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Men kan nooit een definitieve verdediging geven wan wat men doet.
Alleen maar een verdediging met betrekking tot iets anders, dat is
vastgesteld. Dat wil zeggen, dat men geen andere reden kan aange-
ven, waarom men zo moet handelen {(of heeft moeten handelen), dan
dat daardoor deze situatie, die men weer als doe! moet aanvaarden, zal
ontstaan,.

Ludwig Wittgenstein, 1931
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CHAPTER |

General introduction

Aging of an organism is a complex process comprising numerous
changes which arise in a time-dependent manner. An adequate defini-
tion has proven illusive. The more precise the definition, the easier to
criticise it and the most innocuous definitions are too wvague to be
helpful. Notwithstanding, investigators into aging and age-related
phenomena require some sort of framework in which to operate and to
evaluate the findings of others. Strehler (1959) attempted to cir-
cumvent the difficulties by proposing four criteria which should be
satisfied before ascribing any property or process to aging. In effect,
these are general definitions of biological aging. Firstly, a change with
age should be universal, so that it should occur in all older members
of the species. Secondly, the change should be intrinsic, which means
that aging is a property of the organism and not of the environment.
Thirdly, it should be progressive. Aging is a process rather than a
sudden event and therefore it should be gradual and cumulative.
Fourthly, the change should be deleterious and therefore contribute to

15



the increased probability of death.

When these criteriza are examined, it seems highly likely that the
basic process of aging has a strong genetic component and there are
several lines of evidence which support this assertion. As far as
longevity is concerned, several studies [(reviewed by Murphy, 1977)
indicate that genetic factors are involved. It has been shown that
identical twins are more alike than are non-identical twins with respect
to longevity. Furthermore, there appears to be a correlation between
the life expectancy of the children and the survival of the parents.
The guestion arises, whether there is also evidence for genetic in-
fluences in more specific aspects of aging. Martin (1977) estimated that
several thousand genetic loci are capable of influencing the aging
phenotype, but fewer than 100 seem to exert major effects. Less than
10 genetic loci have profound effects on aging and are seen in a re-
latively pure form in the rare premature aging syndromes.

The consideration that the lifespan of organisms is partially under
genetic control has led several investigators to propose that changes
occurring in gene structure and expression could be one of the mecha-
nisms involved in the aging process. Among these theories several
relate to the role of protein synthesis and protein function. The
nowadays discredited "error catastrophe theory" of Orgel [1963;1973)
suggests that errors in the transmission of information from DNA to
RNA to protein result in the production of altered proteins. These
altered proteins might influence the transcriptional and translational
processes, which might result in an escalation of errors. Changes in
protein populations with age are also involved in the deamidation
theory (Robinson et al., 1970), which predicts charge changes in
proteins; in the cross-linkage theory (Bjorksten, 1974), which sug-
gests an age-related increase in covalently bound aggregates of pro-
teins; as well as in the somatic mutation theory (Failla, 1958; Szilard,
1959; Curtis, 1966), the codon restriction hypothesis (Strehler et al.,
1971) and the autoimmune theory (Walford, 1969), which all predict
age-related changes in protein types.

It is generally considered to be improbable that a single theory
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will explain all aspects of aging. Aging should be viewed as a complex
phenomenon which may require different explanatory mechanisms for
different aspects of the aging process, which will therefore be the
result of interdependent and multiple mechanisms. Although the notion
of a genetic component in the process of aging might well be wvalid,
one must not lose sight of the fact that in an integrated system {i.e.
an organism}, the aging process could be more complex than can be
explained by isolated phenomena at a particular level of organisation
{(e.g. DNA). Knook {(1982) stated that changes at the cellular level
might have an impact on the physiological functions of an organ, which
in turn might influence life expectancy. Therefore, it is often very
difficult to distinguish between cellular and extracellular causes of
physiological changes with age. In the study presented in this mono-
graph the rat has been selected as a suitable subject for investigation
into age-related changes in albumin metabolism. Albumin is of parti-
cular relevance since its metabolism might conceivably be influenced by
changes at any one of the number of levels of organisation, none of
which are mutually exclusive.

Although changes in protein metabolism with age have been studied
extensively (for a review see Richardson, 1981; Richardson & Birche-
nall-Sparks, 1983; Makrides, 1983}, it is still not completely clear what
influence these changes in protein synthesis and/or elimination might
have on the aging process. Nevertheless, several indications of corre-
lations between changes in protein metabolism and in protein levels
with an age-related functional decline exist. For instance, changes in
protein synthesis have been implicated in the pathogenesis of senile
dementia (McMartin & Schedlbauer, 1975; Mann et al., 1981). A de-
crease in total brain protein and tubulin synthesis might be related to
the pathogenesis of the senile plagues found in old humans and animals
(Wisniewski & Terry, 1973). In addition, changes in protein synthesis
might play a role in the reduction in enzyme activity in the cholinergic
system, which is a dominant feature of Alzheimer's disease (Corkin,
1981). Age-related changes in protein catabolic rates might contribute
to the altered levels of some enzymes (Florini, 1975; Wilson, 1981) and
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to the increased protein content in senescent cells (Wilson, 1972).
The remaining part of this chapter will give an overview of age-re-
lated changes in protein synthesis and elimination in rodents with

special reference to the synthesis and elimination of serum albumin.

1-1.  AGE-RELATED CHANGES IN PROTEIN SYNTHESIS IN RODENT
LIVER
I-1a. General aspects of protein synthesis with age

Most of the investigators who have studied protein synthesis with
age have used rodents as an animal model. Such an animal model is
used to establish facts which might lead to better understanding of
what happens in man. To extrapolate data obtained in the animal model
to the human situation, the model has to fullfil at least two require-
ments. The animals should sustain pathological changes that resemble
the pathological changes ocurring in man, and furthermore, should
have similar survival characteristics (Zurcher et al., 1982), i.e. a
survival curve with a more or less rectangular shape. With the aid of
this survival curve one can standardize what an "aged" animal is, i.e.
an animal that is older than the 530% survival age. Long-lived inbred
strains of rats and mice are currently being employed in the majority
of aging research programmes, partly because they fullfil the require-
ments mentioned above. Most of the studies on protein synthesis uti-
lised in cell-free systems from liver tissue. Beauchene et al. (1967)
and Chen et al. (1973) reported no change with age in cell-free pro-
tein synthesis wusing microsomes from rat liver, while Bolla & Green-
blatt (1982) observed an initial decline early in adult life in protein
synthetic activity followed by an increase late in old age. Studies
using mouse liver ribosomes (Shmookier Reis, 1981) revealed no change
in cell-free protein synthesis when using endogenous messenger
RNA's, but poly(Uldirected synthesis was increased with age. All
other studies showed a generalised decrease in cell-free protein syn-
thesis using microsomes from rat (Hrachovec, 1971; Buetow & Ghandi,
1973; Comolli, 1973; Hallthaler et al., 1976) or from mouse liver (Main-
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waring, 1969; Kurtz, 1975; Kurtz, 1978). postmitochondrial superna-
tant from rat {Layman et al., 1976) or from mouse liver (Blazejowski &
Webster, 1983) and ribosomes from rat liver {Hrachovec, 1971).

The influence of aging on liver protein synthesis has also been
studied using isolated hepatocytes, Viskup et al. (1979) reported an
age-related decrease in the capacity of isolated hepatocytes to syn-
thesise proteins. Van Bezooijen et al. (1977] measured the incorpora-
tion of MC~Ieua::ima~ by hepatocytes isolated from female WAG/RIij rats of
different ages. They observed that protein synthesis decreased be-
tween 3 and 12 months, remained constant between 12 and 24 months
and increased between 24 and 36 months of age. Furthermore, the ini-
tial decline depended on the sex and strain of the rats used. However,
the increase in advanced age was independent of sex and strain (Van
Bezooijen et al. 1981). The same biphasic response with age was obser-
ved by Coniglio et al. (1979), who measured the rate of valine incor-
poration by hepatocytes isolated from male Fischer 334 rats.

The in vivo incorporation of radiocactively labeled amino acids into
proteins in the liver has also been studied. Beauchene et al. (1970}
and Ove et al. {1972) reported no age-related changes. Comolli et al.
{1972) observed a slight decrease with age, while Kanungo et al.
{1970) found an increase with age.

Most of the studies on the synthesis of specific proteins in the liver
with age have focussed on albumin (reviewed in Chapter V), though
some other proteins have also been studied. Ove et al. (1972) reported
that the in vivo synthesis of ferritin in rats increased with age. Bolla
& Greenblatt (1982) studied transferrin synthesis in rat liver micro-
somes and observed an age-related decrease. The synthesis of
P20,000, a protein of the rat liver endoplasmic reticulum, decreases
with age in isolated hepatocytes (Viskup et al., 1981; Penniall et al.,
19817).

In order to gain insight into the molecular mechanisms which un-
derly the age-related changes in the protein synthetic activity of
rodent liver, wvarious aspects of the synthetic process have been
studied. These aspects can be divided into two groups: 1) RMA synthe-
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sis and mRNA levels and 2} the components of the translational appa-

ratus.
I-1b. Age-related changes in RNA synthesis and mRNA levels

Total RNA synthesis has as a function of age been studied in vivo
in mice (Fog & Pakkenberg, 1981) and in rats (Samis et al., 1964;
Kanungo et al., 1970; Martin & Martin, 1977), in isolated liver nuclei
of mice (Davi et al, 1966; Mainwaring, 1968; Britton et al., 1972) and
of rats (Gibas & Harman, 1970; Denckla, 1977; Castle et al., 1978;
Bolla & Denckla, 1979; Lindell et al., 1982; Richardson et al., 1985),
in liver slices of mice and rats {Beauchene et al., 1967} and in iso-
lated hepatocytes of rats (Kreamer et al., 1979; Richardson et al.,
1982). Apart from the studies of Samis et al. {1964) and Martin &
Martin (1977}, who found an age-related increase in in vivo RNA syn-
thesis by rats, and the study of Gibas & Harman ([1970), who observed
no change with age in RNA synthesis by isolated rat liver nuclei, all
other reports indicated an age-related decline in this process.

By determining the effect of age on the synthesis of total RNA,
changes in specific RNA-types go undetected. Although the expression
of the different classes of RNA ({e.g. tRNA, rRNA and mRNA} has
been reported to be under a separate control, this overview will focus
only on mRNA, since it plays a critical role in the transfer of genetic
information. Since most mRNA molecules in eukaryotes contain a po-
ly[(A)}-segment on the 3'- end of the molecule (Lim et al., 1970; Minty
g Gross, 1980), investigators are equipped with a teol to isolate this
mRNA (poﬂy(A)Jr-R?NA) by means of affinity-column chromatography. No
change with age was found in the po!y(A]'}—-‘RMA content expressed per
total amount of polyribosomal RNA in the rat liver (Moudgil et al.
1979) nor in the translatibility of this RNA (Birchenall-Sparks et
al.,1985). The turnover of this RNA was decreased with age (Moore et
al. 1980) as was the synthesis rate of pory[A)+~RNA in isolated hepa-
tocytes {(Richardson et al., 1982).

As far as the content of specific mRNA's is concerned, few data are
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available. Investigations in this area are often indirect. Chatterjee et
al. (1981) studied classes of mRNA from rat liver by translating po-
ly(A]+—RNA from young and old animals in a reticulocyte lysate and
comparing the translation products. In this in vitro translation system
the amount of specific protein formed is used as a measure for the
amount of specific mMRNA present in the poly[A]'*--RNA population.
They observed age-related changes in these translation products, and
thus presumably in the mRNA's. Some mRNA's appeared late in age
and some disappeared. Anzai et al. (1983) performed similar studies in
mice. They observed in senescent mice the occurrence of a protein
product with a molecular weight of 30,000 and an isoelectric point of
6.5, which was absent in young mice. Dilella et al. (1982), also using
an in litﬂ translation assay, showed that the amount of cytochrome
P-450 mRNA in rabbits is decreased with age.

A more direct approach to the study of age-related changes in
mRNA levels is by molecular hybridization techniques. Guigoz & Wel-
linger (1984) performed such studies in rats for tyrosine aminotrans-
ferase mRNA and tryptophan oxygenase mRNA. For both mRNA's, ex-
pressed relative to the amount of albumin mRNA's, they observed
lower levels in old rats when compared to young ones. In a study by
Richardson et al. (1985) some other mRNA's were studied. They
showed an age-related decrease in the levels of cytochrome P-U50
mRNA and uzu—globulin mRNA, expressed relative to the amount of
total RNA, in Fischer 344 rats. Aldolase mRNA levels remained
unchanged with age, while albumin mRNA levels increased after 24
months of age. The influence of age on albumin mRNA levels will be
discussed in detail in Chapter V.

I-1c. The influence of the components of the translational apparatus

on the changes in protein synthesis with age

In the study of the roles of the various components of the protein
synthetic apparatus in the age-related changes in protein synthesis in

rodent liver, much attention has been given to the activity of ribo-
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somes and to ribosome aggregation to mRNA. The activity of ribosomes
has been studied by their translational capacity for polyuridylic acid
(poly (U)). Some of these studies report an age-related decrease in
poly{U)-directed polyphenylalanine synthesis by rat liver ribosomes
(Kurtz, 1975; Kurtz, 1978} and by mouse liver ribosomes (Mori et al.,
1979). Bielka et al. {1976) found no change with age in the poly{(U)}-
transfating activity of rat liver ribosomes, while Shmookler Reis (1981)
showed an age-related increase in this activity of mouse liver ribo-
somes. Poly{U] is an artificial template that precludes any assessment
of normal initiation and termination., Furthermore, it has been shown
that the fidelity of translation is 100-fold less in this system than it is
in vivo due to artefactual stabilization of "nonspecific® interactions
(Topal & Fresco, 1976). More meaningful results could be obtained with
endogenous mRNA's,

Layman et al. (1976)] suggested that the age-related decrease in
liver cell-free protein synthesis was due to a decrease in ribosome
aggregation to mRNA. This is consistent with the findings of Main-
waring (1968) and Vandenhaute et al. (1983). However, Moudgil et al.
(1979} did not observe any such decline. It has been suggested that
the basis for this decrease in ribosome aggregation was an age-related
decrease in the initiation of protein synthesis (Comolli, 1975; Comolli et
al., 1977; Vandenhaute et al., 1983). Claes-Reckinger et al, (1982},
using rat liver polyribosomes, observed a progressive decrease in ri-
bosome aggregation until 24 months of age followed by a marked in-
crease. [nitiation processes were reported not to change with age in
mouse [(Blazejowski & Webster, 1984} or in rat liver (Gabius et al.,
1983), but the decrease in protein synthesis was suggested to be due
to a decrease in peptide chain elongation (Blazejowski & Webster, 1984)
andfor to a decrease in the binding of amincacyl-tRNA to the ribosome
and a lower rate of peptidyltransfer (Gabius et al., 1983). Studies on
the elongation factors EF-1 and EF-2 showed that the activity of EF-1,
which catalyzes the binding of aminoacyl-tRNA to ribosomes, decreased
with age [Moldave et al., 1979; Webster & Webster, 1982), while no
age-related change was observed in the activity of EF-2 which is in-
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volved in the translocation step {Moldave et al., 1979).

I-1d. Possible sources of differences in experimental results

It is clear that the published data on protein synthesis and aging
are often variable and contradictory. A few very important reasons
that might explain this variability will now be briefly considered.

One important variable which might influence the outcome of expe-
rimental results is the use of animals of differing species, strain and
sex (Wilson & Franks, 1971; Eurich et al., 1980; Van Bezooijen et al.,
1981). Furthermore, diet and environmental conditions could also in-
fluence the outcome of the various studies.

Perhaps the most important source of variability in the results is
that animals of a given age may not be directly comparable (Florini,
1975). Often no reference is made to the survival characteristics of the
strain used in the study. Without such information it is impossible to
compare the different studies and to correlate the results with the
developmental status of the animal. Furthermore, most investigators
used only two age groups (often called "young" and "old"), and no
information was given about the interim course of the process mea-
sured. Several studies have reported a biphasic response in protein
synthesis with age (Van Bezooijen et al., 1977; Coniglio et al., 1977;
Van Bezooijen et al., 1981; Bolla & Greenblatt, 1982). It is therefore
possible that some of the differences in results concerning age-related
changes in protein synthesis are due to the choice of age-groups.

In order to study age-related changes, one has to keep in mind
that the young animals should be sexually mature so that developmental
changes are not misinterpreted. The old group should consist of ani-
mals that are older than the 50%-survival age and interim age-groups

should be used to detect possible biphasic changes with age.
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Table 1~1  AGE-RELATED CHANGES IN LIVER ENZYME DEGRADA-

TION HALF-LIVES IN RODENTS

Enzyme Change Literature reference

Glucose~6-phosphate
dehydrogenase (rat) « - Richter, 1977

a~glycerophosphate

dehydrogenase [(rat) “ > Richter, 1977

Citrate cleavage enzyme (rat) “ > Richter, 1977

Matic enzyme (rat) ¥ Richter, 1977

Ornithine decarboxylase (mouse) + Jacobus & Gershon, 1980
Aldolase (mouse) + Reznick et al., 1981

+ + 1 no change
+ : decrease

+ ¢ Increase

I-2. THE INFLUENCE OF AGE ON PROTEIN ELIMINATION PROCESSES

As far as protein elimination processes with age are concerned only
a limited amount of information is available. The studies have focused
on protein degradation in tissues and organs, enzyme degradation, and
whole body protein turnover. Whole-body protein turnover with age
was determined in rats (Yousef & Johnson, 1970) and in mice {Sobe! &
Bowman, 1971). Both groups observed a slower turnover in old animals

as compared to young ones,
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Lavie et al. (1982) determined protein degradation rates in livers of
mice of different ages. They observed an age-related increase in the
half-lives of short-lived proteins in the nuclear, mitochondrial and
lysosomal fractions and in the total acid-precipitated proteins. Wieder-
anders (1981) found an increased half-iife of liver cytosol proteins in
rats with age. Protein degradation in cultured mouse hepatocytes did
not change with age (Burrows & Davidson, 1983). With regard to spe-
cific proteins, studies have been performed on ferritin and albumin
elimination with age. Ferritin had half-lives of 1.9 days and 4.0 days
in young and old rats, respectively (Ove et al., 1972). These results
were confirmed by Obenrader et al. [1974). Albumin elimination with
age will be discussed in Chapter |I.

Enzyme degradation rates in rodent liver has been studied by se-
veral groups. The data are presented in Table I. It can be seen that
there is no consistency with regard to the influence of age on the

degradation of liver specific enzymes.

1-3. BIOCHEMISTRY AND BIOSYNTHESIS OF ALBUMIN

1-3a. Structure and function of albumin

Albumin is a protein synthesised in the liver and readily secreted
into the circulation. It is an abundant plasma protein, comprising
about one half of the total plasma protein pool and has a molecular
weight of about 65,000 (Peters, 1962). The primary structure is that
of a single polypeptide chain of approximately 570-580 amino acids and
has no prosthetic group (Peters, 1962; Urban et al., 1974)}. Serum
albumin consists of three weakly homologous structural domains
[Brown, 1976). This internal homology of the protein is also evident in
the nucleotide sequence of rat serum albumin mRNA (Sargent et al.,
1981b) and is clearly present in the structure of the serum albumin
gene (Jagodzinski et al., 1981).

Albumin has a major role in the maintenance of the colloid osmotic
pressure of the plasma as well as serving as a carrier protein for
metals, anions, fatty acids, bilirubin, hormones and drugs {Rathschild
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et al., 1972). Several reports indicate that albumin-binding might
facilitate hepatic uptake of fatty acids and organic anions wvia an
albumin receptor on the liver parenchymal cells (Weisinger et al.,
1981; HOtter et al., 1984; Fleischer et al., 1985).

Recently an enzymatic function of serum albumin has been des-
cribed. Fitzpatrick & Wynalda (1981) reported that serum albumin
catalyzes the dehydration of prostaglandin E'ﬂ to prostaglandin A. A
similar dehydration of prostaglandin D2 was also shown to be catalyzed
by serum albumin (Fitzpatrick & Wynalda, 1983; Kikawa et al., 1984),

1-3b. Albumin biosynthesis
1. Albumin gene and albumin gene transcription

The albumin gene is a single copy gene: i.e., it occurs only once
per haploid genome. The exact size and location of the exons have
been obtained by sequence determination, restriction mapping and
R-loop analysis (Sargent et al., 1979; Sargent et al., 1981a). The
gene contains 15 exons and 14 introns and spans 14,900 nucleotides of
which 12,900 are intronic. The internal periodicity of the albumin gene
has been demonstrated by statistical analysis of its mRNA sequence
(Sargent et al., 1981b). The albumin gene could be divided into three
weakly homologous subgenes, each comprising four exons and corres-
ponding to a structural domain of the albumin polypeptide (Brown,
1976).

The transcription of the albumin gene is under developmental con-
trol (Liao et al., 1980). The amount of albumin mRNA expressed rela-
tive to the amount of total RNA is 10-fold higher in the liver of an
adult rat than in 15-day-old fetuses. This regulation is believed to
occur at the level of methylation of the gene {Kunnath & Locker, 1983;
Muglia & Locker, 19B4], at the level of transcription {Tilghman §
Belayew, 1982) but not by post-transcriptional control {Mahon et al.,
1982).

Rat albumin mRMA has been isolated by several groups (Taylor &
Tse, 1976; Strair et al., 1977; Hofer et al., 1979; Sala-Trepat et al.,
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1979) and its nucleotide sequence has been established (Sargent et al.,
1981b}. Albumin mRNA has a sedimentation coefficient of about 175, It
possesses a chain length of 2265 nucleotides, of which 330 are un-
translated nucleotides and about 100 more are accounted for by the
poly(A}-region [Sala-Trepat et al., 1979).

2. Translation and post-translational modifications

Albumin is synthesised by membrane-bound polyribosomes, as is the
case for other proteins which are secreted {Hicks et al., 1969; Yap et
al., 1977), although free polyribosomes do contain a low level of al-
bumin mRNA sequences (Princen et al., 1982; Horbach et al., 1984a).
Initially, the albumin mRNA is translated into a larger molecule (pre-
proalbumin} with a octadecapeptide extension to the amino-terminal end
of proalbumin (Strauss et al., 1977; Yu & Redman, 1977). The role of
this extension is thought to be a signal that aids in the attachment of
the albumin-synthesising polyribosomes to the endoplasmic reticulum
membrane (Blobe! & Dobberstein, 1975). This signal portion of nascent
atbumin is cleaved during the wvectorial transport of pre-proalbumin
into the lumen of the endoplasmic reticulum. The major intracellular
nascent form of albumin is proalbumin, which contains a hexapeptide
extension. This additional aminoterminal sequence has been described
as Arg-Gly-Val-Phe-Arg-Arg (Urban et al., 1974; Russel & Geller,
1975; Quinn et af., 1975]. The function of the propeptide might be to
aid the channeling of proalbumin along the cytoplasmic membranes in
lieu of the glycosyl groups which become attached to most secreted
proteins (Judah & Quinn, 1976; Peters & Reed, 1980). This basic
hexapeptide is removed from proalbumin late in the secretory process,
producing albumin with an aminoterminal glutamic acid. The exact
intracelliular sites of conversion of preoalbumin to serum albumin are not
clear since in isolated hepatocytes conwversion may occur in both the
smooth endoplasmic reticulum and the GColgi complex (Edwards et al.,

1976) but in vivo it appears to occur mostly in the Golgi complex,
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predominantly in the secretion vesicles (lkehara et al., 1976; Redman
et al., 1978; Franz et al., 1981}.

