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Summary. In the present study, we have examined the direct 
actions of angiotensin lI (All) in rabbit renal brush border mem- 
brane (BBM) where binding sites for AII exist. Addition of All 
(10-11-10 -7 M) was found to stimulate 22Na- uptake by the iso- 
lated BBM vesicles directly. AII did not affect the Na*-dependent 
BBM glucose uptake, and the effect of AlI on BBM 22Na+ uptake 
was inhibited by amiloride, suggesting the involvement of 
Na t/H+ exchange mechanism. BBM proton permeability as as- 
sessed by acridine orange quenching was not affected by All, 
indicating the direct effect of All on Na+/H § antiport system. 

In search of the signal transduction mechanism, it was found 
that AII activated BBM phospholipase A 2 (PLA) and that BBM 
contains a 42-kDa guanine nucleotide-binding regulatory protein 
(G-protein) that underwent pertussis toxin (PTX)-catalyzed ADP- 
ribosylation. Addition of GTP potentitated, while GDP-3S or 
PTX abolished, the effects of AII on BBM PLA and 22Na+ uptake, 
suggesting the involvement of G-protein in AII's actions. On the 
other hand, inhibition of PLA by mepacrine prevented Ali's 
effect on BBM 22Na+ uptake, and activation of PLA by mellitin 
or addition of arachidonic acid similarly enhanced BBM 22Na~ 
uptake, suggesting the role of PLA activation in mediating Ail 's 
effect on BBM 22Na+ uptake. 

In summary, results of the present study show a direct stimu- 
latory effect of AII on BBM Na+/H + antiport system, and suggest 
the presence of a local signal transduction system involving G- 
protein mediated PLA activation. 
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Introduct ion 

A n g i o t e n s i n  II  (AII )  is a power fu l  e f fec to r  agent  in 
the  r egu la t ion  o f  e x t r a c e l l u l a r  v o l u m e  and exe r t s  an 
i m p o r t a n t  inf luence  on renal  s o d i u m  (Na  +) exc re -  
t ion.  A I I  m o d u l a t e s  rena l  N a  § e x c r e t i o n  th rough  
s t imula t ion  o f  a l d o s t e r o n e  sec re t ion  and th rough  its 
d i r ec t  a c t i on  on  the  k idney .  In  the  k idney ,  bes ides  
its e f fec t  on  rena l  h e m o d y n a m i c s ,  A I I  a lso  affects  

tubu la r  N a  + t r a n s p o r t  d i r ec t l y  [12]. S u b s t a n t i a l  evi-  
dence  f rom r e c e p t o r  b ind ing  [4, 5, 7, 22] and  t r ans -  
po r t  s tudies  [6, 11, 13, 18-20,  30, 32] has  i n d i c a t e d  
that  p r o x i m a l  tubu le  s e rves  as  the  t a rge t  si te for  
A I I ' s  ac t ion .  Bo th  in v ivo  m i c r o p u n c t u r e  [11, 13, 
18-20] and in v i t ro  tubu le  p e r f u s i o n  s tud ies  [6, 32] 
s h o w e d  tha t  p e r i t u b u l a r  a p p l i c a t i o n  o f  A l l  i n d u c e d  
a d o s e - d e p e n d e n t  b i m o d a l  ef fec t  on  p r o x i m a l  tu- 
bule  N a  + t r anspo r t .  A t  l o w e r  c o n c e n t r a t i o n s  
(10-12--10-10 M), A l l  e n h a n c e d  p r o x i m a l  tubu le  N a  + 
t r anspor t ,  w h e r e a s  at  h igher  c o n c e n t r a t i o n  
(i0 9-10 6 M), A I I  s u p p r e s s e d  p r o x i m a l  tubu le  N a  + 
t r anspor t .  The  ce l lu la r  m e c h a n i s m  u n d e r l y i n g  such  
b imoda l  effect  o f  A I I  r e ma ins  unc lea r .  T r a d i t i o n a l l y ,  
A l l  is c o n s i d e r e d  to affect  p r o x i m a l  tubu le  t r a n s p o r t  
t h rough  b inding  to its r e c e p t o r  on the p e r i t u b u l a r  
baso l a t e r a l  m e m b r a n e  ( B L M ) ,  w h i c h  t r iggers  in t ra-  
ce l lu lar  even t s  and  a l te rs  N a  + t r a n s p o r t  a c r o s s  the  
luminal  b rush  b o r d e r  m e m b r a n e  (BBM).  Thus ,  it has  
been  p r o p o s e d  that  A l l  a t  l o w e r  c o n c e n t r a t i o n s  m a y  
supp re s s  B L M  a d e n y l a t e  c y c l a s e  and  s t imu la t e  
p r o x i m a l  tubu le  N a  § t r a n s p o r t  by  r e m o v i n g  the  in- 
h ib i to ry  effect  o f  c A M P  [12, 20, 38]. On the  o t h e r  
hand,  A I I  at h igher  c o n c e n t r a t i o n s  m a y  inhibi t  p rox i -  
mal tubu le  N a  * t r a n s p o r t  t h r o u g h  an  i n c r e a s e  in 
in t race l lu la r  ca l c ium leve ls  [6, 12, 24, 35]. 

