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A B S T R A C T Micropuncture studies were performed
in the dog to examine the relationship between sodium
and phosphate transport in the proximal tubule. In hy-
dropenic, thyroparathyroidectomized animals, adminis-
tration of parathyroid extract, saline, or acetazolamide
resulted in a fall in proximal tubule fluid-to-plasma
(TF/P) inulin ratio as well as a rise in tubule fluid-to-
plasma ultrafilterable (TF/UF) phosphate ratio. A cor-
relation was found between the changes in fractional re-
absorption of sodium and phosphate but the phosphate
changes were generally greater than those of sodium.
Also, a high distal phosphate delivery in the face of low
fractional excretion of phosphate in the urine in thyro-
parathyroidectomized dogs suggests significant phos-
phate reabsorption in the distal nephron. On the other
hand, calcium chloride infusion to saline-loaded, normal
dogs to suppress endogenous parathyroid hormone re-
duced proximal TF/UF phosphate without change in
TF/P inulin, while both parameters remained unchanged
in saline-loaded, thyroparathyroidectomized dogs after
calcium infusion. An increase in proximal TF/UF phos-
phate associated with unchanged TF/P inulin was also
demonstrated by administration of highly purified para-
thyroid hormone to saline-loaded, thyroparathyroidec-
tomized dogs. It was concluded that although proximal
tubule phosphate transport is generally closely related to
that of sodium, the two can dissociate under certain
experimental conditions, especially under the influence
of parathyroid hormone. These observations also indi-
cate that the effect of parathyroid hormone on proximal
tubule phosphate transport is not solely dependent upon
its effect on sodium transport.
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INTRODUCTION

Renal tubule handling of inorganic phosphate has been
studied by clearance methods (1-8) and to a limited ex-
tent by micropuncture techniques (9-14). The available
information in the literature favors the concept that
filtered phosphate is reabsorbed almost exclusively by the
proximal tubule and excreted in the urine with little
further modification (9). This has led to the use of
phosphate clearance as an indicator for proximal tubule
transport (15, 16). On the other hand, evidence for
distal phosphate reabsorption has been reported (11).

It has also been demonstrated that a correlation exists
between phosphate and sodium reabsorption since the
maneuvers to inhibit sodium reabsorption, such as ex-
tracellular volume expansion or administration of diu-
retics, lead to phosphaturia (5-8, 17). As previous mi-
cropuncture studies have shown that parathyroid hor-
mone, a potent phosphaturic agent, inhibits proximal
tubule sodium as well as phosphate reabsorption (12,
13, 18), it has been suggested that proximal tubule phos-
phate transport may be dependent on reabsorption of
sodium in the same segment, and the dissociation in the
transport of the two ions occurs only in the distal
nephron, where phosphate is presumably poorly reab-
sorbed (12, 19).

Our present micropuncture studies were undertaken to
evaluate the relationship between phosphate and sodium
transport in the proximal tubule in thyroparathyroidec-
tomized (TPTX)' dogs after various maneuvers such
as infusion of parathyroid extract, saline and acetazola-
mide to inhibit phosphate reabsorption. Also, proximal
tubule phosphate transport was studied after maneuvers

l Abbreviations used in this paper: FE, fractional excre-
tion; FR, fractional reabsorption; GFR, glomerular filtra-
tion rate; P, plasma; PAH, para-aminohippurate; PTX,
parathyroidectomized; TF, tubule fluid; TPTX, thyropara-
thyroidectomized; UF, plasma ultrafiltrate.
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designed to change the level of parathyroid hormone in
saline-loaded animals, such as infusion of calcium chlo-
ride and administration of exogenous parathyroid hor-
mone. These experiments were intended to examine
whether a dissociation between the proximal tubule
transport of the two ions could be demonstrated when
sodium reabsorption by this segment was already in-
hibited. Our results indicate that although proximal tu-
bule phosphate transport generally parallels that of so-
dium, the two processes can be dissociated under certain
experimental conditions, especially under the influence
of parathyroid hormone. The data also suggest that a
significant fraction of filtered phosphate is reabsorbed
in the segment distal to the proximal tubule in the dog
nephron in the absence of parathyroid hormone.

METHODS
Micropuncture studies were performed in 35 mongrel dogs
of either sex weighing 12-20 kg. Animals were maintained
on and allowed free access to regular dog food, which con-
tained phosphate amounting to 100 mmol/100 g. The aver-
age dietary phosphate intake was therefore as high as
100-300 mmol/day. Water was withheld the night before
the micropuncture experiments. 1-3 days before the studies,
the thyroid and parathyroid glands were exposed and
identified by midline neck incision, and these were com-
pletely removed. In order to prevent the development of
tetany, the animals were then placed on high calcium in-
take by addition of calcium carbonate to the dog food, and
whenever necessary, parenteral calcium gluconate was ad-
ministered for correction of tetany. The effectiveness of
thyroparathyroidectomy was confirmed by the development
of hypocalcemia. Recollection micropuncture studies were
carried out in six groups of animals.

Group 1. In six TPTX dogs, micropuncture experiments
were performed during the first phase of hydropenia, fol-
lowed by the second phase with i.v. administration of para-
thyroid extract (Parathormone, Eli Lilly & Co., Indian-
apolis, Ind.). Parathyroid extract was given as a priming
dose of 150 U i.v. and this was followed by a sustaining
infusion of the same dose per hour.

