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SIn~RY: In order to evaluate the receptor subtypes of arglnlne 
vasopressln (AVP) In early proximal tubule (Sl), outer medullary 
thick ascending llmb of Henle's loop (MTAL) and collecting tubule 
(0MCT), the effect of AVP on Intracellular free calcium ([Ca++] i) 
was determined using the fluorescence indicator Fura-2. 
Physiological concentration (>I0-~M) of AVP In MTAL and OMCT 
mobilized [Ca*+]~ II~ a dose-dependent manner, but relatively hlgh 
concentration (>~0-UM) of AVP in S I increased [Ca++] i. Moreover, 
pretreatment wlth both VI and V 2 antagonists in MTAL or OMCT 
completely inhibited the A~P-Indueed [Ca++] i transient, but In S 1 
partially blocked It. Using several AVP analogues, a relatlv~ 
distribution of AVP receptor subtypes was tentatively calculated 
In each nephron segment, indicating that although these nephron 
segments possess V I, Its density was very low (about 10%). The 
majority (about 90%) of AVP receptor In MTAL and 0MCT was V 2, 
while that In S 1 was a new subtype (named V u) which Is 
insensitive to V I and V 2 antagonists. To evaluate ~hyslologlcal 
significance of Vp receptor, AVP-med!ated cellular ATP change was 
measure~. Cellular ATP content In S 1 was significantly increased 
by 10-'M AVP, but in MTAL it was significantly decreased by the 
same concentration of AVP. Thls study suggests that a novel AVP 
receptor exists in isolated rat S I, and its physiological 
significance may be the inhibition of ATP-consumlng ion transport 
s y s t e m .  © 1991  Academ£c P z e s s ,  I n c .  

Vasopressln is suggested as one of the multifactorlal 

regulators of cortlcotropln release (i). Its receptor in 

peripheral tissues are classified Into two subtypes, V 1 and V2" 

V 1 Is involved In vasopressor of vascular smooth muscle and 

glycogenolytlc response in the liver, which is mediated by the 

production of inositol phosphate (2, 3}. V 2 Is related to the 

antldluretlc action In the renal cells including glomerull, 

Henle's loop and collecting tubule, which is mediated by the 

activation of the adenylate eyclase (4-7). 
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The recording of Intracellular free calcium ([Ca++]l) 

changes is a good parameter for determining receptor-medlated 

c e l l u l a r  r e s p o n s e s  ( 8 - 1 0 ) .  We o b s e r v e d  t h a t  d i b u t y r y l  cAMP 

(intact cell) and IP 3 (permeabilized cell) In rat early proximal 

tubule (SI), outer medullary thick ascending llmb of Henle's loop 

(MTAL) and outer medullary collectlng tubule (0MCT) mobilized 
i 

[Ca++] i in a dose-dependent manner, indicating that stimulation 

of V 1 or V 2 receptor can mobilize [Ca++] i in distinct nephron 

segments. From these hypothesis, this study clarified the 

locallzation of AVP receptor subtypes in isolated rat nephron 

segments. 

MATFJ~IALS AND MRTHODS 

Defined nephron segments were Isolated as previously 
described (11). In brief, male Sprague-Dawley rats (210-240g) 
were decapitated, and left kidneys were perfused with cold Hanks' 
solution containing 10mM CH3COONa, 2mM pyruvate, 2mM aspartate, 
2mM glutamate, 0.I~ bovine serum albumin (BSA), 0.07~ collagenase 
(type I, 240Ulmg) and imM CaCI, (pH 7.40). The collagenase 
treatment was carried out at ~7°C for 15min with the same 
solution. The nephron segments were identified as previously 
reported ~iI, 12). 

