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Summary 

Changes in activities of plasma membrane enzymes during liver regeneration 
may be related to the maintenance of hepatic function or to the regulation of 
cell proliferation. Plasma membranes were isolated from rat livers at various 
times after partial hepatectomy, and the specific activities of alkaline phos- 
phatase, (Na÷+K÷)-ATPase, leucine aminopeptidase, 5'-nucleotidase, and 
adenylate cyclase (basal and with glucagon or epinephrine)were measured. 
Alkaline phosphatase and (Na++ K+)-ATPase activity increased 3.6-fold and 
2-fold respectively, during the first 48 h after partial hepatectomy. The time of 
onset and duration of change suggest that these increases in activity are 
involved in the maintenance of bile secretion. Decreases in leucine aminopep- 
tidase activity at 48--108 h and in 5'-nucleotidase activity at 12--24 h were ob- 
served, which may be involved in the restoration of protein and accumulation 
of RNA. The basal activity of adenylate cyclase increased after partial hepatec- 
tomy. The response of adenylate cyclase to epinephrine showed a transitory 
increase between 36 and 108 h after surgery, while the response to glucagon 
was decreased by approximately 50% at all time points through 324 h after sur- 
gery. These changes in the hormone responsiveness of adenylate cyclase are 
similar to those previously observed in fetal and preneoplastic liver. 

Introduction 

Partial hepatectomy of rats is followed by an initial burst of rapid compen- 
satory growth of the remaining liver lobes. After the first two or three rounds 
of cell division, the frequency of mitosis decreases and returns to normal by 
two weeks after surgery. At this time, the restoration of liver mass is essen- 
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tially complete  [ 1]. The rapid liver growth which occurs after partial hepatec- 
t omy  is not  regeneration, since the increase in mass is accomplished by enlarge- 
ment  of  the residual lobes rather than by replacement of  the excised lobes; 
however,  regenerating liver is the common descriptive term for this process. 

Regenerating liver provides an oppor tuni ty  to study the control of  cellular 
proliferation and has been proposed as an experimental model for neoplasia 
[1]. On the other  hand, regenerating liver continues to carry out  hepatic func- 
tions, of ten at rates equivalent to or higher than normal liver [2,3]. Changes in 
soluble enzymes of  regenerating liver have been well documented  {reviewed in 
refs. 1 and 4), bu t  the enzymes of  the plasma membrane have not  been exten- 
sively studied. This s tudy examines changes in specific activities of  some plasma 
membrane enzymes during the course of  liver regeneration in order to provide 
insight into their relationship to the maintenance of  hepatic function or the 
regulation of  cellular proliferation. 

Methods and Materials 

Partial hepatectomy of rats 
Male Wistar rats weighing 250--300 g were used for all experiments. Rats 

were fed Wayne Lab-Blox and tap water ad libitum and were kept  on a con- 
trolled lighting schedule with a 12-h dark period from 7.00 p.m. to 7.00 a.m. 
Partial hepatectomies  and sham operations were always performed between 
9.30 a n d  10.30 p.m. Surgery was carried out  under antiseptic conditions using 
the procedure of Higgins and Anderson [5]. Ligation and excision of  the 
median and left lateral lobes of  liver const i tuted partial (70%) hepatectomy.  
For  sham operation,  these lobes were delivered to the outside and allowed to 
slip back into the body  cavity. Rats were given in solution of  20% glucose ad 
libitum in place of  water for the first 12 h after surgery. 

Preparation of liver plasma membranes 
Normal control  rats (no operations), sham-operated control  rats (12 and 