Group 2. Recollection micropuncture studies were per-
formed in six TPTX dogs during hydropenia and after
expansion of the extracellular fluid volume to 5% of body
weight. The extracellular volume expansion was carried
out by i.v. infusion of 0.85% saline at a rate of 24 ml/min
until the infused volume reached 5%o of body weight, and
thereafter saline was infused at an appropriate rate to
replace urinary losses.

Group 3. Six TPTX dogs were studied in hydropenia
and after i.v. administration of 20 mg/kg acetazolamide.
A sustaining infusion of acetazolamide at 20 mg/kg/h was
also continued throughout the second phase.

Group 4. In six normal dogs with intact parathyroid
glands, 0.85%o saline was infused at 24 ml/min in the first
phase to expand the extracellular volume to 5% body
weight. In the second phase, isotonic calcium chloride solu-
tion was infused at a rate of 40 /Aeq/kg/min for 30 min,
before a sustaining infusion at 10 ueq/kg/min. Another 30-
45 min were allowed for. equilibration before tubule fluid
(TF) collections were resumed.

Group 5. Micropuincture studies were performed in five

saline-loaded, TPTX dogs following the same protocol as
in Group 4.

Group 6. In six TPTX dogs, 0.85% saline was infused
to 5%o body weight in the first phase and highly purified
parathyroid hormone (Wilson Laboratories, Chicago, Ill.)
150 U was administered i.v. in the second phase. This was
followed by a sustaining infusion at 100 U/h.

In all groups, isotonic saline was also infused as neces-
sary in each phase to replace urine losses.

Dogs were prepared for micropuncture experiments with
i.v. pentobarbital anesthesia 30 mg/kg, sustained by in-
jection of small doses as necessary. An endotracheal tube
was inserted to maintain adequate respiration by a Harvard
respirator (Harvard Apparatus Co., Inc., Millis, Mass.).
The jugular, foreleg, and femoral veins were cannulated
for infusion of fluid and collection of blood samples. The
bladder was exposed by suprapubic incision and both
ureters were catheterized for collection of urine. The left
kidney was exposed by a flank incision, dissected free of
perirenal tissue, and immobilized with a Lucite kidney
holder. The main renal artery of the same kidney was
punctured with a gauge 27 needle connected to PE 20 poly-
ethylene tubing for injection of lissamine green. A small
area of renal capsule (about 1 cm2) was carefully removed
to expose the surface tubule structures, which were covered
with a continuous drip of mineral oil to prevent evapora-
tion. Under direct visualization with a stereomicroscope,
the surface tubules were punctured with oil-filled, glass
capillary micropipettes with a Leitz micromanipulator (E.
Leitz, Inc., Rockleigh, N. J.). These micropipettes were
made by pulling the glass capillary tubing with a micro-
pipette puller (Industrial Science Associates, Inc., Ridge-
wood, N. Y.) and grinding the tip to about 10 Aum in
diameter. A long block of castor oil colored with Sudan
black was maintained immediately distal to the puncture
site to prevent retrograde collection of TF. Gentle suction
was applied to initiate the TF collection. The late or the
last accessible segments of the proximal tubule were identi-
fied by injecting 5%o lissamine green 0.1-0.2 ml into the
renal artery and timing its appearance at the surface
tubules. The late proximal tubule sites were also confirmed
by injection into the tubule of a small droplet of colored
oil, which either disappeared immediately without reap-
pearing or traveled only a short segment of the surface
tubules before disappearing. Recollection micropuncture
technique was employed to obtain TF samples at the same
puncture site before and after experimental maneuvers.
Clearance collection of urine with 15-min periods was
carried out throughout the experiments and blood samples
were drawn from the femoral vein at the midpoint of
each period. Plasma ultrafiltrate (UF) was obtained in
two to three plasma samples in each experimental phase
by centrifugation of the plasma in collodion bags (20)
with optimal pH control. The ultrafilterable fractions of di-
valent ions in the plasma by this method were 60.1±1.3%o
(SE) for calcium and 105±2-2%( SE) for phosphate. A
Technicon AutoAnalyzer (Technicon Instruments Corp.,
Tarrytown, N. Y.) was used for determination of inulin,
paraaminohippurate (PAH) and phosphate in the plasma
and urine. Modification of the resorcinol method was applied
for inulin (21), ethylenediamine method for PAH (22),
and colorimetric method with stannous chloride-hydrazine
for phosphate (23). Calcium was measured by atomic
absorption spectrophotometry (Perkin-Elmer Corp., Instru-
ment Div., Norwalk, Conn.) and sodium by flame pho-
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tometry (Instrumentation Laboratory, Inc., Lexington,
Mass.).

