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Microsomes formed from rabbit kidney medulla and reconstituted proteoliposomes formed from these 
microsomes were capable of amiloride-inhibited Na ÷ transport that was insensitive to valinomycin either with 
or without K +. This indicated that the Na + transport process was electroneutral. This Na + transport process 
was insensitive to extravesicular CI-  or H C O  3- and not stimulated by high intravesicular gradients of K +, 
Ca 2+ or Mg 2+, which indicated that the process did not require NaCI or N a H C O  3 co-transport or N a ÷ / K  +, 
N a + / C a  2+ or N a + / M g  2+ counter-transport. Na + uptake into microsomes or proteoliposomes was inhibited 
by extravesicular K +, Ca 2+, Mg 2+ or La 3+, which indicated that these ions interacted with the Na+-binding 
site on the transport protein. Na + uptake into microsomes was stimulated by intravesicular protons and 
inhibited by extravesicular protons. This suggested that microsomes were capable of Na+-H + exchange and 
this was confirmed when Na + was shown to stimulate H + efflux from microsomes. The amiloride-inhibited 
Na + transporter from medulla microsomes which has been reconstituted into proteoliposomes is most likely a 
Na+-H ÷ exchanger. This Na + transporter was totally insensitive to the uncoupler 1799, either in the 
presence or absence of valinomycin plus K + and less sensitive to N H  3 than to amiloride. This indicated that 
amiloride inhibited Na + transport not merely by acting as a weak-base uncoupler but by directly interacting 
with the protein responsible for Na+-H + exchange. 

Introduction 

Membrane vesicles have been isolated from 
either toad urinary bladder or rabbit kidney 
medulla that are capable of amiloride-inhibited 
Na ÷ transport [1,2]. The protein responsible for 
amiloride-inhibited Na + transport into the kidney 
vesicles has been extracted from the native mem- 
branes with the aid of octylglucoside, mixed with 
purified phospholipid, and reconstituted into pro- 

Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid; Hepps, 4-(2-hydroxyethyl)-l-piperazinepropane- 
sulfonic acid; "Iris, tris(hydroxymethyl)aminomethane; Mes, 
4-morpholineethanesulfonic acid; 1799, bis(hexafluoracetonyl) 
acetone. 

teoliposomes capable of amiloride-inhibited Na ÷ 
transport [3]. The concentration of amiloride re- 
quired for optimal inhibition of Na ÷ transport 
into either the toad bladder or rabbit kidney mem- 
brane vesicles or into the reconstituted proteolipo- 
somes was fairly high (10 -3 M) and there was 
some doubt concerning the nature of the transport 
system that was being studied [1-3]. Amiloride is a 
well-known inhibitor of an electrogenic Na ÷ con- 
ductance across the apical membranes of such 
tight epithelia as toad urinary bladder, frog skin, 
rabbit urinary bladder, or cortical collecting tubule 
of mammalian kidney [4-7]. However, this Na ÷ 
conductance is normally sensitive to extremely low 
( 1 0 - 7 - 1 0 - 6  M) concentrations of amiloride [4,6,8]. 
Another amiloride-sensitive Na + transporter has 
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been reported that catalyzes electroneutral Na +-H + 
exchange and this transporter is usually sensitive 
to much h igher  amiloride concentrations (10 -3 
M). This amiloride-inhibited Na+-H t antiporter 
has been found in brush border membrane vesicles 
formed from either kidney cortex or small in- 
testine of either rat or rabbit [9-11]. It has also 
been demonstrated to exist in surface membranes 
of cultured dog kidney (MDCK) cells [12,13], frog 
and mouse skeletal muscle cells [14,15], cultured 
human, mouse and hamster fibroblast cells [16 
-18], cultured mouse neuroblastoma cells [19], 
Amphiuma red blood cells [20], and rat liver cells 
[21]. The amiloride-inhibited N a t - H  t antiporter 
has been shown to play an important role in cell 
volume regulation [20,22], intracellular pH regula- 
tion [15,19], the regulation of cell division 
[16-18,21], and in acid secretion by the kidney 
[9,10]. The N a t - H  + transporter is also believed to 
be inhibited by extracellular Ca ÷2 [23,24]. The 
data below indicate that Na ÷ transport into kid- 
ney medulla microsomes is insensitive to altera- 
tions in membrane potential produced by 
valinomycin and, therefore, most likely represents 
an electroneutral flux. We have also determined 
that Na t uptake into either microsomes or recon- 
stituted proteoliposomes formed from microsomes 
is totally insensitive to either extravesicular C1- or 
H C O  3 and is not stimulated by intravesicular 
cations such as K t,  Mg 2t, or Ca 2t. Yet Na + 
influx into the kidney medulla microsomes was 
stimulated by high levels of intravesicular protons 
and inhibited by high levels of extravesicular pro- 
tons. Extravesicular sodium was also shown to 
stimulate proton efflux from the microsomes. These 
data indicate that the process most likely repre- 
sents Na÷-H + exchange. Amiloride-inhibited Na ÷ 
uptake into either microsomes or reconstituted 
proteoliposomes is also inhibited by extravesicular 
K t ,  Ca 2+, or Mg 2+ at low Na t concentrations 
indicating that these ions interact with the Na t- 
binding site on the transport protein. 

Materials and Methods 

Materials 
New Zealand white rabbits were obtained from 

Nichols Rabbitry, Lumberton, TX. Amiloride-HC1 
(N-amidino-3,5-diamino-6-chloropyrazine carbox- 

amide) was the generous gift of Dr. Clement A. 
Stone of Merck, Sharp and Dohme Research 
Laboratories, West Point, PA. Dowex 50X8-100 
(H + form), Hepes, Hepps,. Tris, Mes, octylgluco- 
side, acridine orange, and valinomycin, were from 
Sigma Chemical Co., St. Louis, MO. 22Na was 
obtained from Amersham, Arlington Heights, IL. 
Asolectin was obtained from Associated Con- 
centrates, Woodside, NY and uncoupler 1799 was 
the generous gift of Dr. P.G. Heytler of Dupont, 
Wilmington, DE. 

Methods 
Rabbit kidney medulla microsomes. Rabbit kid- 

ney medulla microsomes were formed by a modifi- 
cation of the procedure of Barnes et al. [25] as 
described in LaBelle and Lee [2]. Protein con- 
centrations were measured by the procedure of 
Bradford [26]. 