[Ca+ ]I measurement was carried out by slightly modified 
method described by us previously (12, 13). In short, A few 
pieces of Isolated defined nephron segments placed on the center 

glass were incubated at 25 C for 20mln with of a serological o 
modified Hanks' solution containing 10UM Fura-21AM, 10mM 
CH3COONa, 2mM pyruvate, 2mM aspartate, 2mM glutamate, I0~ fetal 
calf serum (FCS) and 0.5mM CaCI 2 (pH 7.40) on a vibratile stage 
for histological immunostaining. Fluorescence-loaded cells were 
washed three times with the same solution, except Fura-2/AM and 
FCS. The loaded isolated tubules together with 90ul medium were 
transferred on a cover glass sillconlzed freshly, and the 
fluorescence of a single nephron segment was measured at 25°C 
using a 2 wave-lengt~'microscopic fluorometer (CAM 220, JASC0, 
Japan). During monitoring fluorescence intensity at two wave 
lengths, agonlsts or antagonists (10ul) were mixed with the 90ul 
medium. In each nephron segment, the iris of fluorescence was 
maximally adjusted to each nephron diameter (12). 

The method for cellular ATP content was the same that 
described by us previously (Ii, 12, 14). Briefly, medium for ATP 
measurement was Hanks' solution containing 0.5mM CaC1 (pH 7.40). 
After neph~on segment was incubated at 25°C for 10mi~ with and 
without 10-°M AVP, ATP extraction was done by adding i0~ TCA/4mM 
EDTA to each sample. Entire samples including the incubation 
medium, the extracting agent and the denatured tissues were 
transferred to disposable polystyrene cuvettes fllled with 0.1M 
Tris/acetate buffer containing 0.5mM EDTA (pH 7.75). The cuvettes 
were set into the Zuminometer, and ATP monitoring reagent was 
added to a sample-contalnlng cuvette by an autodlspenser. The 
light intensity was measured for 10set by a computer-drlven 
system. 
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The m a t e r i a l s  u s e d  w e r e  p u r c h a s e d  a s  ^ f o l l o w i n g :  F u r a - 2 / A M  
f r o m  D o J l n  L ~ b o r a t o ~ l e s  • ( J a p a n ) ;  AVP ( [ A r g B - v a s o p r e s s l n ) 0  dDAVP 
( [ d e a m l n o - C y s  , D - A r g  ] v a s o p r e s s l n ) ,  V l a  [d , (CH2)5Tyr (Me)AVP]  a n d  
V 2 [ d ( C H 2 ) B T y r ( E t ) A V P ]  a n t a g o n i s t s ,  c o l l a g e n a s e  a n d  BSA f r o m  
S i g m a  C h e m i c a l  (S T. L ~ u i s ~  MO); o x y t o c l n / v a s o p r e s s l n  a n t a g o n i s t  
[ d ( C H 2 ) 5 , D - ' T y r ( E t ) ' V a l = C I t  v , VP] f r o m  P e n i n s u l a  L a b o r a t o r i e s  
( B e l m o n t ,  C a l i f o r n i a ) ;  ATP m o n i t o r i n g  r e a g e n t  f r o m  LKB ( F i n l a n d ) ;  
FCS f r o m  G l b c o  l a b o r a t o r i e s  ( N . Y . ,  U . S . A . ) .  A l l  o t h e r  c h e m i c a l s  
w e r e  o f  t h e  h i g h e s t  g r a d e  a v a i l a b l e .  

RESULTS AND DISCUSSION 

AVP transiently increased [Ca++] 1 In S I, MTAL and OMCT, 

followed by sustained increase of [Ca++] 1 up to 14-17mln. AVP 

concentrations that mobilized [Ca++] i significantly differed 

among S I, MTAL and 0MCT (Fig. 1). ED50 for [Ca++] I mobilization 

i n  S 1 ,  MTAL a n d  0MCT was  1 . 5 x 1 0  - 7 ,  5x10 - 9  a n d  9x10-9M,  

r e s p e c t i v e l y ,  a n d  t h e i r  m a x i m a l  r e l a t i v e  i n c r e m e n t  v a l u e s  w e r e  