Inulin concentration in the TF was determined by modi-
fication of ultramicro-fluorometric method of Vurek and
Pegram (24) with an AMINCO fluoromicrophotometer
(American Instrument Co., Inc., Silver Spring, Md.).
Phosphate in the TF was determined by a modification
of the microcolorimetric method by Chen, Toribara, and
Warner (25). This was carried out by preparation of Re-
agent C, containing 0.8 N sulfuric acid. 0.25% ammonium
molybdate, and 1%o ascorbic acid. 5 i1 of Reagent C was
placed in a 50 ,l constant-bore glass capillary (Microcap
Disposable Micropipettes, Drummond Scientific Corp.,
Broomall, Pa.) to which 20 nl of TF sample was added.
The ends of the Microcap were flame-sealed (with one
end tapered to facilitate transfer of the solution), and
the solution was mixed by centrifugation in each direction
several times and incubated at 37°C for 90 min. The sealed
ends of the Microcap were then broken and the reagent-
sample mixture was transferred to fill up a 5-,gl glass
capillary, made by cutting the same Microcap at 12 mm
length. This was placed in an AMINO fiber optic micro-
colorimeter with both ends of the glass capillary in con-
tact with fiber optic rods, which channeled light longitudi-
nally through the solution-filled capillary and out to a
photomultiplier. The optical density of the solution was
read at 820 nm against the reagent blank and slight varia-
tions in the blank value were minimized by using the same
glass capillary for all readings. With this technique, phos-
phate concentration in 20-nl volumes of 24 human plasma
samples was determined after precipitation of plasma pro-
tein with 10%o trichloroacetic acid. These results (A) at
the concentration range of 0.54-3.22 mmol/liter were com-
pared with those simultaneously determined by the Auto-
Analyzer method with stannous chloride (B). The ratio
A/B had a mean of 0.99+0.06 SD indicating good cor-

relation between the two methods. A similar study using
18 plasma UF yielded a mean A/B ratio of 0.98±0.07 SD.
The presence of lissamine green and inulin in high con-
centrations, as was encountered in the urine samples of our
micropuncture experiments, did not interfere with phosphate
determination by the two methods. High calcium levels
in the samples up to 15 meq/liter also did not alter phos-
phate recovery by these methods.

In 20 pairs of recollected and control proximal TF
samples in TPTX dogs during hydropenia, mean ratio of
the two TF/P2 to TF/P1 was 0.99±0.10 SD, and that of
phosphate ratios TF/UF2 to TF/UF1 1.01+0.10 SD in 23
pairs. During saline diuresis, these values were 1.01±0.09
SD for inulin in 22 pairs and 0.99±0.11 SD for phosphate
in 18 pairs of recollected samples.

Plasma values for inulin and sodium, and those in the
plasma UF for phosphate, were used for clearance calcula-
tions without correction for Donnan distribution. Both
micropuncture and clearance data were analyzed statisti-
cally by Student's t test (26) for comparison of paired
mean values per animal for the two experimental phases.

RESULTS

Effect of phosphaturic maneuvers in hydropenic,
TPTX dogs. The relationship between renal transport
of phosphate and sodium was studied in 18 hydropenic
TPTX dogs before and after enhancement of phosphate
excretion by administration of parathyroid extract, iso-
tonic saline, or acetazolamide. The clearance data of the
micropunctured kidney in these experiments are sum-
marized in Table I. Mean glomerular filtration rate
(GFR) remained unchanged after parathyroid extract
and saline but was reduced significantly by 29% after

TABLE I
Clearance Data in Hydropenic, TPTXDogs before and after Phosphaturic Maneuvers

Exp Exp
group phase GFR UFca UFPo4 UPo4V FEPo4 UN.V FENa

mil/min meg/liter mmol/liter umol/min % peq/min %
PTE (6) C 31.0 1.7 1.78 1.5 2.9 43 0.85

±6.0 ±0.1 ±0.13 ±0.3 ±0.7 ± 17 ±i0.22
E 32.2 1.7 1.71 13.9$ 26.4$ 56 1.11

46.3 ±0.1 ±0.13 i3.1 ±4.4 ±21 ±0.25

SAL (6) C 34.8 1.7 2.51 4.5 4.5 26 0.55
44.8 ±0.2 40.23 ± 1.6 ± 1.2 ±6 ±0.12

E 32.9 1.4* 2.19* 11.8$ 18.2$ 249$ 5.72$
±-5.0 40.2 ±t0.18 42.1 ±3.8 ±32 ±1.13

AZE (6) C 34.8 2.0 2.13 4.6 5.5 25 0.48
±3.7 ±0.3 ±0.10 ±1.9 +2.0 45 ±0.08

E 24.8t 1.9 2.32 18.1t 31.2t 153t 4.62$
±4.1 40.3 ±0.14 ±3.6 ±3.6 ± 18 ±t0.52

Values are mean±SEM. Parentheses denote number of dogs.
Abbreviations: AZE, acetazolamide; C, control phase; E, experimental phase;
extract; SAL, saline; UN.V, sodium excretion; UpOV, phosphate excretion.
* P < 0.05.
tP < 0.01.

PTE, parathyroid
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acetazolamide. Mean UF phosphate was slightly reduced
only after saline infusion. Mean UF calcium was low in
all three groups, indicating effective parathyroidectomy.
Prominent phosphaturia occurred in all groups with
mean fractional excretion (FE) of phosphate increasing
from 2.9 to 26.4% after parathyroid extract, from 4.5
to 18.2% after saline, and from 5.5 to 31.2% after
acetazolamide. On the other hand, significant natriuresis
was observed only after saline and acetazolamide with
increases in mean FE sodium from 0.55 to 5.72% and
from 0.48 to 4.62%, respectively. After parathyroid ex-
tract administration, mean FE sodium was unchanged
at 0.85 and 1.11% (P > 0.1), indicating a dissociation
of phosphaturic effect of parathyroid extract from that
on sodium transport.

