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Prolactin, having been shown to stimulate transcellular active
and solvent drag-Induced calcium transport in the duodenum of
female rats, was postulated to Improve duodenal calcium
transport In estrogen-deficient rats. The aim of the present
stUdy was, therefore, to demonstrate the effects of long-term
prolactin exposure produced by anterior pituitary (AP) trans-
plantation on the duodenal calcium transport In young (9-week-
old) and adult (22-week-old) ovariectomized rats. We found that
ovariectomy did not alter the transcellular active duodenal
calcium transport In young and adult rats fed normal calcium
diet (1.0% wlw Cal but decreased the solvent drag-induced
duodenal calcium transport from 75.50 ± 10.12to 55.75 ± 4.n
nmol·hr-1·cm-2 (P < 0.05)only In adult rats. Long-term prolactin
exposure stimulated the transcellular active calcium transport In
'young and adult AP-grafted ovariectomized rats fed with normal
calcium diet by more than 2-fold from 7.56 ± 0.79to 16.54± 2.05
(P < 0.001) and 9.78 ± 0.72 to 15.99 ± 1.75 (P < 0.001)
nmol·hr-1.cm-2, respectively. However, only the solvent drag-
induced duodenal calcium transport In young rats was
enhanced by prolactin from 95.51 ± 10.64 to 163.20 ± 18.03
nmol·hr-1·cm-2 (P < 0.001) whereas that in adult rats stili
showed a decreased flux from 75.50 ± 10.12 to 47.77 ± 5.42
nmol·hr-1·cm-2 (P < 0.05). Because oral calcium supplement
has been widely used to improve calcium balance In estrogen-
deficient animals, the effect ofa high-calcium diet (2.0%wlw Cal
was also investigated. The results showed that stimulatory
action of long-term prolactin on the transcellular active
duodenal calcium transport in both young and adult rats was
diminished after being' fed a high-calcium diet. The same diet
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also abolished prolactin-enhanced solvent drag-Induced duo-
denal calcium transport in young and further decreased that In
adult AP-grafted ovariectomized rats. We concluded that the
solvent drag-induced duodenal calcium transport In adult rats
was decreased after ovariectomy. Long-term prolactin exposure
stimulated the transcellular active duodenal calcium transport in
both young and adult rats whereas enhancing the solvent drag-
Induced duodenal calcium transport only In young rats. Effects
of prolactin were abolished by a high-calcium diet. ExpBioiMed
230:836-844, 2005.

Key words: calcium transport; duodenum; ovariectomy; prolactin;
solventdrag

Introduction
Prolactin, as a novel calcium-regulating hormone, has

been demonstrated to stimulate active calcium transport in
the duodenum of rats (1-3), Three components of active
duodenal calcium transport were identified, that is, trans-
cellular active, solvent drag-induced, and voltage-dependent
calcium transport (4), However, the latter portion was
considered negligible (4). By using the Ussing chamber
technique, we reported that 200 to 800 ng/ml prolactin
directly stimulated both transcellular active (4) and solvent
drag-induced (5) calcium transport in the duodenum of
sexually mature female rats in a dose-response manner.
Stimulatory action of prolactin was not dependent on the
prolactin-induced production of lex,25-dihydroxycholecalci-
ferol [1,25(OHhD3] because such effect was observed
within 20 mins after direct exposure to prolactin (3, 6).

Long-term estrogen deficiency caused by either bilat-
eral oophorectomy in the young or menopause in adult
places a stress on human calcium metabolism, thus resulting
in osteopenia and osteoporosis (7, 8). Besides putative
estrogen depletion-induced osteoporosis, a decrease in
intestinal calcium absorption was also reported by Kalu et
al. in 1989 (9). However, quantitative study of the active
duodenal calcium transport after estrogen depletion has
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never been performed. On the other hand, endogenous
estrogen has been shown to have a role in the intestinal
responsiveness to 1,25(OHhD3 (10, 11) and to up-regulate
lex-hydroxylase, the key enzyme for 1,25(OHhD3 synthesis
(12). We, therefore, hypothesized that active calcium
transport in the duodenum, which is the most efficient site
for calcium absorption (13), was compromised by long-term
estrogen deficiency caused by ovariectomy.

Although hormone replacement therapy by either
estrogen alone or in combination with progesterone is
widely known to improve calcium balance in humans (14,
15), detrimental adverse effects of both hormones have been
reported (16). Because prolactin has a stimulatory effect on
the duodenal calcium transport, administration of a high
physiological dose of prolactin alone or with a calcium
supplement might provide an alternative therapy to benefit
estrogen-deficient subjects. Because several of the actions of
prolactin on calcium metabolism, including stimulation of
intestinal calcium transport (17), reduction in urinary
calcium secretion (18), and enhancement of bone calcium
deposition (18, 19), are age-dependent, it would also be
interesting to investigate the effect of prolactin in different
age groups. To study a long-term effect of high physio-
logical level of prolactin, we used an anterior pituitary
transplant technique to induce sustained hyperprolactinemia
(18, 20-22). After transplantation of pituitary glands under
the renal capsule, pituitary tissues lacking hypothalamic
peptides would stop producing hormones except for
prolactin, which is normally under dopaminergic inhibitory
regulation (23). Sustained circulating prolactin level of
about 91 ng/ml after transplantation (18) is comparable to
the prolactin levels during pregnancy in rats (2).

