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Freshwater tilapia feeding on a diet containing ] mmol k g '1 magnesium (control diet:
30 mmol kg ' ') grow although at a decreased rate. The diet does not noticeably affect the blood 
ionic composition. Prolactin cell activity increases in these fish as judged from ¡he enhanced rate 
ofsynthesis o f  3H-leucine labelled prolactins;« vitro and the ultrastructure o f the cells. N a+ intake 
and Na+ loss decreases, and chloride cell density increases, phenomena typical for enhanced 
prolactin cell activity in tilapia. We conclude that tilapia manage to cope with a dietary 
magnesium insufficiency and suggest that prolactin is involved in the acclimation to this diet.
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I. INTRODUCTION

Adult tilapia Oreochromis mossambicus (Peters) maintain their magnesium 
balance when fed a low magnesium (I mmol kg"1) diet (van der Velden et al 
1991c). Other fish species, such as common carp Cyprinus carpio L., channel 
catfish Ictalurus punctatus (Rafinesque) and guppy Poecilia reticulata Peters may 
eventually die on a similar diet (Ogino & Chiou, 1976; Gatlin et al., 1982; Shim & 
Ng, 1988), the tilapia appear to acclimate more easily (van der Velden et a l, 1991 c). 
How vertebrates regulate their magnesium balance is an essentially open question, 
although calcitropic hormones have been implicated in this regulation in higher 
vertebrates (Littledike & Goff, 1987).

Several studies have been carried out with freshwater fish kept under conditions 
of dietary magnesium deficiency. Dietary magnesium is an important magnesium 
source for freshwater fish (Shearer, 1989; van der Velden et al., 1990,1991a). The 
ambient water is of minor importance as a magnesium source for adult fish (van der 
Velden et al., 1991 b). The importance of dietary magnesium in fish is indicated by 
the occurrence of severe deficiency symptoms in fish kept on diets with too low a 
magnesium content. Diets containing less than 5 mmol kg"1 lead to changes in the 
ionic composition of the soft as well as the hard tissues and eventually fish may 
die. Among the effects of such diets on blood plasma ion composition are changes 
in magnesium, sodium and potassium concentrations; moreover changes in 
magnesium, calcium, sodium and potassium concentrations in muscle and bone 
(Cowey et a l, 1977; Gatlin et a l, 1982; Knox et a l, 1983; Shim & Ng, 1988;
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Dabrowska et al., 1989; Shearer, 1989) have been reported. Thus dietary 
magnesium deficiency may induce severe ionoregulatory disturbances in certain 
fish species. Adult freshwater tilapia, however, appear to cope well with a low 
magnesium diet: we observed a 37% decrease in growth rate when magnesium in 
the diet was reduced to 1 mmol kg"1. No signs of disturbances in ionocomposition 
of muscle, bone or scales were observed (van der Velden et al, 1991 c). This species 
apparently compensates for a dietary magnesium insufficiency. Potential mechan­
isms of compensation could be an increased uptake of magnesium from the water 
and a reduction of magnesium loss. However, we were unable to demonstrate any 
change in Mg2"1" intake from the water in young tilapia fed a low-magnesium diet 
(van der Velden et al., 199le), and thus the control over Mg2+ loss seems pivotal. 
The question arises now whether the tilapia respond to a low magnesium diet with 
an endocrine response. This is investigated here by examining parameters that 
reflect, directly or indirectly, changes in the ionoregulation. We analysed the 
ionocomposition of blood plasma, opercular chloride cell density, branchial 
N a+/K +-ATPase and prolactin cell activity in tilapia.

II. MATERIALS AND METHODS
ANIMALS

Male tilapia, O. mossambicus (Peters), were obtained from laboratory stock. The fish 
were kept in all-glass aquaria with 4501 Nijmegen tap water at a maximal density of 40 g fish 
per litre water. The water was recirculated through an 8001 biological filter system and 
continually refreshed with a flow of 3001 tap water per day. The magnesium, calcium and 
sodium concentrations of the tap water were 0-20±0-03, 0-7±0-1 and 0-6±0-1 mmol I-1 
(n =  3), respectively; the water pH was around 7-6 and the temperature was kept at 25° C. 
The light regime (12 h light : 12 h dark) was automatically controlled.