Proximal tubule micropuncture data before and after
phosphaturic maneuvers in TPTX dogs for each experi-

TABL
Proximal Tubule Micropuncture Datt

and after Phosphu

ment are shown in Table II. In groups of six animals
each, mean proximal TF/UF phosphate increased from
0.69 in hydropenia to 0.92 after parathyroid extract,
from 0.75 to 0.85 after saline, and from 0.78 to 0.97 after
acetazolamide. The individual TF/UF phosphate values
for all three groups of experiments are plotted against
the corresponding TF/P inulin in Fig. 1. During hy-
dropenia, all but two points are scattered below unity
with the overall mean at 0.74, and appear to be un-
changed at different levels of fluid reabsorption in the
late proximal tubule. Mean proximal TF/P inulin in
the three groups during hydropenia at 1.70, 1.67, and
1.71 were reduced significantly to 1.47 after parathyroid
extract, 1.28 after saline, and 1.42 after acetazolamide
(Table II). Fractional reabsorption(FR) of phosphate
in the proximal tubule was reduced by 21-22% of the
filtered load by the three maneuvers, while that of water

,E It
a in Hydropenic, TPTX Dogs before
aturic Maneuvers

TF/UFPo4 TF/Pinulin FRPo4 FRHi2,
Dog
No. n C E C E C E C E

Parathyroid extract administration
12 5 0.70 0.97 2.14 1.49 67 35 53 33
14 2 0.58 0.75 1.31 1.21 56 38 24 17
15 5 0.53 0.74 1.46 1.37 64 46 32 27
16 7 0.96 1.16 1.87 1.72 49 36 47 42
18 6 0.77 0.93 1.48 1.32 48 30 32 24
56 4 0.62 0.98 1.91 1.73 68 43 48 42

Mean 0.69 0.92t 1.70 1.47* 59 38t 39 31*
USE 0.06 0.06 0.13 0.04 4 2 5 4

Saline infusion
20 5 0.70 0.75 1.69 1.13 59 34 41 12
21 6 0.65 0.75 1.61 1.26 60 40 38 21
22 7 0.86 0.85 1.55 1.32 45 36 35 24
23 6 0.82 1.05 1.56 1.18 47 11 36 15
24 4 0.69 0.85 1.69 1.57 59 48 41 36
25 3 0.79 0.85 1.90 1.20 58 29 47 17

Mean 0.75 0.85* 1.67 1.28t 55 33t 40 21t
-SE 0.03 0.04 0.05 0.06 5 5 2 3

Acetazolamide administration
26 5 0.85 1.08 1.63 1.50 48 28 39 33
27 6 0.79 0.89 1.60 1.19 51 25 37 16
28 3 0.69 0.98 1.91 1.50 64 35 48 33
29 7 0.83 1.01 1.62 1.67 49 40 38 40
30 4 0.65 0.92 1.91 1.29 66 29 48 22
53 4 0.87 0.93 1.61 1.36 47 32 38 26

Mean 0.78 0.97t 1.71 1.42* 54 32: 41 28*
-SE 0.04 0.03 0.06 0.07 3 2 2 4

Abbreviations: C, control phase; E, experimental phase.
*P < 0.05.
1P <0.01.
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was reduced by 8% after parathyroid extract, 19% after
saline, and 13% after acetazolamide, respectively.

In Fig. 2, mean fractions of filtered phosphate reab-
sorbed at the late proximal tubule before and after the
phosphaturic maneuvers are compared with the corre-
sponding values at the level of final urine. During hy-
dropenia, mean FR phosphate of 55-60% at the late
proximal tubule in the three groups are markedly con-
trasted with the much higher values at the final urine
at 95-97%, suggesting a significant further reabsorption
of phosphate distal to the proximal tubule puncture site.
After the three phosphaturic maneuvers, FR phos-
phate in the proximal tubule was reduced similarly by
20-25% of filtered load in all three groups and these
effects were reflected in the similar reduction in FR
phosphate at the urine level in parathyroid extract and
acetazolamide groups. However, the phosphaturic effect
of saline infusion was of considerably smaller magni-
tude than its effect in the proximal tubule (reduction in
FR of 14% vs. 22%).

Experiments in saline-loaded dogs. Since the fore-
going experiments demonstrated a correlation between
changes in phosphate and sodium transport in the proxi-
mal tubule, additional studies were performed in saline-
loaded dogs to examine whether changes in proximal
tubule phosphate transport could occur under the condi-
tions in which proximal tubule sodium reabsorption was
already inhibited. In six normal dogs, after saline infu-
sion to 5% body weight, recollection micropuncture ex-
periments were carried out before and after infusion of
calcium chloride to suppress endogenous parathyroid
hormone. The results were compared with those of five
saline-loaded, TPTX dogs studied under the same ex-
perimental protocol. The clearance data of these experi-
ments are summarized in Table III. Mean GFRwas re-
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FIGURE 1 Proximal TF/UF phosphate ratios plotted
against the corresponding TF/P inulin ratios before and
after three phosphaturic maneuvers in hydropenic, TPTX
dogs. Each point represents the values for an individual
TF sample. PTE, parathyroid extract.
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FIGURE 2 Mean FR phosphate at the late proximal tubule
(LPT), and final urine (U) before and after phosphaturic
maneuvers in hydropenic, TPTX dogs. AZE, acetazolamide;
HYD, hydropenia; PTE, parathyroid extract; SAL, saline.

