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Parathyroid hormone stimulates ATP-dependent calcium pump 
activity by a different mode in proximal and distal tubules 

of the rat 
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A new technique was developed to isolate basolateral membrane vesicles indivkluaUy from pro~mal a~ l  distal 
tubules ef  the rat cortex. This new technique enabled us to StlKly differences in their kinetics and ntechanisass of 
hormonal regulation of Ca pump between proximai and distal tubules. The Ea pump in distal tubule has very 
aHnity (42.6 nM Ca 2 + ) and the one in proximal tubule has relatively low affinity (75.6 nM Ca z +). Para lb~ddec-  
tomy (PTX) decreased the Vm, of Ca pump activity in proximal tubule (4.68 ± 0.99 vs. 9.08 5:2.21 natal 
4sCa2+/min l~r  ~ng protein BLMV, P < ~.0$), while it increased K,,~ in distal tubule (93.1 + II.0 vs. 35.1 ± 16.1 
nM Ca z+, P < 6.05). Restoration e f .~ rum Ca 2+ concentration by l,Y.,S(OH)zD 3 supplement could not reverse IIK's¢ 
changes by I'TX t a  Ca pump activity la either the proximal or the distal tubule, in conclusion, this study s i m p l y  
suggested that paratbyfoid hm'm~)ne ~timulated Ca pump activity by increasing the ;,~,, in proximal tub.de N d  by 
increasing the affir,:ty in distal tubule. 1~5(OH)zD 3 does net laave a direct effect on the basohtteral me,nbcane Ca 
pump activity. 

Introduction 

The major portion 9f renal Ca 2+ reab~rpfion is 
taking place in the proximal tubule and approximately 
60% of the filtered Ca -'+ is reabsorbed in this segment+ 
The paracellular permeability of Ca 2+ in the proximal 
tubules is very high and is similar to tha~ for Na +. Na + 
and water reabsorption through the paracellular path- 
way generate enough energy as a solvent drug to carry 
a bulk of Ca 2+ via the paracellular pathway Ill. At- 
though it is still controversial as to whether PTH 
stimulates some of the Ca 2+ transport in the ir.roximal 
tubule, it is dea r  that PTH-stimulated active transcel- 
~ui,~e Ca 2÷ transport is not the main mechanism in this 
segment [2]. On the contrary, laTH apparently stimu- 
lates Ca::  reabsorption in the distal tubule [2]. Ca ̀ `+ 
reabsor,~tion in this segment has to be ca~ied out 
agains, an electrochemical gradient and the active 
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tra,,lseellular transport is the dominant mechanism of 
Ca ̀ + reab~rption.  This ~gment  of the nephron is 
believed tc be the main regulatory part of renal Ca 2. 
transport [3-6]. 

The proximal and distal tubules must b¢ equipped 
wit~ different cellular mechanisms for Ca 2' transport. 
An important molecular difference between the proxi- 
mal and distal tubules is that the latter ~gmen t  pos- 
sesses the 1,25(OH12D3-dependcnt calcium binding 
protein (CaBPr) but the former does not [7]. Brenner 
[8] postulated that Ca'-" could diffuse ia the ~.'ytosolic 
space in the pru~nce of CaBPr without being trapped 
by calcium storage orgae.ellcs, at a speed 30-times 
faster than in the absence of this protein. For effective 
transc¢llular Ca 2+ transport, the Ca 2+ pump at the 
ba~lateral  membrane cannot work efficiemly without 
a continuous supply of its substrate, Ca-' * The proxi- 
mal tubule lacks CaBPr, which makes transcellular 
Ca 2+ movement in this segment much less effecti~. 

Another determinant of ~ran~ellular Ca 2+ trans- 
port i,; the mechanism of Ca .'.+ extrusion at the basolat- 
eral membrane. Ca "-+ has to be pumped out against an 
electrt>chemical gradient by an active transport mecha- 
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nism. Two active transporters have been identified at 
this side of the plasma membrane; Na+/Ca 2+ ex. 
changer [9,10] and the ATP-c.~ependent calcium pump 
(Ca pump)[I 1]. Ramachandran and Brunette [12] found 
that the Na+/Ca 2+ exchanger was located exclusively 
in the distal tubule of the rabbit. It has been reposed 
in both rat and dog that ~Wl'H stimulated Na+/Ca 2+ 
exchange activity in the has, lateral membrane vesicles 
(BLMV) of the renal cortex [~.10]. A r~umber of studies 
have suggested that Na2÷/Ca "+÷ exchanger in renal 
co~icai basoiateral membrane operated symmetrically, 
as was shown in other plasma membrane Na ~/Ca 2+ 
exchangers, and that it did not always work as a mech- 
anism fo~- Ca,÷ exit from the cell [13-.16]. The capacity 
of this exchanger was reported to be 20% of the Vm~ 
of the Ca pump in renal cortex [17]. These results 
strongly suggest that the Ca pump is the main mecha- 
nism of Ca 2+ extrusion at the basolateral mer~brane 
[131. 

