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Summary. Brush border membranes  were isolated from tilapia 
(Oreochromis mossambicus) intestine by the use o f  magnesium  
precipitation and differential centrifugation.  The membrane  
preparation was  enriched 17-fold in alkaline phosphatase.  The  
membranes  w'ere 999¿ right-side-out oriented as indicated by the 
unmasking o f  latent g lycera ldehyde-3-phosphate  dehydrogenase  
and acety lchol ine  esterase  activity by detergent treatment.

The transport o f  C a :~ in brush border membrane vesic les  
was analyzed.  A saturable and a nonsaturable component  in the 
uptake o f  C a:+ was  resolved .  The saturable com ponent  is charac
terized by a Km much lower than the C a:~ concentrat ions  pre
dicted to occur  in the intestinal lumen. T he nonsaturable c o m p o 
nent displays  a C a: ~ permeabil ity too high to be explained by 
simple diffusion.  We d iscuss  the role o f  the saturable component  
as the rate-limiting step in transmembrane C a:~ m ovem ent ,  and 
suggest that the nonsaturable com ponent  reflects a transport 
mechanism operating well b e low  its level o f  saturation.

Key Words C a :~ transport • brush border membrane • entero-  
cyte  • lish intestine • tilapia

Introduction

In f re shw a te r  fish, the gills are are the major  site for 
C a :+ uptake  from the (hypocalcic)  w ate r  env iron
ment 18, 41). In com bined  in vivo and in vitro s tud
ies Flik et al. [10, 12, 131 identified a high-affinity 
C a 2+-A T Pase  as the pivotal mechanism in active 
C a 2+ t ranspor t  in the gills of  f re shw ate r  tilapia 
(Oreochromis mossambicus  Peters)  and North- 
American  eel (Anguilla rostrata LeSueur) .

U ptake  of  calcium via the intestine provides a 
second  importan t  pa thw ay .  Indeed,  Berg 11], Dacke 
[4] and Ichii and Mugiya [22] descr ibed  important  
contr ibu t ions  o f  d ie tary  calcium to the total C a 2' 
up take  in fish. The  prevail ing intracellular  C a 2~ c o n 
cen tra t ions  (—80 nmol • I-1) are nonsatura t ing  for 
the basolateral  C a 2" ex truding  m echan ism s  [11, 34], 
The rate-limiting step o f  t ransepithelial  C a 2+ t rans 
port therefore  seem s to be the C a 2+ entry  at the 
apical m em brane .  The  pr imary site o f  hormonal

control  o f  C a - + up take  has been suggested to be in 
the apical m em b ra n e  of  cells in the gills and intes
tine [25, 30]. In tilapia, transepithelial  C a 2‘ t rans 
port is sodium dependen t  and associa ted  with a 
powerful  N a * / C a 2* exchanger .  F u r the rm ore ,  the 
en te rocy te  is equ ipped  with a high-affinity ATP-de- 
pendent  C a 2+ t ran sp o r te r  [ I I ,  34].

In fish, at least in some species ,  the calcium m e
tabolism is hormonal ly  control led by prolactin or 
cortisol that exer t  hyperca lcem ic  effects,  and by the 
hypoca lcemic  ho rm o n e  s tanniocalc in  (STC) [44). 
STC is p roduced  in the corpusc les  o f  Stannius ,  
unique for teleost  fish. Besides the uptake of  C a 2+ in 
the gills, STC is also involved in the intestinal up
take o f  C a 2+ in f re shw a te r  and seaw a te r  fish. Hirano 
[ 19] repor ted  an increased  C a 2+ absorp t ion  in intes
tine from f re shw a te r -adap ted  eel in which the co r 
puscles  of  S tannius  were surgically removed .

The fish en te ro cy te  provides  a unique model 
with defined endocr ine  control  m echan ism s  at the 
apex and basis o f  the cell. The  aim of  this s tudy was 
to ana lyze  the C a 2+ t ranspor t ing  mechanism in the 
apical m em b ran e  o f  the tilapia en te rocy te .

Materials and Methods

Sexual ly  mature tilapia (Oreochromis mossambicus) o f  both 
se x e s ,  obtained from laboratory stock and weighing 250 to 450 g, 
were kept in 100-liter aquaria, supplied with running Nijmegen  
tap water ( 8 - 1 0  m O sm ol ,  [Ca2']  =  0.8 mmol • I 25°C) under a 
photoperiod o f  16 hr light : 8 hr darkness .  The fish w'ere fed 
Trouvit® commercia l  fish food (Trouw, Putten, The N ether
lands),  1.5% o f  the body weight per day.

M a t e r i a l s

45CaCI; and d-[ l - l4C]mannitol were purchased from Amersham  
(U K ) .  Trizma-7.0® and Scintillator 2 9 9 rM w'ere from Sigma® (no.  
T 3503) and Packard, respect ively .  All other chemicals  w'ere 
analytical grade and obtained from commercial  suppliers.
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Table. Enrichment and relative recoveries  o f  marker en zym e  activities in tilapia intestinal brush 
border membrane preparations (mean ±  s e m )

Marker Enrichment3 Recovery*1 (%) n

A P a se 0 17.0 ±  3.2 5.1 ± 0 . 8 9

(Na* + K~)-ATPase 2.8 ±  0.5 0.9 ±  0.2 11

SD H 0.15 ±  0.07 0.06 ±  0.03 6

/3-D-Glucuronidase 0.7 ± 0 . 1 0.30 ±  0.04 6

Protein 0.32 ±  0.02 12

3 Enrichment is the ratio o f  the specific activities in the brush border membrane preparation and in the 
initial homogenate .
b R ecovery  was  calculated as the percentage total activity (equals specific activity x total protein) in 
the brush border membrane preparation relative to that in the initial homogenate .  
c The activity o f  sucrase ,  another brush border membrane marker, was  not detectable in the initial 
homogenate .  In eight brush border membrane preparations the specific sucrase activity averaged 4.0 ±  
0.4 fxmo\ g lucose  - hr 1 • m g ' 1 (mean ±  sem) .

