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A B S T R A C T Acute clearance studies were performed
in stable thyroparathyroidectomized dogs to evaluate the
possibility of a direct renal action of vitamin D and its
biologically active 25-hydroxylated metabolite. Altera-
tions in renal hemodynamics and serum calcium con-
centration were minimized and attempts at vitamin D
depletion were not undertaken. Steady-state volume ex-
pansion of modest degree was employed as the control
experimental situation so that an effect of the vitamin
to enhance phosphate reabsorption would not go unde-
tected because of an already maximal phosphate reab-
sorptive rate secondary to, parathyroidectomy. Under
these experimental circumstances, 10,000 U of cholecal-
ciferol and 25-120 U of 25-hydroxycholecalciferol (25-
HCC) produced significant depressions in the percent-
age of filtered phosphate excreted (mean declines of 39
and 47%, respectively), which were not attributable to
alterations in renal hemodynamics or to changes in the
levels of serum calcium or phosphate. There was an
accompanying decline in sodium and calcium excretion;
mean percentage excretion rates for sodium fell by 38%
with vitamin D and 26% with 25HCC, and for calcium
this measurement declined by 46 and 23%, respectively.
Furthermore, parathyroid hormone and 25HCC pro-
duced antagonistic effects on phosphate excretion. These
observations provide the first conclusive evidence for
a direct (proximal) tubular action of vitamin D to
promote phosphate (as well as sodium and calcium)
transport.
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INTRODUCTION
Investigations of the biological effects of vitamin D
have been devoted largely to evaluations of its action
on the skeleton and gastrointestinal tract. While not
entirely ignored, the possibility of an additional effect
of the vitamin on the transport of electrolytes by the
kidney has been considered at the very least substan-
tially unproven, and at best, controversial (1-6). This
relative dearth of experimental inquiry as regards vita-
min D and the kidney is all the more remarkable in
view of the numerous suggestions from the clinical
literature that, in fact, the vitamin might possess a
renal action (7-11). Those reports which are available
regarding alterations in renal phosphate (and calcium)
reabsorption secondary to an action of the vitamin are
difficult to interpret for one or more of the following
reasons. First, in intact animals, there is the distinct
possibility that the changes noted could have resulted
from variations in circulating levels of parathyroid hor-
mone (PTH)' and/or thyrocalcitonin (7, 11, 12).
Secondly, the absolute level of the serum calcium con-
centration and the degree of vitamin D depletion appear
to be important in and of themselves in establishing the
level of excretion of phosphate by the kidney (13-16).
Third, the employment of chronic periods of study
allows time for other homeostatic mechanisms involved
in calcium and phosphorous metabolism to come into
play and renders difficult the separation of any renal
effects of the vitamin from those on bone and gut

'Abbreviations used in this paper: 1,25DHCC, 1,25-dihy-
droxycholecalciferol; GFR, glomerular filtration rate; 25-
HCC, 25-hydroxycholecalciferol; PAH, p-aminohippurate;
PTH, parathyroid hormone; TPTX, thyroparathyroidecto-
mized.
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(6-15, 17); and, finally, there is evidence that varia-
tions in renal hemodynamics can produce major changes
in the excretion of calcium and phosphate (18-22).

So that these impediments to data interpretation
could be obviated, the studies to be described were con-
ducted in stable thyroparathyroidectomized (TPTX)
animals. Acute rather than chronic studies of vitamin
D3 (cholecalciferol) and 25-hydroxycholecalciferol (25-
HCC) effects on nephron function were studied and
no attempt was made to deplete the animals of vitamin
D. Additionally, any potential effects of alterations in
serum calcium concentration, glomerular filtration rate
(GFR), and renal plasma flow on the experimental
observations obtained were minimized.

The possibility has been entertained on numerous
occasions that there might be important differences
between the effects of physiologic as compared to phar-
macologic doses of vitamin D (1, 5). The discovery,
isolation, and recent availability of synthetic 25HCC
(23, 24), an important biologically active metabolite
of the parent compound, with demonstrated effectiveness
on bone and gut (25, 26) has allowed us -to substanti-
ally reduce the amount of material employed in studying
the relationship of vitamin D to renal electrolyte trans-
port. Because of the important actions of PTH and
extracellular fluid volume status on renal transport (18,
27), the interactions of these agents with that of 25HCC
on the kidney were also investigated.

METHODS

28 acute clearance studies were performed on TPTX female
mongrel dogs weighing 18-23 kg. Completeness of the re-
moval of the parathyroid glands was verified by determina-
tion of the serum calcium concentration 2-4 days post-
operatively, and just before each study. Animals were se-
lected for study only if there had been at least a 30% fall
in serum calcium concentration. Several of the animals
developed tetany which was treated with parathyroid extract
or calcium infusion, or both. When this occurred, no animal
was utilized for study within 48 hr of the cessation of such
therapy, and most often, at least a week elapsed during
which neither agent was administered before a study was
attempted. The animals were allowed to recover from the
neck surgery for at least 3 days, and usually 6-7 days
before clearance experiments were performed. They were
maintained on a diet adequate in calcium, phosphorous, so-
dium, and potassium and were given 100 mg of synthyroid
or 60 mg of desiccated thyroid every other day.

Experimental protocol. The animals were fasted and
thirsted for 16 hr before the study and received 1 cc of
vasopressin tannate in oil (pitressin, Parke, Davis & Co.,
Detroit, Mich.) the evening before the experiment. Light
anesthesia was induced with sodium pentothal (25 mg/kg)
and maintained by the subsequent intermittent injection of
supplemental doses. A cuffed endotracheal tube was inserted
and the animals were ventilated with a Harvard respirator.
After the percutaneous insertion of an intravenous cannula
(Intracath, 17 gauge, Becton-Dickinson & Co., Rutherford,
N. J.) in a hind leg vein, priming doses of inulin and p-

aminohippurate (PAH) were inj ected and a sustaining
infusion of these substances dissolved in physiological saline
solution in concentrations suitable for the performance of
clearance determinations was begun. This sustaining solu-
tion, to which was added aqueous vasopressin in amounts
calculated to deliver 20 mU of antidiuretic hormone per
min, was administered at a rate of 1 ml/min by a Holter
constant infusion pump. A polyethylene catheter was placed
in the external jugular vein for blood sampling and a Foley
catheter was inserted into the bladder. Urine collections
were begun after an equilibration period of 45-60 min and
air washout of the bladder was employed to insure com-
pleteness of collection. Volume expansion was then per-
formed by infusing 25 ml/kg of physiological saline solu-
tion containing 4-4.5 mEq/liter calcium gluconate at 20-25
ml/min, after which urinary losses were replaced by con-
stantly adjusting the rate of the infusion solution. Steady-
state volume expansion was assumed to have been achieved
when urine flow rates for five to six consecutive collection
periods did not vary by more than ±5%. At this point, one
of the following experimental maneuvers was initiated.

