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General Introduction

Calcium is a very important mineral for skeletal growth, reproduction, and for many
cellular functions including neural activity, muscular contraction and regulation of
intracellular processes. Even minor changes in the concentration of calcium ions of the
intercellular fluid compartment, including the blood plasma, lead to physiological
disturbances. It is therefore not surprising to find that the ionic calcium concentration in
the intercellular fluid is accurately regulated. Membrane-bound calcium transport mechan
isms, controlled by several hormones, form the basal elements of the control system of
intracellular calcium. Calcium transport mechanisms are located in the plasma membrane
and some intracellular compartments of all animal cells. However, they are more abundant
in organs specialized for calcium uptake and handling, such as intestine, kidney and gills.
Intestine and gills have been successfully used as models for the study of calcium
transport mechanisms and their endocrine control [46-48,141,142,172-174]. In this thesis
the calcium uptake mechanisms and their possible hormonal control have been studied in
teleost fish, tilapia of the genus Oreochromis and the European eel, all species that are
used worldwide as experimental animals and for aquaculture.

Intestinal Calcium Uptake in Fish
In contrast to terrestrial animals, fish take up calcium not only through the intestine, but
also through the gills. Inherent to the aquatic lifestyle of fish, the gills are continuously
exposed to ambient calcium levels, which vary from 0.1 to 3 mmol-1"1 in fresh water to
values higher than 10 mmol-1"1 in seawater. Calcium exposure of the intestinal lumen is
probably a more periodic event, depending on the drinking and feeding habits of the fish.
In the branchial epithelium, ion transporting chloride cells perform a transcellular
transport of Ca 2+ , employing energized Ca2+ pumps [47,49,174]. The relatively high Ca 2+
concentration of the water, the very effective branchial uptake mechanisms and the
calculated transport capacity of these mechanisms, which suffices to explain observed
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Ca2+ transport rates in the gills, might lead to the conclusion that the intestine of fish is
not necessary as an uptake route for calcium. Contrastingly, estimations of the contribution of the gills to the total body Ca2+ uptake in fish vary from 50 to 80% [12,105,146],
leaving a considerable role for the intestine to contribute to Ca2+ homeostasis. Indeed,
feeding a calcium deficient diet to fish in water containing sufficient calcium causes
hypocalcic deficiency symptoms such as retarded growth, low feed efficiency, abnormal
bone mineralization, spinal deformities and changes in bone modelling [6,131-133,136,
164,166]. The minimal dietary calcium requirement under freshwater conditions varies
from 0.2-0.3% of the dry diet for rainbow trout (Oncorhynchus mykiss) [50] and Japanese
eel {Anguilla japónica) [7], respectively, and up to 0.75% for channel catfish (Ictalurus
punctatus) [6]. The optimal range is narrow, however. For channel catfish hypercalcic
symptoms such as reduced growth were observed when fish were fed diets containing
1.5% or more calcium [6]. In another study, channel catfish fry given dietary calcium
supplementations of 0.5% and higher, showed an increased mortality after handling and a
decreased survival during the experimental period [136]. Fish reared in calcium-free water
have similar dietary calcium requirements as fish from water with sufficient calcium, e.g.
0.17 to 0.7% for fingerling blue tilapia (Oreochromis aurea) [131,133] and 0.45% for
channel catfish [132]. Goldfish (Carassius auratus), held in distilled water, looked healthy
and behaved normally when fed 0.5% dietary calcium [178], but no reference was made
to animals held in normal fresh water. Scarpa and Gatlin [136] exposed channel catfish fry
to soft fresh water ([Ca] < 25 jtmol-l"1) and hard fresh water ([Ca] > 2.5 mmol-1'1), and
determined a dietary calcium requirement of 0.5 to 1.0% for the fish in soft water, and
0.5% for those in hard water. For the red sea bream (Chrysophrys major), held in sea
water containing 10 mmol-1"1 Ca2+, a dietary requirement of 0.14% calcium was found
[134]. The difference in the calcium supply in soft and hard water thus appears not to be
reflected in the dietary calcium requirement of fish.
Although several species of fish do not seem to adjust their dietary calcium intake
to the ambient calcium level, intestinal calcium deprivation may result in an adaptational
response: Takagi and Yamada [166] exposed juvenile Oreochromis niloticus to very soft
water ([Ca] < 0.02 mmol-1"1) and fed the fish either a calcium sufficient or a calcium
deficient diet. Control fish were held in normal tap water and were fed the calcium
sufficient diet. Only the fish in low calcium water and fed the calcium deficient diet
showed significantly higher plasma calcium levels and lower whole body calcium and
phosphate contents when compared with the control fish and soft water fish. The changes
in calcium and phosphate levels correlated with the results from a histomorphometric
analysis of pharyngeal bone, which demonstrated a marked enhancement of bone resorp-
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tion by osteoclasts, decreased bone formation and a reduced activity and number of
osteoblasts. It was concluded that the acellular bone of O. niloticus responds to calcium
deprivation by changing the mode of bone modelling. But for normal calcification of
regenerating scales of O. niloticus, calcium mobilized from internal stores was insufficient, and both water and dietary calcium were necessary [164]. Goldfish significantly
increased the uptake of calcium from the water when fed a calcium deficient diet (0.08%
calcium) [79]. Perhaps as a result of this increased calcium uptake, the fish did not show
any sign of retarded growth or changes in plasma calcium levels. Yamane et al. [178]
measured elevated serum calcium levels in goldfish fed for 14 days on a calcium and
phosphate deficient diet. The fish also suffered from a severe hypophosphatemia. Growth
and calcification of bones and scales in these fish were less than in control animals. This
could point to a mobilization of calcium from goldfish bone, similar to bone resorption in
O. niloticus.
To summarize these experimental results, it can be concluded that dietary calcium
is essential to fish health. However, minimal amounts of both dietary and waterbome
calcium are necessary, as calcium derived solely from one of these sources appears not to
guarantee an optimal condition of the fish. A decreased feed efficiency has been observed
as a calcium deficiency symptom in fish. It could thus well be that intestinal Ca2+ uptake
is not only involved in bone and scale formation, but also in a calcium dependent nutrient
uptake in the intestine.

Intestinal Uptake of Other Elements
The intestine is not only involved in the uptake of calcium. Other divalent elements such
as magnesium, manganese and zinc are absorbed in the intestine, and diets deficient in one
of these elements lead to deficiency symptoms for these nutrients [24,33,53,54,87,91,92,
144]. Dietary deprivation of one of these nutrients is, in some cases, linked to the
metabolism of other elements. Feeding a zinc deficient diet to channel catfish not only
resulted in lower plasma zinc levels, but also in a decreased bone calcium content [54].
Contrastingly, in the guppy (Poecilia reticulata) no relation between calcium levels in
bone, skin and muscle and dietary zinc was observed [144]. Rainbow trout, fed a diet with
a low manganese content, had reduced levels of both manganese and calcium in vertebral
ash [53].
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Calcium and Phosphate
In general, the most frequently reported dietary calcium deficiency symptoms are retarded
growth and lowered bone calcium content. This indicates that calcium is mainly used for
bone mineralization, and a link with intestinal phosphate absorption is then plausible. In
juvenile sunshine bass (Morone chrysops 9 x M. saxatilis â) weight gain and bone and
scale mineralization were found to be affected by dietary phosphate [24]. However, a
coupling of the intestinal uptake of calcium and phosphate has not yet been established. In
a stripped everted intestinal preparation from carp (Cyprinus carpio) and Japanese eel a
net mucosal to serosal transport of phosphate, but not of calcium was measured [114,115].
The hypercalcic symptoms in channel catfish, fed 1.5% or more dietary calcium, could
not be prevented by adjusting the Ca/P ratio of the diet [6]. Decreasing the Ca/P ratio of
the diet retarded growth but concomitantly resulted in higher bone phosphate and calcium
content in blue tilapia. Conversely, an increase of the dietary Ca/P ratio had no effect
whatsoever on whole body mineralization or bone calcium content [131]. Results which
oppose a coupling between intestinal calcium and phosphate uptake come from a study
from Yamane [178] on goldfish: animals fed a calcium and phosphate deficient diet (0.05
and 0.07%, respectively) showed a hypercalcemia as well as a hypophosphatemia. The
situation in the fish gut could be the same as in rat and chicken intestine, where phosphate
and calcium are absorbed by mechanisms operating independently [101,103,112].

Transcellular Calcium Transport in the Enterocyte
In 1988, Perry and Flik [123] proposed a model for transcellular calcium transport in
branchial epithelium. In this model, calcium enters the cell passively, through channels in
the apical membrane and down its electrochemical gradient. Specialized binding proteins
buffer calcium in the cytosol, and a high affinity Ca2+-ATPase extrudes calcium across the
basolateral membrane. The hypocalcémie action of the hormone stanniocalcin is brought
about by receptor activation and second messenger activity, which causes closing of the
putative calcium channels in the apical membrane. This model proved a good starting
point for the study of intestinal transcellular calcium transport in tilapia. Schoenmakers et
al. [141] demonstrated a high affinity Ca2+-ATPase in the basolateral membrane of the
tilapia enterocyte, and the model was further extended by the demonstration of a
Na+/Ca2+ exchanger [141,142]. A representation of this model is shown in Figure 1.
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Figure 1. Model for transcellular Ca2+ transport in the freshwater tilapia enterocyte. Calcium enters the cell
through a mechanism the nature of which is still unknown. Once inside the enterocyte Ca2+ can be stored in
organelles (mitochondria, endoplasmic reticulum) or sequestered by calcium binding proteins (CaBP).
Extrusion of Ca2* across the basolateral membrane is earned out by a high affinity Ca2+-ATPase, and by a
Na+/Ca2+ exchanger (the latter is energized by a (Na++K+)-ATPase which maintains the Na+ gradient
driving the exchanger). The electrical potential difference across the apical membrane (VJJ is about -70 mV.
In freshwater fish the transepithelial potential (Vt) is 0 to 2.5 mV.
Solid arrowheads indicate calcium movements, -» and H indicate stimulatory and inhibitory
regulation mechanisms, respectively. STC stands for stanniocalcin.

By now the calcium transporting proteins in the basolateral region of the tilapia
enterocyte are well characterized. The mechanism of transmembrane calcium entry across
the apical membrane of the intestinal cell, however, is still unknown. It is thought that the
hypocalcémie action of stanniocalcin is realized through a control of the calcium permeability of the apical membrane. In studies on the calcium transporting chloride cell in
branchial epithelium it was suggested that stanniocalcin inhibits second messenger
operated Ca2+ channels in the apical membrane [172,173,176], but direct biochemical
evidence for the presence of such channels is as yet lacking. The large inwardly directed
electrochemical Ca2+ gradient across the apical membrane makes a strict control of the
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membrane Ca2+ permeability of vital importance for the cell. A controlled pathway of
calcium entry prevents the cell from being flooded with calcium, and could well be the
target for stanniocalcin.

Intestinal Calcium Uptake in Fish L· Hormonally Regulated
Considering the roughly similar dietary calcium requirements of fish in a wide range of
water conditions, one could conclude that the intestinal uptake route is rigid and not under
hormonal control. Nevertheless, several reports point to the teleost intestine as a target for
calcitropic factors.
The major hypocalcémie or anti-hypercalcemic [40] hormone in teleost fish is
stanniocalcin, which is produced in the corpuscles of Stannius, an endocrine gland unique
for the teleostean and holostean fishes. Surgical removal of the corpuscles of Stannius
results in an increased net absorption of calcium in intestinal preparations from Japanese
eel and rainbow trout [32,67,71,165]. Contrastingly, a study on European eel (Anguilla
anguilla) reported on a decreased intestinal calcium flux after removal of the corpuscles of
Stannius [28]. Addition of an extract of corpuscles of Stannius decreased net calcium flux
in Japanese eel intestine [32]. Perfusion of the coeliac artery of Atlantic cod (Gadus
morhua) with a solution of purified stanniocalcin from chum salmon (Oncorhynchus keta)
decreased the intestinal calcium uptake in a concentration related manner [160].
The physiological function of calcitonin, a mammalian and avian hypocalcémie
hormone, is still not clear in fish. It has been concluded that calcitonin has some
hypocalcémie activity in teleosts [34,176]. Perfusion of the portal vein with calcitonin
produced a decrease in calcium flux in eel intestine, but only when the basal flux was high
[28]. Calcitonin treatment of the same species, however, did not effect the net movement
of calcium in an isolated intestine preparation [115].
A well known hypercalcémie principle is vitamin D3. Fish are known to metabolize
vitamin D3 to different hydroxylated forms [175]. In intestinal preparations from several
teleost species vitamin D3 and some specific metabolites increased intestinal calcium
uptake [29,39,41,159].
In conclusion: the teleost intestine does seem to be a target organ for calcitropic
hormones. However, results from different studies are sometimes contradictory, and the
experimental record on this topic is scanty.
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Aim and Outline of the Present Study
The main goal of this study was to characterize the Ca2+ entry mechanism in the apical
membrane of the enterocyte of a freshwater teleost. To date it is unclear how Ca2+ entry
is mediated, i.e. through a channel, carrier, antiporter or cotransporter (see reviews on
transcellular Ca2+ transport in intestinal epithelia [20,21,171]). We therefore decided not
to employ a pharmacological approach, using specific agonists and antagonists. Instead, as
different types of transporters display different kinetics, we tried to attribute kinetic
phenomena of transmembrane Ca2+ transport to a specific type of transporter, i.e. a
channel or a carrier. Chapter 2 describes how we obtained a purified brush border
membrane vesicle (BBMV) preparation from tilapia (Oreochromis mossambicus) intestinal
mucosa. Zero trans uptake of Ca2+ and isotope exchange rates at equilibrium were
determined. From these introductory experiments we conclude that the tilapia intestinal
brush border contains only one type of Ca2+ transporter, probably with a low affinity. We
also conclude that simple diffusion can be rejected as a mechanism for the movement of
Ca2+ across the apical membrane.
In Chapter 3 we continue our observations on the kinetics of Ca2+ uptake in
BBMV. We measured intestinal luminal calcium concentrations, and we extended our zero
trans uptake measurements. Uptake proved to be saturable, with a calcium affinity (XJ
compatible with a transporter operating at intestinal luminal concentrations. Manipulating
the direction and amplitude of the Ca2+ gradient across the membrane we tested kinetic
properties of the transmembrane Ca2+ transport.
In the course of experimentation we came across a stimulatory effect of ATP on
Ca2+ uptake in BBMV. A Ca2+-ATPase, a Ca2+ dependent protein kinase, a purinergic
receptor, and an ATP-hydrolase could, in principle, all explain this phenomenon. Chapters
4 and 5 describe experiments that point to a purinergic P2 receptor as the most likely
candidate for the ATP-mediated effect.
Chapter 6 shows electrophysiological measurements on the intact intestine of
Oreochromis niloticus. ATP was administered to the mucosal compartment of an Ussing
chamber set-up to elucidate its effect on transmural Ca2+ transport. We compared
transport characteristics of the intestine with those of the opercular epithelium of the same
species. Transmural Ca2+ fluxes correlated well with the transmural electrical resistance of
the intestine, but not of the operculum. The significance of a paracellular transport route
for calcium in the intestine is discussed.
Finally we investigated the effect of stanniectomy and stanniocalcin replacement
therapy, and seawater adaptation on Ca2+ uptake in BBMV isolated from European eel

16

Chapter 1

(Anguilla anguilla) and tilapia (Oreochromis mossambicus) intestine (Chapter 7). Removal
of the corpuscles of Stannius in eel resulted in hypercalcemia, but was without effect on
Ca2+ transport across the eel intestinal brush border membrane. Also, kinetics of Ca2+
uptake in intestinal BBMV of seawater adapted tilapia did not differ from freshwater
control animals. We discuss the rate-limiting step in transcellular Ca2+ transport and
possible target mechanisms of stanniocalcin.
Chapter 8 presents a summary of our main conclusions. Based on our observations
on intestinal and transmembrane Ca2+ transport the working model for transcellular Ca2+
transport (as shown in Fig. 1) is discussed. Our experimental results are integrated in a
novel and extended model for intestinal calcium transport.

Ca Traneport acroee Intestinal
I3ruöh Border bAerubranee of the Cichlid
Teìeoet Oreochromie тоееатЫсие

Summary. Brush border membranes were isolated from tilapia (Oreochromis mossambicus)
intestine by the use of magnesium precipitation and differential centrifugation. The membrane
preparation was enriched 17-fold in alkaline phosphatase. The membranes were 99% right-side out
oriented as indicated by the unmasking of latent glyceraldehyde-3-phosphate dehydrogenase and
acetylcholine esterase activity by detergent treatment. Transport of Ca2+ in brush border membrane
vesicles was analyzed. A saturable and a non-saturable component in the uptake of Ca2* were
resolved. The saturable component is characterized by a Km much lower than the Ca2+ concentrati
ons predicted to occur in the intestinal lumen. The non-saturable component displays a Ca2+
permeability too high to be explained by simple diffusion. We discuss the role of the saturable
component as the regulated step in transmembrane Ca2+ movement, and suggest that the non
saturable component reflects a transport mechanism operating well below its level of saturation.

Introduction
In freshwater fish, the gills are an important site for Ca 2+ uptake from the (hypocalcic)
water environment [40,167]. In combined in-vivo and in-vitro studies Flik et al. [45,47,
49] identified a high-affinity Ca2+-ATPase as the pivotal mechanism in active Ca 2+
transport in the gills of freshwater tilapia {Oreochromis mossambicus Peters) and NorthAmerican eel {Anguilla rostrata LeSueur). Uptake of calcium via the intestine provides a
second important pathway. Scarpa and Gatlin [136] cite minimum dietary calcium
requirements for normal calcium homeostasis in several fish species.

adapted from: KLAREN, P.H.M., FLIK, G., LOCK, R.A.C., WENDELAAR BoNCA, S.E. 1993. J. Membrane Biol.
132: 157-166.
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The prevailing intracellular Ca2+ concentrations ( « 8 0 nmol-l1) of the enterocyte
are non-saturating for the basolateral Ca2+ extruding mechanisms [46,141]. It has
therefore been suggested that the primary site of hormonal control of Ca2+ uptake is
located in the apical membrane of cells in the branchial and intestinal epithelium [109,
124]. In fish the calcium metabolism is hormonally controlled by the hypocalcémie
hormone stanniocalcin [176]. Besides the uptake of Ca2+ in the gills, stanniocalcin is also
involved in the intestinal uptake of Ca2+ in freshwater and seawater fish [32,67,71,160],
e.g. Hirano [71] reported an increased Ca2+ absorption in intestine from freshwater
adapted eel in which the corpuscles of Stannius (the endocrine gland where stanniocalcin
is produced) were surgically removed. Also, calcitropic effects of prolactin and calcitonin
on intestinal Ca2+ uptake have been described [28,34,176].
The fish enterocyte provides a unique model with a clear apical to basolateral
polarity and defined Ca2+ extrusion mechanisms at the basis of the cell [46,140]. The aim
of this study was to analyze the Ca2+ transport, a mechanism not yet characterized, in the
apical membrane of the tilapia enterocyte.

Materials and Methods
ANIMALS

Sexually mature tilapia (Oreochromis mossambicus) of both sexes, obtained from laboratory stock and weighing 250 to 450 g, were kept in 100-1 aquaria, supplied with running
Nijmegen tap water (8-10 mOsmol, [Ca2+] = 0.8 mmol-1', 25°C) under a photoperiod of
16 h light : 8 h darkness. The fish were fed Trouvit® commercial fish food (Trouw,
Putten, The Netherlands), 1.5% of the body weight per day.

ISOLATION OF INTESTINAL BRUSH BORDER MEMBRANES

Fish were killed by spinal transection. The peritoneal cavity was opened and the intestinal
tract exposed. All subsequent steps were performed at 0-4°C. The proximal 30 cm of the
intestine were quickly removed, flushed with ice-cold saline containing 150 mmol-l"1
NaCl, 1 mmoll ' Af-[2-hydroxyethyl]piperazine-;V-[2-ethanesulphonic acid] (HEPES)/Tris[hydroxymethyljaminomethane (Tris) at pH 8.0, 1 mmol-l1 dithiothreitol and 0.1 mmol-l"1
ethylenediaminetetraacetic acid (EDTA), cut open lengthwise and rinsed with the same
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saline. The mucosa was scraped off its underlying muscle layers with the aid of a
microscope slide. From one fish around 0.6 g wet weight scrapings were obtained.
Scrapings were disrupted by 25 strokes in a glass dounce homogenizer equipped with a
loosely fitting pestle in 40 ml homogenization buffer containing 250 mmoll"1 sucrose, 10
mmol-l"1 HEPES/Tris at pH 8.0, 1 mmol-l"1 dithiothreitol, and 100 U-ml"1 of the protein
ase inhibitor aprotinine. This homogenate was centrifuged in a Beekman TJ-6 centrifuge,
equipped with a TH-4 rotor, for 10 min at 1,400 X g. The resulting supernatant (con
taining about 70% of the total (Na++K+)-ATPase activity present in the initial homo
genate) was discarded. The supernatant can also be further processed as described by Flik
et al. [46] to obtain purified intestinal basolateral membranes. The pellet, which contains
the brush border membranes, was resuspended in 40 ml homogenization buffer by 25 stro
kes in a glass dounce homogenizer and centrifuged for 20 min at 1,400 X g as described
above. With the resulting supernatant, an additional 20% of the total (Na++K+)-ATPase
activity was removed. The pellet was resuspended in 5 ml mannitol buffer containing 300
mmol-l"1 mannitol, 12 mmol-l"1 Tris/HCl (pH 7.1), using a glass dounce homogenizer (3-7
strokes) and passed through cheese cloth. Five volumes of ultrapure water were added to
this suspension and the mixture was homogenized by 20 strokes in a glass dounce
homogenizer. Solid MgCl2 was added to obtain a final concentration of 10 mmoll"1, and
the suspension was mildly agitated for 15 min. To collect the brush border membranes the
suspension was centrifuged in a Sorvall RC-5B centrifuge, equipped with a SS-34 rotor
(3,000 X g, 15 min, К factor = 6409); the resulting supernatant was spun at 27,000 X g
for 30 min (К factor = 713). The pellet containing the brush border membranes was
resuspended by 30 passages through a 23-G needle and collected in 10 ml KCl buffer
containing 150 mmol-l"1 KCl, 0.8 mmol-l"1 free Mg 2+ and 20 mmol-l"1 HEPES/Tris (pH
7.4). Depending on the subsequent assay to be performed, the required amounts of CaCl2,
ethylene glycol-bis-[/3-aminoethyl ether] (EGTA), N-[2-hydroxyethyl]-ethylenediamineAT.tyW-triacetic acid (HEEDTA) and nitrilotriacetic acid (NTA) were added to this KCl
buffer, thus allowing loading of the vesicles with the substances mentioned. Finally, the
brush border membranes were pelleted by centrifuging at 27,000 X g, 60 min, and resus
pended by 30 passages through a 23-G needle in 0.2-0.4 ml assay buffer. The total
isolation procedure lasted 4-5 h, experiments started within 3 h after isolation.
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ENZYME ASSAYS

Protein recovery was 0.32 ± 0.02% (mean ± SEM, η = 12). The membrane preparations
contained 0.4-0.8 mg-ml"1 protein and were used on the day of isolation. The marker
enzymes used to characterize the membrane preparation were: alkaline phosphatase
(APase, EC 3.1.3.1) and sucrase (EC 3.2.1.48) for brush border membranes, (Na + +K + )ATPase (EC 3.6.1.3) for basolateral membranes, succinate dehydrogenase (SDH, EC
1.3.99.1) for mitochondria, and /3-D-glucuronidase (EC 3.2.1.31) for lysosomes. Assay
procedures for APase, (Na++K+)-ATPase and SDH have been described by Flik et al.
[47]. The sucrase and 0-D-glucuronidase activities were assayed according to Dahlqvist
[35] and Fishman & Bemfeld [42], respectively. Membrane protein content was deter
mined with a commercial Coomassie Brilliant Blue reagent kit (Bio-Rad, München,
Germany), using bovine serum albumin as a reference. Membranes were preincubated
with 0.4 mg saponin per mg membrane protein to permeabilize membrane vesicles and to
maximize enzyme activity. Data on purification and recovery of marker enzymes are
presented in Table 1. The brush border membrane preparation is purified in sucrase and
enriched 17-fold in APase. Membranes are not contaminated with mitochondria and
lysosomes, and only slightly with basolateral membranes. The specific APase activity
averaged 339.3 ± 34.9 μπιοί nitrophenolh'mg" 1 (mean ± SEM, η = 9), measured at
37°C and pH 10.4. The values for purification and recovery are congruent with those
presented by Pelletier et al. [122] who isolated brush border membranes from trout
intestine using a calcium precipitation technique. Their values for the specific APase
activity, however, are two orders of a magnitude lower than those reported here. Titus et
al. [168] isolated brush border membranes from tilapia intestine using a comparable
procedure. They reported a similar APase enrichment of their preparation as in the present
study.