Another effective method to improve the calcium
balance during estrogen deficiency is high-calcium supple-
mentation (24). Beneficial effects of a high-calcium diet are
the results of an increase in the calcium concentration
gradient across the intestinal epithelium, thus enhancing
calcium absorption throughout the entire length of the small
intestine via the passive paracellular mechanism (25, 26).
Although passive paracellular calcium transport went up
with an increase in dietary calcium content, Pansu et al. (27)
reported a 50% decrease in the maximal rate of the active
dUodenal calcium transport in male rats fed with high-
Calcium diet (3.0% w/w Ca). Nevertheless, there has been
no report pertaining a down-regulation of active duodenal
calcium transport in estrogen-deficient female rats fed a
high-calcium diet. Combined effects of prolactin plus
fortified calcium diet were also not known.

Therefore, the objectives of the present study were (i) to
elucidate the effects of bilateral ovariectomy on the two
components of the active duodenal calcium transport, that
is, the transcellular active and solvent drag-induced calcium
transport, in 9-week-old young and 22-week-old adult
female rats; (ii) to investigate the stimulatory effects of long-
term prolactin exposure induced by anterior pituitary
transplantation on the active duodenal calcium transport in

ovariectomized rats of both age groups; and (iii) to
demonstrate whether a high-calcium diet together with
long-term prolactin exposure would alter the two compo-
nents of the active duodenal calcium transport.

Materials and Methods
Animals. Young (5-week-old) and adult (I8-week-

old) female Sprague-Dawley rats weighing 135-150 g and
200-220 g, respectively, were obtained from the Animal
Center of Thailand, Salaya Campus, Mahidol University.
They were placed in hanging stainless steel cages, fed with
either normal calcium (1.0% w/w Cal or high-calcium
(2.0% w/w Cal laboratory pellets (C.P. Co., Ltd., Bangkok,
Thailand) and tap water ad libitum under 12 hr: 12 hr light to
dark cycle. Room temperature was controlled at 23-25°C,
and relative humidity was about 50-60%. All animals were

cared for in accordance with the principles and guidelines of
the Laboratory Animal Ethical Committee of Mahidol
University, Bangkok, Thailand.

Surgery. Anterior pituitary (AP) transplantation was
performed in AP-grafted experimental groups (Protocols 2
and 3) by implanting two pituitary glands taken from two
sexually mature female 18-week-old donors. All rats (i.e.,
both transplanted and nontransplanted rats) were housed for
2 weeks before ovariectomy was performed at 7-week-old
for young and 20-week-old for adult rats. The sham group
was subjected to a sham operation for both AP trans-
plantation and ovariectomy. The ovariectomized rats also
underwent sham AP transplantation whereas the AP-grafted
rats underwent sham ovariectomy.

Anterior Pituitary Transplantation. The surgical
procedure was modified from the methods of Adler et al.
(20) and Piyabhan et al. (18). During diethyl ether
anesthesia, the recipient rat was laid prone on the operating
board. A l-cm paracostal incision was made on the left side
of the body to expose the left kidney, which was then
covered with a warm 0.9% NaCI-soaked gauze ready for
transplantation. Thereafter, two anesthetized donors were
decapitated, and the interparietal bone and bregma were cut
along the sagittal plane with a pair of bone-cutting scissors
to remove the pituitary gland. On the recipient, the soft renal
fascia was separated by forceps. The pituitary gland from
the first donor was inserted into the prepared renal capsule
of th~ recipient rat. Immediately, the second pituitary gland
was Implanted next to the first one and finally covered with
the renal fascia. Muscle and skin were sutured, and cleaned
with 70% ethanol. Hypophysectomy and AP-transplantation
proc~sses were completed within 2 mins. Sham operations
consisted ~f ex~osure of the left kidney and touching the
renal fascia With forceps. Visual examination of well-
vascularized hypophyseal graft was performed at the end of
each experiment to assure successful AP transplantation
(18).

Blla~eral Ovariectomy. Bilateral ovariectomy has
been a WIdely accepted surgical procedure to diminish the
serum 17~-estradiol to about 20% of normal level (28). The
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(2)

rat was anesthetized with diethyl ether before two 1.5-cm
paralumbar incisions were made. Adipose tissue was then
retracted away to expose the ovaries. The distal part of the
fallopian tubes was ligated before both ovaries were
removed. The adipose tissue was then placed back into
the original position. The skin was finally sutured and
cleaned with 70% ethanol. Vital signs were carefully
observed until the rat recovered from anesthesia. Atrophy
of the uterus confirmed the success of the surgery. The sham
operation was similar to the bilateral ovariectomy except
that both ovaries were gently touched with forceps and left
in place. Calcium transport experiments were performed 2
weeks after ovariectomy.

