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1 ABSTRACT 

This study shows that mice homozygous for the dismpted renal sodium-phosphate 

@Ta+-pi) cotransporter, Npf2, (Npt2 KO) failed to show an age-dependent decrease in 

renal ~ a * - ~ i  cotransport or an adaptive increase in renal Na+-~i cotransport in response to 

dietary Pi restriction. None cf the other known renal Naf-pi cotransporters could 

compensate for the loss of Npt2. Additionally, Npf2 gene ablation resulted in a marked 

decrease in osteoclast number that persisted with age. Although mineral apposition rate 

was normal at 25- and 115-days of age in Npt2 KO mice, bone formation rate was 

increased at 115-days of age. These data demonstrate that Nptî -gene expression is 

necessary for an age-dependent decrease in renal Na'-Pi cotransport and for the renal 

adaptive response to dietary Pi deprivation, and that Npt2 expression is essential for 

normal osteoclast finction and influences bone formation, 



2 RÉSUMÉ 

Cette étude démontre que les souris qui manquent le gène pour un cotransporteur 

de rein de sodium et de phosphate (Nac-pi), Npt2, (Npt2 KO) n'ont pas montré une 

diminuation de cotransport ~ a + - ~ i  avec I'âge, ni une augmentation adaptive du 

cotransport ~ a p i  dans des régimes pauvres en Pi. Aucun des autres cotransporteurs 

Na'-pi n'ont pu compenser pour la perte. En .plus, l'élimination de Npd a réduit le 

nombre d'osteoclastes à plusieurs âges et a affecté la formation d'os. Bien que 

l'apposition de rnineraux était normale dans les souris Npt2 KO, la formation d'os était 

augmenté chez ces souris à 115 jours. Les resultats indiquent que l'expression de Np12 est 

nécessaire pour que le cotransport du ~ a - i  du rein diminue avec I'âge et pour 

augmenter le cotransport ~ a + - ~ i  pendent l'administration d'une diète à faible teneur en 

phosphate, et que l'expression de Npt2 est essentielle pour la fonction normale de 

 oste te oc las te et pour la formation d'os. 
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8 INTRODUCTION 

8.1 MAMMALIAN Pi HOMEOSTASIS 

Phosphate (Pi) is essential for a variety of cellular and metabolic processes; it is a 

component of genetic material, proteins, and membranes. Eighty-six percent of Pi is 

Iocated within the bone and 14% of Pi found in the intracellular fluide Less than 1% of Pi 

is found in the extracellular fluid. 

Dietary Pi intake, intestinal absorption of dietary Pi, and renal Pi excretion al1 

function coordinately to maintain serum Pi levels. The extent of bone formation and 

bone resorption is deterrnined indirectly by the concentration of semm Pi. In the normal 

adult mammal, renal Pi excretion is balanced by Pi absorption by the gastrointestinal (GI) 

tract. Dunng penods of growth, GI Pi absorption exceeds that of urinary excretion 

allowing Pi to accumulate in the bones and tissues. While the kidney is usually capable 

of maximal reabsorption of Pi, certain pathological conditions are characterized by a net 

loss of Pi through urinary excretion. 

In the event that dietary Pi intake is insufficient, intestinal Pi absorption and bone 

resorption may be increased to maintain serum Pi concentrations. However, it is the tight 

regulation of renal Pi excretion that detemines marnmalian Pi homeostasis. A number of 

hormonal and metabolic factors function coordinately to alter renal Pi excretion in order 

to maintain Pi homeostasis. Many of these actions affect the activity of renal ~ a + -  

dependent Pi (Naf-Pi) cotransporters. To date, there are 3 families of ~ a + - ~ i  

cotransporters: type-& -II., and -ID, each with distinct properties, and characteristic tissue 

localization. Although al1 3 types of ~ a + - ~ i  cotransporters are expressed in the kidney, 

none of them are exclusive to the kidney. The identification and characterization of these 



~ a + - ~ i  cotransporters has led to a better understanding of the characteristics of renal, 

intestinal, and skeletal Pi transport. 

8.2 RENAL N~~DEPENDENT Pi TRANSPORT 

The renal proximal tubule (PT) is the major site of Pi resorption in the kidney. 

FoIlowing glomerular filtration, approximately 60% of the filtered Pi load is reabsorbed 

in the proximal convoluted tubule (PCT) in a sodium-dependent marner by ~ a + - ~ i  

cotransporters situated in the bmsh border membrane (BBM) of these cells. A firther 15- 

20% is reclaimed in the proximal straight tubule, and <IO% in the distal tubule, leaving 

-10% to be excreted in the urine. The proportion of excreted Pi can be adjusted to 

accommodate modifications in the physiological Pi requirement or in dietary Pi intake, 

through the tightly regulated actions of hormones or other modulators on renal BBM 

~ a + - ~ i  cotransporters. 

PCT transepithelial Pi transport involves the rate-lirniting step of Pi uptake at the 

apical membrane by bJac-pi cotransporters, translocation across the cell, and efnux at the 

basolateral membrane (Figure 1). ~ a '  KtATPase pumps located on the basolateral 

membrane maintain the ~a+-gradient that drives the Pi transport process. While little is 

known about the transcellular and basolateral routes of Pi travel (although basolateral 

efnux is thought to occur via a passive mechanism), the BBM Pi transport process has 

been thoroughly investigated. 
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Figure 1: Phosphate transport in renal proximal tubular cells. 
Phosphate transport across the apical membrane of the renal proximal tubular cell 
is driven by a sodium-gradient. Entry into the cell is the rate limiting step of Pi 
resorption, and is the target of regulation. Phosphate efflux occurs at the 
basolateral membrane, but is poorly defined. 
From: Murer, H., 1992. J. Am, Soc. Nephrol. 2: 1649-1665. 



8.3 PHYSIOLOGICAL REGULATION OF BBM PROXIMAL TUBULAR 
Pi COTRANSPORT 

There are both extrinsic and intrinsic factors that have major regdatory effects on 

PT ~ a + - ~ i  cotransport. Parathyroid hormone ('TH), dietary Pi intake, and vitamin D 

(1,25(OE&D3) alter renal BBM Na*-pi reabsorption by affecting the activity of BBM 

~ a + - ~ i  cotransporter protein. Fasting, on the other hand, causes a decrease in renal Pi 

resorption, but through the physiological response to metabolic acidosis. 

An increase in circulating PTH elicits an increase in renal Pi excretion. PTH 

affects Naf-Pi cotransport by directly reducing the V,, of BBM Pi transport by 

removing ~ a + - ~ i  protein f?om the PT BBM (reviewed in (1-3)). 

A diet low in Pi causes an increase in PT Na+-Pi cotransport through an increase 

in the Vm, of Pi transport, with no change in the afinity for either ~ a +  or Pi (4). Studies 

performed in culîured opossum kidney (OK) cells grown in culture media deficient in Pi, 

indicate that the adjustment to extracellular Pi can occur independently of circulating 

factors or hormones (5). The mammalian response to a high Pi diet foliowing adaptation 

to a diet low in Pi elicits the opposing response. Altering dietary Pi content fiom low to 

high causes a significant decrease in BBM ~ a + - ~ i  cotransport activity in both intact and 

parathyroidectomized rats, demonstrating that PTH is not regulating ~ a + - ~ i  cotransport 

under these conditions (6). The exact mechanism by which the PT ce11 is capable of 

'sensing' and responding to dietary Pi independent of hormones or other circulating 

factors is poorly understood. 

Alterations in the semm concentration of 1,25(OH)& stimulate renal BBM ~ a + -  

Pi cotransport. However, it is not clear whether or not these effects are the direct eEects 



of 1,25(OH)tD3 on PT cells, or are dependent on vitamin D-mediated changes to serum 

Ca and PTH concentrations (reviewed in (1)). 

8.4 TYPE 1 ~ a + - ~ i  COTRANSPORTERS (Nptl) 

The first renal ~ a + - ~ i  cotransporter cDNA identified, and capable of inducing 

~ a + - ~ i  cotransport in Xenops laevis oocytes was termed NnPi-l (7). However, it soon 

became apparent that the type 1 Na+-Pi cotransporter lacked the functional characteristics 

of renal Pi transport (8). The original Nptl cDNA was obtained from a rabbit kidney 

cortex library (7). Subsequently, other members of the NaPi-I family were cloned fkom 

human (9-1 l), rat (12,13), and mouse (14). 

Immunoreactive Nptl protein expression has been localized to the apical 

membrane of the brush border membrane (BBM) of the renal proximal tubule (14-18) 

(Figure 2) and to a Iesser extent to the distal tubule. Nptl accounts for approximately 

13% of total mouse renal ~ a + - ~ i  cotransporter mRNA (19). Nptl has also been identified 

in the basolateral (sinusoidal) membrane of the Iiver (18,20,21), and in the brain (10,13). 

The physiological role(s) of Nptl in these tissues is in need of ftrther study. 

Recently, electrophysiological studies have imposed bifunctional properties on 

Nptl. Busch et al. (22) showed that rabbit Nptl mediated the transport of both Cr and 

other organic anions in an oocyte expression system, and Yabucchi et al. (21) have 

identified mouse Npt 1-mediated hepatic transport of B-lactarn antibiotics. While CI' 

conductance in the Xenopus oocyte system was tirne and dose-dependent, maximal ~ a + -  

dependent Pi uptake was observed with low doses of injected Nptl cRNA and within a 

short period of time (23). These observations suggest that the Nptl product may 
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Figure 2: Schematic of the Na+-Pi cotransporters present in the renal proximal 
tubular epithelial cell. 
Three different Na+-Pi cotransporters have been identified, however other, 
unidentified transporters may exist. The type 1 transporter transports CI- and 
organic anions in addition to Pi; the stoichiometry of Na+:Pi is not clear. The 
type IIa transporter preferentially transports divalent Pi, in a Naf:Pi ratio of 3: 1. 
Both the type 1 and the type II transporters have been localized to the BBM of 
PT cells. The type III transporter is thought to be localized to the basolateral 
membrane and function as a housekeeping Pi transporter. 
From: Murer, H., et al. 1999. Am. J PhysioZ. Submitted. 



modulate a Na+-pi transport that is intrinsic to the oocyte, and not finction primarily as a 

Pi transporter. 

Neither Nptl expression, nor activity is regulated by dietary Pi intake (19,24), nor 

has Nptl regulation by PTH been documented. Dietary Pi and PTN are two of the major 

modulators of renal Pi resorption, it is worth questioning the significance of Nptl in 

managing Pi homeostasis. In the rat, liver and kidney Nptl expression is regulated by 

fasting and streptozotocin-induced diabetes (20). In addition, primary cultures of rat 

hepatocytes show an increase in Nptl mRNA abundance by glucose and insulin, and 

down-regulation by glucagon and CAMP (20). Li et al. suggest that as the extent of Pi 

resorption appears to correlate to the metabolic state of the cells, thus the role of Nptl 

may be more crucial to glucose metabolism, than to Pi homeostasis (20). 

8.5 TYPE II N&P~ COTRANSPORTERS (Npt2) 

8.5.1 Charactensrics of Npt2 

Following the identification of the type 1 ~ a * - ~ i  cotransporter, a type I I  ~ a + - ~ i  

cotransporter cDNA was ctoned fiom kidney cortex cDNA libranes of rat and of human. 

Expression in the Xenops oocyte system produced Na'-Pi cotransport characteristic of 

renal proximal tubular BBM Pi transport (25). Not only do type II ~ a + - ~ i  cotransporters 

have a higher af5nity for Pi than the type I, but they are pH-sensitive, are regulated by 

extracellular Pi concentrations, and have a strong dependence on extracellular ~ a +  

content (26), with the stoichiometry of ~ a + : ~ i  binding at 3 : 1 (27). 

Renal Npt2 cotransporters have been cloned fiom the human, rat (25), rabbit (24), 

mouse (28), bovine (29), opossum (30), carp, flounder (3 1), and zebrafish (Nalbant et al. 



manuscript submitted). The Npt2 transcript is the predominantly expressed renal 

transcript, accounting for approximately 85% of ali rat renal ~ a + - ~ i  cotransporter 

transcripts (19), with only BBM PT localization in the murine kidney (32) (Figure 2). 

Apart from its localization to the BBM of the PT, Npt2 has been identified in the apical 

membrane of the small intestine of the flounder (33) and of the mouse (34), and recently, 

in the basolateral membrane of the activated osteoclast (35). 

A recently identified intestinal Npt2 isoform led to the reclassification of the type 

I I  family of Nar-Pi cotransporters into types IIa (Npt2a) and -IIb (Npt2b), based on 

similarities in transport charactenstics, high homology in putative transmernbrane coding 

regions, and differences in the C-terminus of the translated products (34). Additionally, 

the pH-dependence of the intestinal Npt2 isoform was opposite to that of the renaI Npt2 

isoform, i-e. as pH decreased, Na'-Pi cotransport increased (34), consistent with their 

physiological environments. The type IIa family now consists of the renal isoforms of 

mouse, rat, rabbit, opossum kidney cells, and human, while the type IIEi family consists of 

the bovine renal, the flounder renal and intestinal, Xenoptrs laevis, and mammalian 

intestinal type II isoforms (34). RT-PCR analysis has revealed the presence of NptZb 

expression in the colon, liver, lung, kidney, and testis, in addition to the upper smalI 

intestine, where its expression is greatest (34). 

Three altematively spliced Npt2a cDNAs have been identified in a rat renal 

cDNA library, and designated NaP-24 -2P, and -2y. Tn vitro translated NaPi-2a and 

NaPi-2j3 cRNAs produce 36 kDa amino acid polypeptides, and in vitro NaPi-2y translated 

cRNA produces a 29 kDa polypeptide (36). NaPMa (337 amino acids) shows little 

diEerence fkom the N-tednal  portion of Npt2a; NaPi-2j3 contains 327 amino acids that 



are identical to the N-terminal part of Npt2a, with a novel 146 arnino acid C-terminus; 

and NaPi-2y encodes the 268 amino acid C-terminal portion of NpMa (36). C- and N- 

terminal antibodies, detected the expression of these isoforms in BBM vesicles derived 

fiom rat renal proximal tubular cells (36). Using a Xenopus oocyte system, the in vitro 

transcnbed products of NaPi-2a and NaPi-2y were shown to significantly inhibit the 

activity of coinjected N i - 2  (36). Furthemore, an antisense type II ~ a + - ~ i  cDNA was 

isolated fiom the flounder, and localized to the kidney, intestine, and male and female 

gonads. However, direct protein-protein interaction could not be detexmined (37). 

To date, there have been no in vivo fùnctions identified for any of the 3 type Da 

isoforms or the antisense NaPi-II transcript, and the physioiogical role of the intestinal 

type IIb isoform remains to be detemined. 

Although Npt2 was previously undetected in the bone, Gupta et al localized a 

type IIa ~ a + - ~ i  cotransporter to the basolateral membrane of active osteoclasts (35). Zn 

this orientation it is hypothesized that the transporter may supply Pi for the metabolic 

needs of the resorbing osteoclast (35). 

The type IIa isoform is the most characterized of Npt2 isoforms, and the focus of 

this study. Uniess otherwise indicated, use of the acronym Npt2, will refer to the type IIa 

isoform of ~ a + - ~ i  cotransporters. 

8.5.2 Physiological Regulution of Npt2 

The major factors regulating Npt2 are PTH, dietary/extracellular Pi, and vitamin 

D. A variety of other hormonal and non-hormonal factors have been found either to 

directly regulate Npt2, or suggest the regulation of Npt2 due to the observed effects on 

renal proximal tubular ~ a - i  cotransport. 



Npt2 is the major target for regulation by dietary Pi. Pi deprivation causes an 

increase in BBM Na+-pi cotransport through an increase in Npt2 protein at the BBM. 

