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Effects of calorie restriction on chromosomal stability
in rhesus monkeys (Macaca mulatta)
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Abstract The basic tenet of several theories on aging
is increasing genomic instability resulting from
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interactions with the environment. Chromosomal
aberrations have been used as classic examples of
increasing genomic instability since they demonstrate
an increase in numerical and structural abnormalities
with age in many species including humans. This
accumulating damage may augment many aging
processes and initiate age-related diseases, such as
neoplasias. Calorie restriction (CR) is one of the most
robust interventions for reducing the frequency of
age-related diseases and for extending life span in
many short-lived organisms. However, the mecha-
nisms for the anti-aging effects of CR are not yet well
understood. A study of rhesus monkeys was begun in
1987 to determine if CR is also effective in reducing
the frequency of age-related diseases and retarding
aging in a long-lived mammal. Male monkeys were
begun on the diet in 1987, and females were added in
1992 to examine a possible difference in response to
CR by sex. The CR monkeys have been maintained
for over 10 years on a low-fat nutritional diet that
provides a 30% calorie reduction compared to a
control (CON) group. Because of the greater similar-
ity of nonhuman primates to humans in life span and
environmental responses to diet compared with those
of rodents, the rhesus monkey provides an excellent
model for the effects of CR in humans. This study
examined the effects of CR on chromosomal instabil-
ity with aging. Significant age effects were found in
both CR and CON groups for the number of cells
with aneuploidy: old animals had a higher loss and a
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higher gain than young animals. However, there was
no effect of age on chromosomal breakage or struc-
tural aberrations in either diet group. Diet had only
one significant effect: the CR group had a higher
frequency of chromatid gaps than did the CON group.
CR, implemented in adult rhesus monkeys, does not
have a major effect on the reduction of numerical or
structural aberrations related to aging.

Key words aging - calorie restriction - chromosomal
stability - diet - rhesus monkeys

Introduction

Many theories on aging propose that increasing
genomic instability results from interactions with the
environment (see review by Semsei 2000). Chromo-
somal aberrations have been used as classic examples
of increasing genomic instability since they demon-
strate an increase in numerical and structural abnor-
malities with age. This accumulating damage may
augment many aging processes and initiate pathogen-
esis leading to age-related diseases, such as neoplasias
(see reviews by Hirsch-Kauffmann and Schweiger
1999; Wojda and Witt 2003).

Stevenson and Curtis (1961) presented one of the
first studies to demonstrate increasing genomic insta-
bility with advancing age manifested as increased
chromosomal abnormalities. These investigators exam-
ined chromosomal aberrations in strains of mice with
short and long life expectancies. Aberrations in the
long-lived strain (C57BL/6J, life span approximately
600 days) increased more slowly than those in the short-
lived strain (A/HEJ, life span approximately 395 days).
Using the same technology, Curtis and Crowley (1963)
showed that regenerating mouse liver parenchymal cells
from old mice had significantly higher frequencies of
chromosomal aberrations than cells from young mice.
Martin et al. (1985) subsequently reported a five-fold
increase in chromosomal aberrations in aging mouse
kidney cells. These changes involved both numerical
and structural abnormalities (see reviews by Vijg and
Gossen 1993 and Wojda and Witt 2003).

Numerous studies of chromosome breakage in
peripheral blood lymphocytes of human subjects have
consistently reported an increase in numerical and
structural chromosomal aberrations with age (Jacobs
et al. 1961, 1963, 1964; Bender et al. 1988; Prieur
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et al. 1988; Bender et al. 1989; Tucker et al. 1994;
Weirich-Schwaiger et al. 1994; Guttenbach et al. 1995;
Ramsey et al. 1995; Bolognesi et al. 1997). This
instability has long been considered a possible cause of
accelerated aging and carcinogenesis (Solomon et al.
1991; Hagmar et al. 1994; Bonassi et al. 1995;
DePinho 2000). Applying microarray analysis, Ly
et al. (2000) suggested that altered expression of a
number of genes involved in cell division occurs with
advancing age and results in increased chromosomal
instability and aberrations.

Underscoring the relationship of aging, mainte-
nance of genomic stability and cancer, human
progeroid syndromes, such as Werner syndrome and
Cockayne syndromes, type A and B, have high
somatic mutation rates and undergo changes that are
indicative of premature aging, including early death
from cancer or myocardial infarction as a result of
coronary artery atherosclerosis (see review by Martin
and Ohshima 2000). Increased numbers of chromo-
somal aberrations have also been found in homozy-
gous DNA repair mutants, such as those underlying
Bloom syndrome, Fanconi anemia, and ataxia telan-
giectasia, which have high frequencies of neoplasias
(see reviews by Cohen and Levy 1989).

