have been shown 

to lower the resistance of both apical and basolateral membranes (Moser et al., 2007; 

Paunescu and Helman, 2001; Singh et al., 2002). Thus, the decreased Ra and Rb in 

Caco-2 monolayer might reflect the increased activity of apical and basolateral 
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transporters, which were usually under the regulation of cAMP/PKA- and PKC/Ca2+-

dependent signaling pathways. Moreover,  the recovery of Ra and Rb even in the 

presence of PTH implicated possible desensitization of PTH receptors, presumably by 

receptor internalization as seen in the kidney and bone (Ferrari et al., 1999; Pun et al., 

1990; Vilardaga et al., 2002). 

Since PTH was found to induce anion secretion in Caco-2 monolayer 

(Figure 4.8A), and the cAMP/PKA pathway was the classical PTH signaling in the 

intestine (Massheimer et al., 2000), the cAMP-dependent CFTR is the most likely ion 

channel in the apical membrane for PTH-induced anion secretion. cAMP directly 

induced phosphorylation of CFTR and later caused channel opening for anion 

secretion (Gadsby and Nairn, 1999). This process could explain the rapid reduction of 

Ra in the PTH-exposed Caco-2 cells. A decrease in Rb might result from the 

stimulation of basolateral transporters for anion uptake. By using DC-based Ussing 

chamber technique, the basolateral NBCe1, NHE1, and Na+/K+-ATPase were found to 

be involved in PTH action (Figures 4.12 and 4.14), and activation of these transporters 

could cause a reduction in Rb. Such basolateral transporters had also been known to be 

regulated by cAMP and PKA (Azarani et al., 1995; Bachmann et al., 2003; Carranza et 

al., 1998). 

Changes in plasma membrane electrical properties are usually directly 

associated with membrane structure itself. Plasma membrane is composed of 

phospholipid bilayers which contain a hydrophobic compartment in between 2 

hydrophilic surfaces resembling a sandwich structure. This structure effectively 

maintained a separation of charge, similar to an electronic capacitor. In general, the 

phospholipid bilayers resemble a parallel-plate capacitor which is composed of 2 

parallel conductive plates separated by a dielectric medium. Plasma membrane 

capacitance was relatively unaffected by the embedded molecules (e.g., integral 

membrane proteins), and the value was directly proportional to the plasma membrane 

area [normal value of plasma membrane capacitance of a single cell was ~1 µF/cm2] 

(Cole, 1972). Therefore, plasma membrane capacitance could be used as an indicator 

of plasma membrane surface area. Any cellular processes which altered cell surface 

area (e.g., endocytosis or vesicle fusion) could be indirectly determined by changes in 

the plasma membrane capacitance. Clausen and colleagues (1982) also elucidated the 
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mechanism of bullfrog gastric acid secretion by using the membrane capacitance as a 

representative of plasma membrane area. Specifically, the histamine-induced gastric 

acid secretion which resulted from insertion of transporter-rich vesicles into the apical 

plasma membrane was demonstrated by this technique. In the present study, PTH had 

no effect on Ca or Cb throughout the PTH-exposed period (Figure 4.7B), implicating 

that PTH did not cause new CFTR insertion through vesicle fusion to the apical 

plasma membrane.  

 

 

5.3 Mechanisms of PTH-induced HCO3
– secretion in Caco-2 cells 

 

Functional study of the direct PTH action was further performed by DC-

based Ussing chamber technique. PTH substantially increased Isc (apical negative) in a 

dose-dependent manner, suggesting that PTH directly stimulated anion secretion in 

Caco-2 cells (Figures 4.8A and 4.8B). The findings that 13–34 PTH (an inactive form 

of PTH), autoclaved PTH, and neutralized PTH by specific PTH antibody did not 

increase Isc (Figure 4.9) indicated that this response was specific to PTH. Since PTH 

did not change mannitol flux, an indicator of the widening of the tight junction 

(Krugliak et al., 1994; Madara, 1989; Perez et al., 1997), or even Rp as measured by 

nystatin-induced membrane permeabilization method, the PTH-stimulated anion 

secretion should occur solely via the transcellular pathway (Figures 4.10A and 4.10B). 