In five animals, propylene glycol was infused with a
Harvard infusion pump for periods of 25-120 min, simu-
lating the total amounts of this vehicle administered with
the vitamin or its metabolite, while the rate of the calcium-
containing saline solution continued to be readjusted to
match that of the urine flow. These experiments were con-
tinued for about 3 hr after the propylene glycol had been
started. The total volume of propylene glycol given varied
from 1.0 to 5.0 ml.

In five dogs, crystalline vitamin D3 (obtained from
Philips-Roxane Inc., Columbus, Ohio) dissolved in propylene
glycol to a final concentration of 4000 U/ml was given at
a rate of 0.2 ml/min until a total of 10,000 U had been
infused (approximately 12.5 min). Again, urine collections
were continued for 2-3 hr.

Two dogs received 10-12 U of 25HCC' dissolved in
propylene glycol, administered intravenously over a period
of 3-5 min. To four dogs, 25 U of 25HCC was given, and
in six animals a total of 100-120 U of 25HCC was ad-
ministered. In each case the rate of infusion was always
substantially less than 1 ml/min, and the total volume of
vitamin-containing propylene glycol infused was never
greater than 5 ml in 2 hr.

In six of the studies in which 25HCC (50-60 U/hr.) was
superimposed upon steady-state volume expansion, a third
experimental maneuver was then employed. In these studies,
PTH 8 was administered intravenously in doses ranging
from 15 to 60 U/hr, and an additional period of about 2
hr was allowed to elapse during which clearance determina-
tions were continued. In six additional studies, the infusion
of PTH in doses of 10-60 U/hr was superimposed on a
control hydropenic state. When a new steady state had been
reached (usually requiring IJ-21 hr), the intravenous ad-
ministration of 25HCC, 50-60 U/hr, was begun and con-
tinued for an additional 2 hr.

Blood was drawn at the beginning of each steady-state
plateau, before each experimental maneuver, and approxi-
mately every 30-45 min throughout the studies. Blood for
calcium determinations was obtained anaerobically, the
serum was separated and was then ultrafiltered under oil by

2 The 25-hydroxycholecalciferol utilized in these studies
was generously supplied by Dr. Hector F. DeLuca, Depart-
ment of Biochemistry, University of Wisconsin.

8Obtained as a highly purified preparation from Wilson
Laboratories, Chicago, Ill.
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means of centrifugation through an Amicon Centriflo cen-
trifuge cone (Amicon Corp., Lexington, Mass.). Blood and
urine calcium was determined by atomic absorption spec-
trophotometry (Perkin-Elmer Corp., Norwalk, Conn.) and
sodium and potassium were analyzed on an internal lithium
standard flame photometer (Instrumentation Laboratory
Inc., Lexington, Mass.). Analysis of inulin and PAH were
performed on plasma and urine according to a modification
of the method of Fuhr, Kaczmarczyk, and Kruttgen (28)
and of Brun (29), respectively. Total serum and urine
phosphate were analyzed by the method of Fiske and Sub-
barow (30) adapted to the AutoAnalyzer.

The percentage of filtered sodium, potassium, calcium,
and phosphate appearing in the urine was determined from
the ratio of the clearance of each ion to that of inulin,
multiplied by 100.

Standard statistical methods were employed (31).

RESULTS
Table I summarizes the data for both the control studies
(group A) and for those experiments in which either
vitamin D3 (group B) or its 25-hydroxylated metabolite
was administered intravenously in graded dosage
(groups C, D, and E). In Table II is presented the
protocol of a representative experiment. Because the
animals in groups D and E behaved similarly, the data
from all ten studies have been analyzed together. With
the exception of the group B study, no significant
change in urine flow rate occurred. GFR and renal
plasma flow varied randomly in each of the groups.
The infusion of the vehicle (propylene glycol) for
periods of 25-125 min in the five control animals in
which modest saline expansion was sustained, resulted
in no change in absolute phosphate excretion, whereas
a mild but significant (P <0.02) increase in the per-
centage of filtered phosphate excreted ensued. In con-
trast, when 10,000 U of vitamin D3 was given, both
absolute and percentage phosphate excretion declined
significantly; a mean fall of 39% from control levels in
percentage excretion was obtained (P<0.05)' with a
range of 32-44%. Whereas 10-12 U of 25HCC had
no discernible effect on electrolyte transport (group C,
Table I), the infusion of 25-120 U of 25HCC (groups
D and E, Table I) however, resulted in major depres-
sions in both absolute and percentage excretion rates
of phosphate. In nine of the ten studies, absolute phos-
phate excretion fell and, as was the case in the group
B experiments, the percentage of filtered phosphate ex-
creted declined in every experiment. Mean fall for all
ten studies (groups D and E) was 47% (P <0.005,
range: 13-89%). Serum phosphate concentration was
essentially unchanged by each of the experimental ma-
neuvers employed, as in the control studies.

Alterations in the renal transport of sodium and cal-

'Calculated as: (CP/C1n X 100 [control] - Cp/Ci. X 100
[experimental] )/(CP/Ci. X 100 [control]) X 100.

cium in response to the agents listed in Table I gen-
erally showed a parallelism. Whereas sustained saline
expansion did not produce a statistically significant
change in either the absolute or percentage excretion
rates of sodium and calcium, the values for each of
these measurements did decline significantly in the
animals receiving either vitamin D8 or 25HCC (Table
I, groups B, D, and E), as was the case for phosphate.
Serum ultrafilterable calcium showed no consistent
change in any of the groups studied and the mean ar-
terial blood pressure monitored in a few experiments
showed no tendency towards any consistent variation.
In preliminary studies performed to establish a dosage
of vitamin D3 which would produce a consistent effect
on phosphate excretion, a range of 100-5000 U of this
substance was found to be ineffective (data not shown).

The relationship of the changes in phosphate trans-
port to those of calcium and sodium are depicted in
Fig. 1 for both the control studies (open symbols) and
those experiments in which 25HCC was administered
(closed symbols). These data, plotted for each of the
ions as changes in the percentage of filtered load ex-
creted into the urine demonstrate the following. First,
the control studies can be separated from the 25HCC
experiments in that in the former, no change or an in-
crease in percentage phosphate excretion occurred,
while in the latter, depressions in phosphate excretion
invariably resulted. Secondly, for the most part the
changes in sodium and calcium excretion followed, in
direction, those for phosphate. And third, in a general
way, the greater the change in phosphate excretion the
greater the alteration also in the transport of sodium
and calcium, regardless of whether one examines the
data from the control animals or from the 25HCC
studies.

