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"There's not a mechanic or scientist or technician alive who hasn 't sufferedfromthat one so
much that he's not instinctively on guard. That's the main reason why so much scientific and
mechanical information sounds so dull and so cautious. If you get careless or go romanticizing
scientific information, giving it aflourishhere and there. Nature will soon make a complete fool
out of you. It does it often enough anyway even when you don't give it opportunities. "

Robert M. Pirsig in Zen and the Art of Motorcycle Maintenance
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1
General introduction
In vertebrates, magnesium is found in mineralised form in the bony tissues, and as
ionised (Mg2+), complexed, or protein bound forms m all tissues Only a low percentage of the
body Mg pool is found in the extracellular fluid In the cell, Mg is one of the most abundant
cations, it is stored in intracellular compartments or bound to proteins and phosphate groups
of adenosine nucleotides The ionic Mg level in the cytoplasm is kept relatively low, ι e in the
submillimolar range, typically representing less than 10% of the total Mg content of the cell
Because intracellular free Mg2+ is carefully buffered, changes in the cytoplasmic free
Mg2+ level occur only slowly and are moderate (Grubbs and Maguire, 1987, Romani and
Scarpa, 1992) This apparently tight control of intracellular Mg2+ was interpreted by Grubbs
and Maguire (1987) as evidence for a modulatory role of intracellular Mg2+ Indeed, the level
of free, ionic Mg2+ is one of the most important determinants of cellular function through its
control over catalytic reactions Mg2+ activates numerous enzymes and also modifies specific
enzyme substrates (Heaton, 1990, Black and Cowan, 1995) In this capacity, Mg2+ controls,
among others, energy metabolism and protein synthesis As it is a necessary co-factor in the
transfer of phosphate groups, it may also control ATP-dependent ion pumps It regulates
Na+,K+,Cr (Flatman, 1988) and К+,СГ symport activity (Lauf, 1985), cation channels (Hone
et al 1987, Hdrtzell and White, 1989, Pusch et al 1989), as well as membrane permeability
and protein insertion in membranes (Ebel and Günther, 1980) Thus, Mg2+ seems to be
involved in both ion transport and general cell metabolism, possibly linking both processes It
has been suggested that Mg2+ is a second messenger for hormone action, with the slow and
minute changes in intracellular free Mg2+ co-ordinating and fine tuning the long-term cellular
output (Rubin, 1976)
One of the intriguing questions pertaining to Mg2+ physiology is how Mg2+ distribution
is controlled Both the intracellular and extracellular Mg2+ concentration are maintained
within narrow limits, suggesting that vertebrates developed very effective mechanisms by
which Mg2+ is transported, stored, and regulated As yet, much of the basis of these cellular
mechanisms has not been elucidated The mechanism of transmembrane Mg2+ transport is but
poorly understood (Flatman, 1984,1991), and the transport of Mg2+ in intestinal and kidney
epitheha, key processes to the understanding of Mg2+ regulation, is still a very enigmatic
topic
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This thesis concentrates on some aspects of Mg

+

regulation in a teleost fish, the

Mozambique tilapia (Oreochromis mossambicus). The study concerns the role of Mg
partitioning, the contribution of intestinal- and renal Mg

2+

2+

transport in the maintenance of
2+

mineral balance, and the mechanism(s) of intestinal and renal Mg transport.

Magnesium metabolism in fish
In sea water the Mg2+ concentration is approximately 55 mmol Γ1, whereas in fresh
water it may be as low as 0.1 mmol Γ1. Consequently, the Mg2+ handling of freshwater fish
differs fundamentally from that of sea water fish (Hickman and Trump, 1969; Evans, 1979).
Marine fish are confronted with a passive Mg2+ intake across the body surfaces, the gills, and,
because of a significant ingestion of sea water, the intestinal tract. They maintain a Mg2+
concentration in the body fluids far below electrochemical equilibrium, and only marginally
above the level found in freshwater species, by limiting the entry of Mg2+ while stimulating
renal Mg2+ excretion. In contrast to sea water acclimated species, freshwater fish are
threatened by diffusive losses of Mg2+. These losses may be compensated for by Mg + uptake
from the food and, putatively, from the water. Renal excretion is limited by reabsorption of
filtered Mg2+.

Magnesium uptake
Freshwater fish primarily depend on dietary Mg. Optimal growth is usually achieved
when the Mg concentration of the food is between 15 and 20 μηιοί g"1 (Ogino et al. 1978;
Gatlin et al. 1982; Shim and Ng, 1988). Prolonged feeding with diets of a lower Mg content
may lead to a decrease in growth rate, Mg depiction of tissues, muscle dysfunction,
neurological disorders and a high mortality. Apparently, the intestine is an important route for
Mg2+ uptake. Both paracellular and transcellular transport may underlie intestinal Mg2+
absorption, as in terrestrial vertebrates (Kayne and Lee, 1993).
In fish fed a low-Mg diet, the Mg deposition in the body can surpass the dietary Mg
intake (Shearer, 1989; Dabrowska et al. 1991). This indicates that the food must not be the
only Mg source, and that, consequently, Mg + may be obtained directly from the water.
Assuming that water ingestion is negligible in freshwater fish, these observations implicate
the integument (the body and gill surface) as an alternative route for Mg2+ intake. In
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freshwater environments the gills are an important route for active uptake of ions like Na+,
Ca2+ and СГ (Evans, 1980; Flik et al. 1985). As the electrochemical potential across the
branchial epithelium does not favour passive Mg2+ influx, one may assume that an active,
cellular transport mechanism is involved. However, the mechanism of branchial Mg 2+ uptake
has not been investigated and direct evidence for a branchial Mg2+ transporter is lacking.

Magnesium excretion
Freshwater fish produce a voluminous and substantially hypotonic urine. Thus, excess
water taken in through diffusion is excreted, whilst salt losses are minimised by reabsorption
of electrolytes in the renal tubules and the bladder. As the amount of Mg2+ filtered in the
glomeruli can exceed the urinary Mg2+ output, Mg2+ must also be reabsorbed across the renal
and/or bladder epithelia (Hickman and Trump, 1969; Schmidt-Nielsen and Renfro, 1975).
Renal Mg2+ reabsorption may be process driven by the electric potential, as in mammalian
species (De Rouffignac and Quamme, 1994), although the involvement of active, transcellular
transport cannot be excluded.
Renal function in marine fish is very different from that in freshwater fish (Hickman
and Trump, 1969; Evans, 1979). In sea water, the main function of the kidneys is the excretion
of excess salts, and primarily divalent cations, whilst minimising water losses. Consequently,
marine fish produce a urine that is only slightly hypotonic compared to the body fluids,
2+

+

2

containing predominantly Mg , Na , SO4 " and СГ (Hickman and Trump, 1969). These
electrolytes are in large part excreted via a tubular secretion mechanism located in the second
proximal segment (ΡΠ) of the nephron (Beyenbach, 1982). Studies on isolated proximal
2+

tubules have shown that Mg can be secreted against the electrochemical potential across the
epithelium (Cliff et al. 1986). Tubular secretion may result in a final urine with a Mg2+
concentration of well over 100 mmol Γ1, making Mg2+ the principal electrolyte in the urine.
+

2+

Both Na /Mg exchange (Natochin and Gusev, 1970; Renfro and Shustock, 1985; Beyenbach
et al. 1993) and vesicular secretion (Hickman and Trump, 1969; Hentschel and Zierold, 1994)
have been implicated as the driving force for tubular Mg2+ secretion.
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Figure 1 Background corrected counting rate of a [27Mg]-Mg(CH1COO)2 solution
between 15 and 55 min after the end of thermal neutron irradiation of Mg(CHjCOO)2
enriched in 26Mg. Counts were collected in a 2-1755 keV energy window, with a liquid
scintillation counter. Linear regression analysis yielded a slope of -0.07313 min"1,
corresponding with a half-life value of 9.48 min.

Nucleonics
For the characterisation of Mg2+ transport sensitive methods are required that allow
assessment of unidirectional transport, and to this end radiotracer techniques may be applied.
The only radioisotopes of Mg with a sufficiently long half-life to make them applicable in
biological research are 27Mg (half-life 9.46 min) and 28Mg (half-life is 20.9 h). Still, these Mg
isotopes have a relatively short half-life, which restricts their availability for biological- and
biomedical research. However, the nuclear reactor at the Interfacuity Reactor Institute (IRI) of
the Delft University of Technology offers a facility for the production of otherwise scarce
radioisotopes, for use in biological (-medical) research. This section pertains to the
radioisotopes of Mg applied in this study, that were produced at the Interfaculty Reactor
Institute.
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Figure 2 Background corrected γ-ray spectrum of a " Mg preparation, recorded with a well
type 76x76 mm Nal(Tl) scintillation detector The marked peaks signify the major γ-ray
emissions of 28Mg and its daughter 28A1 Note the relatively high counting yield ot the 31
keV emission of MMg

2?

Mg
27

Mg was used to determine short term Mg + transport phenomena in isolated intestinal

segments and plasma membrane preparations of intestinal and renal tissue

27

Mg was produced

by thermal neutron irradiation in the IRI nuclear reactor of a magnesium acetate
(Mg(CH3COO)2) solution, in which Mg was isotopically enriched in 26Mg to over 97%
26

2

27

Mg

27

formed according to the reaction Mg(n,y) Mg decays to stable A1 by emitting ß~ particles of
1592 and 1754 keV, and γ-rays of 171, 844 and 1014 keV (Lederer and Shirley, 1978) The
radiochemical purity of the 27Mg preparation was assessed on the basis of the γ-ray spectrum of
the irradiated solution (determined with a Ge(Li) detector and associated electronics) The
absence of radioactive impurities was routinely confirmed by determination of the apparent halflife value of the 27Mg preparation, using liquid scintillation counting From the decay of the
Mg preparation between 15 and 55 min after irradiation, a half-life value of 9 48±0 02 min was
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derived (Fig. 1), a value consistent with the value of 9.46 min reported previously (Lederer and
Shirley, 1978).
28

Mg
2B

2B

Mg (half-life 20.9 h) was used to follow Mg2+ transport from the water to the fish.

Mg was produced by thermal neutron irradiation of a Li-Mg alloy, in which Li was enriched

in Li up to 95%. A detailed account of the procedure has been described elsewhere (Kolar et
al. 1991). Two consecutive nuclear reactions will lead to the formation of 28Mg. Firstly,
spallation of 6Li leads to the production of tritons (Ή) and helium ("He), according to the
reaction 6Li(n,t)4He. Secondly, the formed tritons will react with 26Mg, producing 28Mg,
26

Mg(t,p)28Mg. Stable Li, 3 H and radiochemical impurities like

198

18

F, 24Na, 56Mn, M Cu and

Au, were removed from the preparation by a series of chemical separation techniques.

Ultimately, this resulted in an aqueous [ 8Mg]-MgCl2 solution. Inspection of the final product
by γ-ray spectrometry did not reveal the presence of any remaining radiochemical impurities.
Using a well type 76x76 mm Nal(Tl) scintillation detector, a high counting efficiency can be
obtained for the low-energy γ-ray emission of 28Mg at 31 keV. In combination with the high
abundance (95% of all disintegrations) of this emission, this results in a relatively high
counting yield (Fig. 2). Moreover, this method is less sensitive to interference by remaining
traces of radioactive impurities than liquid scintillation counting. Analysis of the radioactive
decay based on the pulses pertaining to the 31 keV photopeak confirmed that radioactive
28

impurities did not interfere with measurement of Mg (data not shown). Consequently, this
set-up was used to measure Mg + fluxes, using the counts collected in the 31 keV photopeak
to determine 28Mg radioactivity (see Chapter 2).

Outline of the present study

The primary objective of this study was to assess the role of the epithelia of intestine
and kidney in Mg2+ uptake and excretion. The role of these tissues in the maintenance of Mg
homeostasis were investigated by studying the dependence of Mg2+ uptake, distribution and
excretion on dietary and water borne Mg2+. Chapters 2 and 3 deal with the effects of exposure
of Mozambique tilapia to a low-Mg diet and to water with 0.2 or less than 0.005 mmol Γ1
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Mg2+, on Mg partitioning and ion regulatory mechanisms. These chapters indicate the
importance of Mg2+ in ion regulation and underline the importance of the intestine and the
kidneys in the maintenance of Mg homeostasis of fish. From these studies we concluded that
Mg + movement across the renal and intestinal epithelia is indeed a regulated process, likely
involving cellular Mg 2+ carriers. This conclusion prompted us to further investigate intestinal
and renal Mg + transport on a more detailed level.
The mechanism of intestinal Mg2+ absorption is the subject of the next two chapters. In
Chapter 4 the dependence of Mg2+ fluxes across the proximal intestine of the Mozambique
tilapia on extracellular Na+ and СГ was investigated. Previous studies indicated the existence
of both Na+- and anion-dependent Mg2+ transport mechanisms (Günther and Ebel, 1990). The
main conclusion drawn from our study is that the Mg2+ absorptive flux is not only Na+
dependent (which was demonstrated previously by Van der Velden et al. 1990), but also
shows a СГ-dependent component. In Chapter 5 the mechanism of intestinal Mg2+ transport
was further investigated at the subcellular level. A Na+/Mg + antiport mechanism, predicted
by the Na+-dependency and ouabain sensitivity of intestinal Mg2+ absorption, could not be
demonstrated. However, in vesicle preparations made of basolateral plasma membranes, an
anion-dependent Mg2+ uptake was demonstrated, in line with the СГ dependency of intestinal
Mg2+ absorption in vitro.
The mechanism of tubular Mg2+ transport in fish kidneys has been addressed by
several workers over the last 25 years (Hickman and Trump, 1969; Natochin and Gusev,
1970; Renfro, 1980; Renfro and Shustock, 1985; Cliff et al. 1986; Beyenbach et al. 1993). So
far, most studies on renal Mg2+ handling in fish have focused on renal function in vivo, or
concerned the mechanism and kinetics of Mg2+ transport in isolated renal tubules. Probably,
because of the intrinsic limitations in these approaches, these studies have not given a
conclusive answer as to how renal Mg2+ transport proceeds. Therefore, we choose to study
renal Mg2+ transport at the plasma membrane level. We used the radioisotope
characterise and quantify transmembrane Mg

2+

27

Mg to

transport. To this end, both apical and

basolateral plasma membrane preparations were derived from fish renal epithelia. In Chapter
6, the characterisation of a basolateral plasma membrane fraction of renal tissue is described.
We could positively

identify active Ca2+ transport, indicating that the capacity for

transmembrane ion transport remains intact after disruption of the tissue and membrane
isolation. A similar approach to test the viability of our membrane preparations had been
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successfully applied to characterise intestinal Mg + transport (Chapter 5). The characteristics
of Mg2+ transport in renal plasma membrane vesicles are described in a separate chapter
(Chapter 7). It shows that the renal epithelial plasma membrane contains a Mg2+ conductive
pathway, compatible with carrier-mediated passive Mg2+ transport.

2
Uptake,

distribution

and

excretion

of

magnesium

in

Oreochromis mossambicus: dependence on magnesium in diet
and water

Summary The euryhaline Mozambique tilapia {Oreochromis mossambicus) shows a more
marked ability to adapt to low magnesium levels in food and water than many other fish species.
None the less, the internal distribution of magnesium is altered under low-magnesium
conditions. The amount of magnesium in scales, and to a lesser extent the vertebral bone, is
reduced and hence serve as magnesium reservoirs. The magnesium concentration of muscle is
only marginally reduced by low external magnesium, suggesting that magnesium is partitioned
to ensure normal muscle functioning. The water magnesium is of vital importance, as exposure
to low-magnesium water markedly diminished the ability of tilapia to adapt to low-magnesium
feeding. However, magnesium intake from the water, either via the integument or via drinking,
does not increase in low-magnesium fed fish, despite an increased opercular chloride cell
density. The growth related magnesium accumulation of tilapia under low-magnesium
conditions approximates the total intake of the element (from the food and from the water),
indicating that magnesium losses are minimised and that the magnesium absorption from the
gastrointestinal tract may be highly efficient and very important.

Introduction
Several previous studies reported that freshwater teleosts primarily depend on dietary rather then
water borne magnesium (Ogino and Chiou, 1976; Ogino etal. 1978; Knox et al. 1981;Shimand
Ng, 1988; Dabrowska etal. 1989; 1991; Shearer, 1989; Reigh etal. 1991; Van der Velden etal.
199le; 1992a). From these studies it can be concluded that most freshwater fish maintain optimal
growth and magnesium homeostasis when the magnesium content of the food is about 15 to 20
mmol kg"1 (Ogino and Chiou, 1976; Cowey et al. 1977; Ogino et al. 1978; Gatlin et al. 1982;
M.J.C. B I J V E L D S , G. FLIK, Z.I. K O L A R , S . E . W E N D E L A A R B O N G A ( 1 9 9 6 ) . Fish Physiol.
287-298.

Biochem.íS,
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Shim and Ng, 1988; Reigh et al. 1991). Diets of lower magnesium content may lead to a
decrease in growth rate, magnesium depletion of tissues, loss of muscle tonus, sluggishness, loss
of appetite and, eventually, high mortality.
Whilst the importance of dietary magnesium is widely recognised, the function of water
magnesium in magnesium homeostasis of fish has been addressed only sparingly. Most
freshwater environments contain an inexhaustible magnesium source, and fish can transport
magnesium via integumental routes. For example, when rainbow trout and carp were fed a lowmagnesium diet, the amount of magnesium accumulated surpassed the amount of magnesium
obtained from the food (Shearer, 1989; Dabrowska et al. 1991). Conversely, when carp were fed
a normal diet, a net integumental efflux was reported (Van der Velden et al. 1991b). These
results suggest that in some species a low dietary magnesium intake can, at least to some extent
and under particular conditions, be compensated for by a net integumental magnesium uptake.
However, these studies do not exclude the possibility that freshwater fish may also obtain
magnesium from the water via drinking or ingestion of water during feeding. But juvenile
Mozambique tilapia, Oreochromis mossambicus, in the weight range of 1 to 9 g, and fed a lowmagnesium diet, showed low integumental uptake of magnesium and this uptake was not
affected by the diet (Van der Velden et al. 1991a). Nevertheless, this species shows the
remarkable capacity to adapt to low-magnesium feeding. Indeed fish weighing around 200 g
were shown to survive prolonged exposure to low-magnesium feeding without any effect on
tissue mineral composition (Van der Velden et al. 1991c). Under these conditions the fish grew
(albeit at a reduced rate) whilst accumulating little magnesium. It was concluded that this species
maintains its magnesium balance by reducing magnesium loss and by obtaining magnesium
from the water via an intestinal route.
We here address the role of intestinal and branchial routes in magnesium uptake in
Mozambique tilapia. The effects of low-magnesium feeding on mineral composition of tissues,
blood plasma and urine were studied. Because earlier diet studies (Ogino and Chiou, 1976; Shim
and Ng, 1988; Reigh et al. 1991; Van der Velden et al. 1991c;1992a) were inconclusive
concerning the role of water borne magnesium in the maintenance of magnesium balance, we
also monitored the magnesium accumulation in fish kept in magnesium deficient fresh water, as
well as in fish kept in fresh water containing magnesium. Magnesium uptake from the water was
assessed by measuring the integumental magnesium intake and drinking rates, using a
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radiotracer method (Hazon et al 1989; Van der Velden et al. 1991a). Effects of low-magnesium
on ion regulatory mechanisms of the gills were also studied.

Materials and methods

Experimental conditions
Mozambique tilapia, Oreochromis mossambicus (Peters), of both sexes were obtained
from laboratory stock, reared in Nijmegen tapwater (0.2 mmol Γ1 Mg2+) at 26°C under a
photoperiod of 12 h of light alternating with 12 h of darkness. From this stock 160 fish,
weighing about 40 g, were selected. Fish were weighed and randomly divided into four groups
of 40 fish each and kept in 100-1, all-glass aquaria. The tapwater was replaced by artificial fresh
water, i.e. demineralised water with 0.4 mmol Г1 NaCl, 0.1 mmol Г1 Na2S04, 0.06 mmol Г1
KCl, 0.8 mmol Г1 CaCl2 and 0.2 mmol Г1 MgSO^. The fish density in the aquaria did not
exceed 16 g Г1 and the pH of the water was kept at 6.5 by titration with a concentrated NaOH
solution. The water was recirculated over nylon filters and replaced by constant infusion at a rate
of 20 1 day"1. Initially, all groups were fed a control diet (Hope Farms, Woerden, The
Netherlands), at a ration of 2% of the total body weight per day; this food contained 30 mmol
magnesium per kg (determined on food digested in concentrated HNO3 with Inductively
Coupled Plasma Atomic Emission Spectrophotometry, ICP-AES; Plasma IL200, Thermo
Electron, USA). After three weeks the artificial fresh water in two groups was gradually replaced
1

by artificial fresh water without magnesium, containing 0.3 mmol Г Na2S04, 0.06 mmol Г

1

KCl and 0.8 mmol Г1 СаСЬ. The water was maintained at a pH of 6.5 by titration with
concentrated NaOH. After 7 days of replacement the magnesium concentration of the water was
1

below 0.005 mmol Г (determined with ICP-AES). For two groups of fish, one kept in artificial
fresh water and one kept in low-magnesium artificial fresh water, the control diet was replaced
by a low-magnesium diet containing 1.5 mmol magnesium per kg food (Hope Farms, Woerden,
The Netherlands). The magnesium concentration of the water was monitored weekly with the
ICP-AES technique. The actual magnesium concentrations measured were 0.19±0.02 (mean ±
S.D., n=8) and 0.003±0.002 (n=8) mmol Г1, for artificial fresh water and magnesium deficient
artificial fresh water, respectively.

20
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Preparation of samples
At the start of the experiment and after 2,4 and 8 weeks fish were weighed and samples
of six fish per group were taken. Blood samples of approximately 0.5 ml were taken by puncture
of the caudal vessels with a heparinised syringe. Blood plasma was quickly separated by
centrifugation for 1 min at 9000 g. Blood plasma was ultrafiltered by centrifugation on
Ultrafree-MC filtration units (Millipore, Bedford, USA) with a 10 kD molecular cut-off at 4800
g for 30 min at 4°C. Samples were stored at -20°C until analysis. Fish were stunned by a blow
on the head and the left operculum was excised. From the lateral side of the body, along the
lateral line, ten scales were sampled. The fish were quick-frozen in dry ice, the belly was cut
open, and the frozen urinary bladder with its contents was removed. Frozen urine was collected
and stored at -20°C until analysis. A small portion of the dorsal musculature was collected and
vertebrae just behind the anal fin were excised and cooked in a microwave for 3 min, in order to
facilitate the separation of bone from adherent muscle tissue. Scales, muscle tissue and vertebrae
were weighed to the nearest 0.1 mg, lyophilised, and weighed again. The lyophilised tissue
samples (weighing less than 100 mg) were digested in 250 ml HNO3 for 1 h at 60°C and left
overnight at room temperature. The remainder of the fish was weighed and digested in
concentrated HNO3 (1 ml per gram wet weight) at 60°C for 2 h and consecutively at room
temperature for 48 h. All samples of digested tissue were stored at -20°C.

Sample analysis

Opercular chloride cell density
Freshly dissected opercula were incubated in tapwater containing 20 μ mol Γ1 2-(4dimethylaminostyryl)-N-ethyl-pyridinium iodide (DASPEI; ICN Biomedicals, Zoetermeer, The
Netherlands) for 4 to 6 h at 5°C. Opercula were rinsed in tapwater and the density of fluorescent
cells established at anatomically fixed spots as described by (Foskett et al. 1981). Per fish 25
sites in a single operculum were scored. Chloride cell density is expressed as the number of
DASPEI positive cells per mm2.

Magnesium concentration of tissue samples
Plasma, urine, tissue and whole body digest samples were diluted with distilled water.
Magnesium concentrations were determined with ICP-AES.
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Radiotracers
The radionuclide 28Mg was produced by neutron irradiation of a 6Li enriched Li-Mg
alloy with thermal neutrons in the Interfaculty Reactor Institute nuclear reactor (neutron flux
7xl0 1 6 s~' m"2), followed by a radiochemical separation resulting in an aqueous solution of
[28Mg]-MgCl2 and its decay product 28A1 (Kolar et al. 1991). The specific activity of the 28Mg
product was approximately 0.5 GBq mol"1. [51Cr]-Cr(ITJ)EDTA complex in an aqueous 5 mmol
Г1 EDTA solution was purchased from Du Pont NEN Products ('s Hertogenbosch, The
Netherlands). The specific activity of [5!Cr]-Cr(ITI)EDTA complex was approximately 10 TBq
mol-1.

Determination of integumental magnesium intake
Fish kept under control conditions and fish fed a low-magnesium diet for 10 weeks were
housed in opaque containers containing 1.2 1 of artificial fresh water (0.2 mmol Г1 Mg2+). The
water was constantly aerated and replaced at a rate of 1 In" 1 . The temperature was kept at 26°C
by immersion of the containers in a thermostated water bath. After 36 h, the inflow of water was
discontinued and 500 ml of water in the containers was replaced by artificial fresh water in
which MgS0 4 was substituted by an equimolar amount of [28Mg]-MgCl2. The water was well
mixed by aeration. At the start of the experiment 0.5 ml of water was sampled in 20 ml
polyethylene counting vials for radioactivity determinations. The

Mg

2+

concentration in the

1

water was 60 kBq Г . After 2 h exposure, fish were anaesthetised by adding 2 g of 3aminobenzoic acid ethyl ester (MS-222; Sigma, St Louis, USA) to the water. Fish were taken
out of the containers and rinsed thoroughly in running tapwater for 1 min. A blood sample (0.5
ml) was taken by puncture of the caudal vessels with a heparinised syringe. After the fish was
quick-frozen in dry ice, the belly was cut open and the frozen gastrointestinal tract was removed.
The remainder of the fish was weighed and homogenised in a tissue blender. A sample of fish
homogenate was put into a 20 ml polyethylene counting vial and weighed. The filling height of
the counting vials was made identical for all fish samples; to the water samples an equal amount
of non-radioactive fish homogenate was added and stirred for 1 h, assuring that the counting
geometry and self-absorption of g-rays was identical for all samples. Radioactivity was
determined by counting of the 31 keV γ-ray emission of 28Mg in a well type 7.6 cm χ 7.6 cm
NaI(Tl)-scintillation detector (Type 12SW12, Harshaw Chemie, De Meern, The Netherlands)
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connected to a PC-based multichannel analyzer (РСА-П, The Nucleus, Oak Ridge, USA). The
counting time was 2000 to 3000 s. Counting rates were corrected for background and radioactive
decay. The magnesium intake rate from the water, F^g (in nmol h _ l ), was calculated using the
formula:
q.-t
where Qw is the quantity of magnesium in the water compartment at the beginning of the
experiment (in nmol), q¡ is the tracer quantity in the fish minus the gastrointestinal tract after 2 h
(in counts per second, cps), q„ is the tracer quantity in the water at the start of the experiment (in
cps) and t is the time (in h). Note that here a time independent FMg is assumed for t=2 h. Values
are expressed per 100 g fish.

Determination of drinking rate
Drinking rate was determined by a modification of the method described by (Hazon et al.
1989). Fish kept under control conditions and fish fed a low-magnesium diet for 10 weeks were
housed in opaque containers as described for determination of magnesium intake. After 36 h, the
inflow of water was discontinued and 2 MBq Γ1 [51Cr]-Cr(III)EDTA complex was added to the
water. At the start of the experiment, 1 ml of water was sampled in 20 ml glass counting vials.
After 3 h fish were anaesthetised, rinsed, weighed, and a blood sample was taken (see
Determination of magnesium intake). Whole blood samples were put into 20 ml glass counting
vials. After the fish was quick-frozen, the belly was cut open and the frozen gastrointestinal tract
was taken out and put into a 20 ml glass counting vial. The filling height of all counting vials
was adjusted, obtaining a uniform counting geometry for all samples. Radioactivity was
determined on the basis of the 320 keV γ-ray emission of 51Cr. Samples were counted for 100 to
1000 s, using a set-up as described for determination of magnesium intake. Counting rates were
corrected for background and radioactive decay. The water intake rate, F w (in ml h" ), was
calculated according to:

л = ..-±q,-t
where Vs is the volume of the water sample (in ml), qb is the quantity of tracer in the belly
content after 3 h (in cps), qs is the quantity of tracer in the water sample (in cps) and t is the time
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Table 1 Whole body wet weight (g) of Mozambique tilapia exposed to a low-magnesium diet (LD), low1
magnesium water (LW), or both (LDLW). The control group was kept in water containing 0.2 mmol Γ
2+
1
Mg and was fed a diet containing 30 mmol kg" magnesium. Means ± 1 S.E.M. are given (n=6)
TIME (weeks)
GROUP

0

2

4

8

Control

41.3±1.9

47.2±2.2

57.4±3.6

62.3±4.3

LD

39.5±1.6

43.8±1.8

46.7±2.1

53.4±2.9

LW

38.1±1.6

42.1±1.8

48.4±2.1

59.5±2.8

LDLW

40.0±1.5

45.3±1.6

53.2±2.5

59.8±3.5

(in h). Note that here a time independent Fw is assumed. Pilot experiments indicated that this
assumption was justified for experiments lasting up to 4 h. Values are expressed per 100 g fish.

