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ABSTRACT Many studies of caloric restriction (CR) in
rodents and lower animals indicate that this nutritional
manipulation retards aging processes, as evidenced by in-
creased longevity, reduced pathology, and maintenance of
physiological function in a more youthful state. The anti-aging
effects of CR are believed to relate, at least in part, to changes
in energy metabolism. We are attempting to determine
whether similar effects occur in response to CR in nonhuman
primates. Core (rectal) body temperature decreased progres-
sively with age from 2 to 30 years in rhesus monkeys fed ad lib
(controls) and is reduced by -0.5°C in age-matched monkeys
subjected to 6 years of a 30% reduction in caloric intake. A
short-term (1 month) 30% restriction of 2.5-year-old monkeys
lowered subcutaneous body temperature by 1.0°C. Indirect
calorimetry showed that 24-hr energy expenditure was re-
duced by approximately 24% during short-term CR. The
temporal association between reduced body temperature and
energy expenditure suggests that reductions in body temper-
ature relate to the induction of an energy conservation
mechanism during CR. These reductions in body temperature
and energy expenditure are consistent with findings in rodent
studies in which aging rate was retarded by CR, now strength-
ening the possibility that CR may exert beneficial effects in
primates analogous to those observed in rodents.

The only established intervention that significantly extends
mean and maximal life-span in short-lived mammalian species
is calorie restriction (CR), or undernutrition without malnu-
trition (1). In addition to CR's well-known effects on longevity,
it also retards the onset of several age-related diseases and
maintains most age-sensitive physiological functions at youth-
ful levels (1-3). CR research is now focused on two questions:
(i) What is the biological mechanism underlying the diverse
and proven anti-aging effects of CR in rodents? and (ii) Will
this intervention exert similar effects in longer-lived species,
including humans? Despite extensive research, the possible
biological mechanisms of CR remain unclear. To address the
question of applicability of the CR paradigm to longer-lived
species, in 1987 the National Institute on Aging began the first
long-term study of the effects of CR imposed on rhesus and
squirrel monkeys at several stages of their life-spans (4).
Another study of adult-onset CR in rhesus monkeys was begun
at the University of Wisconsin at Madison in 1989 (5).
Long-term CR in rhesus monkeys resulted in reduced body

weight and altered body composition (4-9). Several other
physiological changes, consistently found in rodents subjected
to CR, also occur in restricted rhesus monkeys. For example,
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sexual (10) and skeletal (11) maturation are delayed by CR in
rhesus monkeys. Beneficial effects of CR on glucoregulatory
end points have also been documented in rhesus monkeys (8,
12). These initial studies of CR in nonhuman primates have
shown that this experimental paradigm, so extensively used in
rodents, can be safely applied in longer-lived species. Current
findings from primate studies also demonstrate that certain
biological outcomes related to possible mechanisms of action
occur in both rodent and primate species subjected to CR.

Regardless of the mechanism by which CR retards the rate
of aging, it is generally accepted that the effects of CR are
attributed to a reduction in total energy intake (13). Since
adult mammals use significant amounts of energy to maintain
a relatively high, constant body temperature, it might be
expected that reduced energy intake during CR could result in
a lowered body temperature as the organism decreases met-
abolic rate and attempts to conserve energy. It is well-known
that many small mammals respond to an energy deficit by
reducing body temperature (14). Reduced body temperature
has also been associated with severe undernutrition in humans
(15). Several studies (1, 16) have documented a lowering of
core body temperature in CR mice and, to a lesser extent, in
rats (17, 18); it is possible that reduced body temperature may
be involved in the mechanism of CR (16, 19). However, it has
not been established whether such a reduction in body tem-
perature occurs during long-term CR in longer-lived mammals
such as nonhuman primates.
We report here the findings of two studies of rhesus monkeys

on CR. In the first experiment, we examined the effects of
long-term CR (6 years) on rectal temperature in monkeys of
different ages. In a second experiment, we used radiotelemetry
implants to assess circadian patterns of subcutaneous body
temperature, locomotor activity, and heart rate during the
gradual institution of short-term CR. Twenty-four hour energy
expenditure was also measured using indirect calorimetry to
quantitate oxygen consumption.

