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Summary 

The influence of post-maturational aging on the activity and stability of rat 
liver epinephrine- and glucagon-sensitive adenylate cyclases (ATP pyrophos- 
phate-lyase (cyclizing), EC 4.6.1.1) was studied in liver homogenates from male 
and female Wistar rats ages 3, 12, and 24 months. Enzyme activity was measured 
in the unstimulated (basal) state and with fluoride activation (5 mM) as well as 
with a range of concentrations of glucagon and epinephrine. Basal activity was 
the same at 3 and 12 months but at 24 months was 1.4 times higher in both 
sexes. With fluoride and glucagon (1 nM--10 pM) activities were slightly but 
significantly greater (1.2 times) at 24 months vs. 3 and 12 months  in females 
but not  in males. In contrast, epinephrine-stimulated activity doubled from 3 
to 24 months in both males and females, with most of the increase occurring 
between 12 and 24 months. The concentration of epinephrine necessary for 
50% activation was the same (0.25 pM) at all ages, showing that  increased 
epinephrine response during aging is not  due to altered affinity of receptors for 
hormone. Increased epinephrine-sensitive activity was due either to increased 
numbers of enzyme catalytic units or to an increase of V but not to altered K m 
for substrate which was unchanged with age for both hormone- and fluoride- 
activated enzyme. Stability of the membrane-bound enzyme was examined in 
homogenates kept at 0°C for 24 h in the presence of protease and esterase 
inhibitors. Loss of adenylate cyclase activity was significantly correlated with 
increasing age. At each age epinephrine activity was least stable, glucagon activ- 
ity was most stable, and fluoride activity was intermediate. Glucagon-sensitive 
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activity was similar in fresh homogenates from animals of all three ages; only 
homogenates prepared from 24-month-old animals showed gross instability 
when kept at 0°C for 24 h. These experiments suggest that the increased activ- 
ity of hormone-sensitive adenylate cyclase with aging may be related to an 
alteration of the cell membrane. 

Introduction 

Although age is a known determinant of adenylate cyclase (ATP pyrophos- 
phate-lyase (cyclizing), EC 4.6.1.1) activity in a variety of animal tissues, most 
previous reports relating adenylate cyclase activity to animal age have dealt 
with early development and maturation [1--6]; only a few have been con- 
cerned with post-maturational changes or with senescence in such tissues as fat, 
brain, and aorta [7--10]. More systematic measurements of hormone-stim- 
ulated adenylate cyclase made over the entire life span may provide a basis for 
understanding age-related changes of hormone sensitivity. Moreover, since 
adenylate cyclase is an enzyme which is a component of the plasma membrane, 
quantitative and qualitative studies of enzyme activity changes with age would 
also point to age-related alterations of membrane stJ~cture and function. 

Several studies of the distinct glucagon- and epinephrine-sensitive adenylate 
cyclases of liver have reported that the two enzymes exhibit decreases of activ- 
ity during development and that the change is greater for epinephrine- than for 
the glucagon-stimulated enzyme [ 1--3]. One recent study has indicated a post- 
natal increase of glucagon-sensitive adenylate cyclase [6]. Such observations 
have not previously been extended to include later times in the life span. This 
paper describes the relationship of maturation and senescence to epinephrine- 
and glucagon-sensitive adenylate cyclases of rat liver. We also present evidence 
suggesting that the observed changes of adenylate cyclase with age may be due 
to alterations of plasma membrane structure. The age-related changes of gluca- 
gon- and epinephrine-sensitive adenylate cyclases of liver are strikingly different 
from those recently seen for the same enzymes from adipose tissue of the same 
species [ 7]. 

Materials and Methods 

Materials. Crystalline glucagon (mixed porcine-bovine), L-epinephrine bitar- 
trate, glycylglycine, Tris base, Tris-HC1, theophylline, ATP (disodium salt), 
cyclic AMP (sodium salt), GTP (sodium salt), creatine phosphate (disodium 
salt), creatine phosphokinase (Type 1, rabbit muscle), sodium lauryl sulfate, 
and diisopropylfluorophosphate (DFP) were from Sigma. Reagent grade 
sodium fluoride (F-) was from Fisher. [~-3~p]ATP, tetra (triethylammonium) 
salt (10--20 Ci/mmol), and cyclic [G-3H]AMP, ammonium salt (20-30  Ci/ 
mmol), were from New England Nuclear. Cyclic [8-14C]AMP (35--50 Ci/mol) 
was from Schwarz/Mann. Trasylol (aprotinin) was obtained from FBA Pharma- 
ceuticals. Pepstatin was a gift from H. Umezawa (Institute of Microbial Chem- 
istry, Tokyo, Japan). 3-, 12-, and 24-month-old male and female rats were from 
an outbred Wistar strain raised at the Gerontology Research Center. 
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Preparation of tissue. Rats were narcotized with CO2. Livers were excised 
and quickly placed into ice-cold homogenizing medium containing 2 mM glycyl- 
glycine, 20 mM KC1, 20 mM NaC1, and 1 mM MgSO4, pH 7.4. 6 g of  an individ- 
ual liver were weighed, added to 20 volumes of  medium, and homogenized for 
10 s with a Virtis homogenizer. Tissue from pooled animals of the same age and 
sex was used whenever available; in these experiments 2 g of liver from each of 
three animals were pooled and homogenized in 20 volumes of homogenizing 
medium. For statistical calculations each experiment was weighted equally (i.e. 
assigned an n = 1) whether tissue was derived from single or pooled animals. 
Homogenates were assayed for adenylate cyclase activity immediately after 
preparation. 

Particulate ("membrane")  preparations were made from fresh homogenates 
by centrifuging measured volumes of homogenates at 30 000 × g for 5 min. 
The supernatant fractions were discarded and the pellets resuspended in homo- 
genizing medium to the same volume as the original homogenates. Particulates 
were twice recentrifuged and resuspended in the same volume, rehomogenized 
for 10 s to insure uniform suspension, and assayed immediately for adenylate 
cyclase. 

