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Mouse 3T3 fibroblasts have a loop diuretic sensitive Na ÷ transport system, responsible for more than 50% of 
the total Na + influx. This transport system is dependent on the simultaneous presence of all three ions; Na +, 
K +, (Rb +) and CI-  in the extracellular medium. The same requirement for these three ions was also found 
for the loop diuretic-sensitive K + efflux. In addition, the sensitivities of Na + influx and Rb + efflux for the 
two loop diuretics, furosemide and bumetanide were found to be similar. The similar ionic requirement and 
sensitivity towards loop diuretics of the two fluxes, support the hypothesis, that this loop diuretic-sensitive 
Na + influx in mouse 3T3 cells, is accompanied by the net loop diuretic-sensitive K + efflux. 

Introduction 

Much attention has been focused recently on 
the different Na  + transport  systems which carry 
Na  ÷ into the cells during proliferation. It has been 
proposed that early changes in monovalent  ion 
fluxes may act as the t ransmembrane signal, in the 
action of mitogens [1]. In particular, a rapid in- 
crease in the rate of  N a  ÷ entry, resulting in stimu- 
lation of the N a ÷ / K  + pump, has been postulated 
to be a pr imary event following mitogenic stimula- 
tion of G 0 / G  1 phase quiescent cells [2-6]. 

Na  ÷ ions have been found to be translocated 
through animal cell membrane  by several dis- 
tinguishable transport  systems such as: N a + / H  + 
amiloride-sensitive antiport  [2-10], N a - / N a  + ex- 
change [11], N a + / C a  2+ antiport  [12], tetrodoto- 
xine-sensitive Na  ÷ influx [13,14] and the loop di- 
uretic-sensitive Na  + influx, possibly coupled to 
K + and CI -  fluxes [15-21]. 

Abbreviation: Hepes, 4-(2-hydroxethyl)-l-piperazineethane- 
sulfonic acid. 

Recently, we demonstrated that in non-syn- 
chronized growing N I H  3T3 mouse cells, the loop 
diuretic-sensitive transport  system performs a net 
flux of K + outwards. We have proposed that this 
t ransport  system is coupled to a net flux of Na  + 
inward [19]. Although the K + fluxes were found to 
be dependent  on extracellular Na  +, more evidence 
is needed to substantiate this proposal. To further 
investigate the coupling between K + efflux and 
N a  + influx through the loop diuretic-sensitive 
transporter, two parameters were measured on the 
two fluxes: (a) sensitivity towards loop diuretics; 
and (b) kinetic constants for extracellular Na  +, 
Rb + and C1 . 

Materials and Methods 

22Na+ was purchased from the Radiochemical 
Centre ,  A m e r s h a m ,  U.K.  Fu rosemide  was 
purchased from Hoechst  AG,  Frankfur t  am Main, 
F.R.G. Bumetanide was kindly provided by 
Laborate  Leo, B.P.9-28500 Vernouillet, Denmark.  
Mouse N I H  3T3 fibroblasts were maintained as 
described before [20]. 
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Na + influx measurements. 
Na + influx under physiological conditions was 

measured as described before [19]. In brief, cells 
(600000) were plated in 60-mm dishes (Nunc) with 
RPMI 1640 medium containing 10% calf serum; 
after 2 days, the medium was replaced by fresh 
medium for 1 more day. The medium was aspirated 
and cells were washed twice with a isotonic 
choline-chloride solution containing 10 mM glu- 
cose and 10 mM Hepes-Tris at pH 7.0. The reac- 
tion was started by adding 2 ml assay mixture (100 
mM NaCI, 50 mM choline chloride, 5 mM MgC12, 
0.5 mM CaCI 2, 10 mM glucose, 10 mM Hepes-Tris 
at pH 7.0 and 10 /~Ci 22Na). Incubations were 
carried out for 2 min at 37°C, and 22Na uptake 
was terminated by aspiration of the assay mixture. 
The cells were rapidly washed three times with 
ice-cold 125 mM MgCI 2 and once with isotonic 
NaC1. They were lysed with 2 ml NaOH (0.1 M), 
and radioactivity was counted in a gamma coun- 
ter. Furosemide (1 mM) was added directly to the 
assay mixture. The furosemide-resistant Na ÷ in- 
flux was subtracted from the total Na + influx, to 
yield the furosemide-sensitive Na ÷ influx. 

