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We have assessed several age-sensitive indicators of immune status in young (i.e., 6 to 11-month-old) mice of a
genetically heterogeneous population to see if these varied in parallel and to determine if one or more of the status
indices predicted life span or cancer incidence. We report that the number of memory (i.e., CD44hi) T cells within the
CD8 subset is correlated with number of memory cells in the CD4 population, and inversely correlated with the
number of naive (i.e., CD45RBhi) CD4 cells at both 6 and 11 months of age, suggesting that the conversion of naive to
memory cells may occur at similar rates in both T cell subsets. Mice that ranked high in the proportion of memory T
cells (within the CD4 and CD8 pools) at 6 months of age tended to retain their ranking at 11 months, suggesting that
the pace or extent of memory cell formation may be a consistent trait that distinguishes mice at least within a
genetically heterogeneous population. Mice that at 6 months of age exhibited high levels ofCD4 or CD8 memory T
cells, low levels of naive CD4 cells, or low levels ofT cells able to proliferate in response to Con A and 1L-2 were found
to be significantly more likely than their littermates to die within the first 18 months of life. Cases offollicular cell
lymphoma, lymphocytic and lymphoblastic lymphoma, and hepatic hemangiosarcoma were seen within the group of
mice dying at early ages. Since each of the prognostic immune indices is characteristically seen in aged mice, we
suggest that relatively precocious aging of the immune system may predispose a mouse to early death, particularly
from lymphoma.

AGING leads to a diminution in T cell-mediated immune
L responsiveness, and an increased vulnerability to a

variety of illnesses, cancer among them (Miller, 1991b).
The question of whether the immunodeficiency of aging
contributes to the age-dependent increase in cancer con-
tinues to be a matter of controversy (Miller, 1991c; Ershler,
1993; Miller, 1993). In principle, one could test the hypothe-
sis that immune decline increases disease susceptibility by a
longitudinal analysis, in which individuals are tested for one
or more age-sensitive indices of immune competence at a
relatively early age, i.e., at an age at which interindividual
differences in immune function are unlikely to be the result
of latent illness, and then followed until their natural death to
see if any of the early or mid-life immune status tests were
able to predict remaining longevity or disease incidence.
Such an analysis is, in general, impractical in humans, for
whom many decades of follow-up would be needed. Tests in
shorter lived animals, e.g., rodents, have for the most part
been stymied both by the small amount of material available
for nondestructive testing and by the emphasis on inbred
strains in which genetic homogeneity limits statistically
useful variation in both immune responsiveness and patho-
logical outcome.

In this study we have attempted to overcome some of
these difficulties by examining a set of age-sensitive pheno-
typic markers in T cells from the peripheral blood of geneti-
cally heterogeneous mice. Differential expression of CD44
and CD45RB have been shown to discriminate between

naive and memory T cells in mice (Budd et al., 1987a,
1987b; Lee et al., 1990; Lee and Vitetta, 1991), and several
groups have shown that aging leads to an increase in the
proportion of CD44hi cells in both the CD4 and CD8 subsets
(Lerner et al., 1989; Ernst et al., 1990; Nagelkerken et al.,
1991), and a decrease in the proportion of CD45RBhi T cells
within the CD4 subset. We therefore predicted that mice
with unusually high numbers of CD44hi and/or unusually low
numbers of CD45RBW CD4 cells would prove to be particu-
larly susceptible to premature death from neoplastic ill-
nesses. We report here evidence in support of the idea that
precocious immunodeficiency, as detected by phenotypic
analysis, predisposes to midlife development of neoplasia,
in particular lymphoma. Our data also indicate that the rate
of immune aging may differ from mouse to mouse, in that
animals that exhibit a rapid rate of change in one age-
sensitive T cell subset show correspondingly accelerated
changes in others as well.

