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The mode of action of vitamin D in the preven-
tion and cure of rickets is still not understood. In
1921, Howland and Kramer (1) pointed out that
the concentration of phosphorus in the serum was
usually reduced in human rickets, at times to very
low levels, although the concentration of calcium
might be within normal limits. This has been
confirmed repeatedly and it has been found that
the administration of vitamin D results in a
prompt rise in the concentration of phosphorus,
even to abnormally high levels with excessive dos-
age. The mechanism through which vitamin D
influences the concentration of phosphorus in the
body fluids has not been satisfactorily explained.
In balance experiments in man (2, 3) and experi-
mental animals (4) it has been shown that during
states of vitamin D deficiency absorption of cal-
cium and phosphate from the intestinal tract is
reduced and that the administration of vitamin D
increases the absorption of these ions. In the rat,
the studies of Nicolaysen (5) have indicated that
in the absence of vitamin D the absorption of
calcium is primarily diminished and that the ab-
sorption of phosphate is only secondarily affected.
Careful examination of the data from metabolic
studies in the rachitic infant leads to the conclusion
that deficient absorption of phosphate from the in-
testinal tract cannot wholly explain the diminished
concentration of phosphate in the plasma. In in-
fants developing rickets on a cow's milk diet, i.e.,
a diet high in both calcium and phosphorus, the
amount of phosphate absorbed from the intestinal
tract would be sufficient for the needs of the in-
fant were the phosphate retained rather than ex-
creted in the urine.
The excretion of phosphate in the urine must

play an important r6le in the regulation of the
concentration of phosphate in the body fluids.

1 Read in abstract before the Society for Pediatric Re-
search, May 1, 1940.

How is the renal excretion of phosphate con-
trolled and does vitamin D influence the concen-
tration of phosphate in the blood plasma through
an effect on the excretion of this ion by the kid-
neys? The present experiments were conducted
to answer these questions.

The Renal Excretion of Phosphate
Walker (6) and Walker and Hudson (7) have

shown that the phosphate of the plasma is fil-
trable through the glomerular membranes of the
amphibian. These workers have also found that
under certain conditions active reabsorption of
phosphate takes place in the proximal tubules so
that the urine in the distal tubules and bladder may
be almost phosphate-free. There was no evidence
that phosphate was secreted into the lumen of the
tubules.

In the dog, Pitts (8) has shown that the clear-
ance of phosphate increases as the concentration
of phosphate in the plasma increases and ap-
proaches the xylose clearance at very high levels
of plasma phosphate. At normal levels of phos-
phate in the blood plasma the urine may be almost
phosphate-free and the excretion of phosphate in
the urine is only a small fraction of that filtered
through the glomeruli. In the mammalian kid-
ney, therefore, reabsorption of phosphate must
also take place as the glomerular filtrate passes
through the renal tubules.

In order to study this tubular reabsorption of
phosphate quantitatively, simultaneous determina-
tions of the creatinine and phosphate clearances
were made in the dog following the intravenous
injection of phosphate salts.

METHODS

Female dogs fed standardized diets were used for the
experiments. The studies of phosphate excretion were
made about 18 to 20 hours after the last feeding. The
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animals were unanesthetized and lay comfortably on the
animal board with loose restraints. A solution of 0.1
molar sodium phosphate of approximately pH 7.4 was

injected intravenously in a dosage of 7 to 10 cc. per kilo-
gram of body weight, together with creatinine (0.3 gram

per kgm.). In most of the experiments 300 cc. of water
were given by stomach tube in order to increase the
urine volume, thus making the collections more accurate.
The animals were catheterized and urine was collected
quantitatively during successive periods of 10 to 20 min-
utes each. The bladder was washed with measured vol-
umes of distilled water at the end of each period. Re-
peated blood samples were taken from the external
jugular vein during the periods of urine collection. All
analyses were done on the separated serum and the same

analytical methods were used for serum and urine.
Creatinine was determined by the usual Jaffe reaction
(9); inorganic phosphate, by the Fiske and Subbarow
method (10). A photoelectric colorimeter was used.