duced by 18-22% when mean UF calcium was increased
by calcium chloride infusion from 2.7 to 4.7 meq/liter
in the normal and from 1.9 to 4.2 meq/liter in the TPTX
animals. Mean plasma phosphate increased prominently
in the two groups, but as a result of reduction in ultra-
filterable fraction of phosphate from 104-108% to 81-
84% after calcium infusion, the increases in mean UF
phosphate were slightly less prominent, from 1.50 to
2.01 mmol/liter and from 1.76 to 2.19 mmol/liter, re-

spectively. The ultrafilterable fraction of phosphate
remained stable during the entire phases of micropunc-
ture. Mean FE phosphate in the normal dogs remained
unchanged at 27.8 and 28.2%, while in the TPTX dogs,
mean FE phosphate increased from 7.6 to 21.1%. Mean
FE sodium also increased after calcium infusion in both
groups of animals.

Proximal tubule micropuncture data are summarized
in Table IV. Mean proximal TF/UF phosphate was re-

duced from 0.89 to 0.66 after calcium infusion in the
normal group but mean TF/P inulin did not change sig-
nificantly (P> 0.1). This increase in proximal tubule
FR phosphate without corresponding change in so-
dium was mainly due to suppression of endogenous
parathyroid hormone, since both proximal TF/UF phos-
phate and TF/P inulin remained unchanged in TPTX
dogs under similar experimental conditions. The indi-
vidual proximal TF/UF phosphate values before and
after calcium infusion are plotted in Fig. 3, which il-
lustrates the difference in response to calcium infusion
in the two groups.

Fig. 4 compares the mean FR phosphate at the late
proximal tubule and at the level of final urine before and
after calcium infusion. In the saline-loaded normal dogs,
mean FR phosphate at the late proximal tubule was in-
creased by 18% of filtered load after calcium infusion,
but remained unchanged at the final urine. In contrast,
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TABLE III
Summary of Clearance Data in Saline-Loaded Dogs

Exp.
Dogs phase GFR CPAH UFca PPO4 UFpo4 UPojV FEPo4 UNNV FEN,

mi/min mil/min meqililer inmolffi/er mnmol/liter iuioi,/'miil ',! peqimin ',7,.

Ncirrial (6) SLlille 45.1 125.0 2.7 1.39 1.50 18.2 27.8 240 3.81
±4.() ±12.3 ±t0.08 ±)0.17 ±0.18 i4.4 ±45.3 11 ±-0.78

CaC12 34.61: 74.5t 4.71 2.39* 2.01* 18.9 28.2 270 5.59*
±4.1 ±7.7 ±t0.3 ±0.22 40.20 ±3.3 ±4.2 ±40 ±0.87

TPTX (5) Saline 33.8 71.0 1.9 1.69 1.76 4.8 7.6 129 2.37
43.9 i11.3 ±0.2 40.32 40.34 41.6 ±0.2 ±23 ±1.11

CaCl2 27.5* 45.3* 4.2$ 2.72* 2.19* 12.9: 21.1: 211 5.19*
42.7 416.4 ±0.2 4t0.23 ±0.19 ±2.3 ±0.2 ±:49 ± 1.24

TPTX (6) Saline 41.3 96.9 1.9 1.43 1.50 7.6 10.2 289 4.26
+5.0 ± 10.2 ±0.2 40.20 ±0.20 +4.3 ±4.1 ±72 ±0..70

PTH 42.2 98.4 1.9 1.33 1.39 20.3t 36.41 339 4.86
±5.5 ±17.2 ±0.1 ±0.17 ±0.19 ±-4.5 ±5.5 79 ±+0.86

Values are mean±SEM. Parentheses denote number of dogs.
CPAH, PAH clearance; PTH, parathyroid hormone; other abbreviations as in Table I.
*P <0.05.
1P <0.01.

in the saline-loaded, TPTX dogs, mean FR phosphate
at the urine level was reduced by 14% of filtered load
while that at the late proximal tubule remained un-
changed after calcium infusion.

In order to further demonstrate the dissociation be-
tween phosphate and sodium transport in the proximal
tubule, highly purified parathyroid hormone was ad-
ministered to six saline-loaded, TPTX dogs, and the
results are also summarized in Tables III and IV. Mean
FE phosphate increased from 10.2 to 36.4% while mean
GFRand mean FE sodium remained unchanged. There

TABLE IV
Slummary of Proximal Tubule AMicropuncture Data

in Saline-Loaded Dogs

Exp.
Dogs 1t phase TF/UFPo4 TF/Pln FRP04 FRa2o

% %
Normal (6) 38 Saline 0.89 1.51 39 31

4:0.09 4-0.12 i9 1:6
CaCi2 0.66* 1.59 57* 35

1:0.07 :10.13 :1:6 -45

TPTX (5) 31 Saline 0.80 1.43 44 29
:410.03 4:0.07 414 :14

CaCl2 0.82 1.49 45 32
:10.05 :40.09 :17 :14

TPTX (6) 26 Saline 0.81 1.52 46 33
4:0.07 :410.09 1:6 44

PTH1 1.01* 1.54 32* 33
:10.13 :1:0.11 :1410 1:5

Values are mean :1SEM. Abbreviations as in Tables IV and V.
*P <0.05.

was a significant increase in mean proximal TF/UF
phosphate from 0.81 to 1.01 without change in corre-
sponding TF/P inulin.

