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Abstract The milk-producing hormone prolactin (PRL)

increases the transcellular intestinal calcium absorption by

enhancing apical calcium uptake through voltage-dependent

L-type calcium channel (Cav) 1.3. However, the redundancy

of apical calcium channels raised the possibility that Cav1.3

may operate with other channels, especially transient receptor

potential vanilloid family calcium channels (TRPV) 5 or 6, in

an interdependent manner. Herein, TRPV5 knockdown (KD),

TRPV5/TRPV6, TRPV5/Cav1.3, and TRPV6/Cav1.3 double

KD, and TRPV5/TRPV6/Cav1.3 triple KD Caco-2 mono-

layers were generated by transfecting cells with small inter-

fering RNAs (siRNA). siRNAs downregulated only the target

mRNAs, and did not induce compensatory upregulation of the

remaining channels. After exposure to 600 ng/mL PRL, the

transcellular calcium transport was increased by *2-fold in

scrambled siRNA-treated, TRPV5 KD and TRPV5/TRPV6

KD monolayers, but not in TRPV5/Cav1.3, TRPV6/Cav1.3

and TRPV5/TRPV6/Cav1.3 KD monolayers. The results

suggested that Cav1.3 was the sole apical channel responsible

for the PRL-stimulated transcellular calcium transport in

intestine-like Caco-2 monolayer.

Keywords Calcium absorption � Small interfering RNA

(siRNA) � Transcellular transport � Triple knockdown �
Voltage-dependent calcium channel (Cav)

Introduction

Prolactin (PRL) has been shown to be a calcium-regulating

hormone since it could stimulate transcellular calcium

absorption in intestinal epithelium of rats as well as in intes-

tine-like Caco-2 monolayers [1–4]. Transcellular calcium

transport is crucial during high calcium demand, such as

pregnancy, lactation, or inadequate calcium intake [5]. It is a

three-step process consisting of (1) apical calcium entry via

transient receptor potential vanilloid Ca2? channels (TRPV)

5, TRPV6 and voltage-dependent L-type calcium channel

(Cav) 1.3, (2) cytoplasmic diffusion in a calbindin-D9k-bound

form, and (3) basolateral extrusion via plasma membrane

Ca2?-ATPase (PMCA) and Na?/Ca2? exchanger (NCX)

[6–9]. In general, Cav1.3 mediates intestinal calcium absorp-

tion under certain conditions, e.g., in the presence of depo-

larization state induced by glucose absorption [7, 8].

Recently, PRL was found to rapidly enhance transcel-

lular calcium absorption in a non-genomic manner via

Cav1.3, but not TRPV6 [9]. Pituitary-grafted rats with

hyperprolactinemia also exhibited upregulation of L-type

calcium channels [10]. However, the redundancy of apical

calcium channels raised the possibility that the PRL-stim-

ulated transcellular calcium transport may still require the

presence of TRPV5 and/or TRPV6. Alternatively, one

channel may be upregulated to compensate for the absence

of the others. For example, TRPV5 knockout mice with
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hypercalciuria responded to negative calcium balance by

upregulating TRPV6 expression in the small intestine to

increase calcium absorption [11]. Indeed, it was not known

whether calcium entry through TRPV5 contributed to the

PRL-stimulated calcium flux in the intestine. Since TRPV5

and TRPV6, known to share 75% homology at the amino

acid level and exhibit a similar ion permeation sequence

for divalent cations (Ca2? [ Sr2? & Ba2? [ Mn2?), were

co-expressed in the intestinal epithelial cells [12, 13], it

was necessary to investigate the participation of TRPV5 in

the PRL-stimulated calcium transport. Furthermore, whe-

ther Cav1.3 is the sole calcium channel required for PRL

action was still not known.

