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INTRODUCTION 

 

It is very important for the enzymes of the gastro-intestinal tract to have adequate 

circumstances for digestion. For this the salivary glands and exocrine pancreas secrete a 

bicarbonate-rich, alkalic fluid. Different anomalies of these secretory mechanisms (e.g. cystic 

fibrosis, Sjögren’s syndrome) lead to the serious diseases of the digestive system, this way it 

is necessary for us to understand the secretory mechanisms and their regulation in a molecular 

level. Human tissues cannot be collected in a needed amount for functional investigations, 

though well-differentiated cell lines can work as model. In our experiments we have used the 

immortalised rat parotid acinar cell line Par-C10 and the human pancreatic ductal cell line 

HPAF that is of adenocarcinomal origin, and is described as to lack functional CFTR. Both 

form well-differentiated, stable cell lines.  We have investigated the functional presence and 

membrane specificity of fluid- and ion transporters of the cells. Our other aim was to examine 

the plasma membrane Ca2+ ATP-ase (PMCA) transporters of Par-C10 taking part in Ca2+ 

clearance. 

 

AIMS 

 

The aims of our research were: 

1. To investigate the HCO3¯ secretory mechanisms of Par-C10 cells. 

2. To examine the Ca2+ clearance of Par-C10 cell line. 

3. To study whether functional CFTR lacking HPAF cells are capable of HCO3¯ 

transepithelial secretion, and if yes, which transporters help the mechanism. 
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METHODS 

 

Cell culture: Par-C10 cells were cultured in DMEM/F-12 1:1 mixture medium, 

complemented with 10% foetal bovine serum (FBS), 0.1 μM retinoic acid, 2 nM 

triiodotyronine, 0.4 μg/ml hydrocortisone, 100 IU/ml penicillin, and 1 μg/ml streptomycin. 

The medium for HPAF cells contained L-glutamine, NEAA, Na-piruvate, 10% FBS, 100 

NE/ml penicillin and 1 μg/ml streptomycin mixed with MEM. Standard culture circumstances 

were assured for the cultures on 37ºC, humidified air with 5% CO2 content, in a cell culture 

box. Cells were plated onto Transwell-CLEAR polyester membranes (Costar, Corning Inc., 

Corning, NY), with 500k cell number. Confluency was measured through transmembrane 

resistance (TER). The experiments were performed on 10-12. day of culture, when TER 

achieved at least 1000 /cm2 in case of HPAF, and 3000 /cm2 in Par-C10 cells. 

Molecular biology: RNA was isolated from the cells with Qiagen RNeasy Plus kit (Qiagen, 

Düsseldorf, Germany), and copy DNA-s (cDNA) were formed through reverse transcriptase 

(RT) reaction. Polymerase chain reaction (PCR) was performed to examine mRNA 

expression level of genes of the transporter. The reactions were prepared with Diamond Mix 

(Bioline Co., London, UK), and self-made primer paires. The PCR reaction applied in 

Eppendorf Mastercycle Gradient PCR machine (Eppendorf AG, Hamburg, Germany), with a 

suitable program for the DNA polymerase and the primers. The PCR products were separated 

by electrophoresis on agarose in the presence of ethidium-bromide, then identified by size. 

Short-circuit current measurements: For short-circuit current (ISC) measurements confluent 

monolayers were placed in a Warner-type two-channel Ussing chamber (U-2500, Warner 

Instrument Co., Hamden, CT). The transepithelial potential difference (Vm) was measured 

continuously through Ag/AgCl electrodes and agarose-KCl bridges. The electrodes were 

connected to an epithelial voltage-clamp amplifier (EC-825, Warner Instrument Co., Hamden, 

CT). We measured the apical potential correleated to the basolateral. Short-circuit current was 

measured through the Ag/AgCl electrodes when the current was complemented to 0 mV. 

Positive deflexions mean negative ion flux in basolateral-apical direction or positive ion flux 

in apical-basolateral direction. 

