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Abstract. Previous studies from this laboratory have demonstrated that the acute infusion of
the vitamin D; derivative, 1,25-dihydroxy vitamin Dj (1,25(OH),D5) is antiphosphaturic when
administered with small “permissive”” amounts of parathyroid hormone (PTH). To determine
the effect of chronic administration of this metabolite, studies were performed in both vitamin
D-deficient (—D) and vitamin D-fed (+D) rats which had been pretreated with 1,25(OH),D; for
6 days and then infused with either the metabolite alone, the metabolite with a small “‘permissive”
dose of parathyroid hormone (PTH) or neither. The results indicate that in the —D animals,
1,25(OH),D; infusion alone results in antiphosphaturia without the presence of PTH. However,
in the +D rats, PTH was required, despite 1,25(OH),D; pretreatment, for the acute infusion of
the metabolite to enhance phosphate reabsorption. Thus, both vitamin D and parathyroid status
are important in determining the effect of 1,25(OH),D; on the renal tubular transport of phosphate.

Considerable information has now accu-
mulated on the subject of the renal transport
effects of vitamin D. In a series of studies pub-
lished from this laboratory, an antiphospha-
turic action of the vitamin and its biologically
active metabolites has been demonstrated in
both dog and rat (1-6). All of these experi-
ments were performed acutely (that is, over
several hours), and the investigations in rats
were all performed in D-deficient animals (5,
6). It was determined that either parathyroid
hormone (PTH) or exogenous antidiuretic
hormone (ADH) is required for the enhance-
ment of phosphate reabsorption induced by
the D-metabolites, 25-hydroxy vitamin D,
(25(OH)Ds) and 1,25-dihydroxy vitamin Dy
(1,25(0OH),Ds) to become manifest. In addi-
tion, the amount of the metabolite required
to cause this alteration in phosphate transport
has been gradually lowered, so that an acute
action of 1,25(OH),D; has now been seen with
as little as 0.6 IU (equivalent to 36 pmol or
15 ng) of the metabolite (7), which may, per-
haps, be considered a “physiological” dose in
the rat (8, 9).

The current studies were performed to ex-
pand our observations to include more chronic
administration of the metabolite. Accordingly,
studies were performed in both D-deficient
and D-replete weanling rats given 1,25-
(OH),D; for 6 days prior to an acute clearance
study. The resultant data indicate that the vi-
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tamin D status of the animals and chronic
administration of 1,25(OH),D; have profound
and important effects on the capacity of
1,25(OH)D; to induce an antiphosphaturia.
Furthermore, these factors modulate the PTH
“permissive” effect on the nephron.
Methods and Materials. Studies were per-
formed in six groups of vitamin D-deficient,
weanling rats obtained from the Holtzman
Co. (Madison, Wisc.). The animals were
placed on a diet (Teklad Mills, Chagrin Falls,
Ohio) containing 0.40% calcium and 0.43%
phosphorous including vitamins A, B, C, E,
and K but no vitamin D (—D). The rats were
divided into two groups, one of which received
the diet just described which, however, was
supplemented with 25 IU of vitamin D/day.
We determined what amount of diet each rat
was to eat per day (approx 15-20 g) and added
sufficient vitamin D, to the +D diet such that
15-20 g of diet contained approximately 25-
30 IU of vitamin D. The rats were housed in
a room devoid of both natural and ultraviolet
light for 2 weeks prior to entry into the study.
Both the —D and +D rats were then subjected
to one of three protocols: (i) The animals were
injected with either 0.4 cc saline or propylene
glycol intraperitoneally (ip) for 6 days. On the
seventh day they underwent a continuous
perfusion study as described previously (5, 6)
based on the technique originally described
by Cotlove (10). The animals were anesthe-
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tized with ether, thyroparathyroidectomy
(TPTX) was performed, a bladder catheter
placed, and an infusion containing 4% glucose,
10 mM calcium, 20 mM sodium, 2.5 mM
potassium, and 2 mAf magnesium, as the re-
spective chloride salts, and inulin in a con-
centration of 2 mg/ml was begun via a tail
vein. The animals were then allowed to recover
from the anesthesia and were placed in re-
straining cages. After a 14-hr equilibration pe-
riod, a 4-hr control period was obtained fol-
lowed by a 6-hr experimental period. In this
group of rats, utilized as time controls, only
the vehicle (propylene glycol or saline) was
given during the experimental period. Urine
was collected every hour during the control
and experimental periods. At the end of the
study, the rats were sacrificed and blood was
taken by aortic puncture for the determination
of total calcium, phosphate, and inulin. These
determinations, as well as analyses of urine
for phosphate and inulin were performed by
methods previously described from this lab-
oratory (35, 6).