Using animal models, calorie restriction (CR) has
consistently been shown to be one of the most effective
ways to extend life span and reduce age-related
diseases, including cancer (Weindruch and Walford
1988; Yu 1994). Numerous studies have clearly
demonstrated that diet has a strong effect on the
incidence of various cancers in different human pop-
ulations (see review by Chessen and Collins 1997).
However, defining the individual components of these
diets that are effective in extending life span and
prevention of age-related diseases including cancer has
been more difficult.

Fenech (1998) reviewed studies on human diet
related to chromosomal damage and aging. He sum-
marized cross-sectional studies that determined base-
line chromosomal damage rates in large populations of
healthy individuals and related their variation to age
and diet. However, most of these studies examined
single components, such as vitamin supplements or
deficiencies and moderate ingestion of red and white
wines, but not overall diet (Xue et al. 1992; Fenech and
Rinaldi 1994; Ortiz et al. 1994; Ames et al. 1995;
Fenech et al. 1997; Fenech 1998, 2002; Crott and
Fenech 1999).
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Since the first study by McCay et al. (1935), an
increase in life span and reduction of age-related
diseases by CR has been demonstrated in a number
of short-lived species, including yeast, nematodes,
flies, and rodents (Weindruch and Walford 1988). To
determine if CR would have the same effect in long-
lived species, a study was begun in 1987 at the
National Institute on Aging (NIA) in which rhesus
monkeys were placed on a life-long calorie-restricted
(30%), but balanced diet (Ingram et al. 1990). The
history and selected results of this study have been
reviewed elsewhere (Lane et al. 1997; Roth et al. 1999;
Mattison et al. 2003). Monkeys on the restricted diet
have a smaller body size, reduced body fat and a delay
in sexual and skeletal development compared to
controls (Lane et al. 1997; Mattison et al. 2003). Black
etal. (2000) have recently shown that the CR group has
a reduction in proliferative diseases, including neopla-
sias and endometriosis, compared to the control group.

Rhesus monkeys (Macaca mulatta) have 42 chro-
mosomes that have many similarities to human
chromosomes (Weinberg et al. 1992), e.g., the rhesus
monkey chromosomal equivalents of human chro-
mosomes 1, 8, 12, 19 and X show virtually identical
banding patterns to those chromosomes in the human
karyotype. Human whole chromosome painting
probes (wcp) have been hybridized to macaque chro-
mosomes to confirm karyotypic homologies and to
follow evolutionary changes (Weinberg et al. 1992;
Moore et al. 1999). Because of these similarities,
chromosomal aberrations found in the rhesus monkey
are easily compared to homologous regions of human
chromosomes.

In the current study, we examined the effects of CR
on chromosomal instability observed among monkeys
in the NIA study of different age and diet groups.
Using peripheral blood lymphocytes, we analyzed
numerical and structural abnormalities in relation to
age, sex, and dietary status. The standard analysis for
chromosomal instability has been conventional
Giemsa staining of the chromosomes without banding
(see review by Maurer et al. 2003). However,
chromosome painting, using wcep, is increasingly being
used to detect subtle chromosomal translocations and
insertions that could not easily be seen with conven-
tional staining (see summaries by Ramsey et al. 1995
and Bonassi et al. 2005). We applied both types of
analyses in this study to detect stable and unstable
chromosomal abnormalities.

Materials and methods
Animals

Monkeys used in the present study were part of an
ongoing study of aging and CR at the NIA. At the
time of sampling in the current study, there were a
total of 89 monkeys, 41 CR and 48 controls (CON).
Monkeys ranged in age from 1 to 23 years at the time
CR was initiated, for males in 1987 or 1988 and
females in 1992. Thus, the CR regime has been
maintained for 11-15 years (Lane et al. 1997, 2002;
Roth et al. 1999). The diet was developed by primate
nutritionists to be low in fat, high in fiber and
supplemented with vitamins, minerals and trace
elements to provide adequate nutrition with a 30%
reduction in calories. Diet and husbandry have been
described in detail elsewhere (Ingram et al. 1990).
Briefly, monkeys were housed individually indoors in
a temperature-controlled environment. Monkeys were
fed two meals a day (0700 and 1400 hours) and
allotments for the CON monkeys were based on
National Research Council requirements for monkeys
for a given age and weight and approximated ad
libitum amounts. CR monkeys received approxi-
mately 30% less than control animals of the same
sex and similar age and weight. Diet composition did
not differ between the two groups and thus the
experimental manipulation was a reduction in total
caloric intake.

