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Abstract

Phenotypic heterogeneity in X-linked hypophosphatemic
rickets (XLH) is ascribed to variable penetrance of the genetic
abnormality. However, studies of hypophosphatemic (Hyp)
and gyrorotary (Gy) mice indicate that mutations at different
loci along the X chromosome may underlie the genetically
transmitted hypophosphatemic disorders. Thus, genetic heter-
ogeneity may be a determinant of the phenotypic variability in
XLH. To determine if such variance includes biochemical di-
versity, we examined whether Gy mice, similar to Hyp mice,
exhibit abnormal regulation of renal 25-hydroxyvitamin D
(25[OHJD)-1a-hydroxylase. Serum phosphorus in Gy
(4.7±0.3 mg/dl) and phosphate (P)-depleted mice (4.9±0.4)
was significantly less than normal (8.4±0.5). Consistent with P
depletion, the Gy mice exhibited enhanced renal 25(OH)D-
la-hydroxylase activity (9.3±0.6 fmol/mg kidney per min),
similar to that of P-depleted normals (9.1±1.5), but signifi-
cantly greater than that of controls (3.1±0.3). Such normal
enzyme responsiveness was confirmed upon PTH stimulation
(1 IU/h s.c.), which revealed that Gy mice increased renal
1-hydroxylase (59±7.7) similarly to normals (65±7.7) and P-
depleted animals (58.4±7.8). Calcitonin administration also
enhanced enzyme function comparably in the animal models.
Evidence confirming normally responsive calcitriol production
in untreated Gy mice included increased serum 1,25-dihy-
droxyvitamin D levels, gastrointestinal calcium absorption,
and urinary calcium. The normally regulated vitamin D metab-
olism in Gy mice indicates that biochemically diverse disease
may result from mutations in the gene family regulating renal
P transport and underlying X-linked hypophosphatemia. We
suspect such heterogeneity is due to altered P transport at
variable segments of the proximal convoluted tubule. (J. Clin.
Invest. 1990. 85:334-339.) calcitriol - hypophosphatemia.
rickets

Introduction

X-linked hypophosphatemic rickets/osteomalacia (XLH)' is
the prototypic form of vitamin D-resistant disease in man.
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1. Abbreviations used in this paper: Gy, gyrorotary; Hyp, hypophos-
phatemic; i, immunoreactive; 25(OH)D, 25-hydroxyvitamin D;

Since its initial description in 1937 (1), a remarkable pheno-
typic heterogeneity has been observed in patients with this
disorder (2-5). In general, such heterogeneity has been
ascribed to variable penetrance of the genetic abnormality
(6-8). However, recent studies of hypophosphatemic (Hyp)
and gyrorotany (Gy) mice, murine homologues of the human
disease, indicate that mutations at two distinctly different loci
along the X chromosome, which regulate renal phosphate
transport, may underlie genetically transmitted hypophospha-
temic disorders (9). Accordingly, genetic heterogeneity may be
an additional determinant of the phenotypic variability char-
acteristic of XLH.

Whether such genetically determined variance includes
biochemical diversity, however, remains unknown. Prelimi-
nary studies by Lyon et al. (9) indicate that Hyp and Gy mice,
in fact, share similar abnormalities, such as hypophosphate-
mia and renal phosphate wasting. However, these investiga-
tions did not include examination of many of the classic bio-
chemical defects characteristic of XLH. In this regard, pre-
vious work has established that Hyp mice exhibit abnormal
phosphate/PTH regulation of renal 25-hydroxyvitamin D
(25[OH]D)- 1 a-hydroxylase activity (10-13). Thus, in the pres-
ent study we tested for the presence of genetically determined
biochemical heterogeneity by examining if Gy mice exhibit
disparately regulated calcitriol production. Our discovery that
Gy mice display normally regulated vitamin D metabolism
suggests that biochemically diverse hypophosphatemic dis-
orders may result from mutations in a gene family regulating
renal phosphate transport.