METHODS

Mice. — The experimental animals for these experiments
were the progeny of (C57BL/6J x SJL/J)F1 males crossed
to (AKR/J x DBA/2J)F1 females. This "four-way cross"
breeding scheme produces a population of genetically heter-
ogeneous mice, no two of which are genetically identical,
but whose average characteristics can be stably reproduced
in populations of arbitrary size, and whose genetic constitu-
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tion is unlikely to show the genetic drift and founder effects
characteristic of commercially available "outbred" stocks.
The experimental population of this heterogeneous stock
consisted of 20 male and 20 female mice. These mice were
bred at the University of Michigan's Core Facility for Aging
Rodents, housed from weaning in a specific-pathogen free
colony in cages containing one male and one female, and
given access to rodent chow and water ad libitum. All litters
from these pair-housed mice were weaned at 3 weeks of age
and used for another study. Peripheral blood samples were
taken by tail venipuncture from each mouse at approxi-
mately 6 months of age and then again at 11 months of age.
The animal room also housed "sentinel" mice that were
tested quarterly for evidence of viral infection and found to
be free of anti-viral antibodies until the population was 14
months of age, at which point sentinels were found to have
antibodies to mouse coronavirus. Breeding within the col-
ony was at this point stopped to eliminate the coronavirus
from the colony (Weir et al., 1987), and since that time
sentinel mice have been repeatedly negative for murine
pathogens.

Pathology. — Each mouse was inspected at least once a
day by an experienced animal caretaker. Animals that were
judged to be ill by a combination of clinical signs including
weight loss, poor grooming, and lethargy were sacrificed for
necropsy. Animals found dead were also submitted for
necropsy. Gross lesions were described at necropsy and the
following tissues were fixed in buffered formalin and sub-
mitted for histology: salivary glands, mandibular lymph
nodes, harderian glands, trachea, esophagus, stomach, duo-
denum, ileum, jejunum, colon, liver, mesenteric lymph
nodes, pancreas, uterus, ovaries, vagina, urinary bladder,
heart, lung, thymus, kidneys, adrenals, thyroids, parathy-
roids, brain, middle ears, knee joint, bone marrow, cross-
section of nasal cavity, skeletal muscle, cross-section of
lumbar spinal cord and lumbar vertebra, and eyes. In addi-
tion, representative sections of gross lesions were submitted
for histology. Processed tissues were embedded in paraffin
sectioned at 5 microns, and stained with hematoxylin and
eosin. Lymphomas were characterized using criteria de-
scribed in Pattengale and Taylor (1983).

Immunophenotyping analysis. — A 400 (xl sample of tail
venous blood was collected into a heparinized tube and
washed once with Hank's balanced salt solution containing
0.5% bovine serum albumin (BSS-BSA). Three aliquots,
each corresponding to 40 |xl of peripheral blood, were used
to determine the relative proportions of age-sensitive T cell
subsets. The first of these was stained with biotin-conjugated
antibody to mouse CD44, followed by FITC-conjugated
streptavidin, and then with phycoerythrin (PE)-conjugated
antibody to mouse CD4 (Becton Dickinson; San Jose, CA).
The second aliquot was stained with FITC-conjugated anti-
body to mouse CD45RB (Gibco; Gaithersburg, MD) and
PE-anti-CD4, and the third aliquot was stained with biotin-
anti-CD44 and FITC-streptavidin followed by PE-anti-CD8
(Boehringer Mannheim; Indianapolis, IN). Cells were then
fixed with 1 % paraformaldehyde and analyzed using a
FACScan flow cytometer, with forward and side scatter

gates set to include lymphocytes only. CD44W and CD45RBW

cells were calculated as a percentage of the total CD4 and
CD8 population in a two-parameter histogram. The intensity
distribution of CD44 within the CD8 population is usually
bimodal, and so the intermodal minimum for CD44 was
determined for CD8 cells and then used for both CD4 and
CD8 cell analyses within any single experiment. Each exper-
imental group consisted of two pairs of mice, and all animals
in the cohort were analyzed within a three-week period at 6
months of age and then again at 11 months of age.