Both acute and chronic Pi deprivation are associated with a rapid increase in Npt2 protein 

at the apical membrane of the proximal tubule, but this increase is independent of 

increases in Npt2 mRNA (38-40). Studies characterizing the 5' end and promoter region 

of the Np2 gene confirm that there is no stimulation of the Npt2 promoter under 

conditions of Pi deprivation (41): In addition, neither actinomycin D, an inhibitor of 

transcription, nor cycloheximide, an inhibitor of translation, prevent the adaptive 

response to low Pi diet (40). Nonetheless, an increase in Npt2 mRNA has been observed 

in numerous studies (39,42). Conversely, the existence of an intact microtubule network 

within the PT ceIl is necessary for increased BBM Npt2 expression in response to dietary 

Pi restriction. Cholchicine treatment of rats destroys this microtubule network in PT 

cells, and abolishes the rapid upregulation of Npt2 at the BBM (40). To sumrnarize, the 

adaptive response to low Pi diet has been shown to be independent of de novo protein 

synthesis and dependent on the trficking of existing Npt2 protein f?om vesicular storage 

to the BBM (40). 

A diet high in Pi causes a decrease in Npt2 protein at the BBM, followed by a 

decrease in Npt2 mRNA abundance (39). However, the internalization and retx-ieval of 

Npt2 protein does not require an intact microtubule network in vivo (40,43), or in OK 

cells (44). 

PTH is a potent inhibitor of BBM Naf-pi cotransport. PTH has direct actions on 

Na% cotransport in the proximal tubule by inhibiting BBM expression of the Npt2 

protein, thus decreasing the V,, of BBM ~ a + - ~ i  cotransport (1-3). The decrease in V,, 



can be attributed to the PTH-mediated endocytic retrieval (45-47) and subsequent 

lysosomal degradation (45,48,49) of Npt2. Recovery of BBM ~ a ' - ~ i  cotransport fiom 

the actions of PTH requires de novo protein synthesis (50). 

In addition to PTH, a variety of other hormones appear to regulate the activity of 

Npt.2. Thyroid hormone likely causes an increase in BBM ~ a + - ~ i  cotransport through 

transcriptional mechanisms (5 1). Insulin-like Growth Factor4 (IGF-1) also causes an 

increase in BBM ~ a + - ~ i  cotransport, but likely through post-transcriptional méchanisms 

(41,52). Dexamethasone and Epidemal Growth Factor (EGF) elicit decreases in BBM 

~ a + - ~ i  cotransport through transcriptional (53) and post-transcriptional mechanisms 

(54,s 5), respectively . 

1,25 dihydroxyvitamin D3 (1,25(OH)& or vitarnin D) may also regulate Npt2, 

as observed by the increase in Npt2 mRNq protein, and BBM ~ a + - ~ i  cotransport in 

vitamin D deficient rats treated with 1,25(OH)2D3 (56,57). Although the finding that 

1,25(OH)zD3 caused an increase in transcription of a construct consisting of the human 

Npt2 promoter fused to a luciferase reporter gene (58) supports the notion of direct Nptî- 

vitamin D interactions, there is still the possibility that the actions of 1,25(OH)2D3 on 

renal BBM ~ a + - ~ i  cotransport are indirect. 

8.5.3 The Ontogeny of Renal BBM N ~ + - R  Cotransport and Npt2 

There is an age-related decline in tubular Pi reabsorption that is associated with an 

age-related decrease in ~ a + - ~ i  cotransport at the BBM of PT cells. Following the cloning 

of the Np0 gene, and with the availability of Npt2 antibodies, it became apparent that 

decreased expression of BBM Npt2 was linked to the reduction in Pi reabsorption evident 

in older animals. When compared to 3-4 month old rats, 12-16 month old rats 



experienced a 2-fold decrease in BBM ~ a + - P i  cotransport in conjunction with a similar 

decrease in BBM Npt2 protein and mRNA abundance (59). Immunohistochemical 

staining of rat kidney sections for Npt2 indicate that the age-related decrease in Npt2 

protein occurs both at the BBM and intracellularIy (59). Studies in 3 week and 12 week 

old rats showed similar results. Npt2 protein was significantly greater in the younger rats 

than that of the elder ones, however, in this study the decrease in Npt2 mRNA was not 

observed (60). BBM Pi transport in the pre-weaned (i-e. prior to 21 days of age) rat is 

less clear. One early study demonstrated that BBM vesicles derived fkom 14-day-old rats 

were shown to have higher ~ a + - P i  cotransport activity than those of 21-day-old rats (61). 

However, more recently it was suggested that suckling rats (12 days old) had 1.8-fold less 

BBM Na+-pi cotransport activity than weaned rats (24 days old), that was paralleled by 

decreased BBM Npt2 protein and Npt2 mRNA abundance (55).  

There has been much suggestion for the existence of a growth-related ~ a + - P i  

cotransporter (46,60). Subtractive hybridization of Npt2 mRNA, or pretreatment of 

poiy(A) RNA obtained n o m  3 week old rats with Npt2 antisense oligonucleotides failed 

to reduce the ~a* -p i  cotransport in Xenopus oocytes (46). Although an Npt2-related 

cDNA distinct fiom Npt2 was identified in the kidney cortex of 3 week old rats (46,60), 

there are no follow-up reports regarding this cDNA clone. 

8.6 TYPE III ~ a + - ~ i  COTRANSPORTERS (Glvr-1, Ram-1) 

The members of this family of ~ a + - P i  cotransporters were onginally identified as 

retroviral receptors for b bon ape leukemia virus (Glvr-l) and for rat arnp hotropic virus 

(Rm-1). Both of them were found to induce ~ a + - P i  cotransport in a Xenopus oocyte 

transport system (62). They are ubiquitously expressed in rat tissues, with the exception 



of the spleen (63). In contrat to the specificity and abundance of expression observed 

for Nptl and Npt2, and Glvr-1 is expressed throughout the murine kidney, in small 

quantities. Less than 1% of total renal ~ a + - ~ i  cotransporter mRNA represents each of 

Glvr-1 or Ram-1 transcripts (19). Glvr-1 immunoreactive protein has been identified in 

crude kidney homogenates (64) however the cellular localization has not yet been 

established. 

Glvr-1 and Ram-l are regulated by the concentration of extracellular Pi in some 

systems, but not in others. Glvr-1 and Ram-1 expression is increased in Pi-deprived 208F 

fibroblasts (62), but not in Pi-deprived normal or  hypophosphatemi-c (HP) mice (19). 

Chien et al. (65) attributed an increase in the mRNA abundance of Ram-1 in Pi-deprived 

human ce11 cultures to an increase in mRNA stability. However, there is no increase in 

Glvr-l protein abundance observed in Pi-deprived OK cells (64). In all, there is still 

much to be learned about this family of Pi transporters. Their currently known features 

strongly suggest that they may be located basolaterally, and fùnction primarily as 

housekeeping Pi transporters to maintain intracellular Pi concentrations (Figure 2). 

8.7 VITAMIN D METABOLISM 

8.7.1 Biochemistry of Vifamin D 

The vitamin D precursor is synthesized in the skin by the action of ultraviolet B 

(UVB) radiation. Two essential hydroxylation steps are required to convert the inactive 

vitamin D precursor to a hormonally active metabolite. First, in the liver, the carbon-25 

position is hydroxylated by 25-hydroxylase to form 25(OH)D. Subsequently, in the 

kidney, the enzyme 25-hydroxyD-la-hydroxylase (la-hydroxylase) contnbutes an 

additional hydroxyl group to form the active 1,25(OH)zD3. Both 25(OH)D and 



1,25(OH)2D3 can be hydroxylated to 24,25(OH)& by the enzyme 24-hydroxylase, and 

represent the first step towards degradation (Figure 3). 

The main physiologie effect of 1,25(OH)2D3 is to maintain semm Ca levels by 

modulating intestinal Ca absorption, Ca mobilization f?om the bone, and renal Ca 

reabsorption, mediating its actions through high affinity binding to the Vitamin D 

Receptor WR). In order to preserve extracellular Ca concentration within a normal 

range, the production and degiadation of 1 ,~S(OH)ZD~ are tightly regulated via the 

expression of la-hydroxylase and 24-hydroxylase. Hypophosphatemia stimulates the 

renal conversion of 25(OH)D to 1,25(OH)zD3 b y la-hydroxylase. 1,25(OH)2Dp is self- 

regulating in that it increases the expression 24-hydroxylase. 24hydroxylase expression 

is also modulated by PTH (66), and by insulin (67). 

8.7.2 Actions of lJS-dihydroxyviiamin D in the Intestine 

As one of the major sites of Ca influx, the intestine is the primary target of 

1,25(OH)2D3 to increase Ca absorption in order to maintain blood Ca levels. Normally, 

approximately 30% of the daily dietary Ca intake is absorbed in the intestinal tract 

through a three step transepithelial process: apical Ca entry, cellular translocation by 

l925(0H)2D3-dependent calbindins, and extrusion at the basolateral membrane into the 

circulation by high affinity C ~ + - A T P ~ S ~  and ~a+-~a'-exchangers (68). The efficiency of 

the jejunurn and ileum to absorb Pi is also increased in response to 1,25(OH)& (69,70). 

Recently an apical Ca influx channel (ECaC) was identified and its tissue 

distribution, imrnunolocalization, and functional characterization determined (71). The 

major site of expression occurs in 1,25(0HJ2D3-responsive epithelia, including the upper 

small intestine where it colocalizes with the expression of calbindin-Dgk, and the distal 



Figure 3: The biochemistry of vitamin D. Boxed Ietters and mmbers denote 
~pecz_fic enzymes. 
UVB transfomis 7-dehydrocholesterol to previtamin D,. Vitamin D-25- 
hydroxylase [25] hydroxylates vitamin D, to produce 25-hydroxyvitamin D 
[25(OH)D]. In the kidney 25-hydro>cyD-la-hydroxylase [la] converts 25(OH)D 
to 1,25(OH),D, the biologically active form of vitamin D. Both 25(OH)D and 
1,25(OH)2D3 can be 24-hydroxylated by 24-hydroxylaçe [24R] as the initial step 
towards degradation. 
From: Holick, MF., 1996. Vitamin D: Photobiology, Metabolism, Mechanism of 
Action, and Clinical Applications. In: Favus, MT. (ed) Primer on the Meta6olic 
Bone Diseases and Dimoders of Mineral Mefaholism. Lippencott-Raven, 
Philadelphia, pp 74-8 1. 



convoluted tubule, connecting tubule, and cortical collecting duct in the nephron where it 

colocalizes with calbindin-Dzgk (71). 

8.8 SKELETAL DEVELOPMENT 

8.8.1 Intramembrunous and Endochondd Bone Formation 

Classically, there are 2 modes of bone deveioprnent: intramembranous (flat bones, 

including the calvaria and clavicle), and endochondral ossification (long bones and 

vertebrae). The prirnary difference between the two is the absence or presence of the 

cartilage scaffold that is observed in endochondral bone formation, but not in 

intramembranous. The focus of this introduction will be on endochondral bone 

formation, 

S keletal develo pment is dependent on the appropriate differentiation, activity and 

interaction of 3 bone ce11 types: chondrocytes, osteoblasts, and osteociasts. Chondrocytes 

and osteoblasts are derived f?om common mesenchyrnal precursors and possess the 

physiological function of forming cartilage, or bone, respectively. Osteoclasts are 

derived fiom macrophage precursors, and are involved in the process of bone resorption. 

A long bone is composed of 3 distinct regions (Figure 4). The extremities 

(epiphyses) are divided fkom the midshafi (diaphysis) by a developmental zone 

(metaphysis). In the growing bone, the epiphysis and the metaphysis represent 

independent regions of ossification that are delimited by the epiphyseal cartilage (growth 

plate). Bones lengthen as a result of a series of coordinated events starting with 

chondroblast proliferation and matnx synthesis, followed by matrix calcification. 

Subsequently, osteoclasts are activated, and partially resorb the cartilage matrix, the 

rernnants of which are covered by osteoblast-mediated, coIlagen deposition that Ml1 



Figure 4: Schematic of a longitudinal section of a growing long bone. 
A growing long bone shows widening at either end (the epiphyses), with a 
narrow tube in the mid-shaft (the diaphysis), and a developmental section 
between them (the metaphysis). In the growing bone, the epiphysis and the 
metaphysis are separated by the growth plate and is responsible for the 
longitudinal growth of  a bone. 
From: Jee WSS., 1983. The skeletal tissues. In: Weiss, L. (ed) Histology, Cell, 
and Tissue Biology. Elsevier Biomedical, New York, pp 2001255. 



eventually mature into woven bone. The trabeculae formed with the completion of the 

first Activation-Resorption-Formation (ARF) cycle are called pnmary spongiosum. 

Deeper within the growth plate, a 2nd ARF cycle occurs, where woven bone is resorbed 

by osteoclasts and replaced by lamellar bone, generating mature trabeculae (secondary 

spongiosum). The distinction between woven and lamellar bone lies in the rate of bone 

formation. Woven bone consists of the random orientation of collagen fibres that result 

fiom rapid bone formation, whereas lamellar bone contains organized collagen fibres to 

maximize the density of collagen. 

During the rapid deposition of collagen, osteoid seam width increases, remains 

constant during collagen maturation and rnineralization, and disappears once collagen 

synthesis ceases and rnineralization continues. The mineralization process involves the 

precipitation of Ca and Pi in the form of hydroxyapatite crystals ont0 collagen fibres. 

Defects of bone rernodeling can be determined histologically by measuring osteoid seam 

width, mineral apposition rate, and mineralizing surface, among other parameters. 

8-8.2 Regdation of Bone Remodeling 

Circulating and local growth factors and hormones influence bone metabolism, 

acting directly or indirectly on bone cells to alter bone formation and resorption. Vitamin 

D stimulates bone resorption, although the mature osteoclast does not possess a VDR 

The action of 1,25(OH)2D3 on osteoclasts is thought to be mediated via the osteoblast 

VDR and osteoblast-osteoclast interactions. For example, studies in VDR knockout mice 

indicate that the absence of a VDR in osteoblasts prevents the stimulation of osteoclast 

formation (72). Abnormalities in bone development can be observed in states of 

inadequate or excessive circulating 1,25(OH)~D3, although the effects may be secondary 



to the action of 1,25(0H)2D3 on other tissues, and the alteration of extracellular Ca and Pi 

concentrations. 

States of hypovitaminosis D due to inadequate vitarnin D, or mutations in the 

VDR result in rickets and osteomalacia that are characterized by inadequate bone 

mineralization due to the lack of Ca deposition, or bone resorption, and widening of the 

osteoid seams (reviewed in (73)). Conversely, the administration of high doses of 

vitamin D to mice results in an increase in mineral apposition rates and a reduction in the 

amount of osteoid, associated with an increase in the number of osteoclasts and 

osteoclastic resorption (74). 

8.8.3 Expression of Glvr-1, Osteocalcin, and Piter in Murine Bone 

The pH-dependence of ~ a ' - P i  cotransport in osteoblasts resembles the pH profile 

of the Glvr-l ~ a + - ~ i  cotransporter (75). Our laboratory recently identified the presence 

of Gtvr-1 mRNA in bone (19). More recently, Glvr-1 has been localized to early 

hypertrophic chondrocytes and slightly more mature cells, but was not identified in either 

fully differentiated hypertrophic chondrocytes, or in osteoblasts (76). Its physiological 

contribution as a Pi transporter in bone is not hlly characterized, however there is 

evidence to suggest its involvement in matrix calcification (76). 

Osteocalcin is the most abundant non-collagenous protein produced by mature 

osteoblasts (77). Osteocalcin expression coincides with matrix deposition, and 

mineralization in murine endochondral bone formation (78-go), suggesting that it is 

involved in regulating matrix mineralization (8 1,82). 

