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SUMMARY: Intest inal  transport of 32p-labelled inorganic phosphate was 
measured in everted gut sacs, and scraped enterocytes prepared from segments 
along the length of small in test ine,  from duodenum to the terminal ileum 
of hypophosphatemic male (Hyp/Y)mice and normal (+/Y) l i t termates.  Uptake 
of phosphate by pur i f ied brush-border membrane vesicles prepared from the 
small intest ine of both genotypes was also measured. We found no deficiency 
of phosphate transport in the Hyp small intest ine.  In v i t ro  transport of 
phosphate by sacs and enterocytes is greatest in the distal  in test inal  
segments of mouse. 

The Hyp mouse is a homologue of XLH in man ( I ) .  The X-linked dominant 

murine phenotype is characterized by chronic hypophosphatemia, r ickets,  and 

a defect in renal tubular reabsorption of phosphate ( I ) .  Tenenhouse et al 

(2,3) demonstrated a select ive loss of Pi transport in renal brush-border 

membrane vesicles prepared from Hyp kidney. O'Doherty et al (4,5) reported 

that in test inal  transport of Pi, in the everted gut sac preparation, was 

also impaired in the Hyp phenotype and was hyporesponsive to 1,25-dihydroxy- 

vitamin D 3. 

Because intest inal  and renal epi thel ia share a common embryological 

or ig in ,  and also have many topological and functional aspects in common, we 

presumed the transport defect in the Hyp phenotype would be apparent in the 

+ 
This work was suPported by the Medical Research Council of Canada 

Abbreviations used: Pi, phosphate anion; 
Hyp, X-linked hypophosphatemia (murine); 
XLH, X-linked hypophosphatemia (human) 
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i n tes t ina l  brush-border membrane, as i t  is in the renal brush-border membrane. 

We report  here our i n a b i l i t y  to show a def ic iency of Pi uptake in Hyp 

in tes t ina l  brush-border membrane vesiclesand enterocytes prepared from si tes 

along the fu l l  length of small in tes t ine .  On re-examination of transmural 

t ransport  by everted gut sacs, from duodenum to terminal ileum, we were 

unable to confirm the f ind ing,  reported by O'Doherty and colleagues of 

de f i c ien t  Pi transport in the Hyp mouse in tes t ine.  

MATERIALS AND METHODS 

Normal (+/Y) and hemizygous (Hyp/Y) male l i t termates were raised in 
our laboratory.  The i n i t i a l  breeding pairs,  obtained from the Jackson 
Laboratory, were taken from the or ig ina l  Hyp stock used by O'Doherty et al 
(4,5).  The animals were fed lab Chow (Ralston Purina of Canada, Ltd) and 
were at least 5 months old at the time of sacr i f i ce .  In test ina l  brush- 
border membrane vesicles were prepared from jejunum and upper ileum by the 
method of Schmitz et al (6). Membrane pur i ty  was monitored by enzyme 
assays, and uptake of Pi and D-glucose was measured in brush-border membrane 
vesicles by the Mi l l i po re  f i l t r a t i o n  technique, as described previously 
(3). Everted gut sacs were prepared by a modif icat ion of the method of 
Chen et al (7). We divided the tota l  small in tes t ine ,  from pylorus to 
caecum, into 3 equal segments; a f te r  eversion, 3 sacs of 3-4 cm each were 
prepared from each segment. Sacs were numbered, one to nine, from duodenum 
to terminal ileum, respect ively.  Al l  manipulations were carr ied out r a p i d l y  
at 4°C. The gut sacs were f i l l e d  with pH 7.4 buf fer  containing I00 mM NaCI, 
18 mM KCI, I mM K2HPO 4, 2 mM CaCI 2, 1 mM MgCI 2, 2.5 mM glutamine, 0.5 mM B- 
hydroxybutyrate and 20 mM Tris-Hepes (N-2-hydroxyethylpiperazine-N -2-ethane- 
sul fonic acid). Each sac was then incubated in gassed buf fer  (I0 ml) for  
60 min at 37oc under 100% 02 in 25 ml Erhlenmeyer f lasks.  Labelled substrate 
(32p, 0.4 ~C/ml) was added to the f lask at zero time. Af ter  the incubation, 
the sacs were rinsed in ice-cold sal ine and blot ted.  Al iquots of the 
serosal contents of each sac and the incubation medium were counted and the 
serosal-to-mucosal (S/M) d i s t r i bu t i on  rat ios calculated. [3H]-polyethylene 
glycol was also placed in the serosal cavi ty or in the medium to monitor 
sac i n teg r i t y .  