3 0 8 . 4 ,  1 5 0 . 7  a n d  2 1 6 . 8 ~  o f  t h e  r e s t i n g  l e v e l s ,  r e s p e c t i v e l y .  The 

e f f e c t  o f  AVP w i t h i n  t h e  p r o x i m a l  t u b u l e  was  l l m l t e d  t o  S 1 ,  b u t  

n o t  t o  S 2 o r  S 3 .  S i n c e  t i s s u e  a m o u n t s  o f  l s o l a t e d  n e p h r o n  

o ~ . $ I  
°~ / c :- MTAL / d(CH2)a;Ty~JI)AVP C 10-~0 
.cm d((2-1e)sTl~EOvA~P (1~ 

~ I e~-,,=--e.OMCT # /WP ~10-/M) AVP ~10*rM) 

~ 9 

. . 

@7 AVP ~lO-rM) • AVP (IO-rM) 

(~ 010_12 1.0.10 I0 "8 10_8 ( e ~  m AA 
~ . J  Arginine vasopressin OvO ~ OMCT 

F i g u r e  1.  D o s e - r e s p o n s e  cu rve  o f  AVP on [Ca÷+] 1 t r a n s i e n t  In  r a t  
Sl0 MTAL and OMCT. P e r c e n t  i n c r e a s e  o f  [Ca++] i t r a n s i e n t  by AVP 
w~s c a l c u l a t e d  from r e s p e c t i v e  b a s a l  v a l u e s ,  and p l o t t e d .  Va lues  
a r e  means + SE o f  9 e x p e r i m e n t s .  

÷ ÷  
Figure 2. Effect of AVP antagonists on AVP-Induced [Ca ]i signal 
In rat S I and 0MCT. Both V 1 and V 2 antagonists were appll~d 2mln 
before adding AVP In each nephron segment. 
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s e g m e n t s  w e r e  i n s u f f i c i e n t  t o  r e v e a l  s p e c i f i c  l t g a n d  b i n d i n g s ,  we 

u s e d  r e n a l  t u b u l a r  s u s p e n s i o n s .  I n  [ 3 H ] A V P - b l n d l n g  s t u d y ,  Kd 

v a l u e s  f o r  AVP b l n d l n g  i n  t h e  S l - c o n t a i n e d  s u p e r f i c i a l  c o r t e x  and  

MTAL- and  O M C T - c o n t a t n e d  I n n e r  s t r i p e  o f  o u t e r  m e d u l l a  w e r e  

>5.07nM and  1.2riM, and  Bmax v a l u e s  were  v a l u e s  >155 and  

1 0 0 f m o l / m g  p r o t e i n ,  r e s p e c t i v e l y  ( d a t a  n o t  s h o w n ) .  T h u s ,  t h e  

k i n e t i c  o f  AVP r e c e p t o r  l o c a t e d  I n  S 1 may be  c h a r a c t e r i z e d  a s  

low a f f l n l t y  and  h l g h  c a p a c l t y  c o m p a r e d  t o  t h a t  e x i s t e d  i n  MTAL 

o r  oMcT. 

As shown i n  F l g .  2,  t h e  A V P - t n d u c e d  [Ca++] t s i g n a l  i n  MTAL 

and  OMCT was c o m p l e t e l y  b l o c k e d  by  t h e  p r e t r e a t m e n t  o f  t h e s e  

s e g m e n t s  w i t h  b o t h  V l a  and  V 2 a n t a g o n i s t s  f o r  2 mln ,  b u t  t h a t  I n  

S 1 was i n h i b i t e d  o n l y  p a r t i a l l y  ( a b o u t  1 3 4 ) .  V a s o p r e s s l n  

r e c e p t o r  I n  a d e n o h y p o p h y s l s  i s  c h a r a c t e r i z e d  a s  a V l b ,  a s u b t y p e  

d i f f e r e n t  f r o m  V l a  w h i c h  e x i s t s  i n  l i v e r ,  b l o o d  v e s s e l  and  

c u l t u r e d  m e s a n g l a l  c e l l s  ( 1 5 ) .  To c l a r i f y  t h e  r e l a t i o n s h i p  

