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whereas the calcium efflux was only slightly diminished (29.5 +/- 5.3-23.7 +/- 5.1 peg-cm-1-min-1). Ouabain had no effect
on the influx of Ca across the thick ascending limb of Henle. There was no net transport of phosphate across the thick
ascending limb. Phosphate permeability was exceedingly low bidirectionally across the thick ascending limb. Our findings
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ABSTRACT Calcium and phosphate transport was
examined in rabbit thin descending, thin ascending,
and thick ascending limbs of Henle by in vitro per-
fusion of isolated tubular segments. Permeability co-
efficients for these segments with *Ca and PO,
were determined for both lumen-to-bath and bath-
to-lumen directions. Both the thin descending and
thin ascending limbs were found to be relatively
impermeable to both 4Ca and *PO,. In neither seg-
ment were we able to show evidence for net transport
of calcium or phosphate. In contrast, the thick as-
cending limb of Henle showed a decrease in calcium
lumen-to-bath concentration from 0.97+0.02 to 0.88
+0.02 when perfused at 4.8 nl min~!. ¥Ca lumen-to-
bath and bath-to-lumen fluxes were 19.96+1.05 and
9.89+0.02 peq- min~'-cm™, respectively, and the po-
tential difference was +3.8+0.3 mV (lumen positive).
The observed calcium flux ratio was significantly
higher than that predicted by Ussing’s equation. When
ouabain was added to the bath the potential differ-
ence fell to +1.1+0.3 mV, whereas the calcium efflux
was only slightly diminished (29.5+5.3-23.7+5.1
peq-cm~!-min~!). Ouabain had no effect on the
influx of Ca across the thick ascending limb of Henle.
There was no net transport of phosphate across the
thick ascending limb. Phosphate permeability was
exceedingly low bidirectionally across the thick
ascending limb. Our findings indicate: (a) all seg-
ments of Henle’s loop are relatively impermeable
to calcium and phosphate; (b) net transport of phos-
phate seems to be absent in Henle’s loop; (c) net
calcium reabsorption, which cannot be explained by
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passive mechanisms, occurs in the thick ascending
limb.

INTRODUCTION

It is now generally accepted that both calcium and
phosphate are reabsorbed in that portion of the
proximal convoluted tubule accessible to micropunc-
ture (1-11). Furthermore, micropuncture studies have
suggested that net calcium reabsorption takes place
between the late part of the proximal convoluted tubule
and early portions of the distal tubule (1, 3-7);
whereas, there does not seem to be any net trans-
port of phosphate between these two micropuncture
sites (3-8). However, no previous studies have
directly examined the segmental transport properties
of the loop of Henle with respect to calcium and phos-
phate. It, therefore, was the purpose of the present
studies to examine the characteristics of calcium and
phosphate transport in the thin descending (DLH),!
thin ascending (tALH), and thick ascending (TALH)
limbs of Henle utilizing the technique where isolated
segments of rabbit nephrons are perfused in vitro (12).

METHODS

Female New Zealand white rabbits were fed a standard
laboratory chow diet and had free access to water before
sacrifice. The appropriate tubule segments were dissected
from a small slice of kidney obtained immediately after
sacrifice. During dissection the kidney slice was immersed
in a dish of chilled rabbit serum, oxygenated and kept at
pH 7.4 by gassing with 95% O, and 5% CO,. After dissec-
tion, the isolated tubular segments were transferred to a
temperature controlled perfusion chamber which was
keptat 37°C. Positive identification of the thin descending and

! Abbreviations used in this paper: CP, collected-to-perfu-

sate; DLH, thin descending limb of Henle; PD, potential
difference; tALH, thin ascending limb of Henle; TALH,
thick ascending limb of Henle.
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thin ascending limbs was accomplished by observing their
transition to pars recta and thick ascending limbs, re-
spectively (13). The two ends of the tubular segments
were sealed into the glass pipettes with Sylgard 184 (Dow
Corning Corp., Midland, Mich.). Unless otherwise specified,
NaCl/HCO; buffer (composition in mM: NaCl, 115; NaHCO,,
25; Na acetate, 10; KCI, 5; CaCl,, 1.0; MgSO,, 1.2;
NaH,PO,, 1.2; glucose, 5.5) was used as a bath and perfusion
solution. Pre-equilibration of perfusion solution with 95%
0, and 5% CO,, and continuous bubbling of bath with the
same gas mixture maintained the pH of both fluids at 7.4.
At this pH approximately 80% of the total calcium in both
perfusate and bath was in the ionized form (14). The tubular
perfusion rate was controlled by varying the height of a
column of water connected to the end of the perfusion
pipette. Inside tubular diameter was measured from photo-
graphs obtained during the experiment. Timed tubular
fluid samples were collected for analysis under mineral oil
by aspiration into a calibrated pipette. All measurements
were obtained 90-120 min after the initiation of perfusion
of a given nephron segment.