Limiting dilution analysis of responder T cell frequencies.
— The proportion of peripheral blood T cells that can
respond to Con A and IL-2 containing rat spleen cell condi-
tioned medium by generating a clone of proliferating cells
was determined by a limiting dilution culture method that
has been described previously (Miller, 1990).

RESULTS

Correlated variation among genetically heterogeneous
mice in the proportions of different age-sensitive T cell
subsets. — Several studies (Lerner et al., 1989; Ernst et al.,
1990; Nagelkerken et al., 1991) have now shown that aging
in mice leads to an increase in the proportion of CD44W cells
within both the CD4 and CD8 subsets, and a decline in the
proportion of CD45RBhi cells within the CD4 subset. Both
changes can be interpreted as an increase in the fraction of
memory T cells and a parallel decrease in the proportion of
naive or virgin T cells (Budd et al., 1987a, 1987b; Sanders et
al., 1988; Lee et al., 1990; Akbar et al., 1991; Lee and
Vitetta, 1991), and we will accordingly use these terms
despite some controversy over whether the phenotype in-
ferred for memory T cells may under certain circumstances
be reversible (Bell and Sparshott, 1990). We have used a
population of genetically heterogeneous mice derived from
four inbred grandparental strains to determine if differences
among mice in the proportion of memory T cells within the
CD4 subset were correlated with differences in the fraction
of CD8 memory cells. Figure 1 shows that there was indeed
such a correlation: 6-month-old mice with relatively high
fractions of CD44W cells within the CD4 subset tended also
to have high proportions of CD44W CD8 cells (R = .43; p <
.006). A similar correlation was also noted in blood samples
obtained from the same group of mice at 11 months of age (R
= .71;/? < .001).

Although differences in CD44 expression distinguish na-
ive from memory T cells in some strains of mice, there are
other strains (Lynch and Ceredig, 1989) in which CD44 does
not provide a useful discriminant between naive and memory
subsets. We therefore wished to determine if the correlations
between CD44W CD4 and CD44W CD8 cells (Figure 1, left
panels) might reflect inter-mouse variation in CD44 expres-
sion per se rather than variation in the proportions of devel-
opmentally distinct T cell subsets. To address this possibility
we used anti-CD45RB antibody to assess the proportion of
naive (i.e., CD45RBW) CD4 T cells in each mouse and
compared these values with the proportion of CD44W CD8 T
cells in the same mice at 6 and again at 11 months of age.
The righthand panels of Figure 1 show that the proportion of
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Figure 1. Correlations among mice in the proportions of naive and memory T cells between the CD4 and CD8 subsets. Upper left: CD44W CD4 cells versus
CD44W CD8 T cells in 6-month-old mice: R = .43, p < .006, N = 39. Lower left: CD441" CD4 cells versus CD44W CD8 T cells in 11-month-old mice: R =
J\,p<.O0l,N = 35. Upper right: CD44hiCD8 versus CD45RBWCD4T cells in 6-month-old mice:/? = - . 4 0 , p < .015,N = 38. Lower right: CD44hi CD8
versus CD45RBhi CD4 T cells in 11-month-old mice: R = - .58, p < .001 ,N = 31.

CD45RBW CD4 cells is inversely correlated with the fraction
of CD44hi CD8 cells, in good agreement with the data
obtained using CD44 staining alone. We conclude that
within the genetically heterogeneous mice studied, those
with high numbers of CD44W CD8 T cells also tend to have
high numbers of CD44W CD4 cells and low numbers of
CD45RBW CD4 cells.

We also sought to determine whether those mice which
had the highest proportions of CD44W T cells and lowest
proportions of CD45RBW CD4 cells at 6 months of age also
tended to have the most extreme subset distributions at 11
months of age. Figure 2 presents data to show that there was
indeed a good correlation between subset proportions at 6

and at 11 months of age. We conclude that differences
among these mice in their relative proportions of these
subsets remain stable at least over the first year of adult life.