HCO3
– depletion that markedly attenuated PTH action (Figure 4.11) 

indicated that HCO3
– was the major anion secreted during PTH exposure. Since 

depletion of Cl– had no effect on the PTH action, Cl– was unlikely to be involved in 

the PTH-induced anion secretion. Some cAMP-producing mediators also induced 

HCO3
– secretion in the intestinal epithelial cells (Tuo et al., 2009; Zhu et al., 2004). In 

the present study, the PTH-induced HCO3
– secretion was confirmed by the findings 

that DIDS (as an inhibitor of NBCe1), and not bumetanide (an inhibitor of NKCC1), 

in the basolateral solution blocked the PTH-induced Isc changes (Figure 4.12). In the 

rat colon, HCO3
– was responsible for the bumetanide-insensitive forskolin-evoked 

anion secretion (Schultheiss and Diener, 1998). The contribution of NBCe1 was also 
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confirmed by the evidence that the PTH action was diminished by the inhibitor of 

Na+/K+-ATPase, which was required for NBCe1 activity (Figure 4.12). Several studies 

demonstrated that HCO3
– entered the cell through NBCe1 in the basolateral membrane 

(Ainsworth et al., 1996; Ishiguro et al., 1996; MacLeod et al., 1996). Although the 

basolateral HCO3
– influx could also be supplied by basolateral Cl–/HCO3

– exchangers, 

such transport was not dependent on Na+/K+-ATPase activity, and was considered 

electroneutral (Romero et al., 2004). Some investigators suggested that HCO3
– 

generated by intracellular carbonic anhydrase also contributed to HCO3
– secretion 

(Feldman, 1994; Feldman et al., 1988; Furukawa et al., 2004; Moser et al., 2007). 

Since the PTH-induced HCO3
– secretion was diminished after exposure to 

methazolamide, an inhibitor of carbonic anhydrase (Figure 4.12), carbonic anhydrase 

did help to supply HCO3
– for the PTH-enhanced apical HCO3

– secretion. 

CFTR was the major apical HCO3
– channel in this study as confirmed by 

the use of 2 different CFTR inhibitors (CFTRinh-172 and GlyH-101; Figure 4.13). The 

results were consistent with the evidence that CFTR was activated through 

cAMP/PKA, which were also the downstream signaling molecules of PTH in most 

target organs (Gadsby and Nairn, 1999; Lee and Partridge, 2009; Massheimer et al., 

2000). Laverty and coworkers (2003) observed similar PTH effects on CFTR 

stimulation in chick proximal tubule. In addition to CFTR, Ca2+-activated Cl– channel 

(CaCC) was expressed in Caco-2 cells, but with a lower expression compared to 

CFTR (Zhu et al., 2004). Indeed, Ca2+ was one of the second messengers downstream 

to PTHR in intestinal cells (Massheimer et al., 2000). Involvement of CaCC in the 

present study must, therefore, be excluded experimentally. Since DIDS (also an 

inhibitor of CaCC) in the apical solution was unable to inhibit the PTH action (Figure 

4.13), CaCC was not responsible for the PTH-induced Isc response. This finding was 

consistent to the previous report of Davenport and colleagues (1996) that CaCC was 

not functional in Caco-2 cells. Therefore, CFTR was the principal channel in the 

apical membrane for the PTH-enhanced HCO3
– secretion in Caco-2 monolayer. 

Laverty and coworkers (2003) further showed that NHE was involved in 

the PTH action in chick renal proximal tubular cells. The involvement of NHE in the 

PTH action in Caco-2 cells was evaluated using high-dose amiloride and EIPA, both 

of which when present in the apical solution blocked the Isc response in a dose-
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dependent manner (Figure 4.14). At their half-inhibitory concentrations (IC50) on 

NHE3, the PTH actions were inhibited by ~40%. On the basolateral side, both 

amiloride and EIPA at concentrations known to inhibit all types of NHE (Orlowski, 

1993) blocked the PTH action by ~50%. Since NHE3 and NHE1 were abundant in the 

apical and basolateral membrane of Caco-2 cells, respectively (Sambuy et al., 2005), 

both types of NHEs might indirectly contribute to PTH-induced HCO3
– secretion, 

perhaps by extruding the excess H+ produced by carbonic anhydrase. 