Calculations and statistical analysis
The size of the scale, muscle and bone compartments of Mozambique tilapia were
calculated from total fish weight, according to the equations reported by (Van der Velden et al.
1989). These equations describe the relationship between the fish weight and the weight of the
scale, bone and soft tissue compartments; the size of the muscle compartment was estimated at
70% of the total weight of the soft tissue (Van der Velden et al. 1989). Magnesium content of
-1

tissues (in μιτιοί) was calculated from the tissue magnesium concentration (in ц т о і g ) and the
calculated weight of the body part (in g). Whole body magnesium content as a function of time
was fitted to a linear model using a regression analysis computer programme (Statgraphics,
Statistical Graphics Corporation, Rockville, USA).
Differences among groups were assessed by means of a one-way analysis of variance
(ANOVA). Subsequently, significance of differences between mean values was tested with the
Tukey multiple comparisons test. Differences

in urine magnesium concentration were

statistically assessed using the Kruskal-Wallis non-parametric ANOVA. Statistical analysis of
data on integumental magnesium intake and drinking rate was conducted using the two-tailed
Student's i-test, after the data had been analysed for normal distribution. Statistical significance
was accepted at Ρ < 0.05. Values are depicted as mean ± standard error of the mean (S.E.M.).
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Table 2Whole body magnesium concentration (a) and magnesium concentration in scales (b), muscle
(c) and vertebral bone (d) of Mozambique tilapia exposed to a low-magnesium diet (LD), lowmagnesium water (LW), or both (LDLW) The control group was kept m water containing 0 2 mmol 1 '
2+
1
Mg and was fed a diet containing 30 mmol kg" magnesium Means ± 1 S Ε M are given (n=6)
TIME (weeks)
GROUP

0
2
4
2a. f Mgl of the whole body (μπιο) g"1 wet weight)

Control
LD
LW
LDLW

15 2±0 6
14 7±04
14 8±0 5
14 9±0 4

Control
LD
LW
LDLW

106 2±1 4
104 0±2 4
104 2±3 4
105 9±3 0

14 3±04
14 7±0 3
15 1±03
13 7±0 3

14 7±04
14 3±0 3
13 9±0 3
12 3±0 6**

8
14 5±0 3
14 6±03
14 8±01
11 3±0 4***

2b. [Mgl of scales (μπιοί g~' dry weight)
98 6±3 1
95 5±3 1
96 8±1 7
83 7+2 6**

96 7±2 3
83 5±2 8**
99 8±2 5
75 2±2 2***

103 6±2 7
89 1±2 7***
94 3+17*
63 7±1 1***

2c. [Mgl of muscletissue(umol g~'dry weight)
Control
LD
LW
LDLW

51 4±18
48 8±1 5
50 9±1 3
510±2 0

48 0±17
50 5±12
46 3±1 3
46 4±1 1

47 2±3 1
49 3±1 4
48 4±1 9
46 8±2 0

48 1±1 3
48 2±1 1
49 6±0 9
43 2±1 4*

2d. [Mgl of vertebral bone (μηιοί g" dry weight)
Control
LD
LW
LDLW

119 6+4 8
1ПЗ±2 1
119 8±4 7
113 8±4 5

118 8±4 9
115 7+2 0
117 5±60
112 7±2 7

115 9±24
116 9±3 5
114 5±2 8
92 4+3 7***

120 6±4 9
108 4±4 1
117 3±2 4
81 7+4 9***

Values marked with an asterisk are significantly different from the control value in the same column * Ρ
<005,**P<001,***P<0001
Results

Growth rate
Table 1 lists the average weight of fish exposed to a low-magnesium diet (LD), lowmagnesium water (LW), or both (LDLW), at the start of the experiment, and after 2, 4 and 8
weeks The control group was kept in water containing 0 2 mmol Γ1 Mg2+ and was fed a diet
containing 30 mmol kg"1 magnesium No significant weight differences were found between
groups
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Figure 1 Magnesium content (in μπιοί) of the whole body (a), scales (b), muscle tissue (c) and vertebral
bone (d) of Mozambique Ulapid fed a low-magnesium diet (LD), kept in low-magnesium water (LW) or
both (LDLW) Magnesium content was calculated from the average body weight and the respective
whole body or tissue magnesium concentration, as described in the Materials and methods section In
some cases the error bars are obscured by the symbols * Ρ < 005, ** Ρ < 001, *** Ρ <0001,
compared to the control value at the same time

Whole body and tissue magnesium concentration
Table 2 shows the magnesium concentration of the whole fish and of the scales, muscle
and vertebral bone of the various experimental groups Whole body magnesium concentrations
and magnesium concentrations of scales, muscle and vertebral bone decreased in the LDLW

26

Chapter 2

group. A decreased magnesium concentration was first observed in the scales (week 2), after 4
weeks in the vertebral bone and in the whole body, and after 8 weeks in the muscle tissue. From
week 4 onwards, the magnesium concentration of the scales was also affected in the LD group.
The magnesium concentrations of the whole body and tissues of the LW group remained at the
control level, except for a slight decrease of the scale magnesium concentration after 8 weeks.

Growth and magnesium content in wholefish,in muscle, scales and vertebral bone.
Figure la shows the growth-related changes in whole body magnesium content of
Mozambique tilapia exposed to a low-magnesium diet (LD), low-magnesium water (LW) or
both (LDLW), over a 8 week period, calculated from the mean fish weight (Table 1) and the
whole body magnesium concentration (Table 2). Regression analysis of weighed data yielded
average magnesium uptake rates of 5.3±1.3 (correlation coefficient, r, is 0.92, P=0.052; n=4),
3.4±0.4 (r=0.98, />=0.012), 5.9±0.6 (r=0.99, P=0.009) and 1.7±0.1 (r=0.99, P=0.040) цтоі
day', for the control group, LD group, LW group, and the LDLW group, respectively.
The magnesium content of tissues (viz. the total amount of magnesium in the respective
tissue compartments, expressed per fish) was calculated from the dry weight of the body part and
the tissue magnesium concentration (see Table 2), as described in the Materials and methods
section. The magnesium content of the scales of fish fed a low magnesium diet (LD and LDLW
groups) was significantly lower than of the control group from week 4 onwards (Fig. lb). The
magnesium content of the scales of the LDLW group at 4 and at 8 weeks was also significantly
lower than at the start of the experiment (P<0.01, two-tailed Student's f-test), indicating that a
net magnesium loss from the scales had occurred in this group. Figure lc shows that the
magnesium content of the muscle tissue was not affected. The magnesium content of the bone
tissue of the LDLW group at 8 weeks was significantly lower than that of the control group (Fig.
Id).
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Table 3 Magnesium concentration (mmol Γ ) of plasma ([Mgpi]), ultrafiltered plasma ([Mgpf]) and unne
([Mgur]) of Mozambique tilapia exposed to a low-magnesium diet (LD), low-magnesium water (LW), or
both (LDLW) The control group was kept in water containing 0 2 mmol Γ1 Mg2+ and was fed a diet
containing 30 mmol kg~' magnesium Means ± 1 S Ε M are given (n=6)

TIME
GROUP

0 weeks
[Mgp,]

8 weeks

[Mgpf]

[M g u r ]

[Mgp,]

[Mgpf]

0 76±0 07

[M g u r ]

130±0 25

0 99+0 12

0 65±0 09

0 87±0 08

Control

1 16±0 07

LD

109±0 08

0 79±0 06

1 12±0 26

086±0 13

070±009

110±037

LW

106±007

078±004

128+0 30

0 97±0 15

0 69±0 10

0 94±0 31

LDLW

0 99+0 06

0 74±0 04

0 98±0 27

088±0 15

062±0 11

044±006*

Values marked with an asterisk are significantly different from the control value in the same column * Ρ
<005
Magnesium concentration in plasma and urine
The magnesium concentration in plasma ([Mgpi]), ultrafiltered plasma ([MgPf]) and urine
[Mgur] at the start of the experiment and after 8 weeks are shown in Table 3 No significant
changes were observed in the magnesium concentration of total plasma and plasma filtrate
during the 8 week period of experimentation Magnesium concentration of unne varied
considerably between individual fish For the control group the concentrations observed ranged
from 0 47 to 1 96 mmol Γ 1 At 0, 2 and 4 weeks, no significant differences were observed in
unne magnesium concentration between groups At 8 weeks, the unne magnesium concentration
of the LDLW group was significantly lower then all other groups, and it was also lower then at
the start of the experiment.

Magnesium intake from the water
Figure 2 shows the magnesium intake from the water via the integument and via drinking
in fish fed a control diet and in fish fed a low-magnesium diet (LD) The integumental
magnesium intake of the LD group was not significantly different from the control group
1

1

1

113 8±8 6 nmol h"' (100g)" (n=6) and 87 6±15 6 nmol h" (lOOgf (n=6, P=0 17), respectively
The magnesium intake via drinking was calculated from the drinking rates of 15 3±5 9 μΐ h~'
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drinking (n=8) of Mozambique
tilapia fed a control diet or a lowmagnesium diet (LD), kept in fresh
water containing 0.2 mmol Г' mag
nesium. Magnesium intake via
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drinking rates and the magnesium
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(100 g)~' (n=8) and 20.3±5.8 μΐ h" 1 (100 g)"1 (n=8) for the control group and the LD group
respectively, and the magnesium concentration of the water (0.2 mmol Γ 1 ).

Opercular chloride cell density
Figure 3 shows the opercular chloride cell density during the course of the experiment.
The opercular chloride cell density increased significantly within 2 weeks after the start of the
experiment in fish fed a low-magnesium diet (LD and LDLW groups). Fish kept in lowmagnesium water had an increased opercular chloride cell density after 4 weeks of exposure,
whereas the chloride cell density of the control group remained constant throughout the
experiment. After 8 weeks, the LD and LW groups showed some recovery, but the chloride cell
densities were still above control level. In the LDLW group, the opercular chloride cell density
remained high.

Discussion

The relative importance of magnesium in food and water in the magnesium homeostasis
of a teleost fish, Oreochromis mossambicus, was investigated. Fish growing under magnesiumrestricted conditions for 8 weeks maintained a net magnesium uptake. Under these conditions,
the amount of magnesium deposited in the body approximated the intake; magnesium loss was
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negligible. Magnesium intake from the water via the integument (gills) or via drinking was not
enhanced by low-magnesium feeding. These facts indicate that intestinal absorption is highly
efficient. The scales may serve as magnesium reservoir under magnesium-restricted conditions
as the scale magnesium pool had significantly decreased over an 8 week period. A growthrelated increase of the muscle magnesium pool was maintained, however, suggesting that
magnesium is differentially partitioned to ensure normal muscle functioning. The changes in the
make-up of the branchial epithelium and the decrease in the urine magnesium concentration
suggest that magnesium-restricted conditions trigger a response to control ion regulation .

Growth rate
Our data on Mozambique tilapia showed that growth rate was not affected by 8 weeks of
low-magnesium feeding and this is in accord with previous observations on Oreochromis aureus
(Dabrowska et al. 1989; Reigh et al. 1991). Conversely, our results differ from similar studies on
carp, Cyprinus carpio (Ogino and Chiou, 1976; Shearer, 1989; Dabrowska et al. 1991; Van der
Velden et al. 1992a), rainbow trout, Oncorhynchus mykiss (Knox et al. 1981; Ogino étal. 1978),
guppy, Poecilia reticulata (Shim and Ng, 1988) and channel catfish, Ictalurus punctatus (Gatlin
et al. 1982), in which a decrease in growth rate was observed during low-magnesium feeding.
This discrepancy indicates a greater capacity of tilapia to adapt to magnesium-restricted
conditions. However, when the low-magnesium feeding regimen of O. mossambicus was
extended to 14 weeks, a decrease in body weight was observed (Van der Velden et al. 1991c).
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Figure 3 Opercular chloride cell density of
Mozambique tilapia fed a low-magnesium diet
(LD), kept in low-magnesium water (LW) or
both (LDLW). The control group was kept in
water containing 0.2 mmol Γ' Mg3* and was
fed a diet containing 30 mmol kg' magnesium.
** Ρ < 0.01; *** Ρ < 0.001, comparedtothe
control value at the same time (n=6)
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We conclude, therefore, that the absence of significant effects of low-magnesium feeding on
growth rate resulted from the relatively short time course (8 weeks) of the experiment and that
Mozambique tilapia fed a low-magnesium diet can maintain normal growth rates for at least 8
weeks.

Tissue magnesium distribution
A previous study on Mozambique tilapia weighing about 200 g showed that this species
can adapt to a low-magnesium diet, enabling it to maintain normal magnesium concentrations in
muscle tissue, scales and bone tissue (Van der Velden et al. 1991c). We show here that
Mozambique tilapia, weighing about 50 g, are more sensitive to low-magnesium diets, in
particular when the water magnesium concentration is reduced. Exposure to a combination of
low-magnesium diet and low-magnesium water caused an actual decrease in the magnesium
concentration of scales, vertebral bone and, eventually, also muscle. In fish fed a lowmagnesium diet but kept in normal fresh water the decrease in magnesium concentration of the
scales was less pronounced and magnesium concentrations in muscle and bone tissue were not
affected during the 8 weeks of experimentation. Concurrently, whole body magnesium
concentration decreased only after simultaneous exposure to low-magnesium feeding and
magnesium deficient water.
The size of the magnesium pool in scales, muscle and bone tissue (see Fig. lb-d) was
calculated from the tissue magnesium concentration and the size of the tissue compartment,
which is a function of fish weight (Van der Velden et al. 1989). For the LDLW group, it can
thus be shown that the quantity of magnesium deposited in the scales decreased from 83.5+4.4
μπιοί per fish at the start of the experiment to 60.3±3.1 μπιοί per fish (P < 0.01, two-tailed
Student's f-test) after 8 weeks. This indicates that under severe magnesium- restricted conditions
magnesium can be withdrawn from the scales. For bone tissue, the corresponding values are
240.4±22.8 μπιοί per fish and 246.8+27.7 μπιοί per fish, respectively, indicating that virtually no
magnesium was accumulated in the bone compartment, even though fish grew and new bone
tissue was formed. It seems plausible that bone magnesium, like magnesium in scales, is
redistributed, foremost within the bone compartment itself as it seems unlikely that newly
formed bone tissue was completely devoid of magnesium. It is clear then that the distribution of
magnesium in the body is altered when the uptake of magnesium is low; the scale magnesium
pool, and possibly the bone magnesium pool, are mobilised for maintaining normal magnesium
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concentrations in other parts of the body, e.g. in the muscle tissue where the growth related
increase of the magnesium pool was not affected. Magnesium is crucial for muscle function, and
therefore the ability of Mozambique tilapia to maintain a normal magnesium concentration in
the muscle tissue under conditions of restricted magnesium availability reflects an important
regulatory mechanism. Previously, it was observed that déminéralisation of scalar and vertebral
bone occurred in response to low-calcium stress in this species (Flik et al. 1986). It suggests that
these hard tissue compartments function as mineral reservoirs under deficiency conditions.
Except for a slight decrease in the magnesium concentration of the scales, exposure to
low-magnesium water alone had no effect on tissue or whole body magnesium concentrations.
But the opercular chloride cell density was increased, suggesting that a regulatory mechanism or
stress response is induced by low ambient magnesium concentrations. This is in agreement with
an earlier study which showed that the external Mg2+ concentration is inversely related to the
osmotic water permeability of the gills (Wendelaar Bonga et al. 1983).

Magnesium uptake
From an integumental

28

Mg intake of 87.6±15.6 nmol h_1 (lOOg)"1 an integumental

magnesium intake of approximately 1 μπιοί day"1 is calculated for a 50 g Mozambique tilapia
kept in fresh water containing 0.2 mmol Γ1 magnesium. This value is in good agreement with an
earlier study done in this laboratory (Van der Velden et al. 1991a), which reported on the
integumental magnesium intake of juvenile Mozambique tilapia. The present data indicate that
the integumental magnesium intake rate did not increase significantly in fish fed a lowmagnesium diet. Nevertheless, direct intake from the water is of particular significance when the
dietary magnesium uptake is low: for fish fed a low-magnesium diet, the growth related
magnesium uptake rate of 3.4+0.4 μπιοί day"1 can only be explained by assuming that net
magnesium intake via the integument occurs. The role of the water as a magnesium source is
further indicated by the observation that reduction of the water magnesium concentration
aggravates the symptoms of low-magnesium feeding and, concurrently, reduces the growth
related magnesium uptake.
51

Drinking rates were determined on the basis of the accumulation of [ Cr]-Cr(III)EDTA
complex in the gastrointestinal tract (Hazon et al. 1989). No 5 l Cr could be detected in the blood
samples, indicating that the amount of [5lCr]-Cr(ni)EDTA complex absorbed from the
gastrointestinal tract was negligible. In the experimental group fed a low-magnesium diet,
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drinking rates were maintained at the control level. From this drinking rate one can calculate that
the uptake of magnesium via ingestion of water, even if one assumes that this magnesium load is
completely absorbed, is negligible (approximately 0.04 μιηοΐ day"1 for a 50 g fish or less than
1 % of the magnesium accumulated per day). These data lead us to conclude that a low dietary
magnesium uptake is not compensated for by an increment of the magnesium uptake from the
water and that net magnesium accumulation under magnesium deficient conditions must,
therefore, be secured by restricting magnesium losses via integumental and excretory routes.

Magnesium excretion
Euryhaline species govern renal electrolyte excretion both by control of the glomerular
filtration rate and by control of reabsorption in the renal tubules and in the urinary bladder
(Hickman, 1968a; Hickman and Trump, 1969; Loretz and Bem, 1980; Oikari and Rankin, 1985;
Elger et al. 1987; Curtis and Wood, 1992). Evidence for regulation of renal magnesium
excretion comes from the observation that the magnesium concentration in bladder urine of fish
fed a low-magnesium diet and kept in magnesium deficient water was significantly lowered after
8 weeks of exposure. This effect was not accompanied by a decrease in plasma magnesium
concentration. Urine calcium concentration did not significantly change (1.57±0.32 mmol Γ1 at
the start of the experiment vs. 1.24±0.14 mmol Г1 after 8 weeks; P=0.52, Mann-Whitney Utest), indicating that the lowered magnesium concentration can not be attributed to the
production of a more copious, diluted urine. Moreover, we found no indications that would
predict an enhanced water excretion: the drinking rates were at control level and the activity of
the principal hormone involved in epithelial water permeability, prolactin (Wendelaar Bonga,
1993), was unaffected (as judged from morphometric analysis of the prolactin cells of the
pituitary gland; unpublished results). Magnesium excretion may principally be regulated by
reabsorption in the kidneys and the bladder. Accordingly, the observed large spread in urine
magnesium concentrations of the control group may be inherent to sampling procedures and
result from reabsorption of magnesium during storage of urine in the bladder. From an average
urine flow of 40 ml day"1 kg"1 fish (Hickman and Trump, 1969), we calculate that the
magnesium excretion in a 50 g Mozambique tilapia decreases from 2 μπιοί day"1 under control
1

conditions to 0.9 μ mol day" for fish fed a low-magnesium diet and kept in low-magnesium
water.
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In addition to the renal pathway, magnesium may also be lost via the integument and the
gastrointestinal tract. Unfortunately, evidence for extrarenal magnesium efflux in tilapia is to our
knowledge not available. This is in our opinion mainly due to the fact that a suitable magnesium
tracer, which must essentially be carrier-free for determination of integumental efflux under
steady-state conditions, has not been used. Oikari and Rankin (1985) showed that in freshwater
rainbow trout, even after intraperitoneal infusion of a large magnesium dose, the ejc/rarenal net
magnesium efflux was below the detection level of 1 μπιοί kg"1 h~', and less than 1% of the
amount excreted renally. Also, for marine southern flounder (Paralichthys lethostigma) it was
reported that excretion of absorbed magnesium occurs exclusively via the kidneys (Hickman,
1968b). Under normal dietary conditions the net accumulation rate for magnesium of a 50 g fish
(5.3±1.3 μπιοί day*1) amounts to 18% of the dietary intake (30 μπιοί day"1). Because renal
magnesium excretion cannot account for this relatively large apparent magnesium loss
(30-5.3=24.7 μπιοί day"1), we suggest that only a minor part of the magnesium load is actually
absorbed from the gut, as was reported for the marine southern flounder (Hickman, 1968b), or
that magnesium absorbed is secreted in more distal parts of the gastrointestinal tract. However,
under conditions of restricted magnesium feeding the magnesium deposition in the body is
balanced by the intake (from the food and from the water) minus the renal excretion. This
implies that under these conditions a) magnesium absorption in the intestinal tract is highly
efficient, and that b) the flow of magnesium to the water from the fish is very low. We show
here that an increase of the opercular chloride cell density was induced by both exposure to Mg2+
deficient water and low-magnesium diet. The increase was comparable to that induced by
exposure of Mozambique tilapia to acidified water (Wendelaar Bonga et al. 1990), and was
more pronounced than the increases induced by exposure to a low ambient calcium
concentration (Pratap and Wendelaar Bonga, 1993), or treatments with prolactin (Flik et al.
1994) or growth hormone (Flik et al. 1993). The high chloride cell density seen under
magnesium-restricted conditions suggests that enhanced branchial influx of ions is required to
compensate for losses of ions due to changes in the (magnesium-dependent ?) permeability of
the branchial epithelium. However, we found no evidence for enhanced prolactin activity that
could have indicated changes in branchial permeability. We therefore suggest that Mozambique
tilapia can maintain a low branchial permeability to magnesium, without activating its prolactin
cells, thus restricting magnesium losses. A search for an integumental (branchial) cellular
component in magnesium uptake from the water seems warranted.

3
Mineral balance in Oreochromis mossambicus'. dependence on
magnesium in diet and water

Summary Mozambique tilapia (Oreochromis mossambicus) confronted with magnesium
shortage in water and diet, continue to grow, but develop magnesium deficiency, in particular
when the diet is magnesium poor Pronounced decreases in scale and vertebral bone magnesium
content occurred within 8 weeks of magnesium deficient conditions and magnesium appears to
be mobilised from scales and bone, probably to guarantee muscle magnesium homeostasis.
Magnesium deficiency coincided with increased calcium and sodium content, and a low
potassium content of the body. The slight, but significant, decrease in muscle magnesium
concentration was accompanied by a marked increase in sodium concentration. Decreased tissue
magnesium levels accompanied by high sodium levels were also observed for vertebral bone,
but not for scales An increased opercular chloride cell density was found in all expérimental
groups, but the branchial NaVK+-ATPase specific activity was not affected. The prolactin cell
activity was comparable in all groups We conclude that magnesium deficiency leads to severe
perturbations of the mineral homeostasis of hard, and eventually, soft tissues and that fish are
less sensitive to such perturbations than higher vertebrates The relation between magnesium
deficiency and mineral balance may reflect the dependence of cellular ion transport mechanisms
and cell membrane permeability on magnesium.

Introduction

Several studies showed that magnesium deficiency in vertebrates is accompanied by
disturbances m the balance of other important minerals such as calcium, potassium and sodium
(Maclntyre and Davidson, 1958, Ogino and Chiou, 1976, Cowey et al 1977, Ogino et al. 1978,
Shim and Ng, 1988, Rude, 1989, Van der Velden étal 199 le, 1992a), and it has been suggested
that this relationship reflects the dependence ot cellular ion transport mechanisms, such as the
Na+/K+-ATPase (Rude, 1989), the Na+,K+,C1" symporter (Flatman, 1988) and K+ channels
MJC BlJVfcLDS, G FLIK, SE WENDbLAAR BONGA Fish Physiol Biochem In Press
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(Dorop and Clausen, 1993), on magnesium. This hypothesis is supported by the fact that an
experimentally induced hypomagnesia in rabbits caused an increase in sodium levels and a
decrease in potassium levels in skeletal muscle (Zumkley and Lehnen, 1984). It was suggested
that this reflects the dependence of the Na+/K+-ATPase, the principal regulator of cellular
potassium and sodium levels, on intracellular magnesium. Alternatively, magnesium may
influence ion movement across cellular membranes through its action on membrane
permeability or control of ion channels (Matsuda, 1991 ; Dorop and Clausen, 1993).
Magnesium deficiency in freshwater fish also is associated with both high sodium and
calcium levels, as well as low potassium levels (Cowey et al. 1977; Knox et al. 1981; Shim and
Ng, 1988; Dabrowska et al. 1991), but little is known about the mechanism(s) governing this
interaction. For magnesium deficient trout it was suggested that the increase in muscle sodium
content was due to a decrease in cell water coupled with an increase in extracellular volume
(Cowey et al. 1977; Knox et al. 1981). Such changes in the mineral status and water content of
tissues suggest that changes in cell membrane permeability result in an increased ion turnover.
The action of magnesium ions on the fluidity of cellular membranes may underlie this
phenomenon (Schoffeniels, 1967; Ebel and Günther, 1980; Cowan, 1995). The permeability of
osmoregulatory epithelia may also be affected through this mechanism as it was demonstrated
that external magnesium and calcium levels influence branchial epithelial permeability to both
water and ions (Potts and Fleming, 1971; Dharmamba and Maetz, 1972; Ogawa, 1974;
Wendelaar Bonga et al. 1983). The question arises whether internal magnesium levels can have
similar effects on membrane permeability and ion turnover in osmoregulatory organs like the
gills. Certainly some data suggests that it can. For instance, in carp it was shown that
magnesium deficiency was associated with changes in branchial ion regulation (viz. an increased
opercular chloride cell density and a decreased branchial Na+/K+-ATPase activity), that
coincided with an increased bone sodium content (Van der Velden et al. 1992a). Further, in
Mozambique tilapia a low dietary magnesium intake decreased sodium influx across the gills
(Van der Velden et al. 199le; 1992b). Interestingly, enhanced prolactin activity preceded the
occurrence of magnesium deficiency symptoms in Mozambique tilapia, suggesting that the low
dietary magnesium intake triggered a prolactin mediated response (Van der Velden et al.
1992b).
As the Mozambique tilapia is extremely efficient in magnesium handling and as water
borne magnesium may compensate for a low-magnesium diet (Bijvelds et al. 1996a), this
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chapter discusses the effects of extended low-magnesium feeding on the mineral status of fish
kept in magnesium deficient fresh water, as well as in fish kept in fresh water containing
magnesium. Calcium, magnesium, potassium and sodium levels were measured in whole body
samples, muscle and in hard tissues of the scales and vertebral bone. The effects of external
magnesium on ion regulatory mechanisms of the gills and on prolactin activity were also
evaluated. Possible mechanisms for the interaction between magnesium deficiency, branchial
ion regulation and mineral status are discussed.