48 h after surgery} and partially hepatectomized rats (12 through 324 h after 
surgery} were killed by  decapitation. Livers were perfused in situ with ice-cold 
phosphate-buffered saline until blanched. Membranes were prepared under ice- 
cold conditions, using a procedure similar to that  of Toda et al. [6] but  em- 
ploying a single four-part gradient for density gradient centrifugation instead of 
three successive two-part  gradients. Medium A consisted of  0.25 M sucrose, 
5 mM Tris, 1 mM MgC12, pH 7.4; Medium B was the same buffer  wi thout  
MgC12 [6].  3.5 g of  perfused liver, taken from the right lateral and caudate 
lobes, were homogenized in 35 ml of  Medium A using 15 strokes of  a loose 
pestle in a hand-held Dounce homogenizer. The homogenate was filtered 
through cheesecloth, diluted to 70 ml with Medium A, and centrifuged 10 min 
at 1500 ×g.  The pellet was washed twice in Medium B by homogenizing 3 
strokes a n d  centrifugation as before. The washed pellet was homogenized in 
10--15 ml of  Medium B, and sufficient 66% sucrose was added to make the sus- 
pension 48% (w/w) in sucrose. All sucrose solutions were buffered with 5 mM 
Tris, pH 7.5. The sample was divided between two tubes for the Beckman 
SW-27 rotor.  Over the sample in 48% sucrose, a discontinuous gradient con- 
sisting of  7 ml of  45% (w/w) sucrose, 8 ml of  41% (w/w) sucrose, and Medium 
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B to fill the tubes, was constructed.  Tubes were spun 1.5 h at 82500  ×g.  The 
material at the 41% sucrose : Medium B interface (d < 1.18) was collected as 
plasma membranes.  For  further purification, membranes were washed and sus- 
pended in Medium B and were made 45% in sucrose. The suspension was 
divided between two SW-27 rotor  tubes and overlayed with a discontinuous 
gradient consisting of  10 ml of  41% sucrose and Medium B to fill the tubes. 
Centrifugation and collection of  membranes was repeated as before. Plasma 
membranes were washed twice and suspended in Medium B, divided into ali- 
quots,  and stored at --50 ° C. 

Marker and e n z y m e  assays 
DNA was used as a marker for nuclear material, succinate dehydrogenase 

activity as a marker for mitochondria,  and glucose-6-phosphatase activity as a 
marker for endoplasmic reticulum. Plasma membrane enzyme activities mea- 
sured were 5'-nucleotidase, alkaline phosphatase, (Na*+ K÷)-ATPase, leucine 
aminopeptidase and adenylate cyclase. 

Before determination of  DNA, samples were precipitated and washed twice 
with ice-cold trichloroacetic acid, as described by Hutchison et al. [7]. DNA 
was extracted by  heating at 90°C for 30 min in 0.3 M trichloroacetic acid [8]. 
Insoluble material was removed by  centrifugation, and DNA in the supernatant 
was determined by the diphenylamine method of  Burton [9]. DNA from calf 
thymus  (Type V, sodium salt, Sigma Chemical Co.) was used to prepare stan- 
dards. 

Succinate dehydrogenase activity was measured by a modification of  the 
method  of  King [10].  The assay mixture contained 0.1 M sodium phosphate 
buffer, 40 mM succinate, pH 7.8, 0.1% bovine serum albumin and 2 mM K3Fe- 
(CN)6. Concentrations of  K3Fe(CN)~ above 2 mM were found to be inhibitory 
for the unpurified enzyme. The decrease in absorbance at 420 nm, followed at 
25°C in a Gilford-DU spectrophotometer ,  was converted to/~mol  of  succinate 
oxidized by the method  of  King [ 10]. 

All other  enzyme assays were conducted  at 37°C wi th  shaking, in the pres- 
ence of  saturating substrate. Except  where stated otherwise, assay solution 
(final concentrat ions given) and sample were pre-incubated 3 min before the 
addition of  substrate. Time and protein concentrat ion were chosen such that 
linear initial reaction rates were measured. Reagent blanks to correct for spon- 
taneous hydrolysis of  substrate were tubes to which sample was added after 
incubation and termination of  reaction. All tubes for assays involving measure- 
ment  of  inorganic phosphate were acid-washed before use. 

Glucose-6-phosphatase activity was measured according to the method of  
Baginski et  al. [ 11] using glucose-6-phosphate, disodium salt (Sigma). 

5'-Nucleotidase activity was determined in an assay mixture containing 80 
mM Tris, 10 mM MgSO4 and 5 mM AMP (disodium salt, Boehringer-Mannheim) 
[12] at pH 7.5, the experimentally determined pH optimum. After 7--15 min 
incubation, the reaction was s topped by  the addition of  ice-cold Chen reagent 
[13].  For determination of  phosphate,  color was developed at 45°C for 20 
min, particulate material was removed by centrifugation and the absorbance of  
the supernatant at 820 nm was measured. Protein in the concentrations used 
did not  interfere with the determination of  phosphate.  
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Alkaline phosphatase activity was determined using 0.2 M Tris, 5 mM 
MgSO4, 70 mM KC1, pH 8.9 [14], and 5 mM p-nitrophenylphosphate (Sigma 
104 phosphatase substrate). The reaction was stopped after 20 min by adding 
0.2 M NaOH. Particulate material was removed by centrifugation and the absor- 
bance of the supernatant at 420 nm was measured. E420 for p-nitrophenol was 
14 mM -~ • cm -1. 