(i1) In a second group of both —D and
+D rats, 1,25 dihydroxy vitamin Ds(1,25-
(OH),D;)' was given in a dose of 13 pmole
ip twice daily for 6 days. The rats then un-
derwent a continuous perfusion study during
the last 6 hr of which (see above for experi-
mental design) they received 26 pmole of the
metabolite intravenously. (iii) In a third group
of both —D and +D rats, the animals were
again primed by a daily injection of a total of
26 pmole/day of 1,25(OH),Ds, in two divided
doses. On the seventh day, after the control
period urines had been obtained, they received
both 26 pmole of 1,25(OH),D; over 6 hr as
well as 0.2 U of bovine parathyroid hormone
(highly purified 1-84 PTH, Inolex, Inc., Park
Forest South, Ill.)/hr for 6 hr, at a rate of 0.15
cc/hr.

Each animal was utilized as its own control.
The grouped data for urinary excretion before
and after each of the three experimental ma-
neuvers was therefore analyzed statistically
utilizing Student’s ¢ test for dependent vari-
ables. The blood values obtained at the end
of the study were analyzed by an independent
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t test comparing the control group to each of
the experimental maneuvers. Animals with
widely fluctuating excretion rates of inulin
(presumably reflecting large variations in glo-
merular filtration rate) were excluded from
consideration.

To compare the effects of the —D and +D
diet regimen on serum calcium and phos-
phorous values, two to three rats were ran-
domly selected from several batches of newly
arriving weanlings, after the animals had been
on their respective diets for at least 2 weeks
(and not more than 3 weeks). These rats there-
fore did not undergo any of the pretreatment
or infusion schedules but were utilized to de-
termine the effects of the diet itself.

Results. The serum calcium and phosphate
values obtained after 2-3 weeks on the 0.40%
calcium and 0.43% phosphate diet are pre-
sented in Table 1. While a wide disparity was
evident between groups for mean serum cal-
cium concentration related to vitamin D ad-
ministration: 6.6 + 0.2 mg% (—D) vs 9.5
+ 0.7 mg% (+D), P < 0.001, there was no
real difference in serum phosphate concen-
tration: 8.8 + 0.4 mg% for —D and 8.6 + 0.2
mg% for +D (P > 0.70). These observations
are similar to those originally published by
Steenbock and Herting (11), both with regard
to the absolute levels obtained as a result of
dietary influence and as concerns the major
effect of vitamin D on serum calcium with
either a minor or no effect on serum phos-
phorous.

In Table II are presented the results obtained
when D-deficient animals were infused either
with 1,25(OH),D;, 26 pmole over 6 hr, or
with the metabolite plus 0.2 U PTH/hr for 6
hr, or with only the vehicles which were em-
ployed to solubilize the PTH and 1,25(OH),D;

TABLE 1. COMPARISON OF SERUM CALCIUM AND
PHOSPHATE VALUES IN VITAMIN D-FED
AND DEFICIENT RATS?

