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SUMMARY 

I.  In view of the reported ability of the regenerating rat  liver after partial 
hepatectomy to maintain a higher potassium and a lower sodium concentration than 
normal liver the activity of the cation pump in the regenerating rat liver was studied. 

2. The activity of the (Na+-K+)-activated ATPase system was increased. A 
maximal  increase of about 57 °/; was observed after 3 to 6 days of regeneration. 

3. The ouabain-sensitive 86Rb* uptake rate was increased from 2 to 6 days after 
regeneration by about 54 %0 maximally. 

4- The passive efflux of 86Rb+ was decreased by about 41 °.6 from I to 6 days 
after partial hepatectomy. The passive 22Na+ influx was not significantly changed. 

5. The increase in active cation transport,  assisted by the decreased passive 
cation efttux, was held responsible for the sinmltaneous increase in potassium level 
and decrease in sodium level in regenerating rat  liver. 

INTRODUCTION 

In recent years the cation levels in regenerating rat  liver after partial hepatec- 
tomy have received some attention. UYEKI 1 reported a large increase in potassium 
concentration and a small increase in sodium concentration 2-4 days after hepatec- 
tomy, but  MYERS 2 could not demonstrate statistically significant changes in cation 
levels under similar conditions. Subsequently HUMPHREY a established that  slices of 
regenerating liver could maintain a higher potassium concentration and a lower 
sodium concentration than those of normal liver. The effect began after 12 h and 
was maximal  between 2 and 5 days. He suggested that  this effect was caused by a 
decrease in the membrane permeabilities for sodium and potassium. 

I t  occurred to us that  the findings of HUMPHREY could also be explained by 
assuming an increased activi ty of the cation pump in liver cells after partial hepat- 
ectomy. I t  seemed to be more likely that  a single change, viz. increased cation pump 
activity, rather than two simultaneous changes, viz. decreased passive permeabilities 
for both sodimn and potassium, would cause the increased potassium concentration 
and lowered sodium concentration in regenerating liver. 

In recent years the active cation transport  in many  tissues has been found to 
be ouabain-sensitive and to be closely related or even identical to an ouabain-sen- 
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si t ive (Na+-K+)-ac t iva ted  ATPase  sys tem (SKou ~, POST et al. ~, DUNHAM AND GLYNN 6, 
BONTING AND CARAVAGGIO7). The presence of this  enzyme sys tem in l iver  has been 
d e m o n s t r a t e d  by  BONTING, CARAVAGGIO AND HAWKINS 8, EMMELOT el al." and AHMED 
AND JUDAH 1° and  the proper t ies  of t i le enzyme in ra t  l iver have recent ly  been deter-  
mined in our l abo ra to ry  11. Tile present  paper  repor ts  s tudies  of the ac t i v i t y  of this  
enzyme sys tem and the act ive up take  and  passive efflux of S6Rb+ in regenera t ing  ra t  
l iver  af ter  par t ia l  hepa tec tomy .  

METHODS 

Par t i a l  h e p a t e c t o m y  was per formed on adu l t  male Wis te r  ra ts  of abou t  250 g, 
3 3.5 mon ths  of age, according to the  me thod  of HIGGINS A.','D A.XDERSOX le, the  left 
l a te ra l  and  n led ium lobes being excised under  e ther  anesthes ia .  All opera t ions  were 
carr ied out  at  the  same t ime of day,  a t  II.OO a.m. At  I,  2, 3, 4, 5, 6 and  7 days ,  respec- 
t ively ,  af ter  h e p a t e c t o m y  the animals  were sacrificed by  s tunning  and decap i t a t ion  
and the l ivers removed.  Tissue p repa ra t ion  and assay  of (Na+-K+)-ac t iva ted  ATPase  
a c t i v i t y  were carr ied out  as previous ly  descr ibed (BONTING, CARAVAGGIO AND HAW- 
KlXS la) with the nfinor modif icat ion t ha t  all volumes used were 5o-fold magnified.  
The p r e t r e a t m e n t  wi th  1.5 M urea  n was not  applied.  Tile par t  of tile liver, which was 
removed  at  opera t ion  and  immed ia t e ly  lyophi l ized,  was used as control  for the l iver 
t aken  from the  same animal  af ter  regenerat ion.  

