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Abstract

Prolactin has been reported to stimulate the calcium absorption of the duodenum where three components of the active calcium transport,
namely transcellular active, voltage-dependent and solvent drag-induced calcium transport, were identified. It was known that the
transcellular active, but not the voltage-dependent, duodenal calcium transport was directly stimulated by prolactin. The present study thus
aimed to evaluate the direct action of prolactin on the solvent drag-induced duodenal calcium transport by using the Ussing chamber
technique. The jejunum was used as a reference for the existence of solvent drag and the widening of tight junction induced by cytochalasin
E. Results showed that the solvent drag-induced calcium transport existed in both intestinal segments, but the magnitude was significantly
greater in the duodenum (29.27£2.27 vs. 17.31£1.65 nmol h™' em™2, P<0.001). We further demonstrated that 200, 600 and 800, but not
1000 ng/ml, prolactin significantly promoted the solvent drag-induced duodenal calcium transport in a dose-response manner, i.e. from the
control value of (nmol h™" cm™?) 24.31+2.36 to 45.42+3.47 (P<0.01), 63.82+5.28 (P<0.001) and 53.93+5.41 (P<0.01), respectively.
However, prolactin did not manifest any effect on the jejunum. Because the paracellular transport was suggested to be size-selective as well
as charge-selective, further experiments were designed to evaluate the mechanism by which prolactin stimulated the solvent drag-induced
calcium transport. The duodenum was exposed to 20 pM cytochalasin E, 600 ng/ml prolactin or the combination of both in the presence of a
paracellular marker *H-mannitol, while the jejunum was a positive reference. The results showed that, in the jejunum, cytochalasin E alone
and cytochalasin E plus prolactin significantly increased the mannitol fluxes from (umol h™' cm™2) 0.2940.04 to 0.49+0.03 (P<0.05) and
0.48+0.05 (P<0.05), respectively, while having no effect on the calcium fluxes. Prolactin alone had no effect on the jejunal calcium flux. In
the duodenum, neither mannitol nor calcium fluxes were enhanced by cytochalasin E, however, prolactin still increased the solvent drag-
induced calcium flux from 27.74+2.41 to 51.03+4.35 nmol h™' cm ™2 (P<0.001). It was concluded that prolactin directly stimulated the
solvent drag-induced duodenal calcium transport in a dose-response and biphasic manner without the widening of tight junction.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction intrauterine fetal development and lactogenesis. Because

1,25 (OH),Ds, a putative calcium-regulating hormone, does

Prolactin has been demonstrated to be a novel calcium-
regulating hormone during pregnancy and lactation [1-5].
Both conditions place a stress on maternal calcium
metabolism as a result of a high calcium loss for the
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not contribute to an increase in the intestinal calcium
absorption during these periods [6,7], the enhanced calcium
absorption should be under the influence of other calcium-
regulating hormones, particularly prolactin [8-11]. The
physiological significance of prolactin has recently been
demonstrated by our finding which showed reductions in
the intestinal calcium absorption and vertebral mineral
density in growing rats during bromocriptine-induced
suppression of endogenous prolactin [2].
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The acute effect of prolactin on the intestinal calcium
absorption was shown in pregnant and lactating rats by
Krishnamra et al. [12]. Moreover, the elevated duodenal
calcium absorption of pregnant and lactating rats was found
to correlate with changes in the plasma level of prolactin
[13]. Generally, the small intestine has two mechanisms of
calcium transport, known as gradient-dependent passive
transport and metabolically energised active calcium trans-
port [14,15]. It is apparent that the duodenum possesses
both types of transport, whereas the remaining parts possess
mostly the passive transport [16-18]. Duodenum is a site
where calcium absorption is tightly controlled, especially
during increased calcium requirement [13,17,18]. To gain
further insight into the effects of prolactin on each
mechanism, our pioneer investigations provided evidence
that 0.2 mg/kg prolactin injected intraperitoneally (i.p.)
enhanced the passive calcium transport by in situ perfused
small intestine [11] and the active calcium transport by in
vitro everted intestinal sacs [19] within an hour. Its effect
was confined to the duodenum and the proximal jejunum
[11] where highly expressed prolactin receptors were
reported [20,21]. We also showed that both exogenous and
endogenous prolactin significantly enhanced the gradient-
dependent passive calcium transport in the small intestine of
female rats [2,11].