In  c o n t r a s t  to this  p e r i t u b u l a r  a p p r o a c h ,  A l l  
b inding  si tes were  r e c e n t l y  found  to be  d i s t r i b u t e d  
un i fo rmly  on bo th  lumina l  B B M  and  p e r i t u b u l a r  
B L M  in ra t  p r o x i m a l  tubu les  [4, 5, 7]. The  func t ion  
of  A l l  b ind ing  s i tes  on lumina l  B B M  is no t  k n o w n .  
A l though  these  b ind ing  s i tes  m a y  s imp ly  se rve  as  
the  site for  A l l  a b s o r p t i o n  and  d e g r a d a t i o n  [25], it is 
a lso  pos s ib l e  tha t  these  b ind ing  s i tes  m a y  func t ion  
as h o r m o n e  r e c e p t o r s  and  p r o v i d e  a n o t h e r  rou te  for  
A I I ' s  ac t ion  in renal  p r o x i m a l  tubu le .  I n d e e d ,  a lumi-  
nal ef fec t  o f  A l l  to i n c r e a s e  p r o x i m a l  tubu le  N a  + 
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transport has been suggested in previous reports [ 13, 
19, 20]. To further substantiate such a luminal action 
of AII in renal proximal tubule, we have tested the 
direct effect of AII on BBM Na + transport in the 
present study. The results show that All directly 
stimulates BBM Na + transport through N a ' / H  + 
antiport system and suggest the role of GTP-binding 
protein (G-protein)-mediated activation of BBM 
phospholipase A2 (PLA). 

Materials and Methods 

ANIMALS 

New Zealand White male rabbits, weighing 1.5-2.0 kg, were used 
in these studies. The animals were maintained on an ad lib diet 
of standard rabbit chow with free access to tap water for drinking. 

B B M  VESICLE PREPARATION 

Purified BBM vesicles were prepared from rabbit renal cortex by 
the conventional magnesium-precipitation method [3]. Purifica- 
tion of BBM preparation, as assessed by the enrichment of BBM 
enzyme marker, alkaline phosphatase [17], was 11.3 -+ 0.9 (n = 
12) fold higher than the initial cortex homogenate. Other non- 
BBM enzyme markers including Na,K-ATPase of BLM [27], 
cytochrome C oxidase of mitochondria [36] and glucose-6-phos- 
phatase of endoplasmic reticulum [14] were 0.86 -+ 0.01, 0.30 -+ 
0.05 and 0.66 +- 0.1 (n = 12) fold lower than the cortex homoge- 
hate, respectively. 

MEASUREMENTS OF B B M  N a  + 

AND GLUCOSE UPTAKE 

BBM vesicles were prepared and suspended in a medium com- 
prised of 300 mM mannitol, 10 mM MgSO 4 and 10 mM Tris, 16 
mM HEPES, pH 7.5. Transport experiments were performed at 
24~ by a Millipore rapid-filtration procedure [1], and the radioac- 
tivity of the filter membrane was counted in a liquid scintillation 
counter (LS5801, Beckman). 22Na+ uptake was measured in the 
presence of an outward proton-gradient induced by preincubation 
of vesicles for 2 hr at 24~ in a pre-equilibration medium com- 
prised of 272 mM mannitol, 10 mM MgSO4, 9 mM Tris, 14 mM 
HEPES and 30 mM MES, pH 6.0. Uptake was initiated by incuba- 
tion of vesicles with Na + uptake medium comprised of 1 mM 
22NaCI (2.5/xCi/ml), 286 mM mannitol, 2 mM MgSO 4, 13 mM Tris, 
15 mM HEPES, 6 mM MES, pH 7.5, and was stopped by an 

. . . .  ~2 + ice-cold (4~ isosmotic solution. The amllonde-sensmve - Na 
uptake was calculated as the difference between the uptakes with 
and without amiloride (1 mM) in the uptake solution. For 14C- 
glucose uptake, BBM vesicles suspended in the medium con- 
taining 300 mM mannitol, 10 mM MgSO 4 and 10 mM Tris, 16 
mM HEPES, pH 7.5, were incubated with the uptake medium 
comprised of 100 mM mannitol, 20 mg HEPES, 100 mM NaCI or 
KC1 and 0.1 mM 14C-glucose (2.5/xCi/ml), pH 7.5 and was stopped 
by an ice-cold (4~ isosmotic solution. The Na+-dependent ~4C- 
glucose uptake was calculated as the difference between uptakes 
in the presence and absence of Na § in the uptake medium. Up- 

takes were calculated from the accumulated -'2Na* or HC-glucose 
and expressed in moles per milligram protein per unit time. A 
correction for '-2Na" or ~4C-glucose binding to the filters was 
made by subtracting the radioactivity measured at zero time. All 
measurements were carried out in triplicate with freshly prepared 
membranes. Protein concentration was assayed using Coomassie 
Brilliant blue G250 with bovine serum albumin as the reference 
protein [33]. 

MEASUREMENT OF BBM PROTON PERMEABILITY 

BBM proton permeability was determined with acridine orange 
(AO) using the base-pulse technique [28]. BBM vesicles (100 p.g) 
equilibrated in 10 /xl pre-equilibration medium (pH 6.0) were 
added to a cuvette containing 980/xl of the same medium to which 
10/*g AO had been added. After 3-5 min of equilibration, 10 p.l 
of I M Tris-base was added to the cuvette and the recovery of 
fluorescence followed for a further 5 rain. In control experiments 
vesicles were pre-equilibrated with 5 mM KCI, and following the 
base pulse, 2/xl of nigericin (1 mg/ml) were added to the cuvette 
during the recovery phase. Fluorescence was monitored on a 
Perkin-Elmer LS-5 ftuorometer (Norwalk, CT) at 490 nm excita- 
tion and 540 nm emission with slit width set at 5 nm. Acidification 
of the vesicle interior with respect to medium pH results in the 
intravesicutar trapping of AO in its protonated form and is associ- 
ated with quenching of the fluorescence signal. Recovery of AO 
fluorescence indicates dissipation of the pH gradient and was 
used as a measure of proton permeability. 