Net water reabsorption (Jv) was measured with [“C]
or [PHJinulin or [*’]iothalamate in the perfusate as a
volume marker. Jv was calculated as Vi-Vo/L where Vi
is the perfusion rate, Vo the collection rate and L the length
of tubule studied. (Tubule length can be measured to within
0.05 mm with a precalibrated micrometer in one eyepiece
of the inverted microscope used to observe perfusion.)
Vo was directly measured by using the collection time
while Vi was calculated as total counts per minute of volume
marker in collected fluid divided by the product of volume
marker counts per minute per nanoliter in perfusion fluid
and collection time.

The permeability coefficient for calcium and phosphate
was determined by measuring the rate of appearance or
disappearance from the luminal fluid of the respective
isotope added either to the bath or to the perfusate. When
bidirectional fluxes of calcium were measured in the same
tubule, successive determinations of each unidirectional
flux were made. In these experiments perfusate was changed
by introducing new perfusate through a small polyethylene
tube that had been advanced to the tip of the perfusion
pipette. In the initial three consecutive collections *Ca
was added to the bath, and its appearance rate into the
collected fluid was monitored. *Ca was then removed
from the bath by exchanging it at least three times with
new bath fluid containing no isotope. Perfusate con-
taining **Ca was then introduced into the perfusion pipette
as described above. Completeness of bath and perfusate
exchange was monitored by sampling each. After at least
a 30-min equilibration time, #*Ca efflux was measured during
three successive collections.

In the thin descending and thin ascending limb the uni-
directional isotopic fluxes were expressed in terms of ap-
parent permeability coefficient according to the following
expression (15):

Vi-Vo (1n Ci/Co
Py = ( ) ,

A 1n Vi/Vo

where Vi is the perfusion rate; V,, collection rate; C;, counts
per minute per milliliter of isotope in the perfusate; C,, counts
per minute per millimeter of isotope in collected fluid and A,
area of the tubule calculated from the length of tubule and
inside diameter.

In experiments with no net water reabsorption, the per-
meabilities were calculated according to (15):
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The apparent isotopic permeability coefficient, measured
from bath to lumen, was obtained from the influx rate of
45Ca and 3?PO, according to the expression (16):

Vi (C)
A (Cb-CD) ’

where Cb and Cl are concentrations of the corresponding
isotopes in the bath and collected fluid, respectively.
(Cb-Cl) is the logarithmic mean concentration gradient be-
tween the bath and collected fluid isotope concentration.

In those experiments in which the bidirectional fluxes were
measured successively in the same tubule, the bath to lumen
permeability coefficient (Py,;) was calculated by (13):

Co

p. - Co Py
"~ Cb ( —A Plb ) ’
l-exp| ————

where V is the mean flow rate, (Vi + Vo)/2.

To determine the capacity of thin descending limb to
maintain a calcium and phosphate lumen to bath concen-
tration gradient, segments of thin descending limb were
perfused with artificial solution, 287 mosM/kg, against two
types of bath. During the control periods, the bath was
isosmolar NaCl/HCO; solution, while during the experi-
mental periods, the bath osmolality was increased by addi-
tion of NaCl. The collected to perfused concentration ratio
of the isotopes (*Ca or ¥PO,) was compared to the ratio of
increase in volume marker when the osmotic gradient was
imposed across the tubular epithelium. In those experi-
ments with %Ca in the perfusion solution, the perfusate
was: NaCl, 145 mM; KCl, 5 mM; CaCl,, 1.0 mM; MgSO,,
1.2 mM; but without PO, or HCO;. This composition was
used to maintain the calcium virtually 100% ionized.