In the absence of a calcium gradient, the metabolically
energised active calcium transport could be measured
[16,22], and its three fractions, namely transcellular active,
solvent drag-induced- and voltage-dependent calcium trans-
port, could be studied separately [3]. Transcellular active
calcium transport is a primarily active process composed of
apical facilitated calcium entry, cytoplasmic calcium trans-
location and basolateral Ca*-ATPase-dependent calcium
extrusion [15,23]. In 2001, Charoenphandhu et al. [3]
elucidated that prolactin directly and acutely stimulated
the transcellular active calcium transport in a dose-response
manner.

The solvent drag-induced and voltage-dependent calcium
transports are secondary to the transcellular active sodium
transport which produces a convective water flow [17,24—
26] and an electrodiffusive force from transepithelial
potential difference (PD) [27-29], respectively, for para-
cellular calcium movement. In the duodenum, the voltage-
dependent mechanism is presumptive but has been reported
to be negligible and could be considered absent under both
control and prolactin-exposed conditions [3]. However, the
presence and importance of the solvent drag-induced
duodenal calcium transport has not been studied, and the
direct action of prolactin on this component of calcium
transport has not been investigated yet.

The perijunctional actomyosin-regulated widening of the
tight junction has been postulated to increase the tight
junction permeability as well as the solvent drag [30,31].
Some inert chemicals such as mannitol, inulin and
polyethyleneglycol were utilised to determine the widening
of the tight junction [30-33]. Nevertheless, a growing

number of tight junction-associated proteins have been
reported, and the tight junction was evinced to share
physiological properties with conventional charge-selective
ion channels [34-36]. The regulation of solvent drag
through tight junction may, therefore, not solely be
regulated by the widening of the paracellular pores. We
hypothesised that, under the influence of prolactin, the
widening of tight junction was not sufficient to enhance the
solvent drag-induced duodenal calcium transport. To prove
the hypothesis, we administered cytochalasin E to induce
the widening of duodenal tight junction. The jejunum was
used as a reference because changes in the permeability of
tight junction have been intensively studied in the rat
jejunum [11,31,37].

The principal objectives of the present study were to
elucidate that (1) the solvent drag-induced calcium transport
in the duodenum was present and significant; (2) prolactin,
as a calcium-regulating hormone, directly stimulated the
solvent drag-induced duodenal calcium transport; and (3)
widening of the tight junction was not required for the
stimulatory effects of prolactin.

2. Materials and methods
2.1. Animals

Sexually mature female Wistar rats weighing 200-250 g
were obtained from the Animal Centre of Thailand, Salaya
Campus, Mahidol University. They were placed in hanging
stainless steel cages, fed with standard laboratory pellets
(C.P., Bangkok, Thailand) and tap water ad libitum under a
12:12 h light/dark cycle for at least 14 days before the start
of the experiments. The room temperature was controlled at
23-25 °C, and relative humidity was about 50-60%. Food
pellets contained 1.4% calcium and 0.9% phosphorus. All
animals were cared for in accordance with the principles and
guidelines of the Laboratory Animal Ethical Committee of
Mabhidol University, Bangkok, Thailand.

2.2. Tissue preparation

The technique was based on the methods of Charoen-
phandhu et al. [3]. Some parts were modified from the
methods of Carroll et al. [38] and Karbach [17]. Under 60
mg/kg i.p. sodium pentobarbitone (Nembutal®, Abbott
Laboratory, North Chicago, IL) anesthesia, a median
laparotomy was performed. Either a duodenal or a jejunal
segment was obtained 2-10 and 15-25 cm distal to the
pyloric sphincter, respectively. After being rinsed in an ice-
cold bathing solution pregassed with 5% CO, in 95% O,
(TIG Ltd., Bangkok, Thailand), a longitudinal incision was
made along the radix mesenterii. The dissected segment was
rinsed again in the bathing solution to remove the luminal
contents. An intestinal segment from a rat was then mounted
in a modified Ussing chamber with an exposed surface area
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of 0.69 cm? and bathed on both sides with 3 ml of buffer
maintained at 37 °C and continuously aerated with 5% CO,
in 95% O,. The tissue was firmly affixed to the chamber by
using waterproof adhesive silicone (Bayer, Germany). Gas
bubbles were fine but vigorous to minimize the unstirred
water layer and to provide good mixing [39]. The tissue was
incubated for 20 min before the 40—60 min experiment was
carried out.