Basolateral K+ channels helped to recycle K+ ions for Na+/K+-ATPase, 

which in turn provided a driving force for NBCe1. Moreover, Na+/K+-ATPase 

maintained a hyperpolarized membrane voltage (intracellular negative) that was 

crucial for anion secretion (Kunzelmann and Mall, 2002). Two main types of K+ 

channels have been characterized in the basolateral membrane of mammalian colon, 

namely cAMP- and Ca2+-activated K+ channels. However, the PTH action was 

insensitive to chromanol 293B and charybdotoxin, which specifically inhibited cAMP- 

and Ca2+-activated K+ channels, respectively. Zhu and colleagues (2005) also showed 

that the tetramethylpyrazine-induced cAMP- and Ca2+-dependent Isc change in Caco-2 

monolayer was not blocked by chromanol 293B or charybdotoxin. These results 

suggested that other K+ channels were involved in the PTH-induced HCO3
– secretion. 

Some studies demonstrated the involvement of arachidonic acid-activated K+ 

channels, which showed distinct characteristics from cAMP- and Ca2+-activated K+ 

channels, in Cl– secretion in T84 colonic cells (Barrett and Bigby, 1993; Devor and 

Frizzell, 1998). Moreover, it was also possible that Ca2+-activated K+ channels might 

compensate for cAMP-activated K+ channel activity during cAMP-activated K+ 

channel inhibition, and vice versa. The responsible K+ channels for the PTH action 

remain to be investigated. 
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5.4 Signaling pathways involved in PTH-induced HCO3
– secretion in 

Caco-2 monolayer 

 

Signaling pathways of PTH through PTHR have been extensively studied 

in bone and kidney (Lee and Partridge, 2009; Tovey et al., 2006). PTHR, a member of 

GPCR superfamily, exerted its action through 2 different G-proteins, namely Gαs and 

Gαq. Gαs increased cAMP levels which, in turn, activated PKA. Consequently, PKA 

phosphorylated downstream PTH targets, such as Ca2+ channels (Picotto et al., 1997). 

On the other hand, Gαq stimulated PLC which cleaved PIP2 in the plasma membrane 

into DAG and IP3. IP3 induced Ca2+ release from SER and thus increased intracellular 

Ca2+. DAG then activated PKC which further phosphorylated downstream PTH 

targets, such as Ca2+ channels (Fritsch and Chesnoy-Marchais, 1994). It was evident 

that PTH also exerted its action through extracellular signal-regulated kinase 

(ERK)/mitogen-activated protein kinase (MAPK) pathway (Swarthout et al., 2001; 

Verheijen and Defize, 1997). In the intestine, PTH signal transduction was similar to 

that in the kidney and bone, i.e., involving cAMP/PKA, PLC/DAG/PKC, 

PLC/IP3/intracellular Ca2+, and ERK/MAP pathways (Gentili et al., 2001; Massheimer 

et al., 2000; Nemere, 1999). 

The present study showed that PTH-induced HCO3
– secretion in Caco-2 

cells was inhibited by PKI 14–22, wortmannin, and LY-294002, indicating the 

involvement of PKA and PI3K (Figure 4.16). Both pathways were found to regulate 

some transporters responsible for HCO3
– secretion, e.g., NBCe1 (Bachmann et al., 

2003; Yu et al., 2009), CFTR (Tuo et al., 2009), NHE3 (Akhter et al., 2002; Zhao et 

al., 1999), NHE1 (Putney et al., 2002), and Na+/K+-ATPase (Bhargava et al. 2007; 

Carranza et al., 1998). PTH also used cAMP/PKA pathway to induce Cl– secretion in 

the renal proximal tubular cells (Laverty et al., 2003) and osteoblasts (Chesnoy-

Marchais and Fritsch, 1989). On the other hand, the Ca2+/PKC pathway did not 

contribute to the PTH action since neither intracellular Ca2+ chelator, BAPTA, nor 

PKC inhibitor, GF-109203X, inhibited the PTH-induced Isc
 response in Caco-2 cells 

(Figure 4.16). ERK/MAPK pathway was not investigated in the present study, but it 

was unlikely to be involved in PTH-induced HCO3
– secretion. The ERK and MAPK 
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usually regulated cell proliferation at the genomic level, rather than the rapid 

stimulation of intestinal ion transport (Chang and Karin, 2001).  