The fish received six rations of food per day in dry pellet form at a dose of 1-5% of the 
estimated total wet body weight of the fish population per day. Control fish received a diet 
containing 30 mmol Mg per kg; experimental fish received a diet containing 1 mmol Mg per 
kg. In the latter diet MgO and MgS04 had been replaced by glucose monohydrate. Both 
diets were produced in cooperation with Hope Farms (Woerden, the Netherlands) and the 
composition has been described in detail previously (van der Velden et al., 1991c).

EXPERIMENTAL DESIGN
Two types of experiments were carried out. A short term experiment was performed with 

fish weighing around 80 g at the beginning of the experiment. The total and ultrafiltrable 
blood plasma magnesium and calcium concentrations were determined after 3 days and 
after 1, 2, 3, 7 and 9 weeks. After 3 and 9 weeks the branchial N a+/K +-ATPase was 
determined.

The long term experiment lasted 19 weeks. At the start of the experiment the mean body 
weight of the controls was 213±45g(n=41) and did not differ significantly from that of the 
experimental fish (199±41 g «=40). After 19 weeks the mean weights of the groups 
differed significantly (P<0-01) and were 383 + 67 g (« = 19) and 306 +  77 g (n =  19) for the 
control and experimentáis, respectively. Details on this growth rate have been described 
earlier (van der Velden et al., 1991c). During this experiment the haematocrit, plasma 
osmolarity, blood Ca + concentration, prolactin cell activity and opercular chloride cell 
density were determined after 8 and 19 weeks. Furthermore the N a+ intake from the water 
was determined after 19 weeks and the sodium balance of the fish calculated.

BLOOD AND BLOOD PLASMA ANALYSES
Fish were anaesthetized with 0-4 mmol l-1 3-aminobenzoic acid ethyl ester (MS 222; 

Sigma), buffered to pH 7-4 with Tris (Sigma). Blood (mixed arterial and venous) was
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collected by puncture of the caudal vessels with a syringe fitted with a 23-G needle. 
Ca-heparin (Radiometer) was used as an anticoagulant. Next the fish were killed by spinal 
transection. Blood cells were separated from plasma by centrifugation (1 min, 9000#) and 
the plasma was stored on ice until further assay. Part of the plasma (200 jil) was ultrafiltered 
using Millipore Ultrafree-MC filter units (UFC3 TGC00) with a molecular cut-off of 
lOkDa.

The magnesium concentration of plasma and ultrafiltered plasma was determined with a 
magnesium kit (Sigma diagnostic kit no. 595) and that of calcium with a calcium kit (Sigma 
diagnostic kit no. 587). Whole blood Ca2+ was determined with an Ionic Calcium Analyzer 
(Radiometer) as described by Fogh-Anderson (1981). Haematocrit was assessed after 
10 min centrifugation (9000#) of heparinized blood samples in 75 [d glass capillaries. 
Plasma osmolarity was assessed with a Roebling osmometer.

PROLACTIN CELL ACTIVITY 
Immediately after the fish had been killed the pituitary gland was removed and trans­

ferred to Hanks’ balanced salt solution (HBSS; Sigma, HI 3387). Next the rostral pars 
distalis (RPD; the so-called prolactin lobe which consists almost exclusively of prolactin 
cells; Flik et al., 1989a) was dissected. The RPD was bisected medially. One part was fixed 
and processed for electron microscopy as described in detail elsewhere (Wendelaar S 
van der Meij, 1989). The other part was preincubated for óOmin in at ¿2. c  ano 
subsequently incubated for 4 h in 50 jiml HBSS to which 3-3 GBq [ Hj-leucmeJ, )
had been added. Next the tissue was washed in HBSS (3 x 1 mm) and 
500 ni 0'05 mol 1 - 1 acetic acid with a tight glass-to-glass Potter-type h°mogenizer devic 
and centrifuged for 10 min at 9000 the supernatant was iyophifeedand storeddrya 
-  20° C until further assay. The newly-synthesized products releasedtothe medmmdurng 
the 4 h labelling period were collected by trichloro-acetic acid (10/o final concentration)
precipitation according to Laemmli (1970); 1 Hg bovine serum cpntrifueed for
improve recovery. After overnight incubation at 0 C the samp . torecj t
30 min at 9000/a n d  the pellet rinsed twice with diethylether and subsequently stored at
"Th^^te^iif^RPC^éxtract and in the incubation medium sampUswere^wrated^by

sodium dodecyl sulphate polyacrylamide (15/o) slab gel e: P aemmij (¡970). 
using a Biorad Mini Protean II Slab Cell, following the P™ _ . -c acid ¡n water 

