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Life-history theory assumes that animal life histories are a consequence of trade-offs between current

activities and future reproductive performance or survival, because resource supply is limited. Empirical

evidence for such trade-offs in the wild are common, yet investigations of the underlying mechanisms are

rare. Life-history trade-offs may have both physiological and ecological mediated costs. One hypothesized

physiological mechanism is that elevated energy metabolism may increase reactive oxygen species

production, leading to somatic damage and thus compromising future survival. We investigated the impact

of experimentally elevated energy expenditure on oxidative damage, protection and lifespan in short-tailed

field voles (Microtus agrestis) maintained in captivity to remove any confounding ecological factor

effects. Energy expenditure was elevated via lifelong cold exposure (7G28C), relative to siblings in the

warm (22G28C). No treatment effect on cumulative mortality risk was observed, with negligible effects on

oxidative stress and antioxidant protection. These data suggest that in captive animals physiologically

mediated costs on life history do not result from increased energy expenditure and consequent elevations in

oxidative stress and reduced survival.
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1. INTRODUCTION

Life-history theory is based on the assumption that resources

are limited and consequently animals are forced to trade off

competing activities against one another (Fisher 1930;

Stearns 1992; Speakman 2008). Animals face evolutionary

decisions, e.g. whether to allocate limited resources (e.g.

energy) into current reproductive output or to functions that

protect the soma and thereby ensure their continued survival

(Stearns 1992; Nussey et al. 2006; Speakman 2008). There

is abundant ecological evidence supporting the existence of

life-history trade-offs. For example, in red-billed choughs

(Pyrrhocorax pyrrhocorax) early life egg laying is negatively

correlated with longevity (Reid et al. 2003), and early

reproductive effort impacts negatively on lifespan in both

North American red squirrel (Tamiasciurus hudsonicus;

Descamps et al. 2006) and red deer (Cervus elaphus;

Nussey et al. 2006). The idea that animals cannot

simultaneously maximize everything (but see Johnston et al.

2006) not only underpins life-history theory but also has

ramifications in other areas such as our understanding of

the evolutionary basis of ageing, such as the disposable

soma theory (Kirkwood & Rose 1991). The disposable soma
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theory suggests that a high level of reproduction can only be

sustained by diversion of resources away from somatic

protection. The consequence is a loss of somatic integrity

with age, which we see as senescence, results in reduced

reproductive performance and increased risk of death

(Kirkwood & Rose 1991; Moe et al. 2007).

It is widely assumed that the mechanisms underpinning

the trade-offs in life history may include both ecological

factors such as changes in predation, disease or starvation

risk and physiological effects, such as changes in immune

function (Speakman 2008). However, the precise

mechanisms that underpin life-history trade-offs are only

poorly understood (Partridge 2001; Alonso-Alvarez et al.

2006; Speakman 2008). The involvement of energy as a

putative currency that might mediate the link between

current activities and future survival was initially

suggested by Rubner (1908), who observed that animals

with high metabolic rates had short lives and animals with

low metabolic rates had long lives. This notion was

subsequently incorporated into the ‘rate of living’ theory

(Pearl 1928), in which it was proposed that ‘the duration

of life varies inversely as the rate of energy expenditure

during its continuance’. This theory suggests that the

amount of life that any organism has available to it is fixed,

and an individual can use that life extravagantly resulting

in a short life (living fast and dying young), or more

frugally resulting in a long life (Pearl 1928; Speakman

et al. 2002). Continuous expenditure of excess energy,
This journal is q 2008 The Royal Society
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whether due to increased reproduction, predator avoid-

ance or thermoregulation appears incompatible with

prolonged survival (Hoffman & Parsons 1991).

The free radical/oxidative stress theory of ageing

(Harman 1956; Beckman & Ames 1998) provides an

attractive candidate mechanism to explain both the

increased somatic damage with age, and the proposed

negative relationship between increased metabolism and

lifespan (Pearl 1928). Free radicals or more specifically

reactive oxygen species (ROS) are produced primarily

within mitochondria and are unavoidable by-products of

aerobic metabolism (Beckman & Ames 1998). This theory

predicts that damage to proteins, lipids and nucleic acids

by ROS such as superoxide ðOK
2$Þ, hydrogen peroxide

(H2O2) and the hydroxyl radical (HO%) is the primary

mechanism underlying the ageing process. This potential

for ROS-induced damage can be reduced by a suite of

antioxidant (e.g. catalase, glutathione peroxidase (Gpx),

superoxide dismutase (SOD), a-tocopherol, ascorbate)

and various repair mechanisms (Beckman & Ames 1998).