Therefore, the objectives of the present study were (1) to

examine the involvement of TRPV5 in the PRL-stimulated

calcium absorption in intestinal epithelial monolayer, (2) to

investigate whether an absence of one calcium channel led to

upregulation of the others, and (3) to provide evidence that

Cav1.3 was the sole calcium channel which mediated the

PRL-stimulated calcium transport. Human colorectal ade-

nocarcinoma cell line, Caco-2 cells, were used in the present

study as they are easy to manipulate genetically. Despite

being derived from the colon and having relatively low basal

calcium flux compared to the small intestine [14], confluent

Caco-2 monolayer has been widely used in the studies of

drugs or hormones that enhance calcium absorption since it

possesses characteristics of the small intestine, including the

presence of the brush border, expression of sucrase-isomalt-

ase enzymes, and expression of the transcellular calcium

transporters [15–17]. Moreover, Caco-2 monolayer also

expresses functional PRL receptors and responds well to PRL

by increasing transcellular calcium flux by *2-fold, similar

to that observed in the rat duodenum [14].

Materials and methods

Cell culture

Caco-2 cells (ATCC No. HTB-37) were grown in Dul-

becco’s modified Eagle medium (DMEM; Sigma, St.

Louis, MO, USA) supplemented with 15% fetal bovine

serum (FBS; Gibco, Grand Island, NY, USA), 1% L-glu-

tamine (Gibco), 1% non-essential amino acid (Sigma),

100 U/mL penicillin/streptomycin (Sigma), and 0.25 lL/

mL amphotericin B (Sigma). Cells were later propagated in

25-cm2 T-flask (Corning, NY, USA) under a humidified

atmosphere containing 5% CO2 at 37�C, and subcultured as

described in the ATCC protocol. Confluent Caco-2 mon-

olayers were prepared by seeding cells (5.0 9 105 cells/

cm2) on a polyester Snapwell with 12 mm diameter and 0.4

lm pore size (Corning). Culture medium was changed

daily after 48 h of seeding.

Small interfering RNA transfection

Small interfering RNA oligonucleotides targeted for

human TRPV5, TRPV6, and Cav1.3 as well as scrambled

sequences were designed by siRNA Target Designer

(version 1.51; Promega, Madison, WI, USA), as shown

in Table 1. All oligonucleotides were synthesized by T7

RiboMax Express RNAi System (Promega) according to

the manufacturer’s instruction. At day 12 after seeding of

Caco-2 cells on a Snapwell, in vitro transfection was per-

formed with 10 lg/mL polyethyleneimine (PEI) and

1 lmol/mL siRNA molecules to generate TRPV5 knock-

down (KD), TRPV5/TRPV6, TRPV5/Cav1.3, TRPV6/

Cav1.3 double KD, and TRPV5/TRPV6/Cav1.3 triple KD

monolayers. At day 14 (i.e., 48 h after transfection), the

Snapwell was mounted in an Ussing chamber with an

exposed surface area of 1.13 cm2 to measure the electrical

parameters and calcium fluxes, as previously described

[18]. Efficiency of siRNA was evaluated by quantitative

real-time PCR (qRT-PCR). Recent investigations showed

that conventional siRNA KD successfully abolished the

functions of TRPV5 and TRPV6 channels, as determined

by patch-clamp technique [19, 20]. This KD protocol was

approved by the Institutional Biosafety Committee of the

Mahidol University.

Quantitative real-time PCR and sequencing

Expression levels of TRPV5, TRPV6 and Cav1.3 were

quantified by a real-time PCR (model MiniOpticon; Bio-

Rad) as described previously [9]. Glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH), a housekeeping gene,

served as a control for normalization. Sense and antisense

primers used for qRT-PCR are presented in Table 2. PCR

reaction was performed with iQ SYBR Green SuperMix

(Bio-Rad). Relative expression of TRPV5, TRPV6 or

Cav1.3 over GAPDH was calculated from the threshold

Table 1 siRNA oligonucleotides used in KD study

Targets siRNA oligonucleotides

TRPV5 siRNA 50-GGCACUUGAAUCUUGGACU-30

50-AAAGUCCAAGAUUCAAGUGCC-30

TRPV6 siRNA 50-GGGAAACACAGUGUUACAC-30

50-GTGUAACACUGUGUUUCCC-30

Cav1.3 siRNA 50-GAGCACCUUUGACAAUUUC-30

50-AAGAAAUUGUCAAAGGTGCUC-30

Scramble siRNA 50-GGCGCAAUAAAGCAAGACC-30

50-AAGGUCUUGCUUUAUUGCCC-30

TRPV5/6 Transient receptor potential vanilloid family Ca2? channels

5/6, Cav1.3 voltage-dependent L-type Ca2? channel 1.3
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cycle (Ct) values by using 2DCt method. Besides melting

curve analysis, PCR products were also visualized on 1.5%

agarose gel stained with 1.0 lg/mL ethidium bromide.