Intracellular pH (pHi) measurement: Cells were washed in 37ºC solution, then were 

incubated in 2 µM BCECF-AM solution on 37ºC for 30 minutes. Cells were placed into open 

perfusion chamber on a Nikon TE200 inverse microscope. The basolateral and apical side of 

the cells were perfused by different solutions with 2 ml/min speed by peristaltic pump. A 

small part of the epithel was illuminated with light of 440 and 490 nm wavelength 
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intermittently. Emission was detected on 530 nm and pHi was calculated from F490/F440 ratio 

through calibration. Calibration measurements were performed as separate experiments. Cells 

were loaded with nigericin, and different solutions were used of different pH and high K+ 

concentration. Through the treatment the pH of the perfused solution and and the measured 

F440/F490 got into direct proportion. The results were summarised in a graph and calibrational 

line was calculated. 

The change in pHi was calculated with linear or by fitting a quadratic function to the data and 

calculating the derivative at the initial point. In the HPAF experiments base flux was 

measured with the help of buffering capacity. Briefly, intrinsic buffering capacity was 

determined over a range of pHi values by exposing the cells to step changes in extracellular 

NH4
+ concentration (0-20 mM) and recording the corresponding changes in pHi in the 

absence of extracellular Na+. Total buffering capacity was determined as a function of pHi by 

adding the predicted contribution of intracellular HCO3¯ and CO2 buffering systems. 

Apparent base fluxes (JB) were calculated by multiplying the rate of change of pHi by the 

total buffering capacity at the corresponding pHi value. Positive values of JB indicate base 

influx (or acid efflux). 

Ca-imaging: Cells were loaded with Fura-2-AM. Fluorescence imaging experiments were 

performed using an inverted epifluorescence Nikon TE2000 microscope with x40 oil 

immersion objective (NA, 1.3) attached to a CoolSNAP HQ interline progressive-scan 

charged coupled device camera (Roper Scientific Photometrics, Tucson, AZ) and 

monochromator illumination system (Cairn Research, Kent, UK). Image acquisition and 

analysis were all controlled by MetaFluor/MetaMorph imaging software. Background-

subtracted 340 and 380 nm fluorescence images were captured with no binning at a rate of 1 

Hz, and 340/380 ratiometric images were calculated off-line. All experiments were carried out 

on room temperature (20-22°C). On glass coverslip 2 days old cultures were measured. cells 

were imaged as described above using a x40 oil immersion objective with 3 x 3 binning and 

1-Hz acquisition rate. In experiments where Par-C10 cells were grown on Transwell supports, 

each side (apical or basolateral) of the cell monolayer was separately perfused using a 

modified chamber connected to two separate gravity-fed perfusion systems similar to that 

described above. The perfusion system was engineered to allow the efficient laminar flow 

perfusion of both sides of the Par-C10 monolayer, as assessed by separate perfusion with 

carbachol (CCh) and ATP. Fluorescence imaging experiments were performed using the same 

microscope described above with a x40 extra long working distance objective. This was 

because the focal plane of the cells was some distance above the basolateral perfusate layer. 
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However, the extra long working distance objective (NA, 0.6) transmitted significantly less 

light than the x40 S-Fluor objective (NA, 1.3) used above. This dramatically reduced the total 

fluorescence that could be captured by the lens; therefore, images were acquired with 8 x 8 

binning to improve the signal-to-noise. Background subtraction was achieved off line 

following perfusion of the cells with distilled water to remove the cells from the Transwell 

support.  
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RESULTS 

 

Fluid secretion in Par-C10 cells: In short.circuit current measurements an ISC increase was 

measured when the purinergic agonist ATP (50 µM), or the stimulator adenylil-cyclase 

forskolin (10 µM) was applied apically to Par-C10 cells. In presence of HCO3¯ the effect of 

forskolin was more robust. Apically applied low concentration of amiloride did not influence 

the effect. In HCO3¯-free solution 100 µM bumetanide, an inhibitor of NKCC, decreased the 

effect of forskolin to 48 ± 15%. 

In pHi measurements the pHi recovery from artificial acidosis was Na+-dependent only 

basolaterally. In HCO3¯-free solution the NHE1 selective 30 µM EIPA inhibited pHi 

recovery, but in the presence of HCO3¯ EIPA alone was not effective any more. Given 

together with NBC1 selective H2DIDS (500 µM) could inhibit pHi recovery. 