However, if ROS production exceeds the protection and

repair mechanisms then the net result will be oxidative

damage, which is correlated with the loss of cellular

homeostasis and the functional decline indicative of

ageing (Beckman & Ames 1998). Comparative data

support the premise that species with higher mass-specific

metabolic rates have elevated ROS production (mito-

chondrial hydrogen peroxide) and tend to have a

truncated lifespan (Lopez-Torres et al. 1993). However,

fundamental questions relating to how such comparative

data are analysed have recently been raised (Speakman

et al. 2002), and exceptions to this rule exist. Birds and

bats, for example, combine high mass-specific metabolic

rates with long lives (e.g. Austad & Fischer 1991; Barja

et al. 1994). In birds this appears to be, in part, due to

lower mitochondrial ROS production (Barja et al. 1994)

and greater resistance of cellular membranes to lipid

peroxidation (Pamplona et al. 1999).

Within species the association between metabolic rate

and lifespan is similarly confused (Speakman et al. 2002,

2004; Speakman 2005), although forced elevations in

expenditure in free-living animals tend to have a negative

impact on lifespan (e.g. Schmidt-Hempel & Wolf 1988;

Daan et al. 1996). In European kestrels (Falco tinnunculus),

an approximate 40% increase in foraging effort during

chick provisioning resulted in a lower likelihood of parents

returning the following spring (Daan et al. 1996).

However, it is not apparent if these costs to lifespan are

via increased ROS production, decreased somatic protec-

tion and repair and/or ROS-induced oxidative damage.

Additionally, it is not established whether ecologically

significant factors such as an increased risk of predation

due to depleted body condition following such periods of

increased metabolism are important (Speakman 2008).

Because ecological and physiological mediated costs

are confounded in studies of free-living animals, it is

difficult to identify the exact proximate factors that

mediate the observed trade-offs. In this study, we explored

the role of elevated energy demands and oxidative stress

on lifespan in short-tailed field voles (Microtus agrestis). To

minimize the potentially confounding effects of ecological

factors, we maintained wild-derived animals in captivity

(Ricklefs & Cadena 2007) and experimentally elevated

their energy requirements by exposing them to cold.
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An additional advantage in this approach is that it is highly

unlikely that these wild-derived animals would have had

sufficient time to experience inadvertent selection for

short generation times and/or high fecundity observed in

long-term laboratory maintained animals (Reznick 2005).

We elevated metabolic rate in singly housed voles via

lifelong cold exposure (7G28C) compared with same-sex

siblings maintained in the warm (22G28C). Acute cold

exposure (h dK1) increases oxidative stress (Barja de

Quiroga et al. 1991; Selman et al. 2002a) and radical

production in mammals (Barja de Quiroga et al. 1991) but

chronic lifelong effects are unclear. Only one previous

study has examined the effect of cold exposure on lifespan,

reporting no lifespan effect in laboratory rats forced to

stand in cold water (238C) for 4 h dK1, 5 days per week

(Holloszy & Smith 1986), although energy metabolism

and oxidative stress were not directly assayed.
2. MATERIAL AND METHODS
(a) Study species and experimental protocol

Short-tailed field voles (M. agrestis) were captured from a wild

population located 15 miles northwest of Aberdeen, UK

(578 N), and subsequently maintained at The University of

Aberdeen, Aberdeen, UK. Experimental animals were F2

offspring derived from the original wild population. All

individuals were born at 22G28C, which is slightly below the

thermoneutral zone (25–308C; McDevitt & Speakman 1994)

of this arvicoline rodent. Individuals were weaned at 16 days of

age and kept in same-sex sibling groups until approximately

21 days of age. They were subsequently individually housed in

cages (48!15!13 cm3) at 22G28C and under a 16 L:8 D

light/dark cycle (lights on at 0600 hours), with ad libitum

access to standard mouse diet (rat and mouse breeder and

grower diet (CRM (P), Special Diets Services, BP Nutrition,

UK) and water). As M. agrestis are not inbred, we used same-

sex sibling pairs to reduce genetic variability between our

experimental groups. At 30 days of age, one individual per

sibling pair was randomly assigned to remain at 22G28C, while

the other individual was transferred to a controlled tempera-

ture room maintained at 7G28C (Atlantic Cooling Services,

UK). Cold exposed animals were given access to bedding

material to facilitate acclimation to 7G28C, but this was

gradually removed by 60 days of age (30 days of cold exposure)

until no bedding material remained.

(b) Lifespan analysis

A total of 35 male and 21 female sibling pairs of voles were

used in the lifespan analysis. Individuals were monitored daily,

with food intake and body mass (BM) measured (ages

indicated below) but otherwise left undisturbed until they

died naturally. If death appeared, imminent individuals were

weighed and examined for macroscopic pathologies and

euthanized, with this considered to be the date of death.

Kaplan–Meier survival curves were constructed using the

known of birth and death dates of each individual, with p

values calculated using the log-rank test. Maximum lifespan

was calculated as the mean age of the oldest 10% of mice from

each group.