BBM 125I-AII BINDING ASSAY 

The binding assay was performed with BBM vesicles (80 /xg 
protein/tube) suspended in pre-equilibration medium and incu- 
bated in the Na + uptake medium (final vol 200/xt) containing also 
125I-Ali (15 fmol or 0.05/xCi/tube) at 24~ for varying times and 
then washed by an ice-cold (4~ isosmotic solution. Bound radio- 
activity was determined by Millipore rapid-filtration procedure 
similar to that for uptake studies. Nonspecific binding was mea- 
sured as the amount of 1251-AII bound in the presence of excess 
(1 nmol/tube) unlabeled AII. The difference between total and 
nonspecific bindings was calculated as the specifc binding of AII. 

PERTUSSlS TOXIN AND ADP-RIBOSYLATION 

OF B B M  PROTEINS 

G-protein substrates of pertussis toxin (PTX) were assayed using 
PTX-catalyzed incorporation of 32p-ADP-ribose from s2p-NAD. 
PTX dissolved in pre-equilibration medium was activated prior 
to use by 30 min incubation at 24~ with 10 mM dithiothreitol. 
For ADP-ribosylation, BBM vesicles (4 mg protein/tube) were 
incubated with or without activated PTX (500 ng/ml) in the pre- 
equilibration medium (500/xl) containing also 2.5 mM ATP, 2 mM 
GTP, 10 mM thymidine, l0 mM isoniazid, and 10/xu 32p-NAD (4 
Ci/mmol). The reaction was carried out at 24~ for 2 hr and 
stopped by dilution with 1 ml of ice-cold isosmotic solution. The 
mixture was centrifuged at 40,000 x g for 10 min, and the pellets 
were washed twice with stop solution. The final membrane pellets 
were resuspended in 500 p,1 of a solution containing 62.5 mM Tris- 
C1, pH 6.8, 2% sodium dodecyl sulfate (SDS), 10% glycerol and 
5% f3-mercaptoethanol and loaded into the wells of a 7.5% SDS- 
polyacrylamide gel for etectrophoresis. The gels were stained for 
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protein by utilizing Coomassie blue and autoradiographs were 
taken by exposure of Kodak X-Omat film to the dried gels at 
- 70~ for 4 days. Same amount of protein was loaded on each 
lane of the gels, and standard proteins with known molecular 
weights were used for calibration. 

BBM PHOSPHOLIPASE C (PLC) ASSAY 

For PLC activity, we measured the formation of 3H-inositol phos- 
phates from BBM vesicles prelabeled with 3H-myoinositol. BBM 
vesicles (5 rag/tube) were incubated in 1 ml of pre-equilibration 
medium containing also 10 mM LiCI and 5 btCi/ml 3H-myoinositol 
(20 Ci/mmol) at 37~ for 120 min. After removing the nonincorpo- 
rated 3H-myoinositol, BBM vesicles were incubated with All for 
varying times. The reaction was stopped by addition of 15% 
trichloro-acetic acid and washed with diethyl ether. The 3H-inosi- 
tol phosphates were then separated by ion-exchange chromatog- 
raphy [2] and the elution profile for the different inositol phos- 
phates verified by using 3H-labeled inositol phosphates. 
Radioactivity of the various fractions was determined by liquid 
scintillation counting corrected for backgrounds and expressed 
as dpm per mg protein. 

B B M  PHOSPHOLIPASE A 2 (PLA) ASSAY 

BBM PLA activity was assayed by measuring the release of 
3H-arachidonic acid from prelabeled BBM. BBM labeling was 
achieved by incubating BBM vesicles (1.5 rag/tube) in 2 ml of 
pre-equilibration medium with 10 ~M 3H-arachidonic acid (95 
Ci/mmol) added to the medium for 30 min at 37~ Under these 
conditions, 70-85% of 3H-arachidonic acid was incorporated. 
After the nonincorporated SH-arachidouic acid was removed by 
washing twice with the same medium containing 5 mg/ml of fatty 
acid-free bovine serum albumin, BBM vesicles were resuspended 
in 0.35 ml of the Na + uptake medium and incubated with or 
without testing agents for 15 min at 24~ The reaction was 
stopped by adding 40/,1 of ice-cold isosmotic solution containing 
mepacrine (final concentration 0.1 mM). The mixture was then 
centrifuged at 40,000 • g for 10 min, and the radioactivity of the 
supernatant was determined by liquid scintillation counting. 