In order to calculate the clearances of creatinine and
phosphate, the concentrations as determined in the serum

were plotted on semi-logarithmic paper and the concen-

trations at the mid-point of each period obtained from
the curve. The plasma clearances were then calculated

by the usual formula C = UV It has been demon-
strated that the creatinine clearance in the dog can be
used as a measure of the rate of glomerular filtration
(11). If the plasma phosphate is completely filtrable
through the glomeruli, the differences between the clear-
ances of creatinine and those of phosphate measure the
rate of reabsorption of phosphate by the renal tubules.
Following the injection of phosphate salts it has been

shown, however, that a colloidal phosphate complex is
formed which is not filtrable through collodion mem-
branes (12). This non-ultrafiltrable fraction of the
phosphate rapidly disappears from the plasma if no

further phosphate is given. Repeated studies of the fil-
trability of the serum phosphate through collodion mem-

branes were made following the intravenous injection
of sodium phosphate in the amounts described above.
The membranes were prepared by the method of Green-
berg and Gunther (13) and the apparatus used for ultra-
filtration was that described by Benjamin and Hess (14).
The results of such experiments are shown in Table I.

It may be seen that soon after the concentra-
tion of phosphate in the plasma is raised by the
intravenous injection, an appreciable fraction of
the inorganic phosphate is not filtrable through
collodion. In about 60 to 90 minutes, however,
the phosphate is again completely or almost com-

pletely filtrable. This is true even in the experi-
ments in which the serum calcium was raised
above the normal value by the administration of
vitamin D or parathyroid extract. In the studies
of renal function, the determinations of the clear-
ances of phosphate were started 60 minutes fol-

TABLE I

Filtraility of plasma inorganic phosphate through coilodion
membranes following intravenous injection of

sodium phosphate

Phosphate
Experi- Serum Time Filtmblement calcium elapsed Plasma Ultra-

water filtrate

mgm. minutes mgm. per per cent100 cc. 100 cc.

1 9.0 82 10.8 9.9 92
163 9.9 9.8 99

2 10.5 21 9.2 8.1 88
50 7.0 6.9 99
95 6.1 5.9 97
144 6.2 5.8 94

3* 11.9 63 8.4 8.0 95
97 5.9 6.0 100

4* 14.6 63 8.6 7.2 84
97 6.5 6.1 94
136 5.9 6.0 100
177 5.3 5.3 100

St 14.5 31 10.6 8.0 76
71 6.9 6.7 97

111 6.5 6.1 95

6t 16.0 63 7.4 6.5 88
96 5.6 4.9 89
134 5.0 5.1 100
178 4.9 5.0 100

* Following administration of vitamin D.
t Following administration of dihydrotachysterol (A.

T. 10).
$ Parathyroid extract 2 cc. injected preceding day.

lowing the intravenous injection of phosphate
salts and continued for about 2 hours. After this
interval the plasma phosphate is essentially com-
pletely filtrable through collodion membranes and
it is assumed that it is also completely filtrable
through the glomerular membranes.
The results of typical experiments are shown in

Tables II, III and IV. The creatinine clearances
are seen to remain relatively constant in the suc-
cessive periods. The clearances of phosphate,
however, decrease as the concentration of phos-
phate in the plasma decreases and in some cases
the excretion of phosphate in the urine may be
reduced almost to zero. If the creatinine clear-
ance be taken as the rate of glomerular filtration,
since the concentration of phosphate in the plasma
is known, the amount of phosphate filtered
through the glomeruli per minute may be calcu-
lated. The quantity of phosphate reabsorbed by
the renal tubules is obtained by subtraction of the

48



PHOSPHATE EXCRETION WITH VITAMIN D AND PARATHORMONE

TABLE II

The reabsorption of phosphate by the renal tubuls
(Dog B. Weight 9.6 kgm.)