b e t w e e n  Vlb  r e c e p t o r  and  A V P - l n d u c e d  [Ca++] 1 t r a n s i e n t  I n  S 1 ,  we 

u s e d  b o t h  V l a  and  Vlb  ( d e s G l y ( N H 2 ) 9 [ 1 - ( B - m e r c a p t o - B , B - c y c l o p e n t a  - 

m e t h y l e n e p r o p l o n l c  a c i d ) ,  2 - D - O - e t h y l - t y r o s l n e , 4 - v a l l n e ] A V P )  

a n t a g o n i s t s  w i t h  t h e  same m e t h o d  d e s c r i b e d  i n  F i g .  2.  They  b o t h  

p a r t i a l l y  (104)  i n h i b i t e d  t h e  A V P - l n d u c e d  [Ca++] 1 t r a n s i e n t  I n  S 1 

( F i g .  3 ) .  An AVP a n a l o g u e ,  dDAVP, i s  w e l l  known a s  a h i g h l y  

p o t e n t  a n t l d i u r e t t c  (V 2) a g o n l s t  and  i s  d e v o i d  o f  V 1 a c t i o n  a s  

w e l l  a s  o f  o x y t o c l n  r e c e p t o r - m e d i a t e d  r e s p o n s e s  ( 1 5 - 1 7 ) .  dDAVP 

(10-7M) t r a n s i e n t l y  i n c r e a s e d  [Ca++] t i n  MTAL and  OMCT, b u t  d i d  

n o t  a f f e c t  I t s  b a s a l  l e v e l  i n  S 1 ( F i g .  3 ) .  P r e t r e a t m e n t  o f  MTAL 

and  OMCT w i t h  V 2 a n t a g o n i s t  c o m p l e t e l y  b l o c k e d  t h e  dDAVP ( 1 0 -  

7 M ) - l n d u c e d  [Ca++] 1 s i g n a l .  The r e s u l t s  d e s c r i b e d  i n  F i g s .  2 and  

3,  t h e r e f o r e ,  c l e a r l y  d e m o n s t r a t e  t h e  e x i s t e n c e  o f  a n o v e l  

v a s o p r e s s l n  r e c e p t o r  (named Vp) I n  r a t  S 1,  w h i c h  i s  d i f f e r e n t  

f r o m  V l a ,  V lb  and  V 2.  
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+21 i AVP (lO-rbO 
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m v_..::.:1 

1°°I n  mlm l m  
. . . . . . . . . . . . . . . . . .  1R 

S 1 MTAL OMCT 

V 1 a n d / o r  V 2 a n t a g o n i s t s  on AVP- o r  dDAVP-lnduced 
[Ca ]1 t r a n s i e n t  and r e l a t i v e  d i s t r i b u t i o n  o f  AVP r e c e p t o r  
s u b t y p e s  i n  i s o l a t e d  r a t  S 1, MTAL and 0MCT. E x p e r i m e n t a l  methods  
were t h e  s a m e a s  t h a t  d e s c r i b e d  In  F i g s .  1 and 2. The r e l a t i v e  
d i s t r i b u t i o n s  o f  r e c e p t o r  s u b t y p e s  were c a l c u l a t e d  from t h e  
r e s u l t s  o f  combined e x p e r i m e n t s  u s i n g  w e l l  e s t a b l i s h e d  s u b t y p e -  
s p e c i f i c  a g o n l s t s  a n d / o r  a n t a g o n i s t s .  