SCa
Group N (mg%) Sp (mg%)
-D 15 6.6 £ 0.2 8.8 +0.4
+D 11 9.5+ 0.7 8.6 +0.2
P <0.001 NS

2 Abbreviations: Sc, and Sp = serum concentrations of
calcium and phosphate, respectively.
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(saline and propylene glycol, respectively). All
animals had been pretreated with 26 pmole
of 1,25(0OH),D; injected intraperitoneally for
6 days. There were no changes in inulin ex-
cretion (U, V) from control to experimental
phases of the studies in any of the three ex-
perimental groups. Neither was there any dif-
ference in absolute phosphate excretion (Upl)
in time control rats. However, when 26 pmole
of 1,25(OH),D; was infused over 6 hr, Upl
fell from 11.1 £ 1.6 to 6.5 = 2.0 ug/min, a
reduction of 41% from control phase levels
(P < 0.01). Furthermore, when the action of
PTH was superimposed upon that of the me-
tabolite in these —D rats primed with
1,25(0OH),D;, the antiphosphaturic effect was
lost: the mean control phase value of 7.0 + 1.0
ug/min did not differ from that obtained after
the metabolites and hormone had been ad-
ministered: 8.4 + 0.8 ug/min. (P > 0.30).

The serum values for calcium and phos-
phorous obtained at the end of the experi-
ments in these three groups of —D rats are
shown in table II. As expected, 1,25(0OH),D;
pretreatment as well as its infusion restored
serum calcium to normal (9.8 + 0.2 mg.% in
each case, vs the hypocalcemic control value
of 5.9 + 0.2 mg%, P < 0.005 and <0.001 for
groups 2 and 3, respectively, Table III). Fur-
thermore, serum phosphate was likewise
“normalized” in these animals to 8.8 + 0.3
and 9.2 + 0.2 mg.% in groups 2 and 3, re-
spectively, from the hypophosphatemic con-
trol level of 6.7 + 0.4 mg.% (P < 0.001, in
each case). Thus, in —D rats, 1,25(OH),D;
restored serum calcium and phosphate values
to levels generally seen in animals fed this diet
(0.40% calcium, 0.43% phosphorous).

The infusion of the metabolite with and
without PTH into D-replete rats produced re-
sults which differed importantly from those
obtained in the —D animals. Again, as in the
—D rat studies, there were no alterations in
glomerular filtration rate as determined from
U,V in any of the three experimental groups
(Table I1I). Furthermore, as in the —D studies,
the infusion of either saline or propylene glycol
resulted in no changes in UpV, demonstrating
the stability of the preparation. However, as
opposed to those studies performed in the —D
rats, the infusion of the metabolite itself, after
6 days of pretreatment, did not result in any
alteration in phosphate excretion (4.8 + 0.9 —

3.1 = 0.6, P > 0.20). However, when PTH
was infused simultaneously with the metab-
olite, an antiphosphaturia did occur (group 3,
Table III). In these rats, mean UpV fell from
9.4 +1.31t04.9 + 0.6 ug/min (P < 0.025), a
reduction of 48%. Because there was a nu-
merical decline in UpV in the +D rats given
1,25(0OH),D; pretreatment, although it did not
reach statistical significance, an additional
eight rat studies were performed. In this sup-
plemental group, mean Upl was 5.5 = 1.2
ug/min in the control phase and 6.0 = 1.2
ug/min in the experimental phase of the ex-
periments (P > 0.60), verifying the original
data. Furthermore, U,V did not change: 7.2
+ 1.1 = 7.6 £ 1.1 ug/min (P > 0.40).

In these D-fed animals, serum calcium lev-
els were all in the 9-10 mg% range in all three
groups of rats, and did not differ from each
other (Table III). However, both in the group
given 1,25(OH),D; alone and in those rats
which also received PTH infusion, the mean
serum phosphate value was significantly lower
than that of the control group (8.4 + 0.2 mg%):
5.1 £ 0.5 mg% in group 2 (P < 0.001), and
6.5 = 0.1 mg% in group 3 (P < 0.001).

Discussion. Previous studies of the renal
tubular actions of vitamin D metabolites have
demonstrated an antiphosphaturia in both D-
deficient (7-15) and D-replete animals (1-4,
12-14) both in our own laboratory and those
of other workers. Furthermore, we have pre-
viously confined our experimental observa-
tions to the acute infusion of the biologically
active metabolites so that the complicating
effects of the metabolites on bone and gut
could be avoided. We and others have now
demonstrated that in both dogs and rats, either
PTH or ADH can serve as permissive sub-
stances for the antiphosphaturic effects of the
vitamin D; metabolites 25(OH)D; and
1,25(0OH),D; to become manifest (1, 3, 4-7,
13, 14).