2.3. Bathing solution

The bathing solution contained (in mM): 118 NaCl, 4.7
KCI, 1.1 MgCl,, 1.25 CaCl,, 23 NaHCOs;, 12 D-glucose,
and 2 mannitol. The solution was continuously gassed with
humidified 5% CO, in 95% O,, and had a pH of 7.4 and
osmolality of 298 mosM. At the end of each experiment, the
osmolality of the bathing solution was verified to ascertain
that its physiological optimum was maintained [3].

2.4. Electrical measurements

Electrical properties of the intestinal segments were for
monitoring the viability and integrity of the tissue. The
transepithelial PD was continuously measured whereas the
values of the short-circuit current (Isc), needed to nullify the
PD, were measured every 10 min. Epithelial resistance (R)
was calculated by Ohm’s equation [27]. The proximal ends
of agar bridges made of 4 M KCI per 4 g% agar were
located near each surface of the tissue to measure the PD.
The distal ends of the bridges were placed in two separate
flasks, containing 4 M KCI and calomel electrodes (No.
476350, Corning, USA) which were in turn connected to a
Grass Polygraph (Model 79, Grass Instrument, Quincy,
MA). At the distant end of each hemichamber, a platinum
electrode (BDH Laboratory Supplies, UK) was placed to
supply the Isc. Each platinum electrode was connected to a
constant direct current (DC) generator (Thaiphan Electrics,
Bangkok, Thailand). The values of Isc were displayed by a
computer-assisted micromultimeter (Yokogawa model 7551,
Japan). The normal values of PD, R and Isc were 5.52+0.21
mV, 70.114+4.02 Q em? and 80.10+5.90 pA cm 2 (n=10),
respectively. At the end of each experiment, D-glucose was
added to the mucosal solution to give a final concentration
of 30 mM to confirm tissue viability [40]. Setups which had
abnormal electrical parameters were discarded.

2.5. Unidirectional flux measurement

After 20 min incubation, the bathing solution was
replaced with a fresh bathing solution. One side was **Ca-
containing solution (initial specific activity of 2 mCi/ml,
Radiochemical Centre, Amersham International, UK) while
the other side contained **Ca-free bathing solution. A 100 ul
sample was collected from each side into separate micro-
centrifuge tubes to determine the calcium flux. Seven
samples were collected per setup. Radioactivity of **Ca

was analysed by liquid scintillation spectrophotometry
(LKB-Wallac model 1219, LKB Wallac, Finland). Total
calcium concentration of the bathing solution was analysed
by an atomic absorption spectrophotometry (SpectrAA-300,
Varian Techtron Ltd., Springvale, Australia). Both unidirec-
tional calcium fluxes (nmol h™' cm™2), i.e. mucosa-to-serosa
and serosa-to-mucosa fluxes, were calculated by using the
following equations [41]:

Flux(nmol h™') cm ™2

rate of tracer appearance in cold side(cpm h™')

~ specific activity of hot side (cpm nmol_l)areax (cm?)

(1)

specific activity(cpm nmol ")
~ mean of radioactivity in hot side(cpm)

(2)

total calcium in hot side x 10°

In some experiments, the *H-mannitol was used for
measuring unidirectional fluxes (umol h™' cm™?) of
mannitol, which was a paracellular marker for the widening
of tight junction [31,32,42]. In this case, transepithelial
movements of calcium and mannitol were measured
simultaneously. Unidirectional fluxes of mannitol were also
calculated from Eq. (1).

2.6. Experimental protocols

2.6.1. Protocol 1

This study was performed to validate the presence of the
solvent drag-induced calcium transport in the duodenum of
rats. Both sides of a duodenal segment were exposed to the
aforementioned bathing solution for 20 min prior to the
experimental period. Electrical parameters were tightly
monitored as previously described. Samples were with-
drawn from both sides of the chamber to analyse for
radioactivity of **Ca. To manifest the solvent drag-induced
calcium transport, 0.1 mM trifluoperazine or TFP (ICN
Biomedicals Inc., Ohio, USA) was constantly present in the
serosal side to inhibit the transcellular active calcium
transport [3,16,43,44]. TFP was first dissolved in 50%
dimethylsulfoxide or DMSO (ICN Biomedicals) prior to
dilution with the bathing solution to give a final concen-
tration of 0.1 mM. Final concentration of DMSO of 0.05%
had effect on neither tissue viability nor paracellular
transport [45]. The unidirectional calcium flux (nmol h™'
em ?) was calculated and plotted against the sampling
intervals (min) to obtain a flux (Eq. (3)) and flux ratio
equation (Eq. (4)) which was originally derived by Ussing
in 1949 [46].