Methods
Animals
Normal B6C3H male mice and B6C3H heterozygous female Gy mice
obtained from the Jackson Animal Laboratories (Bar Harbor, ME)
were mated, and male and female weanling Gy mice obtained from the
resultant litters were identified by their characteristic phenotypic ap-
pearance and their serum phosphorus level (9) at 4-5 wk of age. Gy
mice of both sexes were used in our investigation since we found that
the biochemical expression of the Gy mutation is present to an almost
identical extent in females, despite the X-linked dominance of the
disorder. An equal number of male and female normal littermates
were also chosen. All animals received an appropriate diet (as de-
scribed below) and deionized water ad lib until study 4-5 wk later.

Experimental protocols
RENAL 25(OH)D-la-HYDROXYLASE ACTIVITY IN NORMAL,
GY, AND PHOSPHATE (P)-DEPLETED MICE
Basal function. In our initial investigations we assessed renal
25(OH)D-l1a-hydroxylase activity in age-matched normal and Gy
mice fed a diet containing 0.6% calcium and 0.6% phosphorus (Teklad

25(OH)D3, 25-hydroxyvitamin D3; 1 ,25(OH)2D, 1,25-dihydroxyvita-
min D; PCT, proximal convoluted tubule; P-depleted, phosphorus-
depleted; U.<, urine calcium; Ucr, urine creatine; XLH, X-linked hy-
pophosphatemic rickets/osteomalacia.

334 G. A. Davidai, T. Nesbitt, and M. K. Drezner

J. Clin. Invest.
(© The American Society for Clinical Investigation, Inc.
0021-9738/90/02/0334/06 $2.00
Volume 85, February 1990, 334-339



Co., Madison, WI), and P-depleted normal mice given an otherwise
identical ration with 0.02% inorganic phosphorus for 3 wk before
study. At the time of experiments mice (6-8 wk of age) were exsangui-
nated and dispatched, and the kidneys were excised for measurement
ofenzyme activity. Serum calcium, inorganic phosphorus, immunore-
active (i) PTH, and 1,25-dihydroxyvitamin D (1,25[OH]2D) were de-
termined for all groups.

PTH effects. In subsequent investigations we examined the effect of
PTH on renal 25(OH)D-l a-hydroxylase activity in the normal, Gy,
and P-depleted normal mice. To control the uniformity of the applied
stimulus, we used surgically implantable Alzet osmotic minipumps
(model 2001; Alza Corp., Palo Alto, CA) for continuous subcutaneous
infusion ofPTH. Bovine parathyroid extract (285 U/mg, Sigma Chem-
ical Co., St. Louis, MO) was dissolved in physiologic saline (0.9%
NaCI) containing 20 mg/ml cysteine hydrochloride. Minipumps were
filled with the PTH solution (I IU/gl) and immersed in saline for 24 h
before implantation to allow for equilibration ofpump flow rate. After
sodium pentobarbital anesthesia (65 mg/kg i.p.) the minipumps were
implanted subcutaneously in each of the groups through a small skin
incision in the dorsal lumbar region. The incision was closed with a
wound clip. In several experiments we determined that in normal, Gy,
and P-depleted mice anesthesia, sham operation, and infusion of vehi-
cle (saline or saline containing cysteine hydrochloride [20 mg/ml]) via
an osmotic minipump for 24 h did not alter the renal 25(OH)D- Ia-hy-
droxylase activity (e.g., 4±0.74 [untreated normals], 4.2±0.76 [sham-
operated, saline-infused normals], and 3.2±0.50 [sham-operated, sa-
line/cysteine hydrochloride-infused normals] fmol/mg kidney per
min) or the serum calcium or phosphorus concentration. Therefore,
controls in individual experiments were not routinely subjected to
anesthesia and sham operation. After 24 h the mice were exsangui-
nated and dispatched, and their kidneys were excised for measurement
of 1-hydroxylase activity. Serum calcium and inorganic phosphorus
were determined for all groups.

