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S u m m a r y  

The  e f fec t  o f  ouaba in  on K ÷ t r a n s p o r t  was e x a m i n e d  in 3T3 and virally 
t r a n s f o r m e d  3T3 cells. A 10 min  expos u re  to  ouaba in  (10 _3 M) p r o d u c e d  
a p p r o x i m a t e l y  40% inhib i t ion  o f  the  un id i rec t iona l  K ÷ inf lux in all cell lines. In 
3T3 cells the  response  was no t  s ignif icant ly  a l tered by  up  to  70 min  exposu re  
to  the  drug. In cont ras t ,  the  c o n t i n u e d  exposu re  of  t r a n s f o r m e d  cells to  
ouaba in  p r o d u c e d  a t i m e - d e p e n d e n t  increase in the  K ÷ influx.  This increased 
inf lux was s h o w n  to be  a c c o m p a n i e d  by  an increase in the  K ÷ ef f lux .  The  
resul ts  suggest tha t ,  in t r a n s f o r m e d  cells, ouaba in  p roduces  b o t h  an inh ib i t ion  
o f  Na+-K ÷ exchange  and a s t imu la t ion  of  K+-K ÷ exchange .  The  la t ter  was 
s h o w n  to  be  m o r e  readi ly  reversible  than  the  fo rmer .  

I n t r o d u c t i o n  

The  phys ica l  and  b iochemica l  p rope r t i e s  o f  the  p l a sma  m e m b r a n e  of  no rma l  
and virally t r a n s f o r m e d  cells are d i f fe ren t .  T r a n s f o r m e d  cells show greater  
agglut inabi l i ty  with concanava l in  A [1] ,  and  con ta in  a l tered  p ro te ins  [2] ,  
g lycop ro t e in s  and glycol ipids  [3 ,4] .  T r a n s f o r m e d  cells o f t en  show increased 
ra tes  o f  m e m b r a n e  t r a n s p o r t  [5 ,6] .  Recen t ly ,  several r epor t s  have appea red  in 
which  K ÷ t r a n s p o r t  in n o r m a l  and  t r a n s f o r m e d  cells was c o m p a r e d  [7 - -12 ] .  In 
such s tudies  it is desirable  to  separa te  the to ta l  K ÷ inf lux into  its act ive and 
passive c o m p o n e n t s .  Fo r  this purpose ,  ouaba in ,  an inh ib i to r  o f  ( N a ÷ +  K÷) - 
ATPase  [13] ,  is usual ly used. Dur ing the  course  o f  e x p e r i m e n t s  designed to  
invest igate  the  e f fec ts  o f  cell p o p u l a t i o n  dens i ty  on K ÷ t r a n s p o r t  in 3T3 and 
virally t r a n s f o r m e d  3T3 cells [14]  we obse rved  a qual i ta t ive  d i f fe rence  in the  
response  of  the  t r a n s f o r m e d  cells to  ouabain .  

* To whom correspondence should be sent at the present address: Membrane Physiology Laboratory,  Im- 
perial Cancer Research Fund, Lincoln 's  Inn Fields, London WC2A 3PX, U.K. 
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Materials and Methods 

Cell cul ture  procedures .  Swiss 3T3 and SV3T3 cells were originally obtained 
from Flow Laboratories Ltd. Py3T3 cells were kindly supplied by Dr. E. Stein- 
hardt,  Insti tute of  Virology, University of  Glasgow. Each cell line was restarted 
from a frozen supply at approximately  10-week intervals. Cells were grown in 
Dulbecco-Vogt modified Eagle's medium [15] with 10% calf serum at 37°C in 
5% CO2. Stock cultures were grown in Roux bottles and subcultered every 
three to four days. For  experimental  purposes, 5 - 1 0  S cells were seeded in 
plastic culture dishes (Nunc, 9 cm diameter) and used two days later during 
exponential  growth. 