The murine osteocukin gene cluster contains 3 genes, 2 of which (ogl and og2) 

are expressed only in the bone. The third gene of the cluster, org (osteocaicin related 



gene) is expressed in the kidney, but not in the bone (79). Mice lacking both the ogl  and 

og2 genes show greater bone mass and bones of improved functional quality at 6 months 

of age, although the altered bone phenotype is absent pnor to this age (83). By studying 

these osteocalcin-deficient mice (oscm'/oscml), Ducy and colleagues revealed îhat 

osteocalcin limits the rate of bone formation (83). Although 6 month old, oscm'/osc"' 

mice had increased rates of bone formation, there was no increase in osteoblast number 

implying that each oscm'/oscm' osteoblast was secreting more matrix that those in the 

normal mice (83). In contrast to the human osteocalcin gene, murine osteocalcin gene 

expression does not appear to be increased by l725(oH)2D3 (84-86). - 

Mutations in Phex have been identified as the cause of X-Iinked 

hypophosphatemic rickets in humans and in the hypophosphatemic mouse homologues, 

H y p  and Gy (see (87) for review). Delayed growth, rickets and osteomalacia, 

hypophosphatemia, and defective renal Pi resorption and vitamin D metabolism 

characterize the disease. The exact physiological function of Phex remains elusive. The 

name Phex signifies a Phosphate-regulating gene with homology to gndopeptidases on 

the X chromosome. The gene product is thought to be involved in the 

activatioddegradation of a phosphate regulating peptide hormone that also plays a role in 

skeletal development. 

Phex mRNA has been identified in mouse bones (88-90); bones and teeth were 

determined to be the major sites of Phex rnRNA expression in the developing mouse by 

in situ hybndization (78). Phex protein has recently been identified in osteoblasts, 

osteocytes, and odontoblasts but not in osteoblast precursors (91). Its expression has 



been shown to correlate with the beginning of rnatrix deposition in bones (78), and to be 

down-regulated by 1 ,2S(OH)2D3 in munne osteobl ast cells (92). 

8.9 THE Npt2 KNOCKOUT MOUSE 

In order to detemine the importance of Npt2 to Pi homeostasis, our laboratory 

recently generated an Np2 gene knockout (Npt2 KO) mouse by ablating exons M to IX 

of the Npt2 gene through homologous recombination (Figure 5a)(93). Npt2 gene ablation 

results in a 75% reduction in renal ~ a ' - P i  cotransport at the BBM of the PT, as indicated 

by BBM Pi uptake studies (93). Mice homozygous for the disruption are phosphaturic 

and hypophosphatemic and exhibit the appropriate increase in serum 1 , 2 5 ( 0 ~ ) ~ ~ 3 ,  which 

in tum leads to  hypercalcemia and hypercalciuria, and depressed serurn PTH levels 

(Figure 5 b) (93). 

Aside fiom the obvious biochernical abnormalities, the mice show a distinct and 

complex bone phenotype that varies with aging. At weaning, Npt2 KO mice have poorly 

developed trabecular structure and delayed secondary ossification in the epiphysis in 

cornparison to wild-type (WT) mice. Conversely, by 115 days of age, Npt2 KO mice 

display a significant increase in trabecular number that is not observed in WT mice (93). 

The Hyp mouse represents another mode1 of  renal Pi wasting disease (reviewed in 

(87)). While these mice have a large 3' deletion of the Phex gene, they also show a 

defect in renal BBM ~ a + - ~ i  cotransport manifest by a 250% decrease in BBM Npt2 

protein and mRNA abundance in cornparison to normal mice (19,94-96). In spite of the 

- alterations to BBM Npt2 expression observed in H y p  mice, these mice show an increase 

in the Vma of renal Pi transport when they are Pi-deprived. Although the BBM adaptive 

increase is blunted in cornparison to Pi-deprived normal mice, there is a parallel increase 
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Figure 5: (a) Strategy for Npt2 gene ablation. The top line represents the 
pPNT-Npt2 targeting vector, the middle line the wild-type allele, and the bottom 
line the targeted allele. Exons are numbered and represented by grey boxes. 
The pPNT-Npt2 targeting vector and the targeted allele contain the neor gene. 
Numbers (with arrows) 1, 2, and 3 represent the primers 3F, 4R, and. PGKR, 
respectiveIy, used in the PCR genotyping. Expected sizes of the amplified 
fragments are indicated. @) Summary of the biochemical features of WT (solid 
line or filled bars) and Npt.2 KO (dashed line or hatched bars) mice. Results are 
means f SEM. *, pcO.05 for t test cornparhg Npt2 KO with WT mice. FEI 
indicates the ratio between urine Pi or Ca (mM)/[urine Cr (mM) x semm Pi or 
Ca (mM)] of I-month-old animals. Semm calcitriol assays represent 1- to 3- 
month-old rnice. 
Frorn: Beck, L. et al., 1998. Proc. NutL Acud Sci.US"S 9553724377. - 



in BBM Npt2 protein and rend mRNA abundance that leads to levels comparable to 

those of normal mice (42). The discrepancies in the adaptive response mechanisms 

between the normal and the HP mice to Pi restriction may be attributable to differences 

in vitamin D metabolism. 

The disturbed vitamin D metabolic response to hypophosphatemia is one of the 

distinguishing features of XLH and HP rnice (97,98). Recall that the normal vitamin D 

metabolic response to hypophosphatemia is to stimulate the production of 1,25(O&D3. 

While the Npt2 KO mouse exhibits elevated levels of circulating 1 , 2 5 ( O w ,  HP 

mice, which are also chronically hypophosphatemic, have normal IeveIs of serum 

1,25(OH)2D3 (97, due to low levels of la-hydroqlase activity (99) and increased 

catabolism of 1 ,25(OEQ2D3 by 24-hydroxylase (1 00,lO 1). Additionally, when Hjp mice 

are further Pi-deprived by altering their dietary Pi intake, 1,25(OH)& production is 

inhibited (102,103). Neither the vitamin D response, nor the renal BBM response of the 

Npt2 KO mouse to d i e t w  Pi deprivation is known. 

The biochemical features of the Npt2 KO mouse are similar to those of patients 

with hereditary hypophosphatemic rickets with hypercalciuria (HHRH). Tieder et al. 

first described HHRZ-3[ in a Bedouin kindred in 1985 (104). The shared features of both 

the Npt2 KO mouse and HHRH include hypophosphaturia, hypophosphatemiq 

hypercalciuria and elevated levels of serum 1,25(OH)2D3. However, HHRH is further 

characterized by rickets, short stature, and increased GI absorption of both calcium and 

phosphorous (104). The bone phenotype of the Npt2 KO mouse dEers,  and altered Pi 

and Ca absorption in the GI has not been investigated. 



8.10 AIM OF TEIE PRESENT S m Y  

Recognizing t hat Npt2 represents the major renal Na'-Pi cotransporter in the 

kidney, and that the impact of hypophosphaternia on skeletal development can be 

substantial, it was of utmost interest to determine the consequences of Npt2 gene ablation 

to Pi homeostasis and bone development. Renal Pi transport and its regulation is a welI 

descnbed study area. This allowed for an effective evaluation of Npt2 gene ablation on 

the characteristics of renal Pi transport. The goals of the study were to: 

(1) determine how age and Npt2 gene ablation affect rend ~ a ' - P i  cotransporter 

gene expression, and renal BBM Nat-pi cotransport; 

(2) evaluate the response of the Npt2 KO mouse to dietary Pi restriction as 

compared to the WT mouse; 

(3) analyze the effect of age and Npt2 gene ablation on certain features and 

effects of vitamin D metabolism as they pertain to Pi homeostasis; 

(4) examine the effects of age and Npt2 gene ablation on a variety of bone 

histological and histomorphometrical parameters in an effort to improve our 

understanding of the novel bone phenotype observed in the Npt2 KO mouse. 



9 MATERIALS AND METHODS 
9.1 Npt2 MOUSE COLONY 

WT and Npt2 KO mice were generated and raised in our Iaboratory- Mce 

homozygous for NpiZ gene ablation lack exons VI to X in both Npt2 alleles, as a result of 

homologous recombination of an Npi2 targeting vector with the wildtype allele (see 

Figure Sa). The construction of the Npt2 gene targeting vector is described in detail in 

Hewson (105) and the generation of the Npt2 KO mice is described in depth in Beck et 

al. (93). We generated WT, heterozygous, and Npt2 KO mice by breeding male and 

female Npt2 heterozygote mice. 

9.2 COMPOSïI'ION OF MOUSE DIETS 

The mice were maintained on a Rodent Laboratory Chow (5001, Punna Lab 

Chow) unless othenvise indicated. This diet contained 0.6% Pi, 1.0% calcium, 4.5 UI 

vitamin D3/g. 

Pregnant mice were isolated until the pups had been weaned (21 days). 

Throughout the pregnancy and until weaning, the mothers were maintained on a Mouse 

Breeder Diet (Harlan Teklad, 8626), cumposed of 1.23% Pi, 1.36% Ca, and 6.0 W g  

vitamin D3. 

Low phosphate diet experiments were performed using a control Pi diet and a low 

Pi diet. The control diet was composed of 1.0% Pi (Harlan Teklad 86129), while the low 

Pi diet consisted of 0.02% Pi (Harlan Teklad 86128). Apart fiom the Pi content, both 

diets were identical and contained approximately 1.0% Ca. 



9.3 DIET MANIPULATION 

9.3.1 F& and Oral Calcium Load Test 

Urine Ca-, Pi-, and MglCr ratios were determined in both WT and Npt2 KO mice 

fed our control diet, and were referred to as basefine. Mice were then fasted overnight 

(-18 hours), at which point an additional urine sample was obtained @ting)). Following 

the fast, the normal diet was returned, while simultaneously, the drinking water was 

supplemented with a 1% calcium gluconate solution for 24 hours. At this point a 3rd 

unne sample was obtained (Ca srqydement). This modified test provides an indirect 

measure of intestinal Ca absorption (104,106). 

9.3.2 Dietary Phosphate Restriction 

45-day-old mice (+ 7 days) were fed either control or low phosphate diets for 5 

days. Following phosphate restriction, the rnice were sacrificed and tissue samples were 

collected as described subsequently (section 7.7). 

9.4 EXTRACTION OF DNA FROM MOUSE TAIL TISSUE 

Mice were genotyped by PCR amplification of genomic DNA obtained fi-om tail 

tissue. Genomic DNA was extracted fiom a 0.5 cm piece of tail cut f?om each mouse at 

approximately 21 days of age. Each sarnple of tail tissue was incubated in 1.5 ml 

microfuge tubes with 300 pl of digestion buffer (100 rnM NaCI; 50 mM Tris-HCl, pH 

8.0; 1% SDS; 50 d i 4  EDTA, pH 8.0). Proteinase K (10 mg/ml) was added to a final 

concentration of 100 pg/rnl, and the samples incubated for 2 hours at 50°C, followed by 

an ovemight incubation at 37°C. ~ o l l o & i n ~  digestion, LiCl was added to a final 

concentration of 2SM, and the digestion mixture shaken thoroughly for 1 minute by 



hand. One volume of chloroform was added, and the samples were shaken rapidly on a 

clinical rotator (Fisher Scientific) for 30 minutes. The samples were centrifuged 15 

minutes, at 15,000 rpm in a bench-top microfiige. 500 g1 of the upper phase was 

removed and placed in a new microfùge tube. 2 volumes of ice-cold 100% EtOH were 

added and the tube inverted several times to precipitate the DNA The DNA was pelleted 

by centrifùging at 15,000 rpm for 2-5 minutes, the supernatant discarded and the DNA 

pellet washed bnefly in 70% EtOH The ethanol was removed and the pellet allowed to 

air dry. The pellets were resuspended in 25-100 pl of water (depending on pellet size), 

and allowed to dissolve. 

9.5 POLYMERASE CHAIN REACTION @CR) OF THE lMURINE Npt2 GENE 

The mice were genotyped by PCR amplification of genornic DNA obtained fiom 

tail tissue, using T' polymerase (GIBCO-BRL, Life Technologies) and 3 primers [sense 

primer 3F (5'-TGC CCA GGT TGG CAC GAA GC-3') in exon 4 of Npi2, antisense 

primer 4R (5'-AGT CCT GTC CCC TGC CTG CA-3') in exon 6 of Npt2, and antisense 

primer PGKR (5'-TGC TAC TTC CAT TTG TCA CGT CC-3') in the neor gene 

cassette] as described previously (93). The expected sizes o f  the amplified products are 

1.8 kb for the normal allele (primers 3F and 4R) and 1.4 kb for the disrupted allele 

(primers 3F and PGKR). The reagents for the PCR reaction were obtained fiom 

GIBCO/BRL. The conditions for the PCR reaction were: lx PCR buffer, 1.3 mM MgC12, 

0.1 mM dNTPs, 0.2 pM each sense and antisense primers, 0.3 pl Taq polymerase. 0.5-2 

pl of the resuspended genornic DNA solution was added to each PCR reaction, followed 

by a mineral oil overlay. The reaction was performed in a DNA Thermal Cycler (Perkin 

Elmer Cetus) with the following program: initial denaturation (3 Mns., 94"C), 30 cycles 



of denaturation, annealing and extension (1 min, 94°C; 1 Mn, 62°C; 2 min, 72OC), and a 

final, long extension step (7 min, 7Z°C). 

9.6 AGAROSE GEL ELECTROPHORESIS 

PCR fi-agments were visualized on a 1% TAE (Tris-Acid EDTA) agarose gel with 

0.12 &ml ethidium brornide (EtBr) by the method of Sambrook et al. (107). DNA 

loading buffer (10x) was added to al1 DNA samples to a final concentration of lx. 

Sarnples were loaded into the gel and electrophoresed in l x  TAE running buffer at 75- 

120 volts, until the bromophenol blue dye fiont had migrated 50-75% of the gel length. 

The gels were examined using a Spectroline transilluminator, and photographed with a 

Polaroid Camera using Polaroid type 52 instant sheet film. 

9.7 URINE, BLOOD, AND TISSUE COLLECTION 

Urine, blood, kidney, and bone were routinely collected fiom each mouse. Urine 

was collected on a clean surface using a s t e d e  pipette or syringe, placed in a 1-5-1111 

microfuge tube and stored at -20°C until further use. Serum, kidney and bone samples 

were collected following anaesthesia of  the mouse with halothane, supplied via a FIuotec 

3 machine (Benson Medical Industries, Inc.). The mice were decapitated, and blood 

collected into a capillary blood rnicrovette CB 1000 S, containing geVclot activator 

(Sarstedt). The tubes were shaken briefly by hand and placed on ice. The rnicrovettes 

were centrifbged at 9,000 rpm using a bench-top microfige for 1-2 minutes within 1 hour 

of collection. The semm was removed fiom the tube and placed in a 1.5-ml microfùge 

tube and stored at -20°C for fiture use. To remove the kidneys, the abdominal cavity of 

the mice was opened and the kidneys extracted, decapsulated, and placed on dry ice to 



quick-fieeze them. Similarly, both long bones (femur and tibia) of the mouse were 

removed and scraped clean of tissue, and quick-fiozen. Both kidneys and bones were 

stored at -80°C until fiiture use, 

9.8 DETERMINATION OF SERUM. AND URXNE PHOSPHORUS [CAL=, 
MAGNESICM AND CREATININE (Cr)] 

Serum Pi, Ca and Mg and urine Pi, Ca, Mg, and Cr were determined using kits 

obtained &om Stanbio (procedure numbers: O83 0, 0 150, 0 130 and 0400, respectively) 

according to the package insert. Each procedure requires that the sample be diluted with 

the provided solution. The concentration of Pi, Ca, Mg, or Cr in the solution was 

determined using a spectrophotometer (CARY 210, Vanan). Urine Pi, Ca, and Mg 

concentrations are expressed in relation to  the urine Cr concentration. The fiactional 

excretion indexes (FEI) of Pi, and of Ca were calculated as follows: 

urine Pi or Ca (mM)I[urine Cr (mM) x senim Pi or Ca (mM)]. 

