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Abstract. Renal and jejunal absorption of inorganic phosphate (Pi) increases with 
dietary Pi restriction in the rat. The defect in Na+dependent phosphate transporter 
has been localized to the kidney of the Hyp mice; however, the adaptation to low-Pi 
diet in both kidney and jejunum of the Hyp mice has not been well characterized. 
Therefore, the current studies were designed to characterize the adaptation of renal 
and jejunal Na+-dependent phosphate transport in the Hyp mice and compare it with 
normal mice. Low-Pi diet significantly increased the slope of the initial rate of renal 
brush border membrane (BBM) phosphate uptake compared with corresponding val- 
ues in mice raised on control-Pi diet (0.035 vs 0.017) (P < 0.01). Kinetics of renal 
Na+-dependent phosphate uptake in Hyp mice showed a V,, of 1.00 f 0.01 and 0.46 
f 0.02 nmoles/mg protein/l5 sec in iow- and control-Pi diets, respectively (P < 0.01), 
whereas, K, values were 0.07 f 0.04 and 0.02 f 0.01, respectively. Similar kinetic 
analysis in renal BBM of normal mice showed a V,, of 2.4 f 0.17 and 1.18 f 0.09 (P 
< 0.01) and K, of 0.07 f 0.03 and 0.08 f 0.03 on low and control Pi diets, respectively. 
Similarly, low-Pi diet significantly increased the slope of the initial rate of intestinal 
phosphate uptake (0.013 and 0.007) (P < 0.01). Kinetics of jejunal Na+-dependent 
phosphate uptake in Hyp mice showed a V,, of 0.36 f 0.01 and 0.2 f 0.02 nmoies/mg 
protein/l5 sec, (P < 0.01) and K, of 0.13 f 0.06 and 0.06 f 0.01 mM in iow- and in 
control-Pi diet, respectively. Kinetic analysis in jejunal BBM of normal mice showed a 
V,, of 0.47 f 0.04 and 0.18 f 0.01 nmoies/mg protein/l5 sec (P < 0.01) and K, of 0.16 
f 0.04 and 0.1 1 & 0.01 in low- and control-Pi diets, respectively. The data indicates that 
iow-phosphate diet upregulates the V,, of the renal and jejunal Na+-dependent phos- 
phate cotransporter in the hypophosphatemic mice. [P.S.E.B.M. 1994, Vol2051 

t is well established that the intestinal absorption 
of inorganic phosphate increases in response to I low-phosphate diet in several mammalian species 

(1-4). Adaptation in phosphate absorption is ex- 
pressed at the level of the luminal membrane of the 
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intestinal and renal epithelium, where Na+ -dependent 
phosphate transport system has been identified (5).  
This up-regulation of Na+ -dependent phosphate trans- 
port in brush border membrane vesicles (BBMV) by 
low-phosphate diet is documented in various species 
including the chick (1) and rat (4). 

X-linked vitamin D-resistant hypophosphatemic 
rickets occurs in both humans and the Hyp mice. In 
both species, the disease is inherited as an X-linked 
dominant trait, and it is characterized by reduced renal 
tubular reabsorption of phosphate, hypophos- 
phatemia, and a rachitic or osteomalacic bone disease. 
Thus, the Hyp mouse model appears to be an animal 
model of X-linked hypophosphatemic rickets in hu- 
mans (6). 

The defect in the Na+ -dependent phosphate trans- 
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porter has been localized to the BBMV level of kidney 
in the Hyp mice (7, 8). Tenenhouse et al., have re- 
ported that the Na+ -dependent phosphate transporter 
at the renal BBMV level in the Hyp mice adapt to 
low-phosphate diet in a similar manner to normal mice 
(9). Kinetic analysis of the adaptation to low- 
phosphate diet in the kidney of the Hyp mice showed 
an increase in Vmax without a change in K ,  (10, 11). 
The current studies were designed to extend these 
findings and explore the adaptation at the BBMV level 
of intestinal Na+ -phosphate transporter in the Hyp 
mice. 

The aim of our study is 2-fold: (i) to extend the 
original observation on the renal adaptation, and (ii) to 
characterize the adaptation of intestinal N a +  - 
dependent phosphate transporter at the BBMV level in 
the Hyp and in normal mice. 

