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A number of studies have indicated that para-
thyroid extract increases the renal excretion of
phosphate (1-6). This effect appears to result
from a depression of the renal reabsorption of
phosphate (6). Endogenous secretory activity of
the parathyroid glands has been related to the ex-
tracellular concentration and/or the dietary intake
of calcium and phosphate. Although dietary vari-
ations of these ions did not correlate consistently
with TmP8 in our initial investigations (7), other
workers have demonstrated an influence of diet
on phosphate reabsorption. A high phosphate
diet led to a diminished P reabsorption in normal
but not in parathyroidectomized rats (8). Studies
in dogs (9) and in normal human subjects (8,
10) also indicated that the level of P intake in-
fluenced P reabsorption, but whether this effect
was mediated by the parathyroid glands is not
clear. In order to examine more rigorously the
effects of a high P intake, buffered sodium phos-
phate solutions were administered intravenously
daily for four to eight days to the normal and hy-
poparathyroid subjects previously described (7).
Another phase of this study involved an inquiry
into the mechanism by which aluminum gels pro-
duce a marked reduction in urinary P.

Variations in plasma levels of Ca and P often
occur together. An attempt was made to separate
the effects of elevation of plasma P from the fre-
quently seen simultaneous reduction in plasma Ca.

Our data indicate that repeated daily intrave-
nous administration of large quantities of phos-

1 Present address: Department of Physiology, Cornell
University Medical College, New York 21, N. Y.

2 Present address: Department of Medicine, Harvard
Medical School and Beth Israel Hospital, Boston, Mass.

3 As in the previous papers, the following abbreviations
have been used: Ca, calcium; P, inorganic phosphate;
Tm, maximum renal tubular rate of transfer.

phate results in a reduction in renal P reabsorp-
tion. This effect does not appear to depend upon
an associated reduction in plasma Ca. Whether
this effect is mediated via the parathyroids cannot
be conclusively stated. The results indicate that
aluminum gels produce their effect primarily, and
perhaps solely, by effecting a reduction in
plasma P.

METHODS

These studies were conducted on the same patients
previously described, and the measurements of TmP
were carried out by the method detailed in an earlier
paper (7). In studies of the effects of intravenously ad-
ministered phosphate, a buffered sodium phosphate solu-
tion, pH 7.4, was infused over a 4 to 6-hour period on

four consecutive days. Five subjects received 75 mM
of P each day; two subjects, C. H. and D. F., received
90 and 150 mMP per day, respectively. Two of the
normal subjects, C. H. and E. P., received eight daily
P infusions, and on the last four days they received, in
addition, infusions of Ca. The Ca was administered as
calcium gluconate, 15 mg. Ca per kg. of body weight in
1,000 ml. of 5 per cent glucose in water, over a four-
hour period starting several hours after the completion
of the phosphate infusion. Infusions of di-sodium ethyl-
enediamine tetraacetic acid (EDTA) were given to the
four normal subjects who received intravenous phosphate.
Four gm. of EDTA was administered in 1,000 ml. of 5
per cent glucose in water over a 4 to 6-hour period daily
for four consecutive days. TmPwas measured prior to,
and on the day following completion of the P or EDTA
infusions.

In the studies on the effects of aluminum gels 180 ml.
of basic aluminum carbonate (Basaljel@) was adminis-
tered orally each day in four divided doses, one hour after
meals and at bedtime, for 6 to 21 days. Concomitantly,
the subjects received a low dietary P intake of 600 to
800 mg. per day. Balance studies carried out during
aluminum gel administration were performed on the
metabolic ward in the manner described by Deitrick,
Whedon, and Shorr (11).

Chemical methods and calculations used in these stud-
ies were the same as those described in a previous com-
munication (7).
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TABLE I

Effect of intravenous sodium phosphate on the maximal phosphate reabsorption in a normal male before (A) and
after (B) four daily infusions each containing 150 mMP

TotalPhsat
concunt Urine Plasma Urine Phosphate

time now CIs COP P P Filtered Excreted Reabsorbed
mix. Md./min. ml./mix. m./min. PM/mt. pM/ml. pM/min. pM/mis. pM/mis.