Rhesus monkeys have a median life span in
captivity of 25 years (Roth et al. 1999; Bodkin et al.
2003). During the extent of this project, monkeys in
this study ranged in age from 12-39 years. Monkeys
that were 12—18 years old at the time of sampling are
referred to as “young” because they entered the NIA
study when they were 1-3 years of age, while
monkeys that were 27-39 years old at time of
sampling were classified as “old” as they entered the
NIA study when they were 15-23 years of age. In the
CR group, the youngest males and females were
2 years of age when they were placed on CR. For the
“old” animals, the youngest males were 16 years of
age when they were placed on CR, while the only
“old” female that was available for our study was
19 years old when she was placed on CR. From the
total colony, we examined all of the available “old”
monkeys (17) and 23 “young” monkeys to comprise a
total of 40 monkeys studied (Table 1).

@ Springer



18

Age (2007) 29:15-28

Table 1 Animals selected from the National Institute on Aging
(NIA) colony. CR Calorie restriction, CON control.

Sex Young Old

CON CR CON CR

n Ages n Ages n  Ages n Ages

Male 6 17-18 7 17-18 7 3035 6 31-39
Female 5 12-14 5 13-14 3 27-30 1 30
Total 11 12-18 12 13-18 10 27-35 7 30-39

For collection of heparinized whole blood,
monkeys were anesthetized with ketamine (7—
10 mg/kg, i.m.) or Telazol (3—5 mg/kg, i.m.) after an
overnight fast. Blood samples were obtained by
venipuncture of the femoral vein using a vacutainer
and vacuum tubes containing sodium heparin. Sam-
ples were sent by overnight delivery at room
temperature to the University of Texas Health Science
Center at San Antonio where cultures were initiated.
Each of the 40 monkeys was sampled two to three
times within a 6—12 month period.

Analysis of chromosomal instability

Following a preliminary study that determined the
optimal time to obtain first division metaphases in
order to identify all stable and unstable aberrations,
lymphocyte cultures were incubated for 42 h and then
harvested using standard cytogenetic protocols for
preparing well-spread metaphase chromosomes.
Metaphase spreads were then either hybridized to
wcep probes or stained conventionally for chromo-
somal breakage studies.

Three wcp probes to human chromosomes 1, 2,
and 4 and labeled in Spectrum Green, Spectrum
Orange and Spectrum Aqua, respectively, were
obtained from Vysis (Des Plaines, IL). These human
chromosomes are homologous to rhesus chromo-
somes 1, 6, 9 and 15. Human chromosomes 1 and 4
are homologous to rhesus chromosomes 1 and 6,
respectively. Human chromosome 2 is homologous to
two rhesus monkey chromosomes, 9 and 15, as a
result of an evolutionary fusion of two chromosomes
in the lineage that led to humans (Weinberg et al.
1992). The three human chromosomes represent 22%
of the human genome and detect approximately 34%
of all chromosomal exchanges (Tucker et al. 1994).
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Slides were prepared according to the Vysis
protocol, and stringency was altered to produce a
strong signal without loss of specificity (Weinberg
et al. 1992). Slides were visualized with a Zeiss
Axiophot II fluorescent microscope, using an Applied
Imaging Multi-FISH System for capture and analysis.
Additional slides were stained conventionally with
Giemsa without banding for analysis of chromosome
and chromatid breaks and gaps.

Chromosomal analysis was performed in a blinded
fashion. The sex of the animal could be determined
from the metaphase by the presence or absence of a Y
chromosome, but age and dietary status were un-
known to the individual scoring for aberrations. One
technologist analyzed all the samples. Abnormalities
were photographed and confirmed by one of the
authors (B.G.D.), so that inter-observer variation was
virtually eliminated. Where appropriate, the fluores-
cent studies were combined with those of the
conventionally stained chromosomes.