For  the  de te rmina t ion  of 86Rb~ up t ake  ra te  regenera t ing  and norlnal  l ivers 
were sliced with a Stadie  Riggs microtome.  Two to three  slices of 0.5 mm tifickness 
( to ta l  wet  weight 50 xoo rag) were p re incuba ted  in 3 lnl of a potass ium-free  balanced 
sal t  solut ion for I h at  o ~ in air. The ba lanced  salt  solut ion had  the following com- 
posi t ion (nunoles per 1): Na  + I49 , Ca 2~ I ,  Mg 2+ I, CI- 144 , HCO a 6, HPO4 '  1.5, 
H,,POa o.15, glucose 5.6 at  a p H  of 7.5-7.8. P re incuba t ion  at  o served to deple te  
the  t issue slices of in t race l lu la r  potass ium.  Thereaf te r  the slices were b lo t t e d  between 
f i l terpaper,  and  were t ransfer red  to 3 ml of the  above  lnedium conta in ing 0.5 mC 
86Rb~ per 1 (86RbC1, specific ac t i v i t y  ~ 5 ° mC/g Rb, was ob ta ined  from Philips 
Duphar ,  Ams te rdam) ,  wi th  or wi thout  ouaba in  (IO a .hi). The R b -  concentra t ion  in 
t i le  medium was in all cases less than  0.5 raM. Af ter  30 rain incubat ion  a t  3 7  in air  
wi th  gentle  shaking the slices were fi l tered on f i l te rpaper  with suction, r insed briefly 
(I 2 sec) in non- rad ioac t ive  medium,  b lo t t ed  between f i l terpaper,  weighed and sub- 
sequen t ly  counted  in a Phi l ips  P W  4119 scint i l la t ion de tec tor  moun ted  on a Phil ips 
P W  475 ~ counter .  

"File de te rmina t ions  with and wi thou t  ouaba in  were each carr ied out  in tr i-  
pl icate.  A correct ion was made  for superf icial ly adher ing  rad ioac t ive  medium b y  sub- 
jec t ing some slices to i lnmedia te  f i l t rat ion af ter  addi t ion  of the  rad ioac t ive  medium.  
The values,  ob ta ined  for these slices, were sub t rac ted  from those for the  slices in- 
cuba ted  for 3o rain at  37 °. After  expression of t i le r ad ioac t iv i ty  in counts / ra in  per 
/,1 tissue wate r  (assuming an average d ry  weight percentage  of 20 %), t i le T/M rat ios 
(counts/rain per/,1 t issue wate r  d iv ided  by  counts/rain per/~1 medium after  incubat ion)  
were ca lcula ted  for the slices incuba ted  with and for those incuba ted  wi thout  ouabain.  
The re la t ive  decrease in the  T/M rat io  (d T/M) upon addi t ion  of ouabain  was used 
as a measure of tile ouabain-sens i t ive  S6Rb up take  rate.  There was no significant 
difference in d ry  weight percentage  between slices incuba ted  with or wi thout  ouabain  
for 3 ° rain at  37:. 
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For determination of the passive permeability for S6Rb+ slices of normal and 
regenerating livers were preincubated for I h at 37 ° in air in the above potassium- 
free balanced salt solution in the presence of 7-5 mC 86Rb+/1. Thereafter the slices were 
transferred to the same medium, now without S~Rb+, but containing IO a M ouabain. 
After 5, IO and 20 rain incubation at 37 ° in air, 5o-t*l samples were taken from tile 
inedium and counted as described above. After completing the incubation tile slices 
were isolated by filtration and likewise counted. The amount of radioactivity, taken 
up by a slice during preincubation was calculated by adding the radioactivities in 
the slice and in the medium at the end of the experiment. Next, tile percent efflux 
could be calculated after 5, IO and 20 rain, respectively. All determinations were 
carried out in triplicate. 

For determination of the passive permeability for 22Na+ slices of normal and 
regenerating livers were incubated at 37 ° in air in a balanced salt solution of the 
following composition (mmoles per 1): Na + 146, K + 3, Ca2+ I, Mg 2+ I, C1- 144, HCO a- 
6, HPO4 e- 1. 5, H2PO 4- o.15, glucose 5.6 at pH 7.5-7.8. The medium contained in 
addition o.125 mC ~2Na+ per 1 (2=NaC1 was purchased from Philips Duphar, Anl- 
sterdam). IO -a M ouabain was present in the incubation medium to prevent an active 
transport of 2eNa+ out of the slice. After o, 5, IO and 20 rain incubation slices were 
filtered on filterpaper with suction, rinsed briefly in non-radioactive medium, blotted 
between filterpaper, weighed and the amount of radioactivity assayed as described 
above. All determinations were carried out in triplicate. The counts obtained for 
the non-incubated slices were subtracted from those for the slices incubated for 5, 
IO and 20 rain. In the same way as above T/M ratios were calculated after 5, IO and 
20 rain incubation. 

RESULTS 

Fig. I shows the change in absolute (Na+-K+)-ATPase activity in the liver after 
regeneration, expressed as percent increase in activity, compared with the part of 
the same liver removed during hepatectomy acting as control. The enzyme activity 
showed already an increase at I day after partial hepatectomy. Maximal increase of 
activity was observed after 3 to 6 days of regeneration. No explanation can be 
offered for the low value at 5 days. After 6 days the activity decreased to normal 
values. Mg2+-ATPase activity was not significantly changed during regeneration ex- 
cept for an increase of 18 3/0 (P : 0.0074 ) at 6 days. When animals were subjected 
to shanl-operations in which the abdomen was incised and the liver fingered as in 
real operations, but no hepatectomy was performed, they showed no significant 
change in (Na+-K+)-ATPase activity 3 days after the sham-operation. 