(Na++ K+)-ATPase was determined in a mixture containing 80 mM Tris, 
5 mM MgSO4, 0.2 mM EDTA, 3 mM ATP (sodium salt, Boehringer-Mannheim), 
pH 7.5, in the presence or absence of 10 mM KC1 and 100 mM NaC1. After 10 
min incubation, the reaction was terminated by adding ice-cold trichloroacetic 
acid to a final concentration of 10% and placing the tubes on ice. After centri- 
fugation, inorganic phosphate was determined in the supernatant by the 
method of Bonting et al. [15]. (Na ÷ + K÷)-ATPase activity was taken to be the 
difference between total ATPase (with KC1 and NaC1) and Mg2+-ATPase (with- 
out KC1 and NaC1). 

Leucine aminopeptidase activity was measured by the method of Goldbarg 
and Rutenburg [ 16], using L-leucyl-~-naphthylamide (Sigma) as substrate. 

Adenylate cyclase basal activity was measured in an assay mixture containing 
40 mM Tris, 5 mM MgC12, 10 mM theophylline (Sigma), 3 mM ATP, pH 7.5 
[17], and an ATP-regenerating system consisting of 10 mM phosphoenolpyru- 
rate (tricyclohexylammonium salt, Gibco) and 15 units/ml of pyruvate kinase 
(Boehringer-Mannheim). Polypropylene tubes were used throughout. Sample 
was not pre-incubated before the addition of substrate. For studies of hormone 
responsiveness, the following substances (final concentrations given) were dis- 
solved in 1 mM HC1 and added in a volume of 5 pl immediately before sub- 
strate: 1/~M glucagon (Eli Lilly and Co.), 100 ~M L-epinephrine bitartrate 
(California Diagnostics) and 1 mM D,L-propranolol (Sigma). Addition of 5 pl 
of 1 mM HC1 alone had no effect on basal activity. After 15 min incubation, 
the reaction was stopped by immersing tubes in boiling water for 3 rain. After 
centrifugation, adenosine 3' : 5'-cyclic monophosphate (cyclic AMP) was deter- 
mined in an aliquot of supernatant using a cyclic AMP assay kit from Diagnos- 
tic Products Corp. This assay is based on a modification by Tovey et al. [18] of 
the method of Gilman [19]. 

Protein was measured by the method of Lowry et al. [20] using crystallized 
bovine serum albumin (Sigma) as standard. 

Results and Discussion 

Yield and purity of plasma membranes 
The average yield of plasma membranes from normal liver was 1.05 -+ 0.19 

mg/g wet weight of liver (mean + S.D. of 8 preparations) and from regenerating 
livers was 1.12 -+ 0.18 mg/g (30 preparations). These were membranes which 
had undergone two density gradient centrifugations, as described in Methods 
and Materials. To assess the purity of membranes prepared by this method, 
DNA and marker enzyme activities for plasma membranes, endoplasmic reti- 
culum, and mitochondria were measured in homogenates and plasma mem- 
branes from normal rat livers, as shown on Table I. The specific activities of 5': 
nucleotidase and alkaline phosphatase were increased 38-fold and 21-fold, 
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T A B L E  I 

M A R K E R  E N Z Y M E  A C T I V I T I E S  A N D  D N A  C O N T E N T  OF L I V E R  H O M O G E N A T E S  A N D  P L A S M A  

M E M B R A N E S  

H o m o g e n a t e s  a n d  p l a s m a  m e m b r a n e s  were  p r e p a r e d  f r o m  livers of  n o r m a l  rats, and assays were  car r ied  
ou t  as desc r ibed  in Me t h ods  a n d  Materials .  Specific activities of  5'-nucleotidase and glucose-6-phosphatase 
are expressed  as Szmol p h o s p h a t e  re leased pe r  m i n / m g  p ro t e in .  Specif ic  ac t iv i ty  of  alkaline phosphatase 
is expressed  as ~tmol p - n i t r o p h e n o l  re leased  pe r  m i n / m g  p ro te in .  Specif ic  ac t iv i ty  of  succinatc  d e h y d r o -  
gcnasc is exp re s sed  as Stmol succ ina te  ox id ized  pe r  m i n / m g  p ro te in .  One  un i t  of  ac t iv i ty  is one  ~tmol of  
p r o d u c t  re leased  or  subs t ra te  ox id ized  pe r  m i n u t e .  D N A  c o n t e n t  is expressed  as szg/mg p ro t e in  and  as 
m g / g  Hver. N u m b e r s  r e p r e s e n t  m e a n  -+ S.D.  fo r  p r e p a r a t i o n s  f r o m  3 rats  (DNA in h o m o g e n a t e )  or  5 ra ts  
( D N A  in p l a s m a  m e m b r a n e s  and all e n z y m e  act ivi t ies) .  