The effect of All on PLA was further examined by analyzing 
the effect of All on BBM content of lysophospholipids. Lipid 
extract of BBM (10 mg) [9] was evaporated to dryness under 
nitrogen and the residue resuspended in 150 btl of 2 : 1 chloro- 
form : methanol. Individual phospholipid species were isolated by 
two-dimension thin-layer chromatography (TLC). 20/,1 of lipid 
extract were spotted on silica gel TLC plates and developed in 
two dimensions. The first-dimension solvent system consists 
of chloroform : methanol: NH4OH (65 : 25 : 5 vol/vol) and the 
second, chloroform : acetone : methanol : acetic acid : water 
(30 : 40 : 10 : 10 : 5 vol/vol). After development, chromatograms 
were dried and exposed to iodine vapors. Each phospholipid 
and its lyso-form were identified by comparison with authentic 
standards, and the spots were scraped into acid-washed tubes for 
phosphorus determination [21]. The recovery of phospholipids 
was monitored with phospholipid standards and averaged 
90-95%. 

STATISTICAL ANALYSIS 

Data are presented as mean -+ sE. Statistical significance was 
assessed by one-way analysis of variance (ANOVA). 
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Fig. 1. Binding of ~-'51-All by BBM in the absence (Q) and pres- 
ence (O) of excess unlabeled AII. BBM vesicles were incubated 
with 1251-AII for varying incubation times (see text). Binding gen- 
erally peaked between 10-20 rain incubation and the nonspecific 
binding (O) as determined in the presence of unlabeled AII was 
less than 30% of the total binding (0). (Mean -+ SE: n = 3) 

MATERIALS 

Radioisotopes were purchased from Amersham (Arlington 
Heights, ILL PTX from List Biological Lab. (Campbell, CA), 
Arachidonic acid from Cayman Chemical (Ann Arbor, M1), and 
all other chemicals were obtained from Sigma Chemical (St. 
Louis, MO). 

Results and Discussion 

Similar to previous reports in rat renal BBM [4, 5, 
7], AII binding sites were also found in rabbit renal 
BBM. Figure 1 illustrates J25I-AII binding by BBM 
as a function of time. Binding generally reached 
maximum after 10 to 20 min incubation and followed 
by a decline.1 Nonspecific binding, as determined by 
125I-AII binding in the presence of excess nonlabeled 
All, was less than 30% of the total binding. In sepa- 
rate studies, the binding was found to be saturable 
at All concentrations higher than 10 -5 M, and a 
linear increase of binding was observed with 50-200 
p.g membrane protein. 

To examine if All can directly affect BBM Na + 
transport through its binding sites on BBM, we stud- 

I As previously reported with rat renal BBM [4], the decline 
of ~251-AI1 binding after 20 rain incubation is likely to result from 
AIl degradation by BBM. This is inferred from the results of 
separate experiments where the incubation medium separated 
from BBM after 20 min incubation with ~25I-All exhibited only 
half of the binding efficiency to fresh BBM as compared to that 
of the original incubation medium containing intact ~eSI-AII. 
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Fig. 2. Direct effect of All (10 -9 M) on BBM 
2'-Na+ uptake. BBM vesicles were incubated 
for 15 rain with (0) or without (O) All 
(10 9 M) prior to uptake measurement (see  

text). All directly increased the early BBM 
2-'Na + uptake. (Mean • SE; n = 4; *P < 0.05) 
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Fig. 3. Time course for AII effect on BBM Na" uptake. BBM 
vesicles were incubated with AII (10 9 M) for varying periods of 
time prior to uptake measurement. In parallel with 125I-AII bind- 
ing, the maximal All effect was generally achieved between 10-20 
min incubation. (Mean • sz; n = 3) 

ied the  ef fec t  o f  A I I  on B B M  22Na+ up take .  As  is 
shown  in Fig .  2, add i t i on  o f  A I I  (10 -9 M) d i rec t ly  
i n c r e a s e d  the ini t ial  B B M  22Na+ up take .  In  para l le l  
wi th  125I-AII b ind ing  resu l t s ,  the  effect  of  A I I  on 
B B M  22Na+ u p t a k e  gene ra l ly  r e a c h e d  m a x i m u m  
af ter  10 to 20 min  i ncuba t i on  (Fig.  3). The  fo l lowing 
s tud ies  we re  thus  p e r f o r m e d  wi th  15 min incuba t ion  
with  A l I  p r io r  to u p t a k e  m e a s u r e m e n t s .  

F igu re  4 shows  the d o s e - d e p e n d e n t  s t imu la to ry  
ef fec t  o f  A I I  on  B B M  22Na+ u p t a k e  o v e r  the  concen -  
t ra t ions  f rom 10 IJ to  10 -7 M. The  s t imu la to ry  effect  
o f  A l l  on B B M  N a  § u p t a k e  was  ami lo r ide  sens i t ive .  
Wi th  ami lo r ide  (1 raM) in the  u p t a k e  m e d i u m ,  A l l  did  
not  a l t e r  the  r ema in ing  ami lo r ide - in sens i t i ve  N a  § 
up t akes  (ha t ched  ba r s  in Fig.  4). A t  10 -7 M concen -  
t ra t ion ,  A l l  i n c r e a s e d  the  ami lo r ide - sens i t i ve  B B M  

Table 1. Effects of AII, mellitin and arachidonic acid on Na +- 
dependent BBM 14C-glucose uptake a 

5 sec 30 sec 1 min 90 min 
(pmol/mg) 

Control 402 • 48 738 -+ 138 561 • 55 98 • 4 
AII(10 -gM) 397-+44 729 • 103 528 -+ 72 98 • 7 
Mellitin 

(500ng/ml) 381 • 46 697 • 110 568 • 78 93 + 17 
Arachidonic Acid 

(10 -8M) 377 • 20 759_+ 92 588 • 51 102--+ 8 

a Mean • M; n = 3 each. 