Total ~. Creat- Phos Phosphate
PelsTead Urine iine Plama p ____hate_____umesedphos-phttime ance hate aclear Fil- Ex- Reab-tered creted sorbed

cc. cc. mgm. cc.minxc per per per per mgm. per minute
minute minute 100 cc. minute

0 400 cc. water by stomach tube
1 60-70 1.9 35.0 1 4.6 5.7 1 1.61 1 0.26 1 1.35

72-80 125 cc. 0.1 M phosphate intravenously
2 120-140 1.8 38.5 9.4 23.2 3.62 2.18 1.44
3 140-160 0.55 31.0 7.3 15.5 2.26 1.13 1.13
4 160-170 0.8 36.0 6.6 17.0 2.38 1.12 1.26

TABLE III

The reabsorption of phosphate by the renal tubuks
(Dog A. Weight 7.7 kgm.)

Toodelapeedvoa- -

Plasma Phos--phaphaterid Tclapw |Vol- | e-{phos-
time ume clar phate clar- Fil-. RE- Reabo-ance ance tered creted sorbed

cc. cc. mgm. cc.
minutes per per per per sgm. per minute

minut minu 100 cc. minte
1 0-10 23.5 3.3 2.4 0.78 1 0.08 0.70

12-20 100 cc. 0.1 M phosphate intravenously
2 70-90 1.45 26.2 6.5 14.0 1.70 0.91 0.79
3 90-110 0.45 22.3 5.5 9.8 1.23 0.54 0.69
4 110-130 0.25 22.7 5.0 8.8 1.14 0.44 0.70
5 130-150 0.20 22.6 4.6 7.4 1.04 0.34 0.70
6 150-170 0.20 23.9 4.5 6.0 1.08 0.27 0.81
7 170-190 0.20 23.0 4.4 5.0 1.01 0.22 0.79

amount excreted in the urine from the amount
filtered. If such calculations are made, it may
be seen that the tubular reabsorption of phosphate
expressed as milligrams of phosphorus per min-
ute is essentially constant and is not influenced
by the elevation of the concentration of phosphate
in the serum. In many of the experiments the
calculated tubular reabsorption of phosphate is
found to vary to some extent with fluctuations
in the creatinine clearance, suggesting that the
reabsorption of phosphate is in part affected by
changes in the filtration rate. The present ex-

periments cannot answer this point since the tubu-
lar reabsorption of phosphate is determined in-
directly. Any errors in the determination of the
creatinine clearance would produce an error in the
same direction in the calculation of the phosphate
reabsorption.

If the tubular reabsorption of phosphate re-
mains constant as the concentration of phosphate
in the plasma decreases, a concentration should
be reached at which the quantity filtered equals
the quantity reabsorbed and no phosphate should
be excreted in the urine. This estimated con-
centration of phosphate will be termed the equi-
librium concentration and may be calculated by
the following formula: C, F X 100, where
Cs is the equilibrium concentration, Tm is the
maximal rate of reabsorption of phosphate and F,
the rate of glomerular filtration. The reabsorp-
tion of phosphate by the renal tubules may not be
complete and traces may be present in the urine
at concentrations of phosphate in the plasma below
the calculated equilibrium concentration. In the
dog, at least, in those experiments in which the
concentration of phosphate in the plasma de-
creased to the calculated equilibrium value, the
excretion of phosphate in the urine dropped to
less than 0.002 milligrams per minute, indicating
that less than 0.1 per cent of the phosphate fil-
tered escaped reabsorption.
The rate of reabsorption of phosphate is not

affected by water diuresis. In these experiments

TABLE IV

The reabsorptin of phosphatk by the reial tubuls
(Dog C. Weight 9.9 kgmn.)