INTRAVESICULAR SPACE AND MEMBRANE ORIENTATION

Intravesicular space was determined according to Flik et al. [46]. Membrane vesicles
(collected in KCl buffer) were equilibrated for 2 h at 37°C in KCl buffer, containing 0.1
mmoll"1 D-mannitol and labelled with 161 kBqml ' D-[l-"C]mannitol (purchased from
Amersham International pic (Aylesbury, U.K.)). The intravesicular space of the brush
border membrane vesicles (BBMV), calculated from the equilibrium mannitol content, was
6.0 ± 1 . 5 /¿I-mg"' protein (и = 6). The percentage of right-side-out oriented vesicles was
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Table 1. Enrichment and relative recoveries of marker enzyme activities in
tilapia intestinal brush border membrane preparations (mean ± SEM).
Marker
APase'
+

+

(Na +K )-ATPase
SDH
/3-D-Glucuronidase
Protein

Enrichmenf

Recovery" (%)

17.0 ± 3.2

5.1 + 0.8

9

2.8 ± 0.5

0.9 ± 0.2

11

0.15 ± 0 . 0 7

0.06 + 0.03

6

0.7 ± 0.1

0.30 ± 0.04

6

-

0.32 ± 0.02

12

η

a Enrichment is the ratio of the specific activities in the brush border membrane preparation and
in the initial homogenate.
b. Recovery was calculated as the percentage of the total activity (equals specific activity X total
protein) in the brush border membrane preparation relative to that in the initial homogenate.
с The activity of sucrase, another brush border membrane marker, was not detectable in the
initial homogenate. In eight brush border membrane preparations the specific sucrase activity
averaged 4.0 ± 0.4 jimol glucose-h '-mg' (mean ± SEM).

determined on the basis of latent glyceraldehyde-3-phosphate dehydrogenase (EC 1.2.1.12)
activity using D-glyceraldehyde-3-phosphate as a substrate. The percentage of inside-out
oriented vesicles was determined on the basis of latent acetylcholine esterase (EC 3.1.1.7)
activity, using acetylthiocholine as a substrate. Procedures were according to Steck &
Kant [149]. Unmasking of latent enzyme activity by Triton X-100 treatment revealed 99.0
± 1.3% right-side-out oriented vesicles, and 7.6 ± 5.2% inside-out oriented vesicles
(mean values ± SD, η = 4). The high percentage of resealed right-side-out BBMV is
consistent with the observations on rat small intestinal BBMV by Haase et al. [62] and on
chick duodenal BBMV by Putkey et al [126].

VESICLE C A 2 + TRANSPORT

Two approaches were followed to study Ca 2+ transport across brush border membranes,
viz. i) zero trans uptake and ii) isotope equilibrium exchange. A rapid filtration technique
was used to determine Ca 2+ content of BBMV. All transport studies were performed in
duplicate; blank values were determined in quadruplicate. 45CaCl2 was purchased from
Amersham International pic (Aylesbury, U.K.).
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Zero Trans Studies
2+
2+
In zero trans uptake studies, Ca transport is measured in Ca free BBMV. Time course
2+
analysis and kinetic studies of the initial rate of Ca uptake were performed.
2+
Membrane vesicles were collected in Ca free KCl buffer. The assay medium
1
2+
consisted of KCl buffer, to which had been added 0.01 to 5 mmol-l· free Ca , 0.5
-1
-1
1
45
2+
mmol-1 EGTA, 0.5 mmol-l HEEDTA and 0.5 mmol-Г NTA. The concentration Ca
45
-1
(added as СаС1з) in the assay medium was 0.8-1.0 MBq-ml . Incubations were carried
out at 37°C, membranes and assay medium were prewarmed before incubation. Samples,
containing 50 μ.1 of the incubate, were quenched in 1 ml ice-cold stop buffer containing
1
-1
150 mmol-1 KCl, 20 mmol-1 Trizma-7.0® (from Sigma Chemical Co., St. Louis,
-1
U.S.A.) at pH 7.4, and 1.0 mmol-1 EGTA. The quenched sample was immediately
filtered over an 80 kPa vacuum using ME25 nitrocellulose filters, pore size 0.45 μνη
(Schleicher & Schuell, Dassel, Germany). The filters were rinsed three times with 2 ml of
ice-cold stop buffer and dissolved in 4 ml Scintillator 299™ scintillation fluid (from
Packard Instrument Co., Menden, U.S.A.). The radioactivity of the filters was deter
mined in a Wallac 1410 liquid scintillation counter (Pharmacia, Turku, Finland). Blank
values were obtained by incubating vesicles at 0 C C, immediately followed by sampling,
quenching and filtering as described above. Calcium uptake values are corrected by
subtracting blank values and are expressed as nmol-s1 per mg protein. When uptakes were
measured at time intervals shorter than 10 s, an automated stopped flow apparatus was
used.
Isotope Equilibrium Exchange
In isotope equilibrium exchange experiments no net flux of substrate occurs. Instead, the
distribution rate of the tracer 4 5 Ca 2 + under electrochemical equilibrium conditions, i.e.,
when there is no electrical potential difference and the cis and trans 4 0 Ca 2 + concentrations
are equal, is measured. Isotope exchange across the membrane is therefore exponential.
Equilibrium Exchange Influx
Membrane vesicles were resuspended in (tracer free) assay buffer before the last
centrifugation step. The same buffer as in the zero trans experiments was used. All
subsequent steps of the isolation procedure were then performed in the same assay buffer,
thus allowing loading of the vesicles with Ca 2+ . To measure isotope exchange, membrane
vesicles were diluted in the same assay buffer to which 0.8-1.0 MBq-ml"1

45

Ca 2 + was

added. The stop buffer contained 150 mmol-1-1 KCl, 20 mmol-1-1 Trizma-7.0® (pH 7.4 at
0 C C), and a concentration La 3+ at least two times higher than the concentration of free
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Ca 2+ in the assay medium. Blanks and samples were prepared as described for the zero
trans experiments. The 45 Ca 2+ content of the membrane vesicles is expressed in dpm per
mg membrane protein. Data are corrected by subtracting the blank value from the
exchange values.
Equilibrium Exchange Efflux
After 21 min (more than 8 х / й for isotope exchange influx) 150 μΐ of the incubate was
diluted in 2 ml of (prewarmed) assay buffer, containing ^Ca 2 * only. When diluted, the
vesicles contained approximately 5% of the total radioactivity content in the assay
medium. The 4 5 Ca 2 + concentration in the vesicles was then 30 times higher than in the
medium surrounding the vesicles. An isotope exchange in an essentially isotope free
medium is thus measured. Samples (0.4 ml) from this mixture were quenched in 2 ml stop
buffer and immediately filtered. Filters were rinsed, dissolved and the radioactivity
counted as described above. Experimentally it was not feasible to obtain measurements of
the vesicle tracer content at time point zero. These data are therefore presented without
zero time point correction.

EFFECTIVENESS OF THE LOADING PROCEDURE AND QUENCHING

Membrane vesicles were allowed to load ^Ca 2 * and 4S Ca 2+ in an assay buffer that
contained 5.0 mmol-1"1 40 Ca 2+ and 60 kBq-mr' 4 5 Ca 2 + . After loading vesicles were diluted
in the same assay medium, sampled, quenched and filtered immediately. In a control
experiment, vesicles from the same membrane preparation were loaded with ^Ca2"1" only
and incubated for 30 min in a medium with the same specific activity. Vesicles from the
control experiment were compared with vesicles loaded with 40 Ca 2+ and 4 S Ca 2 + ; the tracer
content of the last mentioned was calculated to be 105.2 ± 6.5% (mean ± SD, η = 5) of
the control vesicles. Thus, the loading procedure was effective, and our assumption of an
equilibrium condition with respect to calcium justified.
Samples, containing 150 μ] from the control incubation, were also quenched in 3
ml ice-cold stop buffer containing 10 mmol-1"1 La3+ or 1.0 mmol-1'1 EGTA. Immediately
after quenching, as well as two and five min thereafter, aliquots of a quenched sample
were filtered and analyzed for radioactivity content. No significant decrease of vesicle
45
Ca 2 + content with time was found. The use of lanthanum and EGTA as agents to stop
Ca 2+ movements was thus appropriate.
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CALCULATIONS AND STATISTICS

Free Ca2+ and Mg2+ concentrations were calculated according to Schoenmakers et al.
[143], using the computer program CHELATOR which allows correcting metal-chelator
stability constants for effects of temperature, ionic strength and proton activity of the
medium. The first and second protonations of the chelating compounds were taken into
account. Stability constants are from Sillén & Martell [145].
The (initial) Ca2+-dependent zero trans Ca2+-uptake (7e') could be described by a
function containing a saturable and a non-saturable term:

jca=

JCa x[S]
max
Km + [S]

m
+

(1)

where [5] stands for the free Ca2+ concentration in the medium, 7 ^ represents the
limiting flux (i.e., at infinitely high [5]), K^, is the substrate concentration at which 7 е " is
half maximal, and с is a constant having the dimension of a permeability (i.e., /*/Щ).
Data from isotope equilibrium exchange influx and efflux experiments were fitted to the
exponential equations (2) and (3) respectively:
m

= A, • (1 - exp(-*, *)) + A2 · (1 - exp(-V))

fit) = Aexp(-kt)

+ Offset

(2)
(3)

where A represents the limit of a component (i.e., 4,Ca2+-counts per mg protein) and k is
a first order rate constant. The offset represents the tracer content (adsorbed and
exchanged tracer) of the BBMV. Subscripts specify parameters of two exponents. Effects
of a non-homogeneity of the BBMV population (for instance differences in vesicle size,
and functionally different vesicle sub-populations) on equilibrium exchange rates were
analyzed using Hopfer's [75] criteria. Accordingly, kt, the rate constant for an individual
vesicle /, is considered as the product of the rate constant r of a transporter common in all
vesicles, and a "lumped" constant Л„ including the contribution of the area-to-volume-ratio
(i.e., vesicle size) of an individual vesicle i to the actual isotope exchange rate deter
mined. Then, k, = h,-r, and equations (2) and (3) transform to a function of the type:
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Figure 1. Time course of zero trans Ca 2 + uptake ш BBMV. Means ± SEM are shown. A) Filled circles: 0.5
mmol Г Ca 2 + cis (л = 7); open circles: 5.0 mmol·! 1 Ca 2 + as (я = 4). В) Uptake at 0.5 mmol I'1 Ca 2 + cis
during the first minute of the incubation (n — 5).

flf) = Ew,exp(-A,rr)

(4)

in which w, weighs the contribution of vesicle i to the actual macroscopic isotope
exchange measured. The transporter's rate constant r is dependent on experimental
variables such as substrate concentration and temperature, whereas the constant h, varies
only with vesicle size, transporter density and other vesicle specific parameters. Hopfer
[75] then showed that, by defining normalized time τ = r-ty, ( « t/ty,), equation (4)
becomes:
Д-t) = Σιν,-εχρΐ-Λ,τ)

(5)

Equation (5) describes the rate of isotope exchange as a function of an experimental
variable which affects the transporter's activity.
Data were analyzed using a non-linear regression data analysis program [100].
Student's Mest was used for statistical evaluation. Significance was accepted for Ρ <
0.05.
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Figure 2. Initial Ca2* uptake in
BBMV. Mean values and SEM for
five different membrane preparations
are given. The Ca2* concentration in
the assay medium was varied from
10 /imol-1' to 5 mmol'l'. Data
points were fitted to equation (1).
Dashed Imes indicate the saturable
and non-saturable component from
equation (1). Estimates of kinetic
parameters are:
7^
=
0.5
n m o l m g ' s ' , K„ = 6 /imoll' Ca2+,
с = 376 ril-s'-mg1.

2
2

[Ca *]

3

4
1

(mmol·!- )

Results
Time course studies of zero trans calcium uptake by BBMV are shown in Fig. \A and B.
The uptake of Ca 2+ in BBMV in the presence of 0.5 mmoll ' Ca 2+ plateaued after 10
min. Zero trans Ca 2+ uptake deviates fast from linearity, and is linear only during the first
second of the time course (Fig. IB). Figure \A also shows the uptake in the presence of
5.0 mmol-1l Ca 2+ in the extravesicular medium. From the two curves describing the time
courses of the zero trans uptake at two Ca 2+ concentrations similar half-time values and,
hence, identical rate constants of 4 min and 0.2 min ', respectively, are obtained.
Figure 2 shows the Ca 2+ dependent zero trans Ca 2+ uptake in BBMV at initial rate.
A saturable and a non-saturable, linear component can be distinguished. The saturable
component is described by a Michaelis-Menten equation. The kinetic parameters J^ and
Km were calculated to be 0.5 nmol-s'-mg', and 6 μηιοΐΐ ' Ca 2+ , respectively. The
constant с in the non-saturable term ex[5] of equation (1) is calculated to be 376
nl-s'-mg"1. From the intersection of the curves describing the saturable and non-saturable
component the Ca 2+ concentration at which both components contribute equally to the total
uptake can be obtained. Figure 2 demonstrates this to be 1.5 mmoll'.
Figures 3/4 and В show the results of equilibrium isotope influxes and effluxes.
Data could not be fitted to a single exponential, indicating a heterogeneity of the BBMV
population with respect to vesicle size, functional differences of the calcium transporter,
or both. Moreover, there is a considerable scattering of the data around a curve of best
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Figure 3. Equilibrium "Ca * exchange data. Isotope influxes (A) and effluxes (B) are shown. Exchange data
were fitted to Eqs. (2) and (3). The tracer content of the BBMV is expressed as the percentage of the
amplitude (limit) of the exponential equation describing tracer exchange. Mean values for at least 4 different
membrane preparations are given. The following Ca2+ concentrations (in mmol 1') were tested (number in
parentheses indicate л for influx and efflux experiments, respectively): A 0.1 (6, efflux not determined); О
0.5 (7, 7); ν 1.0 (6. 8); D 5.0 (5, 6); О 10.0 (4, 4).

fit. The half-time values for influx and efflux experiments are estimated to be 0.6 and 2.0
min, respectively. The rate of D-[l-14C]mannitol equilibrium exchange (shown in Fig. 4A
and B) is slower than the 4 5 Ca 2 + exchange rate. Due to the slower rate of exchange,
D-[l-14C]mannitol movements are more accurately measured and, hence, the rates of
exchange influx and efflux are more reliably estimated. Figures 4A and В show the halftime values for D-[l-14C]mannitol exchange influx and efflux to be 2.4 and 2.3 min,
respectively. The similarity of the D-[l-14C]mannitol exchange influx and efflux rates vali
dates our assumption of true equilibrium conditions in our experimental set up.
As is shown in Figures 5A and B, plotting equilibrium exchange data as a function
of normalized time r reduces the scatter. Data points are now conveniently described by a
single curve. This indicates that the BBMV population consists of "similar" [75] vesicles,
i.e., vesicles differing in size or transporter density only. More importantly, the process
of equilibrium exchange, measured over a range of 0.1 to 10 mmoll 1 Ca 2+ , does not
show saturation. The lack of a correlation between the exchange rate and the substrate
concentration is indicative of a passive diffusion process or for the activity of a transporter
operating well below its level of saturation.
The rate constant of exchange is directly proportional to the surface area of a
vesicle and the permeability of a membrane, and inversely proportional to the vesicle's
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Figure 4. Equilibrium D-[l-"C]mannitol exchange data. Mean values ± SEM of tracer influxes (A) and
effluxes (ß) for four different membrane preparations are shown. Membrane vesicles were loaded with l.S
mmol Γ' D-manmtol the same way as described for calcium. Assay conditions were the same as for the
determination of mtravesicular space. Half-time values are 2.4 and 2.3 mm for influx and efflux, respectiveiy·

volume. A check for passive diffusion of a substrate can then be performed by measuring
substrate uptake in vesicles with different area-to-volume ratios. Figure 6 shows equilib
rium influxes in BBMV, measured at increasing osmolalities of the extravesicular
medium. Influx curves are superimposable for all conditions employed. Any change in
vesicular volume would have been indicated by different exchange rates and different
limits of the curves describing these tracer exchanges. The BBMV do not behave as
osmometers, i.e., they do not shrink predictably as a response to an increase in external
osmolality.

Discussion
The Ca 2+ dependent zero trans uptake in tilapia intestinal BBMV is a curvilinear process.
Similar kinetics for Ca 2+ uptake were observed in BBMV of hamster duodenum and ileum
[81,137], rat small intestine [56,70,111,138,177], chick duodenum [127] and human small
intestine [58]. In general curvilinear patterns for the uptake of electrolytes as well as nonelectrolytes are found. This was shown to be the case for e.g., the uptake of Zn 2+ in
BBMV from pig small intestine [162], the uptake of acetate, D-glucose and L-proline in
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Figure 5. Equilibrium "Ca2* exchange data. Isotope influxes (A) and effluxes (5) are shown. The tracer
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tracer exchange) is shown as a function of normalized time (τ). The inset of the graphs shows /n-transfonnations of the data. In general, isotope exchange is described by a function of the type f(t) = £ w,'exp(-/i,rf).

tilapia intestinal BBMV [168], and the Na+/D-glucose cotransport in bovine intestinal
BBMV [85]. Since a curvilinear uptake is displayed for many hydrophilic solutes [30],
this does not seem to be a specific property of brush border membranes with respect to
their behaviour in Ca 2+ transport.
Zero trans uptakes can be biased by binding of Ca 2+ to charged membrane surface
areas [75,171]. This can result in a virtually Ca 2+ deplete intravesicular medium, and
hence an artificially prolonged linear phase in the transmembrane movement of Ca 2 + . The
curvilinearity of the Ca2+-dependent uptake in BBMV is usually explained by the presence
of a saturable (or channel- or carrier-mediated) component and a non-saturable (or
diffusional) component. Many investigators have focused on the saturable component only,
which is considered to be the regulated mechanism in brush border membrane Ca 2+ entry.
We obtained a Ca 2+ concentration of 1.5 mmol·!"1 at which the contribution of each
component to the total Ca 2+ uptake is equal. Luminal Ca 2+ concentrations are likely to be
in the millimolar range; the saturable component is then operating under J ^ conditions,
and, having a Km in the micromolar range, is probably not the regulated step in brush
border membrane transport. The question then arises whether the non-saturable component
is under physiological control and whether this is a true diffusion process. Indeed,
Christensen [30] suggested that an apparently linear portion of a curve describing uptake
rate as a function of substrate concentration could well be a part of a second rectangular
hyperbola, characterizing a second saturable component.
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Figure 6. Effect of external osmola
lity on "Ca2* equilibrium influx ш
BBMV. During the final isolation
steps, BBMV were homogenized and
collected in 100 mOsmol lactose and
5.0 mmoll ' Ca2+. Membrane ve
sicles were incubated m uptake
media containing sufficient lactose to
reach the indicated osmolality. Other
assay conditions are the same as for
equilibrium exchange, as described
m Material and Methods. Parameters
from the first order rate equation
are: Limit = 654· 103 dpm/mg, к =
0.55 min '. The inset shows a loga
rithmic transformation of the data
(O 152 mOsmol, D 253 mOsmol,
Δ 286 mOsmol).

time (min)
Information on the non-saturable component is contained in the constant с of
equation (1), for tilapia BBMV calculated to be 376 n l s ' m g ' . This constant с has the
same dimension as the ratio JI[S\, i.e., flux divided by the substrate concentration, which
is equivalent to the definition of the permeability coefficient P, where Ρ = ./•(Cj-Q)"1·/*."1
[150]. Here, Cx and C2 are the substrate concentrations on the two sides of the membrane,
and A is the membrane area. Since с = PA, dividing с by the vesicle membrane area
2+
1
gives a Ca permeability coefficient, P, of 2-10' c m s . Günther et al. [61] reported an
average permeability of 5 nl-mg'-s"1 and a permeability coefficient of approximately 10 s
cm-s"1 for a number of monovalent cations in rabbit jejunal BBMV. Compared with basal
permeabilities (i.e., the permeability in the absence of a specific transport pathway) for a
number of non-electrolytes, as listed by Stein [150], the calculated Ca2+ permeability is
very high, and is not compatible with a simple diffusion of Ca2+. The identical uptake
rates determined under zero trans conditions and different cis Ca2+ concentrations (see
Fig. \A) also do not agree with diffusion of Ca2+ through a lipid bilayer. Diffusion of
Ca2+ through a lipid bilayer is energetically unfavourable, due to the hydrophilic nature of
the Ca2+ ion and, hence, a high degree of hydration. Permeability coefficients of synthetic
lipid bilayers for charged molecules are in the range of 10"'°-10"12 c m s 1 . A protein
mediated pathway can explain the high Ca2+ permeability of the tilapia intestinal brush
border membrane. Moreover, a transporter may form a basis for control of the steep Ca2+
gradient across the brush border membrane.
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The non-saturable component was further analyzed using isotope equilibrium
exchange. During the isolation and loading procedure, membrane vesicles were
equilibrated in an essentially infinitely large pool of *°Сл2+, thus allowing masking of the
membrane binding sites. The rate constant describing the equilibrium exchange, k, is
equal to JJ(KX + [5]) [151], J„ and K„ being the kinetic parameters J^ and K^ under
equilibrium exchange conditions. We found k to be independent of [5], indicating /ζ,, >•
[S] for Ca 2+ concentrations up to 10 mmol 1', so that к * J^JK^. The non-saturable
component appears not to be a procedural artefact, but a property of the Ca 2+ movement
across the tilapia intestinal brush border membrane.
The results presented so far lead us to postulate a low affinity Ca 2+ transporting
mechanism with an allosteric regulatory Ca2+ binding site. The mechanism of Ca 2+ entry
across brush border membranes in general (i.e. in any vertebrate) is still unknown. The
existence of Ca 2+ channels in brush border membranes has not yet been documented [20].
Wilson et al. [177] found an acceleration of Ca 2+ transport in rat intestinal BBMV by
strontium, and proposed a carrier mechanism for the transport of Ca 2 + . Based on the
observation of many vacuoles in small intestinal enterocytes, Pansu et al. [120] suggested
the non-saturable Ca 2+ transport in young rats to take place by pinocytosis. However, such
a shuttle mechanism for transcellular Ca 2+ transport cannot, in our opinion, explain the
Ca 2+ permeability found by the same authors in older rats lacking vacuoles in their
enterocytes, nor the high Ca 2+ permeability found in isolated intestinal brush border
membranes from tilapia and other animal species.
The results of the equilibrium exchange experiments permit the conclusion that the
region of the tilapia intestine from which the BBMV were derived shows no differences
along its longitudinal axis and the mucosa-serosa axis. Functionally different vesicle
subpopulations, e.g., derived from intestinal regions having Ca 2+ transporters with
different kinetic characteristics, would have become visible by non-superimposable curves.
The homogeneity of the tilapia intestine is in contrast to rat and hamster data, where Ca 2+
uptake characteristics were different for BBMV preparations from proximal and distal
intestinal regions [81,121,137]. These differences were related to the regional organisation
of the villus-crypt axis. Stieger & Murer [153] isolated BBMV from rat small intestine by
a Mg/EGTA precipitation method, and performed an additional fractionation by free flow
electrophoresis and sucrose density gradient centrifugation. They found different
subfractions of BBMV in the whole intestine, as well as in duodenum, ileum and jejunum
with respect to enzyme enrichment, transport properties and protein pattern. Brush border
membranes from trout middle intestine contain more unsaturated fatty acids, and have a
lower sphingomyelin/phosphatidylcholine ratio than membranes from trout posterior
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intestine [122]. The differences are undoubtedly important in controlling membrane
fluidity and transport properties, and are probably under hormonal control [27,99,128].
Tilapia BBMV did not adjust their volumes to a change in external osmolality,
indicative for a water tightness of the intestinal brush border membrane. In euryhaline fish
such as the Japanese eel (Anguilla japónica) kept in freshwater a high prolactin secretion is
correlated with a decreased net intestinal water influx, indicating the intestine as a
prolactin target [72]. Dave [36] reviews evidence for a prostaglandin mediated pathway by
which prolactin modifies membrane lipid microviscosity. Tilapia enterocytes could well be
a target for prolactin, explaining the impermeability of BBMV to water. Experiments with
prolactin could reveal possible aspects of Ca2+ transport related to permeability control.

