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Ahstruct. Based on the concept that the absence of cell division leads to senescence and 
that aging changes are most clearly manifest in long-lived postmitotic cells, isolated hepato- 
cytes are proposed as a suitable model for the study of cellular aging. These cells, aged in 
vivo under normal physiological conditions, will be of the same age as the donor after 
isolation. Several possibilities and advantages of this system are discussed. Examples given 
of the use of isolated hepatocytes for aging studies include the investigation of the relation 
between age-related alterations in rat liver functions (drug clearance, albumin synthesis) and 
aging processes at the cellular level. The potential use of isolated hepatocytes for studies on 
basic cellular aspects of aging is illustrated by experiments on changes in the activities of 
lysosomal enzymes as well as their multiple forms. A new additional approach to the study 
of cell aging, particularly with regard to phenomena such as cell contacts, cell recognition, 
and mutual influences between cells of various types, is offered by the possibility of cocul- 
tivating hepatocytes and sinusoidal cells from young and old rat livers. 

Aging and cellular division capacity. On 
the basis of proliferative activity, mamma- 
lian cells can be classified into three types: 
(a) continually dividing intermitotic cells 
(hemopoietic stem cells, fibroblasts); (b) 
postmitotic cells, formed early in life and 
not replaceable after their specialization 
(neurons, striated muscle cells); (c) revert- 
ing postmitotic cells with a potential divid- 
ing capacity triggered only after a special 
stimulus (hepatocytes, osteocytes). 

As recently reviewed ( l ) ,  there is grow- 
ing evidence that long-lived postmitotic 
cells exhibit the most pronounced symp- 
toms of cellular senescence and that or- 
ganisms age more as a consequence of det- 
rimental changes in their nondividing cells 
than as the result of a limited renewal ca- 
pacity of intermitotic cells ( 1 ,  2). Thus, 
senescence is not caused by the loss of divi- 
sion capacity; on the contrary, the absence 
of cell division causes senescence (1) .  Ac- 
cepting this concept, studies on cellular 
aging should primarily deal with age-related 
changes in postmitotic cells and reverting 
postmitotic cells, which together probably 
constitute over 90% of the total cell number 
of mammals (1 ) .  

Impairmenr of cell function. It is difficult 
to obtain conclusive evidence of intrinsic 
cellular causes for the senescence in post- 
mitotic cells in vivo. Functions of cells in 

their natural surroundings are influenced by 
several extracellular factors, which may be 
primarily responsible for a decrease in cell 
functions with age. The physiological 
changes in blood circulation and distribu- 
tion are good examples. As a result of aging 
changes in cardiovascular dynamics, a re- 
distribution of the blood volume in several 
organs will occur (3). In general, the result 
will be a decreased blood supply to organs 
and the cells constituting these organs will 
be hampered in several of their functions. 

Evidence for the impairment of functions 
of postmitotic cells with age has come 
mainly from microscopical observations of 
structural changes as well as from bio- 
chemical studies, e.g., with tissue ho- 
mogenates. Both types of studies have in- 
herent limitations. Regarding microscopical 
studies, the relation between structural and 
functional changes in most cellular or- 
ganelles is far from clear. The main prob- 
lems in the biochemical studies involve (a) 
the cellular heterogeneity of the starting 
material, resulting, for example, in prepa- 
rations of cellular organelles derived from 
various cell classes; (b) harmful effects of 
the preparation procedure on the experi- 
mental material; and (c) the loss of cyto- 
plasmic factors during homogenization and 
isolation. 

Isolated long-lived cells as models for 
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aging studies. Most of the theoretical and 
experimental problems concerned with the 
in vivo studies on cellular aging as well as 
with the biochemical studies can be solved 
by another approach to the study of cell 
aging which is based on the use of suspen- 
sions consisting of single postmitotic cells. 
The basic idea behind this approach is that 
postmitotic cells aged in vivo under normal 
physiological conditions and isolated from 
donors of several ages will be of the same 
age as the donor. In this way, old cells ob- 
tained from an old individual can be com- 
pared with young cells isolated from a 
young individual. This experimental model 
system has been used by our group for the 
study of aging in postmitotic cells [for re- 
views, see (4-6)], while on the basis of ex- 
perimental evidence, Schneider and Mitsui 
(7) have proposed the system of isolating 
fibroblasts from young and old donors as an 
appropriate one for studying aging in inter- 
mitotic cells. Another general advantage of 
using isolated cells is the great potential for 
comparison of findings on isolated cells 
with observations or results obtained in 
vivo. 