In determining S"Rb+ uptake rate an incubation period of 3 ° rain was used in 
routine experiments, because the increase in T/M ratio was found to be linear up 
to this time (Fig. 2). The changes in ouabain-sensitive SSRb+ uptake rate in tile re- 
generating liver, expressed as percent increase, relative to liver tissue removed from 
the same animal at hepatectomy, are also plotted in Fig. I. I t  can be seen that 2 days 
after partial hepatectomy the ouabain-sensitive ~Rb + uptake rate in the liver had 
increased by about 50 %. Thereupon the uptake rate slowly decreased, until after 
6- 7 days nearly normal values were reached. Animals subjected to sham-operations 
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showed 3 days after operation a 86Rb~ uptake rate, which was not significantly dif- 
ferent from that in animals before operation. 

From the results shown in Fig. I it may be concluded that both the (Na--K~)- 
activated ATPase activity and the ouabain-sensitive 86Rb ~ uptake rate were increased 
in the regenerating liver. Considering the variation in results from different animals, 
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Fig. i. Relative increase of (Na + l<+)-activated ATPase activity and of ouabain-sensit ive '~R1)- 
uptake  rate in ra t  liver after partial  hepatectomy.  O - - - O ,  percent increase in (Na+-l<+)-activated 
ATPase activity on dry weight basis, relative to liver tissue removed from same aninlal at hepa- 
tectomy. • - - • ,  percent increase after hepa tec tomy in ouabain-sensit ive par t  of T/M for ~6Rb+, 
relative to liver tissue removed from same animal at hepatectomy.  Each point  represents mean 
of three ol)servations on each of 2- 3 animals (number  of animals in parentheses) with s tandard 
errors (ranges in case of two animals). 

Fig. 2. Rate of nptake ofS61{b I by rat  liver slices with and withont  Io a M ouabain. Each point 
represents mean of duplicate observations,  
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Fig. 3. Passive86Rb+ efflux from ra t  liver slices before and 3 day, s after partial hepatectomy.  Each 
point  represents mean of three observat ions with s tandard  errors. 

Fig. 4. Relative decrease of passive t r anspor t  of U6RbT in rat  liver after partial hepatectomy.  
• O, relative change of the percent S6Rb+ efflux after 5 min incubation, compared with mean 
value before operation. Each point  represents mean of three observat ions on each of 2-3 animals 
(number  of animals in parentheses) with s tandard  errors (ranges in case of two animals). 
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a reasonable agreement between both parameters was obtained. There was a signif- 
icant difference only at 6 days after hepatectomy. At that time also the only increase 
in Mg2÷-ATPase activity was found. 

The passive permeability for Rb + was determined by measuring the S6Rb+ efflux 
during 5 min incubation in non-radioactive medium with slices previously loaded 
with 86Rb+. Up to this time a linear increase in S6Rb+ efflux was observed (Fig. 3)- 
In Fig. 4 the relative change (compared with the mean value before operation) of 
the percent efflux after 5 rain incubation has been plotted against the time after 
partial hepatectomy. Clearly, the S6Rb+ efflux, and thus the passive permeability 
for Rb + were decreased from I to 6 days after partial hepatectomy. 

The passive permeability for Na + was estimated by determining the 22Na+ 
uptake by slices of normal and regenerating livers in a ~2Na+-containing incubation 
medium, while the active transport processes were inhibited by the presence of 
IO -a M ouabain. By calculating the T/M ratios after 5 and ~o rain of incubation, the 
changes in passive permeability for Na + could be determined. Comparing the results 
from IO experimental animals after I, 2, 3, 4, 5 and 6 days of regeneration and those 
from 9 control animals, no significant change in passive Na*-transport was found 
(either at 5 or IO rain incubation). 

DISCUSSION 

The results reported here prove that the cation pump activity in regenerating 
rat liver was indeed increased, as shown in the simultaneous increases in (Na+-K+) - 
activated ATPase activity and ouabain-sensitive 86Rb+ uptake rate. Previously it 
was shown 11 that Rb + may be substituted for K + in studies of active cation transport 
in rat liver. The effects on both parameters were maximal between 2 and 6 days after 
partial hepatectomy, in agreement with tile findings of HUMPHREY a for tile changes 
in cation levels. Since HUMPHREY had suggested that decreases in tile passive per- 
meabilities for both cations might explain the changes in cation levels in regenerating 
rat liver, permeabilities for 86Rb+ and e2Na+ were also determined. It  was found that 
the passive permeability, at least for 86Rb+, was indeed decreased. No significant 
change in permeability for 22Na÷ could be detected. 