+

Kinetics of Ca Uptake across Intestinal
f3rush border Membranes of the Teleost
Oreochromie тоееатЫси are Compatible
with a Carrier \Аес\\аг\\е\х\

Summary. We have studied the uptake of Ca2* in brush border membrane vesicles (BBMV)
derived from tilapia (Oreochromis mossambicus) intestine. Initial uptake rates, determined at
intestinal luminal calcium concentrations, displayed single Michaelis-Menten kinetics. The apparent
affinity coefficient, Ka, was 25 mmol-Г' Ca2+, the limiting rate, f^,, was 64 nmol s"'-mg"'. The
Km value is in the range of ambient calcium concentrations and in line with a role for this brush
border membrane transport system in controlling intestinal transcellular Ca2* transport. Countertransport was observed and we propose for the uptake of Ca2+.a carrier mechanism. The calcium
ionophore A23187 increased the equilibrium calcium content of membrane vesicles. We conclude
that the tilapia intestinal brush border membrane has a limited and regulated Ca2* permeability.

Introduction
Dietary calcium content and intestinal Ca 2+ uptake are important determinants of Ca 2+
homeostasis in teleost fish. For normal growth, calcification of scales and bone minerali
sation fish require minimum dietary calcium levels [131,132,136,164,166]. There is
evidence that intestinal calcium uptake in fish is controlled by calcitropic factors such as
vitamin D, prolactin, calcitonin, and the teleostean hormone stanniocalcin [28,39,41,71,
115,159,160,165].
The fish intestinal mucosa consists of a homogeneous population of enterocytes.
These cells are involved in transcellular Ca2+ transport, and are equipped with two
calcium extrusion mechanisms located in the basolateral membrane: a high-affinity Ca2+ATPase and a Na + /Ca 2+ exchanger, which have also been demonstrated in Ca 2+ transpor
ting chloride cells in the fish gill [46,47,49,142,174]. In a basolateral membrane prepara-
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tion from eel (Anguilla anguilla) branchial epithelium, the Ca 2+ influx inhibiting hormone
stanniocalcin did not affect Ca2+ extrusion mechanisms [172], and therefore it was
suggested that the primary site of regulation by this hormone is located in the apical
membrane of the Ca 2+ transporting chloride cell of this epithelium [109,124,172]. For the
brush border membrane of the enterocyte an analogy was adopted (Chapter 2). This
analogy implies that stanniocalcin controls the apical membrane permeability for Ca 2+ in
intestine as it does in gills. Indeed, at least in intact intestine, it has been shown that
stanniocalcin affects intestinal Ca2+ uptake [28,71,160]. A strict control of the apical
membrane calcium permeability is in particular necessary as it is of vital importance for
the cell to control the huge transmembrane electrochemical gradient for Ca 2+ .
The mechanism of Ca z+ entry across the apical membrane of the vertebrate en
terocyte is still unknown. We therefore decided that a pharmacological approach would
likely be unsuccessful and not appropriate at this time to characterize transmembrane Ca 2+
transport. Instead, we tried to discriminate between transport systems on the basis of their
kinetic properties. Our previous postulate of a low affinity Ca 2+ transporting mechanism
(Chapter 2) was further analyzed using isolated brush border membrane vesicles from the
tilapia intestine.

Materials and Methods
MATERIALS

Sexually mature tilapia (Oreochromis mossambicus) of both sexes, weighing 250 to 450 g,
were obtained from laboratory stock. Fish were kept in 100-1 aquaria, supplied with
running Nijmegen city tap water ([Ca2+] = 0.8 mmoll"1, Τ = 25CC) under a photoperiod
of 16 h light alternating with 8 h darkness. The animals were fed Trouvit® commercial
fish food (Trouw, Putten, The Netherlands), 1.5 to 5% of the body weight per day,
depending on the body weight of the fish.
45
CaCl2 was purchased from Amersham International pic (Aylesbury, U.K.) and
from ICN Radiochemicals (Irvine, CA, U.S.A.). Scintillator 299™ was from Packard
Instrument Co. (Meriden, CT, U.S.A.). Calcium ionophore A23187 and Trizma-7.0®
were from Sigma Chemical Co. (St. Louis, MO, U.S.A.). All other chemicals were
analytical grade and obtained from commercial suppliers. Membrane protein was
determined with a Coomassie Brilliant Blue kit from Bio-Rad (München, Germany), using
bovine serum albumin as a standard.
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ISOLATION OF INTESTINAL BRUSH BORDER MEMBRANES

Brush border membranes from tilapia intestine were prepared using a magnesium aggre
gation technique and differential centrifugation as described in detail in Chapter 2.
Membranes were collected in 150 mmol Γ1 KCl, 0.8 mmol-Г' MgCl2 and 20 mmol·!"1
HEPES/Tris (pH 7.4). Typically, the membrane preparation was purified with respect to
sucrase (EC 3.2.1.48) and enriched 17 times in alkaline phosphatase (EC 3.1.3.1).
Isolated brush border membranes resealed to a high degree to vesicles (BBMV) with a
vesicular volume of 6.0 /il-mg' and a virtually 100% right-side-out orientation (Chapter
2).

CALCIUM AND P H MEASUREMENTS IN INTESTINAL MUCOSA

Luminal contents were sampled from the proximal 30 cm of the tilapia intestine. Samples
were filtered through Ultrafree-MC filters with a pore size 0.22 μΐη (Millipore Intertech,
Bedford, MA, U.S.A.). The calcium content in the filtrates was determined using a
commercial Arsenazo III reagent kit from Sigma Chemical Co. Mucosal pH was measured
in situ with a Sentron* 2001 ion sensitive field effect transistor (Sentron Inc., Federal
Way, WA, U.S.A.). Intestinal pH was measured in three places at 10 cm intervals,
starting directly caudally to the pyloric sphincter. In each fish the pH in the gastric
mucosa was measured as well; pH values are expressed as mean ± SD, following the
recommendations of Boutilier and Shelton [17].

VESICULAR CA 2 + TRANSPORT

Ca 2+ transport across brush border membranes was studied using a rapid filtration
technique. To study the trans effects of Ca 2+ , BBMV were loaded as described earlier
(Chapter 2); (Figs. 3 and 4), or by preincubating the membrane preparation for 15 min in
a medium containing a defined '"'Ca2* concentration (Fig. 5). After loading, membranes
were diluted in an assay medium containing 45CaCl2. Radiotracer was added as 45CaCl2 at
a concentration of 0.8 to 2.6 MBqml'. Incubations were performed at 37°C, membrane
suspensions and assay media were prewarmed before incubation. The assay medium
consisted of the same buffer as the one the membranes were collected in, and included
defined concentrations of Ca 2+ . In one time course study (Fig. 6), the Ca 2+ concentration
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in the assay medium was buffered with 0.5 mmol-1"' EGTA, 0.5 mmol·!"1 HEEDTA and
0.5 mmoH"1 NTA. Calcium ionophore A23187 was dissolved in dimethyl sulfoxide
(DMSO) and added to the incubates at 5 ^g-ml·1, not exceeding 0.1% DMSO (v/v) in the
incubation medium.
Samples, containing 50 μΐ of the incubate, were quenched in 1 ml ice-cold isotonic
stop buffer containing 150 mmol-l1 KCl, 20 mmol-11 Trizma-7.0* (pH 7.4 at 0°C) and 10
mmol-1"1 LaCl3. When the incubation time was shorter than 10 s, an automated stoppedflow apparatus was used for quenching. The quenched sample was immediately filtered
over an 80 kPa vacuum, using ME25 nitrocellulose filters (Schleicher & Schuell, Dassel,
Germany) with a pore size of 0.45 ^m. Filters were rinsed three times with 2 ml of icecold stop buffer and dissolved in 4 ml Scintillator 299™ scintillation cocktail. The radioac
tive content of the filters was measured in a Wallac 1410 liquid scintillation counter
(Pharmacia, Turku, Finland). Blank values were obtained by incubating BBMV at 0°C,
immediately followed by quenching and filtering as described above. After subtracting
blank values the calcium content of the BBMV was calculated from the specific activity of
the assay medium.

CALCULATIONS AND STATISTICS

Total Ca2+ concentrations, which had to be added to obtain desired free Ca2+ concen
trations, were calculated according to Schoenmakers et al. [143]. Stability constants for
EGTA, HEEDTA and NTA were from Sillén and Martell [145], the first and second protonations of the chelators were taken into account.
Data from the initial zero trans Ca2+ uptake experiments could be described by a
single Michaelis-Menten equation. When extravesicular Ca2+ concentrations were lower
than 5 mmol Γ', zero trans uptake (ƒ*) was described by a Michaelis-Menten equation
containing a non-saturable term:

jca=

JCa
x[S]
max í ¡

/14

+c

(1)

were [5] is the free Ca2+ concentration (mol Г1) in the assay medium, T^J, (nmol-s'-mg1)
is the limiting flux (i.e. at infinitely high [S\), ЛГт is the Ca 2+ concentration (mol Г1) at
which ƒ"* is half maximal, and с is a constant with the dimension nl-s'^mg'. Analysis of
data showed that the Km was much lower than the lowest Ca 2+ concentration (i.e. 10
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μιτιοΐ-ΐ"1) tested. Since a proper evaluation of kinetic parameters is not possible without
testing at least two Ca 2+ concentrations lower than K„, Eq. (1) was simplified to one
describing a straight line:
J°> = a+cx[S\

Φ

where the offset α is an estimate of 7^,. Data were analyzed using a non-linear regression
data analysis program [100]. Student's Mest (for paired or unpaired data) or MannWhitney's tZ-test, where appropriate, were used for statistical evaluation. Significance was
accepted for Ρ < 0.05.

Results
Calcium concentrations in filtrates from intestinal contents ranged from 2 to 27 mmoH'1,
and averaged 14 + 8 mmoll ' (mean ± SD, η = 15). Filtrate calcium content comprised
70% of the total calcium concentration in the intestinal sample. The intestinal pH
determined in situ in ranged from 6.7 to 7.8, and averaged 7.2 ± 0.4 (n = 14). This
value is 0.5 unit lower than the pH measured in rat ileum [69]. Data from 14 pH
measurements of gastric mucosa could clearly be divided into two groups with pH values
of 6.3 ± 0.4 {n = 4) and 1.9 ± 0.6 (л = 10), respectively.
The time course of zero trans Ca 2+ uptake in BBMV is linear up to 5 s (Fig. 1).
Uptakes measured at 1 s are thus at initial rate. Initial zero trans Ca 2+ uptake in BBMV is
a function of extravesicular Ca 2+ , and shows to be saturable over a concentration range
from 5 to 50 mmol-l"' Ca 2+ , as shown in Fig. 2. The data points show a good agreement
with a linear transformation of the Michaelis-Menten equation, as depicted by the EadieHofstee plot in Fig. 2, indicating a single Ca 2+ transport site. The kinetic parameters J^
and Km are estimated to be 64 nmols'-mg"1 and 25 mmol-Г' Ca 2+ , respectively. The
apparent affinity of the transport process, Km, is in the range of intestinal luminal Ca 2+
concentrations. The uptake of Ca2+ in tilapia intestinal BBMV is not influenced by the
direction and magnitude of the Ca2+ gradient across the brush border membrane, i.e. it
shows neither trans inhibition nor trans stimulation (Fig. 3). Moreover, Fig. 3 shows that
Ca2+ uptake in BBMV loaded with 1 mmol-Г1 Ca2+ is not even altered when the extravesi
cular Ca2+ concentration is lower than 1 mmoll 1 Ca 2+ . Diffusional walk of Ca 2+ ions
across the membrane or countertransport performed by a carrier can explain such a
phenomenon.
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Figure 1. Time course of zero trans
Car* uptake in tilapia intestinal
BBMV
The extravesicular Ca2+
concentration is SO mmol 1 ' Mean
values and SEM for 6 different
membrane preparations are shown
Uptake is linear up to 5 seconds The
curve is described by a function
containing two exponentials From
the graph a half time value of 16 s
can be estimated
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Figure 4 shows the uptake of Ca 2+ under zero trans and 5 mmol-1 ' Ca2+ trans (ι e
BBMV loaded m 5 mmol-1 ' Ca 2+ ) conditions. With 1 mmol-1 ' Ca 2+ in the extravesicular
medium both time courses can conveniently be described by one curve, indicating
countertransport of Ca 2+ in BBMV. When vesicles were loaded by preincubation, uptake
at 5 mmol 1 ' Ca 2+ as and up to 15 mmol 1 ' trans did not differ significantly from the
zero trans condition (Fig 5).
Adding the calcium ïonophore A23187 resulted in an immediate increase in zero
trans Ca2+ uptake m BBMV (Fig 6/1) Uptake equilibrated after 45 min at 13 nmol
Ca2+-mg ' (Fig 6B). Knowing the vesicular mannitol space of 6 0 μ\ mg ' (Chapter 2), an
intravesicular Ca 2+ concentration of 2.2 mmol 1 ' was calculated Dividing the vesicular
Ca 2+ content by the extravesicular Ca2+ concentration of 0 5 mmoll 1 , an accumulation
factor of 4.4 is obtained. This accumulation includes Ca 2+ present in an osmotically active
space and Ca 2+ bound to the membrane Adding calcium ïonophore when the uptake curve
is in a plateau phase resulted in an increased Ca2+ content of the vesicles (Fig. 6B) The
increase in Ca2+ content of BBMV is rapid, and complete within one minute after the
addition of A23187.
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Figure 2. Initial zero trans Ca2+
uptake in tilapia intestinal BBMV.
Uptake is defined as the difference
between 1 s Ca2* uptake at 37 °C and
0°C. Mean values and SEM for 9
different preparations are given. Data
were fitted to a Michaelis-Menten
equation. The inset shows an EadieHofstee transformation of the data.
Estimations of the kinetic parameters
are: J £ i = 64 nmols'mg" 1 , K„ =
25 mmol·!·1 C a 2 \
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Discussion
The major conclusion drawn from this study is that Ca 2+ uptake in tilapia intestinal BBMV
is a saturable process with a low affinity for calcium. The apparent affinity coefficient of
the transport process is in the range of intestinal luminal calcium concentrations. This
property allows modulation of the Ca2+ transporting system by ambient substrate levels. In
Chapter 2 we reported on a curvilinear process of zero trans Ca 2+ uptake in BBMV, when
measuring at Ca 2+ concentrations lower than 5 mmol-1'1. The same curvilinear process has
been described for the Ca 2+ uptake in intestinal BBMV from other vertebrate species [25,
56,58,70,111,127,137,138,177]. Many of these uptake studies have been performed with
Ca2+ concentrations varying from 1 to 5 mmol-1"1, i.e. concentrations we have demon
strated to be lower than the luminal Ca 2+ levels in tilapia intestine. We predict the
intestinal luminal Ca 2+ concentrations in other species to be in the millimolar range as
well. Christensen [30] suggested that a linear portion of a curvilinear zero trans uptake
curve could well be a part of a second rectangular hyperbola characterizing a second
saturable component. Indeed, when measured over a concentration range up to 50
mmol-1'1, Ca 2+ uptake in tilapia intestinal BBMV appears to be a saturable process, and
this stresses the need to investigate kinetic characteristics of a transporter at ambient, i.e.
physiological, substrate levels. A curvilinear uptake curve could result from an incomplete
kinetic analysis, performed at substrate concentrations below ambient levels.
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Figure 3. Ca2* uptake ш tilapia
intestinal BBMV as a function of
extravesicular Ca 2 *.
Uptake
is
defined as the difference between 1 s
Ca 2 + uptake at 37°C and 0°C. Mean
values and SEM for 6 to 9 different
membrane preparations are shown.
Closed circles: zero trans conditions.
Kinetic parameters from Eq. (3) are
shown by the solid Ime: a = 0.7
nmol's' mg"1, с = 1024 ηΐ-s''-mg1.
Open circles: vesicles loaded with 1
mmol·I ' Ca 2 + . Data points do not
differ significantly from control (zero
trans) data points
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The constant с in the second term of Eq. (1) has been regarded as the rate constant
for non-saturable uptake, and has been named "non-mediated component" [137], "diffusivity constant" [121] or "non-specific binding" [84]. In general, many authors have focused
only on the Michaelis-Menten term of Eq. (1), being a saturable component with an
apparent affinity constant in the micromolar range. This component is often considered to
be the physiologically significant one. In tilapia intestine we measured luminal calcium
concentrations in the millimolar range. A brush border membrane Ca 2+ transporter with a
micromolar affinity for Ca 2+ would then operate under J ^ , conditions, and could not be
modulated by its substrate, the mucosal Ca 2+ . We derived a Ca 2+ concentration of 1.5
mmol-1'1 at which the contribution of both terms in Eq. (1) in total BBMV Ca2+ uptake is
equal (Chapter 2). Thus, at the luminal Ca 2+ concentrations reported here, the term c[S\
would then contribute the major part to BBMV Ca 2+ uptake. The apparent affinity of the
process is in the range of intestinal luminal Ca 2+ concentrations, which means that, at
least in vitro, the activity of the transporter is influenced by physiological substrate
concentrations. Such a transporter could play a role in the cellular calcium homeostasis of
the enterocyte and could be the key target for hormonal regulation of intestinal calcium
uptake.
Here we have shown 4 5 Ca 2 + uptake to be independent of the transmembrane Ca 2+
gradient in the absence of a transmembrane potential difference. Diffusional walk of
particles is unbiased and independent of the interaction with other particles, and could in
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Figure 4. Time course of CaI+ up
take in tilapia intestinal BBMV.
Extravesicular [Ca2+] is 1 mmol-l"1.
Mean values and SEM for 7 different
preparations are shown. Closed
circles: zero trans conditions. Open
circles: BBMV loaded with 5
mmol Γ' Ca2+. The time points at 10
min do not differ significantly (P =
0.37, Student's (-test for paired
data).
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principle be an explanation for this phenomenon. Determinants for diffusional flux are Ac,
the driving force for diffusion, and Π, the permeability constant for the membrane system
under study. Now, Ac^m in our zero trans uptake experiments is initially 2.6 MBq-ml1,
which is equivalent to a 4 5 Ca 2 + nuclei concentration of 4.3· IO"18 mol-cm3. From our
primary data (from which Fig. 2 was constructed) a highest 4 5 Ca 2 + flux of 5490
Bqs'-mg' 1 membrane protein, measured at 5 mmol-Г' extravesicular total Ca 2+ and at
initial rate, can be obtained. This can be recalculated to 34 kBq-s'-cm2 or 5.7· 10"20
mol-s'-cm2 membrane area, and through Π = J^/ACtmxr a permeability constant Π of
1.3· 102 cms" 1 is obtained. This value is higher than the human red cell basal permeability
{i.e. permeability measured in the absence of any transporter activity) for non-electrolytes
as /t-hexanol, и-propanol, ethanol, and ethanediol [150]. For monovalent ions, basal
permeability coefficients in the range of 10"10 to 10"" cms" 1 are typical for synthetic lipid
bilayers [1]. To attribute 4 5 Ca 2 + fluxes observed in our experiments to a simple diffusion
process in the presence of a very small driving force one must assume an unrealistically
high basal permeability of the brush border membrane for Ca 2 + . We therefore exclude
simple diffusion of Ca 2+ across the brush border membrane as well as a simple channel
2+
mechanism performing transmembrane Ca transport. Although countertransport was
observed, trans inhibition or trans stimulation did not occur. According to Lieb's criteria
[104] this behaviour is compatible with a simple symmetric carrier, the next most simple
model to a channel. This result is congruent with the conclusion of Wilson et al. [177].
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Figure 5. Effect of preloading
2+
intestinal BBMV on cu to trans Ca
2
uptake. Extravesicular [Ca *] is 5
mmol-1', uptake is measured as the
2
difference between 2 s Ca * uptake
at 37°C and 0°C. Mean values and
SEM for 3 different membrane
preparations are shown. The abscissa
2+
indicates the Ca concentration in
the loading medium. Data points are
1
described by a straight Іше ЦЦСа *])
= -0A97[C<¿+] + 8 19, correlation
coefficient is -0.42), the slope of
which is not significantly different
from zero (P = 0.18).
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They observed a decrease in the rate of the apparently non-saturable Ca2+ uptake (which
we interpret as the activity of a low affinity transporter) in rat intestinal BBMV when 5
mmol-l"1 strontium was present in the extravesicular medium, indicating a competition
between Ca2+ and the cognate Sr2* ions. When vesicles were loaded with 1 or 5 mmol-1"1
strontium, the rate was unaffected. These data are consistent with Fig. 3, and point to
specific calcium binding sites associated with the brush border membrane.
The increase in the rate of Ca2+ uptake and Ca2+ content of BBMV upon addition
of the calcium ionophore A23187 reported here has been observed by other authors as
well; a 7-11 fold increase in the initial uptake rate of Ca2+ in rat intestinal BBMV has
been reported [56], and accumulation factors of 5 to 70 can be calculated from data on
membrane preparations from rat, hamster and human small intestine [18,56,58]. These
results can be explained by a perturbation of the Ca2+ permeability of the membrane, or
from an artifact, viz. at the time of ionophore addition the equilibrium value has not yet
been reached. The latter option needs a theoretical consideration. The time course of zero
trans Ca2+ uptake in our vesicle preparation can be described by a summation of exponentials:
fit) = Zwt-expi-kfi

(3)

where each exponential describes the contribution (with a weighing factor w) of a subpopulation vesicles (indexed by 0 with identical transport properties (condensed in a rate
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Figure б. Time courses of zero traits Ca uptake in tilapia intestinal BBMV. Note the different time scales
2+
on the abscissa. Extravesicular [Ca ] is 0.5 mmol-l'. Arrows indicate the addition of 5 pg-ml"' A23187.
Means ± SEM are shown for 7 (A) and 4 (B) different membrane preparations. Open symbols and the dashed
line represent Ca 2+ uptake in the presence of A23187.

constant, k) to the uptake of the total population. We have shown previously (Chapter 2)
that our membrane preparation consists of vesicles differing in size only, so that it is
solely proportional to the volume/area ratio of the vesicle [75,77]. If at the time of
ionophore addition the real equilibrium value has not been reached, it is implied that about
50% of the vesicle preparation consists of vesicles with a very high volume/area ratio and,
hence, a proportionally low value for k. We did not find kinetic evidence for the existence
of such a distinct large subpopulation (Chapter 2). This is corroborated by (unpublished)
electron microscopic observations on our membrane preparation. A perturbation of the
brush border membrane calcium permeability by A23187 is therefore plausible. However,
a Ca2+ content of BBMV higher than the equilibrium value and in the presence of an
ionophore can only be maintained when sequestering of calcium takes place. Indeed,
intestinal BBMV have been shown to have an appreciable calcium binding capacity. After
efflux of Ca 2+ from rat intestinal BBMV, 4 to 30% of the initial calcium content remained
associated with the vesicles [111,137]. Miller and Bronner [111] identified high- and lowaffinity binding sites with association constants of 2.7-10^ and 60 l-тоГ' respectively, and
a binding capacity of 110 nmol Ca2+-mg_I was calculated for the low-affinity binding site.
Our data show that the tilapia intestinal brush border membrane has a limited permeability
for calcium, and that equilibrium vesicular Ca 2+ levels do not represent a maximum
holding capacity of the BBMV population. Theoretically, another explanation for the
effect of A23187 is the existence of a subpopulation of calcium tight vesicles in our
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BBMV preparation. Permeabilization of these tight vesicles would then cause an increase
in the equilibrium calcium content, measured in the total BBMV population. However, we
do not know of any evidence substantiating such an alternative hypothesis.
The major conclusion from this chapter is that BBMV Ca2+ transport is mediated
by a low affinity carrier transporter. In the next chapter we will proceed from this
conclusion and address the possibility of regulation of this transporter.