Calcitonin effects. In similar studies we investigated the influence of
calcitonin on renal 25(OH)D-la-hydroxylase activity in the normal,
Gy, and P-depleted mice. Human synthetic calcitonin (3,000 IU/mg,
Sigma Chemical Co.) in 0.9% NaCI was administered to the animals
via osmotic minipumps (as described above) at a rate of 2 IU/yl. After
24 h treated mice and appropriate controls were bled for serum bio-
chemical determinations and kidneys were removed for assay of 1a-
hydroxylase activity.

CALCIUM HOMEOSTASIS IN NORMAL, GY,
AND P-DEPLETED MICE
Gastrointestinal calcium absorption. To assess the physiologic effects
of 1,25(OH)2D in the normal, Gy, and P-depleted mice we measured
the gastrointestinal calcium absorption. We determined this variable
using an in situ loop technique (14) modified for the mouse. Nonfasted
mice were anesthetized and a longitudinal incision made to expose the
small intestine. The duodenal segment was ligated at the pylorus and
3-5 cm distally at the ligament ofTreitz. The loop was filled with a test
solution (0.07-0.10 ml) containing 90 mM calcium and the abdominal
incision was closed. After 60 min the loop was removed and the entire
loop and its contents were homogenized in 1 ml of deionized water.
The resulting homogenate was divided into two equal parts that were
used to measure calcium (15) and protein content (16), respectively.
We calculated the calcium absorption per milligram of protein since
the protein content correlated well with the varying duodenal loop size
in the groups examined. The amount of calcium absorbed from each
loop was determined by the equation, calcium instilled + tissue cal-
cium - calcium recovered in whole loop homogenate = calcium ab-
sorbed from the loop (milligrams/milligram protein). We determined
tissue calcium content in the duodenal segments of appropriate con-
trols.

Urinary calcium excretion. In subsequent studies we measured uri-
nary calcium excretion in normal, Gy, and P-depleted mice. In age-
and sex-matched groups of five mice, spontaneously voided urine was
collected three times daily. This procedure was repeated five times, 4 d
apart, and urine obtained from each group on a single test day was

pooled to provide adequate volume for the measurements. Data are

expressed as milligrams urine calcium (U,,)/milligrams urine creati-
nine (U,).

Analytical methodology
In vitro assay of murine renal 25(OH)D-Ja-hydroxylase activity. We
measured the maximum velocity of I a-hydroxylase in kidney homog-
enates by our previously described method (17). The assay used (a)
sufficient nonradioactive 25-hydroxyvitamin D3 (25[OHlD3) to main-
tain an optimal concentration for 1-hydroxylation (I17) while saturat-
ing the inhibitory factor present in mammalian renal homogenates
(I17); (b) a sample purification scheme consisting ofchloroform/metha-
nol (1:2) extraction of kidney homogenates, Sephadex LH-20 chroma-
tography of lipid extract, and HPLC (hexane/2-propanol, 90:10) of
purified lipid extract on a microporasil column (Waters Associates,
Millipore Corp., Milford, MA) to achieve resolution of the
1,25(OH)2D produced in vitro; and (c) a competitive protein-binding
assay (I 1, 17) for quantifying the hormone. We confirmed adequate
resolution of the reaction product by subjecting 50% of the fraction
collected from the microporasil column to rechromatography over a

C18-micro-Bondapak column (alcohol/water, 90:10; Waters Asso-
ciates). Samples from all experimental groups subjected to repurifica-
tion had measurable 1,25(OH)2D, 93.5±6.4% ofthat in fractions puri-
fied by the routine method and assayed. The failure of 19 nor-10
oxo-25(OH)D to interfere with the measurement despite its apparent
coelution with 1,25(OH)2D on the microporasil column is not surpris-
ing since this compound exhibits low crossreactivity with the binding
protein used in the radioligand assay.