The authors have previously rep~wted that thy- 
roparathyroidectomy (TPTX) did not affect the Ca 
pump activity of the BLMV of rat kidney cortex [18]. 
However, the BLMV from renal cortex does not origi- 
nated only from proxin~al tubules; they also contain 
basolateral membrane from distal tubules, it is aim 
+,-yyssible that Ca pump activity and its regulation might 
differ between proxinlal and distal tubules in order to 
car~ out their different roles in Ca 2. transport. The 
heterogenous population of basolateral membrane 
w~,~..~S COU,u tfiUS ,,,aa,~ changes in t,t'ic transpor[ t~¢ttv- 
ities in individual segments of the nephron. In order to 
answer these questions, we developed a new method 
which enabled us ~o isolate (Na++ K+~ATPase-rich 
plasma membranc vesicles ~parately from proximal 
and distal tubules. We then characterized Ca pump 
activity and its rcgolation by PTH in individual seg- 
ments of the nephmn. 

Materials and Melht~ls 

Materials 
Hank's solution consisted of 137 mM NaCI, 5.5 mM 

KCI, 0.8 mM M.~;SO 4, 0.33 mM Na2HPO4, 0.44 mM 
KH2PO 4, 1 mM MgCI 2, and 10 mM Tris-HCI (pH 7.4). 
45CaCI2 was obtained from Amersham, while ATP- 
Mg 2, EGTA, Tris, Hepes and L-cystei~e were obtained 
from Sigma. Purcell was purchased from Pharmaeia. 
The other chemicals were of the highest purity, avail. 
able. At| the solutions were filtered through the Milli- 
pore filters (0.45 pro) before use. 

and were killed 72 h after surgery. PTX rats were 
divided into two groups: one group was given daily 
intraperitoneal injections containing 400 pmol of 
1,25(OH)2D 3 dissolved in 200 ,t~l of diethyl glycol for 2 
days before being killed, in ort;er to normalize serum 
calci~,m ~evel ~-rv,., ~',/Jr~'~ rat~) and the other group was 
given only 200 #i of a vehicle fPTX rats). 

Dispersion of the renal cortex into the ,.r,bular segments 
Under ether anesthesia, both kidneys were perfused 

with ice.cold Hunk's solution containing 2.5 mM CaCi 2 
(solutinn A) through the infe;ior vena cava, using a 
peristaltic pump, until the kidneys became completely 
pale in color. The kidneys were then further perfused 
with an additional 30 ml of Hunk's solution containing 
10 mM CaCi 2, 1 mg/ml 8SA, and ! mg/ml collage- 
nase (solution B). Cortices, dissected with scissors from 
collagenase-treated kidneys, were minced with a razor 
blade, incubated at 37"C for 30 rain in 10 ml of solution 
B, and gas~d with 100% 0 2. The minced kidney was 
washed three times with 20 ml of ice-cold solution A 
with phenanthroline (solution C) to stop proteolysi~. 
Dis::~ersion of the collagenase-treated cortex into tubu- 
lar segments was carried out as follows: Minced cortex 
was placed in a disposable conical tube containing 20 
ml of solution A and was vortexed tbr 15 s. The 
supernatant was collected into another conical tube on 
ice. This procedure was repeated several times. The 
cg!!ectcd supematant was filtered twice through mesh 
and was resuspended in 50 m! of solution A. This 
preparation was the 'pool fraction'. The pool fraction 
collected from the preparations of three rats was used 
for further F urification. 

Discontinuous ficoli gradient 
Partial purification of proximal and distal tubules 

was I~rformed according to the method by Scholer and 
Edelman [i?]. Ficoll was freshly dissolved in solution A 
at concentrations of !% (50 ml), 2% (35 ml), 6% (60 
mi), 8% (60 ml) and 12% (20 ml) (wt/wt, pH 7.4). A 
discontinuu, s g~:adient consisting of these five leTers 
was generated with a peristaltic pump in a 300 ml 
beaker. Fifty ml of the pool frac'ion was carefully 
loaded on the gradient. After about 15 rain when the 
particle front reached the 8%/!2% interphase, two 
fractions were collected with a 10-ml 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 
ea!ess otherwi~ noted. 