Q
+

Extracellular ATP Stimulates Ca Traneport
acroee Intestinal Brush border Membranes
of the Teleost Oreochromie тое атЫсие

Summary. The effect of adenosine nucleotides on Ca2* uptake in tilapia intestinal brush border
membrane vesicles (BBMV) was evaluated. Vesicles loaded with 1 mrnol-Г1 ATP or ADP but not
AMP showed increased Ca2+ levels, as measured by the exchange of 45Ca2+ under equilibrium
conditions. With ATP present in the extravesicular medium, the uptake of Ca2+ was linear and
independent of the gradient across the membrane. In isolated enterocytes, loaded with fura-red,
extracellular ATP caused an increase in the cytosolic Ca2+ concentration. Treatment of membrane
vesicles with calcium ionophore or detergent did not result in a loss of calcium from the vesicles,
indicating a substantial binding to some brush border membrane component in the presence of
ATP. The results are not congruent with a Ca2+ transporting ATPase or a protein kinase activity.
The involvement of a purinergic receptor in the intestinal brush border membrane is tentatively
suggested.

Introduction
Flik et al. [46] estimated that about one third of the total body Ca 2+ uptake in tilapia could
be performed by the intestine. Stanniocalcin, the main hypocalcémie principle in teleostean
and holostean fishes, and other calcitropic factors have been shown to affect intestinal
Ca2+ uptake [28,29,32,67,71,115,159,160]. Indeed, the intestine is an established uptake
route for calcium in fish, since they depend on dietary calcium to maintain an undisturbed
calcium metabolism. Transepithelial Ca2+ fluxes have been measured in stripped and
unstripped intestinal mucosal preparations from different teleost species [46,71,158]. In
enterocytes from the teleost tilapia (Oreochromis mossambicus) transcellular calcium transport is performed by basolateral Ca2+ extrusion mechanisms and a, at present partially
characterized, low affinity entry system in the apical membrane [46,141,142]. The exact
mechanisms of hormonal regulation, however, are still unknown. Control of the apical
membrane Ca2+ permeability seems most plausible to control the steep inwardly directed
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electrochemical Ca 2+ gradient. The issue of hormonal control of membrane permeability
to Ca 2+ is of course associated with the membrane transition of Ca 2+ . Literature on this
subject is scarce. Hurt et al. [78] showed a partial inhibition of Ca2+ uptake in rat
enterocytes by verapamil and diltiazem, antagonists of L-type voltage dependent Ca 2+
channels, but only after application of high concentrations of these pharmaca. In isolated
brush border membranes from rat intestine a Ca2+ dependent ATPase with a high affinity
for Ca 2+ has been reported [55,57]. This ecto-ATPase is stimulated by vitamin D [108],
suggesting a role of the enzyme in transmembrane calcium transport. However, a Ca 2+
transporting ATPase in the apical membrane would be energetically unlikely and was
never demonstrated. Verbost et al. [172] incubated isolated gill cells with stanniocalcin
and observed a reduction in intracellular cAMP levels. In analogy with Ca2+ transporting
chloride cells in the teleost gills, a protein kinase mediated pathway for the calci tropic
action of stanniocalcin in the intestine cannot be excluded a priori. In the present study we
investigated the effect of ATP, being a substrate for both ATPase and protein kinase, on
the transport of Ca 2+ across isolated intestinal brush border membranes from alapia.

Materials and Methods
ANIMALS

Sexually mature tilapia (Oreochromis mossambicus) of both sexes, weighing 250 to 450 g,
were obtained from laboratory stock. Fish were kept in 100-1 aquaria, supplied with
running Nijmegen tap water ([Ca2+] = 0.8 mmoll', Τ = 25°C) under a photoperiod of
16 h light alternating with 8 h darkness. The animals were fed Trouvit® commercial fish
food (Trouw, Putten, The Netherlands), 1.5% of the body weight per day.

MATERIALS
45

CaCl2 was purchased from Amersham International pic (Aylesbury, U.K.). Scintillator
299™ was from Packard Instrument Co. (Meriden, CT, U.S.A.). Ionomycin, oligomycin
B, ATP (Tris[hydroxymethyl]aminomethane salt) and ADP (difmonocyclohexylammonium] salt) were from Sigma Chemical Co. (St. Louis, MO, U.S.A.). AMP (free
acid) was from Böhringer (Mannheim, Germany). Calcium sensitive dye fura-red AM
(acetomethoxy ester) and Pluronic™ F-127 were from Molecular Probes (Eugene, OR,
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U.S.A), Cell-Tak was obtained from Collaborative Biomedical Products (Bedford, MA,
U.S.A.)· All other chemicals were analytical grade and obtained from commercial
suppliers. Membrane protein was determined with a commercial Coomassie Brilliant Blue
kit from Bio-Rad (München, Germany), using bovine serum albumin as a protein
standard.

ISOLATION OF INTESTINAL BRUSH BORDER MEMBRANES

Intestinal brush border membranes were prepared using a magnesium aggregation technique and differential centrifugation as described in detail previously (Chapter 2).
Typically, the membrane preparation was purified with respect to sucrase (EC 3.2.1.48)
and enriched 17 times in alkaline phosphatase (EC 3.1.3.1). Membranes resealed spontaneously to brush border membrane vesicles (ВВМ ) with a vesicular volume of 6.0
μΐ-rng"1 and a virtually 100% right-side-out orientation (Chapter 2). Brush border mem
branes were collected in uptake buffer: 150 mrnol-Г1 KCl, 0.8 mmol-1"1 MgCl2 and 20
mmoll-1 HEPES/Tris (pH 7.4).

VESICULAR C A 2 + TRANSPORT

Calcium transport was measured in zero trans uptake experiments in which Ca 2+ deplete
membrane vesicles were used. When the effect of intravesicular nucleotides was studied,
an isotope equilibrium exchange protocol was employed [76,151]. In this protocol the sink
effect of an intravesicularly present nucleotide was corrected for. A rapid filtration
technique was used to separate ВВМ from the incubation medium. All transport studies
were carried out in duplicate.
Zero trans uptake studies
The assay medium consisted of uptake buffer to which 2.5 MBq-ml'1 45CaCl2 had been
added. Incubations were performed at 37°C, membranes and assay media were
prewarmed before incubation. When measuring time courses, blanks were obtained by
incubating samples at 0°C and immediate sampling. Samples, containing 50 μΐ of the
incubate, were quenched in 1 ml ice-cold isotonic stop buffer containing 150 mmol-l·1
KCl, 20 mmol Γ1 Trizma-7.0· (pH 7.4 at 0°C) and 10 mmol-11 LaCl3. The quenched
sample was immediately filtered over an 80 kPa vacuum, using ME25 nitrocellulose filters
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with a pore size of 0.45 μτα (Schleicher & Schuell, Dassel, Germany). Filters were rinsed
three times with 2 ml of ice-cold stop buffer and dissolved in 4 ml Scintillator 299™
scintillation cocktail. The radioactive content of the filters was measured in a Wallac 1410
liquid scintillation counter. The calcium content of the BBMV was calculated from the
specific activity of the assay medium. Uptake values are expressed as nmol-s"1 per mg
protein.
Isotope Equilibrium Exchange
In isotope equilibrium exchange experiments 45 Ca 2+ movements were measured in the
absence of an electrochemical driving force for Ca 2+ . Membrane vesicles were loaded
with Ca 2+ or other compounds as described earlier (Chapter 2). Incubations were
performed in the same assay buffer and at the same temperature used in zero trans
experiments. Intravesicular (trans) and extravesicular (cis) Ca 2+ concentrations were 5
mmol-11. Corrections in the concentrations of Ca2+ and Mg 2+ for the addition of nucleoti
des were calculated according to Schoenmakers et al. [143]. Stability constants for the
ligands were from Sillén and Martell [145]. Quenching and filtering were done as
described for the zero trans experiments. Blank values were determined in quadruplicate.
The tracer content of the BBMV was divided by the specific activity of the assay
medium to obtain the amount of Ca2+ exchanged across the membrane. Equilibrium
exchange rates are expressed as nmol-min"1 per mg protein.

ENZYME ASSAYS

Nucleotidase activity was measured in a medium containing 150 mmoll"1 KCl, 10
mmol-1-1 CaClj, 0.8 mmol-1"1 MgCl2 and 20 mmol·!"1 HEPES/Tris (pH 7.4). Ouabain,
1
1
theophylline and oligomycin В were added at concentrations of 1 mg-ml" , 2 mmoll" and
1
5 /¿g-ml' , respectively. The reaction was quenched and P, was measured as described
above. Hydrolysis of 1 mmoll"1 ATP by BBMV was linear up to 20 min and was not
enhanced by saponin concentrations up to 0.8 mg-ml"1 (results not shown), indicating an
ecto-ATPase activity.
We assayed alkaline phosphatase (APase) activity in BBMV as described by Flik et
al. [47], with the exception that vesicles were incubated in the absence of a detergent. In
short, BBMV were incubated in a medium containing (in mmol-1"1): 100 NaCl, 5 MgCl2,
0.1 ethyleneglycol-toiOS-aminoethyl ether) (EGTA), 0.2 CaCl2, 0.1 ZnCl2, 50 Tris (pH
1
10.2) and 1 mgml 1 ouabain. Substrates were added to a concentration of 3 mmol Г .
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Hydrolysis of ATP, ADP and AMP was quenched by adding ice-cold 8.6% trichloroacetic
acid. Liberated inorganic phosphate (P¡) was colorimetrically quantified using the
molybdate reagent described by Fiske and Subbarow [43]. An inorganic phosphate
solution served as a P¡ standard. When /»ara-nitrophenylphosphate (pNPP) was the
substrate, the reaction was quenched by adding ice-cold 1 N NaOH. The reaction product
/wra-nitrophenol (pNP) was then measured colorimetrically at a wavelength of 420 nm.
The rate of enzyme activity is expressed as /xmol-h'mg 1 .

FURA-RED MEASUREMENTS

Enterocytes were scraped from underlying tissue with a glass microscope slide. Cell
viability, as checked with trypan blue exclusion, was more than 95%. Cells were loaded
with 20 jumol-Г' fura-red AM ester for 1 h at room temperature in phosphate buffered
saline (PBS) containing (in mmoll 1 ): NaCl (125), KCl (5), MgS0 4 (1), CaCl2 (2),
glucose (10), NaHCOj (10) and NaH 2 P0 4 (1), pH 7.4, to which 0.02% Pluronic™ F-127
was added. Cells were plated on glass cover slips pretreated with Cell-Tak. The fluor
escence of single cells was measured in a MRC-600 confocal laser scanning microscope
using an excitation wavelength of 488 nm and an emission wavelength of 660 nm. During
the experiment cells were kept in PBS; data were collected over 5 s intervals.

STATISTICS

Data were analyzed using a non-linear regression data analysis program [100]. Student's ttest or Mann-Whitney's i/-test, where appropriate, were used for statistical evaluation.
Significance was accepted for Ρ < 0.05.

Results
Figure 1 shows the effect of loading BBMV with ATP, ADP and AMP on the rate of
isotope equilibrium exchange. ATP and ADP, but not AMP, greatly enhanced the rate of
exchange of 4 5 Ca 2 + . In the presence of ATP and ADP the specific activity of 4 5 Ca 2 + inside
the BBMV was 6 times higher than in the extravesicular medium, indicating accumulation
or uphill transport. Addition of the calcium ionophore A23187 caused an immediate
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Figure 1. Effect of loading BBMV
2t
with nucleotides on "Ca equilibri
um exchange influx. Tilapia intesti
nal BBMV were loaded with 5
2
mmol-1 ' Ca * and nucleotides and
incubated in a medium containing 5
mmol Γ' "Ca 2+ plus «'Ca2*. Mean
values and SEM for S different
membrane preparations are given. ·
control. Vesicles loaded with: О 1
mmolr' ATP; D 1 mmoll' ADP;
ν 1 mmol-1"1 AMP. Uptake values
from BBMV loaded with 1 mmol Г1
ATP or ADP differed significantly
from control values. The inset shows
results from 2 experiments with ATP
where at time point f = 21 minutes
(indicated by the arrow) 10 /imoll '
А2Э187 was added to the incubation
medium.
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increase in the Ca 2+ content of the vesicles, in control BBMV as well as in BBMV loaded
with ATP (see inset in Fig. 1), indicating that the brush border membrane has a limited
permeability for Ca 2+ .
Thus far we implicitly postulated an intracellularly located transport regulation site
associated with the brush border membrane. If the stimulatory effect of ATP on the rate
of 4 5 Ca 2 + equilibrium exchange was solely mediated via a putative intracellular site, then
extravesicular ATP would be without effect. Equilibrium exchange in the presence of 1
mmoll"1 ATP in the assay medium resulted in an exchange of Ca 2+ described by a straight
line through the origin with a slope of 68 nmolmin'-mg"' (Fig. 2). Such a linear uptake
was also observed under zero trans conditions (Fig. ЗА), characterized by a slope of 55
nmolmin'-mg'. This indicates that Ca 2+ transport in the presence of ATP is independent
of the Ca 2+ gradient across the membrane. Figure ЗА also shows that the ATP-stimulated
zero trans uptake was unaffected by the Ca 2+ ionophore ionomycin or the detergent Triton
X-100. In control incubations, i.e. without ATP in the assay medium, no calcium uptake
could be detected in BBMV after detergent treatment (results not shown). Apparently, in
the presence of 1 mmol-1"1 extravesicular ATP substantial amounts of Ca 2+ bind to some
membrane component. We then checked for a possible artefact in our assay system.
Vesicles were loaded with 1 mmol-1"1 ATP by suspending and collecting them by
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centrifugation in a medium containing also containing 1 mmoll' ATP. Upon diluting 1
aliquot of the membrane suspension in 7 aliquots of the assay medium at the start of an
incubation, the extravesicular assay medium contained an ATP concentration of 125
μπιοΐ-ΐ'. Figure ЗД shows that this ATP concentration, offered cis only, indeed caused a
similar Ca 2+ uptake pattern as observed in vesicles loaded with 1 mmol-Г' ATP. The
stimulation of calcium exchange by ATP seems dose dependent, because the slope of the
straight line in Fig. ЗД is roughly half of that obtained with 1 mmol-Г' ATP, i.e. 30 vs.
68 nmol Ca2+-min"I-mg1. Figure 4 shows that in intact isolated enterocytes administration
of 1 mmol Γ' ATP to the bathing solution resulted in a marked increase in the cytosolic
Ca 2+ concentration.
In the presence of inhibitors of (Na++K+)-ATPase and APase activity and a
mitochondrial uncoupler, resealed brush border membrane vesicles still showed an ATP
and ADP dependent nucleotidase activity (Fig. 5). Apparent affinity coefficients are 88
μτηοΙΓ1 ATP and 230 μιτιοΙ-Γ' ADP, respectively. Since 100% of the tilapia intestinal
BBMV population is oriented right-side-out the nucleotidase activity must be located
extravesicularly, and, hence, extracellularly in the intact enterocyte. The limiting specific
activity,

^щ, of the ATP-dependent hydrolase activity equals 285 μπιοί P.-h'-mg"' and is

in the range of the specific activity of APase in tilapia intestinal BBMV, which has earlier
been determined to average 339.3 μπιοί pNP-h'mg" 1 (Chapter2). However, the assay
medium contained the APase inhibitor theophylline. Thus, alkaline phosphatase does not
contribute to nucleotide hydrolysis. Indeed, when BBMV are incubated at pH 10.2 and
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Figure 3. A) Effect of 1 mmol-Г' ATP, 10 μιηοΐ Γ' lonomycin and 1% Tnton X-100 in Ihe extravesicular
medium on zero trans Ca 2 ' uptake m tilapia intestinal BBMV ([Ca 2 *!^ = 5 mmol-l '). Means ± SEM (л =
5) are shown. Arrows indicate the addition of lonomycin (Δ) and Tnton X-100 (D), respectively. The slope
of the straight line represents an uptake rate of 55 nmol-min '-mg '.
В) Effect of 0.12S mmol-l' ATP in the extravesicular medium on isotope equilibrium exchange in tilapia
intestinal BBMV. Means ± SEM (л = 3) are shown. Vesicles were ATP deplete. The straight line has a
slope of 30 nmol-min '-mg '. · control; О 0.125 mmol-l ' ATP as.

with a zinc supplementation, i.e. under optimal conditions for APase, it is shown that
hydrolysis of ATP is proceeds very slowly, but that of ADP and AMP increases to levels
14 and 19 times, respectively, as high (Fig. 6). Alkaline phosphatase is not involved in
adenosine 5'-nucleotide hydrolysis in tilapia intestinal brush border membranes at mucosal
pH values (as measured in Chapter 3). We conclude that an ecto-ATPase is involved.

Discussion
The results presented here substantiate a stimulation of calcium uptake in tilapia intestinal
BBMV by extravesicular ATP. The stimulation correlates with the activity of an ecto-5'nucleotidase activity with an optimum activity at neutral pH.
In many intact cell preparations, including isolated intestinal epithelial cells
[88,129], an ATP-stimulated increase in Ca 2+ current or cytosolic Ca 2+ concentration was
observed [5,31,73,125,147]. The results presented in this paper are, to the best of our
knowledge, the first demonstration of an ATP-enhanced Ca 2+ uptake in a preparation from
isolated apical plasma membranes. With regard to polarized cells, such as enterocytes, this
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observation points to the apical membrane being the site where ATP exerts an effect on
Ca2+ uptake.
In tilapia intestinal brush border membranes zero trans Ca 2+ uptake and 45Ca
equilibrium exchange were enhanced by adenosine 5'-nucleotides, with a relative potency
ATP > ADP > AMP. This broad substrate specificity excludes a specific ATP
hydrolysing enzyme involved in Ca2+ uptake. When added to the extravesicular medium
the stimulation of Ca 2+ uptake by ATP was most manifest. Since our membrane prepara
tion consists of right-side-out vesicles only, it is obvious that there has to be an extracel
lular site on which ATP acts. Calcium uptake in the presence of 1 mmol-l"1 extravesicular
ATP was independent of the Ca2+ gradient across the brush border membrane. This
implies energized uphill transport of Ca 2+ , or sequestering of calcium to membrane
components. We think that the second option provides an explanation for the effects of
ionomycin and the detergent Triton X-100, which did not affect the Ca 2+ content in
BBMV after ATP exposure. Permeabilization of membrane vesicles with a detergent
opens the vesicular space. The high calcium content of permeabilized vesicles, compared
to control, can only be explained by assuming binding of calcium to some brush border
2+
membrane component, e.g. a cytoskeleton component. We hypothesize that the Ca bind
ing capacity of this putative component is strongly enhanced by extracellular ATP.
In brush border membrane preparations from rat small intestine, Ca2+-ATPase
activities at circumneutral pH have been reported [55,57,68,108]. The activity of this
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Figure 5. Initial rates of nucleotidase
activity ш resealed tilapia intestinal
BBMV with ATP or ADP as the
substrate Means ± SEM are shown.
Data poults were fitted to a simple
Michaehs-Menten equation. Ouabain
(1 rag ml ') was present in the
incubation medium, pH was 7.4.
Closed symbols: ATP (я = 5), V„„
= 285 umolh'mg 1 , /ς, = 88
/imol'l ' ATP; open symbols. ADP
(л = 4), У„„ = 233 дпюІ-Ь'mg',
K„ = 230 /imoll ' ADP.