M e a s u r e m e n t  o f  K ~ uptake.  Cells were incubated at 37°C for periods of t ime 
in 86Rb÷-labelled Krebs solution [16] and then washed in ice-cold Krebs solu- 
t ion to remove extracellular activity. The washed cells were detached from the 
dish by incubation at 37°C with 2 ml of  a 0.025% solution of  trypsin in Krebs 
solution minus calcium and magnesium. 10 ml Krebs solution were added to 
the dish and a suspension of single cells was formed by aspiration. A 1 ml 
sample of  the cell suspension was used to determine the cell number  and mean 
cell volume (Coulter Counter)  as described previously [17].  The 86Rb ÷ content  
of  the remaining suspension was measured by detect ion of  Cerenkov radiation 
in a liquid scintillation counter  [ 18]. 

M e a s u r e m e n t  o f  K ~ washout .  Cells were incubated at 37°C for 3 h in 86Rb +- 
labelled Krebs solution and then washed in ice-cold Krebs solution to remove 
extracellular activity. 10 ml Krebs solution were added to the dish which was 
then incubated at 37 ° C. After 5 min the collecting solution was quickly poured 
into a scintillation vial for  86Rb÷ counting and a further  10 ml of  inactive Krebs 
solution were added to the dish. This procedure continued for a total  of  30 
min. The cells were then trypsinised and the cell number,  mean cell volume, 
and remaining cellular 86Rb ÷ activity determined. 

Results 

86Rb + was used as a K ÷ tracer in this work. Preliminary experiments using 
42K÷, and reports from other  laboratories [7,19] ,  justified the substi tution of  
86Rb ÷ for the short  half-life 42K÷ isotope. 

The time-course of  total K ÷ uptake in 3T3, Py3T3 and SV3T3 cells is shown 
in Fig. 1. The results indicate that  K ÷ uptake was linear within 10 min in all cell 
lines and 10 min was, therefore,  chosen as a suitable incubation period for 
measurement  of  the initial rate of  K ÷ uptake (influx). In this exper iment  the 
3T3 cells were at a density of  1.5 • 104 cells/cm 2 and the t ransformed cells at 
2.8 • 104 cells/cm 2. Under these conditions there was no difference in the K ÷ 
influx between the cell lines. 

It is well known that  ouabain causes an inhibition of  Na ÷-K ÷ exchange across 
cell membranes [13].  In 3T3 cells a ouabain concentra t ion of  10 -3 M was 
required to produce a 40% reduct ion of  the K ÷ influx. The response was not  
significantly altered by up to 60 min pre t rea tment  with the drug (Fig. 2). This 
result demonstrates,  in agreement with others [ 20,21],  that  cultured mouse cells 
retain the low sensitivity of  the species to ouabain. When the exper iment  was 
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Fig. 1. The  t i m e - c o u r s e  of  K + u p t a k e  by  3T3 (o 
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The  K + c o n c e n t r a t i o n  of  the  Krebs  so lu t i on  was 5.4 mmol /1  and the 8 6 R b +  ac t iv i ty  was a p p r o x i m a t e l y  

0.2 pCi /ml .  

Fig.  2. The  e f f e c t  o f  ouaba in  on the  K + in f lux  in 3T3  (o o), P y 3 T 3  (m I )  and  S V 3 T 3  
(A A) cells. The  g r o w t h  m e d i u m  was  r e m o v e d  and  the  cells were  i n c u b a t e d  at  3 7 ° C  in 10 ml  K r c b s  

so lu t i on  w i t h  or  w i t h o u t  ouaba ln  (10  -3 M) fo r  0 - - 6 0  rain.  This  so lu t ion  was t h e n  r ep laced  by 10 ml 

85Rb+- labe l l ed  Krebs  so lu t ion ,  w i t h  or  w i t h o u t  ouaba in ,  and  the  K + in f lux  m e a s u r e d  ove r  10 min .  Each  
p o i n t  r e p r e s e n t s  the  value  for  the  K + in f lux  in the  p resence  of  o u a b a i n  e x p r e s s e d  as a p e r c e n t  of  the  

con t ro l  va lues  m e a s u r e d  in the  absence  of  ouaba in .  A r e p r e s e n t a t i v e  e x p e r i m e n t  of  f o u r  sepa ra t e  exper i -  

m e n t s  p e r f o r m e d  is p r e sen t ed .  

repea ted  using Py3T3  and SV3T3 cells it was found  tha t  the initial inhibi t ion 
(40%) o f  the K + influx was fo l l owed  by  an increase in the K + influx (Fig. 2). 
The chloride influx was not  increased after a 60  min incubat ion with 10 -3 M 
ouabain.  This result suggests that the ef fect  on  the  K ÷ influx was no t  due to 
membrane  damage.  