3. Factors influencing albumin synthesis

Nutrition is one of the most important factors influericing the rate
of protein synthesis (Munro et al., 1965; McNurlan et al., 1979; Prin-
cen et al., 1983) and albumin synthesis {Rothschild et al., 1974; Pain
et al., 1978; McNurlan et al., 1979; Princen et al., 1983]. Fasting has
been shown to reduce total hepatic cellular RNA by increasing the rate
of degradation of RNA and decreasing its synthesis (Enwonwu & Mun-
ro, 1970; Ramsey & Steele, 1976). A disaggregation of liver polyri-
bosomes has been observed in association with fasting (Rothschild et
al., 1974; Yap et al., 1978). Restoration of protein synthesis could be
accomplished by the re-feeding of amino acid mixtures (Baliga et al.,
1968; Rothschild et al., 1974; Sato et al., 1974) or glucose (Princen et
al., 1983). It was shown that the stimulation of the albumin synthesis
by arginine and ornithine was caused by an increased synthesis of po-
lyamines (Orate-et al., 1983), The hydrolysis of arginine in the krebs
cycle produces ornitline, which is a precursor of polyamines (Mauds-
ley, 1979). Polyamines play an important role in maintaining polyribo-
somal integrity (Khawajo, 1972; Oratz et al., 1980; Sidransky et al.,
1982; Oratz et al., 1983).

Thyroid hormone and cortisone have been shown to increase both
albumin synthesis and elimination (Rothschild et al., 1957). Roy &
Dowbenko (1977] demonstrated an effect of growth hormone on albumin
synthesis. Hypophysectomy, resulting in an absence of growth hor-
mone, decreased albumin mRNA levels, which could be restored by
growth hormone replacement alone (Kernhoff et al., 1971; Keller €
Taylor, 1976).

Acute exposure to ethano! is associated with disruption of the endo-
plasmic reticulum membrane (Rubin & Lieber, 1968) and a disaggrega-

tion of membrane-bound polyribosomes and a rapid decrease in albumin
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synthesis is observed when adding ethanol in liver perfusate directly
{Rothschild et al., 1974; Oratz et al., 1976). Princen et al. (1981],
however, showed that oral intake of ethanol 3 hours before killing did
not influence the yield or size of either free or membrane-bound poly-
ribosomes and had no effect on albumin and total protein synthesis. In
addition, the albumin mRNA sequence content did not change. The dis-
crepancy between these studies can be explained by the experimental
differences. By the addition of ethanol in liver perfusate or suspension
medium directly, the influences of ethanol on the extrahepatic regula-
tory mechanism of protein synthesis in the liver is excluded.

Albumin synthesis is also under an age-related control. This aspect
of albumin synthesis will be dealt with in Chapter V.

-4, ALBUMIN ELIMINATION

The introduction of radioiodine-labeled albumin ({Sterling, 1951)
made it possible to study the degradation of albumin in animals and
man. Intravenous injection of fodinated albumin in rats revealed a
plasma disappearance curve consisting of two phases, with an elimi-
nation half-life of 46 hours {(Hawkins, 1961) or #46-65 hours (Katz et
al., 1963). Albumin has both a plasma and an extravascular pool.
These two compartments are readily equilibrated. McFarlane and Koj
{1970) suggested that the compartment in which albumin is degraded is
in rapid equilibrium with the plasma, but is not the plasma nor the
extracellular pool itself. An overview on the tissue sites of albumin
degradation will be given in Chapter III.

Apart from tissue/organ degradation, albumin elimination also occurs
by urinary excretion and by gastrointestinal protein loss. These two

aspects will also be dealt with in Chapter Il
-5, THE AIM OF THE STUDY

Protein metabolism can be divided into two components: synthesis

and elimination. The equilibrium between these two processes will yield
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steady-state protein levels which is very important for maintenance of
homeostasis.

Many studies have been performed on the influence of age on pro-
tein metabolism. However, the results are guite often contradictory.
Apart from experimental differences between the wvarious studies,
another reason for the variability in the results is that there seems to
be no uniform control mechanism for the metabolism of individual pro-
teins with age. [t would therefore be useful to study the synthesis of
a specific protein together with its elimination in the same animal
species and strain in order to gain a better understanding of the
involvement of aging in protein metabolism. Rat serum albumin was
chosen for this study, since previous studies had shown that the
synthesis of this protein was under an age-related control. A summary
of these studies will be given in Chapter IV,

The aim of the study presented here is to determine age-related
changes in albumin metabolism in female WAG/Rij rats. These rats were
chosen because they meet the requirements for an animal model in
aging research as described previously. The 90, 50 and 10% survival
age of this rat strain was 26, 32 and 38 months, respectively. The
rats were kept under "clean conventional™ conditions as described by
Hollander (1976).

Chapter Il will deal with the influence of age on albumin elimination
in vivo. The contribution of several albumin elimination processes
{such as wrinary excretion, gastrointestinal protein loss and fluid-
phase endocytosis} to these changes will be dealt with in Chapter III.
Chapters IV & V will deal with the molecular basis of age-related
changes in albumin synthesis in rat liver. In Chapter VI a longitudinal

study will be described on the albumin elimination rate.
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CHAPTER I

Age-related changes in albumin elimination
in female WAG/Rij rats

-1, INTRODUCTION

In studying age-related changes in albumin metabolism, very little
attention has been paid to age-related changes in total albumin elimi-
nation and very few reports on this topic have been published {Salatka
et al., 1971; Ove et al., 1972; Quinn et al., 1973). Moreover, these
investigators expressed the elimination rate of albumin as a relative
index, the elimination half-life. Only Quinn et al. {1973} found an age-

related change in this index in mice with a sharp increase in the elimi-
nation half-life very late in life. Unfortunately these investigators did
not measure the whole-body albumin pool and were therefore unable to
determine the absolute albumin elimination rate.

This chapter will focus on the age-related changes in the absolute al-

bumin elimination rate in rats.
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-2, MATERIALS AND METHODS
[1-2a&. Animals and materials

The mean weights (£S.D.) of the 3-, 12-, 24- and 36-month-old fe-
male WAG/Rij rats were 151213, 182%16, 208%#16 and 186x20 g, respec-
tively.

DEAE Affi-Gel Blue was obtained from Bio-Rad Laboratories (Rich-
mond, CA, USA). The goat anti-(rat total serum proteins) antiserum
used for immunoelectrophoresis (GARa/ielfo} and rabbit anti-(rat serum
albumin} antiserum (RARa/Alb) were obtained from Nordic Immunologi-

]251 was obtained from

cal Laboratories (Tilburg, The Netherlands].
the Radiochemical Centre [Amersham, Bucks, UK)}. Minicon B-15 macro-
solute concentrators were obtained from Amicon, Ltd. [Woking, Sur-

rey, UK).

11-Zb, Assays

1. Albumin isolation, purification and labeling with ' 2°|

The isolation and purification of albumin was achieved by chromato-
graphy of fresh rat serum on DEAE Affi~-Gel Blue. DEAE Affi-Gel Blue
is an affinity matrix made by coupling Cibracon Blue F3GA to specially
prepared DEAE-BIO-GEL A. A column with a total bed volume of 7
mi/ml of serum was prepared. The column was pre-washed with two
bed volumes of 0.02 M KZHP‘DH, pH 8.0 (Buffer 1). The serum sample
was dialysed for 24 hours against Buffer 1. The serum sample was ap-
plied to the column and the column washed (in sequence) with 3-4 bed
volumes of Buffer 1; 2 bed volumes 0.1 M KZHF’DM, pH 8.0; 2 bed volu-
mes of 0.2 M K;,HTPOM, pH 8.0; 1 bed volume of 0.4 M ‘KZHPOH, pH 8.0
and 2 bed wvolumes of Buffer 1. The column was eluted with 2 bed
volumes of 1 M KSCN. The albumin and the KSCN were separated by
chromatography on a Sephadex G-50(medium grade) column equilibrated
with phosphate buffered saline (24 mM KHZPOMI 63 mM KIHPOMHSM mM
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NaCl, pH 7.4). The albumin-containing fractions were pooled and con-
centrated on Minicon B-15 concentrators to a final concentration of
approximately 10 mg/ml. The yield was approximately 50%. Immunoelectro-
phoresis established the purity of the isolated albumin {purity * 99%;
Fig. 1i-1).

Fig. li=1. Immunoelectrophoresis of rat serum albumin (RSA) purified from female
WAG/Rij rats of different ages by DEAE -Affi-gel Blue chromatography.
Well A contained serum from 3-month-old female WAG/Rij rets, Wells B-E
contained RSA isolated from 3~, 12-, 24~ and 36-month-old rats, respectiwve-
ly. Well F contained commercially available RSA (Nordic) (purity 98.5%).
Coat anti-{rat total serum proteins) antiserum was used.

Rat serum albumin was iodinated by the method of McFarlane (1956) as
modified by Helmkamp et al. (1967) to a final ratio of 1 mole of 125!/

mole of albumin.

s

33



2. Plasma radioactivity curves

lodinated albumin {5 pCi) was injected into the external jugular vein
of rats of the different age groups. Trichloroacetic acid-precipitable
radioactivity {using 10 mg/ml BSA; 1 mg/ml K| as a carrier) was deter-
mined in 20 ul of plasma at several time points over 5 days. Blood was
sampled from the tail. Radioactivity was directly counted in a y-radia-
tion counter.

From the plasma radioactivity curves, in which plasma radioactivity
is plotted against the time after injection, the following characteristics
were calculated :

a} Elimination half-life: t{;,el

b) Apparent volume of distribution: Vd

¢} Clearance: Ci
These calculations were performed as described by Gibaldi & Perrier
(1975).

The elimination half-life is defined as the time required to eliminate

one-half of the total amount of 125‘I—alblumm which is present in the

body; t% el (hours) may be calculated using the equation:
t, In2

= - %

1.e B

B is the terminal slope in the plasma radioactivity curve [hou‘rs—”.
The elimination half-life is an index of the relative elimination rate.
The apparent wvolume of distribution (a mathematical concept) is

defined as the volume of body water that would be required to contain
the amount of 125l-allb»umin in the body if it were uniformly present in
the same concentration as in the plasma. The volume of distribution is

125!—aﬂbumin may not be

termed apparent, since the concentration of
the same in all body compartments and only the concentration achieved
in the plasma was used in the calculations. Vd (ml} can be calculated

as follows:

D
Vd= TAUTTE
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D is the amount of radio-labeled albumin injected and AUC is the area
under the plasma radioactivity curve from time zero to infinity
(cpm.h/ml}. Vd is a proportionality factor which, when multiplied by

the 125

125|—albumm present in the body. The use of Vd as a proportionality

[-albumin concentration in the plasma, yields the amount of

factor is wvalid only after the establishment of an equilibrium between
the different compartments,

The clearance can be defined as the amount of plasma cleared of
125I—albunninl per unit of time. The clearance [ml/h] can be calculated
using the equation:

Cl= L
AUC

The clearance is used as an index for the absolute albumin elimina-

tion rate.

3. Plasma albumin concentration, the whole-body albumin pool and

the absolute and fractional rate of albumin elimination

The albumin concentration in plasma was determined by radial
immunodiffusion, as described by Mancini et al. (1965) and modified by
Radl et al. (1970). With the use of the plasma albumin concentration,
the data for apparent volume of distribution and clearance can be ex-
trapolated in terms of the whole-body albumin pool and the absolute
and fractional rates of albumin elimination. The whole-body albumin
pool (mg) can be calculated using the equation:

Vd x plasma albumin concentration
The absolute rate of albumin elimination (mg/24 h) can be calculated

using the equation:

Cl x plasma albumin concentration x 24

The fractional rate of albumin elimination (%/24 h} is the absolute
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rate of albumin elimination expressed as a percentage of the whole-
body albumin pool per day. It can be calculated using the equation:
Absolute rate of albumin elimination x 100

Whole-body albumin pool
I1-3.  RESULTS
II-3a. Plasma radioactivity curves

Plasma clearance studies were performed in each rat of the respec-
tive age-groups with two different albumins. Firstly, each rat was in-
jected intravenously with albumin isolated from 3-month-old rats, so
that any age-related changes in the elimination of this albumin prepa-
ration were due entirely to physiological changes in the animal. Se-
condly, the same rats were injected intravenously with albumin isolated
from rats of the same age as the recipient. This approach therefore
revealed age-related changes in the elimination of albumin due to a
combination of physiological changes in the animal and any changes in
the albumin molecule.

Plasma radioactivity curves were constructed after injection of al-
bumin isolated from 3-month-old ratsinto rats of the four age-groups.
Fig. 11-2 shows the mean plasma radioactivity curves which were ob-
tained, by plotting semilogarithmically the TCA~-precipitable counts per
ml of plasma against the time after injection. From the individual
plasma radioactivity curves, the elimination half-life, the apparent
volume of distribution and the clearance were calculated. Age-related
changes in these three characteristics are shown in Table I1-1. Al-
though there are no major age-related changes in the elimination half-
lives for albumin, the walues for clearance and apparent volume of dis-
tribution are higher at 24 months of age than at 3 and 12 months of
age but by 36 months of age, only the clearance is significantly higher
than that observed at 3 months of age.

Mean plasma radioactivity curves for the four age-groups obtained

after injection of age-matched albumin are shown in Fig. I1-3.
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Fig. 1}-2. Mean plasma radioasctivity curves obtained after injection of albumin iso-

lated from 3-month-old rats inte groups of rats of different ages. TCA-pre-
cipitable radioactivity per ml of plasma at time zero was extrapolated from
determinations after 2,3 and 5 min and was designated as 100%. The values
represent the means = S5.D. for a minfmum of six experiments.

The characteristics calculated from the individual plasma radioactivity
curves are shown in Table 1i-1. Again, no significant age-related
changes in elimination half-lives of these albumins are observed. The
values for clearance and apparent volume of distribution are higher at
24 and 36 months of age than those at 3 and 12 months of age. In
contrast with the results obtained from clearance studies with albumin
isolated from 3-month-old rats, higher values for apparent volume of
distribution and clearance for animals aged 36 months are observed

compared with what is observed in the 24-month-old animals.
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Fig, 1i-3. Mean plasma radioactivity curves obtained in groups of rats of different

ages when injected with albumin isolated from rats of the same age as the
recipient. The values represent the means & 5.D. for a minimum of six expe-
riments.

The influence of the age of the albumin-donor-rats on t%,el' Vd
and C| in other recipients can be deduced from the data shown in
Table 11-1. An influence of the age of the albumin-donor-rats on
these three characteristics could only be observed in 36-month-old
recipients. Higher walues for apparent wolume of distribution and
clearance were found in this age-group after administration of age-
matched albumin than after administration of albumin isolated from 3-
month-old animals. In the rats of the other three age groups, no

differences in these characteristics could be observed when albumin
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isolated from rats of another age-group was administered.

11-3b., Albumin concentration in the plasma, the whole-body albumin

pool and the absolute and fractional rate of albumin elimination

Plasma albumin concentrations were determined in the same rats as
were used for the construction of the plasma radioactivity.curves. The
results are given in Table |I-2. No significant changes in the plasma
albumin concentration with age can be seen.

From the walues obtained for clearance, apparent volume of distri-
bution and plasma albumin concentration, values for the whole-body
albumin pool and the absolute and fractiona!l rate of albumin elimination
could all be calculated. Since the results showed that the clearance
and apparent volume of distribution are influenced by the age of the
albumin donor rats in 36-month-old recipients (Table l1-1), the calcu-
lations were carried out only on data obtained with age-matched al-
bumin.

The results are shown in Table 11-2. No significant changes in the
fractional rate of albumin elimination with age can be seen. However,
the wvalues for the whole-body albumin pool and for the absolute rate
of albumin elimination were higher at 24 months of age than at 3 and
12 months of age, and at 36 months of age than in any of the other

groups.
=4, DISCUSSION

The work reported here shows age-related changes in the absolute
albumin elimination rate in female WAG/Rij rats. The experiments were
designed to determine whether changes in albumin elimination were due
to changes in the physiology of the animal and/or to changes in the
albumin molecule itself.

After injection of albumin isolated from rats of the same age as the

recipient, the clearance was found to change with age. The value for
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clearance observed at 36 months of age was higher than that at 24
months of age, which in turn was higher than that at 12 months of age
{Table 11-1}). Howewver, no age-related change in elimination half-life
for albumin was seen. This observation is in agreement with the re-
sults on elimination half-lives published by Salatka et al. (1971) and
by Ove et al. (1972). Concomitant with the increase in clearance with
age, an increase in apparent volume of distribution was seen. Since
the plasma albumin concentration was constant throughout the lifespan
of female WAG/Rij rats, the increase in apparent volume of distribution
reflected an increase in the whole-body albumin poo! (Table [1-2).
After injection of albumin isolated from 3-month-old rats into the
animals of each age-group, no increase in clearance was found between
24~ and 36-month-old rats. The increase in albumin clearance between
12- and 24-month-old rats, however, was still present {(Table 1I-1).
Furthermore, rats of 12 and 24 months of age cleared albumin isolated
from rats of their own age in the same way as they did the albumin
derived from the 3-month-old ones (Table l1-1). These observations
indicate that the increase in albumin elimination between 12- and 24-
month-old rats was not caused by a change in the albumin molecule but
by some change:in the physiology of the animal.

The higher value for the absolute elimination rate of albumin in 36-
month-old rats compared to that in 24-month-old ones (Table 11-2)
might be due to changes in the albumin molecule during this time
interval. However, since 3-month-old rats showed only a tendency to
eliminate the albumin isolated from 36-month-old ones in a way dif-
ferent to the elimination of their own albumin (P < 0.10), a change in
the albumin molecule of 36-month-old rats could not be the sole cause
of the change in absolute albumin elimination rate between the ages of
24 and 36 months (Table I1-1).

This study showed an age-related increase in total albumin elimina-
tion. Whether or not this is due to some specific albumin elimination

process will be addressed in the next chapter.
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CHAPTER 1li

Changes in urinary albumin excretﬁon,
gastrointestinal protein loss
and fluid-phase endocytosis with age

[1i-1. INTRODUCTION

The total elimination of albumin in female WAG/Rij rats is dependent
upon the age of the animals (Horbach et al., 1983; Chapter Il]. An
increase in albumin elimination occurs between 12 and 36 months of
age. It has also been shown that the increase which occurs between 12
and 24 months of age is predominantly due to a change in the animal's
physiology, while between 24 and 36 months of age, changes in the
albumin molecule are also important in producing this change in albu-
min elimination. This chapter will deal with the influence of age on
three main albumin elimination processes: urinary albumin excretion,
gastrointestinal protein loss and fluid-phase endocytosis, and their
relation to the changes in total albumin elimination in rats,

An increased loss of albumin in the urine has been observed in

many rat strains as the animals age {Beauchene et al., 1970; Obenra-
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der et al., 1974a; Alt et al,, 1980}. Albumin excretion via the urine
was increased in male and female Wistar rats from 36.6 £ 6.9 at 11-14
months of age to 111.3 * 22.2 mg/day at 23-38 months of age (Beau-
chene et al., 1970}); in female Fischer rats from 0.59 + 0.03 at 4-6
weeks of age to 3.10 * 0,26 mg/day/100 g rat at 17-20 months of age
(Obenrader et al., 1978a): and in male Han:Wistar rats from 0.015 %
0.006 at 5.5 months of age to 3.048 * 2.027 mg/hl/kyg body weight at 38
months of age (Alt et al., 1980). Beauchene et al. (1970) suggested
that the increase in albumin synthesis with age was a compensatory
mechanism for the increased wurinary excretion of albumin. However,
Obenrader et al. {1974a) demonstrated that albumin synthesis was not
regulated to any great extent by the rate of albumin excretion into the
urine.

The loss of plasma proteins via the gastrointestinal tract has been
described as a pathological cause of increased albumin catabolism in
humans (Van Tongeren, 1967; Wochner et al., 1968). An increase in
gastrointestinal protein loss could be caused by an increased permea-
bility of the intestinal mucosa or by a direct leakage as a result of
lymphatic obstruction (Steinfeld et al., 1960; Jeffries et al., 1962; Van
Tongeren, 1967}.

Fluid-phase endocytosis is a non-specific process of cell surface
invagination by which extracellular solutes are transported into the cell
and may account for as much as one-half of the catabolism of albumin
in rats [Munniksma et al. 1980). It has been suggested that this pro-
cess has a physiological role in the delivery of plasma proteins to the
lysosomes and thus providing amino acids for cellular protein synthe-
sis. Since adsorption on the plasma membrane is not included in fluid-
phase endocytosis, this latter process accounts for the minimum rate of
albumin elimination (Ehrenreich & Cohn, 1967; Besterman et al., 1983}.
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-2, MATERIALS AND METHODS
I1-2a. Animals and materials

For determination of urinary albumin excretion and gastrointestinal
protein loss, the female WAG/Rij rats, which were used to assess the
total albumin elimination (Chapter Il) were used. For the measurement
of fluid-phase endocytosis, new groups of 3-, 12-, 24~ and 36-month-
old animals were used. The mean weights (£S.D.] for these groups
were 147 = 6, 184 £ 9, 236 * 14 and 224 * 18 g, respectively.

51Cr(ll3 and 12
the Radiochemical Centre (f\m‘e‘rsham, Bucks, UK) and rabbit anti-(rat

SI—‘fabeled” polyvinylpyrrolidone were obtained from

serum albumin) antiserum [(RARa/Alb) was obtained from Nordic lmmu-
nological Laboratories (Tilburg, The Netherlands). Other chemicals of
a high grade were obtained from standard chemical suppliers.

I1-2b. Assays
1. Urinary albumin excretion

Animals were kept in metabolic cages for 24 hours and supplied with
water and food ad libitum. The urine was collected and the amount of
albumin excreted was determined by radial immunodiffusion as descri-
bed by Mancini et al. (1965) and modified by Radl et al. (1970).

2. Gastrointestinal protein loss

Protein loss through the intestinal wall was determined by using the
5‘1Cr‘Cl3—me‘chc»d described by Van Tongeren & Reichert (1966). Briefly,
51CNCI? (5uCi) was injected intravenously into the external jugular
vein of rats of the four age-groups. These rats were kept in metabolic
cages to permit collection of the faeces. Radioactivity was determined
in 20 pl samples of plasma at several time points over 30 hours. At

time T (+24 hours after injection), 25 mg of Carmine was administered
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orally to the rats as a faeces marker. This time point was chosen since
it lies on the elimination-phase of the plasma radioactivity curve of
51CrC!3_ Radioactivity in the faeces was determined until the appea-
rance of the marker. GCastrointestinal clearance (Cl gastro) was cal-
culated by the quotient of radioactivity in the faeces and the area

under the plasma radioactivity curve from zero time to time T.
3. Fluid-phase endocytosis

- Plasma radioactivity curves
125

I-fabeled PVP (5uCi) was injected into the external jugular vein
of rats of the four age groups. Blood was sampled from the tail at 3,
5, 10, 15, 30, 45 and 60 minutes after injection, followed by 15 addi-
tional samples at interwvals of 1-2 hours up to 28 hours after injection.
Radioactivity in 20 ul samples of plasma was counted directly in a

y-radiation counter.

- Measurement of total radioactivity in organs and tissues

Rats were Kkilled by over-anaesthetizing with ether at 28 hours after
injection of 125[~F"J’P. After the organs had been removed, the skin
was depilated, removed, freed of fat and then weighed. Portions were
taken and the radicactivity determined. All the muscles of the poste-
rior thigh were removed and weighed. The total muscle mass in 3-
month-old rats was calculated as 45% of the body weight [Keeler,
1970). In 12—, 24— and 36-month-old rats this factor was corrected for
changes in the muscle/body weight ratio with age due to e.g. atrophy
of the muscles with age or an increased fat content of the body. This
correction was calculated by considering the decrease in the weight of
the muscles of the posterior thigh per 100 g of total body weight as
representative. In 12-month-old rats the mean muscle mass was found
to be 45% of the total body weight (range = 42%-L46%), and in 24- and

36-month-old animals this mean wvalue was 34% (range = 25%-39%). In
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calculating the whole muscle mass for the animals of these three age-
groups, the values for individual animals were used.