E n z y m e  ac t iv i ty  or  DNA H o m o g e n a t e s  Plasma m e m b r a n e s  

Specif ic  ac t iv i ty  Uni ts /g  l iver Specif ic  ac t iv i ty  Uni ts /g  liver 
or  p g / m g  p ro t e in  or  m g / g  l iver  or  ~g /mg  p ro t e in  

5 ' -Nucleo t idase  0 .037  _+ 0 . 004  5.83 + 0 .56  1.41 ± 0.16 1.54 + 0 .23  
Alkal ine p h o s p h a t a s e  0 . 0 0 5 6  + 0 . 0 0 0 2  0 .879  +- 0 . 0 3 2  0 .1 2 0  + 0 .021  0 .129  + 0 .012  
Glucose -6 -phospha te  0 .023  + 0 . 0 0 4  3 .52  + 0 .62  0 .0 2 2  +- 0 . 0 0 4  0 .026  + 0 .0 0 5  
Succ ina te  d e h y d r o g e n a s e  0 . 046  + 0 . 0 0 5  7.29 + 0 .89  0 .021  + 0 .0 0 6  0 .0 2 5  + 0 .006  
DNA 9 . 1  -+ 0.4 1.43 +- 0 .06  none  d e t e c t e d  

respectively, in plasma membranes as compared to homogenates,  while the 
recoveries of  these enzymes in plasma membranes were 26% and 15% of total 
units of  homogenate.  Differences in the purification and recovery of  these two 
plasma membrane marker enzymes have been observed previously [6,21,22] 
and may reflect the presence of  alkaline phosphatases in other  subcellular 
organelles or the selective loss during membrane preparation of  plasma mem- 
brane vesicles derived from the bile canaliculi, a region enriched in alkaline 
phosphatase [22].  Glucose-6-phosphatase activity was not  enriched, and less 
than 1% of the total activity of  homogenate  was recovered, in the plasma mem- 
brane preparation. Based on published values for glucose-6-phosphatase activity 
in purified microsomes, this specific activity represents about  5% contamina- 
tion by  endoplasmic reticulum [23].  The specific activities of  5'-nucleotidase, 
alkaline phosphatase and glucose-6-phosphatase in membranes prepared by this 
method  are very similar to those found in plasma membranes prepared by other 
methods  [6,21,23,24].  Less than 0.5% of the total units of  the mitochondrial 
marker succinate dehydrogenase was recovered in the plasma membrane prep- 
aration and the specific activity was approximately half that  of  homogenate.  
These results are similar to those of  Brown et al. [25] who measured succinate 
dehydrogenase using a different method.  DNA was not  detected in plasma 
membranes under assay conditions which would have detected 3 ~g of  DNA in 
200 #g of  membrane protein. 

Due to the requirements for large amounts  of  plasma membrane material in 
assays for DNA, glucose-6-phosphatase and succinate dehydrogenase, it was not  
practical to measure these markers for contaminants in each preparation of  
membranes throughout  the course of  liver regeneration. Contamination by 
mitochondria  was judged to be the most  serious potential problem, since as 
much as 30% of total  succinate dehydrogenase activity was routinely found in 
the 1500 X g pellet, as compared to less than 5% of total glucose-6-phosphatase 
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activity (data no t  shown). Therefore, only succinate dehydrogenase activity 
was measured in each preparation of  control  and regenerating rat liver plasma 
membranes before freezing. The average specific activity in regenerating rat 
liver plasma membranes was 0.024 -+ 0.006 pmol/min per mg protein (mean + 
S.D. of  30 preparations), and in no case was the specific activity in liver mem- 
branes from a single time point  during regeneration statistically different from 
that  of  control  membranes.  

Changes in activities of plasma membrane enzymes after partial hepatectomy 
Table II shows the effect  of  sham operations on enzyme activities in rat liver 

plasma membranes.  No effect  of  sham operation was seen except  on (Na* + K*)- 
ATPase activity, which was significantly decreased at 12 and 48 h after sham 
operations. 

Figs. 1--5 show changes in specific activities of  plasma membrane enzymes 
from livers obtained at intervals between 12 and 324 h (13.5 days) after partial 
hepatectomy.  