Basolateral application of EIPA and H2DIDS pHi decrease could be measured, that is thought 

to be due to a continuous HCO3¯ efflux. The pHi decrease could be enhanced by ATP or 

forskolin. The apical appilication of CFTRinh-172 inhibited the effect of forskolin 

significantly, but had no effect when applied basolaterally. 

When cells were perfused with Cl¯-free solution basolaterally, we measured pHi elevation, 

that refers to the presence of anion-exchangers. The pHi elevation was inhibited by 3 mM 

DNDS, inhibitor of AE2. ATP or forskolin did not affect the pHi change. 

Molecular biology: We have investigated the mRNA expression of the functionally examined 

ion transporters by RT-PCR. The expected sized PCR products were found for CFTR, NBC1 

(SLC4A4), NKCC1, NHE1, NHE2, és AE2 in Par-C10 cells. 

Functional examination of PMCA transporters in Par-C10 cells: Cells plated onto glass 

coverslip showed Ca2+ oscillation for carbachol (CCh) stimulation, just like mouse parotid 

cells. In case of Transwell-plated cells CCh (100 µM) did not cause [Ca2+] elevation apically, 

but had robust effect basolaterally, whil ATP (10 µM) caused [Ca2+] elevation when applied 

apically, but not basolaterally. A PMCA inhibitor La3+ (1 mM) was applied separately on 

basolateral and apical side, and this way the basolateral and apical PMCA could be separated 

in a typical Ca2+ clearance assay. Bilateral application of La3+ caused an almost complete 

block of Ca2+ clearance. When La3+ was applied only on one side, the Ca2+ clearance was 

inhibited only partly. Using this method we could separate the basolateral and apical PMCA 

activity functionally. Basolateral PMCA showed lower activity. In forskolin-pretreated cells 

the apical PMCA activity was enhanced significantly, reaching the 149 ± 9% of maximal 

activity (when no La3+ was applied) while the basolateral was not affected. We performed 
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time-matched paired experiments. When no La3+was applied, the second clearance reached 

consequently the 104 ± 7%of the first clearance, and represented the “maximal PMCA 

activity”. In similar measurements we applied La3+ bilaterally at the second clearance. The 

remaining clearance was measured to be the 5 ± 1% of the first (n = 4, 49 sejt), that is a small 

value, but is not a total inhibition. Since the inhibition of Ca2+ clearance was not complete, 

and since La3+ is not specific for PMCA transporters, we thought it necessary to determine if 

other Ca2+ clearance mechanisms are taking place in Par-C10 cells. We applied Ru-360 (10 

µM) to inhibit mitochondrial Ca2+ uptake and Na+-free solution to inhibit Na+/Ca2+ 

exchangers (NCX) if there is any in the cells. Neither of the inhibitors affected second Ca2+ 

clearance in our system. In contrast, the PMCA selective inhibitor carboxyeosin created a 

dose-dependent inhibition on Ca2+ clearance. 

Ion transport in HPAF cell line: The small short-circuit current measured in rest was 

increased by apical application of 50 µM ATP about the same degree in the presence and 

absence of HCO3¯. Pre-treatment by bumetanide inhibited this effect by about 60% in the 

absence of HCO3¯, but could not affect in presence of HCO3¯. 

This NKCC1-independent, HCO3¯-dependent anion secretion was further analyzed by pHi 

measurements. From artificial acidosis the cells recovered in a Na+-dependent manner 

apically and basolaterally as well. In HCO3¯-free solution EIPA and benzyl-guanidin HOE-

694 inhibited the pHi recovery apically and basolaterally in a different concentration. 

Apically 10 µM EIPA or 10 µM HOE-694, basolaterally 30 µM EIPA or 50 µM HOE-694 

was necessary for an 85% inhibition. In the presence of HCO3¯ EIPA applied bilaterally had 

no effect on pHi recovery, only when applied together with basolaterally added H2DIDS (500 

µM). 