I s o l a t i o n  o f  I n t e s t i n a l  B r u s h  
B o r d e r  M e m b r a n e s

Fish were killed by spinal transection.  The peritoneal cavity was  
opened and the intestinal tract exp o sed .  All subsequent steps  
were performed at 0 -4°C .  The proximal 30 cm o f  the intestine 
were quickly removed,  flushed with ice-cold saline containing  
150 mmol • 1 1 NaCI. 1 mmol • 1 *' N- |2-hydroxethyl)piperazine-  
N'- |2-ethanesulphonic  acid] (HEPES)/Tris (hydroxy-m ethyl)  
aminomethane (Tris), pH 8.0,  I mmol • I 1 dithiothreitol and 0.1 
mmol *1 1 ethylene-diaminetetraacet ic  acid (E D T A ).  cut open  
lengthwise and rinsed with the same saline. The mucosa  was  
scraped o f f  its underlying muscle  layers with the aid o f  a micro
scope slide. From one fish, around 0.6 g wet weight scrapings  
were obtained. Scrapings were disrupted by 25 strokes in a glass  
dounce homogenizer  equipped with a loosely  fitting pestle in 40 
ml homogenization buffer containing 250 mmol - I"1 sucrose .  10 
mmol • L 1 H E P E S /T r is ,  pH 8.0, 1 mmol - I 1 dithiothreitol,  and 
100 U • ml 1 o f  the proteinase inhibitor aprotinine. This h om oge
nate was centrifuged for 10 min at 1,400 x g .  The resulting 
supernatant (containing about 70% o f  the total (Na* +  K")- 
ATPase activity present in the initial homogenate)  was dis
carded. The pellet, which contains the brush border membranes,  
was resuspended in 40 ml homogenizat ion buffer by 25 strokes in 
a glass dounce  homogenizer  and centrifuged for 20 min at 
1,400 x g as described above.  With the resulting supernatant,  an 
additional 20% o f  the total (Na* + K ' ) -A T P a se  activity was  
removed.  The pellet was resuspended in 5 ml mannitol buffer 
containing 300 mmol • I"1 mannitol,  12 mmol • I 1 Tris/HCI, pH 
7.1,  using a glass dounce homogenizer  ( 3 - 7  strokes) and passed  
through cheesec lo th .  Five vo lumes  o f  ultrapure water were  
added to this suspension and the mixture was homogenized by 20 
strokes in a glass dounce homogenizer.  Solid MgCl: was added 
to obtain a final concentration o f  10 mmol - I ' 1, and the suspen
sion was mildly agitated for 15 min. To collect the brush border 
membranes,  the suspension was  centrifuged (3,000 x 15 min); 
the resulting supernatant was  spun at 27,000 x #,  30 min. The  
pellet,  containing the brush border membranes,  was resuspended  
by 30 passages  through a 2 3 - G  needle and collected in 10 ml KC1 
buffer containing 150 mmol • I-1 KCI, 0.8 mmol - I " 1 free Mg2* 
and 20 mmol • I-1 H E P E S /T r is ,  pH 7.4. Depending on the subse
quent assay to be performed, the required amounts o f  CaCL,

ethylene glycol-bis-( /3-aminoethyl ether) (EGTA),  N-(2-hy-  
d r o x y e th y l ) - e th y le n e d ia m in e -N \N .N ' - tr ia c e t ic  acid (H E E D T A )  
and nitrilotriacetic acid (N T A )  were added to this KCI buffer, 
thus al lowing loading o f  the ves ic les  with the substances  men
tioned. Finally, the brush border membranes  were pelleted by 
centrifuging at 27,000 x g,  60 min, and resuspended by 30 pas
sages  through a 2 3 - G  needle in 0 . 2 - 0 . 4  ml assay  buffer. The total 
isolation procedure lasted 4 - 5  hr, experiments  started within 3 hr 
after isolation.