N a  + up take  by  a l m o s t  twofo ld  (3 .54-+ 0.22 v s .  

1.87 + 0.19 nmol /mg/5  sec;  n = 6; P < 0.01). In  
con t r a s t  to B B M  N a  § up take ,  A I I  d id  not  af fec t  the  
N a + - d e p e n d e n t  B B M  J4C-glucose u p t a k e  (Table  1). 
T h e s e  resul ts  thus  sugges t  tha t  A I I  s t imu la t e s  B B M  
N a  § up t ake  th rough  N a + / H  § an t ipo r t  sy s t e m.  Ki-  
net ic  ana lys i s  for  a m i l o r i d e - s e n s i t i v e  B B M  22Na+ 
up t ake  with  N a  § c o n c e n t r a t i o n  v a r i e d  f rom 0.5 to 20 
mM by  i s o s m o t i c a l l y  r ep l ac ing  NaCI  wi th  mann i to l ,  
showed  an effect  o f  A I I  (10 --9 M) t o  i n c r e a s e  bo th  
K m (6.53 -+- 0.68 v s .  3.54 -+ 0.46 mM; n = 4; P < 
0.05) and Vma• (23.5 -+ 1.9 v s .  16.7 -+ 2.7 n m o l / m g /  
5 sec;  n = 4; P < 0.025) (Fig.  5). 

S ince  changes  in B B M  p e r m e a b i l i t y  to  H *  cou ld  
affect  N a + / H  + e x c h a n g e  ac t iv i ty ,  the  ef fec t  o f  A l l  
on B B M  p r o t o n  p e r m e a b i l i t y  was  e x a m i n e d  with  
ac r id ine  o range  (AO) us ing  the  b a s e - p u l s e  t e c h n i q u e  
[28]. F igu re  6 dep ic t s  a r e p r e s e n t a t i v e  r e c o r d i n g  o f  
A O  f luorescence .  Ves i c l e s  we re  e qu i l i b r a t e d  at  p H  
6.0 in the  p r e s e n c e  o f  the  p robe .  A f t e r  a s t e a d y - s t a t e  
f luo rescence  was  r e c o r d e d ,  10 mM T r i s - b a s e  was  
a d d e d  to the  s u s p e n s i o n  (a r row,  Fig .  6), w h i c h  re- 
su l ted  in r ap id  quench ing  o f  A O  f l uo re sc e nc e .  The  
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BBM 22Na+ uptake. The amiloride-sensitive BBM 
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10 -7 M caused a dose-dependent  increase in 
amiloride-sensitive BBM 22Na + uptake. The 
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affected. (Mean -+ sE; n = 6; *P < 0.05) 
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Fig. 5. Lineweaver-Burk plot for amiloride-sensitive 
BBM '--'Na" uptake with (O) and without (�9 All  
(10 ~ M). The amiloride-sensitive BBM n N a -  uptake 
was measured with Na"  concentration varied from 
0.5 to 20 mM by isosmotically replacing NaCI with 
mannitol in the uptake medium. All  increased both 
Vm~ • and K m for Na + (see text). (Mean + SE: n = 4) 
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Fig. 6. Measurement  of  BBM proton permeability 
with acridine orange (AO). Membrane vesicles in 
pre-equilibration medium (100/xg/10/xl) were added 
to a cuvette containing 980/xl of the same medium 
to which 10//,M AO had been added. Steady-state 
fluorescence was continuously recorded at excitation 
490 nm and emission 540 nm. After 3-5 min of  
steady-state tracing, 10/,1 of  1 M Tris-base (final 
concentration 10 mM) was added to the cuvette 
(total volume 1 ml) and fluorescence tracing followed 
until a new steady state had been reached. A and B 
depict tracings from control vesicles and vesicles 
incubated with Al l  (10 .8 M) for 15 min, respectively. 
In separate experiments (C), vesicles were pre- 
equilibrated with 5 mM KCI, and following the base 
pulse, 2/xl of nigericin (1 mg/ml) were added to the 
cuvette during the recovery phase and rapidly 
dissipitated the base-induced fluorescence quench, 
confirming that the recovery of  fluorescence was due 
to dissipation of a H -  gradient 
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Table 2. Effects of  AII,  GTP, GDP-/3S, pertussis toxin (PTX) 
and arachidonic acid (AA) on BBM proton permeability" 

Control AII GTP GDP-/~S PTX AA 
(lO -9 M) (10 -4 M) (10 -4 M) (500 ng/ml) (10 -8 M) 

(arbitrary fluorescence unit per min) 

17.6 18.0 18.8 18.3 18.1 17.2 
_+ 0.4 _+ 1.1 _+ 1.8 -+ 0.79 _+ 2.0 -+ 1.4 

Table 3. BBM cAMP content  ~ 

cAMP content  (pmolimg) 

Control 23.3 _+ 2.0 
All  28.6 +_ 3.5 

a BBM proton permeabili ty was measured  by using the base-pulse 
technique with acridine orange. The initial rate of  recovery of 
f luorescence was determined by computer-ass is ted  curve fitting 
to a quadratic funct ion and used as measure  of proton permeabil- 
ity (see text). BBM were preincubated for 15 min with AII, GTP, 
GDP-/~S or AA,  and for 2 hr  in ADP-ribosylation medium with 
PTX, prior to measuremen t s .  (Mean -+ sE; n = 4 each.) 