Materials and Methods 
C57 BL/6J +/Y males (normal) and C57 BL/6J 

Hyp/Y males (genetically hypophosphatemic) were 
obtained from the Jackson Laboratory (Bar Harbor, 
ME). After delivery, both mice were raised on a com- 
mercial chow diet for three months. The animals were 
then either maintained on control-Pi diet (0.4% phos- 
phate, 0.45% calcium) or fed a low-Pi diet (0.02% 
phosphate, 0.45% calcium) for seven days before sac- 
rifice by cervical dislocation. The diets were otherwise 
similar. 

KH,[32P]04 (1 Cdnmole) was purchased from Du- 
Pont-New England Nuclear. Enzymes and substrate 
for leucine aminopeptidase were obtained from Sigma. 
Cellulose nitrate filters, 0.45-pm pore size were ob- 
tained from Sartorius Filter, Inc. (Hayward, CA). All 
other chemicals were of the highest purity available. 

Preparation of BBMV in the Hyp and Normal 
Mice. Six mice were used for each preparation. After 
sacrifice, the jejunal segments and kidneys were re- 
moved from each mouse. The kidneys were decapsu- 
lated and kept in 0.9% NaCl at 4°C. Cortical tissue was 
removed by slicing the cortex, using a sharp blade. 
The jejunum extended from the ligament of Treitz to 
approximately 15 cm aborally . The jejunal segments 
were washed with ice-cold 0.9% NaCl and everted on 
a glass rod. The mucosa was scraped from each seg- 
ment, and BBMV were prepared by using a modified 
divalent cation precipitation method originally de- 
scribed for renal BBMV and used extensively in our 
laboratory (12, 13). A sample of each final BBMV 
preparation was removed for protein determination by 
the method of Lowry el al. (14), using bovine serum 
albumin as a standard. 

Purity of the Membrane Vesicle Preparation. 
The purity of the membranes was assessed by the mea- 
surement of leucine aminopeptidase, an enzyme 
marker for intestinal brush border membranes, Sigma 

Kit 25 1. The procedure is based on the principal that 
leucine aminopeptidase cleaves a substrate L-leucyl- 
P-naphthylamide to leucin-P-naphthylamin, which can 
be measured spectrophotometrically . (Na+-K+)- 
ATPase was measured according to the method of 
Scharschmidt et al. (15). Cytochrome-C-oxidase and 
NADPH-cytochrome-C-reductase were assayed as de- 
scribed by Beaufay et al. (16). 

Marker Enzyme Studies. Leucine aminopepti- 
dase, a marker for brush border enzymes, was en- 
riched lb12-fold compared with crude homogenate in 
both jejunal and renal membranes of Hyp and normal 
mice. The activities of (Na+-K+)-ATPase, cy- 
tochrome-C-oxidase, and NADPH cytochrome-C- 
reductase were depleted to 0.6 f 0.1-, and 0.8 f 0.1- 
fold, respectively. 

Transport Measurements. Uptake of phosphate 
was measured by rapid-filtration technique (17). All 
experiments were performed at 25°C. Transport was 
initiated by adding 20 pl of the final vesicle suspension 
to the desired incubation medium containing labeled 
substrate. The composition of the incubation medium 
for each individual experiment is described in the fig- 
ure legends in Results. At the destined time intervals, 
the reaction was stopped by the addition of ice-cold 
stop solution, consisting of 100 mM mannitol, 100 mM 
NaCl, 20 mM Hepes/Tris (pH 7.4), and 10 mM KZPO~. 

Calculations and Statistical Analysis. Kinetics 
curves and parameters were fitted by computer pro- 
gram (Enzfitter, Robin J. Leatherbarrow, Elsevier- 
Biosoft , UK). Statistical significance was determined 
using Student’s paired t-test. 