In this report, we have extended our ob-
servations to include animals pretreated with
1,25(0OH),D; in a dose which is considered to
represent a “physological” amount (8, 9). That
is, it is a dose which corrects the serum calcium
concentration in TPTX (8) and D-deficient
rats (9). We found that in the setting of D-
deficiency, pretreatment with 1,25(OH),D,
removed the requirement for PTH as a per-
missive agent. Thus, acute phosphaturia re-
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sulted when 1,25(OH),D; was given alone, in
contrast to our prior studies (5-7) and those
of Popovtzer (14). Therefore, repair of D-de-
ficiency with 1,25(OH),D; appears to be an
additional “permissive” maneuver, allowing
the metabolite to promote phosphate conser-
vation when it is then given in an acute clear-
ance experiment (see Table II). Furthermore,
when D-repletion with 1,25(OH),D; was ac-
complished, the introduction of PTH in a dose
which is not usually phosphaturic in the —D
setting (5, 6), provided the hormone with an
apparently off-setting effect on phosphate
transport from that of the metabolite, leading
to no net change in phosphate excretion (Table
I1, group 3). The phenomenon of renal (and
other target organ) resistance to the action of
PTH in the absence of vitamin D has been
described on a number of occasions previously
(5, 6, 16-25) both in the experimental (5, 6,
16-22) and clinical literature (23-25).

The data obtained in the vitamin D-replete
animals are strikingly different from those
provided by the —D studies. Thus, in D-fed
animals pretreated with 1,25(OH),D;, PTH
was required for the antiphosphaturic effects
of the metabolite to be expressed (Table III).
These results, therefore, greatly resemble those
obtained in —D rats in which pretreatment
with the D metabolite was not performed (5-
7) and in dogs which were not D-depeleted
(1, 3). Accordingly, the demonstration of an
antiphosphaturia after the acute infusion of
1,25(OH),D; into D-fed rats appears to have
the same requirement (that is, the presence of
PTH) as is the case in —D rats. The data fur-
ther indicate that pretreatment with
1,25(0OH),D; is not a substitute for the ad-
ministration of the parent vitamin, raising the
question as to whether other vitamin D me-
tabolites are involved (as well) in these vitamin
D-PTH interactions.

Although the antiphosphaturia associated
with vitamin D metabolite administration has
now been reported from several laboratories,
our studies differ from those of Bonjour et al.
(26). In their studies, the administration of
1,25(OH),D; acutely into either —D or +D
rats pretreated with the metabolite produced
either no change in phosphate excretion or a
phosphaturia. However, their studies differ
from those presented here in three crucial
ways: First, PTH was not infused simulta-

neously, although some studies were per-
formed in intact (sham-operated) rats. Second,
many of the rats in their study were phosphate-
infused, a maneuver which lowers the tubular
maximum for phosphate and could easily
overcome any antiphosphaturic effect of the
D metabolites. Third, their animals were on
much different intakes of calcium and phos-
phorous than were the rats utilized in the pres-
ent study.

In summary, the data show that
1,25(0OH),D; is antiphosphaturic in both —D
and +D rats. However, in the former case,
chronic 1,25(OH),D; administration is re-
quired as a permissive substance. In the latter
experimental circumstance, PTH acts as the
“permissive” agent, similar to studies previ-
ously reported (5, 6).

Provision of either vitamin D (Table I) or
1,25(OH),D; (Table III) repaired the hypo-
calcemia induced by the D-deficient diet uti-
lized in this study (Table I). Furthermore, the
chronic administration of 1,25(OH),D; “nor-
malized” the serum phosphate concentration
(Table II). However, when the administration
of 1,25(OH),D; was superimposed upon an-
imals which were already D-repleted, serum
phosphate levels fell (Table III) presumably
reflecting the deposition of calcium phosphate
in bone, since phosphate did not appear in
increased quantities in the urine (Table III).
These observations, therefore, provide addi-
tional evidence that the effect of vitamin D
on bone, as on the kidney, may involve more
than one metabolite or action of the parent
vitamin.
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