Alkaline phosphatase activity (Fig. 1) increased to a maximum of 3.6 times 
control  activity at 30--36 h after partial hepatectomy.  Specific activity at all 
times from 12 to 60 h was significantly greater than control. This result con- 
firms an earlier observation of  an increase in activity of alkaline phosphatase in 
regenerating liver homogenates [ 26], as well as single time-point observations in 
liver plasma membranes [21,27] from partially hepatectomized rats. 

5'-Nucleotidase activity (Fig. 2) was significantly lower than control values 
(P ~ 0.05) in membranes isolated from rat livers at 12, 18 and 24 h after par- 
tial hepatec tomy.  This result is consistent with the finding of Sirica et al. [21] 
that  5'-nucleotidase activity in plasma membranes isolated at 24 h after surgery 
is decreased. In contrast,  Masuda and co-workers [ 28], measuring enzyme activ- 

T A B L E  II  

E F F E C T  OF S H A M  O P E R A T I O N S  ON P L A S M A  M E M B R A N E  E N Z Y M E  A C T I V I T I E S  

L ive r  p l a s m a  m e m b r a n e s  f r o m  u n o p e r a t e d  ra t s  a n d  s h a m - o p e r a t e d  ra ts  12 an d  48 h a f t e r  sttrgery were  
p r e p a r e d  as desc r ibed  in M e t h o d s  a n d  Mater ia ls ,  o m i t t i n g  the  second  sucrose dens i ty  g rad ien t  cen t r i fu-  
ga t ion .  E n z y m e  assays  were  p e r f o r m e d  as desc r ibed  in M e t h o d s  and  Materials .  Specif ic  act ivi t ies  of  
5 ' -nuc leo t idase  and  (Na ÷ + K+)-ATPase are  expressed  as # m o l  p h o s p h a t e  re leased  p e r  m i n / m g  p ro te in .  
Specif ic  ac t iv i ty  of  a lkal ine  p h o s p h a t a s e  is expressed  a s / ~ m o l  p - n i t r o p h e n o l  re leased  pe r  m i n / m g  pro te in .  
Specif ic  ac t iv i ty  o f  leucLne ami t~opept idase  is exp re s sed  ~s/~mol  ~ -n ap h th y ]amin e  f o r m e d  per  m i n l m g  pro-  
te in .  Specif ic  ac t iv i ty  o f  a d e n y l a t e  cyclase  is expressed  as p m o l  of  cycl ic  AMP f o r m e d  per  m i n / m g  p ro te in .  
Act iv i t ies  a re  given as m e a n  + S.D. fo r  p l a s m a  m e m b r a n e s  f r o m  6 ra t s  (no  ope ra t i on )  or  3 ra ts  ( sham 
ope ra t ions ) .  

E n z y m e  ac t iv i ty  No o p e r a t i o n  S h a m  ope ra t i ons  

12 h 48  h 

5 ' -Nuc leo t idase  1.29 + 0 .15  1.09 + 0 .14  
Alkal ine  p h o s p h a t a s e  0 .103  +_ 0 . 0 1 5  0 . 1 2 0  + 0 .047  
(Na+÷  K+)-ATPase 0 .29  + 0 .04  0 .16  + 0 ,02  * 
Leuc ine  a m i n o p e p t i d a s e  0 . 1 0 0  + 0 .023  0 .1 0 8  -+ 0 .013  
A d e n y l a t e  cyclase  (basal)  23 + 5 n o t  d o n e  
A d e n y l a t e  cyclase  (+ g lucagon)  779  + 12 n o t  d o n e  

1 .44  -+ 0 .24  
0 .1 0 4  +- 0 . 0 2 2  
0 .18  + 0 .10  * 
0 . 1 3 0  -+ 0 .0 3 2  