Assay of adenylate cyclase activity. Adenylate cyclase activity was assayed 
by  the method of  White and Zenser [11] or, in kinetic studies requiring an 
assay of  lower blank and higher sensitivity, the method of  Salomon et al. [12]. 
The latter was also used to study the effect of  GTP. Both methods quanti tate 
the formation of  cyclic [32P]AMP from [a-32p]ATP. Reactions were initiated 
by adding 20 gl tissue homogenate  (110--150 ttg protein) or particulate (50-- 
60 pg) to 30 pl of assay medium. Hormones or F- were added to the assay medi- 
um prior to addition of  enzyme. The final 50 pl volume contained 20 mM Tris • 
HC1 buffer at pH 7.6, 5 mM MgC12, 2 mM theophylline, 1 mM ATP, 1 pCi 
[a-32P]ATP, 2 mM cyclic AMP, 2.5 pCi cyclic [3H]AMP, + ATP-regenerating sys- 
tem consisting of  20 mM creatine phosphate and 1 mg/ml creatine phospho- 
kinase. Incubations (10 or 20 min) were in duplicate at 30°C in a shaking water 
bath and were terminated by the addition of  100 pl of  a pH 7.6 stopping solu- 
tion (34 mM sodium lauryl sulfate, 40 mM ATP, 12 mM cyclic AMP) followed 
by 50 pl containing 0.005 pCi cyclic [8-14C]AMP. The total 200 pl volume was 
then placed in boiling water for 5 min, cooled and applied to the columns for 
isolation of  cyclic AMP. Identity of  the product  of  liver adenylate cyclase activ- 
ity was verified as cyclic [32p]AMp by its destruction with cyclic AMP phos- 
phodiesterase. Recoveries of  cyclic [3H]- and cyclic [8-14C]AMP in any single 
tube  were essentially identical, indicating that there was no destruction of 
cyclic AMP product  during the incubations and that all product  loss (25--50%) 
occurred during chromatographic isolation. 

Tissue protein concentrations determined by the method of  Lowry et al. 
[13] were within a range where adenylate cyclase activity was linear with 
respect to protein concentration. Enzyme activity was also linear with respect 
to incubation times up to 20 min. Linearity with protein concentration and 
time was seen with both homogenate and particulate preparations from rats of  
all ages. The rationale for use of protein content  of homogenates as a denomi- 
nator in the determination of enzyme specific activities is the presence of  
equal concentrations of protein (per g wet  weight tissue) in livers of  animals of 
all ages studied. 
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Analysis of results. Age comparisons were always made with simultaneous 
assay of liver enzyme activity from 3-, 12-, and 24-month-old rats of the same 
sex. Particulate preparations were assayed for adenylate cyclase activity along 
with the parent homogenates. Age-, tissue preparation-, and stability-related 
comparisons of basal and stimulated adenylate cyclase activities were analyzed by 
the paired Student's t-test; male and female comparisons were unpaired. In stabil- 
ity experiments where enzyme preparations were assayed before and after 24 h 
at 0°C, significance of percentage activity losses after 24 h was analyzed by 
comparing percentage losses with 0% loss using the Student's t-test (one 
sample). Calculations were facilitated by the use of a Fortran program written 
in our laboratory and performed in a Raytheon Computer Model 706. 

Results 

Quantitation of liver adenylate cyclase activities in homogenate and particulate 
preparations 

Adenylate cyclase is usually determined in washed particulate or purified 
membrane preparations. However, our results consistently showed greater total 
adenylate cyclase activity per starting wet weight of tissue in homogenates than 
in particulates prepared from the same homogenates. Adenylate cyclase activity 
was not lost mechanically during preparation of particulates, since supernatant 
fractions showed no detectable basal, hormone-, or F--stimulated enzyme 
activity. Table I compares homogenate and particulate enzyme activities at 
each rat age tested. Epinephrine-, glucagon-, and F--stimulated activities were 
all considerably and significantly greater in homogenates than in particulates 
except for epinephrine-stimulated activities of the 3-month-old rats. Further- 
more, homogenate response to epinephrine stimulation was significantly greater 
in the 24-month- than in the 3-month-old rats while particulate activity showed 

T A B L E  I 

H O M O G E N A T E  V S .  P A R T I C U L A T E  D I F F E R E N C E S  O F  A D E N Y L A T E  C Y C L A S E  A C T I V I T I E S  
F R O M  R A T S  O F  T H R E E  A G E S  

H o m o g e n a t e  and part iculate  preparat ions  w e r e  assayed  as  d e s c r i b e d  i n  M a t e r i a l s  a n d  M e t h o d s .  E a c h  a c t i v -  

i t y  represents  the  m e a n  ± S . E .  o f  s ix  a n i m a l s .  T h r e e  e x p e r i m e n t s  u s e d  m a l e s ,  and three  u s e d  f e m a l e s .  P 
v a l u e s  f r o m  p a i r e d  S t u d e n t ' s  t - t e s t ;  n . s . ,  n o t  s i g n i f i c a n t  (P  > 0 . 0 5 ) .  