E n z y m e  A s s a y s

Protein recovery was  0.32 ±  0.02% (mean ±  s e m ,  n =  12). The  
membrane preparations contained 0 . 4 - 0 . 8  mg • m l -1 protein and 
were used on the day o f  isolation.  The marker e n z y m e s  used to 
characterize the membrane preparation were: alkaline phospha
tase (APase ,  EC 3 . 1 . 3 . 1) and sucrase (EC 3.2 .1 .48) for brush 
border membranes ,  (Na* + K~)-ATPase  (EC 3.6.1.3)  for baso-  
lateral membranes ,  succinate  dehydrogenase  (S D H ,  EC
1.3.99.1) for mitochondria,  and /3-D-glucuronidase (EC 3.2.1.31)  
for ly so so m es .  A ssa y  procedures  for A Pase ,  (Na* + K")- 
ATPase  and S D H  have been described by Flik et al. [12]. The  
s u c r a s e  an d  /3 -D-g lucuron idase  ac t iv i t i e s  were assayed a c c o r d i n g  
to Dahlqvist [51 and Fishman and Bernfeld [9], respectively.  
Membrane protein content  was  determined with a commercial  
C oom ass ie  Brilliant Blue reagent kit (Biorad),  using bovine s e 
rum albumin as a reference.  Membranes  were preincubated with
0.4 mg saponin per mg membrane protein to permeabil ize m e m 
brane ves ic les  and to maximize  e n z y m e  activity.  Data on purifi
cation and recovery  o f  marker e n z y m e s  are presented in the 
Table.  The brush border membrane preparation is enriched in 
sucrase and 17-fold in A Pase .  Membranes  are not contaminated  
with mitochondria and ly s o s o m e s ,  and only slightly with basola-  
teral membranes .  The specific A Pase  activity averaged 339.3 ±  
34.9 /L-imol nitrophenol ■ hr-1 • m g -1 (mean ±  s e m ,  n =  9), m ea
sured at 37°C, pH 10.4. The values  for purification and recovery  
are congruent with those presented by Pelletier et al. [29] who  
isolated brush border membranes  from trout intestine using a 
calcium precipitation technique.  Their values for the specific  
APase activity,  h ow ever ,  are two orders o f  magnitude lower than 
those reported here. Titus et al. [42] isolated brush border m e m 
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branes from tilapia intestine using a comparable  procedure.  They  
reported a similar A Pase  enrichment o f  their preparation as in 
the present study.

I n t r a v e s i c u l a r  S p a c e  a n d  

M e m b r a n e  O r i e n t a t i o n

Intravesicular space  w as  determined according to Flik et al. 11 I ]. 
Membrane ves ic les  (col lected in KCI buffer) were equilibrated 
for 2 hr at 37°C in KCI buffer, containing 0.1 mmol • I ' 1 
D-mannitol and labeled with 161 kBq • m l 1 d - [ l - l4C]mannitol.  
The intravesicular space  o f  the brush border membrane ves ic les  
(B B M V ) ,  calculated from the equilibrium mannitol content ,  was  
6.0 ±  1.5 /lxI • m g -1 protein (// = 6). The percentage o f  right-side- 
out oriented ves ic le s  w as  determined on the basis o f  latent gly- 
ceraldehyde-3-phosphate  dehydrogenase  (EC 1.2.1.12) activity  
using D-glyceraldehyde-3-phosphate  as a substrate.  The percent
age o f  inside-out oriented ves ic les  was determined on the basis o f  
latent acety lchol ine  esterase  (EC 3.1.1.7)  activity,  using ace-  
tylthiocholine as a substrate.  Procedures were according to 
Steck and Kant (37). Unmasking  o f  latent en zy m e  activity by 
Triton X-100 treatment revealed 99.0 ±  1.3% right-side-out ori
ented ves ic les ,  and 7.6 ±  5.2% inside-out oriented vesic les  
(mean values  ±  s d ,  n =  4). The high percentage o f  resealed right- 
side-out B B M V  is cons is tent  with the observat ions  on rat small 
intestinal B B M V  by Haase  et al. 117].

V e s i c l e  C a 2+ T r a n s p o r t

T w o  approaches  were fo l lowed to study Ca2+ transport across  
brush border membranes ,  viz. (i) zero irons uptake and (ii) iso
tope equilibrium exch an ge .  A rapid filtration technique was used  
to determine Ca2* content  o f  B B M V .  All transport studies were  
performed in duplicate,  blank values  were determined in quadru
plicate.

Zero Trans Studies

In zero irons uptake studies ,  C a:+ transport is measured in C a2~- 
free B B M V .  Time course  analysis  and kinetic studies o f  the 
initial rate o f  Ca2+ uptake were performed.

Membrane ves ic les  were col lected in C a2*-free KCI buffer. 
The assay  medium cons is ted  o f  KCI buffer, to which had been  
added 0.01 to 5 mmol • I-1 free Ca2+, 0.5 mmol • l _l E G TA ,  0.5 
mmol • I“ 1 H E E D T A  and 0.5 mmol • l_l N T A .  The concentration  
45C a2+ (added as 45CaCl2) in the assay medium was 0 . 8 - 1.0 MBq • 
m l-1. Incubations were carried out at 37°C, membranes and as
say medium were prewarmed before incubation.  Samples ,  c o n 
taining 50 i±\ o f  the incubate,  were quenched in 1 ml ice-cold stop  
buffer (containing 150 mmol • I-1 KCI, 20 mmol • I 1 Trizma-7.0®,  
pH 7.4,  and 1.0 mmol • I-1 EGTA) The quenched sample was  
immediately  filtered o ver  an 80-kPa vacuum (Schleicher & Schull  
ME25 nitrocellulose filters, pore size 0.45 ¡jlm). The filters were  
rinsed three t imes with 2 ml o f  ice-cold stop buffer and dissolved  
in 4 ml o f  Scintil lator 2 9 9 ^  scintillation fluid. The radioactivity o f  
the filters was determined in a Wallac 1410 liquid scintillation 
counter.  Blank values were obtained by incubating ves ic les  at 
0°C, immediately  fo l lowed by sampling,  quenching and filtering 
as described above .  Calcium uptake values  are corrected by sub
tracting blank values  and are expressed  as nmol • s e c -1 per mg

protein. When uptakes were measured at time intervals shorter  
than 10 sec ,  an automated stopped-f low apparatus was used.

Isotope Equilibrium Exchange

In isotope equilibrium exchange  exper im ents  no net flux o f  sub
strate occurs .  Instead,  the distribution rate o f  the tracer 45Ca2~ 
under equilibrium condit ions,  i .e . ,  when there is no electrical  
potential and the cis and irons 40C a2+-concentrat ions  are equal,  is 
measured.  Isotope exchange  across  the membrane is therefore  
exponential .