23 -+ 3 
624  +- 71 

* Signif icant ly  d i f f e r en t  f r o m  u n o p e r a t e d  g roup  a t  P <: 0 .05 .  
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Figs .  1 - - 4 .  Ac t iv i t i e s  o f  e n z y m e s  o f  l iver  p l a s m a  m e m b r a n e s  i s o l a t e d  a t  v a r i o u s  t i m e s  a f t e r  p a r t i a l  h e p a t e c -  
t o m y .  P l a s m a  m e m b r a n e s  we re  i s o l a t e d  f r o m  l ivers  o f  u n o p e r a t e d  c o n t r o l  a n d  p a r t i a l l y  h e p a t e e t o m i z e d  
r a t s  as  d e s c r i b e d  in  M e t h o d s  a n d  Ma te r i a l s .  Spec i f i c  ac t iv i t i e s  a r e  e x p r e s s e d  as  # t o o l  o f  p r o d u c t  f o r m e d  p e r  
m i n / m g  p r o t e i n  (see T a b l e  II) .  E a c h  so l id  c i rc le  r e p r e s e n t s  t h e  average  o f  t r i p l i ca t e  d e t e r m i n a t i o n s  o f  
e n z y m e  a e t l v i t y  i n  m e m b r a n e s  f r o m  a s ingle  l iver .  V e r t i c a l  l ines  c o n n e c t  t h e  spec i f i c  a c t i v i t y  va lues  f o r  
m e m b r a n e s  f r o m  r a t s  s a c r i f i c e d  a t  e a c h  t i m e  p o i n t .  T h e  so l id  h o r i z o n t a l  l ine passes  t h r o u g h  t h e  average  
spec i f i c  a c t i v i t y  f o r  e a c h  t i m e  p o i n t .  T h e  d a s h e d  h o r i z o n t a l  l lne ,  s h o w i n g  t h e  average  spec i f i c  a c t i v i t y  in  
l iver  p l a s m a  m e m b r a n e s  f r o m  u n o p e r a t e d  c o n t r o l  r a t s ,  is  i n c l u d e d  f o r  r e f e r e n c e .  
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maximum specific activity of two times control at 48 h. This result is consis- 
tent with a previous report of increased activity in rat liver homogenates at 1--6 
days after partial hepatectomy and increased ability of regenerating liver slices 
to take up 86Rb, as compared to normal liver slices [29]. In contrast, Masuda 
et al. [28] observed no change in (Na÷+ K÷)-ATPase activity over a 10-day 
period after partial hepatectomy. 

Leucine aminopeptidase activity (Fig. 4) remained unchanged through the 
first 36 h after surgery, but was significantly lower than control (P ~< 0.05) in 
membranes isolated at 48--108 h after partial hepatectomy. This observation 
is the opposite of the result of Masuda et al. [28], who reported an increase in 
activity at 1--3 days. 

The basal activity of adenylate cyclase (Fig. 5) was significantly greater than 
control (P ~< 0.05) in membranes isolated at all time points between 24 and 
324 h after partial hepatectomy, except for the 30-h time point. Adenylate 
cyclase activity was not stimulated by epinephrine in control membranes or 
membranes from livers 12--30 h after partial hepatectomy, as shown in Fig. 5. 
Stimulation of activity occurred in membranes isolated 36--108 h after sur- 
gery, with maximum stimulation of 1.7-fold at 60 h. The effect of epinephrine 
on adenylate cyclase activity in 60-h regenerating rat liver plasma membranes 
was blocked by the addition of the/3-adrenergic antagonist propranolol to the 
assay mixture (specific activity = 36 + 6 pmol/min per mg protein). Propranolol 
alone had no effect on adenylate cyclase activity. 
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Fig. 5. Basal (e) and epinephrine-stimulated (o) activity of adenylate cyclase in liver plasma membranes 
i s o l a t e d  a t  v a r i o u s  t i m e s  a f t e r  p e r t l a l  h e p a t e c t o m y .  P l amna  m e m b r a n e s  we re  i s o l a t e d  f r o m  l ivers  o f  un -  
o p e r a t e d  c o n t r o l  a n d  p a r t i a l l y  h e p a t e c t o m i z e d  r a t s  as  d e s c r / b e d  in  M e t h o d s  a n d  Mate r i a l s .  Spec i f i c  ac t iv -  
i t y  is  e x p r e s s e d  as  p m o l  o f  c y c l i c  A M P  f o r m e d  p e r  r a i n / r a g  p r o t e i n .  E a c h  c i rc le  represents  the average o f  
d u p l i c a t e  d e t e r m i n a f i o n s  o f  e n z y m e  act iv i ty  in m e m b r a n e s  f r o m  a i lng le  l iver .  V e r t i c a l  l ines  c o n n e c t  t h e  
specif ic  a c t i v i t y  va lues  for  m e m b r a n e s  f r o m  r a t s  s a c r i f i c e d  a t  e a c h  t i m e  p o i n t .  So l id  a n d  d a s h e d  h o r i z o n t a l  
l ines  pass  through the ave rage  spec i f i c  a c t i v i t y  f o r  e a c h  t i m e  p o i n t .  
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A decrease [30] or a loss [31] of epinephrine response of adenylate cyclase 
in plasma membranes, as compared to liver homogenate, has been observed by 
others. Basal and epinephrine-stimulated adenylate cyclase activities were there- 
fore measured in the homogenates from which control and 60-h regenerating 
liver plasma membranes were isolated. As shown in Table III, the basal activity 
of adenylate cyclase in homogenates of 60-h regenerating rat liver was nearly 
three times that in unoperated control homogenates, which is consistent with 
the elevation of basal activity in membranes isolated from the 60-h homoge- 
nate. Control homogenates show a 5.6-fold stimulation of adenylate cyclase 
activity by epinephrine, while regenerating liver homogenates show a 7.3-fold 
increase. 