To determine whether the thick ascending limb can
establish a lumen-to-bath calcium gradient, *Ca was added
to NaCl/HCO; solution—a portion of which was used as
perfusate and a portion as bath. The specific activity of **Ca
was thus identical in the perfusate and bath. Therefore,
a change in the counts of Ca per nanoliter in the collected
fluid with respect to the perfusate would signify a change
in the chemical concentration of calcium, assuming that
%Ca is a perfect tracer. The bathing fluid counts per
nanoliter were closely monitored and kept constant by
the addition of appropriate amounts of water to the bath
to counteract the effects of evaporation. A sufficient amount
of isotope was used so that collected samples counts per
minute were always greater than 50 times the background
(counts per minute).

Transtubular potential difference (PD) was measured in
these studies utilizing calomel half cells (Beckman Instru-
ments, Inc., Fullerton, Calif.) and a circuit identical to the
one in which the PD of the thick ascending limb has been
previously measured (17).

The radioactivity of 251, was measured with a Nuclear
Chicago gamma counter (Nuclear Chicago Corp., Des Plaines,
Ill.) and 32PO,, [®*Hlinulin, [*C]linulin, *Cl, and 4Ca, were
measured by using a Beckman liquid scintillation counter
employing Aquasol Universal LSC Cocktail (New
England Nuclear, Boston, Mass.). After background sub-
traction, counts were corrected for incomplete discrimina-
tion between the two channels.



The sources of isotopes were: ('*I)iothalamate, (glofil-
125), Abbott Laboratories, N. Chicago, Ill.; [**C]carboxyl
inulin-carboxyl, [*H]Jmethoxy inulin-methoxy, 3Cl and *Ca,
New England Nuclear; NaH,*?PO,, Instituto de Energia
Atomica, Sao Paulo, Brasil.

The results are expressed as mean +standard error. The data
for each tubule includes the mean of two to four collec-
tion periods per tubule depending on the experimental
protocol. All results were tested for significance with
Student’s ¢ test.

RESULTS

Thin descending limb. The permeability co-
efficients for %Ca were determined under condi-
tions of zero net transport of fluid with NaCl/HCO,
buffer (pH 7.4) as the perfusate and bath. The re-
sults of nine experiments are summarized in Table I
and indicate the relatively low permeability of
4Ca from bath to lumen (0.92+0.28 x 10~ cm-s™!)
as well as from lumen to bath (0.76+0.41 x 10~3
cm-s™!). Under these experimental conditions there
was no evidence of net calcium transport. Experi-
ments were conducted to determine if there is
significant efflux of **Ca when the thin descending
limb is exposed to a hyperosmotic bath (to simulate
in vivo conditions of osmotic water extraction). In
these experiments the collected to perfused ratio of
45Ca counts per minute was compared to the col-
lected to perfused volume marker ratio during condi-
tions in which the bath was isosmotic and during
conditions in which the bath was hyperosmotic (via
NaCl addition to bath). As stated previously the
perfusate composition was such that all of the calcium
was in its ionized form. Fig. 1 is a plot of the col-

TABLE I
Calcium Permeability in the Thin Descending Limb
of Henle’s Loop
Bath-to-lumen Lumen-to-bath
Exp Tubular Exp Tubular
no. length | 9 no. length Py,
mm x10~3cm-s~! mm x10~%cm-s™!
1 0.90 1.81 1 1.50 —-0.44
2 1.30 1.34 2 1.00 0.92
3 2.10 0.63 3 1.50 1.22
4 1.46 0.51 4 1.40 1.34
5 1.20 0.32
Mean 0.92 Mean 0.76
SE 0.28 SE 041

Permeability was measured by adding ** Ca to the perfusate
(P. lumen-to-bath) or in the bath (P. bath-to-lumen). Perfusion
rate was 10 nl. min~'. Each value is the mean of three or more
collections from a single tubule.
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FIGURE 1 Correlation between fractional increase in cal-
cium concentration ([C/P]*3Ca) to fractional increase in volume
marker ([C/P]['?I Jiothalamate) in the thin descending limb
of Henle’s loop under conditions of induced net fluid
efflux secondary to imposed osmotic gradient.

lected-to-perfusate (C/P) *Ca versus the C/P 1%5]-
glofil. As can be seen, a rise in volume marker ratio
was associated with an identical rise in “*Ca ratio
(slope 1.00 correlation coefficient 0.98). Thus, with
significant net osmotic water abstraction from the
thin descending limb of Henle, calcium efflux was
not increased. The epithelium, therefore, is able to
maintain a passively generated transepithelial cal-
cium concentration gradient.