I n  c o n t r a s t ,  o x y t o c l n  shows  t h e  d l u r e s l s  a n d  p h o s p h o l n o s l t o l  

f o r m a t i o n  i n  r e n a l  c e l l s  ( 1 8 ) ,  a n d  i t s  r e c e p t o r  s h o w e d  a h i g h -  

a f f i n i t y  c h a r a c t e r i s t i c  ( 1 9 ,  2 0 ) .  L i k e  dDAVP, o x y t o c t n  c o u l d  

i n c r e a s e  /Ca÷+]  i i n  MTAL a n d  0MCT, b u t  n o t  I n  S 1 ( d a t a  n o t  

s h o w n ) .  The a c t i o n  o f  o x y t o c t n  i n  MTAL a n d  OMCT was  c o m p l e t e l y  

b l o c k e d  b y  t h e  o x y t o c t n  a n t a g o n i s t .  M o r e o v e r ,  10-7M A V P - l n d u c e d  

/Ca*+]  l i n c r e a s e  i n  S 1 was  n o t  a f f e c t e d  b y  10-5M 

o x y t o c l n / v a s o p r e s s t n  a n t a g o n i s t  ( 2 0 ) .  A c c o r d i n g l y ,  Vp i s  n o t  

r e l a t e d  t o  t h e  o x y t o c l n  r e c e p t o r .  I n  a d d i t i o n ,  we t e n t a t i v e l y  

c a l c u l a t e d  a r e l a t i v e  d i s t r i b u t i o n  o f  AVP r e c e p t o r  s u b t y p e s  I n  

i s o l a t e d  r a t  S 1,  MTAL a n d  OMCT ( F i g .  3 ) .  A l t h o u g h  t h e s e  n e p h r o n  

s e g m e n t s  p o s s e s s  V 1 r e c e p t o r ,  i t s  d e n s i t y  was  v e r y  l o w  ( a b o u t  

1 0 ~ ) .  The m a j o r i t y  ( a b o u t  90~)  o f  AVP r e c e p t o r  I n  S 1 was  Vp, 

w h i l e  t h a t  I n  MTAL a n d  OMCT was V 2 .  

AVP h a s  b e e n  known t o  s t i m u l a t e  Na + a b s o r p t i o n  i n  MTAL ( 2 1 ,  

2 2 ) .  When Na + a b s o r p t i o n  I s  i n c r e a s e d ,  c e l l u l a r  ATP l e v e l  s h o u l d  
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Fianlre4. Effect of AVP on Intracellular ATP content In Isolated 
rat S 1 and MTAL. Each bar represents means ± SE of 5 experiments. 
Paired t-test was used for analyzlng statistical significance. 
*-p<0 .01 ,  - * - p < 0 . 0 0 5 .  

d e c r e a s e  w i t h o u t  f u r t h e r  s u p p l y  o f  e x o g e n o u s  s u b s t r a t e s  ( 2 3 ) .  

T h u s ,  c e l l u l a r  ATP m e a s u r e m e n t  i s  a u s e f u l  t o o l  f o r  e v a l u a t i n g  

Na + t r a n s p o r t  ( 1 4 ) .  I n  t h e  a b s e n c e  o f  s u b s t r a t e s ,  c e l l u l a r  ATP 

c o n t e n t  was  s i g n i f i c a n t l y  d e c r e a s e d  b y  10-7M AVP i n  MTAL, w h e r e a s  

in S 1 It slgnlflcantly increased, indicating that the stimulation 

of Vp may play an inhibitory role in the Na ÷ reabsorptlon In S 1 

(Fig. 4). In previous reports (24, 25), AVP infused into the 

renal artery at pharmacoioglcal concentrations depressed the 

proxlmal tubular reabsorption of sodium, phosphate and 

bicarbonate. This is In good accordance wlth the present result 

on Vp existence and Its posslbie function In S I. 

Thls study suggests the existence of a novel vasopressln 

r e c e p t o r ,  Vp,  I n  r a t  e a r l y  p r o x i m a l  t u b u l e .  Vp d i s p l a y e d  

b l o e h e m l c a l l y  a n d  p h a r m a c o l o g i c a l l y  d i s t i n c t  p r o p e r t i e s  f r o m  

a l r e a d y  e s t a b l i s h e d  V 1 o r  V 2.  One Vp a c t i o n  i s  i n h i b i t i o n  o f  t h e  

A T P - c o n s u m l n g  t r a n s p o r t  s y s t e m  I n  t h e  e a r l y  p r o x i m a l  t u b u l e .  
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