The liver, kidneys, lungs, heart, spleen and small intestine were
removed intact, thoroughly washed with 0.9% NaCl, weighed and min-
ced with scissors., Radioactivity was measured in several weighed por-
tions.

Total radioactivity in liver, kidneys and spleen was corrected for
the amount of radicactivity in the residual plasma present in these

organs at the time of sampling (as described by Munniksma et al.,
19801,

ll0001

3000 -

2000 -]

1000~

plasmaradiocactivity (cpm/20 pl)

0 T 1 { e 1 Y
O 5 10 15 20 25 28
time after injection (h)
. s . . . 125
Fig. Ill-1. Plasma radicactivity curve obtained after intravenous injection of I~

labeled polyvimylpyrrolidone into a female WAG/Rij rat of 3 months of age.
The area under the plasma radioactivity curve from zero time to 28h
C‘AUCD-ZBh) was determined by the trapezoid rule.

- Calculations
Rates of fluid-phase endocytosis in organs or tissues for ]25I~I‘abe—
led PVP were calculated by

cpm (organ/tissue) at time Tx2U (ml/day)
AUC,



where "cpm ({organ/tissue) at time T" is the total radicactivity found
p-T Is the
area under the plasma radioactivity curve from zero time to time T
{cpm.h fml), (Fig. 1li-1}), (Gibaldi & Perrier, 1975; Horbach et al.,
1984b; Horbach et al., 1986b). These calculations were performed by

in the organ or tissue at the time of killing (T}, and AUC

assuming that exocytosis of PVP is negligible during the first day
after injection {(Munniksma et al., 1980).

- Urinary excretion of 125I—P“v’F’

125

After injection with I-PVP, animals were kept in metabolic cages

for 28 hours and supplied with water and food ad libitum. The urine

125

was collected and the amount of [-PVP excreted was determined.

Table 1ti-1. THE INFLUENCE OF AGE ON THE ABSOLUTE RATE OF
ALBUMIN ELIMINATION AND URINARY ALBUMIN
EXCRETION IN FEMALE WAG/Rij RATS.

Age Absolute rate Urinary Urinary excretion

(months) of albumin albumin as percentage of
elimination elimination absolute elimina-
{mg/24h) mg | 24h) tion rate (%)

3 197 + 12 (6) 0.22 + 0.08 (6) 0.1 * 0.1 (6)

12 255 * 53 (6) 0.20 £ 0.11 (6) 0.09 = 0.07 (6}

24 353 + 7620 (71 2.4 +1.P (1) 07+ 052 ()

6 430 =+ 70%2:C (1) 16+ 16%°:C (67 2.4 = 1.97°PC ()

Urinary albumin excretion was determined by radial immunodiffusion in
the same rats as were used in the elimination experiments described in
Chapter 1. Absolute rates of albumin elimination were determined in
the experiments described in Chapter [l. Values are expressed as
means * S.D. Numbers of animals are given in parentheses.

a: value differs significantly [(p < 0.05) from 3-month-value.

b: walue differs significantly (p < 0.05) from 12-month-value.

¢: value differs significantly [p < 0.05)] from 24-month-value.
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[11-3. RESULTS

[1t~3a. Urinary excretion of albumin

The amount of albumin excreted in the urine was determined in 3-,
12-, 24- and 36-month-old female WAG/RIij rats. The results are pre-
sented in Table 1l11-1. These data on albumin excretion in the urine
show an increase with age. However, when the urinary albumin excre-
tion is compared with the total albumin elimination, it can be seen

1000+

plasmaradioactivity (cpm/20 pl)

500 -
300+
100 T T T T T 1
0 5 10 15 20 25 30
time after injection (h)
Fig., 111-2. Mean plasma radioactivity curves obtained after intravenous injection of

51CrC13 into female WAG/Rij rats of different ages. The values represent

the means for at least 6 experiments. The standard deviation was always
less than 15%. (@) 3-, {O) 12-, (@) 24~ and (A) 36-month-old rats.
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that the wurinary excretion accounts for only 0.1-2.4% to the total
elimination of albumin in these rats (Table I11-1],

I11-3b. Gastrointestinal protein loss

Protein loss through the intestinal wall was determined in rats of
the four different age-groups by using the 51CrCI3—meth0d. Mean
plasma radioactivity curves are illustrated in Fig. Il1-2. The individual
curves were used for calculation of gastrointestinal protein loss. The
resufts of these calculations are given in Table [1I-2,

No significant age-related change in gastrointestinal protein loss was
seen.

Table 11i-2 INFLUENCE OF AGE ON THE GASTROINTESTINAL CLEA-
RANCE (Cl gastro) OF PLASMA PROTEINS

Age N Cl gastro
{months) {(mi/h)
3 7 0.161 = 0,062
12 7 0.184 = 0.084
24 6 0.130 = 0.035
36 6 0.113 + 0.021

Values are expressed as means +* S.D.

N: the number of animals
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11-3c.

Fluid-phase endocytosis

Plasma radioactivity curves

Plasma clearance of

125‘I—F‘VP was studied in each rat of the dif-

ferent age-groups. Plasma radioactivity was plotted semilogarithmically

against the time after injection. Fig. [1I-3 shows the mean plasma

radioactivity curves for the four age-groups.

Fig.

1251 - polyvinylpyrrolidone radioactivity
(cpm/20 pl plasma)

-3,

5000 4 Y
¢ 3-month-old rats
] o 12-month-old rats
» 24-month-old rats
a 36-month-old rats
2000 4
1000
500 -
200‘ - ) L ] T ¥ L} L]
0 5 10 15 20 25 30
time (h)

Mean plasms radioactivity curves obtained after injection of 1251-ﬂabe1ed
polyvinylpryrrolidone into female WAG/RIj rats of different ages.

The values represent the means for at least five experiments. The standard
deviation was always less than 10%.

As can be seen from this figure, an age-related decrease in the mean

area under the curve (0-28 h) was observed. From the individual plas-
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ma radioactivity curves the "area under the curve" [AUCQ_T} was cal-
culated and was used for the determination of the 125I~~P‘VP clearance

by organs and tissues.

125 _pyp

Urinary excretion of 125I—PVP was measured to permit the determina-

125

- Urinary excretion of

tion of the amount of I-PVP of, especially, the low-molecular weight
form which passes the glomeruli and is therefore excluded from fluid--
phase endocytic processes. In all age-groups examined, no change in
125I—F‘VP excretion was observed. The amount excreted in 28 hours
was approximately 35% of the dose.

- 125 pyp clearance by organs and tissues

Rates of fluid-phase endocytosis (ml of plasma cleared of PVP/organ

or tissue per day] were calculated as described in section [li-2b.3.
The results are shown in Table [l11-3. It is clear that the liver exhibits
125

a high level of I-PVP uptake as do skeletal muscle and skin, re-
gardless of the age of the animals.

Up to 12 months of age, no change in the level of 125 _pyp clea-
rance per organ or tissue is seen. Between 12 and 24 months of age,
an increase in 125I—~F‘VP clearance occurs in the small intestine, the
kidneys, the lungs and the skin. Between 24 and 36 months of age, an
increase in fluid-phase endocytosis was also observed. Between these
two ages, the relative contribution by the liver and the muscles to this
increase is especially noteworthing.

When expressing the fluid-phase endocytic rate per gram of organ
or tissue, the high activity of the spieen can be scen (Table [lI-4}.
Muscle and skin exhibit very low endocytosis per gram tissue. Except
for the kidneys and skeletal muscle, no age-related changes in endo-
cytosis per gram of organ or tissue can be found. This suggests that
the increase in fluid-phase endocytosis by organs and tissues with age
is mainly due to an increase in the wet weight of these organs and

tissues and only to a limited extent to a change in specific activity.
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It-4. DISCUSSION

n order to determine whether some specific albumin elimination pro-
cess is responsible for the observed age-related increase in the total
albumin elimination rate in rats, studies were performed on the influ-
ence of age on urinary albumin excretion as well as two other possible
causes of plasma protein loss: namely, protein loss through the gastro-
intestinal wall and fluid-phase endocytosis.

Table [1i-1 shows an increase in urinary albumin excretion between
the ages of 12 and 24 months, and between 24 and 36 months. The age-
related changes in the absolute albumin elimination rate could not be
attributed to this increase in urinary albumin excretion since it was
calculated that even the highest excretion rate at 36 months of age
accounts for only Z,4% of the total elimination of albumin in the old
rats. Therefore, since the old rats were able to eliminate up to 98% of
the injected albumin via mechanisms other than urinary excretion, it
could be concluded that the increase in albumin excretion in the urine
in the female WAG/RIij rats was not the trigger for the increase in
albumin synthesis with age as suggested by Beauchene et al. (1970).

Loss of protein through the gut waill could also influence albumin
elimination. Table Ill-2 shows the influence of age on the gastroin-
testinal protein loss. 1t can be seen that the gastrointestinal clearance
remained constant with age. However, in this experiment, no direct
estimation of the albumin clearance through the intestinal wall could be
made. After injection of 51CrC13, albumin and transferrin are labeled,
transferrin more than albumin. Changes in Mer clearance may only be
extrapolated to changes in albumin clearance when it is demonstrated
that no distinction is made between the two proteins by the intestinal
wall during leakage [(wvan Tongeren & Reichert, 1966).

A number of markers have been used to study the rate of fluid-
phase endocytosis in different organs or tissues (Pratten et al., 1980).
The requirements for a good marker are that it should not show any

adsorption to the plasma membrane and that it should have the same

55



Table 111-5 THE INFLUENCE OF AGE ON THE CONTRIBUTION OF
FLUID-PHASE ENDOCYTOSIS TO TOTAL ALBUMIN
ELIMINATION IN FEMALE WAG/Rij RATS

Age Albumin elimination Total albumin Percentage
{months) by fluid-phase elimination cleared by
endocytosis fluid-phase
{mg/24h) {mg/24h) endocytosis

(%)

3 90 £ 10 (5} 197 + 12 { 6) 46 * 6 (5)
12 98 + 12 (6] 255 * 53 { 6) 38 + 9 (6)
24 121 108’b (5) 353 ¢ 7‘Ha'b (7] 34 + 7 (5)
36 161 + 197-P+ (g) 430 + 70%°P-C (1) 37+ 7 (6)

Albumin elimination by fluid-phase endocytosis was calculated by mul~-
tiptying plasma albumin concentration and PVP clearance (of all or-
gans/tissues examined except skin and muscle). Plasma albumin con-
centrations and total albumin elimination were determined in the expe-
riments described in Chapter |l. Values are expressed as means %
S.D. Number of animals are given in parentheses.

a: value differs significantly (p < 0.05) from 3-month-value.

b: wvalue differs significantly (p < 0.05) from 12-month-value.

¢: value differs significantly (p < 0.05) from 2#-month-walue.

rate of uptake as other ideal substances taken up by fluid-phase
endocytosis alone, which will be lower than for any other substance
which is adsorbed (Roberts et al., 1977).

PVP is a metabolically stable compound which fulifils these re~
quirements (Roberts et al., 1977; Duncan & Lloyd, 1978). Using this
marker, Munniksma et al. (1980) investigated fluid-phase endocytosis
in several organs and tissucs of male Wistar rats. High levels of
fluid-phase endocytosis were found in the liver, skin, skeletal muscle

and spleen. When this uptake was expressed per unit weight of organ
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or tissue, they found the spleen to be the most active organ in fluid-
phase endocytosis. The results presented in this chapter are consis-
tent with these results (Table {{I-3 and 14}, The high uptake of
1‘mﬁ~l3“\/’P‘ in muscle and skin is explained by the relatively large con-
tribution these tissues make to the total body mass (Table 111-3).
Baynes and Thorpe (1981) reported a high uptake of albumin in ske-
letal muscie and skin in the rat. However, only a very small propor-
tion of the albumin "taken up" in these tissues had been degraded
when assessed at 18 hours after the injection of labeled albumin. The
degradation gradually increased up to 70% over 4 days. Since endocy-
tosis is thought to be directly linked to degradation in the lysosomes
{(Ehrenreich & Cohn, 1967; Besterman et al., 1983; Besterman & Low,
1983), the high recovery of undegraded albumin in muscle and skin in
the first few days after injection is more likely due to the presence of
this labeled protein in extracellular fluid (as suggested by Munniksma
et al., 1980) rather than to fluid-phase endocytosis. The findings of
Baynes and Thorpe (1981) and Munniksma et al. (1980} suggest that

skin and muscle play a less important role in the clearance of 1QSE-F'VP”
than the results illustrated in Table 111-3 would suggest.
Our results show an increase in 1ZSM—P*VP uptake both between 12

and 24 months of age and between 24 and 36 months of age (Table
11-3). The increase between 12 and 24 months of age is due to the
small intestine, the kidneys and the lungs. Between 24 and 36 months
of age the increase was caused by the liver, kidneys and heart.
Except for the kidneys, which showed a higher specific endocytic rate
at 36 months of age than at 3 or 12 months of age (Table IlI-4), the
increased uptake of 125I-P‘\/P with age is caused by an increase in the
wet weight of the organs.

The finding of an age-related increase in fluid-phase endocytosis is
consistent with the increased albumin elimination previously reported in
this rat strain (Horbach et al., 1983; Chapter !l). Table [1i-5 shows
the amount of albumin eliminated solely by fluid-phase endocytosis. It
can be seen that the increase in total albumin elimination is accompa-

nied by an increase in albumin elimination via fluid-phase endocytic
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processes. In all the age-groups examined, fluid-phase endocytosis ac-
counts for 34-46% of the total albumin elimination. On the other hand,
albumin elimination has also been shown to be dependent upon the albu-
min molecule itself. When albumin isolated from 3-month-old rats was
injected into 36-month-olds, no change in elimination rate was seen
over that which is present at 24 months of age. However, the 36~
month-old rats eliminated albumin isolated from rats of the same age
much more rapidly (Horbach et al., 1983; Chapter Il}. Since fluid-
phase endocytosis is a nonspecific process, a change in the albumin
molecule leading to an alteration in albumin elimination cannot be
explained by this endocytic process. Nevertheless, the results of
Baynes and Thorpe (1981} and of Yedgar et al. (1983] with respect to
albumin catabolism in rats and rabbits, show an extremely good cor-
relation between the sites of albumin uptake, and the sites of uptake
of '2%1-PVP (Munniksma et al., 1980; Horbach et al., 1984b; Horbach
et al., 1986b) (Table [11-3). Whether there is an additional age-related
specific elimination process for albumin, remains to be determined.

It can be concluded that fluid-phase endocytosis is an important
mechanism for albumin elimination and that age-related changes in
albumin elimination in female WAG/Rij rats are mainly, but not solely,

the result of age-related changes in fluid-phase endocytosis.
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CHAPTER IV

hanges in the sequence content of albumin mRNA
and in its translational activity
in the rat liver with age

IV-1. INTRODUCTION

Aging in a number of species appears to be accompanied by a
change in the capacity to synthesise proteins. Most of the investi-
gations on the influence of age on protein synthesis have been per-
formed using rat or mouse liver tissue. Although sewveral studies indi-
cate an age-related decline in protein synthesis, there is still con-
siderable controversy concerning the mechanisms by which aging might
influence the synthesis of proteins (Richardson, 1981; Richardson &
Birchenall-Sparks, 1983).

Since the liver has a high protein-synthesising activity, this organ
has been chosen by many investigators for the study of changes in the
capacity for protein synthesis as a function of age. Of the proteins
synthesised solely by the liver, albumin is one of the few that has
been extensively studied. Studies in vitro with liver microsomes iso-

lated from male Fischer 344 rats showed an increase in albumin synthe-
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sis between the ages of 15 and 24 months [Chen et al., 1973). How-
ever, no change in total protein synthesis was found. Van Bezooijen
and co-workers showed that the capacity of hepatocytes isolated from
female WAG/Rij rats to synthesise albumin was less at 24 months than
at 3 and 12 months of age, whereas it was higher at 30 and 36 months
of age compared with what was observed in the animals aged 12 and 24
months (Van Bezooijen et al., 1976; Van Bezooijen & Knook, 1977).
Studies in vivo on age-related changes in albumin synthesis have
been performed by Beauchene et al. (1970), Salatka et al. [1971) and
Owve et al. (1972). All these studies reported an increase in albumin
synthesis with age between the age-groups investigated, namely 11~
and 28-month~old male and female Wistar rats (Beauchene et al., 1970},
1.5~ and 20-month-old female Fischer rats (Salatka et al,, 1971} and 1-
and 20-month-old female Fischer rats (Ove et al., 1972), respectively.
This chapter will focus on the effect of aging on the distribution of
free and membrane-bound polyribosomes in the rat liver, the capacity
of polyribosomes to synthesise albumin and total proteins in a cell-free
system and on the albumin messenger RMA content of various RNA frac-
tions as determined by molecular hybridization with albumin comple-

mentary DNA,
IVv-2, MATERIALS AND METHODS
IV-2a. Animals and materials

The mean weights (* S.D., 12 animals per group) of the 3-, 12~,
24~ and 36-month-old female WAG/Rij rats were 146 * 11, 194 £ 12, 211
+ 21 and 196 + 15 g, respectively.

All glassware and solutions were autoclaved prior to use. EDTA,
phenol, sodium deoxycholate, salts, solvents and ribonuclease-free
sucrose were purchased from E. Merck (Darmstadt, FRGJ); Dithiothrei-
tol, heparin (from porcine intestinal mucosal, unlabeled amino acids
and HEPES were obtained from Sigma (St. Louis, USA}; Deoxyribonu-
cleoside triphosphates, creatine phosphate and creatine kinase [rabbit
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muscle) from Boehringer [Mannheim, FRG). Glutathione was obtained
from Aldrich (Brussels, Belgium); Triton X-100 and SD5 from BDH che-
micals Ltd. (Poole, UK). L-(4-5-3H]-Leucine (spec. act. 61 Ci/ mmol)
was purchased from the Radiochemical Centre {Amersham, Bucks, UK).
‘OIigo(dT]n_.l8—ce”ul05e (type TZ)\ was obtained from Collaborative
Research, Inc. (Waltham, MA, USA). Nuclease 5‘1 (Aspergillus oryzae)
was purchased from Miles Laboratories, (Slough, UK), and stored at a
concentration of 2.5.10° units/ml in 50% glycerol/100 mM NaCl/20 mM
KHQPONIS mM ‘NaZHP()u {(pH 7.0} at -20°C. Stripped rabbit liver tRNA
was obtained from Gibco (Uxbridge, UK). Rabbit reticulocyte lysate
was obtained from B.R.L. (Gaithersburg, USA).

IV-2b. Assays
1. Isolation of total post-nuclear RNA

Total post-nuclear RMA was prepared as described by Taylor &
Schimke (1973). Rat livers were perfused in situ with a rinse solution
[0.25 M sucrosef/1 mM MgCIz]. The livers were excised, washed and
homogenized in 4 volumes of homogenizing buffer (50 mM Tris,HCI{pH
7.4)/ 25 mM NaCl/ 5 mM MgCIZI 0.25 M Sucrose/ 0.3 mg/ml heparin).
After addition of 1/10 volume of 10% Triton X-100, the homogenate was
centrifuged for 20 min. at 16,000 x g. The supernatant was collected,
1/10 volume of 103 sodium deoxycholate was added as well as 1/2 vo-
lume of 0.3 M NaCl/ 1.5% SDS/ 15 mM EDTA/ 30 mM Tris,HCI (pH
9.0). An equal wvolume of water-saturated phenol/chloroform/iscamyl-
alcohol (50:49:1) was added and the RNA was extracted. After two
successive extractions the RNA was precipitated with absolute ethanol
overnight at -20°C and isolated by centrifugation at 16,000 x g for 20
min. at u4°C.
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2, Preparation of poly{A}-containing RNA

Polyadenylated RNA was prepared from total post-nuclear RNA by
double oligo(dT)-cellulose chromatography as described by Strair et al.
(1977}, In short, a column of oligo(dT)-cellulose with a total bed wvo-
lume of 0.5 mi/mg RNA was prepared and pre-washed with 10 mM
Tris . HCI (pH 7.4}/ 0.5 M NaCl/0.5% SDS/1 mM EDTA (Buffer 1), Total
post-nuclear RNA (dissolved in Buffer |) was applied to the column
and the column was washed with Buffer | until the optical density (260
nm} of the eluate was lower than 0,02, Next the column was washed
with 10 mM Tris.HCI(pH 7.4) /0.1 M NaCl/0.5% SDS until the optical
density {260 nm) of the eluate was lower than 0.02. The bound RNA
was eluted with 10 mM Tris. HCI{pH 7.4) /0.5% SDS. This eluate was
adjusted to 0.5 M NaCl, re-applied to the column and all the above

steps were repeated.
3. Isolation of free and membrane-bound polyribosomes

Free and membrane-bound polyribosomes were isolated by the me-
thod of Ramsey. and Steele (1376). The livers of rats were perfused in
situ with a rinse solution (250 mM sucrose/1 mM MgCIZ]. The livers
were excised, washed and homogenized in 4 volumes of homogenizing
buffer [50 mM HEPES (pH 7.4)/75 mM KCI/5 mM MgCIzl?» mM glutathi-
one/250 mM sucrose). Centrifugation at 131,000 x g for 12 min. was
performed to separate the large particulate fraction from the free
polyribosomes and cell sap. The particulate fraction was resuspended
in cell sap containing 250 mM KCI using a tight-fitting Dounce homo-
genizer after addition of 1/9 wvolume of 10% (w/v) Triton X-100. The
membrane-bound polyribosomes were separated from the nuclei by cen-
trifugation at 1,470 x g for 5 min. A 1/9 volume of 13% (w/v] sodium
deoxycholate was then added to solubilize membranes. Both membrane-
bound and free polyribosomes were purified by centrifugation through
a discontinuous sucrose gradient. 4 ml of the membrane-bound or free

polyribosome suspension were layered onto a 3 ml cushion of 2 M su-

62



crose in cell sap and a 3 ml cushion of 1.38 M sucrose in cell sap.
Centrifugation was performed at 174,000 x g for 20 hours. The pellet
was resuspended in 10 mM HEPES (pH 7.4)/75 mM KCI/5 mM MgaCHZIB‘
mM glutathione and kept at -70°C.