After electrophoresis, PCR bands were extracted by

HiYield Gel/PCR DNA Extraction kit (Real Biotech Cor-

poration, Taipei, Taiwan), and were sequenced by ABI

Prism 3100 Genetic Analyzer (Applied Biosystems, Foster

City, CA, USA). qRT-PCR experiments were performed in

triplicate.

Bathing solution for Ussing chamber technique

The bathing solution for Ussing chamber experiments

contained (in mmol/L) 118 NaCl, 4.7 KCl, 1.1 MgCl2, 1.25

CaCl2, 23 NaHCO3, 12 D-glucose and 2 mannitol (all

purchased from Sigma). The solution was continuously

gassed with humidified 5% CO2 in 95% O2, maintained at

37�C, pH 7.4, and had an osmolality of 290–293 mmol/kg

water. Distilled water used in the present work had a

resistance higher than 18.3 MX cm and a free ionized

calcium concentration of \2.5 nmol/L.

Measurement of electrical parameters

Three electrical parameters, i.e., potential (voltage) dif-

ference (PD), short-circuit current (Isc), and transepithelial

resistance (TER), were determined as described previously

[14]. In brief, a pair of Ag/AgCl electrodes connected to

agar bridges (3.0 mol/L KCl per 4% agar) was located near

each surface of the mounted Snapwell for measurement of

PD. The other ends of the PD-sensing electrodes were

connected to a pre-amplifier (model EVC-4000; World

Precision Instruments, Sarasota, FL, USA). Another pair of

Ag/AgCl electrodes connected in series to the EVC-4000

current-generating unit was placed at the end of each

hemichamber to supply Isc, which is external current to

nullify PD. TER was calculated from Ohm’s equation.

Fluid resistance was automatically subtracted by the EVC-

4000 system.

Calcium flux measurement

Calcium fluxes were determined by the method of Thongon

et al. [9]. In brief, after a 20-min incubation in the Ussing

chamber, the bathing solution was changed with a fresh

one. The solution on one side contained 45Ca (initial

specific activity of 5 mCi/mL, final specific activity of

*450–500 mCi/mol; Amersham, Buckinghamshire, UK).

Unidirectional flux of calcium (JH?C, nmol h-1 cm-2)

from the hot side (H) to the cold side (C) was calculated

with Eqs. 1 and 2.

JH!C ¼ RH!C= SH � Að Þ ð1Þ
SH ¼ CH=CT ð2Þ

where RH?C is the rate of tracer appearance in the cold side

(cpm/h), SH the specific activity in the hot side (cpm/nmol),

A the surface area of Snapwell (cm2), CH is a radioactivity

in the hot side (cpm), and CT is the total calcium in the hot

side (nmol). 45Ca radioactivity in counts per minute (cpm)

was analyzed by liquid scintillation spectrophotometer

(model Tri-Carb 3100; Packard, Meriden, CT, USA). Total

calcium concentration in the hot side was determined by

atomic absorption spectrophotometer (model SpectrAA-300;

Varian Techtron, Springvale, Australia). In the absence of

transepithelial calcium gradient, i.e., bathing solution in both

hemichambers contained equal calcium concentration of

1.25 mmol/L, the measured calcium fluxes represented the

transcellular active calcium transport [9, 14]. In some

experiments, Caco-2 monolayer was exposed on the baso-

lateral side to 600 ng/mL recombinant human PRL (rhPRL;

purity[97%; catalog no. 682-PL; R&D Systems, Minneap-

olis, MN, USA), which is the maximal effective concentra-

tion reported by Jantarajit et al. [14].