Duodenal Preparation. Under 50 rug/kg sodium
pentobarbitone ip (Nembutal, Abbott Laboratory, North
Chicago, IL) anesthesia, a median laparotomy was
performed. A duodenal segment was obtained 2-10 cm
distal to the pyloric sphincter. After being rinsed in an ice-
cold bathing solution pregassed with 5% CO2 in 95% O2

(TIG Ltd., Bangkok, Thailand), a longitudinal incision was
made along the radix mesenterii to expose the mucosa. The
tissue was then mounted in a modified Ussing chamber with
an exposed surface area of 0.69 cm2 and bathed on both
sides with 3-ml bathing solution. The tissue was firmly
affixed to the chamber with waterproof adhesive silicone
(Bayer, Leverkusen, Germany). The tissue was incubated
for 20 mins before the 50-min experiment was carried out.

Bathing Solution. The bathing solution contained
(in mM): 118 NaCI, 4.7 KCI, I.l MgCI2, 1.25 CaCh, 23
NaHC03, 12 o-glucose, and 2 mannitol. The solution
continuously gassed with humidified 5% CO2 in 95% O2

was maintained temperature at 37°C, a pH of 7.4, and an
osmolality of 280-290 mOsm (4, 5).

Electrical Measurements. Electrical parameters
were measured after 20-mins incubation in the Ussing
chamber as described by Charoenphandhu et al. (4) and
Karbach (13). Transepithelial potential difference (PD) was
measured using a Grass recorder (Polygraph Model 79,
Grass Instrument, Quincy, MA). Platinum electrodes (BHD
Laboratory Supplies, Poole, UK) were placed at the end of
each hemichamber to supply short-circuit currents (lsc),
which were monitored by a computed micromultimeter
(Model 7551, Yokogawa Electrical, Tokyo, Japan) con-
nected in series to a constant current generator (Thaiphan
Electrics Inc., Bangkok, Thailand). The epithelial resistance
(R) was calculated from PD and Isc by using Ohm's
equation.

Unidirectional Flux Measurement. After 20-mins
incubation in the Ussing chamber, bathing solution was
replaced with a new fresh solution. One side was 45Ca_
containing solution (initial specific activity of 2 mCi/ml,
Radiochemical Center, Amersham International, Bucking-
hamshire, UK) whereas the other side contained 45Ca-free
bathing solution. A 100-Jll sample was collected from each
side into separate microcentrifuge tubes to determine the
calcium flux. Five samples at 10-min intervals were

collected per setup. Radioactivity of 45Ca was analyzed by
liquid scintillation spectrophotometry (LKB-Wallac model
1219, LKB Wallac, Turku, Finland). Total calcium
concentration on the hot side was analyzed by atomic
absorption spectrophotometry (SpectrAA-300, Varian Tech-
tron Ltd., Springvale, Australia). Unidirectional calcium
fluxes (nmol-hrl-cmt'') were calculated by using the
following equations (29):

Flux (nmol-hrLcm'')
= Rate of tracer appearance in cold side (cpm.hr- I

)

Specific activity of hot side (cpm-nmol I) X area (cnr') (I)

Specific activity (cpm-nmol")
= Mean of radioactivity in hot side (cp~

Total calcium in hot side (mmol) X 10

To measure the transcellular active calcium flux, 12
mM mucosal glucose was replaced with the same concen-
tration of mannitol to minimize the sodium entry into the
cells, thus abolishing the solvent drag-induced calcium flux
(4, 5). To measure the solvent drag induced-calcium flux,
0.1 mM trifluoperazine (ICN Biomedicals Inc., Aurora, OH)
was added to the serosal solution to inhibit calmodulin-
dependent plasma membrane Ca2+-ATPase activity, thereby
diminishing the transcellular active calcium flux (4, 30).

Experimental Protocols.

• 1.0%or 2.0% w/w Ca diet

Young 5 7 9 weeks

Adult 18 20 22 weeks
I I I

t t t
APtransplantation Bilateralovariectomy Calciumflux measurement
or shamoperation or shamoperation

Protocol 1. This study was to demonstrate the signifi-
cance of bilateral ovariectomy, which produced 2-week
estrogen depletion on the transcellular active and solvent
drag-induced calcium transport in the duodenum of young
(9-week-old) and adult (22-week-old) female rats. The rats
fed with normal calcium diet (1.0% w/w Ca) of each age
group were randomly divided into two groups: sham-
operated (Sham) and ovariectomized (OVX) rats. Calcium
fluxes were determined as previously described. Three
electrical parameters were recorded.