Reconstituted proteoliposomes. Reconstituted 
proteoliposomes were formed from kidney medulla 
microsomes by a modification of the procedure of 
Racker [27] as described in LaBelle and Lee [3]. 
Briefly, the microsomes were extracted with octyl- 
glucoside, the extract treated with soy phospho- 
lipid (asolectin) and the lipid-protein-detergent 
mixtures dialyzed overnight to form the proteoli- 
posomes. 

:eNa + uptake determination. Na + transport into 
either microsomes or proteoliposomes was mea- 
sured by a modification of the method of LaBelle 
and Valentine [1] as described in LaBelle and Lee 
[3]. To measure 2ZNa t transport, the microsomes, 
proteoliposomes or lipid vesicles were incubated 
briefly with the isotope and then applied to small 
(1 ml) Dowex columns (pre-equilibrated with 0°C 
sucrose (0.25 M)) and eluted with sucrose (0°C) 
(0.25 M) into scintillation vials and the radioactiv- 
ity in the vials determined [3]. The release of 
22 Na ÷ from either microsomes or proteoliposomes 
was measured by a modification of the procedure 
of LaBelle and Valentine [1]. The microsomes or 
proteoliposomes were incubated with ZZNa t and 
various compounds and then applied to 1 ml col- 
umns of Dowex 50X8 (Tris) 100 mesh and eluted 
with 1 ml sucrose (0.25 M) and the radioactivity 
eluted from the columns measured as described by 
LaBelle and Valentine [1J. 

Phospholipid vesicle formation. Phospholipid 



vesicles were formed from soy phospholipid 
(asolectin) as described in LaBelle and Valentine 

0]- 
Acridine orange uptake into microsomes. Micro- 

somes were incubated with acridine orange in pH 
6 or pH 8 buffer solutions (composition described 
in the legend of Table I), and then the incubation 
mixtures were applied to small columns of Dowex 
50X8-100 (Tris form)-100 mesh (1 ml) (preequi- 
librated with 0°C sucrose (0.25 M)) and eluted 
with 1 ml sucrose (0.25 M) (0°C). The eluted 
microsomes were sonicated briefly and the fluo- 
rescence of the samples was measured with an 
Aminco-Bowman Spectrophotofluorimeter. The 
excitation wavelength was 470 nm a n d  the emis- 
sion wavelength was 550 nm. These were not the 
optimal wavelengths for acridine orange but were 
used to minimize effects of light scattering from 
the microsomes on the measurements. The fluo- 
rescence of standard solutions of acridine orange 
was determined in order to quantitate the data 
obtained from the experiments. 

R e s u l t s  

Effect of valinomycin on Na + influx into kidney 
microsomes 

In order to elucidate the mechanism of 
amiloride-inhibited Na  + transport into rabbit kid- 
ney medulla microsomes, the sensitivity of this 
process to valinomycin was examined. Valinomy- 
cin failed to affect Na + transport into the micro- 
somes when used at concentrations less than 8 
/~g/ml whether in the presence or absence of K + 
(Table II), but a slightly higher concentration of 
valinomycin (20/~g/ml)  stimulated Na  + transport 
into the microsomes by a slight but reproducible 
extent in the absence of added K + (Fig. 1). This 
suggested that the microsomes might have been 
formed from the rabbit kidney medulla with a 
small amount of internal K +, and that upon dilu- 
tion into 22Na+-containing solution a K + gradient 
(high inside) was produced and this gradient to- 
gether with valinomycin, produced a transient 
membrane potential (outside positive) that en- 
hanced Na + influx through an electrogenic chan- 
nel. Evidence for such an electrogenic channel was 
of considerable interest. However, we have found 
that at sufficiently high concentrations (20 t tg /ml)  
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Fig. t. Effect of valinomycin on sodium uptake into rabbit 
kidney medulla microsomes. Rabbit kidney medulla micro- 
somes (0.09 mg protein) were incubated for the times indicated 
at 20°C with 22Na-Hepps (0.5 /xCi, 5.9 raM, pH 8.2) and 
sucrose (0.25 M) in a final volume of 0.25 ml both with (e) or 
without (O) valinomycin (5/tg) and then the incubation mix- 
tures were applied to Dowex columns and eluted as described 
[21. 

valinomycin is capable of carrying 22Na+ into 
pure phospholipid vesicles in the absence of any 
K + (data not shown). These data indicated that 
valinomycin could also carry a small amount of 
22Na+ into microsomes if used in high enough 
amounts. This was proven by an experiment in 
which microsomes were preincubated in 22Na+- 
containing solution for 30 rain in order to load 
them with isotope. Next the microsomes were di- 
luted into K+-free, 22Na+-free solution with and 
without valinomycin for 2 rain and applied to 
Dowex columns. If the microsomes contained any 
K +, the dilution procedure should have produced 
a K + gradient (high inside the microsomes) which 
would have produced an outside-positive potential 
in the presence of valinomycin. Such a potential 
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would have slowed 22Na+ efflux from the micro- 
somes if potential effects of valinomycin alone 
were present. However, if valinomycin could carry 
22Na+ itself across the microsomal membrane, the 
ionophore ought to lower the amount of 22Na+ 
remaining in the microsomes after dilution. When 
this experiment was performed, microsomes loaded 
with 22Na+ and diluted into K+-free, valinomycin- 
free solution retained 36.2 _+ 0.9 nmol 22Na+/mg 
protein, while microsomes diluted into K+-free, 
valinomycin-containing (20 ttg/ml) solution re- 
tained 30.4 + 1.9 nmol 22Na+/mg protein. Thus 
valinomycin induced 22Na+ loss from the micro- 
somes which could only be explained if the iono- 
phore were carrying Na + directly at high con- 
centrations. 

Sensitivity of Na ÷ transport to p H  gradients 
Since the above experiments indicated that Na ÷ 

uptake into kidney medulla microsomes was elec- 
troneutral, it seemed most likely that we were 
observing Na +-H ÷ exchange. We were then able to 
show that sodium uptake into the microsomes 
could be markedly influenced by pH gradients 
across the microsomal membranes (Table I). When 
microsomes were preincubated at pH 6.0 for 45 
min, and Na ÷ uptake was measured in a pH 8.0 
solution, amiloride-sensitive Na ÷ transport was 
nearly doubled over the level of transport observed 
when both the preincubation and the incubation 
pH were 8.0. Likewise, microsomes preincubated 
at pH 8.0 and incubated with 22Na+ at pH 6.0 
showed 78% inhibition of transport. This sug- 

gested that microsomes loaded with protons accu- 
mulated Na ÷ very well while the presence of high 
levels of external protons inhibited Na ÷ influx 
(Table I). Only amiloride-inhibited Na ÷ transport 
was affected by the proton gradients. No effects of 
such gradients were observed on amiloride-insensi- 
tive Na + transport. 