Since we wanted to measure Na ÷ influx under 
physiological conditions, it was important to do it 
in such a way that no significant changes in ionic 
concentrations and in cell volume could occur 
during the experiments. For this purpose, neither 
incubation, nor washing of the cells was made 
under nonphysiological concentration conditions, 
and the addition of ouabain and loop diuretic, as 
well as changes in ionic composition of the 
medium, were introduced only in the assay mix- 
ture. Therefore, if any significant change in cell 
volume was to occur, it was unlikely to be instan- 
taneous. Since the assay for Na ÷ influx measure- 
ments were always limited to the first 2 min, we 
can be fairly confident that no significant cell 
volume change has taken place during the short 
assay time. 

R e s u l t s  

Because of difficulties in the Na ÷ influx assay, 
some of the early studies on Na ÷ influx in cell 
cultures, were conducted in nonphysiological con- 
ditions, such as cellular depletion of Na ÷ [4,7,9,10], 
lowering extracellular Na ÷ concentration [4,7-10] 
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and changing the internal pH by different means 
[7,9,10]. We have tested the effect of furosemide 
and bumetanide on Na + influx under the follow- 
ing more physiological conditions: no depletion of 
cellular Na ÷ was conducted before the assay and 
sodium concentration in the assay was 100 mM. 
(This Na + concentration was found to saturate the 
furosemide-sensitive Na ÷ influx, Fig. 2). In ad- 
dition, the assay was conducted within a short 
time (2 min) such that no significant change in the 
intracellular ionic concentration could occur (see 
Materials and Methods). 

The data presented in Fig. 1 indicate that Na ÷ 
influx is made of two components: loop diuretic- 
sensitive and loop diuretic-resistant. More than 
50% of the total Na + influx under these conditions 
was sensitive to both, furosemide (A) and 
bumetamide (B) (see also Table II, and Table III 
in Ref. 19). The furosemide-resistant (Fig. 1A), 
and the bumetanide-resistant (Fig. 1B) Na ÷ influx 
were found to be of the same magnitude. Other 
Na ÷ channels are probably responsible for it 
[2-14]. The sensitivity of Na ÷ influx to furosemide 
and bumetanide, was similar to that of both Rb ÷ 
influx and efflux (see Table 1). 

Dependence of  the loop diuretic-sensitive Na + influx 
on Na +, Rb + and C I -  

In previous works, both the loop diuretic-sensi- 
tive Rb + influx and efflux were found to be de- 
pendent on the simultaneous presence of all three 
ions: Na ÷, K ÷ (Rb ÷) and C1- in the extracellular 
medium [5,16-19]. In the present work, we mea- 
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Fig. 1. The effect of furosemide and bumetanide on Na + 
influx. Na + influx was measured in log-phase cells as described 
in Materials and Methods. Furosemide (A) and bumetanide (B) 
were added directly to the assay mixture to give the final 
indicated concentrations. Total Na ÷ influx in the control cul- 
tures (100%) were 12.47 pmol/min per btg protein. 
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T A B L E  1 

T H E  E F F E C T  O F  E X T E R N A L  CI C O N C E N T R A T I O N S  

O N  N a  + I N F L U X E S  

N a  ÷ inf lux was  m e a s u r e d  as desc r ibed  in Mate r i a l s  a n d  Meth -  

ods.  The  cells were  w a s h e d  be fo re  the a s say  wi th  i so tonic  N a  ÷ 

n i t ra te ,  N a  + ace ta te  o r  N a  + sulfate ,  a n d  C I -  c o n c e n t r a t i o n s  

were  c h a n g e d  b y  subs t i t u t i on  of  C I -  wi th  the i nd i ca t ed  an ion .  