Animals 
Male Sprague.Dawley r=:~. 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 

Hor~une.sensi:ice adeny!a¢e eye!use assay 
in order to identify the origin of the s~parated 

tubular fragments, hormone-sensitive adenylate cyclase 
aclivity was assayed by measuring the production of 
cyclic: AMP, using a radioimmunoassay kit (Cyclic AMP 
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Kit, Yamasa inc., Tokyo, Japan). 10/~1 (protein: 5-10 
/.tg) of fraction A or fraction B was incubated for 15 
min at 37°C (total volume, 100 #1) in substrate contain- 
ing 0.2 mM Tris-ATP, 25 mM phosphocreatinine, 1 
mg/ml creatine phosphokinase, 9 mM theophylline, 
0.!% (w/v) BSA, 25 mM KCI, 10 mM MgCI~, 1 mM 
EDTA-Na 2. and 50 mM Tris-HCl (pH 7.4). 10 pl of 
solution containing bovine [I-:~4]PTH or va~pregsin 
was also added, where specified in the results. The 
reaction was stopped by boiling for 3 min, followed by 
the addition of I00/~I of suceinylating reagent. The 
sui~,ernatant alter centrifugation (15000 rpm for 15 
mir:) was u~d for cyclic AMP assay. 

Purification of  BLMV from fractions A and B 
The purification of BLMV [ram Fractions A and B 

w~s performed by the 'Percoll gradient method" as 
pr~viously reported for purification from the renal 
corte×.L~ t,18]. Fractions A and B were centrifuged at 
3000 rpm for 15 rain. Pellets were resuspended in 
ice-cold sucrose buffer (0.25 M sucrose, 0.1 mM 
phenylmethylsulfonyl fluoride, 5 mM Tris-HCI (pH 7.5)) 
and were homogenized using a Fatter homogenizer. 
Identification of the basolateral membrane-rich frac- 
tion in the Percoll gradient was performed by the assay 
of marker enzyme activities such as those of ouabain- 
sensitive (Na++K+,t.ATP¢se., maltase, NADH oxi- 
dase, and cytochrome-c oxidase as previously described 
[18]. 

A TP-de,~nd,'nt Ca pump activity 
The P.cti,Jity of the ATP-dependent Ca [~ump was 

de:ermined by a n~ethod reported previously, which 
measured +~Ca z + uptake by freshly prepared BLMV in 
the preseno ~ . of MgATP (1.6 retool/I) [!i,16]. The 
BLMV samples were preioaded with mannitol (I00 
retool/I), KCI (100 retool/l), and Hepes-Tris (5 
retool/I) solution with ,E pH adjusted to 7.4. *SCa2+ 
uptake was initiated by the addition of 10 ILl of BLMV 
suspension (6-10 g/l)  to 290/zl of assay solution (pH 
7A, 37°C) which contained the following: 100 mmol/l 
mannitol, 100 retool/! KCI, 5 mmol/I Hepes-Tris, 0.1 
mmol/! EGTA, and 4SCaCI2 (1/zCi/tube) with either 
ATPMg (2 retool/I) or MgCI2 (2 mmol/i). The con- 
centrations of CaC! z were varied in order to determine 
Ix~th l~ax and Kr, for Ca pump activity at different 
cotscentrations of free Ca 2+ (10 "s reel/i, 2.10 -s 
reel/I, 5 .10 -s mol/I and 10 -~ mol/I). Differences in 
radioactivity in the absence and the presence of MgATP 
were expressed as Ca 2+ pump activity. The uptake of 
+SCa2+ was stopped by dilution with 2 ml ice-cold stop 
buffer (pH 7.4) that contained the following: 1 mmol/! 
EGTA, 100 mmol/I mannitol, 100 retool/! KCI, and 5 
mmol/I Hepes-Tris. The samples were then rapidly 
filtered through 0.65.p.m filters (Millipore; Millipore 
Corp., Bedford, MA), and the filters were rinsed with 

an additional total of 6 ml of the cold stop solution. 
Radioactive 4SCan+ trapped in the vesicles was deter- 
mined with a liquid scintillation counter. All experi- 
mental points were repeated at least in triplicate. 

Analytical t:chnique 
Total calcium and phosphorus., serum and urine 

were measured by Autoanalyzer (Hitachi Industry Co., 
Tokyo, Japan). Ionized calcium was measured by Auto- 
analyzer SERA 252 (Horiba Co., Tokyo, Japan). 
Met:=bolie cages (Nalgc Co., Rochester, NY) were used 
for the collection of urine. Since three rats were used 
for one experiment of Ca pump activity assay in bc, tl, 
proximal and distal tubules, the mean value of three 
rats was used for the anelysis of laboratory data from 
one experiment. 