Age 
( m o n t h s ' )  

Adenylate cyclase activity +- S.E. (pmol cyclic AMP/20 min per 20 #I tissue 
equivalent) 

B a s a l  E p i n e p h r i n e  G l u c a g o n  F - ( 5  m M )  
(0.I mM) (I0/~M) 

3 H o m o g e n a t e  1 4 . 8  ± 2 . 3  3 9 . 7  +- 5 .1  1 1 6 . 3  + 1 5 . 2  8 6 . 8  -+ 1 1 . 1  
P a r t i c u l a t e  1 1 . 7  -+ 1 . 5  3 1 . 8  -+ 3 . 4  7 7 . 7  -+ 6 . 3  5 1 . 3  -+ 7 . 0  
P n .s .  n . s .  < 0 . 0 5  < 0 . 0 5  

12  H o m o g e n a t e  1 6 . 5  +- 2 . 9  6 1 . 0  ± 1 0 . 3  1 2 5 . 5  ± 1 4 . 4  9 4 . 2  ± 7 . 5  
P a r t i c u l a t e  1 2 . 8  +- 1 .8  3 7 . 7  ± 5 . 4  7 6 . 5  -+ 8 .7  5 2 . 7  ± 8 .1  
P n.s. <0.02 <0.01 <0.005 

24 H o m o g e n a t e  1 7 . 3  ± 3 .6  7 2 . 8  -+ 1 0 . 2  1 2 8 . 7  ± 1 5 . 9  9 3 . 7  ± 9 . 0  
P a r t i c u l a t e  1 0 . 2  +- 2 . 4  3 8 . 7  + 5 .9  6 9 . 3  -+ 1 2 . 0  4 9 . 0  + 7 . 6  
P n .s .  < 0 . 0 0 5  < 0 . 0 0 1  < 0 . 0 0 5  
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no significant age difference with epinephrine stimulation at any age tested 
(see below). Age differences were thus obliterated by use of  particulates. 

Several other considerations preclude the use of  particulates or purified 
membranes for quantitation of adenylate cyclase activity in liver. Recent  work 
in our laboratory indicates that the supernatant fraction of  homogenized rat 
liver contains a factor which is necessary for full expression of  hormone- and 
fluoride-stimulated adenylate cyclase activities. Particulate fractions, when 
resuspended in supernatant, exhibit  activities which are restored nearly to those 
of  the original homogenates (Katz, M.S., Pifieyro, M.A., Kalish, M.I. and 
Gregerman, R.I., unpublished). Others have independently noted similar 
effects with supernatants from a variety of  tissues tested on a membrane prepa- 
ration from heart muscle [14]. A soluble supernatant factor has also been 
described in brain [ 15]. This issue is further discussed below (see Effect  of  age 
on stability of  liver homogenate adenylate cyclase). 

Another consideration precluding the use of  purified liver membranes is that  
in our hands and those of  others, such membranes are poorly responsive to 
catecholamines [16]. Although glucagon responsiveness is well preserved, quali- 
tative alteration of  the membranes may be inferred from their altered dose vs. 
response curves [17]. A recent s tudy of the simultaneous effects of  endotoxin 
and epinephrine on adenylate cyclase in mouse liver homogenates and purified 
membranes clearly demonstrates a gross blunting of  responsiveness in the latter 
[ 18]. Thus, at the present time at least, adenylate cyclase of liver is clearly bet- 
ter quanti tated in homogenates than in particulates or purified membranes. 

Adenylate cyclase in males vs. females 
Comparisons of  males versus females at any single age tested (3, 12, or 24 

months)  showed no statistically significant sex differences of  basal, glucagon-, 
or F--stimulated homogenate adenylate cyclase activities. However, males and 
females did show different age-related changes of  glucagon and F- activities 
(Fig. 1, Table II and below). Epinephrine-stimulated values at any single age 
showed no sex differences at epinephrine concentrations up to 10 nM, but  at 
1 pM and 0.1 mM epinephrine 3-month females showed significantly greater 
activities than 3-month males (P < 0.025; data not  shown). Because of  these 
sex differences, enzyme changes with age were examined separately for males 
and females. 

Effect of age on basal and F--stimulated adenylate cyclase 
Basal and F--stimulated adenylate cyclase activities of  liver homogenates 

from 3-, 12-, and 24-month-old rats are shown in Table II. The 24-month basal 
activities were significantly greater than those at 3 months (male, P < 0.02; 
female, P < 0.01) and 12 months {male, P < 0.001; female, P <  0.01). F--stimu- 
lated activity was significantly greater in 24-month-old females than in 3- and 
12-month-old females (P < 0.01), but  F-  stimulation of  24-month-old males 
was not  significantly increased. 

Effect of age on hormone-sensitive adenylate cyclase 
Glucagon- and epinephrine-sensitive homogenate  adenylate cyclases are 

shown in the dose vs. response curves of  Figs. 1 and 2. There was no significant 
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Fig. 1. G lucagon  s t imu la t ion  of  l iver  h o m o g e n a t e  a d e n y l a t e  cyclase  f r o m  3-, 12-, and  2 4 - m o n t h - o l d  rats ,  
ma les  (A) and  females  (B). Each  p l o t t e d  va lue  r ep resen t s  the  m e a n  s t imu la t ed  ac t iv i ty  + S.E. of  n experi-  
m e n t s  each  c o m p a r i n g  l iver h o m o g e n a t e s  f r o m  th ree  single ra ts  ages 3 (e e) ,  12 (~ ~), an d  24 
(A- ~) m o n t h s .  G lucagon  t i t r a t ion  in ma les  (A) does  n o t  show signif icant  age d i f fe rences  excep t  for  
the  lowes t  c o n c e n t r a t i o n  (10 -9 M) whe re  the  2 4 - m o n t h  values  are slightly inc reased  (12- vs. 2 4 - m o n t h  
males ;  P < 0 .05) .  In  the  females  (B) values  for  the  2 4 - m o n t h  an imals  are h igher  at  all concen t r a t i ons :  12- 
vs. 2 4 - m o n t h  females ,  P ~ 0 .02 ,  < 0 .005 ,  < 0 . 0 0 5  for  10 -9 ,  10 -7  an d  10 -5 M, respec t ive ly .  C o m p a r a b l e  
s ignif icance of  d i f fe rences  was  f o u n d  for  3- vs. 2 4 - m o n t h  animals .  Basal values,  n o t  shown ,  are  given in 
Table  II .  

change of  glucagon-stimulated activity between 3 and 12 months  in animals of  
either sex. Glucagon-sensitive enzyme activity (Fig. 1) o f  female rats increased 
modest ly  but significantly from 12 to 24 months  for all hormone concentra- 
tions tested. In males there was no significant increase of  glucagon-stimulated 
activity except at the threshold dose (Fig. 1). This single increase in males may 
merely reflect the significant increase of  basal activity between 12 and 24 

T A B L E  II  

B A S A L  A N D  F - - S T I M U L A T E D  L I V E R  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  FROM 3-, 12-, A N D  
2 4 - M O N T H - O L D  R A T S  

Ra t  l iver h o m o g e n a t e s  were  assayed  as desc r ibed  in Materials  an d  Methods .  Each  ac t iv i ty  r ep resen t s  the  
m e a n  ± S.E. of  11 e x p e r i m e n t s  ( excep t  for  males  (basal)  w h e r e  n = 12).  