EIPA and H2DIDS applied basolaterally and EIPA applied apically caused a decrease in pHi, 

that could be enhanced by apical application of ATP (50 µM), but not with forskolin (10 µM). 
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DISCUSSION 

 

Ion secretion experiments on Par-C10 cells: The Par-C10 cell line was developed by about a 

decade. The cells form polarized monolayer, and react to muscarinic Ach and adrenergic 

stimuli. Also they express mRNA-s of most important parotid acinar transporters. Though it is 

not known if these cells are capable of HCO3¯ secretion or the anion secretion consists of only  

Cl¯ ions. In one part of our experiments we investigated the role of HCO3¯ in anion transport 

of Par-C10 cells. According to our short-circuit current measurements, not only ATP, but also 

the cAMP level elevating forskolin stimulated anion secretion. We also observed that 

bumetanide, that is an inhibitor of NKCC1, inhibits the effect of forskolin on ISC. This 

observation is in concordance with previous findings that parotid Cl¯ secretion depends on the 

basolateral activity of NKCC1. Presence of HCO3¯ nearly doubled the ISC elevatory effect of 

forskolin. However, from the ISC measurements alone, it is difficult to determine whether 

HCO3
− is secreted in parallel with Cl− or whether HCO3

 facilitates Cl− secretion. To address 

this question we used microfluorometric pHi measurements.  

In the absence of HCO3
− recovery from acidosis was dependent on Na+ and completely 

blocked by basolateral EIPA, suggesting the presence of NHE1 activity at the basolateral 

membrane of the cells. In the presence of HCO3
−/CO2 the recovery of pHi was dependent on 

Na+ and strongly inhibited by the simultaneous application of EIPA and H2DIDS, suggesting 

that a basolateral NBC1 also contributes to the supply of HCO3
−. When basolateral HCO3

− 

uptake is prevented, by blocking Na+/H+ exchange with EIPA and Na+-HCO3
- cotransport 

with H2DIDS, pHi initially declines as HCO3
− continues to leave the cell across the apical 

membrane. The effect was accelerated by pretreatment of the cells with forskolin, 

demonstrating that elevation of cAMP in the cells accelerates the efflux of HCO3
− ions. Our 

data strongly suggest that Par-C10 cells perform transepithelial HCO3
− secretion which can 

be stimulated by cAMP-dependent mechanisms. The inhibition of forskolin-induced 

acidification caused by the apical application of CFTRinh-172 strongly suggests a role for 

CFTR in HCO3
− secretion. The fact that only the apically applied CFTR blocker was effective 

further confirms that the CFTR channel is located excusively in the apical membrane of the 

cells, and that HCO3
 efflux is directed towards the apical side. HCO3

− secretion was also 

enhanced when Par-C10 cells were treated apically with the Ca2+-elevating agent ATP. 

According to our Ca2+ imaging measurements ATP raises intracellular Ca2+ when applied to 

the apical, but not the basolateral, membrane. These findings together offer an attractive 

mechanism to explain the synergism often seen when both Ca2+ and cAMP signaling systems 
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are activated. ATP is released from secretory granules, and if the ATP-activated Cl− channel 

is expressed on the apical surface of the cells, then activation of this channel in parallel with 

other Cl− channels could result in enhanced secretion. According to our Cl substitution 

experiments, a Cl/HCO3
 exchanger is present at the basolateral membrane of Par-C10 cells. 

It is active under unstimulated conditions and not sensitive to cAMP or to the Ca2+-elevating 

agent ATP. Its identity was confirmed by the inhibitory effect of DNDS and it is most likely 

to be the AE2 exchanger, which is expressed at the basolateral membranes of most epithelial 

cells.  

Our functional results were further supported by molecular biologic methods. According to 

our results Par-C10 cells express mRNA for NKCC1, NHE1, NBC1, CFTR and AE2 

transporters. 

Ca2+-clearance of Par-C10 cells: The strict regulation of intracellular Ca2+ level is required 

for the adequate secretion in salivary glands. To investigate this regulation through PMCA 

transporters, we performed Ca2+ clearance measurements. In Par-C10 cells forskolin 

enhanced the intracellular Ca2+ signal evoked by CCh. So it is presumptive that Par-C10 cells 

express similar Ca2+ level regulatory mechanisms as the previously examined mouse parotid 

acinar cells. In the cells plated on Transwell membrane apical application of ATP or 

basolateral application of CCh evoked a robust Ca2+ signal. From this we conclude that the 

cells express P2Y2 purinergic and muscarinergic receptors in a polarized manner. At the same 

time Par-C10 cells were less sensitive to CCh than native mouse parotid cells. The cause of 

this insensitivity is thought to be the sustainability of a stable cell line, and the partial 

dedifferentiation that causes a decrease in muscarinergic receptor number. Although, our 

results show that Par-C10 cells perform a similar Ca2+ signalization route as native mouse 

parotid acinar cells, and is suitable for comparative examinations. 