Statistic analysis

Unless otherwise specified, results are expressed as

mean ± SE. Multiple sets of data were compared by one-

way analysis of variance (ANOVA) with Dunnett’s

Table 2 Homo sapiens
oligonucleotide sequences used

in the qRT-PCR experiments

TRPV5/6 Transient receptor

potential vanilloid family Ca2?

channels 5/6, Cav1.3 voltage-

dependent L-type Ca2? channel

1.3, GAPDH glyceraldehyde-3-

phosphate dehydrogenase

Name Accession no. Primer (forward/reverse) Product

length

(bp)

TRPV5 NM_019841 50–CACTGTTATTGATGCACCTGC–30

50–CCATCATGGCGATGAACA–30
120

TRPV6 AF365928 50–TCTGACTGCGTGTTCTCAC–30

50–ACATTCCTTGGCGTTCAT–30
144

Cav1.3 NM_000720 50–TGATCCAAGTGGAGCAGTCA–30

50–GTGTGAAAGTCCGGTAGGAGA–30
113

GAPDH NM_002046 50–CTGGTAAAGTGGATATTGTTG–30

50–GAGGCTGTTGTCATACTTCTC–30
359
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multiple comparison test. The level of significance for all

statistical tests was P \ 0.05. Data were analyzed by

GraphPad Prism (version 4.0 for Mac OS X; GraphPad

Software, San Diego, CA, USA).

Results

Expression of TRPV5, TRPV6 and Cav1.3 in TRPV5

KD monolayer

Since it was not known whether TRPV5 mediated the PRL-

stimulated transcellular calcium transport, we generated

TRPV5 KD monolayers to demonstrate the significance of

TRPV5 for such PRL action. After being treated with PEI,

scrambled siRNA, or TRPV5 siRNA, Caco-2 cells exhib-

ited a stable expression of GAPDH (Fig. 1a), indicating

that GAPDH could be used as a control transcript. mRNA

expression of TRPV5, but not TRPV6 or Cav1.3, markedly

decreased in TRPV5 KD cells by *17-fold (Fig. 1b–e).

The results suggested that TRPV5 siRNA was effective in

suppressing TRPV5 expression without causing compen-

satory upregulation of TRPV6 and Cav1.3.

PRL-enhanced calcium transport in TRPV5 KD

monolayer

After being exposed to 600 ng/mL rhPRL, both control and

TRPV5 KD monolayers manifested an approximately

twofold increase in the transcellular calcium transport

(Fig. 2). The basal calcium transport was not affected by

transfecting agent PEI, scrambled siRNA, or TRPV5 siR-

NA. The results, therefore, suggested that TRPV5 may not

be required for the PRL-enhanced transcellular calcium

transport.

Expression of TRPV5, TRPV6 and Cav1.3 in Caco-2

monolayers after combinatorial KD

To exclude the possibility that, in response to PRL, the

remaining two channels were upregulated to compensate

for the absence of the other channels after single KD of

TRPV5, TRPV6, or Cav1.3, we generated Caco-2 mono-

layers with double KD of TRPV5/TRPV6, TRPV5/Cav1.3,

or TRPV6/Cav1.3, or triple KD of TRPV5/TRPV6/Cav1.3.

We first demonstrated that, in a control monolayer, expo-

sure to 600 ng/mL rhPRL for 60 min did not alter TRPV5,

TRPV6, and Cav1.3 expression (Fig. 3a). Moreover,

GAPDH expression was stable in both double and triple

Fig. 1 a Expression of glyceraldehyde-3-phosphate dehydrogenase

(GAPDH) mRNA in the control, PEI-treated, scrambled siRNA

(Scramble)-transfected and TRPV5 siRNA (siTRPV5)-transfected

Caco-2 monolayers. GAPDH expression of the control group was

adjusted to 100%, while those of other groups were relative to the

control group. b Representative electrophoretic bands of TRPV5,

TRPV6 and Cav1.3 expression in the control, PEI, Scramble and

siTRPV5 groups. c–e Expression of TRPV5, TRPV6 and Cav1.3 in

TRPV5 KD Caco-2 monolayer as demonstrated by qRT-PCR.