MATERIALS AND METHODS
Animal Care and Housing. The first experiment consisted of

27 male rhesus monkeys (Macaca mulatta) that began CR in
April 1987. Three age groups representative of the species
life-span were studied. Half of the monkeys in each group were
fed approximately ad lib and the other half was placed on a
30% reduced feeding regimen as described (4, 11). Age
groupings at the beginning of the study were as follows: group
J [juveniles, ages 0.6-1.0 year), n = 12 (6 control and 6 CR)];
group A [adolescents, ages 3-5 years, n = 12 (6 control and 6
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CR)]; and group O (old, ages 18-25 years, n = 3 control).
Group O contained no monkeys on CR. The second, short-
term study consisted of six young (ages 2.0 + 0.1 years) male
rhesus subjected to CR following baseline evaluation.
More detailed descriptions of animal history and housing

can be found in previous articles (4,6,9). Briefly, 12 hr light/12
hr dark cycles (6 a.m.-6 p.m.), 22-28°C ambient temperature,
and 50-60% relative humidity conditions were maintained
since the onset of the study in 1987. Except for group O
monkeys, which were housed individually, all other monkeys
were housed as social pairs at the beginning of the study. Due
to increasing frequency of aggressive encounters between cage
mates, many animals had to be housed individually, such that
by year 6 of the study all animals in the groups reported here
were housed individually. Housing conditions in the second
experiment were identical to those described above except that all
monkeys were individually housed for the duration of the study.

Diet and Feeding Strategy. Diets for both studies were
identical: a semi-synthetic formulation specifically designed to
meet nutrient requirements for rhesus monkeys as recom-
mended by the National Research Council (20). However,
certain vitamins, minerals, and trace elements were included
above the recommended levels (see refs. 4 and 11 for details).
Thus, diet composition was not different between studies or
between control and CR groups. The nutrient concentrations
of the diet were 15.4% crude protein, 5% crude fat, 8% fiber,
and 3.77 kcal/g energy.
To maintain more precise control of food intake, all monkeys

were fed specified amounts of food in two meals (7:00 a.m. and
2:00 p.m.) each day. Daily food allotments for control monkeys
were based on age and body weight and followed established
National Research Council guidelines (20). Because control
monkeys in the first study were given prescribed daily allotments
and not permitted free or unlimited access to food, they were not
fed ad lib. However, regular assessment of food consumption over
the course of the study has shown the offered allotments to
approximate ad lib consumption (E.M.T., unpublished data).
Meal allotments for CR animals were 30% less than that of
control monkeys of comparable ages and body weights.

In both studies, CR was gradually instituted over a period of
3 months. In the first study, the level of restriction was 10%
during the first 4-week interval, 20% during the second 4-week
interval, and 30% for the third 4-week interval and thereafter.
In the second study, monkeys were randomly assigned to one
of two measurement groups at the start of the experiment.
Group 1 (animals 346, 446, and 463) began CR 30 days before
group 2 (animals 548, 747, and J226).Ad lib food consumption
was determined for each monkey before CR initiation. After
30 days of ad lib consumption, food allotments were reduced
10% and maintained at that level for 30 days. Additional reduc-
tions to 20 and 30% CR were conducted in a similar manner.

Experimental Measurements. In the first study, measure-
ments of rectal body temperature (tR) were obtained quarterly.
After an overnight fast, monkeys were anesthetized with
ketamine (7-10 mg/kg i.m.); tR was measured between 8:00
a.m. and 10:00 a.m. and within 10 min after ketamine admin-
istration. A rectal probe was inserted 4-6 cm and the tem-
perature was recorded as tR.

Before the start of the second experiment, a Datasciences
(Minneapolis) model TA10CATA-D70-L60 radiotelemetry
transmitter, calibrated according to the manufacturer's spec-
ifications, was surgically implanted under the skin of each
anesthetized monkey near the lower lateral margin of the rib
cage. After implantation surgery, the monkeys were allowed to
recover for 1 month before the ad lib phase of the experiment.
All physiological measurements were obtained after monkeys
had been fed at each level of intake for 30 days. During each
measurement period, subcutaneous body temperature (tsc),
heart rate, and locomotor activity were continuously recorded
for 7 days. All telemetry measurements were recorded using