4, Preparation of cell sap

One wvolume of homogenizing buffer was added to livers of rats of
different ages. After homogenization, the material was centrifuged for
10 minutes at 17,000 x g at 4°C. Pelleted material was discarded and
the supernatant fraction was re-centrifuged for 95 minutes at 365,000
x g. The cell sap was harvested from the upper three quarters of the
supernatant fraction, excluding the lipid layer, and the concentration
was adjusted to 250 mM KCI for the isolation of polyribosomes. For the

cell-free protein synthesis, orginal cell sap with 75 mM KC| was used.
5. Polyribosome profile analysis

Approximately 6 A units of free or membrane-bound polyribo-

somes were diluted t0263%0 ul with a buffer comprising 10 mM HEPES
(pH 7.4}/75 mM KCI/5 mM MgCIzla mM glutathione and were layered
over a 12 ml 10-40% (w/v]) isokinetic sucrose gradient containing 0.5
mM EDTA. Centrifugation was carried out for 60 min. at 280,000 x g.
The gradients were withdrawn from the top of each tube and absor-

bance at 254 nm was monitored with a CGilford 2400-2 recording system,
6. Quantitative determination of the RNA content

The RNA content in the fractions prepared from liver homogenates
was determined by the method of Fleck & Munro (1962). Normal per-
chloric acid (PCA) was added to the homogenate to a final concentra-
tion of 0.7 N. After a 15 min. incubation in an ice-bath, the homo-

genate was centrifuged for 5 min. in an Eppendorf-centrifuge. The
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pellet was washed twice with 0.7 N PCA, dried and resuspended in 0.3
N KOH. After a 1 hour incubation at 37°C, the suspension was neu-
tralized by the addition of 1/7 wolume of 2.1 N PCA. One volume of
0.5 N PCA was added and the suspension was centrifuged for 2 min.
in an Eppendorf-centrifuge. The pellet was washed twice with 0.5 N
PCA. The supernatants were combined and the absorbance at 260 nm
was measured. A standard curve was obtained with known amounts of
E.Coli tRNA. An absorbance of 1 at 260 nm corresponded to a RNA

concentration of about 32 ug/ml.
7. Cell-free protein synthesis

Cell-free protein synthesis was performed in a 25 npl incubation
mixture as described by Grossman et al. {1977). Polyribosomes were
incubated for 15 min. at 30°C, Reaction mixtures contained 15 mM
Tris.HCl (pH 7.5}/ 1 mM dithiothreitol/1 mM ATP/0.2 mM GTP/10 mM
creatine phosphate/ 2.5 ug creatine kinase (rabbit muscle}/19 uniabeled
amino acids minus leucine according to Palmiter (1973}/0.03 AZGO units
of stripped rabbit liver tRNA/ 1 uCi L—(M.S—BH)—‘Ieucine (61 Ci/mmol).
Optimal conditions for (3‘H]—|‘eucine incorporation were determined by
varying the concentration of potassium acetate, magnesium acetate and
cell sap. Maximal incorporation was found at 75 mM potassium acetate,
4 mM magnesium acetate and 2 ul cell sap wusing 0.05-0.4 AZ 0 units of
free or membrane-bound polyribosomes. Incorporation of ([“H)-leucine
into protein was measured as labeled polypeptide which was insoluble

in 10% trichloroacetic acid.
8. In vitro translation in a reticulocyte lysate

The in vitro translations were performed as described by Strohman
et al. (1977). Poly(A]f—RMA (0.05-0.5 ug} was incubated for 60 min.

at SOOC. Reaction mixtures (with a final volume of 30 ul) contained 25
mM HEPES (pH 7.2)/10 mM creatine phosphate/25 ug creatine kina-
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se/19 unlabeled amino acids minus leucine (50 uM each)/#5 wCi L-
M,S_?’H)—Ieucin‘e {61 Ci/mmol}. Optimal conditions for (BH}-!eumne ir-
corporation were determined by varying the concentration of potassium
acetate and magnesium acetate. Maximal incorporation was found at 135
mi potassium acetate and 1.2 mM magnesium acetate. Incorporation of
(‘3H]\-Ieucine into protein was measured as labeled polypeptide which

was insoluble in 10% trichloroacetic acid.
9. Immunological analysis of albumin synthesis in cell-free reactions

Determination of (3‘H3~a‘lbumin in the cell-free protein synthesis
reaction product was performed by immunoprecipitation. For these stu-
dies approximately 2.4 AQBO units of free or membrane-bound polyribo-
somes were used or approximately 2 ug of p‘o‘ly(Af—RNA with a propor-
tionate increase in other reaction components. After protein synthesis
was completed, un-labeled leucine was added to a concentration of 10
mM and the reaction mixture was placed on ice. The incorporation of
radioactivity into hot trichloroacetic acid-insoluble polypeptides was
determined in a 10 ul aliguot. The residual mixtures were then diluted
to 1 ml with buffer comprising 10 mM sodium phosphate {(pH 7.2)/150
mM NaCl/1% Triton X-100/0.5% sodium deoxycholate/0.1% SDS and centri-
fuged for 15 min. at 225,000 x g. To the supernatant 1,000-2,000 cpm

of rat (14

C)-labeled albumin was added as tracer for recoveries and
subsequently 15 ug of unlabeled rat albumin as carrier for precipitation
and goat-anti-rat-albumin y-globulin were added. After 16 hours of
incubation at 4°C, the mixture was layered over a 200 ul 10% [w/v)
sucrose cushion in the same buffer and centrifuged in an Eppendorf
centrifuge at 10,000 x g for 8 min. The pellet was resuspended in
buffer, washed and re-centrifuged. This wash procedure was repeated
three times. The pellet was dissolved in 0.1 N NaOH and then re-pre-
cipitated with 10% trichloroacetic acid for counting, (using a double-

labeling program].
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10. Preparation of [mC]a-alburnin

(1‘M‘C)~A!bumin was prepared chemically from purified albumin with
[wC]—fmrmaldehyde by reductive methylation as described by Crane
and Miller (1975).

A solution of rat serum albumin (16 mg in 4 ml of 0.01 M borate
buffer (pH 9.0), containing 0.3 M KC!) was allowed to react with 4.4
umoles of (MC]—fOr‘mazldehyde (59 mCi/mmole} for 3 min., at 0°C. The
formaldehyde-albumin adduct was reduced by adding 7 umoles of so-
dium borohydride. The residual (MC)—methanol was removed by repea-
ted dialysis against 0.3 M KCI/0.1 mM EDTA.

11. Analytical RNA-cDNA hybridization

Analytical RNA-cDNA hybridization was performed according to the
method of Housman et al. (1974) in 5 ul sealed capillary tubes con-
taining 0.2 M sodium phosphate buffer (pH 6.8)/0.5% SDS/1000 cpm
(‘3H)—cDNIA {spec. act. 7.5-106 cpmfug) and the required amount of
RMNA. The reaction mixture was heated at 100°C for 2 min. and then
incubated at 65°C for 2 to 16 hours. After incubation, samples were
diluted 400-fold in 30 mM sodium acetate [pH 4.5)/300 mM NaCl/1 mM
ZnSOuHO wg/m! denaturated and 5 pg/ml double-stranded calf thymus
DNA. Hybrid formation was monitored by determining the percent input
of (BH)—UCTP~‘Ia‘be|ed cDNA, which was insoluble in 10% trichloroacetic
acid after digestion with 250 U/ml nuclease S] at 45°C for 30 min.
Trichloroacetic acid-precipitable material was collected on a nitro-

cellulose filter and counted by liquid scintillation spectroscopy.
V-3, RESULTS
IV-3a. Yield and size of isolated polyribosomes

In order to study the effect of age on the albumin and total protein

synthesis in vitro and on the distribution of free and membrane-
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Table 1V-1 INFLUENCE OF AGE ON THE RNA CONTENT OF SEVERAL
FRACTIONS PREPARED FROM LIVER HOMOGENATES OF
FEMALE WAG/Rij RATS

RNA content (mg/g liver)

Age (months) N 3 12 24 36
Total post-
nuclear RNA 6 6.31 * 0,12 6.50 + 0.52 6.29 + 0.45 6.48 * 0.60

Po!y(AJ+—RNA 30,11 0,02 0.15 % 0,03 0,12 £ 0,02 0.13 + 0.04
"Poly (A) "-RNA 3 6.26 £ 0.15 6.01 + 0.30 6.28 * 0,22 5.92 + 0.51

membrane-bound

polyribosomes 3 3.62 £ 0.29 3.54 + 0,11 3.44 + 0,13 3.69 & 0.46
free polyri-
bosomes 3 1.22 £ 0,09 1,15 % 0.04 1.31 % 0,12 1.21 % 0.17

Values are expressed as means * S.D. for N experiments with two li-
vers per experiment.

bound polyribosomes, quantitative isolations of un-degraded polyribo-
somes were performed as described by Ramsey and Steele (1976}. As
shown in Table V-1, there was no age-related change in the distribu-
tion of free and membrane-bound polyribosomes. The membrane-bound
polyribosomes comprised approximately 75% of the total liver polyri-
bosomes. The vyield of polyribosomes was approximately 75% of total
RNA due to a loss of monosomes and ribosomal subunits during the iso-
lation procedures. These results are similar to previous findings from
the literature (Ramsey & Steele, 1976; Princen et al., 1981).

The size of the isolated polyribosomes was determined by isokinetic
sucrose gradient centrifugation. Fig. IV-1 depicts a representative re-
sult. No age-related changes in the polyribosomal size were observed
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in membrane-bound or free polyribosomal fractions. The average size
of the free polyribosomes was larger than that of the membrane-bound
ones in all the age-groups investigated. The peak which sediments at
the monosome fraction of the free polyribosomes is attributed to ferri-

tin,
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Fig, IV-1. Sucrose gradient analysis of free and membrane-bound liver polyribosomes from

female WAG/Rij rats of various ages
About. 6 A260 units of polyribosomes were analyzed by sucrose gradient
centrifugation (see Materials and Methods).

----- membrane-bound polyribosomes
free polyribosomes
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IV-3b. Cell-free incorporation of labeled amino acid into total protein
and albumin

The assays for protein synthesis were standardised for maximal in-
corporation using polyribosomes and cell sap prepared from rats of the
four age-groups. Incorporation of (*H)}-leucine into protein was linear
for at least 15 min at 30°C for all polyribosome preparations. The pro-
tein synthesis was performed with wvariable amounts of polyribosomes
up to 20 uwg RNA. From these studies, the {*H)-leucine incorporation
per pg RNA was calculated. The results are given in Table IV-2A. No
change with age was found in the protein synthesis of either free or
membrane-bound polyribosomes. Furthermore, no change in the trans-
lational activity of the polyribosomes was observed using either age-
matched cell sap or cell sap prepared from livers of 3-month-old rats.

The synthesis of albumin-like material in the cell-free translations
was determined by immunoprecipitation using (1HC)~labe‘I\ed atbumin as
tracer for recoveries. As demonstrated in Table IV-2B, the albumin
synthesis by free polyribosomes remained unchanged with age whereas
the albumin synthetic activity per pg RNA of membrane-bound polyri-
bosomes was higher at 24 and 36 months of age when compared with

younger animals,
IV-3c. RNA content in various subcellular fractions

To determine whether age-related changes in the synthesis of albu-
min in rats are regulated at the RNA level, post-nuclear RNA and RNA
from membrane~bound and free polyribosomal fractions were prepared
from livers of rats of different ages. Polyadenylated RNA was isolated
from total post-nuclear RNA. The results are presented in Table [V-1.
No age-related changes in the RNA content per gram of rat liver were
observed. However, the RNA content of the several RNA fractions ex-
pressed per whole liver was significantly higher in rats of 36 months
of age than in the other age groups due to a significant increase in
liver weight (Table 1V-3].
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Table V-2 EFFECT OF SUPERMATANT FACTORS OW TOTAL PRO-
TEIN SYNTHESIS AND SYNTHESIS OF ALBUMIN-LIKE MATE-
RIAL BY FREE AND MEMBRANE-BOUND LIVER POLYRIBO-
SOMES OF FEMALE WAG/Rij RATS OF DIFFERENT AGES

Age [months)
3 12 24 36

(A} cpm (3H)—!eucine incorporated into protein/ug RNA

Membrane-bound

polyribosomes in

-age-matched

cell sap 2300 £ 160 2150 * 120 2450 % 170 2050
-cell sap from

3~-month-old rats 2400 * 210 2300 * 130 2200 * 150 2075 = 170

I+

200

Free polyribosomes in

-age-matched

cell sap 4250 + 300 4100 £ 280 4550 = 320 4350 £ 270
-cell sap from

3-month-old rats 4130 % 280 4230 & 290 4380 * 220 4480 * 180

(B} Albumin synthesis as percentage of total protein synthesis

Membrane-bound
polyribosomes in

~age-matched ab ab
cell sap 9.8 + 0.3 11.0 £ 0.8 14.6 * 0.57'7 14,9 + 0.7
-cell sap from b b
3-month-old rats 10.1 + 0.4 10.7 + 0.6 15.0 + 0.6%° 14,8 + 0.7%"
Free polyribosomes in

~age-matched

cell sap 1.4 + 0.1 1.4 0.2 1.5+ 0.3 2.0 0.5
~cell sap from

3-month-old rats 1.5 * 0.4 1.3 0.1 1.6 % 0.3 1.8 + 0.5

Cell-free protein synthesis with liver polyribosomes was investigated in
age-matched cell sap and cell sap isolated from livers of 3-month-old
rats. Values are expressed as means * S5.D. for a minimum of 3 experi-
ments with two livers per experiment.

a: value differs significantly {p < 0.05) from 3-month value
b: value differs significantly (p < 0.05) from 12-month value
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Table 1V-3 AGE-RELATED CHANGES IN THE LIVER WEIGHT OF
FEMALE WAG/Rij RATS

Age N Liver weight
{months} {g)
3 11 4,71 + 0.38
12 12 4,65 + 0.57
24 14 4,94 + 0.55
36 12 6.79 + 0.892P.C

Values are expressed as means * S.D.

N: the number of animals

a: value differs significantly (p < 0.05]) from 3-month value
b: value differs significantly {p < 0,05] from 12-month value
c: value differs significantly {p < 0.05) from 24-month wvalue

IV-3d. Albumin mRNA sequence content

The content of albumin mRNA in wvarious RNA fractions was deter-
mined by a molecular hybridization technique using a labeled albumin
cDNA probe. Fig. V-2 shows the specificity of the cDNA probe for
albumin mRNA. Under the stringent reaction conditions used, there
was no annealing between the cDNA and purified fibrinogen polypep-
tide mRNA's. From comparison of the individual hybridization curves
with that of 100% pure albumin mRNA, the relative proportion of al-
bumin mRNA in each fraction could be calculated. The results of this
albumin mRNA guantitation are given in Table V-4 and 1V-5.

The amount of albumin mRNA sequences per mg of RNA is greater
at 24 and 36 months of age than at 3 and 12 months of age in the
post-nuclear RNA fraction. This higher content of albumin mRNA is

attributed to the increased albumin mRNA content in the membrane-
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bound polyribosomal fraction and especially in the poly(A) -RNA frac-
tion {Table IV-4},

Table V-5 shows the age-related changes in the albumin mRNA
content per whole liver,
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Fig. 1¥-2., Hybridization kinetics of different RNA fractions from rat liver using
(JH)-DNA complementary to albumin mRNA.

{¥H)-DNA complementary to albumin mRNA was hybridized to purified albumin
mRNA (M), to purified fibrinogen polypeptide mRNA"s (x) and to total post-
nuclear RNA from 3-(v), 12-(@}, 24-(D) and 36-month-old (&) rats.
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Table 1V-4 AGE-RELATED CHANGES IN THE RELATIVE AMOUNT OF
ALBUMIN mRNA IN SEVERAL RNA-FRACTIONS PREPARED
FROM LIVER HOMOGENATES OF FEMALE WAG/Rij RATS

Relative aibumin mRNA content as percentage of total RNA

Age (months]) 3 12 24 36

Total post- b b
nuclear RNA 0,15 £ 0.01 0.17 + 0.02 0.31 *+ 0.02%° 0.31 + 0.02%"
Poly (A} -RNA 3.4 + 0.4° 4.0 + 1.3 4.2 * 0.4 5.1 +0.5
"Poly(A) "-RNA0.06 * 0.01 0.07 + 0.02 0.20 + 0.022°P 0.23 + 0,043/
membrane-bound 2 b b
polyribosomes 0.22 *+ 0,08 0.23 + 0.07 0.44 + 0.10%°° 0.46 + 0.12%"
free polyri-

bosomes 0.002+ 0.000 0,002+ 0.000 0,002% 0.000  0.002* 0.000

Values are expressed as means * S.D. for a minimum of 3 experiments
with two livers per experiment.

a: value differs significantly (P < 0.05) from 3-month vatue

b: wvalue differs significantly (P < 0.05) from 12-month value

Apart from the increase in albumin mRNA concentration at between
12 and 24 months of age, an increase in total liver albumin mRNA con-
tent at between 24 and 36 months of age is observed, which is due to
an increase in liver weight. It is notable that at 24 and 36 months of
age, more albumin mRNA is present in the poly[A]:RNA than in po-
ﬂy(A]+—RNA, indicating the absence or shortening of the poly(A)-tail

of albumin mRNA's with age.

73



Table V-5 INFLUENCE OF AGE ON THE ALBUMIN mRNA CONTENT IN
SEVERAL RNA-FRACTIONS PREPARED FROM LIVER HOMO-
GENATES OF FEMALE WAG/RIij RATS

Albumin mRNA content per whole liver (ug)

Age [months) 3 12 24 36

Total post- ab b
nuclear RNA 44,5 £ 4.2 47.8 £ 2.1 96 + 1097 137+ 113-°C
Poly(A)"-RNA 16,8 + 3.9 28 + 11 24.8 % 5.5 38+ 132
"Poly(A) M-RNA 16.1 + 1.9 20.0 + 4.0 61.3 + 4.37:2 g5 =+ 172.b.C
membrane-bound a b b
polyribosomes 42 + 15 38,4 * 9,0 70 £ 1427 109 & 20%/°€
free polyri-

bosomes 0.11 # 0.01 0.11 + 0,01 0.13 £ 0.03 0.15 + 0.03

Values are expressed as means * 5.D. for a minimum of 3 experiments
with two livers per experiment.

a: value differs significantly {(p < 0.05) from 3-month value

b: value differs significantly (p < 0.05) from 12-month wvalue

c: wvalue differs significantly (p < 0.05) from Zi-month value

IV-3e. In vitro translation of rat liver p‘oly(A]tRNA

Poﬂy(A]+—RNA was translated in a rabbit reticulocyte lysate and the
amount of albumin-like material was determined by immunoprecipitation.
No change with age was observed in the translational efficiency of the
albumin mRNA present in the p‘ory[A]"F—RNA fraction [(Table 1V-6).

V-4, DISCUSSION
In order to understand the physiological control of protein synthe-

sis in the aging liver, it is essential to investigate the influence of

aging on the protein synthesising machinery in this organ. The biosyn-
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Table V-6 INFLUENCE OF AGE ON THE TRANSLATIONAL ACTIVITY

OF POLY(A) -RNA FROM RAT LIVER IN A RETICULO-
CYTE LYSATE AND THE SYNTHESIS OF ALBUMIN-LIKE
MATERIAL
Age (3Hy—|eucine albumin synthesis
(months) incorporated into as percentage of total
protein (103 cpm/ug RNAJ protein synthesis
(%)
3 30.2 * 3.1 3.71 + 0,29
12 28.7 * 3.1 3.53 x 0.7
24 3.8 % 3.3 4,12 £ 0.53
36 33.0 3.0 3.98 £ 0,40

In vitro translation of liver pOIy(A)+~RNA of rats of various ages was
performed in a reticulocyte lysate. Determination of the albumin-like
material synthesised was done by immunoprecipitation as described in
the "Materials and Methods"-section.

Values are expressed as means * S.D. for a minimum of three experi-
ments with two livers per experiment.

thesis of a specific protein such as albumin may be operationally di-
vided into two simplified processes: a) transcription or synthesis of
RMA's including messenger RMWA and b} translation or the assembly of
amino acids into protein under the direction of the specific mRNA, Any
factor related to aging that affects RNA synthesis or the assembly of
amino acids into a polypeptide chain might therefore have an effect on
the synthesis of a specific protein.

The results of this study indicate that aging does not affect the
distribution, content or awverage size of free and membrane-bound
polyribosomes (Table 1V-1, Fig.IV-1) in the liver of female WAG/Rij
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rats. The capacity of these polyribosomes to synthesise total protein is
also unchanged (Table 1V-21]. In these experiments, age-matched cell
sap or cell sap prepared from livers of 3-month-old rats was utilized to
study the possible role of age-related changes in the components of
the translational system such as initiation, peptide chain elongation and
termination factors in protein synthesis as suggested by Moldave et ai.
(1979). Although it has been reported that the protein synthetic acti-
vity of rat liver polyribosomes changes with age (Claes-Reckinger et
al., 1982), our results cannot be compared with these findings. These
authors assessed in vitro protein synthesis by using methods for the
separation of microsomes from postmitochondrial supernatant. This ap-
proach has been subjected to the criticism that the postmitochondrial
supernatant contains only a small, possibly unrepresentative portion of
the membrane-bound polyribosomes (Blobel & Potter, 1967; Venkatesan
& Steele, 1972)}.

Despite the unchanged activities of total protein synthesis in all age
groups of animals as demonstrated in the present study, the synthesis
of albumin-like material by membrane-bound polyribosomes as deter-
mined by immunoprecipitation is increased in rats of 24 and 36 months
of age as compared with what is observed in younger ones (Table V-
2B). This assay for the detection and quantitation of cell-free trans-
lation products of albumin mRNA may depend on factors other than the
level of albumin mRNA, such as monovalent and divalent ion concentra-
tion (Matthews et al., 1972: Roberts & Patterson, 1973), certain ini-
tiation factors {Roberts & Patterson, 1973; Heywood et al., 1974), etc.
The wtilization of radioactively labeled DNA complementary to mes-
senger RMNA has avoided these difficulties and has greatly facilitated
studies on regulatory mechanisms in gene expression., In the present
study, we have used albumin (*H)-cDNA to guantitate albumin mRNA se-
quence content in subcellular fractions of livers of rats of different
age-groups. However, this assay does not require biological activity of
the specific mRNA in terms of translatability, and this may limit cer-

tain interpretations.
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Although the finding of an increased albumin synthesis in the celi-
free system at 24 and 36 months of age (Table IV-2b) is consistent
with the finding of increased albumin mRNA levels as determined by
the molecular hybridization technique ({Table [V-4}, albumin synthesis
in the cell-free system using age-matched cell sap or cell sap prepared
from livers of 3-month-old rats is not proportionally increased with the
albumin mRNA level (50% versus 100%). This finding suggests that
some, if not all, albumin mRNA's present in the liver of senescent rats
could be biologically less active than those found in younger animals.
Our results on the age-related increase in albumin mRNA are consis-
tent with the hypothesis of Chen et al. (1973). They suggested that
the increase in albumin sythesis in rat liver microsomes with age had
to be attributed to an increase in the mRNA level. However, they did
not directly measure the amount of this mRNA. Recently, Richardson
et al. (1985) showed that the content of albumin mRNA in the liver of
Fischer 344 rats was slightly decreased between 6 and 24 months of
age. After 24 months of age, an increase in albumin mRNA levels was
observed. These findings stress the role of the albumin mRNA in the
age-related increase in albumin synthesis,

Because the results of many previous studies on mRNA in eukaryo-
tic cells have been based on the use of poly[A]w+—RN‘A isolated from
young rats, we thought that it was important to determine exactly
what percentage of total polyribosomal albumin mRNA was present in
the poly(A)+~PNA of senescent rat livers. As shown in Table 1V-5,
the albumin mRMNA's in livers of rats of 24 and 36 months are contained
mostly in the poly(A) - RNA fraction as compared with the younger
age-groups, although the overall yields of po‘ly(A]hRNA were unchan-
ged in animals of all age groups. These findings indicate an age-re-
lated shortening or absence of the poly(A)-tail specifically for albumin
mRNA's. Shortening of poly{A)-tails of messenger RNA's with age due
to a high turnover rate of this poly[A)-tail or as a result of trans-
cription has previously been described in the gquail oviduct, heart and
)"-RNA of

the rats of the four different age-groups in a reticulocyte lysate re-

liver (Bernd et al., 1982). In vitro translation of the poly(A
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vealed that the translational capacity of the albumin mRMA in this
RNA-fraction did not change with age (Table IV-6). In all the age-
groups, 4% of the synthesised protein appeared to be albumin-like
material, which is consistent with the amount of albumin mRNA present
in the pmly[A]tR‘NA fraction (Table IV-4). This suggests that the di-
minished translational activities of albumin mRNA's of senescent rat
livers could be attributed to albumin mRNA's present in.the poly(A)} -
RNA fraction.