The data were also analyzed with regard to the time
sequence of the alterations in phosphate transport in-
duced by vitamin D3 and its 25-hydroxylated metabolite.
In Fig. 2 the chronologic course of events after the
administration of these compounds is compared to the
pattern of phosphate transport obtained in the control
studies. Maintenance of the modest saline expansion
employed in these experiments can be seen to have
resulted in a mildly, ever-increasing phosphaturia as
the experiments continued. Cholecalciferol produced a
fall in phosphate excretion with an onset at about 50-60
min, whereas the action of 25HCC became evident at
3040 min and peaked at about 90-120 min. Thus, not
only was approximately 100-400 times as much of the
parent compound required to induce changes in electro-
lyte transport, but these changes were of smaller mag-
nitude than those induced by the small amounts of the
metabolite employed. Furthermore, administration of
25HCC shortened the lag time of response demon-
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TABLE I
Summary of the Data for Control Studies and after the

V CT. CPAH UPV Cp/CIn X 100

Study Ct Et C E C E C E C E

ml/min ml/min mi/min ,Amoies/min %
A. Control animals

140 125 352
52 44 77
27 31 60
78 53
30 28

339 9.3
97 15.5
54 13.4

13.8
- 15.1

8.3 65 56 163 163 13.4
1.8 21 18 93 89 1.1

>0.5 >0.1 >0.9

14.7
1.0

>0.4

22.5 26.8
4.9 5.6

<0.025

B. + 10,000 U cholecalciferol
2.1 1.6 69 63
4.5 4.1 64 72 113
3.6 2.6 42 52 78
3.6 2.9 45 56 71
3.5 1.8 67 71 261

3.5 2.6 57 63 131
0.4 0.5 6 4 44

<0.025 >0.1

- 1.5
124 27.5

77 16.6
78 16.5

187 43.5

117 21.1
26 7.0

>0.5

C. + 10-12 U 25-hydroxycholecalciferol
2.1 2.4 47 45
4.6 3.6 125 133 339

D. + 25 U 25-hydroxycholecalciferol
D-17 4.1 3.0 51 47 -
D-21 4.4 2.2 43 45
D-22 2.8 6.2 40 43 274
D-68 2.4 1.6 40 37 105

E. + 100-120 U 25-hydroxycholecalciferol
1.9
2.6

10.0
1.8
1.1
4.6

63 105 128
98 104 213

112 111 196
61 52
83 81 219
49 41

13.0 15.7
344 15.6 19.2

209
124

139
277
135

172

24.9
3.8

22.6
21.5

43.8
12.1
40.3
14.7
19.5
19.9

11.8
1.8
1.8
9.4

34.0
8.3

24.4
5.1

20.8
15.5

3.5 64 67 189 176 22.3 13.3 19.3
0.9 8 9 26 24 3.8 3.3 2.8

>0.3 >0.5 >0.5 <0.005

* Abbreviations: V = urine flow rate; C1, = glomerular filtration rate (clearance of inulin); CPAH = effective renal
plasma flow (clearance of PAH); UpV, UNaV, UcaV = absolute excretion rates of phosphate, sodium, and calcium, re-

spectively; Cp/CI,, CNa/CIn, and Cc./Ci. = the fraction of filtered phosphate, sodium, or calcium (respectively) ap-

pearing in the urine; Sp = (total) serum phosphate concentration; SUFc. = serum ultrafiltrable calcium concentration.
t C,E = means of two to four consecutive urine collection periods during the control phase of the study (C) and at the
time of peak effect of the infused vitamin or its metabolite (E). In the case of the group A and C studies, in which no

effect was noted, collection periods were selected at times utilized for the group B, D, and E studies (90-120 min after
the beginning of the infusion).
§ Means are those for four studies in group D and six studies in group E.
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D-18
D-47
D-48
D-49
D-51

6.2
12.4

6.7
10.8

3.5

4.6
13.8

9.6
9.6
3.8

Means 7.8
=SE 1.6
p

15.6
14.4
17.3
11.4
14.6

4.5
25.1
34.7
23.0
25.1

6.9
31.9
41.2
28.5
25.6

D-23
D-71
D-72
D-76
D-77

Means
USE
p

D-15
D-18

0.8
25.4
12.1
13.3
27.2

15.8
4.8

1.8
14.7
19.2
26.1
38.7

20.1
6.1

1.0
10.7
11.4
17.4
25.0

13.1
4.0

<0.05>0.10

D-26
D-35
D-64
D-55
D-37
D-69

2.2
2.2

10.3
5.2
1.2
5.8

12.8
6.9

20.1
6.5

33.5
23.4

22.4
4.5

18.4
19.8
16.3
28.3

Means§ 4.1
=SE 0.8
p

16.0
7.4

10.5
3.0
3.8

11.3

10.9
3.9

12.4
7.4
9.1

20.7

9.3
1.7

<0.005



Infusion of Cholecalciferol and 25-Hydroxycholecalciferol*

SP UNAV CNa/CIn X 100 UCaV CCa/CIn X 100 SUFca

C E C E C E C E C E C E

mmoles/liter IAEq/min % ;Eq/min % mEq/liter

1100
1927
1406
1494
672

>0.9

7.2 6.4
26.4 33.1
25.4 29.8
16.2 22.2
17.9 18.0

1398 18.6 21.9
209 3.5 4.7

>0.05

295
804
603
626
460

5.3
11.4
13.0
11.8
10.7

782 558 10.4
90 85 1.3

<0.02 <0.005

15.3 10.6 8.2 7.3 1.32 1.17
28.9 37.4 25.7 35.1 2.12 2.42
31.4 43.4 33.7 41.4 3.53 3.43
37.7 34.3 17.5 26.9 2.77 2.64

6.9 8.3 17.2 18.6 1.34 158

24.0 26.8 20.4 25.9 2.22 2.25
5.6 7.2 4.3 6.0 0.43 0.40

>0.40 >0.05 >0.7

3.5 13.9 7.6 5.8 3.8 3.50 3.27
8.0 21.2 19.6 38.8 20.4 0.86 1.33
8.0 16.9 14.0 21.4 10.9 1.91 2.48
8.1 11.4 9.2 14.7 8.3 1.73 1.95
5.0 12.5 7.7 10.6 5.6 1.76 1.91