Biochemical determinations. Biochemical measurements were

performed using previously established methods. Serum and U.<, were
analyzed using an atomic absorption spectrophotometer (model 272;
Perkin-Elmer Corp., Norwalk, CT), and serum inorganic phosphorus
by a colorimetric technique (I18). We assayed serum 1,25(OH)2D in a

competitive binding protein assay by a modification of previously
reported methods (19). The intra- and interassay coefficients of varia-
tion of the assay averaged 7.8 and 9.6%, respectively. Sensitivity of the
measurement is reproducibly 2 pg. which together with the average
sample recovery of 70% allows for measurement in triplicate of 12
pg/ml of serum. Ucr was measured by enzymatic analysis using Ekta-
chem single slide methodology (Eastman Kodak Co., Rochester, NY).
iPTH was quantified by a commercially available RIA kit (Immuno-
nuclear Corp., Stillwater, MN). The assay is a disequilibrium proce-
dure in which an antibody developed against the 44-68 region of
human PTH is used. The antibody has a well-characterized crossreac-
tivity with a reference standard derived from rat parathyroid gland
homogenates. The assay also crossreacts well with mouse PTH, allow-
ing measurements of normal amounts in untreated mice (61±2.3
pmol/liter), decreased levels in calcium-loaded animals (28±3.7), and
elevated concentrations in vitamin D-deficient mice (I 16±5.7).

Statistical methods
Data are expressed as mean±SE. We evaluated the data statistically
using paired t testing and analysis of variance (with appropriate a
posteriori multiple range comparison procedures) (20). The adequacy
of all statistical models was examined using residual plots, Bartlett's
test for homogeneity of error variance, and cumulative normality
probability plots.

Materials
Dr. Milan Uskokovic (Hoffman-La Roche, Nutley, NJ) kindly pro-
vided 25(OH)D3 for our studies. We purchased [3H] 1 ,25(OH)2D3 (92
Ci/mmol) from Amersham Corp., Arlington Heights, IL).

Results

Renal 25(OH)D-Ja-hydroxylase activity in normal, Gy,
and P-depleted mice
Basalfunction. At the time of study Gy and P-depleted mice
had serum phosphorus concentrations of4.7±0.3 and 4.9±0.4

Regulation of1-Hydroxylase in Gy Mice 335



mg/dl, values significantly less (P < 0.001) than that of nor-
mals (8.4±0.5 mg/dl), but not statistically different from each
other. In contrast, the serum calcium level of Gy (8.1±0.15
mg/dl) and normal mice (8.3±0.16 mg/dl) was significantly
less (P < 0.001) than that of the P-depleted mice (9.8±0.17
mg/dl). In accord, the serum iPTH concentration was no dif-
ferent in the normal (61±2.3) and Gy (60±2.5) mice, but sig-
nificantly less (P < 0.05) in P-depleted animals (45±3.5). Re-
gardless, consistent with the serum phosphorus levels, Gy mice
exhibited renal 25(OH)D-la-hydroxylase activity similar to
that of P-depleted mice and significantly greater than that of
normals (Fig. 1). In accord, the Gy and P-depleted mice mani-
fested elevated serum 1 ,25(OH)2D levels (Fig. 1).

PTH effects. Administration of PTH (1 IU/h s.c.) to nor-
mal, Gy, and P-depleted mice resulted in significant incre-
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ments of similar magnitude in the serum calcium concentra-
tions after 24 h (Fig. 2). Comparable increases of iPTH to
levels > 1,000 were also observed. In contrast, the serum phos-
phorus level in normal and Gy mice decreased significantly
but paradoxically increased in P-depleted animals (Fig. 2).
Nevertheless, PTH administration increased enzyme activity
in Gy mice eightfold to a level comparable to that achieved in
both normal and P-depleted mice (Fig. 3).

Calcitonin effects. In further experiments administration of
calcitonin (2 IU/h s.c.) to normal, Gy, and P-depleted mice did
not result in significant changes in either serum calcium or
phosphorus concentrations after 24 h. Similarly, no alterations
of serum PTH from baseline levels were observed after the
calcitonin infusion. However, normal, Gy, and P-depleted
mice responded to the standard calcitonin stimulus with a
significant enhancement of renal 25(OH)D- 1 a-hydroxylase
activity. More importantly, the level of enzyme activity
achieved after hormonal stimulation was identical in all of the
animal groups (Fig. 4).