p-Tota Urine ~~a-Plasma Phm Phosphate
P elaiev mIne phos- phate

time ume aclear phate ace~ Filt Ex- Reab-aisce A~~ tere4 creted sorbed

cc. cc. mgm. cc.
minuts per per per per mgm. per mins"

minut minute 10 cc. minute

EXPERIMENT I

0-10 75 cc. 0.1 M phosphate intravenously
1 50-70 0.45 43.3 9.8 7.6 4.24 0.74 3.50
2 70-90 0.9 42.3 9.4 5.1 3.97 0.48 3.49
3 90-110 1.9 43.4 9.2 5.0 3.99 0.46 3.53
4 110-130 1.8 43.1 9.0 4.1 3.88 0.37 3.51
5 130-150 1.3 40.6 8.9 2.6 3.61 0.23 3.38

EXPERIMENT II

0-10 75 cc. 0.1 M phosphate intravenously
1 55-75 0.1 39.5 9.5 3.1 3.75 0.29 3.46
2 95-115 0.2 38.7 9.0 1.2 3.48 0.11 3.37
3 115-135 0.15 35.7 8.9 0.5 3.18 0.04 3.14
4 135-155 0.35 41.3 8.8 0 3.63 0 3.63
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the rate of urine excretion was varied from 0.1 to
5 cc. per minute without significant changes in
the tubular reabsorption of phosphate. This is
in accord with previous reports that the urinary
excretion of phosphate is not increased by water
diuresis (15).

In experiments in the young dog extending over
many months, variations in the renal clearances
of phosphate are observed which are apparently
related to age. The concentration of plasma in-
organic phosphate in the young dog is much
higher than that in the adult animal. This is
similar to the findings reported in man. Ander-
son and Elvehjem (16) have also recently found
that the concentration of plasma inorganic phos-
phate in the dog decreases with age. Comparative
studies of the creatinine clearances and renal tubu-
lar reabsorption of phosphate in dogs from 2 to

TABLE V

The influence ofage upon the concentration of phosphate in the
serum and the renal tubular reabsorption of phosphate

Creat- Phos_ Equilib-
Dog Age Weight inine phate re- num phose

clearance absorbed concen- phorus

cc. I'er mIgm
eouths kgm. m inumte upe mgm. per 100 cc.miueminute

A 4 5.7 9.6
17 7.7 23.3 0.94 4.0 4.7

B 4 7.3
13 9.0 31.1 1.43 4.6 4.9
20 9.7 29.9 1.25 4.2 4.6
27 9.7 32.9 1.04 3.2 3.4

C 3 7.7 29.1 2.30 7.9 7.7
7 9.9 42.5 3.48 8.2 8.2
8 10.6 43.9 3.46 7.9 7.7
10 10.9 43.2 2.66 6.2 6.7
12 10.7 38.2 1.79 4.7 5.9

D 2j 8.5 44.0 4.22 9.6 8.4

* Blood taken 18 hours after last feeding.

27 months of age are shown in Table V. In the
young animal the rate of tubular reabsorption of
phosphate is greater in proportion to the rate of
glomerular filtration than in the adult dog. In
dog C during the latter part of the first year of
life, at which time the filtration rate has reached
a relatively constant level, there is a decrease in
the rate of tubular reabsorption of phosphate
from the maximum values, and the calculated
equilibrium concentration of phosphate decreases

markedly. The data for dog B indicate that there
is a gradual decrease in the rate of tubular reab-
sorption of phosphate during the second year of
life, with no change in the filtration rate. In
most of the experiments the concentrations of
phosphate in the fasting state approximate the
calculated equilibrium concentration.