Protocol 2. This study was to investigate the signifi-
cance of long-term exposure to endogenous prolactin on the
transcellular active and solvent drag-induced calcium trans-
port in the duodenum of estrogen-depleted young and adult
female rats. The rats fed with normal calcium diet (1.0% w/w
Ca) of each age group were divided into two groups: sham-
operated (Sham) and AP-grafted ovariectomized (OVX+AP)
rats. Calcium fluxes and three electrical parameters were
determined.
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Young Rats Adult Rats

Figure 1. Transcellular active calcium fluxes in the duodenum of
Sham-operated (Sham), ovariectomized (OVX), and anterior pituitary-
grafted ovariectomized (OVX+AP) rats of two different age groups: 9-
Week-old (young) and 22-week-old (adult) rats. All rats were fed with
normal calcium diet (1.0% w/w Ca). The mucosal ~Iucose of ~ 2 mM
Was replaced with an equivalent amount of mannitol to abolish t~e
~Olvent drag-induced calcium transport. ***P < 0.001 compare~ w~th
Its respective sham-operated rats. tttP < 0.001 compared with Its
~espective ovariectomized rats. n denotes the number of exper-
Imental animals.

Results
Long-Term Prolactin Exposure Markedly

Stimulated the Transcellular Active Duodenal Cal-
cium Transport in Both Young and Adult Rats,
Whereas Ovariectomy Had No Effect. Effects of
bilateral ovariectomy, which led to long-term estrogen
depletion on the transcellular active duodenal calcium
transport, were studied as described in Protocol I. As
illustrated in Figure I, the transcellular active calcium fluxes

in young and adult rats were compared. Both young and
adult rats fed with normal calcium diet showed no change in
the transcellular active duodenal calcium fluxes after long-
tenn estrogen depletion by bilateral ovariectomy (i.e., 7.81
::!: 0.75 [Sham, 11= 91 vs. 7.56 ::!: 0.79 IOVX, 11 = 91, and
8.99 ::!: 1.20 [Sham, 11 = 8] vs. 9.78 ::!: 0.72 IOVX. 11 = 81
nmol-hrLcm", respectively).

However, the transcellular active calcium transport of
young AP-grafted ovariectomized rats was markedly
enhanced from 7.56 ::!: 0.79 (OVX, 11 = 9) to 16.54 ::!:
2.05 (OVX+AP, II = 8) nmol-hrv-cm:' (P < o.oui,
Similar results were obtained in the adult AP-grafted
ovariectomized rats, that is, transcellular active calcium
transport increased from 9.78 ::!: 0.72 (OYX, 11 = 8) to 15.9l)
::!: 1.75 (OVX+AP, 11= 8) nmol-hrv-cm 2 (P < 0.00 I). The
results suggested that the effect of prolactin on the
transcellular active calcium transport was independent of
estrogen.

Stimulatory Effect of Prolactin on the Trans-
cellular Active Calcium Transport Was Diminished
by a High-Calcium Diet. When rats were fed with high-
calcium diet (2.0% w/w Ca, Protocol 3), the stimulatory
effect of the long-term prolactin exposure on the trans-
cellular active duodenal calcium transport was markedly
diminished (Fig. 2), that is, from 16.54 ::!: 2.05 (II ,= R) to
7.49 ::!: 0.83 (II = 8) nrnol-hrLcm? (P < 0.00 I) in young
rats, and 15.99 ::!: 1.75 (II = 8) to 9.85 ::!: 1.45 (II "" R)

nmol·hr-
l·cm-2

(P < 0.001) in adult rats. The transcellular
active duodenal calcium transport in AP-grafled ovariec-
tomized rats fed with 2.0% w/w calcium-containing diet in
both age groups returned toward the levels found in the
respective sham-operated rats. However, the high-calcium
diet did not affect transcellular active calcium transport in
sham-operated and ovariectomized rats (data not shown).

Ovariectomy Decreased the Solvent Drag-In-
duced Duodenal Calcium Transport in AdUlts,
Whereas Long-Term Hyperprolactinemia Stimu-
lated It in Young Rats. According to Protocol I, the
effect of ovariectomy on the solvent drag-induced duodenal
calcium transport was also investigated. Figure 3 shows that
ovariectomy significantly decreased the solvent drag-
induced calcium transport in the duodenum only in tl;e
adult rats fed with normal calcium from a control value of
75.50::!: 10.12 (Sham, 11 = 7) to 55.75 ::!: 4.77 (OVX, 11= 8)
nmol-hrLcm? (P < 0.05). Comparison of the results in
Figure I and Figure 3 also demonstrated that the solvent
drag-induced calcium fluxes in both age groups were
approximately IO-fold higher than the transcellular active
calcium fluxes (P < 0.00 I).

In contrast, the solvent drag-induced calcium transport
in the duodenum of young AP-graftcd ovariectomized rats
was significantly increased by long-term hyperprolactincmia
from a control value of 95.51 ::!: 10.64 (OVX, II = 7) to
163.20 ::!: 18.03 (OVX+AP, 11 = 9) nmol-hr '.cm 2 (P <
0.00.1), wh~reas there was no change in the adult AP-grafled
ovariectomized rats from ovariectomy alone.