The ef fect  o f  ouabain on  the  eff lux o f  K ÷ from 3T3 and transformed 3T3 
cells was also investigated. The ef fect  o f  various bathing solut ions  on  the  rate o f  
loss o f  S6Rb ÷ from preloaded P y 3 T 3  and 3T3 cells is s h o w n  in Table I. Extracellu- 

T A B L E  I 

T H E  E F F E C T  O F  O U A B A I N  O N  T H E  R A T E  O F  L O S S  O F  K ÷ F R O M  3T3  A N D  P Y 3 T 3  C E L L S  

The  w a s h o u t  o f  8 6 R b  + f r o m  p r e l o a d e d  cells was  f o l l o w e d  in to  each  o f  the  f o l l o w i n g  so lu t i ons :  (1)  c on t ro l  
K r e b s  so lu t ion ,  (2)  K r e b s  so lu t i on  + 10 -3 M ouaba in ,  (3) K+-free K r e b s  so lu t ion ,  (4)  K+-free K r e b s  solu- 

t i o n  + 10 -3 M ouaba in .  The  a m o u n t  o f  86Rb+ lost  du r ing  six success ive  5 ra in  pe r i ods  is e x p r e s s e d  as a 
f r a c t i o n  o f  the  a m o u n t  of  8 6 R b  + p r e sen t  a t  t he  b e g i n n i n g  of  each  5 m i n  pe r iod .  The  f r ac t iona l  loss of  

86Rb*  f r o m  3T3  cells was  n o t  s ign i f i can t ly  a f f e c t e d  by  any  o f  t he  c o n d i t i o n s  t e s t e d  (P > 0 .10)  a n d  the  
m e a n  va lues  (+S.E. )  are  s h o w n .  T h e  f r a c t i o n a l  loss o f  8 6 R b  + f r o m  P y 3 T 3  cells in to  so lu t ions  1, 3 and  4 

was  n o t  s ign i f i can t ly  d i f f e r e n t  (P  > 0 .10 )  a n d  the  m e a n  values  (-+S.E.) are  s h o w n .  T h e  f r ac t iona l  loss of  
8 6 R b  + f r o m  P y 3 T 3  cells was  s ign i f i can t ly  i nc reased  (P < 0 .01 )  by  the  p r e sence  o f  o u a b a i n  in the  collect-  

ing  so lu t ion .  

Cell l ine Col lec t ing  
s o l u t i o n  

F r a c t i o n  8 6 R b  + lost  

Col lec t ing  in te rva l  ( ra in)  

0 - -5  5- -10  1 0 - - 1 5  1 5 - - 2 0  20 - -25  2 5 - - 3 0  

3T3  (1) ,  (2) ,  
(3 ) ,  (4 )  

P y 3 T 3  (1 ) , (3 ) , ( 4 )  

(2 )  

0 .116  0 . 1 3 8  0 . 1 2 8  0 . 1 3 0  0 .124  0 .116  
(-+0.010) (-+0.008) (-*0.005) (-+0.012) (-*0.004) (-+0.006) 
0 . 1 3 3  0 .180  0 . 1 7 2  0 . 1 6 0  0 . 1 3 4  0 .122  
( - . 0 . 0 1 5 )  ( -+0 .009)  ( -+0 .006)  ( -*0 .006)  (+-0 .015)  ( -+0 .002)  
0 . 1 4 8  0 . 2 3 2  0 .266  0 .295  0 .326  0 .335  
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Fig. 3. Reve r s ib i l i t y  of  the  r e sponse  o f  vi ta l ly  t r a n s f o r m e d  cells to  ouaba in .  S V 3 T 3  cells were  i n c u b a t e d  

w i t h  10 ml  Krebs  s o l u t i o n  wi th  or w i t h o u t  o u a b a i n  (10  -3 M) fo r  60  m i n .  All d i shes  t h e n  rece ived  10 rnl 