The effect of vAtamin D upon the renal excretion
of phosphate

A 6-week old female collie puppy was placed
on a vitamin D free diet, low in both calcium
and phosphorus. The composition of the diet
was a modification of that described by Morgan
(17). At the age of 20 weeks rachitic changes
in the bones could be demonstrated by roentgeno-
gram. The concentrations of calcium and phos-
phorus in the serum were both reduced. During
the period of active rickets repeated studies of
the tubular reabsorption of phosphate were car-
ried out as described in the preceding section.
The animal was then given 20,000 units vitamin
D in the form of irradiated ergosterol each day
for 3 days, totaling 60,000 units. On the fourth
day, studies of the renal function were done and
repeated at intervals of 1 to 2 weeks thereafter

TABLE VI

The efect of vitamin D upon the renal tubular reabsorption
of phosphate in the rachitic dog

Cat- Phos- Scru
Date inine phate re- numclearance absorbed ctmton Pho1- Cal-

phorus cum

cc. per mgm. per mgm. p 00 cc.
minute minute 100 cc. mgm. per 1

1939
October 2..... Rachitogenic diet started-age J weeks
October 26.... 8.8 10.6
November 29. 29.1 2.30 7.9 7.7 12.7
December 22.. 37.9 2.56 6.8 6.2 8.5

1940
January 8. 43.1 2.40 5.6 5.7 8.4
January 22 .. 45.4 2.56 5.6 6.0 7.6
February 12. . 20,000 units vit min D
February 13. 20,000 units vitamin D
February 14. . 20,000 units vitamin D
February 15 40.7 3.87 9.5 9.0 9.0
February 28. . 43.1 3.47 8.1 8.2 10.5
March 27..... 44.1 3.46 7.9 7.4 9.6
April 25...... 45.0 3.19 7.1 7.2 8.5
June 3 .... .. 50.2 3.12 6.2 6.6 8.6
June 16 .... 80,000 units vitamin D
June 17. 49.9 3.49 7.0 6.6 9.3
June 28. 45.3 2.91 6.4 6.7 10.2
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FIG. 1. THE Em3cr OF VITAMIN D ON TUBULAR REABSORPTION OF PHOSPHATE-MATURE DoC B

Columns represent the average tubular reabsorption of phosphate-expressed as mgm. of phosphorus per
minute.
0 Concentration of serum phosphorus in fasting state.
A Calculated " equilibrium concentration " of phosphate expressed as mgm. phosphorus per 100 cc.

without any further treatment with vitamin D.
The results are shown in Table VI. In this and
succeeding tables, the data for each experiment
represent the average of 5 or 6 successive periods
of 20 minutes each.

It is evident that following the administration
of vitamin D, there is a marked increase in the
rate of reabsorption of phosphate by the renal tu-
bules. The creatinine clearances remain un-

changed. The calculated equilibrium concentra-
tion of phosphate is therefore increased from 6
mgm. per 100 cc. during the rachitic state to 9.5
mgm. per 100 cc. following treatment with vita-
min D. The concentrations of phosphorus in the
serum during the postabsorptive state parallel
closely this calculated value. The data indicate
that in these experiments the effect of vitamin D
in raising the concentration of phosphorus in the
serum is due to its action on the tubular reabsorp-
tion of phosphate, preventing loss of phosphate in
the urine. The effect of the treatment with 60,000
units of vitamin D is seen to persist for several
months with a gradual decrease in the rate of

tubular reabsorption of phosphate, until the pre-
treatment level was reached. At this time further
treatment with vitamin D was again effective in
increasing the reabsorption of phosphate by the
renal tubules, but to a much slighter extent than
previously.
A second dog was studied in similar manner

except that the animal was not started on the vita-
min D free diet until 3 or 4 months of age and
no evidences of rickets were demonstrated by
roentgenogram. The animal had already become
sexually mature before the renal function studies
were done. Following the administration of vita-
min D, however, an increase in the reabsorption
of phosphate by the renal tubules was also found
with an associated increase in the concentration of
phosphate in the serum as shown in Figure 1.
This effect could be demonstrated 24 hours after
the animal had been given a single large dose of
vitamin D (200,000 units). Following the ad-
ministration of a total of 800,000 units of vitamin
D, a still greater effect upon the renal tubular re-
absorption of phosphate was found. With this
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dosage a marked hypercalcemia developed. Fol-
lowing cessation of treatment, the renal tubular
reabsorption of phosphate rapidly fell to the pre-