BBM vesicles were incubated with or without Al l  (10 s M) at 
24~ for 20 rain and precipitated by 90% N-propanol.  The su- 
pernate was then collected, and the cAMP content  was deter- 
mined by cAMP 1251-radioimmunoassay kit (New England Nu- 
clear, MA). Incubation with All  did not affect the cAMP content  
in BBM vesicles. (Mean -+ sE; n = 5; P > 0.05.) 

Table 4. Effect of  Al l  on inositol phosphate  release from BBM 
prelabeled with 3H-myoinositoP 

initial rate of recovery of intravesicular pH, quanti- 
tated by computer-assisted curve fitting to a qua- 
dratic function [161, was used as a measure of H + 
permeability. In these assays, all the solutions used 
were Na § free so that the dissipation ofH + gradient 
could not be occurring via the Na+/H + exchanger. 
As shown in Fig. 6 and Table 2, the initial rates of 
fluorescence recovery were not different between 
control and AII-pretreated BBM vesicles. As shown 
in Fig. 6, addition of protonophore, nigericin, in the 
presence of 5 mM KCI rapidly dissipated the base- 
induced fluorescence quench, confirming that the 
recovery of fluorescence was due to dissipation of 
H § gradient. Thus All appears to increase BBM 
Na + uptake by stimulating Na+/H + antiporter p e r  

s e  and not through altering membrane H § perme- 
ability. These results are similar to other reports 
which also showed a stimulatory effect of AII on 
proximal tubule Na§ § exchange activity [10, 
t8-20, 30]. However, the continuous stimulatory 
effect of AII on BBM Na + uptake up to 10 -7  M 

contrasts the bimodal effect of peritubular AII pre- 
viously reported in intact proximal tubules. While 
the reason for such difference is not clear, it remains 
to be examined if luminal All similarly increases 
Na + transport over these concentrations in intact 
proximal tubules. 

The direct effect of AII to stimulate BBM 
Na+/H § antiport system thus underlines the func- 
tional significance of BBM AII binding sites and 
suggests the presence of local signal transduction 
mechanism. In this regard, membrane enzymes such 
as adenylate cyclase, phospholipase C (PLC) and 
phospholipase A 2 (PLA) have been implicated in 
mediating AII's actions [31, 35, 38]. In renal proxi- 
mal tubule, the inhibition of adenylate cyclase and 
the decrease in cellular cAMP levels has been sug- 
gested to be related to the stimulatory effect of peri- 
tubular AII on Na + transport [20]. However, it is 

IP I 1P, IP 3 

Control 917 _+ 166 119 _+ 15 92 -+ 11 
All  1142 + 187 90 -+ 13 94 -+ 19 

Results shown are from exper iments  where  BBM prelabeled 
with 3H-myoinositol were incubated with AII (10 s M) for 15 rain. 
Al l  did not cause  any detectable change in IP b IP 2 or IP 3 levels 
(cpm/mg). (Mean -+ SE; n = 4.) 

highly unlikely that the direct AII effect on BBM 
Na + transport observed in the present study was 
mediated through a decrease in cAMP levels be- 
cause adenylate cyclase is a predominantly basolat- 
eral membrane enzyme and the addition of All was 
found to have no effect on cAMP content in BBM 
vesicles (Table 3). We have therefore examined the 
effects of All on BBM PLC and PLA. For PLC 
activity, we measured the formation of inositol phos- 
phates from BBM vesicles prelabeled with 3H-myo- 
inositol. With varying All concentrations (10 -9. 
10 -7 v) for varying incubation times (15 sec-15 
min), no significant changes in IP 3, IP2, or IPI con- 
tents were found. Table 4 shows the results with 
l 0  -8 M All for 15 min incubation. For PLA activity, 
the release of 3H-arachidonic acid from prelabeled 
BBM vesicles was monitored. As is shown in Fig. 7, 
15 min incubation with All caused a dose-dependent 
increase in 3H-arachidonic acid release. At 10 -9 M 
concentration, AII increased the release of 3H- 
arachidonic acid from 1258 + 101 to 1597 -+ 116 
cpm/mg protein (n = 6; P < 0.001). The time course 
of AII (10 -9 M) effect on 3H-arachidonic acid release 
is shown in Table 5. While there was a cumulative 
increase in the spontaneous release of 3H-arachi- 
donic acid with time, the increase in 3H-arachidonic 
acid release caused by AII reached maximum after 
20 rain incubation. This is similar to the time course 
observed for receptor binding (Fig. 1) and 22Na up- 
take (Fig. 3). The estimated ECs0 AII concentration 
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Fig. 7. Effect of Al l  on ~H-arachidonic 
acid release from prelabeled BBM. 
Addition of Al l  (10-I~-10 -7 M) caused  
a dose-dependent  increase in the  
release of 3H-arachidonic acid f rom 
prelabeled BBM vesicles.  (Mean +_ s~; 
n - 3) 
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Fig. 8. Effect of  Al l  on BBM content  of  
lysophospholipid.  Resul ts  of  
phosphot idyle thanolamine (PE) and lyso-PE are 
shown.  PE and lyso-PE were isolated from BBM 
lipid extract  by two-dimensional  thin-layer 
chromatography and quant i ta ted by phosphorus  
determination.  Addition of Al l  (10 .9 M) increased 
BBM content  of  lyso-PE with comparable  
decrease in PE content.  (Mean • sE; n = 4; 
*P < 0.05) 