We examined 100 cells from each of 28 animals
using wcp probes. Only one aberration was observed
(a dicentric chromosome with an acentric fragment).
This aberration could also have been detected in an
unbanded study. Therefore, due to the low aberration
rate detectable with these probes, only the results
from conventional analyses were analyzed (Figure 1).
This allowed for specific identification of the Y
chromosome (Y) from other chromosomes by size,
but not of the X chromosome (X) or the autosomes
(A). The average number of metaphases analyzed was
300 or 370 per animal, depending on the type of
aberration detected (total number of cells analyzed
was 12,473; Table 2). The specific aberrations
analyzed included chromatid gaps (CTG) and breaks
(CTB), chromosome gaps (CSG) and breaks (CSB),
exchanges such as translocations and insertions, ring
chromosomes formed by the union of the ends of the
short and long arms, dicentric chromosomes contain-
ing two centromeres and acentric fragments lacking a
centromere. Total breakage included all chromatid
and chromosome gaps and breaks. Total structural
aberrations included all exchanges, rings, dicentrics
and acentric fragments.

Statistical analyses

The data for all samples from a single animal were
combined. The number of defects was analyzed for
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Figure 1a—d Examples of aneuploidy, breakage and structural
aberrations. a Additional Y chromosome. Arrows identify two
Y chromosomes. Note small size of Y compared to other

effects of age group, diet, and sex using a generalized
linear model analysis (McCullagh and Nelder 1989).
The logarithm was used as the link function and the
distribution was negative binomial. If the estimated
dispersion parameter was less than its standard
error, the Poisson distribution was used. All calcu-
lations were carried out using PROC GENMOD of
SAS v9.1. The results in Tables 2, 3, 4, 5, 6, 7 and
8 are expressed as a fraction (percent) of the number
of metaphases analyzed. Statistical significance was
P<0.05.

chromosomes. b Chromatid gap. Arrow identifies gap. ¢
Chromatid break. Arrow identifies break. d Dicentric chromo-
some. Arrows identify two centromeres

Results

Descriptive statistics are given in Table 2 for all
animals combined and in Table 3 for aneuploidy (loss
or gain of a chromosome) separately for females and
males. The young age group averaged 15.8 years old
(12-18 years) and the old age group averaged
31.8 years of age (27-39 years).

Because there was only one old CR female, we
conducted an investigation of the effects of sex and
diet in the young animals only. The means are given
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Table 2 Descriptive statis-

tics. Results are expressed Variable Number Average Mean  Standard ~ Minimum  Maximum
as a fraction (percent) of the of metaphase deviation
number of metaphases ana- animals analyzed/
lyzed. CTG chromatid gaps, animal
CTB chromatid breaks, CSG
chromosome gaps, CSB Aneuploidy
chromosome breaks. Loss (AorXorY) 40 370 492 332 0.5 12.0
Gain (AorXorY) 40 370 0.34 0.38 0 1.50
Total breakage 40 300 10.67  3.01 7.33 21.00
CTG 40 300 3.19 1.16 1.00 6.00
CTB 40 300 1.58 0.79 0 4.00
CSG 40 300 2.83 1.61 0.67 7.00
CSB 40 300 3.07 1.53 0.67 9.00
Total structural 40 370 0.88 0.57 0 2.50
Exchange 40 370 0.07 0.13 0 0.50
Ring 40 370 0.02 0.07 0 0.25
Dicentric 40 370 0.05 0.12 0 0.50
Acentric 40 370 0.74 0.52 0 2.25

in Table 4 along with significance levels for the main
(average) effects of sex and diet, and the sex by diet
interaction. There were no significant interactions of
sex and diet. We did find a significant effect of sex on
loss of a chromosome (either an autosome or a sex
chromosome). Because of this, we analyzed the cate-
gories of loss and gain for males and females both
together and separately. However, in other categories
there was a general lack of differences between the
sexes and, therefore, in subsequent analyses, we
combined the results for males and females for
breakage and structural abnormalities.

Table 5 presents means by age group and diet,
combined across sex. There were no significant inter-
actions of age and diet. There were significant effects
of age observed for loss or gain of a chromosome

(either an autosome or a sex chromosome). There was
a significant effect of diet on CTG with the CR group
being higher than the CON group. Breakage, however,
did not increase with age, either totally or in any
specific category.

Table 6 shows the percentages by age group and
diet in females only. We noted a significant effect of
age on gain of a chromosome (X and autosomes
combined) with old females having a higher percentage
than young females. The gain of a chromosome,
however, was not affected by diet.