vious levels and the concentration of serum phos-
phorus in the fasting state likewise decreased.
With the dosage of vitamin D used no effect upon
the creatinine clearances was noted. However,
in another dog given 1,600,000 units of vitamin
D over a period of 8 weeks, the creatinine clear-

ance decreased from approximately 25 cc. per min-
ute to 15 cc. per minute. This effect upon glo-
merular filtration was not apparently associated
with permanent injury to the kidney since the
creatinine clearance again returned to normal lev-
els following cessation of treatment. With the
administration of excessive amounts of vitamin D
to dogs, Goormaghtigh and Handovsky (18) have
described anatomical changes in the kidney and
hypertension. Although vitamin D is extremely
effective in increasing the tubular reabsorption of
phosphate in the growing dog depleted of vitamin
D, only a slight effect may be produced upon the
renal tubular reabsorption of phosphate in the
normal adult animal, even though extremely large
amounts, sufficient to raise the serum calcium to
abnormally high levels, are given. In agreement
with these observations are the reports that in the
adult human as well as in the adult dog the con-

centration of phosphorus in the plasma is increased
but slightly following the administration of vita-
min D (19).

The effect of parathyroid extract on renal tubular
reabsorption of phosphate

Many workers have attempted to correlate the
physiological actions of vitamin D with those of
the parathyroid hormone. Although both vitamin
D and parathyroid extract produce an increase in
the concentration of calcium in the serum, their
effects upon the concentration of phosphate are

diametrically opposite. Studies of the effects of
parathyroid extract upon renal tubular reabsorp-
tion of phosphate are shown in Tables VII and
VIII.

In each of the experimental animals a marked
decrease in the renal tubular reabsorption of phos-
phate was found following the injection of para-

thyroid extract. No change in the creatinine
clearance was noted with the amount of para-

TABLE VII

Effect of parathyroid extract on renal tubular reabsorption
of phosphate

Nuifib- Sermm
Creat- Phos- EnumlbTreatment inne phate re- erumclearance absorbed tmtion Phos- Cal-

phorus cium

c.per mgm. per mgm. per mx e ominute minute 100 cc ,n. er 100

Dog A

Control.... 23.5 0.89 3.8 4.1 11.0
Parathyroid

extract 2 cc.* 25.2 0.57 2.3 3.0 14.1

Dog B

Control. 30.9 1.37 4.4 4.6 10.5
Parathyroid

extract 4 cc.* 30.9 0.89 2.9 4.0 14.7

* Given subcutaneously in divided doses the day pre-
ceding the experiment.

TABLE VIII

The effect of parathyroid extract on the renal tubular
reabsorption of phosphate in rachitic dog

Creat- Phos- l Seu
Date Treatment imne Phate corium __clear- reab- cont- Po-Clance sorbed ceonta phoms- cal-hnphorus aum

mgm. mgm mpeper Per per s P
minxtte miuts 100 c. 100 cc.

January 22 Control 45.4 2.56 5.6 6.0 7.6
January 30 Parathyroid 43.3 2.00 4.6 5.3 9.1

extract
6 cc.*

February 8 Control 42.5 2.55 6.0 6.2 8.4
February 15 Vitamin D 40.7 3.87 9.5 9.0 9.0

60,000
units

* Given in divided doses during day preceding ex-
periment.