Results 
Initial Rate of Na+-Dependent Phosphate Up- 

take by Renal BBMV in the Hyp and Normal Mice. 
Figure 1 depicts the initial rate of phosphate uptake 

by renal BBMV on control-phosphate diet versus low- 
Pi diet. The initial rate of renal phosphate uptake was 
linear in both membranes up to 15 sec. The slope of 
initial rate of Na+ -dependent phosphate uptake into 
BBMV of Hyp and normal mice maintained in low-Pi 
diet was significantly greater compared with corre- 
sponding mean values in mice maintained in control-Pi 
diet (P < 0.01). To provide evidence that the changes 
in transport are specific for phosphate uptake, we have 
carried out experiments to examine D-glucose uptake 
in Hyp and normal mice under low- and control-Pi 
diet. D-glucose uptakes at 10 sec were 0.2 2 0.01,0.18 
k 0.005, 0.21 f 0.01, and 0.22 f 0.008 nmoles/mg 
protein, respectively. 

Kinetics of Na+-Dependent Phosphate Uptake 
by Renal BBMV in the Hyp and Normal Mice. In an 
effort to explore the finding of the initial rate uptake 
studies, the kinetics of Na+-dependent phosphate 
transport was determined. BBMVs from Hyp and nor- 
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Figure 1. Initial rate on phosphate uptake by renal BBMV on low- and control-phosphate diet in the Hyp and normal mice. BBMV were 
prepared in 280 mM mannitol, 20 mM Hepedlris buffer pH 7.4. Reaction was started by incubating the vesicles with 100 mM NaCI, 
100 mM mannitol, 20 mM Hepesnris, 0.1 mM KH,Po,. Reaction was stopped at desired time intervals. Each experiment was run three 
times in triplicate. 

ma1 mice were incubated in Na+-containing and Na+- 
free buffers with various phosphate concentrations. 
Transport was measured at 15 sec during the linear 
phase of uptake. Figure 2A depicts kinetic parameters 
of renal Na+-dependent phosphate uptake in Hyp 
mice (Na+-dependent minus Na f -independent up- 
take). Vmax was significantly greater in Hyp mice on 
low-Pi diet as compared with control-Pi diet (P < 
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0.01). K,,, values were not significantly different. As 
seen in Figure 2B, similar kinetic analysis in renal 
BBMV of normal mice showed a significantly greater 
Vmax on low-Pi diet compared with control diet (P < 
0.001). K,,, values were similar on low- and control-Pi 
diets. 

Initial Rate of Na+-Dependent Phosphate Up- 
take by Jejunal BBMV in the Hyp and Normal Mice. 
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Figure 2. Kinetics of Na+-dependent phosphate uptake by renal BBMV on low- and control-phosphate diet in the Hyp (A) and normal 
(6) mice. BBMV were prepared in 280 mM mannitol, 20 mM HepeNris buffer pH 7.4. Reaction was started by incubating the vesicles 
with 100 mM NaCl or 100 mM KCL, 100 mM mannitol, 20 mM Hepedlris, and varying concentrations of KH,Po, and tracer 32P. 
Reaction was stopped at 15 sec. Mean uptake values in the presence of 100 mM KCI were subtracted from mean values in the 
presence of 100 mM NaCI. Kinetic analyses were done utilizing a computerized model of Michaelis-Menten kinetics (Enzfitter-Biosoft, 
Cambridge, UK). Each experiment was run three times in triplicate. 
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Figure 3 depicts the initial rate of Nat -dependent 
phosphate uptake by jejunal BBMV on control- 
phosphate diet versus low-Pi diet. In the presence of 
sodium, the slope of initial rate of Pi uptake into 
BBMV of Hyp and normal mice was greater in vesicles 
isolated from low-Pi diet compared with corresponding 
mean values in mice on control-Pi diet (P < 0.01). 

Kinetics of Na+-Dependent Phosphate Uptake 
by Jejunal BBMV in the Hyp and Normal Mice. Fig- 
ure 4A depicts kinetic parameters for Na+-dependent 
phosphate uptake (Na+-dependent minus Na+-  
independent uptake) by jejunal BBMV of Hyp mice. 
Kinetics of jejunal Na+-dependent phosphate uptake 
in the Hyp mice showed a significantly greater Vmax on 
low Pi diet compared to control-Pi diet (P < 0.01). K ,  
values were similar on low- and control-Pi diet. Figure 
4B depicts kinetic analysis in jejunal BBMV of normal 
mice. Vmax of phosphate uptake was significantly 
greater in normal mice on low-Pi diet compared with 
control-Pi diet (P < 0.01). K,,, values were similar on 
low and control diets. 