Statistical analysis 
Data are expressed as the mean + S.D. Statistical 

analysis of the data was performed using Anova analy- 
sis of variance, with the significance of multiple pair- 
wise comparisons calculated 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. 

Re~lls 

Separation of cortical tubular fragments into fraction.rich 
in pr(~cimal or dislal tubules 

Fraction A, which migrated into tile 8%/12% inter- 
phase of the Ficoll gradient, showed not only the 
morphological characteristics but also thc chemical 
characteristics of the p~'oximal tttbu.tc. If more than 
80% of tt~bule.~ possessed brush-bordeN by the ins0ec- 
tion under refractory mi--roscopy, fraction A was desig- 
nated as the proximal 'ubulc-rich ~:'actions. Fraction B, 
which migrated into 1%/2% in~.erphase, should not 
contain any apparent proximal tubules under the mi- 
croscopy. This fraction usually consisted of individual 
tubular cells which did not possessed brush-borders. 
Fig. | shows the PAS ,;taining of these two fractions. 
Table ! demonstrate,,,; the hormone-sensitive ader.ylatc 
cyclasc activity of these fractions. Fraction A was rich 
in pa~thyroid 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 activiti¢~ Since 
proximal tubules are vasopressin resistant, l~oximal 
tubule-rich fraction (fraeti~,n A), which contained 111% 
of vasopressin stimulation, could h~ve as much as 50% 
of the distal tubule representation as is present in the 
fraction B. This result showed less purity of pro~mal- 
tubule-rich fractmn than me previous rep:,~t [171. 
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Fi~, i. Mz~tpbqdogical ch.',ruct~rJzulion of fnzction A (A) und B (B) from ¢oll~n~t~c |z'caz~d r~z~l cortex (PA!.~ XS(X)). 



TABLE I 

Basal and hormone-sen.~i&'e adenylat,, cydase uctMff in co,Ileal tuhu. 
lar fractions 

Fraction A was collected from the laye~ right above 8%/12~'/; inter- 
phase of the Ficoll gradient and fraction B was collected from the 
layer right below 1%/2% interpha~. Results are expressed as 
means±S.D, for three experiments. 

Fraction A Fraction B 

Basal activity 
(pmol/I 5 rain per rag) 288± 26 290± 32 

Percent change (e~) 
Vasopressin 50 mU/ml  I I I ~: 9 230_+ 67 
PTH 10-* M 429'Lb7 2 ~ ± 6 7  

Purification of the basolateral membrane t'esicles 
(9LMV) J'mm fractio,vs A and B 

Following serial centtifugalions of the homogenates 
from fractions A and It, Percoll gradient methods led 
to the final separation of plasma membrane rich in 
(Ha*+ K+)-ATPas¢ activity (Fig. 2). After ce~trifuga- 
tion, the Percoll gradient showed a pattern o~ resolu- 
tion in fraction A which was very similar to theft in the 
cortical homogenate. A fluffy membrane layer ~ ,~raction 
P) was collected. Fraction B gave a different re:.olution 
pattern: Afte; eentrifugation, two fluffy layer:; (frac- 
tions DI and D2,~ were formed in the bot~.o~,~,.:of the 
tube. As shown in "i'able I!, the activity of ouabain-sen- 
sitive (Na*+ K*)-ATPase, the specific mat ieer e.,~'me 
of the basolateral membrane, was enrichc~t 930% in 
fraction P and no enrichment was ;;hown for cy- 
tochrome-c oxidase, the mitochondrial marker enzyme 
activity, and NADH oxidase, marker enzyme act;vity of 
the endoplasmic reticulum. Maltase, marker enzyme of 
the brush border membrane,, was enriched 204% in 
fract;ot; P and this enrichment was higher than the 
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Fraction A Fraction B 

,~. , ,~. , , , ,  2500g x I 5mm 

24.000gx20mm 

sL~o=~,;, J E _ ~  
Percoll gradient 

"." D2 

Fig. 2. I.q'.latl.m of the plasma membrane-rich in Na * + K "-ATPase 
activity in the Fraction A and B. 

basolateral membrane preparation from cortical ho- 
mogenat¢, in the distal tubule-rich fraction, DI had a 
nigher enrichment cf ~'Na*+ K ~')-ATPase activity and 
P lower enrichment of both cyto,-hrome~-oxida~ and 
NADH-oxidase activities than D2. No specific marker 
enzyme was available for [uminel membrane of the 
distal ',ubule. Ca pump activir.t was also detected in 
t.he~ fractions and the distribution of acti~aty was 
i~lentical to that of (Na + + K +)ATPasc. These ~esults 
indicate-t that both Ca pump and (Na++ K+)-A'i~asc 
activities were located in the ~ , t ¢  ['~a~.ik~li o f  the 
plasma membrane. Finally, frat tions P a~d DI were 
selected for experimental use as the basolater,d ment- 
brane from the proximal tubule ~nd the distal tubule, 
respectively. 

