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A new technique was developed to isolaie basolateral membrane vesicles individually from proximal and distal
tubules of the rat cortex. This new technique enabled us to study differences in their kinetics and mechanisms of
hormonal regulation of Ca pump between proximai and distal tubules. The Ca pump in distal tubule has very high
affinity (42.6 nM CaZ*) and the one in proximal fubule has relatively low affinity (75.6 nM Ca’*). Parathyroidec-
tomy (PTX) decreased the ¥, of Ca pump activity in proximal tubule (4.68 +0.99 vs. 9.08 + 221 amel
“Ca?*/min per mg protein BLMV, P < 0.05), while it increased K, in distal tubule (93.1 & 110 vs. 35.1 + 16.1
nM Ca?*, P < G.05). Restoiztion of scrum Ca* concentration by 1,25(0H),D, supplement could noi reverse thcse
changes by PTX in Ca pump activity in either the proximal or the distal tubule. In conclusion, this study strongly
suggesied thai pavathyroid hormene siimulated Ca pump activity by increasing the V. in proximal tebulz and by
increasing the affinty in distal tubule. 1,25(0H), D, does not have a direct cffect on the basolateral menbrane Ca

pump activity.

Introduction

The major portion of renal Ca®* rcabsorpiion is
taking place in the proximal tubule and approximately
60% of the filtered Ca?* is reabsorbed in this segment.
The paracellular permeability of Ca* in the proximal
tubules is very high and is similar to tha: for Na*. Na*
and water reabsorption through thc paracellular path-
way generate enough energy as a solvent drug to carry
a bulk of Ca®* via the paracellular pathway [1}. Ai-
though it is still controversial as to whether PTH
stimulates some of the Ca®* transport in the rroximal
tubule, it is clear that PTH-stimulated active transcel-
tul.r Ca** transport is not the main mechanism in this
segment [2). On the contrary, PTH apparcutly stimu-
lates Ca’’ reabsorption in the distal tubule [2). Ca®*
reabsorntion in this segment has to be carried out
againse an electrochemical gradient and the active
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transcellular transport is the dominant mechanism of
Ca* reabscrption. This segment of the nephron is
beliaved tc be the main regulatory part of renal Ca?*
transport [3-6j.

The proximal and distal tubules must be equipped
with different cellular mechanisms for Ca®' transport.
An important molecular difference between the proxi-
mal and distal tubules is that the latter segment pos-
sesses the 1,25(0H),D,-dependent caicium  binding
protein (CaBPr) but the former docs not {7}, Bronner
[8] postulated that Ca>* couid diffusc in the cytosolic
spacc in the presence of CaBPr withou: beirg trapped
by calcium storage orgarellcs, at a spced 30-times
faster than in the abscnce of this protein. For effective
transcellular Ca?* transport, the Ca** pump at the
basolateral membrane cannot work efficiently without
a continuous supply of its substrate, Ca**. The proxi-
mal tubule lacks CaBPr, which makes transcellular
Ca?* movement in this scgmcnt much less cffective.

Another determinant of transcellular Ca2* trans-
port is the mechanism of Ca®* extrusion at the basolat-
eral riembrane, Ca*>* has to be pumped oul against an
electiochemical gradient by an active transport mecha-
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nism. Two active transporters have been identificd at
this side of the plasma membrane; Na*/Ca’* cox-
changer [9,10] and the ATP-cependent calcium pump
{Ca pump)[11]. Ramachandran and Brunette [12] found
that the Na*/Ca®* exchanger was located exclusively
in the distal tubule of the rabbit. It has been reported
in both rat and dog that ®TH stimulated Na*/Ca®*
exchange activity in the basciaieral membranc vesicles
{BLMV) of the rena! cortex [9.10]. A number of studies
bave suggested thai Na®*/Ca’* exchanger in renal
eortical basoiateral membrane operiated symmetrically,
as was siiown in other plasma membrane Na'/Ca?*
exchangers, and that it did not always work as a mech-
anism for Ca®* exit from the cell [13--16]. The capacity
of this exchanger was reported to be 20% of the V,
of the Ca pump in renal cortex [17). These results
strongly suggest that the Ca pump is the mair mecha-
nism of Ca* extrusion at the basolateral membranc
[15].