Kidney medulla microsomes were preincubated 
for 30 rain in the presence of the dye acridine 
orange, then incubated for 2 min and applied to 
Dowex columns to separate extravesicular acridine 
orange from intravesicular dye. The amount of 
acridine orange accumulated in the microsomes 
was determined by measuring the fluorescence of 
the microsomes after sonication to release trapped 
dye. Microsomes preincubated at pH 6 and in- 
cubated at pH 8 were shown to accumulate 0.311 
+ 0.032 nmol acridine orange/rain per mg protein 
(n = 4) while microsomes preincubated at pH 8 
and incubated at pH 6 accumulated only 0.151 _+ 
0.002 nmol acridine orange/min per mg protein. 
Since microsomes loaded at pH 6.0 accumulated 
twice as much acridine orange as microsomes 
loaded at pH 8.0, this reflected the increased pro- 
ton concentration inside the vesicles. This indi- 
cated that vesicle exposure to different pH buffer 
solutions did indeed generate pH gradients across 
the vesicular membranes. 

When reconstituted proteoliposomes formed 
from the microsomes were preincubated at either 
pH 6.0 or 8.0 and incubated with 22Na+ at either 
pH, no significant effects of the apparent pH 
gradients on amiloride-sensitive Na + transport 

TABLE I 

EFFECT OF pH GRADIENT ON SODIUM TRANSPORT INTO RABBIT KIDNEY MEDULLA MICROSOMES 

Aliquots (20 #1, 0.19 mg protein) of rabbit kidney medulla microsomes were preincubated for 45 min at 20°C in a total volume of 40 
#1 with either pH 6.0 buffer (45 mM Mes/14 mM Tris/7 mM Hepes/183 mM sucrose) or pH 8.0 buffer (22 mM Tris/25 mM 
Hepps/202 mM sucrose) and then diluted with solutions (0.21 ml) containing 22NaCI (0.4 /~Ci, 4 mM), either with or without 
amiloride (2.0 mM) and either pH 8.0 buffer (28 mM Tris/31 mM Hepps/190 mM sucrose) or pH 6.0 buffer (56 mM Mes/9 mM 
Hepes/18 mM Tris/167 mM sucrose) and then incubated at 20°C for 2 n'fin and applied to Dowex columns and eluted. 

Preincubation Incubation 
pH pH 
(internal pH) (external pH) 

Na + uptake (mean + S.D. (n = 3)) 
(nmol/min per mg protein) 

- Amiloride + Amiloride Difference 

6.0 8.0 0.855 5- 0.112 0.263 + 0.046 0.592 
8.0 8.0 0.618 5- 0.026 0.263 __+ 0.003 0.355 
8.0 6.0 0.362 + 0.085 0.283 5:0.046 0.079 



were observed (data not shown). When these pro- 
teoliposomes were preincubated at pH 6.0 in the 
presence of acridine orange and incubated at pH 
8.0 the amount of acridine orange accumulated by 
the proteoliposomes was 0.411 + 0.095 nm o l / m i n  
per mg protein (n = 4), while proteoliposomes pre- 
incubated at pH 8.0 with acridine orange and 
incubated at pH 6.0 accumulated 0.384 +_ 0.082 
nmol acridine o range /min  per mg protein. Since 
the same amount of dye was accumulated no 
matter  what the orientation of the pH gradient, it 
seemed likely that these proteoliposomes were in- 
capable of maintaining imposed pH gradients long 
enough to permit effects on the Na+-H + exchange 
protein. 

Control determinations indicated that when 
acridine orange was incubated without vesicles or 
vesicles incubated without acridine orange, and 
either mixture applied to Dowex columns, the 
amount of fluorescent material recovered from the 
columns are barely detectable. 

Na +-dependent proton transport by microsomes 
Further evidence in support of the existence of 

Na+-H + exchange across the microsomal mem- 
branes was provided by following the Na+-depen- 
dent exclusion of acridine orange by the micro- 
somes. When kidney medulla microsomes were 
incubated with acridine orange for 30 rain at 20°C 
at pH 6.0, and diluted into a solution containing 
NaC1, the presence of the Na  + gradient (high 
outside) decreased microsomal accumulation of 
the dye from 0.41 + 0.05 nmol dye/ ra in  per mg 
protein (n = 3) observed in the absence of Na  + to 
0.165 _+ 0.02 nmol dye / m i n  per mg protein 
observed in the presence of Na  + (50 mM). The 
exclusion of acridine orange by the microsomes in 
response to a Na  + gradient indicated that the 
microsomes excluded protons in response to the 
N a  + gradient. This provided direct evidence that 
the microsomes could transport H + in exchange 
for Na  +. The amount of acridine orange excluded 
from the microsomes in response to the Na  + gradi- 
ent was 0.245 n m o l / m i n  per mg protein (the dif- 
ference between the two values above). This num- 
ber was nearly the same as the amount of Na + 
accumulated by the microsomes in response to a 
p H  gradient: 0.237 nm o l / m i n  per mg protein (the 
difference between the values 0.855 and 0.618 in 
Table I). 
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Fig. 2. Effect of NH~" and amiloride on Na + uptake into 
microsomes. Aliquots of rabbit kidney medulla microsomes 
(0.19 mg protein) were incubated for 2 min at 20°C with 
sucrose (0.25 M), 22Na+ (1 /~Ci, 10 mM), C1 (4 raM), and 
sufficient Hepps buffer (pH 8.2) to serve as a counterion for 
Na + in the presence of increasing concentrations of amiloride 
(O) or NH~" (O), in a total volume of 0.25 ml. The incubations 
were terminated as described [2]. 