Materials and methods

Experimental conditions
Mozambique tilapia, Oreochromis mossambicus (Peters), of both sexes and weighing
about 40 g were obtained from laboratory stock, reared in Nijmegen tapwater (0.2 mmol Γ 1
Mg2+) at 26°C under a photoperiod of 12 h of light alternating with 12 h of darkness. From this
stock 160 fish were weighed and randomly divided into four groups of 40 fish each. Each group
was held in a separate all-glass aquarium. The density of fish in the aquaria did not exceed 16 g
Γ 1 water. At the start of the experiment, the tapwater was replaced by artificial fresh water
containing 0.4 mmol Г1 NaCl, 0.1 mmol Г1 Na 2 S0 4 , 0.06 mmol Г1 KCl, 0.8 mmol Г1 СаС12
1

and 0.2 mmol Г MgSCv The water was recirculated over nylon filters and continuously
replaced by infusion at a rate of 20 1 day"1. The water pH was kept at 6.5 by titration with a
concentrated NaOH solution. Initially, all groups were fed a control diet (Hope Farms,
Woerden, The Netherlands), at a daily ration of 2% of the total body weight; this food contained
30 mmol magnesium per kg (determined on food digested in concentrated HNO3 with
Inductively Coupled Plasma Atomic Emission Spectrophotometry, ICP-AES; Plasma IL200,
Thermo Electron, USA). After three weeks the artificial fresh water in two groups was replaced
over a 7 day period by artificial fresh water without magnesium, containing 0.3 mmol Г 1
1

1

Na2S04,0.06 mmol Г KCl and 0.8 mmol Г CaCl2. The magnesium concentration of the water
after 7 days of replacement had decreased below 0.005 mmol Г1 (determined with ICP-AES).
After this 7 day period, for two groups of fish, one kept in artificial fresh water and one kept in
low-magnesium artificial fresh water, the control diet was replaced by a low-magnesium diet
containing 1.5 mmol magnesium per kg food (Hope Farms, Woerden, The Netherlands). This
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Table 1 Exposure of Mozambique tilapia to different magnesium concentrations in the diet and water
After all fish had been kept for three weeks under control conditions, one group was fed a lowmagnesium diet (LD, 1 5 mmol kg ' magnesium), one group was kept in low-magnesium water (LW,
1
less than 0 005 mmol" magnesium), and one group was exposed to both low-magnesium water and a
low-magnesium diet (LD-LW)
Group
Control
LD
LW
LD-LW

Magnesium concentration in water and diet
Initial
Experimental
Water
Diet
Water
Diet
0 2 mmol 1 '
30 mmol kg"'
0 2 mmol Г'
30 mmol kg '
0 2 mmol Γ'
30 mmol kg"'
0 2 mmol 1 '
1 5 mmol kg"'
<0 005 mmol 1"'
0 2 mmol Г'
30 mmol kg '
30 mmol kg"'
<0 005 mmol 1"'
0 2 mmol I '
30 mmol kg"'
1 5 mmol kg '

procedure resulted in four experimental groups (Table 1) The magnesium concentration of the
water was monitored weekly with the ICP-AES technique The actual magnesium
concentrations measured were 0 19±0 02 (mean ± S D, n=8) and 0 003±0 002 (n=8) mmol Г1,
for artificial fresh water and low-magnesium artificial fresh water, respectively

Preparation of samples
At the start of the experiment and after 8 weeks, fish were weighed and samples of six
fish per group were taken Fish were stunned by a blow on the head and killed by spinal
transection The left operculum and underlying gill arches, and the pituitary gland were quickly
excised From the lateral side of the body, along the lateral line, ten scales were sampled A
small portion of the boneless dorsal musculature was collected and vertebrae just behind the
anal fin were excised and cooked in a microwave oven (3 mm at 700 W), in order to facilitate
separation of bone and muscle tissue Scales, muscle tissue and vertebrae were weighed to the
nearest 0 1 mg, lyophihsed, and weighed again The lyophilised tissue samples (always less than
100 mg) were digested in 250 μΐ concentrated HNOi for 1 h at 60°C and left overnight at room
temperature The remainder of the fish was weighed and digested in HNOi (1 ml per gram wet
weight) at 60°C for 2 h and left to stand at room temperature for another 48 h Samples of
digested tissue were stored at -20°C until further analysis
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Sample analysis

Mineral concentration of tissue samples
Tissue and whole body digest samples were diluted with doubly distilled water.
Magnesium and calcium concentrations were determined with ICP-AES. Sodium and potassium
concentrations were determined with a flame photometer (Radiometer FLM3, Copenhagen,
Denmark).

Opercular chloride cell density
Freshly dissected opercula were incubated in tapwater containing 20 mmol Γ 2-(4dimethylaminostyryl)-JV-ethyl-pyridinium iodide (DASPEI; ICN Biomedicals, Zoetermeer, The
Netherlands) for 4 to 6 h at 5°C (Bereither-Hahn, 1976). Opercula were rinsed in tapwater and
the density of fluorescent cells was established at anatomically fixed spots (Wendelaar Bonga et
al. 1990). Per fish 25 sites in a single operculum (total surface area is 5 mm2) were scored.
Chloride cell density is expressed as the number of DASPEI positive cells per mm2.

Branchial Na+/K*-ATPase activity
Freshly excised gill arches were scraped with a microscope slide to remove the branchial
epithelium. The collected tissue was transferred to an ice-cold isotonic buffer containing 300
mmol Γ1 sucrose, 0.1 mmol Γ1 (ethylenedinitrilo)tetraacetic acid (EDTA), 20 mmol Г 1 4-(2hydroxyethyl)-l-piperazineethanesulfonic acid (HEPES), set to pH 7.8 with 2-amino-2hydroxymethyl-l,3-propanediol (Tris). The ice-cooled suspension was homogenized by
sonification for 10 s. Protein concentration was determined with a commercial Coomassie blue
reagent kit (Biorad), using bovine serum albumine as reference (Bradford, 1976). Substrate
accessibility was optimised by permeabilisation of the membrane suspension with saponin (0.2
1

+

+

mg mg" protein, for 10 min at 25°C). Na /K -ATPase activity was determined by the method
of Bonting and Carvaggio (1963). Enzyme activity is expressed as the ouabain sensitive,
potassium dependent, inorganic phosphate (P,) release per h per mg protein.

Prolactin cell activity
The collected pituitaries were processed for electron microscopy analysis as described
previously (Wendelaar Bonga and Van der Meij, 1980).
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Table 2 Whole body wet weight of Mozambique tilapia exposed to a low-magnesium diet, lowmagnesium water, or both.
Whole body weight (g)
Group

At the start

After eight
weeks

Control

41.3±12.1

62.3±19.9

LD

39.5±10.0

53.4±12.9

LW

38.Ы0.3

59.5±13.6

LD-LW

40.0±9.5

59.8±15.6

Calculations and statistical analysis
The Kolmogorov-Smimov test was used to ensure that the variables did not deviate
from the normal probability distribution. Subsequently, differences among groups were assessed
by means of a two-way analysis of variance (ANOVA), and significance of differences between
variances was tested with the F-test, and accepted at Ρ < 0.05. Values are presented as means ±
standard deviation (S.D.).

Results

Growth rate
Table 2 lists the average weight of control fish and those exposed to a low-magnesium
diet (LD), low-magnesium water (LW), or both (LD-LW), at the start of the experiment, and
after 8 weeks. No significant weight differences were found between groups at the start of the
experiment nor after 8 weeks.

Tissue water content
The water content of scales, muscle and vertebral bone at 8 weeks was not affected by
the treatments (Table 3).
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Table 3Water content of scales, muscle and vertebral bone of Mozambique tilapia exposed for 8 weeks
to a low-magnesium diet, low-magnesium water, or both. Means ± 1 S.D. are given of sixfishper group
Group

Water content as mass percentage
Muscle

Scales

Vertebral bone

Control

73.8±0.9

45.6±0.5

40.2±5.4

LD

71.9±3.0

46.0±0.6

40.2±3.7

LW

71.0±4.6

46.8±0.5

41.0±3.6

LD-LW

74.8±0.9

46.0±0.7

40.9±3.8

Whole body and tissue mineral concentration
The magnesium, calcium, potassium and sodium concentrations of whole body, scales,
muscle and vertebral bone of the experimental groups after an 8 week exposure to low
magnesium conditions are summarised in Table 4. The control values after 8 weeks were not
significantly different from the respective mineral concentrations measured at the start of the
experiment. Significant differences were not observed between groups at the start of the
experiment (results not shown).
Whole body magnesium concentrations and magnesium concentrations of scales, muscle
and vertebral bone (Table 4a) decreased in the LD-LW group. The scales of the LD group
showed a less pronounced, but significant, decrease of the magnesium concentration. The
magnesium concentrations of whole body and tissues of the LW group remained at the control
level, except for a slight decrease of the scale magnesium concentration after 8 weeks. For all
tissues, a highly significant interaction (P < 0.001) was observed between exposure to low
ambient and dietary magnesium levels.
The whole body calcium concentration was affected in both the LD group and in the
LD-LW group (Table 4b). No changes in calcium concentration were observed in scales, muscle
or vertebral bone.
The whole body potassium concentration of the LD-LW group was significantly lower
than the control value (Table 4c). No significant differences were observed in tissue potassium
concentration between groups.
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Table 4Whole body and tissue magnesium (a), calcium (b), potassium (c) and sodium (d) concentration
of Mozambique tilapia exposed for 8 weeks to a low-magnesium diet, low-magnesium water, or both.
Means ± 1 S D are given of six fish per group
Group

Whole body

Muscle
1

μιηοΐ g' dry weight

umol g~' wet weight

Scales
μιηοΙ g

-1

dry weight

Vertebral bone
цпюі g~' dry weight

4a. Magnesium concentration
Control

14 5±0 8

48 1±3 3

103 6±6 6

1206±12 1

LD

14 6±0 8

48 2±2 8

89 1±67***

108 4±10 0

LW

14 8±0 3

49 6±2 2

94 3±4 1**

117 3±5 8

LD-LW

11 3±0 9***

43 2±3 4»

63 7±2 6«**

817±12 0*««

9 3±17

4412±271

4416±212

4b. Calcium concentration
Control

304 6±8 4

LD

339 5±18 8***

112±2 6

4359±271

4462±338

LW

306 7±7 1

12 6±2 4

4217±208

4222±255

LD-LW

345 4±14 9***

107±24

4339±123

4543±134

1560±107

4c. Potassium concentration
Control

89 2±18

467 3±59 6

38 1+6 3

LD

90 2+4 5

4827±25 4

36 8±10 8

160 2±9 2

LW

89 3±2 1

483 6±201

43 4±60

1614±16 8

LD-LW

76 9±16***

451 1±27 0

43 0±6 7

147 3±18 4

Control

60 6±4 0

112 5±264

2164±5 8

166 3±19 3

LD

66 3±2 8*

126 8±23 5

208 6±35 0

164 8±19 6

4d. Sodium concentration

LW

63 2±3 9

116 0±12 9

220 9±19 8

155 9±18 0

LD-LW

814±3 0***

205 2±27 7***

238 8±14 8

202 3+16 6*

Values marked with an asterisk are significantly different from the control value in the same column *

Ρ < 0 05, ** Ρ <0 01, *** Ρ <0 001

In the LD-LW group, the whole body sodium concentration, as well as the sodium
concentration of muscle and vertebral bone, but not of scales, had increased (Table 4d). In the
LD group, the whole body sodium concentration had also increased, although to a lesser extent.
Sodium levels of the LW group were not affected.
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Opercular chloride cell density and branchial Na*/K*-ATPase activity

After 8 weeks the opercular chloride cell density had increased significantly in all
experimental groups, whereas the chloride cell density of the control group remained constant
throughout the experiment. The high opercular chloride cell density of the LD-LW group
reflected a significant interaction (P < 0.05) between exposure to low ambient and dietary
magnesium levels. No significant differences were observed in branchial Na+/K+-ATPase
activity between groups (Table 5).

Table 5 Opercular chloride cell density and branchial Na7K+-ATPase activity (expressed as P, release)
of Mozambique tilapia exposed for 8 weeks to a low-magnesium diet, low-magnesium water, or both.
Means ± 1 S.D. are given of six fish per group
Chloride cell density

Na7K+-ATPase activity

cells per mm

μπιοί h -1 mg-1 protein

Control

156±32

6.3±0.8

LD

279±43***

6.9±2.3

LW

251±40***

6.7±1.4

LD-LW

454±42***

5.2±0.9

Group

Values marked with an asterisk are significantly different from the control value in the same column.
***P<0.001
Prolactin cell activity
Low-magnesium exposure for 8 weeks had no effect on prolactin cell activity as judged
from the morphometrical analysis of prolactin cells of the pituitary gland. No differences were
observed between groups in the fractional area of mitochondria, Golgi apparatus or granular
endoplasmic reticulum (Table 6).
Plasma calcium concentration
No significant differences were observed in the ultrafiltrable plasma calcium con
centration after 8 weeks of treatment. The respective concentrations were 1.33±0.20 mmol Γ1
for the control group, 1.52+0.15 mmol Γ1 for the LD group, 1.78±0.29 mmol Γ1 for the LW
group, and 1.41±0.32 mmol Γ' for the LD-LW group.
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Discussion

Mineral content of tissues
The inverse relationship between magnesium and sodium levels in vertebral bone
observed in this study suggests that sodium may occupy bone magnesium sites when
magnesium availability is low. Magnesium in bone tissue is deposited predominantly as
magnesium whitlockite, Ca9Mg(HPC>4)(PC>4)6. Sodium may be precipitated in a whitlockite
structure, Ca9+,Nax(P04)6+x (0<x<l), or in apatite Ca10-xNax(PO4)6-x(CO3)i+1I (0<x<1.5)
(Driessens, 1982; Driessens et al. 1987). The bone magnesium concentration of the LD-LW
group was 39 μπιοί g -1 dry weight lower than in the control group (120.6-81.7 μπιοί g -1 dry
weight; see table 4a) whereas bone sodium was 36 μπιοί g-1 dry weight (202.3-166.3 μπιοί g"1
dry weight; see table 4d) greater. These values are consistent with the exchange of sodium for
magnesium in whitlockite, or the replacement of magnesium whitlockite by sodium apatite, in
which cases sodium would replace magnesium on the near equimolar basis observed. However,
this close relation does not apply to all hard tissues. For instance, the scales contained the most
readily recruitable magnesium pool, but showed no significant changes in sodium levels.
Therefore, a simple exchange of deposited magnesium for sodium in scales seems unlikely and
the relation between magnesium and sodium is clearly more complex.
The large increase in sodium concentration of muscle, when compared to the hard
tissues, may reflect the different role of magnesium in soft tissues. In bone tissue, the function
of magnesium is probably biomechanica] and as a store of magnesium. In soft tissues, ionic
magnesium is a co-factor in numerous enzymatic processes. This may explain why the
magnesium levels in muscle decrease only slightly. As is demonstrated here, a relatively small
change in magnesium concentration causes large perturbations in the sodium composition of the
muscle tissue, which may eventually lead to muscle dysfunction. The high sodium concentration
in muscle tissue of magnesium deficient mammals and fish has been attributed to a reduction in
the cell water content and a concomitant increase in the extracellular volume, associated with
high sodium levels (Maclntyre and Davidson, 1958; Knox et al. 1981).
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Table 6 Morphometrical analysis of electron micrographs of prolactin cells of Mozambique tilapia
exposed for 8 weeks to a low-magnesium diet, low-magnesium water, or both. Fractional area of
mitochondria, Golgi apparatus and granular endoplasmic reticulum (GER) are presented as percentages
of the cytoplasmic area. Means ±1 S.D. are given offivefishper group
Group

Fractional area of cell organelles as percentages of cytoplasmic area
Mitochondria

Golgi apparatus

GER

Control

3.2±1.0

5.6±1.6

23.5±5.6

LD

3.5±2.5

6.8±1.3

22.4±3.6

LW

2.7±0.9

5.2±1.9

22.7±0.4

LD-LW

2.3±0.9

4.6±0.9

24.6±1.4

The effects of magnesium deficiency on calcium, potassium and sodium levels may
reflect an interaction of magnesium deficiency with cellular ion permeability or ion transporters
in osmoregulatory epithelia and other tissues. Calcium deposition in the body increased in fish
fed a low-magnesium diet, even when the body magnesium content was not notably affected.
Magnesium may influence intestinal calcium absorption, by competing for the same transport
mechanism (Ebel, 1990; Karbach and Rummel, 1990), although there is evidence to suggest that
transcellular magnesium absorption proceeds through a distinct, calcium independent pathway
(Hardwick et al. 1990; Karbach et al. 1991; Kayne and Lee, 1993). A low dietary magnesium
intake may therefore result in an increased calcium absorption. Furthermore, Driessens et al.
(1987) suggested that magnesium deficiency affects calcium deposition by disturbing the,
potassium-dependent, acid-base regulation of the bone extracellular fluid. As a result, other
body fluids may become supersaturated with octocalcium phosphate, which can lead to
spontaneous calcification processes throughout the body. Tissues which seem to be especially
prone to calcification are the kidneys, the heart and the arteries (Driessens et al. 1987). In fish, a
low dietary magnesium intake was shown to induce renal calcinosis in trout (Cowey et al.
1977). The high susceptibility of these soft tissues to calcification may explain why the increase
in calcium content of the body observed in the present study was not reflected in the calcium
concentration of the bone and muscle tissues, which are less susceptible to spontaneous
calcification (Driessens et al. 1987).
Severe disturbances in the potassium and, most notably, sodium balance were apparent
in fish developing a frank magnesium deficiency. Perturbation of the sodium- and potassium
balance may be explained by a similar mechanism, and be ascribed to the inhibition of cellular
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ion transport by low magnesium levels. Both the activity of the Na+/K+-ATPase and the
Na+,K+,CF symporter are modulated by intracellular magnesium (Flatman, 1988; Rude, 1989),
and it has been implied that a loss of intracellular magnesium results in potassium loss
(Zumkley and Lehnert, 1984; Rude, 1989). These enzymes are present in most or all cells, and
serve a role in the regulation of potassium level, sodium level, and cellular volume (Glynn and
Ellory, 1985; Haas, 1994). Thus, both transport mechanisms may be involved in the shift in the
potassium/sodium ratio observed in this study, and the reduction in cell water content reported
previously (Maclntyre and Davidson, 1958; Knox et al. 1981). Other mechanisms, such as
potassium efflux through magnesium dependent potassium channels (Dorop and Clausen,
1993), may also be involved.
Opercular Chloride Cells, Branchial Na+ /K* -ATPase Activity and Prolactin Cell Activity
The opercular chloride cell density in Mozambique tilapia is a reliable indicator of
branchial chloride cell density (Wendelaar Bonga et al. 1990). Thus, our data suggest that
exposure to low-magnesium water or a low-magnesium diet increase the branchial chloride cell
density. Chloride cells are the principal cell types of the branchial epithelium involved in the
uptake of minerals from the water, and an increased chloride cell density may, therefore,
indicate a compensatory response to disturbances of the ion regulation, induced by lowmagnesium conditions. The increased chloride cell density, together with the observation that
the branchial Na+/K+-ATPase specific activity does not increase proportionally, indicates that
low-magnesium exposure induces changes in the enzymatic make-up of the chloride cell
population. It is characteristic for the presence of high numbers of developing and degenerating
chloride cells; although these cells are DASPEI positive, they contain less Na+/K+-ATPase
activity than mature, functional chloride cells, explaining why the Na+/K+-ATPase activity
remains relatively low despite the high chloride cell counts. A high chloride cell density in
combination with a relatively low branchial Na+/K+-ATPase specific activity, has been related
to several other environmental factors, such as water acidity (Wendelaar Bonga et al. 1990) and
cadmium exposure (Pratap and Wendelaar Bonga, 1993), and it may be a non-specific
acclimatory response, induced by stressors that interfere with ion regulation (Wendelaar Bonga,
1993).
How external magnesium may interfere with branchial ion regulation is unclear. Low
ambient calcium levels increase branchial permeability to monovalent ions and water (Potts and
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Fleming, 1971; Dharmamba and Maetz, 1972) and, conversely, a decrease in this permeability
has been reported at high water calcium or magnesium levels (Ogawa, 1974; Wendelaar Bonga
et al. 1983). In the present study, exposure to low water magnesium levels induced a decrease in
scale magnesium concentration. Apparently water borne magnesium is important for the
maintenance of magnesium balance, possibly by acting on integumental permeability. However,
it has been shown before that under low-magnesium conditions the net integumental
magnesium uptake essentially equals the unidirectional influx, indicating that magnesium efflux
across the body wall is negligible (Bijvelds et al. 1996a). We show here that a prolonged,
chronic, prolactin response does not occur during adaptation to low-magnesium conditions. We
found no morphological evidence for prolactin cell activation, nor for a plasma hypercalcemia,
distinctive for prolactin activity in this species (Flik et al. 1994). Prolactin has a crucial role in
branchial permeability control, and its activity has been related to environmental factors which
affect hydromineral balance, such as pollutants and ambient salinity (Wendelaar Bonga, 1993).
We therefore conclude that Mozambique tilapia kept under low-magnesium conditions can
maintain a low branchial permeability to water and ions.

In conclusion, magnesium deficiency in Mozambique tilapia leads to a decrease in
magnesium and potassium deposition, and an increase in calcium and sodium deposition.
However, magnesium deficiency did not affect growth, as measured by weight increase, or
survival of the Mozambique tilapia. Therefore, this species seems to be less sensitive to
disturbances of the tissue mineral balance than some other fish species and higher vertebrates, in
which similar changes in the mineral composition of tissues lead to dysfunction, and
magnesium deficiency causes reduced growth or weight loss, and, eventually, a high mortality
(Maclntyre and Davidson, 1958; Woodward and Reed, 1969; Ogino and Chiou, 1976; Cowey et
al 1977; Gatlin et al. 1982; Shils, 1988; Shim and Ng, 1988; Shearer, 1989; Dabrowska et al.
1991). The effects of magnesium deficiency on the mineral balance of the Mozambique tilapia
are not caused by a loss of branchial permeability control, as a low dietary magnesium intake or
low magnesium levels in the ambient water did not affect branchial Na+/K+-ATPase activity or
prolactin cell activity, both of which are good indicators of the control of ion regulation.
Moreover, conditions that severely compromise integumental permeability control in fish will
increase the energy expenditure for regulation of the ion- and water balance, resulting in a
decreased growth. Conversely, the weight gain of the Mozambique tilapia was not affected by a
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low magnesium intake (and is similar to that observed previously for Mozambique tilapia of this
size, Flik et al. 1993), and this may, therefore, be interpreted as further evidence that
magnesium deficiency does not cause a severe loss over control of branchial permeability to
ions and water. On the other hand, the perturbations in mineral balance associated with
magnesium deficiency indicate that this mineral is important in the regulation of body mineral
composition. A low dietary magnesium intake increases the calcium deposition in the body,
probably by enhancing intestinal calcium absorption and calcification. The high sodium levels
in conjunction with low potassium levels suggest that magnesium deficiency leads to
disturbances in cellular ion transport.

4
Physiological evidence for anion-coupled magnesium
transport in fish intestine

Summary Mucosa to serosa Mg2+ flux was measured in vitro in isolated segments of the
proximal intestine of Mozambique tilapia, using 27Mg to trace Mg2+ movement. The mucosato-serosa Mg2+ flux was inhibited by replacement of Na+ by NMDG+ and by replacement of
СГ by isethionate. These data suggest that intestinal Mg2+ absorption involves a Na+- and СГdependent transport mechanism and are compatible with an anion-dependent Mg + extrusion
mechanism in the basolateral plasma membrane of the enterocyte. We propose that this
mechanism is involved in transcellular Mg + absorption.

Introduction
In freshwater fish, as in terrestrial vertebrates, intestinal magnesium absorption is
crucial for the maintenance of magnesium homeostasis and growth. For the Mozambique
tilapia we have shown that the fractional absorption of magnesium increases when the dietary
magnesium intake was low (Bijvelds et al. 1996a), suggesting a regulated cellular magnesium
transport mechanism. This hypothesis corroborated previous observations made in our
laboratory: in an Ussing-chamber set-up it was shown that the net mucosa to serosa Mg2+ flux
across the proximal intestine of the Mozambique tilapia was inhibited by replacement of
+

+

serosal Na and addition of ouabain, which is indicative of a Na coupled Mg

2+

transport

mechanism (Van der Velden et al. 1990).
In mammals, intestinal magnesium absorption is considered to be predominantly a
paracellular gradient-driven process (Hardwick et al. 1990; Karbach and Feldmeier, 1991),
but the involvement of a saturable, carrier-mediated mechanism has also been proposed
(Ross, 1962; O'Donnell and Smith, 1973; Partridge et al. 1987; Karbach et al. 1991). The
extent to which transcellular transport contributes to the total magnesium absorption varies
from species to species and depends on the nutritional intake and the location of the
absorptive process along the intestinal tract (for a review of the available data see: (Ebel,
1990; Karbach and Feldmeier, 1991; Kayne and Lee, 1993)). Transcellular transport requires
M. J.C. BIJVELDS, J. Li, Z.I. KOLAR,S.E. WENDELAAR BONGA, G. FLIK Submitted
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the input of metabolic energy, as the epithelial cells maintain a potential difference across the
plasma membrane opposing Mg

2+

extrusion from the enterocyte. Transcellular Mg

2+

2+

absorption, therefore, predicts the presence of an active Mg transport mechanism located at
the basolateral pole of the enterocyte. However, evidence to substantiate such a transport
mechanism is scarce such that the mechanism of transcellular Mg

2+

absorption is poorly

understood.
In a search for a Mg2+ transporter, we have given biochemical evidence for an anion
(СГ) coupled Mg2+ transport mechanism located in the basolateral plasma membrane of the
enterocyte, with a putative role in intestinal Mg2+ absorption (Bijvelds et al. 1996b).
Although this mechanism showed no direct dependence on Na+, it may be indirectly
dependent on extracellular Na+, as the transmembrane Na+ gradient provides the driving force
for uphill СГ uptake in the enterocyte (Groot and Bakker, 1988). Dissipation of the
transmembrane СГ gradient may, in tum, inhibit Mg + transport. To test whether Mg2+
absorption is indeed coupled to anion symport activity, we investigated the СГ dependence of
the unidirectional mucosa to serosa (absorptive) Mg 2+ flux across the Mozambique tilapia
proximal intestine.

Materials and methods

Mozambique tilapia, Oreochromis mossambicus (Peters), of both sexes were obtained
from laboratory stock. Fish were kept in Delft tap water ([Mg2+]=0.3 mmol Γ1) at a temperature
of 25-28cC. The photoperiod was 12 h of light alternating with 12 h of darkness. Fish were fed
Trouvit fish pellets (Trouw & Co., Putten, The Netherlands) at daily rations of 1.5% of the fish
total weight.

Production of27Mg
MgO, isotopically enriched in 26Mg to 99.6% (Oak Ridge National Laboratory, Oak
Ridge, Tennessee, USA), was dissolved in diluted "Suprapur" acetic acid (Merck, Darmstadt,
Germany), resulting in a 50 mmol Г1 Mg(CH3COO)2 solution. 27Mg (half-life 9.46 min) was
produced by irradiation of this solution in a thermal neutron flux of 4· 1016 m - 2 s~' for 20 min in
the nuclear reactor of the Interfaculty Reactor Institute of the Delft University of Technology
(Delft, The Netherlands). The specific activity of the 27Mg preparation directly after irradiation
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was approximately 70 GBq mol-1. This protocol allowed us to start an assay of intestinal Mg2+
transport with a fresh 27Mg batch, every 30 min.

Measurement of luminal magnesium
The content of the lumen of the proximal intestine was sampled, and filtered by
centrifugation (4800 g, 30 min) on Ultrafree-MCfiltrationunits (Millipore, Bedford, USA) with
a 10 kD molecular cut-off. Filtered samples were diluted in distilled water and the magnesium
concentration

was

determined with Inductively Coupled Plasma Atomic

Emission

Spectrophotometry (ICP-AES, Plasma IL200, Thermo Electron, USA).

Preparation of intestinal segments and experimental set-up
Fish weighing approximately 50 g were killed by spinal transection and the peritoneal
cavity was opened. The first 3 to 5 cm of the intestine, directly posterior to the pyloric
sphincter, was quickly excised and flushed with ice-cold saline containing 150 mmol Γ
NaCl, 5 mmol Γ1 4-(2-hydroxyethyl)-l-piperazineethanesulfonic acid (HEPES), set to pH 7.5
with 2-amino-2-hydroxymethyl-l,3-propanediol (Tris). The isolated segment was quickly
transferred to an isotonic solution containing 135 mmol Γ1 NaCl, 5 mmol Г1 potassium
gluconate, 1.5 mmol Г1 КН 2 Р0 4 , 1.25 mmol Г1 CaS04, 1 mmol Г1 MgSO„, 28 mmol Г1
glucose and 5 HEPES/Tris, pH 7.5, oxygenated with 95% 0 2 -5% C0 2 . All further steps were
performed at room temperature. The segment was mounted between the outlets of two glass
tubes (3 mm internal diameter). The ends of the tubes where covered with a thin section of
silicon tubing to secure a snug, solute impermeable, fit between the intestinal segment and the
tube wall. The intestinal segment was transferred to a perspex chamber containing the
aforementioned oxygenated isotonic solution. Through the glass tube connected with the
proximal side of the segment, the lumen was completely filled by means of a syringe with a
solution identical to the serosal solution. Good care was taken that no air was enclosed in the
lumen of the segment. The experiment was started by replacing the luminal solution with a
1

27

similar solution, in which MgS0 4 was replaced by 3 mmol Г [ Mg]-Mg(CH3COO)2. After 25
min of incubation the intestinal lumen was rinsed with isotonic solution and the bathing solution
was replaced. In total, four consecutive experiments per intestinal segment were performed,
which involved simultaneous replacement of the luminal and serosal media. Mucosal and
serosal NaCl were in some instances replaced by N-methyl-D-glucamine chloride (NMDG-C1)
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or sodium isethionate. The amount of Mg2+ transported from mucosa to serosa was assessed by
measuring the amount of radioactive

27

Mg 2+ accumulated in the serosal solution (see

Calculation and statistics section for details). After the last run, the intestinal segments were
rinsed, blotted on tissue paper, and cut open lengthwise to measure the surface area. The
segments were weighed to the nearest 0.1 mg, lyophilised, and weighed again to assess the dry
mass.