Equilibrium Exchange Influx

Membrane ves ic le s  were resuspended in (tracer-free) assay  
buffer before the last centrifugation step. The same buffer as in 
the zero irons  exper im ents  was  used.  All subsequent steps o f  the 
isolation procedure were then performed in the same assay  
buffer, thus al lowing loading o f  the ves ic les  with C a2*. To m ea
sure isotope exch an ge ,  membrane ves ic les  were diluted in the 
same assay  buffer to which 0 . 8 - 1 . 0  MBq • m l -1 4SC a2* was  
added. The stop buffer contained 150 mmol • l_l KCI, 20 mmol • 
I ' 1 Trizma-7.0®, pH 7.4,  and a concentration La3* at least two  
t imes higher than the concentration o f  free C a2~ in the assay  
medium. Blanks and samples  were prepared as described for the 
zero irons  exper im ents .  The 45Ca2* content o f  the membrane  
ves ic les  is exp ressed  in dpm per mg membrane protein. Data are 
corrected by subtracting the blank value from the exchange  
values.

Equilibrium Exchange Efflux

After 21 min (more than 8 x / l/2 for isotope exchange  influx) 150 
/xl o f  the incubate was diluted in 2 ml o f  (prewarmed) assay  
buffer, containing 4(,C a2~ only .  When diluted, the ves ic les  c o n 
tained approximately  5% o f  the total radioactivity content in the 
assay medium. The 4SC a2+ concentration in the ves ic les  was then 
30 times higher than in the medium surrounding the ves ic les .  An 
isotope exchange  in an essential ly  isotope-free medium is thus 
measured. Samples  (0.4 ml) from this mixture were quenched in 
2 ml stop buffer and immediately  filtered. Filters were rinsed,  
disso lved  and the radioactivity counted as described above .  E x 
perimentally it was  not feasible to obtain true blank values ,  i .e . ,  
measurements  o f  the ves ic le  tracer content  at time point zero,  for 
the equilibrium isotope efflux exchange .  T hese  data are therefore  
presented without zero point correction.

E f f e c t i v e n e s s  o f  t h e  L o a d i n g  P r o c e d u r e  
a n d  Q u e n c h i n g

Membrane ves ic les  were a l lowed to load 4(,Ca2+ and 45Ca2+ in an 
assay buffer that contained 5.0 mmol • l -1 40C a2+ and 60 kBq • 
m l-1 45Ca2+. After loading, ves ic les  were diluted in the same  
assay  medium, sampled,  quenched  and filtered immediately .  In a 
control experiment ,  ves ic les  from the same membrane prepara
tion were loaded with 40C a2* only and incubated for 30 min in a 
medium with the same specific activity.  V es ic les  from the c o n 
trol experiment  were compared  with the 40C a2+ and 45Ca2+ loaded  
vesic les;  the tracer content  o f  the last mentioned was calculated  
to be 105.2 ±  6.5% (mean ±  s d ,  n = 5) o f  the control ves ic les .
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Thus,  the loading procedure w as  e f fect ive ,  and our assumption  
o f  an equilibrium condit ion with respect  to calcium justified.

Samples ,  containing 150 fi\ from the control incubation,  
were also quenched  in 3 ml ice-cold stop buffer containing 10 
mmol • 1 1 La'* or 1.0 mmol • I 1 EGTA. Immediately after*

quenching,  as well  as tw o  and five minutes thereafter, aliquots o f  
a quenched sample were filtered and analyzed for radioactivity  
content .  N o  significant decrease  o f  ves ic le  4<Ca:* content with 
time was  found. The use o f  lanthanum and EGTA as agents to 
stop C a:* m o v e m e n ts  w as  thus appropriate.

C a l c u l a t i o n s  a n d  S t a t i s t i c s

Free C a:~ and Mg: ~ concentrations  were calculated according to 
Schoenm akers  el al. [35]. using the computer  program C H E L A 
TOR which a l lows correcting metal-chelator stability constants  
for effects  o f  temperature,  ionic strength and proton activity ol 
the medium. The first and second protonations o f  the chelating  
com pou n d s  were taken into account.  Stability constants  are Irom 
Sillen and Martell [36].

The (initial) Ca:*-dependent zero irons Ca:*-uptake could  
be described by a function containing a saturable and a non-  
saturable term:

( I )

where |.S'| stands for the free Ca:~ concentration in the medium.  
7 max represents the limiting flux ( i .e . .  at infinitely high |.V|). Km is 
the substrate concentration at which ./ is half maximal,  and c is a 
constant having the dimension o f  a limiting permeability (i .e. .