Discussion 
The present study was undertaken to determine 

the kinetic parameters of renal and jejunal BBMV of 
Hyp and normal mice in response to low-Pi diet. Pre- 
vious studies have reported an adaptive increase in 
renal brush border membrane phosphate transport in 
phosphate restricted Hyp mice (8). This increase was 
thought to be due to an increase in the high-affinity 
phosphate transporter (10). Another study also sug- 
gested an increase in Vmax of Na+-dependent phos- 
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phate uptake (1 1). This increase occurs as early as one 
day after Pi restriction and continues for at least 14 
days. The mechanism for this adaptive response is not 
known. Boneh et al. suggested that protein kinase C 
may play a role in the renal adaptive responses to 
phosphate restriction in normal mice, however, it is 
not clear whether protein kinase C influences the ex- 
pression of the renal abnormalities in phosphate trans- 
port in Hyp mice (1 1). It has been suggested that pro- 
tein kinase C is modulated in response to parathor- 
mone (PTH). However, Quamme et al. demonstrated 
that the regulation of Na+ -dependent cotransport by 
PTH and the adaptive response to low phosphate have 
distinct regulatory control mechanisms (18). 

Alternative mechanisms involve 1 ,25(OH)2 vita- 
min D3 metabolism as it is well known that low-Pi diet 
elevates plasma 1 ,25(OH),D3. 1 ,25(OH),D3 has also 
nongenomic effects, as reflected by altered membrane 
composition and an increase in membrane fluidity (19), 
as well as genomic effects resulting in stimulation of 
calcium and phosphate uptake (W21). Danisi et al. 
demonstrated that the adaptive response in phosphate 
transport is temporally related to the increase in the 
plasma level of 1 ,25(OH),D3 (22). The elevation in 
plasma 1,25(OH)2D, might be involved in the adapta- 
tion of the intestinal phosphate transport system in 
response to phosphate restriction. However, the role 
of 1 ,25(OH)2D3 in modulating the transport of phos- 
phate in the Hyp mice remains controversial. Some 
studies suggest that serum level of 1 ,25(oH),D3 does 
not rise in response to low-phosphate diet in the Hyp 
mice (23). 
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Figure 3. Initial rate on phosphate uptake by jejunal BBMV on low- and control-phosphate diet in the Hyp and normal mice. BBMV 
were prepared in 280 mM mannitol, 20 mM HepesRris buffer pH 7.4. Reaction was started by incubating the vesicles with 100 mM 
NaCI, 100 mM mannitol, 20 mM HepesRris, 0.1 mM KH,Po,. Reaction was stopped at desired time intervals. Each experiment was run 
three times in triplicate. 
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Figure 4. Kinetics of Na+-dependent phosphate uptake by jejunal BBMV on low- and control-phosphate diet in the Hyp (A) and 
normal (B) mice. BBMV were prepared in 280 mM mannitol, 20 mM Hepearis buffer pH 7.4. Reaction was started by incubating the 
vesicles with 100 mM NaCl or 100 mM KCL, 100 mM mannitol, 20 mM Hepearis and varying concentrations of KH,Po, and tracer 
32P. Reaction was stopped at 15 sec. Mean uptake values in the presence of 100 mM KCL were subtracted from mean values in the 
presence of 100 mM NaCI. Kinetic analyses were done utilizing a computerized model of Michaelis-Menten kinetics. Each experiment 
was run three times in triplicate. 

Regardless of the mechanism involved in the up- 
regulation of phosphate transport by low-Pi diet, our 
studies show clearly that low-phosphate diet up- 
regulates the Vmax of the renal and jejunal Na+-  
dependent phosphate cotransporter in the hypophos- 
phatemic mice. These findings suggest that the Na+- 
phosphate transporter in the kidney of the Hyp mice is 
responsive to low-phosphate diet and argues strongly 
against a defect in the regulation of the transporter 
function. It should be emphasized that our studies are 
in vitro experiments and may not reflect the in vivo 
situation. 
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