Sensitivity of microsomes to uncouplers 
In order to determine whether amiloride was 

capable of inhibiting Na+-H + exchange across mi- 
crosomal membranes by uncoupling a preexisting 
H + gradient, the sensitivity of Na  + transport to 
several compounds was measured. Sodium trans- 
port  into the microsomes was more sensitive to 
amiloride than to ammonium and was totally un- 
affected by the proton ionophore 1799 (Fig. 2, 
Table II). The data in Table II  are representative 
of the results of four experiments. The uncoupler 
1799 also failed to influence Na  + transport in the 
presence of the K + ionophore valinomycin to- 
gether with 0.2 mM KC1. This suggested that Na  + 
movement into the microsomes did not depend on 
the existence of a proton gradient inside the micro- 
somes. Any such proton gradient ought to be 
extremely sensitive to the uncouplers employed in 
Table II. Likewise, 1799 failed to inhibit 22Na+ 
t ransport  into reconstituted proteoliposomes 
formed from medulla microsomes, either alone or 
in the presence of valinomycin and KCI. Am- 
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TABLE II 

EFFECT OF UNCOUPLERS ON Na ÷ UPTAKE INTO 
RABBIT KIDNEY MEDULLA MICROSOMES 

22Na uptake into rabbit kidney medulla microsomes was mea- 
sured as described in the legend of Fig. 1 for 2 min in the 
presence of the compounds below. 

Compound Sodium uptake 
(nmol/min per mg protein) 
(mean + S.D. (n = 2)) 

None 6.4 + 0.3 
Amiloride (0.6 mM) 2.9 + 0.05 
KCI (0.2 mM) 6.4+0.0 
1799 (8/Lg/ml) 6.6+0.1 
Valinomycin (8/Lg/ml) 7.7 + 1.2 
1799 + KCI + valinomycin 7.0 5- 0.4 

monia  did  inhibi t  N a  ÷ up take  into  the pro teo l ipo-  
somes slightly, but  not  as much as d id  ami lor ide  
(da ta  not  shown). 

Effects  o f  CI - and H C O j -  on N a  + transport 
Inorde r  to de te rmine  if N a  ÷ t ranspor t  in to  the 

microsomes  was inf luenced by majo r  physiological  
anions,  N a  ÷ up take  into  the microsomes  was mea-  
sured in the presence of  increas ing concent ra t ions  
of  C I -  and  HCO~-. As  shown in Fig. 3A nei ther  
C1- nor  HCO3- had  any  s t imula tory  or  inh ib i to ry  
effects on N a  + t r anspor t  in to  microsomes.  N a  + 
t ranspor t  in to  the microsomes  was also measured  
af ter  a tmospher ic  CO:  had  been removed  from the 
incuba t ion  medium.  This was accompl ished  by  
boi l ing the med ium and then cool ing it under  an 
a tmosphere  of  N 2. The  microsomes  were also equi- 
l ib ra ted  with N 2 for 30 rain. Even af ter  the re- 
moval  of  a tmospher ic  CO 2 f rom the medium,  N a  + 
t ranspor t  in to  the microsomes  was comple te ly  nor-  
mal  (da ta  not  shown), indica t ing  that  the t ranspor t  
process  d id  not  require  H C O  3- in the m e d i u m  
(which would  be p roduced  in small  amounts  f rom 
dissolved COz).  This  ind ica ted  that  the N a  ÷ trans-  
po r t  process  is not  inf luenced by  any direct ly  
coupled  NaC1 or  N a H C O  3 t ranspor t .  Likewise, 
C I -  failed to ei ther  s t imula te  or  inhibi t  N a  ÷ up- 
take into recons t i tu ted  p ro teo l iposomes  formed 
f rom rabb i t  k idney  medul la  microsomes  (Fig. 3B). 
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Fig. 3. Effects of CI- and HCOj- on sodium uptake into rabbit 
kidney medulla microsomes and reconstituted proteoliposomes. 
(A) Rabbit kidney medulla microsomes (0.55 mg protein) were 
incubated for 2 rain at 20°C with 2:Na+ (0.8 /zCi, 30 mM), 
sucrose (0.25 M), and increasing concentrations of either CI- 
(©) or HCO~- (O) in a total volume of 0.25 ml. The Hepps 
anion (pH 8.2) was used to replace either C1- or HCO 3 in the 
incubation mixtures in order to keep the Na + concentration 
constant. After the incubations, the mixtures were applied to 
Dowex columns and eluted as described [2]. (B) Reconstituted 
proteoliposomes were formed from microsomes as described [3] 
and then 22Na uptake into the proteoliposomes was measured 
in the presence of increasing concentrations of CI - as described 
above. Error bars indicate standard deviations of duplicate 
determinations. 

Effects  o f  K +, Ca 2 + or M g  2+ on N a  + transport 

The sensi t ivi ty of  N a  ÷ t ranspor t  to ma jo r  phys-  
iological  ca t ions  was also invest igated in the ex- 
pe r iments  shown in Figs. 4 -6 .  Microsomes  were 
p re incuba t ed  with increas ing concent ra t ions  of  K ÷ 
and  then d i lu ted  into  K+-free  solut ions in o rde r  to 
p roduce  K ÷ gradients  across the microsomal  mem- 
branes .  The  final in ternal  K ÷ concent ra t ion  was 
4.2-t imes higher  than the external  K + concentra-  
t ion as a result  of  this procedure ,  yet  no s t imula-  
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Fig. 4. Effects of internal and external K + on Na + uptake into 
rabbit kidney medulla microsomes. Aliquots (20 /LI, 0.22 mg 
protein) of rabbit kidney medulla microsomes were either 
incubated with 22Na-Hepps (0.4/~Ci, 6.2 raM, pH 8.2), sucrose 
(0.25 M), and increasing concentrations (as indicated) of K- 
Hepps (pH 8.2) for 2 min at 20°C in a total volume of 0.25 ml 
(open symbols) and then applied to Dowex columns as de- 
scribed [2] or preincubated with sucrose (0,25 M) and increas- 
ing concentrations (4.2-times the indicated concentrations) of 
K-Hepps (pH 8.2) for 60 min at 20°C in a total volume of 60 
/xl, diluted for 2 rain at 20°C with K+-free solution (0.19 ml) 
containing Z2Na-Hepps (0.4 FCi, 6.2 raM, pH 8.2) and sucrose 
(0.25 M) (closed symbols), and then applied to Dowex columns 
and eluted as described [2]. 

tion of Na + uptake into the microsomes was pro- 
voked by the K + gradient (Fig. 4). K + actually 
decreased Na  ÷ uptake into the microsomes when 
present in the extravesicular solution, and this 
inhibition was not significantly altered by the pres- 
ence of intravesicular K ÷. The data in Fig. 4 are 
representative of the results obtained in three ex- 
periments. 