Isolation and plating of enterocytes
Mozambique tilapia enterocytes were isolated by a modification of the method described
by Kimmich (1990). The proximal intestine was cut open lengthwise and divided into sheets of
about 1 cm2. These were incubated for 30 minutes at room temperature in 10 ml of isolation
medium containing 125 mmol Γ1 NaCl, 10 mmol Г1 NaHC03, 3 mmol Г1 К 2 НР0 4 , 1 mmol Г1
MgCb, 1 mmol Г1 СаС12, 0.1 mmol Г1 dithiothreitol, 10 mmol Г1 glucose, 100 U ml"1
aprotinin, 1 mg ml"1 hyaluronidase (type I) and 10 mmol Г1 HEPES/Tris, pH 7.4. Detachment
of enterocytes from the serosal layers was induced by gentle stirring and by repeatedly passing
the tissue suspension through a wide-bore pipette tip. The suspension was filtered through
cheese cloth to remove tissue debris and centrifuged (150 g, 5 min). The loosely packed cells at
the bottom of the centrifuge tube were resuspended in 2 ml of a physiological salt solution
(PSS) containing 125 mmol Г1 NaCl, 10 mmol Г1 NaHC03, 1 mmol Г1 NaH2P04, 3 mmol Г1
KCl, 2 mmol Г1 MgS04, 1.8 mmol Г1 CaCl2, 10 mmol Г1 glucose and 10 mmol Г1
HEPES/Tris, pH 7.4.
A thin liquid film of the polyphenolic protein adhesive Cell-Tak (Waite and Tanzer,
1981) in 5% acetic acid was applied on a glass coverslip (22 mm diameter). After evaporation
of the acetic acid and rinsing of the coverslips in distilled water, isolated enterocytes were
allowed to adhere to the Cell-Tak film by placing 0.5 ml cell suspension on a coverslip for 15
minutes at room temperature. Unattached cells were removed by rinsing the coverslips with
PSS. Coverslips were stored in L-15 Leibovitz culture medium supplemented with 100 U т Г

1

1

penicillin, 100 μg ml" streptomycin and 10% fetal calf serum (FCS). A Trypan blue exclusion
test indicated that typically over 90% of the plated cells were viable up to 6 h after isolation.

Determination of the intracellular sodium concentration
Plated cells were placed in the dark in PSS containing 10 цтоі Г1 of the cell permeant
fluorescent probe Sodium-green (tetra-acetate salt) and 1 цтоі Г1 pluronic Fl27. After loading
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for 60 min at room temperature, the cells were washed three times in PSS to remove
extracellular probe and detached cells. Subsequently, a coverslip was mounted in a microscope
chamber, containing 1 ml PSS. The chamber was placed on the stage of an inverted microscope
(Nikon Diaphot; Tokyo, Japan) equipped with a 60x oil-immersion objective (numerical
aperture of 1.4). Excitation of Sodium-green at 488 nm was realised by directing the light of a
15 mW argon ion laser through a 488 DF 10 excitation filter. To reduce bleaching of the
fluorescent probe, the laser emission was attenuated to 10% by introducing a neutral density
filter. The emission at 530 nm was collected after the fluorescent light passed through a dichroic
reflector (DR 510 LP) and a barrier filter (OG 515). Optical sections of approximately 1 ц т
were obtained by opening of the confocal pinholes to about 50% of their maximum setting.
Personal computer based software (Bio-Rad microscience) was used for data acquisition,
storage, and analysis.
Calibration of the basal intracellular sodium concentration, [Na+]„ was performed by
measuring maximum fluorescence (Fmax) after the addition of 20 μ mol Γ digitonin; minimum
fluorescence (F,™,) was equated to the background fluorescence. Intracellular Na+ was
calculated according to:
(F-Fm,n)

The dissociation constant (Κ<0 for the Na+/Sodium-green complex is 21 mmol Γ1.

Radioactivity measurement
Mucosa to serosa Mg
27

2+

transport was assessed on the basis of the γ-ray emission of

Mg. The bathing (serosal) solution was continuously circulated through a glass 7.0 ml vessel

in the well of a 7.6 χ 7.6 cm Na(Tl)I scintillator by means of a peristaltic pump. The pumping
rate was adjusted to ensure that the total volume of solute in the counting vessel was replaced at
7

least four times per counting interval of 260 s. The Mg specific activity was determined by
counting a 100 μ 1 sample of the luminal solution (with known magnesium concentration). The
counting efficiency for this sample relative to the counting efficiency of the "flow-through"
counting vessel was determined in pilot experiments. Data were analysed using personal
computer based data acquisition hard- and software (Accuspec Display/Acquisition, Canberra,
Tilburg, The Netherlands). All pulses recorded in the region containing the principal photopeak
emissions of 27Mg (at 844 and 1014 keV) were taken into account. Counting rates of samples
were corrected for differences in counting geometry, for background, and radioactive decay.
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Figure 1 Relation between dry mass and surface area of proximal intestine of the
Mozambique tilapia. Regression analysis yielded a highly significant linear relation
between the dry mass (M, in g) and surface area of the segment (As, in cm2), with
parameters as indicated in the figure.

Calculations and statistics
Assuming that the system approximates a steady state two compartmental model, where
luminal and serosal Mg

2+

concentrations do not significantly change during the course of the

experiment and association of Mg2+ with the tissue may be considered negligible, the 27 Mg 2+
quantity appearing in the serosal solution (Qs, in nmol) was calculated according to the formula:
Qs = Qr

φ V,
φ V,

where Qi is the quantity of magnesium in the sample of the luminal solution (in nmol), qv is the
tracer quantity in the counting vessel (in counts per second, cps), qi is the tracer quantity in the
luminal sample (in cps), Vs is the volume of the serosal solution (30 ml), Vv is the volume of the
serosal solution in the counting vessel. The slope of Q s versus time was calculated according to
the least squares method. Subsequently, Mg2+ fluxes were calculated by dividing this slope by
the surface area of the intestinal segment. Linear regression analysis yielded a significant
correlation (Λ=0.77, /"=0.0003, N=17) between surface area and dry mass of the intestinal
segments (Fig. 1). It is acknowledged that because of the high degree of folding of the intestinal
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epithelium, the measured surface area of the segment does not reflect the surface area of the
epithelium. Therefore, Mg

2+

fluxes were expressed on the basis of the mass-derived surface

area. This approach resulted in minimal inter-assay variation. Repeated measurements of fluxes
on one single segment showed that fluxes remained stable for up to 2 h from preparation (Fig.
3). Therefore, all experiments were performed within this time range. This allowed four assays
of Mg2+ flux per experiment, in which fresh radiotracer was introduced every 30 min. Results
are expressed as percentages (mean ± standard error) of the controlfluxesmeasured in duplicate
on the same tissue sample. Statistical significance of differences between means was assessed
using the two-tailed Student's (-test and accepted at Ρ < 0.05.

Results
The magnesium concentration of the intestinal content amounted to 9.3±1.6 mmol Γ1
(mean ± SE, n=3).
The intracellular free Na+concentration in isolated enterocytes was 6.25±3.50 mmol Γ1
(n=5). Replacement of medium Na+ by NMDG+ decreased the free Na+ concentration of the
cells, and this effect was completely reversible (Fig. 2).
Mucosa to serosa Mg2+ fluxes showed considerable variation between different
segments, hi the presence of NaCl containing isotonic solution the average mucosa to serosa
Mg2+ flux amounted to 6.4±2.9 nmol cm"2 h - 1 (n=7). Replacement of serosal and luminal Na+
or СГ reduced fluxes to 37±13 % (P<0.05; n=3) and 71±11 % (P<0.05; n=7) of the paired
control, respectively. Figure 3 summarises the results of an experiment on one segment.
Replacement of NaCl by sodium isethionate reduced the slope of ^Mg 2 * appearance in the
serosal compartment versus time in a reversible manner. This slope was also reduced by
omitting Na+ from the medium.
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Discussion

Mucosa to serosa Mg2+ flux was inhibited by replacement of extracellular Na+ or СГ.
The СГ-dependence is compatible with an anion-coupled Mg + extrusion mechanism in the
basolateral plasma membrane of the enterocyte. The dependence of Mg2+ flux on Na+ may be
indirect, reflecting the role of Na+ in cellular СГ handling and paracellular solute transport.
The intestinal magnesium concentration of 9.3 mmol Г1 measured in the present study
suggests that Mg2+ absorption may be driven by the chemical Mg2+ gradient across the intestinal
epithelium. Therefore, passive, paracellular Mg2+ absorption may predominate as is likely in
mammalian species (Kayne and Lee, 1993). Nevertheless, a saturable component in intestinal
magnesium absorption has been repeatedly reported (Ross, 1962; O'Donnell and Smith, 1973;
Partridge et al. 1987; Karbach et al. 1991), and this has been interpreted as evidence for carriermediated transcellular Mg2+ transport. The Km value for the saturable component of Mg2+
absorption is estimated at values between 0.5 and 5 mmol Г1 (Ebel, 1990; Kayne and Lee,
1993). The luminal Mg2+ applied in the present study (3 mmol Г1) was chosen to approximate
these estimates. At these luminal Mg + levels, the contribution of transcellular transport will be
relatively high as the driving force for passive transport is low. Serosal Mg2+ was set at 1 mmol
Г1, which approximates the Mg2+ level of the body fluids in this species.
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Although Mg2+ is absorbed throughout the whole intestine in mammalian species, the
ileum seems to be the principal location for Mg2+ absorption (Kayne and Lee, 1993). Fish
intestine lacks the structural and functional compartmentalisation of the mammalian small
intestine. In our experiments we used samples of the proximal one third of the intestine, which
is of a uniform cellular make-up and was previously shown to actively absorb Mg2+ (Van der
Velden et al. 1990). Its mucosa-to-serosa Mg2+ flux was considerably higher than could be
explained by solute linked water transport, and the process was inhibited by ouabain, an
inhibitor of cellular ion transport.
The unidirectional Mg2+ influx measured in the present study was considerably lower
than reported earlier for stripped intestine of this species, i.e. 6.4±2.9 versus 39±19 nmol cm"2
h"1 (Van der Velden et al. 1990). Flux measurements in non-stripped epithelia will generally
underestimate the epithelial flux, as the muscle and connective tissue layers form a considerable
barrier for solute transport into the serosal compartment (Van Os, 1987). In vivo, with a
functional capillary bed for the uptake and transport of absorbed nutrients, the rate of Mg2+
absorption may be considerably higher than in isolated segments. Therefore, the data obtained in
the present study will underestimate the magnitude of the transepithelial Mg2+ flux. We stress
that our data should be interpreted as a qualitative evaluation of intestinal Mg2+ transport, and
do not allow a sound kinetical analysis.
Bilateral removal of Na+ will not only reverse the transmembrane Na+ gradient, but also
leads to a depletion of intracellular Na+, as is shown here for isolated enterocytes. The process
+

+

of Na depletion is reversible, as the normal intracellular Na concentration is rapidly restored
when extracellular Na+ is reconstituted. Na+ replacement decreased mucosa to serosa Mg2+ flux,
in agreement with previous observations made on stripped proximal intestine of the
Mozambique tilapia (Van der Velden et al. 1990). This suggest that the transmembrane Na

+

gradient provides the driving force for uphill Mg + extrusion across the basolateral plasma
membrane of the enterocyte. However, in our efforts to elucidate the mechanism of Mg2+
+

transport in the intestine of the Mozambique tilapia we could not demonstrate a Na dependent
transport mechanism in enterocyte plasma membrane preparations (Bijvelds et al. 1996b).
Therefore, a Mg2+ transport mechanism directly dependent on extracellular Na+ {viz. Na+/Mg2+
antiport) is not indicated. However, it was shown that Mg2+ transport across the basolateral
membrane of the enterocyte was stimulated by a transmembrane СГ gradient (Bijvelds et al.
1996b). Reversal of the transmembrane Na+ gradient and the concomitant depletion of
intracellular Na+ may indirectly affect the Mg2+ flux, through the important role Na+ plays in the
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Figure 3 Unidirectional mucosa to serosa Mg + transport across proximal segments of the
intestine of the Mozambique tilapia. Data points represent the 7Mg2+ appearance in the
serosal compartment as a function of time, for one segment. The straight lines represent a
linear fît according to the least squares method. Arrows signify replacement of luminal and
serosal solutions with solutions containing the substances indicated.
maintenance of the cellular ion balance. As luminal Na+ is required to maintain Na+-driven СГ
absorption in the mammalian- and the fish intestine (Nellans et al. 1973;1974; Field et al. 1978;
Ramos and Ellory, 1981), this may explain the decrease of the Mg2+ flux in the absence of
extracellular Na+: removal of Na+ will lead to a decrease in cellular СГ transport, and this will
result in a decrease in Mg2+ absorption. The СГ requirement of mucosa to serosa Mg2+ flux
reported in the present study is compatible with such a transport mechanism. Removal of
extracellular СГ will cause a decrease of the cellular СГ concentration, and thus of the driving
force for СГ extrusion (Zuidema et al. 1985). Moreover, bilateral СГ substitution
hyperpolarized the enterocytes of fish, and this may further limit cellular Mg2+ transport
(Zuidema et al. 1985).
The Na+-dependent component of the Mg + flux is larger than the СГ-dependent
component. It is most likely that removal of Na+ not only affects СГ-dependent transcellular
Mg2+ transport, but also the passive paracellular Mg2'1' influx. The absence of luminal Na+ will
limit water absorption driven by Na+/glucose symport activity. As Mg2+ is partly absorbed
through solute linked transport (Ebel, 1990; Karbach and Rummel, 1990; Kayne and Lee,
1993), a low rate of water absorption will result in a decrease in the Mg2+ absorption. Therefore,
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we tentatively conclude that the СГ-wdependent, Na+-dependent influx reflects a parar^.lular
Mg2+ transport pathway.
Our data suggest that transcellular Mg2+ absorption is intimately linked with celiuiar СГ
transport. Studies on guinea pig have shown that intestinal Mg2+ absorption is not only sensitive
to metabolic inhibitors and ouabain, but that it was also inhibited by luminal, but not serosal,
administration of bumetanide (Partridge et al. 1987). The authors suggested that the active Mg2+
transport mechanism was, therefore, located in the mucosal membrane of the guinea pig
intestinal epithelium. However, Mg2+ entry across the apical membrane is energetically
favourable, driven by the potential difference across the membrane, and there seems to be no
requirement for an active transport mechanism. Therefore, Mg + entry is likely to occur
passively, via a carrier or channel, and we suggest that bumetanide does not interfere directly
with this luminal Mg2+ transport, but inhibits СГ uptake through blocking the Na,K,2Clcotransporter. Active luminal СГ entry may be required for transcellular Mg2+ absorption by
driving Mg2+ extrusion across the basolateral membrane. The proposed mechanism for
transcellular Mg2+ absorption in fish intestine may, therefore, also be of significance in higher
vertebrates.

5
Magnesium transport across the basolateral plasma membrane
of the fish enterocyte

Summary In tilapia (Oreochromis mossambicus) intestine, Mg2+ transport across the
epithelium involves a transcellular, Na+- and Na+/K+-ATPase dependent pathway. In our search
for the Mg2+ extrusion mechanism of the basolateral compartment of the enterocyte, we could
exclude a Na+/Mg2+ antiporter and a direct ATP-driven transport system. Evidence is provided,
however, that Mg2+ movement across the membrane is coupled to anion transport. In basolateral
plasma membrane vesicles, an inwardly directed СГ gradient stimulated Mg2+ uptake (as
followed with the radionuclide 27Mg) twofold. As СГ-stimulated uptake was inhibited by the
detergent saponin and by the ionophore A23187, Mg2+ may be accumulated intravesicularly
above chemical equilibrium. Valinomycin did not affect uptake, suggesting that electroneutral
symport activity occurred. The involvement of anion coupled transport was further indicated by
the inhibition of Mg2+ uptake by the stilbene derivative 4,4'-diisothiocyanato-stilbene-2,2'disulfonic acid. Kinetic analyses of the СГ-stimulated Mg2+ uptake yielded a Km (Mg2+) of
6.08±1.29 mmol Γ1 and а Кщ (СГ) of 26.5±6.5 mmol Г1, compatible with transport activity at
intracellular Mg2+- and СГ-levels. We propose that Mg2+ absorption in the tilapia intestine
involves an electrically neutral anion symport mechanism in the basolateral membrane of the
enterocytes.

Introduction

Fresh water fish depend on magnesium absorption from the intestinal tract to meet most
of their magnesium requirement (Ogino et al. 1978; Knox et al. 1981; Gatlin et al. 1982; Shim
and Ng, 1988; Dabrowska et al. 1989;1991; Reigh et al. 1991; Van der Velden et al.
1991c;1992a). Intestinal magnesium absorption in fish may resemble that seen in mammals
where both gradient-driven paracellular transport and a transcellular component are involved
(Kayne and Lee, 1993). Under normal feeding conditions of fish, only a minor portion of the
total intestinal magnesium load is absorbed (Hickman, 1968b; Dabrowska et al. 1989; 1991).
M.J.C. BUVELDS, Z.I. KOLAR, S.E. WENDELAAR BONGA, G.FLIK (1996). J. Membr. Biol. 154, X-X.
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The efficiency of absorption may increase, however, when the magnesium content of the food is
low. In the teleost Oreochromis mossambicus (Mozambique tilapia), for instance, fractional
magnesium absorption is substantially increased when they are fed a low-magnesium diet
(Bijvelds et al. 1996a). Magnesium absorption in fish seems to be controlled by the magnesium
requirement and the magnesium intake. A regulated cellular component must be involved then
in transepithelial magnesium transport. Indeed, a Na+-dependent transepithelial magnesium flux
was demonstrated in the intestinal epithelium of tilapia, and this seems to suggest that Na+driven cellular magnesium transport occurs (Van der Velden et al. 1990). This led us to predict
that a Na+/Mg2+ antiport mechanism is involved in transepithelial Mg2+ transport.
The intracellular ionic magnesium concentration ([Mg2+¡] < 1 mmol Γ1) as well as the
large transmembrane potential over the basolateral plasma membrane of enterocytes (50 to 70
mV, inside negative (Groot et al. 1983; Halm et al. 1985), favour passive movement of Mg2+
into the cell, whereas Mg2+ extrusion must be uphill. Therefore, mucosa-to-serosa transport of
Mg2+ could proceed by passive entry over the apical plasma membrane via an as yet unspecified
transporter, followed by active extrusion across the basolateral plasma membrane. Active
extrusion will also be required to maintain [Mg2+¡].
What drives Mg2+ transport over the basolateral plasma membrane of the enterocyte is
not known. The energy for extrusion could be derived from hydrolysis of high-energy
compounds, or energy carried by ion gradients. Mg2+ efflux is dependent on Na+ antiport
activity in a number of different cell types, and does in some cases require ATP, either for
activating or for energising transport (Féray and Garay, 1986; DiPolo and Beaugé, 1988;
Frenkel et al. 1989; Xu and Willis, 1994). In erythrocytes of some species, a СГ-dependent
+

efflux mechanism may function in parallel to Na antiport activity (Günther and Vormann,
1989a;b;1990). The involvement of Na+/Mg2+ antiport in epithelial Mg2+ transport remains
uncertain. In mammals, Na+/Mg2+ antiport activity was postulated for the Mg2+ reabsorption in
the ascending limb of the loop of Henle (Quamme and Dirks, 1980), although recent indications
suggest that Mg2+ absorption in the nephron proceeds predominantly passively, driven by the
transepithelial potential (Distefano et al. 1993; De Rouffignac and Quamme, 1994). Also, the
involvement of Na+-driven Mg2+ transport in tubular Mg2+ secretion in the marine winter
flounder has been suggested (Renfro and Shustock, 1985). In trout, however, Na+-driven Mg"+
transport could not be demonstrated in isolated renal brush border membrane vesicles (Freiré et
al. 1996).
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The present study reports on Mg transport over the basolateral plasma membrane of
2+

the intestinal epithelium of O. mossambicus. Mg transport in isolated membrane vesicles was
27

followed, using the short-lived radionuclide Mg. The presence of ATP- or ion gradient driven
2+

Mg transport was investigated. Evidence is presented for an electrically neutral anion coupled
Mg2+ transport mechanism.

Materials and methods

Mozambique tilapia, Oreochromis mossambicus (Peters), of both sexes were obtained
from laboratory stock. Freshwater adapted fish were kept in Delft tap water ([Mg2+]=0.3 mmol
Γ1). The water temperature was 26-28°C, and the photoperiod was 12 h of light alternating with
12 h of darkness. Fish were fed Trouvit fish pellets (Trouw & Co., Putten, The Netherlands) at
daily rations of 1.5% of the fish total weight.

Membrane isolation
Isolation of basolateral plasma membranes of tilapia enterocytes was carried out
according to a modification of the method described by Flik et al. (1990). A fish, weighing
approximately 200 g, was killed by spinal transection and the abdominal cavity was cut open.
The 30 cm of the intestine, directly proximal to the stomach was excised and flushed with an
ice-cold saline, containing 150 mmol Γ1 NaCl, 1 mmol Г1

4-(2-hydroxyethyl)-l-

piperazineethanesulfonic acid (HEPES), 1 mmol Г1 1,4-dithiothreitol (DTT), 100 U ml"1
1

aprotinine, 0.1 mmol Г (ethylenedinitrilo)tetraacetic acid (EDTA) set to pH 8.0 with 2-amino2-hydroxymethyl-l,3-propanediol (Tris). The intestine was cut open lengthwise and spread on
an ice-cooled glass plate; all further steps were performed at 0-4°C. The exposed mucosal side
was rinsed with saline and the mucosal cells were scraped from the underlying tissue with a
microscope slide. Scrapings were collected in sucrose buffer, containing 250 mmol Г1 sucrose,
10 mmol Г1 HEPES, 1 mmol Г1 DTT, 100 U ml"1 aprotinine, set to pH 7.4 with Tris, and
disrupted with a dounce homogeniser equipped with a loosely fitting pestle (30 strokes). The
homogenate was centrifuged for 10 min at 1400 g (Jouan CR3000, E4 rotor, 2700 rpm) to
remove nuclei and cellular debris. The supernatant was centrifuged for 30 min at 186,000 g
(Beekman L7-55, 70.1 Ti rotor, 45,000 rpm), yielding a membrane pellet consisting of a
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brownish part well-fixed to the wall of the tube (containing a mitochondrial membrane fraction)
and a fluffy layer on top. The fluffy part of the pellet was removed by gentle stirring,
resuspended in 18 ml of sucrose buffer, and homogenised in a dounce homogeniser (80 strokes).
The homogenate was brought to 1.36 mol Γ1 (39% wt/wt) sucrose by mixing with 22.5 ml 2.25
mol Γ1 sucrose, 10 mmol l"1 HEPES/Tris (pH 7.4). The resulting suspension was equally
divided into four centrifuge tubes, overlaid with 2 ml of sucrose buffer and centrifuged
isopycnically for 2 h at 154,000 g (Beekman L7-55, SW41 Ti rotor, 30,000 rpm). The
membranes at the interface of the sucrose solutions were collected in 10 ml isotonic buffer,
containing the basic ingredients of the assay medium (see the section Mg2* transport in plasma
membrane vesicle preparations for details on the composition of the assay medium). The
membrane suspension was centrifuged, 30 min at 186,000 g (Beekman L7-55, 70.1 Ti rotor,
45,000 rpm), and the resulting membrane pellet was rinsed with isotonic buffer, and
resuspended by 20 passages through a 23-Gauge needle in 0.35 ml isotonic buffer. Membrane
preparations contained approximately 2.5 mg ml" protein and were used fresh on the day of
isolation. Protein concentration was determined with a commercial reagent kit (Biorad), with
bovine serum albumin as reference.

Enzyme assays
Na+/K+-ATPase activity was assayed as a marker enzyme for basolateral plasma
membranes (Mircheff and Wright, 1976). Enzyme activity was assayed after treatment with
1

-1

detergent, 0.2 mg ml·" saponin (10 min at 25°C), at a protein concentration of 1 mg ml , to
+

+

expose enzyme activity that was located inside the membrane vesicles. The Na /K -ATPase
activity of the basolateral plasma membrane preparation was enriched 8.7±1.5 (n=6) fold, when
compared to the initial tissue homogenate. The specific activity of the final enzyme preparation
1

(measured as P, release) was 143+25 μπιοί h" mg"' protein (n=6). This value is comparable to
that reported earlier such a preparation (Flik et al. 1990). The purification factor for the enzyme
sucrase was 0.56±0.10 (n=6), indicating that the preparation was not enriched in apical plasma
membranes (Dahlqvist, 1964).
Membrane orientation was determined as described previously (Flik et al. 1990). The
percentage inside-out oriented vesicles (IOV) was determined on the basis of acetylcholine
esterase activity, using 0.2 mg ml"1 saponin (10 min at 25°C) to unmask intravesicular enzyme
activity. Determination of the percentagerightside-outoriented vesicles (ROV) was based on
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the specific trypsin sensitivity of the cytosol-oriented part of the Na+/K+-ATPase. Trypsin (T8003; Sigma, St. Louis, Ms, USA) was used at 4500 units per mg membrane protein, for 30 min
at 25°C. After quenching of trypsin activity with 25 mg ml"1 soybean trypsin inhibitor (T-9003;
Sigma, St.Louis, Ms, USA), trypsin-insensitive Na+/K+-ATPase activity (representing the ROV
fraction) was unmasked by treatment with saponin. In controls, trypsin inhibitor was added
before the addition of trypsin to assess total Na+/K+-ATPase activity. The membrane
configuration was 15±5% IOV, 30±8% ROV and 55±7% leaky membrane fragments (n=6). The
presence of inside-out oriented basolateral plasma membrane vesicles was further demonstrated
by the assay of ATP- and Na+-dependent Ca2+-uptake.
Production of27M g
MgO, isotopically enriched in 26Mg to 97.1% (Medgenics Group, Ratingen, Germany),
was dissolved in diluted "Suprapur" acetic acid (Merck, Darmstadt, Germany), resulting in a 50
mmol Γ1 Mg(CH3COO)2 solution. 27Mg (half-life 9.46 min) was produced by irradiation of this
solution in a thermal neutron flux of 410 1 6 m~2 s*1 for 10 min in the Interfaculty Reactor
Institute nuclear reactor. The specific activity of the 27Mg preparation directly after irradiation
was approximately 45 GBq moP1.