6.5 15.2 11.6 18.3 9.8 1.95 2.19
1.0 1.8 2.3 5.7 2.9 0.43 0.33

<0.02 <0.05 >0.1

72 I1
1100 770

592 256
863 430
348 515
670 431

569

553
2199

1056
351

1295

849

177

477

604

1864
475
298

1056

1.1 1.8 1.2 1.3 0.6 0.6 4.28 4.98
6.4 4.3 10.6 5.6 7.3 5.1 1.17 0.82

8.3
15.2

7.0
11.8

3.8 18.9 9.2 7.7 4.3 2.41 2.32
7.3 22.6 12.3 17.4 8.7 1.52 1.61
9.4 13.1 14.6 11.1 9.9 1.49 1.70
8.3 10.6 7.3 12.7 10.9 2.12 1.84

7.8 4.8

4.2 4.2

15.9 13.9

12.5 6.4

3.8 2.9

18.9 17.3

640 10.5

152 1.6

<0.02 <0.02

13.4 11.1 5.4 3.0 1.89 1.74
10.8 11.0 4.6 4.7 2.34 2.23
36.2 34.1 14.1 11.9 2.29 2.51

6.9 3.4 6.7 3.6 1.82 1.81
6.3 5.8 3.1 2.8 2.40 2.77

16.6 16.4 29.7 27.6 1.15 1.29

7.8 15.5 12.5 11.3

1.5 2.8 2.7 2.5

<0.05 <0.01

8.7 1.94 1.98
2.4 0.14 0.14

>0.6
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1419
1814
1006
1675

719

1327
205

469
999
.780
750
913

1.49 1.82
1.18 1.02
1.48 1.19
0.78 0.75
2.01 2.03

1.39 1.36
0.20 0.24

>0.8

1.20 1.26
2.93 3.30
2.08 2.02
1.40 1.37
1.69 1.52

1.86 1.89
0.31 0.37

>0.7

2.23 2.17
1.82 1.95

2.43 2.44
1.36 1.32
1.70 1.11
2.34 2.24

3.09 2.99
2.76 2.02
1.94 1.83
1.24 1.35
1.44 2.82
1.45 1.66

1.98 1.98
0.20 0.20

>0.9
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FIGURE 1 Alterations from base line levels in percentage phosphate excretion for control
studies (circles) and those in which 25HCC was administered (squares) compared with the
simultaneously determined changes in percentage sodium excretion (right panel) and calcium
excretion (left panel). Each point represents the difference between the means for two to, Urt r
four consecutive collection periods obtained by subtracting the control values from those insIff r
the experimental phase of each study (see text).

strated for the pharmacologic doses of vitamin D
utilized.

Combination experiments. The effect of 25HCC on
the well known phosphaturic action of PTH was evalu-
ated by superimposing the administration of each of
these agents on the other. In Fig. 3 are shown the
experimental observations obtained in six studies in
which infusion of PTH in doses ranging from 15 to
60 U/hr was added to the continuous intravenous ad-
ministration of 50-60 U of 25HCC per hr. The values
represent the means of two to three consecutive collec-
tion periods during the peak effect of each phase of the
experiment. PTH can be seen to have reversed the
antiphosphaturia induced by 25HCC when given in
dosages of 30-60 U per hr, whereas further depression
of phosphate excretion induced by the metabolite oc-
curred at the lowest dose level (15 U/hr) of PTH
employed.

Reversal of the sequence of administration of these
two agents resulted in the data shown in Fig. 4. In
three experiments, the infusion of 25HCC at 50-60
U/hr reversed the phosphaturia due to PTH when the
hormone was given at rates of 10-30 U/hr; however at

higher dosage levels of PTH (50-60 U/hr) the phos-
phaturic action of the hormone continued unperturbed
despite the addition of 25HCC. Determinations of GFR
and renal plasma flow in these combination experiments
revealed that the alterations in phosphate excretion in-
duced by PTH and 25HCC could not be accounted for
on the basis of variations in renal hemodynamics.

DISCUSSION
The studies herein reported were performed with the
objective of evaluating any potential effect of vitamin
D on the kidney in the absence of uncontrolled factors
which could make interpretation of the experimental
observations difficult or impossible. To this end, the
following steps were taken. First, all of the experi-
ments were undertaken in animals in which complete
ablation of the thyroid and parathyroid glands had been
accomplished and the animal had been allowed to achieve
a state of stable hypoparathyroidism. Hypothyroidism
was averted by replacement therapy. Secondly, because
in the parathyroidectomized animal, phosphate excretion
is frequently so low as to defy accurate measurement,
steady-state volume expansion, a well known phospha-
turic maneuver (18, 21, 27), was employed as the con-
trol experimental situation. Furthermore, we selected
as our expanding volume an amount of saline (25 ml/kg
body weight) which has been demonstrated to inhibit
electrolyte transport mainly in the proximal tubule,
without major effects on the distal nephron (18, 27).
Third, in order to obviate any effect of alterations in
serum calcium concentration per se on phosphate trans-
port in the kidney (16, 22), calcium was included in
the infusion solution. Fourth, since alterations in renal
hemodynamics can, of themselves, induce changes in
electrolyte handling in the nephron (18-22), we have
included for consideration only those animals in which
substantial variations in GFR and renal plasma flow
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FIGURE 2 Time course of the effects of sustained saline expansion (controls, top panel),
25-120 U of 25-hydroxycholecalciferol (middle panel), and 10,000 U of cholecalciferol (bottom
panel) on the percentage of filtered phosphate excreted. Each point represents the mean of
all animals studied in each group at the times indicated.

did not occur. Fifth, all of the studies reported are acute
clearance observations, since chronic investigations have
the disadvantage that actions of the vitamin on gut and
bone which would interfere with the interpretation of
the results cannot be excluded once time has been al-
lowed for these other homeostatic mechanisms to come

into play. Finally, to eliminate any possible influence
of fluctuating levels of endogenous antidiuretic hormone
on electrolyte transport in the distal nephron (32),
exogenous vasopressin was continuously provided
throughout the study.