the DATAQUEST IV data acquisition program (Datasciences)
while monkeys were in their home cages under normal living
conditions.
On separate days, 24-hr energy expenditure was measured

by indirect calorimetry using an open-circuit, flow-through
system. A standard rhesus cage (88.9 x 61.0 x 68.5 cm) was
placed in an airtight chamber. Each monkey was allowed to
adapt to this environment for 48 hr before measurement. Air
flow through the chamber was measured by using a volume
displacement flowmeter. Chamber temperature was main-
tained by using a thermostatically controlled cooling unit.
Incoming and expired gases were collected in Tedlar bags. CO2
and 02 concentrations were measured by using infrared and
zirconia cell analyzers, respectively. Energy expenditure was
calculated by the Weir equation (21).

Estimates of lean body mass were obtained for monkeys in
the second study by using dual-energy x-ray absorptiometry
(Lunar DPX-a, Lunar, Madison, WI). Details of this tech-
nique, which assesses various tissue components from the
relative attenuation of two energies of x-rays, have been
described (22). For dual energy x-ray absorptimetry scans,
monkeys were deprived of food overnight and anesthetized
with Telazol (3.5 mg/kg i.m.). Total body scans (mode = P 4
- 12, elapsed time -10 min) were done with the monkey in a
supine position on the scan table. Lunar PEDIATRIC SOFTWARE
(version 1.3e) was used for all scanning and data analyses.

Statistical Analyses. In the first study, the effects of age and CR
on body temperature were assessed by using a three (age) by two
(diet) ANOVA with repeated measures. For the second study,
effects of intake amounts (0-30% CR) on the data acquired by
telemetry were evaluated by using one-way ANOVA with re-
peated measures. Finally, CR-induced changes in energy expen-
diture were assessed by calculating the linear regression of energy
expenditure onto the number of months on CR and energy
expenditure. For all analyses, statistical significance was accepted
as P < 0.05.

RESULTS
Effects of Long-Term CR on tR. Reduced tR in monkeys on

long-term CR was evident after the second year of the study.
Longitudinal measurements of tR during long-term CR (ex-
periment 1), summarized as annual values, are presented in
Fig. 1. It is apparent that tR, measured under ketamine
anesthesia after an overnight fast, was lower in older monkeys
(group O) as confirmed by a significant effect of age on tR
[F(2,25) = 21.2; P < 0.0001]. Beginning in the second year of
the study, tR decreased in CR monkeys such that mean tR was
approximately 0.5°C lower than control monkeys. This obser-
vation was confirmed by a significant effect of CR on tR over
the 6-year study [F(1,20) = 5.06; P < 0.03].

Effects of Short-Term CR on 24-hr tsc. When 24-hr temper-
ature was monitored with telemetered probes, tsc decreased
significantly after caloric intake was reduced by 30% of ad lib
amounts. Results of the second experiment are presented in
Figs. 2 and 3. No statistical differences were observed between
measurement groups 1 and 2 for any measured variables;
therefore, the groups were combined for further analysis. Fig.
2 summarizes circadian patterns of tsc during ad lib feeding and
for 2 consecutive months CR at 30%. tsc tended to be lower at
10% and 20% CR (data not shown) compared with ad lib, but
significant differences did not emerge until monkeys were re-
stricted by 30%. Temperatures peaked at midday and were lowest
at night. In addition, 30% CR significantly reduced mean tsc in this
group. This was confirmed by a significant effect of CR on 24-hr
measurements of tsc [ANOVA repeated measures, F(3,20) = 6.5;
P < 0.003]. Room temperature monitors confirmed that ambient
temperature was not significantly altered during the entire study
(M.A.L., unpublished data). Fig. 3 summarizes the response of tsc
in individual monkeys when begun on 30% CR. All monkeys
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FIG. 1. Effect of age and CR on colonic body temperature (tR) in control (CON) and CR (CR) monkeys in each of three age groups (J, A,
and 0). Each point represents the mean yearly value (±SEM) of tR for monkeys. The main effects of age (Right), F(2,25) = 21.2, P < 0.0001 and
CR (Left and Center) F(1,20) = 5.06, P < 0.03 were significant (ANOVA repeated measures).

responded to 30% CR in a qualitatively similar manner. Although
differences in magnitude exist, tc was lowered in all monkeys
once they reached 30% CR (P values < 0.05).