Early death is correlated with levels of age-sensitive T cell
subset markers. —Table 1 presents a summary of the deaths
of mice that occurred between the time at which mice were
weaned and the time at which the mice attained 18 months of
age. All five mice had extensive malignant lymphoma: small
lymphocytic lymphoma in one case, follicular center cell
lymphoma in a second case, and lymphoblastic lymphoma in
the other three cases. These neoplasms were the cause of
death in all but one mouse. Mouse PT-18 died due to rupture
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Figure 2. Correlation in T cell subsets between the 6th and 1 lth month of life. The lefthand panel presents a comparison of CD45RBM CD4 T cells (R =
.44, p < .01, N = 36). A reanalysis omitting the four mice with the lowest numbers of CD45RB1" T cells at 11 months of age gave R = .50, p < .005,
N = 32. The righthand panel shows the comparison for CD44W CD8 cells (R = .42, p = .009, N = 38).

Table 1. Life Span and Results of Pathology

Mouse ID

PT-39
PT-34
PT-18

PT-24
PT-32

Sex

Male
Female
Female

Female
Female

Age at Death

9 months
13 months
16 months

17 months
17 months

Principal Lesions

Lymphoblastic lymphoma
Follicular center cell lymphoma
Ruptured hemangiosarcoma; plus

small lymphocytic lymphoma
Lymphoblastic lymphoma
Lymphoblastic lymphoma

of a hepatic hemangiosarcoma with exsanguination into the
peritoneal cavity. The only nonneoplastic lesions found in
these mice were bilateral cataracts.

Since aging leads to an increase in the proportion of T cells
with the surface phenotype characteristic of memory T cells,
and a decrease in the apparent proportion of naive T cells, we
hypothesized that those young mice whose T cell subset
distributions were most similar to those of older mice would
have shorter life spans. To test this idea we compared the
levels of the age-sensitive T cell subsets in the group of mice
that died prior to 18 months of age with levels in the
population that survived to this age. Figure 3 presents the
results of this comparison, and shows that those mice des-
tined to die young did indeed have relatively high levels of
CD44W CD4 and CD44W CD8 T cells, and relatively low
levels of CD45RBW CD4 cells when tested at 6 months of age.
The number of CD44W CD8 cells at 11 months of age was also
significantly higher [F( 1,36) = 4.12;p = .05] in those mice
that died before 18 months; the difference in the proportion of
CD45RBhi CD4 cells at 11 months showed a similar trend that
did not, however, reach statistical significance [F(l,35) =
2.7; p = .11] (data not shown). There were no significant

correlations between early death and the levels of CD3, CD4,
or CD8 T cells at either age (not shown). We conclude that
those mice which, at 6 months of age, exhibit a pattern of T
cell subsets that resembles those of older mice are more likely
to die within the first 1.5 years of life.

Early death is correlated with a loss in the frequency of
T cells that can proliferate in response to Con A and IL-2. —
A limiting dilution analysis was carried out on each blood
sample taken at 6 months, to determine the proportion of T
cells that can respond to Con A by generating a clone of
proliferating cells in the presence of IL-2 containing condi-
tioned medium ("pPTL test"), to see if this functional assay
could also identify those mice likely to die at relatively
young ages. The results of this analysis (see Figure 4) show
that mice destined to die young had substantially and signifi-
cantly lower levels of pPTL per |xl of blood when tested at 6
months of age. There was, however, no statistically signifi-
cant correlation between early death and the proportion of T
cells that could generate clones of cytotoxic effectors when
stimulated with Con A and IL-2 ("pCTL test") at 6 months,
nor any correlation between early death and either pPTL or
pCTL frequencies at 11 months of age (not shown).

DISCUSSION

Our observations are relevant to a number of issues in
developmental immunology, cancer immunology, and the
immunobiology of aging.