When reconstituted proteoliposomes were pre- 
incubated with K ÷ (31 mM) and then diluted to 
produce a 5-fold K ÷ gradient across the vesicular 
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membranes,  the internal K + inhibited Na  uptake 
and this inhibition was insensitive to the presence 
of a gradient. These experiments indicated that 
Na  + transport into either microsomes or proteo- 
liposomes was not stimulated by internal K ÷ and 
hence was not complicated by any Na+-K ÷ ex- 
change. 

Further experiments were conducted to de- 
termine the effects of divalent cations on Na ÷ 
transport. When microsomes were preincubated 
with increasing concentrations of either Ca 2÷ or 
Mg ~+ and then diluted in nominally Ca 2+, Mg 2+ 
free solutions containing 22Na+, no stimulation of 
N a  + transport was observed by either the Ca 2+ or 
Mg 2+ gradients, even though the final intravesicu- 
lar divalent cation concentrations were 5-fold 

TABLE III 

EFFECTS OF K +, Ca 2+ AND Mg 2+ ON Na + UPTAKE 
INTO RECONSTITUTED PROTEOLIPOSOMES 

(A) Reconstituted proteoliposomes were formed from rabbit 
kidney medulla microsomes as described [3] and aliquots (20 
lal) of the proteoliposomes were incubated with 22Na-Hepps 
(0.4 #Ci, 6.7 raM, pH 8.2), sucrose (0.25 M) and the com- 
pounds indicated below for 2 min at 20°C in a total volume of 
0.25 ml, and then applied to Dowex columns and eluted as 
described [3]. 

Compounds added during 
incubation (incubation 
concentration) 

Sodium uptake (mean 
± S.D. (n = 3)) 
(nmol/min per mg protein) 

None 25.0 ± 0.9 
K-Hepps (6.2 mM, pH 8.2) 16.2 ± 0.6 
CaCl 2 (0°48 raM) 11.3 ± 0.2 
MgCl 2 (0.48 mM) 10.3 ± 0.5 

(B) Aliquots (20 ~tl) of the reconstituted proteoliposomes were 
preincubated with sucrose (0.25 M) and the compounds below 
for 60 min at 20°C in a total volume of 50 ~tl, and then a 
solution (0.2 ml) containing 22Na Hepps (0.4 ~aCi, 8.4 mM, pH 
8.2) and sucrose (0.25 M) was added to the incubation mixtures 
and after 2 rain further incubation at 20°C, the mixtures were 
applied to Dowex columns and eluted. 

Compounds added during 
preincubation (preincubation 
concentration) 

Sodium uptake (mean 
± S.D. (n = 3)) 
(nmol/min per mg protein) 

None 22.9 ± 0.5 
K-Hepps (31 mM, pH 8.2) 16.1 ± 1.6 
CaC12 (2.4 mM) 3.1 ±0.3 
MgCl 2 (2.4 raM) 4.4 + 0.4 
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Fig. 5. Effects of internal and external C a  2+ and Mg 2+ on Na + 
uptake into rabbit kidney medulla microsomes. (A) Sodium 
uptake into rabbit kidney medulla microsomes was measured 
as described in the legend of Fig. 4 except that CaCI 2 (indi- 
cated concentrations) was substituted for K-Hepps. (B) Same 
as A, except that MgCI 2 was substituted for CaCI 2. 

higher than the extravesicular concentra t ions  (Fig. 
5). Sodium uptake into the microsomes was in- 
hibited markedly by relatively low concentra t ions  
of either Ca 2÷ or Mg 2+ (compared to the con- 

centrat ions of Na  ÷ or K ÷ employed in this study). 
As little as 0.4 m M  Ca 2÷ was capable of inhibi t ing 

Na  ÷ transport  by 46%. The presence of intravesic- 
ular  Ca 2÷ or Mg 2÷ did not  alter the ability of 

either ion to inhibi t  Na ÷ uptake from the extraves- 
icular side of the membrane  (Fig. 5). 

When reconsti tuted proteoliposomes were pre- 
incubated with either Ca 2+ or Mg 2+, and then 

diluted into solutions nomina l ly  free of divalent 

cations, no s t imulat ion of Na  + transport  into the 
proteoliposomes was observed (Table III). Once 
again both extravesicular Ca 2+ and Mg 2+ in- 

hibited Na  ÷ transport  markedly, even at low con- 
centrat ions (55-60% inhibi t ion exerted by con- 
centrat ions of 0.48 mM). The presence of high 
intravesicular  levels of either cation appeared to 

enhance  the observed inhibi t ion  of Na  ÷ uptake (to 
86% in the case of Ca 2+) (Table III). 

W h e n  recons t i tu ted  pro teol iposomes  were 
formed by dialysis against either Ca 2÷ or Mg 2÷- 

conta in ing  buffer, the intravesicular divalent ca- 

t ion concentra t ion would be expected to equal that 
of the dialysis medium. When  proteoliposomes 
formed with intravesicular Ca 2+ or Mg 2+ con- 

centrat ions of 2.5 mM were diluted 12-fold into 

TABLE IV 

EFFECT OF C a  2 + ON AMILORIDE-INHIBITED Na + UPTAKE INTO RECONSTITUTED PROTEOLIPOSOMES 

(A) Reconstituted proteoliposomes were formed as described [3] and 22Na+ uptake into the proteoliposomes was measured as 
described in the Legend of Table IliA both with and without CaC12 and with and without amiloride (0.6 raM). 

Compound added during incubation 
(incubation concentration) 

Na + uptake 
(nmol/min per mg protein) 
(mean ± S.D. (n = 2) 

- Amiloride + Amiloride Difference 

None 21.6 ± 0.4 6.5 ± 0,9 15.1 
CaCI 2 (0.48 mM) 8.4_+ 1.4 5.6_+0.1 2.8 

(B) The proteoliposomes were preincubated with and without CaCI 2 and then 22Na+ uptake was measured after dilution with and 
without amiloride (0.6 mM) as described in the legend of Table IIIB. 