Since an increase in cation pump activity could occur as an adaptive process in 
cells, in which the cation levels are disturbed by an increased permeability for these 
ions, it was a somewhat unexpected result or our studies, that in the case of the re- 
generating rat liver an increase in cation pump activity was accompanied by a decrease 
in permeability for Rb +. The effects of these two changes would tend to reinforce 
each other. As to the significance of the increased cation pump activity, one is tempted 
to think of the coupling demonstrated in various tissues of the cation pump with 
active uptake of sugars (CsAKY 14,15, CURRAN16), amino acids (Cs.4KY 14,15, BITTNER 
AND HEINZ 17, FOX et al. 18, CURRAN 16) and other substances (Cs2{Ky14,15). The active 
uptake of these substances would need to be increased in order to support the ac- 
celerated nlitotie rate during regeneration of the rat liver. However, it is unlikely that 
the increased cation pump activity could be of much importance for the increased 
metabolic requirement, since the peak of mitosis occurs at about 28 h after operation 
(HARKNESS 19, BUCHER20), which is much earlier than the increase of pump activity 
observed in our study. Since the increase of weight is maximal in the first two days 
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a f t e r  pa r t i a l  h e p a t e c t o m y  19, i t  is e q u a l l y  un l ike ly  t h a t  t he  increase  of ca t ion  p u m p  

a c t i v i t y  is s i m p l y  co r r e l a t ed  wi th  the  c o m p e n s a t o r y  g r o w t h  of t he  res idual  l iver .  
In  add i t i on  we cou ld  no t  d e m o n s t r a t e  an  ouaba in - s ens i t i ve  ac t i ve  u p t a k e  of 14C- 

l abe led  a m i n o  acids  (k -pheny la l an ine  and  the  n o n - m e t a b o l i z a b l e  a m i n o  acid  cvclo-  

leucine)  and  sugars  ( the n o n - m e t a b o l i z a b l e  sugar  3 -O-methy lg lucose )  in ra t  l iver  slices. 

A n o t h e r  poss ib i l i ty  m i g h t  be  t h a t  the  a c t i v i t y  of the  ca t ion  p u m p  wou ld  be  

c o n n e c t e d  w i t h  bile secre t ion .  LEox( ; ,  PESSOTTI AXD BRAUER ~ found  in r e g e n e r a t i n g  

ra t  l ive r  a t r a n s i e n t  increase  in bile flow ra te  per  un i t  we igh t  of l iver ,  which  r eached  

a m a x i n m m  of 53 °o a b o v e  the  p r e r e g e n e r a t i v e  level  a t  3 days  a f te r  pa r t i a l  hepa tec -  

t o l n y  and  r e t u r n e d  to n o r m a l  a f te r  14 days .  The  e x t e n t  of t he  m a x i m a l  increase  and  

the  t i m e  at  which  i t  was  first r e ached  agree  r a t h e r  well  w i t h  our  f indings for the  ca t ion  

p u m p  sys tem.  BARTdK el al. ~~ o b s e r v e d  b y  m e a n s  of h i s tochemica l  s t a in ing  tech-  

n iques  an  inc reased  A T P a s e  a c t i v i t y  in t he  cell m e m b r a n e s  of the  bile cana l icu l i  of 

t he  r e g e n e r a t i n g  ra t  l iver ,  beg inn ing  I d a y  a f te r  pa r t i a l  b e p a t e c t o m y  and  b e c o m i n g  

m a x i m a l  a f te r  4 days .  I t  is u n d e r s t a n d a b l e  t h a t  t he  l ive r  a f t e r  r e d u c t i o n  to o n e - t h i r d  

of i ts  or ig ina l  v o l u m e  stil l  has  to p roduce  suff icient  bile to m a i n t a i n  diges t ion.  Th is  

w o u l d  impose  an inc reased  b u r d e n  on the  r e m a i n i n g  one - th i rd  of t he  l iver .  P re l i l n ina ry  

e x p e r i m e n t s  in our  l a b o r a t o r y  c lear ly  d e m o n s t r a t e d  t h a t  bile secre t ion  in ra t s  is 

m h i b i t a b l e  b y  ouaba in  i n j e c t e d  in to  t he  por ta l  vein,  sugges t ing  t h a t  bile secre t ion  

depends  on ( N a t - K - ) - A T P a s e  ca t ion  p u m p  ac t i v i t y .  H e n c e  the  inc reased  ca t ion  p u m p  

a c t i v i t y  wou ld  llelp to keep  the  t o t a l  bile p r o d u c t i o n  a t  the  phys io log ica l ly  r e q u i r e d  

level .  
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