Of great importance in the potential use- 
fulness of the proposed model system is the 
choice of starting material. If possible, the 
following prerequisites should be fulfilled: 
(a) Preference should be given to an organ 
which consists primarily of only one type of 
postmitotic cell with a well-understood re- 
lationship between physiological and func- 
tional competence at the organ level and 
biochemical processes occurring in the dis- 
tinct cell type. (b) With regard to aging, 
clear changes in the functional capacity of 
the organ of choice as well as of the cells 
constituting the organ should be described; 
ideally, there should be indications for a 
mutual relationship. (c) Practical prerequi- 
sites include the technical possibility of 
isolating sufficient cells in a viable state and 
with measurable functions. 

Organs consisting primarily of postmito- 
tic cells are brain, heart, and liver. The 
brain is perhaps the first organ to come to 
mind as a potential source for postmitotic 
cells. On second thought, it will be clear, 
however, that, apart from technical prob- 

lems with regard to cell isolation and de- 
termination of functions in isolated cells, 
the gap in our knowledge of the relation 
between changes in brain functions and the 
underlying cellular mechanisms is still far 
too great for a good exploration of this sys- 
tem. In addition, although neurons exhibit 
characteristic aging phenomena such as cell 
death and the accumulation of lipofuscin, 
these aging changes are to a considerable 
extent restricted to certain specified areas 
of the brain and are most probably not 
common to all brain cells (8). Similar con- 
siderations hold for physiological and cel- 
lular aging changes in the heart (8). Fortu- 
nately, as  will be outlined below, the 
hepatocytes in the mammalian liver appear 
to fulfill most of the requirements for a good 
model system for studies on cellular aging. 

Hepatocytes and cellular aging. Isolated 
hepatocytes are particularly suitable as a 
model for the study of cellular aging for a 
number of reasons. 

(a) The two main cell types in the mam- 
malian liver are hepatocytes or  paren- 
chymal cells and sinusoidal lining cells. The 
hepatocytes occupy about 90% of the total 
liver volume. They can be considered as 
reverting postmitotic cells with a low mito- 
tic incidence of about 0.01% under normal 
physiological conditions (9 ,  10). Con- 
sequently, nearly all parenchymal cells live 
for as long as the rat does after they have 
differentiated (1 1). 

(b) There is well-documented evidence 
for an age-related decline in several func- 
tions of the liver in man, the mouse, and the 
rat. The drug-metabolizing capacity in the 
rat (12, 13) and the plasma clearance of 
drugs metabolized by the liver in man (14) 
show a decrease with advancing age. There 
are also indications for an age-dependent 
decline in cholesterol synthesis (15) and bile 
salt synthesis (16) as well as for a latency in 
several adaptive responses (17 - 19). Al- 
though in the hepatic response to some 
hormonal stimulations changes may be due 
to aging in extrahepatic systems (17, 18), a 
functional alteration of the aging liver is 
also involved in several cases (17, 19). With 
regard to the hepatocytes, stereological 
analyses of the livers of male rats (20) and 
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female rats (21, 22) of various age groups 
revealed definite age-related changes in the 
ultrastructure of these cells. 