9.9 PREPARA'ITON OF TOTAL RIBONUCLEIC ACID (RNA) FROM TISSUE 

Total RNA was isolated frorn kidney or  bone using TRIzol reagent according to 

the manufacturer's specifications (GIBCO BRL, Life Technologies, Inc.). Frozen tissues 

were weighed and ground in liquid Nt. Then, the tissues were homogenized in 15-ml 

polypropylene tubes (Falcon) in 1 ml of TRIzoI per 50-100 mg tissue using a PoIytron 

homogenizer (Brinkman). The homogenized solution was incubated at room temperature 

for 5 minutes, transferred to 1.5-ml micro f ige tubes, and centrifuged at 12,000g for 10 

minutes to  remove insoluble materials. The supernatant was then'removed and placed in 

clean microfiige tubes and 0.2-ml of chloroform added. The samples were shaken 



vigorously for 15 seconds and incubated at room temperature for 2-3 minutes, then 

centrifuged at 10,000g for 15 minutes. 0.5-ml of the aqueous phase was removed and 

transfemed to another microfige. The RNA was precipitated by adding 0.5-ml of 

isopropanol to each tube and incubating at room temperature (or lower) for 10 minutes. 

The RNA was pelleted by centrifbgation at 10,000g for 10 minutes, and the supernatant 

discarded. The pellet was washed three tirnes with 75% EtOH, and the pellets were air 

dried. Ail reagents and materials used were RNase fiee, and centrifugation was 

performed at 4OC (Centrifuge 5403, eppendorf). The RNA was dissolved in 50-100 1 1  of 

DEPC water to a final concentration of 3-7 p&1. RNA concentration was measured on 

a spectrophotometer (Spectronk 1001 plus, Milton Roy) at 260 nm. The punty of the 

RNA sample was estimated by determining the 260 d 2 8 0  nrn ratio. 

9.10 PREPARATION OF RIBOPROBES 

Riboprobes for mouse Nptl, NptZ, Glvr-1, Ram-1, 8-actin, Phex, Osteocalcin, la- 

hydroxylase, and 24-hydroxylase were prepared by transcription of subcloned cDNA 

fragments for the respective genes, using either T3 or T7 RNA polymerases and [a- 

32 PIUTP (ICN, Mississauga, ON) as described previously (19) (Table 1). 



TabIe 1. 
Specifics of riboprobes used in this study. 

Nptl 
(ki&f=y) 

NPQ 
(kidney) 
Glvr-I 
(kihey) 
Glvr-l 
(boue) 
Rm-1 
(kidney) 
O s t d c i n  
@one) 
h'Phex 
(bonel 

35 1 5 200 3 hours 

507 20 40 3 days 

376 20 62 3 days 

9.11 RIBONUCLEASE PROTECTION ANALYSIS 

The ribonuclease protection assay was performed as previously described (19,93). 

Total RNA was hybridized with the appropriately labeled riboprobes at 50°C for 18 hours 

and treated with RNaseTl for 1 hour at 30°C. The protected fragments were precipitated, 

heat denatured, and electrophoresed on 6% denaturing polyacrylarnide gels. The gels 

were dned and exposed to a PhosphorIrnager screen for quantification of radioactive 

signals using PhosphorImaging software Vuji) under conditions where linearity is 

achieved, and to Kodak Biomax MRl film for photography. Refer to Table 1 for the 

specific parameters of each nboprobe. 



9.12 PREPARATION OF RENAL BRUSH BORDER MEMBRANE VESICLES 

Renal BBM vesicles were prepared fiom kidney cortex by the MgCl2 

precipitation method as described previously (94) and used for both transport studies and 

Western blot analysis. One kidney from each of 3-5 mice was used for each BBM 

vesicle preparation. Frozen kidneys were thawed in 0.9% ice cold NaCl, hemisectioned, 

and the medulla removed. Kidneys were weighed and homogenized with 10x volume of 

Buffer A (10 mM mannitol, 2 m .  HEPESTTris, pH 7.4) with a Teflon homogenizer 

(Jumbo Stirrer, Fisher Scientific) while on ice. 100 pl of  the crude kidney homogenate 

was reserved for an alkaline phosphatase assay and to determine protein concentration by 

Lowry assay. The rernaining kidney homogenate was transferred to glass erlenmyers. 1 

M MgCh was added to a final concentration of 0.01 M (1/83 -3 of the volume) and the 

solution stirred for 15 minutes, on ice. The homogenate was then centrifuged at 3,500 

rprn for 10 minutes at 4OC. The supernatant was retained and centrifuged at 12,000 rprn 

for 10 minutes at 4OC. The pellet was resuspended in Buffer B (300 mM mannitol, 2 mM 

HEPES/Tris, pH 7.4) and centrifuged at 12,500 rprn for 10 minutes at OC. This wash 

was repeated, and the suspension centrifuged at 13,000 rpm for 20 minutes at 4°C. The 

final pellet was resuspended in 0.5 ml of Buffer C (300 mM mannitol, 10 mM 

HEPESTTns, pH 7.4) per gram of kidney. 20 pl of this suspension was diluted ?4 for 

alkaline phosphatase and Lowry assays. BBM protein concentration was assayed using 

the method by Lowry et al. (log), and the e ~ c h m e n t  of BBM was detemiined by 

relating the alkaline phosphatase specific activity of the BBM to that of crude kidney 

homogenate. BBMs were typically enriched 7-10 fold. BBMs were used in Pi and 



glucose uptake experiments within 24 hours and stored at -80°C prior to Western protein 

analysis. 

9.13 BRUSH BORDER MEMBRANF TRANSPORT 

The uptakes of Pi (100 ph&) and glucose (10 

quadruplicate, were measured at 6 sec (initial rate) and 

pM), each performed in 

90 min (steady state) in 

incubation medium containing either 100 mM NaCl or 100 mM KCI (plus, 100 m .  

mannitol, 10 mM HEPES/Tris, pH 7.4, 0.1 mM 3 2 ~  K&ll?04 (Dupont NEN) (6 pcilrnl), 

0.01 mM ' ~ - ~ l u c o s e  (Dupont NEN)(8 @/ml)) by rapid filtration technique (94). 

Uptake was terminated by adding 9 ml stop solution (100 mM KCl, 100 mM mannitol, 

10 mM HEPES/Tris, pH 7.4, 10 m M  NaAs04* 1 mM Na-azide. Filters were rinsed 

quickly with stop solution and inserted in vials witb Ecolurne to measure radioactive 

counts. 

9.14 SDS POLYACRYLAMlDE GEL ELECTROPHORESIS AND WESTERN 
ANALY SIS 

BBM proteins (10-40 pg) were fkactionated on 10% SDS-PAGE gels according to 

the method of Laemmli (log), transferred to supported nitrocellulose membranes 

(Hybond-C extra, Amersham), and probed either sequentially, or simultaneously with a 

rabbit polyclonal anti-rat Npt2 antibody (gift of H. Murer, University of Zurich) and a 

monoclonal antibody raised against the a-subunit of rat renal endopephdase-24. 18 

(meprin) (kindly provided by Dr. P. Crine, Université du Montréal) as described 

previously (42). Imrnunoblotting was also perfonned with a rabbit polyclonal antibody 

raised against a C-terminal peptide of rabbit Nptl (15) (gift of H. Murer) and a rabbit 



polyclonal antibody raised against a Glvr-l peptide (64) (@fi of Dr. R Beliveau, 

Université de Québec à Montréal). Primary antibodies were visualized using an 

enhanced chemiluminescence kit @CL) (Amersham Pharmacia Biotech) and exposed to 

Kodak Biomax MRI film. Protein abundance, relative to that of rneprin, was estimated 

using P hosphorhager analysis of scanned images. 

9.15 HISTOCHEMICAL AND HISTOMORPHOMETRIC ANALYSIS OF 
M-URINE BONE SAMPUES 

Animal breeding, injections, tissue sarnples, and some sample processing was 

performed in Our laboratory, while embedding and sectioning of - the  samples, bone 

histology and histomorphometry measurements were performed b y Drs. Keith Hiuska 

and Anandarup Gupta of the University of Washington, St. Louis, MO. 

To estimate the minera1 apposition rate (MAR) and the bone formation rate 

@FR), 25- and 113-day-old WT and Npt2 KO rnice were injected intraperitoneally with 

20 mg/kg of calcein, 7 and 2 days before sacrifice. The cakein solution was made up to a 

concentration of 4 mg/ml by dissolving 20 mg of calcein (Sigma #C-0875) in a 2% 

sodium bicarbonate (Sigma #S-5761) solution. The tibia and femur were dehydrated in 

70% ethanol for 24 hours, followed by 100% ethanol, and subsequently embedded in 

plastic. Bone histomorphometry was performed in the metaphyseal region, distal to the 

growth plate, in 5 pn thick, longitudinal sections cut fiom these bones. To estimate 

Bm double-labeled and single labeled areas were traced, and BFR was calculated as 

described previously (1 l0 , l  11). 

In addition, fernur and tibia were collected fiom WT and Npt2 KO mice, cleaned 

of tissue, and immediately fixed in 4% phosphate buffered paraformaldehyde, then 



decalcified in 14% EDTA for 10-14 days. The bones were washed in 50, 70, and 90% 

ethanol and embedded in parafin. Longitudinal sections 5 pm in thickness were cut, and 

stained with toluidine blue, or for tartrate-resistant acid phosphatase (TRAPase) to 

Trabecular number (Tb-N), trabecular perimeter (Tb.Pm), trabecular area (Tb-Ar), 

osteoclast index (nOC/TA), % labeled surface (%L), eroded perimeter @.Pm), MAR, 

mineralizing surface @AS), and BFR were determined in both WT and Npt2 KO mice at 

25- and 115 days of age. These abbreviations are derived fiom the recommendations of 

the American Society for Bone and Minera1 Research Histomorphometry Nomenclature 

Cornmittee (1 12). 

Both static and dynamic histomorphornetnc measurements were made using a 

computer and digitizer tablet (Osteomeasure; Osteometrics Inc., Atlanta, GA) interfaced 

to a Leitz microscope (Leitz Wetzlar, Germany) with a drawing tablet. 3 mice and 5 

sections were analyzed per group for each measurement, with each measurement 

performed 6 tirnes per section. 

9.16 STATISTICS 

For al1 data, statistical cornparisons were performed on Means + S E N  using one- 

factor analysis of variance and Student's t test. DifEerences between the means were 

considered statistically significant at p<O.OS. 



10.1 ONTOGENY OF RENAL ~ a + - ~ i  COTRANSPORT AND ~ a + - ~ i  
COTRANSPORTER GENE EXPRESSION IN WILDTYPE AND Npt2 KO 
MICE. 

The initial rates of BBM ~ a + - ~ i  cotransport in WT and Npt2 KO Mce were 

determined at 21-, 4 5 ,  and 115-days of age. Figure 6 indicates that at each of the ages 

examined, Npt2 KO mice have severely cornpromised ~ a + - ~ i  cotransport in cornparison 

to WT rnice. In addition, by measuring the initial BBM ~ a + - ~ i  cotransport in mice of 

increasing age, it became apparent that BBM Na+-pi cotransport is age-dependent in WT 

mice, but not in Npt2 KO mice. By 115 days of age, ~ a + - P i  cotransport activity in WT 

mice falls to  77 + 8% of that at 21 days of age @<O.OS). 

BBM Nat-glucose transport in NpQ KO mice was not reduced relative to age- 

matched WT rnice (Table 2), demonstrating that the decrease in ~ a " - P i  cotransport 

observed in Npt2 KO rnice is specific to  the ablation of Npt2. 

Table 2 
Initial rates of renal BBM glucose uptake in 
WT and Npt2 KO mice. 
Glucose uptake (NaC-K) @moles/mg proteid6 sec) 
Values represent Mean i: SEM 

Wildtype (II) Npt2 KO (n) 

21 days 68 rt 8 (15) 53 I 4 (4) 

45 days 59 16 (20) 63 4: 11 (8) 
115 days 55 I 9 (7) 53 1: 5 (4) 

Western blot analysis (Figure 7) and band densitornetry were used to determine 

whether changes in Npt2 protein abundance contributed to the age-dependent decrease in 

BBM ~ a + - P i  cotransport in WT mice. The 83 kDa Npt2 protein band was quantified 

relative to that of meprin (65 kDa), and revealed a 13% decrease in Npt2 protein by 1 15- 



21 45 115 
days days days 

Figure 6: Effect of age and Npt2 gene ablation on rend BBM Naf-Pi 
cotransport. 
Rend BBM vesicles were prepared-fiom WT (filled bars) and Npt2 KO mice 
(hatched bars) at 21, 45, and 115 days of age, as described in Methods. The 
vesicles were used for both transport studies and Western analysis (Figure7). 
One hundred percent activity represents the Na' dependent component of Pi 
transport in BBMs from 21-day-old WT mice (590 * 30 pmol/mg protein per 6 
seconds). Values represent means * SEM. * Effect of genotype, p<0.05. Effect 
of age, p<0.05. 



21 days 45 days 1 15 days 1 15 days 

\KT N pt2 
KO 

Figure 7: Effect of age and Npt2 gene ablation on renal BBM Npt2 protein 
abundance. 
BBM proteins, prepared from WT mice at 21,45, and 115 days of age and from 
115-day-old NpQ KO mice were fiactionated on 10% SDS-PAGE gels, 
transferred to nitrocellulose membranes, and probed with a rabbit polyclonal 
anti-rat Npt2 antibody and a monoclonal antibody raised against the a subunit of 
rat mepnn. Bands depicting Npt2 (83 kDa) and meprin (65 kDa) 
immunoreactive proteins are indicated by the arrows. 



days of age (n=4) that was not significantly different firom that at 21 days. In addition, 

there was no significant age-dependent decrease in renal Npt2 mRNA abundance, relative 

to that of B-actin, in WT mice (Figure 8a). As previously reported, NptZ KO mice 

produce neither immunoreactive Npt2 protein (Figure 7) nor Npt2 mRNA (Figure 8 b). 

In order to understand the age-dependent contribution of renal Nptl, GZw-l, and 

Ram-l to renal BBM ~ a ' - ~ i  cotransport in aging WT and Npt2 KO mice, we measured 

the renal mRNA abundance, relative to that of p-actin, of each of these ~ a ' - P i  

cotransporters at 21-, 45; and 1 15-days of age. 

Rend Nptl mRNA abundance increased with age in both genotypes (21 vs. 1 15 

days of age, p<O.05 for both genotypes). However, in Npt2 KO mice Nptl mRNA 

abundance was significantly reduced at both 21 and 45 days of age, relative to that of WT 

mice Wpt2 KO vs. WT at 21, and at 45 days, pcO.05) (Figure 9a). While age had no 

effect on the renal mRNA abundance of G lwl  or Ram-1 in WT mice, Npt2 KO rnice 

demonstrated a signiticant age-related increase in the mRNA abundance of both of these 

~ a - i  cotransporters (21 vs. 115 days of age, pcO.05 for both Glvr-1 and Ram-1) 

(Figure 9b and c). 

The renal rnRNA abundance of Glvr-1 and of Ram-l is significantly reduced in 

Npt2 KO rnice at 21 days of age compared to that of WT mice (Npt2 KO vs. WT mice, 

p<0.05, for both Glvr-1 and Ram-1). However, this difference was eliminated by 11 5 

days of age as a result of the age-dependent increase in both Glvr-1 and Ram-1 that was 

observed in the Npt2 KO mouse. By 115 days of age, the mRNA abundance of Ram-1 is 

similar in both WT and NptZ KO mice, while Glvr-1 mRNA abundance is significantly 

greater in Npt2 KO mice at 1 15 days of age @<0.05). 