The underlying theoretical model that our protocol was
designed to test postulates links among aging rate, changes
in the numbers of naive and memory T cells, and susceptibil-
ity to mid- and late life diseases, including neoplasia. We
propose that individual mice, particularly within genetically
heterogeneous populations, may differ in the rate at which
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Figure 3. Comparisons of T cell subsets, at 6 months of age, in mice that either lived to the age of 18 months or that died prior to that age. Each of the three

panels presents an analysis of one of the three tested age-sensitive markers (left to right): CD44hi cells within the CD4 subset; CD44hi cells within the CD8
subset; and CD45RBW cells within the CD4 subset. The " p " refers to the likelihood that the distributions of T cell phenotypes do not differ between the two
groups of mice (F test). Each point represents an individual mouse.
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Figure 4. Comparisons of pPTL frequencies, expressed as responding

cells per \i\ of blood, in mice that either lived to the age of 18 months or that
died prior to that age. Each point represents an individual mouse. Only
those limiting dilution titrations that fit the Poisson distribution withp(x2) >
.05 were included in the figure and in the statistical analysis.

they undergo age-dependent changes in the i m m u n e (and

other age-sensitive) systems. In view of the evidence that
alterations in the numbers of naive and memory T cells may
be characteristic of aging in mice and humans (DePaoli et
al., 1988; Lerner et al., 1989; Ernst et al., 1990; Na-
gelkerken et al., 1991; Pilarski et al., 1991), and are delayed
by dietary regimes that retard aging in most physiologic
systems (Miller, 1991a), we suggest that measurements of
the numbers of naive and memory T cells may provide one
index — though surely not a perfect index — of the ' 'biolog-
ical age" of the immune system in each mouse, which may
not correspond precisely to the animal's calendar age. We
predict that animals whose immune systems show relatively
high ratios of memory to naive T cells in early and middle
adult lives are likely to be aging more rapidly, likely to die
relatively young, and likely to be more susceptible in partic-
ular to diseases, including neoplastic diseases, which the
healthy immune systems in young adult mice may serve to
suppress.

One prediction of this model is that age-dependent subset
shifts are likely to occur in parallel in both the CD4 and CD8
T cell subsets, in that accumulation of memory T cells is
postulated to be linked in each subset to an underlying rate of
aging. (An alternative hypothesis might be that the rates of
accumulation of memory T cells in the CD4 and CD8 subsets
are under separate control, much as the accumulation of CD4
and CD8 cells within the T cell pool are independently
regulated in AIDS, athymic nude mice, and certain
transgenics.) Our data (Figure 1) confirm our prediction,
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showing that correlations are present at 6 month of age and at
11 months of age, and that they cannot be attributed to
possible generic variation in the degree to which the CD44
marker defines functionally distinct T cell subsets (Lynch
and Ceredig, 1989), since similar correlations are observed
whether the distribution of cells within the CD4 subset is
estimated using CD44 or instead CD45RB.

A second prediction of our model is that the rank order of
individual animals on an age-sensitive biomarker will not
vary with age in adult life; animals that are immunologically
"older" in early middle age are predicted to retain this
prematurely aged status at later ages as well. (The opposite
result would support a different model, e.g., one in which
mice that generate large numbers of naive T cells as young
adults, and thus seem relatively young at six months, might
through a kind of thymic exhaustion be relatively unable to
produce additional naive cells in middle age.) Our data,
shown in Figure 2, support the idea that mice that begin adult
life with a comparatively high ratio of naive to memory T
cells are likely to retain their position relative to other mice
in later life.

A third prediction is that mice with an accelerated shift in
T cell populations should have short life expectancies and
high age-adjusted incidence of at least some major age-
dependent illnesses, including neoplasia. Although a com-
plete life table will not be available for this pilot study for
another 12-18 months, a preliminary analysis of the survi-
vorship patterns at the 18-month interval (Figures 3 and 4)
revealed a consistent and statistically significant pattern: the
mice dying first were on average more likely than the
survivors to have high levels of memory T cells in both the
CD4 and CD8 subsets, low levels of naive CD4 cells, and
poor function in a functional assay for Con A triggered, IL-2
dependent clonal proliferation in limiting dilution culture.
Thus for each of these four measures, mice destined to die
early had, at 6 months, immune systems that resembled
those characteristically seen in older mice.