J = Joa (1 - exp<’“)) (3)
o~ con(ar ) @
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where J denoted the unidirectional calcium fluxes in either
mucosa-to-serosa (ms) or serosa-to-mucosa (sm) direction at
time ¢. Jpnax Was the maximal calcium flux in respective
direction. C was the concentration of calcium in mucosal
(m) or serosal (s) compartment. Ny was the Avogadro’s
number. W was the work done on calcium ions moving
through the studied pathway. R and T had their conventional
meaning. x was a constant.

According to Ussing’s theory, the pre-steady state and
steady state flux ratio of a particular ion via a single
pathway, either paracellular or transcellular, must be
independent of time or time-invariant, as shown in Eq. (4)
[29]. In other words, if each value of flux ratio at any time
was not a single constant, the analysed system must have at
least two pathways for ion transport [47,48].

2.6.2. Protocol 2

This study was to demonstrate the significance of the
solvent drag-induced calcium transport in the rat duodenum.
Calcium transport of the duodenum and jejunum were
compared since the significance of solvent drag has been
shown in the jejunum [11]. The duodenal experiments were
performed as described in Protocol 1. In the jejunal
experiments, the jejunal segment was prepared and mounted
between two halves of the hemichambers as usual. Both
sides of the tissue were exposed to the aforementioned
bathing solution. TFP (0.1 mM) was added to the serosal
solution to eliminate the transcellular active calcium trans-
port, and was present during both incubating and exper-
imental periods. After 20 min of incubation, the
unidirectional calcium fluxes were measured. Electrical
parameters were tightly monitored to access the tissue
viability.

2.6.3. Protocol 3

This study was to investigate changes in the solvent
drag-induced calcium transport in the duodenum in
response to direct exposure to prolactin. Prolactin
(Sigma, St. Louis, MO) was first dissolved in normal
saline adjusted to pH 9 before adding to the bathing
solution to give the final concentrations of 200, 600, 800
or 1000 ng/ml. The vehicle, i.e. 0.9% NaCl at pH 9, was
used as a control. Throughout the incubating and
experimental periods, the serosal side of the duodenal
segments was directly exposed to various doses of
prolactin. TFP (0.1 mM) was also added to the serosal
solution to abolish the transcellular active calcium
transport. After 20 min of incubation, unidirectional
calcium fluxes, i.e. solvent drag-induced calcium trans-
port, were measured for 60 min.

2.6.4. Protocol 4

This study was to investigate the direct action of
prolactin on the solvent drag-induced calcium transport in
the jejunum. Prolactin in a dose of 600 ng/ml was used.
The serosal side of jejunal segments was directly exposed

to both prolactin and 0.1 mM TFP throughout the
incubating and experimental periods. After 20 min of
incubation, unidirectional calcium fluxes were measured
for 60 min.

2.6.5. Protocol 5

The objective of this protocol was to evaluate the
relationship between the solvent drag-induced calcium
transport and the widening of tight junction induced by
administration of a cytoskeleton inhibitor cytochalasin E in
the duodenum and jejunum. The rats were randomly
divided into eight groups for two experiments. Four
groups were for the duodenal experiments and the other
four were for the jejunal experiments. In each experiment,
the serosal side of the intestinal segment was directly
exposed to 0.9% NaCl (control), 600 ng/ml prolactin, 20
UM Aspergillus clavatus cytochalasin E (Sigma) or 600
ng/ml prolactin plus 20 uM cytochalasin E. Cytochalasin E
was first dissolved in 50% DMSO to make a stock
solution which was diluted with the bathing solution to
give a final concentration of 20 uM. Final concentration of
DMSO was 0.05%. The tissues were continuously exposed
to respective chemicals during both incubating and
experimental periods. After 20 min incubation, the
mounted tissues were gently washed and then further
incubated in a new solution. In addition to the respective
chemicals, the new solution contained *°Ca plus H-
mannitol, an indicator of the changes in permeability or
the widening of tight junction. Unidirectional fluxes of
“>Ca and *H-mannitol were measured simultaneously
during the 60 min experiment. Viability of mounted tissues
was closely monitored.