Leoni et al. [32] found an increase in basal activity of adenylate cyclase in 
liver plasma membranes isolated 4 and 15 h after partial hepatectomy, accom- 
panied by a decrease in epinephrine sensitivity. The present observation of an 
increase in basal activity beginning at 24 h with no effect of epinephrine before 
36 h does not necessarily conflict with that result, since the sensitivity of nor- 
mal rat liver adenylate cyclase to epinephrine was lost during the isolation of 
plasma membranes. In contrast, Weber [33] reported a decrease in basal ade- 
nylate cyclase activity in 24-h regenerating liver. 

The activity of adenylate cyclase in liver plasma membranes in the presence 
of glucagon is shown in Table IV. The response to glucagon (fold-stimulation of 
basal activity) in plasma membranes isolated 12 h after partial hepatectomy 
was less than half that in control membranes, and remained low throughout 
13.5 days. This result is consistent with the report of Leffert et al. [34] of a 
decreased glucagon-binding capacity in plasma membranes from 24-h regener- 
ating liver. 

In summary, shown here for the first time are (a) a decrease in leucine amino- 
peptidase activity and (b) changes in basal activity and hormone responsiveness 
of adenylate cyclase in liver plasma membranes isolated at times later than 24 h 
after partial hepatectomy. Other results presented here generally agree with 
previously published reports, with the exception of the recent time-course 
study of Masuda and co-workers [28]. Experimental differences in sex and 
strain of rats, husbandry, time of surgery or method of membrane isolation 
may contribute to these differences in results. 

T A B L E  I n  

E F F E C T  O F  E P I N E P H R I N E  O N  A D E N Y L A T E  C Y C L A S E  A C T I V I T Y  I N  H O M O G E N A T E S  O F  U N -  
O P E R A T E D  C O N T R O L  A N D  6 0 - h  R E G E N E R A T I N G  R A T  L I V E R S  

H o m o g e n a t e s  were  prepared and e n z y m e  assays  w e r e  carried o u t  as descr ibed  in M e t h o d s  and M a t e r i a l s .  
Spec i f i c  ac t iv i ty  is  e x p r e s s e d  as p m o l  o f  c y c l i c  A M P  p r o d u c e d  per  rain/rag prote in  and is given as m e a n  
+ S . D .  for  three  l i v e r s .  

S o u r c e  o f  h o m o g e n a t e  A d e n y l a t e  c y c l a s e  a c t i v i t y  

Basa l  + Epinephr ine  

Contro l  l i v e r  0 . 5  + 0 . 0  2 .7  -+ 0 . 6  5 .6  
6 0 - h  regenerat ing  l iver 1 . 4  + 0 . 4  * 9 . 4  -+ 0 . 9  * 7 . 3  

• D i f f e r e n t  f r o m  c o n t r o l  a t  P ~ 0 . 0 1 .  

Average  
f o l d - s t i m u l a t i o n  

b y  ep inephr ine  



3 7 8  

T A B L E  IV 

E F F E C T  OF G L U C A G O N  ON A D E N Y L A T E  C Y C L A S E  A C T I V I T Y  IN P L A S M A  M E M B R A N E S  F R O M  

C O N T R O L  A N D  R E G E N E R A T I N G  R A T  L I V E R  

Plasma m e m b r a n e s  w e r e  i so la ted  f r o m  livers o f  u n o p e r a t e d  co n t ro l  r a t s  and  par t ia l ly  h e p a t e c t o m i z e d  ra ts  
as desc r ibed  in Me t hods  a nd  Materials .  Specif ic  ac t iv i ty  is expressed  as p m o l  of  cycl ic  AMP p r o d u c e d  per  
ra in / rag  p ro t e i n  and  is  g iven as m e a n  -+ S.D. fo r  m e m b r a n e s  f r o m  th r ee  livers. 