A correlational analysis of this kind cannot establish the
direction of causality, and we therefore need to consider the
plausibility of the three causative hypotheses: (1) early
cancer causes the poor immunity; (2) poor immunity leads to
cancer; and (3) both are caused by some third factor, e.g.,
differences among mice in aging rate.

Hypothesis (1), suggesting that the immnune subset shifts
and functional defects are the result, rather than a contribut-
ing cause, of an early neoplastic process, seems to us
unlikely for several reasons. First of all, the interval between
the test of immune status (at 6 months) and the appearance of
clinical signs (as much as 10 to 11 months later) is long
compared to the known natural history of lymphoma devel-
opment in mice, in which the incidence of detectable illness
is far lower in animals sacrificed at arbitrary ages than in
animals examined when moribund or at their natural death
(Wolf et al., 1988). Furthermore, even in the AKR model, in
which spontaneous lymphoma leads to death within 8-12
months of age, there seems to be no effect on T cell
responsiveness until very late in the lymphomagenic pro-
gression (Zatz et al., 1973; Collavo et al., 1975). "Hidden
neoplasms" hypothetically present at 6 months of age would
have to exhibit a very unusual set of properties. They would

need to have no effect on the numbers of CD3, CD4, and
CD8 cells (none of which discriminate survivors from non-
survivors in samples at 6 or 11 months of age — data not
shown). They would also need to alter in parallel the propor-
tions of naive and memory T cells in the CD4 and CD8
subsets, and thus mimic the effects of aging on these subsets.
The numbers of CD3 cells per |xl of blood at 11 months of
age are equivalent in survivors and nonsurvivors, again at
odds with the hypothesis that the alterations (at 6 months) in
T cell subsets represent an effect of an advanced leukemia or
preleukemic state. Finally, according to this hypothesis, this
spectrum of changes would have been induced by each of
four different varieties of fatal lesion, including three dis-
tinct forms of lymphoma. Thus, it is hard to reconcile our
findings with the suggestion that the distinctions between
survivors and nonsurvivors at the 6-month assay point are
the result of a tumor-induced immunosuppressive process.

A second idea is that those mice whose immune systems
show signs of precocious aging may be more susceptible to
the development of neoplasia, including lymphomas. The
idea that the immunodeficiency of aging contributes to the
5th-power relationship between age and cancer incidence is
controversial, and deserves to be; the various arguments
have been explored more fully in recent reviews (Ershler,
1993; Miller, 1991c, 1993). The incidence and the rate of
development of lymphocyte malignancies in mice are under
complex, multi-genic control (Lilly and Pincus, 1973;
Steeves and Lilly, 1977). Some of the genetic loci are known
to encode endogenous retroviruses, and others to control the
ability of these viruses to infect cells from mice of different
genotypes, but still others are thought to alter the parameters
of host response, potentially including immunological de-
fences. Two of the four grandparental strains, AKR/J and
SJL/J, are known to be highly prone to early life hematologic
malignancy, but in each case tumor susceptibility is con-
trolled by sets of genes at least some of which are recessive.
Fewer than 10% of the (SLJ x A.SW)F1 hybrid mice
develop the tumor typical of their SJL parent (Bubbers,
1984), while Fl progeny of AKR mice experience a leuke-
mia incidence of approximately 17%, with the leukemia
incidence of F2 and F3 crosses diminished in proportion to
the logarithm of the proportion of AKR genotype (Lilly and
Pincus, 1973). At least one of these genes, Rgv-1, maps to
the K end of H-2 and regulates lymphoma development
through mechanisms that are still not fully understood (Lilly
and Pincus, 1973) but which may well involve altered
immunity. Another group, studying the delayed develop-
ment of lymphoma in AKR mice congenic for the H-2b allele
of C57L, has suggested that the stronger T cell immune
response of the AKR.H2b strain may contribute to its relative
resistance to AKR-type lymphoma (Johnson et al., 1980).