The apparent permeability to phosphate, from lumen
to bath was determined by the disappearance of
H,3?PO, added to the perfusate. The calculated value
(—=0.10+£0.33 x 1073 cm-s™!) is not statistically dif-
ferent from zero (Table II). However, the bath-to-
lumen permeability calculated from the influx of
H,*?PO, added to the bath was 1.01+0.32 x 105
cm-s~!. Both of these values indicate that the thin
descending limb is relatively impermeable to phos-
phate.?

Low phosphate permeability in the presence of
hyperosmotic bath is noted in Fig. 2, which repre-
sents a series of four experiments where segments
of thin descending limb were studied successively
during isosmotic conditions (zero net water reabsorp-
tion) and during osmotic water abstraction generated
by NaCl addition to bath. The values obtained were

2 The statistically significant difference between lumen-
to-bath and bath-to-lumen permeabilities (P < 0.05) does not
indicate phosphate secretion, but it is the consequence of
technical error frequently obtained in impermeable epi-
thelia during the determination of isotopic permeabilities
from lumen-to-bath flux. When lumen-to-bath permeabilities
are measured in impermeable epithelia using disappearance
of isotope from collected fluid, the drop in collected fluid
counts per minute relative to the counts per minute of
perfusate can be quite small and even undetectable
within the efficiency of the radioactive counting apparatus.

977



TABLE I1

Phosphate Permeability in the Thin Descending
Limb of Henle’s Loop

Bath-to-lumen Lumen-to-bath
Exp  Tubular Exp  Tubular
no. length Pa o, no. length Py,

mm x10"3cm-s~' mm x10~3cm-s™!

1 1.14 0.04 1 1.30 -0.44
2 0.90 2.32 2 0.60 -0.58
3 1.48 2.11 3 0.70 1.10
4 1.30 1.12 4 1.00 -0.73
5 1.60 1.11 5 1.50 0.13
6 1.90 0.05
7 1.40 1.21
8 1.20 0.14

Mean 1.01 Mean -0.10
SE 0.32 SE 0.33

Permeability was measured by adding H32PO, to the perfusate
or bath. Perfusion rate was 10 nl-min~!. Each value is the
mean of three or more collections from a single tubule.

similar to the ones described above in the calcium
experiments. The C/P concentration of 32PO; is plotted
on the vertical axis, and the C/P volume marker is
plotted on the horizontal axis. A regression line drawn
through the experimental points has a slope of 0.93
with a correlation coefficient of 0.97 indicating that
phosphate concentration was raised to the same
degree as the volume marker. These experiments show
that the descending limb was sufficiently impermeable

1.
4

1.6

14}

1.2 Slope = 0.93

r=0.97

] 1 ]
1.4 1.6 1.8
(C/P)r

4¢) inutin

FIGURE 2 Correlation between fractional increase in phos-
phate concentration ([C/P]**Ca) to fractional increase in
volume marker ([C/P][**Cl-inulin) in the thin descending
limb of Henle’s loop under conditions of induced net fluid
efflux secondary to imposed osmotic gradient.
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to phosphate so that a transepithelial phosphate
gradient could be maintained during osmotic water
abstraction.

Thin ascending limb. Calcium and phosphate uni-
directional permeabilities were studied in thin
ascending limb, and the results are expressed in
Table III. The thin ascending limb, like the de-
scending limb, exhibited relatively low permeabilities
to these ions: Ca Py, was 1.09+0.33 x 10~% cm-s™!
while #Ca Py, was 1.67+0.33 x 105 cm*s~!; 32PQ, Py,
was 0.67+0.23 x 10®* cm.”'. Furthermore, there
was no significant differences between the two uni-
directional “%Ca permeabilities nor between the
two unidirectional PO, permeabilities. This sug-
gests that neither ion is actively transported in the
thin ascending limb.

Since previously the thin ascending limb has been
shown to exhibit very high permeabilities to
monovalent ions such as Na and Cl (13), the ap-
parent ion selectivity was confirmed by determining
isotopic bath to lumen permeabilities to *2PO,, 4Ca,
and %Cl in the same tubules. Table IV clearly shows
that the thin ascending limb is one to two orders of
magnitude more permeable to chloride than to calcium
or phosphate.

Thick ascending limb. Calcium and phosphate
transport in the thick ascending limb was examined
in segments isolated from the cortex. These tubules
were perfused with NaCI/HCO; buffer (pH 7.4) and
bathed in identical solutions.