Taken together, the present investigation provided evidence, for the first 

time, that PTH exerted its direct ion regulatory function in the intestinal cells. This 

PTH-induced HCO3
– secretion may be essential for the luminal hydration and/or local 

pH regulation for the digestive process. However, further investigation is required to 

demonstrate physiological significance of this PTH action in vivo. 
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CHAPTER VI 

CONCLUSIONS 

 

 

The present study demonstrated the application of impedance 

measurement in the analyses of the plasma membrane capacitance and resistance in 

the intestinal epithelium-like Caco-2 monolayer. AC-based impedance spectroscopy 

was used to predict biological responses of Caco-2 cells to PTH, the action of which in 

the intestine was previously not known. Finally, transporters and signaling pathways 

responsible for the PTH action were investigated by DC-based Ussing chamber 

technique. Conclusions could be drawn as followed; 

 

1. Impedance spectroscopy was capable of determining plasma membrane 

capacitance and resistance of Caco-2 cells. 

 

1.1  Impedance analysis could determine baseline plasma membrane 

capacitance and resistance of Caco-2 monolayer (Ca = 28.98 ± 0.69 

µF/cm2, Cb = 12.36 ± 0.23 µF/cm2, Ra = 2141.30 ± 222.50 Ω⋅cm2, Rb 

= 993.96 ± 60.96 Ω⋅cm2). 

1.2  Impedance analysis could detect the forskolin-induced decrease in 

plasma membrane resistance.  

 

2. Impedance spectroscopy was capable of predicting the PTH action on Caco-2 

monolayer. 

 

2.1  PTH reduced the resistance of both apical and basolateral membranes, 

indicating that transporters in both membranes were activated by PTH. 

2.2  Plasma membrane capacitance was not affected by PTH, implying that 

PTH action did not induce fusion of subapical vesicle to the plasma 

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

secretion. 

 

3.1  Caco-2 cells predominantly expressed PTHR1 mRNA, which was the 

functional PTHR isoform in most target organs, such as bone and 

kidney. 

3.2  Direct exposure to PTH induced anion secretion in a dose-dependent 

manner [half-maximal effective concentration (EC50) = 3 nmol/L; 

maximal effective concentration = 10 nmol/L]. 

3.3  13–34 PTH (inactive form of PTH), autoclaved 1–34 PTH, and 1–34 

PTH preincubated with neutralizing PTH antibody did not show anion 

secretion, indicating that this epithelial response was specific to PTH.  

 

4. Mechanisms and signaling pathways responsible for the PTH-induced anion 

secretion. 

 

4.1  PTH had no effect on Rp, indicating that PTH predominantly 

increased transcellular ion transport rather than paracellular transport. 

4.2  The principal anion secreted during PTH exposure was HCO3
–, and 

not Cl–. 

4.3  HCO3
– availability was provided by HCO3

– entry through NBCe1 in 

the basolateral membrane and endogenous HCO3
– generation 

catalyzed by carbonic anhydrase. 

4.4  HCO3
– was secreted through CFTR in the apical membrane. 

4.5  Apical NHE3 and basolateral NHE1 helped extrude excess H+ 

produced by carbonic anhydrase. 

4.6  Na+/K+-ATPase provided driving force for NBCe1, and other K+ 

channels apart from cAMP-activated and Ca2+-activated K+ channels 

helped recycle K+ to the basolateral solution. 

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

 

This PTH action and its possible mechanism are depicted in Figure 6.1. 