It can be concluded that there is an increase in albumin mRNA con-
tent with age and to a lesser extent a decrease in the translatibility of
this mRNA which suggests an age-related increase in albumin synthe-
sis, This increase coincides with the increase in albumin elimination in
this rat strain (Horbach et al., 1983; Chapter 11). The mechanism in-
volved in this increase, as well as the possible shortening of the
poly (A}-tail with age will be discussed in the next chapter.
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CHAPTER V

The molecular basis of the age-related increase
in albumin mMRNA levels in rat liver

V-1. INTRODUCTION

An age-related increase in the synthesis of rat serum albumin has
been reported in several studies (see Chapter 1V). In the previous
chapter it was shown that the molecular basis of such an increase with
age is at the level of the albumin mRMA. Changes in the steady-state
levels of a messenger RNA could be due to either of two processes: 1)
changes in mRNA synthesis and 2} changes in mRNA turnover. In this
chapter studies are presented with regard to the rate of synthesis of
this mRNA. In addition, the relative abundance of albumin-specific
RMNA sequences in the nuclei was determined.

Since the results presented in Chapter |V indicate that a decrease
in the length of the poly(A)-tail of the albumin mRNA may play an
important role in the physiological control mechanism of albumin syn-
thesis, and since the length of the poly(A)-tail of mRNA's has been
linked with mRNA stability (Brawerman, 1976}, additional studies are

79



presented with regard to the length of the poly(A}-tails in total cyto-
plasmic RNA,

V-2, MATERIALS AND METHODS
V-2a. Animals and materials

The mean weights [+ 5.D., 15 animals per group) of the 3-, 12—,
24~ and 36-month-old female WAG/Rij rats were 146 = 12, 180 £ 16, 242
* 19 and 217 * 17 g, respectively. The following chemicals were ob-
tained from the Radiochemical Centre (Amersham, Bucks, UK): (a~321P]—
UTP (400 Ci/mmol), (a->2P)-dATP (3000 Ci/mmol), (a->2P)-dCTP (3000
Ci/mmol}, nick translation kits and (3H}—pol‘y(U) (574 Ci/mmol). Un-
labeled deoxyribonucleotides, ribonucleotides, RNase A and RMNase T1
were obtained from Boehringer [Mannheim, FRG). Bakers yeast tRNA
was purchased from Sigma (St. Louis, USA). Poly(A)-markers of de-
fined nucleotide length (average chain lenghts 219, 161, 115 and 51)
were obtained from Miles Laboratories (Slough, UK). Other chemicals

of a high grade were obtained from standard chemical suppliers.
V-2b. Assays

1. Determination of the transcriptional activity of the rat albumin

gene in isolated nuclei

- Isolation of rat liver nuclei

Rat liver nuclei were isolated using the method of Marzluff and
Huang (1984), The liver was perfused with 0.14 M NaCl/10 mM
Tris.HC! (pH 8,0). The liver was cut into small pieces and homoge-
nized in 0.32 M Sucrose/3.0 mM CaCl/2.0 mM magnesium acetate/0.1 mM
EDTA/0.1% Triton X-100/1.0 mM dithiothreitol/10.0 mM Tris.HCI ([pH
8.0) (10 ml per gram of tissue]. The homogenate was filtered through
several layers of cheese-cloth to remove connective tissue. The filtrate

was then homogenized using a Dounce homogenizer fitted with a tight
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pestle. The homogenate was diluted with 1 volume of 2.0 M sucrose/5.0
mM  magnesium acetate/0.1 mM EDTA/ 1.0 mM dithiothreitol/10 mM
Tris.HCI {(pH 8.0) and layered over a cushion of this 2.0 M sucrose-
buffer, occupying one third the volume of a centrifuge tube. Centri-
fugation was performed at 30,000 x g for 45 min at 4°C, The pelleted
nuclei were resuspended in 25% glycerol/5.0 mM magnesium acetate{0.1
mM EDTA/5.0 mM dithiothreito!/50 mM Tris.HC! (pH 8.0) at a density
of 0.5—2.108/m|. The nuclei were kept at -70°C. The vyield of the
nuclei was about 50—75.‘1106 nuclei per gram of liver.

- Transcription by isolated nuclei

Rates of RNA transcription by isolated rat liver nuclei were mea-
sured in 12.5% glycerol/5.0 mM magnesium acetate/0.05 mM EDTA/25.0
mM  Tris.HC! (pH 8.0)}/150 mM KCI/2.5 mM dithiothreito!/0.5 mM
ATP/0.5 mM CTP/ 0.5 mM CTP/0.025 mM S-adenosylmethionine/0.05 mM
(a-32P]—UTP, containing 1-14.107 nuclei in a total volume of 200 yul,
Incubation was performed at 25°C. Transcription was monitored by
removing aliquots (1-5 ul) at the start of the incubation and at several
time points. TCA precipitable radioactivity was determined. The reac-
tion was terminated at 45 min. by the addition of 10 wvolumes of 1%
SDS/10 mM EDTA (pH 7.0). One-tenth volume of 2 M sodium acetate
{pH 5.0) was added, followed by an equal volume of water-saturated
phenol-chloroform {2:1). The RNA was extracted at 55°C and preci-
pitated with ethanol. The precipitate was dissolved in 0.5 mi of 0.3 M
NaCl/ 0.1% SDS/1 mM EDTA/10 mM Tris.HCI (pH 7.5). The residual
unincorporated, labeled nucleotide was removed by chromatography on
a column of Sephadex G50. The RNA was recovered by ethanol precipi~-
tation.

The determination of the amount of newly synthesised albumin-spe-
cific RNA was carried out by hybridizing the (S*P)-RNA to a specific
full-length albumin cDNA probe. The albumin cDNA was cloned and cha-
racterized as described by Zern et al. (1983). The hybridization
was performed according to Marzluff and Huang (1984). Briefly, the
cDNA was boiled for 2 min in 0.2 M NHU‘OHIZ‘.O M NaCl and then coo-
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led in ice. Five micrograms in 100 ul were applied directly to a nitro-
cellulose filter. The bound DNA was washed in 2xSSC and the filter
was baked at 80°C for 2 hours. The filters were pre-hybridized at
52°C for 30 min with 0.5 ml of 50% formamide/5xSSC/0.1% SDS/1 mM
EDTA/10 mM Tris.HCI {pH 7.5}/10 ug/mi poly(A)/2xDenhardt (i1xDen-
hardt = 0.02% Bovine Serum Albumin, 0.02% Ficoll-400 and 0.02% Poly-
vinylpyrrolidone} /10 ug/m! denatured salmon sperm DNA (medium A).
The pre-hybridization medium was discarded and 0.5 ml of medium
A/(BZP]—RNA was added. Hybridization was performed at 52°C for 72
hours. After hybridization the filters were washed 4 times in 5x
55C/0.1% SDS/t mM EDTA/10 mM Tris.HCI (pH 7.5) for 30 min at
52°C, once in 0.3 M NaCl containing 10 png/ml RNase A for 10 min at
37°C, and once in 0.3 M NaCl at 25°C. The amount of RNA bound was
measured by punching out each dot from the filter and determining the

radioactivity by liquid scintillation counting.

2. Determination of the relative abundance of albumin-specific RNA

sequences in rat liver nuclei

- lIsolation of nuclear and cytoplasmic RNA

Nuclei were prepared by a modification of the citric acid procedure
as described by Lamers et al. (1982). Livers were homogenized in 10
volumes of 0,25 M sucrose/75 mM citric acid [(pH 2.3). The homogenate
was filtered through several layers of cheese-cloth and Triton X-100
was added to a final concentration of 0.5%. The mixture was layered on
a 10 m! cushion of 1.8 M sucrose/ 25 mM citric acid/0.1% Triton X-100
and a 5 ml cushion of 1.0 M sucrose/75 mM citric acid/0.5% Triton
X-100, Centrifugation took place at 2,000 x g for 30 min at 0°C. The
upper two sucrose layers were collected and re-centrifuged for 30 min
at 20,000 x g to obtain the cytoplasmic RNA fractions.

The nuclear pellet was suspended in 20 ml of 0.25 M sucrose/10 mM
citric acid/0.1% Triton X-100 and layered on a 10 ml cushion of 1.0 M
sucrose/20 mM potassium acetate (pH 4.5)/0.1% Triton X-100 and cen-
trifuged for 20 min at 1,000 x g. The pellet was suspended in 0.25 M
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sucrose/20 mM potassium acetate (pH 4.5}/ 0.1% Triton X-100 and cen-
trifuged for 10 min at 600 x g. The yield of nuclei was approximately
108 nuciei per gram of liver,

The nuclei were dissolved in 4 M guanidinium thiocyanate/0.5%
sodium N-lauroylsarcosine/20 mM EDTA/0.2 M B-mercapto-ethanol/50 mM
PIPES (pH 7.0) {about 5 ml per gram of liver) (Chirgwin et al,,
197%9). CsCl was added to a final concentration of 1.4 M and this
mixture was layered on a 2 ml cushion of 5.7 M CsCi/0.1T mM EDTA
{(pH 7.0} and centrifuged for 18 hours at 150,000 x g at 25°C. The
pelleted nuclear RNA was dissolved in 10 mM HEPES (pH 7.5)/1 mM
EDTA/0.1% SDS and extracted with chloroform/ isoamyl alcohol (2u:1).
The yield of nuclear RNA was 50-100 ug per gram of liver.

Cytoplasmic RNA was isolated from the 20,000 x g pellet. This
pellet was dissolved in 2 ml per gram of liver of 5 M guanidinium
thiocyanate/0.75% sodium N-lauroyisarcosine/30 mM EDTA/150 mM
NaHC03I0.3 M B-mercapto-ethanol (Chirgwin et al., 1979). Acetic acid
was added to a final concentration of 30 mM and the RNA was precipi-
tated overnight with 1 vol of absolute ethanol at -20°C. The RNA was
pelleted by centrifugation for 10 min at 3,000 x g at -10°C and then
dissolved in 1 ml per gram of liver of 7 M guanidinium hydrochlo-
ride/20 mM EDTA/0.2 M B-mercapto-ethanol [pH 7.0). Acetic acid was
added to a final concentration of 50 mM and the RNA was precipitated
with 1 vol of absolute ethanol for 1 hour at -70°C. The RNA was pel-
leted, dissoived in the guanidinium hydrochloride solution, extracted
with phenol/chloroform/isoamylalcohol (50:49:1) and the RNA was pre-
cipitated with absolute ethanol. The yield of cytoplasmic RNA from this

procedure was 4 to 5 mg per gram of liver.

- Dot-blot hybridization

Albumin-specific RNA sequences in rat liver nuclear and cytoplas-

mic RNA were determined by dot-blot hybridization with a specific
full-length albumin cDNA probe as described by Thomas (1980) and
previously reported by Horbach et al. {1986a). Starting from * 20 ng
RNA, a 1:1 dilution series was made {7 steps) and spotted on a nitro-
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cellulose filter. Hybridization was performed with albumin cDNA which
was 32P‘—-Iabe!ad as described by Rigby et al. (1977). The nitrocellulose
filter was pre-hybridized overnight at 42°C in 50% formamide/5x SSC/
5x Denhardt/50 mM MaHZF’Ou {pH 6.5)/5 mM EDTA/ 500 ug/ml denatu-
red salmon sperm DNA. Hybridization was carried out for 48 hours at
42°C in 50% formamide/5x SSC/ 1x Denhardt/20 mM NaHZPOq (pH 6.5}/
5 mM EDTA/250 ug/ml denatured salmon sperm DNA, containing up to
10 ng/ml albumin 32P—c:D‘NA. After hybridization the filter was washed
twice for 1 hour at 42°C in the hybridization mix without the DNA,
washed twice for 15 min at 42°C in 2x SSC/0.1% SDS and once for 10
min at 60°C in 0,2x $SC/0.1% SDS. [t was then dried and autoradio-
graphed at -80°C on a KODAK-X-omat film using a Du Pont intensify-
ing screen.

3. Size determination of poly(A)-tails of rat liver cytoplasmic RNA

Size determination of poly(A)-tails was performed according to Sala-
Trepat et al. (1978) with slight modifications. 1 mg of total cytoplasmic
RNA, isolated as described above, was dissolved in 500 ul 0.4 M
NaCl/10 mM Tris.HCI (pH 7.5)/5 mM EDTA and digested with 50 ug
RNase A and 300 units RNase Tl at 37°C for 30 min. The reaction was
stopped by the addition of 15 yl diethylpyrocarbonate. 100 ug of E.Coli
tRNA was added, followed by precipitation with ethanol.

The poly{A)-fragments were separated on the basis of size by elec-
trophoresis on 2.5% polyacrylamide gels containing 0.5% agarose. Gels
were run for 2 hours at 5 mA/gel. After electrophoresis was stopped,
the gels were frozen and cut into 1 mm slices. Three adjacent slices
were collected and placed in 1 ml of 0.3 M NaCl/30 mM trisodium ci-
trate (pH 6.8] and the poly(A] was eluted overnight at room tempera-
ture. The poly{A) content was determined by molecular hybridization
with (CH)-poly (U).

Hybridization reactions were carried out in 1 ml of 10 mM Tris.HCI
{pH 7.6)/0.2 M NaCl containing 75-250 ul of the poly{A) solution and
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0.025 uCi [?’H}—poly(U]. The samples were incubated for 30 min at
30°C, and 10 u! of a RNase A solution (31.25 ug/mi} was then added.
After another incubation for 30 min, the samples were chilled, carrier
tRNA (30 pg) was added and the mixtures were precipitated with 3 ml
of 7% (w/v) TCA. The precipitated radioactivity was determined in a
liquid scintillation counter,
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Fig. ¥-1. Time curves for incorporation of {  P)-UMP in isolated liver nucleil of rats
of wvarious ages. Mean curves are shown. The standard deviation was less
than 15%.

The gel pattern obtained in this way was corrected for the length
of the poly(A)-tails using the equation:

) = (cpm];

(Cpmcor i

Li
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where (cpm )w is the corrected radioactivity in fraction i, ‘[cpm)i is

cor’i
the measured radioactivity in fraction i, and Li is the length in nu-

cleotides in fraction i (as determined from the marker gels].
V-3. RESULTS
V-3a. The transcriptional activity of the rat albumin gene with age

32

In the nuclear run-off assay, incorporation of (""P)-UMP into na-

scent RNA chains proceeded linearly for at least 30 min at 25°C after
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an initial phase of 1-2 min (Fig. V-1) and was also linear with the
amount of nuclei used (Fig. V-2). Nuclei were essentially free of cyto-
plasmic contamination as judged by electron microscopy (Fig. V-3). No
influence of age was observed in the total transcriptional activity of
the isolated nuclei (Fig. V-1)}(Table V-1).

Table V-1 EFFECT OF AGE ON THE RATE OF SYNTHESIS OF TOTAL
RNA AND ALBUMIN-SPECIFIC RNA BY ISOLATED RAT
LIVER NUCLE!

Age RNA synthesis rate Albumin RNA
{months) (pmole UMF"Ih.‘IOG synthesis
. +
nuclei) rate (ppm)
3 6.86 * 0.83 286 + 25
12 7.02 £ 0.77 302 £ 19
24 6.75 + 0.89 300 + 24
36 6.56 * 0.90 329 + 31

"The synthesis rates are expressed as parts per million {(ppm] and
were derived from the ratio of hybridized radiocactivity and total input
radicactivity . Values are corrected for 43% hybridization efficiency
as determined by the hybridization of known amounts of albumin
mRNA in a parallel reaction. Values are expressed as means + S.D.
for 5 experiments,

The specific transcriptional activity of the albumin gene was assessed
by hybridizing the radiolabeled nuclear transcripts to filter bound
full-length albumin cDNA. The data in Table V-1 indicate that the

transcriptional activity of the albumin gene is not influenced by age.
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Fig. V-3. Transmission electron micrograph of isolated rat liver nuclei. The nuclei
were used for in_ witro transcriptional experiments and were obtained as
described in the "Matertals and methods' section (¥V-2b.1).

V-3b. The relative abundance of albumin-specific RNA sequences in rat

liver nuclei

The amounts of albumin RNA sequences in rat liver nuclei were de-
termined by dot-blot hybridization. Nuclei were free of cytoplasmic
contamination as judged by electron microscopy (Fig. V-i). After hybri-
dization, the bound radioactivity was determined and used as a mea-
sure of the relative amount of albumin RNA (Fig. V-5}. The results
are shown in Table V-2. In the cytoplasmic fraction an increase in al-

bumin mRNA at between 12 and 24 months of age was observed. This
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Transmission electron micrograph of isolated rat liver nuclei. The nuclei
were used for the isolation of nuclear RNA and were obtained as described in
the "Materials and methods' section {V-2b.2}.

finding is consistent with previous findings (Horbach et al., 1984a;
Chapter V). In nuclear RNA there was no age-related change in albu-
min RNA content.

W-3c. The size of poly(Aj-tails in total cytoplasmic RNA isolated from

rat liver

The size of poly{A)-tails in total cytoplasmic RNA was determined
by electrophoresis in 2.5% polyacrylamide/0.5% agarose gels.
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Table V-2 AGE-RELATED CHANGES IN ALBUMIN-SPECIFIC RNA
SEQUENCES IN RAT LIVER NUCLE! AND CYTOPLASM

Relative abundance of albumin RNA in nuclel as
compared to nuclear RNA of 3-month-old rats

Age nuclef cytoplasm
{months)
3 1* 16.2 + 2.3
12 1.09 + 0,15 15.6 + 2.6
24 0.93 + 0.12 31.8 + 4.73:P
36 1.01 + 0.17 33,1 + 4,23P

*  The amount of albumin RMA in nuclfear RNA of 3-month-old rats has
been arbitrarily set to 1. Other values are expressed relative to
this unit. Values are expressed as means * S.D. for 5 experiments.

a: value differs significantly (P < 0.05) from 3-month value.

b: value differs significantly (P < 0.05) from 12-month value.

32
Fig. V=5, Pot-blot hybridization of albumin {° P)}-cDNA to total cytoplasmic RNA
{cytRNA) and total nuclear RNA (hnRNA) isolated from livers of rats
of various ages.
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Calibration of these gels was performed using poly(A) markers of
known length (Fig. V-6}. From these marker gels, a calibration graph
was constructed of the log of the length of the marker poly(A)'s
against distance of migration [Fig. V-7). Figure V-8 shows the size
distribution of the poly(A)-tails from cytoplasmic RNA from a I-month-
old rat together with the corrected gel pattern (see materials and
methods}. From the individual corrected ge! patterns and the calibra-
tion graph (Fig. V-7), the length of the poly(A)- tail sedimenting at
the peak fraction in each age-group was determined, as was the over-
all poly(A]-tail length distribution. From Table V-3 it can be seen that
there is no change with age in the length of the poly(A)-tail sedimen-
ting at the peak fraction. However, the results presented in Table V-4
show an age-related shift in the overall distribution of the poly{A)-
tails. The relative amount of poly{A}-tails longer than 161 A-residues
is decreased between the ages of 12 and 24 months, whereas the
amount of poly(A)-tails shorter than 115 A-residues is increased

between these two ages.

V-4, DISCUSSION

RMNA synthesis has been studied as a function of age in isolated rat
liver nuclei by several groups (Gibas & Harman, 1970; Denckla, 1977;
Castle et al. 1978; Bolla § Denckla, 1979; Lindell et al., 1982). Apart
from the study of Gibas & Harman (1970), who observed no change
with age in RNA synthesis, all other reports indicated an age-reclated
decline in this process. In the present study, RNA synthesis by iso-~
lated rat liver nuclei appeared unaffected by age. The difference be-
tween these results and literature data may be explained Ly the use of
different rat strains. The rate of transcription of the albumin genc
was assessed by hybridization of the labeled RNA molecules with filter-

bound albumin ¢DNA. The results in Table V-1 show an albumin-gene
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Fig.¥-6. Polyscrylamide/agarose gel electrophoresis of poly{A)-markers. Poly{A)-content
in 3 mm slices was determined by molecular hybridization with {(3H)-polylU}.
Migration is from Teft to right.

transcription rate of about 300 p.p.m. This result is in accordance
with the results obtained by Meisner et al. {1983). It can be seen that
aging seems not to influence the transcriptional rate of the albumin
gene {Table V-1}.

The studies concerning the amount of albumin-specific RNA in rat
liver nuclei revealed no age-related changes (Table V-2), although a
two-fold increase in the albumin mRNA content in the cytoplasm could
be observed at between the ages of 12 and 24 months {Table V-2).
This confirms the findings presented in Chapter |V obtained with a
different method (fluid hybridization). The observation, that the
amount of albumin RNA sequences relative to total RNA in young rats
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Fig. V-7. Relationship between the logarithm of average chain length and the mobility
of the poly(A)-marker.
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is approximately 16-fold higher in the cytoplasm than in the nuclei,
compares well with the findings of Guertin et al, ({1983},

These results suggest that the increase in albumin mRNA content in
rat Hver with age is not controlled by transcriptional processes, but
might be caused by o decreased turnover of this mRNA. The length of
the poly{A}- tail plays an important role in maintaining the stability of
mRNA {Brawerman, 1976). The results presented in Chapter IV indica-
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ted a relative shortening or loss of the poly[A)-tail of the albumin
mRNA with age. In this chapter the influence of age on the poly (A}~

Table V-3 THE INFLUENCE OF AGE ON THE SIZE-DISTRIBUTION
OF POLY(A)}-TRACTS OF RAT LIVER mRNA

Age Length of poly{A)-
[months) tract in peak fraction

(number of A-residues)

3 131 £ 12
12 137 + 10
24 128 £ 17
36 125 * 23

Values are expressed as means + S.D. for 5 experiments

tails of total cytoplasmic RNA has also been studied. The length of the
poly(A)-tail sedimenting at the peak fraction was shown to be about
138 A-residues {Table W-33}, which is similar 1o the resulis cbtained by
others {Sala-Trepat el al., 1977, Arendes et al., 1988). The poly{Al-
tail fength sedimenting at the pesk fraction did not change with age.
On the other hend, there was a significant shift with age in the over-
all polyiAl-tail {ength distribution as shown in Table V-4, A decrease
was observed in the relative amourt of polviAl-tails longer than 1461
H-~residuss between the ages of 11 and 24 months together with an ine
crease in the smount of poly{A}l-tails shorter then 11% A-residues.
Shortening of poly{Al-tails with age has also been found in the guail
pviduct, heart and Hver {Bernd et 3i., 1982). Contradictory results
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were obtained by Birchenall-Sparks et al. {1985) who showed that the
poly(A)~- tail length of mRNA's isolated from rat hepatocytes was not
affected by age. However, the short mean size they found in their ex-

Table ¥Y-4 THE INFLUENCE OF AGE ON THE SIZE-DISTRIBUTION OF
POLY(A)-TRACTS OF RAT LIVER mRNA

Age
(months) 3 12 24 36
Length of
poly(A)- Percentage of poly(A) tracts of a defined length (%)
tracts

(number of
A-residues)

> 216 3.10 + 0.21| 2.89 + 0.22] 1.07 + 0.162°2| 1.02 + 0.19%-P
161-216  23.9 + 2.6 |26.2 + 3.4 | 9.92 + 0.85°°°| 8.27 + 0.9¢2"P
115-161  38.4 + 1.7 |37.9 + 4.0 [39.3 * 3.7 40.9 + 4.7

51-115  25.6 + 3.2 |22.2 +2.8 [30.3 =+ 2.4%P [32.3 + 3.93:P
< 51 9.0 +1.2 |10.8 +1.5 [21.1 +3.1%P hi75 +1.73P

Values are expressed as means * S5.D. for 5 experiments
a: wvalue differs significantly {p < 0.0%} from 3I-month value
b: walue differs significantly {p = 0.0%) from 12-month wvalue

periments {70 A-residues}, might indicate breakdown of the tail during
the isclation procedures.