(c) A procedure which allows the isola- 
tion of hepatocytes from rats ranging in age 
from 2 weeks to 36 months has been devel- 
oped (23, 24). Parenchymal cells with a 
purity of at least 95% are obtained. The 
yield is 35-40 x lo6 cells per gram wet 
weight of liver and does not significantly 
change with the age of the donor rat. Cells 
from both young and old rats have a normal 
ultrastructural appearance. Recent studies 
have also demonstrated that the functional 
capacity of the hepatocytes isolated from 
young rats  closely resembles that  of 
hepatocytes in the perfused liver [for a re- 
view, see (6)]. The availability of intact 
hepatocytes in suspension provided the op- 
portunity for further separation of different 
subpopulations according to the degree of 
cellular ploidy (25). It is also now possible 
to isolate pure suspensions of the two main 
types of sinus lining cells, viz., Kupffer 
cells and liver endothelial cells (26, 27). 
This offers the possibility of making in- 
teresting comparisons on cellular aging in 
long-lived hepatocytes and sinus lining cells 
which turn over rapidly (4, 5). 

(d) The pure hepatocyte suspensions are 
suitable for the preparation of primary 
monolayer cultures [for a review, see (28)]. 
This is a useful system for studying the ef- 
fects of complex extrahepatic factors which 
may influence the cellular aging process in 
vivo.  The effects of hormones, toxins, 
drugs, and chemical carcinogens on the 
hepatocytes can now be studied in vitro. A 
new approach to the study of cellular aging 
is offered by the possibility of cocultivating 
hepatocytes and sinusoidal cells from 
young and old rat livers (29). In this way, 
the roles of cell contacts, cell recognition 
and aggregation, cellular polarity, and mu- 
tual influences can be ascertained. This 
system will be described in more detail lat- 
er on. 

(e) The functional, cytochemical, and 
biochemical techniques available for 
studying the liver are advanced and they 
can now be applied to isolated hepatocytes, 
various subpopulations of hepatocytes, and 

hepatocytes in maintenance culture. This 
makes possible correlated studies on the 
cellular basis of aging changes in liver func- 
tions. 

Several examples of the use of isolated 
hepatocytes for studies on cellular aging are 
given below. 

Cellular basis of liver aging studied with 
isolated hepatocytes.  One of the major 
functions of the liver is the transfer of a 
number of organic anions, including 
steroids, bilirubin, and many drugs, into the 
parenchymal cells and finally into the bile. 
The capacity of the human and the rat liver 
to take up these components can be deter- 
mined in vivo by the clinical bromsul- 
fophthalein (BSP) retention test. As re- 
cently reviewed (6), several authors have 
reported an age-related decrease in func- 
tional liver capacity when this test was used 
in various groups of aged people. Also for 
female rats of two different strains, the BSP 
retention test showed a decrease with ad- 
vancing age (6, 30). 

As a first step in the study of BSP uptake 
by isolated hepatocytes, the mechanism of 
BSP transfer from the plasma into the cells 
was investigated. The rate of BSP uptake 
appeared not to be proportional to the BSP 
concentration in the medium outside the 
cell membrane, but approached a maximum 
level, indicating a carrier type of transport 
(31). Furthermore, it could be concluded 
from the observations that because free 
BSP was transported into the hepatocyte 
against a concentration gradient and BSP 
uptake was dependent on temperature and 
metabolic energy, BSP is transferred by an 
active transport system (31). 

Hepatocytes from 3-month-old female 
WAG/Rij rats appeared to store 11.9 nmole 
BSP/106 cells or 8.1 nmole BSP/mg cellular 
protein (Fig. 1). A sharp decrease in the 
amount of BSP stored by the hepatocytes 
was observed between 3 and 12 months of 
age; this was followed by a less pronounced 
decline up to 36 months (Fig. 1). These data 
strongly suggest that the observed decrease 
in the capacity of the liver to remove BSP 
from the blood is at least partly due to an 
age-related decline in the BSP storage ca- 
pacity of the individual hepatocytes. 
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FIG. 1 .  BSP storage capacity of hepatocytes 
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from 3-, 7-, 12-, 24-, and 36-month-old female WAG/ 
Rij rats. The number of different cell preparations 
used for the determinations in these age groups was 
1 1 ,  4, 8 ,  7, and 6, respectively. Values represent the 
mean and standard error of the mean. For experimen- 
tal details, see (32). 