The  fu rosemide - r e s i s t an t  N a  + inf lux at  each  C 1 -  c o n c e n t r a t i o n  

was  s u b t r a c t e d  f r o m  the total  N a  + inf lux to yield the fur -  

osemide-sens i t ive  N a  ÷ influx.  

CI-  concn .  M a i n  a n i o n  

( m M )  subs t i t u t i ng  

for  C I -  

N a  + inf lux ( p m o l / m i n  pe r  tLg) 

F u r o s e m i d e -  F u r o s e m i d e -  

sensit ive res is tant  

( p m o l / m i n  ( p m o l / m i n  

per /Lg)  pe r  #g )  

0 N O  3 0 43.0 

0 C H 3 C O O -  0 24.3 

0 SO~ - 0 43.0 

40 S O f  0 41.0 

60 SO~ 7.0 33.5 

80 SO 2 - 20.1 29.3 

100 SO4 z -  19.5 33.5 

150 SO 2 -  13.5 9.6 

sured the dependence of the Na + influx mediated 
by the loop diuretic-sensitive transporter on these 
three ions. We found a hyperbolic dose-response 
curve for extracellular Na +, with saturation occur- 
ring within the physiological range of Na ÷ con- 
centration (100 mM). The calculated K m of Na ÷ 
for both fluxes, Na ÷ influx and Rb ÷ efflux was 
similar (Table II). In spite of limitations due to 
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Fig.  2. The  effect  o f  ex te rna l  N a  + on  furosemide-sens i t ive  N a  ÷ 

influx.  N a  ÷ inf lux was  m e a s u r e d  as desc r ibed  in Mate r ia l s  a n d  

M e t h o d s  except  tha t  N a  + c o n c e n t r a t i o n s  were  c h a n g e d  b y  

subs t i t u t i on  of  N a  ÷ wi th  cho l ine  to keep isotonici ty .  The  

fu rosemide - re s i s t an t  N a  + inf lux at  each  N a  + c o n c e n t r a t i o n  

was  s u b t r a c t e d  f rom the total  N a  + inf lux to yield the fur-  

osemide-sens i t ive  N a  ÷ influx.  The  fu rosemide - re s i s t an t  N a  + 

inf lux  was  12.13 p m o l / m i n  per  # g  p ro t e in  a t  150 m M  N a  ÷ 

a n d  b y  lower ing  N a  ÷ c o n c e n t r a t i o n  it was  a lmos t  l inear ly lower  

(no t  s h o w n  here). V is expressed  as p m o l / m i n  p e r / ~ g  pro te in .  

short assay time, the K m determinations are accu- 
rate enough to conclude that the affinity of this 
transporter for the external Na + (expressed by g m 

for Na ÷) is similar for all the loop diuretic-sensi- 
tive fluxes, namely Na ÷ influx, Rb ÷ influx and 
Rb ÷ efflux (Fig. 2, Table II). Titration of the Rb + 
requirement for the furosemide-sensitive Na ÷ in- 
flux gave a hyperbolic relationship, with saturation 
occuring at 3 mM Rb +. The absence of Rb ÷ in the 
extracellular medium inhibited the furosemide- 
sensitive Na ÷ influx to 11% of the maximal value 
(Fig. 3). On the other hand, the furosemide-re- 

C O M P A R I S O N  O F  N a  ÷ W I T H  R b  ÷ F L U X E S  IN G R O W I N G  N I H  3T3 M O U S E  F I B R O B L A S T S  

Kine t i c  c o n s t a n t s  for  N a  + inf lux were  ca l cu l a t ed  f r o m  Figs. 1 - 3 .  The  s ame  kine t ic  c o n s t a n t s  for  R b  ÷ inf lux a n d  eff lux were  t aken  
f r o m  our  prev ious  work  [19] 