The first set of experiments was designed to deter-
mine if there was a net flux of calcium under
physiologic perfusion rates. The results presented in

TaBLE III
Calcium and Phosphate Permeability in the Thin
Ascending Limb of Henle’s Loop

Lumen-to-bath Bath-to-lumen
Exp Tubular Exp Tubular

no. length  Pmy, P,  mO. length  Pu.  Pu,
mm x10-Scm-s~! mm x10-3 cm-s™!
1 0.30 0.17 1 0.90 1.90

2 050 053 1.64 2 0.40 024
3 040 0.13 1.10 3 050 041 0.97
4 0.40 1.88 1.98 4 060 024 091
5 030 0.03 0.57 5 0.50 1.27 2.69
6 0.70 1.20 1.92
Mean 064 1.09 Mean 0.67 1.67
SE 043 0.33 SE 0.23 0.33

Permeability was measured by adding *Ca and H3PO, to
the perfusate or bath. The perfusion rate was 9 nl-min—.



TABLE 1V
Thin Ascending Limb of Henle’s loop

Bath-to-lumen permeability

Exp Py o4 Pisca Pas,,
x10~3cm-s™!
1 1.97 109.8
2 0.41 0.97 20.8
3 1.27 2.69 66.9
4 1.20 1.92 27.3

Table V provide evidence that the thick ascending
limb is able to create a calcium lumen to bath con-
centration gradient. Specific activity of #Ca was
identical to perfusate and bath. Calcium lumen to
bath concentration ratio decreased from 0.97+0.02 to
0.88+0.02 (P < 0.01) in the absence of net water
movement. The transtubular PD measured simul-
taneously was +4.2+0.6 mV (lumen positive).

In the second set of experiments bidirectional cal-
cium flux was determined by adding successively
4Ca to the bath and to the perfusate (Table VI).
Net water reabsorption was not different from zero.
The efflux of calcium was 19.96+1.05 peq-cm™!
‘min~!, while the influx was 9.89+1.23 peq-cm™!
-min~!. The difference in these two numbers repre-
sents the net calcium reabsorption and is equal to
10.07+1.58 peq-cm~!-min~'. The observed flux ratio
was 2.10+0.27 which is significantly higher than the
ratio of 1.32+0.03 (P < 0.05) predicted by the Ussing
equation (18):

¢lb _ (Ca)l
$bl  (Ca)b P

ZFV
RT °

where ¢ is the unidirectional flux of calcium from
lumen-to-bath (Ib) or bath-to-lumen (bl), 1 and b refer,
respectively, to perfusate and bath; F is the Faraday
constant; R the gas constant; T absolute temperature;
Z is the valence of Ca and is equal to 2; and V the
transtubular electrical potential. The observation of an
isotopic flux ratio greater than that predicted by
Ussing’s equation suggests that the mechanism for
calcium transport is more complex than just simple
diffusion down an electrical potential gradient.
Another series of experiments was designed to ex-
amine the effect of ouabain and transtubular PD on
both the efflux and influx of #Ca across the TALH.
It is of interest that ouabain decreased the PD
from +3.5+0.1 to +1.1+0.3 mV, (P < 0.001), while
the calcium efflux decreased slightly from 29.5+5.3
to 23.68+5.11 peq-cm™'-min~! (P < 0.005). There-
fore, a 67+7% reduction in the PD was associated
with only a 21+6% reduction in calcium efflux. This

Calcium and Phosphate Transport in Segments of Rabbit Henle’s Loop

TABLE V
Transtubular Calcium Gradient Generated by the Cortical
Thick Ascending Limb of Henle

Exp Perfusion
no. Length rate (C/P)cass (C/B)cas+ PD
mm nl-min~' mV
1 1.90 9.0 0.89 0.89 +3.9
2 1.00 4.1 0.88 0.80 +3.7
3 1.00 3.6 0.94 0.94 +3.6
4 0.80 5.4 0.92 0.90 +6.6
5 1.40 1.6 0.92 0.89 +3.5
Mean 1.22 4.8 0.91 0.88 +4.2
SE 0.20 1.2 0.01 0.02 0.6

(C/P), collected to perfused fluid concentration ratio; (C/B),
collected to bath fluid concentration ratio; PD, transtubular
potential different from zero.

constitutes further evidence that the lumen positive
PD in the thick ascending limb is not the major driving
force for calcium reabsorption in this segment and
that ouabain has only a minimal effect on calcium
efflux. Ouabain had no effect on the bath-to-lumen
flux of calcium, Table VII.