Sham OVX OVX+ AP

0=8 0=8 0=8
Sham OVX OVX+AP

0=9 0=9 0=8

Protocol 3. This series of experiments was to inves-
tigate the significance of calcium supplement on the
transcellular active and solvent drag-induced calcium trans-
port in the duodenum of estrogen-deficient young and adult
female rats with and without hyperprolactinemia. The rats
fed a high-calcium diet (2.0% w/w Ca) of each age group
Were divided into two groups: ovariectomized (OVX), and
AP-grafted ovariectomized (OVX+AP) rats. Calcium fluxes
and three electrical parameters were measured and com-
pared with those of their respective controls: OVX and
OVX+AP, fed with normal calcium diet (1.0% w/w Ca).

Statistical Analyses. Results were expressed as
mean ::!: SEM. Two sets of data were compared using the
unpaired Student's t test. Multiple comparisons were
perfonned by one-way ANOVA. The level of significance
for statistical tests was P < 0.05. Data were analyzed by
GraphPad Prism 4.03 for Microsoft Windows (GraphPad
Software Inc., San Diego, CA).

*** ***~";' 20 ttt ttt6
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0
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1:1 12ct::
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Figure 2. Transcellular active calcium fluxes in the duodenum of 9-
week-old (young) and 22-week-old (adult) anterior pituitary-grafted
ovariectomized (OVX+AP) rats fed with normal calcium diets (1.0%
w/w Ca) or high-calcium diets (2.0% w/w Ca). *** P < 0.001
compared with its respective sham-operated rats. n denotes the
number of experimental animals.

Solvent Drag-Induced Calcium Transport in
Ovariectomized Rats Was Not Affected by the High-
Calcium Diet. As shown in Figure 4, a high-calcium diet did
not alter the magnitude of the solvent drag-induced duodenal
calcium transport in both young and adult ovariectomized rats
(i.e., 95.51 ± 10.64 [Young OVX 1.0% w/w Ca, n = 7] vs.
86.19 ± 9.36 [YoungOVX 2.0% w/w Ca, n=8] and 55.75 ::t
4.77 [AdultOVX 1.0%w/wCa,n=8] vs.43.56 ± 7.27 [Adult
OVX 2.0% w/w Ca, n=7] nmol-hrl-cm"). However, young
rats, whether receiving a 1.0% or 2.0% w/w calcium-
containing diet, showed higher solvent drag-induced calcium
fluxes than those in adult rats (P < 0.01).

Stimulatory Effect of Prolactin on Solvent Drag-
Induced Calcium Transport Was Diminished by a
High-Calcium Diet. Figure 5 shows that the enhancing
effect of long-term prolactin on the solvent drag-induced
calcium transport in young rats was markedly decreased by
high calcium diet, that is, from 163.20 ::t 18.03 (n = 9) to
67.86 ± 10.97 (n = 8) nmol·hr-l·cm-2 (P < 0.001).
Interestingly, the solvent drag-induced calcium fluxes in
adult AP-grafted ovariectomized rats fed with high-calcium
diets were further decreased from 47.77 ± 5.42 (n = 8) to

14.96 ± 0.86 (n = 8) nmol-hrLcm? (P < 0.001).
Electrical Parameters Were Unchanged After

Ovariectomy and Prolactin Exposure. Electrical pa-
rameters of young and adult rats are shown in Tables 1 and
2, respectively. In both young and adult rats, no significant
change in the electrical parameters during transcellular or
solvent drag experiments was observed. However, the

***

1.0% Ca 2.0% Ca

n=8 n=8

Adult OVX+AP Rats

***

1.0% Ca 2.0% Ca

n=8 n=8

Young OVX+AP Rats

12

-,...
..c 16
"0

!

---- 200~

E
";J

'";'...
..c

160"0
Ec::
'-'

~ 120
E
.2
~u
"t:l 80 ##Q)
u

##;::I
-e
.5

I

ff 40
-e
E
~
"0

0(J)

1.0% Ca 2.0% Ca 1.0% Ca 2.0% Ca

n=7 0=8 0=8 n=7

YoungOVX Rats Adult OVX Rats

Figure 4. Solvent drag-induced calcium fluxes in the duodenum of g-
week-old (young) and 22-week-old (adult) ovariectomized (OVX) rats
fed normal calcium diets (1.0% w/w Cal or high-calcium diets (2.0%
w/w Cal. ##P < 0.01 compared with young ovariectomized rats fed
with the same diets. n denotes the number of experimental animals.