Comparison of phosphate and sodium transport in the
proximal tubule. Correlation between phosphate and
sodium transport in the proximal tubule was evaluated
by comparing changes in FR in this segment calculated
from our micropuncture data. Mean increments in FR
of the two ions for each experiment are plotted against
each other in Fig. 5. The diagonal line represents one-
to-one relationship for the two ions. In hydropenic,
TPTX animals, indicated by closed symbols, there was a
significant correlation (r= 0.69) between the transport
changes of the two ions when their FR was reduced by
administration of parathyroid extract, saline, or aceta-
zolamide. However, all but three points are above the
diagonal line, indicating greater effect of these maneu-
vers on FR phosphate than FR sodium. On the other
hand, dissociation between phosphate and sodium reab-
sorption was demonstrated in the saline-loaded animals,
indicated by open symbols, with increased FR phosphate
without sodium changes in normal dogs after calcium
infusion, and reduced phosphate transport with un-
changed sodium reabsorption in TPTX dogs after para-
thyroid hormone.

DISCUSSION
Available micropuncture studies in the literature (9-14)
have shown that phosphate is reabsorbed by the proximal
tubule in greater proportion than the corresponding
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plasma (or plasma UF) level with mean proximal TF/P
(or TF/UF) phosphate at about 0.6-0.7. This is in con-
trast to proximal tubule handling of major cations such
as sodium (27, 28), potassium (27, 28), calcium (10,
29), and magnesium (30), which all have a proximal
TF/P (or TF/UF) ratio of unity under various physio-
logical and experimental conditions. Constancy of TF/P
(or TF/UF) ratio implies that proximal tubule reab-
sorption of these cations takes place in parallel fashion
and hence a good correlation between the transport of
sodium and other cations should obtain. Indeed, FE
calcium (31-33) and FE magnesium (32, 33) have been
shown to be linearly related to that of sodium. A similar
linear correlation between FE sodium and FE phosphate
has also been demonstrated in normal (6) and TPTX
(6, 17) animals. In our micropuncture studies, after ad-
ministration of parathyroid extract, saline, or aceta-
zolamide, the reduction in FR phosphate was generally
proportional to but characteristically greater than that
of sodium. This was born out by reduction in proximal
TF/P inulin and increase in TF/UF phosphate with
presumably unchanged TF/P sodium (28) after the
three maneuvers. The mechanism by which correlation
between sodium and phosphate transport occurs in the
proximal tubule is not clear. Assuming an active sodium
reabsorption as the major driving force for proximal
tubule transport, reduction in sodium reabsorption may
be followed by a similar reduction in the reabsorption of
other ions, through diminished bulk flow across proximal
tubule epithelium probably via intercellular channels
(34). Under this condition, the proximal TF/P (or
TF/UF) ratio of cations such as potassium (28), cal-
cium (29), and magnesium (30) remains unchanged at
unity whereas that of phosphate invariably increases.
This increase in proximal TF/P (or TF/UF) phos-
phate after inhibition of sodium reabsorption, as was
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FIGURE 3 Proximal TF/UF phosphate ratios before and
after calcium chloride infusion in saline-loaded dogs. The
values for individual TF samples are plotted.
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FIGURE 4 Mean FR phosphate at the late proximal tubule
(LPT),. and final urine (U) before and after calcium
chloride infusion in saline-loaded dogs. SAL, saline.

demonstrated in the present studies, is not unexpected
since phosphate in the proximal tubule reabsorbate is
nearly always higher than that in the plasma (or plasma
UF) and thus a reduction in bulk reabsorption should
lead to increased TF/P (or TF/UF) phosphate. Al-
though the alternative possibility of a direct coupling
for sodium and phosphate transport in the proximal tu-
bule cannot be excluded, such a fixed relationship has
been questioned by Kuntziger, Amiel, and Gaudebout
(35).

Our mean proximal TF/UF phosphate of 0.74 in by-
lropenic, TPTX clogs is comparable to the values re-

p)orte(l in the intact (logs (12, 19) and rats (9, 10, 13)
and much higher than those reported in parathyroidec-
tomized (PTX) rats (13, 14) and dogs (36). Although
the reason for the difference is not readily apparent,
high dietary intake of phosphate in our dogs may be re-
sponsible for the higher proximal TF/UF phosphate in
outr studies, since reducing intestinal absorption of phos-
phate by administration of aluminum-hydroxide gel re-
sulted in a lower mean proximal TF/UF phosphate of
0.45.' Furthermore, Van Stone and Hano (37) showed
that urinary excretion of phosphate increased similarly
on increased dietary phosphate in both intact and PTX
rats, indicating the importance of dietary phosphate in-
take on renal phosphate transport. Although the longer
duration of TPTX in our animals, as compared to
acutely PTX state studied by others, may also be re-
sponsible for the higher proximal TF/UF phosphate, our
micropuncture data in acutely TPTX dogs (38), as well
as those by Amiel, Kuntziger, and Richet (11) in acutely
PTX rats, demonstrated a similarly high proximal
TF/UF phosphate. Whatever the reason for the rela-
tively high proximal TF/UF phosphate, calculation of
the fraction of filtered phosphate remaining at the end of
proximal tubule in our studies, assuming end proximal

'Unpublished observation.