The authors have previously reported that thy-
roparathyroidectomy (TPTX) did not affect the Ca
pump activity of the BLMV of rat kidncy cortcx [18).
However, the BLMYV from renal cortex does not origi-
nated only from proximal tsbiles; they also comain
basolateral membrane from distal tubules. It is also
nossible that Ca pump activity and its regulation might
differ betwzen proximal and distal tubules in order to
carty out their different roles in Ca®* transport. The
heterogenous population of basolateral membrane
vesicies couid thius mask changes in the transport activ-
ities in individual segments of the nephron. in order to
answer these questions, we developed a new method
which enabled us 1o isolate (Na*+ K*}-ATPase-rich
plasma membranc vesicles separately from proximal
and distal tubules. We then characterized Ca pump
activity and its rcgulation by PTH in individual seg-
ments of the nephion.

Materials and Methods

Materials

Hank's solution cossisted of 137 mM NaCl, 5.5 mM
KCl, 0.8 mM Ms30,, 0.35 mM Na,HPO,, 044 mM
KH,PO,, | mM MgCl,, and 10 mM TFris-HCI (pH 7.4},
45CaCIz was obtained from Amersham, while ATP.
Mg,, EGTA, Tris, Hepes and L-cysteine were obtained
from Sigma. Percoll was purchased from Pharmacia.
The other chemicals were of the highest purity avail-
abie. Al the solutions were filtered through the Milli-
pore filters (0.45 pm) before use.

Animals

Male Spraguc- Dawley rais, weighing 150-200 g, fed
a normal rat chow were used in this study. Rats were
either thyroparathyroidectomized (TPTX rats),
parathyroidectomized (PTX rats), or sham-operated

and were killed 72 h aftcr surgery. PTX rats were
divided inio two groups: one group was given daily
intraperitoneal injections containing 400 pmol of
1,25(0H), D, dissolved in 200 121 of diethyl glycol for 2
days hefore being kilied, in order to normalize serum
calcivm lovel (BTN /D rate) and the other group was
given oniy 200 pl ot a vehicle (PTX rats).

Dispersion of the renal cortex into the tubular segments

Under cther anesthesia, both kidneys were perfused
with ice-cold Hank's solution containing 2.5 mM CaCl,
(sulution A) through the infesior vena cava, using a
peristaliic pump, until the kidneys became completely
pale in cclor. The kidneys were thien further perfused
with an additional 30 ml of Hank’s solution containing
10 mM CaCi,, 1 mg/ml BSA, and 1 mg/mi collage-
nase (solution B). Cortices, dissected with scissors from
collagenase-treated kidneys, were minced with a razor
blade, incubated at 37°C for 30 min in 10 ml of solution
B, and gassed with 100% O,. The minced kidney was
washed three times with 20 ml of ice-cold solution A
with phenanthroline (solution C) to stop proteclysis.
Dispersion of the collagenase-treated cortex into tubu-
iar segments was carricd out as follows: Minced cortex
was placed in a disposable conical tube containing 20
ml of solution A and was vortexed for 15 s. The
supernatant was collected into another conical tube on
ice. This procedure was repeated several times, The
collected supernatant was filtered twice through mesh
and was resuspended in S0 m! of solution A. This
preparation was the ‘pool fraction’. The pool fraction
collected from the preparations of three rats was used
for further purification.

Discontinuous ficoll gradient

Partial purification of proximal and Jdistal wubuies
was performed according to the method by Scholer and
Edelman [i7]. Ficoll was freshly dissolved in solution A
at concentrations of 1% (50 ml), 2% (35 ml), 6% (60
mi), 8% (60 ml) and 12% (20 ml) (wt/wt, pH 74). A
discontinucws gradient consisting of these five loyers
was generated with a peristaltic pump in a 300 ml
beaker, Fifty ml of the poo! fraction was carefully
loaded on the gradient. After about 15 min when the
particle front reached the 8% /126, interphase, two
fractions were collected with a 10-m! pipette; one from
right above the 8% /12% interphase (fraction A) and
the other from right below the 1% ,/2% interphase
(fraction B). All procedures were performed on ice
u~less otherwise noted.