Figure 3. Solvent drag-induced calcium fluxes in the duodenum of
sham-operated (Sham), ovariectomized (OVX), and anterior pituitary-
grafted ovariectomized (OVX+AP) rats of two different age groups: 9-
week-old (young) and 22-week-old (adult) rats. All rats were fed with
normal calcium diets (1.0% w/w Cal. The experiment was performed
in the presence of 0.1 mM trifluoperazine, which abolished the
transcellular active calcium transport. *P < 0.05, *** P < 0.001
compared with its respective sham-operated rats. tttP < 0.001
compared with young ovariectomized rats. n denotes the number of
experimental animals.
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transcellular active duodenal calcium transport in both
young and adult ovariectomized rats. Interestingly, it
differentially enhanced the solvent drag-induced calcium
transport in the duodenum of young, but not adult .
ovariectomized rats. The present results thus confirmed
our previously reported stimulatory action of prolactin on
the intestinal calcium absorption (4-6).

Transcellular active calcium transport in the duodenum
is primarily a metabolically energized process consisting of
apical entry via TRPV6 channel (3 I, 32), cytoplasmic
translocation in a calbindin D9k-bound form (33), and
basolateral extrusion by PMCA l b (34). Solvent drag-
induced calcium transport, on the other hand, is a
paracellular calcium movement secondary to the Na1/K

t -

ATPase-mediated transcellular active sodium transport (35).
The Na+fK+-ATPase lining the lateral membrane (36, 37)
creates about 15 mM hyperosmotic milieu within the
intercellular space (38) which, in tum, induced the solvent
drag (35). The solvent drag-induced calcium transport was
approximately IO-fold greater than the transcellular active
calcium transport (4). This was confirmed by the present
finding of a similar ratio (Figs. I vs. 3). Whereas the solvent
drag-induced calcium transport represented the major
portion of duodenal calcium transport (5), the transcellular
active calcium transport was more significant in the
presence of a very low luminal calcium concentration (26)
or when the calcium requirement was increased, such as
during pregnancy and lactation (2).

Because the effects of ovariectomy, which represented
oophorectomy or menopause in humans, on intestinal
calcium absorption was unclear, we investigated the
components of the duodenal active calcium transport in
young and adult rats after bilateral ovariectomy that resulted
in a 2-week estrogen deficiency. We found no change in the
duodenal active calcium transport in young ovariectomized

transepithelial potential difference and the short-circuit
CUrrent of the solvent drag experiments were significantly
higher than those of the transcellular experiments (P <
0.00I), whereas the epithelial resistance remained unaltered.

Discussion
The present study demonstrated, for the first time, that

long-term prolactin exposure significantly stimulated the

Young OVX+AP Rats Adult OVX+AP Rats

Figure 5. Solventdrag-induced calciumfluxesin the duodenum of 9-
Week-old (young) and 22-week-old (adult) anterior pituitary-grafted
Ovariectomized (OVX+AP) rats fed normal calcium diets (1.0%w/w
C~) or high-calcium diets (2.0% w/w Cal. ***P < 0.001 compared
with respective 1.0%w/w calcium-fed rats. n denotesthe numberof
experimental animals.
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1.0% Ca 2.0% Ca 1.0% Ca 2.0% Ca

n=9 n=8 n=8 0=8

Table 1. Electrical Parametersa in the Duodenum of Young Rats in Five Experimental Groups"- Transcellular experiments Solvent drag experiments

Y3ung rats PO (mV) Isc (J.!A.cm-2) R (!lcm2) PO (mV) Isc (IlAcm-2) R (Q·cm2)

Sham 1.87 :±: 0.15 32.48 :±: 1.60 56.98:±: 1.98 4.03:±: 0.67" 69.98 :±: 12.32" 59.03 :±: 3.36

(n = 9) (n = 9) (n = 9) (n = 6) (n = 6) (n = 6)

Normal calcium diet - 71.67 :±: 5.49"OVX 1.48 :±: 0.09 29.24:±: 1.96 51.22:±:1.70 4.94 :±: 0.28 69.92 :±: 3.51

(n = 9) (n = 9) (n = 9) (n = 7) (n = 7) (n = 7)

OVX+AP 1.39:±: 0.04 29.64:±: 2.21 47.95 :±: 2.23 4.86 :±: 0.31' 85.01 :±: 4.16" 57.27 :±: 2.90

(n = 8) (n = 8) (n = 8) (n = 9) (n = 9) (n= 9)

High-calcium diet ,

OVX 1.71 :±: 0.18 33.34:±: 2.84 50.81 :±: 2.33 4.53 :±: 0.33 69.22 :±: 5.46" 66.61 :±: 4.19

(n = 8) (n = 8) (n = 8) (n = 8) (n = 8) (n = 8)
OVX+AP 1.95 :±: 0.16 35.33:±: 0.95 55.24:±: 3.78 4.17 :±: 0.26 73.26 :±: 4.49" 57.46 :±: 3.11

(n= 8) (n = 8) (n= 8) (n = 8) (n = 8) (n = 8)--
; Electrical parameters consisted of transepithelial potential difference (PD),short-circuit current (Isc), and epithelial resistance (R); n denotes
bhe numberof animals.
. I=ive experimental groups were sham operation (S~am), ovariectomy. (OVX). ,:lnd ovariectomy piUS an~erior pituitary transplant (OVX+AP)-
Induced hyperprolactinemia, and the rats were fed eithera normalcalcium (1.0Yo w/w Cal or a hiqh-calciurn diet (2.0% w/w Cal.