When the results presented in this chapter are compared with those
presented in Chapter 1V, an interesting phenomencn is observed. Al-
though a shortening of the polylAl-tail with age has been found for
total cytoplasmic RNA {Table V-4}, this is not reflected in the amount
of total puiy{Af«RNA as determined by oligo{dT }-cetlulose chromato-
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graphy (Table IV-1). On the other hand, a marked shift in the rela-
tive amount of albumin mRMA towards the poly(A) -RNA fraction with
age was observed. This would indicate that the poly{A)-tail length of
total cytoplasmic RNA is less affected by aging than that of albumin
mRNA, How a shortening of the poly{A])-tail can be reconciled with an
increase in albumin mRNA stability is presently unknown. Whether
there are other mRNA stabilizing factors remains to be established.
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CHAPTER VI

Albumin elimination
in female WAG/Rij rats with age:
a longitudinal study

VI-1. INTRODUCTION

In Chapter 1I, it was shown that the absolute albumin elimination
rate in female WAG/RIij rats increased with age. An increase was found
between 12 and 24 months of age, which was due only to changes in
the physiology of the animals. The Iincrease which was observed
between 24 and 36 months of age was mainly due to changes in the
albumin molecule. Concomitant with these changes an age-related
increase in the urinary albumin excretion was found, but this could
not account for the increase in total albumin elimination in this rat
strain.

Cross-sectional studies {such as those performed and described in
Chapter 11} have the disadvantage that they do not exclude cohort ef-
fects upon the parameter being studied. In order to ascertain the
influence of aging per se on certain functions, it would be appropriate
to study how those functions changed with time in individual animals,
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It would then be possible to see if aging exerts a uniform effect on all
individuals.

In this chapter, a longitudinal study on albumin elimination will be
described. By comparing these results with those from the cross-sectio-
nal study (Chapter I}, information will be gathered on those changes

in this elimination process that are caused by aging alone.
Vi-2. MATERIALS AND METHODS
Wi-2a. Animals and materials

The experiment commenced with 30 female WAG/RIj rats. The mean
weight (* S.D.} of these 3-month-old animals was 136 * 17 g.

DEAE Affi-Gel Blue was obtained from Bio-Rad Laboratories (Rich-
mond, CA, USA). Goat anti-(rat total serum proteins) antiserum used
for immunoelectrophoresis (GARa/ielfo) and rabbit anti-(rat serum al-
bumin) antiserum (RARa/Alb) were obtained from Nordic Immunological
Laboratories (Tilburg, The Netherlands). 125I was obtained from the

Radiochemical Centre (Amersham, Bucks, UK),

VI-2b. Assays

1. Albumin isolation, purification and labeling with 1‘25I

The isolation and purification of albumin was achieved by chromato-
graphy of fresh rat serum on DEAE Affi-Gel Blue as described by Hor-
bach et al. (1983) (Chapter Il, section I1-2Zb.1.)}.

The isolated rat serum albumin was iodinated by the method of
McFarlane (1956) as modified by Helmkamp et al. (1967) to a final ratio

125 ‘ .
of 1 mole of I/mole of albumin.

2. Plasma radioactivity curves

lodinated albumin (5 uCi) was injected intravenously into the ex-
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ternal jugular vein of the rats at 3,12,24 and 36 months of age. Tri-
chloroacetic acid-precipitable radioactivity was determined in 20 ul
aliquots of plasma at several time points over 5 days. From the plasma
radioactivity curves, the foliowing characteristics were calculated:

a) Elimination half-life: t%,el

b) Apparent volume of distribution: Vd

c) Clearance: ClI
These characteristics were calculated as described in Chapter |1 (sec-
tion 11-2b.2.}.

3. Plasma albumin concentration, plasma protein concentration, the

whole-body albumin pool and the absolute rate of albumin elimination

The albumin concentration in plasma was determined by radial immu-
nodiffusion as described by Mancini et al. (1965), as modified by Radl
et al. (1970). With the use of the plasma albumin concentration, the
data for apparent volume of distribution and clearance can be extrapo-
lated in terms of the whole-body albumin pool and the absolute rate of
albumin elimination as described in Chapter !l (section 11-2b.3.]}.

The protein concentration in plasma was determined by the method
of Lowry et al. {1951).

4. Urinary albumin and total protein excretion

Animals were kept in metabolic cages for 24 hours and supplied with
water and food ad libitum. The urine was collected and the amount of
albumin excreted was determined by radial immunodiffussion as descri=
bed by Mancini et al. (1965) and modified by Radl et al. {1970). The
amount of total protein excreted was determined by the method of
Lowry et al. (1951), as modified by Bensadoun & Weinstein {1976].
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5. Quantitative determination of the total liver RNA content and the
albumin mRNA content

From the livers of the rats that reached the age of 36 months, total
post-nuclear RNA was isolated according to the method of Taylor &
Schimke (1973)(section IV-2b.71.)}. The RNA content was determined by
the method of Fleck & Munro (1962)(section [V-2b.6.). Albumin mRNA
quantitation was performed by analytical RNA-cDNA hybridization as
described by Housman et al. {(1974)(section IV-2b.11.).

6. Histology

Complete necropsies were performed on all the animals in this
study. Most animals died spontaneously, some were killed in extremis
and animals which survived to 36 months of age were killed at that
time. Tissue specimens were fixed by immersion in 10% buffered for-
malin, embedded in paraffin by standard methods, sectioned at 3 um,
and stained with hematoxyline-phloxine-saffron (HPS)}. A few specimens
were sectioned at 2 um, and stained with PASM-Azan to demonstrated
basement membranes. The following tissue specimens were routinely
examined by light microscopy: skin, salivary glands, mammary gland,
lung, heart, esophagus and all segments of the gastrointestinal tract,
liver, pancreas, kidney, urinary bladder, ovary, uterus, vagina,
preputial gland, spleen, thymus, longitudinal section of the femur and
sternum and their associated bone marrow, trachea, thyroid, adrenals,
pituitary, brain and meninges, and cervical, inguinal, axillary, media-
stinal, and mesenteric lymph nodes. Four cross-sections through the
head were also examined.

Kidney sections were examined without knowledge of the age of the
animal or the amount of measured urinary protein or albumin. The
renal lesions were classified according to severity (Gray et al., 1982)
and this is explained in section VI-3d. If there was any dissimilarity
in the score between individual kidneys, the animal was placed in the

higher of the two numerical categories.
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7. Statistical correlation

Statistical calculations with regard to the characteristics measured
in the longitudinal study were carried out using Student's t-test for
correlated groups.

The correlation between the amount of protein or albumin in the
urine and the histological score of the severity of renal lesions was
calculated using Spearman's rank correlation coefficient {Snedecor and
Cochran, 1980). Animals that died more than 16 weeks following the

last determination of urinary protein were not included in the statis-
tical analysis.
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Fig., Wi-1. Survival curves of female WAG/Rij rats
----- 30 rats used in this study
——— 50 rats from 3 separate cohorts, born in the same period as the rats
used in this study. The vertical bars represent the 95% confidence
limits.
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Vi-3. RESULTS
Vi-3a. Survival characteristics of the rats used in this study

The study started with 30 3-month-old rats. Up to 24 months of age
the death rate of these rats was very low. Only 3 rats had died
during the first two years of this study. After 24 months of age the
death rate progressively increased. By 30 months of age only 12
animals remained, and only 6 remained at 36 months of age. The
precise details of the survival of this group of animals is depicted in
Figure Wi-1. A survival curve for a control group of 50 female
WAG/IRIij rats from 3 different cohorts is also shown for comparison.

It is clear than the survival characteristics for this rat strain are

faithfully refiected in the group used in this study.

VI-3b. The influence of age on the measured characteristics

- Body weight
The mean body weights for the rats at 3, 12, 24, 30 and 36

months of age are shown in Table VI-1. Therc is an increase in body
weight for all rats between 3 and 12 months of age as well as between
12 and 24 months of age., Between 24 and 30 months of age the body
weight does not significantly change. At 36 months of age, all of the
six survivors had a lower body weight compared to the values obtained

at 24 and 30 months of age.

- Plasma volume

The mean values for plasma wvolume are shown in Table VI-1. The
plasma volume is seen to increase between 3 and 12 months of age, to
remain constant between 12 and 24 months of age and to increase again

between 24 and 36 months of age.

- Elimination half-life of albumin

The elimination half-life was determined for albumin isolated from 3-
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Table ViI-1, THE INFLUENCE OF AGE ON THE BODY WEICHT AND
PLASMA VOLUME OF FEMALE WAG/Rij RATS

Age (months)

12
24
30
36

N

30
29
27
12

136
192
219
209
199

Values are expressed as means £ 5.D.

Z0OO® Z

.D.: not determined

: the number of animals

value differs significantly (P < 0.05)
value differs significantly (P < 0.05)
value differs significantly (P < 0.05)

N P

i+

17
12

25

wa,c

from

a

Body weight {g)

353D

a,b

3-month

.3

value

from 12-month value
from 24-month value

5

plasma volume
(ml1)
6.1 0,

6+ 0.5°

g + 1.4°
N.D.
+ 0.8%"

b,c

Table VI-2 THE INFLUENCE OF AGE ON THE ELIMINATION HALF-

LIFE OF ALBUMIN IN FEMALE WAG/Rij RATS

Age {months)

3
12
24
36

30
29
27

Elimination half-life (h]

Albumin from

3-month-old rats

45,
by,
38.
1

37

3
9
5

=+ 1+ I+

23

Values are expressed as means * 5.D.; N:

a: value differs significantly (P < 0.05) from

age-matched

albumin

45.3
40 .4
37.3
41.5

i+ i

i+

the number of animals
3-month value
b: value differs significantly (P < 0.05) from 12-month value
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month-old rats and for albumin isolated from rats of the same age as
the recipient. The mean values are shown in Table VI-2. After injec-
tion of age-matched albumin, the elimination half-life was shown to be
lower at 24 months of age than that at 3 months of age. A significant
decrease in ti,el‘ could be observed at between 12 and 24 months of
age when albumin from 3-month-old rats was injected.
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Fig. VI-2. Age-related changes in clearance values of albumin isolated from 3-month-old
rats in the six survivor rats {(aged 36 months).
{®) ratnumber 1-1, (@) ratnumber -3, { A} retnumber !I-1, () ratnumber
Vil-0, {O) ratnumber ¥il-2, (&) ratnumber Vil1i-0.

106



- Albumin clearance

Clearance values were calculated from plasma radicactivity curves

after injection of albumin
after injection of albumin

recipient.

Age-related changes

isolated from 3-month-old rats as well as

isolated from rats of the same age as the

in this characteristic are shown in

Table VI-3. After injection of 3-month-old albumin, an increase in the

Fig. Vi-3.
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Age-related changes in clestance values of age-matched albumin in the six
survivor rats (aged 36 months).

(W) ratnumber 1-1, (@) ratnumber 1-3, (&) ratnumber (1-1, (Q) ratnumber
VIi-0, (O) ratnumber VI1-2, (a) ratnumber Witt-0.
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clearance values at between 12 and 24 months of age was observed. All
rats showed this increase. After 24 months of age no significant
change in the clearance was observed. For the six 38-month-old sur-
vivors, the influence of age on the clearance is depicted individually
in Fig. VI-2,

The clearance values obtained after injection of albumin isolated
from rats of the same age as the recipients are aiso shown in Table
VI-3. The values for the six survivor rats are depicted in Fig. VI-3.
The values are higher at 24 and 36 months of age than those at 3 and
12 months of age. In contrast with the results obtained using albumin
isolated from 3-month-old rats, higher wvalues were obtained at 36
months of age compared with those obtained at 24 months of age when
animals were injected with albumin from an age-matched donor. The
increase in clearance of age-matched albumin between 12 and 36 months
of age was found in all rats. At 36 months of age, a clear difference
is observed between the clearance of age-matched albumin and of al-
bumin isolated from 3-month-old rats.

- Apparent volume of distribution of albumin

Age-related changes in the apparent wvolume of distribution are also
dependent on the age of the albumin donor rats. In 36-month-old rats
the apparent wolume of distribution of age-matched albumin is signifi-
cantly higher than that of albumin isolated from 3-month-old rats.
Independent of the origin of administered albumin, all individual
animals showed an increase in this characteristic between 12 and 24
months of age (Table VI-3; Fig. VI-4; Fig. VI-5). The only exception
is rat 1-1, whose volume of distribution remained constant. Between 24
and 36 months of age, a further increase was only seen with the age-
matched albumin [Table VI-3, Fig. VI-4; Fig. VI-5].

- Plasma albumin and protein concentrations

Plasma albumin and protein concentrations are shown in Table V-4,
It can be seen that aging does not exert any influence on these values

with albumin accounting for about 45% of the total plasma proteins in

109



20

apparent volume of distribution (mi}
tom
W
e

L ¥ L T
[ 10 0 30 L1

age {montis)

Fig. Vi-%. Age-related changes in apparent volume of distribution of albumin isolated
from 3-month-old .rats in the six survivor rats (aged 36 months).
{m) ratnumber -1, (@) ratnumber 1-3, { &) ratnumber 11-1, (O) ratnumber
VIi{=0, (O} ratnumber VII-2, (A) ratnumber VII1-0.

all age-groups.

~  Absolute albumin elimination rate and whole-body albumin pool

The absolute albumin elimination rate and whole-body albumin pool
were calculated as described in Chapter |l. These calculations were
only carried out on data obtained with age-matched albumin. The re-
sults are shown in Table Vi-5. The individual values for the six sur-
vivor rats are depicted in Figs. VI-6 and VI-7. Both characteristics
show a uniform increase at between 12 and 36 months of age, with the
exception of rat 1-1 whose elimination rate showed a slight increase

only after 24 months of age and whose whole~body albumin pool re-
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Fig. VI-5. Age-reiated changes in apparent wvolume of distribution of age-matched
albumin in the six survivor rats (aged 36 months).
(®) ratnumber 1-1, (@) ratnumber 1-3, (A) ratnumber 1l~1, (O} ratnumber
V-0, (O) ratnumber VIi-2, (A) ratnumber VIL1-0,

mained constant up to 36 months of age.

- Albumin and protein excretion via the urine

The wurinary excretion of albumin and total protein increases with
age up to 30 months of age (Table VI-6}. Between 30 and 36 months of
age only 3 out of the 6 survivors show an increase in both albumin
and total protein excretion (Figs. VI-8 and VI1-9). Furthermore, it can
be seen that changes in urinary albumin excretion always reflect an
eguivalent change in total protein excretion, There appears to be an
enormous heterogeneity in the age at which the increase in urinary

albumin and protein loss starts. Some rats show this increase at
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Table Vi-4 THE INFLUENCE OF AGE ON PLASMA ALBUMIN AND TO-
TAL PROTEIN CONCENTRATION IN FEMALE WAG/RIij

RATS
Age N plasma plasma percentage albumin
{months) albumin protein of total protein
(mg/ml) {mg/ml) (%)

3 30 33.6 + 3.3 66.1 * 5.1 50.9 + 4.3

12 29 31.8 + 1.6 76.6 £ 10,2 2.2 + 5.8.

24 27 31.3 £ 6.0 76.3 £ 5.9 42.5 + 3.1

30 12 32.1 £ 4.6 66.3 + 8.4 47,0 + 6.7

36 6 33.2 £ 1.5 71.3 £ 5.9 47.0 £ 6.7

Values are expressed as means * S5.D.
N: the number of animals

Table Vi-5 THE INFLUENCE OF AGE ON THE ABSOLUTE ALBUMIN
ELIMINATION RATE AND THE WHOLE-BODY ALBUMIN
POOL IN FEMALE WAG/Rij RATS

Age N Absolute elimination Whole-body albumin
{months) rate (mg/24 h) pool (mg)
3 30 184 + 26 493 + 81
12 29 187 = 18 54 + 53
24 27 278 + 798’b 620 = T?Oa'b
36 6 323 + u9®/P.C 810 + 1u02/PC

Values are expressed as means * S5.D,

N: the number of animals

a: value differs significantly (P < 0.05) from 3-month value
b: wvalue differs significantly (P < 0.05) from 12-month value
c: value differs significantly (P < 0.05) from 2&-month value
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between 12 and 24 months of age, others after 24 months of age., One
of the animals (rat VII-3), that died at 31 months of age, did not
show such an increase at all.

In all cases, after the start of the increase in protein excretion via
the urine, albumin becomes an increasingly more important constituent
of the excreted protein (Fig. VI-10; Table VI-6). In 3-month-old ani-
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Fig. WI-6. Age-related changes in absolute albumin elimination rate in the six survivor
rats (aged 36 months).
(W) ratnumber I-1, (@) ratnumber 1-3, (A} ratnumber ti-1, (O) ratnumber
Vil-0, (O} ratnumber VI1-2, (&) ratnumber Vi1=0.
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mals only 4.5% of the excreted protein is albumin-like. At 36 months of
age this walue has increased to 41%, which is similar to the proportion

of plasma proteins that are "albumin-like".
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Fig. Vi-7. Age-reiated changes in the whole-body albumin pool in the six survivor rats

(aged 36 months).
{m) ratnumber 1-1, (@) ratnumber 1-3, (A) ratnumber 1i-1, (O} ratnumber

Vit-0, (O) ratoumber Wi1-2, (A} ratnumber VII11-0,

VI-3¢c. Tota! liver RNA content and albumin mRNA content
The content of total RNA and albumin mRNA in the liver was deter-

mined in the six surwvivor rats at 36 months of age. The results are
shown in Table VI-7. 1t can be seen that the values reported there
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compare favourably with those obtained for the 36-month-old rats
reported in Chapter 1V,

In Fig. VI-11, the amount of albumin mRNA in the livers of the six
survivor rats is expressed as a function of the levels of absolute al-
bumin elimination. It is clear that no clear cut linear relationship
exists between these two characteristics.

Table Vi-6 THE INFLUENCE OF AGE ON URINARY EXCRETION OF
TOTAL PROTEIN AND ALBUMIN IN FEMALE WAG/Rij RATS

Age N protein excretion albumin excretion percentage
{months} albumin of
excreted
{mg/24 h) (mgf24 h) protein (%)
3 30 2.9 1,2 0.12 = 0.04 4.5 £ 2.0
12 29 2.4 * 0.9 0.21 = 0.13 9.5 £+ 4.9
24 27 6.0 *3.9%° 1.3 + 1,622 5.7 £ 9.9%P
30 12 30+ 1622 10.9 + 7.8%PC 31 £ 122-0:¢
36 6 4 = 147/PC 19.5 + 5.12PC g g £ 4 13-PC

Values are expressed as mean * S5.D.

N: the number of animals

a: value differs significantly (P 0.05) from 3-month value
b: value differs significantly (P < 0.05) from 12-month value
c: value differs significantly (P 0.05) from Z4-month wvalue

A

~

VI-3d. Histological data

A wide variety of pathological lesions were observed in this study.

The most frequenly observed lesions included: pituitary tumors {medul-
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lary thyroid carcinomas, biliary cysts and foci of cellular alteration in
the liver, mammary tumors, and ovarian cysts {Table VI-8)}. These le-
sions are usual accompaniments of aging in this rat strain (Burek,
1978). Protein-losing enteropathy and severe hemorrhage were not
observed in this study. Generalized neoplasia, which could influence
protein turnover, was observed in three cases: V-1, myeloid leuke-
mia; V-3, myeloid leukemia, and; VI-2, metastatic osteosarcoma.
However, cases V-3 and VI-2 were not included in the statistical
correlation analysis due to the long interval between the last urinary
protein determination and death. Histologic evidence of increased
protein synthesis (focal areas of hepatocellular basophilia) in the liver
was only observed in one animal (VIII-0). However, the light micros-
cope is a relatively insensitive device for this purpose.
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Fig. VI-8, Age-related changes in the urinary albumin excretion in the six survivor
rats {aged 36 months).
(@) ratnumber -1, {®) ratnumber 1-3, (A} ratnumber li-1, { @) ratnumber
vil-0, (O} ratnumber VII-2, (A} ratnumber Vil1-0.
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Table VI-7 TOTAL LIVER RNA CONTENT AND ALBUMIN mRNA

LEVELS [N THE SIX 36-MONTH-OLD SURVIVOR RATS

Ratnumber liver weight RNA content albumin mRNA
{g) {mg/g of liver) content (ug)
I-1 6.11 6.41 156.4
-3 7.01 7.24 173.4
-0 7.30 5.43 130.5
Vil-0 6.33 6.55 136.0
VIii-2 7.32 6.80 182.9
VIH-0 5.44 6.45 137.2
means * S.D. 6.58 * 0.75 6.48 = 0.60 153 £ 22
804
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Age-related changes in the urinary protein excretion in the six survivor
rats {aged 36 months).

(®) ratnumber i-1, (@) ratnumber [-3, (&) ratnumber {i-1, (o) ratnumber
Vii-0, (Q) ratnumber Vi1-2, { &) ratnumber VI1i-0.
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The renal lesions that were observed were predominantly related to
chronic progressive nephrosis (CPN), which is a common disease of
laboratory rats. The basic lesions of this disease are: glomerular
changes of thickened Bowman's capsule and mesangium, cast formation
and atrophic proximal tubule with thickened basement membrane {(Gray

et al., 1982). The grading scale for these renal lesions was based on
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Fig. VI-10. Age-related changes in the relative contribution of albumin to protein loss
via the urine in the six survivor rats [aged 36 months).
(M} ratoumber (-1, (@) retnumber [-3, (&) ratnumber l1-1, (O} ratnumber
VIii-0, {O) ratnumber V1i-2, (&) ratnumber VIiI1-0.
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the severity of the individual basic lesions and on the number of ne-~
phrons affected as described by Gray et al. (1982): Grade 0, normal
or minimal lesions; Grade 1, mild lesions; Grade 2, moderate lesions,
and; Grade 3, marked lesions.All grades of histologic severity, except
for Grade 3, were observed in the kidneys (Figs. Vi-12a-d].

There was a significant correlation between the histologic score of
renal lesions and the total amount of urinary protein {r = 0.8613; P <
0.001) and urinary albumin [r = 0.9029; P < 0.001) (Table VI-9; Table
VI-10).

500 =
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Fig., Vi=11. The relationship between the absolute rate of albumin elimination and the
albumin mRNA content in the six survivor rats {aged 36 months).
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Vi-4, DISCUSSION

The work reported in this chapter involves a longitudinal study of
the influence of age on albumin elimination. The experimental set up
was the same as in the previously performed cross-sectional study
[Chapters |l and 111}, After injection of albumin isolated from 3-
month-old rats into other rats at several time-points during their life,
it was observed that aging was associated with changes in both clea-
rance and apparent volume of distribution., All animals showed higher
levels for these two characteristics at 24 months of age than they did
at 3 or 12 months of age (Table VI-3; Figs. VI-2 and VI-4). No signi-
ficant changes occurred between 3 and 12 months of age or between 24
and 36 months of age. These results are similar to those reported in
Chapter 1l. The elimination half-life appeared to decrease significantly
between 12 and 24 months of age (Table VI-2) and this was not obser-
ved in the cross-sectional study, probably because of the small number
of animals used in that study.

Between the ages of 3 and 24 months the age of the animal from
which the albumin was obtained had no effect on the changes in
clearance and the apparent volume of distribution. However, after the
age of 24 months, the age of the albumin donor influenced the wvalues
for clearance and apparent volume of distribution in a different
manner. A significant increase could be observed in these two charac-
teristics between the ages of 24 and 36 months after the injection of
age-matched albumin (Table VI-3; Figs. VI-3 and VI-5). From Table
VI-2 it can be seen that after injection of age-matched albumin, only
the value for elimination half-life in 24-month-old rats is lower than
that in 3-month-old ones.

Table VI-4 shows the influence of age on the plasma albumin and
protein concentration. During the life-span of the animals studied, no
significant changes in these parameters occurred. Some variation with
age was seen, but this wvariation is smaller than the inter-individual
variation. In all age-groups, albumin comprises about 45% of the total

plasma protein pool. Since the plasma albumin concentration remains
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constant with age, the age-related changes in clearance and apparent
volume of distribution observed after injection of age-matched albumin
are reflected in the absolute albumin elimination rate and whole-body
albumin pool, respectively. Therefore, the observed age-related
increase in clearance and apparent volume of distribution after
injection of age-matched albumin also holds for these characteristics.