Age ( m o n t h s )  A d e n y l a t e  cyclase  ac t iv i ty  + S.E. ( p m o l  cyclic A M P / 2 0  m i n  p e r  m g  p ro t e in )  

Males Fema le s  

Basal F-(5 raM) Basal F - (5  raM) 

3 
12 
24 

81.6 + 12.0 528.7  + 33 .4  87 .4  +- 8.7 6 1 5 .4  ± 66 .5  
79.8 ± 9.0 513 .8  ± 32 .8  81.1 + 7.3 532.6 +- 42 .5  

107 .5  -+ 9 .4  564 .4  • 34 .8  134.3  + 20 .5  718.1 ± 85 .0  
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months (Table II and above) rather than a true increase of glucagon-sensitive 
activity at low concentrations of hormone. 

Epinephrine-sensitive adenylate cyclase activity (Fig. 2) increased strikingly 
between 12 and 24 months in both males and females and at every hormone 
concentration tested. Furthermore, in both sexes epinephrine activity at 24 
months (1 pM and 0.1 mM) was twice as great as that  at 3 months.  Mean activ- 
ities for both sexes were greater at 12 than at 3 months  at the latter concentra- 
tions of epinephrine, but the differences were not  statistically significant. How- 
ever, when the data were pooled for males and females, activities at 12 months  
were significantly higher than those at 3 months  (P < 0,05). No other differ- 
ences between 3- and 12-month animals were seen for basal, glucagon-, or F-- 
stimulated activities even when male and female activities were pooled. 

The striking increase of epinephrine response between 12 and 24 months  
shown in Fig. 2 is not obvious from age-related comparisons of  homogenates 
in Table I. However, this difference is undoubtedly due to the smaller number 
of  experiments in Table I than in Fig. 2. In fact, the results from Table I were 
expressed per mg protein and are included in the data for Fig. 2. 

Dose  vs. response curves for  ep inephr ine  
Epinephrine stimulation of  adenylate cyclase of 3-, 12-, and 24-month-old 

female rats was determined as a func t ion  of concentration of hormone and 
plotted as percent of maximum response to determine whether any of the ob- 
served results could be due to displacements of the dose vs. response relation- 
ships. Fig. 3 shows essentially the same curve for epinephrine-stimulated 
adenylate cyclase activity at all three ages, eliminating this possibility as an 
explanation for the age differences. 
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Fig. 2. Ep inephr ine  s t i m u l a t i o n  o f  l iver h o m o g e n a t e  a de ny l a t e  cyclase f rom 3-, 12-, an d  2 4 - m o n t h - o l d  
rats,  males  (A)  and  females  (B). E a c h  p l o t t e d  va lue  represen t s  the  m e a n  s t imu la t ed  ac t iv i ty  +- S.E. of  n 
e x p e r i m e n t s  each  c o m p a r i n g  liver h o m o g e n a t e s  f r o m  three  single rats  ages 3 (e o), 12 (u--  o)~ 
and  24 (A ~) m o n t h s .  F o r  males  12 vs. 24 m o n t h s ,  P < 0 .02 ,  < 0 .01 ,  < 0 .005 ,  < 0 .0 0 5  for  10 -10, 
10 -8,  10 -6 and  10 --4 M, respec t ive ly .  F o r  females  12 vs. 24 m o n t h s ,  P < 0 .005 ,  < 0 .005 ,  < 0 .001 ,  < 
0 .005 .  Signif icance of  d i f fe rences  b e t w e e n  3 and 24 m o n t h s  is c o m p a r a b l e .  Basal values,  n o t  s h o w n ,  are 
given in Table  II .  
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Fig. 3. E p i neph r i ne  s t i mu la t i on  of  l iver h o m o g e n a t e  a d e n y l a t e  cyclase  f r o m  3-, 12-, an d  2 4 - m o n t h - o l d  
f emale  rats.  Each  p l o t t e d  value of  p e r c e n t  of  m a x i m u m  ep inephr ine  response  r ep resen t s  the  m e a n  of  dupli-  
ca te  d e t e r m i n a t i o n s  f r o m  a single e x p e r i m e n t  c o m p a r i n g  th ree  liver h o m o g e n a t e s  each  poo led  f r o m  three  ra ts  
ages 3 (¢ e) ,  12 (~ cJ), or  24 (z~ ~) m o n t h s .  

Repeat dose vs. response curves gave similar results to Fig. 3, and both 
experiments showed slightly less stimulation by 0.1 mM epinephrine than by 1 
pM epinephrine. This is in contrast to the slight increase in epinephrine stimula- 
t ion from 1 pM to 0.1 mM shown for each age in Fig. 2. The apparent discre- 
pancy may be due to preparation for logistical reasons of epinephrine dilutions 
nearly 1 h in advance of initiation of adenylate cyclase assays in the experi- 
ments for Fig. 2, whereas epinephrine was prepared immediately before assay 
for Fig. 3. Because epinephrine is readily oxidized on exposure to air, concen- 
trations prepared for 1 pM and 0.1 mM but used after 1 h were probably lower 
than recorded. The results in Fig. 2 remain valid as relative responses because 
all epinephrine concentrations in each experiment were used at the same time 
after preparation and were therefore subject to the same degree of inactivation. 
Furthermore,  the shape of the curves in Figs. 2 and 3 indicates that  at the high- 
est epinephrine concentration used, maximal or near maximal stimulation must  
have occurred. 