Horncune-sensitive adenlate evelase assay

In order to identify the origin of the siparated
tubutar fragments, hormone-sensitive adenylate cyclase
activity was assayed by measuring the production of
cyclic AMP, using a radioimmunoassay kit (Cyclic AMP



Kit, Yamasa Inc., Tokyo, Japan), 10 ul (protein: -10
ug) of fraction A or fraction B was incubated for 15
min at 37°C (total volume, 100 g1} in substrate contaia-
ing 0.2 imM Tris-ATP, 25 mM phosphocreatinine, 1
mg/ml creating phosphokinase, 9 mM theophylline,
0.1% (w/v) BSA, 25 mM KCl, 10 mM MgCl.. 1 mM
EDTA-Na,, and 50 mM Tris-1ICl (pH 7.4). 10 ul of
soiution containing bovine [1-34]PTH or vascpressin
was also added, where spccified in the results. The
reaction was stopped by boiling for 3 min, foliowed by
tke addition of 100 ul of succinylating reagent. The
supernatant atter centrifugation (15000 rpm ior 15
mir.) was used for cyclic AMP assay.

Purification of BLMV from fractions A and B

The purification of BLMV from Fractions A and B
was performed by the ‘Percoll gradient method’ as
priviously reported for purification from the renal
cortex 1} 1,18}, Fractions A and B were centrifuged at
3000 rpm for 15 min. Pellets were resuspended in
ice-cold sucrose buffer (0.25 M sucrose, 0.1 mM
phenylmethylsulfony! fiuoride, 5 mM Tris-HCl {pH 7.5))
and were homogenized using a Potter homogenizer.
Identification of the basolateral membrane-rich frac-
tion in the Percolf gradient was performed by the assay
of marker enzyme activities such as those of ouabain-
sensitive (Na*+ K*).ATPase, maltase, NADH oxi-

dase, and cytochrome-c oxidase as previously described
(18].

ATP-dependont Ca pump activity .

The activity of the ATP-dependent Ca yump was
de.ermined by a method reported praviously, which
measured **Ca* uptake by freshly prepared BLMYV in
the presencz of MgATP (1.6 mmol/l) [11,16). The
BLMV samples were preloaded with mannitol (100
mmol/l), KCl (100 mmol/1), and Hepes-Tris (5
mmol/1) solution with s pH adjusted to 7.4. ¥Ca?*
uptake was initiated by the addition of 10 . of BLMV
suspension (6-10 g/1) to 290 u! of assay solution (pH
7.4, 37°C) which contained the foilowing: 100 mmol/i
mannitol, 100 mmol/I KCI, 5 mmol/l Hepes-Tris, 0.1
mmol /! EGTA, and **CaCl, (1 pCi/tube) with either
ATPMg (2 mmol/l1) or MgCl, (2 mmol/1). The con-
centrations of CaCl, were varied in order to determine
both V,,, and K, for Ca pump activity at different
concentrations of free Ca®* (107% mot/i, 2-107%
mol,/1, 5+ 10~% mol/1 and 10”7 mol/1). Difierences in
radioactivity in the absence and the presence of MgATP
were expressed as Ca?* pump activity. The uptake of
5Ca%* was stopped by dilution with 2 ml ice-cold stop
buffer (pH 7.4) that contained the followirg: 1 mmol/1
EGTA, 100 mmol /] mannitol, 100 mriol /1 KCl, and 5
mmol/l Hepes-Tris. The samples were then rapidly
filtered through 0.65-um filters (Millipore; Millipore
Corp., Bedford, MA), and the filters were rinsed with
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an additional total of 6 ml of the cold stop solution.
Radioactive **Ca** trapped in the vesicles was deter-
mined witk a liquid scintillation counter. All experi-
mental points were repeated at least in triplicate.

Analytical t2chnique

Total calcium and phosphorus . serum and urine
were measurcd by Autoanalyzer (Hitachi Industry Co.,
Tokyo, Japan). lonized caicium was measured by Auto-
analyzer SERA 252 (Horiba Co., Tokyo, Japan).
Metzbolic cages (Nalge Co., Rochester, NY) were used
for the collection of urine. Since three rats were used
for one experiment of Ca pump activity assay in buth
proximal and distal tubuies, the mean value of three
rats was used for the anzlysis of laboratory cata from
one experiment.