Heart rate and locomotor activity data are summarized in
Fig. 4. The circadian patterns for heart rate and locomotor
activity exhibited the expected diurnal patterns during the
overnight hours, but there was no significant effect of CR on

overall activity. However, it should be noted that monkeys that
had been on CR for at least 1 month were noticeably more

active in the hours preceding meal time (Fig. 4). Similar effects
on locomotor activity have been reported for rhesus monkeys
in our long-term study (7).
Energy Expenditure. Gradual reduction of food intake

(10% per month) caused a progressive decline in 24-hr energy
expenditure as measured by indirect calorimetry. Fig. 5 shows
that absolute energy expenditure and energy expenditure per
lean body mass were progressively lowered at each intake
amount compared with ad lib feeding. By the fourth month of
the CR regimen, estimates of absolute and relative (per kg of
lean mass) energy expenditure were reduced (P values < 0.05)
by about 24% from baseline levels.

DISCUSSION
These studies show that a dietary regimen that is known to
increase life-span in rodents and other short-lived species
lowered body temperature in a long-lived nonhuman primate.
Results of the long-term longitudinal study demonstrate that
this reduction in temperature is maintained over several years.
Results of the short-term experiment show that reductions in
body temperature occur after CR is imposed in young rhesus
monkeys. Concomitant reductions in 24-hr energy expendi-
ture, but not locomotor activity or heart rate, were observed.
Our finding that body temperature was reduced in rhesus

monkeys subjected to long-term CR agrees with several re-

ports of similar findings in rodents (16-18, 23-25). Some
studies have failed to document a CR-induced reduction in
rodent body temperature (26-28). However, in these studies
temperature was measured by using a rectal probe and some

form of restraint, either by manual restraint to obtain the
measurement or in a special apparatus during a cold-stress
procedure. The additional physiological stress induced as a

result of these procedures could have contributed to the
negative findings.
The magnitude of difference between body temperatures of

control and CR rhesus monkeys on long-term CR was some-

what less than that reported in most mouse studies. Further-
more, differences in tR were not apparent until after the second
year of CR. Possible explanations for these differences include
time of measurement relative to meal time, use of a single
time-point measurement, and stress induced during the pro-
cedure. Specifically, we recorded a single measurement of
body temperature during the morning hours at approximately
the same time animals would have been fed their morning
meal. It is possible that using different, and more frequent,
measurement times (as in the short-term experiment) could
have revealed more marked differences between control and
CR animals earlier in the study. It is also possible that the use

of ketamine anesthesia influenced the measurements. Previ-
ous rodent studies (18, 25) and the findings of our short-term
study suggest that the temperature difference between control

0

0

E

0 0 0 0 0 0 0 0o o
0 0 0 0 0 0

6
o

i
o

6
o o

o
o8 8 8 8 8 8 8 8

V (

8 8 8
,i 4 i

Hour

FIG. 2. Circadian patterns of subcutaneous body temperature (tsc)
during institution of CR in young (2 yr) rhesus monkeys. Each point
represents the mean hourly temperature (tsc) measured continuously
for 7 days for all monkeys (n = 6) at baseline (0 months) and at 3 and
4 months after initiation of CR. Numbers in parentheses represent the
percent restriction and SEM. There was a significant main effect of
intake amount on 24-hr measurements of tsc (ANOVA repeated
measures) [F(3,20) = 6.5, P < 0.003].
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FIG. 3. Subcutaneous body temperature (tsc) during ad lib (baseline, 0 months) feeding (0%) and CR (3 months, 30% CR) for all monkeys in
the second study. Each point represents the mean (±SEM) hourly tsc measured continuously for 7 days. Numbers in parentheses represent the
percentage restriction of calorie intake. Error bars not shown are too small for graph scale.

and CR animals is greatest in the hours just before the
regularly scheduled feeding time. Therefore, the use of a
single, mid-morning (after normal meal time), measurement
of tR in ketamine-anesthetized monkeys could have influenced
our findings in this longitudinal study.