Rat ios  o f  s t imu la ted  : basal act ivi t ies  
Age-related changes of  glucagon- and epinephrine-stimulated adenylate 

cyclase activities were further examined by comparisons of ratios of stimulated 
to basal (relative) activities. Although often used in the past, such ratios of hor- 
mone-stimulated to basal activities ("fold-st imulation") are by some workers 
no longer considered meaningful indices of  hormone stimulation because of  un- 
certainty over the significance of basal activities and the acknowledged com- 
plexity of interactions between enzyme, substrate, and activators [19,20]. 
Nonetheless, the ratios are included here because they do emphasize a major 
difference between stimulation by epinephrine as compared to other agents. 

Table III shows that  relative glucagon (10 pM) stimulation decreased from 
12 to 24 months  in rats of both sexes and from 3 to 24 months  in males only. 
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T A B L E  III  

R A T I O S  OF S T I M U L A T E D  TO BAS AL A C T I V I T I E S  OF L I V E R  H O M O G E N A T E  A D E N Y L A T E  
CYCLA SE  FROM 3 o, 12-, A N D  2 4 - M O N T H - O L D  R A T S  

Rat ios  of  s t imu la t ed  to basal act ivi t ies are ca lcu la ted  f r o m  the  same e x p e r i m e n t s  as in Table  II  and Figs. 1 
and 2. Signif icant  d i f fe rences  b e t w e e n  12 a nd  24 m o n t h s  ra t ios  are  sh o wn  by * (P <: 0 .05 ,  by  paired 
S tuden t ' s  t - test)  and  ** (P <~ 0 .01) .  Signif icant  d i f fe rences  b e t w e e n  3 and 24 m o n t h s  rat ios are s h o w n  by 

(P ~ 0 .05 )  and +~ (P ~ 0 .01) .  Ra t ios  in this  t ab le  show small  n u mer i ca l  d i f fe rences  f rom the  same ra t ios  cal- 
culated d i rec t ly  f r o m  Table  II  a nd  Figs. 1 and  2 because  of  d i f f e ren t  ca lcula t ion  m e t h o d s ;  values in this 
table are m e a n s  of  s t imula ted ]basa l  rat ios ± S.E., whereas  ca lcula t ions  f rom Table  II and  Figs. 1 and 2 give 
rat ios of  m e a n  absolu te  activit ies.  

Age Males Females  
Imon ths )  Glucagon  Ep inephr ine  F-  G lucagon  Ep inephr ine  F- 

(10 #M) (0.1 mM )  (5 mM )  (10 pM) (0.1 mM) (5 mM) 

3 1 0 . 8 ± 2 . 2  2 . 8 ± 0 . 6  8 . 1 ± 1 . 7  8 . 3 ± 0 . 9  3 . 2 ± 0 . 4  7 . 5 ± 0 . 9  
12 9 . 7 ± 1 . 0  3 . 3 ± 0 . 4  7 . 3 ± 1 . 0  8 . 2 ± 0 . 5  3 . 8 + 0 . 4  6 . 9 ± 0 . 6  
24 7 . 3 ± 0 . 9  * * ' $  4 . 9 ± 0 . 7  5 $ 5 . 9 ± 0 . 8 * *  6 . 8 ± 0 . 6 *  4 . 2 ± 0 . 4  5 5 . 4 ± 0 . 4 " ,  

On the other hand, relative epinephrine (0.1 mM) stimulation increased from 3 
to 24 months in both sexes and from 12 to 24 months  in males only. F- stimu- 
lation relative to basal declined with age. Changes of activity from 3 to 12 
months were not  statistically significant. These reciprocal age changes of rela- 
tive glucagon and epinephrine activities provide indirect evidence for the con- 
cept of two distinct hormone-sensitive adenylate cyclase enzymes in rat liver 
[21]. The conceptual problems of viewing adenylate cyclase activities in terms 
of "fold-st imulation" as opposed to absolute activities seen after stimulation 
are further considered in Discussion. 

Effect of  age on stability of  liver homogenate adenylate cyclase 
The activity of adenylate cyclase could reflect the integrity or structure of 

the plasma membrane to which the enzyme is bound rather than the number 
of enzyme units (see Discussion). To examine possible age-related changes in 
the cell membranes which might account for our observed increases of adenylate 
~yclase activity, stability of activity, a measure of membrane integrity, was 
assessed by assaying for losses with time. The loss of epinephrine- and glucagon- 
cesponsive activities during preparation of particulates and membranes 
precluded use of purified membranes for these stability experiments (see Quan- 
Litation of liver adenylate cyclase activities in homogenate and particulate prep- 
arations). 

Homogenates from rats of different ages were allowed to remain at 0°C for 
24 h. Losses of activity in homogenates from 3-, 12-, and 24-month-old animals 
~re shown in Fig. 4. The magnitude of the loss of basal and stimulated activities 
was directly related to increasing age. Loss of basal activity was significant be- 
Lween 3 and 24 months {P < 0.02). Losses of stimulated activity were signifi- 
cant between 12 and 24 months, but in no case was there significant change 
From 3 to 12 months. 