After electrophoresis the gels were fixed m 40/i meth • , slutaraldehyde in 
(30min), 5% methanol: 7% acetic acid in^water (30mm and ,n 1̂
water (30 min) and subsequently rinsed m taP w a z o l e  according to the method of
raphy the fixed gels were impregnated with 2-5-diphenylio w e r e  dehydrated for
Bonner & Laskey ( 1974). Before drying (Biorad sI^ ® ® ^ L eflashfc¡ Kodak XAR-5 X-ray 
8-10 h in 50% methanol in water containing 3 /o gjge ^  were scanned densito-
film was used; exposure time was 24-72 h at 80 C. r  ë densitometer (Fig. 1)- The 
metrically with a Biorad Model 1650 transmission s .  o ^ o p ^ Q E o f the RPD extract 
radioactivity recovered from the 21 and 19 kDa areas afte SDS PA G bottw  
(Wendelaar Bonga et al., 1983) and the incubation media was taken 
synthesis rate of the prolactin cells.

SODIUM BALANCE ) was calculated on the basis of the
The accumulation rate of sodium by the fish (F„aJ sodium content (Flik

growth rate of the fish and its growth-related etal 1991 c) that in tilapia fed the
et al., 1989b). We have shown previously (van <fcr Velden '’entrations had not changed 
low magnesium diet for up to 19 weeks the tiss reiatjon between whole body
compared to controls. Therefore the prewous y p /wjjere o ris the whole body Na 
weight and sodium content, Ô /^ O ^  j^+40- j i  ,ngú¿) may {e applied to calculate 
content and W ,the  fish wet wiight n F~
sodium content and accumulaton rate, both for the control an
was calculated as AQM t. „„ooocpH hv a radiotracer technique and was

The N a+ intake from the water (FJ  was assessed by the water (Fllk
calculated on the basis of the initial rate of Na intake oy
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Atomic m ass unit (kDa)

Fig. 1. Prolactin cell synthetic activity in control and low magnesium fed freshwater tilapia after 19 weeks. 
The prolactin synthesis rate o f prolactin lobes was estimated on the basis o f the quantitation of newly 
synthesized (3H-leucine labelled) prolactins (21 and 19 kDa species) separated by SDS-gel electro­
phoresis and visualized by fluorography. The atomic mass o f marker proteins is indicated on the X- 
axis; the Y-axis gives the absorbance o f the fluorographs (arbitrary units). The absorbance o f the 
21 kDa prolactin of the controls was designated 1 (lower scan; left-hand Y-axis). In all cases the 
experimental fish had higher prolactin synthetic activity (upper scan).

et al., 19896). Briefly, the fish were exposed to 24Na (04 MBq I“ 1) in a total volume of 31. 
After 2 h the fish were rinsed with tap water (2 x 1 min) and once with tap water containing 
35 mmol 1" 1 NaCl. Next the fish were killed by spinal transection, microwave cooked and 
homogenized with water (65% of the body wet weight). Quintuple samples of approxi­
mately 5 g, weighed to the nearest 3 decimal places, were analysed for 24Na y-emission, using 
a LKB Ultrogamma II y-ray spectrometer.

The rate of N a+ loss (Fom) was calculated as the difference between Fnel and Fin.