Statistical analysis

Data are expressed as the mean 1+ S.D. Statistical
analysis of the data was performed using Anova analy-
sis of variance, with the significance of muitiple pair-
wise comparisons caicuiated by using a computer sys-
tem {StatView SE + , Abacus Concept, Inc., CA, USA).
A regression line was drawn by the same computer
program. A probability level of less than 0.05 was
considered significant,

Results

Separation of cortical tubular fragments inte fraction-rich
in proximal or distal tubules

Fraction A, which migrated into the 8% /12% inter-
phase of the Ficoll gradient, showed not only the
morphological characteristics but also the chkcmical
characteristics of the proximal tubule. If more than
80% of tubules possessed brush-borders by the inspec-
tion under refraciory microscopy, fraction A was desig-
nated as the proximal 'mbulc-rich [ractions. Fraction B,
which migrated into 1% /2% inwrphase, should not
contain any appareri proximal tubules under the mi-
croscopy. This fract:on usually consisted of individual
tubutfar cells which did not possessed brush-borders.
Fig. 1 shows the PAS staining of these two fractions.
Table [ demonstrates the hormone-sensitive adenylate
cyclase activity of these fractions, Fraction A was rich
tn parathyroid hormone-sensitive adenylate cyclase ac-
tivity, but showed very small vasopressin-sensitive
adeny'ate cyclase activity. In contrast, f-action B was
rich in both hormone-sensitive enzyme activities. Since
proximal tubules are vasopressin resistant, proximal
tubule-rich fraction {fraction A), which contained 111%
of vasopressin stimulation, could have as much as 50%
of the distal tubule representation as is present in the
fraction B. This result showed less purity of proximal-
tubule-rich fraction than the previous report {171



Fig. 1. Morphological churacterization of fraction A (A) and B (B) from collagenase treated renal cortex (PAS XS0,




TABLE |

Basal and hormeme-sensitive adenvlate cyclase activity in cortical tubu-
lar fractions

Fraction A was collected from the layes right above 8% /12% inter-
phase of the Ficoll gradient and fraction B was collected from the
layer right below 1%/2% interphase. Results are expressed as
means + S.D. for three experiments.

Fraction A Fraction B
Basal activity
{pmol/1 5 min per mg) 288+ 26 2004+ 32
Percent change (%)
Vasopressin 50 mU/ml 1+ 9 230467
PTH10 %M 429167 225+67

Purification of the basolateral membrane vesicles
{BLMY) from fractions A and B

Following serial centrifugations of the homogenates
from fractions A and B. Percoll gradient methods led
to the final separation of plasma membrane rich in
(Na*+ K*)-ATPase activity (Fig. 2). After cei[fltrifugm
tion, the Percoll gradient showed a pattern of resolu-
tion in fraction A which was very similar to tht in the
cortical homogenate. A fluffy membrane layer ¢ fraction
P) was collected. Fraction B gave a different reyolution
pattern. Afte: <entrifugation, two fluffy layers (frac-
tions D1 and D2} were formed in the bottor of the
tube. As showri in ‘iable 11, tie activity of ouabain-sen-
sitive (Na* + K*)-ATPase, the specific maiier enzvme
of the basolateral membrane, was enviched 930% in
fraction P and no enrichmeni was shown for cy-
tochrome-c oxidase, the mitochondrial inarker enzyme
activity, and NADH oxidase, marker enzyme activity of
the endoplasmic reticulum. Maltase, marker enzyme: of
the brush border membranc, was enriched 204% in
fraction P and this enrichment was higher than the

TABLE 11
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Fraction A Fraction B

Crude tomogenate
25009 15mun

24.000gx 20min

[ Susera | L]

Percall gradient

7
i

Su;:emaEm

Fis. 2. Isclation of the plasra membrane-rich in Na* +K *-ATPase
activity in the Fraction Aand B.

basolatcral membrane preparation from cortical ho-
mogenatz. In the distat tubuie-rich fraction, D1 had a
nigher enrichment ¢f {Na*+ K”)»-ATPase activity and
¢ lower enrichment of both cytorhrome-c-oxidase and
MADH-oxidase activities than D2, No specific marker
enzyme was aviilable for luminal membrane of the
distal tuibule. Ca pump activity was also detected in
these fractions and the distribution of activiy was
identical to that of (Na*+ K* 'ATPase. These results
indicate thai both Ca pump and (Na*+ K*)-ATPase
activities were located in the samie {iadiivii of the
plasma membrane. Finally, fractions P and D1 were
selected for experimental use as the basolaterai meni-
brane from the proximal tubule and the distal tubule,
respectively.