A. Control
0 14.5 1.01 1.55 22

71 Intravenous buffered sodium phosphate delivered at 0.5 mM/min.
129-159 12.4 119 500 2.76 17.2 328 214 114
159-189 11.2 110 495 3.11 22.2 342 249 93
189-219 10.1 116 517 3.31 28.2 384 285 99

B. After 4 daily phosphate infusions-150 mM/day
0 15.3 0.59 3.86 59

45 Phosphate infusion at 0.5 mM/min.
103-135 9.5 99 516 1.97 21.4 195 203 -8
135-173 9.1 105 509 2.48 28.9 260 264 -4
173-202 10.7 107 525 2.82 27.4 302 293 9

TABLE II

Summary of effects of phosphate infusions on normal and hypoparathyroid subjects

TmP Plasma* Plasma* Urine*
P Ca P

p&M/min. %control pM/ml. mg. % pM/min.

Normals
C. H. Before P 256 100 1.42 9.2 17

After P 197 77 1.26 32
After P and Cat 168 66 1.08 10.20 25

D. F. Before P 102 100 1.01 9.9 22
After P 0 0 0.59 10.1 S9

W. R. Before P 137 100 0.97 10.30 12
After P 59 43 0.83 9.24 30

E. P. Before P 110 100 1.09 11.20 9
After P 70 64 1.06 10.20 24
After P and Cat 45 41 0.95 8.86 29

Hypoparathyroid
A. W. Before P 149 100 1.37 7.10 10

After P 134 90 1.50 5.67 3

B. C. Before P 84 100 0.91 7.6 5
After P 64 76 0.87 7.6 3

L. D. Before P 102 100 0.79 8.89 0.8
After P 40 39 0.74 8.35 5.0

* Specimens obtained before the first daily P infusion and the day following the last P infusion and prior to inulin-
phosphate infusions for determination of TmP.

t Four additional daily phosphate infusions were given together with 4 daily infusions of calcium gluconate (15 mg.
Ca per kg.) given over a 4 to 6 hour period several hours after the phosphate infusions had been completed.

RESULTS P reabsorption from an average of 102 pM per
Effects of intravenous phosphate in normal min. to 0 (Table I). A significant reduction in

subjects TmPwas also noted in three other normal sub-
The administration of four daily intravenous in- jects (Table II). It was found that the adminis-

fusions of P to one normal subject led to a fall in tration of Ca infusions to subjects receiving P in-
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TABLE ZI

Effect of EDTA infusions on pkasma comaeutrafos and urinary excretion of Ca and P

Plasma Ca Plasma P
in. % 1iM/ml.-g.%JUM/Ml.

Urine Ca Urine P
Before After Before After mg./24 hr. mM/24 hr.

Normals
D. F. 3/3-4 4 gm. di-Na EDTA 9.79 9.15 1.07 0.87 353

3/4-5 4 gm. di-Na EDTA 8.79 8.85 0.89 0.69 338
3/5-6 4 gm. di-Na EDTA 9.55 8.78 1.01 0.89 370
3/6-7 4 gm. di-Na EDTA 10.35 9.40 1.12 0.76 280

E. P. 4/10-11 Control 62 18.2
4/11-12 4 gm. di-Na EDTA 11.00 9.60 1.12 0.92 356 20.0
4/12-13 4 gm. di-Na EDTA 10.90i 9.30 1.02 0.86 364 20.1
4/13-14 4 gm. di-Na EDTA 10.30 9.20 1.11 Q.87 298 16.8
4/14-15 4 gm. di-Na EDTA 1.17 (.72 350 16.3
Diet: 135 mg. Ca; 570 mg. P daily

W. R. 11/15-16 4 gm. di-Na EDTA 9.58 8.57 413 46.0
11/16-17 4 gm. di-Na EDTA 9.03 6.48 0.89 0.77 392 33.0
11/17-18 2 gm. di-Na EDTA 189 26.0
11/18-19 4 gm. di-Na EDTA 294 29.0

Diet: 130 mg. Ca; 1,200 mg. P daily

C. H. 4/14-15 4 gm. di-Na EDTA 8.45 7.55 1.25 1.24
4/15-16 4 gm. di-Na EDTA
4/16-17 4 gm. di-Na EDTA
4/17-18 4 gm. di-Na EDTA
4/18-19 4 gm. di-Na EDTA 9.45 8.20 1.29 1.47

fusions did not reverse the downward trend in
TmP (Table II).