OPERCULAR CHLORIDE CELL DENSITY 
Freshly dissected opercula were incubated for 60 min in tap water containing 20 nmol 

1“ ' DASPEI (ICN, Biomedicals, Plainview, U.S.A.), a vital stain for mitochondria. Next, 
the opercula were rinsed in tap water and the density of DASPEI stainable cells established 
at anatomically fixed spots as described by Foskett et al. (1981). Twenty-five sites per fish 
with a total surface area of 5 mm2 in a single operculum were scored. The opercular chloride 
cell density is expressed in the number of DASPEI-stainable cells per m m ,

BRANCHIAL Na+/K+-ATPase 
Soft tissue of the gills was scraped off onto an ice-cooled glass plate and collected in an 

isotonic buffer containing 300 mmol I" 1 sucrose, 20 mmol I-1 Hepes/Tris pH 7-4. 
0-1 mmol I-1 EDTA, O-lmmoll-1 dithiothreitol, 100U ml-1 aprotinin and 50Uml 
sodium heparin. The scrapings were homogenized in this buffer using a tight glass-to-glass 
Potter homogenizer. Protein was determined with a protein assay (Biorad) using bovine 
serum albumin as a reference protein. Substrate accessibility was optimized (Flik et al., 
1990) by treatment with the detergent saponin (20 |ig mg protein-  ’). The N a+/K +-ATPase 
activity was determined by the method of Bonting & Caravaggio (1963).
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STATISTICS
Values are expressed as mean values+s.D., unless stated otherwise. Differences between 

mean values were statistically evaluated with the Mann-Whitney U-test. Significance was 
accepted for PcO-05.

III. RESULTS 
BLOOD AND BLOOD PLASMA ANALYSES 

In the short term no differences were found in plasma total magnesium and 
calcium and plasma ultrafiltrable magnesium and calcium concentrations between 
control and experimental fish. The mean plasma concentrations of the six time 
points («=30) for control and experimental fed tilapia between 0’5 and 9 weeks 
were for total magnesium 095+(M 2 and 0'95±0-13mmoll and for ultra­
filtrable magnesium 0-57+0-07 and 0-59+0-06mmol 1 ', respectively. For con­
trol and experimental fish, the calcium values were 2-74+0-14 and 2-75± 
0-10 mmol 1“ 1 and for ultrafiltrable calcium 1-42+0-05 and 1-44+0-09 mmol I , 
respectively. Insufficient blood was obtained to determine ionized Ca •

Also, in the long term, no significant differences could be demonstrated m blood 
plasma parameters between fish on a control diet and those on the low magnesium 
diet, both after 8 and 19 weeks. As no differences in the conditions with time were 
observed, the data were pooled. For control and experimental fish, the haemato 
crit (%) was 28-1+3-5 (»=12) and 27-7±4-5 («=13), the plasma osmolanty 
(mosmolkg"') was 329 +  7 («=12) and 326±7 («=13) and the blood Ca 
(mmol I“ ') was 1-72 ±0-03 (n-12) and 1-69+0-08 («= 13), respectively.

PROLACTIN CELL ACTIVITY ,
As judged from the ultrastructure, the prolactin ceils of the experimental tilapia 

compared to control or untreated fish showed clear signs of simulation (Fig. ). 
the experimental fish the rough endoplasmic reticulum an § .
more extensive, and frequently enlarged mitochondria were o _ . g 
prolactin synthesis of the pituitary prolactin cells in
weeks (20+11%; PcO-Osfn=5) as well as after 19 weeks (70 +  23 /o5 P < 0 001, 
n =  5) on the low-magnesium diet.

SODIUM BALANCE n . , _ i
The mean sodium accumulation, Fmi, was caf*cul ^ f i i  umolh-^ 100 g-1 

100g~’ for the controls and decreased by 37% to 0-53± °  .33 ^ e 
(P<0-01;«=19) to the experimentáis, to flsh feeding on t ^
Fin had decreased by 35% to 5'5±^ ¡ ¡ ™ 5) ^ c a lcu la te d  mean sodium loss,

was' n ^  Ä » - '  « * * - '  fo. controls anduui \ ^  net
experimentáis, respectively,
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F ig . 2. Electron micrographs o f prolactin cells of freshwater tilapia; er, endoplasmic reticulum; G, Golgi 
area; 9000 x . (a) Untreated control (fish kept under standard laboratory conditions), (b) Control 
fish on experimental diet with normal magnesium content (30 mmol kg-1), (c) and (d) Fish on the low 
magnesium diet; compared to the controls the cells are enlarged and the endoplasmic reticulum (c) 
and Golgi areas (d) are more extensive.
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BRANCHIAL Na+ - K+-ATPase 
Tilapia fed the low magnesium diet for 3 weeks had a significantly higher Na+/ 