"”L T s ' ek

e oprep

Specific activities and enrichmen! foctois fm marker Jrom two different cortical tubular fractions
Ca®* pump aclivity was measured at 1077 M Ca®* (nmol **Ca®* /2 min per mg protein) and ather specific activities are d as
nmol/min per mg protein. The values in parenthesis represent the total units of activity in the fraction relative to the total ammty for thai

enzyme in the homogenates of cortical tubular fractions and are reported as the percentage. Results are expressed as means+S.D. for tiree
experiments. * Significantly lower than the activity of either P or D1 (P < 0.05)

P D1 D2

Ca** pamp 503+ 064 281+ 062 160+ 028*

(Na* +X*)ATPase 77v 4151 525 £ 4 133 4+ 47*
(530) (680} 430

Cytochrome-c oxidiss 336 +39 142 £ 241 30 £ 9
(}1)] {49) (G0

NADH oxidase 32 i 632 +19% 1223 207
@8 (§3K)] (219)

Maltase go.l £ 443

(204}
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Fig. 3. Difference in kinetics of Ca pump activities in three prepara-

tions of basolateral membrane vesicles. Abbrevia:ions are: PT, proxi-

mal tihular basol { membrane vesicles: DT, disizi tubular baso-

laterat membizne vesicles: corlex. cortical basolatern! membrane
vesicles.

1x10"

Kinetic difference of
and disral tubule
"The separation of basolateral memt.anie into two
Jdifierent segments of the cortex demonstrazed “hat Ca
pualp activity possessed a different kinetics batween
two segments of the nephron (Fig. 3). The Ca pump in
the distal tubule had higher affinity for Ca®* than the
one in the proximal tubule. K, of Ca®* was 42.6 nM
in the distal tubule and 75.6 nM in the proximal tubule.
Kinetic analysis, also performed in the cortical basolat-
eral membrane which had been treated with collage-
nase, revealed K., to be 315 aM. This value was
almost the same as the value obtained from non-col-
lagenase treated cortex (26.2 + 5.6 nM mean +S.E,,
n=3). The V. of Ca pump activity in the collage-
nase-treated cortex was 3.12 nmot “*Ca®* /min per mg;
this valve aiso was identical to ihat in non-collagenase

Ca pump activity petween provimal

TABLE 1lI

Surmmary of the data in four groups of rats

treated cortex (246 £ 0.12 nmol **Ca®*/min per mg,
mean + S.E., n = 3). This result indicated that collage-
rase treatment did not aifect Ca pump activity in this
study.

Effect of parathyroidectomy

Both PTX and TPTX induced hypocalcemia, hyper-
phosphatemia and an increase in TRP (Table III), The
magnitude of these changes did not differ in these two
groups of rats. In a preliminary experiment, varying
intraperitoneal doses of 1,25(OH),D; were examined
and 400 pmol for 2 days was revealed to be a sufficient
dose to restore serum calcium level in the ¥TX rats.
Restoration of serum calcium leve! by 1.25(0H),D,
supplement increased fractional excretion of Ca* and
normalized total reabsorption of phosphorus in the
PTX rats (Table II1).

Different effents of PTX on Ca pump activity in
proximal and distal tubules were obseived. in the prox-
imal tubule, both PTX and TPTX decreased V,,,, of
the Ca pump without affecting K. In contrast, in the
distal tubule, K, wa» increased by both PTX and
TPTX without a chaike of ¥,.. Restoration of serum
calcium by 1,25(0H),D, supplement could not reverse
the efiect of PTX cither in proximal or in distal tubules
(Table I11).