842 TUDPOR ET AL

Table 2. Electrical Parameters" in the Duodenum of Adult Rats in Five Experimental Groups"

Transcellular experiments Solvent drag experiments

Adult rats PD (mV) Isc (~.cm-2) R (Q.cm2) PD (mV) Isc (~·cm-2) R (Q.cm2)

Sham 2.02:t 0.35 37.94 :t 2.48 52.58 :t 5.45 4.57:t 0.41 90.57:t 10.09'* 59.03 :t 3.36
(n = 8) (n = 8) (n = 8) (n = 7) (n = 7) (n= 7)

Normal calcium diet
OVX 1.79 :t 0.09 37.17:t 1.87 47.81 :t 1.50 4.47 :t 0.22* 77.42 :t 4.61'* 58.13:t 1.42

(n= 8) (n = 8) (n = 8) (n = 8) (n = 8) (n= 8)
OVX+AP 1.79 :t 0.16 39.67 :t 1.83 44.75 :t 2.87 4.70:t 1.78* 79.74 :t 2.10** 58.89 :t 0.79

(n= 8) (n = 8) (n = 8) (n = 8) (n = 8) (n = 8)
High-calcium diet

5.04 :t 0.14* 95.80 :t 3.78'*OVX 1.48 :t 0.05 31.59 :t 1.89 46.94 :t 1.39 52.92 :t 1.30
(n = 8) (n= 8) (n = 8) (n = 7) (n = 7) (n = 7)

OVX+AP 1.54:t 0.11 35.40 :t 1.87 43.44 :t 1.23 4.61 :t 0.14* 84.43 :t 2.69" 54.68 :t 1.26
(n = 8) (n= 8) (n = 8) (n= 8) (n= 8) (n = 8)

a Electrical parameters consisted of transepithelial potential difference (PO), short-circuit current(Isc),and epithelial resistance (R); n denotes
the numberof animals.
b Five experimental groups were sham operation (Sham), ovariectomy (OVX), and ovariectomy plus anteriorpituitary transplant (OVX+AP)-
induced hyperprolactinemia, and the rats were fed either a normal calcium (1.0%w/w Cal or a high-calcium diet (2.0% w/w Cal.
•p < 0.001 compared with the PO of transcellular experiments.r:P < 0.001 compared with the Isc of transcellular experiments.

rats (Fig. I). In contrast, ovariectomized adult rats exhibited
a 26% decrease in the solvent drag-induced calcium
transport (Fig. 3). These results were consistent with that
reported by Colin et al. in 1999 (28). On the other hand,
Miller et al., in 1991, using ligated intestinal loop technique
(39), and Ten Bolscher et al., in 1999, using single pass
duodenal perfusion (40), found no change in the calcium
absorption in adult ovariectomized rats. It was possible that
a small change in calcium transport may not be detected by
the in vivo and in situ techniques. By investigating each
component of the active calcium transport separately with
the in vitro Ussing chamber technique, the present study
was able to detect a decrease of 19.75 nmol·hr-1·cm-2 in the
solvent drag-induced duodenal calcium transport in ovari-
ectomized adult rats. Nevertheless, although previous
investigators documented intestinal calcium absorption
controversially as being unchanged (39, 40) or decreased
(9) after ovariectomy, the reports pertaining to the effect of
sustained estrogen administration were consistent: an
increase in intestinal calcium transport (28).

Despite the presence of estrogen receptor mRNA
expression (41), and functional estrogen receptors in the
intestinal epithelium (41, 42), Van Cromphaut et al. failed to
demonstrate any change in the duodenal gene expression of
TRPV6, calbindin D9k , or PMCA 1b after ovariectomy (43).
These findings, together with the present results, indicate
that the action of estrogen on duodenal calcium absorption
does not involve the transcellular component but is, more
likely, on the paracellular calcium transport. Because
estrogen potentiated 1,25(OHhD3 synthesis (12) as well
as intestinal responsiveness to 1,25(OHhD3 (10, II),
estrogen-induced increases in intestinal calcium transport
in adult rats used to be regarded as being secondary to the
1,25(OHhD3-mediated paracellular calcium transport (13).
However, suppression of 1,25(OHhD3 production by a

high-calcium diet in the present study did not further alter
the solvent drag-induced calcium fluxes in adult ovariec-
tomized rats (Fig. 4), suggesting that this component of
duodenal calcium transport does not require 1,25(OHhD3,

and estrogen might exert its action through some other
undefined 1,25(OHhD3-independent mechanisms. Unlike
adult rats, ovariectomy had no effect on the solvent drag-
induced calcium transport in young rats. It is possible that,
like other estrogen-responsive organs, the duodenal respon-
siveness to estrogen is not fully developed in young rats (44,
45).