In the present series of experiments, the intravenous
infusion of 10,000 U of vitamin Di resulted in a mean

depression of phosphate excretion of 39% from control
levels, with a concomitant decrease in the excretion of
sodium and calcium. This dosage of the vitamin was

arrived at by an evaluation of the effects of a wide
range of doses (100-10,000 U) on phosphate excretion.
Only at the 10,000 U level was there a consistent and
reproducible effect of cholecalciferol within the 2-3 hr
period of observation employed. The administration of

25-120 U of 25HCC likewise produced an invariable
fall in the percentage of filtered phosphate which ap-
peared in the urine (mean decrease of 47%), and also
induced a small but significant decline in the percent-
age excretion rates of sodium and calcium (Table I
and Fig. 1). These actions of both the parent vitamin
and its active metabolite could be shown not to be
attributable either to alterations in renal hemodynamics
or to changes in the concentration of serum ultra-
filtrable calcium since these (latter) parameters showed
no consistent variation whereas phosphate excretion fell
in each study. Thus, the action of cholecalciferol and
that of its 25-hydroxylated metabolite on electrolyte
transport would appear to be the result of a direct
tubular effect. Furthermore, not only was as little as

25 U of 25HCC effective in enhancing the reabsorption
of phosphate, but it was capable of antagonizing the
phosphaturic action of volume expansion in so doing.

There is presently available a large body of data
obtained both from clearance and micropuncture in-
vestigations which strongly suggests that phosphate is
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FIGURE 3 Effect on the per cent of filtered phosphate excreted
of infusing graded doses of parathyroid hormone to animals
receiving 25-hydroxycholecalciferol (25-HCC) at a rate of
50-60 U/hr, superimposed upon steady-state volume expansion
(SVE). Each point represents the mean of two to three con-
secutive clearance periods. The observations shown for the
first experimental maneuver were obtained after the infusion
of 5HCC for 1b-2 hr, after which the infusion was continued,
and the second maneuver (continuous intravenous administra-
tion of PTH) was begun. The values for the combined effects
of 25HCC and PTH were obtained after the PTH had been
infused for approximately 2 hr.

handled in the kidney by the processes of filtration at
the glomerulus and then tubular reabsorption (18, 27,
33-39). Conclusive evidence for net phosphate secre-
tion has not been forthcoming. Furthermore, the ma-
jority of micropuncture investigations in the rat (36,
38, 39), as well as those in the dog (18, 27), have
demonstrated that phosphate reabsorption has either
been completed, or else is virtually complete, by the
time the tubular fluid leaves the proximal convoluted
tubule. Additionally, a major proportion of filtered
sodium and calcium (of the order of 70-80%) is re-
absorbed in the proximal nephron (19, 40-43). There-
fore, in the mammalian kidney, the proximal nephron
serves as a major site for both sodium and calcium
reabsorption and represents probably the sole locus of
phosphate transport. Rarely, if ever, do agents which
alter the transport of one ion have no effect on the
reabsorption of others. Thus, for example, saline ex-
pansion can be shown to inhibit not only sodium trans-
port but that of phosphate (18, 21, 27) and calcium
(19, 20, 44, 45) as well. In addition, there are data
available which indicate that when maneuvers are per-
formed which enhance rather than inhibit fractional
reabsorption, the transport of these three ions is af-
fected similarly (18, 20, 21, 46). In this regard, clear-
ance studies have demonstrated that aortic clamping

i (for example) reduces the excretion of sodium, phos-
phate, and calcium (20, 21). Therefore, the action of
vitamin D and its biologically active metabolite on all
three of these ions is not unexpected, and indeed pro-
vides further evidence for a relationship between the
tubular transport of sodium on the one hand and that
of calcium and phosphate on the other. The greater
magnitude of the effect of the metabolite on phosphate
than on calcium and sodium reabsorption obtained in
these clearance experiments is also not unexpected, since
sodium and calcium transport occur throughout the
entire nephron whereas phosphate reabsorption is lim-
ited to the proximal convolution. These observations
also emphasize the fact that the proximal tubule is a
rather important site of the action of vitamin D.

Mention must also be made of the relative potencies of
cholecalciferol and 25-hydroxycholecalciferol in induc-
ing the alterations in electrolyte transport described,
and of the differences noted in the time course of
events resulting from the administration of these two
substances. Comparisons of the actions of vitamin D3
and 25HCC in bone and gut test systems reveal a char-
acteristic pattern: first, less of the active metabolite is
required to induce the same (or greater) effect than
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FIGURE 4 The changes induced in the percentage of filtered
phosphate excreted by superimposing the infusion of 25-hy-
droxycholecalciferol (25HCC) at 50-60 U/hr on graded doses
of parathyroid hormone (PTH), compared to control ob-
servations (C). Each point represents the mean of two to
three consecutive collection periods. Experimental observations
were obtained after approximately 1j-2 hr of PTH infusion.
PTH was then continued and the determinations repeated
when the 25HCC had been infused continuously for a period
of li-2i hr.
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that produced by the parent compound, and secondly,
25HCC seems to shorten the time required for the bio-
logical effect to become manifest (47). Since the hy-
droxylation step occurs in the liver and is product in-
hibited (48), at least a portion of this reduction in the
characteristic lag time of action of vitamin D may be
a reflection of the time required for 25-hydroxylation
and release of this substance into the circulation in
sufficient amounts to induce biological effects. In the
experimental results presented in this communication,
25HCC produced an effect on renal electrolyte trans-
port greater than that induced by 400 times as much
vitamin D3, shortened the time required for the onset
of this action, and produced a more sustained effect.
These observations suggest, but do not prove, that the
effect of vitamin D on. the nephron may well proceed
by similar biochemical and physiological mechanisms
to those operative in mediating its biological actions
on the skeleton and gastrointestinal tract (47).

In this regard, it seems pertinent to include in this
discussion the recently reported experimental evidence
which indicates that 25HCC is further converted to a
more polar compound (49-51) subsequently identified
as the 1,25 dihydroxylated (1,25DHCC) form of the
parent vitamin (52, 53). This process occurs primarily,
if not entirely, in the kidney (54, 55), and 1,25DHCC
has been shown to enhance the absorption of calcium
from the gut contents (56-58). Furthermore, while the
metabolism of cholecalciferol both to 25HCC and 1,25-
DHCCis blocked by the prior administration of actino-
mycin D, the biological effect of the dihydroxylated
vitamin on gut calcium transport is' not prevented by
this inhibitor of protein synthesis, suggesting that the
action of this compound does not involve DNA tran-
scription (59). Although the action of 1,25DHCC on
the kidney has not been studied, the experimental ob-
servations just cited suggest at least two plausible ex-
planations for the delay which we have demonstrated
in the manifestation of the effects of 25HCC on renal
electrolyte transport. This time lag could be the result
either of the time required for the conversion of 25HCC
to one or more additional more polar metabolites which
represent the "tissue active" forms of the vitamin in
the kidney, or might be related to the necessity for new
protein synthesis to take place, or both.