TABLE II 

Specific ~ctiritie¢ and enrichme.~s f~c¢o;~ j'c'r marker en.~mes in bascdateral me~t&,,,e preparation from two different conical lubular ~actio~ 
Ca-** pump acliviP; was measured at 10 -7 M Ca .*+ (nmol ~Ca'*+/2 min per mg protein) "*nd other enzyme specifiL activities are reported as 
nmol/min per mg protein. The values in parenthesis represent the total units of activity in the fraction relative to the total activity for that 
enzyme in the homogenates of cortical tubular fractions and arc reported as the percentage. R¢sulls are expressed as n~.Jns±S.D, for three 
experiments. * Significantly lower than the activity of either P or DI (P < 0.05) 

P DI D2 

Ca-** pqmp 5.03~ 0.64 2.8t -I- 0.62 1.60+ 0.28 * 
(Na*+K*).ATPase 771 +151 525 + 41 333 + 47* 

(930) (.680} (430) 
Cytochrom=.co~ida~,~ 33.6 ± 8 9  142 ± 24.1 310 :L 39 

r,[0} (48) (=,07) 
NADH oxidase 432 ~ 124 632 + 196 ! 223 -_L 207 

(88) (113) (219) 
Maltase 86.1 ± 4.4 

(204) 
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Fig. 3. Diffe.rence in kinetic~ of Ca pump acfiviti,:s in Ihree prepara. 
tions of basolatera[ membrane vesicles. Abbrevia!ions are: PT, pmxi- 
mal ttihular basolateral membrane vesicles: DT. Jista ~, tubular baso- 
lateral memb~~ne ~'e~icles." corlex, corlical ha.solatera! membrane 

vesicles. 

¢; .... ;" di~@rence ,,¢ r ......... 'i"; O, between prarimal 
and distal tubule 

"flze separation of basolateral memb,al~e into two 
dif!~.'r~rtt segments o |  the~cortex demonst~-":.ed 'hat Ca 
puo~np act±vii3 possessed a diffcrent kinetic,; b,.,tween 
two segments of the nephron (Fig. 3). The Ca pump in 
the distal tubule had higher affinity for Ca 2+ than the 
one in the proximal tubule. K m of  Ca 2+ was 42.6 nM 
in the distal tubule and 75.6 nM in the proximal tubule. 
Kinetic analysis, also ~ r f o r m e d  in the cortical basotat- 
oral membrane ghich had been treated with collage- 
nase, revealed K m to be 31.5 nM. This value was 
almost the same as the valve 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- 
n ase-treated cortex was 3.12 nmol 4"SCa2 +/rain per rag; 
~his ,:a!,~ a i ~  was idetv.ical to that in non-collagenase 

treated cortex (2,46+ 0.12 nmol 45Ca2+/min per mg, 
mean ± S.E., n = 3). This result indicated that collage- 
nase treatment did not affect Ca pump activity in this 
';tudy. 

Effect o f  parathyroidectomy 
Both PTX and TPTX induced hypocalccmia, 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)2D 3 were examined 
and 400 pmol for 2 days was revealed to be a sufficient 
dose to restore serum c~lcium level in the PTX rats, 
Restoration of serum calcium IcvcF by 1.25(OH)2D 3 
supplement increased fractional excretion of Ca 2+ and 
normalized total reabsorption of phosphorus in the 
PTX rats (Table Ill). 

Different effects of PT.X on Ca pump activity in 
proximal and distal tubules were obse:ved, in the prox- 
imal tubule, both PTX and TPTX decreased Vm, x of 
the Ca pump without ~iffecting Kin. In contrast, in the 
distal tubule, K m v.~a: ~, increased by both PTX and 
TPTX without a ct'~;,i~e of Vm,,,. Restoration of  serum 
calcium by 1,25(OH)2D~ supplement could not reverse 
the effect of PTX e~ther in proximal or in distal tubules 
(Table Ill). 