In tes t ina l  rings (2 cm width) were prepared in ch i l led  buf fer  and 
incubated with 32pi or [3HI-polyethylene glycol (8) for  60 min at 37oc. The 
incubation buf fer  was that used for  gut sacs. At the end of incubation, 
rings were removed, r insed, b lo t ted,  and scraped to obtain enterocytes (8). 
The scrapings were dried at 55°C for  I00 min, weighed, digested in Protosol, 
and counted. We calculated and subtracted the contr ibut ion from the extra-  
ce l l u l a r  space and expressed uptake of ~P i  by enterocytes as nmoles Pi/mg 
dry wt. 

Car r ie r - f ree  32p (Cat. no. NEX-054), polyethyleneglycol (Cat. no. NET-405), 
D-[14C]-glucose (Cat. no, NET-O42X), and Protosol were purchased from New 
England Nuclear, Boston, Mass. Hepes, glutamine and 3-hydroxybutyratewere 
obtained from Sigma Chemical Co., St. Louis, MO and Mi l l i pore  f i l t e r s ,  type 
HA, 0.45 ~m, from Mi l l i po re  Corporation, Bedford, MA. Scint iverse,  a 
s c i n t i l l a t i o n  f l u i d ,  and a l l  common reagents were bought from Fisher Sc ien t i f i c ,  
Montreal Canada. 
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Uptake of 32pi and 14C-D-glucose by brush-border membrane 
vesicles (BBMV) prepared from upper small intestine of 
+/Y and .H~p/Y mice. There are no significant differences 
in uptakes of labelled Pi and glucese by intestinal BBMV 
prepared from +/Y and ~ J Y  mice. 

RESULTS AND DISCUSSION 

We achieved lO-fold enrichment of brush-border membrane sucrase a c t i v i t y  

in our in tes t ina l  vesic le preparation from +/Y and Hyp/Y mice. When we 

increased the osmolarity of the medium with ce l lob iose,  an impermeable 

sugar, we determined that Pi uptake represented transport  into an osmotical ly 

sensi t ive in t raves icu la r  volume (data not shown). Time courses for  uptake 

of phosphate and glucose by in tes t ina l  brush-border membrane vesic les,  

prepared from normal and Hyp mice, were carr ied out in the presence of KCl 

and NaCI gradients (Figure I ) .  Di f fusional  uptakes ( in KCI) and Na + 
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Serosal-to-mucosal (S/M) distr ibut ion ratios in everted gut 
sacs from control (e) and H~P (o) mice. Segments I-9 
represent sequential regions from duodenum to terminal 
ileum, respectively. Paired data of +/Y and ~ / Y  sacs 
incubated on the same day are shown by joining l ines in 
graph. Data were analyzed by two-way Anova; there are no 
signi f icant differences between Hyp/Y and +/Y uptakes of 
32~i " -- 
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gradient-dependent uptakes of Pi and glucose were both s i m i l a r ,  fo r  normal 

and H Zp mice in i n t e s t i n a l  brush-border membrane ves ic les .  This f ind ing  

has been confirmed in another laboratory  with +/Y and ~ / Y  mice from our 

laboratory  (B. Sacktor, personal communication, 1980). Accordingly,  the 

defect in Pi t ranspor t ,  observed in the renal brush-border membrane of Hyp 

mice (2 ,3) ,  is  ;-,ot found in the corresponding brush-border membrane of  

small i n t e s t i n e .  

The S/M d i s t r i b u t i o n  r a t i o  fo r  32pi in the everted gut sac preparat ion 

is shown fo r  +/Y and Hyp/Y genotypes in Figure 2. Transport of 32pi 

was comparable in a l l  segments along the small i n t es t i ne  of Hyp and 

normal mice. S/M d i s t r i b u t i o n  ra t i os  for  sacs incubated in Krebs-Ringer 

buf fer  (the bu f fe r  used by O'Doherty et al ( 4 , 5 ) )  were much lower, but 
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TABLE I .  UPTAKE OF 32pi BY ENTEROCYTES OF SMALL INTESTINE FROM NORMAL 

(+/Y) AND HYPOPHOSPHATEMIC (IJyk/Y) MICE. 