A decrease in endogenous plasma P levels as a
consequence of P infusions was seen in the nor-
mal subjects, but there was no consistent change
in plasma Ca (Table II). It was noted that the
endogenous urinary excretion of phosphate in-
creased 'in the face of a decreasing plasma P level,
a finding consistent with a reduced tubular P
reabsorption.

Effects of phosphate infusions in hypoparathyroid
subjects
The results of P infusions in three hypoparathy-

roid subjects are shown in Table II. In A. W.,
the most severely hypoparathyroid subject, the re-

TABLE IV

ffect of EDTAon TmPin four normal subjects

Control After EDTA
TmP

Subject Wl/mix. MI/min. %Control

C. H. 256 247 97
D. F. 102 118 116
W. R. 137 146 107
E. P. 110 112 102

duction in TmPwas less than that seen in normal
individuals. However, the other two hypopara-
thyroid subjects, whose disease was considerably
milder, showed reductions in TmP as great as
those seen in the normal subjects. It can be seen
that the endogenous plasma P levels and P ex-
cretion changed very little in the hypoparathyroid
individuals.

Effects of EDTA infusions in normal subjects

Because an elevation of plasma P is usually ac-
companied by a reduction of plasma Ca one must
consider the possibility that the effects observed
when the plasma P is high may actually result
from a lowered plasma Ca. The administration
of di-sodium ethylenediamine tetraacetic acid
(EDTA), permitted a reduction in the circulating
Ca, particularly the ionized fraction, without a
concomitant increase in plasma P. The effects
of intravenous EDTA administration are sum-
marized in Table III. The fall in plasma calcium
seen following an infusion of EDTAactually rep-
resents a reduction in the oxalate-precipitable, and,
presumably, in the ionized calcium. The urinary
excretion of Ca is considerably elevated by the
administration of EDTA. It can also be seen that
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a drop in plasma P usually occurred following
EDTA administration. That this result is not
explained by an augmented urinary P excretion is
apparent from the excretion data on E. P. No
effect of EDTAon TmPwas noted in four normal
subjects (Table IV).

Administration of aluminum gel

Oral administration of aluminum gel produced
a reduction in fasting plasma P levels and in uri-
nary excretion of P in normal individuals and in
the one hypoparathyroid subject studied (Table
V). There was a profound drop in plasma P in
the hypoparathyroid subject, A. W., on two oc-

casions and in one normal individual, E. E. Why
the latter reacted in this fashion on only one oc-

casion is not clear; the daily dose of gel and the
dietary P level were similar on another occasion
when a much less profound fall in plasma P oc-

curred. The fall in plasma P in A. W. as a result
of aluminum gel regimen was not altered by the
daily administration of as much as 400 units of
parathyroid extract. Calcium, phosphorus, and
nitrogen balance studies were carried out in the
hypoparathyroid subject and in one normal indi-
vidual before and during a course of aluminum
gel. It can be seen (Figure 1 and Figure 2) that
the administration of the gel resulted in an essen-

tially P-free urine. A negative P balance was ob-
served in both subjects but was much greater in
the hypoparathyroid individual, and could be ac-

counted for by an increased fecal P. Nitrogen bal-
ance was not significantly affected by the gel but
calcium balance became more markedly negative
in the normal subject during the period of gel
administration (Table VI). The high calcium
intake in the hypoparathyroid patient largely re-

flects supplements of calcium chloride solution
which were required to prevent tetany.