As described in Chapter [ll, urinary excretion of proteins and
albumin increases with age in several rat strains (Beauchene et al.,
1970; Obenrader et al., 1974a; Alt et al., 1980). Such a change is also
seen in the female WAG/RIij rat, the rat strain used in our studies
(Chapter 111}. In the longitudinal study presented here, protein and
albumin excretion in the urine was also determined. It was shown
{Table VI-6) that both excretion processes increased with age in
female WAG/Rij rats up to 30 months of age. After 30 months of age
some variation was seen in these changes (Figs. VI-8 & VI-9). In some
rats these excretion rates increased, while in others a decrease was
observed.

One phenomenon which occurred in all animals was a proportional
increase in the contribution of albumin to the urinary protein excre-
tion. In 3-month-old rats only 4.5% of total urinary protein was albu-
min and this had increased to 41% by 36 months of age. Since this
percentage approaches the wvalues found in plasma, it probably repre-
sents non-selective protein leakage into the urine in old rats. The age
of onset of this increased contribution of albumin was more wvariable
(Fig. VI-10). Some rats already showed high percentages at 12 months
of age.

Aging rats display a wide variety of pathological lesions some of
which are strain specific (Burek, 1978). In this study an attempt was
made to correlate the data on albumin elimination and urinary protein
loss with the occurrence of such lesions. The only clear cut correlation
that could be observed was between urinary protein and albumin loss
and the presence and severity of the renal lesions. One complicating
factor in this study is the time interval between the last determination

on urinary protein loss and the time of death. If this time span was
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Table VI-8 PATHOLOGICAL LESIONS OBSERVED IN FEMALE WAG/RIj
RATS USED IN THIS STUDY

Organs Lesions Mumber Mean age {range)
in months

Liver Foci of cellular alteration 17 31 (24-36)
biliary cysts 3 34 (31-36)
hepatocellular necrosis 3 33 (30-34)
angiectasis 2 31 (30-32)
macrophage aggregation in 2 32 (30-34)
sinusoids
myeloid leukemia 2 29.5 {27-32)
spongiosis hepatis 2 30 (30)
metastatic osteosarcoma 1 31
hepatocellular atrophy 1 25
granulamatous inflammation 1 35
nodular hyperplasia 1 35

Thyroid medullary thyroid carcinoma 19 31 (24-36)
parathyroid hyperplasia 3 31 (27-36)

Pituitary gland pituitary adenoma 21 32 (24-36)
pituitary carcinoma 1 24
pars intermedia cysts 1 36

Ovary multiple cysts 7 32 (2u4~36)

Kidney chronic progressive
nephrosis 21 31 (24-36)
tubular abcess 1 32
nephroblastoma 1 25
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Heart

Pancreas

Thymus

Uterus

Spleen

Mammae

Lymph nodes

Adrenal gland
Stomach
Oral cavity

Masal cavity

moderate myocardial fibrosis
congestive cardiomyopathy
focal thrombus

islet cell carcinoma

pancreatic duct ectasia

mixed thymoma
thymic hyperplasia

cystic glands
endometrial polyp
endometritis
unilateral hydrometra
fibroma

stromal cell sarcoma

myeloid leukemia

hemorrhage

fibroadenoma

tubulopapillary carcinoma
fibroma

adenocarcinoma

lobular hyperplasia with focal
atypia

capillary hemangioma

myeloid leukemia

cortical adenoma

severe ulcerative gastritis
squamous cell carcinoma

focal suppurative rhinitis
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36
27
27

32
31

32
30

36
36
34
34
24
25

29
36
34
34

26
24

36

34
27

25

33

32

(36)

.5 (29-36)
{30-32)

.5 (29-386)

(36)
(36)

.5 (27-32)

(30-36)
[31-36)

.5 (24-27)
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Table ¥1-9 LAST DETERMINATION OF URINARY ALBUMIN AND
PROTEIN EXCRETION IN THE RATS BEFORE THEIR
DEATH AND THE HISTOLOGICAL SCORE OF RENAL

LESIONS
Ratnumber Urinary protein Urinary albumin histological
(mg/24 h) {mg/28 h) score

-0 2.8 0.20 *
-1 40 18 2
1-2 6.5 0.75 0
-3 T4 28 2
11-0 2.8 0.23 *
-1 39 14 2
-2 2.8 0.20

-3 2.7 0.45 0
11-0 30 m 1
I1-1 29 8.8 1
1i-2 8.5 1.0 *
1i-3 20 4.5 1
Iv-0 9.4 3.3

V-1 8.2 1.1 0
V-2 8.8 1.5 1
V-3 21 8.4 1
V-0 4.2 0.68 0
V-1 6.3 1.9 *
V-2 19 7.8 2
V-3 2.4 0.23 *
Vi-0 4.9 0.47 *
Vi-1 3.5 0.16 *
Vi-2 5.6 1.6 *
Vi-3 3.5 0.26 *
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Vil-0 54 21 2
V-1 7.9 0.48 0
Vil-2 i1 16 2
Vi-3 b,y 0.16 *
Vili-o 39 18 2
VIt-1 3.4 0.33 0
* = animal was not included in the histological scoring because the

time interval between the last protein determination and renal
fixation was greater than 16 weeks

more than 16 weeks, histological scoring was not included since during
this period major changes in the animals' pathology could have occur-
red. The age-related increase in the relative contribution of albumin to
total urinary protein excretion can probably be explained by the in-
creased permeability of the glomerulus to larger proteins as described
by Alt et al. (1980]}.

TABLE VI-10 THE MEAN AMOUNT OF URINARY ALBUMIN AND PRO-
TEIN EXCRETION IN RELATION TO THE HISTOLO-
GICAL SCORE OF RENAL LESIONS

Histological N Mean urinary Mean urinary
score protein {(range) albumin (range)
in mg/24 h in mg/24 h
0 6 5.5 (2.7-8.2}) 0.64 (0.33-1.1)
1 5 22 (8.7-30) 6.9 (1.5-11)
2 7 Ly (20-74) 18 (7.8-28)

N: the number of animals
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In Chapter IV, evidence was presented that an increased albumin
elimination with age was accompanied by increased albumin mRNA le-
vels. At the end of the longitudinal study, levels of albumin mRNA
were determined in the six 36-month-old survivor rats in order to
compare these values with the albumin elimination rate. Although both
factors are high in comparison to wvalues found in young rats, no
linear relationship was obserwved between the magnitude of the albumin
elimination rate and the albumin mRNA levels (Fig. VI-11). It remains
to be established whether this lack of correlation relates to the number
of animals being to small, or to any relationship being rather complex.

In summary, the elimination rate of serum albumin is dependent
upon the age of the animal. The increase in this elimination rate was
shown to be the result of a change in the animals' physiology {between
12 and 24 months of age) and te a change in the albumin molecule (be-
tween 24 and 36 months of age). Since this increase could be observed
in all animals, it can be concluded that albumin elimination is under a
real age-related control and that the observed changes are not due to

cohort effects. Furthermore, a direct correlation was seen between the

Fig. VI-12. a) Grade 0 {normal): There are no morphologic alterations (hematoxyline-phlo-
xine-saffron, HPS, x210).

b} Grade 1 (mild): There is focal, segmental thickening of Bowman's capsule
{arrows) and atrophy of the glomerular tuft (asterisk}. Tubules (T) are lined
by mildly attenuated epithelial cells with moderately thickened basement mem-
branes (HPS, x210),

¢) Grade 2 {moderate): There is marked segmental sclerosis of the glomerulus
with thickened basement membranes and adhesions to Bowmsn's capsule {arrows).
Several tubules (T} are atrophied, lined by markedly attenuated to hyperplas-
tic epithelial cells with pronounced thickening of the basement membrane.
Other tubules {asterisk) are irregularly dilated, contain proteinaceous ma-
terial, and are lined by hypertrophied epithelial cells. The interstitium con-
tains a focal aggregate of lymphocytes. (HPS, x210).

d} Special stains demonstrate comparative thickening of basement membrane be-
tween normal (upper photograph) and affected animal (lower photograph) (PASM-
Azan, x210).
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occurrence of kidney lesions and urinary excretion of total protein and
albumin, No correlation was observed between the rate of albumin eli-
mination and the levels of albumin mRNA in individual rats.
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CHAPTER VII

Aging is a complex phenomenon, the nature and origin of which are

presently unknown. Many theories have been proposed to explain this
process. Among these theories, several exist that invoke a role for
proteins; their synthesis and their elimination. Many studies have been
performed on protein metabolism and aging (Richardson, 1981; Richard-
son & Birchenall-Sparks, 1983; Makrides, 1983). However, most of
these studies have concentrated on overall protein metabolism and
changes in those factors that might influence overall protein metabo-
lism. It is unlikely that changes in individual protein metabolism would
only be under some uniform, age-related control. It would therefore be
of considerable interest to study the influence of age on the metabolism
of one specific protein.

In this study, rat serum albumin was chosen. This is because seve-
ral previous reports have shown that the synthesis of this protein was
under an age-related control in rats (Beauchene et al., 1970; Salatka
et al., 1971; Ove et al., 1972; Van Bezooijen et al., 1976; Van Be-
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zovijen & HKnook, 1977). Little information on the underlying mecha-
nisms behind this age-related change in albumin synthesis and on the
influence of age on albumin elimination was available. The aim of the
studies described in this thesis was to gain insight into the influence
of age on the elimination of albumin, into the albumin excretion pro-
cesses responsible for such putative changes, and into the molecular
basis of the age-related changes in albumin synthesis. To this end,

these aspects were systematically investigated in female WAG/Rij rats.

VIl-1. ALBUMIN ELIMINATION AND AGING

Albumin elimination rates were determined in rats of variocus ages in
both of two different ways. In the first, clearance studies were per-
formed after injection of albumin isolated from 3-month-old rats so that
any age-related changes would be only due to changes in the animals'
physiology. In the second, clearance studies were performed using albu-
min isolated from rats of the same age as the recipients. In this way,
possible changes could be attributed to both changes in the animals'
physiology and age-related changes in the albumin molecule. It was
found that albumin elimination increased between 12 and 36 months of
age. Since the increase in albumin elimination up to 24 months of age
was independent of the age of the albumin-donor rat, it could be con-
cluded that this increase was due to an age-related change in the
physiology of the recipients. The increase in albumin elimination
between 24 and 36 months of age was only observed after injection of
age-matched albumin and could therefore be attributed to a changed
albumin molecule combined with an altered physiology of the rat since
albumin isolated from 36-month-old rats was handled in 3-month-old
ones in the same way as age-matched albumin. Concomitant with the
increased albumin elimination rate, an increase in the whole-body al-
bumin pool was observed. The results obtained in the longitudinal
study (Chapter V1) showed that the contribution of a possibly altered
albumin molecule teo the age-related changes in albumin elimination

occurs in every individual rat as well as the increase in albumin elimi-
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nation rate and whole-body albumin pool. Only one exception was ob-
served, and this rat did not show an increase in whole~-body albumin
pool with age.

The indications that were obtained with regard to age-related
changes in the rats physiology and in the albumin molecule were indi-
rect. Therefore, no firm statements can be made as to the nature of
these changes. However, literature data showed that an increased per-
meation of the vasculature for albumin might occur as a result of a
number of pathological conditions, such as diabetes in rats (spon-
taneous and streptozocin-induced) (Kilzer et al., 1985), cirrhosis of
the liver in humans {Henriksen & Schlichting, 1981) and portal hyper-
tensiony in humans (Hemrik‘sen et al., 1981). Furthermore, age-related
changes have been obserwved in the structure of microvascular membra-
nes in humans (Darmady et al., 1973; Brancato and Pellegrini, 1973).
Endothelial cell-membrane lipid compesition has been reported to alter
following exposure to increased concentrations of free fatty acid, which
might increase the transfer of albumin across the endothelium (Hennig
et al., 1984). Whether this mechanism occurs with age is unclear,
Liepa et al. {1980) reported an age-related decrease in plasma free
fatty acids, while Carlile & Lacko (1981} found an increase in some rat
strains. The increase in apparent volume of distribution of albumin but
not in plasma volume or in plasma albumin concentration which was
observed in the female WAG/Rij rats at between 12 and 24 months of
age suggests that there is an increased amount of extravascular
albumin, which could be explained by an increased permeability of the
vasculature. The increase in apparent volume of distribution between
24 and 36 months of age was shown to be albumin-molecule specific. On
the other hand, injection of albumin isolated from 36-month-old rats
into 3-month-old ones did not reveal a higher volume of distribution
than with age-matched albumin. This indicates that there must be a
basic physiological change (e.g. wvascular permeability) prior to the
manifestation of the influence of the albumin molecule on the apparent
volume of distribution.

What has been said about the nature of the physiological changes is
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also true for the indicated changes in the albumin molecule. Only some
speculations can be made with regard to the nature of these changes.
With regard to functional changes of the albumin molecule, literature
data do not show an altered binding capacity of albumin for several
ligands with age, e.g. free fatty acids in humans (Pickart, 1983) and
for some drugs e.g. tolbutamide in humans {Miller et al., 1978; Adir
et al., 1981}, lorazepam in humans (Diveoll & Greenblatt, 1982), pento-
barbitone in mice {(Jones & Pardon, 1980) and nitrazepam in humans
{(Jochemsen et al., 1983). The occurrence of structurally altered albu-
min has been described, though not as a function of age. Non-enzyma-
tic glycosylation of serum albumin has been observed by a number of
investigators, especially in diabetes in humans (Day et al., 1979;
Dolhofer & Wieland, 1979; Guthrow et al., 1979). Furthermore, poly-
meric complexes of albumin as well as fragments of albumin (MW=
45,000, 28,000 & 19,000) bhave been found in normal human plasma
(Kshirsagar et al., 1984).

The increase in albumin elimination with age was found neither to
be due to an increased urinary albumin excretion nor to an increase in
gastrointestinal protein loss (Chapter 111}, Fluid~phase endocytosis,
measured with 125I--pohy"v'i‘nn‘,llpyrmlidlovne (Chapter 111}, however, was
shown to be increased at between 12 and 36 months of age. With this
technique primarily endocytic uptake from the plasma was measured.
This, together with possible albumin-specific uptake processes, could
explain the fact that the endocytic uptake process investigated in this
study accounts for only 40% of the total albumin elimination in rats.
Although fluid-phase endocytosis is a non-specific process, the albu-
min~molecule dependency of the increased albumin elimination between
24 and 36 months of age is not necessarily contradictory. |f one sup-
poses that the change in the albumin molecule between 24 and 36
months of age leads to an increased permeation of the wasculature for
albumin, extravascular albumin concentrations would be increased. This
increase would have a direct influence on albumin uptake via extravas-
cular endocytic processes whose rates are directly proportional to the

extravascular albumin concentration. In other words, albumin elimina-

132



tion could be increased with age by a combination of two processes.
Firstly, an increase in fluid-phase endocytic uptake from the blood and
secondly, an increased extravascular endocytic uptake which is partly
(if not completely}) due to an increased extravascular albumin concen-
tration,

VII-2. ALBUMIN SYNTHESIS AND AGING

Another objective of the study was to investigate the molecular
basis of the age-related increase in albumin synthesis, specifically,
whether this change was caused by a change in the level of messenger
RNA for albumin and/or by a change in the translational capacity of
this messenger RNA. Total post-nuclear RNA and polyribosomes, both
membrane-bound and free, were prepared from liver homogenates from
female WAG/Rij rats of various ages. Poly(A)+-RNA was isolated from
total post-nuclear RNA using oligo{dT)-cellulose chromatography. RNA
was also extracted from the polyribosomes.

Albumin mRNA levels were determined in each RNA fraction by
molecular hybridization with a single stranded cDMNA probe specific for
albumin mRNA (Chapter V). These studies showed an increase in the
relative amount of albumin mRNA in total post-nuclear RNA and in mem-
brane-bound polyribosomes at between 12 and 24 months of age. Since
both liver weight and total RNA content per gram of liver did not
change between these two age-groups, an increase in the absolute
amount of albumin mRNA expressed per whole liver could be observed
at between 12 and 14 months of age. At between 24 and 36 months of
age no change could be seen in either the relative amount of albumin
mRMNA or in the total RNA content per gram of liver. However, since a
significant increase in liver weight was observed to occur between
these to age-groups, the absolute amount of albumin mRNA expressed
per whole liver also increased. The results obtained with regard to the
increase in the relative amount of albumin mRNA between 12 and 24
months of age have been repeated using the technique of dot-blot hybri-
dization (Chapter V). In this experiment the same two-fold increase
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was seen.

In order to study the translational capacity of the albumin mRNA,
liver polyribosomes (both free and membrane-bound) were isolated from
rats of the different age-groups. Most previous studies have used iso-
pycnic centrifugation to separate membrane-bound polyribosomes from
free polyribosomes of post-mitochondrial supernatant {Cook & Buetow,
1981) or to isolate total polyribosomes (Layman et al., 1976; Moudgil et
al., 1979; Shmookler Reis, 1981). However, post-mitochondrial super-
natant contains about 30% of the total membrane-bound and 9%0% of the
free polyribosomes, and can therefore not be used for a quantitative
assessment of the membrane-bound polyribosomes (Blobel & Potter,
1967). Furthermore, using this technique free polyribosomes can con-
tribute up to 30% of the membrane-bound fraction (Blobel & Potter,
1967; Lowe et al., 1970). These problems can be eliminated, by using
the procedure of Ramsey & Steele {1976}, as in this study. The re-
sults show that neither the content of free nor of membrane-bound po-
lyribosomes per gram of liver changes with age. The size distribution
of these polyribosomes also does not undergo a change with age. In
vitro translational studies using these polyribosomes did not reveal any
age-related change in their protein synthetic activity. This result is in
contrast with results obtained by Claes-Reckinger et al. (1982) and
this disparity might be due to the fact that in their study, polyri-
bosomes isolated from post-mitochondrial supernatant were used.

The transiational activity of albumin mRNA was assessed by immuno-
precipitation of albumin-like material in the cell-free translation
products. It could be seen that albumin synthesis in this system was
not increased in proportion to the increase in albumin mRNA between
12 and 24 months of age (50% versus 100%). This suggests that some,
if not all, albumin mRNAs present in the liver of older rats were
biclogically less active than those found in younger animals. From this
study, therefore, it can be concluded that the age-related increase in
albumin synthesis in rats is controlled by a two-fold increase in the
amount of albumin mRNA and with a 25% decrease in the translational

activity of this mRNA.
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VIl-3. CORRELATION BETWEEN ALBUMIN ELIMINATION AND SYNTHE-
SIS WITH AGE

It is of interest to know if the results on albumin elimination can be
correlated with the findings on albumin mRNA content and its transla-
tional activity. It could be argued that the rate of albumin synthesis is
directly correlated with the amount of albumin mRNA and with the
transilational activity of this mRNA.

The data on the albumin synthesising activity of membrane-bound
polyribosomes {Table 1V-2B) showed that in 24- and 36-month-old rats
this activity was 50% higher compared with what is seen in 3- and 12-
month-old rats, although the albumin mRNA content was 100% higher.
This indicates that the translational activity of the albumin mRMNA in
the two older age-groups was only 75% of that in the younger animals.
"Albumin synthesis” could be estimated by multiplying the total amount
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Fig. Vii=1, Age-related changes in albumin elimination and "albumin synthesis! in female
WAG/Rij rats. Albumin elimination and "albumin synthesis" are expressed in
arbitrary units, relative to their value in 3-month-old rats.
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of albumin mRNA in membrane-bound polyribosomes per whole liver
with the translatability of this mRNA (100% in 3- and 1Z-month-old rats
and 75% in Z4- and 36-month-old ones}. Fig. VII-1 depicts the age-re-
lated changes in both albumin elimination and "albumin synthesis".
Both factors are expressed relative to their respective levels in 3-
month-old rats. It can be seen that the increase in albumin synthesis
with age is directly correlated with the increase in albumin elimination
in these rats (Fig. VII-1). However, the data presented in Chapter VI
show that in six individual 36-month-old rats, there is no clear cut
correlation between the rate of albumin elimination and the level of
albumin mRNA (Fig. VI-11)}. This indicates that the relationship is not
so simple and an allowance must be made for the translational activity
of this mRNA in individual animals in order to produce a reliable cor-

relation.

V-4, THE MOLECULAR BASIS OF THE INCREASED ALBUMIN mRNA
CONTENT WITH AGE

The observed increase in albumin mRNA content with age may be
due to two processes: 1) changes in albumin mRNA synthesis and 2}
changes in albumin mRNA turnover. In order to ascertain which of
these two processes is the one responsible, studies were performed
primarily on the albumin mRNA synthesis rate. The transcription rate
of the rat albumin gene was studied in an in vitro system using iso-
lated rat liver nuclei (Chapter V). In contrast to most other studies,
no change with age was observed in total RNA synthetic activity., The
rate of transcription of the albumin gene was assessed by hybridization
of the newly synthesised RNA molecules to filter-bound albumin cDNA.
No age-related changes could be seen in the transcriptional rate of the
albumin gene. Furthermore, the amount of albumin specific RNA sequen-

ces in rat liver nuclei also showed no age-related changes. These re-
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sults indicate that the observed age-related increase in albumin mRNA
content is not controlled by transcriptional processes, but is most pro-
bably due to a decrease in the turnover of this mRNA,

One qualitative aspect of the albumin mRNA which showed an age-
related change was the length of the poly(A)-tail. The results presen-
ted in Chapter IV showed that in the liver of rats of 24 months of age
and older, more albumin mRNA was present in the poly[A} -fraction
than in the poly(A]tfraction, and this was not observed in younger
animals. In order to examine whether shortening of the poly(A)-tails
was an overall phenomenon or just specific for the albumin mRNA, stu-
dies were performed on the effect of age on the poly(A)-tail length of
total rat liver mRNA. It was found that the length of the poly(A)-tails
in the peak fraction did not change with age (* 130 A-residues). How-
ever, a significant change in the relative length distribution was ob-
served. The relative amount of poly(A)-tails longer than 161 A-resi-
dues decreased between 12 and 24 months of age, whereas an increase
in the relative amount of poly(A)-tails shorter than 115 A-residues was
observed. The physiological significance of the age-related decrease in
the poly(AJ)-tail length, especially of albumin mRNA, remains unclear,
The function of the poly(A)-tails has been the topic of many discus~
sions [Mdaller et al., 1985). One hypothesis is that the poly(A)-tail is
required for transiation of mRNA, The results described in Chapter IV
of this thesis show that the shortening of the poly(A)-tail of albumin
mRNA with age coincides with a diminished translational activity of this
mRNA in polyribosomes. However, deadenylated rabbit globin mRNA
(Soreq et al., 1979), mouse L cells mRNA (Bard et al., 1974) and total
mRNA from quail oviduct (Miller et al., 1976) were compared with the
original mRNA with regard to their respective translational activities,
and no change was found in the initial rates of translation. A second
hypothesis is that poly(A)-tails have a stabilizing role. This seems to
be in contrast with the conclusion about the increased stability of the
albumin mRNA with age. Howewver, literature data have shown no propor-
tionality between stability and poly(A)-tail length (Nudel et al., 1976;
Huez et al., 1977). On the other hand, below & length of 10-20 A-resi-
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dues, stability of mRNA was no longer ensured. The decrease in po-
Iy (A)-tail length of the albumin mRNA with age could be a secondary
feature caused by the increased stability. Poly[A)-tails in the cyto-
plasm are continually subjected to the action of nucleases which results
in a shortening of the tail over time. Therefore, the observed shorte-
ning of the poly({A)-tail of albumin mRNA could be due to its prolon-
ged presence in the cytoplasm. The precise nature of the. factors invol-
wved in the increased albumin mRMNA stability remains to be established.