The idea that altered levels of immune function may
strongly influence susceptibility to spontaneous tumor devel-
opment is further supported by the work of Covelli and his
colleagues on the genetically heterogeneous lines of mice
originally bred by Biozzi (Covelli et al., 1985, 1989). This
group has shown that selection over many generations for
high (or alternately low) levels of early life humoral immu-
nity can produce lines of genetically heterogeneous mice that
differ not only in immune response but also in life span and



AGING, T CELL SUBSETS, AND CANCER B261

age-adjusted tumor incidence. The populations bred for
higher early immunity exhibit lower tumor incidence and
longer life span. A similar relationship is observed among
populations (Fl, F2, and backcross) with differing genetic
contributions from the high immune, long-lived parental
stock, and furthermore also among individual mice within
the heterogeneous F2 and backcross segregants (Covelli et
al., 1989). Despite its flaws, which include the absence of an
unselected control population, the absence of a specific
pathogen free vivarium, and the relatively short life spans of
all the tested groups, this study lends prima facie support for
the hypothesis that inter-animal differences in immunologi-
cal responsiveness may contribute to tumor susceptibility. It
is in this context interesting to note that the high immune
population was apparently more resistant both to hemato-
logic as well as solid tumors.

Our new data provide additional evidence that constitu-
tionally weak immunity may predispose to the early devel-
opment of certain forms of lymphoma. Follow-up studies
using much higher numbers of subjects, other tests of im-
mune responsiveness, and more sensitive indices of early
neoplastic events will be needed before any firm conclusions
can be reached.

The third explanatory hypothesis suggests that both the
alterations in T cell subsets and the eventual development of
neoplasia are linked to some third, underlying factor. We
propose that this factor may be inter-individual differences
in the rate of biological aging, which could lead both to early
immunosenescence and, somewhat later in life, to premature
development of disease. This idea can best be tested by using
independent biomarkers of aging. Mice can be tested, early
in life, for other physiological traits (e.g., muscle strength,
collagen cross-linking, accumulation of oxidized lipids) that
provide independent indices of aging rate but are much less
likely to play a direct role in oncogenesis. Correlations
between these measures and early-life tumor incidence will
support the hypothesis that the relation between immunity
and neoplasia we have noted actually represents linkage of
both to aging. The idea that premature loss of immune
subsets is linked to accelerated aging would also be sup-
ported by data showing that mice with poor early life
immunity tend to exhibit higher mortality risks from forms
of illness that, unlike neoplasia, are less plausibly attributed
to immunosenescence per se. Further analysis of our current
pilot experiment, and analysis of larger numbers of mice will
be needed before we can determine whether any of our early
life immunological tests predict late life tumor incidence,
incidence of other forms of malignancy (e.g., solid tumors)
and nonmalignant illness, and life expectancy among mice
that do not die of lymphoma.

This study represents the first use of a four-way cross-
breeding scheme (Committee on Animal Models for Re-
search on Aging, 1981) to examine hypotheses relating to
links among the physiological changes seen in aging rodents
and pathological processes. Genetically heterogeneous mice
present many advantages over inbred and Fl hybrid strains
for the dissection of complex interactive systems, and are
particularly suited to experimental approaches that require
wide variation among test mice in properties thought to be
related (e.g., immune subsets and tumor incidence in the

current instance). We also note that the micromethods used
for assessment of immune status make use of very small
samples of tail blood (=s 400 (xl/sample), and thus do not
require sacrifice of the test subject. Most previous work on
immune function in aging rodents has used spleen or lymph
node tissue in order to obtain sufficient numbers of lympho-
cytes for analysis; this approach is obviously unsuitable for
designs that require determination of subsequent longevity
and pathological outcome. Micromethods for analysis of
blood samples will also permit comparisons of rodent data to
data on aging humans, in which only blood is available.
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