Expression levels were normalized by GAPDH expression. Values

are presented as log mean ± SE. ***P \ 0.001 compared with the

control group. Value of fold difference was also presented along with

the statistical symbol. Numbers in parentheses represent the number

of independent experiments. Each experiment was performed in

triplicate

Fig. 2 Transcellular calcium transport in Caco-2 monolayer trans-

fected with TRPV5 siRNA (siTRPV5) with or without 600 ng/mL

rhPRL exposure. Scrambled siRNA was used as a negative control.

Monolayer was bathed on both sides with 1.25 mmol/L calcium-

containing solution. ***P \ 0.001 compared with the control group.

Numbers in parentheses represent the number of independent

experiments
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KD monolayers (Fig. 3b). TRPV5 mRNA expressions in

TRPV5/TRPV6, TRPV5/Cav1.3, and triple KD monolayers

were decreased by *24-, *16-, and *18-fold, respec-

tively, whereas no significant change was found in TRPV6/

Cav1.3 KD monolayer (Fig. 3c, d). Similarly, TRPV6 and

Cav1.3 mRNA expressions were downregulated only in the

presence of their target siRNA molecules (Fig. 3c, e, f).

These findings indicated that there was no compensatory

expression of the remaining channel when mRNAs of the

two channels were disrupted. In other words, the lack of

expression of one channel could not be rescued by

expression of the others.

PRL-enhanced calcium transport in Caco-2 monolayers

after combinatorial KD of TRPV5, TRPV6 and Cav1.3

In TRPV5/TRPV6 double KD monolayer, 600 ng/mL

rhPRL was able to stimulate the transcellular calcium

transport, similar to that observed in the control and PEI-

treated monolayers (Fig. 4). However, in TRPV5/Cav1.3,

TRPV6/Cav1.3 double KD, and triple KD monolayers, the

PRL-stimulated transcellular calcium transport was com-

pletely abolished (Fig. 4). Such combinatorial KD had no

effect on the basal calcium transport, PD, Isc, or the PRL-

induced decrease in TER (Figs. 4, 5), the latter of which

indirectly represented an increase in the paracellular

permeability by PRL [9, 18, 21]. The results corroborated

that Cav1.3 was the sole calcium channels required for the

PRL-stimulated transcellular calcium transport across the

intestinal epithelium.

Discussion

A significant amount of maternal calcium (*200–400 mg/

day) is lost during pregnancy and lactation for fetal growth

and milk production, thus resulting in severe negative

calcium balance and osteopenia [22]. In lactation, PRL is

not only an important hormone for lactogenesis but also for

the regulation of overall calcium metabolism in pregnancy

and lactation, in part, by stimulating renal calcium reab-

sorption and transcellular calcium absorption in the small

Fig. 3 a Expression of TRPV5, TRPV6, and Cav1.3 mRNA in Caco-

2 monolayer directly exposed for 60 min to 600 ng/mL rhPRL. b
GAPDH expression in TRPV5/TRPV6, TRPV5/Cav1.3, TRPV6/

Cav1.3 double KD, and TRPV5/TRPV6/Cav1.3 triple KD monolay-

ers. GAPDH expression in scrambled siRNA-treated group was

adjusted to 100%. c Representative electrophoretic bands of TRPV5,

TRPV6, and Cav1.3 mRNA expression in double and triple KD

monolayers. d–f Expression of TRPV5, TRPV6, and Cav1.3 mRNA

in double and triple KD Caco-2 monolayers as demonstrated by

qRT-PCR. Expression levels were normalized by GAPDH expression.

Data are presented as log mean ± SE. *P \ 0.05, ***P \ 0.001

compared with the scrambled siRNA-treated group. Values of fold

differences were also presented along with the statistical symbols.

Numbers in parentheses represent the number of independent

experiments. Each experiment was performed in triplicate. siTRPV5,

siTRPV6, and siCav1.3 mean siRNAs against TRPV5, TRPV6, and

Cav1.3 mRNA, respectively

J Physiol Sci (2010) 60:9–17 13
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intestine, thereby ameliorating stress on calcium metabo-

lism [2, 5]. Previous investigations in duodenal epithelial

cells showed that PRL enhanced the transcellular calcium

transport by increasing the apical (brush-border) calcium

uptake [23]. The present study further demonstrated that

Cav1.3 was the sole apical calcium channel for the PRL-

stimulated transcellular calcium transport in Caco-2

monolayer, which is an accepted model for calcium

absorption study [9, 15].