A number of studies from our laboratory previously
showed a stimulatory effect of prolactin on duodenal active
calcium transport, be it a single physiological injected dose
(3), direct exposure in the Ussing chamber (4), or long-term
hyperprolactinemia induced by anterior pituitary trans-
plantation (I8). The present results, therefore, confirmed
that prolactin could markedly enhance the transcellular
active calcium transport in the duodenum of rats.

Regarding the solvent drag-induced calcium transport,
the duodenum appeared to differentially respond to prolactin
depending on the duration of the exposure. An acute
stimulatory effect of 200 to 800 ng/ml prolactin on this
component of the duodenal calcium transport in adult rats
was demonstrated when prolactin was directly added into
the serosal solution (5). The present study, on the other
hand, showed that long-term exposure to prolactin stimu-
lated the solvent drag-induced calcium transport only in
young rats (Fig. 3). Age-variant effects of prolactin could be
explained by age-dependent unequal distribution of prolac-
tin receptor isoforms (46, 47) and the different rate of
endocytic internalization after long-term prolactin exposure,
that is, internalization of the long form was faster than that
of the short form (48). However, the relevancy of prolactin
action on the intestinal calcium absorption depended not
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only on the time of exposure or the age of the animals but
also on the physiological condition related to luminal
calcium availability and the body requirement, which would
dictate the dominant component of calcium transport.

In the final part of the present study (Protocol 3), the
effect of fortified calcium supplement was investigated. It
Was not surprising to find that a high-ealcium diet abolished
the stimulatory effect of long-term prolactin exposure on the
traoscellular active calcium transport (Fig. 2) because a 2.0-
3.0% calcium diet was known to suppress 1,25(OHhD3

production by 86% (26, 49). Thus, the abolishment of
prolactin action in young and adult ovariectomized rats fed a
high-calcium diet was probably because of a low serum
level of 1,25(OHhD3• Because we previously showed that
the action of prolactin on intestinal calcium absorption
observed within 15-20 mins after exposure to prolactin was
not dependent on 1,25(OHhD3 (3, 4, 6), it was likely that
acute and long-term effect of prolactin utilized different
tnechanisms of action. The prolonged 1,25(OHhD3 defi-
Ciency probably affected the essential components of the
traoscellular active calcium transport that, in tum, prevented
duodenal response to prolactin action. Several investigators
provided evidence that TRPV6, calbindin D9k , and
PMCA 1b expressions were reduced after vitamin D receptor
knockout (50) or a high-calcium diet (32, 51). Therefore,
Calcium supplementation was effective for improving the
calcium balance but, at the same time, reduced the
effectiveness of prolactin action on duodenal calcium
absorption.

It Was noted that a high-calcium diet further decreased
the Solvent drag-induced calcium transport in long-term
~rolactin-exposed ovariectomized adult rats whereas dimin-
Ishing that in young rats to the control value (Fig. 5). It is
Possible that the paracellular duodenal calcium transport
Under normal condition is also under the regulation of
1,25(OHhD3, as previously proposed by Karbach in 1992
(52) and Chirayath et al. in 1998 (53). Although the
Underlying cellular mechanism of 1,25(OHhD3 on this
COtnponent of calcium transport has not been elucidated, it
tnight involve a change in the architecture and proteins of
the tight junction (54). The 1,25(OHhD3 dependency
ObViously differed in young and adult rats and probably
Contributed to the stimulatory action of prolactin.

. The electrical parameters, simultaneously measured
WIth calcium fluxes, were not affected by ovariectomy,
prolactin exposure, or the combination of both. This was
because, unlike the active sodium transport (28), the active
dUodenal calcium flux was too small to alter the trans-
epithelial potential difference. Unchanged epithelial resist-
ance dUring the enhanced solvent drag-induced duodenal
~alcium transport in young rats also supported our data
~nterpretation that there was no widening of the tight
JUnction (5), which is necessary for paracellular transport of
SOtne ions and nutrients (55, 56). The lower transepithelial
POtential difference and short-circuit current in the trans-

cellular experiments was a result of the abolishment of the
solvent drag-induced calcium transport.

It was concluded that, first, bilateral ovariectomy did
not affect either the transcellular active or solvent drag-
induced duodenal calcium transport in young rats, but
significantly decreased the solvent drag-induced duodenal
calcium transport in adult rats. Second, long-term prolactin
exposure had a beneficial effect on both young and adult
rats by stimulating the active duodenal calcium transport. It
stimulated the transcellular active duodenal calcium trans-
port in rats of both age groups, but differentially enhanced
solvent drag-induced duodenal calcium transpon only in
young rats. Third, a high-calcium diet totally abolished the
stimulatory effect of prolactin, possibly as a consequcnce of
a decrease in serum 1,25(OHhD3•
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