21 days 45 days 115 days 

p-acti n+ 

Figure 8: Effect of age on renal mRNA abundance of Npt2 in WT mice (a) and 
ribonuclease protection assay of renal RNA from WT and Npt2 KO mice. 
Rend mRNA was prepared from WT mice at 21, 45, and 115 days of age, and 
the abundance of NptZ mRNA, relative to B-actin mRNA, was determined by 
nbonuclease protection assay as described in Methods. The values are mean t 
SEM denved from 5-8 mice per group (a). Ribonuclease protection assay of 
renal rnRNA from WT and Npt2 KO mice. Protected Npt2 and B-actin mRNA 
fragments are evident with renaI mRNA from 45-day-old WT mice, whereas 
o d y  a protected p-actin mRNA fragment is detected with RNA fiom age- 
matched Npt2 KO mice (b). 



u 
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21 days 45 days I l 5  days 

21 days 45 days 1 15 days 

Figure 9: Effect of age and Npt2 gene ablation on renal mRNA abundance of 
Nptl (a), Glvr- 1 @), Ram-l (c). 
The abundance of each transcript, relative to p-actin mRNq was determined in 
rend mRNA samples derived from 2 1 -, 45,  and 1 15-day-old WT (filled bars) 
and Npt2 KO (hatched bars) mice by ribonuclease protection assay as described 
in Methods. The values depict the rnean & SEM derived from 5-8 mice per 
group. * Effect of genotype, p<O.OS. SEffect of age, p<0.05. 



10.2 EFFECT OF Npt2 KO ON THE PHYSIOLOGICAL RESPONSE TO 
CHIlONIC PHOSPHATE RESTRICTION-Npt2 KO MICE CANNOT 
ADAPT TO LOW Pi DIET 

As previously reported (93), NptZ KO mice are hypophosphatemic and have 

elevated FEIpi on a normal Pi diet (1.0% Pi), in comparison to age matched WT mice 

(Table 3). Low Pi diet (0.02% Pi) caused a significant decline in semm Pi in both WT 

and Npt2 KO rnice in comparison to mice fed the control Pi diet (1.0% Pi) (pc0.005) 

- (Table 3). 

Table 3 
Effect of low Pi diet on blood and urine profiles of WT and Npt2 KO mice 
Values represent Mean f SEM 

Control Low Pi 

UT (4 Npt2 KO (n) WT (n) . Npt2 KO (n) 
S e m  Pi (mM) 3.46 1: 0.41 (6) 2.24 f O.OgC (4) 1.14 f O.O7?(6) 1-14 f 0.09~ (7) 

Urine PiKr 32.77 k 4.1 (6) 61.97 + i i.7* (6) 0.14 f 0.05~ (5) 1-36 f 0.22*$ (7) 

FEIpl 11.82 * 1-95 (6) 20.78 .t 1.95* (4) 0.13 + 0.05~ (5) 1.21 t O.%*$ (7) 

Serum Ca (mM) 1-88 f 0.12 (6) 2.17 f 0,06* (7) 2.82 * 0,08~(6) 2.87 + 0.08f (7) 
Urine CalCr 0.3 1 -i- 0.06 (5) 1.1 * O.39* (6) 12.45 f 4.21~ (5) 13-63 f 3.33$ (7) 

FETç, 0.28 f 0-10 (6) 0.34 It 0.04 (6) 4.33 + 1 . 3 ~ ~  (5) 4.67 f 1.0' (7) 

* Effect of genotype, p<0.05. LEEect of diet, p<0.05. 

Both WT and Npt2 KO mice expenenced a significant decrease in the FEIei in 

response to dietary Pi restriction (WT, control vs. low Pi diet, p<0.005; Npt2 KO, control 

vs. low Pi diet, p<0.05) (Table 3). 

Semm Pi values for Npt2 KO mice on a low Pi diet were equivalent to those 

obtained for the WT mice on the same diet. However, the FEIpi remained elevated in 

Npt2 KO mice in comparison to WT mice (WT vs. Npt2 KO, p<0.005), demonstrating 

the preservation of the renal Pi le& (Table 3). 

Table 3 aIso shows the calcemic response of WT and Npt2 KO mice to dietary Pi 

restriction. On a normal Pi diet, Npt2 KO rnice are hypercalcemic in comparison to WT 



mice (pC0.05). When Pi-deprived, both genotypes expenenced a significant increase in 

semm Ca (control vs. low Pi diet, p<0.001) and in FEL (control vs. low Pi diet, p<0.05), 

such that both serum Ca and FEIa in WT and Npt2 KO mice were comparable. 

BBM ~ a + - ~ i  cotransport increased 3.4 fold in Wï mice following Pi restriction 

(Figure 10a) and correlated with an increase in immunoreactive BBM Npt2 protein, 

relative to meprin (Figure lob). Law Pi diet caused a 1.3-fold increase in renal Npt2 

mRNA abundance in WT mice (Figure 10c). It is o f  interest that Npt2 KO mice failed to 

exhibit any adaptive increase in BBM ~ a + - ~ i  cotransport in response to Pi deprivation; 

impaired BBM ~ a f - P i  cotransport did not change (Figure 10a). As expected, no Npt2 

protein or mRNA was detected in Npt2 KO rnice under either dietary condition (Figure 

IOb and c). 

Nptl protein abundance was examined in both WT and Npt2 KO mice under 

control and low Pi dietary conditions (Figure lla). The Nptl antibody recognized a 

single band of 64 kDa in BBM fiorn WT and Npt2 KO mice. Quantitation of this band 

relative to that of meprin revealed no increase in Nptl  protein abundance as a result of 

NptZ gene ablation or dietary Pi restriction. The size of the detected Nptl protein and the 

lack of dietary Pi regulation correspond with other reports (16,17,19,24). Quantitation of 

the BBM abundance of Nptl protein was of interest as the renal mRNA abundance of 

Nptl was consistently, although not significantly, decreased in Npt2 KO mice in 

comparison to age-matched WT mice (Figure 9a). In contrat to other reportsy both 

genotypes experienced an increase in renal Nptl mRNA abundance as a result of dietary 

Pi restriction (Figure 1 lb). Nptl mRNA abundance increased 1.3 and 1.4 fold, 

respectively, (pc0.05) in WT and Npt2 KO rnice fed the low Pi diet in comparison to 
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Figure 10: Effect of low Pi diet on renal BBM Naf-Pi cotransport (a), Npt2 
protein abundance @), and Npt2 mRNA abundance (c), in WT and Npt2 KO 

45-day-old WT (filled bars) and Npt2 KO (hatched bars) mice were fed control 
(1%) and low Pi (0.02%) diets for 5 days. One kidney from each mouse was 
used for the BBM vesicle preparations. These BBMs were used for both 
transport studies (a), and Western analysis (b), as described in Methods. Each 
bar represents the Nac-dependent component of Pi transport (mean * SEM of 2 
typical experiments) (a). Rend mRNA was prepared from the remaining kidney. 
The abundance of Npt2 mRNq relative to j3-actin mRNq was determined by 
nbonuclease protection assay as descnbed in Methods (c). The values depict 
means + SEM derived from 5-8 mice per group. * Effect of genotype, p<O.OS. 
Effect of diet, pcO.05. 
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Figure 11: Effect of low Pi diet on renal BBM Nptl protein abundance (a), and 
on the renal abundance of NptI rnRNA @). 

Rend BBM vesicles were prepared from 55-day-old WT and Npt2 KO mice fed 
the control (1%) and low Pi (0.02%) diets for 5 days, and used for Western 
anaiysis as described in Methods. Bands depicting Nptl (64 kDa) and meprin 
(65 kDa) are indicated by arrows (a). Rend mRNA was prepared from 45-day- 
old WT (filled bars) and Npt2 KO (hatched bars) mice fed the control (1%) and 
low Pi (0.02%) diets for 5 days @). The abundance of Nptl mRNq relative to 
p-actin mRNA, was detennined by ribonuclease protection assay as described in 
Methods. The values depict the mean * SEM denved from 5-8 mice per group. 
Effect of diet, pc0.05. 



those fed the control diet (Figure Iib). This alteration in mRNA abundance was not 

functionally relevant since it did not correlate with Nptl protein abundance, nor did it 

alter BBM ~ a + - ~ i  cotransport in Npt2 KO mice (Figure 10a). 

Dietary Pi restriction had no effect on the renal mRNA abundance of either Glvr- 

1 or Ram-1 in WT or Npt2 KO mice (Figure 12a and b). In addition, using a rabbit 

antibody, immunoreactive Glvr-1 protein was not detected in the BBMs of either WT or  

Npt2 KO rnice (data not shown). 

10.3 EVIDENCE FOR INTESTINAL CALCIUM HYPERABSORPTION IN Npt2 
KO MICE. 

1 O.3.ï Effecf of FaSfiwng and Oral Ca Load on Urine Calcium, (Phosphorous, and 
Mug~esium) Excreîion 

Three to five, 21- or 45-day-old, WT and Npt2 KO mice, were used to determine 

whether intestinal hyperabsorption of Ca contributed to the hypercalcemia and 

hypercalciuria observed in Npt2 KO mice. This was accomplished by examining the 

effects of fasting and of calcium supplementation on urine Ca/Cr. In addition, the urine 

Pi- and MgKr werc evaluated. Prior to fasting, baseline urine Ca-, Pi-, and MgKr were 

determined in each group. Serum electrolyte concentrations could not be examined as we 

wished to use the same mice throughout the experiment. 

Figures 13% b, and c show that Npt2 KO mice had substantially elevated baseline 

urine CaKr and urine PVCr, and equivalent urine MgKr in cornparison to the baseline 

values obtained for WT mice (effect of genotype, pc0.01; p<0.05; p=0.09, respectively 

for each mineral). 

Fasting caused a significant decrease in urine CalCr in Npt2 KO rnice, but had no 

significant effects on urine CalCr in WT mice (Figure 13a). Unne PVCr increased 
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Figure 12: Effect of Low Pi diet on renal mRNA abundance of Glvr-1 (a) and 
Ram-1 (b) in WT and Npt2 KO mice. 
Rend mRNA was prepared from 45-day-old WT (solid bars) and Npt2 KO 
(hatched bars) mice fed the control (1%) and low Pi (0.02%) diets for 5 days. 
The abundance of Glvr-1 and Ram-1 rnRNAs, relative to P-actin, was 
determined by ribonuclease protection assay as descnbed in Methods. The 
values depict the mean * SEM derived fiom 5-8 mice per group. 
* Effect of genotype, p<0.05. 
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Figure 13: Effect of fasting and oral calcium load on urine CdCr (a), PiKr @), 
and MgKr (c) ratios in WT and Np2 KO mice. 
Urine Ca-, Pi-, MgKr ratios were measured in WT (solid bars) and Npt2 KO 
(hatched bars) mice fed our control diet (baseline), following an overnight fast 
(fasting), and following an oral Ca supplement (Ca supplement) as described in 
Methods. Values represent means + SEM denved from 3-5 mice per group. 
* Effect of genotype, p<0.05. Effect of diet, p<0.05. 



significantly in both WT and Npt2 KO mice with fasting (p<0.001 and p<0.05, 

respectively), such that unne PiKr were similar in WT and Npt2 KO mice (Figure 13b). 

MgKr values were increased in fasted WT and Npt2 KO mice, however, the increase was 

significant in only the Npt2 KO mice (Figure 13 c). 

Calcium supplementation elicited a significant increase in the urine C a K r  of Npt2 

KO mice, to ievels slightly greater than that of Npt2 KO baseIine values (Fasting vs. Ca 

supplernent, p<0.05). Wildtype mice had no significant change in urine Ca/Cr between 

oveniight fasting and calcium supplementation (Figure 13 a). The 1% calcium 

supplernent retumed both urine PiKr (Figure 13b) and urine MgKr (Figure 13c) to levels 

comparable to baseline values. Urine MgKr ratios were sirnilar in both genotypes 

regardless of the dietary challenge faced by the mice (Figure 13c). 

10.3.2 Effect of Np12 Gene Ablation on the Renal mRNA Abundance of la- and 24- 
hydroxylase 

It was previously shown that semm 1,25-dihydroxyvitarnin D3 was substantially 

elevated in the Npt2 KO mouse in cornparison to the WT mouse (93). To elucidate the 

rnechanism for the elevated serum 1,25(OH)zD3 in Npt2 KO mice, the renal mRNA 

abundance of la- and 24-hydroxylase was determined in WT and Npt2 KO mice (Table 

4) - 



Table 4 
Rend mRNA abundance of la-hydroxylase and 24-hydroaylase in WT and Npt2 
KO mice at 21-, 45-, and 1 15-days-O f-age 
(expressed as %WT, controi diet). 
Values represent Mean f SEM 

25 days (n) 45 days (n) 115 days (n) 25 days (n) 45 days (a) 115 days (II) 

l-oHue 100.0 k27.6 'XI 109.9 * 3 1 9  % 76-9 3~7.7 % 160.4 * 59.4 % 2S4.3 k 92.5 % 63.0 k 19, % - mRNA 
abundance (6)  (3 (6) (5) (4) (4) 

24 OH- 
100.00 k29-2 % 81.6 f î3.0 % 208.3 k 3 1.9 % 50.5 * 16.0 % 47.9 f 12.8 % 61.5 f 16.2 % mRNA 

abundance (6)  (6) (6) (5 )  (4) (6) 

1 

E£fixt of genotype, pc0.05. ' Effect of age, pe0.05 

RPA and PhosphorIrnager analysis demonstrated that the renal abundance of 24- 

hydroxylase mRNA in Npt2 KO mice was consistently lower than that of WT mice at al1 

of the ages examined- However, this difference was significant only at  115 days of age, 

when the WT mice exhibited a substantial elevation in the renal mRNA abundance of 24- 

hydroxylase. Conversely, Npt2 KO mice tended to display levels of la-hydroxylase 

mRNA that were greater than that of WT mice. These studies are ongoing in Our 

Iaboratory. 

10.3.3 The Effect of low Pi Diet on the Renal mRNA Abundance of la- And 24- 
hy &oxylase 

The effect of dietary Pi restriction on the renal rnRNA abundance o f  la- and 24- 

hydroxylase was deterrnined in WT and Npt2 KO mice. We determined that low Pi diet 

caused a 3.5-fold increase in renal mRNA abundance of la-hydroxylase in WT mice, and 

that the renal abundance of la-hydroxylase mRNA is the same in Pi-depnved WT and 

Npt2 KO mice (Figure 14a). Similady, low Pi diet caused a 50% decrease in the renal 
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mRNA abundance of 24-hydroxylase in WT mice, and we could determine that 24- 

hydroxylase renal mRNA abundance was similar in Pi-deprived WT and Npt2 KO mice 

(Figure 14b)- 

10.4 EFFECT OF AGE AND NpQ GENE ABLATION ON THE GENE 
EXPRESSION OF OSTEOBLAST AND OF CHONDROBLAST 1MARKERS, 
AND ON BONE HISTOMORPHOMETRY 

IO. 4.1 Ontogenic Ewpression of Skeletd Glvr- I ,  Osteoculcin, aand f i ex  in WT and 
Npt2 1YO Miee 

The expression of Glvr-1, osteocalcin, and Phex were measured as a means of 

determining the effect of Npt2 KO and age on gene expression in bone. The results are 

displayed in Figures 15a, b, and c. 

Although the expression of Glvr-1 was similar in the WT and Npt2 KO rnice at 

21-days of age, Npt2 KO mice exhibited substantially reduced levels of Glvr-1 

expression at 45-days of age (Figure 15a). While the expression of Glvr-1 declined 

slightly in the WT rnice with age, the reduction was not significant. ConverseIy, Glvr-1 

mRNA abundance in Npt2 KO mice diminished significantly as they aged QS0.05). 