Mg + transport in plasma membrane vesicle preparations
Transport of Mg2+ was assayed by means of a rapid filtration technique (Hopfer et al.
1973).
Na+/Mg2+ antiport was assayed by adding 10 μΐ of membrane vesicle preparation in 150
mmol Γ1 NaCl, 20 mmol Γ1 HEPES/Tris (pH 7.4) to 140 μΐ of assay medium, yielding the
following composition: 140 mmol Γ1 KCl, 10 mmol Г1 NaCl, 0.1 mmol Г1 ethyleneglycolbis(ß-aminoethyl ether)N,MJv",W-tetraacetic acid (EGTA), 120 nmol Г1 free Ca2+ and 20 mmol
Г1 HEPES/Tris (pH 7.4). [27Mg]-Mg(CH3COO)2 was added to the assay medium at a final
concentration of 2 mmol Г1. In some cases 1 mmol Г1 ATP was added. Na+-dependent Mg2+
uptake was determined as the difference between uptake in K+- or Na+ medium, using NaCl to
replace KCl isosmotically. When Na+/Ca2+ antiport was assayed in parallel, [Ca2+] was set to 1
μπιοί Γ1, a trace quantity of [45Ca]-CaCl2 (NEN/Du Pont, 's Hertogenbosch, The Netherlands)
was added to the assay medium and [27Mg]-Mg(CHjCOO)2 was replaced by MgCb.
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Anion-dependent Mg2+ transport was assayed by adding 10 μΐ of membrane vesicle
preparation in 126 mmol Γ1 sodium isethionate, 20 mmol Γ1 sodium gluconate or potassium
gluconate, 4.3 mmol Γ1 NaCH3COO and 20 mmol Г1 HEPES/Tris (pH 7.4) to 140 μΐ of assay
medium, yielding the following composition: 120 mmol Γ1 NaCl (or 120 mmol Γ1 NaN0 3 or
sodium gluconate, or 60 mmol Г1 Na 2 S0 4 ), 8.4 mmol Г1 sodium isethionate, 0.3 mmol Г1
NaCH3COO, 0.1 mmol Г1 EGTA, 120 nmol Г1 free Ca2+ and 20 mmol Г1 НЕРЕБЯгів, pH 7.4.
[27Mg]-Mg(CH3COO)2 was added to the assay medium at a final concentration of 0.5 to 2 mmol
Г1. Mg2+ (gluconic acid salt) was added to obtain calculated free Mg2+ concentrations ranging
from 0.45 to 9.07 mmol Г1. The ionic strength of the medium was adjusted to 0.157 M by
addition of sodium gluconate or potassium gluconate. Anion-dependent uptake was determined
as the difference between Mg2+ uptake in the presence or absence of the respective anion, using
isethionate to replace it isosmotically. In some cases N-methyl-D-glucamine (NMDG+, СГ or
gluconic acid salt) was used to replace monovalent cations.
ATP-dependent Mg2+ uptake was assayed by diluting (15x) membrane vesicle
preparations loaded with 150 mmol.r1 KCl, 20 ішпоІ.Г' HEPES/Tris (pH 7.4), in assay
medium containing 150 mmol Г1 KCl, 0.1 mmol Г1 EGTA, 120 nmol Г1 free Ca2+, 1 mmol Г1
ATP and 20 mmol Г1 HEPES/Tris, pH 7.4. [27Mg]-Mg(CH3COO)2 was added to the assay
medium at a final concentration of 2 mmol Г1. ATP-dependent uptake was determined as the
difference between Mg2+ uptake in the presence or absence of ATP. In the absence of ATP, 0.97
mmol Г

1

trans-l,2-diaminocyclohexane-/v',./v',Ar,./v''-tetraacetic

replace ATP as a Mg

2+

acid (CDTA) was added to

chelator, thus keeping total and free Mg2+ concentrations equal under

both conditions. In some instances ATP was replaced by 1 mmol Г1 adenosine-5'-0-(32+

2+

thiotriphosphate) (ΑΤΡ-γ-S). When Ca pump activity was assayed in parallel, [Ca ] was set
45

27

to 1 μπιοί Г', a trace quantity of [ Са]-СаСІ2 was added to the assay medium and [ Mg]Mg(CH3COO)2 was replaced by MgCl2.
Equilibrium Mg

2+

uptake was assayed by diluting ( 15x) membrane vesicle preparations
1

loaded with 150 mmol Г potassium gluconate, 20 mmol Г1 HEPESAns (pH 7.4) in assay
medium containing 120 to 250 mmol Г1 potassium gluconate and 20 mmol Г1 HEPES/Tris (pH
7.4). [27Mg]-Mg(CH3COO)2 was added to obtain a calculated free [Mg2+] of 0.5 mmol Г"1.
Incubations were carried out at a membrane protein concentration of 0.12 to 0.27 mg
-1

ml , at 28°C in media of 0.157 M ionic strength. The radioactive concentration was 15 to 60
1

kBq ml" of

27

1

Mg or approximately 300 kBq ml" of

45

Ca. Free Ca

2+

and free Mg

2+
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concentrations were calculated according to Schoenmakers et al. (1992), taking into account the
metal ion complexation with EGT A, CDTA, ATP and gluconate (Sillén and Martell, 1964).
A23187 stock was dissolved in dimethyl sulfoxide (DMSO) and added to the assay medium at 5
μτηοΐ Γ1. Valinomycin stock was dissolved in ethanol. Valinomycin (10 μιηοΐ Γ1) and saponin
(0.02%, w/v) were added to membrane preparations kept on ice, 10 min before Mg2+ transport
was assayed. Concentration of solvents in the assay medium did not exceed 0.2% (v/v) and
solvent treatment was used as control. Furosemide, 4,4'-diisothiocyanato-stilbene-2,2'-disulfonic
acid (DIDS) and chlorothiazide were added to the assay medium just prior to experimentation at
afinalconcentration of 0.5 mmol Γ1.
The reaction was quenched by addition of 1 ml ice-cold stop buffer (150 mmol Γ1
sodium gluconate, 1.5 mmol Γ1 MgCl2,0.1 mmol Γ1 LaCl3, and 20 mmol Γ1 HEPES/Tris at pH
7.4) to 150 μΐ incubate. A volume of 1 ml, equivalent to 15 to 35 μg membrane protein, was
filtered on 0.45 μτη ME25 membrane filters (Schleicher & Schuell, Dassel, Germany) at a
reduced pressure of 75 kPa. Filters wererinsedtwice with 2 ml of stop buffer and transferred to
10 ml scintillation cocktail. Radioisotope specific activity was determined by counting the
radioactivity in 0.100 ml of the remaining "quenched reaction" suspension. Radioactivity was
determined on the basis of the ß" emission of 27Mg and 45Ca in a Tri-Carb 2750TR/LL liquid
scintillation analyzer (Packard Instrument Co., Meriden, Ct, USA). Counting rates were
corrected for background and radioactive decay.

Calculations and statistics
Kinetic analysis of 27Mg2+ uptake was performed using a non-linear regression analysis
programme (Leatherbarrow, 1987). Values are expressed as mean ± standard deviation, unless
stated otherwise. Statistical significance of differences between means was assessed using the
two-tailed Student's t test and accepted at Ρ < 0.05.

Results
Equilibrium Mg2* uptake
Basal, unstimulated Mg2+ uptake plateaued after approximately 3 min and thus Mg2+
uptake after 5 min incubation reflects equilibrium uptake. The dependence of equilibrium Mg2+
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Figure 1 Equilibrium "Mg2* uptake in
plasma membrane vesicles. Preparations
were incubated for S min in ionic media at
the osmolality indicated, in the presence of
0.5 mmol Γ' Mg2+. Means ± S.E.M. of 3
preparations are given.
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uptake on the vesicular volume (Fig. 1) indicates uptake in the osmotic space. Linear regression
yielded the Y-axis intercept which signifies vesicular volume independent membrane-bound
Mg2+. At an osmolality of 300 mosmol (kgH20)_1 the Mg2+ uptake in the osmotic space
amounted to 2.45±1.07 nmol mg"' protein. On the basis of a free [Mg2+]=0.5 mmol Γ1,
assuming that at equilibrium the intravesicular [Mg2+] equals the extravesicular [Mg2+], we
calculate a Mg2+ distribution space of 4.9±2.1 μΐ mg-1. Similar experiments in which sucrose
was used to manipulate osmolality revealed that volume independent binding is enhanced in
non-ionic media. Therefore, further assays were carried out in ionic media of constant ionic
strength, to ensure that the membrane-bound magnesium fraction was of a comparable
2+

magnitude in all experiments. This allowed a direct statistical comparison of Mg uptake under
the various conditions tested, without prior correction of the data for the membrane-bound Mg2+
fraction. Further data are presented accordingly without correction for the membrane-bound
2+

Mg fraction.

2

ATF'-dependent Mg * transport
Figure 2 shows the ATP-independence of Mg2* uptake in plasma membrane vesicles.
ATP at 1 mmol Γ1 did not stimulate Mg2+ uptake. Also, replacement of ATP by its non2+

hydrolysable analogue ΑΤΡ-γ-S did not affect Mg uptake significantly. The inset of figure 2
2+.

shows that in parallel experiments ATP-dependent Ca pump activity could be demonstrated,
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Figure 2 ATP-driven "Mg * uptake in
plasma membrane vesicles. Preparations
were incubated for 1 min, in the presence of
1.8 mmol Γ' Mg2+. ATP and ΑΤΡ-γ-S were
added at 1 mmol Γ1. Means ± S.D. of S
preparations are given. The inset shows the
ATP-driven <5Ca2+ uptake (in nmol min'1 mg"'
protein), measured in parallel experiments
(**P<0.01; n=3).

ATP->S

Na+/Mgz+ antiport activity
Na+/Mg2+ antiport activity was assayed in the presence of an outwardly directed Na+gradient to drive Mg2+ into the vesicular space. Mg2+ uptake, assayed at 1 min, was not
stimulated by the outwardly directed Na+ gradient, and ATP had no effect on this process (Fig.
3). The inset of figure 3 shows that in parallel experiments Na+/Ca2+ antiport activity could be
demonstrated.

Evidence for anion-dependent Mg * transport
Mg2+ uptake was stimulated by inwardly directed gradients (parallel to the Mg2+
2

movement) of membrane permeable anions like СГ, S04 ~ and N0 3 ", but not by the membrane
impermeable anion gluconate (Fig. 4). Voltage clamping of the vesicular membrane with
valinomycin, at 20 mmol Γ1 K+ inside and outside, did not affect the anion-dependent Mg2+
uptake significantly: СГ-stimulated Mg2+ uptake in the presence of valinomycin was 96±15% of
2+

solvent control (n=5). The stimulation of Mg uptake in the presence of an inwardly directed
СГ gradient was independent of the concurrent presence of inwardly directed gradients of either
Na+ or K+ (Fig. 5). A small but significant decrease in Mg2+ uptake was observed when all Na+
+

+

and K in the assay medium was replaced by NMDG .
СГ-dependent Mg2+ uptake was not inhibited by furosemide or chlorothiazide, but
DroS abolished СГ stimulation of Mg2+ uptake (Fig. 6). The СГ-independent Mg2+ uptake in
the presence of DIDS was 95±5% (n=3) of the control and, therefore, DIDS did not affect the
basal, unstimulated Mg2+ uptake. Permeabilisation of vesicles by saponin-treatment prevented
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Figure 3 Na*-driven "Mg1* uptake in plasma
membrane vesicles. Preparations were incubated
for 1 min, in the presence of 1.8 mmol 1 ' Mg". A
Na* gradient (open bars) was created by dilution
of Na'-loaded vesicles in K* medium. Where
indicated, ATP was added at 1 mmol-1"1. The
number of experiments is indicated between
brackets. The inset shows the Na*-driven "Ca2*
uptake (in nmolmin'mg'1 protein), measured in
parallel experiments (** /*<0.01; n=3).

Na* gradient
2+

uptake, and addition of Mg -ionophore A23187 caused a small but
2+

significant decrease in Mg uptake (Fig. 7).

Kinetics of СГ-dependent Mg

+

uptake

Initial rates of Mg„2+ uptake were estimated from 15 s incubations (Fig. 4) and СГdependent Mg 2 + uptake was determined as the difference between Mg 2+ uptake in the presence
or absence of а СГ gradient. The dependence of Mg 2+ uptake on [Mg 2+ ] followed single
Michaelis-Menten kinetics. A Km of 6.08±1.29 mmol Γ1 and a V m of 32.0±4.4 nmol 15 s - 1 mg -1
--О-- no gradient
— · — Ch gradient
—A— gluconate gradient
- • - NO,-gradient
- • - SO/ gradient

0

60

120

180

time (s)
Figure 4 Time-dependence of Mg1* uptake in plasma membrane
vesicles in the presence of inwardly directed gradients of CI, SO,1',
NO,, and gluconate. The dotted line indicates the Mg1* uptake in the
absence of ion gradients. Preparations were incubated during the time
indicated, in the presence of 1.8 mmol-1 ' Mg2*. Data are means of 4
preparations.
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Figure 5 Effect of inwardly directed CI-, Na*- and K* gradients on
1
"Mg * uptake in plasma membrane vesicles. Preparations were
2
incubated for 1 min, in the presence of 1.8 mmol-Г' Mg * and
gradients of the ions indicated. Na* and K* were replaced by
equimolar NMDG*. The effects of ion gradients were statistically
compared to the "no gradient" control. The number of experiments is
indicated between brackets. * P<0.05; ·* PO.01; *** P<0.00\

protein were derived (Fig. 8a). [С1~]-dependence of Mg_ 2 + ,uptake yielded a K m (CI") of 26.5±6.5
mmol Г' (Fig. 8b). V m (Mg 2+ ), assayed at 1.8 mmol Г 1 Mg 2 + , was 5.12±0.42 nmol 15 s~' mg - 1
protein.

Discussion

A novel Mg 2 + transporter is demonstrated in a vertebrate intestinal cell. Mg 2 + transport
over the basolateral membrane of tilapia enterocytes was ATP- and Na+-/ndependent, but
transmembrane gradients of membrane permeable anions stimulated transport. Electrodiffusive
transport was not indicated as voltage clamping of the vesicular membrane did not affect the
Mg 2 + uptake. We suggest that Mg 2 + transport proceeded in an electrically silent manner, as no
build-up of a membrane potential during Mg 2 + uptake was indicated. These data are compatible
with a Mg2+/anion symport mechanism, where the anion drives electroneutral transmembrane
Mg 2 + transport. In vivo, this mechanism may provide a Mg 2 + extrusion mechanism that is
involved in maintaining [Mg2+,] and in transepithelial Mg 2 + transport.
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Equilibrium Mg + uptake
Our data indicate that the plasma membrane vesicles used in this study are osmotically
active and that Mg2+ is transported into the osmotic space of the vesicles. The calculated Mg2+
distribution space of 4.9±2.1 μΐ mg"' is comparable to the mannitol-space of 3 μΐ mg"1 reported
for a similar plasma membrane preparation (Rik et al. 1990).
Na+- and ATP-coupled Mg + transport
Na+/Mg2+ antiport activity is involved in regulation of [Mg2+,] in various cells, like
erythrocytes, hepatocytes and neurons (DiPolo and Beaugé, 1988; Günther et al. 1990; Flatman,
1992; Günther and Höllriegl, 1993a). Besides being dependent on extracellular Na+, the Mg2+
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Figure 6 Effect of diuretics on Cl-stimulated "Mg2* uptake in
plasma membrane vesicles. Preparations were incubated for 1 min,
in the presence of 1.8 mmol 1' Mg'* and O.S mmol Γ' of the
substances indicated. Dashed line indicates the level of СГindependent Mg1* uptake (see Fig. S). The number of experiments
is indicated between brackets. ** /"<0.01

efflux mechanism present in erythrocytes of some species is also dependent on ATP (DiPolo
and Beaugé, 1988; Frenkel et al. 1989; Xu and Willis, 1994). So far, however, no direct
evidence has been presented for a Na+- or ATP-coupled Mg2+ transporter in ion transporting
epithelia. In our experiments, Mg2+ uptake in plasma membrane vesicles of tilapia intestine was
not affected by ATP, nor by its non-hydrolysable analogue ΑΤΡ-γ-S, and this excludes the
possibility that Mg2+ transport proceeds through an ATPase ion pump, or that ATP is required
for activation of Mg2+ transport. We could not demonstrate Na+-driven Mg2+ transport in this
membrane vesicle preparation of tilapia intestine either, in the absence or presence of ATP. One
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Figure 7 Effect of membrane permeabilisation on CI -stimulated "Mg *
uptake in plasma membrane vesicles. Preparations were incubated for 1
1
min, in the presence of 1.8 mmol Γ' Mg *. Saponin was added at 0.02%
(w/v) and A23187 was added at 5 μηιοί Γ'. DMSO (0.2% v/v) was used
as solvent control. Dashed line indicates the level of CT-independent
2
Mg * uptake (see Fig. 5). The number of experiments is indicated
between brackets. ** P<0.01

may argue that an unknown factor required for the proper functioning of an antiport mechanism
(like a protein kinase) is lost during the membrane isolation procedure. However, Na+/Mg2+
antiport activity has been demonstrated in resealed ghosts of erythrocytes, which suggests that
the whole cell configuration is not requisite for its functioning (Frenkel et al. 1989).
Furthermore, the absence of Na+-driven Mg + transport can not be ascribed to a rapid dissipation
+

2+

of the Na gradient as it was demonstrated that, in the presence of extravesicular Mg , a
substantial Na+ gradient can be maintained over the vesicular membrane that is capable of
driving Ca2+ uptake. We tentatively conclude, therefore, that no Na+- or ATP-coupled Mg2+
transport mechanism is present in the basolateral plasma membrane of tilapia enterocytes.

Anion-coupled Mg

+

transport

Our data indicate a clear dependence of Mg2+ uptake in plasma membrane vesicles on an
2-

inwardly directed gradient of membrane permeable anions like СГ, SO,» and N03~. Diffusion
of anions into the vesicular space may create a transmembrane potential favouring Mg2+ influx.
However, voltage clamping of the membrane potential did not prevent the stimulation of Mg2+
uptake by а СГ gradient, arguing against voltage-driven transport. Furthermore, the dependence
2+

2+

-

of Mg transport on both extravesicular [Mg ] and [CI ] displayed Michaelis-Menten kinetics,
indicating a carrier- or channel-mediated, non-diffusive, transport principle. Anion-dependent
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transport has been described for Yoshida ascites tumour cells (Günther et al. 1986),

hepatocytes (Günther and Höllriegl, 1993b) and erythrocytes (Günther and Vormann, 1989a;b).
In Yoshida ascites tumour cells, and in rat hepatocytes, Mg2* influx displayed saturation kinetics
and kinetic analysis suggested electroneutral Mg2+/anion symport activity. Mg2+ influx in rat
hepatocytes was dependent on inorganic phosphate, but could also be accompanied by СГ and
HCQf (Günther and Höllriegl, 1993b). In Yoshida ascites tumour cells, Mg2+ influx was driven
by HC03~ symport, although other anions may also be involved (Günther et al. 1986).

2
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Figure 8 [Mg ]- and [Cl"]-dependence of СГ-stimulated "Mg2* uptake in plasma
membrane vesicles. Initial rates of uptake were determined in 15 s incubations and values
were corrected for СГ-independent uptake. Data of 3 to 6 preparations were fitted to the
Michaelis-Menten equation, yielding the kinetic parameters indicated in the text. The
graphs show an Eadie-Hofstee transformation of the data.
The powerful inhibition of СГ-dependent Mg + uptake by the stilbene derivative DIDS
further supports the involvement of an anion transport mechanism in Mg 2 + transport. Stilbenesensitive anion transporters located in the basolateral membranes of the intestine have been
described for rat, rabbit and the urodele Amphiuma (Grinstein et al. 1980; White, 1980;
Langridge-Smith and Field, 1981). Similar to the transport mechanism described in the present
study, some of these stilbene-sensitive transporters accept a broad range of inorganic anions. In
rabbit ileum, for instance, the antiporter involved in active (S0 4 ) 2 " absorption, exchanges SC>42~
for either СГ, ВГ, Г, N 0 3 " or S0 4 2 ", but not gluconate (Langridge-Smith and Field, 1981).
Stilbene-sensitive Mg + transport has been described for mammalian and avian erythrocytes
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(Günther and Vormann, 1989a;b). In erythrocytes, СГ symport prevents the build-up of an
inhibitory potential difference across the plasma membrane which would result from the
extrusion of net positive charge (Günther and Vormann, 1990). In the present study, the
insensitivity of СГ-coupled Mg2+ transport to clamping of the membrane potential with
valinomycin suggests that transport, similar to that in the erythrocyte system, occurs
electroneutrally, i.e. with a coupling ratio of 1 Mg2+/2 СГ. However, the kinetic analysis of СГcoupled Mg2+ transport did not reveal the presence of two binding sites for СГ (Hill coefficient
is 0.82±0.34) which would corroborate this coupling ratio. Therefore, conclusive evidence for
the stoichiometry of the process can not be derived from the present data.
The Mg2+ uptake in the presence of а СГ gradient of approximately 28 nmol mg -1
protein at 1 min was considerably higher than predicted equilibrium values: the Mg2+ uptake
after membrane permeabilisation by saponin, which will facilitate equilibration of Mg2+ and СГ
across the vesicular membrane, of 17.0±5.8 nmol mg"1 protein, and the calculated equilibrium
Mg2* uptake of 12.4 nmol mg-1 protein, as calculated from the Mg2+-distribution space (4.9±2.1
μΐ mg"1 protein), the medium Mg2+ concentration (1.8 mmol Γ1), and taking into account an
estimated, vesicular space-independent, membrane-bound fraction of 4 nmol mg"1 protein
(extrapolated from Fig. 1). As the experimental set-up did not allow us to distinguish between
Mg2+ uptake in IOV's or ROV's, this calculation assumes that Mg2+ is accumulated in both, i.e.
that the Mg2* transporter behaves symmetrically. In support of this assumption, kinetic analysis
of the Mg2+ uptake indicated a uniform transport mechanism, suggesting that uptake in IOV's
and ROV's proceeds through an identical mechanism. We conclude that imposing а СГ
gradient can drive Mg2+ accumulation above chemical equilibrium. Uphill Mg2+ transport was
further indicated by the inhibition of uptake by the Mg2+ionophore A23187.
Whether СГ can drive Mg2+ extrusion in vivo will depend on the energy stored in the СГ
gradient across the serosal membrane of the enterocyte and the coupling ratio of Mg2+/Cl"
symport. It is generally accepted that CI" is kept above electrochemical equilibrium in fish
intestinal cells. Accumulation is driven by Na+-coupled СГ influx via the apical membrane
(Field et al. 1978; Ramos and Ellory, 1981), although the presence of a conductive pathway for
СГ entry has also been suggested (De Giorgi et al. 1992). This secondary active transport at the
apical pole, ultimately driven by the Na+ pump, provides the driving-force for СГ absorption
across the basolateral membrane, putatively through К+/СГ symport and/or through а СГ
conductive pathway (Duffey et al. 1979; Halm et al. 1985; Zuidema et al 1985). The driving
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force for CI extrusion reported for goldfish and winter flounder are 27 and 25 mV, respectively
(Duffey et al. 1979; Zuidema et al. 1985). Proceeding from a membrane potential of -60 mV
(Groot et al. 1983; Halm et al. 1985), a [Mg2+,] below 1 mmol Γ1 and a plasma [Mg2+] of 0.51
mmol Γ1 (Van der Velden et al. 1989), one can calculate that a driving force of at least 51 mV is
required to drive Mg2+ extrusion. Therefore, symport of 2 СГ per Mg2+ may suffice to drive
Mg2+ extrusion.
СГ coupled Mg2+ transport was partially dependent on the presence of K+ or Na+,
suggesting that these cations may activate or drive Mg2+ transport. For rat hepatocytes it was
proposed that Na+ symport provides the driving force for anion-dependent Mg2+ influx (Günther
and Hòllriegl, 1993b). This system was insensitive to bumetanide, indicating that the Na(K)Clsymporter of the so-called NKCC-family was not involved in Mg2+ transport. A similar
conclusion was drawn for the Mg2+ influx mechanism of Yoshida ascites tumour cells (Günther
et al. 1986). In line with these studies, the Mg2+ transport system of the tilapia intestine was
insensitive to furosemide and chlorothiazide. From this we conclude that Mg2+ transport does
not proceed via a NKCC-family transporter. However, we cannot exclude a cation-dependent
Mg2+ transport mechanism that is insensitive to these loop diuretics, like the Mg2+ transport
system of rat hepatocytes (Günther and Hòllriegl, 1993b). Another possible explanation for the
observed inhibition of Mg2+ transport may be that complete Na+ and K+ replacement by the inert
cation NMDG+ inhibits ion transport by affecting the integrity of the vesicular membrane.
For tilapia intestine it was shown that the mucosa-to-serosa Mg2+-flux is dependent on
extracellular Na+ and can be inhibited by ouabain (Van der Velden et al. 1990). From our data
we conclude that this apparent dependence of Mg2+ transport on Na+ is indirect as no Na+driven Mg2+ transport was indicated, but may reflect a dependence on Na+-driven СГ
accumulation. Mg2+ transport may thus be coupled to stilbene-sensitive downhill СГ extrusion
across the basolateral membrane. A similar stilbene-sensitive, СГ-dependent, Mg

2+

efflux

mechanism has been described for avian and mammalian erythrocytes (Günther and Vormann,
1989a;b). With the demonstration of such a carrier in fish, it seems of wider occurrence in
vertebrates.

6
Calcium pump activities in the kidneys of Oreochromis
mossambicus
Summary The mechanism which underlies transcellular Ca2+reabsorptionin the kidney of the
euryhaline teleost Oreochromis mossambicus was studied. From kidney of freshwater and sea
water adapted fish, preparations of membrane vesicles were made, that were more than 7-fold
enriched in the basolateral plasma membrane marker Na+/K+-ATPase. Significant recovery of
NADH-cytochrome с reductase enzyme activity and oxalate stimulated Ca2+ pump activities in
the membrane preparations indicated a membrane fraction of endoplasmic reticular origin.
Indeed, thapsigargin specifically inhibited Ca2+ pump activity that could be attributed to oxalate
permeable endoplasmic reticular fragments. Kinetic analysis of thapsigargin insensitive Ca2+
pump activity indicated the existence of a homogeneous, high-affinity, ATP driven Ca2+ pump.
No Na+-driven Ca2+ transport mechanism could be demonstrated. Plasma membrane Ca2+ pump
activity was 56% lower in preparations from sea water adapted fish than in preparations from
freshwater adapted fish. This indicates the physiological significance of this Ca2+ pump activity
in renal Ca2+ handling by euryhaline species. We conclude from this that it reflects a Ca2+
transporter involved inregulationof Ca2+ reabsorption.

Introduction
In euryhaline teleosts the kidney functions to maintain Ca2+ homeostasis in a wide range
of ambient Ca2+ concentrations. In sea water (SW) these fish are confronted with a constant
Ca2+-influx from a hypercalcic environment and with water-efflux. Excess Ca2+ is actively
excreted via the kidney, whilst urine-flow is reduced. As a consequence SW adapted euryhaline
teleost fish can produce urine with Ca2+ concentrations well above plasma levels (SchmidtNielsen and Renfro, 1975; Björnsson and Nilsson, 1985; Elger et al. 1987). In fresh water (FW),
however, euryhaline fish need to minimise urinary Ca2+ loss, and therefore reabsorb filtered
Ca2+. Thus, the tubular epithelium of the nephron mediates both Ca2+ secretion (in SW) and
M.J.C. BIJVELDS, A.J.H. VAN DER HEIJDEN, G. FLIK, P.M. VERBOST, Z.I. KOLAR, S.E. WENDELAAR
BONGA (1995). J. Exp. Biol. 198,1351-1357.
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reabsorption (in FW). One may predict from this that transfer of the fish from FW to SW (or
vice versa) must have a pronounced effect on the properties of Ca2+ transport via the tubular
epithelium.
In mammals, Ca2+ reabsorption is mainly mediated through a paracellular route, and is
driven by the transepithelial potential (lumen positive) created by Na+ and СГ movement over
the tubular epithelium; hormonally controlled transcellular Ca2+reabsorptionmechanisms are
predominant only in the distal nephron (Friedman and Gesek, 1993). For freshwater fish similar
Na+- and СГ- dependent transepithelial potentials have been reported (Nishimura and Imai,
1982). This suggests that, as in mammals, Ca2+reabsorptionin fish follows a paracellular route,
and is driven by the transepithelial potential. However, the principle function of the kidneys of
freshwater fish is the excretion of excess water. Reabsorption of water must, therefore, be
minimised and this will limit solute linked paracellularreabsorptionof electrolytes.
The few studies concerning the mechanism of renal Ca2+ handling in fish seem to imply
a dependence on ATP-regulated or -driven mechanisms in secretion as well as in absorption of
Ca2+. Renfro et al. (1982) proposed that in sea water winter flounder, Pseudopleuronectes
americanus, intracellular ATP levels influence Ca2+ secretion, whereas Na+ movement was not
directly involved. More recently, in the kidney of Gillichthys mirabilis a high-affinity Ca2+ATPase was identified, with a presumed function in Ca2+ reabsorption (Doñeen, 1993).
In the euryhaline teleost Oreochromis mossambicus (hereafter called tilapia), Ca +
transport in both gill and intestinal epithelium is mediated through Ca2+-ATPase activity and
Na+/Ca2+-exchange (Rik et al. 1985; 1990). The object of this study was to investigate the
possible involvement of these transport mechanisms in Ca2+ handling in the kidneys of tilapia.
Proceeding from the notion that Ca2+ reabsorption is strongly enhanced in freshwater
environments, the kidneys of euryhaline fish offer a model to study the contribution of Ca2+
transport mechanisms to this process.

Materials and methods

Tilapia, Oreochromis mossambicus (Peters), of both sexes were obtained from
laboratory stock. Freshwater adapted fish were kept in Nijmegen tap water ([Ca2+]=0.7 mmol
Г1). Artificial sea water was prepared by adding Wimex seasalt (Wiegandt GMBH & Co.,
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Krefeld, Germany) to tap water until a final concentration of 1.022 g Γ1 was reached ([Ca]=10
mmol Γ1). Fish were adapted to sea water over a 3 day period by gradual infusion of sea water
into the freshwater filled tanks. Once full strength sea water was obtained, the water was
constantly filtered and one third of the volume was replaced weekly. Fish were kept at least 3
weeks in full-strength sea water prior to use. The water temperature was 25°C and the
photoperiod was 12 hours of light alternating with 12 hours of darkness. Fish were fed Trou vit
fish pellets (Trouw & Co., Putten, The Netherlands) at daily rations of 1.5% of the fish total
weight; the calcium content of the food was 0.34 mol kg"1.