Proximal Tubule Phosphate Transport 149



0
--AFRNG M~

* HYD-PTE
*AHYD-SAL
* HYD- AZE TPTX DOGS
oSAL-PTH
ASAL- COC12,
oSAL-CaCI2) NORMALDOGS

1+40

FIGURE 5 Mean increments in FR phosphate (AFRp04)
in the proximal tubule as related to the corresponding
sodium increments (AFRNa) in all six groups of animals.
Each point represents mean values for each experiment.
Correlation coefficient (r) for the first three groups (closed
symbols) is 0.69 (P < 0.01). No apparent correlation is
seen in saline-loaded animals (open symbols). AZE, aceta-
zolamide; HYD, hydropenia; PTE, parathyroid extract;
PTH, parathyroid hormone; SAL, saline.

TF/P inulin as 2.5, revealed that approximately 30% of
filtered phosphate was delivered to the distal nephron
during hydropenia. Since the corresponding FR phos-
phate in the final urine was about 5%, as much as 25%
of filtered phosphate could be reabsorbed by the distal
nephron in TPTX dogs. It may be argued that phosphate
transport in the superficial nephrons as obtained by
micropuncture studies may not represent that of all
nephrons (39, 40) and greater FR phosphate by the

deep nephrons may be responsible for the difference in

the remaining fractions between the superficial end prox-

imal tubule and the final urine. However, functional
heterogeneity in the dog kidney is probably relatively
small (41), as almost 100% of the nephrons possess long
loops of Henle (42) with the ratio of superficial to deep
nephron GFRat about 0.8 (43). Since cortical nephrons
functionally comprise the majority of total nephrons,
even a complete reabsorption of filtered phosphate by
the deep nephron proximal tubules cannot account for
25% difference in the remaining fractions observed in

our studies. Although the 25% discrepancy may also rep-

resent further reabsorption by the pars recta of the
proximal tubule, reabsorption in this segment is thought
to be of much smaller magnitude than that in the pars

convoluta (44). Also the generous assumption of 2.5 as

the end proximal TF/P inulin in the dog used in our

calculation of remaining phosphate fraction should
greatly minimize the possibility of additional proximal
tubule reabsorption over our estimated value. There-
fore, it is more reasonable to assume that further phos-
phate reabsorption occurred distal to the proximal tu-

bule in our TPTX dogs. A similar conclusion was

reached by Amiel et al. (11) in the rat, and additional
evidence in our studies (vide infra) also supports the
existence of distal phosphate reabsorption. However,
distal tubule micropuncture study of phosphate reab-
sorption is necessary to further confirm these observa-
tions. Our finding of possible distal phosphate reab-
sorption in TPTX dogs is at variance with microinjec-
tion (45, 46) and microperfusion (47) studies in in-
tact rats in which no significant distal reabsorption was

demonstrated. The reason for this difference is un-

known but it is possible that demonstration of distal
phosphate reabsorption requires the absence of endoge-
nous parathyroid hormone. It may also represent a spe-
cies difference in renal handling of phosphate. The gen-
erally higher plasma phosphate level in the rat (9, 11,
13) than that in the dog (6, 48) under physiological
conditions also attests to the existence of difference in
phosphate metabolism between the two species.

The effect of parathyroid extract on proximal tubule
sodium and phosphate reabsorption in TPTX dogs in
our studies was similar to that observed in the intact
animals reported in the literature (12, 18). In our ex-

periments, the reduction in FR phosphate by the prox-
imal tubule by 21% of filtered load was reflected in 24%
increase in FE phosphate in the urine, indicating that
the major site of action of parathyroid extract on renal
phosphate transport must reside in the proximal tubule.
Similar changes in both proximal tubule FR phosphate
and urinary FE phosphate by 22% and 26%, respec-
tively, were observed after administration of acetazola-
mide. In contrast, after saline infusion, although re-
duction in proximal tubule FR phosphate by 22% was

comparable to parathyroid extract and acetazolamide
groups, the increase in FE phosphate in the urine was

only 14%. This blunting of the phosphaturic effect by
saline infusion has also been reported in TPTX dogs by
Massry, Coburn, and Kleeman (6), Slatopolsky, Gra-
dowska, Caglar, and Rutherford (49), and in PTX rats

by Frick (5). Hebert, Rouse, Eknoyan, Martinez-Maldo-
nado, and Suki (50) showed that the diminished phos-
phaturic effect of saline infusion in acutely TPTX dogs
was related to low serum phosphate relative to an in-

creased threshold or tubule maximum, or decreased
splay. In our studies, the observed reduction in phos-
phaturic effect appears not to be solely related to low

plasma phosphate value since mean UF phosphate in

this group was relatively high at 2.2-2.5 mmol/liter.
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Since fractional delivery of phosphate to the distal neph
ron was similar in the first three groups after phospha
turic maneuvers, the blunted phosphaturic response ob
served after saline infusion must have occurred as a

result of an increase in distal FR phosphate relative
to its delivery. A similar conclusion was reached by
others (14, 51) in the rat after volume expansion. Con-
versely, administration of parathyroid extract and aceta-
zolamide, in addition to its predominently proximal tu-
bule effect, appears to prevent such a compensatory in-
crease in FR phosphate in the distal nephron, resulting
in unabated phosphaturia. These observations lend fur-
ther support to the existence of distal phosphate reab-
sorption in the dog nephron.