Suparerk Laohapitakworn  Conclusions / 80 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.1 Hypothetical diagram of PTH-induced HCO3
– secretion in Caco-2 

monolayer. HCO3
– enters the basolateral membrane through electrogenic Na+/HCO3

– 

cotransporter-1 (NBCe1). NBCe1 requires Na+ concentration gradient which is 

maintained by Na+/K+-ATPase activity. K+ is recycled to the basolateral side through 

K+ channel. HCO3
– is also partly generated by intracellular carbonic anhydrase. HCO3

– 

leaves the cell through the apical cystic fibrosis transmembrane conductance regulator 

(CFTR). Excess H+ produced by carbonic anhydrase is extruded by the apical Na+/H+ 

exchanger-3 (NHE3) and basolateral Na+/H+ exchanger-1 (NHE1). PTH-induced 

HCO3
– secretion is mediated by cyclic adenosine monophosphate (cAMP)/protein 

kinase A (PKA) and phosphoinositide-3-kinase (PI3K) signaling pathways, which 

have been known to activate apical CFTR and basolateral NBCe1 activities 

(Bachmann et al., 2003; Tuo et al., 2009). Inhibitors of transporters and signaling 

molecules are shown in the figure. 
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APPENDIX A 

SOLUTION PREPARATION 

 

 

A. Normal bathing solution 

 

Normal bathing solution was prepared as 5� solution. 

 

Substance Molecular  
weight 

Concentration  
in 1���� solution 

(mmol/L) 

Weight per  
1000 mL  

5���� solution (g) 
NaCl 58.44 118.0 34.47960 
KCl 74.55 4.7 1.75193 
NaHCO3 84.01 23.0 9.66115 
MgSO4⋅7H2O 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 

 

CaCl2 was not readily added into the 5� solution to prevent CaCO3 

precipitation. 25 mmol/L CaCl2 was prepared separately and diluted together with 5� 

solution to make up 1� normal bathing solution. The final concentration of CaCl2 in 

the 1� solution was 1.25 mmol/L. 

The 1� normal bathing solution was continuously gassed with humidified 

5% CO2 in 95% O2, and maintained at 37 °C and pH 7.4. Osmolality of the solution 

was 290–295 mmol/kg H2O. 
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B. Cl–-depleted bathing solution 

 

Cl–-depleted bathing solution was prepared as 5� solution. 

 

Substance Molecular  
weight 

Concentration  
in 1���� solution 

(mmol/L) 

Weight per  
1000 mL  

5���� solution (g) 
NaC6H11O6 
(Sodium gluconate) 

218.15 118.0 128.70850 

KC6H11O6 
(Potassium gluconate) 

234.25 4.7 5.50488 

NaHCO3 84.01 23.0 9.66115 
MgSO4⋅7H2O 246.48 1.1 1.35564 
D-Glucose 180.16 12.0 10.80960 
L-Glutamine 146.15 12.5 1.82688 

 

CaCl2 was not readily added into the 5� solution to prevent CaCO3 

precipitation. 25 mmol/L CaCl2 was prepared separately and diluted together with 5� 

solution to make up 1� normal bathing solution. The final concentration of CaCl2 in 

the 1� solution was 2.5 mmol/L in order to compensate for Ca2+-chelating effect of 

gluconate. Osmolality of 1� solution was adjusted by 1 mol/L mannitol, and the final 

osmolality was 290–295 mmol/kg H2O. 

The 1� bathing solution was continuously gassed with humidified 5% 

CO2 in 95% O2 and maintained at 37 °C (pH 7.4). 
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C. HCO3
–-depleted bathing solution 

 

HCO3
–-depleted bathing solution was prepared as 5� solution. 

 

Substance Molecular  
weight 

Concentration  
in 1���� solution 

(mmol/L) 

Weight per  
1000 mL  

5���� solution (g) 
NaCl 58.44 118.0 34.47960 
KCl 74.55 4.7 1.75193 
HEPES sodium salt 260.30 10.0 13.01500 
MgSO4⋅7H2O 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 CaCl2 was prepared separately and diluted together with 5� 

solution to make up 1� normal bathing solution. The final concentration of CaCl2 in 

the 1� solution was 1.25 mmol/L. Osmolality of the 1� solution was adjusted by 1 

mol/L mannitol and the final osmolality was 290–295 mmol/kg H2O. 

The 1� bathing solution was continuously gassed with humidified 5% 

CO2 in 95% O2 and maintained at 37 °C (pH 7.4). 
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D. Cl–/HCO3
–-depleted bathing solution 

 

Cl–/HCO3
–-depleted bathing solution was prepared as 5� solution. 