Calcium homeostasis in normal, Gy, and P-depleted mice
Gastrointestinal calcium absorption. In accord with an appar-
ent enhanced 1 ,25(OH)2D production in the basal state, Gy
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Figure 1. Regulation of vitamin D metabolism in normal, Gy, and P-
depleted mice under basal conditions. A, Serum 1,25(OH)2D concen-
tration in pooled samples from the various animal models. Each bar
represents the mean±SE of nine individual samples of I ml volume.
B, Renal 25-(OH)D- Ia-hydroxylase activity of normal, Gy, and P-
depleted mice. All samples were incubated for 20 min at 37°C with
80 ,M 25(OH)D3 provided as substrate. Each bar represents the
mean±SE of at least eight individual determinations.

NORMAI GY 13 DIM I It D

Figure 2. Serum calcium (A) and inorganic phosphorus (B) concen-
trations of normal, Gy, and P-depleted mice before and 24 h after
continuous subcutaneous administration of I IU/h parathyroid ex-
tract. In each mouse model the significance of the differences be-
tween pre- and postinfusion serum calcium and phosphorus concen-
trations was assessed by the paired t test. Each bar represents the
mean±SE of at least seven separate determinations.
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Figure 3. Renal 25(OH)D-Ia-hydroxylase activity of normal, Gy,
and P-depleted mice after continuous subcutaneous infusion of I
1U/h parathyroid extract for 24 h. All samples were incubated at
370C with 80 1M 25(OH)D3 provided as substrate. Data were ana-
lyzed by two-way analysis of variance and the Bonferroni multiple
range comparison test. Each bar represents the mean±SE from at
least seven individual determinations.

and P-depleted mice exhibited increased gastrointestinal cal-
cium absorption compared with that in normals. Indeed, the
activity maintained in the Gy mice (9.9±1.5 mg/mg protein)
was no different than that displayed by P-depleted animals
(9.2±0.8), but fully threefold greater (P < 0.01) than that ob-
served in the normals (3.2±0.1).

Uca excretion. Consistent with the increased gastrointesti-
nal calcium absorption, Gy and P-depleted mice exhibited a
significant elevation of Ua,, excretion compared with that of
normals. In this regard the Uca/U,. in Gy mice (0.20±0.030)
was twofold greater (P < 0.01) than the observed value in
normals (0.09±0.0 10) but significantly less (P < 0.05) than
that in P-depleted mice (0.29±0.018).

Discussion

The paradoxical occurrence ofhypophosphatemia and normal
serum calcitriol levels in patients with XLH (19, 21, 22) sug-
gests that aberrant regulation of renal 25(OH)D-la-hydroxy-

2E- P'C<001I vCO<C <oo0 Figure 4. Renal

25(OH)D-la-hydroxy-
20 - lase activity of normal,

Gy, and P-depleted
mice after continuous
subcutaneous infusion
of 2 IU/h synthetic
human calciton for 24
h. All samples were in-

5 - cubated at370Cwith
80 AM 25(OH)D3 pro-
vided as substrate. Data

-ON:N 0 2.0 o 2 0 C 20 were analyzed by two-
way analysis of variance

and the Bonferroni multiple range comparison test. Each bar repre-
sents the mean±SE from at least five individual determinations.

lase activity is a feature of this vitamin D-resistant disease.
Indeed, studies in Hyp mice have established such defective
regulation and indicate that the abnormal function is confined
to a P/PTH-responsive enzyme that may be localized to the
proximal convoluted tubule (PCT; 10, 11, 23), the site of the
abnormal phosphate transport (24-26) characteristic of the
disorder. While anatomic evidence for enzyme localization has
not been obtained in the mouse as it has in the rat (27, 28) and
fetal rabbit (29), these observations do suggest that the aber-
rant vitamin D metabolism in XLH is probably an acquired
defect dependent on the disturbance in phosphate transport
and consequent alterations of the intracellular milieu (23, 30).
Therefore, the recent observation that altered renal P transport
in Hyp and Gy mice is due to independent mutations in a
family of genes on the X chromosome (9) raises significant
questions regarding the ubiquity ofthe acquired defect in vita-
min D metabolism in these genetic variants of the hypophos-
phatemic disorder.