2.7. Statistical analyses

Results were expressed as mean+S.E. Two sets of data
were compared using the unpaired Student’s ¢-test. Multiple
comparisons were made by one-way analysis of variance
(one-way ANOVA). The level of significance for statistical
tests was P<0.05. Data were analysed by GraphPad Prism
4.0 for Microsoft Windows (GraphPad Software Inc., San
Diego, CA).

3. Results

3.1. Normal duodenum exhibited the solvent drag-induced
calcium transport

The results of Protocol 1 are shown in Figs. 1 and 2.
Unidirectional calcium fluxes of the total transepithelial
active transport, i.e. solvent drag-induced plus trans-
cellular active calcium transport, in both mucosa-to-
serosa and serosa-to-mucosa directions are depicted in
panel A of Fig. 1. The steady state fluxes (n=8) are
26.12 nmol h™" cm 2 for the mucosa-to-serosa direction
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Fig. 1. Total active calcium fluxes in the duodenum of female rats (n=8).
Panel A: Unidirectional fluxes in the mucosa-to-serosa (J,,s) and serosa-to-
mucosa (Jgy) direction. Panel B: The flux ratio (J,¢//sm) Was derived from
the results in panel A. The flux ratio is time-variant indicating that the
transepithelial calcium transport was composed of more than one pathway,
i.e. transcellular and paracellular pathways.

and 2.92 nmol h™' cm 2 for the serosa-to-mucosa
direction. Panel B shows that the flux ratio derived
from panel A is time-variant, indicating that more than
one pathway existed for the transepithelial active calcium
transport.

In the presence of 0.1 mM TFP, which blocked the
transcellular active calcium transport, panel A of Fig. 2
shows the existence of the solvent drag-induced calcium
transport in the duodenum. The fluxes in both directions
obey a one phase exponential association of the flux
equation (Eq. (3)). The steady state fluxes (n=8) are 7.32
nmol h™' em 2 for the mucosa-to-serosa direction and 2.43
nmol h™! cm ™ for the serosa-to-mucosa direction while the
half-times of the curves are 7.24 and 5.28 min, respectively.
In panel B, the flux ratio derived from panel A of Fig. 2 is
time-invariant, i.e. 2.37%£0.14 (n=8), indicating that the
current system exhibited only one pathway for calcium
transport.

3.2. Solvent drag-induced calcium transport in duodenum is
greater than that in jejunum

In this series of experiments (Protocol 2), the jejunal
segments of the rats were directly exposed to 0.1 mM TFP to
abolish the transcellular active calcium transport. Fig. 3
shows that the jejunum (n=7) also exhibited the solvent drag-
induced calcium transport with a magnitude of 17.31£1.65
nmol h™' cm 2. However, the solvent drag-induced calcium
transport in the duodenum (n=7) was significantly higher,
i.e. 29.27+2.27 nmol h™' em™2 (P<0.001).

3.3. Prolactin directly stimulated the solvent drag-induced
calcium transport in duodenum

In this series of experiments (Protocol 3), to demonstrate
a direct action of prolactin, the duodenal segments were
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Fig. 2. Active calcium transport in the duodenum (n=8) in the presence of
0.1 mM TFP, which was used to abolish the transcellular active calcium
transport. Panel A: Unidirectional fluxes in the mucosa-to-serosa (J,,s) and
serosa-to-mucosa (Jgy,) direction. Panel B: The flux ratio (Js//sm) Was
derived from the results in panel A. The flux ratio is constant in time or
time-invariant indicating that only a single pathway, i.e. the solvent drag-
induced calcium transport, was present.
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Fig. 3. The solvent drag-induced calcium transport in the control duodenum
(n=T7) and jejunum (n=7) were compared. The experiment was performed in
the presence of 0.1 mM TFP, which abolished the transcellular active
calcium transport. ***P<0.001 compared with control.

exposed to 0.9% NaCl (control), 200, 600, 800 or 1000 ng/
ml prolactin plus 0.1 mM TFP in the serosal solution. The
results of the solvent drag-induced duodenal calcium trans-
port are illustrated in Fig. 4. Prolactin at the concentrations
of 200, 600 and 800 ng/ml significantly increased the
calcium transport in a dose-response manner, i.e. from the
control value of (nmol h™' ecm™?) 24.3142.36 (n=9) to
45.424+3.47 (P<0.01, n=12), 63.82£5.28 (P<0.001, n=8)
and 53.93%5.41 (P<0.01, n=10), respectively. Interestingly,
the pathological dose of prolactin, i.e. 1000 ng/ml, did not
have any effect on the solvent drag-induced calcium
transport (29.05+2.61 nmol h™' ¢cm ™2, #n=8). The acute
effect of prolactin could be observed within 20 min after the
serosal exposure.