 

Substance Molecular  
weight 

Concentration  
in 1���� solution 

(mmol/L) 

Weight per  
1000 mL  

5���� solution (g) 
NaC6H11O6 
(Sodium gluconate) 

218.15 118.0 128.70850 

KC6H11O6 
(Potassium gluconate) 

234.25 4.7 5.50488 

HEPES sodium salt 260.30 10.0 13.01500 
MgSO4⋅7H2O 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 CaCl2 was prepared separately and diluted together with 5� 

solution to make up 1� normal bathing solution. The final concentration of CaCl2 in 

the 1� solution was 2.5 mmol/L in order to compensate for the Ca2+-chelating effect 

of gluconate. Osmolality of the 1� solution was adjusted by 1 mol/L mannitol, and the 

final osmolality was 290–295 mmol/kg H2O. 

The 1� bathing solution was continuously gassed with humidified 5% 

CO2 in 95% O2 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 pyridine derivative. Its 

protonated form directly interacts with the extracellular domain of ENaC, NHE, and 

Na+/Ca2+ exchanger (NCX) resulting in inhibition of these transporters. Amiloride 

blocks ENaC at concentrations in the range of μmol/L while inhibition of NHE and 

NCX requires higher concentrations in the range of mmol/L. The higher 

concentrations of amiloride (several mmol/L) has been reported to nonspecifically 

inhibit other transporters, e.g., Na+/K+-ATPase and Na+-coupled solute transporters. In 

this study, amiloride was dissolved in DMSO to obtain a final concentration of 1 

mol/L (stock solution). 

 

B. BAPTA-AM 

 

BAPTA is a polyamino carboxylic acid compound which can chelate Ca2+ 

using its 4 carboxyl arms. To allow it permeate the plasma membrane, carboxylic 

acids are modified with acetoxymethyl (AM) ester groups resulting in an uncharged 

molecule called BAPTA-AM. Once BAPTA-AM enters the cell, the AM ester group 

is cleaved by nonspecific esterases, and the active BAPTA is trapped intracellularly. 

BAPTA-AM is generally used to chelate intracellular Ca2+, thus reducing cytosolic 

free Ca2+ concentration. In this study, BAPTA-AM was dissolved in 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 is structurally and 

pharmacologically similar to loop diuretic furosemide, but is more potent than 

furosemide. Bumetanide specifically inhibits NKCC. In this study, bumetanide was 

dissolved in DMSO to obtain a final concentration of 100 mmol/L (stock solution). 

 

D. CFTRinh-172 

 

CFTRinh-172 is an analog of thiazolidinone which has high potency and 

specificity to CFTR. It directly interacts with the cytosolic domain of CFTR, leading 

to an increase in the mean closed time, probably by stabilizing the closed state of the 

channel, without affecting the mean open time. This action is different from GlyH-101 

which blocks CFTR by occluding the channel pore. In this study, CFTRinh-172 was 

dissolved in DMSO to obtain a final concentration of 20 mmol/L (stock solution). 

 

E. Charybdotoxin 

 

Charybdotoxin is a neurotoxin from the venom of the scorpion Leiurus 

quinquestriatus hebraeus. This toxin binds to the extracellular part of the pore of Ca2+-

activated K+ channel. In this study, charybdotoxin was dissolved in distilled water to 

obtain a final concentration of 100 µmol/L (stock solution). 

 

F. Chromanol 293B 

 

Chromanol 293B is a chromanol derivative which inhibits the cAMP-

activated K+ channel. It blocks the channel activity by binding to the pore of the 

channel. In this study, chromanol 293B was dissolved in DMSO to obtain a final 

concentration of 100 mmol/L (stock solution). 
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G. 4,4′-diisothiocya natostilbene-2,2′-disulfonic acid disodium salt hydrate 
(DIDS) 

 

DIDS is a nonspecific blocker of anion transporters such as CaCC, 

NBCe1, and Cl–/HCO3
– exchangers. However, DIDS does not block CFTR. In this 

study, DIDS was dissolved in DMSO to obtain a final concentration of 100 mmol/L 

(stock solution). 

 

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

 

EIPA is an amiloride derivative which has high specificity and potency to 

NHE, but low inhibitory effect on ENaC. In this study, EIPA was dissolved in DMSO 

to obtain a final concentration of 100 mmol/L (stock solution). 