K +-ATPase activity in the branchial epithelium (22-9+2-3 [xmol P¡ h-1 mg pro­
tein-1; «= 5) than tilapia fed the control diet (12-4+3-1 pmol ?¡ h “ 1 mg protein ~1 ; 
n = 5; P < 0-01 ). However after 9 weeks of low magnesium feeding no significant 
difference was found compared to controls (13-2+2-6 and 12-2+2-5 nmol P¡ h~' 
mg protein ~1 for experimentáis and controls, respectively; n=5).

IV. DISCUSSION

BLOOD AND BLOOD PLASMA ANALYSES
We have determined blood ionic calcium and plasma ultrafiltrable magnesium 

and calcium, as the free fractions of these elements in the blood have been shown to 
be the most sensitive and physiologically important ones (Alvarez-Leefmans et al., 
1987). No acute eifects on plasma total and ionic magnesium and calcium concen­
trations were found. The values for plasma concentrations reported here are simi­
lar to those reported earlier for this species (Wendelaar Bonga et al., , i 
et al., 1985«; van der Velden et al., 1989). We then tested long term eifects of the 
diet but the low magnesium diet did not affect any of the blood parameters either 
after 8 or after 19 weeks. We have taken the absence of effects on plasma osmo- 
larity to indicate that no changes occurred in plasma sodium and ?hlor^de 
since these ions determine for the major part plasma osmo anƒ  • ® 
haematocrit values may indicate ionoregulatory failure (Milligan & Wood, 1982),
but we found no change in haematocrit. „ Wf>k

The absence of an effect of the low magnesium diet on p asm pQr
in the tilapia contrasts with reports on other species fed comp tilapia
rainbow trout Oncorhynchus mykiss (Walbaum), Channe ca after the fish 
Oreochromis niloticus (L.) significant hypomagnesaemia wa P 
had been fed low magnesium diets (Cowey ri ai, 
e/ ai, 1983; Dabrowska et a l, 1989). In common carp
the present study, the plasma magnesium levels were re njasmamaonesiumin 
(van der Velden,1991) We interpret the lack of an effecon pis 
the tilapia to indicate a magnesium homeostasis, ev

“ observaUom prompted us to analyse ? »  ta ° p o S
fish, as it has been previously shown j ^ t  “ > P ¡d i981;WendelaarBonga 
ionoregulatory hormone (Foskett et al, 1981, Nicoli et ai.,
et al., 1983; Flik et al., 1989a,è).

PROLACTIN CELL ACTIVITY . a low

We found evidence for enhanced Pr0!fĈ ^ ltraSCtructural signs of enhanced 
magnesium diet. First, the prolactin cells SJ °  f 0jactin as estimated on the 
secretory activity. Second, the rate of * *  increased both
basis of the production of newly synthesize p ,. A p p a r e n t l y  the prolactin 
after 8 and 19 weeks of feeding on a low ̂ f ^ f ^ o n d i t i o n s  In this 
cells become mildly but chronically bie the effects of long term acid
respect, the effects of a low magnesium diet resemble me
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stress or of low water calcium levels on the prolactin cells in the same species 
(Wendelaar Bonga et al, 1983; Flik et al., 1989Ò).

From the data presented in this report we conclude that prolactin is implicated in 
the physiological acclimation to dietary magnesium deficiency of this fish. There is 
consensus that fish prolactin controls the integumental permeability to sodium and 
calcium (Mayer Gostan et al., 1987; Flik et al., 1986,1989a,6). We suggest that the 
control by prolactin over the integumental permeability to ions also concerns 
magnesium. The mechanisms by which prolactin influences magnesium physiology 
need further study.

SODIUM BALANCE
Sodium intake from the water had significantly decreased in fish fed a low 

magnesium diet. The sodium intake in the control fish was comparable to that 
found by Dharmamba & Maetz (1972) in 16-24 g tilapia (15 (imol h“ 1100 g_I) but 
somewhat lower than that reported by us for small tilapia (around 6 g; 45 pmol h~ 
100 g-1; Flik et a l, 19896). We ascribe this difference to the larger size (around 
200 g) of the fish used in the experiments described here.