The effect of acetazolamide or other carbonic anhy-
drase inhibitors on proximal tubule sodium transport has
been studied by micropuncture technique in the past but
the results were equivocal in the dog (52) and contra-
dictory in the rat (53-55). In our micropuncture study
in TPTX dogs, proximal tubule FR sodium was re-
duced by 13% of the filtered load after acetazolamide.
Since this occurred despite 29% fall in GFR, absolute
sodium reabsorption by the proximal tubule must be
greatly reduced. Our findings of reduced proximal tu-
bule phosphate as well as sodium reabsorption after
acetazolamide in TPTX dogs were also supported by
the similar observation by Beck and Goldberg (36). It
is not known whether the effect of acetazolamide on
proximal tubule phosphate transport is secondary to its
sodium effect or a direct result of carbonic anhydrase
inhibition.

Since the parallelism between the changes in sodium
and phosphate reabsorption in the proximal tubule after
the three phosphaturic maneuvers suggests some linkage
in the transport of the two ions, attempts were made to
determine whether the two can be dissociated by chang-
ing the endogenous or exogenous level of parathyroid
hormone without changing proximal tubule sodium trans-
port. This was carried out by infusion of calcium
chloride in saline-loaded normal dogs or administration
of highly purified parathyroid hormone to saline-loaded
TPTX dogs. Saline-loaded animals were used because
it has been shown that proximal tubule FR sodium in the
dog, once suppressed by saline infusion, tends to remain
unaffected by further inhibitory maneuvers such as
graded volume expansion (56, 57). Indeed, neither cal-
cium infusion nor parathyroid hormone administration,
both of which have been shown to reduce proximal tu-
bule sodium reabsorption (12, 18, 58), significantly al-
tered proximal TF/P inulin in the saline-loaded animals
in the present studies. Increased FE sodium observed
in the final urine after calcium infusion, therefore, was
a result of reduced sodium reabsorption in the distal
nephron. This is consistent with the observation by Suki,

Eknoyan, Rector, and Seldin (59) that both free water
clearance and free water reabsorption were reduced in

-hypercalcemia, suggesting a reduction in sodium trans-
port in the loop of Henle. Calcium infusion in the saline-

e loaded normal dogs resulted in no significant changes
in FE phosphate. Several factors may be involved in this
group of animals to influence renal phosphate handling.
First, calcium infusion was associated with a fall in
GFR, probably as a result of reduction in renal plasma
flow, and this may reduce urinary phosphate excretion.

r Second, there was a rise in UF phosphate as well as
total plasma phosphate despite a reduction in its ultra-
filterable fraction, which occurred as a result of hyper-
calcemia (60). Increase in UF phosphate should lead to
enhanced phosphate excretion. Although the mechanism
for the rise in plasma phopshate after calcium infusion
is not known, it was apparently derived from nonrenal
origin since urinary phosphate excretion was not dimin-
ished (61). Third, acute calcium infusion suppresses
parathyroid hormone (62) and stimulates calcitonin
(63), both hormones known to reduce proximal tubule
phosphate reabsorption (12-14, 64). Since calcium
infusion in the intact animals enhanced phosphate re-
absorption in the proximal tubule in our present studies,
the effect of parathyroid hormone must predominate
over that of calcitonin. Finally, calcium infusion may
directly reduce phosphate reabsorption (65) since phos-
phate excretion and FE phosphate increased in the
TPTX dogs in our studies. Whatever factors may pre-
dominate after calcium infusion *in intact animals, un-
changed FE phosphate in the face of enhanced proximal
tubule phosphate reabsorption strongly suggests an in-
hibitory effect of calcium infusion on distal phosphate
reabsorption offsetting its proximal tubule effect. This
was further supported by the observation in the saline-
loaded TPTX dogs, in which FE phosphate increased
when fractional proximal tubule phosphate transport
remained unchanged after calcium infusion (Fig. 4).

In our studies, a dissociation in sodium and phosphate
transport in the proximal tubule was demonstrated when
endogenous parathyroid hormone was suppressed by cal-
cium infusion in saline-loaded normal dogs and when
exogenous parathyroid hormone was administered to
saline-loaded TPTX dogs. These observations indicate
existence of an independent transport system for phos-
phate in the proximal tubule, especially under the in-
fluence of parathyroid hormone. The demonstration of
an independent transport system for the two ions is in
contrast to the earlier findings in hydropenic animals
during phosphaturic maneuvers and those reported in the
literature (12, 18, 19), in which parallel changes in the
transport of the two ions were generally found. The con-
cept of an independent phosphate transport system is
helpful in understanding the role of renal excretion in
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the maintenance of phosphate homeostasis. It is known
that when phosphate load to the body is increased
through dietary intake or i.v. administration, urinary
phosphate excretion is enhanced not only by an increase
in the filtered load but by a reduction in tubule FReither
through its direct effect on the tubule or, secondarily,
through stimulation of parathyroid hormone (1, 4, 37).
It appears that this effective homeostatic regulation of
renal phosphate transport is, at least in part, dependent
on the metabolic influences of phosphate rather than
solely related to changes in renal sodium transport. How-
ever, the relative importance of sodium-independent and
-dependent transport systems for phosphate in determin-
ing phosphate excretion in the final urine remains to be
elucidated.
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