3.4. Prolactin did not have an effect on the solvent drag-
induced calcium transport in jejunum

The direct action of prolactin on the solvent drag-induced
calcium transport of the jejunum was studied in Protocol 4.
The results are graphically displayed in Fig. 5. It could be
seen that the stimulatory effect of prolactin on the solvent
drag-induced calcium transport seen in the duodenum was
absent in the jejunum. The rates of calcium transport in the
control group and the 600 ng/ml prolactin-treated group
were 18.46+2.18 nmol h™' em™? (n=7) and 19.57+3.54
nmol h™' cm™2 (n=8), respectively.

3.5. Actions of prolactin on the duodenum were not related
to the widening of the tight junction

In Protocol 5, *H-mannitol was used as a marker for the
widening of the tight junction caused by serosal admin-
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n=9 n=12 n=38 n=10 n=8§

Fig. 4. The dose-response study of 200, 600, 800, and 1000 ng/ml prolactin
on the solvent drag-induced calcium transport in the duodenum. The serosal
surface of tissues was directly exposed to prolactin throughout the 60-min
experimental period. **P<0.01, ***P<0.001 compared with the control
group. TP<0.05 compared with the corresponding 200 ng/ml prolactin-
treated group. ##P<0.01, ###P<0.001 compared with the corresponding
1000 ng/ml prolactin-treated group.

istration of 20 pM cytochalasin E. The solvent drag-induced
calcium transport in the duodenum and jejunum was
measured concurrently. The results are illustrated in Figs.
6 and 7. In the jejunum (Fig. 6), as expected, cytochalasin E
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Fig. 5. The solvent drag-induced calcium transport in the control jejunum.
The serosal surface of the tissues was directly exposed to 600 ng/ml
prolactin (PRL). The experiment was performed in the presence of 0.1 mM
TFP to abolish the transcellular active calcium transport. The illustration
shows no statistical significance.
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Fig. 6. The mannitol transport and the solvent drag-induced calcium transport in the jejunum. The serosal surface of the jejunal segments was directly exposed
to 600 ng/ml prolactin (PRL), 20 pM cytochalasin E (CE), or 20 uM cytochalasin E plus 600 ng/ml prolactin (CE+PRL). Mannitol transport and calcium
transport were measured simultaneously. *P<0.05 compared with the respective control group.

significantly increased the mannitol flux (P<0.05) from the
control value of 0.29+0.04 pmol h™' cm > (n=7) to
0.49+0.03 pumol h™' ecm 2 (n=7). Similarly, 20 uM
cytochalasin E plus 600 ng/ml prolactin manifested a 66%
increase in the flux of mannitol to 0.4840.05 pmol h™!
cm ™ ? (P<0.05, n=7). Prolactin alone (600 ng/ml), on the
other hand, had no effect on the jejunal mannitol flux, i.e.
0.30+0.04 pmol h™' cm™? (n=8). In contrast to the
mannitol flux, neither 20 puM cytochalasin E and 600 ng/
ml prolactin alone nor the combination of both altered the
solvent drag-induced jejunal calcium transport, i.e. in nmol
h™' cm™% 18.46+2.18 (n=7) for the control group,
19.57+£3.54 (n=8) for the 600 ng/ml prolactin-treated
group, 23.994£1.49 (n=7) for the 20 uM cytochalasin E-
treated group, and 26.10+2.13 (n=7) for the 600 ng/ml
prolactin plus 20 pM cytochalasin E-treated group.