32pi Uptake, nmole/mg dry wt - 60 min (mean ± SEM, n = 5) 

Reg i o n +IY HJp_l Y 

1 4.9 ± 1.7 4..8 z 0.9 

2 8.5 _+ 4.3 5.g ± I . I  

3 10.9 ± 4.6 7.8 _+ 1.6 

4 24.7 _+10.7 16.5 ± 2.4 

5 20.6 ± 7.0 26,5 _* 6.2 

6 20.2 _+ 6.1 26.9 ± 5.1 

7 36.8 ± 7.5 44.5 ~' 8.9 

8 25.8 + 7.7 33.7 ± 4.0 

9 24.3 *_ 2.6 29.3 ± 3.2 

In tes t ina l  rings were prepared from segments along the ent i re  length of 

small in tes t ine  ( I ,  proximal duodenum; 9 terminal ileum) as described 

for  Figure 2. Af ter  incubation enterocytes were scraped and analyzed 

as described. Two-way Anova for  9 regions in f i ve  experiments: 

+iY vs H LPlY, NS. 

were not  d i f f e r e n t  in  ~ and normal mice (data not  shown), Accumulat ion 

o f  32pi by i n t e s t i n a l  en te rocy tes  was a lso  s i m i l a r  in Hyp/Y and +/Y 

mice (Table I ) .  F i n a l l y ,  we found no d i f f e r e n c e  in the Cn s i tu  t i s s u e  

Pi c o n c e n t r a t i o n  in  the two genotypes (data not  shown). 

I n t e s t i n a l  uptake o f  32pi in v~tro in  mouse i n t e s t i n e  was h igher  in  

d i s t a l  segments when compared w i t h  prox imal  segments (F igure  2 and Table 

l ) .  The p a t t e r n  f o r  Pi t r a n s p o r t  is  s i m i l a r  to t ha t  repor ted  f o r  s u l f a t e  

in  mouse small  i n t e s t i n e  (9 ) .  The p a t t e r n  d i f f e r s  from t h a t  descr ibed 

f o r  Pi t r a n s p o r t  in  r a t  small  i n t e s t i n e ;  we have conf i rmed the e a r l i e r  

r e p o r t  ( lO) t h a t  maximal uptake o f  phosphate occurs in  segments near the 

m idpo in t  o f  r a t  smal l  i n t e s t i n e .  
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Our i n a b i l i t y  to demonstrate a def ic iency of in tes t ina l  phosphate 

transport  in the Hyp mouse, as o r i g i na l l y  reported (4~5), concerns us. 

We used three d i f f e ren t  preparations of in tes t ina l  t issue to confirm our 

f indings. We also incubated the everted sacs under two d i f f e ren t  condit ions: 

those used previously (4,5) and in a medium with improved buffer ing 

capacity for  Pi t ransport  that  contained nutr ients for in tes t ina l  t issues 

( I I ) .  Although our incubations were shortened to 60 min to minimize 

t issue breakdown during these experiments, we could s t i l l  f ind no abnormality 

with the 90-min incubation period reported by O'Doherty et al (4,5) 

(data not shown). We also examined Pi t ransport  in sacs and enterocytes 

along the whole length of the small in tes t ine  to avoid any ambiguity 

about the segment of gut studied. 

Short et al (12) found de f ic ien t  Pi uptake in je junal  biopsies from XLH 

pat ients;  on the other hand, Glorieux et al ( I0) found no abnormality. The 

reason for  th is  discrepancy is not understood but may be due to genetic 

heterogeneity of the patients studied in the two groups. The f inding reported 

by Short et al (12) might r e f l ec t  a s l i g h t l y  attenuated enterocyte uptake of 

phosphate in the proximal small in tes t ine of XLH patients that is analogous 

to the f inding in the ~ i n t e s t i n e  (Table I ) .  Whatever the explanation 

for  th is f inding,  i t  is not the resu l t  of de f ic ien t  phosphate transport  at 

the brush-border membrane in th is port ion of small in tes t ine .  

We have proposed that the primary phenotype in the Hyp mouse is a 

spec i f ic  defect in Pi transport confined to the renal brush-border membrane 

(2,3) .  Since hum,m XLH involves the loss of a renal Pi t ransport  

system sensi t ive to parathyroid hormone (14), one would expect the gut, 

which lacks such a system, not to be affected in the human phenotype. 

Our f indings in the Hyp mouse, a homologue of human XLH ( I ) ,  o f fe r  a 

c l a r i f i c a t i o n  of the human phenotype and are relevant to the in terpre ta t ion  

of treatment procedures that attempt to restore Pi homeostasis in the 

mutant phenotype. 
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