As a second liver-specific function, the 
synthesis of specific proteins can be men- 
tioned. Results obtained for albumin syn- 
thesis in intact rats (33) indicated that the 
capacity to synthesize this protein could be 
used as an indication of the functional re- 
serve capacity of the rat liver (8,33). Possible 
age-related changes in the synthesis of al- 
bumin by isolated hepatocytes were investi- 
gated in a series of experiments. Hepatocytes 
isolated from 3-month-old female WAG/Rij 
rats synthesized 5.8 pg  albumin/hr/106 
cells (34), which nearly equals the amount 
synthesized in an in vivo situation (35). This 
finding implies that no dramatic loss of 
functions occurs during isolation of hepato- 
cytes. The albumin synthesis by isolated 
hepatocytes showed a significant decrease 
between 3 and 24 months. Hepatocytes 
from 24rmonth-old rats synthesized only 
2.3 pg albumin/hr/106 cells. In contrast, a 
sharp increase was found between 24 and 
36 months (34). To some extent, the age- 
related pattern of the total protein synthesis 
by isolated liver parenchymal cells was 
comparable with that of the albumin syn- 
thesis. A decrease in total protein synthesis 
between 3 and 24 months followed by an 
increase between 24 and 36 months was ob- 
served (24). Similar age-related changes in 
protein synthesis by isolated hepatocytes 
were observed for male Fischer F 344 rats 
(36). The reason for the increase in albumin 
and total protein synthesis after 24 months 

of age is not yet clear. Several observations 
exclude the possible explanation based on 
senescent proteinuria (8). 

A third, more general aspect of liver 
metabolism concerns cellular respiration 
and oxidative phosphorylation. A decline in 
these functions may account for the decline 
in the tolerance of older animals to phys- 
ical stress. Ultrastructural changes in mi- 
tochondria of hepatocytes of mice, rats, 
and humans are indicative of a possible de- 
cline in energy of these cells with age (37). 
Hepatocytes isolated from 3-month-old 
female WAG/Rij rats have an endogenous 
respiration of 2.7 pmole oxygen per minute 
per gram wet weight (37), which is compa- 
rable with the respiration rate of 2.2 pmole 
per minute per gram weight observed for 
the perfused liver (38). This indicates that 
the isolated hepatocytes are intact with re- 
spect to respiratory capacity. No significant 
differences were observed in the endoge- 
nous respiration and in the ratio between 
the uncoupled and the blocked respiration 
of cells isolated from 3-, 12-, and 36- 
month-old rats (37). These data suggest that 
hepatocytes in the livers of old rats have an 
unimpaired energy supply mechanism. 

Studies on lysosomal enzymes in isolated 
hepatocytes. In long-lived cells such as 
hepatocytes, most intracellular constitu- 
ents are continuously renewed. Lyso- 
somes play the major role in the controlled 
breakdown of cellular components, in- 
cluding lipids, proteins, and nucleic acids. 
In morphometric studies on hepatocytes of 
young and old rats of various strains, clear 
alterations in the lysosomal system were 
observed. The cytoplasmic volume oc- 
cupied by lysosomal structures increased in 
hepatocytes of old rats (20-22) and the 
lysosomes became progressively loaded 
with indigestible material with age (39). 
Thus, in contrast to most other cellular 
components which are continuously re- 
newed, lysosomes can be considered to 
actually age (40). In this respect, the ac- 
cumulation of defective enzyme molecules 
demonstrated for several aging systems (4 1 ? 

42) does not necessarily have to reflect 
cellular aging processes such as misin- 
corporation of amino acids or post-trans- 



174 ISOLATED HEPATOCYTE A N D  CELLULAR AGING 

lational modifications, but may also be 
due to alterations in the removal and break- 
down of these defective molecules by the 
lysosomal system. This last possible expla- 
nation made it of interest to perform a de- 
tailed study of the hydrolytic enzymes in 
the aging lysosomes of the long-lived 
hepatocytes. 