The genotypic pattern of osteocalcin expression in the osteoblast resembled that 

of Glvr-l (Figure 1%). At 2 1 days of age, there were no differences between WT or 

Npt2 KO osteocalcin mRNA abundance. However, at 45-days of age, the Npt2 KO mice 

expenenced a dramatic fa11 in osteocalcin mRNA abundance, to approximately 20% of 

that of the age-matched WT mouse (p<O.005). By 115-days of age, both 'UrT and Npt2 

KO mice exhibited similar levels of osteocalcin mRNA abundance. Aging had an effect 

on the expression of osteocalcin in both genotypes. Although WT mice did not display 

the same age effect at 45-days of age as the Npt2 KO rnice did, by 115-days of age, both 
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Figure 15: Effect of age and Npt2 gene ablation on the skeletal mRNA 
abundance of Glvr-I (a), osteocalcin (b), and Phex (c)- 
Bone mRNA was prepared from WT (solid bars) and Npt2 KO (hatched bars) 
mice at 21, 45, and 1 15 days of age, and the abundance of Glvr-1, osteocalcin, 
and Phex, relative to p-actin mRNq was detennined by ribonuclease protetion 
assay as desûribed in Methods. The values are means k SEM derived from 5-8 
mice per group. 
* Effect of genotype, pcO.05. 8 Effect of age, p<0.05. 



WT and Npt2 KO mice had experienced an -80% reduction in the mRNA abundance of 

osteocalcin (Figure 1 5b). 

Npt2 gene ablation had no effect on the renal mRNA abundance of Phex; WT and 

Npt2 KO mice consistently displayed similar levels of expression (Figure 1%). 

However, the effects of aging were significant. Phex mRNA abundance was 5-fold 

greater in 21-day-old mice than in 115-day-old mice (Figure 15c). This pattern of Phex 

gene expression was observed in both WT and Npt2 KO mice. 

10.4.2 Analysis of Histomorphornetrïc andHistologicd Parameters in Wildtype and 
Npt2 10 Mice 
As reported previously, the trabecular bone of Npt2 KO mice is poorly developed 

at 25 days of age. Trabecular number (Tb-N), area (Tb-A), and perimeter (Tb-Pm) were 

al1 significantly decreased in 25-day-old Npt2 KO mice in comparison to age-matched 

WT mice (Table 5). However, at 1 1 5-days of age, Tb.N was greater in Np12 KO mice in 

comparison to age-matched WT mice (Table 5). This was due to an increase in Tb.N in 

Npt2 KO mice (n-s), and a severe decrease in Tb.N in WT mice. 



Table 5 
Trabecular number, ara ,  and perimeter in WT and Npt2 KO mice 

Wildtype Npt2 KO 

25 days 115 days 25 days 115 days 

Trabecular number 
(Tb-N) 41.0 f 3.0 16.0 k 3.0~ 21.0 13-0' 25.0 f 3.0* 
(BV/TV)*Tù.Th 

Trabecuiar 
perimeter (Tb-Pm) 2.60 i 0.46 2.06 i 0 12 1.50 I0.35* 2.0 i 0.05 
(mm) 

* Effect of genotype, pc0.05. EfFect of age, p<0.05. 

Differences in osteoclast characteristics were ascertained by histochemical 

analysis of tibia1 bone sections. OsteocIast number (nOC1TA) refers to the number of 

osteoclasts within a defined tissue area. nOC/TA was significantly reduced in the Npt2 

KO mice at both 21- and 115-days of age (Figure Ida). However, osteoclast perimeter 

(OC-Pm) was reduced in Npt2 KO mice of 25 days of age (WT: 0.45 t 0.05 pm vs. Npt2 

KO: 0.26 + 0.03 prn, p<0.01), but not 115 days (WT: 0.39 +: 0.19 pm vs. Npt2 KO: 0.32 

+ 0.04 pm), when compared to age-matched WT mice. The decrease in nOC/TA can be 

observed in Figure 16b, where osteoclasts are identified by dark pink staining. 

The eroded perimeter @.Pm) is a static measurement that reflects in vivo 

osteoclast activity. The E.Pm measurement includes the surface of the osteoclast that is 

in contact with the bone surface and the reversal surface where bone is being resorbed 

(71). This parameter was significantly reduced in the 25-day-old Npt2 KO mice 

compared to age matched WT rnice (WT: 0.52 4 0.03 mm vs. Npt2 KO: 0.3 1 f 0.05 mm, 

p<0 -0 1), however, these differences were not conserved at 1 1 5 days of age (Wî: 0.3 9 f 

0.02 mm vs. Npt2 KO: 0.34 + 0.02 mm). The age-dependent effects on E-Pm were 
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Figure 16: Effect of age and Npt2 gene ablation on osteoclast index. 
Tibial sections of WT (solid bars) and Npt2 KO (hatched bars) mice were stained 
with TRAPase to identie osteoclasts as described in Methods and represented as 
nOC/T A (a). Values represent the mean f SEM. * Effect of genotype, p<0.05. 
ERect of age, pCO.05. 
Sarnple photograph of TRAPase positive staining for osteoclasts in 2 1 day-old 
WT (top) and Npt2 KO (bottom) mice @). 



distinctly different in WT and Npt2 KO mice. WT mice experienced a decrease in E-Pm 

between 25- and 115-days of age (25d: 0.52 I 0.03 mm vs. 115d: 0.39 f 0.02 mm, 

p<O.01), whereas Npt2 KO mice did not. 

Histomorphometric evaluation of calcein double labeling permits the estimation 

of dynamic parameters that are indicative of bone remodeling (Figure 17). The calcein 

label is incorporated into mineralized bone as it is formed. At 1 15-days of age, there was 

a 2-fold increase in the percentage of calcein labeled surface (%L) in the Npt2 KO mice 

as cornpared to the WT mice (WT: 31.2 f 6.44% vs. Npt2 KO: 63.4 + 8.6%, pcO.05). 

This difference was not apparent at 25-days of age. MAR is calculated by measuring the 

distance between the calcein labels divided by the time penod over which calcein was 

adrninistered (Ir.L.Tld1r.L. time)'. Calculating the MAR provides some indication as to 

the activity of the osteoblasts. MAR was similar in WT and Npt2 KO rnice at both 25 

and 115 days of age, suggesting that Npt2 gene ablation does not compromise osteoblast 

activity (Table 6). Mineralizing surface ( M S )  estimates the extent of bone surface that is 

active in mineralization at the time of measurement m=(dLS  + SLS/~) /BSJ~(~  12) did 

not differ between WT and Npt2 KO rnice at 25 days of age. However, at 115 days of 

age the MS of Npt2 KO rnice was approximately 2-times that of WT mice (Table 6). 

Thus, age had opposite effects on the MS of WT and Npt2 KO mice. While the MS of 

WT mice decreased significantly with age, the MS of Npt2 KO mice actually increased 

with age (Table 6). 

' Ir.L.Th - Interlabel thickness. 
dLS - double label surface; sLS - single label surface. 



Figure 17: Caicein double label in tibial sections of WT (Ieft) and Npt2 
KO (right) mice. 
To estimate MAR and BFR WT and Npt2 KO mice were injected 
intrapentonedly with 20 mgkg of calcein 7 and 2 days before sacrifice 
as described in Methods. 
The use of calcein double labeling permits the estimation of MAR and 
BFR. In 115 day old Npt2 KO mice the % labeled surface was 2-fold 
that of age-matched WT mice. 



Tabie 6 
Effect of age and Npt2 gene ablation on the dynamic parameters of 
bone remodeling. 
Values represent means * SEM 

WiIdtype Npt2 KO 
25 days 115 days 25 days 115 days 

Mineral Apposition 
Rate (MAR, pm/day) 

3,L5+ 1-05 3.15 I0.99 2.94k0.98 2-98 f 0.99 

gyaag Su*ace 0-49 * 0. L4 0.3 1 * 0.06' 0.47 f 0.09 0.63 It 0.08' 
S 

* Effect of genotype, p<0-05. Effiat of age, pi0.05. 

BFR is the volume of mineralized bone formed for unit time. Calculating the 

product of MAR and MS and expressing it relative to the bone surface (BS) can 

acceptably estimate BFR [(MAR*MS)/BS] (1 12). This calculation uses al1 double 

calcein labels and 50% of the single calcein labels in the sample, BFR was similar in 

both WT and Npt2 KO rnice at 25-days of age (Figure 18). However, at 11 5-days of age, 

the BFR was significantly increased in Npt2 KO mice (jS0.01). Thus, age had a similar 

effect on BFR as it did on MS in both WT and Npt2 KO rnice. While BFR decreased 

with age in the WT mice, it increased in Npt2 KO rnice. The similarities between BFR 

and MS are due mainiy to the fact that BFR is a histornorphornetric parameter that is 

partially derived fiom MS. 

Further evaluation of the histological and histomorphometrical features of the 

bones of Npt2 KO mice are undenvay. There is preliminary data that suggests that Npt2 

KO mice have an increase in osteoblast surface at 115-days of age in cornparison to that 

of 25-days of age, and that WT mice experience an age-dependent decrease in osteobIast 

surface (data not shown). There does not appear to be any increase in the amount of 

osteoid present in Npt2 KO rnice (data not shown). 



25 days 115 days 

Figure 18: Effect of age and Npt2 gene ablation on the rate of bone formation. 
BFR was estimated in WT (solid bars) and Npt2 KO (hatched bars) by calculating 
the product of mineral apposition rate @UR) and mineralizïng surface (MS) and 
expressing it relative to the bone surface P S ) :  [@KR*MS)/BS]. The calculation 
incorporates a11 of the double calcein labels and 50% of the single labels of the 
section. * Effect of genotype, pC0.05. 5 Effect of age, p<0.05. 



11 DISCUSSION 

11.1 SUMMARY OF RESULTS 

Firstly, this report examines the effects of Npt2 gene ablation and age on renal 

BBM ~a+-Pi transport, ~ a + - ~ i  gene expression, and the renal adaptive response to dietary 

Pi restriction. We show that BBM ~ a + - ~ i  cotransport is significantly compromised in 

mice lacking Np2, and it is not age-dependent, as it is in WT mice. Furthemore, we 

show that Npt2 KO mice exhibit age-dependent increases in- the renal abundance of Nptl, 

GLvr-1, and Ram- l rnRNAs that are unable to correct BBM Pi transport following Np2 

gene ablation, or alter age-dependent fùnctional activity. In addition, we have 

determined that Npt2 KO mice are unable to mount a renal adaptive response to Pi 

restriction, attesting to the importance ofNpt2 in effecting this response. Secondly, we 

have pursued the mechanism of  elevated semm 1,25(OH)~D3 and attendant 

hypercalcemia and hypercalciuria observed in the Npt2 KO mouse. We determined that 

the hypercalcemia and hypercalciuria observed in Npt2 KO rnice is due, in part, to 

increased intestinal Ca absorption. We provide evidence that suggests that elevations in 

serum 1,25(OH)2D3 of Npt2 KO rnice may be mediated through altered expression of t h e  

synthetic and catabolic enzymes, la- and 24-hydroxylase, as indicated by the increased 

abundance of la-hydroxylase mRNq and decreased abundance of 24-hydroxylase 

mRNk Finally, we have gained additional insight into the age-dependent bone 

phenotype observed in the Npt2 KO mouse. The most notable features are that osteoclast 

number and activity are persistently compromised in Npt2 KO mice. Concomitant to the 

osteoclast defect, WT and Npt2 KO mice display opposing age-related changes in 

mineralizing surface and, subsequently, bone formation rate. 



11.2 EFFECT OF AGE AND Npt2 GENE ABLATION ON RENAL BBM ~ a f - P i  
COTRANSPORT, RENAL BBM Npt2 PROTEEN ABUNDANCE, AND 
RENAL ~ a ~ ~ i  COTRANSPORTER mRNAS 

We have characterized renal BBM Na+-Pi cotransport and ~ a + - ~ i  cotransporter 

gene expression in WT and Npt2 KO mice between weaning (21 days) and 115 days of 

age. Our results show that renal BBM Na% cotransport undergoes an age-dependent 

decrease between weaning and 115 days of age in WT mice (Figure 6). This is in 

agreement with the theory that the phosphate requirement of the younger, more quickly 

growing mammal is greater than that of the slow growing aduk Previous studies in the 

rat (55,59,60,113) and in guinea pigs (1 14) have also identified age-related decreases in 

BBM ~ a + - ~ i  cotransport activity . Moreover, the age-dependence is speci fic to Pi 

transport, and does not involve the sodium-coupled transports of sulfate, D-glucose, or L- 

proline (59), indicating that the driving force for Pi transport (Le. the sodium gradient) is 

not affected &y age- 

One study recently reported a 2-fold decrease in BBM ~ a + - ~ i  cotransport in aged 

(12-16 months) rats, relative to young (3-4 months) rats (59). The decline in V,, was 

attributed to a similar decrease in both Npt2 protein and rnRNA abundance (59). We, 

however, did not observe a significant decrease in either Npt2 protein or mRNA with 

increasing age. The discrepancy might be attributed to differences in the age, or the 

species investigated, with the age of the older mice in this study comparable to that of the 

younger rats in the previous report (59). Alternatively, the magnitude of the decrease in 

BBM Na+-pi cotransport in this study (23%) may have been insufficient to detect 

changes in Npt2 protein abundance and rnRNA; recall that the previous study observed a 

50% decrease in BBM ~ a - i  cotransport (59). . 



There has been some suggestion that the greater ~ a ' - P i  cotransport activity in the 

BBM of weaniing rats as cornpared to 3 month old rats is mediated by a growth-related 

~ a + - ~ i  cotransporter that is distinct, yet highly homologous to Npt2 (46). However, this 

putative growth-related ~ a ' - ~ i  cotransporter remains to  be identified at the molecular 

level. In this study, we establish that the compromised BBM ~ a + - P i  cotransport activity 

obsewed in Npt2 KO rnice is not age-dependent as it is in WT rnice Figure 1). The 

absence of an age-dependent decrease in renal BBM ~ a + - ~ i  cotransport in Npt2 KO mice 

suggests that the effects of a novel growth-related Pi transporter on Pi transport are either 

undetectable at weaning or require the presence of Npt2. We did not evaluate BBM ~ a + -  

Pi cotransport activity in Npt2 KO rnice prior to weaning. Previous accounts of age- 

dependent decreases in Npt2 protein abundance and Our observation of uniform BBM 

~ a ' - ~ i  cotransport in Npt2 KO mice at al1 ages examined provide unequivocal evidence 

that the age-related changes in Na+-pi cotransport in WT rnice can be attributed to 

changes in Npt2 gene expression. 

Previous studies indicate that Npt2 is the dominantly expressed renal Na+-pi 

cotransporter, accounting for approximately 84% of total cotransporter transcript in the 

murine kidney (19). RNaseH hybrid depletion studies suggest that Npt2 rnediates most 

renal ~ a + - ~ i  cotransport in the mouse (1 15). The current findings, along with a previous 

report fiom our laboratory (19) also suggest that Npt2 is a substantial contnbutor to renal 

BBM Naf-pi cotransport. Ablation of the Npt2 gene causes an 80-90% reduction in renal 

BBM Na+-pi cotransport depending on the age studied (Figure 6 and (93)). 

Given that the magnitude of Pi resorption proposed to be rnediated by Npt2 is 

large, and that the Npt2 KO mouse appears to have a relative1 y normal growth rate, it was 



of significant interest to evaluate the expression of Nptl, Glvr-1, and Ram-1 in the Npt2 

KO mouse. We wished to determine whether the expression of another renal I?af-pi 

cotransporter was upregulated upon the loss of Npt2. However, aside tiom a moderate 

increase in the mRNA abundance of Glvr-l in 1 15-day-old Npt2 KO mice relative to age- 

matched WT mice, there was no evidence of cornpensatory regulation f?om the other 

~ a - i  cotransporters. In fact, at 21 days of age, the renal mRNA abundance of Nptl, 

Glvr- 1, and  am-1 were al1 less in the NptZ KO mouse than that of the age-matched WT 

mouse. However, we obsenred significant age-dependent increases in the renal 

abundance of Nptl, Glvr-1, and Ram-1 mRNAs in the Npt2 KO mouse that were not 

uniformly observed in the WT mouse. In spite of increases in the renal mRNA 

abundance of these transporters, renal BBM Na'-pi cotransport was unchanged with age, 

and remained comprornised in the Npt2 KO mouse. 