Membrane isolation
Fish were killed by spinal transection and weighed (FW mean mass: 180±43 g, n=13;
SW mean mass: 200±31 g, n=12). The abdominal cavity was cut open lengthwise, and the
intestinal tract and swim-bladder removed. Kidney tissue was gently excised, weighed (FW
mean mass: 0.328±0.091 g, n=13; SW mean mass: 0.399±0.118 g, n=12) and immediately
transferred to ice-cold saline, containing 150 mmol Γ1 NaCl, 1 mmol Г1 4-(2-hydroxyethyl)-lpiperazineethanesulfonic acid (HEPES), 1 mmol Г1 1,4-dithiothreitol (DTT), 0.1 mmol Г1
(ethylenedinitrilo)tetraacetic acid (EDTA) set to pH 8.0 with 2-amino-2-hydroxymethyl-l,3propanediol (Tris). All further steps were performed at 0-4°C. The renal tissue was disrupted
with a dounce homogeniser equipped with a loosely fitting pestle (30 strokes) in isotonic
sucrose buffer 250 mmol Г1 sucrose, 10 mmol Г1 HEPES, 1 mmol Г1 DTT, 100 U ml"1
aprotinine, set to pH 7.4 with Tris; approximately 0.7 g kidney tissue in 15 ml buffer. This
homogenisation disrupts the complex renal tissue but leaves most blood cells intact. The
homogenate was centrifuged for 10 min at 1400 g (Heraeus Sepatech Omnifuge 2.0RS,
BS4402/A rotor, 2850 rpm) to remove nuclei, cellular debris and blood cells. The resulting
supernatant was brought to 37% sucrose (wt/wt) by mixing (5 strokes with dounce
homogenizer) with 1.25 volumes of sucrose (60% wt/wt) dissolved in 10 mmol Г1 HEPES/Tris
(pH 7.4). A volume of 9 ml of this suspension was overlayed with 3 ml of isotonic sucrose
buffer and centrifuged isopycnically for 90 min at 200,000 g (Beekman L8-80, SW40 Ti rotor,
40,000 rpm). The membranes on the interface of the sucrose block and the isotonic buffer were
collected in a volume of 0.5 ml and mixed with 12 ml isotonic buffer, containing the basic
ingredients of the assay medium 150 mmol Г1 NaCl (for Na+/Ca2+ exchange) or 150 mmol Г1
KCl (for ATP-dependent Ca2+ uptake) and 20 mmol Г1 HEPES/Tris (pH 7.4). The membranes
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were collected in a pellet by centrifuging 30 min at 150,000 g (50ТІ rotor, 45,000 rpm), rinsed
with isotonic buffer, and resuspended by 20 passages through a 23-G needle in 0.5 ml assay
medium. Membrane preparations contained approximately 2.1 mg ml"1 protein and were used
on the day of isolation without being frozen. Protein concentration was determined with a
commercial reagent kit (Biorad), using bovine serum albumin as reference.

Enzyme assays
The marker enzymes used were Na+/K+-ATPase for basolateral plasma membranes
(Mircheff and Wright, 1976), aminopeptidase for brush border membranes (Pfleiderer, 1970;
George and Kenny, 1973), NADH-cytochrome с reductase for endoplasmic reticulum (ER)
(Omura and Takesue, 1970) and succinic acid dehydrogenase for mitochondrial fragments (Flik
et al. 1983). Enzyme activities were assayed after treatment with detergent, 0.2 mg ml-1 saponin
(10 min 25CC), at a protein concentration of 1 mg ml"1, to expose enzyme activity that was
masked inside of resealed membranes (Flik et al. 1990).
Membrane orientation was determined as described previously (Flik et al. 1990). The
percentage inside-out orientated vesicles (IOV) was determined on the basis of acetylcholine
esterase activity, using digitonin (0.1% w/v, 10 min at 25°C) to expose intravesicular enzyme
activity. Determination of the percentagerightside-outorientated vesicles (ROV) was based on
the specific trypsin sensitivity of the cytosol-oriented part of the Na+/K+-ATPase. Trypsin was
used at 4500 BAEE units per mg membrane protein, for 30 min at 25°C. After quenching of
trypsin activity with 25 mg ml"1 soybean trypsin inhibitor, trypsin-insensitive Na+/K+-ATPase
activity (representing the ROV membrane fraction) was exposed by treatment with detergent. In
controls, trypsin inhibitor was added before the addition of trypsin to asses total Na+/K+-ATPase
activity.

Ca + transport
Transport of Ca2+ was assayed by means of a rapidfiltrationtechnique (Van Heeswijk et
al. 1984; Flik et al. 1990). The composition of the assay medium was 150 mmol Г1 KCl, 0.5
mmol Г1 ethyleneglycol-bis(b-aminoethyl
1

elher)N,N,N',N'-tetraacetìc acid (EGTA),
,

mmol Г 7v'-(2-hydroxyethyl)-ethylenediamine-A^N ,iV'-triacetic acid (HEEDTA), 0.5 mmol Г

0.5
1

nitrilotriacetic acid (ΝΤΑ), 0.8 mmol Γ1 free Mg2+, 3 mmol Γ1 ATP (Tris-salt), 20 mmol Г1
HEPES/Tris (pH 7.4) and 5 μg ml-1 oligomycin B. CaCh was added to obtain a calculated free
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Ca2+ concentrations of l.OxlO"8 to 2.0x1o-6 mol Γ1. [45Ca]-CaCl2 (specific activity 24
Tbq mol"1, Amersham) was added to the incubation medium to make up a radioactive
concentration of approximately 74 kBq т Г ' . In order to achieve a uniform specific activity of
all the Ca + species in the incubation medium, the radiotracer was added at least 30 min prior to
experimentation. ATP-dependent uptake was determined as the difference between Ca2+ uptake
in the presence and in the absence of ATP. Pilot experiments demonstrated that Ca2+-uptake
was linear for approximately 1 min. Therefore, 30 sec incubations were used to estimate the
initial rate of Ca2+-uptake. When Na7Ca2+ exchange was assayed, ATP was omitted from the
assay medium and in some cases KCl was replaced by NaCl. Incubations were carried out at
37°C for optimum enzyme activity. Free Ca2+ and free Mg2+ concentrations were calculated
according to Schoenmakers et al. (1992). In experiments where oxalate (2 mmol Г1) was
included in the assay medium, Ca2+ and Mg2+ binding to oxalate was taken into account.
Thapsigargin was added from a 1 mmol Г1 stock in ethanol. A23187 (calcimycin) was dissolved
in dimethyl sulfoxide (DMSO) and added to the assay medium at 5 μg ml"1. Concentration of
solvents in assay medium did not exceed 0.1% (v/v). The reaction was quenched by adding 1 ml
ice-cold stop buffer 150 mmol Г1 KCl (or NaCl when Na+/Ca2+-exchange was assayed), 20
mmol Г1 HEPES/Tris at pH 7.4, 0.8 mmol Г1 MgCl2) 0.1 mmol Г1 LaCl3 to 0.150 ml incubate.
A volume of 1 ml, equivalent to 10 to 20 μ g membrane protein, was filtered (Schleicher &
Schuell, ME25, pore-size: 0.45 цт). Filters were rinsed twice with 2 ml of stop buffer and
dissolved in 4 ml scintillation fluid.

45

Ca specific activity was determined by counting the

radioactivity in 0.050 ml vesicle suspension. Radioactivity was determined in a Pharmacia
Wallac 1410 liquid scintillation counter.

Calculations and statistics
Values are expressed as mean ± standard deviation (SD). Data were analysed with a
nonlinear regression data analysis program (Leatherbarrow, 1987). Data were analysed
statistically by the Mann-Whitney t/-test or the Student's f-test when appropriate. Statistical
significance was accepted at Ρ < 0.05.
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Results

Basolateral membrane isolation and orientation
Protein recovery and recovery and enrichment of several marker enzymes for freshwater
and sea water membrane preparations are shown in Table 1. Recovery and enrichment of the
basolateral membrane marker Na7K+-ATPase, did not differ for freshwater and sea water
preparations: specific enzymatic activity (S.A.; expressed as the rate of phosphate release) was
121±28 μπιοί h _I per mg protein for freshwater preparations and 91±17 μπιοί h"1 per mg protein
for sea water preparations (P=0.061). Aminopeptidase activity indicates that recovery of brush
border membranes is relatively low. NADH-cytochrome с reductase recovery, however, was
considerable and of special importance since this fraction exhibits Ca2+ transport activity (see
section on Thapsigargin inhibition of ATP-dependent Ca2* uptake for further details).

Table 1 Relative recoveries and enrichment of marker enzymes in freshwater and sea water adapted
tilapia kidney plasma membranes.
Recoveryt

Enrichment %

Marker

FW

SW

FW

SW

Protein

1.9±0.7(13)

2.1±0.3(5)

-

-

Aminopeptidase

3.7±1.1 (6)

2.9±0.9 (4)

2.3±0.6 (6)

1.7±0.7 (4)

Na+/K+-ATPase

15.5±2.9 (5)

15.6±4.6 (5)

7.5±1.0(5)

7.2±1.1 (5)

Succinic acid dehydrogenase

2.5±1.1 (8)

2.6±0.7 (3)

1.3±0.9(8)

1.4±0.5 (3)

NADH-cytochrome с reductase

5.4±2.0 (5)

6.7±2.5 (3)

2.8±1.1(5)

2.9±0.6 (3)

t Recovery was calculated as the percentage of total activity in the plasma membrane fraction relative to
that in the initial tissue homogenate. % Enrichment was calculated by dividing the specific activity in the
plasma membrane fraction by the specific activity in the initial tissue homogenate. Number of
observations is indicated in parentheses.
Plasma membrane orientation of freshwater preparations was 29±4% IOV (n=5), 44±7%
ROV (n=7) and 27±11% leaky membranes (calculated value). For sea water preparations the
corresponding percentages are 42±6% (n=5), 34±7% (n=5) and 24±3%, respectively. The sea
water preparations contained significantly more IOV orientated vesicles (P=0.004) and less
ROV orientated vesicles (P=0.035) than the freshwater preparations.
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Figure
1 Dose
dependence
of
thapsigargin inhibition of ATP-driven
2
Ca * uptake by freshwater (FW) and
seawater (SW) membrane vesicle
preparations of renal tissue. Initial rates
of uptake were assayed at a free Ca2*
concentration of 500 nmol 1' and
corrected for ATP-independent uptake.
Transport rates (V) in the absence of
thapsigargin were designated 100%.
Values depict means ± SD of three
preparations.
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Figure 1 shows the dose dependent inhibition of Ca 2 + uptake by thapsigargin.
Thapsigargin partly inhibited ATP-dependent Ca 2 + uptake. Maximal inhibition occurred at a
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Figure 2 Oxalate stimulated Ca -uptake by freshwater (A) and sea water (B) tilapia membrane
preparations of renal tissue. Values represent the difference (ДСа2+) between Ca2+-uptake in the
presence and in the absence of 2 mmol Г1 oxalate, at a free Ca2+ concentration of 500 nmol Г1.
Thapsigargin (1 μιηοΐ Γ1) completely abolished oxalate stimulation of ATP-dependent Ca2+-uptake
ATP-mdependent Ca2+ uptake (squares) was not stimulated by oxalate Means ± SD of three
preparations are given.
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thapsigargin concentration of 0.5 μπιοί Γ1. Increasing the thapsigargin concentration to 5 μπιοί
Γ 1 did not have any further effect on Ca2+ uptake rates. The residual, thapsigargin insensitive,
activities at a Ca2+ concentration of 500 nmol Γ1 amounted to 26.1 ±0.4% for freshwater
preparations and 36.2±1.3% for sea water preparations of the total Ca2+ uptake. These
thapsigargin insensitive activities divided by the respective IOV percentages for freshwater
(29%) and sea water (42%) preparations yield the total thapsigargin ¿«sensitive Ca2+ pump
activities of the plasma membranes. These corrected thapsigargin insensitive activities amount
to 55% (14 nmol min"1 per mg protein) and 57% (5.6 nmol min"1 per mg protein) of the total
Ca2+ pump activity (consisting of the thapsigargin sensitive activity plus the corrected
thapsigargin insensitive activity), for freshwater and sea water preparations, respectively.
Thapsigargin at 1 μ mol Γ1, completely abolished oxalate stimulation of ATP-dependent Ca2+
uptake in freshwater and sea water preparations (Figure 2), indicating complete inhibition of ER
related Ca2+ uptake. Thapsigargin insensitive Ca2+ accumulation was ATP-dependent and
reversed by Ca2+ ionophore A23187 (Figure 3).

Kinetics of thapsigargin insensitive Ca + uptake
Kinetic analysis of the Ca2+ concentration dependence of ATP-dependent Ca2+ uptake
was performed on individual preparations. Figure 4 shows the pooled data of five freshwater
and five sea water preparations. For freshwater preparations a Vm of 4.50±0.89 nmol min"1 per

Figure 3 Thapsigargin insensitive
Ca2*-uptake in renai membrane
preparations of freshwater fish,
assayed at a free Ca2* concentration of
500 nmol l' and a thapsigargin
concentration of 1 μπιοί Γ1. Thapsi
gargin insensitive Ca2* uptake was
stimulated by ATP, and Ca2+ accu
mulation was reversed by the addition
of Ca2+ ionophore A23187 (arrow).
Means ± SD of three experiments are
given.
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mg protein and a K„, of 57±17 nmol Γ were calculated For sea water preparations Vm
decreased to 2 96±0 26 nmol min-1 per mg protein (P=0 008) Km for sea water preparations
was 63±20 nmol Γ1 When appropriate corrections for the percentages IOV are made, the
calculated values for Vm are 16 nmol min"1 per mg protein and 7 0 nmol min"' per mg protein,
for freshwater and sea water preparations, respectively This amounts to a 56% decrease of renal
Ca2+ pump activity upon transfer to sea water

Na*/Ca2+-exchange
Table 2 summarises data on Ca2+ uptake in membrane vesicles from freshwater adapted
tilapia, in the absence of ATP Stimulation of Ca2+ uptake by applying a Na+ gradient could not
be demonstrated No dependence on Ca2+ concentration was indicated and data did not allow
further kinetic analysis

E
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E
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[Ca 2+ ] (nmol M)
Figure 4 Kinetics of thapsigargin insensitive ATP-dependent Ca2+-uptake m freshwater (FW) and
sea water (SW) membrane preparations of renal tissue Initial rates of uptake were corrected for
ATP-independent Ca2+-uptake Values depict means ± SD offivepreparations Data of individual
preparations were fitted to the Michaehs-Menten equation, FW V„?4 50±0 89 nmol nun ' per
mg protein, Κ„=57±17 nmol Γ', SW Vm=2 96±0 26 nmol nun ' per mg protein, Km=64±20 nmol
1 ' The inset shows an Eadie-Hofstee transformation of the data
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Table 2 Dependence of Ca2* uptake on Na+ gradient and Ca2* concentration in freshwater tilapia kidney
plasma membrane vesicles
Ca2+ uptake (nmol mg ')

[Ca*]
(nmol Г')

Na,

к„

50

0.38±0.23 (7)

0.32±0.17(7)

100

0.60±0.35 (9)

0.71 ±0.37 (9)

250

0.98±0.43 (7)

1.37±0.95 (7)

500

1.31 ±0.68 (8)

1.41+0.58 (8)

1000

1.73±0.41 (9)

2.16±0.76(9)

2000

2.22±0.67 (7)

2.68±0.83 (7)

Values depict Са2+ uptake over а 5 second period. At all Ca2+ concentrations tested, Ко values were not
significantly different from Na„ values. Na,,: Na+ loaded vesicles in 150 mmol Г1 Na+; К,,: Na+ loaded
vesicles in 150 mmol Г1 К*. Number of observations is indicated in parentheses.
Discussion
To study the involvement of active transporters in Ca2+ reabsorption in the fish kidney,
we isolated a membrane fraction from a renal tissue homogenate of tilapia. The separation
techniques applied, were based on studies on ion transporters of the mammalian kidney
(reviewed by Murer and Gmaj, 1986), and were successfully used in our laboratory for isolation
of the basolateral membrane fraction of tilapia enterocytes (Flik et al. 1990). The enrichment
factor and the specific enzymatic activity of the basolateral membrane enzyme marker Na+/K+ATPase derived for our preparation are comparable to values reported earlier for tilapia
intestinal membranes (Flik et al. 1990). Recovery, enrichment and specific activity of the
Na+/K+-ATPase were not significantly different in freshwater or sea water renal membrane
preparations of tilapia, although a decrease of Na+ pump activity upon transfer to high ambient
salinity has been reported for several other euryhaline species (Trombetti et al. 1990; Venturini
et al. 1992; Doñeen, 1993). The high recovery of the ER enzyme marker NADH-cytochrome С
reductase indicated that our final membrane preparation still contained a considerable fraction
of ER fragments. This was confirmed by the 45 Ca 2+ uptake studies, which showed that oxalate,
which is preferentially transported into ER-derived vesicles (Ponnappa et al. 1981), was able to
stimulate

45

Ca 2+ accumulation by trapping

45

Ca 2+ in vesicles. Attempts to enhance the
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purification of plasma membranes relative to the ER fraction by other initial tissue
fragmentation techniques or by further centrifugation on sucrose block gradients ranging from
31% to 43%, or on a self-generating percoli gradient as reported by (Van Heeswijk et al. 1984),
were unsuccessful (results not shown).
We used the highly specific ER Ca2+-ATPase inhibitor thapsigargin to inhibit 4 5 Ca 2 +
uptake into ER-derived vesicles (Thastrup et al. 1990). Our study shows that thapsigargin
abolished oxalate stimulated Ca2+ uptake, indicating complete inhibition of all ER related Ca2+
pump activity. Maximal inhibition was reached at a thapsigargin concentration of 0.5 μ mol Γ1.
The residual Ca2+ uptake was not affected by an increase of the thapsigargin concentration to 5
μπιοί Γ1, indicating that at these low concentrations thapsigargin inhibits ER Ca2+-ATPase
activity, but in our hands did not have the ionophoric effect on the membrane vesicles reported
by Favero and Abramson (1994). Thapsigargin-insensitive Ca2+ uptake was stimulated by ATP,
and was reversed by the addition of the Ca2+ ionophore A23187, indicating uphill Ca2+
transport. The Km values derived for freshwater and sea water preparations indicate that this
Ca2+ pump is activated at intracellular Ca2+ levels. This strongly suggests that this Ca2+ pump
activity originates from the plasma membrane fraction of the membrane preparation and reflects
a mechanism for Ca2+ extrusion.
We were unable to demonstrate Na+/Ca2+ exchange activity in renal epithelium of
tilapia: no significant difference was found between Ca2+ uptake in the absence and in the
presence of a Na+ gradient. Results obtained in our laboratory earlier, with membrane
preparations of tilapia gill and intestine, using a similar experimental set-up, show that
+

2+

application of a Na gradient stimulates Ca uptake in these preparations by at least a factor of
2. When assaying simultaneously preparations of kidney and intestine of the same fish, only
+

latter preparation demonstrated Na -driven Ca

2+

transport. This finding

excludes

a

2+

methodological origin of our inability to demonstrate Na7Ca -exchange in renal preparations
(results not shown). Furthermore the addition of the K+-ionophore valinomycin to prevent the
build-up of a potential difference did not affect Ca2+ transport rates (results not shown). We
+

2+

tentatively conclude that Na /Ca -exchange activity is low or absent in tilapia kidney and, in
the case of low activity, may be obscured by a proportionally large non-specific Ca2+ uptake or
-binding.
Earlier studies report that euryhaline species maintain Ca2+ homeostasis upon transfer
2+

from fresh water to sea water by reducing renal Ca reabsorption(Schmidt-Nielsen and Renfro,
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1975; Foster, 1976; Elger et al. 1987). To evaluate the physiological significance of the
identified Ca 2+ pump in renal Ca2+ handling, we compared its activity in freshwater and sea
water adapted tilapia. In our experiments, in which freshwater and sea water kidney preparations
were isolated and assayed simultaneously, the renal Ca2+ transport capacity of freshwater
adapted fish significantly exceeded that of sea water adapted fish, indicating that Ca2* pump
activity correlates with Ca2+ reabsorption. At the estimated cytosolic Ca2+ concentration of 100
nmol Γ1 and 25°C, and correcting for the percentage of IOV and assuming an activation energy
of 33±4 kJ mol-1 (Van Heeswijk et al. 1984), we calculate a Ca2+ pump activity of 5.9 nmol
min-1 per mg protein for freshwater preparations. From a protein yield of 1.1 ±0.3 mg and the
percentage found for basolateral membrane recovery, it follows that the Ca2+ transport capacity
amounts to 6.0 μιηοΐ h -1 per kg fish.
This transport capacity of the Ca2+ pump closely approximates renal Ca2+ handling in
freshwater adapted fish. From the estimated glomerular filtration rate of 4 ml h"1 per kg fish for
freshwater adapted species (Hickman and Trump, 1969) and an ultrafiltrable plasma Ca2+
concentration of 1.82±0.29 mmol Γ1 (n=3), a renal Ca2+ filtration rate of 7.3 μιηοΐ h"1 per kg
fish can be calculated. When we estimate the Ca2+ excretion at 2.5 μπιοί h"1 per kg fish
(Hickman, 1968a; Schmidt-Nielsen and Renfro, 1975; Oikari and Rankin, 1985; Elger et al.
1987; Butler, 1993), we calculate that a net reabsorption of 4.8 μπιοί h"1 per kg fish occurs,
which amounts to 80% of the transport capacity of the Ca2+ pump. The high capacity of the Ca2+
pump relative to the estimated rate for net Ca2+ reabsorption suggests that in fish, in contrast to
mammalian spe ies (Friedman and Gesek, 1993), the transcellular route for Ca2+ reabsorption
prevails. Paracellular reabsorption of solutes may be relatively small because of the low water
permeability of the tubular epithelium (as reabsorption of water must be minimised) in the distal
part of the nephron (Nishimura and Imai, 1982).
For sea water adapted fish, a Ca

2+

1

transport capacity of 2.7 μπιοί h" per kg fish is

calculated. The observation that sea water adapted fish maintain Ca2+ pump activity although
they have no requirement for net Ca2+ reabsorption, suggests that part of the pump activity is
2+

required for intracellular Ca homeostasis. Consequently, the relative contribution of the Ca

2+

pump to reabsorption may be smaller than estimated on the basis of total pump activity and,
therefore, reabsorption may require additional Ca2+ transport mechanisms.
Ca

2+

transport via intestine- and gill- epithelium of freshwater and sea water adapted

tilapia was characterised by Schoenmakers et al. (1993) and Verbost et al. (1994), respectively.
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Whereas in the epithelium of intestine Na+/Ca2+-exchange is the predominant mechanism for
transcellular Ca2+ transport, in gill epithelium the activity of the exchanger was estimated at
only 50% of the ATP-driven pump (at prevailing cytosolic Ca2+ concentrations). This study
indicates, however, that transcellular Ca2+ transport in renal epithelium of tilapia is fully
dependent on an ATP-driven pump. The picture that emerges is that Ca2+ handling by the
euryhaline tilapia is controlled by the regulated and differential expression of both Ca2+ pump
and Na+/Ca2+-exchange activities in the three major Ca2+ transporting epithelia, viz. gill,
intestine and kidney. It enables the euryhaline tilapia to maintain Ca2+ homeostasis in a wide
range of ambient Ca2+ concentrations, a prerequisite for successful salinity adaptation.

7
Magnesium transport in plasma membrane vesicles of renal
epithelium

of

the

Mozambique

tilapia (Oreochromis

mossambicus)
Summary To elucidate the mechanisms involved in Mg2* transport at the apical and basolateral
pole of the renal tubular epithelium, apical and basolateral plasma membrane vesicle
preparations were derived from kidney tissue of freshwater and sea water Mozambique tilapia.
Brush border preparations were enriched about 15.8-fold in alkaline phosphatase activity, and
consisted almost exclusively of rightside-out orientated membrane vesicles. Basolateral
membrane preparations were enriched 7.5-fold in Na+/K+-ATPase activity, and contained
resealed vesicles and leaky membrane fragments. Mg2+ association with brush border and
basolateral plasma membranes, traced with radioactive 27Mg, occurred in an osmotically active
space. In all instances Mg2+ binding to the vesicular membrane was low, when compared to the
vesicular uptake. Mg2+ equilibration across the vesicular membrane of brush border preparations
was rapid and sensitive to extravesicular Ca2+, suggesting that the apical membrane of the renal
epithelium contains a divalent cation conductive pathway. Application of various ionic
gradients did not affect vesicular Mg2+ transport in apical and basolateral membrane
preparations, which represents an argument against the presence of an ion-coupled transport
mechanism. ATP or ΑΤΡ-γ-S did not stimulate Mg2+fluxes,indicating that Mg2+ transport does
not proceed via an ATP-driven or activated transporter. In these aspects, vesicular Mg2+
transport was similar in sea water and freshwater preparations. These results suggest that the
apical membrane of renal epithelial cells lack an active secretory Mg2+ transport mechanism.
We propose that the Mg2+ conductivity of the apical membrane reflects a route for downhill
2+

2+

Mg entry, and is involved in renal Mg reabsorption.

Introduction

The kidneys of fish are versatile organs, their contribution to the hydromineral balance
M.J.C. BlJVELDS, Z.I. KOLAR, S.E. WENDELAAR BONGA, G. FLIK Submitted
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depending on the salinity of the ambient medium. In fresh water the main function is excretion
of excess water and restriction of mineral losses. Salts are therefore reabsorbed by the tubular
epithelium of the nephron, resulting in the production of a voluminous, plasma hypotonic urine.
Conversely, in saline environments, water is taken in by drinking and the volume of water
excreted renally is substantially reduced to compensate for osmotic water loss. Excess salts
taken in by diffusion across the body wall and by ingestion of sea water, are excreted via the
gills and via the kidneys. Whereas the gills primarily "are responsible for the excretion of
monovalent ions, the kidneys perform a significant role in the excretion of Mg2+and SO42"
(Hickman, 1968c).
In mammals, the proximal tubule and the ascending limb of the loop of Henle are the
principal sections of the nephron involved in Mg2+ transport (Ryan, 1990; Quamme, 1993).
Mg2+ reabsorption proceeds predominantly through solute-linked, paracellular transport, and is
driven by the transepithelial potential (Distefano et al. 1993; De Rouffignac and Quamme,
1994). A minor transcellular component may also be involved (Ryan, 1990). In freshwater fish
proximal tubules, similar transepithelial potentials have been reported (Nishimura and Imai,
1982), and may constitute a driving force for Mg2+reabsorption. However,reabsorptionof water
must be limited in freshwater fish, and this will reduce the extent to which paracellular solutelinked transport of salts occurs. Therefore, Mg2+ reabsorption in fish probably involves active,
transcellular, transport.
For the most part, the renal excretion of Mg2+ from sea water fish proceeds through
tubular secretion (Hickman and Trump, 1969). The glomerular filtration rate is usually low (or
glomerularfiltrationis even absent in aglomerular species) and contributes only a minor portion
of the total Mg2+ output. Tubular Mg2+ secretion results in urine magnesium levels which are
well above the levels in the body fluids. Net Mg2+ secretion has also been demonstrated in
isolated proximal tubules (Beyenbach, 1982; Cliff et al. 1986). This, together with the low
potential difference across the tubular epithelium in vivo, suggests that electrically driven
transport cannot account for the apparent magnesium accumulation in urine. It is plausible,
therefore, that Mg2+ secretion proceeds through a transcellular, active, pathway. As epithelial
cells maintain a potential difference of around -60 mV across the luminal membrane, it is
evident that the extrusion of Mg2+ over this barrier would require the input of metabolic energy.
Intriguingly, the secretory mechanism seems also to be present in the kidneys of freshwater
adapted euryhaline species (Cliff and Beyenbach, 1992). Accordingly, freshwater acclimated
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euryhaline species retain the capacity for rapid Mg2+ excretion. For instance, injection of
freshwater trout with a large magnesium dose, leads to a sharp and instantaneous increase in the
urinary magnesium levels (Oikari and Rankin, 1985). This indicates that the secretory
mechanisms are dormant in freshwater fish, but can be activated rapidly, probably triggered
directly by the increase in plasma magnesium levels.
In sea water fish the urinary magnesium and sodium concentrations are inversely related,
and it was suggested that Mg2+ secretion may be linked to Na+ transport via an exchange
mechanism (Natochin and Gusev, 1970). The Na+ gradient across the apical membrane carries
sufficient energy for uphill Mg2+transport. Furthermore, Na+coupled Mg2+ transport has already
been demonstrated in several other non-epithelial cell types, most notably erythrocytes (Günther
and Vormann, 1985; Ludi and Schatzmann, 1987; Flatman and Smith, 1990). Therefore, in the
few attempts that have been made to elucidate the mechanism of renal Mg + secretion, attention
has mainly focused on the role of sodium (Renfro and Shustock, 1985; Cliff et al. 1986;
Beyenbach et al. 1993). Although the inverse relation between magnesium and sodium content
of the lumen was confirmed in isolated proximal tubules (Cliff et al. 1986), the presence of a
Na+ dependent Mg2+ transport mechanism in the luminal membrane of the tubules has never
been demonstrated unequivocally.
The involvement of other mechanisms has scarcely been investigated. Hentschel and
Zierold (1994) demonstrated magnesium containing secretory vesicles located at the apical pole
of epithelial cells of dogfish proximal tubules. Mg2+ secretion through exocytosis is compatible
with the inhibition of Mg2+ transport in isolated renal tubules of the flounder by cytochalasin B,
which may inhibit vesicular migration (Renfro and Shustock, 1985). Other possible mechanisms
would involve the coupling of Mg2+ translocation to downhill movement of ions other than Na+,
or to ATP hydrolysis. Anion-dependent Mg2+ transport, for instance, has been described for
Yoshida ascites tumor cells (Günther et al. 1986) hepatocytes (Günther and Höllriegl, 1993b),
erythrocytes (Günther and Vormann, 1990), and tilapia enterocytes (Bijvelds et al. 1996b).
Studies on isolated renal tubules have been hampered by the inability to discriminate
cellular from paracellular transport (Cliff et al. 1986; Cliff and Beyenbach, 1992). To
circumvent this problem, in the present study aspects of transcellular Mg2+ transport are studied
at a subcellular level. We have isolated the basolateral and apical plasma membrane fractions of
kidney epithelial tissue from the euryhaline teleost fish Oreochromis mossambicus
(Mozambique tilapia). Mg2+ transport in isolated membrane vesicles was followed, by means of
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a radiotracer technique, using Mg. The presence of ATP- or ion gradient driven Mg transport
was investigated.