Discussion

Basolateral membrane vesicle preparations from the
renal cortex have been used for many studics which
attempted to clarify the mechanisms of membrane
transport. In contrast to the brush border membrane,
basolateral membrane preparations from the cortex
originate from heterogenous segments of the cortical
nephron. In fact, Jayakumar et al. demonstrated that a
corticai basolateral mcmbraae preparation possessed

V.., is expressed as tmol “*Ca** /nvin per mg protein and A m a5 nM Ca*. * P <005 compared with the value of sham-operated s,
** P <005 compared with the value of PTX rats. Since PTX or TPTX gave much more damage to rats than sham-operation. the conditicr of
operated rats varied ai the time of saviifice. This factor might cause iarge deviation of the daia specially for K, calculation

Ca®* in Setum P FECa TR?

(mequiv. /1) {mmol/1} (%) %)
Sham (= 8) 2724020 259+ 0.28 05203 Bl82 621 T
FTX (1 = 6} 160+ 1S * 3844 026 1364 128 895+ 501*
TPTX (n=5) 1454054 * 3691 0.2 % L7174 893+ 288 *
FTX/D (n=6) 2524030 ** 3Ul 025 % 475+2.85 ** Blog 74 %%

V, ., (PT} Ky BT V.., (DT i (DT)
Sha (11 = §) 9.08+2.21 8Lot 287 318125 35.0 16.1
PTX {n=6) 4684099 * 8514349 AN+1.2 9314110 *
TPTY {n5) 4764137 % 107 2711 301163 103 198*
PYX/D (n =6} 5594265 106 +658 3491056 GWIEWE*




not only PTH-stimulated, but also vasopressin-stimu-
lated adenylate cyclase activity [9]. The latter activity is
located exclusive’y in the istal tubule of the rat coriex
and i not located in the proximal tubule [21]). This
heterogencity in tubular origin has led difficultics in
interpreting the Jjata from Ca transport studies which
had been used cortical basotateral membrane vesicles,
because the mechanism of Ca transport in proximal
and aistal tubules is known to differ. A technique
which could isolate basolateral membrancs from indi-
vidual nephron segments hias becn desired for a long
time. The present study succeeded in finding and de-
scribing a technique which could isolate basolateral
membrane vesicles separstely from proximal and distal
tubules. For this purpose, the technique required the
collection of a large amount of homogenous tubules in
a short time. Such a technique had already been devel-
oped by Scholer et al. in 1979 [19]. After the Ficoll
gradient procedure, we also succceded in separating
two cortical tubular fractions which showed the charac-
teristic features of proximui and distal tubules, respec-
tively. Althcugh the proximal twbule-rich fraction also
contained some vasopressin-stimulated adenylate cy-
clase activity, further purification of these fractions
into basolateral membranes dissolved this problem.
Basolateral membrane-rich fractions showed diiferent
densities in the Percoll gradient between proximal and
distal tubule-rich fractions. Basolateral membrane
preparation (fraction P) from proximal tubules wus
apparently lighter than the one (fraction D1) from
distal nephrons. Conclusively, final membrane prepara-
tions should have been much more hetercgenaus be-
tween iwo segments of the nephron than the crude
tubule preparations.

The relative enrichment of both (Na* + K*)-ATPase
activity and the Ca pump activity was almost equal in
fractiors P and D1. Since (Na*+ K*)-ATrase and Ca
pump have been located in the basolateral membrane
in both proximal and distal tubules [22), the equal
enrichment of these two enzyme activitics indicated
that fractions P and D] were enricked in basolaterat
men:branes from individual tubules. No enrichment of
cytochrome-c-oxidase and NADH-oxidase activities in-
dicated only little contamination of mitochondria and
endoplasinic reticulum in fractions P and D1. 204% of
maltase enrichment in fraction P indicated some con-
tamination of brush border membrane but this enrich-
ment was much less than the one of basolateral mem-
brane. Contamination of luminal membrane in the
fraction D1 or D2 could not be assessed because no
spectiic marker enzyme ior this purpose was known in
the cistal cortical nephron.