Kine t i c  c o n s t a n t s  Furosemide - sens i t ive  

ca t ion  f luxes 

IC5o (M) 
F u r o s e m i d e  1 2 . 1 0  - 6  5 . 1 0  - ~  8 . 1 0  6 
B u m e t a n i d e  7 . 1 0  - 7  5 . 1 0  - 7  5 . 1 0  7 

N a  + inf lux  R b  + inf lux  R b  + eff lux 

K m for  N a  ÷ ( m M )  76.9 71.4 38.5 
K m for  R b  + ( m M )  1.05 3.14 - 

C 1 -  d e p e n d e n c y  r eached  no t  s a t u r a t e d  no t  s a t u r a t e d  

s a t u r a t i o n  up  to 165 m M  C1 up  to 165 m M  C 1 -  



sistant Na + influx was unaffected in the absence 
of Rb ÷ (results not shown). Again, the calculated 
g m for Rb ÷ is similar for the loop diuretic-sensi- 
tivity Na ÷ and Rb ÷ influx (Table II). Thus, it 
seems that similar concentrations of Rb ÷ are nec- 
essary for the transport of both ions, Na ÷ and 
Rb ÷, by the loop diuretic-sensitive transport sys- 
tem. Recently, we showed that the loop diuretic- 
sensitive Rb ÷ fluxes were C1--dependent. When 
the external C1 requirement for the furosemide- 
sensitive Rb ÷ influx and efflux was titrated, a 
sigmoidal relationship was observed [19]. In this 
work, the external CI-  requirement of the fur- 
osemide-sensitive Na ÷ influx was also studied. Re- 
placing CI-  in the assay mixture by other anions 
such as NO3-, CH3COO-,  and SOn 2-, resulted in 
a complete inhibition of the furosemide-sensitive 
Na ÷ influx (Table I). By titrating the external CI-  
requirement of the furosemide-sensitive Na + in- 
flux using SO42- as a major anion, a sigmoidal 
relationship was observed. 

By increasing C1- from zero to 40 mM, the 
furosemide-sensitive Na ÷ influx was completely 
inhibited. Above 40 mM, the furosemide-sensitive 
Na ÷ influx started to increase, and apparent 
saturation was obtained above 80 mM CI (Table 
I). A similar relationship was observed using 
acetate as a major anion (not shown here). 

Thus, it seems reasonable to conclude that more 
than one C1- is necessary for one Na ÷ to be 
transported by the loop diuretic-sensitive transport 
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Fig. 3. The effect of external Rb + on furosemide-sensitive Na + 
influx. Na ÷ influx was measured as described in Materials and 
Methods except that the Rb + concentration was varied. Na + 
influx in the presence of 1 mM furosemide (5.52 pmol/min per 
#g protein) was subtracted to yield furosemide-sensitive Na ÷ 
influx. V is expressed as pmol/min per #g protein. 
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system. The same conclusion was drawn from our 
results obtained by measuring the C1- dependency 
of the diuretic-sensitive Rb ÷ influx and efflux [19]. 
In addition, while replacing C1- by acetate and 
sulfate in the extracellular medium produced a 
complete inhibition of the furosemide-sensitive 
Na ÷ influx, it was accompanied by a dramatic 
increase of the total Na ÷ influx (Table I). Increas- 
ing C1 concentrations in the assay mixture, 
resulted in a reduction of the furosemide-resistant 
Na ÷ influx, whereas the furosemide-sensitive Na + 
influx increased. This result is consistent with the 
finding that the amiloride-sensitive Na ÷ influx was 
activated by replacing CI-  in the assay mixture [7]. 