Understandably, changes in rnRNA abundance need not reflect the abundance, or 

activity of BBM Na'-pi cotransporter protein. Thus, we quantified immunoreactive Npt 1 

protein in the BBM of WT and Npt2 KO mice (Figure 1 la). We did not observe any 

change in the expression of Nptl in Npt2 KO rnice. %le we attempted to quanti@ 

Glvr-l protein abundance on these same samples, we could not detect any 

immunoreactive protein in the BBM of either WT or Npt2 KO mice (data not shown). 

Although, Boyer et al. detected Glvr-1 protein in cmde kidney membrane preparations 

(64), the failure to detect Glvr-1 in PT BBMs is readily explained by the emerging 

hypothesis that Glvr-1 is not located on the apical membrane. There are several lines of 

evidence to support this, including the data we present here. While the distribution of 

Glw-1 is tissue ubiquitous (19,63), its expression relative to other ~ a + - ~ i  cotransporters 



in the kidney is fairly insignifiant (cl%)). The afIinity of Glvr-1 for Pi is -10-fold 

greater than that of Npî2 (Glvr-1: 10 p M  vs. Npt2: 100 IrM), and it is regulated by 

extracellular Pi (65). Furthemore, the primarily identified function of Glvr-1 was that of 

a blood-borne viral receptor (1 16). Taken together, these properties suggest that Glvr-1 

may in fact be located on the basolateral membrane. As such, Glvr-1 would not be 

involved in renal Pi resorption, but function in the capacity of a housekeeping transporter 

to meet the cellular metabolic requirernent of Pi in the ivent of insufficient filtered Pi. 

The increase in the renal mRNA abundance of Glvr-1 that is observed in 115-day-old 

Npt2 KO mice might reflect an increased cellular need for Pi in the hypophosphatemic 

state. 

At this point, it is worth emphasizing that the measurement of BBM P i  transport 

activity isolates and demarcates renal Pi transport in the PT cells oniy, whereas, the 

quantification of mRNA abundance is more global, describing the kidney as a whole. 

Thus, while we were able to measure Pi resorption at the PT, our methodology does not 

take into account the activity and the regulation of more distally located ~ a f - P i  

cotransporters. 

Nptl, GIw-1, and Ram-1, but not Npt2, are also expressed in the distal tubule 

(1 17). Na% cotransport in immortalized munne distai convoluted tubule (MDCT) celis 

is regulated differentially fiom that in the PT: Pi transport is stimulated with low pH, and 

is not aitered by PTH. Pi uptake, however, is also stimulated by extracellular Pi 

concentration (1 18-120). The relative mRNA abundance of Nptl compared to Glvr-1 

and Ram-l as assessed by RPA is 0.17, 0.41, and 0.43, respectively (1 17), and 

preincubation of MDCT cells with Nptl antisense oligonucleotides indicated that in these 



cells -20% of Pi uptake appears to be mediated by Nptl (117). We did not observe an 

increase in BBM Nptl protein in the Npt2 KO mouse. Thus, the observed increase in 

Nptl mRNA abundance might reflect changes in the expression and activity of more 

distally located Nptl protein, which could lead to an increase in Pi transport in the distal 

nephron of Npt2 KO mice that we would not have detected. However, this, and another 

study have shown that the abundance of Nptl  protein was not increased in response to Pi 

deprivation (refer to Figure lla)(16). Whether Npt2 gene ablation itself is sufficierit to 

cause an increase in Nptl protein in the distal tubule is not known. If Glvr-1 and Ram-1 

are indeed located on the basolateral membrane of the cell, then increases in distal tubule 

mRNA abundance of these type IIl transporters are extraneous to Pi reabsorption. It is of 

interest to determine what other ~a'-Pi  cotransporter(s) rnediate the distal tubule Pi 

transport that is not attributable to Nptl (Le. the remaining 80%), particularly since Nptl 

appears to have multiple activities that may outweigh its action as a Pi transporter. 

In addition to PT BBM localization, Nprl has been identified at the basolateral 

(sinusoidal) membrane of murine hepatocytes (21). Nptl has capacity to transport B- 

lactam antibiotics (22) and Cl- (23) in addition to Pi. Nptl is not regulated by 

extracellular or  dietary Pi (16), whiIe its expression is regulated by gIucose, insulin, and 

glucagon (20). The regulation of Nptl by PTH has not been documented. It is quite 

possible that Nptl does not contnbute significantly to Pi homeostasis. To Iùrther 

characterize the role of Nptl in Pi homeostasis, the murine Nprl  gene has recently been 

cloned with the intention to disrupt the Nptl gene in mice through homologous 

recombination (12 1). 



We conclude that Npt2 is primarily responsible for the age-related decline in 

BBM ~ a ' - P i  cotransport observed in the WT mouse, and confirm the significant 

contribution of  Npt2 to renal Pi handling. In addition, we find that age-dependent 

increases in the renal abundance of Nptl, Glvr-1, and Ram-1 do not compensate for the 

Ioss of hrpf2. 

11.3 ROLE OF Npt2 IN THE RENAL ADAPTfVE RESPONSE TO DIETARY Pi 
DEPRIVATION 

nie role of Npt2 in the renal BBM response to low Pi diet is well-established 

(6,18,39,42,122). In agreement with previous studies, this study founi that Pi deprivation 

of WT mice elicited a 3.4 fold increase in BBM ~a ' -P i  cotransport, a similar increase in 

Npt2 protein, and an increase in Npt2 mRNA abundance. In contrasî, Npt2 KO mice 

were unable to mount an adaptive response to low Pi diet, reinforcing the notion that 

Npt2 is essential to the BBM adaptive response to low Pi diet. 

The effects of low Pi diet on the abundance of Nptl, Glvr-2, and Ram-1 mRNAs 

were examined in WT and Npî.2 KO mice. Pi restriction caused an increase in the 

abundance of renal Nptl mRNA in both genotypes. Previous studies in Our lab have not 

documented a similar increase in normal mice (19). However, in the current study, we 

did not observe a parallel increase in Nptl protein abundance in response to low Pi diet 

(Figure 1 la). As mentioned in the preceding section, we did not rneasure the effects of 

Npt2 KO or dietaiy Pi deprivation on distal tubule Pi transport. We do not know whether 

the increase in Nptl mRNA also reflects increase in Nptl protein abundance or 

activity in the distal portion of the nephron. 



Pi deprivation has been shown to stimulate an increase in Glvr-1 and Ram-1 

mRNA abundance and consequently Pi transport in rat 208F fibroblasts (62), and to 

increase Ram-l mRNA abundance in a variety of human ceil lines (65). Chien et ai. 

demonstrated that under conditions of Pi deprivation, the observed increase in Ram-1 

mRNA abundance was post-transcriptionally mediated and could be attributed to an 

increase in mRNA stability (65). However, incubating OK cells in Pi fiee media has no 

effect on the protein abundance of type III ~ a - i  cotransporters (64), nor are Glvr-l or 

Ram-1 renal rnRNA abundance upregulated in Pi-deprived normal or Hjp mice (19). In 

the current study, we did not observe an increase in either Glvr-1 or Ram-1 M A  

abundance in either Pi-deprived WT or Nptî KO mice. 

It is interesting to consider the expression and activity of Npt2 in H p  mice under 

both normal and Pi-deprived conditions, and to compare these data with those of the 

current shidy to document the importance of NptZ to the adaptive response to Pi 

deprivation. Hjp mice are the munne homologue of the dominantly inherited human 

disorder, X-linked hypophosphatemia. Like Npt2 KO mice, H mice are 

hypophosphatemic, but the defect in Pi transport is secondary to a mutation in the Phex 

gene and a lack of Phex protein. Aithough the function of Phex is unknown, it aEects the 

expression and activity of Npt2, such that ~ a + - ~ i  cotransport, Npt2 protein abundance, 

and the renal abundance of Npt2 mRNA are al1 significantly decreased in the Hjp mouse 

(94). The limited renal Pi reabsorption in Hjp mice leads to semm Pi values about 65% 

of that of normal mice (19). 

Hyp mice are able to respond to low Pi diet with an increase iR BBM N&P~ 

cotransport that is mediated through an increase in BBM Npt2 protein (42). Aithough the 



increase in BBM ~ a + - P i  cotransport in response to low Pi diet is not as great as that in 

normal mice, the protein abundance of Npt2, relative to that of mepnn, increases to 

identical levels in normal and Hjp rnice. However, semm Pi in Pi-deprived Hjp mice is 

significantly lower than that in normal mice on the same low Pi diet (19). This suggests 

that in spite of having the ability to mount an adaptive response to d i e t q  Pi restriction, 

albeit blunted, H p  mice retain the finctional defect in ~ a + - ~ i  cotransport for u b o w n  

reasons (42). 

Conversely, Npt2 KO mice are devoid of the Npt2 protein and do not exhibit the 

adaptive increase in Na'-Pi cotransport in response to Iow Pi diet. However, serum Pi 

levels are similar in Pi-deprived WT and Np2 KO mice. The discrepancy in serum Pi 

between normal/WT, HP, and Npt2 KO mice may lie in the regulation of vitamin D 

metabolism. 

Thus, by cornparhg n o r m a W ,  Hp, and Npt2 KO rnice, we c m  conclude that 

the adaptive response to a Iow Pi diet requires the expression of Npt2 in the PT BBM. 

WT mice do not show increases in Nptl protein in response to low Pi diet, nor does Nptl 

protein abundance in Npt2 KO mice differ £kom WT rnice under control or low Pi dietary 

conditions. 

11.4 MECHANISM AND EFFECTS OF ELEVATED 1,25(OF1[)2D3 ON 
INTESTINAL ABSORPTION IN Npt2 KO MICE 

Npt2 KO mice are both hypophosphatemic and hypercalcemic. Both are normal 

systernic responses to dietary Pi deprivation. The primary cause of hypercalcemia in 

normal Pi-deprived rats has long been attributed to an increase in bone resorption 

(123,124) as opposed to a vitamin D-dependent increase in intestinal Ca absorption (125). 



We previously showed that Npt2 KO mice are still hypophosphatemic and hypercalcemic 

when compared to WT rnice at 5 months of  age, yet their bone phenotype has improved 

by this time (93). The improvements in the bone phenotype of the Npt2 KO mouse do 

not support the suggestion that the observed hypercalcemia is mediated by excessive 

bone resorption. With the imowledge that Npt2 KO mice have elevated serum 

1,25(OH)2D3, we investigated the possibility of vitamin-D dependent intestinal Ca 

hyperabsorption as the cause of the hypercalcemia in these mice. 

Under conditions of Pi deprivation serurn Pi values in Hjp mice are lower than 

those of normal rnice, whereas serum Pi in Npt2 KO mice is equivalent to the WT mice- 

The differences in serum Pi values in Pi-deprived normal/WT, Hjp, and Npt2 KO mice 

could reflect the appropriate or inappropriate regulation of 1,25(Oa2D3. The Ca load 

test provided evidence that Npt2 KO mice experience vitamin D-mediated intestinal Ca 

hyperabsorption. In the absence o f  food, Nptî  KO rnice are not hypercalciuric (Figure 

13a), demonstrating that available dietary Ca and its intestinal absorption are necessary 

for hypercalciuria in the Npt2 KO rnice. 

Ln noma1 mice, Pi restriction causes a decrease in serum Pi, which in tum leads to 

an adaptive increase in the synthesis of 1,25(OH)2D3 by renal la-hydroxyIase (126,127)- 

This in tum, causes an increase in semm 1,25(OH)2D3 levels (128) which stimulates 

intestinal Ca (129) and Pi (129,130) absorption. In spite of the physiological adaptations 

that ensue to maintain Pi homeostasis (Le. an NptZmediated adaptive increase in BBM 

~a+-3?i cotransport), senim Pi remains depressed in Pi-deprived normal mice (Table 3) 

(19,42). At the same time there is vimtally no Pi excreted in the unne (Table 3)(129). 



In contrast to the normal response, Hjp mice fail to elicit an appropriate increase 

in 1,25(OH)zD3. Under normal dietary Pi conditions Hjp mice have elevated levets of 24- 

hydroxylase activity (1 0 1) which leads to decreased levels of circulating 1 ,ZS(OH)2D3 by 

increased catabolism. Pi-deprived H p  rnice demonstrate a fùrther increase rend 24- 

hyroxylase activity (128), 24-hydroxylase immunoreactive protein, and mRNA 

abundance (13 l), resulting in a further decrease in serum 1,25(OK)2D3 (128). 

We previously reported that 1,25(OH)2n is elevated in Npt2 KO mice under 

normal dietary conditions (93). This study and ongoing studies in Our lab indicate that the 

abundance of la-hydroxylase mRNA is increased, and 24-hydroxylase mRNA is 

decreased in Npt2 KO rnice (Table 4). These directional changes in mRNA abundance 

are opposite to those observed in the Hjp mouse, and promote the increase in serum 

1,25(0H)2D3 observed in Npt2 KO rnice. 

In sumrnary, Pi-deprived Hjp mice demonstrate the adaptive increase in BBM 

Naf-pi cotransport but lack the appropnate regulation of 1 ,25(OH)2D3, whereas, Npt2 

KO mice cannot mount the adaptive BBM response, but demonstrate the correct 

regdation of 1,25(OH)2D3 (Table 7). 

Table 7 
Renal BBM and vitamin D adaptive response to Pi-deprivation in 
NormaVWT, Hyp, and Npt2 KO mice. 

1,25(OH)zD3 hydro'cylase hydro.uylase 
Normal or  WT mice -r T 'r 4 
Hyp mice T - - T 
Npt2 KO mice - T ? A 



The eEects of fasting and oral Ca Ioading on urine PiKr and MgKr were also 

measured in WT and Npt2 KO mice. Both genotypes experienced an increase in unnary 

Pi excretion when fasted, a phenornenon that has been previously documented (20,132). 

Although an increase in urinary Pi excretion seems counterintuitive to the conservation of 

Pi, there are additional metabolic changes associated with fasting that alter the renal 

handling of Pi reabsorption. Metabolic acidosis has been shown to contribute to the 

increase in Pi excretion that is associated with fasting (132). Fasting has been found to 

decrease renal Pi resorption via the down-regulation of renal tubular ~ a * - ~ i  cotransport 

activity and renal Nptl mRNA in the rat (20). In contrast to a low Pi-diet, fasting neither 

upregulates renal Nac-pi cotransport (133) nor affects Npt2 gene expression in the rat 

(20). Thus, it is not entirely surpnsing that both WT and Npt2 KO mice experienced a 

similar response to fasting. 

Approximately 97% of filtered Mg is reabsorbed in the renal tubules; 25-30% in 

the proximal tubule, 60- 65% in the thick ascending limb of the loop of Henie ( T m ,  

and 5% in the distal tubule. Mg absorption from the small intestine does not appear to be 

influenced by PTH, calcitonin, or 1,25(0H)2D3 (134). Both hypercalcemia and Pi 

depletion inhibit the reabsorption of Mg in the TALH (135). Perhaps this explains the 

slight elevation in urine MgKr at baseline in Npt2 KO mice in cornparison to WT mice. 

Although urine Mg/Cr is elevated with fasting in both genotypes, urine MgKr does not 

vaty significantly between the genotypes under the examined dietary conditions. This 

supports the notion that the regdation of Ca and Mg homeostasis occurs by different 

mechanisms- 



11.5 EFFECT OF AGE AND Npt2 GENE ABLATION ON THE SKELETAL 
EXPRESSION OF Glvr-1, OSTICOCALCXN, AND Phex mRNAS 

GLvr-1, osteocalcin, and Phex are expressed in the bone. Although the finction of 

these genes in bone is not fully identified, their expression has been associated with 

different stages of bone development a d o r  mineralization. In this study we determined 

the eEects of Npt2 KO and age on Glvr- 1, osteocalcin, and Phex rnRNA abundance. 