for PLA activation (7.0 nM) was also similar to that 
for nSI-AII binding (8.9 riM) and 22Na uptake (3.2 
riM). To further confirm the effect of All on PLA, 
we found that incubation with All (10 9 M) for 15 
min caused an increase in BBM content oflysophos- 
pholipid (Fig. 8). These data thus indicate that All 
stimulates BBM PLA, but not PLC, and are in accor- 
dance with recent studies where All was found to 
stimulate PLA but not PLC in cultured rabbit proxi- 
mal tubular cells [35]. It is to be noted, however, that 
in the present study BBM vesicles were prepared in 
nominally calcium-free medium. The fact that All 
was able to stimulate PLA under such condition may 
seem at odds with the conventional understanding 
that PEA activation is calcium dependent. In sepa- 
rate experiments, we also did not find any difference 
in either basal PLA activity or All '  s effect to activate 
PLA when calcium-containing medium was used. 
Thus, these results may reflect either that BBM con- 
tains sufficient membrane bound calcium for PLA 

Table 5. Time course of A l i ' s  effect on BBM PLA activity ~ 

Time (rain) 

5 10 15 20 30 40 60 

Control 1404 1462 1533 1665 1748 1780 1910 
+ 172 +- 184 + 187 -+ 247 +_ 224 • 221 -+ 245 

All  1461 1536 1644 1825 1811 1830 1935 
-+ 199 + 191 •  -+ 238 • 202 +-287 _+299 

BBM vesicles prelabeled with 3H-arachidonic acid were incu- 
bated with or without AII(  10 -9 M) for 5 to 60 rain. The  amoun t  of  
3H-arachidonic acid released was de termined as the PLA activity. 
While there was a t ime-dependent  spon taneous  release of  3H- 
arachidonic acid, the increase in 3H-arachidonic acid release 
caused by AII reached max imum after 20 min incubation.  (cpm/ 
nag; mean + sE; n - 5.) 

activation or that renal BBM PLA is calcium inde- 
pendent, as has been reported in other tissues such 
as heart [37], lung [23] and intestinal BBM [26]. 
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Fig. 9. Pertussis toxin-dependent 
ADP-ribosylation of BBM 
proteins. BBM vesicles were 
incubated in ADP-ribosylation 
medium containing 32P-NAD 
with or without activated 
pertussis toxin (PTX, 500 ng/m[) 
at 24~ for 2 hr. 
Autoradiographic profiles of )zp_ 
labeled BBM proteins with or 
without PTX are depicted on 
lanes / and 2, respectively. The 
SDS-PAGE stained for proteins 
by Coomassie blue of the same 
samples are depicted on lanes 3 
and 4. The same amount of 
protein was loaded on each lane, 
and standard proteins with 
known molecular weights were 
used for calibration. Lane / 
shows that PTX induced ADP- 
ribosylation of BBM proteins of 
approximately 42 kDa 

Since G-protein has been widely proposed to 
couple the hormone receptor binding to its effectors, 
we further examined the presence and the involve- 
ment of BBM G-protein. Figure 9 shows that BBM 
contains proteins that are sensitive to PTX-cata- 
lyzed ADP-ribosylation. The molecular weight (42 
kDa) of the major substrate corresponds to that of 
the c~ subunit of Gi regulatory component. In support 
of its involvement in Ali 's actions, it was tbund that 
addition of GTP potentiated, while GDP-/3S or PTX 
abolished, the effects of AII on BBM PLA and 22Na+ 
uptake (Fig. 10). Neither GTP nor GDP-/~S or PTX 
affected BBM proton permeability (Table 2). These 
results thus demonstrate the presence of BBM PTX 
substrate G-protein and suggest its participation in 
AII's actions. In these studies, however, AII was 
able to exert its actions in the absence of added GTP. 
This apparent independence of Ali 's  actions from 
GTP may reflect that AII's actions involve G-protein 
dependent and independent mechanisms, or that re- 
sidual endogenous or contaminating GTP were pres- 
ent in BBM vesicles since GDP-/3S or PTX abolished 
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Fig. 10. Effects of GTP, GDP-/~S and pertussis 
toxin (PTX) on the stimulatory effects of All on 
BBM PLA and Na + uptake. BBM vesicles were 
incubated with At! (10 9 M) alone or together 
with GTP (10 4 M) or GDP-/3S (10 -4 M) for 15 
rain prior to measurements. For PTX, BBM 
vesicles were preincubated with PTX (500 ng/ml) 
in ADP-ribosylation medium for 2 hr prior to 
measurements. PLA activity was assessed by the 
release of prelabeled 3H-arachidonic acid, and the 
amiloride-sensitive BBM Na + uptake was 
determined as the difference between BBM Na + 
uptake in the presence and absence of amiloride 
(1 mrs). Addition of GTP potentiated, while 
GDP-/3S or PTX abolished, the stimulatory 
effects of AII on BBM PLA and Na + uptake. 
(Mean -+ SE; n -- 5; *P < 0.05) 
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Fig. 11. Effects of All, mepacrine (MP) and 
mellitin (ML) on BBM PLA and 22Na- uptake. 
PLA activity was assessed by the release of 
prelabeted ~H-arachidonic acid, and the 
amiloride-sensitive BBM 22Na+ uptake was 
determined as the difference between BBM 22Na~ 
uptake in the presence and absence of amiloride 
(1 raM). Addition of MP (10 _4 M) together with 
All (10 -9 M) abolished the stimulatory effects of 
All on BBM PLA and 22Na- uptake, Similar to 
AII, addition of ML (500 ng/ml) increased BBM 
PLA and -'2Na+ uptake. (Mean • sE; n = 5 each; 
*P < 0.05) 
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Fig. 12, Effect of arachidonic acid on amiloride-sensitive (open 
bars) and insensitive (shaded bars) BBM Z~Na+ uptake. The amil- 
oride-sensitive BBM 2~Na+ uptake was determined as the differ- 
ence between the uptake in the absence and presence of 1 mM 
amiloride. Addition of arachidonic acid (10-iz_ 10 -~ M) increased 
the amiloride-sensitive BBM Z2Na+ uptake. (Mean +_ sE; n = 5; 
*P < 0.05) 