D i s c u s s i o n  

In a previous work, we showed that the fur- 
osemide-sensitive K + transport system performs a 
net efflux of K + in growing mouse 3T3 cells [19]. 
This conclusion was based on the finding that 
under the same assay conditions the furosemide- 
sensitive K + efflux was found to be 2- and 3-fold 
higher than the furosemide-sensitive K + influx. 
We suggested in this study that furosemide-sensi- 
tive transport system in growing cells performs a 
facilitated diffusion of K + and Na +, driven by 
their respective concentration gradients: a net K + 
efflux and a net Na + influx [19]. The work re- 
ported in this paper support this mechanism, it 
shows the presence of a loop diuretic-sensitive 
Na + transporting system in growing NIH 3T3 
cells, coupled to a net K + efflux. A transport 
system which catalyzes coupled fluxes of Na + and 
K +, is expected to exhibit several properties: (i) It 
should have the same ionic requirement for both 
cation fluxes; (ii) Its sensitivity towards specific 
inhibitors would be similar for the two coupled 
fluxes. These parameteres were examined and the 
results were consistent with the existence of a 
coupling between K + efflux and Na + influx 
through the diuretic-sensitive transport system. 
Due to difficulties in the assay of Na + influx, 
some of the early studies were conducted after 
cellular depletion of Na +, and at low Na + con- 
centration in the assay [4,7-10]. These conditions 
are toxic, and thus are expected to influence differ- 
ently the various transport systems including that 
of Na +. Furthermore, both the loop diuretic-sensi- 
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tive [15,16-20] and the amiloride-sensitive trans- 
port systems [7-9] were shown to be dependent on 
extracellular and intracellular K ÷ and Na ÷ con- 
centrations, and also on external pH [21]. Deple- 
tion of cellular Na ÷ would therefore affect differ- 
ently the loop diuretic-sensitive and the 
amiloride-sensitive Na + transporters. Na ÷ at nor- 
mal cellular concentration was shown to inhibit 
almost completely the amiloride-sensitive Na ÷ in- 
flux [8,9], while it is needed for the loop 
diuretic-sensitive Na ÷ influx [8,9], while it is needed 
for the loop diuretic-sensitive Na ÷ influx [20]. 
Thus, depletion of cellular Na ÷ would activate the 
amiloride-sensitive Na ÷ influx, and inactivative 
the diuretic-sensitive Na ÷ influx. 

Indeed, the amiloride-sensitive Na + influx is 
very small under physiological conditions in many 
cells [9]. The amiloride-sensitive transport system 
is also dependent on the extracellular Na ÷ con- 
centration [4,7,8]. In a few cells, saturation of the 
amiloride-sensitive Na ÷ influx, was shown to oc- 
cur at lower Na ÷ concentrations than is needed to 
saturate the loop diuretic-sensitive Na ÷ influx [4,8]. 

As a result, by lowering the extracellular Na ÷ in 
the assay [4,7-10], the activity of the loop 
diuretic-sensitive Na ÷ influx would be low, whereas 
that of the amiloride-sensitive Na + influx would 
be decreased also, but to a lesser extent. The loop 
diuretic-sensitive Na ÷ influx is dependent on the 
presence of K ÷ in the medium [15-17,19]; there- 
fore by excluding K ÷ from the assay mixture it 
would completely inactivate the diuretic-sensitive 
Na ÷ influx, but on the other hand might not affect 
other Na ÷ transporters. The same considerations 
would be true for changing the pH of the cell and 
of the extracellular medium. For all these consid- 
erations, we kept the assay under more physiologi- 
cal conditions (100 mM Na ÷, 5 mM K ÷, pH 7.0), 
with no change in the intracellular ionic con- 
centrations. Under these conditions, the loop di- 
uretic-sensitive Na + influx was found to be at least 
50% of the total Na ÷ influx. Therefore, it seems 
fair to conclude that the loop diuretic-sensitive 
transporter is a major carrier for Na ÷ into the 
growing NIH 3T3 cells. The loop diuretic-resistant 
Na ÷ influx was not characterized here, and it 
probably represents other Na ÷ transport systems, 
such as N a + / H  +, Na+ /L i  +, N a + / C a  2+ and 
others. 
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