Table 7 provides the percentages by age group and
diet in males only. Loss of a Y chromosome in old
animals was significantly different from loss of a Y in
young animals. There was not a significant loss or gain
of an autosome or X chromosome in old animals, nor a

Table 3 Descriptive statis-

tics for ancuploidy, by sex. Variable Number of  Average Mean  Standard ~ Minimum  Maximum
animals metaphase deviation
analyzed/
animal
Aneuploidy—females only
Loss (A or X) 14 370 233 1.27 0.5 5.5
Gain (AorX) 14 370 0.44 0.44 0 1.25
Aneuploidy—males only
Loss (Aor X) 26 370 1.49 0.89 0.25 4.5
Gain (Aor X) 26 370 0.22 0.34 0 1.5
Loss (Y) 26 370 4.83 3.06 1.00 11.00
Gain (Y) 26 370 0.05 0.12 0 0.33
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Table 6 Percentages by diet and age group, females only.

Variable Age Significance Significance Significance
Young ol (age) (diet) (age by diet)
Diet=CON Diet=CR Diet=CON Diet=CR
n=>5 n=>5 n=3 n=1

Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI)

Aneuploidy

Loss (A or X) 1.72 (1.10, 2.68) 2.33 (1.55, 3.49) 3.17 (1.98, 5.07) 3.00 (1.31, 6.85) P=0.1478
Gain (A or X) 0.17 (0.05, 0.52) 0.44 (0.22, 0.89) 0.83 (0.45, 1.55) 0.75 (0.24, 2.33) P=0.0296* P=0.3576

P=0.6673  P=0.5398

P=0.2310

*Indicates significance at P<0.05

significant gain of the Y chromosome. However, there
was an interaction of age and diet on loss of a chro-
mosome when autosomes and the X were combined. In
the young animals, the CR group had a higher percentage
than the CON group, while in the old animals, the CON
group had a higher percentage than the CR group.

Table 8 gives the sum of all breakage and structural
abnormalities by diet and age, combined across sex.
There were no significant effects of age or diet, nor
was there an interaction of the two.

Discussion
Total aneuploidy and aberrations

The percent of aneuploid cells ranged from 0.5% to
12.0% for cells with loss of a chromosome and from 0
to 1.50% for cells with gain of a chromosome
(Table 2). Total chromosomal aberrations ranged from
9.58% to 13.98% (Table 8). Total structural aberra-
tions were much lower in frequency (0-2.50%) than

Table 7 Percentages by diet and age group, males only.

chromosome or chromatid breaks (7.33-21.00%)
(Table 2). These frequencies are similar to those
found by Bender et al. (1988, 1989) in human
lymphocytes. In contrast, the chromosomal exchange
rate in the monkeys detected by wcp was quite low,
when compared to the findings of Tucker et al. (1994)
of translocations or stable insertions in lymphocytes
from a normal human population.

Age

When all animals were examined, significant effects
of age were found for the number of lymphocytes
with aneuploidy: the old animals had a higher loss
and a higher gain than the young animals (Table 5).
This is compatible with human studies in which loss
and gain of a chromosome has been shown to increase
with age. Jacobs et al. (1961) were the first to
demonstrate increasing percentages of aneuploidy in
human lymphocytes with aging. Cells that had a loss of
chromosomes were in higher proportions than cells that

Variable Age Significance Significance Significance
Young ol (age) (diet) (age by diet)
Diet=CON Diet=CR Diet=CON Diet=CR
n=6 n=7 n=7 n=6

Mean (95% CI) Mean (95% CI) Mean (95% CI) Mean (95% CI)

Aneuploidy
Loss (A or X) 1.19 (0.76, 1.84) 1.63 (1.13, 2.36) 2.00 (1.42,2.82) 1.13 (0.73, 1.74) P=0.7135 P=0.5362  P=0.0355%
Gain (A or X) 0.14 (0.04, 0.46) 0.12 (0.04, 0.40) 0.16 (0.06, 0.47) 0.50 (0.24, 1.03) P=0.1423  P=0.3602  P=0.2498
Loss (Y) 2.23 (1.46, 3.42) 3.73 (2.61, 5.34) 6.59 (4.71,9.21) 6.75 (4.73,9.64) P=0.0001* P=0.1633  P=0.2047
Gain (Y) 0.05 (0.01, 0.32) 0.08 (0.02, 0.32) 0.08 (0.02, 0.32) 0.00 (0.00, —) P=0.2624 P=0.2624 P=0.1036

*Indicates significance at P<0.05
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Table 8 Percentages by diet and age group, combined over sex.