300

I

ε
200

s
100

0 0

0 2

0.4

[substrate]

0 6

0.8

10

(mmol·!-1)

enzyme is correlated with calcium absorption in the intestine [68] and is influenced by
vitamin D [68,108]. Considering the large inwardly directed electrochemical Ca 2+ gradient
across the apical membrane of the enterocyte, it is not plausible that transmembrane
transfer of Ca 2+ is ATP-energized. Also, regarding the millimolar intestinal luminal
calcium concentrations measured in tilapia (see Chapter 3) the Ca 2+ entry system could
does not require the high affinity Ca 2+ binding sites as observed in the rat intestinal brush
border [55,5η.
Krawitt et al. [94] found that a restriction of dietary calcium resulted in an
increased calcium transport in rat intestine as well as APase activity in the duodenum.
APase and ATPase activity have been viewed as two expressions of the same enzyme
[68], but also as two distinct enzymes [55]. In tilapia BBMV the nucleotide hydrolytic
activity was insensitive to theophylline and adenosine tri-, di- and mono 5'-phosphates. A
specific enzyme, different from ATPase and APase seems to be involved. The question
then arises how the brush border membrane (ecto-)nucleotidase activity and the enhance
ment of BBMV Ca 2+ content by ATP (and to a lesser degree, ADP and AMP) are
causally related. This question can be reduced to the problem if and how nucleotide
hydrolysis and the related P, production can cause an increased calcium binding capacity
of the brush border membrane. One could think of a membrane-bound protein kinase, as
reported by Kinne et al. [89], phosphorylating calcium binding proteins. However, the
reaction type of a kinase is that of a transferase, i.e. it involves the transfer of a phospho-
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ryl group from ATP to an acceptor protein instead of phosphoester hydrolysis. The broad
substrate specificity is not congruent with a protein kinase mediated effect of ATP on
Ca 2+ uptake. An increased pump activity (e.g. a Ca2+-ATPase) can not explain the
increased calcium content of membrane vesicles in the presence of a detergent. Moreover,
an ATP-driven calcium pump is not likely to be present in the apical membrane, as
outlined above. Vanadate, an inhibitor of P-type ATPases [157], can be used to eliminate
this possibility (see Chapter 5). The phenomenon of the ATP-enhanced Ca 2+ uptake in
intestinal brush border membrane vesicles could be mediated by a purinergic receptor, as
found by Turner et al. in human colon [169]. This hypothesis is investigated in the
following chapter.
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ATP-5timulation of Ca + Traneport acroee
örueh border Membranen from Fish
Intestine \e Mediated by а?г Receptor

Summary. We have tested the effect of different adenosine nucleotides and pharmaca on the
uptake of Ca2* in brush border membrane vesicles from tilapia intestine. Nucleotides stimulated
vesicular Ca2+ uptake, and an agonist potency rank order of ATP > ADP > AMP = adenosine
was established; the slowly hydrolysable analogue ΑΤΡγΞ could not mimic the stimulation by ATP
and vanadate was without effect. Kinetics of ATP hydrolysis by brush border membranes and
stimulation of vesicular Ca2+ uptake by ATP were not compatible. The purinergic P2 receptor
antagonist suramin, but not the receptor mediated Ca2* entry antagonist SK&F 96365, inhibited
the ATP-stimulated Ca2+ uptake. From these results we conclude that the ATP stimulation of Ca2+
transport across the tilapia intestinal brush border is not associated with an ATPase activity, but
mediated through a purinergic P2 receptor. The physiological significance of this postulate is
discussed.

Introduction
Extracellular ATP stimulates Ca2+ uptake in intact enterocytes and in isolated intestinal
brush border membrane vesicles (BBMV) from the teleost tilapia (Oreochromis mossambicus) (Chapter 3). In the same membrane preparation an ecto-nucleotidase activity was
established, which could not be attributed to alkaline phosphatase. The stimulation of Ca 2+
uptake by extracellular ATP has not only been observed in fish intestine, but was also
demonstrated in enterocytes from human colon and rat and chicken intestine [88,129,169].
We showed ATP to stimulate Ca 2+ uptake in isolated intestinal brush border membrane
vesicles. This points to the apical membrane of the enterocyte as the site where ATP
interacts with the calcium transporting system. A purinergic P 2 receptor [169], an ATPactivated and protein kinase regulated ion channel [88] and a prenylamine sensitive
calcium uptake system [129] have been postulated to explain the stimulation of Ca 2+
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uptake by ATP. From previous studies on the tilapia intestinal brush border membrane we
excluded a Ca 2+ stimulated ATPase and a protein kinase to be the mediator ATP in
stimulating transmembrane Ca 2+ transport. However, a putative link between nucleotide
hydrolysis and Ca 2+ transport, and the involvement of a purinergic receptor could not be
excluded a priori. In this paper we report on further investigations on the properties of the
ATP-stimulated Ca 2+ uptake in isolated intestinal brush border membrane vesicles.

Materials and Methods
ANIMALS

Sexually mature tilapia (Oreochromis mossambicus) of both sexes, weighing 250 to 450 g,
were obtained from laboratory stock. Fish were kept in 100-1 aquaria, supplied with
running Nijmegen tap water ([Ca2+] = 0.8 mmol 1', Τ = 25°C) under a photoperiod of
16 h light alternating with 8 h darkness. The animals were fed Trouvit® commercial fish
food (Trouw, Putten, The Netherlands), on the basis of body weight: 1.5 to 5% of the
body weight per day.

MATERIALS
45

CaCl2 was purchased from Amersham International pic (Aylesbury, U.K.). Scintillator
299™ was from Packard Instrument Co. (Menden, CT, U.S.A.). ATP (Tris[hydroxymethyl]aminomethane salt), ADP (difmonocyclohexylammonium] salt) and the sodium salt
of adenosine 3',5'-cyclic monophosphate (cAMP) were from Sigma Chemical Co. (St.
Louis, MO, U.S.A.). AMP (free acid) and adenosine 5'-0-(3-thiotriphosphate) (ATP-yS)
were from Böhringer (Mannheim, Germany). SK&F 96365 (dissolved in DMSO) was
kindly provided by Dr. R.J.M. Bindels (Dept. Physiology, Fac. Medicine, Univ.
Nijmegen). Suramin was a generous gift from Bayer AG (Leverkusen, Germany).
Solutions of suramin were made in ultrapure water, and prepared freshly before experimentation. All other chemicals were analytical grade and obtained from commercial suppliers. Membrane protein was determined with a Coomassie Brilliant Blue kit (Bio-Rad,
München, Germany), using bovine serum albumin as a protein standard.
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ISOLATION OF INTESTINAL BRUSH BORDER MEMBRANES

Brush border membranes were isolated from tilapia intestine using a magnesium aggrega
tion technique and differential centrifugation as described in detail previously (Chapter 2).
Brush border membranes were collected in 150 mmol·]"1 KCl, 0.8 mmol-l"1 MgCl2 and 20
mmol -Γ1 HEPES/Tris (pH 7.4). The final membrane preparation was enriched in sucrase
(EC 3.2.1.48) and alkaline phosphatase (EC 3.1.3.1) and consisted for virtually 100% of
right-side-out oriented vesicles. The specific vesicular volume is 6.0 μΐ-mg"1 (Chapter 2).

VESICULAR C A 2 + TRANSPORT

The assay medium consisted of the same buffer as the one the membranes were collected
in and contained 5 mrnol-Г1 Ca 2+ . Radiotracer was added as 45CaCl2 to a concentration of
2.5 MBq-ml'. Assays were performed at 37°C, membranes and assay media were
prewarmed before incubation. Incubation was initiated by mixing 10 μ\ BBMV preparation
with 70 μ\ of the assay medium. Zero trans Ca 2+ uptake was measured as the difference
between 5 min uptake at 37°C and at 0°C. SK&F 96365 was tested at a concentration of
15 μπιοΐ-ΐ', which in the range of the IC^ values reported for different preparations
[93,110]. Suramin is mostly employed in concentrations equal to or higher than the
agonist concentration [5,37,80,118]. We added suramin at 0.1 and 1.0 mmol-l"1 to the
assay medium. The incubate was quenched by adding 1 ml ice-cold isotonic stop buffer
containing 150 mmol-l"1 KCl, 20 mmol-Г1 Trizma-7.08 (pH 7.4) and 10 mmol-l"1 LaCl3.
The quenched sample was immediately filtered over an 80 kPa vacuum, using ME25
nitrocellulose filters with a pore size of 0.45 /xm (Schleicher & Schuell, Dassel, Ger
many). Filters were rinsed three times with 2 ml of the ice-cold stop buffer and dissolved
in 4 ml Scintillator 299™ scintillation cocktail. The radioactive content of the filters was
measured in a Wallac 1410 liquid scintillation counter. Ca 2+ uptake values are expressed
as nmol-5 min"1 per mg protein.

ENZYME ASSAYS

Nucleotidase activity was measured by incubating 10 μΐ of a membrane preparation
(containing 0.3-0.7 mg-ml"1 protein) for 5 min in 0.5 ml medium including 150 mmol-l"1
KCl, 5 mmol-l"1 free Ca 2+ (added as CaCl2), 0.8 mmol-l"1 free Mg 2+ (added as MgCl2), 20
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mmol-l"1 HEPES/Tris (pH 7.4) and graded amounts of ATP. Ouabain, theophylline and
oligomycin В were added at concentrations of 1 mg· ml'1, 2 mmoll"1 and 5 /tgml'1, res
pectively. The reaction was quenched by adding 1 ml ice-cold 8.6% trichloroacetic acid to
the incubate. Inorganic phosphorus (P,), liberated from the ATP, was colorimetrically
quantified measuring the Ρ,-molybdate complex at a wavelength of 700 nm as described by
Fiske and Subbarow [43]. Enzyme activity was expressed as /«mol-h'1· mg"1.

ATP DETECTION IN INTESTINAL LUMINAL CONTENTS

A commercial ATP diagnostic kit from Sigma Chemical Co. was used. Luminal contents
were sampled from freshly killed fish. To one volume of a sample one volume 8.6%
trichloric acid was added. Samples were mixed and left for 5 min on ice, followed by
centrifugation at 6,500 rpm in an Microfuge Centaur centrifuge. A clear supernatant was
obtained on which the assay was performed. The assay is based on the phosphorylation of
3-phosphoglycerate by ATP, and the subsequent conversion of 1,3-diphosphoglycerate to
glyceraldehyde-3-phosphate, during which reaction NADH is oxidized to NAD + . The
reduction in NADH content of the mixture is a measure of the initial ATP content of the
sample. A sample containing 1 mmol-l"1 ATP was run in parallel with the other samples
and served as a standard. According to the manufacturer's information, the ATP diagnos
tic kit is equally sensitive to the nucleoside triphosphates GTP, ITP and UTP. We
therefore prefer to refer to the results of this assay as nucleotide or XTP levels.
A method in which a firefly luciferase-luciferine reagent was employed [156]
proved not suitable for the detection of ATP in luminal samples. Because of the turbidity
of the samples, the yield of light quanta was too low for detection, even after the addition
of internal ATP standards.

CALCULATIONS AND STATISTICS

To calculate free Ca 2+ and Mg2+ concentrations in the presence of nucleotides and
adenosine we used the computer program CHELATOR [143]. Stability constants were from
Brooks and Storey [23]. Data were analyzed using a non-linear regression data analysis
program [100]. Student's f-test for unpaired data and Welch's approximate, where
appropriate, were used for statistical evaluation. Significance was accepted at Ρ < 0.05.
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Figure 1. Effect of ATP, ADP, AMP (all 1 mmoll '), 1 mmoll ' ATP + 10 jimol-I ' vanadate (л = 5) and
15 μιηοΙ-Ι ' SK&F 96365 (inset, η = 3) in the extravesicular medium on zero trans Ca2+ uptake in tilapia
intestinal BBMV. Uptake after 5 mm was measured, [Ca 2+ ]„ = 5 mmol-1 '. Vanadate and SK&F 96365 do
not significantly inhibit ATP-stimulated Ca2+ uptake. Significant differences (P < 0.05) compared to control
are denoted by *.

Results
In 15 samples from the intestinal lumen of 9 fish, an average XTP concentration of 0.9 ±
0.3 mmol-11 (mean ± SEM) was measured.
Figure 1 shows that 1 mmoll"1 ATP, ADP and AMP all stimulate vesicular Ca 2+
uptake, albeit with a decreasing amplitude. Adenosine was without effect. Vanadate (10
μπιοΐ-ΐ1), an inhibitor of P-type ATPases [157] and 15 μπιοΐ-ΐ"1 SK&F 96365, an antag
onist of receptor mediated Ca 2+ entry [110], did not inhibit the ATP-stimulated Ca 2+
uptake in BBMV. The slowly hydrolysable ATP analogue ATP7S could not mimic the
effect of ATP (Fig. 2).
From the results obtained so far it appears that a phosphoester such as ATP, in
some way, is important in the uptake of Ca 2+ in BBMV. From results previously obtained
(Chapter 4) we established an ATPase and ADPase activity in resealed BBMV. One has to
consider, therefore, the involvement of the products of a nucleotidase activity. We thus
proceeded to test the effect of 1 mmol-1"1 monophosphate and pyrophosphate in vesicular
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Ca uptake. Figure 3 shows that both inorganic phosphates were much more effective in
stimulating Ca 2+ uptake than ATP alone. We suspected a chemical complexation of Ca 2+
and inorganic phosphate, independent of the membrane protein, to be responsible for this
phenomenon. This hypothesis was further investigated. From our primary data we
obtained for each individual incubation the amount of 45Ca and membrane protein
associated per filter. After correction for the specific isotope activity of the assay medium
we yielded an arbitrary unit. Figure 4 shows that this value is not related to the protein
concentration of the BBMV preparation, as indicated by the slopes of the regression lines
which do not differ significantly from zero. Contrastingly, data from incubations with
ATP (taken from Figs. 1, 2 and 3 in this chapter) show a correlation between 45Ca
associated per filter and sample protein concentration since the slope of the regression line
differs significantly from zero and extrapolates to an Y-intercept of zero. We conclude
that an incubation in the presence of monophosphate or pyrophosphate brings about a
phosphate-calcium complex which is retained by the nitrocellulose filters used in our
assay. The stimulatory effect of ATP, on the other hand, is related to some component of
the membrane vesicle preparation.
ATP?S failed to stimulate Ca 2+ uptake in BBMV. This could indicate that
hydrolysis of a phosphate ester is necessary to cause the stimulatory effect of ATP. We
therefore examined the ATP-concentration dependence of ATP hydrolysis and of the ATPstimulation of Ca 2+ uptake in BBMV. Both experiments were performed under identical
assay conditions. Figures 5 and 6 show that the kinetics of both processes are widely
different. ATP hydrolysis is described by a Michaelis-Menten equation. The kinetic
parameters V^, and Km are calculated to be 82 ^mol-h'-mg"1 and 65 /imol-l"1 ATP,
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respectively. In the same ATP-concentration range, ATP-stimulated Ca 2+ uptake was
linear, having a slope of 60 /J· min"1-mg"1. ATP hydrolysis thus appears not to be
responsible for the ATP-stimulated Ca 2+ uptake in BBMV.
We finally tested the possible involvement of an ATP receptor. Incubations of
BBMV with 1 mmol-l·1 suramin, a purinergic P2 receptor antagonist, resulted in a
significant decrease of the ATP-stimulated Ca 2+ uptake (Fig. 7).

Discussion
We conclude from this study that a P 2 receptor is involved in ATP-stimulated Ca 2+
transport in tilapia intestinal BBMV. Kinetics of ATP hydrolysis and stimulation of Ca 2+
uptake by ATP appear not correlated. Consequently, we reject an adenosine nucleotidase
activity as a mediator of the ATP-stimulated Ca

2+

transport.

ATP-stimulated Ca 2+ influx has been demonstrated in many different cell types [5,
31,38,73,125,147].

Several transport mechanisms have been proposed. In a human

ovarian cancer cell line, smooth muscle cells from rabbit ear artery and HL-60 cells
voltage operated Ca 2+ channel antagonists failed to inhibit the ATP-enhanced Ca 2+ influx
[11,93,125]. Contrastingly, Chueh and Kao [31] found a partial inhibition of channel
blockers on the ATP-induced rise in cytosolic Ca 2+ in neuroblastoma X glioma hybrid
NG108-15 cells. Hirano et al. [73] and Sung et al. [161] observed an ATP-induced
transient depolarization of the membrane potential associated with an increased Ca

2+

influx in rabbit and guinea-pig atrial myocytes and a J774 mouse macrophage cell line. In
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Figure 4. Relation between the
protein concentration of the BBMV
sample and the number of "Ca
disintegrations associated with the
incubated sample m the presence of
ATP ( D , π = 13), monophosphate
( · , л = 5) and pyrophosphate (O,
η = S), all 1 mmol'l '. The ordinate
shows the corrected number of "Ca
dpm per filter, expressed in arbitrary
units. The slope of the straight line
for ATP is significantly different
from zero (P = 0.012), whereas the
Y-intercept is not (P = 0.67). The
slopes of the straight lines for the
inorganic phosphates do not differ
from zero (/> = 0.53 and 0.051 for
monophosphate and pyrophosphate,
respectively).
[sample protein] (mg·

ml" 1 )

rat thyroid cells and HeLa cells ADP, AMP and adenosine could not mimic the ATPstimulated suramin sensitive Ca 2+ uptake [5,147]. It has also been reported that the
uncomplexed form ATP4- causes membrane permeabilization [31,38]. On the basis of
these findings, a voltage activated Ca 2+ channel [31,73], a P 2 receptor operated Ca2+
channel [5,11,125,161], a non-selective cation channel [93], a 5'-nucleotide receptor
[147], and pores formed by ATP4" [31] have been proposed to be involved in ATPstimulated Ca 2+ uptake. Apparently there is a great diversity in the ways ATP affects
intracellular Ca 2+ concentrations. However, we note that an ATPase was not mentioned as
a mediator of the stimulatory effect of extracellular ATP (see also the review by ElMoatassim et al. [38]).
Literature on ATP-stimulated Ca 2+ uptake in intestinal cells is scarce. Kimmich
and Randies [88] found an increase in cytosolic Ca 2+ in isolated chicken intestinal
epithelial cells, when 2 mmol-1'1 ATP was added. Chlorpromazine, a calmodulin antagon
ist, inhibited the ATP-stimulated uptake. In cell lines of human colonic epithelial origin
100 μπιοΐ-ΐ"1 ATP was found to increase the cytosolic Ca 2+ concentration 20-fold over the
resting level [169]. A P 2 receptor, regulating epithelial cell ion transport, was suggested
on the basis of the potency of different agonists (ATP > ADP > adenosine). Exogenous
ATP increased 45Ca uptake 2-6 fold in isolated rat intestinal epithelial cells [129]. A
maximal effect was observed at 1 mmoll"1 ATP. Adenosine, 5'-AMP, ADP and nonhydrolysable ATP-analogues were ineffective. However, a slowly hydrolysable ATPanalogue, ATP7S, fully mimicked the ATP stimulated Ca 2+ uptake. Prenylamine, a
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Figure 5. ATPase activity in resealed tilapia intestinal BBMV as a
function of the extravesicular ATP
concentration. Means ± SEM for 3
different membrane preparations are
shown. The curve is described by a
simple Michaelis-Menten equation.
The inset shows an Eadie-Hofstee
transformation of the data. Kinetic
parameters are: ATm = 65 μιηοΙΊ"1
ATP, V m = 82 /imolh'mg 1 .
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calmodulin antagonist, inhibited the ATP effect, which was also observed by Popper and
Batra [125] in a human ovarian cancer cell line. The inhibition by prenylamine is
congruent with observations on chlorpromazine inhibition [88]. Richards et al. [129]
suggest that hydrolysis of a terminal phosphate of ATP is required for the stimulated Ca 2+
uptake; however the authors do not rule out an involvement of a nucleotide specific
receptor. To summarize, experimental data on ATP-stimulated Ca 2+ uptake in (mam
malian) enterocytes indicate the involvement of a P 2 receptor modulated by calmodulin.
For Ca 2+ uptake in tilapia BBMV we established an agonist potency rank order of
ATP > ADP > AMP = adenosine. Suramin antagonized the ATP-stimulated Ca 2+
uptake. According to Gordon's criteria [59] these results corroborate the postulate of a P 2
receptor mediating Ca 2+ transport in tilapia intestine. However, the compound SK&F
96365, an antagonist for receptor mediated Ca 2+ entry (RMCE), failed to block the ATP
effect. SK&F 96365 has a broad range of actions: it inhibits the Ca 2+ influx invoked by
ADP and thrombin in human platelets, as well as the Ca 2+ response induced by the
chemotactic peptide JV-formyl-L-methionyl-L-leucyl-L-phenylalanine

(fMLP), histamine and

endothelin-1 in human neutrophils, endothelial cells and C6 glioma cells, respectively [93,
110,148]. Furthermore, the compound was effective in blocking L-type voltage operated
Ca 2+ channels in rabbit ear artery smooth muscle cells and pituitary GH3 cells [110] and
the ATP-stimulated Ca 2+ current in human neutrophils [93]. In the rabbit smooth muscle
preparation, however, SK&F 96365 failed to inhibit ATP-gated Ca 2+ channels [110].
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Figure 6. ATP dependent Ca 2+
uptake in tilapia intestinal BBMV.
Means ± SEM for 3 different mem
brane preparations are shown. Slope
and intercept of the regression Ime
are 60 /d-nun'-mg' and
19
n m o l m i n ' m g ' , respectively.

300
a

ε

200

100

"θ

02

04

0.6

08

10''50
1

[ATP] (mmol l" )
Merritt et al. [110] conclude that SK&F 96365 modulates post-receptor events, i.e. the
Ca 2+ entry step rather than binding of an agonist to a receptor. Indeed, it has been
suggested that SK&F 96365 specifically inhibits a maitotoxin sensitive channel in the
RMCE system [148]. We have shown that Ca 2+ transport across the intestinal brush
border membrane of tilapia has the properties of a carrier (Chapter 3), which would
explain the lack of effect of SK&F 96365 on ATP-stimulated Ca 2+ uptake.
A prerequisite for a functional purinergic receptor in the enterocyte's brush border
membrane is the presence of the proper ligand, i.e. ATP, in the intestinal lumen. Using a
non-specific assay we established luminal nucleotide levels in a milhmolar range. We
would like to think that these nucleotide levels represent ambient ATP concentrations.
Another point that needs to be addressed is the source of the ligand. Ultrastructural studies
on intestinal absorptive cells in tilapia (unpublished data from our laboratory) and other
teleost species [86,95,117] demonstrate the presence of numerous mitochondria and
vesicles and multivesicular bodies in the apical cytoplasm of the enterocyte. It is tempting
to correlate these structural phenomena with the presence of ATP in the intestinal lumen.
Any cell can potentially serve as a source of extracellular ATP [38,59]. A secretory
pathway has been suggested to be through storage granules or through cell lysis, and
nanomolar/micromolar pericellular ATP concentrations are predicted to be attained [38].
These predicted ATP levels are far from the nucleotide concentrations measured here in
intestinal luminal samples. Ingested food could be an additional source for luminal ATP,
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Figure 7. Effect of 1 mmolr' ATP
and suramin (0.1 and 1 mmoll') in
the extravesicular medium on zero
trans Ca 2+ uptake in tilapia intestinal
BBMV. Means and SEM for 4 mem
brane preparations are
shown.
Uptake after
5 minutes
was
2+
measured, [ С а ] л = 5 mmol Г1.
Suramin (1 mmoll') significantly
inhibits ATP stimulated Ca2* uptake
(P = 0.04). Uptake in the presence
of 1 mmol'l"1 suramin is not signifi
cantly different from the control
value (P = 0.40). (n.s. = not
significant)
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but it is unlikely that the industrially processed fish food we provide contains detectable
amounts of ATP. The regulation of intestinal transmembrane Ca 2+ transport by extracellu
lar ATP of enterocytic origin via a purinergic P 2 receptor is an attractive working hypoth
esis awaiting future research.
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Ca + Traneport in Intact Oreochromie
niloticue Intestine. Electrophysiology and
Effecte of ATP
Summary. Proceeding from our investigations on ATP mediated effects on Ca2+ uptake in
intestinal brush border membranes, we have studied the effect of ATP on transmural Ca2+ fluxes
in intact Oreochromis niloticus intestine, using an Ussing chamber set-up. One mmol-1'1 ATP or up
to 5 mmol-!"1 suramin, administered to the mucosal compartment, did not change unidirectional
and net Ca2* fluxes and electrophysiological parameters of the intestinal preparation. Transmural
electrical resistance (Äto) of the intact intestine varied individually, and this variation was attributed
to a series resistance located in the subepithelial layers of the intestine. In contrast to the Ca2*
fluxes in opercular epithelium, intestinal unidirectional and net Ca2+ fluxes correlated negatively
with transmural resistance. This substantiates a paramount paracellular pathway for transmural
Ca2+ uptake in this fish intestine.