Results of the short-term experiment show that gradual
reduction of intake to 70% of ad lib amounts resulted in
significantly reduced tsc during the entire day as compared with
tsc measured during ad lib feeding. To our knowledge, similar
studies in rodents using an identical feeding and measurement
strategies have not been reported. However, our findings agree
with the majority of rodent CR studies (long- and short-term)
for which body temperature data were reported. Direct com-
parison with human data is not appropriate because the degree
of restriction and the experimental design differed signifi-
cantly. However, it should be noted that our findings are in
general agreement with data reported from undernutrition
studies in humans (15). These findings suggest that adaptation
to CR in rhesus monkeys is similar to that reported in rodents.
It is unlikely that period or cohort effects contributed to our
findings, as monkeys in each measurement group exhibited
similar responses to CR. Whether similar changes in the
diurnal pattern of body temperature occur during long-term
CR must await future study.
There is considerable evidence supporting the idea that an

initial response to reduced intake is decreased energy expen-
diture that occurs before any adjustments in metabolic mass
are seen. In fact, Garrow (29) has stated "there is no investi-
gator who has looked for this effect and failed to find it."
Therefore, our finding that 24-hr energy expenditure was
reduced during short-term CR was not unexpected. These
findings are consistent with several rodent studies that re-
ported metabolic rate was reduced immediately following the
initiation of restricted feeding begun just after weaning (17, 30,
31). In these studies, energy expenditure was reduced imme-
diately after initiation of reduced intake, but it remained
lowered only for about 6 weeks. McCarter (32) suggests that
different results would be expected if CR were initiated later
in life and energy expenditure would remain lower in CR
animals for an extended period. Indeed, studies of adult-onset
CR in rodents (33, 34) and primates (35) support this sugges-

tion. It is not clear whether the latter findings are at odds with
the work of McCarter and colleagues (30, 31) or simply
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represent differences in experimental design or animal body
composition. The present findings suggest that young monkeys
on short-term CR rapidly reduced energy expenditure to
compensate for the reduction in energy intake. Reductions in
energy expenditure might be due to decreased body temper-
ature, locomotor activity, or changes in organ size, resulting in
reduced basal metabolism. In this study, it was not possible to
measure organ size or basal metabolic rate. However, since
heart rate and locomotor activity were not altered by CR, it is
likely that most of the reduction in energy expenditure relates
to decreased body temperature. Our findings suggest that
reduced energy expenditure related to a reduction in body
temperature represents a major energy-sparing mechanism
following the initiation of CR.

Reductions in body temperature could relate to potential
metabolic mechanisms of CR-induced increases in longevity.
For example, several studies in poikilothermic invertebrates
and vertebrates have demonstrated that life-span can be
extended by reducing ambient temperature (1). Similar studies
in homeotherms have been limited to rats and do not report
increases in life-span associated with exposure to decreased
environmental temperatures (36, 37). However, reduced body
temperature during restricted energy intake has been reported
in several rodent species. Studies in hibernating mammals,
which enter a period of torpor (reduced body temperature),
also suggest a link between temperature and life-span. Lyman
et al. (38) demonstrated that Turkish hamsters that spent
11-33% of their lives in hibernation lived 23% longer than
hamsters that never hibernated. The European viper (Viper

aspis), which usually lives 15-18 years if permitted to enter
hibernation, normally will live no longer than 10 years if
hibernation is prevented (39).
The exact relationship between reduced body temperature

and increased longevity as seen in CR and hibernation studies
is not known. However, it is interesting to note that certain
molecular events, which could influence longevity, biological
aging processes, or age-related diseases, are altered by CR and
correlated with body temperature. For example, reduced body
temperature in CR animals would likely lead to decreased
DNA damage (40-42). Other studies have shown that expres-
sion of protooncogenes (c-myc) associated with certain kinds
of neoplasia was reduced in CR mice. Furthermore, c-myc
expression and body temperature are at their lowest daily value
during the same circadian stage (43).
None of these findings establish a clear link between met-

abolic consequences of CR, energy conservation, and reduced
body temperature. However, these studies suggest the need for
further investigation of metabolic processes during CR. It is
apparent from our findings that rhesus monkeys on CR exhibit
energy conservation mechanisms that are very similar to those
reported in rodents. Our findings suggest that changes in body
temperature, as they relate to metabolism in general, might
represent a primary mechanism responsible for the anti-aging
effects of CR. If such shifts in energy metabolism are found to
relate to basic metabolic mechanisms of CR, then we can

expect that longer-lived species, such as nonhuman primates,
subjected to CR would exhibit many of the anti-aging anti-
disease effects seen in rodents.