Three calcium channels, namely TRPV5, TRPV6, and

Cav1.3, were co-expressed on the apical membrane of

duodenal, jejunal, and colonic epithelial cells [24, 25]. For

the past decade, TRPV6 has been postulated to be the

principal calcium channel for apical calcium entry in the

small intestine, whereas TRPV5, with its expression being

much lower than that of TRPV6 in both duodenum [26]

and Caco-2 cells (Fig. 3a), was thought to play a minor

role. However, physiological significance of TRPV6

became doubtful when TRPV6 null mice were found to

be normocalcemic and responded to 1,25(OH)2D3 by

increasing transcellular calcium transport, similar to that

observed in the wild-type mice [27, 28]. Moreover, Morgan

and co-workers [8] suggested that TRPV5 and TRPV6

could not have been involved in the glucose-stimulated

calcium absorption since both channels normally operated

at negative membrane potentials below -90 mV (hyper-

polarization), whereas postprandial glucose-rich luminal

condition usually led to cell depolarization. Therefore, in

the presence of luminal glucose, Cav1.3 must have been

responsible for the intestinal calcium absorption [7, 8].

Fig. 4 Transcellular calcium transport in TRPV5/TRPV6, TRPV5/

Cav1.3, TRPV6/Cav1.3 double KD, and TRPV5/TRPV6/Cav1.3 triple

KD monolayers directly exposed to 600 ng/mL rhPRL. PEI was a

transfecting agent. Monolayer was bathed on both sides with

1.25 mmol/L calcium-containing solution. ***P \ 0.001 compared

with the scrambled siRNA-treated group (negative control). Numbers
in parentheses represent the number of independent Snapwells.

siTRPV5, siTRPV6, and siCav1.3 mean siRNAs against TRPV5,

TRPV6, and Cav1.3 mRNA, respectively. NS Not significant

Fig. 5 a Transepithelial potential difference (PD), b short-circuit

current (Isc), and c transepithelial resistance (TER) in TRPV5 KD,

TRPV5/TRPV6, TRPV5/Cav1.3, TRPV6/Cav1.3 double KD, and

TRPV5/TRPV6/Cav1.3 triple KD monolayers directly exposed to

600 ng/mL rhPRL. PEI was a transfecting agent. The apical side had

negative voltage with respect to the basolateral side. *P \ 0.05 compared

with the scrambled siRNA-treated group. Numbers in parentheses
represent the number of independent Snapwells. siTRPV5, siTRPV6, and

siCav1.3 mean siRNAs against TRPV5, TRPV6, and Cav1.3 mRNA,

respectively. The absence of changes in PRL actions in KD monolayers

indicated that these calcium channels were not required for the PRL-

induced increase in paracellular permeability

14 J Physiol Sci (2010) 60:9–17
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Nevertheless, intestinal TRPV5 and TRPV6 could be

important for the enhancement of transcellular calcium

transport in certain stimulating conditions, such as chronic

metabolic acidosis, and long-term exposure to estrogen or

1,25(OH)2D3 [26, 29–31]. Indeed, TRPV6 expression was

markedly upregulated after 1,25(OH)2D3 administration to

vitamin D-deficient mice [32]. A number of hormones or

local factors, such as parathyroid hormone, arginine vaso-

pressin, prostaglandin E2, and calcitonin, were also found

to activate TRPV5 and/or TRPV6 by raising intracellular

cAMP or cGMP levels [33]. It is possible that TRPV5,

TRPV6, and Cav1.3 may differentially respond to various

stimuli or extracellular environments. In other words, these

channels have their own unique properties and can function

independently of each other. Such a hypothesis was con-

firmed by the present findings that neither TRPV5 nor

Cav1.3 was upregulated when TRPV6 expression was

suppressed by siRNA. Nevertheless, other alternative

mechanisms for apical calcium entry might exist, since

TRPV5/TRPV6/Cav1.3 triple KD Caco-2 monolayer still

exhibited transcellular calcium flux with a magnitude

comparable to that of normal monolayer. Possible alter-

native pathways included the vesicular transport and volt-

age-dependent T-type calcium channels, the latter of which

was reported to mediate the testosterone-stimulated cal-

cium transport in renal tubular epithelium [34]. Alterna-

tively, since siRNA-induced calcium channel KD did not

totally suppress mRNA expression of target calcium

channels (Fig. 3d–f), it was possible that a small number of

calcium channels were sufficient to allow calcium entry

under a non-stimulated condition. Feedback regulation of

calcium influx could also explain the unaltered basal cal-

cium transport after triple KD, which should lead to a

decrease in the intracellular calcium concentration (Cai).