Data from isotope equilibrium exchange  influx and e f 
flux experiments  were fitted to the exponential  equations (2) and 
(3). respectively:

f ( t )  =  ,4| • ( I -  exp( — A|/)) + A : ■ ( I -  e . \ p ( - A :/)) 

/ ’( /)  =  A • exp(-Â 7)  + Offset

( 2 )

(3)

where A represents the limit o f  a component  ( i .e. .  4<iCa:~-counts  
per mg protein) and k is a first-order rate constant.  The offset  
represents the tracer content (adsorbed and exchanged tracer) o f  
the B B M V . Subscripts specify parameters o f  two exponents .  
Effects o f  a nonhom ogeneity  o f  the B B M V  population ( i .e. .  ves i 
cle size,  functionally different vesicle  subpopulations) on equilib
rium exchange  influxes and effluxes were analyzed using Hop-  
fer’s 12 1 1 criteria. Accordingly,  k,. the rate constant for an 
individual ves ic le  /', is considered as the product o f  the rate c o n 
stant r o f  a transporter com m on in all vesic les ,  and a “ lumped” 
constant //,, including the contribution o f  the area-to-volume-  
ratio ( i .e . ,  vesic le  size) o f  an individual vesicle  i to the actual 
isotope exchange  influx and efflux determined. Then,  k, = h, • r. 
and Eqs. (2) and (3) transform to:

f i t )  =  1  if, • e x p ( -/»,■/•/), (4)

in which Wj weights  the contribution o f  vesicle / to the actual 
macroscopic  isotope exchange  measured.  The transporter’s rate 
constant r is dependent on experimental  variables such as sub
strate concentration and temperature,  whereas the constant It, 
varies only with vesic le  s ize ,  transporter density and other ves i 
cle specific parameters.  Hopfer  [21] then showed that, by defin
ing normalized time t = r • t v2 (*  t h 1/2 ). Eq. (4) becom es

c
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t i m e  ( s e c o n d s )

Fij*. 1. Time course  o f  zero irons C a:~ uptake in B B M V .  Means  
and s e m  are show n.  (A) Filled circles: 0.5 mmol • I 1 Ca:~ (// =  
7); open circles: 5.0 mmol • I 1 Ca: " (n = 4). (H) Uptake at 0.5  
mmol • I 1 C a: ~ during the first minute o f  the incubation (// = 5).

describing the time d ep en d en ce  o f  isotope exchange  as a func
tion o f  an experimental  variable which affects the transporter’s 
activity.

Data were analyzed using a nonlinear regression data analy
sis program [24]. Student's  /-test was  used for statistical eva lua
tion. Significance w as  accepted  for P < 0.05.

Results

ƒ ( 7 ) =  ^ w, • ex p ( - /z ,T ) . (5)

Time course  s tudies  o f  zero  trans calcium uptake by 
BBMV are shown in Fig. 1A and B. The uptake of  
C a 2+ in BBM V in the p resence  of  0.5 mmol ■ l_l 
C a 2' p la teaued af ter  10 min. On the basis of  the 
equilibrium C a 2+ con ten t  we calculate  a vesicular  
volume of  7.7 ±  1.8 /j l \ • m g ' 1 protein (mean ±  s d ),
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Fig. 2. C a2*-dependent C a2* uptake in B B M V .  Uptake was m ea
sured during 1-sec incubations.  Mean values and s e m  for f i v e  

different membrane preparations are g iven.  The C a2* concentra
tion in the assay  medium w as  varied from 10 /zmol • I 1 to 5 
mmol • I-1 . Data points were fitted to Eq. (I). Est imates o f  ki
netic parameters are: J max =  0.53 nmol Ca2'  - mg 1 • sec ', K„, = 
5.8 /txmol • I ' 1 C a2*, c = 376 nl • sec  1 • mg '. Dotted lines 
indicate the saturable and nonsaturable com ponent  from Eq. ( I ).

which is not significantly different from the ves icu
lar mannitol  space  of  6.0 ±  1.5 fx\ • m g -1 protein. 
Obviously  the blank value is a p roper  rep resen ta 
tion o f  t racer  binding to the vesicle interior and e x 
terior. Zero  trcins C a 2+ up take  devia tes  fast from 
linearity,  and is l inear only during the first second of  
the time course  (Fig. 1B). Figure IA also shows the 
up take  in the p resence  o f  5.0 mmol • I“ 1 C a 2 + in the 
ex t raves icu la r  medium. From the two curves  d e 
scribing the time cou rses  o f  the zero  trcins up take  at 
two C a 2+ co ncen t ra t ions  a similar half-time value of 
4 min is obta ined.

Figure 2 show s  the C a 2+ dependen t  zero trcins 
C a 2+ up take  in BBM V at initial rate. A saturable 
and a nonsa tu rab le ,  l inear com ponen t  can be dist in
guished.  The  sa turable  co m p o n en t  is descr ibed by a 
M ichael is -M enten  equat ion .  The kinetic parameters  
J max and K m were  ca lcula ted  to be 0.53 nmol • s e c -1 • 
m g -1, and 5.8 ^ m o l  • l " 1 C a 2+, respectively.  The 
cons tan t  c in the nonsa tu rab le  term c x [S ] o f  Eq. 
(1) is ca lculated  to be 376 nl • sec 
in tersect ion o f  the cu rves  describing the saturable 
and nonsa tu rab le  co m p o n en t  the [Ca2+] at which 
both co m p o n en ts  con tr ibu te  equally to the total up
take can be obta ined .  Figure 2 dem ons t ra te s  this to 
be 1.5 mmol • l " 1.