Discussion 

Basolateral membrane vesicle preparations from the 
renal cortex have been used for many studies which 
attempted to claril~" 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 e ta l .  demonstrated that a 
corticai basolateral mcmbra,3e preparation possessed 

TABLE ill 

Summary of tile data in four groups o/ rats 

i -~  is expressed as nmol 4-~Ca: +/n-in per mg proleln and K m as nM Ca"'. * P < ll.¢~S compared with the value of sham-opevaled :a~.';. 
• * P < 0.05 compared with the value of PTX rats. Since PTX or TPTX gay: much more damage Io rat.,, than sham.operation, the cond[fier, of 
o~ra~©d rals varied :,~ ~hc time of sacrifice. Th;s factor mighl cau~ iart3e de,Aalion of the @,ta spccially for K m calculation 

Ca"  ion Serum P FECa TR? 
(mequiv./I) (mmol/I) (~)  (%) 

Sham (n == 8) 2.72±0.21, 2.59+ 0.28 0.52±0.30 81.8+ 6.21 
FIX (n - 6) t.6o± b.5:! * 3.84 + 0.26 * 1.3~, ± 1.28 89.5 ± 3.01 * 
TPTX(n-5) i.45±0.54 * 3.69-r 0.12 * 1.77+ 1.74 89.3+ 2.88 * 
F'TI~ /D (n - 6) 2.52±0.30 ** 3.01± 0.25 ** 4.75±2.8~ ** 81.6± 7.4 ** 

Vm, (PT) K m tP'¥I~ I~ (DT) ;;~, (DT) 

Sham (n - 8) 9.08±2.21 81.6± 2.87 3J8± 1.25 35.1 -.- 16.1 
P£X(n -6) 4.68+0.99 * 85.1 +34.9 3.22+ 1.22 93.1 ~: I 1.0 * 
"vP'ILX..(,~-5} 4.76+1.37" 107 ±71.1 3.01+1.63 103 :t:39.8" 
PTX/D4n-6) 5.59+2.65 * 106 ±65.8 3.49-.;=0.96 98.2±?.0.8 * 
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not only PTH-stimulated, but also va~pressin.slimu- 
lated aden:date cyclase activity [9]. The latter activity is 
located exclusive'y in the distal tubule of the rat cortc'x 
and is not located in th~ proximal t.,~lbule [21]. This 
heterogeneity in tubular origin has led difficulties in 
interpreting the data frown Ca transport studies which 
had been used cortical har, o[a',elal membrane vesicles, 
because the mechanism of Ca transport in proximal 
and uistal tubules is known to differ. A technique 
which could isolate basolateral membranes from indi- 
vidual nephron segments has been desired for a lone 
time. The present ~t,Jdy succeeded in finding and de- 
scribing a technique which could isolate basolateral 
membrane v,.'siclcs s~parateiy from proximal and distal 
tubules. For this purpo~, :he 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 ct al. in 1979 [19]. After the Fi~'oll 
gradient procedure, we a l~  succeeded in .separating 
two cortical :ubular fractions which showed the charac- 
teristic features of proximui and distal tubules, respec- 
tively. AIthc-ugh the proximal tubule.rich fraction also 
contained some vasopre~in-stimulatcd adenylat¢ cy- 
clasc activity, further purification of lh¢~ fractions 
into basolateral membraaes dissolved this problem. 
Basolatcral membrane-rich fractions showed dii'fcrent 
densities in the PercoU gradient between proximal and 
distal tubule-rich fractions. Basolateral membrane 
preparation (fraction P) from proximal tubules w.ts 
apparently lighter than the one ffraction DI) from 
distal nephrons. Conclusively, final membrane prepara- 
tions should have been much more heter~ger, otzs be- 
tween two ~gments of the nephron than the crude 
tubule preparations. 

The relative enrichmem of both (Na ÷ + K + )-ATPase 
activity and the Ca pump activity was almost eq, al in 
fractions P and DI, Since (Na++ K+)-ATl'ase a:~d Ca 
pump have heen located in the basolateral membrane 
in both proximal and distal tubules [22], the equal 
enrichment of these two enzYme activities indicated 
that fractions P and DI were enriched in basolaterat 
men,brines from individual tubules. No enrichment of 
cytochrome-c-oxidase and NADH-oxidase activities in- 
dicated only little contamination of mitochondria and 
endoplasmic reticulum in fractions P and DI. 204% of 
maltase enrichmeat in fraction P indicated some con- 
tamination of brush border membrane but this enrich- 
ment was much less zhap the one of basolateral mem- 
brane. Contamination of luminal membrane in the 
fraction DI or D2 could not be assessed becau~ no 
speciiic ma~'ker enz),me for th~s purpose was known in 
the C~istal cortical nephron. 