Additional evidence in support of the view that the
vitamin does have a direct renal action and that this
action is the enhancement of phosphate transport is
provided by the data obtained in those experiments in
which the acute effects of 25HCC and PTH were super-
imposed upon each other. By manipulating the dosages
of the two agents, we were able to show that a distinct
antagonism exists between them, which must be the

case if the effect of the vitamin is real and has physio-
logical significance.

Previous studies of the effect of vitamin D on renal
electrolyte transport have produced conflicting results.
To a large extent, the controversy surrounding these
experimental observations is the result of the fact that
there exist multiple defects in experimental design
which render meaningful interpretation of the data dif-
ficult. The landmark experiments of Harrison and Har-
rison (7), which originally suggested the possibility
of a direct renal action of vitamin D, have been criti-
cized on the basis that they were performed in intact
animals so that the effect of varying PTH levels on
urinary phosphate excretion related to vitamin D-in-
duced elevations in serum calcium cannot be separated
from a direct renal action of the vitamin. Similar ob-
jections can be leveled at studies in rachitic children,
such as those by Klein and Gow (12) in which vitamin
D in rather large doses seemed to improve phosphate
reabsorption. An additional problem which complicates
the interpretation of previous studies is the effect which
changes in renal hemodynamics introduce. Thus, marked
elevations in serum calcium have been shown to produce
reductions in GFR and renal blood flow (22) which
can lead to a depression of the urinary excretions of
calcium, sodium, and phosphate. This fact must be taken
into consideration in evaluating the studies of Gran,
who noted an enhanced calcium reabsorption in rachitic
puppies after vitamin D administration for several
days (14) and in the interpretation of the chronic
studies performed in the rachitic dog by Ney, Kelly,
and Barrter (15). Investigations performed in TPTX
animals are subject to yet another criticism; that is,
the existence of a base line phosphate excretion before
administration of the vitamin which is very low will
preclude the identification of an antiphosphaturic effect
of vitamin D. Such a situation exists in the acute stud-
ies of Ney et al. in the dog (15) and those of Crawford,
Gribetz, and Talbot in the rat (13). In both of these
investigations the administration of vitamin D to very
recently PTX animals with tubular phosphate reab-
sorption of better than 98% resulted in no detectable
alteration in phosphate excretion. Finally, the chronic
administration of large doses of vitamin D may pro-
duce a mild hypercalcemia which has been shown to
inhibit the tubular reabsorption of both sodium and
phosphate (60). This observation could explain the
phosphaturia which developed in the chronic studies
of Crawford et al. (13).

When these methodological problems are taken into
consideration, there remains experimental evidence
which would appear to support our results. Thus, Clark
and Rivera-Cordero found that the urinary phosphate

382 J. B. Puschett, J. Moranz, and W. S. Kurnick



actually decreased both in intact and parathyroidecto-
mized rats given 2500 U of vitamin D daily for 12
days, while serum calcium rose only from 3.55 to 4.06
mEq/liter-levels not expected to cause a diminished
GFR-although such data are not given (17). In addi-
tion, Gekle, Strdder, and Rostock found an enhance-
ment of phosphate reabsorption by vitamin D in the
first 3 hr after the onset of its administration (39).
This occurred both in normal and rachitic rats and the
effect was found to be independent of changes in GFR
and serum calcium concentration.

With the exception of those studies in which only
25 U of 25HCC was utilized, the dosage of vitamin D
and its metabolite employed in previous studies as well
as those herein reported no doubt are in the pharmaco-
logic range. Thus, despite having shown a direct tubular
effect of vitamin D on renal phosphate reabsorption
there remains the question of the importance of this
phenomenon physiologically. In this regard, there are
available in the clinical literature several studies which
provide indirect evidence in favor of this postulate
(8-12). Harrison and Harrison were originally
prompted to open the question of a renal action of
vitamin D because of their observation that it was not
possible for them to account for the hypophosphatemia
encountered in some of the rachitic infants under study
in their metabolic unit merely on the basis of gut loss
(7). It was their observation that the low phosphate
level of such patients was the result of the paradoxical
loss of phosphate in the urine, and that this phospha-
turia could be corrected by the administration of vita-
min D (61). However, secondary hyperparathyroidism
is well known to be a frequent, if not invariable, con-
comitant of vitamin D deficiency rickets (62-64).
Therefore, theoretically the phosphaturia might repre-
sent the hypersecretion of PTH, and the reduction in
the phosphaturia after vitamin D administration could
be attributed to suppression of PTH elaboration by an
elevation in serum calcium concentration resulting from
enhancement by vitamin D of gut absorption of calcium.
To counter the latter argument, one would have to
demonstrate an improvement in renal phosphate reab-
sorption before any change in serum PTH levels, or,
lacking this assay, at least before any alteration could
be noted in the serum calcium level. Now that reliable
PTH assays have become available, what is lacking
are cases of vitamin D deficiency rickets, which has
apparently almost disappeared from the American medi-
cal scene. However, there are several cases available
in the literature in which serum phosphate rose (and,
frequently, in which urine phosphate declined) after
vitamin D administration, while no change, or even a
fall in serum calcium concentration was occurring (8-
11).

To the best of our knowledge, the observations re-
ported here represent the first clear cut evidence for
enhancement of phosphate (as well as sodium and cal-
cium) reabsorption in the proximal tubule of the intact
organism by any humoral or chemical agent. The im-
plications of these data for the study of disease states
such as hypophosphatemic rickets are obvious. Investi-
gations aimed at evaluating the physiological signifi-
cance of this phenomenon in both the experimental and
human situations are now in progress.

ACKNOWLEDGMENTS

We are indebted to Dr. Martin Goldberg for his many
helpful suggestions, to Dr. Zalman S. Agus for his critical
review of the manuscript, and to Dr. Hector F. DeLuca
for his continued support and encouragement. Weacknowl-
edge with gratitude the expert technical assistance of Mrs.
Diane Sylk, Mrs. Sheila Strom, and Mrs. Harriet Kay.

During the tenure of this work, Mr. Moranz (4th year
medical student, University of Pennsylvania School of
Medicine) was supported as a Summer Research Fellow
by a General Research Support Grant No. 5145-09, sub-
contract No. 2 from the U. S. Public Health Service to the
University of Pennsylvania School of Medicine. Mr. Kur-
nick is a second year medical student, University of Penn-
sylvania School of Medicine.

This work was supported, in part, by a National Institutes
of Health Grant AM-14708.