Glucagon-stimulated adenylate cyclase activity was the most stable. Losses 
with preparations from 3- and 12-month animals were not  significant while 
~eater  than 50% decrease was seen at 24 months  (P < 0.005). Epinephrine- 
~timulated adenylate cyclase was the most unstable activity, and significant 
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Fig. 4.  Stabi l i ty  o f  a d e n y l a t e  c yc la se  act iv i ty  in rat l iver h o m o g e n a t e s .  Preparat ions  w e r e  assayed  b e f o r e  
and after  i n c u b a t i o n  for 2 4  h at  0 ° C .  Bars represent  m e a n s  percent  loss  o f  ac t iv i ty ,  -+ S.E. (f ive exper i -  
m e n t s ;  three  w i th  male  a n i m a l s ,  t w o  w i t h  f emales ) .  Each e x p e r i m e n t  used  three  an imals  (3, 12 ,  2 4  
m o n t h s ) .  C o n c e n t r a t i o n s  o f  g lucagon ( G L U ) ,  1 0  #M; e p i n e p h r i n e  (EPI),  0 .1  m M ;  F - ,  5 raM.  P values  
w i th in  bars s h o w  levels  o f  s igni f icance  o f  ac t iv i ty  loss  af ter  2 4  h. S y m b o l  a bo v e  bar gives s igni f icance  o f  
d i f f e r e n c e  f r o m  preced ing  bar (*, P ~ 0 . 0 5 ;  **, P ~ 0 . 0 2 ;  no  s y m b o l ,  P > 0 . 0 5 ) .  

losses of  activity were seen in homogenates  from 3-, 12-, and 24-month ani- 
mals. Basal and F--stimulated activities were of  intermediate stability with sig- 
nificant activity losses after 24 h in 12- and 24-month animals but not  in those 
of  3 months.  

In comparing stability of  stimulated activities at a given age, the order was 
generally glucagon > F-  > epinephrine. Exceptions were lack of  significant dif- 
ferences of  stabilities between glucagon and F-  at 3 months  and between F-  
and epinephrine at 12 months.  Fig. 4 suggests a difference between F-  and 
epinephrine stabilities at 12 months,  but this difference was not  statistically 
significant by the paired Student's t-test used for stability comparisons. An un- 
paired comparison, on the other hand, shows F-  activity to be significantly 
more stable than epinephrine activity at 12 months  (P < 0.05).  

Liver content  of  lysosomal enzymes is known to increase with age [22] ,  and 
higher protease or esterase activities in the liver of  old rats might conceivably 
therefore account for the decreased stability of  adenylate cyclase in 24-month 
liver homogenates  compared to 3- and 12-month preparations. To examine this 
possibility, losses of  basal and stimulated adenylate cyclase activities in a homo-  
genate pooled from two 24-month-old male rats were compared in the presence 
and absence of  several protease and esterase inhibitors. Tissue aliquots were 
homogenized in standard medium or medium containing pepstatin (10 pM), 
Trasylol (1000  kallikrein inactivator units/g tissue), or diisopropylfluorophos- 
phate (2.7 mM); aliquots were then assayed for adenylate cyclase activity im- 
mediately after preparation and again after 24 h at 0°C. None  of  the three 
inhibitors tested prevented the 24-h losses of  activity seen in Fig. 4. The 
decreased stability of  adenylate cyclase from 24-month-old rats was therefore 
probably not  due merely to increased protease or esterase activity in prepara- 
tions from the old animals. 

As discussed earlier, the supernatant fraction of  liver homogenates  appears to 
contain a factor which increases adenylate cyclase activity (see Quantitiation of  
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liver adenylate cyclase activities in homogenate and particulate preparations). 
However, the supernatant factor does not  appear to be involved in our observed 
age-related instability of  adenylate cyclase during incubation at 0°C for 24 h. 
In separate experiments we have shown that the supernatant fraction is stable 
under these conditions. Furthermore,  the ability of  supernatant factor to 
restore hormone responsiveness of  particulate preparations is not  related to the 
age of  the animal from which the supernatant is derived. Increased hormone- 
responsiveness of  the homogenates of  24-month-old animals is clearly relatdd in 
particulate-supernatant cross-over experiments to the membrane-bound enzyme 
rather than to any alteration of activity of  the soluble supernatant factor (Katz, 
M.S., Pineyro, M.A., Kalish, M.I. and Gregerman, R.I., unpublished). 

Effect of  GTP on adenylate cyclase activity 
GTP activates rat liver membrane adenylate cyclase presumably by interact- 

ing with either the catalytic subunit or a separate regulatory subunit of  the 
enzyme complex [23,24].  The demonstrat ion of  a requirement for GTP usually 
involves conditions other than those used in these experiments, i.e. lower con- 
contrations of  ATP, purified membranes,  or the use of  highly purified, GTP- 
free ATP [25]. However, we wished to be certain that our observed age-related 
increase of  enzyme activity was not  due to relative lack of available GTP in 
homogenates from young animals. A liver homogenate preparation pooled from 
three 3-month-old female rats was assayed for adenylate cyclase in the absence 
and presence of  added 0.1 mM GTP. Basal and stimulated activities were un- 
affected by addition of  GTP. Addition of  GTP to a pooled homogenate from 
24-month animals was also without  effect. 

Age and kinetic characteristics of  adenylate cyclase 
Kinetic analyses of enzyme were performed to examine possible evidence for 

qualitative age effects on the adenylate cyclase complex. Using homogenates 
from 3-, 12-, and 24-month-old animals, each prepared and pooled from three 
females, basal and stimulated activities were measured at 10 min with ATP con- 
centrations varied from 10 pM to 1 mM and excess (5 mM) Mg 2÷. Kinetic data 
were fitted to Eadie-Hofstee plots of v vs. v/S, which have been shown to be 
superior to Lineweaver-Burk determinations of  kinetic parameters [26].  Linear 
regression, resultant slopes (slope by Eadie-Hofstee plot  =--Kin), and standard 
errors of slopes were calculated. Km values with epinephrine (0.1 mM)-, gluca- 
gon (10 pM)-, and F- (5 mM)-stimulated adenylate cyclase showed no statisti- 
cally significant variation with age. Mean Km values from 3-, 12-, and 24-month 
homogenates were 0.33 mM for basal, 0.26 mM with epinephrine, 0.18 mM 
with glucagon, and 0.22 mM with F- .  These Km values approximate those 
previously calculated for basal and stimulated liver adenylate cyclase in several 
assay systems [16,23].  The Km for basal adenylate cyclase activity appeared to 
be significantly lower at 12 than at 3 months  in this experiment (P < 0.01). 
However, fits of  the data of  the linear regression lines for the basal activities 
were adequate (r equal to or bet ter  than 0.85) only to provide approximations 
of  Km. For this reason establishment of significance for suspected differences 
of  basal Km values would require a large number  of  assays and would apparently 
serve to establish at most  only small differences. However, the present data are 
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sufficient to indicate that the age-related changes observed for basal and stimu- 
lated adenylate cyclase activities are not  due to alterations of  Kin. Moreover, 
the Km data support  the validity of  the routine assays since the latter were per- 
formed at concentrations of  substrate (1 mM ATP) which were 3--5 times 
those of  the apparent Km values. 