In low magnesium fed tilapia the sodium concentration in scales, bone and soft 
tissue had not changed over a 19 week period (van der Velden et a l, 1991c). We 
therefore may assume that the total body sodium pool of the fish is not influenced 
by the low magnesium diet. Hence a decreased sodium intake from the water as 
observed in the present experiments must have been compensated for by increased 
intestinal intake, by decreased losses of sodium, or both.

In our experimental set up it is difficult to determine the contribution of dietary 
sodium intake to the sodium balance of the fish. There is sodium present in the 
diet (108 mmol kg-1) and indeed increases in dietary sodium have been shown to 
decrease branchial sodium uptake in trout (Salman, 1987). In our control and 
experimental conditions, however, the dietary (and water) sodium contents were 
the same and therefore we predict that no differences occur in intestinal sodium 
uptake. Moreover, the calculated loss of sodium in the fish on a low magnesium 
diet had decreased, and this indicates that the permeability to sodium of the gills 
and possibly the intestine was lower in these fish. This state of decreased integu­
mental permeability to sodium is in accordance with an enhanced prolactin cell 
activity as discussed above. We have recently shown that water acidification in the 
long term provokes in tilapia a similar decrease in sodium turnover (lower intake 
and lower loss) together with an activation of prolactin cells (Flik et al., 1989b).

OPERCULAR CHLORIDE CELL DENSITY
The opercular chloride cell density in our control fish was comparable to the value 

reported for the same species kept under similar water conditions (Wendelaar 
Bonga et ál., 1990). The 4-2-fold increase after 8 weeks and the 3-1-fold increase 
after 19 weeks indicates that the low magnesium diet chronically increased chloride 
cell density. This situation is strongly reminiscent of the increased densities of 
chloride cells seen during long term acid exposure and during low calcium exposure 
of this species (Wendelaar Bonga et a l, 1983; Wendelaar Bonga & van der Meij, 
1989). It was suggested in the latter report that the number of DASPEI-stainable 
cells was not related to the ion transporting capacity of the gills. Indeed in tilapia 
exposed for 13 weeks to water of pH 4-5, an increased chloride cell number was
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observed together with a decrease in sodium intake and loss, and with increased 
prolactin secretion. Clearly, ultrastructural studies must reveal the number of 
mature and functional branchial chloride cells to properly correlate chloride cell 
density with ion transport capacity (Wendelaar Bonga et al., 1990). We tentatively 
conclude that the opercular chloride cell density is a useful parameter for increased 
prolactin cell activity in fish under low magnesium stress.

BRANCHIAL N a+/K +-ATPase 
The N a+/K +-ATPase activity of the branchial epithelium found in the controls 

is in the same order as that found in earlier experiments with tilapia, viz. 
8-1 ±2-9 nmol P: h~ 1 mg protein“ 1 (Flik et al., 19856). The transient increase of 
the branchial N a+/K +-ATPase activity after 3 weeks of low magnesium feeding 
points to an initially disturbed ionoregulation. After 8 weeks of low magnesium 
feeding differences were no longer observed.

The transient increase in N a+/K +-ATPase activity appeared somehow linked to 
the increased opercular chloride cell density observed under low magnesiumieed- 
ing. However what this increase means for the ion balance o e ,
acclimation is not clear. One explanation is that the composition o e 
epithelium changes and that a new chloride cell p o p u l a t i o n  with different enzym 
content is recruited. It has been reported before that branchia r p 
content (and chloride cell density) are not directly related o _ j  Meii 
capacity, but do indicate acclimatory responses (Wendelaar Bonga & van der M j,
1989; Flik et al., 1989b). „ u . n innoreeu-

Feeding freshwater tilapia a low-magnesium diet resu s i however
lation of the fish. This is not reflected by the blood
changes of prolactin cell activity, sodium turnover opocular J
and branchial Na+/K +-ATPase activity are evident, I . t h e  ions■ ^
manage to cope with a dietary MgJ+ insufficiency and prolactm appears
involved in this acclimation.
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