Materials and methods

Mozambique tilapia, Oreochromis mossambicus (Peters), of both sexes were obtained
from laboratory stock. Freshwater adapted fish were kept in Delft tap water ([Mg2+]=0.3 mmol
Γ1). Fish were adapted to artificial sea water (final density: 1.022 g Γ1; Wimex sea salt,
Wiegandt GmbH & Co., Krefeld, Germany) over a three day period, by gradual infusion of sea
water in tanks containing fresh water. Fish were kept at least three weeks in full-strength sea
water before use. The water temperature was 25-28°C, and the photoperiod was 12 h of light
alternating with 12 h of darkness. Fish were fed Trouvit fish pellets (Trouw & Co., Putten, The
Netherlands) at daily rations of 1.5% of the fish total mass.

Membrane isolation
Brush border membranes were isolated according to a modification of the method
described by Booth and Kenny (1974). A fish, weighing approximately 200 g, was killed by
spinal transection. The abdominal cavity was cut open lengthwise, and the intestinal tract and
swim-bladder removed. The kidneys were perfused in situ with an ice-cold isotonic solution,
containing 250 mmol Γ1 sucrose, 10 mmol Γ1 4-(2-hydroxyethyl)-l-piperazineethanesulfonic
acid (HEPES), 1 mmol Г1 1,4-dithiothreitol (DTT), 100 U ml"1 aprotinine, 100 U ml"1 heparin,
set to pH 7.8 with 2-amino-2-hydroxyrnethyl-l,3-propanediol (Tris). All further steps were
performed at 0-4°C. Kidney tissue was gently excised and cut into slices of approximately 3 mm
thickness. The renal tissue of two fish was pooled and disrupted with a dounce homogeniser
equipped with a loosely fitting pestle (30 strokes) in 20 ml of a hypotonic mannitol solution,
containing 10 mmol Г1 mannitol, 1 mmol Г' DTT, 100 U ml"' aprotinin, 2 mmol Г1 Tris/HCl
pH 7.4. The resulting tissue suspension was filtered over cheese cloth and СаСЬ was added to a
final concentration of 10 mmol Г1. Membrane precipitation was allowed to proceed for 20 min
in an ice-bath under gentle stirring. The suspension was centrifuged for 10 min at 1,000 g
(Jouan CR3000, CD4 rotor, 2,000 rpm) to remove cellular debris. After centrifugation for 10
min at 7,000 g (Beekman L55, 70.1 Ti rotor, 10,000 rpm), the resulting supernatant was
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centrifiigated for 30 min at 45,000 g (70.1 Ti rotor, 25,000 rpm) to collect the plasma membrane
fraction. The membrane pellet was resuspended in a solution containing the basic ingredients of
the assay medium and washed (centrifugation for 25 min at 63,000 g; 70.1 Ti rotor, 30,000
rpm). Finally, plasma membranes were resuspended by 20 passages through a 23-G needle in
0.3 to 0.5 ml assay medium (see the section Mg2+ transport in plasma membrane vesicle
preparations for details on the composition of the assay medium). Membrane preparations
contained approximately 0.6 mg ml"1 protein (as determined with a Biorad commercial reagent
kit, using bovine serum albumin, BSA, as reference). Preparations were stored for up to 3 days
in liquid nitrogen.
Basolateral plasma membranes were isolated as described previously (Bijvelds et al.
1995). In short, a renal tissue homogenate in a 250 mmol Г1 sucrose solution was centrifuged
for 10 min at 1,400 g to remove nuclei and cellular debris. The resulting supernatant was
brought to 1.36 mol Г1 sucrose by mixing with a concentrated sucrose solution, transferred to
centrifuge tubes, and overlayed with a 250 mmol Г1 sucrose solution. After centrifugation for 2
h at 154,000 g, the membranes on the interface of the sucrose solutions were collected and
mixed with a solution containing the basic ingredients of the assay medium. The membranes
were centrifugated, 30 min at 186,000 g, and the resulting membrane pellet was resuspended by
20 passages through a 23-G needle in 0.5 ml assay medium. Membrane preparations contained
approximately 2.1 mg ml"1 protein.

Enzyme assays
The marker enzymes used were alkaline phosphatase and aminopeptidase for brush
border membranes (Pfleiderer, 1970; George and Kenny, 1973), NADH-dependent cytochrome
+

+

с reductase for endoplasmic reticulum (Omura and Takesue, 1970), Na /K -ATPase for
basolateral plasma membranes (Mircheff and Wright, 1976), thiamine pyrophosphatase for
Golgi apparatus fragments (Novikoff and Heus, 1963) and succinic acid dehydrogenase for
mitochondrial fragments (Pennington, 1961). Enzyme activities were assayed after membranes
-1

had been permeabilised with saponin (0.2 mg mg protein, 10 min at 25°C), to maximise
substrate accessibility.
The percentage inside-out orientated vesicles (IOV) and the percentage rightside-out
orientated vesicles (ROV) were determined on the basis of acetylcholine esterase activity and on
glyceraldehyde-3-phosphate dependent dehydrogenase activity, respectively (Steck, 1974).
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Triton XI00, at an optimal concentration between 0.010 and 0.020 % (v/v), was used to expose
enzyme activity that was masked due to resealing.
Production and measurement of27Mg
MgO, in which Mg was isotopically enriched in 26Mg to 97.1% (Medgenics Group,
Ratingen, Germany), was dissolved in diluted "Suprapur" acetic acid (Merck, Darmstadt,
Germany), resulting in a 50 mmol Γ1 Mg(CH3COO)2 solution. ^Mg (half-life 9.46 min) was
produced by irradiation of this solution in a thermal neutron flux of 4-Ю16 m"2 s-1 for 20 min in
the Interfaculty Reactor Institute nuclear reactor. The specific activity of the 27Mg preparation
directly after irradiation was approximately 70 GBq mol-1. Radioactivity was determined on the
basis of the ß~ emission of 27Mg in a Tri-Carb 2750TR/LL liquid scintillation analyzer (Packard
Instrument Co., Menden, Ct, USA) with an energy window setting from 2 to 1755 keV.
Counting rates were corrected for background and radioactive decay. The radiochemical purity
of the 27Mg preparation was assessed on the basis of the γ-гау spectre of the irradiated solution
(determined on a Ge(Li) detector). The absence of radioactive impurities was routinely
confirmed by determination of the apparent half-life value of the 27Mg preparation. Based on the
ß~ emission of the 27Mg preparation between 15 and 55 min after irradiation, a half-life value of
9.48±0.02 min was derived. This value corresponds well with previously reported values of the
half-life of 27Mg (Lederer and Shirley, 1978).

Mg2* transport in plasma membrane vesicle preparations
Transport of Mg2+ was assayed by means of a rapid filtration technique (Hopfer et al.
1973).
Equilibrium Mg2+ uptake was assayed by diluting (15x) membrane vesicle preparations
loaded with 100 mmol Г1 NaN0 3 , 100 mmol Г1 mannitol, 4 mmol Г1 NaCH3COO, 20 mmol Г1
HEPES/Tris (pH 7.4) in assay medium containing 100 mmol Г1 NaN03, 20 mmol Г1
HEPES/Tris (pH 7.4), 2.0 mmol l"1 [27Mg]-Mg(CH3COO)2 and 50 to 200 mmol Г1 mannitol.
ATP-dependency of Mg2+ efflux from brush border membrane vesicles (BBMV) was
assayed by diluting (8x) membrane vesicle preparations loaded with 100 mmol Г1 KN0 3 , 100
mmol Г1 mannitol, 20 mmol Г1 HEPES/Tris (pH 7.4), 1 mmol Г1 ATP and 3.6 mmol Г1 [27Mg]Mg(CH3COO)2, in assay medium containing (final concentration) 100 mmol Г1 KN0 3 , 100
mmol Г' mannitol, 0.5 mmol Г1 [27Mg]-Mg(CH3COO)2 and 20 mmol Г1 HEPES/Tris, pH 7.4.
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ATP-dependency of Mg2+ uptake in basolateral membrane vesicles (BLMV) was assayed by
diluting (15x) membrane vesicle preparations loaded with 100 mmol Γ1 KN0 3 , 100 mmol Γ"'
mannitol, 20 mmol Г1 HEPES/Tris (pH 7.4), in assay medium containing 100 mmol Γ1 KNO3,
100 mmol Г1 mannitol, 1 mmol Г1 ATP, 2.0 mmol Г1 [27Mg]-Mg(CH3COO)2 and 20 mmol Г1
HEPES/Tris, pH 7.4. ATP-dependent transport was defined as the difference between Mg2+
fluxes in the presence or absence of ATP. In the absence of ATP, 0.97 mmol Г1 trans-1,2diaminrcyclohexane-JV,N,N',N'-tetraacetic acid (CDTA) was added to replace ATP as a Mg2+
chelator, thus keeping total and free Mg2+ concentrations equal under both conditions. In some
instances ATP was replaced by adenosine-5'-0-(3-thiotriphosphate) (ΑΤΡ-γ-S).
Na+-dependency of Mg2+ efflux from BBMV was assayed by diluting (8x) membrane
vesicle preparations loaded with 100 mmol Г1 NaN0 3 , 100 mmol Г1 mannitol, 1 mmol Г1 ATP,
20 mmol Г1 HEPES/Tris (pH 7.4) and 3.6 mmol Г1 t27Mg]-Mg(CH3COO)2, in assay medium
containing 87.5 mmol Г1 KNO3, 12.5 mmol Г1 NaN0 3 , 100 mmol Г1 mannitol, 0.5 mmol Г1
[27Mg]-Mg(CH3COO)2 and 20 mmol Г1 HEPES/Tris, pH 7.4. Na+-dependency of Mg2+ uptake
in BLMV was assayed by diluting (15x) membrane vesicle preparations loaded with 100 mmol
Г1 NaN0 3 , 100 mmol Г1 mannitol, 20 mmol Г1 HEPES/Tris (pH 7.4), in assay medium
containing 93.3 mmol Г1 KN0 3 ,6.7 mmol Г1 NaN0 3 ,100 mmol Г1 mannitol, 1 mmol 1"' ATP,
2.0 mmol Г1 [27Mg]-Mg(CH3COO)2 and 20 mmol Г1 HEPES/Tris, pH 7.4. Na+-dependent
transport was defined as the difference between Mg2+ fluxes in the presence or absence of a
transmembrane Na+ gradient, using NaN0 3 to replace KNO3 isosmotically. In some instances
Triton X100 was added (0.010 %, v/v) to disrupt the vesicular space.
СГ-dependency of Mg2+ efflux from BBMV was assayed by diluting (8x) membrane
vesicle preparations loaded with 100 mmol Г1 NaCl, 100 mmol Г1 mannitol, 20 mmol Г1
HEPES/Tris (pH 7.4) and 3.6 mmol Г1 [27Mg]-Mg(CH3COO)2, in assay medium containing
87.5 mmol Г1 NaN0 3 , 12.5 mmol Г1 NaCl, 100 mmol Г1 mannitol, 0.5 mmol Г1 [27Mg]Mg(CH3COO)2 and 20 mmol Г1 HEPES/Tris, pH 7.4. СГ-dependency of Mg2+ uptake in
BLMV was assayed by diluting (15x) membrane vesicle preparations loaded with 100 mmol Г1
NaN03, 100 mmol Г1 mannitol, 20 mmol Г1 HEPES/Tris (pH 7.4), in assay medium containing
93.3 mmol Г1 NaCl, 6.7 mmol Г1 NaN0 3 , 100 mmol Г1 mannitol, 2.0 mmol Г1 [27Mg]Mg(CH3COO)2 and 20 mmol Г1 HEPES/Tris, pH 7.4. СГ-dependent transport was defined as
the difference between Mg2+ fluxes in the presence or absence of a transmembrane СГ gradient,
using NaNÜ3 to replace NaCl isosmotically.
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Table 1 Relative recoveries and enrichment of marker enzymes in Mozambique tilapia kidney brash
border (BBM) and basolateral (BLM) plasma membranes

Recovery (%)

Enrichment

BBM

BLM

BBM

BLM

Protein

0.9±0.2 (5)

1.940.2(13)

-

-

Alkaline Phosphatase

13.2±0.9(5)

N.D.

15.8±2.0(5)

N.D.

Aminopeptidase

N.D.

3.7±0.4 (6)

N.D.

2.3±0.2 (6)

NADH-Cytchrome с reductase

1.0+0.3 (5)

5.4±0.9 (5)

1.0±0.3(5)

2.8±0.5 (5)

Na7K -ATPase

2.4±0.3 (5)

15.5±1.3(5J

2.6±0.4 (5)

7.5±0.4 (5)

Succinic acid dehydrogenase

0.7±0.4 (5)

2.5±0.4 (8)

0.4±0.2 (5)

1.3±0.3ffl

Thiamine pyrophosphatase

3.7±0.8 (5)

N.D.

3.0±0.4 (5)

N.D.

+

Recovery was calculated as the percentage of the total activity in the plasma membrane fraction relative
to the total activity in the initial tissue homogenate. Enrichment was calculated by dividing the specific
activity in the plasma membrane fraction by the specific activity in the initial tissue homogenate. The
number of preparations is indicated in parentheses. N.D. not determined

Incubations were carried out at 28°C in media of 0.11 M ionic strength. The free Mg2+
concentration was calculated according to Schoenmakers et al. (1992), taking into account the
metal ion chelation with ATP (Sillén and Martell, 1964). The reaction was quenched by
addition of 1 ml ice-cold stop buffer (150 mmol Г1 NaNOs, 1.5 mmol Г1 MgCU, 0.1 mmol Г1
LaCl3) and 20 mmol Г1 HEPES/Tris at pH 7.4) to 150 μΐ incubate. A volume of 1 ml was
filtered on 0.45 μπι ME25 membrane filters (Schleicher & Schuell, Dassel, Germany) at a
reduced pressure of 75 kPa. Filters were rinsed twice with 2 ml of stop buffer and transferred to
10 ml scintillation cocktail (Ultima Gold XR; Packard Instrument, Groningen, The
Netherlands). 27Mg specific radioactivity was determined by counting the radioactivity in 0.100
ml of the remaining "quenched reaction" suspension.

Calculations and statistics
Values are expressed as mean ± standard error. Statistical significance of differences
between means was assessed using the two-tailed Student's r-test and accepted at Ρ < 0.05.
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Figure 1 Equilibrium Mg uptake in renal plasma membrane vesicles of the Mozambique
tilapia. Preparations were incubated for 4 min in ionic media at the osmolality indicated, in the
1
2+
presence of 2.0 mmol Γ Mg . Regression analysis yielded the following relation between assay
2+
medium osmolarity (Osm) and Mg content (QMg) of the vesicles: a BBMV, Brush border
membrane vesicles: Qnig= 1.05+7.45/Osm (P=0.005; n=4); b BLMV, Basolateral membrane
vesicles: QMg=4.58+3.58/Osm (P=0.057; n=4). The inset shows the time dependence of Mg2+
uptake. Means ± S.E.M. of 3 preparations are given.

Results

Membrane characterisation
In Table 1 the characteristics of the kidney plasma membrane preparation are
summarised. The brush border membrane preparation was enriched 15.8-fold in the apical
membrane marker alkaline phosphatase. The alkaline phosphatase specific activity, expressed as
the amount of nitrophenol formed at 37° and pH 10.4, was 130±14 umol h~' mg"1 protein (n=5).
No enrichment was observed in endoplasmic reticular and mitochondrial membrane fragments.
The enzyme markers for basolateral plasma membranes (Na+/K+-ATPase) and Golgi apparatus
(thiamine pyrophosphatase) were slightly enriched.
The BBMV percentage rightside-out orientated vesicles was 93.2±1.2 (n=5). The
membrane preparation contained virtually no inside-out orientated vesicles (0.3±0.2%; n=5).
From this we calculate that about 6.5% of the membranes are leaky.
Enrichment and recovery of marker enzymes of the basolateral plasma membrane
preparation are as reported previously (Bijvelds et al. 1995). The orientation of the basolateral
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-o— Sea water control
-•— Freshwater acclimated
- · — Sea water acclimated
-A— Triton X100 added
1

Figure 2 Na*-driven Mg * transport in
BBMV of freshwater and sea water
acclimated Mozambique tilapia. The graphs
2
show the time-course of Mg * efflux, in the
presence (filled symbols) or absence (sea
water control) of a Na* gradient, directed
counter to the Mg** movement. Triton XI00
was added to freshwater membrane
preparations to induce maximum efflux.
Means ± S.E.M. of 3 to S preparations are
given.
60

120
time (s)

plasma membrane preparation was 29.1+1.8 % inside-out (n=5), 43.9±2.6 % rightside-out (n=7)
and, consequently, 27 % leaky membranes.

Equilibrium Mg2+ uptake
Basal, unstimulated Mg 2 + uptake reached a plateau after approximately 3 min; therefore,
Mg 2 + uptake after 4 min incubation reflects equilibrium uptake. The dependence of equilibrium
Mg 2 + uptake on the vesicular volume (Fig. 1) indicates uptake in the osmotic space. The volume
independent, membrane-bound Mg

+

fraction can be estimated from the Y-axis intercept of the

linear regression fit. At an osmolality of 0.3 osmol Г 1 the Mg 2 + uptake in the osmotic space
amounted to 23.4±3.9 and 12.4±2.0 nmol mg' 1 protein for BBMV and BLMV, respectively. On
the basis of a free [Mg 2+ ] of 2.0 mmol Г 1 , assuming that at equilibrium the intravesicular [Mg 2+ ]
equals the extravesicular [Mg 2 + ], we calculate a Mg 2 + distribution space of 11.7±2.0 μΐ mg"1
protein for BBMV, and 6.2±1.0 μΐ mg"1 protein for BLMV. The rate of Mg 2 + uptake by BBMV
was reduced by Ca 2 + : assayed at 30 s, the uptake in the presence of 5 mmol Г 1 Ca 2 + amounted to
46±7 % (P<0.01) of the paired control.

ATP-dependent, or Na*- or СГ-coupled Mg

+

transport

+

The effects of ATP and Na - or СГ gradients on Mg 2 + transport by renal plasma
membrane vesicles were assayed by measuring Mg 2 + release from BBMV and the Mg 2 + uptake
by BLMV. In Table 2 the effects of these various treatments are summarised. ATP at 1 mmol Г 1
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Table 2 Effect of ATP, ΑΤΡ-γ-S and ion gradients on renal plasma membrane Mg2+ transport. The Mg2+
release from BBMV and the Mg2+ uptake by BLMV at 60 s are presented as percentages of the paired
control.

2

2

Mg * release from

Mg * uptake by

BBMV

BLMV

percentage of control

percentage of control

ÄTP

87±9

104±2

ΑΤΡ-γ-S

94±6

95±8

Na gradient

106±5

93±5

СГ gradient

99±8

98±5

+

did not stimulate Mg

+

transport by renal plasma membrane vesicles. Replacement of ATP by

its non-hydrolysable analogue ΑΤΡ-γ-S did not affect Mg 2 + transport significantly. Na + /Mg 2+
antiport activity was assayed in the presence of 1 mmol Γ 1 ATP and a counter-directed Na + gradient to drive Mg 2 + efflux from BBMV, or Mg 2 + influx in BLMV. Mg 2 + transport was not
stimulated by a Na + gradient, and ATP had no effect on this process. Sea water acclimation did
not stimulate Mg 2 + efflux from BBMV in the presence of an inwardly directed Na + gradient
(Fig. 2). СГ-coupled Mg 2 + transport was assayed in the presence of а СГ gradient, directed
parallel to the Mg 2 + movement (Bijvelds et al. 1996b). Neither Mg 2 + efflux from BBMV, nor
uptake in BLMV were stimulated by а СГ gradient.

Discussion

Although in-vivo measurements of renal fluid and urine magnesium levels suggest the
presence of an active, energy consuming Mg 2 + transporter, we could not find such a principle in
isolated plasma membrane preparations from kidney tissue. Mg 2 + fluxes across the basolateral
and luminal membrane of the renal epithelium of the Mozambique tilapia appear to be
independent of ATP or of ion gradients of Na + and СГ. The demonstration of a Ca2+-sensitive
Mg 2 + transport pathway and absence of an active transport mechanism suggest that Mg 2 + moves
passively across the tubular epithelium, driven by its electrochemical gradient. Whilst Mg 2 +
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absorption may indeed be driven by the prevailing electrical potential across the tubular
epithelium of freshwater acclimated fish, the low transepithelial potentials observed in
magnesium excreting sea water fish do not support voltage-driven Mg2+secretion.

Plasma membrane characteristics
The basolateral plasma membrane preparation used in this study was characterized by a
7.5-fold enrichment of the marker enzyme Na+/K+-ATPase, and a plasma membrane Ca2+ATPase activity that may be involved in Ca2+ reabsorption (Bijvelds et al. 1995). This
membrane fraction forms a mixed population ofrightside-outand inside-out orientated vesicles,
and leaky membrane sheets, in accordance with previous studies on basolateral membrane
preparations from fish and mammalian kidney (Van Heeswijk et al. 1984; Bijvelds et al. 1995).
The apical plasma membrane preparation, characterised by a 15.8-fold enrichment of the
enzyme marker alkaline phosphatase, consists of a population of almost exclusively rightsideout orientated vesicles, in line with a microvillus origin of these membrane fragments (Booth
and Kenny, 1974). The enzyme characteristics of this preparation are very similar to those
reported for trout and flounder renal brush border preparations prepared with similar preparative
techniques (Renfro and Shustock, 1985; Freiré et al. 1995).
The membrane vesicles in our preparations were osmotically active and transported
Mg2+ into the osmotic space. In addition, we successfully showed ATP-driven Ca2+ uptake in
BLMV (Bijvelds et al. 1995), demonstrating that ion transport mechanisms in these plasma
membranes remain functional after the plasma membrane isolation procedure. Moreover, a
functional anion-coupled Mg2+ transporter could be demonstrated in a plasma membrane
preparation of the intestine of this species (Bijvelds et al. 1996b). We conclude, therefore, that it
is unlikely that ion carriers at work in vivo were inactivated during the isolation procedure.
Na+ coupled Mg + transport
We did not find evidence for a Na+/Mg + exchange mechanism in the renal basolateral
or apical plasma membrane preparations of the Mozambique tilapia. A Na+/Mg2+ exchange
mechanism was postulated on the basis of studies on flounder which showed that tubular Mg2+
transport is sensitive to ouabain and replacement of luminal Na+ (Renfro and Shustock, 1985).
Na+/Mg + exchange controls cellular magnesium levels in a number of cell types (reviewed by
Flatman 1984; 1991), keeping the intracellular Mg2+ activity below electrochemical equilibrium.
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It is unclear whether besides the apparent "housekeeping" function, this transporter may also be
involved in transcellular Mg + movement in Mg2+ transporting epithelia. Mg2+ efflux across the
renal brash border of trout is independent of luminal Na+ (Beyenbach et al. 1993), and recently
it has been shown that Mg2+ transport by kidney BBMV derived from freshwater trout is
insensitive to amiloride, a blocker of Na+/Mg2+ exchange (Freiré et al. 1996). Thus, evidence for
a direct dependence of renal Mg2+ transport in fish on Na+ is lacking. From our data we
tentatively conclude that a Na+/Mg2+ exchange mechanism is not involved in renal Mg2+
transport, in freshwater nor in sea water fish. Furthermore, it was shown that addition of ATP,
considered a necessary co-factor for Na+/Mg2+ exchange in some cell types (DiPolo and Beaugé,
1988; Frenkel et al. 1989), does not stimulate Mg2+ transport. This also seems to exclude the
presence of a primary active ion pump extruding Mg2+ at the expense of ATP. To our
knowledge no such ATPase, capable of uphill Mg + transport, has been described in vertebrates.

Anion coupled Mg2* transport
The present study suggests that Mg2+ transport across the brush border membrane is
mediated by a Ca2+ sensitive Mg2+ conductive pathway, that allows Mg2+ transport down its
electrochemical gradient. It has been previously shown that tubular Mg2+ transport in the marine
flounder is inhibited by Ca2+, and that a transmembrane potential difference across the luminal
membrane stimulates Mg2+ fluxes (Renfro and Shustock, 1985). Similar Ca2+ sensitive, voltagedriven Mg2+ transport has been reported for the kidney epithelium of freshwater trout (Freiré et
al. 1996). Because of the prevailing potential difference across the apical pole of the tubular
cells such a transport mechanism could constitute a mechanism for Mg2+ entry, but not
extrusion. Anion symport, however, may render Mg"+ secretion electroneutral and may thus be a
way to overcome the large potential difference across the luminal membrane opposing efflux of
positive charge. Evidently Mg2+ secretion must be accompanied by secretion of negative charge,
but it is not clear whether there is a direct relationship between Mg2+ transport and anion
secretion. Anions predominantly secreted by the tubules are СГ, SO4 ~ and, depending on the
2+

nutritional intake, inorganic phosphate (Hickman and Trump, 1969). Mg secretion in vitro is
independent of the presence of SO42" (Cliff et al. 1986) or inorganic phosphate and HC03~
(Renfro and Shustock, 1985) and seems to be most closely correlated with СГ secretion (Cliff et
al. 1986). Both chloride reabsorption (Nishimura and Imai, 1982) and secretion (Sawyer and
Beyenbach, 1985; Cliff and Beyenbach, 1988) are sensitive to loop diuretics like furosemide
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and bumetanide, indicative of a (secondary) active chloride transport mechanism. Mg2+transport
by flounder renal tubules has also been shown to be sensitive to furosemide, suggesting that
Mg2+ secretion may be linked to chloride secretion (Renfro and Shustock, 1985). Recently, we
have demonstrated that СГ dependent Mg2+ transport occurs in the intestinal epithelium of the
Mozambique tilapia (Bijvelds et al. 1996b). This pathway is, however, insensitive to
furosemide, and in the present study we could show no effect of chloride substitution on
vesicular Mg2+ fluxes. Therefore, there is no strong evidence to support a direct coupling
between СГ and Mg2+ secretion in the kidney of the Mozambique tilapia.

Tubular Mg + secretion and reabsorption
Our data indicate that the luminal membrane of the renal epithelium lacks an active
Mg

2+

extrusion mechanism, capable of uphill Mg2+ secretion. In accord with the functional

similarity between freshwater and sea water proximal tubules (Cliff and Beyenbach, 1992),
Mg + fluxes were similar in freshwater and sea water vesicle preparations and no activation of
ion- or ATP-driven Mg2+ transport was apparent. Mg2+ secretion has been suggested to proceed
via vesicular transport. The presence of microcrystalline aggregates in cell organelles of
flounder proximal tubules and luminal fluid (Hickman and Trump, 1969), and the recent
discovery of apically located Mg2+ loaded vesicles in cells of dogfish proximal tubules
(Hentschel and Zierold, 1994), may indicate that Mg2+ may be accumulated and stored,
precipitated or glycoprotein-bound, in subcellular compartments. Although there is no sound
evidence that these vesicles discharge their contents across the brush border in the tubular
lumen, the presence of salt precipitates (mainly the highly insoluble phosphate salts of the
divalent cations) in renal fluid and urine of Mg

2+

secreting fish is compatible with such a

mechanism (Pitts, 1934; Hickman, 1968c; Hickman and Trump, 1969; Maren et al. 1992).
+

Whereas Mg secretion must be a transcellular, and thus active, process, there seems no
obvious necessity for an active transcellular Mg + absorption route. NaCl absorption generates a
lumen positive potential difference (Nishimura and Imai, 1982) that may drive divalent cation
reabsorption in fish renal tubules as in the mammalian kidney (Distefano et al. 1993; Friedman
and Gesek, 1993). Accordingly, we found no evidence for an active Mg2+ transporter in the
basolateral membrane of the tubular cells that could transport Mg2+ uphill from the cellular
compartment to the peritubular fluid. Although not necessarily required for Mg
+

2+

reabsorption,

such a mechanism may be required for maintaining cellular Mg homeostasis. As intracellular
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magnesium is strongly buffered and changes in intracellular Mg2+ levels, therefore, are moderate
and occur only slowly, a mechanism of low capacity would suffice. We cannot exclude that
such a transport mechanism may have gone undetected in our assays because of its low activity.