With La3+ inhibition we could separate the apical and basolateral PMCA activity. Our results 

show that the functionally isolated apical PMCA gives about the 40% of the total Ca2+ 

clearance, while the basolateral covers about the 20% of the total clearance. It is difficult to 

reconcile the fact that the numerical sum of the functionally isolated apical and basolateral 

PMCA activities does not total 100% (instead ~60%). This suggests that additional Ca2+ 

clearance pathways, such as mitochondrial Ca2+ uptake or NCX, may contribute to the 

measured Ca2+ clearance. However, in this study inhibition of mitochondrial Ca2+ uptake 

(with Ru360), and inhibition of any possible NCX activity (with NMDG), had no effect on 

the measured Ca2+ clearance in both parotid acinar cells and Par-C10 cells. Furthermore, the 

specific PMCA inhibitor, carboxyeosin, was found to have similar effects to La3+, thereby 
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further validating that the measured La3+-sensitive Ca2+ clearance is due to the PMCA 

activity. Nevertheless, it is possible that inhibition of PMCA activity by 1mM La3+ is not 

complete, such that any residual clearance is due to uninhibited PMCA activity. An 

alternative explanation is that La3+ has leaked from one side of the cell layer to another 

because the tight junctions have become impaired such that when La3+ is applied to one side 

there is a partial inhibition of PMCA activity on the other side. However, the most striking 

observation from these data, which helps to reconcile these discrepancies, is that forskolin 

massively increased the functionally isolated apical PMCA activity, whereas the basolateral 

PMCA activity was unaffected. If La3+ inhibited the apical PMCAwhen applied to the 

basolateral side of the cells, and vice versa, then such large differences in forskolin 

effectiveness would not have been observed. Likewise, an effect of forskolin on 

mitochondrial Ca2+ uptake is unlikely to account for these results as one would expect this to 

be the same no matter which side La3+ was applied. Collectively, these data provide 

convincing functional evidence that the apical PMCA is differentially potentiated by PKA 

activation in Par-C10 cells, consistent with our observations in mouse parotid acinar cells. 

Ion secretory mechanisms in HPAF cell line: The HPAF cell line is one of several derived 

from human pancreatic adenocarcinomas that have been identified as potential in vitro models 

for investigating electrolyte secretion by the human pancreatic duct. All of these cell lines 

retain some of the functional characteristics of ductal epithelial cells, but each one also has 

particular defects, and none has yet emerged as a completely satisfactory choice. On 

permeable supports HPAF cells form confluent, relatively high-resistance monolayers with 

well-formed tight junctions. HPAF monolayers mediate transepithelial Cl¯ secretion in 

response to Ca2+-elevating stimuli, that can be inhibited with bumetanide, inhibitor of 

NKCC1. We therefore conclude that the cotransporter, most probably NKCC1, is probably an 

important mechanism for Cl¯ uptake across the basolateral membrane. That the response to 

ATP was not totally inhibited by bumetanide may indicate the presence of alternative 

pathways for Cl¯ uptake, or it may be that the normally elevated intracellular Cl¯ 

concentration takes some time to decrease to its equilibrium value after inhibition of NKCC1. 

In the presence of HCO3¯, bumetanide no longer had any significant inhibitory effect on the 

secretory response to ATP. Assuming that bumetanide was still effective in blocking NKCC1 

under these conditions, we conclude that the presence of HCO3¯ enabled another transport 

mechanism to provide the driving force for secretion, whereas the main pathway for 

basolateral Cl¯ uptake was disabled. However, we cannot predict from this observation 

whether HCO3¯ itself is secreted under these conditions or whether HCO3¯ supports an 
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alternative pathway for Cl¯ uptake across the basolateral membrane, perhaps via an anion 

exchanger. To clarify the role of HCO3¯, it was first necessary to identify the acid/base 

transporters that are present in the HPAF cells. 