Compound added during preincubation 
(preincubation concentration) 

Na ÷ uptake 
(nmol/min per mg protein) 
(mean± S.D. (n = 2)) 

- Amiloride 4- Amiloride Difference 

None 20.3 + 1.2 7.8 ± 0.2 12.5 
CaCI 2 (2.4 mM) 3.0 ± 0.03 3.1 ± 0.2 - 0.1 
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Fig. 6. Effect of external Ca 2+ on amiloride-inhibited Na + 
uptake into kidney medulla microsomes. Aliquots (20 td, 0.08 
mg protein) of kidney medulla microsomes were incubated with 
22Na-Hepps (2 /~Ci, 4.8 raM, pH 8.2), sucrose (0.25 M) and 
increasing concentrations of CaCI 2 both with (O) and without 
amiloride (2 mM) (©) for 2 min at 20°C in a total volume of 
0.25 ml and then applied to Dowex columns as described [2]. 
The difference between the data obtained in the presence and 
the absence of amiloride (amiloride-sensitive transport) is also 
shown (zx). 

solutions containing 22Na+, the rate of Na + up- 
take into the vesicles was inhibited by 66% (data 
not shown). Once again significantly more inhibi- 
tion of Na + uptake was observed in the presence 
of both intravesicular and extravesicular Ca 2+ than 
was observed in the presence of extravesicular 
Ca 2+ alone. These data indicate that Na + trans- 
port  into either microsomes or proteoliposomes 
does not occur via Na+-Ca 2+ or Na+-Mg 2+ ex- 
change. Such exchange processes might be ex- 
pected to show enhanced Na + uptake into vesicles 
in the presence of high levels of intravesicular 
divalent cations. 

Amiloride-inhibited Na + transport into micro- 
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somes was more sensitive to Ca 2+ (76% inhibition) 
than was the arniloride-insensitive transport (45% 
inhibition) (Fig. 6). When the effects of extravesic- 
ular Ca 2+ on amiloride-sensitive Na ÷ uptake into 
reconstituted proteoliposomes was examined, the 
amiloride-sensitive portion of the transport was 
shown to be inhibited by 82%, while the 
amiloride-insensitive transport was not signifi- 
cantly inhibited (Table IV). When the proteolipo- 
somes were preincubated with Ca 2÷ and then di- 
luted with Ca2+-free solution in order to create a 
gradient of high intravesicular Ca 2+, amiloride- 
sensitive Na + uptake was lowered by 100% while 
amiloride-insensitive transport was only decreased 
by 60% (Table IV). Control lipid vesicle prepara- 
tions formed in the absence of kidney tissue by 
dialysis after octylglucoside treatment failed to 
take up significant amounts of 22 Na + either in the 
presence or absence of Ca 2 + (data not shown). 

The apparent ability of high intravesicular levels 
of Ca 2+ to inhibit Na + uptake into reconstituted 
proteoliposomes was unexpected. The possibility 
existed that this finding may have been a sec- 
ondary result of some nonspecific apparent leak 
produced by the 60 rain preincubation of the 
proteoliposomes with the concentration of Ca z+ 
used (2 raM). Such an apparent leak might have 
permitted the Na + accumulated within the pro- 
teoliposomes to leave the vesicles either before or 
during elution from the Dowex column (the proce- 
dure used to separate extravesicular 22Na+ from 
intravesicular 22Na+ during the transport assay). 

When either kidney medulla microsomes or re- 
constituted proteoliposomes were preincubated 
with 22 Na + to load them with the isotope and then 
exposed to increasing amounts of either K ÷, Ca 2+, 
or Mg z+, under certain circumstances, these ca- 
tions were shown to produce apparent leaks in the 
vesicles and to permit Na + efflux. However, no 
such apparent leaks were produced unless the 
vesicles were exposed to relatively high concentra- 
tions of K + (>  10 mM) for 2 min, or unless they 
were exposed to K +, Ca z+, Mg 2+ for relatively 
long periods of time (60 rain) (data not shown). 
Therefore, the data shown in Tables III and IV 
and Figs. 4-6,  indicate that extravesicular K +, 
Ca 2, and Mg 2+ could inhibit 22Na+ transport into 
microsomes during short incubation periods (2 
rain) and that these effects did not reflect the 
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induction of apparent leaks by the cations. How- 
ever, the apparent ability of intravesicular Ca 2÷ 
and Mg 2÷ to inhibit Na ÷ uptake into reconstituted 
proteoliposomes probably does reflect the artifact- 
ual inducation of such leaks. These apparent leaks 
were completely reversible. When microsomes were 
pre-loaded with 22Na+ andexposed to Ca 2+ (2 
mM) for 60 min, most of the 22Na+ was shown to 
leak out of the microsomes. When microsomes 
were exposed to Ca 2 ÷ (2 mM) for 60 min and then 
diluted into a solution of 22 Na ÷ in order to lower 
the Ca 2÷ concentration to 0.1 mM, the rate of 
22Na+ uptake into the microsomes was restored to 
within 13% of the rate of 22Na+ uptake observed 
in the absence of Ca 2÷ (data not shown). The rate 
of  Na  + uptake into microsomes was normally in- 
hibited by about 10% in the presence of 0.1 mM 
Ca 2+ (Fig. 5A), and so this experiment indicated 
that the Ca 2 +-induced apparent leak could be re- 
versed by simply lowering the Ca 2+ concentration 
in the solution. 

Sensitioity of Na + transport to inhibition by cations 
Since K ÷, Ca 2+ and Mg 2+ inhibited Na  + trans- 

port into medulla microsomes, it seemed possible 
that these cations might interact with the Na +- 
binding site on the transport protein. Other experi- 
ments indicated that such organic cations as Tris 
and N-methylglucamine also inhibited Na  ÷ trans- 
port into microsomes (data not shown). Of course 
the concentrations of monovalent cations required 
to inhibit Na  ÷ transport were at least an order of 
magnitude higher than the concentration of 
amiloride required to inhibit, which indicated that 
amiloride did not inhibit by the same mechanism 
as that employed by other cations. Divalent ca- 
tions such as Ca 2÷ and Mg 2+ also inhibited Na ÷ 
transport into microsomes at concentrations about 
an order of magnitude !ower than the concentra- 
tions required for inhibition by monovalent ions 
(Figs. 4 and 5). The trivalent ion La 3÷ inhibited 
Na  + transport at concentrations about 25% as 
high as the concentrations of divalent ions re- 
quired for inhibition (Fig. 7). Microsomes pre- 
loaded with 22Na+ and exposed to LaC13 at a 
concentration sufficient to inhibit influx totally 
did not lose any of the accumulated 22Na+, which 
indicated that La 3 ÷ did not induce apparent leaks 
in the vesicles at such concentrations (data not 
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Fig. 7. Effect of La + 3 on Na ÷ uptake into microsomes. Aliquots 
(0.06 mg protein) of kidney medulla microsomes were in- 
cubated with 22Na-Hepps (2.5 #Ci, 6.2 mM, pH 8.2), sucrose 
(0.25 M) and increasing concentrations of LaCI 3 both with (O) 
and without (O)  amiloride (2 mM) for 2 min at 20°C in a total 
volume of 0.25 ml and then applied to Dowex columns as 
described in LaBelle and Lee [2]. 