This new technique made it-possible for us to study
the ditference in Ca puinp activity between proximal
and distal tubule. We found that Ca pump in the distal
tubule had much higher affinity for C2?* than that in
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the proximal tubule. The K, value was 42.6 nM in the
distal and 75.6 nM in the proximal tubulc. Since cy-
tosolic Ca* concentraiion is reported to be higher
than 100 nM [15,16], the Ca pump in distal tubules is
considcred to be a very sensitive system with respest to
eytesolic Ca2* level. The high affinity of the Ca pump
is suitable for transcellular Ca transpoit in the distal
tubulc. In the rat, the distal tubule is the main regula-
tory segment for renal Ca reabsorption [2]. In this
segment, lumcn Ca®* is reabsorbed mainly through the
transcellular pathway. This scement is equipped with
CaBPr which facilitates Ca** diffusion in the cytosolic
space [8). The basolateral membrane must be equipped
with a powerful machine to pump this bulk of Ca®*
carried by CaBPr vul of the cell. Very high affinity Ca
pumps can accomplish this task.

In contrast to the Ca pump in distal tubules, the
affinity of the Ca pump in proximal tubules is not very
high and this value agrees well with the cytosolic Ca®*
level. 1 the proximal tubule, the major mechanism of
Ca* reabsoiption is belicved to be that of paracellular
diffusion. The absence of CaBPr means that this
nephron is less capable of handling transcellu'ar Ca?*
reabsorption. The mechanism of Ca exit from the baso-
lateral membrane should be suitable for maintaining
cytosolic Ca®* at an adequate level but not for translo-
cating large amounts of Ca®*. This study demonstratcd
that Ca pump activity in the proximal tubule is, indeed,
of such a house-keeping type.

These results for Ca pump activity in individual
segments of the nephron do not agree with results for
(Ca**+ Mg?*)-ATPase activity of the mouse kidney.
Brunette et al. [23] measured Ca®*-dependent ATP
hydrolysis in dissected proximai and distal tubutes in
the presence of 1 uM or 100 M Mg?*. They found
that K, was 100 nM Ca®* in proximal and 180 nM
Ca?* in distal tubules 11 the praserce of 1 uM Mg?*
and there was virtually ;o activity in the presence of
100 sM Mg?*. The authors have already reported that
high-affinity Ca®*-dependen: ATPase activity was in-
hibited competitively by Mg?" in the basolateral mem-
brane of rat renal cortex [20]. This does not necessarily
mean that this Ca®*-dependent ATPase activity is a
different expression from Ca pump activity; it just
means that K,, between ATP hydrolysis and Ca®*-
translocating activity cannot be compared simply, be-
cause an AFP hydrolysis activity only exoresses the
phosphorylation step of Ca pumping ATPuse. Measur-
ing a>*-ATPase sctivity in a whole tubule also risks
conrtaminaiion by endoplasmic reticutom and mito~
chondyial Ca®*-ATPase activities.

Th question arises whether Ca pump -tivities are
the cupression of diffevent Ca®*-ATP: ¢s in the proxi-
mal and distal tubules. Difference in the affinity couid
be explained by difference in membrane oropertics.
Borke et al. {7] have providad importa-~~ujfurmation to
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answer this question. They reported that monoclenal
antibody against the ervthrocyte Ca pump bound orly
to the distal tubuies of the rat. This result strongiy
suggested that the Ca pump in proximal tubules does
not ha\~ the same epitope as the one in distal tubules.
It is kriown that a wide varicty of isoform cxists among
Ca pumps in various organs [24}. Complete ourification
and sequence of renal meinbrane Ca pumps is required
to answer this question.

This study clearly demonstrated, for the first time,
thiat PTH stimulated Ca pump activity in a different
fashion i proximal and distal tubules. I our previous
study, TPTX did not causc any change in Ca pump
activity in cortical basolateral membrane vesicles [18).
However, separation of basolatural membranes into
those of proximal and distal tubular origin in this study
led to results which differed from those of the previous
study. Both TPTX and PTX caused a decrease in ¥,
of Ca pump activity in proximal tubules and an in-
crease in K, in distal subules. 1t is apparent in ihc
previous study that the heterogenous cortical basolat-
cral membrance nreparation masked the changes in Ca
pump activity which were helerogenous in the two
parts f the nephron.