REFERENCES
1. Rasmussen, H., and H. F. DeLuca. 1963. Calcium home-

ostasis. Ergeb. Physiol. 53: 108.
2. DeLuca, H. F. 1967. Mechanism of action and metabolic

fate of vitamin D. Vitamins Hormones. 25: 315.
3. Norman, A. W. 1968. The mode of action of vitamin

D. Biol. Rev. 43: 97.
4. DeLuca, H. R. 1970. Vitamin D: Part I. In Parathyroid

Hormone, Thyrocalcitonin and Related Drugs. Inter-
national Encyclopedia of Pharmacology and Thera-
peutics. Pergamon Press Ltd., Oxford. 1 (Sect. 51):
101.

5. Yendt, E. R. 1970. Vitamin D: Part II. In Parathyroid
Hormone, Thyrocalcitonin and Related Drugs. Inter-
national Encyclopedia of Pharmacology and Thera-
peutics. Pergamon Press Ltd., Oxford. 1 (Sect. 51):
139.

6. Rasmussen, H., H. DeLuca, C. Arnaud, C. Hawker, and
M. Von Stedingk. 1963. The relationship between vita-
min D and parathyroid hormone. J. Clin. Invest. 42:
1940.

7. Harrison, H. E., and H. C. Harrison. 1941. The renal
excretion of inorganic phosphate in relation to the
action of vitamin D and parathyroid hormone. J. Clin.
Invest. 20: 47.

8. Jonxis, J. H. P. 1959. Phosphate metabolism in rickets
and tetany. Helv. Paediat. Acta. 33: 491.

9. Harrison, H. E. 1937. Rickets. In Practice of Pedi-
atrics. J. Brenneman, editor. W. F. Prior, Publishers,
Hagerstown, Md. 1: Chap. 36.

10. Steendijk, R. 1964. The effect of parathyroid extract
on the serum concentrations of calcium and inorganic

Renal Action of Vitamin D 383



phosphate in active and healing rickets. Acta Paediat.
53: 105.

11. Chu, H. I., S. H. Liu, T. F. Yu, H. C. Hsu, T. Y.
Cheng, and H. C. Chao. 1940. Calcium and phosphorous
metabolism in osteomalacia. 10. Further studies on vita-
min D action: early signs of depletion and effect of
minimal doses. J. Clin. Invest. 19: 349.

12. Klein, R., and R. C. Gow. 1953. Interaction of para-
thyroid hormone and vitamin D on the renal excretion
of phosphate. J. Clin. Exp. Med. 13: 271.

13. Crawford, J. D., D. Gribetz, and N. B. Talbot. 1955.
Mechanism of renal tubular phosphate reabsorption and
the influence thereon of vitamin D in completely para-
thyroidectomized rats. Amer. J. Physiol. 180: 156.

14. Gran, F. C. 1960. The retention of parenterally injected
calcium in rachitic dogs. Acta Physiol. Scand. 50: 132.

15. Ney, R. L., G. Kelly, and F. C. Bartter. 1968. Actions
of vitamin D independent of the parathyroid glands.
Endocrinology. 82: 760.

16. Rasmussen, H., C. Anast, and C. Arnaud. 1967. Thy-
rocalcitonin, EGTA, and urinary electrolyte excretion.
J. Clin. Invest. 46: 746.

17. Clark, I., and F. Rivera-Cordero. 1971. Effect of para-
thyroid function on absorption and excretion of cal-
cium, magnesium and phosphate by rats. Endocrinology.
88: 302.

18. Puschett, J. B., Z. Agus, D. Senesky, and M. Goldberg.
1970. Micropuncture study of the relationship of sodium
to phosphate transport in the dog. Clin. Res. 18: 700.

19. Duarte, C. G., and J. F. Watson. 1967. Calcium re-
absorption in proximal tubule of the dog nephron. Amer.
J. Physiol. 212: 1355.

20. Massry, S. G., J. W. Coburn, L. W. Chapman, and
C. R. Kleeman. 1967. Effect of NaCl infusion on uri-
nary Cal+ and Mg++ during reduction in their filtered
loads. Amer. J. Physiol. 213: 1218.

21. Massry, S. G., J. W. Coburn, and C. R. Kleeman. 1969.
The influence of extracellular volume expansion on
renal phosphate reabsorption in the dog. J. Clin. Invest.
48: 1237.

22. Lavender, A. R., and T. N. Pullman. 1963. Changes
in inorganic phosphate excretion induced by renal ar-
terial infusion of calcium. Amer. J. Physiol. 205: 1025.

23. Lund, J., and H. F. DeLuca. 1966. Biologically active
metabolite of vitamin D3 from bone, liver, and blood
serum. J. Lipid Res. 7: 739.

24. Blunt, J. W., and H. F. DeLuca. 1969. The synthesis
of 25-hydroxycholecalciferol. A biologically active me-
tabolite of vitamin D&. Biochemistry. 8: 671.

25. Morii, H., J. Lund, P. F. Neville, and H. F. DeLuca.
1967. Biological activity of a vitamin D metabolite.
Arch. Biochem. Biophys. 120: 508.

26. Blunt, J. W., Y. Tanaka, and H. F. DeLuca. 1968. The
biological activity of 25-hydroxycholecalciferol, a me-
tabolite of vitamin Da. Biochemistry. 61: 1503.

27. Agus, Z. S., J. B. Puschett, D. Senesky, and M. Gold-
berg. 1971. Mode of action of parathyroid hormone and
cyclic adenosine 3'5'-monophosphate on renal tubular
phosphate reabsorption in the dog. J. Clin. Invest. 50:
617.

28. Fhfir, J., J. Kaczmarczyk, and C. D. Kriuttgen. 1955.
Eine einfache colorimetrische methode zur inulinbestim-
mung fur nieren-clearanceuntersuchungen bei stoffwech-
selgesunden und diabetikern. Klin. Wochenschr. 33:729.

29. Brun, C. 1951. A rapid method for the determination of
para-aminohippuric acid in kidney function tests. J.
Lab. Clin. Med. 37: 955.

30. Fiske, C. H., and Y. Subbarow. 1925. The colorimetric
determination of phosphorous. J. Biol. Chem. 66: 375.

31. Snedecor, G. W., and W. G. Cochran. 1967. Statistical
Methods. Iowa State University Press, Ames. 6th edi-
tion.

32. Chase, L. R., and G. D. Aurbach. 1968. Renal adenyl
cyclase: anatomically separate sites for parathyroid
hormone and vasopressin. Science (Washington). 159:
545.