shown). The sensitivity of the transport process to 
monovalent, divalent, and trivalent cations strongly 
suggests that the ability of each ion to block Na + 
transport reflects its ability to interact with specific 
charged sites on the transport protein. When Na + 
transport into microsomes or reconstituted vesicles 
was measured in the presence of increasing Na + 
concentrations, with or without either K + or Ca 2 + 
the inhibitory effects of each cation were shown to 
be nearly competitive. When the (rate of Na  + 
transport)-1 was plotted as a function of the (Na + 
concentrations) -1, both in the presence and ab- 
sence of Ca +2 or K +, straight lines were obtained 
that intersected very close to the ordinate. This 
finding was also consistent with the suggestion 
that these ions inhibited Na + transport by inter- 
acting with the Na+-binding site on the transport 
protein. 

Discussion 

Since Na  + transport into kidney medulla micro- 
somes and into reconstituted proteoliposomes 



formed from these microsomes was sensitive to 
relatively high amiloride concentrations (10 -3 M), 
and since this transport was insensitive to 
valinomycin-induced alterations in membrane 
potential, it seemed likely that this transport repre- 
sented Na+-H ÷ exchange [2,3]. 

Warnock and Yee [28] have shown that 
valinomycin could stimulate 22Na+ uptake into 
renal brush border membrane vesicles, and they 
claimed that this was evidence for an electrogenic 
amiloride-sensitive channel in these vesicles. The 
data in Fig. 1 show a similar effect, using medulla 
microsomes. However, in high enough concentra- 
tions valinomycin can carry 22Na÷ itself into 
vesicles. The small but finite ability of valinomycin 
to carry Na ÷ across membranes has been de- 
scribed by Eisenman et al. [29]. Valinomycin may 
exert non-specific detergent-like effects at high 
concentrations. The valinomycin concentration re- 
quired for 22Na÷ movement across lipid vesicles 
and medulla microsomes was 20 #g/ml ,  well be- 
low the concentration used by Warnock and Yee 
[28] (100/~g/ml). It will be important to examine 
Na ÷ transport into brush border membrane 
vesicles using lower concentrations of valinomycin 
that exert unambiguous K÷-specific effects. Na ÷- 
H ÷ exchange was first demonstrated in renal brush 
border membrane vesicles by Murer et al. [9] and 
was shown to be amiloride-sensitive by Kinsella 
and Aronson [10]. These investigators were able to 
preincubate vesicles at low pH in order to load 
them with protons and such proton-loaded vesicles 
demonstrated enhanced levels of Na ÷ transport. 
Vesicles incubated with high levels of external 
protons exhibited inhibited rates of Na + transport, 
due to the operation of the exchange mechanism 
in reverse (favoring Na ÷ efflux). Since medulla 
microsomes also are sensitive to pH gradients, it 
seems likely that Na + transport into the micro- 
somes represents Na+-H ÷ exchange. We previ- 
ously reported that amiloride-sensitive Na ÷ trans- 
port into medulla microsomes was not sensitive to 
the presence of a pH gradient [2]. However, these 
earlier studies were performed in the presence of 
rather low buffer concentrations, since Na ÷ trans- 
port into membrane vesicles can be inhibited by 
high ionic strength (Dubinsky, W.P., personal 
communication). When sufficiently high buffer 
concentrations were used (the concentrations em- 
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ployed by Kinsella and Aronson [10], Na÷-H ÷ 
exchange was observed in the medulla micro- 
somes. 

Relatively high (50 mM) buffer concentrations 
were required to induce pH gradients in the micro- 
somes due to the intrinsic buffer capacity of the 
microsomes produced by the histidine solution in 
which the microsomes were stored and produced 
by the membrane protein itself. Sodium transport 
into the microsomes was insensitive to added 
HCO 3 (Fig. 3) even though an indirect stimula- 
tion of Na+-H ÷ exchange by HCO 3 might be 
expected if the CO 2 present with the added HCO 3 
diffused into the microsomes and acidified the 
microsomal interior. However, such an indirect 
effect of HCO 3 did not occur since the amount of 
intramicrosomal H2CO 3 generated could be calcu- 
lated to be insufficient to lower the intra micro- 
somal pH significantly due to the buffer capacity 
of the microsomes as indicated by the amount of 
extravesicular buffer required to alter the intraves- 
icular pH [30]. Although the medulla microsomes 
are capable of Na+-H + exchange, this does not 
indicate that this process is merely a reflection of 
brush border membrane vesicle contamination of 
our microsomes. We showed that the specific activ- 
ities of brush-border membrane vesicle marker 
enzyme alkaline phosphatase, maltase, and treha- 
lase were very low in medulla microsomes, while 
the specific activity of Na + transport in the medulla 
microsomes is comparable to the activity in brush 
border membrane vesicles [2]. 

The accumulation of the dye acridine orange 
has been used by many investigators to demon- 
strate proton accumulation by vesicles [11,31-36]. 
These investigators have measured acridine orange 
accumulation by vesicles by either direct spectro- 
photometric or spectrophotofluorometric proce- 
dures, but they did not separate extravesicular 
from intravesicular dye. Since acridine orange at 
neutral pH is 99.9% positively charged, we were 
able to use Dowex resin to bind extravesicular 
acridine orange, which permitted us to measure 
the intravesicular dye directly. Since medulla mi- 
crosomes were able to exclude acridine orange in 
the presence of external Na +, this provided strong 
evidence in support of Na+-H + exchange by the 
vesicles. Since proteoliposomes preincubated with 
either pH 6 or pH 8 buffer accumulated the same 
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amount of dye, this provided direct evidence that 
proteoliposomes, unlike microsomes, could not 
maintain pH gradients. Nichols and Deamer  [37] 
have shown that proton fluxes across pure phos- 
pholipid membranes are nearly as rapid as H 2 0  
fluxes. Since our proteoliposomes were formed 
with 7-times as much added lipid as protein, we 
expected that such vesicles would be unable to 
maintain an imposed pH gradient and that recon- 
stituted proteoliposomes treated with the different 
buffer solutions used in Table I would transport 
Na + at the same rate irregardless of buffer pH. 