Figure 3A and B show the results  of  equilibrium 
isotope influxes and effluxes. Data could not be fit
ted to a single exponent ia l ,  indicating a he te rogene
ity of  the BBM V populat ion  with respect  to vesicle

1 • mg '. From the
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Fig. 3. Equilibrium 45C a2+ exch an ge  data. Isotope influxes (/\) 
and effluxes (3B) are show n.  E xchange  data were fitted to Eqs.  
(2) and (3). The tracer content o f  the B B M V  is expressed  as the 
percentage o f  the amplitude (limit) o f  the exponential  equation  
describing tracer exchange .  Mean values for at least four differ
ent membrane preparations are given.  The fol lowing Ca2* c o n 
centrations (in mmol • I-1) were tested (numbers in parentheses  
indicate n for influx and efflux experiments ,  respectively):  A  0.1 
(6): O  0.5 (7. 7); V 1.0 (6, 8); □  5.0 (5, 6): O 10.0 (4, 4).

size, functional  d ifferences  o f  the calcium t rans 
porter ,  o r  both.  M oreover ,  there  is a considerable  
scat ter ing o f  the da ta  a round  a curve  o f  best fit. The 
half-time values  for influx and efflux exper im ents  
are es t im ated  to be 0.6 and 2.0 min, respect ively.  
The rate o f  d - [ l - l4C]mannitoI equil ibrium exchange  
(shown in Fig. 4A and B) is s lower  than the 45C a 2+ 
exchange  rate.  Due to the s lower  rate o f  exchange ,  
d - [ l - l4C]mannitol  m o v em en ts  are more accura te ly
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Fig. 4. Equilibrium d -(  l - MC]mannitol exchange  data. Mean val
ues and sem o f  tracer influxes (.4) and effluxes (B) for four differ
ent membrane preparations are shown.  Membrane vesic les  were  
loaded with 1.5 mmol • I 1 D-mannitol the same way as described  
for Ca:~. A ssa v  condit ions  were the same as for the determina-  
tion o f  intravesicular space.  Half-time values are 2.4 and 2.3 min 
for influx and efflux, respect ively .
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Fig. 5. Equilibrium 45Ca2+ exchange  data. Isotope influxes (A) 
and effluxes (B ) are show n.  The tracer content o f  the B B M V  
(expressed as a percentage o f  the amplitude o f  the exponential  
function describing tracer exchange)  is show n as a function o f  
normalized time (r). The inset o f  the graphs sh o w s  ln-transfor- 
mations o f  the data. In general ,  i sotope exchange  is described by 
a function o f  the type ƒ ( / )  =  1  u>, • e x p ( - / i , / 7 ).

measured  and ,  hence ,  the rates of  exchange influx 
and efflux are more reliably es t imated.  Figure 4A 
and B show the half-time values for d - [  l - l4C]manni- 
tol exchange  influx and efflux to be 2.4 and 2.3 min, 
respectively.  The  similarity of  these exchange rates 
validates our  assum pt ion  of  true equilibrium condi
tions in our  exper imenta l  setup.

As is shown in Fig. 5A and B , plotting equilib
rium exchange  da ta  as a function o f  normalized time

7 reduces  the scattering.  Data points  are now c o n 
veniently descr ibed  by a single curve .  This indicates 
that the BBM V populat ion consis ts  o f  ‘' s im i la r” 
[21] vesicles,  i .e. ,  vesicles differing in size or  t rans 
por ter  densi ty  only. More  important ly ,  the process  
of  equil ibrium exchange ,  m easured  over  a range of  
0.1 to 10 mmol • 1 '  C a :+ , does  not show saturat ion.  
The lack ot a corre la t ion  be tw een  the exchange  rate 
and the subs t ra te  concen tra t ion  is indicative o f  a

1 2 3 4 6 0 7 0 9  
n o r m a l i z e d  t i m e  

□



P .H .M .  Klaren et al.: C a2+ Transport in Fish Intestine 163

OX)

B
BCu-o

a 00a3 ^—> c a co o to o o 
o jz; 

<v e—.
O  ' — '
cou

o
CO
<D>

t i m e  ( m i n )

Fig. 6. Effect o f  external osmolarity  on 45C a :~ equilibrium influx 
in B B M V .  During the final isolation steps,  B B M V  were h o m o g e 
nized and co l lected  in 100 mOsmol  lactose and 5.0 mmol • I-1 
Ca2*. Membrane ves ic le s  were incubated in uptake media c o n 
taining sufficient lactose  to reach the indicated osmolarity.  Other  
assay condit ions  are the same as for equilibrium exchange ,  as 
described in Materials and Methods .  (O 152 m O sm ol ,  □  253 
m O sm ol ,  A  286 mOsmol) .

passive diffusion p rocess  or  for the activity of  a 
t r an sp o r te r  opera t ing  well below its level of  sa tu ra 
tion.

The rate cons tan t  o f  exchange  is directly p ro 
portional  to the surface  a rea  of  a vesicle and the 
permeabil i ty  o f  a m em b ran e ,  and inversely p ro p o r 
tional to the ves ic le 's  volume.  A check  for passive 
diffusion o f  a subs t ra te  can then be performed by 
measur ing  subs t ra te  up take  in vesicles with differ
ent a rea- to -vo lum e ratios.  Figure 6 shows equil ib
rium influxes in B B M V , m easu red  at  increasing os- 
molari t ies  o f  the ex t raves icu la r  medium. Influx 
curves  are super im posab le  for all condi t ions  e m 
ployed.  Any change  in vesicular  volume would 
have been indicated by different exchange  rates and 
different limits o f  the cu rves  describing these t racer  
exchanges .  The  B B M V  do not behave  as o s m o m e 
ters,  i .e. ,  they  do not shrink predictably  as a re
sponse  to an increase  in external  osmolari ty .