Introduction
Extracellular ATP stimulates Ca2+ uptake in isolated enterocytes from human colon and
rat and chicken intestine [88,129,169]. We have shown that extracellular ATP stimulates
Ca2+ uptake in intact enterocytes from tilapia (Oreochromis mossambicus), as well as in
isolated intestinal brush border membrane vesicles (BBMV) (Chapter 4). Moreover, the
following experimental results suggested the involvement of a purinergic P2 receptor in the
apical membrane of the enterocyte: Ca2+ uptake in BBMV was stimulated by adenosine
nucleotides (but not by adenosine) in an order of potency: ATP > ADP > AMP; the
ATP enhanced Ca2+ uptake in BBMV could be inhibited by the P2 purinergic antagonist
suramin (Chapter 5). A physiological function of the P2 receptor was indicated by the
detection of millimolar concentrations of ATP in the intestinal lumen of tilapia.

with: Sharon E. Bryson and William S. Marshall, Department of Biology, St. Francis Xavier University,
Antigonish, Canada.
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A major flaw in the use of isolated enterocytes is that one cannot localize the
membrane region with the receptor-ATP interaction site. In other words: does extracellular ATP indeed increase the calcium permeability of the apical membrane alone, or is
the basolateral membrane region also involved? Experiments on isolated cells also do not
answer the question whether extracellular ATP is involved in the regulation of transepithelial Ca2+ transport. Moreover, effects of ATP on paracellular permeability, as
recently described for human uterine cervical cells [60], clearly cannot be demonstrated in
a preparation of isolated cells or membrane vesicles. Therefore we expanded our measurements on isolated intestinal BBMV to in-vitro experiments on intact fish intestine using an
Ussing chamber set-up. In particular we tested the hypothesis that ATP enhanced Ca2+
uptake in BBMV reflects an enhanced entry step in transcellular Ca2+ transport across the
intestinal mucosa in vivo.

Material and Methods
ANIMALS

Sexually mature Oreochromis niloticus, weighing 60-200 g and of both sexes, were held in
100-1 tanks supplied with dechlorinated Antigonish tap water ([Ca] = 0.2 mmol·!"1, 20CC)
and fed a commercial feed. The fish were a generous gift of Dr. Roger Doyle (Dalhousie
University, Halifax, Canada).

PREPARATION OF EPITHELIA

Intestine
Fish were stunned by a blow on the head and killed by spinal transection. The peritoneal
cavity was opened and the proximal 6 cm of the intestinal tract were removed. Tissues
were stored at room temperature in Cortland's saline gassed with 99% 0 2 /l% C0 2 , until
further processing. The composition of the saline was (in mmoll"1): NaCl (129.9), KCl
(2.55), CaCl2-2H20 (1.56), MgSCy7H20 (0.93), NaHCOj (17.85), NaH 2 P0 4 H 2 0 (2.97)
and D-glucose (5.55), pH 7.8. The intestine was slit open lengthwise and rinsed with
saline. An unstripped patch was mounted in an insert of two Ussing half-chambers with an
aperture of 0.238 cm2.
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Operculum
Opercula were dissected and stored in gassed Cortland's saline until further processing.
Opercular epithelium was stripped from the underlying chromatophore layer. Stripped
epithelial patches were mounted in inserts with an aperture of 0.125 cm2.

ELECTROPHYSIOLOGY

The inserts were mounted as the partition between two water-jacketed half-chambers (3.0
and 4.5 ml for intestinal and opercular epithelia, respectively) filled with Cortland's
saline. The temperature was 25°C. During an experiment the saline in both half-chambers
was continuously gassed. The epithelium was open-circuited. Current-passing and trans
mural potential (V^J-measuring salt bridges were made of 4% agar in Cortland's saline.
V,,,, was measured throughout the experiment. Transmural electrical resistance (R^) was
calculated from the V,,,, deflection to 1 s 10 μΑ current pulses. Äto was corrected for the
solution resistance, which averaged 8.5 ± 5.9 Ω-cm2 (n = 20).

EXPERIMENTAL PROTOCOL AND CALCIUM FLUXES

Two adjacent patches of intestinal epithelium, or epithelia from both opercula from the
same fish were set up in pairs to measure unidirectional Ca 2+ fluxes. 45CaCl2 (ICN
Radiochemicals, Irvine, CA, U.S.A.) was added to the cis side of the tissue to yield a
specific activity of approximately 2-106 cpm-μηιοΐ"1 Ca. Tissues were allowed to reach
isotopie steady state for 60 min. Then, 225 μ\ samples were taken every 20 min from the
trans half-chamber. The sample volume was immediately replaced by 225 μ\ fresh saline.
Experiments consisted of two 120 min periods. The first period served as a control, in the
second period ATP (1 mmoll') or suramin (up to 5 mmoll') was added to the mucosal
saline. Suramin was a gift of Bayer AG (Leverkusen, Germany). To determine the
radioactive specific activity a 40 μ\ sample was taken every hour from the cis halfchamber. Samples were dissolved in 4 ml ReadySafe liquid scintillation cocktail
(Beekman) and analyzed in a TriCarb 2000CA liquid scintillation counter (Packard).
Unidirectional fluxes were calculated from the specific 45Ca activity in the cis halfchamber and the appearance of tracer in the unlabelled trans half-chamber. Ca2+ fluxes
are expressed in nmol-h'-cm2.
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Jn,
Figure 1. Effect of 1 mmoll' ATP
on unidirectional and net Ca2* fluxes
(J0*) in unstnpped O. mloíicus
intestine. ATP was added to the
mucosal side of the tissue. Results of
6 measurements are shown. Hatched
bars show unidirectional fluxes, open
bars show net flux.
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CALCULATIONS AND STATISTICS

Ion fluxes, transmural potential and ion activities are related in the Ussing flux ratio
equation:
(zFV^
- = = - = · expJ_
a.
{ RT

(1)

where α„ and a, are the Ca 2+ activities on the mucosal and serosal sides of the epithelium
respectively, ζ is the valency of the Ca 2+ ion, F is Faraday's constant (9.6· 104 C-mol"1),
V,,,, is the transmural potential, R is the gas constant (8.3 J m o l ' K ' 1 ) and Τ is temperature
(298 K). In our experimental set-up with symmetrical saline conditions om = a„ and the
calcium activity ratio equals 1. The Ussing flux ratio is valid for diffusional and indepen
dent ion movement [98,170].
Data are presented as means ± SD, unless stated otherwise. Student's Mest for
unpaired data and ANOVA followed by Tukey-Kramer's multiple comparison test, where
appropriate, were used for statistical evaluation. Significance is accepted at Ρ < 0.05.
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Λ,
Figure 2. Effect of 5 mmol·Г
suramin on unidirectional and net
Ca2+ fluxes (/*) in unstnpped O.
nilolicus intestine. Suramin was
added to the mucosal side of the
tissue. Results of 4 to S measure
ments are shown. Hatched bars show
unidirectional fluxes, open bars show
net flux.

j„
5 mM suramin

control

Results
Addition of 1 mmol-l·1 ATP to the mucosal saline did not change electrophysiological
parameters of the intestinal epithelium (Table 1) and unidirectional and net calcium fluxes
(Fig. 1). The P 2 purinergic antagonist suramin, administered in concentrations up to 5
mmol-l"1, did not inhibit transmural Ca2+ fluxes (Fig. 2). These findings do not corrobor
ate our data on isolated intestinal brush border membrane vesicles from the tilapia
Oreochromis mossambicus, where ATP stimulated Ca2+ uptake, which effect was
antagonized by suramin (Chapters 4 and 5).

Table 1. Effect of ATP (1 mmol-l·1, added at t
intestinal electrophysiology (n = 7).

Уы (mV)
2

Яш (Ω-cm )
2

I (/ІА-СП )

120 min) on

period 1

period 2

period 3

(t = 0)

(t = 120 min)

(t = 240 min)

2.0 ± 0.7

1.8 ± 0.6

1.4 ± 0.5

135.4 ± 135.4

121.1 ± 130.0

155.1 ± 193.9

58.3 ± 94.3

82.3 ± 138.7

63.9 ±

125.9
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Figure 3. Unidirectional Ca2* fluxes across unstnpped intestinal epithelium vs transmural electrical
resistance (R^ Left hand panel, mucosa-to-serosa fluxes (J¡¡£), nght hand panel serosa-to-mucosa fluxes

In 39 paired intestinal preparations from O. niloticus we measured transmural
electrical resistances (RJ) ranging from 20 to 480 Ω-cm2, and averaging 134 ± 107
Ω-cm2. Net Ca 2+ flux varied in parallel and averaged 29 ± 26 nmol-h ' cm"2 (n = 26).
Figures 3 and 4 demonstrate that unidirectional fluxes (/£; and f¡¿) and net Ca2+ flux
(7^) showed a good negative correlation with Ящ,, indicating a paracellular route for
calcium across the intact intestine.
Opercular R^, averaged 368 ± 205 Ω-cm2 (results from 23 paired preparations). In
contrast to the intestinal preparation only J^ù in the stripped opercular epithelium, but not
J^ and 7^,, correlated with R^ (Figs. 5 and 6).
Each intestinal preparation yielded independent measurements of unidirectional
fluxes and V^. From 32 duplicate control measurements a flux ratio JmJJm of 1.70 +
0.22 (mean + SEM) was calculated. Transmural potential was measured simultaneously,
and averaged 2.5 ± 0.2 mV (mean ± SEM). Through insertion of V,,,, in Eq. (1) we
calculated a predicted flux ratio of 0.82 + 0.01. The observed flux ratio is twice as high
as the predicted flux ratio.
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Figure 4. Net mucosa-to-serosa Ca2*
fluxes (f£) across unstripped intestinal epithelium vs. transmural electrical resistance (Ящ).
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Discussion
ATP, administered to the mucosal saline, did not increase Ca2+ fluxes across the unstrip
ped intestinal preparation. We hypothesized a priori that in intact epithelium ATP added
to the mucosal compartment should stimulate transcellular Ca 2+ uptake and, hence, trans
mural Ca 2+ transport. It could well be, however, that the purinergic receptor in the apical
membrane plays a role in Ca 2+ homeostasis of the enterocyte proper, more so than a
regulatory role in transmural calcium transport. An observation substantiating this
possibility is that the ATP-stimulated rise in cytosolic Ca2+ in isolated tilapia enterocytes
(Chapter 4) and rat intestinal epithelial cells [129] is not a transient phenomenon. If
exogenous ATP stimulates transcellular Ca2+ transport, the effect of ATP on Ca 2+ uptake
in the enterocyte would be transient, as observed by Kimmich and Randies [88] in chicken
intestinal cells. Another explanation for the discrepancy between the effect of ATP in
BBMV and intact intestine is the existance of a mucus layer and the presence of bacteria
in the epithelium. The mucus layer may physically prevent the movement of ATP, and
bacteria may decrease the ATP concentration to levels too low to be effective.
A third explanation for the absence of a stimulatory effect of ATP is that the trans
cellular component in transmural intestinal Ca 2+ transport is small in comparison with the
paracellular route. Indeed, several authors suggest a dominant role for the paracellular
route in intestinal Ca 2+ absorption [19,82,116]. Karbach [82] estimated 60-70% of the
mucosa-to-serosa Ca 2+ flux in rat intestine to be paracellular. In a previous study [90,
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Figure 5. Unidirectional Ca fluxes across stripped opercular epithelium vs. transmural electrical resistance
(/{„J. Left band panel: mucosa-to-serosa fluxes (J¡£); right hand panel: serosa-to-mucosa fluxes (J^£).

Chapter 2] we measured Ca2+ uptake in intestinal brush border membrane vesicles of O.
mossambicus, and calculated this to be five times lower than the net transmural Ca2+ flux
in the intestine of the same species, as measured by Flik et al. [46]. This discrepancy was
attributed to the presence of intestinal microvilli and the folding of the intestinal lumen
[90], but could as well be ascribed to a paracellular calcium transport route. These results
are compatible with calculations showing that 95 % of the total transmural conductance in
rat intestine is through an extracellular shunt pathway [119]. The dependence of Ca2+
fluxes on ш, found in this study, further substantiates a paracellular transport route.
However, the discrepancy between observed and predicted flux ratios found in the intact
O. mossambicus intestine indicates an active component in transmural Ca2+ transport.
Generally this is considered an active transcellular component, comprising calcium entry,
cytosolic buffering and extrusion in the enterocyte. However, disagreement with the
Ussing flux ratio equation can also indicate a non-random walk of calcium ions through a
putative vectorial transport mechanism in the paracellular route, i.e. the tight junction.
Tight junctions in many epithelia are cation selective [139]. In O. mossambicus intestine,
the CI' conductance of the tight junctions has been shown to be regulated by intracellular
cAMP levels [9,10]. The tight junction could well be a candidate for the site where
regulation of transepithelial Ca 2+ transport in the fish intestine occurs.
In this study transmural electrical resistance varied greatly among intestinal
preparations. A similar result was found for unstripped goldfish intestine where a R^ of
106 ± 61 Ω-cm2 was measured [4]. In a stripped intestinal preparation from O. mossam-
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Figure 6. Net mucosa-to-serosa Са 1+
fluxes ( J ^ ) across stripped opercular
epithelium vs. transmural electrical
resistance (Ra).
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bicus Α ω variation was much less, and averaged 2 1 + 2 0-cm2 [9]. Apparently the sub
epithelial layer in the unstripped intestinal preparation constitutes a series resistance R^^,
(see Fig. 7) which is responsible for the variation in Л и . Albus et al. [2] estimated ЛКГ1М
to be 24% of the total tissue resistance in goldfish intestine. Assuming a value of 21
Ω-cm2 for the Äte of stripped O. niloticus intestine we calculate ÄKnM to be 84% of the
total tissue resistance. A similar result has been obtained by Fromm et al. [51] for rat
jejunum. Histological examination has shown that the stripped fish intestine consists of the
mucosal epithelial cell layer and the lamina propria which projects into the core of the
intestinal folds [3]. RKnct is then the sum of the resistances of the submucosa, smooth
muscle layers and serosa.
In a stripped intestinal preparation from O. mossambicus, Schoenmakers et al.
[142] measured a net transepithelial Ca2+ flux of 17.1 ± 8.9 nmol-h'-cm2 (n = 15).
Also, from their data a predicted flux ratio J^IJ^ of 0.93 and an observed flux ratio of
1.87 can be calculated. These figures are similar to the net flux and flux ratios in the
unstripped O. niloticus intestine. The structural basis for the observed flux ratio in both
Oreochromis species therefore must reside in the mucosal epithelium, and not in the subepithelial layers of the intestine.
Compared to the stripped O. mossambicus intestine, net Ca2+ flux across the intact
O. niloticus intestine is substantial. The presence of RKtK, does reduce net fluxes of
monovalent ions, however. Tai and Tai [163] measured a whole tissue resistance of 31.9
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Figure 7. Electrical circuit model for an unstripped epithelium. R„, R,, RtJ and R^m are the resistances of
the mucosal (apical) membrane, serosal (basolateral) membrane, tight junction and subepithelial layer,
respectively. Еш and E, denote the electromotive force across the mucosal and serosal membrane; m, с and s
indicate the mucosal, cellular and serosal compartment, respectively. Vm is the transmural potential, Rm is
the transmural electncal resistance.

O-crn2 in the rat jejunum and, after removal of the epithelial cell layer, an Л юпе5 of 10.5
Ω-cm2. The contribution of 32% by ϋχηαι in the total tissue resistance was related to a
40% error in Na + and CI" fluxes in the intact intestine with respect to a stripped prepara
tion. Fromm et al. [51] mention that net fluxes will be underestimated by a factor of about
5 in in-vitro studies on intact rat jejunum. However, in O. niloticus intestine the series
resistance of the subepithelial layers does not seem to hamper transmural calcium move
ments.
Intestinal epithelium is generally considered a "leaky" epithelium. We have
measured R^, of the intact O. niloticus intestine and showed it to vary from 4 to 480
Ω-cm2. According to a criterium formulated by Frömter and Diamond [52] this would
classify intact intestine as "leaky" or "tight" epithelium, depending on the R^ of the
individual intestine. Indeed, at resistances higher than 150 Ω-cm2 the intact intestine
behaves as a tight epithelium, e.g. the opercular epithelium, in that there is no correlation
between net flux and Rm (cf. Figs. 4 and 6).
In this study we have shown transmural Ca2+ transport to be correlated with the
Äta of the intact intestine, but not of the opercular epithelium. One can speculate about the
physiological relevance of a highly permeable intestine in vivo. Assuming an in-vivo V,,,,
of 2.5 mV, we calculate that when the calcium activity ratio ajat is 1.3 or higher the flux
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ratio Jm/Jm is greater than 1 and a net mucosa-to-serosa Ca 2+ flux occurs. If we assume
a, to be the calcium activity in the peritoneal cavity, and estimate this to be 1.25 mmoH"1
(i.e. the Ca 2+ concentration in the plasma), am in the intestinal lumen would have to be at
least 1.63 mmol-1"1 to establish a net Ca 2+ influx. Total calcium concentrations in O.
mossambicus intestinal lumen varied from 2 to 27 mmol-1"1 (Chapter 3). It could well be
that luminal calcium levels favour a net mucosal-to-serosal Ca 2+ flux in vivo.
As mentioned before, Äto varied greatly per fish. We have attributed this variation
to an R^K,, residing in the subepithelial layers. Also, intestinal transmural Ca2+ fluxes
correlate well with Rxna. This series resistance could be dependent on the metabolic or
hormonal status of the animal. If Я к п м is controlled by the animal, e.g. through the
hypocalcémie hormone stanniocalcin, and if there is a sink in the peritoneal cavity for
translocated calcium, the paracellular route for transmural Ca2+ transport could play an
important role in calcium homeostasis.
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Effect of Stanniectomy and Sea water
Adaptation on Caz+ Traneport aerose the
Intestinal r3rush E3order Membrane of Two
Te\eoet Species

Summary. We have studied the effect of stanniocalcin on intestinal calcium transport in European
eel (Anguilla anguilla) and tilapia (Oreochromis mossambicus). Eels underwent surgical removal of
the corpuscles of Stannius (stanniectomy) and stanniocalcin replacement therapy. Tilapia were
adapted to seawater, a treatment known to increase the plasma titer and activity of stanniocalcin.
Intestinal brush border membrane vesicles (BBMV) were isolated, and Ca2+ transport was
measured. No effects of stanniectomy, stanniocalcin replacement therapy and seawater adaptation
were observed. These results imply that the calcium transport mechanism in the apical membrane
of the enterocyte is not a target of stanniocalcin. We discuss potential alternative target mechanisms for stanniocalcin, i.e. the Na+/Ca2+-exchanger in the basolateral membrane of the enterocyte
and a paracellular route through the tight junctional complex.

Introduction
The main hypocalcémie hormone in holostean and teleostean fish species is stanniocalcin
(STC). This hormone, formerly called hypocalcin [44,64,97], is produced in the corpuscles of Stannius, an endocrine gland associated with the fish kidney. Surgical removal
of this gland (stanniectomy) results in a marked hypercalcemia [44,71,175,176] which
persists for at least up to 40 days in European eel (Anguilla anguilla) [64]. The primary
target of stanniocalcin is the fish gill or, more specifically, the ion transporting chloride
cells in the branchial epithelium [44,172]. However, the gills are not the only target of
stanniocalcin; intestinal calcium uptake is also influenced. In stanniectomized Japanese
eels (Anguilla japónica) and rainbow trout (Oncorhynchus mykiss) an increased intestinal
transepithelial Ca2+ transport with respect to sham operated animals was observed [32,67,
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71,160,165]. Perfusion of the coeliac artery with saline containing STC produced a
decrease in intestinal Ca2+ uptake in Atlantic cod (Gadus morhua) [160]. These findings
indicate that stanniocalcin exerts an inhibitory control on Ca2+ uptake in intestinal tissue, a
situation also found in the gills. In seawater adapted European eel the secretion rate and
metabolic clearance of stanniocalcin were twice as high as in freshwater adapted animals,
and evidence was gained for an increased stanniocalcin receptor density in the seawater
eels [66]. Experimental data suggest that stanniocalcin is involved in adaptation of fish to
high ambient calcium levels, including seawater [65], further indicating that stanniocalcin
is an important hypocalcémie hormone in teleostean fishes. The physiological role in
fishes of calcitonin, a hypocalcémie hormone in mammals and birds, is still not clear
[34,176].
There are indications that stanniocalcin inhibits Ca2+ entry in chloride cells.
Stanniocalcin injections in trout reduced calcium accumulation in gill epithelium [74].
However, the operation of the Ca2+ pumping ATPase, an important Ca2+ extrusion
mechanism in addition with the Na+/Ca2+-exchanger in the chloride cell [174], was found
to be independent of the hormone [172]. The inhibitory control of Ca2+ influx by
stanniocalcin could thus be achieved through a control of the Ca2+ permeability of the
apical membrane of the Ca2+ transporting cell. Stanniocalcin reduced cyclic AMP levels in
isolated gill cells from trout and tilapia {Oreochromis mossambicus) and a second
messenger operated Ca2+ entry was suggested [44,172]. Unfortunately, it has not yet been
possible to isolate the apical membrane of the chloride cells and a further biochemical
characterization of the branchial Ca2+ entry mechanism is still awaited. The situation is
different in the fish intestine, where the intestinal tract is lined with an almost homogeneous population of enterocytes. From these enterocytes the apical membrane can be easily
isolated, yielding membrane vesicles in which the transmembrane uptake of Ca2+ can be
studied (Chapters 2 and 3). This makes these cells a more suitable object for the study of
the apical membrane than chloride cells.
Through stanniectomy, stanniocalcin replacement and seawater adaptation the
plasma stanniocalcin titer can be manipulated. In this paper we investigated the effect of
these treatments on Ca2+ transport of intestinal brush border membranes of the tilapia and
European eel.
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Material and Methods
ANIMALS

European Eel
European eel (Anguilla anguilla) were obtained from a commercial fish dealer in The
Netherlands. Fish were kept in 100-1 aquaria, supplied with well aerated Nijmegen city tap
water (0.8 mmol-l"1 Ca, 25°C). Photoperiod was 12 h light : 12 h darkness. The fish were
not fed.
Tilapia
Sexually mature tilapia (Oreochromis mossambicus) of both sexes, weighing 150-200 g,
were kept in 100-1 tanks supplied with running Nijmegen city tap water. Animals were fed
Trouvit® commercial fish food (Trouw, Putten, The Netherlands), 1.5% of the body
weight per day.

MATERIALS

Membrane protein concentration was measured with a commercial Coomassie Brilliant
Blue kit (Bio-Rad, München, Germany) using bovine serum albumin as a standard.
45
CaCl2 was obtained from Amersham International pic (Aylesbury, U.K.). Liquid
scintillation cocktail Scintillator 299™ was from Packard Instrument Co. (Meriden, CT,
U.S.A.). Trizma-7.0* and MS222 (ethylaminobenzoate) were purchased from Sigma
Chemical Co. (St. Louis, MO, U.S.A.). All other chemicals were analytical grade and
obtained from commercial suppliers.