The results presented in this study demonstrate that this rat strain
sustains a number of age-related changes (both at the molecular level
and the organ level} that influence the metabolism of rat serum albu-
min. Despite these changes (which affect both albumin synthesis rates
and albumin elimination rates), the aging female WAG/Rij rat is still
capable of maintaining an unchanged plasma albumin level and posses-
ses sufficient flexibility, as far as albumin is concerned, to maintain

homeostasis with age.

138



HOOFDSTUK VIl

Algemene discussie en samenvatting

Veroudering is een complex fenomeen, waarvan de aard en de oor-

sprong tot op heden onbekend zijn. Zoals reeds in Hoofdstuk | is
beschreven, is er een grote verscheidenheid aan theorieén voorgesteld
om het verouderingsproces te verklaren en een aantal van deze theo-
rieén beschrijven de rol van eiwitten, en van hun synthese en elimina-
tie, in dit proces. Met betrekking tot eiwitmetabolisme en wveroudering
zijn er reeds veel studies uitgevoerd (Richardson, 1981; Richardson &
Birchenall-Sparks, 1983; Makrides, 1983}). De meeste van deze studies
hebben zich echter wvooral gericht op eiwitmetabolisme in het algemeen
en op veranderingen in die factoren, die een inviced op dit metabo-
lisme kunnen uitoefenen. Vermoedelijk zal het metabolisme wvan indivi-
duele eiwitten echter niet op een uniforme wijze gereguleerd worden
met wveroudering. Daarom kan het waardevol zijn om de inviced wvan
veroudering op het metabolisme van een specifiek eiwit te bestuderen.
In deze studie is er gekozen voor het serumalbumine van de rat,

omdat er in de literatuur beschreven is, dat de synthese wvan dit eiwit
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onder een leeftijdsafhankelijke controle staat (Beauchene et al., 1970;
Salatka et al,, 1971; Owve et al., 1972; Van Bezooijen et al., 1976; Van
Bezooijen & Knook, 1977). Verder is er slechts weinig informatie be-
schikbaar over de onderliggende mechanismes van deze leeftijdsafhanke-
lijke wveranderingen in de albuminesynthese en ook over de invioed van
veroudering op de albumineeliminatie. Het doel van deze studie is om
inzicht te wverkrijgen in de inviced wvan veroudering op de eliminatie
van albumine, in de albumine excretieprocessen, die verantwoordelijk
zijn wvoor mogelijke veranderingen in de albumineeliminatie, en in de
moleculaire basis wvan de leeftijdsafhankelijke veranderingen in de
albuminesynthese. Hiertoe zijn al deze aspecten systematisch onder-

zocht in vrouwelijk WAG/RIj ratten,
VI-1. ALBUMINEELIMINATIE EN VEROUDERING

Albumineeliminatiesnelheden werden bepaald in ratten van verschil-
lende leeftijden. Deze bepalingen werden op twee verschillende ma-
nieren uitgevoerd. In de eerste plaats werden klaringsstudies uitge-
voerd na injectie wan albumine, dat gelsoleerd werd uit 3 maanden
oude ratten. De op deze wijze gevonden leeftijdsafhankelijke veran-
deringen zijn dan wvolledig veroorzaakt door veranderingen in de fy-
siologie van de dieren. In de tweede plaats werden in dezelfde ratten
gelijksoortige klaringsstudies uitgevoerd na injectie wvan albumine, dat
geisoleerd werd uit ratten van dezelfde leeftijd als de recipiénten.
Mogelijke veranderingen in de eliminatiesnelheid van albumine, die nu
gevonden worden, kunnen behalve aan de veranderde fysiologie van de
dieren ook aan ewventuele weranderingen in het albumine- molecuul
toegeschreven worden. De resultaten toonden aan, dat de eliminatie-
snelheid van albumine toenam tussen de leeftijden 12 en 36 maanden.
Aangezien de toename tussen 12 en 24 maanden onafhankelijk was van
de leeftijd van de albumine-donorrat, kon er geconcludeerd worden dat
deze toename het gevolg was van een veranderde fysiologie van de rat
met het ouder worden. De toename in de albumineeliminatiesnelheid
tussen 24 en 36 maanden bleek alleen op te treden na injectie wvan
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albumine, dat geisoleerd werd uit ratten van dezelfde leeftijd als de
recipiénten. Deze toename was daarom het gevolg van een verandering
in het albuminemolecuw!. Dat naast deze reden ook de veranderde fysio~
logie nog een belangrijke rol speelde, bleek uit het feit, dat 3 maanden
oude ratten geen onderscheid konden maken tussen hun eigen albumine
en het albumine, dat uit 36 maanden oude ratten geisoleerd werd.
Naast de toename in de eliminatiesnelheid van het albumine werd er ook
een toename gevonden in de whole-body albumine pool (= de totale hoe-
veelheid albumine in het lichaam}. De resultaten verkregen uit de
longitudinale studie (Hoofdstuk VI) toonden aan dat de bijdrage van
een mogelijk veranderd albuminemolecuul aan de veranderde albumineeli-
minatie in elke individuele rat optrad, hetgeen ook gold wvoor toename
in de albumineeliminatiesnelheid en in de whole-body albumine pool. Er
was slechts éé&n uitzondering, waarbij geen toename in de whole-body
albumine pool met veroudering gevonden werd.

De aanwijzingen, die verkregen werden met betrekking tot de leef-
tijdsafhankelijke veranderingen in de fysiologie van de ratten, waren
indirect. Als gevolg hiervan kunnen geen harde uitspraken gedaan wor-
den over de aard van deze veranderingen. Echter, literatuurgegevens
wijzen er op dat een toegenomen doorlaatbaarheid van de vasculatuur
voor albumine op kan treden onder wverschillende pathologische condi-
ties, zoals diabetes in ratten [spontaan en streptozine geinduceerd)
(Kilzer et al., 1985), levercirrhose in de mens {Henriksen & Schlich-
ting, 1981) en portale hypertensie in de mens {[Henriksen et al,,
1981). Verder zijn er leeftijdsafhankelijke wveranderingen gevonden in
de structuur wan de microvasculaire membranen in de mens (Darmady
et al., 1973; Brancato & Pellegrini, 1973). De wvetsamenstelling van het
endotheliale celmembraan blijkt te weranderen na blootstelling aan
toegenomen concentraties wvrije wvetzuren, hetgeen het transport van
albumine door het endotheel zou vergemakkelijken [Hennig et al.,
1984). Of dit proces ook optreedt met veroudering is onduidelijk, Liepa
et al. (1980} beschreven een leeftijdsafhankelijke afname in de con-
centratie vrije wvetzuren in plasma in ratten, terwijl Carlile & Lacko

(1981) een toename vonden, die echter stam-afhankelijk was. De toe-
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name in het verdelingsvolume van albumine, en niet in het plasmavo-
lume noch in de plasmaalbumineconcentratie, die optreedt in vrouwelijke
WAG/RIj ratten tussen 12 en 24 maanden, suggereert dat er een toege-
nomen hoeveelheid extravasculair albumine aanwezig is, hetgeen wer-
klaard kan worden door een toegenomen permeabiliteit van de vascula-
tuur. De toename in het verdelingsvolume wvoor albumine tussen 24 en
36 maanden is afhankelijk wan het albuminemolecuul. Daarentegen wordt
er na injectie van albumine, geisoleerd uit 36 maanden oude ratten, in
3 maanden oude dieren geen hoger verdelingsvolume gevonden dan na
injectie van albumine uit 3 maanden oude ratten. Dit toont aan dat er
een basale fysiologische verandering moet zijn opgetreden (bijv. vascu-
laire permeabiliteit] wvoordat de inviced wvan het albumine molecuul op
het verdelingsvolume manifest kan worden.

Hetgeen er is gezegd over de aard wvan de fysiologische verande-
ringen met veroudering gaat ook op voor de leeftijdsafhankelijke ver-
anderingen in het albuminemolecuu!. Er kan slechts gespeculeerd wor-
den over de aard van deze veranderingen. Wat betreft functionele ver-
anderingen van het albuminemolecuul wijzen de literatuurgegevens niet
op een veranderde bindingscapaciteit van het albumine met veroudering
voor endogene liganden, zoals vrije vetzuren in de mens (Pickart,
1983) en woor verschillende geneesmiddelen, zoals tclbutamide in de
mens (Miller et al., 1978; Adir et al., 1981), lorazepam in de mens
(Divoll & Greenblatt, 1982), pentobarbital in de muis (Jones & Pardon,
1980} en nitrazepam in de mens (Jochemsen et al., 1983). Structureel
veranderd albumine is beschreven in de literatuur, edoch niet met ver-
oudering. Nict~-enzymatische glycosylering van serumalbumine is door
een aantal onderzoekers gevonden, en vooral in diabetes in de mens
(Day et al., 1979; Dolhofer & Wieland, 1979; Guthrow et al., 1979).
Verder werden er in normaal humaan plasma polymere complexen van
albumine gewvonden en ook albuminefragmenten (MW= 45,000, 28.000 &
19.000 D} (Kshirsagar et al., 1984),

De gevonden teoename in de albumineeliminatie met veroudering kon
niet worden toegeschreven aan een toegenomen albumineexcretie in de

urine noch aan een toegenomen eiwitverlies via het maagdarmkanaal
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(Hoofdstuk 111}, Wloeistofpinocytose, gemeten met 125I—p0|yvimylpyr—
rolidone (Hoofdstuk 111} nam toe tussen de leeftijden 12 en 36 maan-
den. Met deze techniek wordt vooral endocytose vanuit het plasma ge-
meten. Dit gegeven én de aanname dat er albuminespecifieke opname-
processen bestaan, kunnen verklaren dat vloeifstofpinocytose, gemeten
in deze studie, slechts 40% wvan de totale albumineeliminatie voor zijn
rekening neemt. Hoewel vioeistofpinocytose een niet-specifiek opname-
proces is, hoeft de albuminemolecuulafhankelijkheid van de toename in
de albumineeliminatie tussen 24 en 36 maanden niet noodzakelijkerwijs
hieraan tegenstrijdig te zijn. Als men veronderstelt dat de verandering
in het albuminemolecuul tussen 24 en 36 maanden aanleiding geeft tot
een toegenomen vasculaire permeabiliteit voor dit veranderde albumine,
dan heeft dat tot gevolg dat de extravasculaire albumineconcentraties
zullen toenemen. Deze toename heeft dan weer een directe invioed op
de albumineopname wvia extravasculaire endocytotische processen, waar-
van de snelheid rechtevenredig is met de extravasculaire albumine-
concentratie. Met andere woorden, de eliminatiesnelheid wvan albumine
zou met veroudering kunnen toenemen als een gevolg van twee proces-
sen. In de eerste plaats een toename in de wvloeistofpinocytotische
opname uit het bloed en in de tweede plaats een toename in de extra-
vasculaire endocytotische opname die op zijn minst het gevolg is van

een toename in de extravasculaire albumineconcentratie.
VITE-2, ALBUMINESYNTHESE EN VEROUDERING

Een andere doelstelling van deze studie was het onderzoek naar de
moleculaire basis van de leeftijdsafhankelijke toename in de albumine-
synthese. De vraag hierbij was meer specifiek of deze verandering
veroorzaakt werd door een veranderd niveau van boodschapper RNA
(mRNA) woor albumine en/of door een veranderde transleerbaarheid
van dit boodschapper RMA, Totaal cytoplasmatisch RNA en polyribo-
somen, zowel membraangebonden als vrij, werden geisoleerd uit homo-
genaten van levers wvan vrouwelijke WAG/RIij ratten van verschillende

leeftijd, Poly(A)l-bevattend RNA werd geisoleerd uit het cytoplasma-
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tisch RNA door middel van chromatografie over oligo{dT]-cellulose.
Verder werd er ook RNA geéxtraheerd uit de polyribosomen.

Het niveau wvan het albumine-mRNA werd in elke RMA-fractie be-
paald door middel wan moleculaire hybridizatie met een enkelstrengs
cDNA-probe, die specifiek is wvoor albumine-mRNA (Hoofdstuk [V},
Deze studies toonden aan dat de relatieve hoeveelheid van albumine-
mRNA toenam in het cytoplasmatisch RMNA en in de membraangebonden
polyribosomen tussen 12 en 24 maanden. Aangezien zowel het leverge-
wicht als de totale RNA hoeveelheid per gram lever niet veranderen
tussen deze twee leeftijden, werd er ook een toename gevonden in de
absolute hoeveelheid albumine-mRNA per lever tussen 12 en 24 maan-
den. Tussen 24 en 36 maanden trad er geen verschil op in de relatieve
hoeveelheid van albumine-mRNA noch in de totale RNA hoeveelheid per
gram lever. Er werd echter een significante verhoging gevonden in het
levergewicht tussen deze twee leeftijden en dus ook in de absolute
hoeveelheid albumine-mRNA uitgedrukt per lever. De resultaten, aan-
gaande de verhoging van de relatieve hoeveelheid albumine-mRNA tus-
sen 12 en 24 maanden werden ook verkregen met dot-blot hybridizatie
(Hoofdstuk V). In dit experiment werd dezelfde tweevoudige toename
gezien.

Om de transleerbaarheid van het albumine-mRNA te bepalen werden
polyribosomen (zowel wvrij als membraangebonden) geisoleerd wuit de
levers van ratten van de verschillende leeftijdsgroepen. Een groot
gedeelte van de in de literatuur beschreven studies gebruikten isopyc-
nische centriguatie om membraangebonden polyribosomen te scheiden
van vrije polyribosomen uit postmitochondriaal supernatant (Cook &
Buetow, 1981) of om totale polyribosomen te iscleren [Layman et al.,
1976; Moudgil et al., 1979; Shmookler Reis, 1981). Postmitochondriaal
supernatant bevat echter slechts 30% wvan de totale hoeveelheid mem-
braangebonden polyribosomen en 90% van de vrije polyribosomen en kan
daarom niet gebruikt worden voor een quantitatieve bepaling van de
membraangebonden polyribosomen (Blobel & Potter, 1967). Daar komt
nog bij dat met deze techniek de membraangebonden fraktie tot 30%

verontreinigd kan zijn met vrije polyribosomen (Blobel & Potter, 1967;
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Lowe et al., 1970). Deze problemen kunnen wvoorkomen worden door
gebruik te maken van de methode van Ramsey & Steele (1976), zoals in
deze studie. De resultaten toonden aan dat de hoeveelheid van zowel
vrije als membraangebonden polyribosomen per gram lever niet veran-
derde met veroudering. De grootteverdeling wvan deze polyribosomen
bleef ook onveranderd met veroudering. In vitro translatieexperimenten
met deze polyribosomen toonden geen leeftijdsafhankelijke wverande-
ringen aan in hun eiwitsynthetizerende aktiviteit. Dit resultaat is in
tegenspraak met de resultaten van Claes-Reckinger et al. (1982) en
deze tegenstrijdigheid zou verklaard kunnen worden door het feit dat
zij in hun studies polyribosomen uit postmitochondriaal supernatant
isoleerden.

De transleerbaarheid van het albumine-mRNA werd bepaald door
middel van immunoprecipitatie van het nieuw gesynthetizeerde albumine
in de celvrije translatieproducten. Er werd gevonden dat de albumine-
synthese in dit systeem niet in dezelfde mate verhoogd was tussen 12
en 24 maanden als het albumine-mRNA (50% tegenover 100%). Dit sugge-
reert dat sommige, zo niet alle, albumine-mRNAs in de lever van
oudere ratten biologisch minder aktief zijn dan die in jonge dieren. Uit
deze studies kon geconcludeerd worden dat de leeftijdsafhankelijke
toename in de albuminesynthese in ratten gereguleerd wordt via een
toename van 100% in de hoeveelheid albumine-mRNA gecombineerd met

een afname van 25% in de transleerbaarheid van dit mRNA,

VilI-3. DE CORRELATIE TUSSEN ALBUMINEELIMINATIE EN
-SYNTHESE MET VEROUDERING

Het is belangrijk om te weten of de resultaten omtrent de eliminatie
van albumine gecorreleerd kunnen worden met de vindingen aangaande
het albumine-mRNA en de transleerbaarheid van dit mRNA., Met kan nl.
stellen dat de albuminesynthesesnelheid direct gerelateerd is aan de
hoeveelheid en de transleerbaarheid van het albumine-mRNA,

De gegevens over de albuminesynthetizerende aktiviteit van mem-
braangebonden polyribosomen (Tabel 1V-2B)} toonden aan dat in 24 en

145



36 maanden oude ratten, deze aktiviteit 50% hoger was dan in 3 en 12
maanden oude dieren, hoewel de hoeveelheid albumine-mRNA 100% hoger
was. Daarom kan er gesteld worden dat de transleerbaarheid wan het
albumine-mRNA in de twee oudere leeftijdsgroepen slechts 75% bedraagt
van die in de jongere dieren. "Albuminesynthese"” kan benaderd
worden door de totale hoeveelheid albumine-mRNA in membraangebon-
den polyribosomen per hele lever te wvermenigvuldigen met de trans-
leerbaarheid van dit mRNA (100% in 3 en 12 maanden oude ratten en
75% In 24 en 36 maanden oude dieren). Fig. WVIII-1 laat de leeftijd-
athankelijke wveranderingen zien in de albumineeliminatie en in
"albuminesynthese", Beide factoren zijn relatief ten opzichte van hun
waarde in 3 maanden oude dieren uitgedrukt. Men kan zien dat de toe-
name in "albuminesynthese" met wveroudering gelifk wverloopt met de
toename in albumineeliminatie (Fig. VIii-1).
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Fig. Vili~1. Leeftijdsafhankelijke veranderingen in albumineeliminatie en in

“albuminesynthese™ in vrouwelijke WAG/Rij ratten. Albumineeliminatie en
"albuminesynthese" zijn uitgedrukt in arbitraire eenheden, relatief ten
opzichte van hun waarde in 3 meaanden oude ratten.
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Daarentegen werd in 6 individuele 36 maanden oude ratten geen ver-
band gevonden tussen de albumineeliminatiesnelheid en de hoeveetheid
albumine-mRNA (Fig. VI-11). Dit suggereert dat de relatie niet zo een-
voudig ligt en dat in individuele dieren de transleerbaarheid van het
albumine-mRNA betrokken moet worden om een betrouwbare correlatie
te verkrijgen.

VIll-4 DE MOLECULAIRE BASIS VAN DE TOENAME IN DE HOEVEEL-
HEID ALBUMINE-mRNA MET VEROUDERING

De gevonden toename in de hoeveelheid albumine-mRNA met ver-
oudering kan het gevolg zijn van twee processen: 1) veranderingen in
de synthese van dit mRNA en 2) veranderingen in de turnover van dit
mRNA, Om nu er achter te komen welke van deze twee processen ver-
antwoordelijk is wvoor die toename werden er primair studies uitgevoerd
met betrekking tot de synthesesnelheid van het albumine-mRNA. De
transcriptiesnelheid van het rattealbuminegen werd gemeten in een in
vitro systeem met geisoleerde kernen uit de rattelever [Hoofdstuk V).
In tegenstelling tot de meeste studies werd er geen leeftijdsathankelijke
verandering gevonden in de totale RNA-synthesesnelheid. De trans-
criptiesnelheid wvan het albuminegen werd bepaald door middel wan
hybridizatie van het nieuw gesynthetizeerde RNA met aan een nitrocel-
lulose filter gebonden albumine-cDNA. Geen leeftijdsafhankelijke ver-
anderingen in de transcriptiesnelheid wvan het albuminegen werd ge-
vonden. Verder kon er aangetoond worden dat de hoeveelheid van al-
bumine-specificke RNA-seguenties in de kernen van de rattelever gelijk
bleef met veroudering. Deze resultaten wijzen er op dat de gevonden
toename in de hoeveelheid albumine-mRNA niet gereguleerd wordt door
transcriptieprocessen, maar waarschijnlijk het gevolg is van een ver-
laagde turnover van dit mRNA.

Een qualitatief aspect wan het albumine-mRNA, waarvan een leef-
tijdsafhankelijke wverandering is aangetoond, is de lengte van de po-
ly(A)-staart. De resultaten, gepresenteerd in Hoofdstuk IV, lieten zien

dat in de lever van ratten van 24 maanden en ouder er meer albumine-
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mRNA aanwezig was in de poly(A} -fraktie dan in de poly(Af—fraktie.
Dit werd bij jongere dieren niet waargenomen. Om nu te onderzoeken
of het korter worden wvan de poly[A}-staarten met wveroudering een
algemeen fenomeen is of slechts specifiek wvoor het albumine-mRNA,
werden er studies uitgevoerd met betrekking tot de inviced van verou-
dering op de lengte van poly(A)-staarten van totaal rattelever mRNA.
Er werd gevonden dat de lengte van de poly(A)-staarten in de piek-
fraktie niet veranderde met de leeftijd (* 130 A-residuen). Daaren-
tegen werd er een significante verandering in de relatieve lengte-
verdeling waargenomen. De relatieve hoeveelheid van poly(A)-staarten
langer dan 161 A-residuen nam af tussen de leeftijden 12 en 24 maan-
den, terwijl er een toename optrad in de relatieve hoeveelheid wan
poly(A}-staarten korter dan 115 A-residuen. De fysiologische betekenis
van deze waarneming, wvooral ook met betrekking tot het albumine-
mRNA, blijft onduidelijk. De functie van de poly(A}-staarten is het
onderwerp geweest wvan veel discussies (Muiller et al., 1985]. Een
hypothese is dat de poly(A)-staart noodzakelijk is wvoor de transleer-
baarheid van het mRNA. Inderdaad toonden de resultaten van Hoofd-
stuk IV aan dat het korter worden van de poly(A)-staart van het albu-
mine-mRNA samenviel met de verlaagde transleerbaarheid van dit mRNA
in polyribosomes. Daarentegen is er beschreven dat deadenylering van
globine-mRNA van het konijn {Soreg et al., 1979}, van mRNA uit L-
cellen van de muis (Bard et al., 1974) en van mRNA uit het oviduct
van de kwartel {Maller et al., 1976) geen inviced had op de initiéle
translatiesnelheid van deze mRNAs., Een andere hypothese is dat po-
ly(A)-staarten een stabilizerende rol! hebben. Dit lijkt in tegenspraak
met de toegenomen stabiliteit van het albumine~-mRNA met veroudering.
Literatuurgegevens, echter, geven aanwijzingen dat er geen evenredig-
heid bestaat tussen de lengte van de poly{A)-staarten en. de stabiliteit
van het mRNA (Nudel et al,, 1976; Huez et al., 1977). Van de andere
kant is de stabiliteit van een mRNA niet meer verzekerd, wanneer de
lengte wvan de poly(A)-staarten korter wordt dan 10-20 A-residuen.
Het korter worden van de poly{A)-staart van het albumine-mRNA kan

een secundaire gebeurtenis zijn, die veroorzaakt wordt door de toege-
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nomen stabiliteit van dit mRNA. Poly(A)-staarten worden in het cyto-
plasma continu aangevallen door nucleases, hetgeen resulteert in een
korter worden van de poly(A)-staart met de tijd. De waargenomen ver-
korting van de poly(A]-staart van het albumine-mRNA kan dus het ge-
volg zijn van zijn langer werblijf in het cytoplasma. De aard van de
factoren die betrokken zijn bij de wverhoging in de stabiliteit van het
albumine-mRNA zou nog bepaald moeten worden,

De resultaten, verkregen in deze studie, tonen aan dat deze ratte-
stam een aantal leeftijdsafhankelijke veranderingen ondergaat op zowel
het moleculaire niveau als het orgaanniveau, die een invlced uitoefenen
op het metabolisme wvan het serumalbumine. Ondanks deze wverande-
ringen (die zowel de albuminesynthese als -eliminatie beinviceden] Is
de verouderende vrouwelijke WAG/Rij rat zeer wel in staat om onveran-
derde plasmaspiegels van het albumine te handhaven en bezit zij vol-
doende flexibiliteit om met wveroudering de homeostase (wat albumine
betreft) te handhaven.
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