In HCO3¯-free solution the pHi recovery from acid load happened through basolateral and 

apical H+ extrusion. The process was found to be Na+ dependent and could be inhibited with 

EIPA or HOE-694, therefore we conclude that it happens through NHE. Exchangers of the 

NHE (SLC9) family, usually NHE1, are widely expressed at the basolateral membrane of 

epithelial cells. However, NHE2 and/or NHE3 are also present at the apical membrane of the 

larger ducts of the rat and mouse pancreas where they are thought to play a role in HCO3¯ 

salvage when ductal secretion ceases. The differential sensitivity of the apical and basolateral 

exchangers to EIPA that we have observed in the HPAF cells is not consistent with this 

distribution of NHE isoforms and requires further investigation. However, the presence of an 

apical NHE is consistent with the possibility that the HPAF cell line originated from cells in 

the larger ducts of the human pancreas. In the presence of HCO3¯, the recovery of pHi after 

acid loading was greatly enhanced by the involvement of an H2DIDS-sensitive, Na+- and 

HCO3¯-dependent transporter at the basolateral membrane. This is most likely an NBC of the 

SLC4 family, probably the NBC1. The presence of such a high level of NBC1 activity in the 

basolateral membrane of HPAF cells is undoubtedly consistent with the possibility that these 

cells are capable of mediating net HCO3¯ secretion. On the other hand, HCO3¯ uptake via 

NBC1 could also drive the basolateral uptake of Cl¯ via a Cl¯/HCO3¯ exchanger thereby 

indirectly enhancing net Cl¯ secretion.  

To determine whether the HPAF cell monolayers achieve net transepithelial HCO3¯ secretion, 

we applied a technique that estimates HCO3¯ efflux across the apical membrane from the 

initial rate of decrease in pHi when HCO3¯ uptake and H+ extrusion across the basolateral 

membrane are suddenly halted by inhibitors. Our data show that whereas ATP stimulation 

caused a significant increase in the acidification rate that followed application of the 

inhibitors, stimulation with forskolin to elevate intracellular cAMP did not. It is consistent 

with previous descriptions that HPAF cells do not respond to cAMP-mediated stimuli. 

However, it does suggest that purinergic stimulation can evoke net HCO3¯ efflux from the 

HPAF cells, most probably across the apical membrane. Although the overall secretory rate, 

as judged by the ISC, does not increase when HCO3¯ is added to the bathing medium, there 

may nonetheless be a significant contribution from HCO3¯ secretion under these more 

physiological conditions. 
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CONCLUSIONS 

 

In conclusion, our study demonstrates that Par-C10 cells grown to confluence on permeable 

supports offer a good experimental model for studies of salivary HCO3
− secretion. These cells 

achieve vectorial HCO3
− transport from the basolateral to apical side in a regulated manner. 

Basolateral NHE1 and NBC1 seem to be the primary transporters involved in HCO3
− uptake 

while Cl− enters the cells via NKCC1 and AE2 at the basolateral membrane. Secretion can be 

stimulated by both cAMP- and Ca2+-elevating agents. 

The apical PMCA is differentially potentiated by PKA activation in Par-C10 cells, consistent 

with our observations in mouse parotid acinar cells. In addition to shaping the temporal 

properties of Ca2+ signals, PKA-mediated regulation of the PMCA in parotid acinar cells may 

also contribute to the spatial shaping of the Ca2+ signals. 

HPAF cells express the key basolateral transporters required for transepithelial Cl¯ and 

HCO3¯ secretions, namely, NKCC1 and NBC1, and we have presented some evidence that 

HPAF cell monolayers may be capable of net HCO3¯ secretion (in addition to Cl¯ secretion) 

in response to Ca2+-mobilizing stimuli. Previous work suggests that Cl¯ secretion across the 

apical membrane is probably mediated by CaCCs, but it remains to be seen whether these, or 

other transporters, mediate the putative apical HCO3¯ secretion. 

Our results show that the Par-C10 cell line is a suitable model system of parotid acinar fluid 

secretion and Ca2+ signalization. The HPAF cells secrete HCO3¯ ions even int he absence of 

functional CFTR, and so is a suitable model to investigate the electrolyte transport in the 

absence of CFTR. 
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