Itoh et al. reported that cyelic AMP and " TH di-
rectly stimulated *(Ca’* + Mg>* }-ATPase” a.tivity in
the *proximal basolatera! membraae’ of the canine
kidney [25). Their study suggested that PTH increased
the affizity of ATPasc via phosphorylation of a 90 kDa
protein, however, two major problems exist in this
study. One is that the membrane preparation used was
not the proximal but the cortical basolateral mem-
brane. The second is that the assay of ATPase activity
did not include amy additional Mg** in the assay
mixture and thus cxpressed high-affinity Ca’*-depen-
dent ATPase activity, which had already been charac-
terized in our previous studv [20) Changina these
riisconceptions would correct the interpretation of this
study as the stimuistion of high-affinity Ca®*-depen-
dent ATPase activity by PTI1 in cortical basolateral
membranes. Stimulation o1 atiinity in the cortical baso-
fateral membrasc by PTH might reflect stirulation in
distal tubules.

Comparing kinctic parameters of cortical and indi-
vidual tubular basolateral membirane vesicles leads 1o
the estimation of the relative contribution of tubular
factors to the cortica! membrane preparation. Gne
fuctor is that the K, of Ca pump activity in the cortex
is much closer to that in distal tubules than to thai i
proximal tubules. The ¥, . of Ca pump acliviiy was not
changed by TPTX cither in cortical or in distal basolat-
cral membrane vesicles, byt was changed in proximal
basolateral membrane vesicles. Two phenomena sug-
gested that the cortical basolateral membrane contains
more distal shan proximal Ca pwnp activity. If so, the
PTH stimulation of Ca® *-ATPasc affinity in Hoh's study

can be interpreted as stimulation in distal tubules. Qur
previous study also demonstrated that secondary hy-
perparathyroidism because of vitamin D deficiency in-
hibited the V,,,, of Ca pump activity in cortical basolat-
cral membrane [18]. This result may also be inter-
preted as the inhibition of Ca pump activity operating
in the distal tubule, Thus it is suggested that PTH has
dual effects on Ca pump activity depending on its
concentration. A physiological concentration of PTH
stimulated and a higher concentration inhibitcd Ca
pump activity, Another intcresting finding is thai
restoration of serum Ca in PTX rats by 1,25(OH),D,
suppicment did not influence Ca pump activity in the
present study, Our previous study, using vitamin D
deficient rats, also failed to show direct effects of
1,25(0H), D, [18). These studics, using different ap-
proaches, confirmed that 1,25OH),D, did not have a
direct eftect on basolateral membrane Ca pump activ-
ity either in the proximal or in the distal tubule of the
rat.

PTH stimulates Na*/Ca** exchange in the cortical
basolateral membrane of the rat [9] and in the canine
kidney [10]. Since Na*/Ca>* exchange activity was
found exclusively in the distal tubule [12], it is strongly
suggested that Na*/Ca"* cxchange is stimulated in
the distal tubule. PTH also facilitates the peritubular
entry of Ca®™ via the cAMP-mediated mechanism in
the rabbit cortical connecting tubule [26] and cortical
coliecting tubule [27]. in these segments, it is most
likely that the Ca pump plays a primary role in Ca’*
extrusion and that Na*/Ca®* exchange could be the
mechanism of Ca®* entry [16.27).

Ali of this evidence Icads us to propose the {ollow-
ing ccllular mechanism of renal Ca®* teansport as

Ultrafiltrate

Blood
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Fig. 4. Schem:tic presentaticn of the cellular mechanism of Ca**
transport in the rat Kidney, Ahbreviations are: PT, prosima! tubular
cell: DT, distal tubular cell,



illustrated in Fig. 4: PTH increases peritubular Ca®*
entry and Ca®” exit through the Ca pump in the distal
tubule. In the distal tubule, CaBPr facilitates cytesolic
Ca** diffusion and provides a powerful force which is
essential for cfficient transcellular Ca* reabsorption.
PTH also stimulates Na*/ Ca®* exchange in this scg-
ment. However. this system works syinaiwirically and
performs the fine tuning of cytosuiic Ca** rather than
having a primary tole in Ca®* exit. The proximal
tubule is equipped only with a Ca pump and lacks
important systems for transcellular Ca®* transpoit.
PTH also stimulates this Ca pump; however, the Ta
pump acts as a house-keeper in this scgment.
1,25(0H), D, stimulates the production of ("aBPr but
does not affect the Ca pump directly.
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