While we wish to draw no conclusions concern- 
ing the stiochiometry of the Na+-H + exchange 
process based on the data shown in Table I, we 
were encouraged to observe that the number of 
nmoles of Na + taken up by the microsomes in 
response to the proton gradient was so similar to 
the number of nmoles of acridine orange excluded 
in response to the Na + gradient (0.24 n m o l / m i n  
per mg protein). 

Dubinsky and Frizzell [38] have shown that 
amiloride is capable of directly releasing proton 
gradients inside ileal brush-border membrane 
vesicles or inside liposomes, because of its proper- 
ties as a weak base. Therefore, amiloride may be 
capable of inhibiting Na+-H + exchange across 
membranes by a non-specific process under cer- 
tain circumstances. Proton gradients can be 
eliminated by a weak base such as N H  3, since the 
uncharged form of the base diffuses freely across 
the membrane, becomes protonated and incapable 
of re-crossing the membrane. Thus the base can be 
accumulated inside vesicles at the expense of inter- 
nal protons. This phenomenon has been reported 
by Boron and DeWeer [39], and by LaBelle and 
Racker [40]. However, the data in Table II show 
that Na ÷ transport into kidney medulla micro- 
somes was totally insensitive to the well-known 
uncoupler 1799 [40], either with or without 
valinomycin, and that NH~- inhibited this process 
less than did amiloride itself. Since N H  3 can pre- 
sumably penetrate membranes far more easily than 
the neutral form of amiloride, it seems logical that 
N H ~  would inhibit more effectively than amiloride 
if both were inhibiting by virtue of their ability to 
release a proton gradient. Most likely NH~- in- 
hibits Na + uptake into the microsomes by increas- 
ing the ionic strength of the solution (as does K+). 

The inability of 1799 to lower Na  + transport rates 
into the microsomes proves that amiloride does 
not inhibit Na ÷ transport by merely removing a 
proton gradient from the microsomes. Amiloride 
most likely inhibits Na ÷ transport by direct inter- 
action with the transporter protein. 

The data of Saier indicate that amiloride-in- 
hibited, electroneutral Na÷-H + exchange across 
the plasma membranes of cultured kidney cells 
(MDCK) is inhibited by extracellular Ca 2+ and 
and Mg 2+ [12,13,24]. Villereal [23] has also ob- 
served that amiloride-inhibited serumdependent 
Na÷-H + exchange across the plasma membranes 
of human fibroblasts is also blocked by extracellu- 
lar Ca 2+. Amiloride-inhibited Na ÷ transport into 
brush-border membrane vesicles from rabbit ileum 
also appears to be sensitive to Ca :÷ (Dubinsky, 
W.P., personal communication). The ability of K +, 
Ca 2+, Mg 2+, and La 3+ to inhibit Na  + transport 
into kidney medulla microsomes indicated that 
these ions interact with the Na+-binding site on 
the transport protein. The binding of Na + to a site 
on the membrane surface portion of the transport 
protein may be required before the Na + can be 
transported into the vesicles and this Na + binding 
may be inhibited by cations. Such cation effects 
were observed by Frankenhaeuser and Hodgkin 
[41] who demonstrated an increase in the mem- 
brane surface potential of the squid axon by Ca 2 + 
and by McLaughlin et al. [42] who observed simi- 
lar effects of divalent cations on the surface poten- 
tial of pure bilayers. One would expect that La 3 + 
would be three times as effective as Ca 2 + in exert- 
ing such effects and that Ca 2 + would be ten times 
as effective as K + and this has been shown to be 
the case (Figs. 4, 5, and 7). Likewise, the ability of 
increasing Na + concentrations to diminish the ef- 
fects of K + and Ca 2+ on Na + transport can be 
considered as more evidence that K + and Ca 2+ 
interact with the Na  + binding site. 

The ability of K +, Ca 2+, and Mg 2+ to cause 
apparent leaks in the vesicles after long incubation 
periods may reflect the ability of these ions to 
displace 22Na+ from intravesicular binding sites. 
Such sites have been observed inside intestinal 
brush-border vesicles by Liedtke and Hopfer  [43]. 
Whatever the mechanism of the apparent leak 
generated by the cations, it was shown to be 
clearly reversible, and the reversibility of the ap- 



parent  leak ruled out any vesicle 'destruct ion '  
brought  on by t reatment  with cations. 

LaBelle and Lee [3] showed that the amiloride- 
inhibited N a  ÷ transporter  f rom medulla micro- 
somes could be incorporated into reconstituted 
proteoliposomes.  We have demonstra ted above 
that  this t ransporter  is responsible for N a + - H  ÷ 
exchange, and that  the transporter  is sensitive to 
inhibition by cations both  in the microsomes and 
in the reconstituted proteoliposomes. This infor- 
mat ion concerning the sensitivity of N a + - H  ÷ ex- 
change to such cationic inhibition has not  been 
reported previously, nor has the existence of such 
a Na+-H ÷ exchange protein been reported in kid- 
ney medulla. Medullary structures such as the 
papillary collecting duct  and perhaps the loop of  
Henle play important  roles in the regulation of  
urinary pH, and the N a + - H  + exchange protein in 
the medulla microsomes may be responsible for 
this regulation. The absence of brush-border  mem- 
brane marker  enzymes from the medulla micro- 
somes [2] indicates that the microsomal transport  
activity is not  merely a reflection of contaminat ion 
by  brush-border  membranes  f rom proximal tub- 
ules. We have obtained much information con- 
cerning the behavior of  the N a + - H  ÷ exchanger in 
the native microsomes, and the similarity of  func- 
t ion between these microsomes and the recon- 
stituted proteol iposomes provides additional evi- 
dence that the protein responsible for N a ÷ - H  + 
exchange has been incorporated intact into the 
proteoliposomes.  The fact that  this protein has 
been reconstituted into proteoliposomes may per- 
mit its eventual isolation. Of course N a + - H  + ex- 
change proteins have been reported in a wide 
variety of cell types, and so one cannot  be sure if 
the protein in the medulla microsomes plays a 
specific role in renal tubule function, or merely 
plays the same role in kidney cells that  it plays in 
all mammal ian  cells. 
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