K r e b s  s o l u t i o n  m i n u s  o u a b a i n  for  pe r i ods  r ang ing  f r o m  0 to 120  rain.  The  K + i n f l u x  was m e a s u r e d  by  
i n c u b a t i o n  wi th  86Rb+- labe l l ed  K r e b s  so lu t i on  fo r  10 rain.  Each p o i n t  r e p r e s e n t s  the  va lues  for  the  K + 

in f lux  a f t e r  o u a b a i n  t r e a t m e n t  e x p r e s s e d  as a p e r c e n t  o f  the  value o b t a i n e d  for  the  cont ro l .  The  value at  0 

ra in  was  m e a s u r e d  w i t h  o u a b a i n  p r e s e n t  in the  86Rb+- labe l l ed  K r e b s  so lu t ion .  

lar ouabain  increased the  ra te  o f  S6Rb* loss f rom the  t r ans fo rmed  cells bu t  n o t  
f r om the  u n t r a n s f o r m e d  cells (Table  I). Similar results were  ob ta ined  using 
42K+ (data  no t  shown).  The  increased K ÷ loss f rom the  t r ans fo rmed  cells was 
abol ished by  the  removal  o f  K ÷ f rom the  ba th ing  solution" (Table  I). This resul t  
indicates  tha t  the  e f fec t  o f  ouabain  on  the  K ÷ f luxes o f  t r an s fo rm ed  cells is due  
to  the  es tab l i shment  o f  K+-K + exchange.  Such exchange  was n o t  p resen t  in 
un t r e a t e d  cells since the  ef f lux  o f  K ÷ was no t  a f fec ted  by  the  removal  of  extra-  
cellular K ÷ (Table  I). 

It  appears  then  t ha t  the  K ÷ inf lux o f  ouabain- t rea ted  t r an s fo rm ed  cells is 
initially r e duc e d  by  the  inhib i t ion  o f  Na÷-K ÷ exchange  and then  rises a f te r  the  
onse t  o f  K÷-K ÷ exchange.  We wished to  tes t  w h e th e r  the  inhibi t ion o f  Na+-K ÷ 
exchange  c on t i nued  a f te r  the  es tab l i shment  o f  K+-K ÷ exchange.  To  this end,  
P y 3 T 3  cells were  t r ea ted  with 10 -3 M ouabain  and the  intracel lular  Na ÷ and K ÷ 
concen t r a t i ons  were  measured  by  f lame p h o t o m e t r y  [16] .  Over a 60 min per iod  
the  [Na+]i rose exponen t i a l l y  f r om 20 to  70 mmol/1 intracel lular  wate r  and the  
[K+]i fell exponen t i a l l y  f r om 200 to  130 mmol/1 intracel lular  water .  There fore ,  in 
the  t r a n s f o r me d  cells, ouabain  causes a s imul taneous  r educ t ion  o f  Na+-K + 
exchange  and s t imula t ion  o f  K*-K ÷ exchange.  In a similar e x p e r i m e n t  using 3T3 
cells [Na*]i rose f rom 14 to  72 mmol/1 of  intracel lular  wa te r  and [K*]i fell 
f r om 168 to  102 mmol/1 intracel lular  water .  

The  reversibi l i ty o f  these ef fec ts  has been examined .  SV3T3  cells were  
t r ea ted  with ouabain  for  60 min and then  t ransfer red  to  a con t ro l  Krebs 
solut ion.  The  K ÷ inf lux was measured  at  15-min intervals up to  120 rain a f te r  
t he  removal  o f  ouabain .  The  K ÷ inf lux decreased during the  first 60 rain and 
t hen  remained  cons t an t  at a value 40% below tha t  o f  the  un t r ea t ed  cont ro ls  
(Fig. 3). Thus,  t he  ouaba in- induced  K÷-K ÷ exchange  is m o re  readi ly  reversible 
than  the  inh ib i t ion  o f  Na+-K ÷ exchange.  
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Discussion 