We greatly appreciate the assistance of Dr. J. J. Knapka and Mr.
D. E. Barnard for formulation of the diet, quality control, and
continuing advice on nutritional matters, and Dr. Mark Talan for
advice and loan of equipment for collection of rectal temperature data.
We also acknowledge the excellent technical assistance of Mr. Ken-
neth Panfile, Mr. Steven Jay, Ms. Lauren Johnson, and Ms. Susan
Burns. We acknowledge the continuing excellence in veterinary care
and husbandry performed by the staff of the National Institutes of
Health Animal Center Primate Unit under the direction of Drs. B. M.
Flynn and R. A. Woodward.

1. Weindruch, R. & Walford, R. L. (1988) The Retardation ofAging
and Disease by Dietary Restriction (Thomas, Springfield, IL), pp.
7-215.

2. Masoro, E. J. (1989) in Dietary Restriction and Aging, ed. Snyder,
D. L. (Liss, New York), p. 27.

3. Yu, B. P. (1990) in Review of Biological Research in Aging, ed.
Rothstein, M. (Wiley-Liss, New York), Vol. 4, p. 349.

4. Ingram, D. K., Cutler, R. G., Weindruch, R., Renquist, D. M.,
Knapka, J. J., April, M., Belcher, C. M., Clark, M. A., Hatcher-
son, C. D., Marriott, B. M. & Roth, G. S. (1990)J. Gerontol. Biol.
Sci. 45, B148-B163.

5. Kemnitz, J. W., Weindruch, R., Roecker, E. B., Crawford, K.,
Kauffman, P. L. & Ershler, W. B. (1993)J. Gerontol. Biol. Sci. 48,
B17-B26.

6. Lane, M. A., Ingram, D. K., Cutler, R. G., Knapka, J. J., Barnard,
D. E. & Roth, G. S. (1992) in Physiopathological Processes of
Aging: Towards a Multicausal Interpretation, eds. Fabris, N.,
Harman, D., Knook, D. L., Steinhagen-Thiessen, E. & Zs-nagy,
I. (N. Y. Acad. Sci., New York), Vol. 673, pp. 36-45.

7. Roth, G. S., Ingram, D. K., Cutler, R. G. & Lane, M. A. (1995)
in Adaptations in Aging, eds. Dall, J. L. C., Ermini, M., Herrling,
P. L., Meier-Ruge, W., Stahelin, H. B. & Staufenbiel, M. (Aca-
demic, London), pp. 57-71.

8. Kemnitz, J. W., Roecker, E. B. Weindruch, R., Olson, D. F.,
Baum, S. T. & Bergman, R. N. (1994) Am. J. Physiol. 266,
E540-E547.

9. Weindruch, R., Marriott, B. M., Conway, J., Knapka, J. J., Lane,
M. A., Cutler, R. G., Roth, G. S. & Ingram, D. K. (1995) Am. J.
Primatol. 35, 207-228.

10. Roth, G. S., Blackman, M. R., Ingram, D. K., Lane, M. A., Ball,
S. S. & Cutler, R. G. (1993) Endocr. J. 1, 227-234.

Physiology: Lane et al.



Proc. Natl. Acad. Sci. USA 93 (1996)

11. Lane, M. A., Reznick, A. Z., Tilmont, E. M., Lanir, A., Ball, S. S.,
Read, V., Ingram, D. K., Cutler, R. G. & Roth, G. S. (1995) J.
Nutr. 125, 1600-1610.

12. Lane, M. A., Ball, S. S., Ingram, D. K., Cutler, R. G., Engel, J.,
Read, V. & Roth, G. S. (1995) Am. J. Physiol. 268, E941-E948.

13. Masoro, E. J., McCarter, R. J. M., Katz, M. S. & McMahan, C. A.
(1992) J. Gerontol. Biol. Sci. 47, B202-B208.

14. French, A. R. (1992) in Mammalian Energetics: Interdisciplinary
Views of Metabolism and Reproduction, eds. Tomasi, T. E. &
Horton, T. H. (Comstock, Ithaca, NY), pp. 105-121.