thyroid extract used in these experiments. The
calculated equilibrium concentrations of phos-
phate were markedly decreased from the controi
values. This effect of parathyroid extract could
also be demonstrated in the rachitic dog, although
relatively large amounts of extract were necessary
to affect the renal excretion of phosphate (Table
VIII). It may be seen that the already low rate
of renal tubular reabsorption of phosphate in the
rachitic dog is decreased still further with an as-
sociated decrease in the concentration of serum
phosphorus. In contrast to the effect of para-
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thyroid extract is shown the result of treatment
with vitamin D, as previously described. The ob-
served decrease in the rate of reabsorption of
phosphate by the renal tubules following the in-
jection of parathyroid extract explains the re-
peated observation of the increased urinary excre-
tion of phosphate and diminished concentration of
phosphate in the serum produced by treatment
with parathyroid extract and in states of hyper-
parathyroidism. Conversely, the very high con-
centrations of phosphorus in the serum in hypo-
parathyroidism are presumably the result of in-
creased tubular reabsorption of phosphate. When
excessive amounts of parathyroid extract are in-
jected, a marked decrease in the creatinine clear-
ance may be observed with a return to normal
following cessation of treatment. This effect of
toxic doses of parathyroid extract in diminishing
glomerular filtration may explain the secondary
rise in serum phosphorus when excessive doses of
parathyroid extract are injected. With a consid-
erable decrease in glomerular filtration and the
liberation of large amounts of phosphate from
bone, the serum phosphorus may rise even though
tubular reabsorption of phosphate is reduced.

DISCUSSION

"The kidneys appear to serve as the ultimate
guardians of the constitution of the internal en-
vironment, which they maintain with increasing
accuracy under most unfavorable circumstances."
Peters (20) has thus emphasized the activities of
the kidneys in preventing loss of essential solutes
from the body fluids as well as in the elimination
of substances present in excess. These observa-
tions apply to the function of the kidney in main-
taining the concentrations of inorganic phosphate
in the plasma and other body fluids. The quan-
tity of phosphate filtered through the glomeruli
per day is greatly in excess of the phosphate in-
take. However, the reabsorption of most of the
phosphate from the glomerular filtrate as it passes
through the renal tubules prevents the loss of ex-
cessive quantities of phosphate in the urine and
thus allows for the maintenance of the normal
concentrations of phosphate in the body fluids.
The experiments reported here demonstrate that

under given conditions there is a maximal rate of
tubular reabsorption of phosphate. When the

concentration of phosphate in the plasma is in-
creased by the administration of phosphate salts,
the quantity of phosphate filtered in excess of the
reabsorptive capacity of the tubules is excreted in
the urine. Shannon and Fisher (21) first demon-
strated this phenomenon of a limiting maximal
rate of tubular reabsorption in connection with
the reabsorption of glucose and other sugars.
Shannon (22) has postulated the theory that an
intermediate compound is formed in the renal
tubule cells which again dissociates, liberating the
free solute into the body fluids, and that the rate
of this reaction is the limiting factor in the re-
absorption of certain solutes by the tubule cells.
The importance of the renal excretion of phos-

phate in regulating the concentration of this ion
in the body fluids is shown clearly by the experi-
ments reported here. The concentration of phos-
phate may, of course, be influenced by many fac-
tors other than the renal excretion, e.g., the avail-
ability of phosphate for absorption from the
gastro-intestinal tract, the movement of phosphate
from the extracellular fluids into the cells or vice
versa, the precipitation of calcium phosphate in
the skeleton, or the mobilization of phosphate
from the bones into the body fluids. At equi-
librium, however, the concentration of phosphate
in the plasma approaches the concentration at
which the rate of reabsorption of phosphate by
the renal tubules is approximately equal to the
rate at which phosphate is filtered through the
glomeruli.

It has been shown that following the adminis-
tration of vitamin D there is a rapid increase in
the tubular reabsorption of phosphate, the rate
of glomerular filtration remaining unchanged.
The increased concentration of phosphate in the
body fluids produced by the administration of
vitamin D can be explained as the result of this
effect upon renal tubular function. The work of
other investigators has shown that vitamin D in-
fluences the absorption of calcium, and secondarily
of phosphate, from the intestinal tract. This ac-
tion of vitamin D in conjunction with its effects
upon renal function would result in sustained high
concentrations of both calcium and phosphate in
the body fluids, a condition favorable for rapid
calcification. It is probable that the antirachitic
potency of vitamin D is dependent on this com-
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bined action on renal tubular function and intes-
tinal absorption.