/V a . 

Fig. 13. Local BBM AI1 signal transduction mechanism. The 
figure represents a schematic drawing of the proposed signal 
transduction mechanism for AII's actions in renal BBM. AII 
binding to its BBM receptor (R) is coupled to a pertussis toxin 
sensitive G-protein (G) that leads to the activation of phospho- 
lipase A 2 (PLA) and subsequently stimulation of Na ' /H  + ex- 
changer in BBM 
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AII's actions. A similar observation has been re- 
ported recently which suggests the presence of resid- 
ual GTP in allowing dopamine to activate renal BBM 
PLC [8]. 

The parallel changes in Ali 's  effects on BBM 
PLA and Na + uptake caused by varying G-protein 
activity as shown in Fig. 10 suggest a possible role 
for PLA activation in mediating AII's effect on BBM 
Na + uptake. To examine this possibility, we studied 
the effect of PLA inhibitor, mepacrine. As shown in 
Fig. 11, addition of mepacrine (10 -4 M) prevented 
AII to increase the release of 3H-arachidonic acid 
and abolished its stimulatory effect on BBM 22Na+ 
uptake. Although the autofluorescence of mepacrine 
made it difficult to assess its effect on BBM proton 
permeability, it is unlikely that mepacrine abolishes 
AII's effect on BBM Na + uptake through dissipation 
of BBM pH gradient because mepacrine (10 -4 M) 
alone did not affect the amiloride-sensitive BBM 
Na + uptake (from 2.11 -+ 0.1 to 2.54 -+ 0.4 nmol/mg/ 
5 sec; n = 4). On the other hand, PLA activation by 
another agent, mellitin (500 ng/ml), was also found to 
stimulate the amiloride-sensitive BBM 22Na+ uptake 
(Fig. 11) without affecting BBM permeability to H + 
(Table 2) or Na+-dependent BBM glucose uptake 
(Table I). These results are thus consistent with 
the possibility that PLA activation may mediate the 
effect of AII on BBM Na + uptake. To further sup- 
port the role of PLA, it was found that addition of 
arachidonic acid (10-12-10 -8 M) also increased the 
amiloride-sensitive BBM 22Na+ uptake (Fig. 12) 
without affecting BBM proton permeability 
(Table 2) or Na+-dependent BBM glucose uptake 
(Table 1). 2 Taken together, results of the present 
study indicate that a signal transduction mechanism 
for AII exists in renal BBM where AII binding is 
coupled to a PTX-sensitive G-protein, which acti- 
vates PLA and stimulates BBM Na+/H + antiport 
activity (Fig. 13). 

Several considerations may be in order before 
any implication from these results to the intact proxi- 
mal tubule. First, the possible contamination of 
BLM constitutes an inherent limitation in studies 
with BBM vesicles. Thus, despite the enrichment of 
enzyme markers suggests that our membrane prepa- 
ration consists of mostly purified BBM vesicles, it 
remains uncertain to what extent BLM contamina- 
tion in our vesicle preparation could have contrib- 
uted to our findings. Nonetheless, the existence of 
a direct luminal AII effect, as has been demonstrated 

2 It is not clear from the results of these studies ifarachidonic 
acid was further metabolized by BBM and if the effect of arachi- 
donic acid to increase BBM 22Na+ uptake was caused by arachi- 
donic acid per se or was mediated by its metabolites. 

in intact proximal tubules [13, 19, 20], provides sup- 
port for our conclusion. Secondly, in intact proximal 
tubule, [he Na + transport process can be affected 
not only by the direct AII effect on BBM Na + trans- 
port but also by the intracellular processes which 
may occur subsequent to BBM PLA activation by 
AII. Thirdly, the physiological significance of these 
findings depends also on the in viva AII concentra- 
tion profile along the proximal tubule lumen. In 
this regard, it is of interest that local AI1 generating 
systems have recently been suggested to be present 
in glomerular and proximal tubular cells [15, 29, 
39]. Thus, in addition to AII derived from circula- 
tion, locally produced AII from glomerular and 
early proximal tubular cells may also enter the 
proximal tubule lumen. Indeed a recent in viva 
micropuncture study [34] reported a much higher 
AII concentration (riM) in the luminal fluid of 
the superficial proximal tubules than that in the 
circulation (pM). Considering the higher affinity 
for AII of BBM receptors than that of BBM 
angiotensinase [7], it is likely that the luminal 
AII can have access to its receptor before being 
degraded. The potential role for such a local lumi- 
nal AII regulatory system in renal proximal tubule 
awaits further studies to be explored. 
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