Discussion 

In this s tudy the most  striking age-related change of  adenylate cyclase of  rat 
liver was the post-maturational increase of  epinephrine-responsive activity, 
which approximately doubled between 3 and 24 months  of  age (Fig. 2). Ani- 
mals 12 months  old showed only slightly greater epinephrine response than did 
those of  3 months.  Most of  the increase of  epinephrine-responsive activity 
therefore occurs during senescence rather than during earlier adult aging. 
Although changes with senescence of  hormone-sensitive adenylate cyclase have 
been seen earlier, no previous studies have observed increased catecholamine- 
sensitive enzyme. This age-related increase of  epinephrine-responsive adenylate 
cyclase of  liver is, in fact, in striking contrast  to the decline with senescence of  
catecholamine-responsive activity previously noted in fat [7] and brain [8]. 

Basal, F--, and glucagon-stimulated adenylate cyclase activities also showed 
significant increases in senescent rats wi thout  changes between 3 and 12 
months  (Table II; Fig. 1). However,  increases at 24 months  were smaller than 
those for the epinephrine response and were sex dependent .  While basal activity 
was increased in both  24-month-old males and females, F-- and glucagon-stimu- 
lated activities showed significant increases only in senescent females. 

The age-related increases of basal, F--, and glucagon-responsive adenylate 
cyclase activities in rat liver are in contrast  to adenylate cyclase changes with 
aging found in other  tissues. In epididymal fat basal, F- ,  and glucagon activities 
all decrease between 2 and 24 months  of  age [7]. In the cerebral cortex and 
hippocampus basal activities are unchanged between 3 and 24 months  but  
increase in the caudate and cerebellar regions of  the 24-month animals. F--stim- 
ulated activity also decreases at advanced age in brain caudate bu t  increases in 
the cerebral cortex and is unchanged in the cerebellum and hippocampus [8]. 
In the rabbit  thoracic aorta basal and F--stimulated adenylate cyclase is un- 
changed with age, while F--stimulated activity increases in the abdominal aorta 
[10].  

Our conclusions concerning age-related alterations of  liver adenylate cyclases 
are based on enzyme activities expressed as absolute activities following hor- 
mone (and F-)  stimulation and not  on ratios of  stimulated to basal activities, or 
"fold-stimulation".  Unfortunately,  many previous investigators have used fold- 
stimulation ratios synonymously  with total  enzyme responsiveness, an 
approach which is clearly misconceived and confusing. Some of the problems 
of  expressing activities as fold-stimulation have been ment ioned previously (see 
Results). Although ratios of  stimulated to basal activities have usefulness as 
measures of  the presence in a particular tissue of  hormone-sensitive activity, 
there is in fact no way of  quantitating total enzyme activities by such ratios. 
Any change of  the number  or activity of  hormone-sensitive adenylate cyclase 
catalytic units would not  only be accompanied by a change of stimulated activ- 
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ity but  might also be paralleled by a change of basal activity. However, under 
these circumstances, the ratio of  stimulated to basal activities would not  be 
expected to change. Our observed age-related increases of basal activities may 
in fact be specifically due to increased amounts  or activity of  epinephrine-sensi- 
tive enzyme. In this case, expressing our results merely as fold-stimulation 
would obscure significant age differences. As shown in Table III, the increases 
with age of such ratios for epinephrine-sensitive activity are less striking than 
the absolute increases although still statistically significant. For glucagon- and 
F--stimulated activities the ratios actually decrease with age. 

The post-maturational changes we have found in rat liver differ from the 
developmental changes reported in earlier studies [1--6].  Two reports show 
decreased basal adenylate cyclase activity during development to 3 months of  
age [3,4]; in contrast, basal activity increases in our older animals. One study 
of  "old adul t"  Sprague-Dawley rats noted a decline of  basal, epinephrine-, and 
glucagon-stimulated activity but  reported age in terms of  body weight [ 1]. One 
can estimate from the reported body weights and published growth curves for 
this strain [27] that  the "o ld"  rats were probably no more  than 2--5 months  of  
age. Also in contrast  to our results with liver homogenates are the large 
decreases of  epinephrine-responsive liver particulate adenylate cyclase which 
have been descirbed during development.  In addition, by 40--90 days of age 
particulates were noted to be nearly unresponsive to epinephrine [2,3].  On the 
other  hand, our particulates prepared from 90-day-old animals showed nearly 
3-fold stimulation (Table I). The limitations of  studies based only on the use of  
particulates have been discussed (see Results). 

Recent  studies from several laboratories have indicated that  aging may be 
associated with the accumulation of  altered enzyme molecules. Examples of  
this phenomenon include fructose-l ,6-diphosphate aldolase from liver and 
muscle of  the mouse and aldolase, isocitrate lyase, enolase, and phosphogly- 
cerate kinase from a free living nematode [28--33].  In all cases studied to date, 
enzyme specific activities have decreased because of  the synthesis of  partially 
or completely inactive enzyme molecules [28,29,33].  Although possible, it 
seems unlikely that  our results are related to such a phenomenon,  since it is dif- 
ficult to conceive of  an alteration of  the protein port ion of  adenylate cyclase 
which would result in enhanced rather than decreased enzymatic activity. 