8
Summary and general discussion
In this study Mg2+ transport processes in the Mozambique tilapia were investigated. To this end,
the radionuclides 27Mg and 28Mg were produced at the nuclear reactor facility of the Interfaculty
Reactor Institute of the Delft University of Technology. The availability of these radionuclides
offered us the opportunity to study Mg2+ transport processes using the radiotracer method,
which proved to be a sensitive and reliable technique for the measurement of Mg + transport at
the organismal-, tissue-, and membrane/molecular level. Five main conclusions are drawn from
this study:

1. Mg homeostasis is important for the maintenance of the balance of other minerals because
Mg effects some control over the permeability of plasma membranes to ions and water.
Additionally, Mg also influences the function of membrane ion carriers, which control the
Ca, К and Na balance.
2. Mg homeostasis is maintained by a combination of mechanisms in the gills, intestine, and
kidneys.
3. Unlike the situation in various non-epithelial cell types, intestinal and renal Mg2+ transport
does not proceed via Na+/Mg2+ antiport activity.
4. In the basolateral plasma membrane of the fish enterocyte an anion-dependent Mg2+ transport
mechanism is involved in intestinal Mg2+ absorption.
5. A Mg

2+

conductive pathway is present in the apical membrane of renal epithelium, with a

presumed function in absorptive Mg2+ transport. The involvement of active Mg2+ carriers in
renal Mg2+ transport could not be demonstrated.

Use of radionuclides in magnesium transport studies
27

Mg and 28Mg are the only radionuclides of Mg with a sufficiently long half-life value

to make them suitable for the study of biological transport processes.

Mg has a half-life value

of 9.46 min and can be produced by a relatively straightforward and rapid method. The specific
activity that can be obtained by neutron irradiation of a 26Mg enriched Mg target makes 27 Mg 2+
a suitable tracer for the study of Mg

2+

transport processes in biochemical assays of short
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duration (less than -30 min), requiring a high sensitivity. Mg has a half-life of 20.9 h, and is
more useful in assays of Mg2+ transport with a longer time-span. However, the relatively low
specific activity that can be obtained when it is produced from stable Mg in a nuclear reactor
limits its application. The choice for one of these radionuclides, therefore, will depend on the
duration of the assay and the sensitivity that is required. This study shows that, when these
considerations are taken into account, both these radioactive Mg isotopes can successfully be
used for the study of transport processes and may contribute to our understanding of Mg
physiology.

Magnesium and the mineral balance
In Mozambique tilapia, magnesium deficiency has pronounced effects on the balance of
Ca, К and Na. A low dietary Mg intake induced high body Ca levels, even when body Mg levels
were not notably affected (Chapter 3). This indicates that, although hypercalcemia in terrestrial
vertebrates is associated with low magnesium levels in the body, these fish are able to maintain
a tight control over the Mg balance even when the Ca deposition in the body is high. Two
possible explanations may be advanced to explain the relation between Mg intake and the Ca
balance. Firstly, it was suggested that these cations compete for one transport pathway (Karbach
and Rummel, 1990), and, therefore, a low Mg content of the intestine may enhance Ca2+
absorption, leading to an increased deposition of Ca in the body. Secondly, Mg2+ affects the
permeability of the intestinal epithelium to ions (Tidball, 1964): a low luminal Mg2+
concentration will increase the epithelial permeability to ions, stimulating Ca2+ influx (Ebel and
Günther, 1980; Karbach and Feldmeier, 1991). Interestingly, the high Ca levels observed in the
whole body of Mozambique tilapia fed a low-magnesium diet, are not reflected by high Ca
levels in the bony tissues or in muscle, indicating that the surplus of Ca is deposited elsewhere.
Indeed, Mg deficiency has been related to calcification of heart, blood vessels and kidneys.
Minute perturbations of the cellular Mg homeostasis affect the acid-base regulation of the cells
involved in bone formation, and this may lead to a supersaturation of plasma calcium, resulting
in spontaneous calcification processes in these soft tissues (Driessens et al. 1987). In fish,
calcification of renal tissue may result from Mg deficiency (Cowey et al. 1977).
Perturbation of the Na and К balance are secondary to the onset of a frank Mg
deficiency (Chapter 3). K+- and Na+-channels, Na+,2CP,K+ and К+,СГ symport, the Na+/K+-
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ATPase, and the membrane water and ion permeability are dependent on Mg

(Lauf, 1985;

Horie et al. 1987; Flatman, 1988; Pusch et al. 1989; Dorop and Clausen, 1993). Cellular ion
transport may, therefore, be compromised by Mg2+ deficiency. Although it causes disturbances
in the Ca, К and Na balance, Mozambique tilapia can cope remarkably well with conditions of
low external Mg, indicating that this fish is less sensitive to Mg deficiency and its symptoms
than higher vertebrates. It was shown that this resilience is due to compensatory mechanisms to
conserve Mg2*, at the level of the intestine, gills, and kidneys.
The influence of Mg2+ on cellular ion transport and epithelial permeability to ions is
evident in the branchial epithelium. A decreased access to water- and/or dietary Mg caused a
proliferation of chloride cells, the principal ion transporting cells in the branchial epithelium.
The increase in the density of the opercular mitochondria-rich cells, while branchial Na+/K+ATPase remained unchanged, is indicative of an increased turn-over of these cells in the gill
epithelium. Renewal of the branchial epithelium may be a response to disturbances in the ion
transport across the gills, as both the epithelial permeability to ions and water (Ogawa, 1974;
Wendelaar Bonga et al. 1983) and the activity of cellular ion transporters (Flatman, 1991) are
controlled by Mg2+. An important conclusion that may be drawn from this, is that Mg2+
modulates ion transport across the gills.
The gills may be an important site for Mg2+ uptake when fish are confronted with low
dietary Mg. Normally, for Mozambique tilapia, dietary Mg2+ intake is sufficient to cover the Mg
requirement for homeostasis and growth, and branchial Mg2+ intake under this condition is
2+

negligible compared to the intestinal intake. However, when dietary Mg intake is reduced by
+

providing a low-Mg diet, the extra-intestinal Mg uptake becomes more important. Under these
conditions, the integumental (presumably branchial) intake contributes significantly (=30%) to
the total amount of Mg accumulated (Chapter 2). Moreover, when access to water bome Mg is
also reduced, a marked depletion of Mg stores in bony tissues (scales and vertebral bone)
occurs. Thus, it is reasonable to conclude that it must be the branchial Mg2+ uptake that enables
the Mozambique tilapia to maintain a positive Mg balance (a net Mg accumulation) when the
2+

dietary Mg intake is restricted. A branchial Mg uptake has also been reported for other fish
such as carp and trout (Shearer, 1989; Dabrowska et al. 1991). However, the mechanism of
branchial Mg2+ uptake is not known. In fresh water, a slightly negative trans-epithelial potential
(around -5 mV) is maintained across the branchial epithelium, and this would not support
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passive Mg + uptake (Dharmamba et al. 1975; Young et al. 1988). Therefore, although such a
mechanism has hitherto not been demonstrated, we propose that an active, transcellular Mg2+
transport mechanism is present in the branchial epithelium.
It is widely recognised that the intestine is the most important route for Mg2+ uptake in
freshwater fish (Gatlin et al. 1982; Shearer and Asgard, 1990; Reigh et al. 1991). At low dietary
Mg levels, the Mg2+ absorption is highly efficient (Chapter 2). Apparently, the fractional Mg2+
absorption increases in response to a low dietary Mg intake, suggesting the presence of a
regulated intestinal Mg + transport route. In this condition, the urinary Mg excretion decreased,
and this suggests that tubular reabsorption is increased. As renal and intestinal epithelial cells
maintain a large potential difference (inside negative) across the plasma membrane, an active
extrusion mechanism is indicated, both to maintain the low intracellular Mg2+ concentration and
to allow transcellular Mg2* transport. With this notion in mind, we started a search for Mg2+
carriers in the intestinal and renal epithelia.

Renal magnesium transport
Mg excretion proceeds almost exclusively via renal pathways (Hickman, 1968b; Oikari
and Rankin, 1985), and the renal Mg output is predominantly determined by the secretory and
reabsorptive actions of the renal epithelia (Beyenbach et al. 1993). In the renal tubules of
euryhaline species, divalent cations are reabsorbed in fresh water, whereas they are secreted in
sea water (Hickman and Trump, 1969). Consequently, ion transport across the renal epithelia
must differ significantly between these environments, and it can be predicted that this is
reflected by the activities and position of membrane ion carriers. To test this prediction, we
compared the Ca2+ transport activities in renal plasma membrane preparations of freshwater and
sea water fish. Initially, Ca2+ transport activity was measured rather than Mg2+ transport activity,
because the assay conditions for measuring cellular Ca2+ transport are far better established. It
was found that the Ca2+ pump activity associated with the basolateral plasma membrane fraction
was significantly lower in sea water preparations than in freshwater preparations, indicating that
ion transport activities measured in vitro correlate with the direction and magnitude of ion
transport in vivo (Chapter 6). Thus, this approach proved a valuable tool for the assessment of
the role of cellular ion transporters in epithelial transport. Proceeding from this, the presence of
Mg2* carriers in renal epithelium and their significance in renal Mg2+ transport was investigated
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in a similar way, by comparing the Mg2* transport characteristics of plasma membrane
preparations from freshwater and sea water acclimated Mozambique tilapia. Unexpectedly, a
sea water medium, with a Mg2+ concentration of 55 mmol Γ1, did not affect the Mg2+ transport
characteristics of apical- and basolateral plasma membrane preparations (Chapter 7). No
evidence for an energised Mg2+ carrier was found, even though sea water fish can produce a
urine with a Mg2+ concentration of over 100 mmol Γ1 and isolated proximal tubules have been
shown to secrete Mg2+ in vitro (Beyenbach et al. 1993). Mg2+ transport was independent of ion
gradients or the presence of ATP (which stimulated Ca2+ transport in basolateral plasma
membrane preparations of renal epithelium, when assayed in a similar set-up). However, in the
apical plasma membrane a Ca2+ sensitive Mg2+ transport route was identified, that may mediate
passive Mg2+ transport. Because of the prevailing electrochemical potential across the luminal
membrane, this pathway may be involved in absorptive Mg2+ transport. In trout, a similar Mg2+
carrier has recently been described, with a presumed role in Mg2+reabsorption(Freiré et al.
1996). It has been established before that the proximal tubules of freshwater and sea water
acclimated euryhaline species display very similar Mg2+ transport characteristics (Cliff and
Beyenbach, 1992). Apparently, a secretory mechanism is also present, albeit silently, in
freshwater euryhaline species. However, it can instantaneously be activated such that freshwater
fish maintain the capacity for rapid renal Mg2+excretion (Oikari and Rankin, 1985).
Mg2+ secretion might be effected by a luminal, active extrusion mechanism, but such a
mechanism could not be demonstrated. Therefore, Mg2+ secretion may proceed via other
mechanisms. Cytochalasin B, an inhibitor of vesicular transport, inhibited Mg2+ transport in
isolated proximal tubules of flounder, which suggests that Mg2+ may be stored and transported
in vesicular structures (Renfro and Shustock, 1985). Recently, Mg2+ containing vesicles were
demonstrated in epithelial cells of the proximal tubule of an elasmobranch, Scyliorhinus
caniculus (Hentschel and Zierold, 1994). It was shown that Mg2+ is stored in these vesicles,
presumably bound to glycoproteins or precipitated as phosphate salts, and that these secretory
vesicles migrate through the cytoplasm and discharge their contents across the luminal
membrane into the tubular lumen.
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Intestinal magnesium transport
The mechanism of intestinal Mg2+ absorption has been investigated extensively in
terrestrial vertebrates (Ebel, 1990; Hardwick et al. 1990a; Kayne and Lee, 1993). The
curvilinear relation between the rate of Mg2+ absorption and the luminal Mg2+ concentration
was interpreted as evidence for transport mediated by a saturable carrier (Karbach et al. 1991).
Alternatively, it was suggested that these apparent saturation kinetics can also be explained by
assuming that high luminal Mg levels decrease the paracellular ion permeability, and thus
paracellular Mg2+ absorption (Kayne and Lee, 1993). However, because Mg2+ decreases
epithelial ion permeability (Tidball, 1964), the question whether Mg2+ is transported via a
transcellular route cannot be answered unequivocally by this type of study. Moreover, several
studies on the concentration dependence of Mg2+ absorption are conflicting, which suggests that
considerable species differences exist (Hardwick et al. 1990b; Karbach and Feldmeier, 1991). In
a classical assay for the demonstration of active transport, which measures the radioactive tracer
accumulation in everted gut sacks starting from isotopie equilibrium, active intestinal Mg2+
transport has never been demonstrated (Ross, 1962; Hardwick et al. 1990b).
More concrete evidence for cellular Mg2+ transport comes from studies showing that the
absorptive Mg2+ flux is sensitive to inhibitors of cellular ion transport, such as ouabain and
bumetanide (Partridge et al. 1987; Van der Velden et al. 1990). In the freshwater Mozambique
tilapia transepithelial Mg influx is larger than can be explained by solute linked transport, and is
coupled to cellular Na+ transport (Van der Velden et al. 1990). This corroborated our conclusion
that Mg2+ absorption is a regulated process, as the fractional absorption is a function of the
dietary Mg intake (Chapter 2). These observations prompted us to further investigate intestinal
Mg2+ transport in the Mozambique tilapia.
In intestinal segments, removal of Na+ from the bathing solution depressed the
absorptive Mg2+ flux, confirming the apparent Na+ dependency of Mg2+ transport (Chapter 4).
The Na+ dependence proved to be indirect: in plasma membrane preparations of enterocytes no
Na+-dependent Mg2+ carrier (i.e. Na+/Mg2+ antiport) could be demonstrated (Chapter 5). Neither
could the presence of an ATP-driven Mg2+ transporter be demonstrated. Apparently, active
Mg2+ transport proceeds through pathways that are distinctly different from the active Ca2+
transport mechanisms present in enterocytes. As Mg2+ transport was not directly coupled to Na+
movement, we hypothesised that it may, therefore, be coupled to the transport of other ions, that
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are accumulated in the enterocytes via Na+-dependent mechanisms. Because several anioncoupled Mg2+ transport mechanisms have been described (Günther et al. 1986; Günther and
Vormann, 1989b; Günther and Höllriegl, 1993b), we tested the efficacy of transmembrane
gradients of several anions to stimulate Mg2+ transport in plasma membrane preparations made
from enterocytes. This showed that Mg2+ uptake in plasma membrane vesicles was stimulated
by some membrane permeable anions (Chapter 5), and that this transport was sensitive to
stilbene derivatives. In this respect, the enterocyte Mg + transport system resembles the СГ
symport mechanism found in erythrocytes (Günther and Vormann, 1989b). Mg2+ transport
across the basolateral plasma membrane was not electrogenic, as voltage clamping of the
vesicular membranes did not affect Mg2+ uptake. In congruence with this anion-coupled
transport, а СГ dependent component of Mg2+ transport was demonstrated in isolated intestinal
segments (Chapter 4). In vivo, coupling of Mg2+ extrusion to anion symport, may result in an
electroneutral mode of transport. Thus, anion symport may be a way to overcome the large
electrical barrier across the plasma membrane that opposes the extrusion of positive charge from
enterocytes. The initial observations that Mg2+ absorption is inhibited by bumetanide and
ouabain, may be explained by assuming that these substances disturb cellular СГ transport by
inhibition of the Na+,K+,2Cr cotransporter and the Na+/K+-ATPase (which maintains the
transmembrane Na+ gradient that drives СГ uptake), respectively. On the basis of these data we
propose a model for intestinal Mg2+ absorption as presented in Fig. 1.

Perspectives
Reports on cellular Mg2+ transport have been focused mainly on non-epithelial tissues,
i.e. on Mg2+ transporters that control cellular Mg2+ homeostasis. A Na+/Mg2+ antiport
mechanism fulfils this function in numerous cell types (as reviewed by Flatman, 1991), and it
may be considered the principle Mg2* extrusion mechanism that is responsible for the
maintenance of the low intracellular Mg + level of the vertebrates. However, there is little
evidence to suggest that it has an equally important role in franjepithelial Mg2+ transport.
Despite the overwhelming evidence for its presence in many cell types, a Na+/Mg2+ antiport
mechanism has not been demonstrated in the vertebrate intestine (Ebel, 1990; Hardwick et al.
1990a; Kayne and Lee, 1993) or kidneys (Quamme, 1993; De Rouffignac and Quamme, 1994).
It may be primarily a mechanism to prevent high cellular Mg2+ levels. In this respect, it is worth
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noting that in most erythrocytes Na+/Mg2+ antiport activity is very low at normal intracellular
Mg2+ levels, and can only be assayed after loading cells with Mg 2+ (Günther et al. 1984; Ludi

Bumetanide
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Blood

Lumen
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Figure 1 Diagram of intestinal Mg2+ absorption in a freshwater teleost. Na* dnven СГ entry across the
luminal membrane via Na+,K+,2C1" symport activity or via a double exchange mechanism results m an
outwardly directed СГ potential (Groot and Bakker, 1988). Mg2* enters the cell from the luminal side
via an as yet unspecified carrier. In the cell, Mg2+ is sequestered in intracellular compartments
(endoplasmic reticulum and mitochondria) and bound to proteins (BP) and phosphate groups of energy
intermediates (AXP). Thus partitioned, the free Mg2+ concentration in the cytoplasm is kept in the
submillimolar range (Romani and Scarpa, 1992). Transport at the basolateral pole of the enterocyte
requires active transport as the electrical and chemical gradient oppose Mg2+ extrusion. Extrusion of
Mg2+ may be energetically coupled to downhill СГ movement, via a symport mechanism. Besides a
transcellular transport route, Mg + may also be transported through paracellular routes, via solute-linked
transport. Bumetanide and ouabain may affect transcellular Mg2+ transport through inhibition of the
transporters indicated.
It is becoming clear that Mg 2 + transport is organised in a fundamentally different fashion
from the transport of the other major divalent cation, Ca2+. Whereas, cellular Ca2+ homeostasis
and epithelial Ca 2+ transport employ similar transporters, which are phylogenetically well
conserved (viz. the Ca2+-ATPase and Na+/Ca2+ antiport), there is a diverse array of Mg 2 +
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transporters. Besides the well established Na+-coupled Mg2+ transport, a prokaryotic Mg2+
transporting ATPase has been described (Maguire, 1992), as well as cellular Mg2+ influx- and
efflux mechanisms dependent on various anions (Günther et al. 1986; Günther and Vormann,
1990; Günther and Höllriegl, 1993b). Even the comparatively "universal" Na+/Mg2+ antiport
mechanism should be considered a heterogeneous family of transporters as its properties, like
the stoichiometry of the exchange, the ATP-dependence, and its capacity to work in a reverse
mode, vary significantly between cell types and species (for a critical discussion of these topics
see Flatman, 1991; 1992). The mechanism of epithelial Mg2+ transport may depend on the
species investigated and, as this study shows, also varies between tissues. Because of this
diversity in Mg2+ transporters, the mechanism of epithelial Mg2+ transport may allow few
generalisations, which underlines the importance of a comparative physiological approach of
cellular Mg2+ transport.
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Magnesium

Samenvatting (Summary in Dutch)
Magnesium (Mg) is een essentieel mineraal voor alle levende wezens. Het is
betrokken bij tal van lichaamsfuncties. Zo is Mg onontbeerlijk voor de werking van spieren,
de opbouw van eiwitten en de energievoorziening. De grondslag voor deze en andere functies
van Mg ligt in de regulerende werking die het magnesiumion, Mg2+, heeft op vele
biochemische processen. Zelfs kleine veranderingen in de vrije Mg2+ concentratie kunnen de
chemie -en daarmee de functie- van een lichaamscel, de elementaire bouwsteen van het leven,
beïnvloeden. Op die manier, door gecontroleerde fluctuaties van het cellulair Mg2+ gehalte,
wordt de werking van cellen bepaald, en daarmee de functie van weefsels en organen. Deze
sturende rol kan Mg2+ alleen vervullen als organismen hun Mg-huishouding op nauwkeurige
wijze regelen. Dit impliceert dat de opname, afgifte en verdeling van Mg mauwkeurig
gereguleerd moeten worden. Het mechanisme van deze Mg-homeostase is onderzocht bij de
tilapia, een vis die oorspronkelijk voorkomt in (sub)tropische gebieden maar momenteel over
de gehele wereld wordt gekweekt als consumptievis en die nog het meeste gelijkenis vertoont
met onze baars.
In de tilapia en andere vissen vindt opname van Mg plaats via de darm, en dient het
voedsel als voornaamste bron van Mg. Dat lijkt nogal voor de hand te liggen gegeven de
situatie bij zoogdieren, maar men moet zich realiseren dat vissen andere mineralen zoals
calcium ook, of zelfs hoofdzakelijk, via de kieuwen direkt uit het water opnemen. Over de rol
van de kieuwen in de opname van Mg was tot nu toe weinig bekend. Uit dit onderzoek is
komen vast te staan dat deze route een substantiële bijdrage levert aan de totale Mg-opname.
Een lage Mg-opname via de darm uit het voedsel kan zelfs grotendeels worden opgevangen
door Mg-opname uit het water. Een geringe inname van Mg via de voeding wordt verder
gecompenseerd door een zeer efficiënte absorptie in het darmkanaal en een beperking van de
uitscheiding via de nieren en van verliezen via het lichaamsoppervlak Daarnaast gebruikt de
tilapia Mg dat is vastgelegd in botten en schubben als een reserve.
De tilapia blijkt opmerkelijk efficiënt om te gaan met de beschikbare Mg-bronnen.
Blijkbaar is handhaving van de Mg-balans van groot belang. Een zeer lage Mg-opname
verstoort uiteindelijk niet enkel de Mg-balans, maar heeft ook consequenties voor de balans
van andere mineralen zoals calcium, kalium en natrium. Terwijl de kaliumconcentratie daalt
samen met de Mg-concentratie, stijgt de concentratie van calcium en natrium in het lichaam.
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Mg speelt een rol bij het cellulair transport van deze mineralen, en beïnvloedt zo de opname
van mineralen via darmkanaal en kieuwen, mineraalafzetting in bot, en de cellulaire
mineraalbalans.
Samenvattend kan men stellen dat gecoördineerd Mg-transport in darm, kieuwen en
nieren zorgt voor handhaving van de Mg-balans, ook wanneer het aanbod in voedsel en/of
water sterk varieert. Cruciaal in de organisatie van Mg-opname, uitscheiding en verdeling is
het Mg + transport in en uit cellen. De hier gevonden aanwijzingen voor gereguleerd Mg2+
transport in darm en nieren leidde ertoe het cellulair Mg2+ transport in deze organen nader te
onderzoeken. Het doel hiervan was het definiëren van de cellulaire mechanismen betrokken
bij Mg2+ transport in darm en nieren. De vraagstelling spitste zich toe op hoe Mg2+ transport
over de celmembraan (de barrière die de cel omsluit) plaats vindt. Bij deze studies werd
radioaktief Mg gebruikt om de beweging van zeer kleine hoeveelheden Mg te kunnen volgen
en kwantificeren. Hierdoor was het mogelijk Mg2+ transport op weefsel- en membraanniveau
te bestuderen. Door de celmembraan van darm- en niercellen te isoleren van andere
bestanddelen van de cel, waarbij de celmembraan zich spontaan sluit tot kleine blaasjes
("vesicles" in het onderzoeksjargon), kon specifiek dit fenomeen onderzocht worden. In
vesicles van darmcellen werd anion(Cr)-afhankelijk Mg-transport aangetoond. Deze
koppeling aan het transport van negatief geladen ionen funktioneert mogelijk als een "Mgpomp", die er voor zorgt dat Mg2+ absorptie via een route dóór de cel (transcellulair) kan
plaatsvinden. Transcellulair Mg-transport is van groot belang omdat het een efficiënte en
gereguleerde opname, afgestemd naar de behoefte, mogelijk maakt. Meting van het Mg2+
transport over geïsoleerde darmsegmenten bevestigde de aanwezigheid van een dergelijk
mechanisme.
In de nieren blijkt het Mg-transport fundamenteel anders georganiseerd te zijn dan in
de darm. Mg2+ transport in vesicles van niercellen was onafhankelijk van de beweging van
andere

ionen,

of

de

aanwezigheid

van

adenosinetrifosfaat (ATP),

dat

vele

transportmechanismen energetiseert. Wel kon een passieve route voor Mg-transport
aangetoond worden die Mg2+ opname in de cel mogelijk maakt. Deze route is mogelijk
betrokken bij Mg2+ resorptie, alhoewel de afwezigheid van een ion- of ATP-gekoppeld proces
erop duidt dat transcellulair Mg2+-transport een ondergeschikte rol speelt in Mg2+ resorptie.
Het in dit proefschrift beschreven anion-gekoppeld Mg2+ transport is het eerst
beschrijven transportmechanisme in gewervelde dieren dat mogelijk betrokken is bij
epitheliaal Mg-transport. Aktief, Na+-gekoppeld Mg2+ transport speelt een belangrijke rol in
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handhaving van de Mg-balans van een breed scala van cellen, verspreid over het dierenrijk,
terwijl ATP-afhankelijk transport aanwezig is in rode bloedcellen van zoogdieren en enkele
bacteriestammen. Deze mechanismen zijn echter nooit aangetoond in epithelia betrokken bij
Mg-transport. Mg2+ transport, gedreven door een reeks van anionen, is eerder aangetoond in
verschillende celtypen van gewervelden en bewerkstelligt zowel opname als afgifte van Mg2+.
Deze klaarblijkelijke diversiteit aan Mg2+ transportmechanismen is opmerkelijk (met name in
vergelijking met het tweewaardige calciumion, dat met Mg2+ gemeen heeft dat het een
cruciale modulator is van de celfunctie, maar getransporteerd wordt door een relatief kleine,
universeel verspreide groep van transportmechanismen). De variateit aan mechanismen
veronderstelt dat er binnen het dierenrijk zowel opmerkelijke parallellen als verschillen aan te
wijzen zijn in de organisatie van Mg2+ transport. Om inzicht te krijgen in de betekenis van
deze diversiteit, zal vergelijkend fysiologisch onderzoek naar Mg2+ transport nodig zijn. Zulk
onderzoek kan tevens uitsluitsel kunnen geven over het belang van de hier beschreven Mg2+
transportmechanismen in de Mg-huishouding van de hogere gewervelde dieren.
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Nawoord (Epilogue)
Er staat maar één naam voorop dit proefschrift, dat is waar. Dat betekent echter
geenszins dat promoveren een eenmansondememing is. Integendeel, zeer velen hebben me in de
afgelopen jaren bij die noeste arbeid, in meer of mindere mate, geholpen. Een aantal van hen,
wiens ondersteuning ik in bijzondere mate waardeer, wil ik met name noemen.
Gert Flik en Zvonko Kolar stonden als directe begeleiders het dichtst bij de werkvloer
en hebben in hoge mate bijgedragen aan het voor u liggende resultaat. Gert straalt een
aanstekelijk soort optimisme en enthousiasme uit, waardoor een promovendus in tijden van
tegenslag weer nieuwe moed vergaart. Als outsider in de biologische materie had Zvonko
menigmaal die frisse, onbevooroordeelde blik die nodig was.
Sjoerd Wendelaar Bonga en Jeroen de Goeij hielden zich wijselijk niet al te veel bezig
met de dagelijkse gang van zaken. Zo hoort dat met hoogleraren; hun begeleiding-op-afstand
was ter zake en aanwezig waar nodig. Boven alles heeft dat bijgedragen tot een zeer ontspannen
en daarom produktieve werksfeer, zowel in Nijmegen als Delft. Hun klaarblijkelijk vertrouwen
in de goede zaak en hun souplesse, snelheid en accuratesse waar het om het corrigeren van
teksten gaat, zijn bewonderenswaardig.
Velen van de afdeling Radiochemie hebben me, als betrekkelijk "groentje" in de wereld
van gamma's, bèta's en neutronen met raad en daad bijgestaan. Wim den Hollander, Cock
Zegers en Koos Kroon (als vaste reserve) waardeer ik voor hun trouwe ondersteuning bij de
produktie van Mg-27 (voor het schieten en apporteren van die honderden rabbits). Wim was
bovendien nooit te beroerd mee aan te pakken, wist te vinden wat ik zocht en te regelen waar ik
niet aan dacht. De vakkundige bereiding van Mg-28 was in handen van Cock. Tona Verburg
was altijd bereid een factoranalyse opzij te schuiven voor een "curve fit".
Bij kamergenoten van het eerste uur Theo en Peter kon ik altijd terecht voor assistentie
bij membraan- en computerzaken. Theo wens ik het allerbeste in zijn nieuwe loopbaan. Bij
Angélique, Arvic, Cees, Diet, Erwin, Gerard, Gert Jan, Li, Maurice, Pieter, Rob, Roel, Wim en
Xander klopte ik nooit vergeefs aan voor een helpende hand of een luisterend oor.
Sara verdient mijn bewondering voor haar geduld en begrip, haar onvoorwaardelijke
steun. Zonder haar had ik het niet gekund.
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