Discussion

The C a 2+-dependen t  zero  trans up take  in tilapia in
testinal B B M V  is a curvi l inear  process .  Similar ki
netics for  C a 2+ up take  were  obse rved  in BBM V of 
h am s te r  d u o d e n u m  and ileum [23, 32], rat small in
test ine [14, 18, 26, 33, 45], chick d u o d en u m  [31] and 
hum an  small intest ine [15]. In general  curvi l inear

pat terns  for the up take  o f  e lec tro ly tes  as well as 
nonelec t ro ly tes  are found.  This  was  shown to be the 
case for e .g . ,  the up take  o f  Z n 2+ in BBMV from pig 
small intest ine [40], and the uptake  o f  ace ta te ,  d -  

glucose and L-proline in tilapia B B M V  [42]. Since a 
curvi l inear  uptake  is displayed by many hydrophil ic 
solutes  [3], this does  not seem to be a specific p rop 
erty o f  brush  bo rde r  m em branes .

In s tr ipped intestinal m ucosa  from tilapia, and 
in the p resence  o f  1.25 mmol • I“ 1 C a 2+ on the m u co 
sal side o f  the prepara t ion ,  a net transepithelial  C a 2~ 
flux of  34 ± 8 nmol • h r ' 1 • c m -2 was m easured  [11]. 
F rom the in travesicu lar  volume of  7.7 • m g -1 for 
BBM V , a vesicle m em brane  a rea  o f  18.9 ¿¿m2 • m g-1 
is ca lculated.  Assum ing  that the luminal a rea  rep re 
sents  brush  bo rde r  m em brane ,  1 c m 2 of  intestinal 
lumen is then equivalen t  to 529 mg brush border  
m em brane  protein.  The  net transepithelial  flux, as 
m easured  by Flik et al. [11], can then be expressed
as 5 nmol C a 2+ • sec -I mg Figure 2 shows the
uptake  in BBM V  at 1.25 mmol • 1 1 C a 2+ to be 1
nmol C a 2 -i -I , five t imes lower than the• sec 1 • mg
net transepithel ial  flux. Such a difference can be 
ant ic ipated ,  consider ing  the folding of  the lumen 
and the p resence  o f  intestinal microvilli in tilapia.

Zero  trans up takes  can be biased by binding o f  
C a 2+ to charged  m em b ran e  surface areas  [21, 43]. 
This can result  in a virtually C a2+-deplete 
in travesicular  m edium ,  and hence an artificial p ro 
longed linear phase  in the t r an sm em b ran e  m o v e 
ment o f  C a 2+. F rom  the up take  o f  C a 2+ and manni- 
tol into BBM V we conc luded  that C a 2+ binding to 
the vesicle interior  and ex te r io r  was  appropr ia te ly  
co r rec ted  for. T here fo re ,  ou r  m easu rem en ts  seem 
to represen t  t rue initial up take  rates.  The  curviline- 
arity of  the C a 2+-dependen t  up take  in BBM V is u su 
ally expla ined  by the p resence  of  a sa turable  (or 
channel-  or  carr ie r -media ted)  com ponen t  and a n o n 
saturable  (or diffusional) com ponen t .  Many invest i
gators  have focused  on the saturable  com ponen t  
only,  which is cons idered  to be the regulated m e c h 
anism in brush bo rde r  m em brane  C a 2+ entry .  We 
obta ined  a C a 2+ concen t ra t ion  o f  1.5 mmol • I-1 at 
which the contr ibu t ion  o f  each co m p o n en t  to the 
total C a 2" up take  is equal.  Luminal  C a 2+ c o n c e n t ra 
tions are in the range o f  5 -25  mmol • l_l (personal 
observation). The  sa turable  co m p o n en t  is then op 
erating under  7 max condi t ions ,  and,  having a Km in 
the m ic rom olar  range,  is obviously  not the rate-lim- 
iting s tep in brush bo rde r  m em brane  t ranspor t .  The 
ques t ion  then arises w h e th e r  the nonsa turab le  c o m 
ponent  is rate limiting and w he the r  this is a true 
diffusion process .  Indeed ,  Chr is tensen  [3] sug
gested that  an apparen t ly  linear port ion o f  a curve 
descr ibing up take  rate as a function o f  substra te  
concen tra t ion  could well be a part  o f  a second rec-
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tangular  hyperbo la  charac te r iz ing  a second sa tu ra 
ble com ponen t .

Information  on the nonsa tu rab le  com ponen t  is 
conta ined  in the cons tan t  c o f  Eq. (1), for tilapia 
BBMV calculated to be 376 n! • s e c -1 • mg This 
cons tan t  c has the same dimension  as the ratio 
J / [ S l  i .e. ,  initial rate flux divided by the substra te  
concen tra t ion ,  which is equivalent  to the definition 
o f  the permeabil i ty  coefficient I \  where  P = J • 
(Ci -  C : ) _l • A _l 138]. Here ,  J is the net flux, C\ and 
C : are the subs t ra te  concen tra t ions  on the two sides 
of  the m em brane ,  and A is the m em brane  area. 
Since c = P A , dividing c by the vesicle membrane  
area  gives a C a 2+ permeabil i ty  coefficient, P . of 2 • 
I 0 ' 3cm • sec '. G u n th e r  et al. 116| reported an ave r 
age permeabil i ty  o f  5 nl • mg 1 • sec 1 and a pe rm ea
bility coefficient o f  approximate ly  10 5 cm • sec 1 
for a nu m b er  of  monovalen t  cat ions in rabbit jejunal 
BBMV. C om pared  with basal permeabilit ies (i.e., 
the permeabil i ty  in the absence  of  a specific t rans
port pa thway)  for a num ber  of  nonelectrolytes ,  as 
listed by Stein [38], the calculated C a 2' permeabi l 
ity is very high, and is not compatib le  with a simple 
diffusion of  C a 2+. The identical uptake rates as de 
termined at 0.5 and 5.0 mmol • I 1 C a 2~ also do not 
agree with diffusion of  C a 2" through a lipid bilayer. 
Diffusion o f  C a 2+ through a lipid bilayer is energet i
cally unfavorable ,  due to the hydrophil ic nature of 
the C a 2+ ion and,  hence,  a high degree of  hydration.  
Permeabil i ty coefficients of  synthet ic  lipid bilayers 
for charged molecules  are in the range of  10 
10 12 cm • sec '. A prote in-mediated  pathway can 
explain the high C a 2' permeabil i ty  of  the tilapia 
intestinal brush border  m em brane .  Moreover ,  
the p resence  of  a t ranspo r te r  may form a m echa 
nism to control  the s teep C a 2* gradient across  the 
brush border  m em brane ,  and for its endocrine 
control .