DISCUSSION

Although acute elevations of plasma P rarely
alter TmP (7), repeated daily intravenous P in-
fusions result in a reduction in TmP in normal
subjects. The decrease in endogenous plasma P
together with an increased endogenous P excretion
in one subject (D. F.) are suggestive of the find-

ings in hyperparathyroidism. It is of interest that

there was no appreciable change in plasma Ca

associated with the marked decrease in plasma P.
Hence, if parathyroid activity were increased, one
must postulate either a separation between the
principle altering tubular reabsorption of P and
the factor which influences calcium metabolism, or
a greater sensitivity of the renal tubule to the para-
thyroid hormone. The decrease in P reabsorption
with P infusions is in keeping with the experi-
ments on rats and humans fed high P diets (8).
From our data it is not possible to be certain that
the reduction in TmPwas a result of parathyroid
stimulation. Although there was little change in
the TmP of the most severely hypoparathyroid
subject, A. W., after P infusions, two mildly hy-
poparathyroid patients showed reductions of TmP
comparable to those seen in the normal individuals.
Although we are inclined to the belief that the
reduction in TmPin these latter two subjects re-
sulted from stimulation of existing parathyroid
remnants, this conclusion cannot be definitely
stated from our data.

TABLE V

Effect of aluminum gel on fasting plasma P and on
urinary P excretion

Days on
Dietary P aluminum Plasma P Urine P

Subject mg./day gel pM/ml. pM/mim.

Normals
C. H. 1,800 None 1.21 9.0

700 7 1.02 0.3
3,000 None 1.19 31.0

600 7 0.91 0.2

D. F. 1,000 None 0.89 7.8
600 10 0.62 0

J. N. Ad lib. None 1.31 8.0
600 14 1.11 1.0

E. E. 1,800 None 1.02 9.0
600 11 0.86 0.1

1,200 None 1.11 14.0
600 6 0.42 0

R. H. 3,000 None 1.13 39.0
600 None 1.05 3.0
600 10 0.80 0

Hypo-
parathyroid

A. W. Ad lib. None 1.51 2.7
600 10 0.23 0

725 None 1.49 3.2
725 15 0.16 0
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FIG. 1. THE EFFECTS OF ALUMINUMCARBONATEGEL IN

A NORMALSUBJECTUPONPLASMAP ANDP BALANCE

The reduction in TmPseen with phosphate in-
fusion does not appear to be the result of the slight
fall in serum calcium which occurred in most of
these studies. The binding of a portion of the
extracellular calcium by intravenously adminis-
tered di-sodium EDTAresulted in an increase in
the urinary excretion of calcium together with a

reduction in the oxalate-precipitable plasma cal-
cium. Although the decrease in plasma calcium
was comparable to that seen during phosphate
infusions, no reduction in TmP was noted after
four daily EDTAinfusions. Thus, it appears that
the reduction in TmPseen with repeated adminis-
tration of intravenous phosphate solutions results
from a direct effect of the phosphate ion rather
than from an associated decrease in the ionizable
calcium. Furthermore, when calcium gluconate
was infused into those patients receiving phos-
phate, there was no reversal of the phosphate de-
pression of TmP. The infusion of calcium alone
has been shown to reduce phosphate excretion as

a result of increased tubular phosphate reabsorp-
tion (12). This effect is probably due to inhibi-
tion of parathyroid secretion (12, 13). Hence,
our data indicate that the effect of phosphate ad-
ministration on tubular phosphate reabsorption is
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not altered by any parathyroid-inhibiting influence
exerted by calcium.