Although a considerable amount of in- 
formation concerning aging changes in 
lysosomal enzyme activities with age was 
available, these changes showed several 
discrepancies. During our studies on 
lysosomal enzyme activities in suspensions 
of various liver cell classes, it emerged that 
the patterns of aging changes often dif- 
fered considerably for liver homogenates , 
hepatocytes, Kupffer cells, and endothelial 
cells. For 3-month-old female BN/BiRij 
rats, the distribution of various lysosomal 
enzymes over the three classes of isolated 
liver cells showed remarkable differences 
(39, 43). The activities of nearly all investi- 
gated enzymes when expressed on a protein 
basis are much higher in Kupffer and en- 

dothelial cells than in parenchymal cells. 
In view of the great cellular differences in 
the specific activities, it is not surprising 
that the aging patterns reported for enzyme 
activities in liver homogenates often do not 
reflect the real alterations occurring with 
aging in the specific liver cell classes (39). 
Aging changes in lysosomal enzymes in one 
of these cell classes, the hepatocytes, are 
shown in Table I. Cathepsin D is the only 
enzyme which shows a clear age-related in- 
crease in activity on both a cellular basis 
and a protein basis. Since no decrease in 
specific activities was observed, the results 
do not indicate changed functions of the 
lysosomal enzymes in old hepatocytes. 
However, autophagy and hydrolysis are 
complex processes and specific activities of 
lysosomal enzymes represent only one as- 
pect of the functioning of lysosomes. An- 
other complicating factor is the presence of 
several isoenzymes or multiple forms of 
one enzyme, such as acid phosphatase (44) 
and cathepsin D ( 4 9 ,  even within the one 
specific cell class of the hepatocytes. As a 

TABLE I. EFFECT OF AGE ON LYSOSOMAL ENZYME ACTIVITIES I N  PARENCHYMAL CELLS 
ISOLATED FROM FEMALE BN RATS OF VARIOUS AGES 

Activity" 
Age 

Enzyme (months) Per lo6 cells Per mg protein 

Cathepsin D" 3 
12 
24 

30-35 

Acid phosphatase" 3 
12 
24 

30-35 

Aryl sulfatase B" 3 
12 
24 

30-35 

12 
24 

30-35 

P-Galactosidase'. 3 

11.9 rf- 0.6 (6) 
20.1 2 6.4 (3) 
32.7 ? 3.1 (4)* 
30.7 t 5.9 (8)* 

63.5 2 4.9 (14) 
67.7 2 15.8 (3) 

118.8 t 9.7 (4)* 
78.1 rf- 8.6 (10) 

13.4 rf- 0.5 (4) 
21.6 & 4.8 (3) 

16.9 t 3.4 (4) 

6.4 ? 0.5 (4) 
5.1 t 1 . 1  (3) 

10.1 0.4 (4)* 
7.0 t 1.3  (4) 

33.5 t 1 . 1  (4)" 

6.9 2 0.5 (6) 
6.3 * 1.7 (3) 

19.1 2 2.8 (8)* 

34.2 t 3.7 (14) 
22.4 2 3.3  (3) 
36.1 t 2.0 (4) 
32.1 2 3.0 (10) 

6.9 IT 0.2 (4) 
6.8 t 1.2 (3) 

10.3 t 0.8 (4)* 
8.8 t 1.9 (4) 

1.6 2 0.3 (3)* 
3 .1  2 0.2 (4) 
3.4 2 0.3 (4) 

10.0 t 1.0 (4)* 

3 .3  t 0.2 (4) 

(' Each value represents the mean ? SEM, with the number of different cell preparations used for the enzyme 
assays in parentheses [for experimental details, see (39)]. 

[' Activity expressed as nrnole tyrosine/min/mg protein. 
" Activity expressed as nmole 4-methylumbelliferone/min/mg protein. 
'' Activity expressed as nmole nitrocatechol/min/mg protein. 
* Significant difference (P < 0.05) between indicated values and those of 3-month-old rats. 
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consequence, age-related changes in total 
enzyme activities may be the result of 
changes in activities of various enzyme 
forms and do not necessarily reflect the 
actual changes occurring in each specific 
form separately. 