Tais new techniqae made it.possible for us to study 
the: difference in Ca pump activity between proximal 
and distal tubule. We found that Ca pump in the distal 
tubule had much higher affinity for Cz 2÷ than that in 

the proximal !ubule, The K,. value was 42.6 nM in 1he 
distal and 75,6 nM in the proximal tubuic. Since cy- 
to~lic Ca-" concentration is reported to be higher 
than IlX) nM [15,16], the Ca pump in distal tubules is 
considered to be a very ~nsitive system with respect to 
cyto,~."!ic Ca ̀ '+ h:vcl. The high affinity of the Ca pump 
is suitable for tran~cllular Ca transpoit in the distal 
tubule, In the rat, the distal tubule is the main regu!a- 
tory ~gment for renal Ca reabsorption [2]. In this 
segment, lumen Ca' + is rcabsorbcd mainly through the 
transccllular pathway. This ,~gment is equipl0cd with 
CaBPr which facilitates Ca -'+ diffusion in the cytosolic 
space [8]. The basolatcral membrane must ix: equipped 
with a powerful machine to pump this bulk of Ca -'+ 
carried by CaBPr out of the cell. Very high affinity Ca 
pumps can accomplish this task, 

In contrast to the Ca pump in distal tubu|c.~ the 
affinity of the Ca pump in proximal tubules is no! very 
high and this value agrees well with the cytosolic Ca z+ 
level, h~ the proximal tubule, the major mechanism of 
Ca-' + reabsoi'ption is believed to be that of parac¢llular 
diffusion. The absence of CaBPr means that this 
nephron is less capable of handling trans~cllu!ar Ca 2+ 
reabsorption. The mechanism of Ca exit from the be.m- 
lateral me.-...b~ne stluuld be ,~uitabl¢ ['or maintaining 
cytosolie Ca-" + at an adequate level but not for translo- 
caring large amounts of Ca 2 +. This study demonstralcd 
that Ca pump activity in the proximal tubule is, indecd, 
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=++ Mg2+)-ATPas¢ activity of the mouse kidney, 
Brunette et el. [23] measured Ca2+-dependont ATP 
hydrolysis in dissected proximal and distal tubules in 
the prcscncc of ! pM or 100/zM Mg -'+. They found 
that Km was 100 nM Ca 2+ in proximal and 180 nM 
Ca 2+ in distal tubules ~1 the presence of I/~M Mg 2+ 
and there was virtually :~,.~ activity, in the presence of 
100/zM Mg 2+. The authors have already reported lhat 
high-affinity Ca2+-depcndem ATPase activity was in- 
hibited competitively by Mg 2" in the basolateral mem- 
brane of rat renal cortex [20]. This does not ncccssa,,-ily 
mean that this Ca2+-dcpcndcat ATPase activity is a 
different o, prcssion from Ca pump activity;, it just 
means that K m between ATP hydro!ysi~ and C,a 2+- 
translocating activity cannot ~ compared simply, be- 
cause an ~I 'P  hydrolysis activity only expresses the 
phosphorylation step of Ca pumping A'! P~,se. ,Measur- 
ing Ca2+-ATPase ~clivity in a who!e tubule also risks 
co~ta,'n~na;.ion by endoplasmic reticu'um and mito- 
cholld~'ia: Ca z ÷-ATPase activities. 

The: question arises whether Ca Du~,pp "~-::'vities arc 
the ~.~pression of diffe~'ent CaZ+-ATP~ es in the proxi- 
mal and ~lis!al tubules. Difference in :he affinity could 
be explained by different in membrane ,~rop=rties. 
Burke et al. [7] have provided importa::~,if, J~'matio,. to 
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answer this question. They reported that monoch'nal 
antibody against the erythr¢g3tte Ca pump bound or ly 
to the distal tubt, les of the rat. This result strongiy 
suggesteO that the Ca pump in proximal tubules does 
not ha~" the same epitope as the one in distal tubules. 
it is known that a wide variety of isoform exists among 
Ca pumps in various organs [24]. Complete ourifica*.ion 
and ~qucnce of renal mc~nbranc Ca pumps is required 
to answer this question. 

This study clearly demonstrated, for the firs*. !;.me, 
tha~ IV]'lt stimulated Ca pump activity in a different 
fashion zn proximal and distal tubules, l't our previous 
study, TPTX did not cause any change in Ca pump 
activity in cortical bag)lateral membrane vesicles [18]. 
However, ~paration of basolateral 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 Vm..,s 
of Ca pump activity in proximal tubules and an in- 
crea~ in Km in distal ~ubules. It is apparent in the 
previous study that the hetcrogenous cortical basolat- 
era! m¢.,'nbranc nreporatk~n masked ~.he changes in Ca 
pump activity which wcrc hcterogenous in the two 
parts ~f the nephron. 