The mechanism of the increase with age c f  hormone-sensitive adenylate 
cyclase activity does not  appear to involve gross qualitative change of  the 
enzyme as reflected by kinetic parameters. Similar dose vs. response curves for 
the epinephrine-sensitive enzyme in preparations from rats of  different ages 
(Fig. 3) suggest that the affinity of the hormone receptors for epinephrine does 
not  change with age. Similarly, Km values for hormone- and F--stimulated 
adenylate cyclase do not  appear to change significantly with age. Thus, in the 
absence of  evidence for age-related change of enzyme characteristics to account  
for enhanced activities, our results would appear to be compatible with an 
increase with age in the number of epinephrine-sensitive adenylate cyclase com- 
plexes and a smaller, sex-dependent increase in the numbers of glucagon-sensi- 
tive complexes * 

* T h e  d a t a  p e r m i t  n o  d i s t i n c t i o n ,  o f  cour se ,  b e t w e e n  t h e  p o s s i b i l i t i e s  o f  i n c r e a s e d  n t u n b e r s  o f  ho r -  

m o n e  r e c e p t o r s  v e r s u s  c a t a l y t i c  s u b u n i t s .  S i n c e  F is t h o u g h t  t o  s t i m u l a t e  a d e n y l a t e  cyc l a se  d i r ec t -  
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However, an alternative explanation could account for the observed increase 
in the amount of enzyme activity; the V of adenylate cyclase could increase. At 
least one definite qualitative change of the adenylate cyclase complex appears 
to occur with aging. Fig. 4 shows that the stability of basal, hormone-, and F-- 
stimulated adenylate cyclase activities decreases with increasing age. These find- 
ings may well be based in an age-related change of the structure or composition 
of the cell membrane to which adenylate cyclase is bound. It is now established 
that alterations of phospholipids in membranes can affect the activity of 
enzymes associated with these lipids. In the well-studied case of glucose-6-phos- 
phatase of liver microsomes, phospholipids have been shown to provide an 
environment which constrains maximum enzyme activity [36]. Age-related 
alterations of enzyme activities in rat liver microsomal enzymes have also been 
noted in association with altered concentrations of phospholipids [37]. Recent 
work published since completion of our own shows that plasma membranes of 
old rats show 2-fold increases of activities of several ATPases associated with 
increased thermal instability (37°C) of these enzymes. These changes are also 
accompanied by decreased phospholipid content which can be reversed by 
feeding "essential" phospholipids, a maneuver which also increases the stability 
of the ATPases in the membranes from the old animals [38]. A role for phos- 
pholipids in the regulation of adenylate cyclase, probably at the level of the 
"transducer", is well recognized. Moreover, "constraint" of adenylate cyclase 
activity by membrane lipids has been discussed in terms of the mechanism by 
which certain agents, including detergents, activate the enzyme [39,40]. The 
recent studies of age-related changes in cell membranes of ATPase activity and 
phospholipids [38] therefore appear to have direct implications for the inter- 
pretation of our own results. The complexities of this area are, however, 
already clear. Other work has shown that, in very young animals, dietary deple- 
tion of essential fatty acids produced increased ATPase activity but decreased 
glucagon- and F--sensitive adenylate cyclase activity in liver membranes [41]. 
Thus, membrane-bound ATPase and adenylate cyclase activity need not 
change in parallel. Nevertheless, in explaining changes of adenylate cyclase 
activity generally, altered composition and structure of the plasma membrane 
with a resulting change of enzyme activity (V) must now be considered, in 
addition to the usually invoked possibilities of altered numbers of receptors 
and/or catalytic units. 

Our results suggest that age-related alterations of hormone responsiveness, 
especially to epinephrine, may be demonstrable for rat liver in vivo, although 
direct experimental evidence is not yet available. In several other situations 
positive correlations have already been made between changes of adenylate 
cyclase activity and hormone responsiveness. For example, decreased glucagon- 
sensitive adenylate cyclase activity in liver plasma membranes, produced during 

ly a t  the  ca ta ly t i c  subuni t  rather than through  r e c e p to rs  [ 3 4 ] ,  o n e  m i g h t  cons ider  that  changes  o f  
F - - s t i m u l a t e d  ac t i v i t y  c ou ld  be  used  to  e s t i m a t e  a l tered to ta l  n u m b e r s  o f  ca ta ly t i c  units  if ,  as s o m e  
w o r k e r s  have  a s s u m e d ,  F -  causes  full  e x p r e s s i o n  o f  the  e n z y m e  ac t iv i ty  [ 3 5 ] .  H o w e v e r ,  Figs.  1 and 
2 and  Tables  I a n d  n s h o w  t h a t  F -  ac t i v i t y  is n o t  on ly  less t h a n  to ta l  h o r m o n e - s e n s i t i v e  act iv i ty  
( g l u c a g o n  plus  e p i n e p h r i n e )  a t  each  age t e s t ed  b u t  is also less t h a n  g l u c a g o n  a c t i v i t y  a lone .  Less  F -  
ac t i v i t y  than g l u c a g o n  ac t i v i t y  has b e e n  prev ious ly  r e p o r t e d  for  l iver m e m b r a n e s  [ 1 6 ] .  These  
f indings ind ica te  that  age-re lated change  o f  F - - s t i m u l a t e d  l iver  e n z y m e  ac t iv i ty  d o e s  n o t  a d e q u a t e l y  
re f l ec t  a l terat ions  o f  t o t a l  a c t i v i t y  or  n u m b e r s  o f  ca t a ly t i c  subun i t s .  
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experimental deficiency of essential fatty acids, appears to correlate with 
decreased hormone responsiveness in vivo [42]. Moreover, during dietary mani- 
pulations altered fat cell adenylate cyclase activity is similarly associated with 
parallel changes of hormone-induced lipolysis [43 ]. 
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