Hours  a f t e r  A d e n y l a t e  cyclase  ac t iv i ty  Average  
par t ia l  fo ld - s t imula t ion  
h e p a t e c t o m y  Basal + Glucagon  by  g lucagon 

Cont ro l  
(no  ope ra t i on )  41 +- 3 927  +- 63 23 

12  3 2 +  12 297 + 39 10 
24 52+- 6 6 9 4 +  166 13 
36 4 8 +  3 640+- 28 13 
48  5 4 +  4 754  +- 199 14 
60 50 + 4 587 +- 48 12 

156 63-+ 10 787 + 81 13 
324  62 + 12 815  -+ 165  13 

Physiological significance of results 
The possible significance of changes in activities of plasma membrane 

enzymes after partial hepatectomy must be considered from the standpoint of 
regulation of cellular proliferation during regeneration and from the standpoint 
of maintenance of liver function following a large loss of mass. Since the phys- 
iological functions of some plasma membrane enzymes are not known, insight 
into their roles in liver regeneration may be provided by the time of onset, 
direction, and duration of change in specific activity after partial hepatectomy. 

The dramatic increase in alkaline phosphatase activity by 12 h after partial 
hepatectomy suggests that the enzyme may be involved in the regulation of 
DNA synthesis,  which begins at 16--18 h after surgery, or mitosis, which 
reaches an initial peak at about 36 h when surgery is performed near the begin- 
ning of the dark period [35]. However, using an experimental system similar to 
regenerating liver, other investigators have shown that increases in alkaline 
phosphatase are not necessary for DNA synthesis [27,36]. Histochemical 
studies reveal high activity of alkaline phosphatase at the bile canaliculi [37,38]. 
Since phosphorylcholine is a substrate for the enzyme, the increase in activity 
may contribute to the increased biliary choline secretion observed after partial 
hepatectomy [27]. Similarly, increases in (Na ÷ + K+)-ATPase activity may also 
be involved in maintaining the bile secretory function of liver. This hypothesis 
is supported by the following observations: (a) an inhibitory effect of cardiac 
glycosides on bile output [39], (b) a correspondence in temperature depen- 
dence of bile flow and (Na ÷ + K+)-ATPase activity [40] and (c) the similarity 
between the change with time of (Na÷+ K÷)-ATPase activity in the present 
study and the pattern of increase of bile production per g of liver after partial 
hepatectomy [41]. 

The decrease in leucine aminopeptidase activity reflects the overall decrease 
in protein catabolism after partial hepatectomy [42,43]. Since the increment 
in protein necessary to replace lost liver mass is accomplished primarily through 
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decreased protein breakdown [43], the decrease in leucine aminopeptidase may 
contribute to the restoration of plasma membrane protein. 

Several enzymes involved in RNA degradation have been demonstrated in 
plasma membrane preparations [44--46]. The present observation of a decrease 
in 5'-nucleotidase activity beginning at 12 h after partial hepatectomy corre- 
lates with observations of decreased ribonuclease activity in regenerating liver 
[47,48]. One may speculate that decreases in the RNA-degrading capacity of 
liver at early times after partial hepatectomy may contribute to the accumula- 
tion of messenger RNA species necessary for synthesis of proteins involved in 
cell division. Alternatively, there is evidence that some liver plasma membrane 
5'-nucleotidase may be externally oriented [49,50]. Changes in extracellular 
concentrations of adenosine, formed by hydrolysis of AMP, may be involved in 
the regulation of adenylate cyclase activity [ 51]. 

Hormonal regulation of liver regeneration has been indicated in several 
studies [52--55]. Cyclic AMP levels increase during the first 24 h after partial 
hepatectomy [56], but have not been measured at later times. Three waves of 
cyclic AMP production occur during this early period [54,55]; the second 
wave, at 12 h after surgery, is blocked by propranolol and appears to be 
required for the initiation of DNA synthesis [54]. However, the role of cyclic 
AMP in the control of cell proliferation is still controversial [57]. The overall 
effect on liver cyclic AMP levels of the observed increase in basal activity, 
decrease in glucagon sensitivity, and increase in epinephrine sensitivity after 
24 h, is difficult to predict. The decrease in glucagon response would tend to 
counteract the increase in serum glucagon which has been observed for at least 
three days after partial hepatectomy [34,58]. 

An increase in epinephrine response [ 59] and a decrease in glucagon response 
[60] have also been demonstrated for adenylate cyclase of preneoplastic liver. 
Fetal liver adenylate cyclase exhibits great sensitivity to epinephrine, which 
appears to be mediated through a H-receptor and which decreases to adult levels 
shortly after birth [61,62]. The glucagon response of adenylate cyclase may be 
lower in fetal liver than in adult liver [63]. Such similarities in hormonal regula- 
tion of regenerating, preneoplastic, and fetal liver adenylate cyclase lend sup- 
port to the hypothesis that some degree of metabolic dedifferentiation may 
accompany, or be required for, rapid cellular proliferation [64,65]. 
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