Ouabain has been shown to bind to cells in two ways: (1) a saturable, spe- 
cific binding to Na ÷ pump sites which is sensitive to [K÷]o and (2) a non- 
specific uptake which is not  affected by [K÷]o and does not  saturate [22].  The 
slow onset and rapid reversal on the K÷-K ÷ exchange suggests that  this effect  is 
not  caused by ouabain a t tachment  to the specific binding sites. We propose 
that  the K+-K ÷ exchange arises from a non-specific interaction of  ouabain with 
the t ransformed cell's membrane.  In an a t tempt  to obtain further  evidence on 
this question we tried to measure the characteristics of [3H]ouabain binding to 
3T3 and Py3T3 cells. It is difficult  to obtain accurate measurements of  specific 
ouabain binding for cells which are insensitive to the drug [22].  We were 
unable to separate the two components  of  binding because of the high level of 
non-specific uptake at 10 -3 M ouabain. We were also unable to detect  differ- 
ences in the time-course of  total ouabain binding to normal and t ransformed 
cells. 

Thus the nature of  the interaction with ouabain responsible for the stimula- 
tion of  K%K ÷ exchange in t ranformed cells remains unknown.  It is possible that  a 
change in the properties of membrane lipids after viral t ransformation [4] is 
involved. This interpretat ion is supported by a preliminary observation that  treat- 
ment  of SV3T3 cells with ouabain for 60 min at 18°C did not  induce K÷-K ~ ex- 
change. Under these conditions the K ÷ influx was reduced 38% by ouabain, dem- 
onstrating that  inhibition of Nat-K ÷ exchange was maintained at the reduced 
temperature.  

Spaggiare et al. [7] reported a value of  50% for the inhibition of the unidi- 
rectional K ÷ influx (measured over 10 min) in SV3T3 cells. However, they did 
not  measure the K ÷ influx in cells treated with the drug for longer periods of  
time. Kimelberg and Mayhew [8,9] have measured the K ÷ "up take"  in 3T3 and 
SV3T3 cells exposed to ouabain for 60 min. However, in their experiments 
S6Rb + was present  during the whole period of  exposure to ouabain, whereas in 
the experiments reported here 86Rb÷ was present only during the final 10 min 
of incubation. The problems associated with the use of  long uptake times have 
already been noted [7]. Because of the substantial isotope backflux these 
uptake data are not  comparable to unidirectional influx measurements. It is, 
therefore,  impossible to determine whether  the SV3T3 cells of  Kimelberg and 
Mayhew display the anomalous response to ouabain seen in our cells. If so, 
their conclusion that  the t ransformed cells have a larger ouabain-sensitive K ÷ 
uptake than normal cells may not  be justified. In our experiments,  the values 
for  the ouabain-sensitive K ÷ influx were similar when normal and transformed 
cells were compared at low cell densities. 

Previous results on this question have been variable. The ouabain-sensitive 
K ÷ influx has been reported to be increased [10],  unaltered [12,14] or 
decreased [7,11] after virus-transformation. Similar variability has been 
observed for the effect  of  virus-transformation on (Na ÷ + K÷)-ATPase activity 
[8 ,9 ,23--27] .  Tupper  [28] has recently evaluated the effect  of subcultivation 
on the ouabain-sensitive K ÷ influx in 3T3 and SV3T3 cells. The influx changed 
little over 50 passages of  the t ransformed cell. In contrast,  over a similar 
number  of  passages, the influx in the 3T3 cells increased 5-fold. Thus, the 
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ouabain-sensitive K ÷ influx in 3T3 cells may be less, greater or equivalent to 
that  in the transformed cells. It is proable that  this finding accounts for much 
of the variation in previous studies. 

At the moment  we cannot say whether stimulation of K÷-K ÷ exchange by 
ouabain is a characteristic feature of virally transformed cells. The experiments 
need to be repeated using other cell lines, preferably more sensitive to ouabain 
so that  lower concentrations of the drug may be used. Negative selection on a 
cloned population of transformed 3T3 cells permits the recovery of revertants 
whose growth [29] and transport [30] characteristics are similar to those of 
normal cells. It will be interesting to examine the response of such cells to oua- 
bain. 
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