Unlike the results found in the jejunum, neither 600
ng/ml prolactin and 20 pM cytochalasin E alone nor the
combination of both significantly increased the duodenal
mannitol flux from the control value of 0.27£0.03
pumol h™' ecm™? (n=6). However, 600 ng/ml prolactin
and 600 ng/ml prolactin plus 20 uM cytochalasin E
significantly enhanced the solvent drag-induced duodenal
calcium transport by more than 80% (P<0.001), i.e.
from the control value of (nmol h™' cm™2) 27.74+2.41
(n=6) to 51.03x£4.35 (n=6) and 50.08%£2.99 (n=9),
respectively. Cytochalasin E alone (20 pM) had no
effect on the solvent drag-induced duodenal calcium
transport. The mannitol fluxes in the duodenum and
jejunum were not statistically different under the control
condition.

4. Discussion

Our work showed, for the first time, that the duodenum
of sexually mature female rats acutely responded to the
direct action of prolactin by increasing the solvent drag-
induced calcium transport. The solvent drag-induced cal-
cium transport in the duodenum was substantial, and was
greater than that in the jejunum. Interestingly, the present
results also demonstrated that the widening of tight junction
was not required for this increased calcium transport, and
that the convective force alone was sufficient to enhance
calcium movement.

The present study first investigated the existence of the
solvent drag-induced calcium transport in the duodenum.
Since the serosal and mucosal solutions were of the same
composition, calcium fluxes measured in the absence of the
external electrochemical gradient must be active [46]. As
depicted in Fig. 1, because the flux ratio was time-variant,
i.e. being dependent on time, it indicated that more than one
pathway existed for the transepithelial active calcium
transport [29,47]. These pathways could only be the
transcellular active and paracellular solvent drag-induced
calcium transport as the third component, the voltage-
dependent active calcium transport, had been shown to be
negligible in the duodenum [3]. When a calmodulin/
calbindin-dependent Ca®"-ATPase inhibitor trifluoperazine
[16,43,44,49] was added to the serosal solution to abolish
the transcellular active calcium transport, the calcium flux
became time-invariant indicating that only the solvent drag-
induced calcium transport was present (Fig. 2). These
findings confirmed that the current system could be used
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for demonstrating the action of prolactin on the solvent
drag-induced calcium transport.

The present study clearly showed that the duodenum,
similar to the jejunum and ileum [17,18,50], exhibited the
solvent drag-induced calcium transport. A novel theory of
the solvent drag was recently elaborated on the basis of
the Na' recirculation theory [47,51]. In general, the
solvent drag-induced calcium transport was defined as
the paracellular movement of calcium ions carried in the
moving stream of water traversing the tight junction,
lateral intercellular space, and the infraepithelial basement
membrane into the serosal compartment. The driving
energy for the solvent drag-induced transport was from
the convective force generated by an intercellular standing
hyperosmotic environment which was maintained by the
Na'/K'-ATPase lining the lateral border of the two
neighbouring cells [52,53]. Chatton and Spring [25]
demonstrated that the concentration of intracellular
sodium was about 15 mM above that of the bathing
solution. Because the hyperosmotic milieu in the inter-
cellular space was created by sodium ions entering the
cells with glucose [54,55], replacement of mucosal
glucose with an equivalent amount of mannitol could
abolish the solvent drag-induced calcium transport in the
duodenum [3].

Significance of the solvent drag-induced duodenal
calcium transport was also evaluated by comparing it with
substantial solvent drag-induced calcium transport in the
jejunum [11,17,18]. Our results testified that the solvent
drag-induced calcium transport in the duodenum was higher
than that in the jejunum (Fig. 3), thus, expressing the
importance of the solvent drag in the duodenum. The results
were consistent with the findings of Karbach [17,18] that the
solvent drag-induced portion accounted for approximately
two-thirds of the total active calcium absorption. The
solvent drag could be a mechanism of the glucose-enhanced
calcium absorption previously reported in the duodenum
[38,50].

Regarding the effect of prolactin, we were able to
demonstrate that physiological doses of prolactin, i.e. 200
and 600 ng/ml [13,56], as well as the pharmacological dose
of 800 ng/ml directly stimulated the solvent drag-induced
calcium transport in a dose-response manner. Moreover,
Fig. 4 clearly confirmed the biphasic action of prolactin,
reported earlier [5S7-59]. The mechanism has been related to
the dimerization concept of prolactin receptors. At a very
high concentration of prolactin, the receptors are occupied
to greater extents as non-functional 1:1 complexes, there-
fore, fewer empty receptors are available for functional 1:2
complexes [57,60].