Thus, we undertook the work documented in this report to
study the regulation of renal 25(OH)D-la-hydroxylase in the
Gy mouse. In our investigations we observed normal regula-
tory control of enzyme activity in these mutants. Conse-
quently, a similar degree of phosphate deficiency (hypophos-
phatemia) in Gy and P-depleted animals under basal condi-
tions resulted in an equivalent (approximately threefold)
increment of renal 25(OH)D-la-hydroxylase above that
maintained in normal mice (Fig. 1). In addition, after 24 h of
PTH infusion (1 IU/h), kidney homogenates from Gy mice
exhibited an increase ofenzyme activity to a level no different
from that attained in similarly treated normal and P-depleted
animals (Fig. 3). Moreover, these PTH-mediated changes oc-
curred in association with equivalent increments in both
serum calcium (Fig. 2) and iPTH in each animal model, con-
firming that the observed alterations represented response to a
uniform stimulus. Collectively, these data indicate that renal
25(OH)D-l a-hydroxylase activity in the Gy mouse model of
XLH is normally regulated by factors that probably regulate
enzyme function in the PCT. These observations are in sharp
contrast to those previously reported in Hyp mice (10-12).

However, similar to the Hyp mutant (23), Gy mice also
displayed normal calcitonin regulation of enzyme activity
probably localized in the proximal straight tubule. In this re-
gard, after hormone infusion (2 IU/h) for 24 h, renal homoge-
nates from Gy, normal, and P-depleted mice exhibited en-
hancement of 25(OH)D-l a-hydroxylase to equivalent levels
(Fig. 4). Moreover, these changes occurred in the absence of
any calcitonin-induced alteration in serum calcium, phospho-
rus, or iPTH, factors that might independently modulate the
enzyme activity.

We confirmed the apparent normal regulation of renal
25(OH)D- 1 a-hydroxylase in Gy mice by investigation of cal-
cium homeostasis. In this regard, Gy mice under basal condi-
tions maintained an elevated serum 1,25(OH)2D level (Fig. 1).
However, the circulating concentration of this active vitamin
D metabolite was not as great as that sustained by P-depleted
animals. This difference may be due to variable 1,25(OH)2D
metabolism in the Gy and P-depleted mice, or to an as yet
undetermined factor. In any case, Gy mutants in accord man-
ifested enhanced gastrointestinal calcium absorption, an ab-
normality consistent with increased 1,25(OH)2D production
and elevated serum calcitriol levels. In fact, the observed in-
crement of calcium absorption above normal was comparable
to that in P-depleted mice in which the renal 25(OH)D-la-hy-
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droxylase and serum calcitriol were also increased. In addition,
both the Gy and P-depleted mice displayed elevated levels of
U, excretion, changes reflecting the observed enhancement of
gastrointestinal function. The greater increment in U.< exhib-
ited by the P-depleted mice undoubtedly reflects the increased
serum calcium concentration and suppressed iPTH levels in
these animals. The failure of Gy mice to manifest hypercalce-
mia under basal conditions is probably due to osteomalacia
which may influence the setting of the serum calcium level.
Indeed, Hyp mice treated with pharmacological amounts of
calcitriol do not develop an abnormally elevated serum cal-
cium concentration (31-33).

The occurrence of normally regulated vitamin D metabo-
lism in a hypophosphatemic rachitic/osteomalacic disorder is
not without precedence. Liberman and his associates (34, 35)
have recently described a new entity consisting of hereditary
hypophosphatemic rickets associated with marked hypercal-
ciuria, normocalcemia, and elevated serum 1,25(OH)2D
levels. This phosphopenic rachitic syndrome bears remarkable
similarity to the disease expressed in the Gy mouse. However,
the genetic transmission of hypophosphatemic rickets with
hypercalciuria is autosomal recessive and not X-linked domi-
nant. Liberman (36) has also reported the existence of a Fan-
coni syndrome variant in which renal phosphate wasting and
hypophosphatemia occur in concert with normally regulated
vitamin D metabolism. A similar association has not yet been
observed in patients with a rachitic/osteomalacic disease trans-
mitted in an X-linked dominant fashion. Heterogeneity in
XLH, however, is common. Indeed, a subgroup of affected
patients with diminished hearing, a unique feature of the dis-
ease in Gy mice, has recently been recognized (37, 38). Inves-
tigation of vitamin D metabolism in these individuals has not
been reported.