 

I. Forskolin 

 

Forskolin as an activator of adenylyl cyclase is generally used to increase 

an intracellular cAMP level. Forskolin stimulates Cl– and/or HCO3
– secretion in 

various epithelia by activating CFTR. In this study, forskolin was dissolved in DMSO 

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

 

J. GF-109203X 

 

GF-109203X is an aminoalkyl bisindolylmaleimide derivative which has 

high potency and specific to PKC. GF-109203X can permeate the plasma membrane 

and inhibits PKC by binding to the ATP-binding site of the catalytic domain. It is a 

competitive inhibitor with respect to ATP. In this study, GF-109203X was dissolved in 

DMSO to obtain a final concentration of 0.33 mmol/L (stock solution). 
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K. GlyH-101 

 

GlyH-101 is a glycine hydrazide analog which specifically blocks CFTR. 

It acts from the extracellular side to occlude the pore of the channel, thereby 

decreasing the mean open time and showing a voltage-dependent inhibition. In this 

study, GlyH-101 was dissolved in DMSO to obtain a final concentration of 50 mmol/L 

(stock solution). 

 

L.  LY-294002 

 

LY-294002, a morpholino derivative of quercetin, is a potent and specific 

membrane-permeable inhibitor of PI3K. LY-294002 competitively blocks ATP 

binding at the ATP-binding site of the PI3K catalytic domain. It is less potent but more 

specific than wortmannin, another PI3K inhibitor. In this study, LY-294002 was 

dissolved in DMSO to obtain a final concentration of 25 mmol/L (stock solution). 

 

M. Methazolamide 

 

Methazolamide, a sulfonamide-containing inhibitor of the Zn-containing 

carbonic anhydrase, directly binds to the metal center of this enzyme, and also 

interacts with amino acids around that area. This enzyme normally catalyzes the 

following reaction; 

 

H2O + CO2 ⇋ H+ + HCO3
– 

 

Methazolamide is more permeable to the plasma membrane than its 

analog, acetazolamide. In this study, methazolamide was 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 (NPPB) 

 

NPPB is a potent nonspecific Cl– channel blocker. It inhibits various types 

of Cl– channels including CFTR and CaCC. In this study, NPPB was dissolved in 

DMSO to obtain a final concentration of 100 mmol/L (stock solution). 

 

O. Nystatin 

 

Nystatin is a pore-forming antifungal drug. It binds to sterols in the plasma 

membrane and, in turn, forms pores leading to an increase in membrane permeability 

without affecting the paracellular permeability. It can be applied to determine the 

resistance of the plasma membrane (please see Materials and Methods section). In this 

study, nystatin was dissolved in DMSO to obtain a final concentration of 360 μg/mL 

(stock solution). 

 

P. Ouabain 

 

Ouabain is a cardiac glycoside derived from the seeds of Strophanthus 

gratus. It specifically inhibits Na+/K+-ATPase by binding to the extracellular surface 

of the α subunit of the pump. In this study, ouabain was dissolved in normal bathing 

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

 

Q. Myristoylated PKI (14–22) amide 

 

PKI (14–22), a 14–22 fragment of an endogenous thermostable protein 

kinase inhibitor, is a pseudosubstrate peptide inhibitor of cAMP-dependent protein 

kinase or PKA. It targets the substrate-binding site of the PKA catalytic domain. 

Modification of PKI (14–22) by N-terminal myristoylation (covalent attachment of a 

myristoyl group to the N-terminal amino acid of a nascent peptide) yields a 

membrane-permeable form of PKI (14–22). In this study, myristoylated PKI (14–22) 

was dissolved in distilled water to obtain a final concentration of 0.8 mmol/L (stock 

solution). 
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R. PTH (1–34) 

 

PTH (1–34) is the N-terminal active 1–34 fragment of parathyroid 

hormone. This polypeptide regulates Ca2+ transporters in the kidney, bone and 

intestine in response to the plasma Ca2+ levels. In this study, PTH (1–34) was 

dissolved in distilled water to obtain a final concentration of 20 μmol/L (stock 

solution). 