SURGERY

Eels were anaesthetized in bicarbonate buffered MS222 (2 g-l·1, pH 7.8) and stanniectomized (STX) or sham-operated as described by Leloup-Hatey [102]. Muscle and skin were
sutured carefully, and fish were allowed to recover from the anaesthesia in running tap
water. After recovery the eels were transferred to 30% seawater, and allowed to adapt to
100% seawater (final [Ca2+] = 10 mmol-l'1) during a period of 7 days. Artificial seawater
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was prepared by dissolving natural sea salt (Wimex, Krefeld, Germany) to a density of
1.022 g l 1 in tap water.

ISOLATION OF INTESTINAL BRUSH BORDER MEMBRANES

European Eel
Eels were anaesthetized as described above. The intestinal tract was removed, rinsed with
saline and slit open lengthwise. The mucosa was scraped off its underlying muscle layer
using a glass microscope slide; scrapings were disrupted with an ultraturrax. Brush border
membranes were isolated from the homogenate using a magnesium precipitation method
described by Storelli et al. [154]. Because the second precipitation step of this procedure
resulted in a substantial decrease of protein recovery this step was omitted from the
original procedure. The brush border membrane vesicle (BBMV) preparation was enriched
9.6 ± 3.6 times in alkaline phosphatase (Apase). Assay conditions for APase are
described by Flik et al. [47]. The APase enrichment is similar to that obtained by Böge et
al. [16] but 40% lower than reported by Storelli et al. [154] on BBMV from fed eels. The
specific activity of the membrane preparation was 22.7 ± 13.3 /*mol p-nitrophenolh'-mg"1 (mean ± SD, η = 4). The specific APase activity in eel intestinal brush
border membrane vesicles (BBMV) reported here is 15 times lower than in tilapia
intestinal BBMV (Chapter 2) and 4 times lower than in intestinal BBMV isolated from fed
eel [154]. Protein recovery was 0.7 ± 0 . 1 % (mean ± SD, η = 6).
Tilapia
Intestinal brush border membrane vesicles from tilapia intestine were isolated using a
magnesium precipitation method and differential centrifugation, as described in detail
previously (Chapter 2).

VESICULAR C A 2 + TRANSPORT

BBMV were collected in an uptake buffer with 150 mmol-1"1 KCl, 0.8 mmol-l"1 MgCl2 and
1
20 mmoll" HEPES/Tris (pH 7.4). Transport studies were performed employing a rapid
filtration technique. Vesicles were diluted in uptake buffer to which defined concentrations
of CaCl2 and 45CaCl2 were added. The radioactive concentration was 0.7 MBqml'.
Incubations were performed at 37°C, the membrane preparation and assay medium were
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prewarmed before incubation. After a defined period of time, a sample of the incubate
was quenched in an ice-cold buffer containing 150 mmol-1'1 KCl, 20 mmol-1"1 Trizma-7.0®
at pH 7.4, and 10 mmol-1"1 LaCl3. Quenched samples were filtered employing a rapid
filtration technique, using ME25 nitrocellulose filters with a pore size of 0.45 μηι
(Schleicher & Schuell, Dassel, Germany). Filters were dissolved in 4 ml Scintillator
299™. The radioactive content of the filters was determined in a Wallac 1410 liquid
scintillation counter (Wallac Oy, Turku, Finland). Uptake values were corrected for
aspecific tracer association by subtracting a blank value. Blanks were prepared by
incubating BBMV at 0°C, followed by sampling, quenching and filtering as described
above.
A time course study was first performed to determine a time period in which initial
rates for zero trans Ca 2+ uptake in eel BBMV could be measured. Zero trans uptake in
tilapia BBMV is linear up to 5 s (Chapter 3); a time period of 2 s therefore is appropriate
to determine initial uptake rates.

INTRA VESICULAR SPACE

The integrity of the intravesicular space of the eel BBMV preparation was assessed by
measuring mannitol uptake. Membranes were incubated in uptake buffer to which 100
μπιοΐ-ΐ"1 mannitol, 1.7· 105 Bq-ml"1 D-[I4C]mannitol, and 5 or 100 mmol-1"1 CaCl2 were
added. Incubation, quenching and filtering were as described in the previous section.
Uptake data were fitted to a first order rate equation plus an offset using non-linear
regression analysis. Equilibrium mannitol content values were calculated as the sum of the
calculated limit and offset of a single exponential function including a constant offset.

EEL BLOOD PLASMA ANALYSIS

Mixed venous and arterial blood was collected from anaesthetized eels by puncture of the
caudal vessels with a heparinized tuberculin syringe fitted with a 23-G needle. Plasma was
obtained by centrifugation of the blood sample (1 min, 9,000 X g in a Micro Centaur
centrifuge). Total calcium concentrations in triplicate eel blood plasma samples were
measured with a commercial Arsenazo III reagent from Sigma Chemical Co.
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EXPERIMENTAL DESIGN

Table 1. Total plasma calcium concen
trations in sham operated and stanniec
tomized (STX) eels and eels from the
replacement study. Means ± SD are
presented.

Stanniectomy
Ten eels were sham-operated, and 20 eels
were stanniectomized as described above.
Ten eels from the stanniectomized group
[Ca]«.,
л
1
were injected with a homologous extract
(mmol-1 )
from corpuscles of Stannius (replacement
sham
2.21 ± 0 . 1 8
10
group), the remaining 10 stanniectomized
7
STX
4.49 ± 1 . 1 3
eels received the vehicle only (STX
replacement
3.43 ± 0.66
10
group). The extract was made from
lyophilized Stannius corpuscles from eel,
sham vs. STX: Ρ < 0.001;
sham vs. replacement: Ρ < 0.05;
sonified in 0.6% NaCl and spun for 5 min
STX vj. replacement: Ρ > 0.05.
at 13,000 rpm in a Micro Centaur centri
fuge. The supernatant contained 1.4
1
mg·ml protein, and was injected at a dose of 100 μg per eel. This dose is equal to 2 eel
equivalents. Before receiving their first injection blood was sampled from the animals and
checked for hypercalcemia. On the first day of the injection period all animals in the
replacement group were hypercalcémie. Injections started on the eighth day after surgery
and continued for 2 weeks on alternate days. On the day of experimentation blood samples
were taken, the eels were sacrificed and intestinal brush border membranes were isolated.
Intestinal homogenates of two eels were pooled to yield one membrane preparation. Initial
rate of zero trans Ca2+ uptake was measured.
Seawater Adaptation of Tilapia
Tilapia were allowed to acclimate to half-strength seawater for one day. Then they were
transferred to full-strength seawater. Fish were kept in seawater for at least 8 weeks.
Control animals were held in tap water.

CALCULATIONS AND STATISTICS

Transport data were analyzed using a non-linear regression data analysis computer
program [100]. Experimental results were tested with Student's Mest for unpaired data or
Kruskal-Wallis' non-parametric ANOVA followed by Dunn's multiple comparisons test,
where appropriate. Significance was accepted at Ρ < 0.05 (two tailed).
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Figure 1. Time course of zero trans
Ca 2 + uptake in eel intestinal BBMV.
Extravesicular Ca 2 + concentration is
10 mmol 1'. Mean ± SEM from 4
different membrane preparations are
shown. Uptake is described by a
double first order rate equation.

во

e
Ё

0

50

100

150 200 250 300

900

time (s)
Results
STANNIECTOMIZED EELS

Table 1 shows blood total calcium levels of the European eels. In STX eels the total
calcium level was significantly higher compared to the sham-operated fish. Injection of an
extract of Stannius corpuscles did not significantly decrease the total blood calcium
concentration.
Zero trans Ca 2+ uptake in eel BBMV deviated rapidly from linearity (Fig. 1) but
was linear up to 2 s. We therefore measured initial uptake rates in 1 s incubations. Figure
2 shows the uptake of Ca 2+ in eel BBMV measured at Ca 2+ concentrations ranging from 5
to 100 mmoll'. To our surprise uptake was not saturable. Data points were adequately
described by a straight line through the origin.
We then checked for a possible anomaly in the eel intestinal BBMV preparation,
and tested the integrity of the vesicular space. Figure 3 shows vesicular mannitol uptake
measured at two cis Ca 2+ concentrations. Apparently mannitol was present in an
osmotically active space, as judged from the lower equilibrium vesicular mannitol content
in BBMV incubated at 100 mmoll"1 Ca 2+ compared to BBMV incubated at 5 mmol-Г1
Ca 2+ . The first order rate constant, however, was identical for both conditions and is
calculated to be 0.02 min 1 .
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Figure 2. Effect of stanniectomy and
replacement therapy on zero trans
Ca2+ uptake in eel intestinal BBMV
(mean ± SEM, η = S). Ca2+ uptake
is defined as the difference between
uptake at 0 and 37 °C. Uptake
patterns are described by a straight
line through the origin. The slopes of
the regression lines are 1.81 for the
sham operated eels ( · ) , 1.92 for the
stanniectomized eels (O) and 2.21
for the eels from the replacement
group (D). Data points do not differ
significantly between groups (P a
0.2). The heavy solid Ime has a
slope of 2.02 and describes the data
points from the three experimental
groups combined.

[Ca2+] (mmol 1"')
SEA WATER ADAPTED TILAPIA

Figure 4 shows initial zero trans Ca 2+ uptake in BBMV isolated from freshwater and
seawater adapted tilapia. Data points did not differ significantly, and estimations of J^
and Km were similar for both experimental groups. Kinetic parameters were congruent
with the data presented in Chapter 3.

Discussion
This study shows that stanniectomy and stanniocalcin replacement therapy in eel and
seawater adaptation in tilapia have no effect on Ca 2+ uptake in isolated intestinal brush
border membrane vesicles. This indicates that in vivo stanniocalcin does not target on the
calcium entry step in the intestinal brush border, and/or that stanniocalcin does not bring
about a structural change in the apical membrane.
Little is known about the role of cytosolic buffering of calcium by calcium-binding
proteins in fish. Calcium-binding proteins (e.g. calbindin, calmodulin) play an important
role in transcellular Ca 2+ transport in that they increase partitioning of calcium within the
cytosol and thus facilitate diffusion from the apical to the basolateral pole of the cell.
Indeed, it has been shown that the rate of intracellular diffusion of calcium depends on the
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Figure 3. Time course of zero trans
mannitol uptake in eel intestinal
BBMV (mean ± SEM, η = S). The
extravehicular mannitol concentration
was 100 μηκ>1Ί'. Uptake was
measured at 5 ( · ) and 100 (O)
mmol-Г' Ca2+, respectively. Curves
are described by a single exponential
function plus offset. The inset shows
a /η-transformation of the data.
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dissociation constant for calcium and calbindin, and that the diffusion rate can be
considered as the rate-limiting step in transcellular Ca 2+ transport in rat intestinal
epithelial cells [22,152]. It has also been proposed that calmodulin and a calmodulinbinding protein mediate Ca 2+ transport across the intestinal brush border membrane in
cockerels [13,15]. Research on calcium-binding proteins in the fish intestine seems
warranted.
To our surprise temperature dependent Ca 2+ uptake in eel BBMV did not saturate
at calcium concentrations up to 100 mmoll"1. Remarkably, Ca 2+ uptake by these vesicles
measured at 0 e C and 37°C displayed saturable kinetics (results not shown). Magnesium
precipitation and differential centrifugation yield functionally intact eel BBMV which have
been shown to take up glucose, amino acids and ascorbic acid into an osmotically active
space [106,107,154,155]. We measured mannitol uptake in eel BBMV, and observed a
decrease in equilibrium mannitol content with increasing extravesicular osmolality. We
suggest that eel intestinal brush border membranes have a considerable calcium-binding
capacity. Whether Ca 2+ binds to the intravesicular side of the BBMV (i.e. after transmem
brane transport) or to binding sites on the exterior remains unclear.
Experimental results from Japanese eel, trout and cod [32,67,71,160,165] indicate
the intestine as a target of stanniocalcin. The mode of action of a calcitropic hormone on a
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Figure 4. Zero trans Ca2+ uptake in
intestinal brush border membrane
vesicles from freshwater ( # ) and
seawater (O) adapted tilapia. Ca 2 +
uptake is defined as the difference
between uptake at 0 and 37°C.
Means ± SEM are shown, л = 5 to
8. Data points were fitted to a
Michaelis-Menten equation. Kinetic
parameters are: J^J, = 62.9 nmol-2
s-'mg', K^ = 28.9 mmoll"1 Ca2*
for freshwater fish (solid line); 7 ^ ,
= 50.1 nmol-2 s ' m g 1 , K„ = 20.6
mmol-I'1 Ca 2 + for seawater fish
(dashed line).
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calcium transporting cell such as the enterocyte is most likely via the rate-limiting step in
Ca2+ transport across the epithelium. Because we did not find effects of the hormone on
the apical membrane transport mechanism other steps in transepithelial Ca2+ transport are
likely to be the effector of the hypocalcémie hormonal action. The Na+/Ca2+ exchanger in
the basolateral membrane region could be a good candidate: it is the dominant Ca2+
extruding mechanism in the enterocyte. Moreover, the Ca2+ affinity of the exchanger
suggests that its activity is modulated by ambient, i.e. cytosolic, substrate concentrations.
In seawater adapted tilapia a 71% decrease in net transepithelial Ca2+ uptake has been
observed in comparison with freshwater animals [142]. The reduction in Ca2+ uptake was
correlated with a 57% decrease in Na+/Ca2+ exchanger activity (V^J in intestinal basolateral membranes. Since the decrease in VmMX of the exchanger was observed in a preparation of isolated membranes [142], apparently the density of exchanger molecules per unit
area of the basolateral membrane was reduced in seawater adapted fish.
Although there are sound arguments in favour of the Na+/Ca2+ exchanger as
effector for stanniocalcin, as discussed above, one question remains with respect to the
functioning of such a control mechanism. It is not easy to conceive how a calcium
transporting cell can modulate its calcium output without a change in calcium input, i.e.
Ca2+ entry across the apical membrane.
If the basolateral nor the apical transport mechanisms are likely candidates for
action of stanniocalcin, what then could be the mechanism of action of this hormone on

Stanniectomy, Seawater Adaptation and Ca2+ Transport

91

the intestine? In the previous chapter we presented indications for a paramount paracellular calcium uptake route in the intact O. niloticus intestine. Generally, tight junctions
are ion selective [10,139]. Bakker and Groot [9,10] have shown that the tight junction CI"
conductance in O. mossambicus intestinal epithelium is controlled by cAMP. Verbost et
al. [172] demonstrated decreased cAMP levels in isolated gill cells incubated with
stanniocalcin. It is tempting to suggest that stanniocalcin affects the paracellular Ca2+
permeability, rather than cellular transport mechanisms in the enterocyte, through a cAMP
dependent pathway.
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Summary and General D\ecuee\on

The main results from the research presented in this thesis can be summarized as follows:
- Evidence was presented for the existence of a low affinity Ca 2+ transporting carrier in
the intestinal brush border membrane of the tilapia (Chapters 2 and 3). The apparent
affinity (KJ) of the transporter is 25 mmol Γ1, which suggests that the transport activity
is modulated by luminal substrate levels.
- We conclude that a purinergic P 2 receptor is present in the brush border membrane of
the enterocyte. Calcium uptake by isolated brush border membrane vesicles was
enhanced by extravesicular ATP (Chapter 4). The stimulation could not be attributed to
a hydrolase activity in the brush border membrane. In Chapter 5 we established an
agonist potency rank order for the stimulation of Ca 2+ uptake: ATP > ADP > AMP.
Adenosine was without effect on BBMV Ca 2+ transport; suramin antagonized the
stimulatory effect of ATP, in line with pharmacological characteristics of a P 2 receptor.
2+

- A paracellular Ca transport route besides the transcellular pathway plays an important
role in transmural Ca 2+ movements in the intestine. Transmural Ca 2+ fluxes were found
to correlate negatively with the transmural electrical resistance of a preparation of intact
intestine (Chapter 6). In an Ussing chamber set-up ATP added to the mucosa had no
2+
effect on unidirectional transmural Ca fluxes in intact intestine of Oreochromis
niloticus, a species closely related to the tilapia. We suggest that the purinergic receptor
2+
2+
is involved in Ca homeostasis of the enterocyte proper. Contrastingly, net Ca flux
in an opercular epithelium preparation of O. niloticus did not correlate with the
transmural electrical resistance of the tissue.
- We cannot provide evidence for the hypothesis that the apical membrane of the
2+
enterocyte is a target for stanniocalcin (Chapter 7). Ca uptake in BBMV prepared
intestinal epithelium of stanniectomized European eels, and from seawater tilapia was
not different from that seen in the respective control fish. The interesting possibility
+
2+
presents itself that stanniocalcin acts at the level of the Na /Ca -exchanger or the tight
junction.
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Ca2+ Transport across the Apical Membrane
Calcium dependent Ca2+ uptake in intestinal brush border membrane preparations from
tilapia was best described by a curvilinear relation, and similar reports have been
published for BBMV from chicken, rat, hamster, and human origin [56,58,70,81,111,127,
137,138,177]. It was suggested that, in addition to a saturable Ca2+ transporting component with a high affinity and low capacity, a non-mediated or diffusional pathway
contributes significantly to the total transmembrane Ca2+ movement (see review by
Robertson [130]). Diffusion is often proposed as a mechanism for Ca2+ entry, in particular
because of the inwardly directed electrochemical Ca2+ gradient across the apical membrane of calcium transporting cells. However, we argue that prerequisites for diffusion as
a physiological transmembrane transport mechanism are not compatible with the in-vivo
situation, nor with our biochemical analyses.
Diffusion as a mechanism of apical Ca2+ entry is unlikely from the point of view
of control of such a process. Intestinal luminal Ca2+ concentrations are estimated to be 104
to 105 times higher than the intracellular Ca2+ concentrations, and the apical membrane
faces a large and inwardly directed Ca2+ gradient. A strict control of the Ca2+ permeability of the apical membrane is thus of vital importance of the cell. Diffusional or nonmediated permeability is a physical property of the lipids constituting the bilayer, and the
permeability of the diffusional pathway is then mainly modulated through regulation of the
lipid composition of the brush border membrane. Liponomic actions of the hypercalcémie
steroid vitamin D3 have been reported for chicken intestinal brush border membranes [14,
113,127,128], but it is difficult to conceive how a calcitropic glycopeptide hormone can
change the physical characteristics of a lipid bilayer. The high Ca2+ permeability of the
apical membrane, which is substantial compared to non-electrolytes, is most plausibly
explained by a specific transporter, and by far larger than the calcium permeability of
artificial lipid bilayers.
Given the low Ca2+ permeability of lipid bilayers, how then has diffusion been
postulated as the most likely mechanism of Ca2+ entry in mammalian enterocytes? In
Chapter 3 we hypothesized that an incomplete kinetic analysis, based on Ca2+ uptake
measurements at substrate concentrations lower than may be expected in the extracellular
fluid surrounding the cells (and thus lower than the presumed Km values), accounts for the
curvilinear patterns observed. In samples from the tilapia intestinal luminal contents
calcium concentrations vary from 2 to 27 mmol-1'1 (Chapter 3). When we determined Ca2+
uptake in BBMV from tilapia at these high, millimolar substrate concentrations a saturable
uptake process could be demonstrated, adequately described by a single Michaelis-Menten
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Figure 1. Model for transepithelial Ca2* transport in the intestine of freshwater tilapia. Calcium enters the
cell through a carrier mechanism with low affinity for calcium. Extracellular ATP stimulates transmembrane
Ca2 ' uptake. Experimental data point to the involvement of a P2 purinergic receptor. Mitochondria in the
apical plasma domain could be responsible for the presence of ATP in the intestinal lumen and the supply of
ligands for the P2 receptor. A second Ca2+ uptake route is through the paracellular pathway. It is suggested
that the hypocalcémie hormone stanniocalcin controls the calcium permeability of the tight junctions through
a cAMP dependent mechanism.
Solid arrowheads indicate calcium movements, -» and -I indicate stimulatory and inhibitory
regulation mechanisms respectively.

equation. However, we have no explanation for the linear Ca2+ uptake pattern displayed
by intestinal BBMV from European eel (see Chapter 7).

Transepithelial Ca2+ Transport
TRANSCELLULAR C A 2 +

TRANSTORT

The working model of transcellular Ca2+ transport in the enterocyte can now be extended
with a Ca2+ carrier located in the apical membrane (Fig. 1), and the question arises where
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the key regulation occurs in transcellular Ca2+ transport. The low affinity of the carrier is
appropriate for a functional transporter operating in an environment with high Ca2+
concentrations, but our experiments (described in Chapter 7) so far exclude a control of
this apical mechanism of Ca2+ entry by stanniocalcin. We therefore have to consider
alternative Ca2+ transporting mechanisms.
A powerful Na+/Ca2+ exchange is the main calcium extrusion mechanism in the
tilapia enterocyte [46,140]. Schoenmakers et al. [140] have shown that the activity of the
Na+/Ca2+ exchanger is controlled by the electrochemical gradients for Na+ and Ca2+
across the basolateral membrane, and calculated a reversal potential of -44 mV. In
freshwater adapted tilapia Bakker and Groot [8] measured an apical membrane potential of
-68 mV. Assuming that the basolateral membrane potential is close to the apical membrane potential, this means that in the resting cell the Na+/Ca2+ exchanger is operating in
a Ca2+ extrusion mode. A rise in cytosolic Ca2+ would decrease the value for the reversal
potential and, consequently, increase the rate of Ca2+ extrusion. One may assume that the
activity of the exchanger is proportionally related to intracellular Ca2+. Modulation of the
influx of Ca2+ across the apical membrane could thus modulate the activity of the
basolateral Na+/Ca2+ exchanger.
After entry into the enterocyte, Ca2+ ions will bind to binding proteins, and the
time needed for movement of the free or bound ions from the apical to the basolateral
region of the cell may limit the rate of extrusion and, hence, transcellular transport. In
general, intracellular diffusion coefficients for Ca2+, D ^ , are estimated to be 1.4· 107 [96]
to ± 6-10"* cm 2 -s' [26,83,135], which is 10 to 50 times lower than the values for
diffusion in water. Bronner et al. [22] compared kinetics of Ca2+ transport in an everted
gut sac preparation from rat with transport properties of the enterocyte. They concluded
that intracellular calcium movement is most likely the rate limiting step in transcellular
Ca2+ transport, despite their assumption of a rather high value for D%¡ of 2.1· 10"5 cm 2 s'.
Calcium binding proteins are important in the buffering and partitioning of intracellular
Ca2+ and the augmentation of intracellular calcium flow. In rat intestine calbindin is
considered to govern the rate of transcellular calcium movement [152]. Regrettably, we
have no information as to the amount of calcium binding proteins in fish intestinal cells.
Calcium binding proteins have been shown to be very important in mammalian intestinal
Ca2+ transport. Studies on these binding proteins as an effector in transcellular Ca2+
transport in fish are warranted.
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PARACELLULAR CA 2 + TRANSPORT

Considering the total calcium concentrations in the intestinal lumen, it seems plausible to
state that the transmural chemical Ca2+ gradient is large enough to overcome the opposing
transmural electrical potential. The paracellular route would then be energetically
favourable over the transcellular route, the latter containing primary (ATPase) and
secondary (exchanger) active extrusion mechanisms. The tight junctional complex is ionselective, and in tilapia the chloride conductance of the tight junctions is modulated by
cAMP [9,10,139]. Moreover, Verbost et al. [172] demonstrated a decrease in intracellular
cAMP levels in isolated gill cells when incubated with stanniocalcin. An interesting
hypothesis is that the junctional complex of the enterocyte is a target for stanniocalcin
action through a cAMP mediated pathway.