Since the solvent drag-induced calcium transport of the
duodenum was regulated by prolactin, we further inves-
tigated the same action of prolactin in the jejunum (Fig. 5).
In contrast to the duodenum, prolactin had no effect on this
component of calcium transport in the jejunum. The results
agreed with findings of Boass and Toverud [50] in that there

was no correlation between jejunal calcium absorption and
water absorption in lactating rats. Because the prolactin-
stimulated solvent drag-induced jejunal calcium transport
was absent, we confirmed that the stimulatory effects of
prolactin on the calcium transport previously observed in
the jejunum were succeeded by the gradient-dependent
passive calcium transport [10,11].

The present study also demonstrated the relationship
between the widening of tight junction, using mannitol as
a marker, and the solvent drag-induced calcium transport
(Figs. 6 and 7). Up till now, dilatation of the tight junction
has been shown to augment the solvent drag as well as the
solvent drag-coupled ion transport [37,42,45,61]. Thus, the
perijunctional actomyosin ring was possibly involved in
this phenomenon. Several groups elaborated that chemical
agents, such as cytochalasin D and E, which perturbed the
organisation of the actins could increase the transepithelial
flux of mannitol [30,31]. This reflected the widening of
tight junction after cytochalasin-mediated contraction of
the circumferential actomyosin ring [62]. However,
because prolactin was capable of enhancing the solvent
drag-induced duodenal calcium transport in the absence of
a change in mannitol flux, i.e. no widening of tight
junction, we concluded that an increase in convective force
or solvent drag alone was sufficient to enhance the calcium
movement. The enhanced convective force has been
speculated to result from the stimulatory effect of prolactin
on the Na'/K'-ATPase lining the lateral intercellular space
[11,63].

Although the widening of paracellular pores and size-
selective properties of the tight junction had been proposed
in several epithelia, Madara et al. [45] also introduced the
charge-selective properties of the tight junction. Recently,
Simon et al. [34] reported an existence of a tight junction
protein, called paracellin-1, in the thick ascending limb of
Henle. This protein had a negatively charged extracellular
portion which possibly contributed to the selective para-
cellular transport of calcium and magnesium [34,64,65].
Mutation of the paracellin gene led to a genetic disease
known as familial hypomagnesemia with hypercalciuria
[65]. Although paracellin-1 was renal-specific and absent in
the small intestine [35], it provided the supportive evidence
that paracellular transport of small ions, like calcium, might
be charge-selective rather then size-selective. As seen in
Fig. 6, an increase in the jejunal mannitol flux was not
accompanied by an increase in the solvent drag-induced
calcium transport, indicating that the widening of tight
junction was not a prerequisite for the solvent drag-induced
calcium movement and indirectly supported the charge-
selective properties of the tight junction. Vice versa, the
results in Fig. 7 showed that the prolactin-stimulated solvent
drag-induced calcium transport in the duodenum occurred
independently of changes in tight junction permeability, and
possibly involved the charge-selective property of the
paracellular transport mechanism. It was likely that, in the
duodenum, the widening of tight junction was not required
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Fig. 7. The mannitol transport and the solvent drag-induced calcium transport in the duodenum. The serosal surface of the duodenal segments was directly
exposed to 600 ng/ml prolactin (PRL), 20 uM cytochalasin E (CE), or 20 pM cytochalasin E plus 600 ng/ml prolactin (CE+PRL). Mannitol transport and
calcium transport were measured simultaneously. ***P<0.001 compared with the respective control group.

for the direct action of prolactin on the solvent drag-induced
calcium transport.

Therefore, it was concluded that, first, the duodenum of
sexually mature female rats exhibited the solvent drag-
induced calcium transport. Second, the solvent drag-induced
calcium transport in the duodenum was significant, and was
of a higher magnitude than that in the jejunum. Third,
prolactin, as a calcium-regulating hormone, directly and
acutely stimulated the solvent drag-induced calcium trans-
port in the duodenum, but not in the jejunum. And fourth,
the prolactin-stimulated solvent drag-induced duodenal
calcium transport did not require the widening of tight
junction. An increase in the activity of Na'/K'-ATPase
which later potentiated the paracellular convective force
accounted for the stimulatory effect of prolactin [11]. We
also proposed that the properties of the tight junction which
limited the paracellular calcium traversing the epithelia were
charge-selective rather than size-selective since there was no
association between the widening of tight junction and the
solvent drag-induced calcium transport.
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