Itoh c ta l .  reported that cyclic AMP and ~TH di. 
rectly stimulated "(Ca -'~ + Mg :+)-ATPas¢" a.fivity in 
the "proximal basolatera[ membrm~e" of the canine 
kidney [25]. Their study .~uggestcd that PTH increased 
the affi[:it~' of ATPasc vh 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 ba~lateral mere. 
brane. The second is that the assay of ATPase activity 
did not include an.~ additional Mg -'~ in the assay 
mixture and thus expressed high-affinity Ca:+-dcpcn- 
dent ATPa~ activity, which had already been charac- 
terized in our previous study [2fl]. Changin~ these 
mi:~conccplions would correct the interpretation of this 
study :~s the stimuld!ion of high-affinity Ca'-+-dcpcn. 
dent ATPasc activity by PTi.1 in cortical basolateral 
membranes. Stimuia~iun oz affinity in ti~c corlical ba~- 
lateral membra:.: by PTH might reflect stimulation in 
distal tubules. 

Comparing kinclic parameters of cortical and indi- 
vidual tubular basolateral membrane vesicles leads 1o 
the estimation of the relativ,: contribution of tubular 
factors to the cortic:.~! membra,~e preparation. One 
factor i:, that the K m of Ca pump activity in the cortex 
is much closer to that in distal tubules than to thai i~, 
proximal tubules. The l~,n..,,, o f  Ca pump activity was not 
changed by TPTX either in cortical or in distal basolat- 
eral membrane vesicles, but was changed in proximal 
basolaleral membrane vesicles. Two phenomena sug- 
gested thai the co~'tical basolateral membrane contains 
more disl~i than proximal Ca pump activity. If .so, the 
PTH stimulation of Ca-" +-ATPase affinLty in itoh's s.~ ud,,' 

can be interpreted as stimulation i,~ distal tubules. Our 
previous study a l~ demonstrated that secondary hy- 
pcrparathyroidism because of vitamin D deficiency in- 
hibited the V,~,,~ of Ca pump activity in cortical basolat- 
eral 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 inhibited Ca 
pump activity. Another interesting finding is that 
restoration of serum Ca in PTX rats by 1,25(OH),D 3 
supplement did not influence Ca pump activity in the 
present study. O u r  previous study, using vitamin D 
deficient rats, also failed to show direct effects of 
1,25(OH):D 3 [18]. These studies, using differer~t ap- 
proaches, confirmed that 1,25(OH).,D.~ did not have a 
direct effect on ba~lateral membrane Ca pump activ- 
ity either in the proximal or in the distal tubule of the 
rat. 

IErI'H stimulates Na+/Ca :+ exchange in the cortical 
basolateral membrane of the ra~ [9] and in the canine 
kidney [10]. Since Na+/Ca -'+ exchange activity wa:; 
found exclusively in the distal tubule [12]. it is strongly 
suggested that Na+/Ca 2+ exchange is stimulated in 
the distal tubule. PTH also facilitates the peritubular 
entry of Ca TM via the cAMP-mediated mechanism in 
the rabbit cortical connecting tubule [26] and cortical 
co!Iccting tubule [27]. in these segments, it is most 
like,tv that the Ca pump plays a prima~ role in Ca:* 
extrusion and that Na+/Ca 2"~ exchange could be the 
mechanism of Ca :+ ento' [16.27]. 

All of this evidence leads tts to propose the follow- 
ing cellular mechanism of  renal Ca:" transport as 
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Fig. 4. Schemali¢ presentaliea up Ihe ¢¢l~ah~r reechanism of Ca :+. 
translxm in the rat kidneL Ahhreviati~ms arc: l' I'. pro'dmzd n~bular 

c¢ !l; D1, distal nub,dar 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 cytomlic 
Ca-'* diffusion and provides a powerful force which is 
essential for efficient transcellular Ca-" ~ reabsorption. 
PTH also stimulates Na+/Ca 2+ ,.'xch;tnge in this seg- 
ment. However. this system work:, sW, multieally and 
performs the fine tuning of cytosoiic Ca-" rather than 
having a primary role in Ca z~ exit. The proximal 
tubule is equipped only with a Ca pump and lacks 
important systems for transecllular Ca-" transport. 
PTH alto stimulates this Ca pump; however, the Ca 
pump acts as a house-keeper in this segment. 
I,~(OH).,D.~ stimulates the production of CaBPr but 
does not affect the Ca pump directly. 
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