Variable Age Significance Significance Significance
Young ol (age) (diet) (age by diet)
Diet=CON Diet=CR Diet=CON Diet=CR
n=5 n=5 n=3 n=1
Mean Mean Mean Mean
(95% CI) (95% CI) (95% CI) (95% CI)

Total Aberrations

Sum of CTG, 11.49 11.64 12.03 11.48 P=0.8359 P=0.8284 P=0.6995

CTB, CSG, CSB, (9.94, 13.27)  (10.14, 13.36) (10.36, 13.98)  (9.58, 13.75)

exchange, ring,
dicentric, acentric *

2300 Metaphases analyzed per animal

had a gain of chromosomes, in approximately a 10:1
ratio. Subsequent studies have uniformly reported much
higher percentages of cells with chromosomal loss than
those with chromosomal gain (see review by Maurer
et al. 2003). Our results are consistent with these earlier
studies, with a loss-to-gain ratio of approximately 14:1
(Table 2). In humans, chromosomal loss and gain in
aneuploid lymphocytes most often involve the sex
chromosomes (Jacobs et al. 1961, 1963, 1964; Pierre
and Hoagland 1972; Mattevi and Salzano 1975;
Fitzgerald and McEwan 1977; Galloway and Buckton
1978; Schneider 1978; Ford and Russell 1985; Now-
inski et al. 1990; Richard et al. 1993; Guttenbach et al.
1995; Catalan et al. 2000). In hypodiploid cells,
primarily the X chromosome is lost in females, but this
loss does not become significant until after menopause.
Loss in male cells primarily involves the Y chromo-
some, which becomes significant at puberty and
increases steadily afterwards. This was also found in
our study (Table 7) where rhesus males showed a
significant increase in loss of the Y related to age. Loss
of autosomes, however, is not correlated with age in
humans, but remains constant throughout life. In human
hyperdiploid cells, gain of a chromosome generally
involves addition of an extra X in females and an X or Y
in males. In the current study, loss of a chromosome
increased with age in the female monkeys (Table 6), but
the increase was not statistically significant. In contrast,
gain of a chromosome was significant, with an increase
in the frequency of hyperdiploid cells in the old female
monkeys—comparable to findings in the human
studies.

@ Springer

There was no effect of age on chromosomal breakage
or structural aberrations in either diet group (Table 5).
This is not consistent with the majority of chromo-
somal studies reported for other species. In human
lymphocytes, structural aberrations, including chroma-
tid and chromosome breaks, increase with age (Jacobs
et al. 1963, 1964; Bochkov 1972; Galloway and
Buckton 1978; Obe and Herha 1978; Evans 1979;
Galloway et al. 1986; Marlhens et al. 1986; Prieur
et al. 1988; Nowinski et al. 1990; Richard et al. 1993;
Guttenbach et al. 1994: Hando et al. 1994; Guttenbach
et al. 1995; Nath et al. 1995; Stone and Sandberg
1995). Stable aberrations such as translocations and
insertions generally demonstrate up to a 10-fold increase
with age with a smaller increase (3-fold) in dicentrics and
acentric fragments (Ramsey et al. 1995; Tucker et al.
1994; Lucas et al. 1999). Tucker et al. (1999) studied
mice that had served as unexposed controls in experi-
ments. They showed an increase in translocations and
insertions with age in peripheral blood lymphocytes (in
C57BL/6 animals, but not in three different F1 hybrids)
but no increase in dicentrics or acentrics, emphasizing
an increase with age in stable, but not in unstable,
aberrations. This led the authors to hypothesize that
increases in stable aberrations with age are due to
altered biological processes rather than being due to
environmental exposures. It has also been suggested
that this finding could be related to species differences
in telomere dynamics (DePinho 2000). Some inves-
tigators using human lymphocytes (Bochkov 1972;
Obe and Herha 1978; Evans 1979; Galloway et al.
1986) did not see an age effect on dicentrics but did
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find an increase in overall aberration frequency with
age. In contrast, Bender et al. (1989) saw an age effect
only on the frequency of dicentric chromosomes and
not on any other chromosomal aberration. The differ-
ence in these studies may be related to the techniques
used to detect the chromosomal aberrations and to the
different populations or species and strains studied. We
were unable to evaluate translocations and insertions in
our study due to a very low exchange rate. Our findings
for unstable rearrangements were similar to those in
other studies (e.g., Bender et al. 1988, 1989; Tucker et
al. 1999), except for lower frequencies of dicentrics and
acentrics. These results may reflect a more stable repair
process in the rhesus monkey than in humans or some
strains of mice. Another possible explanation for the
lack of an age-related increase in aberrations may be the
advanced age of the “young” group. The “young”
animals (ages 18-23) were older adults. A study of pre-
pubertal animals may identify an age-related response
corresponding to those seen in other species.