33. Handler, J. S. 1962. A study of renal phosphate ex-
cretion in the dog. Amer. J. Physiol. 202: 787.

34. Pitts, R. F., and R. S. Alexander. 1944. The renal re-
absorptive mechanism for inorganic phosphate in nor-
mal and acidotic dogs. Amer. J. Physiol. 142: 648.

35. Thompson, D. D., and H. H. Hiatt. 1957. Renal re-
absorption of phosphate in normal human subjects and
in patients with parathyroid disease. J. Clin. Invest. 36:
550.

36. Strickler, J. C., D. D. Thompson, R. M. Klose, and G.
Giebisch. 1964. Micropuncture study of inorganic phos-
phate excretion in the rat. J. Clin. Invest. 43: 1596.

37. Frick, A. 1969. Mechanism of inorganic phosphate di-
uresis secondary to saline infusions in the rat. Excre-
tion of sodium, inorganic phosphate, and calcium in
normal and in parathyroidectomized rats. Pfluegers
Arch. Gesamte Physiol. Menschen Tiere. 313: 106.

38. Morel, F., N. Roinel, and C. LeGrimellec. 1969. Elec-
tron probe analysis of tubular fluid composition. Neph-
ron. 6: 350.

39. Gekle, D., J. Stroder, and D. Rostock. 1971. The effect
of vitamin D on renal inorganic phosphate reabsorp-
tion of normal rats, parathyroidectomized rats, and rats
with rickets. Pediat Res 5: 40.

40. Gottschalk, C. W. 1963. Renal tubular function: les-
sons from micropuncture. Harvey Lect. 58: 99.

41. Lassiter, W. E., C. W. Gottschalk, and M. Mylle. 1961.
Micropuncture study of net transtubular movement of
water and urea in nondiuretic mammalian kidney.
Amer. J. Physiol. 200: 1139.

42. Windhager, E. E., and G. Giebisch. 1961. Micropunc-
ture study of renal tubular transfer of sodium chloride
in the rat. Amer. J. Physiol. 200: 581.

43. Lassiter, W. E., C. W. Gottschalk, and M. Mylle. 1963.
Micropuncture study of renal tubular reabsorption of
calcium in normal rodents. Amer. J. Physiol. 204: 771.

44. Blythe, W. B., H. J. Gitelman, and L. G. Welt. 1968.
Effect of expansion of the extracellular space on the
rate of urinary excretion of calcium. Amer. J. Physiol.
214: 52.

45. Walser, M. 1961. Calcium clearance as a function of
sodium clearance in the dog. Amer. J. Physiol. 200:
1099.

46. Suki, W. N., M. Martinez-Maldonado, D. Rouse, and
A. Terry. 1969. Effect of expansion of extracellular
fluid volume on renal phosphate handling. J. Clin. In-
vest. 48: 1888.

47. DeLuca, H. F. 1969. Recent advances in the metabolism
and function of vitamin D. Fed. Proc. 28: 1678.

48. Ponchon, G., A. L. Kennan, and H. F. DeLuca. 1969.
"Activation" of vitamin D by the liver. J. Clin. Invest.
48: 2032.

49. Haussler, M. R., J. F. Myrtle, and A. W. Norman.
1968. The association of a metabolite of vitamin D3

384 J. B. Puschett, J. Moranz, and W. S. Kurnick



with intestinal niucosa chromatin in vivo. J. Biol. Chem.
243: 4055.

50. Lawson, D. E. M., P. W. Wilson, and E. Kodicek.
1969. Metabolism of vitamin D: a new cholecalciferol
metabolite, involving loss of hydrogen at C-1, in chick
intestinal nuclei. Biochem. J. 115: 269.

51. Ponchon, G., and H. F. DeLuca. 1969. Metabolites of
vitamin Ds and their biologic activity. J. Nutr. 99: 157.

52. Holick, M. F., H. K. Schnoes, and H. F. DeLuca.
1971. Identification of 1,25-dihydroxycholecalciferol, a
form of vitamin Ds metabolically active in the intestine.
Proc. Nat Acad. Sci. U. S. A. 68: 803.

53. Lawson, D. E. M., D. R. Fraser, E. Kodicek, R. Morris,
and D. H Williams. 1971. Identification of 1,25-dihy-
droxycholecalciferol, a new kidney hormone controlling
calcium metabolism. Nature (London). 230: 228.

54. Fraser, D. R., and E. Kodicek. 1970. Unique biosynthe-
sis by kidney of a biologically active vitamin D metabo-
lite. Nature (London). 228: 764.

55. Gray, R., I. Boyle, and H. F. DeLuca. 1971. Vitamin D
metabolism: the role of kidney tissue. Science (Wash-
ington). 172: 1232.

56. Myrtle, J. F., M. R. Haussler, and A. W. Norman.
1970. Evidence for the biologically active form of chole-
calciferal in the intestine. J. Biol. Chem. 245: 1190.

57. Kodicek, E., D. E. M. Lawson, and P. W. Wilson.

1970. Biological activity of a polar metabolite of vita-
min D3. Nature (London). 228: 763.

58. Omdahl, J., M. Holick, T. Suda, Y. Tanaka, and H. F.
DeLuca. 1971. Biological activity of 1,25-dihydroxy-
cholecalciferol. Biochemistry. 10: 2935.

59. Tanaka, Y., H. F. DeLuca, J. Omdahl, and M. F. Hol-
ick. 1971. Mechanism of action of 1,25-dihydroxychole-
calciferol on intestinal calcium transport. Proc. Nat.
Acad. Sci. U. S. A. 68: 1286.

60. Bauer, W., A. Marble, and D. Claflin. 1932. Studies on
the mode of action of irradiated ergosterol. I. Its effect
on the calcium, phosphorous and nitrogen metabolism
of normal individuals. J. Clin. Invest. 11: 1.

61. Harrison, H. E. 1954. Mechanisms of action of vitamin
D. Pediatrics. 14: 285.

62. Fraser, D., S. W. Kooh, and C. R. Scriver. 1967. Hyper-
parathyroidism as the cause of hyperaminoaciduria and
phosphaturia in human vitamin D deficiency. Pediat.
Res. 1: 425.

63. Taitz, L. S., and C. D. LeLacy. 1962. Parathyroid func-
tion in vitamin D deficiency rickets. I. Phosphorous
excretion index in vitamin D deficiency rickets in
South African Bantu infants. Pediatrics. 30: 875.

64. Ham, A. W., N. Littner, T. G. H. Drake, E. C. Robert-
son, and F. F. Tisdall. 1940. Physiological hypertrophy
of the parathyroids, its cause and its relation to rickets.
Amer. J. Pathol. 16: 277.

Renal Action of Vitamin D 385