Phosphate transport in the thick ascending limb
was studied in five experiments after the addition
of H,;*?PO, to the bath and in four experiments after
the addition of the same isotope to the perfusate.
The results presented in Table VIII show that
32PO, permeability from lumen to bath was 0.52
+0.30 X 10~% cm-s™! and not different from 32PO,
permeability from bath to lumen, 0.55+0.14 x 105
cm-s~!, These results indicate that the thick ascending
limb is relatively impermeable to phosphate and that
net phosphate and transport does not take place in
this segment of Henle’s loop.

TABLE VI
Bidirectional Calcium Fluxes in the Cortical
Thick Ascending Limb

¢IJ¢I}|

S/du PD predicted by

Exp b '™ observed observed Ussing Eq.

peq -min~'-cm™! mV

1 20.98 9.09 2.31 +4.4 1.38
2 18.32 6.16 2.97 +4.4 1.38
3 18.12 9.83 1.84 +3.0 1.24
4 18.72 13.84 1.35 +3.5 1.29
5 23.64 10.54 2.04 +3.6 1.30
Mean 19.96 9.89 2.10 +3.8 1.32
SE 1.05 1.23 0.26 0.3 0.03

Isotopic calcium fluxes were measured by adding *Ca to the
perfusate and bath. The perfusion rate was 10.5+1.8.
&, flux lumen-to-bath; ¢y, flux bath-to-lumen.
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TABLE VII
Effect of Ouabain on Calcium Fluxes in the Cortical Thick Ascending Limb

Calcium outflux

Calcium influx

Control Ouabain Control Ouabain
Exp Tubular Exp Tubular
no. length b PD b PD no. length b PD bw PD
mm peq-cm™'-min~! mV peq-cm~'-min~! mV mm peq-cm™'-min~! mV peq-cm~' min~' mV
1 0.90 28.56 +3.8 26.04 +1.0 1 0.70 1.69 +3.2 1.24 +0.8
2 0.90 46.08 +3.4 42.12 +2.1 2 0.90 3.66 +4.3 3.42 +0.6
3 0.40 56.16 +3.4 49.20 +20 3 1.00 8.46 +3.6 7.71 +0.9
4 1.30 11.88 +3.6 11.88 +0.7 4 0.80 2.84 +3.5 5.43 +0.5
5 0.64 18.12 +3.0 15.00 +08 5 0.86 7.13 +3.8 6.71 +0.1
6 1.20 18.72 +3.5 10.80 +18 6 1.10 7.88 +4.8 7.38 +0.7
7 0.80 29.04 +4.0 18.72 +0.4
8 0.80 27.28 +3.1 15.72 +0.2
Mean 0.87 29.48 +3.5 23.68 +1.1 0.89 5.28 +3.9 5.31 +0.6
SE 0.10 5.26 0.1 5.11 0.3 0.06 1.18 0.2 1.04 0.1

Calcium fluxes were measured by adding 4*Ca to the perfusate and bath. The perfusion rate was 13 nl/min.

¢y, flux lumen-to-bath; ¢y, flux bath-to-lumen.

DISCUSSION

There are two major technical advantages that the in
vitro microperfusion technique has in regard to the
characterization of calcium and phosphate transport
across the nephron segments that constitute the loop
of Henle. First, nephron segments which are com-
posed only of a single epithelial cell type can be
examined directly in contrast to those micropuncture
studies which measure calcium and phosphate trans-
port between the last accessible portion of the
proximal convoluted tubule and the early distal
convoluted tubule. Between these two puncture sites
there exists at least four different types of epithelial
cells: pars recta, DLH, tALH, and TALH. The
second major advantage of these studies is that an
accurate measurement of ionized calcium and phos-
phate can be made and, further, that these ions can
be kept in identical concentrations in the perfusate
and bath. This was accomplished by using identical
protein-free solutions as perfusion and bathing solu-
tions.? Thus, the unidirectional isotopic permeation
numbers can be used to calculate the unidirectional
flux values.

Previous micropuncture studies have generally indi-
cated that less calcium reaches the early distal
tubules than was present at the last accessible por-
tion of the proximal convoluted tubule (1, 3-8)
while no net movement of phosphate occurs between
these two points (3-8). The present studies extend
these previous studies and show that: (1) the passive
permeability to calcium and phosphate in all seg-

31t is well appreciated that protein may influence the
effective ionic concentration of calcium and phosphate via
binding and Donnan effects.
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ments of the loop of Henle is exceedingly low; (2)
no net movement of phosphate occurs across any
segment of the loop of Henle; and (3) calcium trans-
port across the TALH cannot be explained by purely
passive mechanisms.