To investigate age-related alterations in 
the different multiple forms of acid phos- 
phatase in isolated hepatocytes, biochemi- 
cal characteristics such as affinities for sub- 
strates and physical characteristics such as 
isoelectric points were studied (46). The 
activities of the multiple forms of acid 
phosphatase in hepatocytes from young and 
old rats are given in Table 11. As reported 
previously (39), the specific activity with 
4-methylumbelliferyl dihydrogen phosphate 
as substrate does not increase significantly 
with aging; the specific activities of the two 
other multiple forms increase significantly. 
Isoelectric focusing experiments with iso- 
lated hepatocytes revealed an increase in 
heterogeneity in acid phosphatase enzymes 
with different isoelectric points in cells iso- 
lated from 33- to 34-month-old rats (46). 
These results indicate that modifications or 
substitutions of amino acids occur, result- 
ing in charge differences in the multiple en- 
zyme forms. Misincorporation of amino 
acids or post-translation modifications may 
be the primary causes for the alterations in 

TABLE 11. ACID PHOSPHATASE ACTIVITIES ON 
THREE SUBSTRATES I N  PARENCHYMAL CELLS 

ISOLATED FROM YOUNG AND OLD RATS* 

Activity per mg protein' 
Age 

(months) 4-MUP" 1-NP" p-NPP" 

3 27.67 36.3 1 43.60 
? 1.30 ? 1.33 2 1.93 

2 3.04 ? 1.79 2 1.02 
34 - 35 31.67 45.18* 52.97" 

'I  Female BN/BiRij rats, 3 months of age and 34-35 
months of age, respectively. 
' Expressed in nmole 4-methylumbelliferone, 1- 

naphthol, or p-nitrophenol released per minute at 
37°C. Mean ? SEM of three determinations. For 
experimental details. see (44). 

I' 2.1 mM 4-methylumbelliferyl dihydrogenphos- 
phate. 

rl 48 mM sodium 1-naphthylphosphate. 
'' 20 mM disodium p-nitrophenylphosphate. 
* Value differs significantly (0.025 > P > 0.01) from 

young value. 

the enzyme molecules. On the basis of 
other experiments (46), it was suggested 
that post-translational modifications may 
be primarily responsible for the charge al- 
terations in the multiple forms of acid phos- 
phatases in hepatocytes from old rats. This 
experimental approach clearly illustrates 
the potential for the use of isolated hepato- 
cytes in studies on the cellular causes of 
aging. 

Studies on cellular aging performed with 
primary cultures of hepatocytes and with 
cocultures of several liver cell t ypes .  
Maintenance cultures of isolated cells from 
various sources have become important 
tools in cell biology. The use of primary 
cultures of rat liver hepatocytes for the 
study of the formation of specific intercel- 
lular junctions and bile canaliculi along with 
their response to pharmacological agents 
shows some of the possibilities of this sys- 
tem (28), which can also be employed for 
the study of cellular aging (47). Isolated rat 
liver sinusoidal cells and purified Kupffer 
cells can also be kept in maintenance cul- 
ture (48). A new approach to study the ef- 
fect of aging on phenomena such as cell 
contacts, cell recognition, and the mutual 
influences of several cell types is offered by 
the recent possibility of cocultivating iso- 
lated rat hepatocytes with isolated en- 
dothelial cells, Kupffer cells, and other 
sinusoidal cells (29). Cocultures of hepato- 
cytes and sinusoidal cells prepared from 
aged Sprague - Dawley rats have already 
been shown to increase the survival time of 
the cultured hepatocytes. The mixed cul- 
tures are devoid of cell debris and damaged 
cells for more than 7 days, possibly due to 
the strong phagocytic activity displayed by 
the cultured Kupffer cells. It appears that 
the improvement of the hepatocyte quality 
in the cocultures and their prolonged sur- 
vival time due to the beneficial cooperation 
of hepatocytes and sinusoidal cells are not 
adversely affected by aging (47). These 
cocultures are also very useful for studies 
on metabolic functions in which several 
liver cell types are involved, such as he- 
moglobin degradation. Further studies are 
needed to analyze the reciprocal influences 
of the cell types as well as the influence of 
the aging process on these kinds of "mul- 
ticellular" processes. 
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