 

S. PTH (13–34) 

 

PTH (13–34) is a truncated 13–34 fragment of parathyroid hormone. Since 

it lacks a functional sequence of the N-terminal amino acids, it is an inactive form of 

PTH and can be used as a negative control for PTH study. In this study, PTH (13–34) 

was dissolved in distilled water to obtain a final concentration of 20 μmol/L (stock 

solution). 

 

T. Wortmannin 

 

Wortmannin, a furanosteroid metabolite of the fungus Penicillium 

funiculosum, is a potent inhibitor of PI3K. It irreversibly inhibits PI3K by forming a 

covalent bond with a lysine residue in the ATP-binding site of the PI3K catalytic 

domain. It is more potent but less specific than LY-294002. In this study, wortmannin 

was dissolved in DMSO to obtain a final concentration of 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 powdered DMEM and 

3.7 g NaHCO3 in H2O. The solution was mixed thoroughly using a magnetic stirrer. 

The pH of the solution was adjusted to 7.4 by 1 M NaHCO3 or 1 M HCl. Thereafter, 

the volume of the solution was adjusted to 1 L in a volumetric flask. Finally, the 

solution was filtered through a 0.2-µm-pore membrane (Corning, Corning, NY, USA) 

and dispensed into a sterile container. The basal DMEM can be stored at 4 °C up to 6 

months. 

 

B. Complete DMEM 

 

Complete DMEM was prepared in a class II biosafety cabinet. Basal 

DMEM was supplemented with 15% heat-inactivated FBS (heat-inactivation at 56 °C 

for 30 min), 1% NEAA, 1% L-glutamine, and 100 U/mL penicillin-streptomycin. The 

solution was mixed thoroughly by pipetting. The complete DMEM was stored at 4 °C 

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-inactivated FBS. The 

medium was freshly prepared in a class II biosafety cabinet. 

 

B. Caco-2 storage 

 

After trypsinization, cell suspension was transferred into a sterile 15-mL 

centrifuge tube and centrifuged at 1500 × g for 5 min. The medium was then discarded 

and the cells were resuspended in ice-cold freezing medium. Cell suspension was 

aliquoted into a cryotube (Corning) and slow-stepwise frozen by placing in 

StrataCooler (Stratagene, La Jolla, CA, USA) and kept at –80 °C overnight. Finally, 

the frozen cell-containing cryotube was stored in liquid nitrogen. 

 

C. Caco-2 thawing 

 

A cryotube containing frozen Caco-2 cells was gradually heated to 37 °C 

in a water bath. The cells were later resuspended in complete DMEM. 
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APPENDIX E 
3H-MANNITOL MEASUREMENT 

 

 

A. Principle 

 

Radioactive 3H-mannitol is measured by detecting radiation of tritium        

(  H) in its molecule.   H is an isotope of hydrogen containing 1 proton and 2 neutrons. 

It decays into helium-3 ( He+) by β-decay with a half-life of approximately 12.33 

years. This reaction releases 18.6 keV of energy as the following equation. 

 

H   He+ + β– + 18.6 keV 

 

In order to determine the  H radioactivity, a sample is first dissolved in 

scintillation cocktail which is composed of a solvent and scintillators, i.e., phosphors. 

The emitted β– particles from the sample are transferred to the scintillators by the 

solvent. As a consequence, the excited scintillator molecules dissipate the energy by 

emitting photon of light. The first scintillator which takes up the β– particles and 

produces light is called primary scintillator. A wavelength of the light generated by the 

primary scintillator is too short and, therefore, cannot be detected by most 

photodetectors. This energy is thus absorbed by the secondary scintillator (wavelength 

shifter) which reemits new photons at a longer wavelength. This light can be detected 

by a photodetector of a liquid scintillation counter. The radioactivity is shown as 

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

 

Liquid scintillation cocktail was prepared by dissolving 5 g 2,5-

biphenyloxazole (a primary scintillator which emits light at 360 nm), and 0.3 g 1,4-

bis(5-phenyloxazole-2-yl)benzene (a secondary scintillator which emits light at 420 

nm) in 300 mL toluene. After mixing by a magnetic stirrer, 200 mL toluene and 500 

mL Triton X-100 were added into the solution. Then, the solution was further stirred 

overnight. Liquid scintillation cocktail was stored at room temperature and kept away 

from light. 
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