Since previous micropuncture studies have not
shown net movement of phosphate across the loop
of Henle, it was not surprising that the present studies
demonstrated that the DLH is relatively impermeable
to phosphate; (Table II) even though it might be
argued that the micropuncture studies may have
represented counterbalancing effects of phosphate
reabsorption and secretion by different segments of
the loop. The published information in regard to cal-
cium transport by the DLH is less clear. Though
all studies have shown that the tubular fluid-to-
plasma calcium concentration is higher in the fluid
obtained from the bend of the loop than the fluid
collected from end proximal convoluted tubule,
Jamison et al. (19) have recently shown that net
reabsorption of calcium occurs between these punc-
ture points. It must be remembered, however, that
the micropuncture techniques are not sampling
fluid from the same tubules when obtaining fluid
from proximal convoluted tubules in superficial cortex
and comparing it to fluid from descending limb of
Henle which are connected to juxtamedullary proxi-
mal tubules. Even if fluid was sampled from the
same tubule, it is quite possible, as Jamison et al.
(19) suggest, that the net calcium reabsorption may
have occurred in the pars recta. Thus the previous
in vivo studies are not at variance with the present
in vitro studies which show that calcium is relatively
impermeable across the DLH, Table I, and that both
calcium, Fig. 1, and phosphate, Fig. 2, are raised to a



higher concentration by virtue of water abstraction
when these segments are perfused in bathing fluid
made hyperosmolal by addition of NaCl to the bath.
It is of interest that the present studies with calcium
and phosphate are strikingly similar to the previous
in vitro perfusion studies which revealed that the
DLH is essentially impermeable also to K (20), Na
(21), and urea (22) while being highly permeable to
water (21). Thus, if these rabbit in vitro studies are
representative of in vivo conditions, it may be con-
cluded that all of the tested solutes are further
concentrated in the DLH by osmotic abstraction of
water.

There are no previous studies measuring calcium
and phosphate transport across the thin ascending limb
of Henle. Also, only a few in vitro studies have ex-
amined the transport characteristics of tALH. This is
an exceedingly difficult segment to dissect, and it
therefore is important to validate that the studies
were indeed conducted using segments of tALH in-
stead of DLH. This was accomplished in a group of
tubules in which **Ca, 3?PO,, and %*Cl permeability
coefficients were measured simultaneously, Table
IV. Imai and Kokko (13) have previously shown that
the %Cl permeability of the tALH is quite high and,
further, that the high 3%Cl permeation does not
follow the predictions of simple passive diffusion
(23). The present studies indeed did confirm the
presence of high chloride permeability and, there-
fore, gave us assurance that the segments we were
studying were, in fact, segments of tALH. Our cur-
rent results indicate that the bidirectional permeabili-
ties for calcium and phosphate are bidirectionally equal
and both show that the tALH is relatively impermeable
to calcium and phosphate, Table III and IV. Thus,
in contrast to the high permeability of the tALH to
22Na and %¢Cl, the tALH is essentially impermeable
to calcium and phosphate thus suggesting that no net

movement of these two latter ions occurs across the
tALH.

Similar to the thin ascending limb of Henle, no
previous studies have directly examined the charac-
teristics of phosphate or calcium transport across the
thick ascending limb of Henle. This segment is of
particular interest since Rocha and Kokko (17) and Burg
and Green (24) have previously shown that salt is
transported out of this segment as a consequence of
an active chloride pump, therefore generating a lumen
positive potential difference. The present studies con-
firm the previously demonstrated positive potential
difference when these segments are perfused with
fluid similar to the bath, Table V. Furthermore, the
results with respect to phosphate transport can be
easily discussed by the results in Table VIII which
show that the phosphate permeability, and therefore
fluxes, in both directions are exceedingly low and
therefore consistent with previous in vivo studies
demonstrating no net phosphate movement across the
loop of Henle.

Calcium transport across the thick ascending limb
of Henle, however, differs from phosphate transport
across this same segment. First, it was shown that
lumen-to-bath flux of calcium was approximately twice
as great as the bath-to-lumen flux when measured in
the same tubule, Table VI. Furthermore, it was shown
that the TALH is able to generate a significant con-
centration gradient for calcium when perfused with
solutions with calcium concentration identical to
the bath, Table V. Thus the studies suggested that
calcium is transported across the TALH by some
mechanism other than simple passive diffusion.