I l -5 .1  G h - 1  

There is evidence for Glvr-1 expression in bone (19), and it has been identified in 

human osteoblast-like cells, SaOS-2 (136). The pH dependence of osteoblast Pi transport 

and that of Glvr-1 are similar (79, and osteublastic Pi transport is thought to be important 

for the initiation of bone matrix calcification. However, more recently, an in vivo mode1 

of endochondral bone formation failed to detect Glvr-1 in osteoblasts (76). Therefore, it 

is likely that there are other, as yet unidentified, Pi transporters that are expressed in 

osteoblasts and mediate Pi transport in these cells. 

As indicated above, in vivo expression of Glvr- 1 during embryonic endochondral 

bone formation was detected in mouse metatarsal sections by in situ hybridization (76). 

Expression of Glvr-l was confined to populations of hypertrophic chondrocytes involved 

in the active mineralization of bone matrix, but was not observed in either fuIly 

differentiated chondrocytes or in osteoblasts (76). Glvr-1 expression in the chondrocytes 

was isolated to a subpopulation that localized to the rnineralization zone, suggesting that 

Glvr-l may be involved in matrix calcification (76). While there is no data on the 

patterns of Glvr-1 expression in bone afier birth, we found that in both WT and Npt2 KO 

mice, there is a significant decrease in Glvr-1 mRNA abundance between 21- and 1 15- 

days of age (Figure 1 Sa). Glvr-1 expression was the same in both WT and Npt2 KO mice 



at 21- and at 11Edays of age, however at 45-days of age Glvr-1 expression was 

significantly reduced in Npt2 KO mice (Figure 15a). The reason for altered Glvr-1 

expression at 45-days of age in Npt2 KO mice is not clear. However, it is between 21- 

and 115-days of age that the age-dependent changes in the bone phenotype of the Npt2 

KO mouse occur (93). Altered Glvr-1 expression in Npt2 KO rnice at 45-days of age 

may reflect the number of hypertrophie chondrocytes present in the zone of 

mineralization andor those that are active in the mineraIization process. 

11.5- 2 Osteocalcin 

Osteocalcin is an extracellular matrïx protein that is synthesized by fully 

differentiated osteoblasts and chondrocytes (137). The protein binds calcium, has a 

strong affinity for hydroxyapatite, and its secretion by osteoblast cells coincides with 

mineralization in osteoblast cultures and developing bone (84,86,137-139). Thus, the 

measurement of serurn osteocaIcin has traditionally been used as an indicator of bone 

formation. Changes in the abundance of murine osteocalcin rnRNA abundance appear to 

reflect changes in osteocalcin protein, as demonstrated by comparable effects of 

1,25(OH)2D3 on both osteocalcin rnRNA abundance and serum osteocalcin (84). 

We show that the mRNA abundance of osteocalcin decreased with age in WT 

mice (Figure 15b), thus correlating with the rate of bone formation (Figure 18). 

However, osteocalcin M A  abundance also decreased with age in Npt2 KO mice, but it 

did not correlate to BFR. The increase in BFR observed in Npd KO mice has been 

partially attnbuted to an intrinsic defect of the osteoclast and decreased bone resorption, 

which may uncouple the relationship of osteocalcin gene expression and BFR. 



As with the expression of Glvr-1, Npt2 KO mice experienced a significant 

decrease in the mRNA abundance of osteocalcin in cornparison to WT mice at 45 days of 

age. At this time, we are unable to determine whether the decrease is mRNA abundance 

accurately reflects osteocalcin protein abundance, and if so, the specific cause or the 

effect of limited osteocalcin production at 45-days of age on the bone phenotype of Npt2 

KO mice. 

11.5.3 Phex 

Recently, Phex expression has been localized to human osteosarcorna-denved 

MG63 osteoblasts (go), differentiated MC3T3-El osteoblasts (90,92), and in murine 

osteoblasts and odontoblasts fiom embryonic day 15 forward (78). The timing and 

localization of Phex expression correlates strongly with the stage of osteoblast 

developrnent and possibly matrîx mineralization (78,90,92). In agreement with Ruchon 

et a1.(78), we found that Phex mRNA abundance was decreased in older mice as 

compared to younger mice. The age-related decline in f hex expression was observed in 

both WT and Npt2 KO mice. 

As with the osteoblast-specific expression of osteocalcin (84-86), Phex is 

negatively reguiated by 1,25(OH)2D3 (92). Thus, we can propose that the differences in 

abundance of osteocalcin and Phex mRNAs in Npt2 KO mice at 45 days of age may be 

due to differences in the level of circulating 1,25(0H)2D3, perhaps in combination with 

other developmental changes that occur at or around 45 days of age. Whether Glvr-1 is 

controlled by vitamin D in a similar manner is not known. 



11.6 EFFECT OF AGE AND NPT2 KO ON BONE HISTOMORPHOMETRY 
AND EISTOLOGY 

Clearly, there are significant differences in the rend handling of Pi and of Ca in 

Npt2 KO mice in cornparison to WT mice. Alterations in renal Pi and Ca reabsorption 

can have significant effects on Ca and Pi homeostasis and, in tum, on the bone 

phenotype. As mentioned earlier, Pi-deprivation induces osteoclast-mediated bone 

resorption in a vitamin D dependent manner, and an increase in the number and size of 

actively resorbing osteoclasts (140). Beck et al. showed that the Npt2 KO mouse is 

chronically hypophosphatemic and exposed to high levels of 1,25(OH)~D1 (93). 

However, we found that osteoclast number is not increased in the Npt2 KO mouse, and 

the improvement of the bone phenotype is inconsistent with increased osteoclast bone 

resorption. 

We examined the age-dependence of the bone phenotype of the Npt2 KO mouse. 

Histological and histomorphometnc analysis reveaied striking differences between WT 

and Npt2 KO mice. The pnmary finding was a significant reduction in osteoclast index 

at both 21 and 115-days of age (Figure 16a). While the mechanism for this finding is not 

fûlly understood, the identification of Npt2 in the osteoclast (manuscript in preparation) 

strongly suggests that Npt2 is necessary for normal osteoclast performance. Despite the 

surplus of circulating 1,25(OH)2D3 in Npt2 KO mice, osteoclasts do not appear able to 

proliferate appropnately without Npt2. It has been suggested that an osteoclast Pi 

transporter, such as Npt2, might be necessary to ensure that the ATP/energy requirement 

of the osteoclast is met during the processes of migration, attachment, and resorption 

(3 5). 



The ruffied border of the  osteoclast is a highly acidic environment due to the 

protonation required to dissolve bone mineral. The resulting acidic environment is not 

optimal for Npt2-mediated Pi transport since the affinity of Npt2 for Pi is significantly 

reduced at acidic pH (3 1). Thus, the basolateral localization of osteoclast Npt2 might be 

predictable. Gupta et al. (35)recently characterized Pi transport in the osteoclast, and 

identified an Npt2 immunoreactive protein that translocated to the basolateral membrane 

of the polarized resorbing osteoclast. 

The decrease in osteoclast index of Npt2 KO mice suggests that the lack of Npt2 

in the osteoclast rnay prevent proper osteoclast proliferation or cause early apoptosis. 

Decreased Pi uptake may prevent the osteoclast fiom meeting normal cellular metabolic 

requirements, and lead to a decrease in osteoclast number. The effects of Npt2 gene 

ablation and decreased osteoclast number are evident in the measurement of osteoclast 

eroded perimeter. Osteoclast-mediated bone resorption was significantly decreased at 

25-days of age in cornparison to WT mice. However, while bone resorption remained 

constant with age in NptZ KO mice, it decreased with age in the WT mice, making the 

rate of bone resorption in WT and Npt2 KO rnice equal by 115 days of age. During this 

time MAR remained constant in both WT and Npt2 KO rnice (Table 6). Disrupting the 

relationship of bone resorption and bone formation in the Npt2 KO mouse increased the 

BFR as compared to WT mice by 115 days of age (Figure 18). 

The situation in the H m  mouse mode1 differs fiom that in the Npt2 KO mice. In 

the H y p  mice there is a defect in osteoblast-mediated mineralization (for review, see 

(87)): These mice have an enlarged osteoid thickness of both the caudal vertebrae (141), 

and the calvaria (91). In contrast, Npt2 KO mice show no evidence of an osteoblast 



mineralization defect. Neither MAR or BFR are decreased in Npt2 KO mice in 

cornparison to age-matched WT mice. In fact, osteublast surface is increased in Npt2 KO 

mice at 115 days of age, and there is no evidence for increased osteoid thickness in Npt2 

KO rnice (data not shown). These findings tend support to the prevïously stated 

hypothesis that the Hp defect in bone mineralization is due to an intnnsic osteoblast 

defect in addition to a hypophosphatemic environment. However the results do not fully 

explain the failure of Nptî KO mice to have normal bone histology at weaning. In an 

effort to explain this, we suggest that in the balance of reciprocal osteoclast-mediated 

bone resorption and osteoblast-mediated minera1 apposition, the pnmary ARF cycle is 

more dependent on osteoclast resorption than subsequent ARF cycles. The initial ARF 

cycIe requires the resorption of the cartilage scaffold pnor to the initial deposition of 

mineral matnx by osteoblasts, while subsequent ARF cycles involve the resorption of 

mineralized bone matrix in order to remodel existing trabeculae. 

11.7 A MOUSE MODEL FOR A HURlAN DISEASE? 

When the biochemical phenotype of the Npt2 KO mouse was first described, we 

noted that it closely resembled that of the human disorder hereditary hypophosphatemic 

rickets with hypercalciuria (HHRH) (104). NPT2 had been a candidate gene for HHRH 

due to the renal phosphate wasting phenotype characteristic of HHRH (104) and the 

demonstration that al1 pathological abnormalities (except the defect in Pi reabsorption) 

are corrected by Pi supplementation (104). The biochemical features of the Npt2 KO 

mouse seemed to support this (93). However, there appeared to be distinct discrepancies 

in the human and murine bone phenotypes, namely that the bone phenotype of Npt2 KO 

mice improved with age, where no improvements had been reported in untreated HHRH 



patients. Moreover, histologically, the bone phenotype of HHRH is characterized by 

wide osteoid seams, irregular mineralization fronts, and single wide tetracycline bands 

upon Iabelling (104), a description typical of osteornalacia. In contrast, this study 

provides concrete evidence that the Npt2 KO mouse does not display osteomalacic bone 

disease. Npt2 KO mice show normal to increased mineralizing surface, distinct double 

labels, and no increase in osteoid (preliminary data, data not shown). Furthermore, single 

stranded corkmnation polymorphisrn (SSCP) and direct sequence analysis of DNA 

samples from the Bedouin HHRH pedigree originally reported by Tieder et al. (104) 

show no mutations in the exons of the M T 2  gene (142). At this time, there does not 

appear to be a hurnan disease that is homologous to the Npt2 KO rnouse. 

11.8 FUTURE STUDIES 

There remain many aspects of the Npt2 KO mouse to be investigated at the renal, 

intestinal, and skeletal levels. As PTH is another important regulator of renal Pi 

resorption that mediates its effects through Npt2, it would be of considerable interest to 

determine the effects of PTH on renal Pi resorption in the Npt2 KO mouse. For similar 

reasons, the effect of a diet high in Pi on the biochemical and renal features of the Npt2 

KO rnouse would also be of interest. We have yet to thoroughly examine the gross 

effects of Npt2 KO on renal histology, either. In addition, this study focused on renal PT 

Pi transport, and did not take into account Pi transport in more distal segments of the 

nephron. It would be informative to determine whether the Npt2 KO mouse exhibits 

adaptive properties in the distal tubule in response to chronic hypophosphaternia. 

The intestinal phenotype of the Npt2 KO mouse requires more clarification. 

Functional studies on intestinal Ca and Pi resorption in WT and Npt2 KO mice would 



corroborate the evidence that we provide in this study for intestinal Ca hyperabsorption in 

the Npt2 KO mouse. A multitude of molecular studies could examine the expression of 

genes implicated in intestinal Ca andor Pi reabsorption in the GI tract, such as ECaC (71) 

or  the type IIb ~ a + - ~ i  cotransporter (34). 

Finally, Our understanding of the bone phenotype of the Npt2 KO mouse is still in 

its infancy. Although we have evidence that the osteoclast defect observed in the Npt.2 

KO rnouse is the direct consequence of osteoclast Net2 gene ablation, we do not 

understand the mechanism by which this affects osteoclast number. Osteoclast formation 

assays would help us determine whether osteoclast formation nom precursor cells is 

compromised, or whether the osteoclasts of Npt2 KO mice undergo enhanced rates of 

apoptosis. In this study we exarnined a tightly defined range of ages. We are thus 

unaware of the long-terrn effects of Npt2 gene ablation on bone remodelling, and the 

differences in the bone phenotypes of the aged WT and Npt2 KO mouse. 

12 SUMMARY AND CONCLUSIONS 

This study succeeded in characterizing some of the salient features of Pi 

homeostasis in the Young, and aging mouse, and the consequences of ablating the 

predominant renal ~ a + - ~ i  cotransporter, Npt2. Aithough the kidney is the major 

determinant of Pi homeostasis, dietary Pi intake, intestinal Pi absorption, and bone Pi flux 

are also important mediators of Pi homeostasis. In addition, physiological changes that 

attempt to nomalize Pi Ievels have an impact the homeostasis of other rninerals, çuch as 

Ca, and have the potential of affecting normal skeletal growth. 

The Npt2 KO mouse served as an excellent mode1 in which to demanstrate that 

the age-dependent decline in renal ~ a + - ~ i  cotransport in the WT mouse is dependent 



primarily on a decrease in Npt2 gene expression; Npt2 KO rnice showed no age-related 

decline in renal ~ a + - ~ i  cotransport. This mouse mode1 also allowed us to wnclude that 

Npt2 is essential to  the normal adaptive increase in renal BBM ~ a + - ~ i  cotransport in 

response to dietary Pi restriction. We have also established that the other known renaI 

~ a + - ~ i  cotransporters are unable to compensate for the loss of Npt2 during growth, or 

dunng Pi deprivatiori. 

With respect to the distinctive bone phenotype of the Npt2 KO mouse, we have 

made the observation that contrary to the normal osteoclast response to 

hypophosphaternia, the Npt2 KO mouse exhibits a decrease in osteoclast number and 

resorptive capacity. We also provide considerable histological and histomorphometnc 

evidence that allow us to conclude that the Npt2 KO mouse does not display the 

characteristics of  osteomalacia and/or rickets. This, in tum, builds upon the growing 

evidence that NPT2 is not a candidate gene for HHRH. Although Npt2 KO mice are 

hypophosphatemic, neither mineral apposition rate, nor mineralizing surface are 

impaired. We are currently unable to speciG the exact mechanism of reduced osteoclast 

number, however, we explain the age-dependent bone phenotype in the Npt2 KO mouse 

as a consequence of limited bone resorption coupled with normal or increased bone 

formation. In addition, at the skeletal level, Npt2 KO rnice appear to be resistant to many 

of the consequences associated with aging and bone remodeling that are observed in the 

WT mouse. 

We provide evidence that there is significant Ca hyperabsorption occurring in the 

in the intestine of the Npt2 KO mouse. Given the paucity of osteoclasts, and the 

respective increase and decrease in the mRNA abundance of the vitamin D synthetic and 



catabolic enzymes, fa-hydroxylase and 24-hydroqlase, we conclude that the 

hypercalciuria and hypercalcemia associated with Npt2 gene ablation are primarily 

dependent on vitamin D-mediated intestinal Ca absorption. 

The sum of these results supports the concept that Npt2 is cnicial to normal Pi 

homeostasis. Furthemore, these data demonstrate that Npt2 gene ablation has an impact 

on the integrated hnctions of the intestine, kidney, and bone in both Pi and Ca 

homeostasis. 
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