The pathophysiological mechanism underlying the dispa-
rate relationship between hypophosphatemia secondary to
renal phosphate wasting and 1,25(OH)2D production in Gy
and Hyp mice remains unknown. According to prevailing
physiologic concepts, two alternative possibilities can be envi-
sioned. First, the tubular locus for the defective phosphate
reabsorption in both mouse models may be similar but the
integrative system responsible for 1-hydroxylation of vitamin
D is uniquely normal in the Gy mice. Normal calcitonin regu-
lation of 25(OH)D- 1 a-hydroxylase activity in Hyp mice, how-
ever, indicates that such a possibility remains unlikely. Alter-
nately, the affected sites for the renal tubular phosphate reab-
sorption may be different in Hyp and Gy mice and thereby
variably influence 1,25(OH)2D production. In this regard the
selective presence of abnormal phosphate transport in the S1
and S2 segments of the PCT in Hyp and Gy mice, respectively,
can explain the inconsistent abnormality of vitamin D metab-
olism in these animal models. Such a defect in the SI compo-
nent of the PCT in Hyp mice would directly influence or im-
pair renal 25(OH)D- 1 a-hydroxylase activity. In contrast, ab-
normal phosphate transport in S2 segments (possibly devoid of
l-hydroxylase activity) ofGy mice would have no direct effect
on enzyme function. Rather, the loss of phosphate should re-
sult in a compensatory enhancement of phosphate flux in SI
segments, similar to that which occurs after dietary phosphate
depletion. A consequent increase in 25(OH)D- 1 a-hydroxylase
and the ability of PTH to modulate this enzyme function
should ensue. While further data will be necessary to confirm
this difference in the pathophysiological mechanism underly-
ing the disease in Hyp and Gy mice, the recognition that the

disorders in these animal models result from mutations of
distinct members of a gene family favors the latter hypothesis.
In this regard, previous studies indicate that genes within such
a family, although regulating related or identical functions,
may be expressed at different times during development or in
different cell types (39), in this case cells from the SI and S2
segments of the PCT.

In any case, although no previous studies of vitamin D
metabolism in Gy mice have been conducted, Lyon et al. (9)
have reported urinary calcium data in these mutants that con-
trast with ours. She found that Gy and Hyp mice have signifi-
cantly reduced U.< excretion compared with normal. How-
ever, calcium levels in the urine of C57BL6J normals was
inexplicably fivefold greater than those in our study and those
of others (29, 40, 41). While this may explain the apparent
disparity regarding Gy mice, the equal Ua excretion of Hyp
and Gy mutants, as reported by Lyon et al. (9), is irreconcilable
with our observation that Hyp mice maintain UVa less than that
of Gy mice and no different from that of C57BL6J normals
(0.13±0.01 vs. 0.1 1±0.01). Whether maintaining the Gy mu-
tation on a different genetic backgrounds (B6C3H vs.
C57BL6J) underlies these differences remains undetermined.

Regardless, we believe that our measurements of renal
25(OH)D- 1 a-hydroxylase in Gy mice provide new and impor-
tant data necessary to a complete understanding of the patho-
physiology underlying the hypophosphatemic diseases. In-
deed, our observations suggest that the phenotypic heterogene-
ity common to XLH may be due, in part, to genetic variability.
In addition, the similarity of the autosomally transmitted
human disorder hereditary hypophosphatemic rickets and hy-
percalciuria to the X-linked dominant disease ofGy mice sug-
gests that regulation of phosphate transport along the renal
PCT may be subject to a multigenic influence. We therefore
postulate that the normal regulation of vitamin D metabolism
in Gy mice probably results from an alteration of phosphate
transport at a site in the PCT that does not negatively influence
the milieu of 25(OH)D- 1 a-hydroxylase-bearing cells.
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