Sex

Only one significant effect was found for sex on
chromosomal instability: sex was significant when
only the young animals were examined (Table 4).
Young males had a higher loss of a chromosome
than young females. However, in humans, Guttenbach
et al. (1995) reported that although both the X and Y
chromosomes show an age-dependent loss, the fre-
quency of X chromosome loss in females is greater
than the loss of the Y in males. Male rhesus monkeys
had a higher loss of the Y chromosome (1.46-9.64%,
Table 7) than that reported in humans (0.05-1.34%,
Guttenbach et al. 1995). This variation could be due
to the difference in size of the Y chromosome in the
two species, the rthesus Y being much smaller than the
human Y and perhaps, therefore, more prone to loss.
The loss of the X or autosome in female monkeys
(1.10-6.85%, Table 6) was more comparable to the
frequency of X chromosome loss in human females
(1.5-5%, Guttenbach et al. 1995). As noted above,
the loss of the X in human females increases
significantly with age only beyond menopause
(>51 years), while the loss of the Y in human males
is low until puberty (15 years) and then steadily
increases with age (Guttenbach et al. 1995). The
young female rhesus monkeys were not menopausal,
and the young males were well past puberty. Even

though the X chromosomes were not specifically
identified in the hypodiploid cells, this finding in young
monkeys can be explained by loss of the Y in young
males being greater than loss of the X in young females.

We found no significant effects of sex on breakage
or structural rearrangements in the young animals
(Table 4). Frequencies of stable translocations and
inversions were particularly low compared to human
studies (Tucker et al. 1994). Only 1 out of 2,800 cells
showed a rearrangement using wcp. One important
factor to consider is the small number of old females in
the colony past menopause and especially the presence
of only a single old CR female available for study.

Diet

A 30% CR diet affected only one type of aberration,
the frequency of chromatid gaps (CTG), which was
higher in the CR monkeys than in the CON group
(Table 5). This very modest diet effect could be
related to a protective effect of the manufactured diet
that these monkeys consumed, which was well-
balanced and fortified with a 40% increase in
vitamins and minerals above the Recommended
Dietary Allowance (RDA), so that the CR monkeys
also received 100% of the RDA. Fenech (1998, 2002)
suggests that diet is a major component in genomic
stability, and a diet marginally deficient in micro-
nutrients such as folate, vitamin B12, niacin and zinc
can significantly affect the rate of spontaneous
chromosome damage. Alternatively, a well-fortified
diet may protect against this damage. The diet may
have protected against age-related increases in aber-
rations, and the 40% additional micronutrients in the
CON diet may also have played a role in lowering the
CTG frequency in the CON group.

Interactions between age and diet

There was an interaction of age and diet in males with
loss of an autosome or X chromosome. The CON group
showed an increasing age-related loss, while the CR
group showed an actual decrease in loss of an autosome
or X with age (Table 7). This loss is most probably
related to the X chromosome, as many studies in
humans have shown that gain and loss of chromo-
somes primarily involves the sex chromosomes, while
loss of an autosome is not correlated with age (Ford
and Russell 1985; Nowinski et al. 1990; Richard et al.
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1993; Guttenbach et al. 1995). The decrease in loss of
an autosome or X with age in the CR group could
represent a protective CR effect, or a random statistical
finding related to the level of statistical significance.
Additional studies would be necessary to distinguish
between these possibilities.

Future studies

Similar studies in animals in which CR is begun at a pre-
pubertal age may show significant effects, especially by
examining subsets of lymphocytes or cultured fibro-
blasts. Investigating chromosomal instability at a
different level, such as examining double-strand break-
age in control cells and X-ray treated cells from the
same individual, may also be informative.

Conclusion

CR in rhesus monkeys, implemented in adult males
and females, does not have a major effect on the
reduction of numerical or structural chromosomal
aberrations related to aging.
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