15. Keys, A., Brozek, J., Henschel, A., Mickelson, O. & Taylor, H. L.
(1950) Biology of Human Starvation (Univ. Minnesota Press,
Minneapolis), Vol. 2, pp. 34-44.

16. Weindruch, R. H., Kristie, J. A., Cheney, K. E. & Walford, R. L.
(1979) Fed. Proc. Fed. Am. Soc. Exp. Biol. 38, 2007-2016.

17. Duffy, P.H., Feuers, R.J., Leakey, J.A., Nakamura, K.D.,
Turturro, A. & Hart, R. W. (1989) Mech. AgeingDev. 48,117-133.

18. Duffy, P. H., Feuers, R. J. & Hart, R. W. (1990) Chronobiol. Int.
7, 291-303.

19. Sacher, G. A. (1977) in Handbook of the Biology of Aging, eds.
Finch, C. E. & Hayflick, L. (Van Nostrand Reinhold, New York),
pp. 582-638.

20. Committee on Animal Nutrition, Agricultural Board (1978)
Nutrient Requirements of Nonhuman Primates (Natl. Acad. Sci.,
Washington, DC).

21. Weir, J. BdV. (1949) J. Physiol. (London) 109, 1-9.
22. Mazess, R. B., Barden, H. S., Bisek, J. P. & Hanson, J. (1990)Am.

J. Clin. Nutr. 51, 1106-1112.
23. Himms-Hagen, J. (1985) Am. J. Physiol. 248, E531-E539.
24. Nelson, W. & Halberg, F. (1986) J. Nutr. 116, 2244-2253.
25. Duffy, P. H., Feuers, R. J., Nakamura, K. D., Leakey, J. & Hart,

R. W. (1990) Chronobiol. Int. 7, 113-124.

26. Volicer, L., West, C. & Greene, L. (1984) J. Gerontol. Biol. Sci.
39, 178-182.

27. Talan, M. I. & Ingram, D. K. (1985) Arch. Gerontol. Geriatr. 4,
251-259.

28. Campbell, B. A. & Richardson, R. (1988) Mech. Ageing Dev. 44,
193-202.

29. Garrow, J. S. (1978) Energy Balance and Obesity in Man
(Elsevier/North Holland, Oxford).

30. McCarter, R. J. M. & McGee, J. R. (1989) Am. J. Physiol. 257,
E175-E179.

31. McCarter, R. J. M. & Palmer, J. (1992)Am. J. Physiol. 263, E448.
32. McCarter, R. J. M. (1994) in Modulation ofAging Processes by

Dietary Restriction, ed. Yu, B. P. (CRC, Boca Raton, FL), pp.
157-174.

33. Lynn, W. S. & Wallwork, J. C. (1992) J. Nutr. 122, 1917-1918.
34. Gonzalez-Pacheco, D. M., Buss, W. C., Koehler, K. M., Wood-

side, W. F. & Alpert, S. S. (1993) J. Nutr. 123, 90-97.
35. Kemnitz, J. W., Weindruch, R., Roecker, E. B., Baum, S. T.,

Wolden-Hanson, T. & Hudson, J. C. (1993) Obesity Res. 1, 93S.
36. Holloszy, J. O. & Smith, E. K. (1986) J. Appl. Physiol. 61,

1656-1660.
37. Kibler, H. H., Silsby, H. D. & Johnson, H. D. (1963) J. Gerontol.

18, 235-239.
38. Lyman, C. P., Obrian, R. C., Green, G. C. & Papafrangos, E. D.

(1981) Science 212, 668.
39. Saint Gironss, H. (1952) Ann. Sci. Nat. Zool. 14, 263-343.
40. Lindahl, T. & Nyberg, B. (1972) Biochemistry 11, 3610-3618.
41. Lindahl, T. & Nyberg, B. (1974) Biochemistry 13, 3405-3410.
42. Koizumi, A., Weindruch, R. & Walford, R. L. (1987)J. Nutr. 117,

361-367.
43. Nakamura, K.D., Duffy, P. D., Turturro, A. & Hart, R.W.

(1989) Mech. Ageing Dev. 48, 199-205.

4164 Physiology: Lane et aL.