In this connection, cases of rickets which do not
respond to vitamin D therapy are of considerable
interest. One group of such cases has been re-
ported (23) in which the concentration of phos-
phate in the serum is exceedingly low and is not
increased by the administration of vitamin D.
Studies of these patients reveal marked loss of
phosphate in the urine, despite low concentrations
of this ion in the blood plasma. These patients
may also exhibit other evidences of renal dysfunc-
tion, such as renal glycosuria. Albright, et al
(24) have reported a case of low phosphorus rick-
ets refractory to treatment with vitamin D and
associated with diffuse calcification of the kidneys.
It is possible that the development of low phos-
phorus rickets in these cases is due to a failure
of the renal tubular mechanisms concerned with
the reabsorption of phosphate and that this tubular
deficiency is not corrected by the administration of
vitamin D. It is of further interest that many of
these patients exhibit a severe chronic acidosis.
Preliminary studies in the dog have shown that
following the production of acidosis, the renal tu-
bular reabsorption of phosphate is greatly dimin-
ished (25).
The demonstrated effect of parathyroid extract

in diminishing the reabsorption of phosphate by
the renal tubules is in agreement with earlier ob-
servations that parathyroid extract produces an
increase in the excretion of phosphate in the urine,
with a simultaneous decrease in the concentration
of phosphate in the plasma. This effect may also
be related to the changes found in rickets. Hyper-
plasia of the parathyroids has been observed post-
mortem in cases of severe rickets (26), and Ham-
ilton and Schwartz (27) have found evidence of
an increased amount of parathyroid hormone in
the blood of rachitic rabbits. Albright and Sulko-
witch (28) have suggested that the low serum
phosphorus found in rickets may be due to the
secondary hyperparathyroidism present. The hy-
perplasia of the parathyroids in rickets has been
explained as a compensatory response to the cal-
cium deficiency which results from the failure of
the intestinal tract to absorb the calcium. Re-
cently Ham et al (29) have found that enlarge-
ment of the parathyroids could be produced in rats

by feeding diets low in calcium and deficient in
vitamin D. However, when given a high calcium
vitamin D free diet, the rats did not show enlarge-
ment of the parathyroids although they did de-
velop low phosphorus rickets. In the experiments
reported here the prompt increase in the tubular
reabsorption of phosphate observed following the
administration of vitamin D suggests that vitamin
D exerts a direct effect upon the renal tubule cells.

SUMMARY

By means of the concurrent determinations of
creatinine and phosphate clearances in the dog,
following the intravenous injection of phosphate
salts, it is possible to study quantitatively the re-
absorption of phosphate by the renal tubules. It
is found that under standard conditions there is a
limiting maximal rate of reabsorption of phos-
phate by the renal tubules which does not vary
when the concentration of phosphate in the plasma
is elevated by the administration of phosphate
salts. The phosphate filtered through the glo-
meruli which is in excess of the maximum which
can be reabsorbed by the renal tubules is excreted
in the urine.
The administration of vitamin D to young dogs

who have been fed a rachitogenic diet produces a
marked increase in the maximal rate of reabsorp-
tion of phosphate by the renal tubules, thus in-
creasing the concentration of inorganic phosphate
in the plasma at equilibrium. This effect is dem-
onstrable 24 hours after adequate amounts of vita-
min D are given and is probably an important
factor in its antirachitic activity.
The effect of parathyroid extract upon the tu-

bular reabsorption of phosphate is opposite to
that of vitamin D. Following injections of para-
thyroid extract there is a considerable decrease in
the rate of reabsorption of phosphate by the renal
tubules and a consequent reduction in the concen-
tration of phosphate in the plasma.

We are indebted to Mead Johnson and Co. for the ir-
radiated ergosterol, and to Eli Lilly and Co. for the
parathyroid extract used in these experiments.
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