Low Cai has been postulated to promote activities of

TRPV5 and TRPV6 channels [35, 36], thereby leading to

an increase in calcium influx.

Our previous investigation provided evidence that

stimulatory effect of PRL on transepithelial calcium

transport was abolished by Cav1.3 KD or L-type calcium

channel blockers, nifedipine and verapamil, in the apical

solution, but not in the basolateral solution [9]. Cav1.3 thus

appeared to be responsible for apical calcium entry in PRL-

exposed intestinal epithelium [9], but participation of

TRPV5 and compensatory TRPV6 upregulation after

Cav1.3 KD were still possible and were not excluded

experimentally. Herein, we further elucidated that only

Cav1.3 was involved in the PRL-stimulated transcellular

calcium transport across the intestinal epithelium. Inter-

dependent or interactive functions of TRPV5, TRPV6, and

Cav1.3 in the presence of PRL could also be ruled out

because enhanced transcellular calcium transport was still

observed in TRPV5/TRPV6 double KD Caco-2 monolayer.

Molecular mechanism by which PRL stimulates intes-

tinal calcium absorption is poorly understood. Recent

studies in duodenal epithelium and Caco-2 monolayer

substantiated pivotal roles of phosphoinositide 3-kinase

(PI3K) and protein kinase C (PKC), especially PKCf iso-

zyme, in the intracellular PRL signaling [14]. Panspecific

PKC inhibitor (GF109203X) was shown to diminish the

PRL-accelerated apical calcium uptake [9]. Although

Cav1.3 could be phosphorylated by several PKC isozymes,

e.g., PKCbII [7], it is not known whether PRL-activated

PKC directly phosphorylated Cav1.3. Since Na? and glu-

cose uptake through sodium-dependent glucose transporter

1 (SGLT1) at the apical membrane is coupled with Cav1.3

opening, which requires cell depolarization induced by

SGLT1-mediated Na? entry [8, 37], it is also possible that

PRL indirectly activates Cav1.3 by acting through SGLT1,

known to be expressed in Caco-2 cells [38].

Besides the transcellular calcium transport, PRL could

also stimulate calcium transport across the paracellular

route [5]. The observed decrease in TER by PRL in the

present study confirmed an increase in paracellular per-

meability, which could facilitate the paracellular calcium

transport [9, 18, 21]. Due to its non-saturable passive

nature, paracellular calcium transport could become sub-

stantial after ingestion of calcium-rich meals, or in the

presence of a transepithelial calcium gradient [6]. More-

over, the presence of PRL-induced decrease in TER in

TRPV5/TRPV6/Cav1.3 KD monolayer suggested that the

PRL-enhanced paracellular permeability did not involve

the functions of these three calcium channels, although

perijunctional cytoskeletal rearrangement, an initial step to

increase paracellular permeability, may be controlled, in

part, by apical calcium entry [37, 39].

In conclusion, we used siRNA-based combinatorial KD

technique to elucidate that the apical calcium entry step in

the PRL-stimulated transcellular calcium transport in the

intestine-like Caco-2 monolayer occurred solely via

Cav1.3. Although intestinal epithelial cells expressed sev-

eral calcium channels, i.e., TRPV5, TRPV6, and Cav1.3,

there was no redundancy in their functions, at least during

PRL exposure, since the PRL-stimulated calcium transport

was totally diminished after Cav1.3 siRNA transfection.

The present results, therefore, provided corroborative evi-

dence for better understanding of the cellular mechanism of

PRL in intestinal epithelial cells, and could explain the

mechanism by which PRL stimulated intestinal calcium

absorption in pregnant and lactating animals.
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