The nonsa tu rab le  com ponen t  was further  ana 
lyzed using isotope equil ibrium exchange.  During 
the isolation and loading procedure ,  m em brane  ves
icles were equil ibrated in an essentially infinitely 
large pool of  40C a 2+, thus allowing masking of  the 
m em brane  binding sites. The  first-order rate c o n 
stant descr ibing the equilibrium exchange ,  k , is 
equal to J maxl( Km + US’|) [7]. We found k to be inde
pendent  o f  [5] ,  indicating Km > \S] for C a 2' con 
centra t ions  up to 10 mmol • I "1, so that k ~  JnVlj K m. 
The nonsa tu rab le  com ponen t  appears  not to be a 
procedural  art ifact,  but a proper ty  o f  the C a 2+ 
m ovem ent  across  the tilapia intestinal brush border  
m em brane .

The results  p resen ted  so far lead us to postulate 
a low-affinity C a 2+ t ranspor t ing  mechanism with an 
allosteric  regulatory C a 2f binding site. The m echa 
nism of  C a 2+ entry  ac ross  brush border  m em branes

in general  is still unknow n .  The ex is tence  o f  C a 2+ 
channels  in brush  bo rde r  m em b ra n es  has not yet 
been d o cu m e n te d  [2]. Wilson et al. [45] found an 
accelera t ion  o f  C a 2* t ranspor t  in rat intestinal 
BBMV by s t ron t ium ,  and p roposed  a carr ier  m e c h 
anism for the t ranspor t  o f  C a 2‘ . Based on the o b s e r 
vation of  many  vacuoles  in small intestinal entero-J

cvtcs ,  Pansu et al. 127] simLzested the nonsa turab leJ 1  1  J  C »  V » .

C a2' t ranspor t  in young rats  to be pinocytosis-l ike.  
H ow ever ,  such a shutt le m echan ism  for transcellu- 
lar C a 2+ t ranspor t  canno t ,  in ou r  opinion,  explain 
the C a 2" permeabil i ty  found  by the same au thors  in 
older  rats lacking vacuoles  in their  en te rocy tes ,  nor 
the high C a 2' permeabil i ty  found in isolated intesti
nal brush bo rde r  m em b ran es  from tilapia and o ther  
animal species.

The results  o f  the equil ibrium exper im en ts  also 
permit  the conclus ion  that the tilapia intestine 
shows no regional d if ferences  along the longitudinal 
axis and the m ucosa -se rosa  axis. Funct ional ly  dif-J

ferent vesicle subpopula t ions ,  e .g . ,  der ived from in
testinal regions having C a 2+ t ranspo r te rs  with dif
ferent kinetic charac te r is t ics ,  would have become 
visible by nonsuper im posab le  curves .  The hom oge
neity of  the tilapia intest ine is in con tras t  to rat and 
ham ster  da ta ,  where  C a 2+ uptake  charac te r is t ics  
were different for BBMV prepara t ions  from proxi
mal and distal intestinal regions [23, 28, 32]. Stieger 
and M ure r  [39] isolated BBM V from rat small intes
tine by a M g /E G T A  precipi ta t ion m ethod ,  and pe r 
formed an addit ional  f ract ionat ion  by free-flow 
e lec t rophores is  and sucrose  density  gradient  c e n 
trifugation. They  found different subfract ions  of  
BBMV in the whole  intest ine,  as well as in d u o d e 
num. ileum and je junum  with respect  to enzym e 
enr ichm ent ,  t ranspor t  p roper t ies  and protein pa t 
tern. Brush bo rde r  m em branes  from trout middle 
intestine contain  more unsa tu ra ted  fatty acids,  and 
have a lower sph ingom yel in /phosphat idy lcho l ine  
ratio than m em b ra n es  from the t rout  pos te r io r  intes
tine 1291. The differences  are undoubted ly  impor
tant in controll ing m em brane  fluidity and t ranspor t  
propert ies ,  and are probably  under  hormonal  con- 
t ro I.

Tilapia BBMV did not adjust  their  volumes to a 
change in external  osmolar i ty ,  indicative for a water  
t ightness o f  the intestinal brush bo rde r  m em brane .  
In euryhal ine fish such as t h e j a p a n e s e  eel [Anguilla 

japónica)  kept in f re shw a te r  a high prolactin sec re 
tion is corre la ted  with a dec reased  net w a te r  influx, 
indicating the intestine as a prolactin target [20]. 
Dave [6] reviews ev idence  for a prostaglandin-me- 
diated pa thw ay  by which prolactin modifies m e m 
brane lipid microviscosi ty .  Tilapia en te rocy tes  
could well be a target for serum prolactin,  expla in
ing the impermeabil i ty  o f  BBM V to water.
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