COMPARTMENTS IN TRANSEPITHELIAL CA 2 + TRANSPORT

We have shown that Ca2+ flux in intact O. niloticus intestine correlates with the
transmural electrical resistance of the preparation. Moreover, the presence of an extra
series resistance in the intact, unstripped epithelium (viz. the submucosal layers) did not
seem to hamper calcium movements when compared to flux measurements in stripped
intestine from O. mossambicus. Extrapolation of our in-vitro flux values to an in-vivo
situation implies that a significant amount of Ca2+ is transported transmurally across
mucosal, submucosal and serosal tissue layers of the intestine, i.e. Ca2+ is transported into
the peritoneal cavity of the fish. This is rather surprising, and a reappraisal of the
compartment to which calcium is transported in our model of transcellular Ca2+ transport
seems appropriate.
The intestinal lumen, and the intracellular environment of the enterocyte can be
considered as the first and second compartment in transepithelial Ca2+ transport. After
extrusion of Ca2+ across the basolateral membrane of the enterocyte or passage through
the tight junctional complex, the third compartment for translocated Ca2+ is the lamina
propria. The lamina propria is supplied with blood vessels, and the blood plasma is a
likely candidate for a sink and the fourth compartment for translocated calcium. In
stripped intestine, the lamina propria is still intact, and studies on stripped epithelium then
pertain to the transport of Ca2+ from lumen to lamina propria, not lumen to plasma. An
in-vitro technique for the perfusion of the intestinal lumen and vasculature of Atlantic cod
(Gadus morhua), as developed by Sundell and Bjömsson [158], approaches the in-vivo
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condition of the intestine and is more suitable to determine lumen to plasma fluxes. When
the intestinal lumen was perfused with a 45Ca containing saline, radiotracer appeared in the
vascular perfusate. The efflux was a function of the luminal calcium concentration.
However, when the vascular bed was perfused with 45Ca, radiotracer appeared in the
luminal perfusate, also as a function of the cis Ca2+ concentration. It is important to
mention that the efflux, J„¿, was corrected for mechanical leakage of 45Ca, e.g. through
damaged capillaries, using [3H]inulin as a tracer in the vascular perfusate. The plasma to
lumen Ca2+ flux thus constitutes a calcium translocation across the endothelium, lamina
propria and, most likely, the junctional complex. From the data of Sundell and Björnsson
[158] it appears that at total Ca concentrations in lumen and plasma of 14.9 and 2.9
mmoll' 1 respectively, J^ in Atlantic cod is half Jm. At lower luminal calcium levels JM
may exceed Jm.
The lamina propria and subepithelial layers in fish intestine seem freely permeable
to calcium, and the submucosal vasculature is easily bypassed by Ca2+. It is tempting to
suggest that the peritoneal cavity is a fifth compartment in transmural Ca2+ transport. The
true calcium sink would then be some vasculature in the peritoneal cavity or peritoneum
for which we have no evidence yet. But a peritoneal nutrient sink is the implicit rationale
behind e.g. intraperitoneal Ca2+ injections which lead to hypercalcemia and stanniocalcin
release in European eel [63]. A revised of the working model of transepithelial Ca2+
transport, in which calcium compartments are clearly distinguished, could reveal more
potential targets for a calcitropic action of stanniocalcin.
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Sa men vattìnq
{Summary in Dutch)

Wie aan calcium (ook wel kalk genoemd, hoewel dat wetenschappelijk niet helemaal
correct is) denkt, denkt direct aan de botten in ons skelet. Dat is een goede associatie. Ons
lichaam bevat 1,2 tot 1,4 kilogram calcium, waarvan 99% in het gebeente is terug te
vinden. In de voedingsleer wordt calcium dan ook beschouwd als een belangrijke bouwstof
van ons lichaam. Veel biologen echter, en vooral de dierfysiologen onder hen, zijn
uitermate geïnteresseerd in die ene procent van het calcium dat niet in het skelet is
ingebouwd. Dit zogenaamde vrije calcium bevindt zich in het bloed en de lymfe, en in het
celplasma van onze lichaamscellen. De calciumconcentratie in ons bloed is ongeveer 100
milligram per liter (een milligram is één duizendste gram). In het celplasma van onze
cellen is de calciumconcentratie liefst 25.000 keer lager: ongeveer 4 microgram per liter
(een microgram is één miljoenste gram). Men zou bijna verwachten dat die minieme
hoeveelheden vrij calcium er niet toe doen in ons lichaam. Dat nu is echter een fout idee.
De uiterst lage concentraties calcium in het bloed en celplasma spelen een onmisbare rol
bij bijvoorbeeld de samentrekking van spieren en de, bloedstolling. Veel hormonen,
bepaalde enzymen en spier-zenuwverbindingen functioneren niet in afwezigheid van
calcium. Deze belangrijke functies maken dat in de dierfysiologie calcium en de calciumhuishouding belangrijke studie-onderwerpen zijn.
Voor landbewoners is het voedsel de enige bron van calcium. In onze voeding zijn
melk, kaas en koolsoorten de belangrijkste calciumleveranciers. In Mexico kunnen maïspannekoeken (tortilla's), waarvan de maïs voor het bakken in kalkwater wordt geweekt,
aan dit rijtje worden toegevoegd. Roofdieren eten geen kaas en tortilla's, maar nuttigen
botten, schedels, schalen en schelpen van hun prooidieren. Planten zijn uiteraard de
belangrijkste calciumbron voor herbivoren. Voor sommige planteneters komt daar de
aarde bij die en passant tijdens het grazen naar binnen wordt gewerkt. Via de darmen
wordt het calcium in het lichaam opgenomen. Het skelet vormt daarnaast een belangrijke
calciumreserve. Door een precieze afstemming van calciumopname uit het voedsel,
inbouw en vrijmaken van calcium in en uit het skelet kunnen dieren de calciumconcentratie in bloed en celplasma nauwkeurig reguleren. Toch is voor de meeste landdieren
calciumgebrek geen onbekend verschijnsel. Dit kan zich bij de mens uiten in onder andere
botvergroeiingen (bijvoorbeeld Engelse ziekte).
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Voor vissen is de situatie geheel anders. Zoet water bevat 4 tot 40 milligram calcium per
liter, de calciumconcentratie van zeewater is 10 keer hoger. Vissen zwemmen dus
letterlijk in calcium, en hebben eigenlijk nooit te maken met een calciumgebrek. Het
skelet is dan ook minder belangrijk als calciumreserve dan in landdieren. Omdat de
kieuwen continu worden omspoeld met water ligt het voor de hand te veronderstellen dat
dit orgaan, dat de gaswisseling verzorgt, ook calcium uit het water opneemt. Dat blijkt
inderdaad het geval. De kieuwen bevatten gespecialiseerde cellen, de chloridecellen, die
zijn uitgerust voor het transport van calcium uit het water naar het bloed. Het aanbod van
calcium in het water lijkt meer dan voldoende voor een goede gezondheid van de vis.
Toch blijven vissen ook gebruik maken van hun voedsel als calciumbron. Dat blijkt
bijvoorbeeld als experimenteel een calciumvrij voer wordt gegeven. De vissen groeien dan
slecht en worden ziek. De opname van calcium door de darmcellen is blijkbaar een
belangrijke aanvulling in de totale calciumbehoefte.
Het calciumtransport door de chloridecellen en darmcellen geschiedt transcellulair (letterlijk: door de cel heen) en bestaat uit drie stappen (zie ook Figuur 1):
1) entree in de cel van calcium uit het water of het verteerde voedsel;
2) opslag van calcium in mitochondria en aan calciumbindende eiwitten in het celplasma;
3) uitstoot of extrusie van calcium vanuit de cel in het bloed.
In de afgelopen tien jaar heeft onze vakgroep uitvoerig onderzoek verricht aan het model
van transcellulair calciumtransport in kieuwen en darm van de Afrikaanse natalbaars (ook
tilapia of Oreochromis mossambicus genoemd). In de basolaterale membraan van chloridecellen en darmcellen is een Ca2+-ATPase of calciumpomp ontdekt, verantwoordelijk voor
het naar buiten pompen (extrusie) van calcium. Een ander extrusiemechanisme wordt
gevormd door een natrium-calcium wisselaar (Na+/Ca2+ exchanger) die natrium van
buiten de cel uitwisselt tegen intracellulair calcium.
Zo goed onderzocht als de extrusieprocessen in de basolaterale membraan zijn, zo
weinig is er bekend over de manier waarop calcium door de apicale membraan de cel
binnenkomt. Verschillende onderzoekers hebben bovendien gesuggereerd dat deze entreestap het aangrijppunt is voor hormonen die de calciumhuishouding reguleren. Dit nu
vormde de aanleiding voor het onderzoek dat in dit proefschrift is beschreven.
Voor het onderzoek diende de apicale membraan uit darmcellen geïsoleerd te worden.
Door cellen te fractioneren, de apicale membranen met magnesium aan elkaar te plakken
en verschillende malen te centrifugeren werd een preparaat van gezuiverde apicale
membranen gemaakt. De losse membranen vormden spontaan submicroscopisch kleine

Aantekeningen

111

apicale membraan

•tight Junction

baso laterale
membraan

Figuur 1. Schematische weergave van een darmcel (in lengtedoorsnede) en calciumtransport in de
vissedarm. Het model geldt ook voor de chloridecel in de vissekieuw. De apicale membraan of brush border
membrane is duidelijk herkenbaar. Stappen 1, 2 en 3 stellen het transcellulaire calciumtransport voor. De
calciumbindende eiwitten en de mitochondria bevinden zich in het celplasma. De tight junctions omgeven als
een kraag de hele cel. Ze zijn te beschouwen als een "lasnaad" die sterke aanhechtingen vormt met naburige
cellen waardoor een barriere tussen de darminhoud en het weefselvocht ontstaat. De paracellulaire route (4)
gaat via deze tight junctions.

blaasjes, waarin de oorspronkelijke inhoud van de darmcel goeddeels is verdwenen. Door
gebruik te maken van radioactief calcium kon nu het transport van calcium door de apicale
membraan bestudeerd worden.
In de hoofdstukken 2 en 3 van dit proefschrift staan experimentele resultaten beschreven
die aannemelijk maken dat het transport van calcium over de apicale membraan via een
eiwit verloopt. De affiniteit, of de mate waarin dit eiwit calcium bindt, is veel lager dan
die van de calciumpompen in de basolateral membraan van de darmcel. Dit stemt overeen
met een functioneel transporteiwit dat werkzaam is in een omgeving met hoge calciumconcentraties, zoals de vissedarm. Regelmatig is in de fysiologische literatuur gesuggereerd
dat het transport van calcium door de apicale membraan niet via een eiwit gaat, maar
simpelweg via diffusie. In dit proefschrift worden berekeningen en argumenten aangevoerd
die deze verklaring onwaarschijnlijk maken.
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Na de gedeeltelijke karakterisering van het calcium transport door de apicale
membraan werd begonnen met de bestudering van de regulatie van dit mechanisme.
Resultaten uit eerder onderzoek wezen immers in de richting van de apicale membraan als
de bepalende factor in het transcellulair calciumtransport. Een grote verrassing was het
stimulerende effect van ATP (afkorting van het Engelse udenosine/riphosphate of adenosinetrifosfaat) op het calciumtransport in membraanblaasjes. Dit effect was in eerste
instantie op meer dan één manier te verklaren. Hoofdstukken 4 en 5 beschrijven experimenten die zijn uitgevoerd om verschillende verklaringen te elimineren. Aandacht ging
ook uit naar een mogelijk artefact (bijwerking) van ATP in onze experimenten. Het
artefact kon gelukkig worden uitgesloten, en resultaten wezen verder uit dat (om kort te
gaan) een ATP-splitsend enzym, een calciumpomp en een ATP-afhankelijk eiwitkinase het
stimulerende effect van ATP niet konden verklaren. Niet alleen ATP, maar ook aan ATP
verwante stoffen bleken in staat het transport van calcium door de apicale membraan te
stimuleren. Dit wees op de aanwezigheid van een zogenaamde purinerge P2 receptor in de
membraan. Dit vermoeden werd nog bevestigd door resultaten van experimenten waarin
suramine werd gebruikt. Suramine is een complexe chemische stof die de P2 receptor
blokkeert. Na blokkering van de receptor bleek ATP niet meer in staat het calciumtransport te stimuleren. De conclusie dat het stimulerende effect van ATP is gemedieerd
via een purinerge P2 receptor is dus gerechtvaardigd.
Tot nu toe is gewerkt met een preparaat van membraanblaasjes geïsoleerd uit darmcellen.
De vraag drong zich op in hoeverre ATP in staat is het calciumtransport in de intacte
darm te stimuleren. Deze vraagstelling is onderzocht in het laboratorium van dr Bill
Marshall (St. Francis Xavier University, Canada), waar gebruik is gemaakt van zogenaamde Ussingkamers. Een klein stukje uit een intacte darm werd tussen twee kleine, met
vloeistof gevulde kamertjes gemonteerd. In één kamertje werd radioactief calcium toegevoegd waarna werd gemeten hoeveel calcium in het andere kamertje verscheen. Omdat
ATP het transport van calcium in geïsoleerde membranen stimuleert, verwachtten we dat
in intacte darm ATP hetzelfde effect zou hebben. Deze voorspelling kwam echter niet uit;
ATP en zelfs suramine hadden geen effect op calciumtransport in de intacte darm. Dit zou
betekenen dat ATP niet betrokken is in het irarucellulaire transport van calcium, maar dat
het een rol speelt in de calciumhuishouding van de darmcel zelf. De Ussingkamers stelden
ons tevens in staat elektrische eigenschappen (zoals weerstand) van de darm te meten. Uit
een combinatie van deze metingen met de gegevens van het calciumtransport concluderen
we dat er naast een transcellulair transport van calcium ook sprake is van een paracellulair (letterlijk: langs de cel) transport in de vissedarm (zie Figuur 1). We opperen dat deze
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paracellulaire route een goede kandidaat is voor de regulatie door hormonen van de opname van calcium in de darm.
Een belangrijk hormoon dat de calciumhuishouding in vissen reguleert is stanniocalcine.
Het hormoon wordt geproduceerd in de lichaampjes van Stannius, een kleine klier die
dicht bij de nier ligt. Stanniocalcine is een hypocalcemisch hormoon; het remt de opname
van calcium door darm en kieuw wanneer de vis te maken krijgt met verhoogde calciumconcentraties in het water. Door een vis in zeewater (met een hoge calciumconcentratie!)
te laten zwemmen zullen de lichaampjes van Stannius meer stanniocalcine aanmaken en
zal de hoeveelheid hormoon in het bloed stijgen. Een rigoureuze manier om de stanniocalcineconcentratie in het bloed te verlagen is de operatieve verwijdering van de lichaampjes
van Stannius. Beide behandelingen (zeewaterblootstelling en chirurgie) zijn toegepast om
het mogelijk effect van stanniocalcine op calciumtransport door de apicale membraan na te
gaan. Geen van de behandelingen had echter effect op het transport van calcium in de
membraanblaasjes. Blijkbaar staat het transportmechanisme in de apicale membraan niet
onder controle van stanniocalcine. In de vorige alinea werd al gesuggereerd dat de
paracellulaire route door een hormoon als stanniocalcine kan worden gereguleerd. De
paracellulaire route bestaat echter alleen in intact darmweefsel, en kan niet worden
bestudeerd in geïsoleerde membraanblaasjes. Bestudering van calciumtransport in intact
darmweefsel, bijvoorbeeld in Ussingkamers, kan naar ons idee interessante en verassende
resultaten opleveren.
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Hawoord
(Epilogue)

"That's it," he said, leaning back and closing his eyes.
"A Masterpiece."
"Well, better than average, maybe."
(Benjamin Hoff. The Tao of Pooh.)
Zonder ze medeplichtig te maken aan fouten en vergissingen in dit boekje wil ik een
aantal mensen danken voor hun samenwerking en bijdragen aan dit proefschrift.
Gert Flik en Sjoerd Wendelaar Bonga vormden een solide wetenschappelijke
ondersteuning en gaven mede richting aan dit onderzoek.
Medewerkers en (oud)collega's van de vakgroep Experimentele Dierkunde voor
hun wisselende rollen als praatpaal, klankbord of bierkaai: Pieter Verbosi, Rob Lock,
Theo Schoenmakers, Anne Lamers, Marcel Bijvelds, Rob Hanssen, Ferd Oyen, Tom
Spanings, Liesbeth Jansen, Angélique van der Heijden, Declan Nolan, Li Jie, Diet
Gröneveld, Ron Engels.
Maarten de Jong en René Bindeis (vakgroep Fysiologie, Faculteit der Geneeskunde) waren bijzonder coöperatief door het uitlenen van het stopped flow apparaat en
exotische stofjes als o-dianisidine en SK&F 96365.
Many thanks to Sharon Bryson, Bill Marshall and all members of the Dept. of
Biology at St. Francis Xavier University (Antigonish, Canada) for their kind hospitality
which made my stay in Canada such a pleasant experience.
In de laatste plaats, en dus volgens een goede wetenschappelijke gewoonte de
plaats van de senior authors, wil ik het thuisfront bedanken. Aukje voor haar plaatsvervangende zorgen, en de opvatting dat elke promovendus op zaterdagavond tien uur
achter zijn pc vandaan moet worden gesleept voor een dubbele La Trappe in de stamkroeg
(wat soms tot lucide inzichten leidde). Mijn moeder stond aan het begin van alles. Zij
hield het hoofd boven water, en niet alleen in de jungle van Rijksstudietoelagen, Wet
Studiefinanciering en ouderlijke bijdragen. Ik ben trots op haar.
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Curriculum vìtae

De schrijver van dit proefschrift werd op 30 mei 1961 in 's-Hertogenbosch als de jongste
helft van een tweeling geboren. Onder de hoede van zijn ouders, Joke Verschuren en
Henk Klaren, groeide hij met één zus en drie broers op in het vestingstadje Heusden. De
basis van zijn scholing werd gelegd op de Katholieke Jongensschool Sint Jozef te
Heusden, waar zijn vader schoolhoofd was. Als tienjarig jongetje had hij zijn beroepskeuze al bijna rond: ontdekkingsreiziger, boswachter of bioloog zou hij worden. Jammer
genoeg waren in de zeventiger jaren ontdekkingsreizigers reeds overbodig. In 1979, na
zijn middelbare schoolopleiding, koos hij daarom voor de studie biologie en startte hij met
de Nieuwe Lerarenopleiding aan het Mollerinstituut te Tilburg. In 1985 behaalde hij daar
de tweedegraads lesbevoegdheid voor het hoofdvak Biologie. Toen al werd voorspeld dat,
als gevolg van milieuverontreiniging, een groot deel van de Nederlandse bossen het jaar
2000 niet zou halen. Omdat zijn enthousiasme voor de biologie ondertussen alleen maar
groter was geworden (en de perspectieven voor het boswachtersvak weinig rooskleurig
leken) liet hij zich in 1985 aan de Katholieke Universiteit Nijmegen voor de studie
Biologie inschrijven. Het doctoraal examen "oude stijl" omvatte de hoofdvakken Aquaüsche Oecologie (onder supervisie van dr ir H. Smit, DBW/Riza te Dordrecht, en prof.dr
C. den Hartog) en Dierfysiologie (dr F.G.F. Oyen en prof.dr S.E. Wendelaar Bonga) en
het bijvak Toxicologie (dr Th.J.M. Schoenmakers, dr R.A.C. Lock en dr J. Copius-Peereboom) en werd in 1989 met succes afgelegd. In 1991 legde hij het examen Deskundigheid
Stralingshygiëne niveau 3 met goed gevolg af. In 1992 volgde hij, eveneens met goed
gevolg, de cursus Proefdierkunde voor Onderzoekers (als bedoeld in artikel 2, tweede lid,
van het Dierproevenbesluit).
Van 1990 tot 1994 is hij als junior-onderzoeker, en later als assistent in opleiding
verbonden geweest aan de vakgroep Experimentele Dierkunde van de Katholieke Universiteit Nijmegen. In die periode is het in dit proefschrift beschreven onderzoek verricht.
Tevens is een bijdrage geleverd aan het biologie-onderwijs. In 1994 werd een werkbezoek
gebracht aan het laboratorium van prof.dr W.S. Marshall, Dept. of Biology, St. Francis
Xavier University, Antigonish, Canada.
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STELLINGEN

1. Transportprocessen dienen bij fysiologisch relevante substraatconcentraties
bestudeerd te worden.
2. Uitspraken over snelheidsbeperkende stappen in een model met meerdere
transporters dienen niet alleen gebaseerd te zijn op affiniteiten, maar ook op
capaciteiten van transporters.
3. Omdat de door Titus et al. gebruikte experimentele diëten niet isocalorisch
van samenstelling zijn, is de energiedichtheid van het dieet een extra variabele
en zijn hun resultaten niet eenduidig te interpreteren.
TITUS, E., KARASOV, W.H.,

Am.J.Physiol.

AHEARN, G.A.

1991.

2 6 1 : R1568-R1574

4. De conclusie van Richter dat fosfolipiden in kunstmatige PDMS-membranen
als een carrier fungeren is gebaseerd op een foutief criterium ter
onderscheiding van kanalen en carriers.
RICHTER, H. 1992. Pharmazie 4 7 : 947-948.
5. De premissen bij Students f-test, te weten de onafhankelijkheid van
steekproeven, gelijke standaardafwijkingen van de populaties waaruit de
steekproeven afkomstig zijn en een normale verdeling van populatiewaarden,
worden door veel onderzoekers niet getoetst.
6. William Gösset - werkzaam bij de Guinness brouwerij in Dublin - realiseerde
zich klaarblijkelijk goed dat zijn pseudoniem "Student" voorwaardelijk was om
als statisticus serieus genomen worden.
7. Wanneer een Nederlandse bioloog wordt voorgesteld aan een Britse chemica
met de woorden: "She's specialized in the chemistry of dyeing", zal het hem
niet direct duidelijk zijn dat zij dan bijzonder goed thuis is in de chemie van
pigmenten en kleurstoffen.
8. Hoewel auto's in een parkeergarage stilstaan, is het bouwen van parkeergarages moeilijk te beschouwen als een maatregel die de automobiliteit
tegengaat.
9. Particulier autobezit is geen vanzelfsprekendheid meer.
10. Uitsterven is een wel erg hevige manier van sterven.
1 1 . π seconden is een nano-eeuw.

*
Koos van Zomeren

12. Een kameel is een dromedaris met een bult.
13. Er zijn geen argumenten die de aanleg van een weg door het natuurgebied De
Gement rechtvaardigen.
14. In een democratie die is gedefinieerd als een staatsstelsel waarin het volk het
recht en de mogelijkheid heeft zijn regeerders te kiezen en te ontslaan, is een
correctief referendum een uitstekende constructie om slechte regeerders
legaal, dat wil zeggen zonder staatsgreep of geweld, te ontslaan.

Peter Klaren

27 maart 1995