The nature of calcium transport across the TALH
was further examined by two different techniques:
(a) comparing calcium flux ratio and the trastubular
PD with the Ussing’s equation; and (b) examining
the effect of ouabain on the calcium efflux.

TABLE VIII
Apparent Isotopic Permeability Coefficient for Phosphate in the Thick Ascending Limb
Lumen-to-bath Bath-to-lumen
Exp Tubular Exp  Tubular

no. length Vi P o, PD no. length Vi Pas o,
nl-min~' x10~3cm-s~ mV nl-min~! x10-3cm-s~! mV
1 0.80 5.2 0.01 3.5 1 0.64 17.2 1.05 4.2
2 1.40 5.9 1.21 4.0 2 0.85 13.8 0.58 3.3
3 0.55 14.6 0.84 4.0 3 1.60 10.1 0.16 4.2
4 1.00 119 0.03 3.0 4 0.70 8.2 0.49 4.5
Mean 0.52 3.6 0.55 4.2
SE 0.30 0.2 0.14 0.2

The permeabilities are not corrected for PD.

Vi, perfusion rate; PD, transtubular potential difference.
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It is generally accepted that active transport of
mass across an epithelium exists if the transport
occurs against an electrochemical potential differ-
ence and if the movement of this mass occurs in the
absence of an external driving force. However, it is
more difficult to demonstrate active transport down a
potential gradient. We have previously shown that
the transtubular PD of an isolated perfused TALH
is oriented in such a way that the lumen is positive
(17) a finding which was confirmed in the present
series of studies, Tables V-VIII. Thus the active
chloride pump which generates the positive potential
difference may, in part, act as a driving force for
efflux of calcium. If the unidirectional flux ratios are in
agreement with the flux ratios as predicted by
the Ussing’s equation using the measured trans-
tubular PD’s, then it is not necessary to postulate
the existance of active transport processes. On the
other hand, if the lumen-to-bath over bath-to-lumen
flux ratio is greater than would be predicted by the
Ussing’s equation, then it would be necessary to
postulate the existance of some transport process which
does not follow the simple laws of passive diffusion.
The results of the present studies, Table VI, clearly
show that the efflux of calcium is significantly greater
than is the influx of calcium as predicted by the
Ussing’s equation. This would suggest that some mem-
brane interactive process is taking place which is
capable of decreasing the calcium to lumen-to-bath
concentrations to 0.88, Table V. It is difficult to com-
pare the capacity of the calcium transport system to
the previously reported capacity of the chloride pump.
The present Ca** lumen-to-bath ratio of 0.88 is higher
than the previously reported (17) Cl lumen-to-bath
ratio of 0.77, however, the luminal fluid contact time
was longer in the chloride experiment. Furthermore,
the chloride concentration is decreased against a po-
tential gradient while the calcium concentration is
decreased down a favorable potential gradient.

We next examined the effect of ouabain on the efflux
and influx of calcium across the TALH. In previous
studies we have shown that 10 uM ouabain reversibly
decreased the magnitude of the transtubular PD (17).
Similarly in the present studies 10 uM ouabain,
when added to the bath, decreased the transtubular
PD, Table VII. There was a slight but significant
(P <0.01) decrease in the unidirectional lumen-
to-bath flux of Ca**, Table VIII. It is of interest that
the efflux of calcium did not decrease to the same level
as the influx (bath-to-lumen), and further, that ouabain
had no apparent effect on the influx of calcium, Table
VII. Thus these results strongly suggest that calcium
transport across the TALH is by some other mechanism
than by simple diffusion, and further, unlike
chloride transport, this mechanism is not as sensitive
to ouabain.
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In summary, the present studies are the first to
examine directly the characteristics of calcium and
phosphate transport across those nephron segments
which make up the loops of Henle. In these studies
it was shown that no net transport of phosphate or
calcium occurs across either the thin descending or
thin ascending limb of Henle and also that no net
phosphate transport could be demonstrated across
the thick ascending limb of Henle. Furthermore, it was
shown that the thick ascending limb of Henle does
have the capacity for net reabsorption of calcium
which is not affected to a major degree by ouabain.
However, it must be remembered that all of these
findings were obtained by perfusing isolated nephron
segments of rabbit in vitro, and it is not known
whether these results can be extended to in vivo
conditions.
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