The oral administration of aluminum gels is
regularly followed by a reduction in urinary P
(10, 14, 15). In normal and hypoparathyroid sub-
jects the administration of the gel resulted in a
decrease in plasma P as well as in urinary P, but
there was no consistent effect on TmP. Thus, it
appears that the decrease in urinary P which fol-
lows administration of aluminum gels is explained
by a reduction in the filtered load of P delivered
to the renal tubules. In the face of an unchanged
tubular P reabsorption a fall in filtered P leads
to a decrease in P excretion. Conceivably, it is
possible to demonstrate in the normal individual a
fall in TmP (e.g., with repeated phosphate infu-
sions), but not a rise, because reabsorption of P
by the renal tubules under normal conditions ap-
proximates their maximal capacity, and hence
what approaches a "hypoparathyroid" state. This
was demonstrated in a severely hypoparathyroid
subject who had determinations of TmP in the
untreated state and when he was receiving ade-
quate parathyroid extract to render him "isopara-
thyroid." The TmPin the second situation was
only slightly less than when the patient was un-
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TABLE VI

Effect of aluminum carbonate gel on calcium, phosphorus, and nitrogen balance in normal and hypoparathyroid subjects

Calcium (gm./day) Phosphorus (gm./day) Nitrogen (gm./day)
Subject Period* Intake Urine Stool Balance Intake Urine Stool Balance Intake Urine Stool Balance

R. H. I 0.130 0.102 0.166 -0.138 0.610 0.349 0.207 +0.054 8.56 7.72 1.00 -0.16
Normal II 0.130 0.072 0.246 -0.188 0.610 0.437 0.372 -0.199 8.56 8.21 1.27 -0.92

lIlt 0.130 0.139 0.291 -0.300 0.610 0.030 0.710 -0.130 8.56 6.75 1.10 +0.71
IVt 0.130 0.226 0.320 -0.416 0.610 0.000 0.757 -0.147 8.56 7.22 1.32 +0.02

A. W. I 3.406 0.286 2.983 +0.137 0.725 0.142 0.399 +0.184 9.10 8.99 0.76 -0.65
Hypo- II 3.406 0.213 2.452 +0.741 0.725 0.022 0.349 +0.354 9.10 7.28 0.91 +0.91
para- IVt 3.406 0.158 3.011 +0.237 0.725 0.003 1.160 -0.438 9.10 6.43 1.64 +1.03

thyroid Vt 3.406 0.241 2.753 +0.412 0.725 0.000 0.901 -0.176 9.10 7.28 1.21 +0.61

* Each period S days in length.
t Aluminum carbonate gel 180 ml./day.

treated (6). If this is the case, then a slight rise
in TmPmight occur following the administration
of aluminum gel and yet not be detectable in stud-
ies of this type.

Very striking negative phosphorus balances
were produced by the administration of aluminum
gel to normal and hypoparathyroid subjects. The
much larger negative balance seen in the hypo-
parathyroid subject was accompanied by a much
more profound drop in his plasma P. Whether this
greater fecal loss of P and greater drop in plasma
P can be ascribed to the hypoparathyroidism can-
not be stated. It was postulated that the profound
fall in plasma P in the hypoparathyroid patient
on aluminum gel may have reflected an inability
to mobilize skeletal stores of P. The inadequacy
of this hypothesis, however, was demonstrated by
the absence of change in the plasma P level upon
the administration of as much as 400 units of
parathyroid extract daily.

The fall in plasma P which usually followed the
administration of EDTAis to be compared with
the rise observed in patients who are given cal-
cium infusions (13). This decrease in plasma P
was clearly not the result of any alteration in P
excretion but is consistent with the postulate that
the level of plasma Ca influences the distribution
of phosphate (16).

CONCLUSIONS

1. Repeated administration of intravenous buf-
fered phosphate solutions to normal males and
females resulted in pronounced reduction in TmP.

2. In one severely hypoparathyroid subject

phosphate infusions produced a minimal drop in
TmPwhile in two subjects with less marked hy-
poparathyroidism a reduction in TmPcomparable
to that seen in normal individuals occurred. Al-
though it seems likely that the effect on tubular
reabsorption is exerted through the parathyroids,
our data are inadequate to establish this relation-
ship.

3. The reduction in TmPappeared to be cor-
related with an increase in plasma P rather than
from any associated reduction in plasma calcium.

4. The reduction in urinary excretion of phos-
phate following aluminum gel administration ap-
pears to be due primarily to a reduction in endoge-
nous plasma phosphate levels.
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