(c) Metabolic rate analyses

Resting metabolic rate (RMR) and daily energy expenditure

(DEE) were determined in a subsample of animals used in

the longevity study using open-flow respirometry and the
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doubly labelled water (DLW) technique, respectively. Indi-

viduals had ad libitum access to food and water prior to, but

not during RMR measurements. In brief, voles were weighed

(0.01 g) and subsequently placed within an airtight Plexiglas

chamber in a temperature-controlled incubator (INL-401N-

010, Weiss-Gallenkamp, Loughborough, UK) at their

relevant housing temperature (7G0.18C or 22G0.18C) for

3 hours. Silica gel-dried air was pumped (Charles Austin Ltd,

Weybridge UK) through the chamber at 600–800 ml minK1

(DM3A, Alexander Wright Flow Meter, London, UK) and

subsequently re-dried. A subsample (approx. 150 ml minK1)

was then passed through a paramagnetic oxygen analyser

(Series 1100, Servomex Group Ltd, Crowburgh, UK) and an

infrared carbon dioxide analyser (Series 1400, Servomex

Group Ltd, UK). RMR (ml O2 minK1), corrected for

standard temperature and pressure, was calculated using

the lowest 10 consecutive readings in oxygen concentration

(equivalent to 5 min within the chamber; Hayes et al. 1992).

DEE was estimated at 11 and 20 months of age by the

DLW technique (Lifson et al. 1955; Speakman 1998), which

has been validated by comparison with indirect calorimetry in

a range of small mammals (e.g. Speakman & Krol 2005a) and

provides an accurate measure of DEE over periods of several

days (Speakman et al. 1994; Berteaux et al. 1996). On day 1,

animals were weighed (G0.1 g, sartorius, Epsom, UK) and

approximately 0.15 ml of DLW (30APE 18O, 15APE 2H) was

administered intraperitoneally. Syringes were weighed before

and after administration (G0.0001 g, sartorius) to calculate

the exact mass of injectate. Initial blood samples (approx.

80 ml) were collected after 1 hours of isotope equilibration to

estimate initial isotope enrichments of 2H and 18O. Final

blood samples (approx. 80 ml) were collected either 24 or

48 hours after the initial blood sample to estimate isotope

elimination rates. Background enrichments were evaluated

from blood samples taken from unlabelled animals under the

same protocol (Speakman & Racey 1987: method C).

Capillaries containing the blood samples were vacuum

distilled and water from the resulting distillate were analysed

using gas source isotope ratio mass spectrometry (Optima,

Micromass IRMS, UK). Three high enrichment standards

were run daily alongside the samples, with raw data corrected

to these standards to minimize inlet cross contamination.

Isotope enrichments were converted to values of DEE using a

single pool model, as recommended for this size of animal

(Speakman 1993). There are several alternative approaches

for the treatment of evaporative water loss (Visser &

Schekkerman 1999). We chose the assumption of a fixed

evaporation of 25% of the water flux (eqn. (7.17), Speakman

1997), as this has been established to minimize error in a

range of conditions (Visser & Schekkerman 1999).

(d) Oxidative stress markers

A subsample of male and female voles not used in the

longevity or RMR/DEE measurements was used to examine

the effects of lifelong cold exposure on various oxidative stress

and antioxidant parameters. A total of 12 pairs (six male and

six female) were killed at 4 and 11 months of age and 7 pairs

(two male and five female) were killed at 20 months of age.

These animals were recruited at the same time and

maintained under exactly the same conditions as those in

the longevity study described above.

The ‘modified’ Comet assay was employed to determine

hepatic (20 months of age only) and lymphocyte (11 and 20

months of age) DNA oxidative damage as previously
Proc. R. Soc. B (2008)
described (Selman et al. 2006). The modification step used

lesion-specific bacterial repair enzymes endonuclease III

(ENDO III) and formamidopyrimidine-DNA glycosylase

(FPG) to increase the sensitivity and specificity of the Comet

assay (Collins 2004). ENDO III induces breaks at the sites of

oxidized pyrimidines and FPG induces breaks at the sites

of purines, including 8-oxo-guanine (Collins 2004). Damage

was scored visually, with 100 comets on each slide that were

assigned a score from 0 to 4 depending on the fraction of

DNA pulled out into the tail. Therefore, the overall score for

each slide was between 0 (undamaged) and 400 (completely

damaged). Hepatic lipid peroxidation was estimated by

measuring thiobarbituric acid reactive substances (TBARS)

using high performance liquid chromatography (HPLC) in

4-, 11- and 20-month-old animals as previously described

(Selman et al. 2002b) and expressed as hmol malonaldehyde

per mg protein.

(e) Antioxidant analyses

The levels of a-tocopherol, ascorbic acid and retinol were

measured in liver homogenates in 4-, 11- and 20-month-old

voles using reverse-phase HPLC and a fluorescent/visible

detection method (Selman et al. 2006). Catalase, selenium-

dependent Gpx and total SOD were measured in heart, liver,

kidney, duodenum, skeletal muscle (gastrocnemius) and

brown adipose tissue (BAT) at 4, 11 and 20 months of age.

The protocols are described fully elsewhere (Selman et al.

2000). Absorbance changes were measured using a SPEC-

TRAmax Plus microplate spectrophotometer (Molecular

Devices Corp., Sunnyvale, USA) and SOFTMAX PRO software

(Molecular Devices Corp., USA).

(f ) Statistical analysis

All statistics were performed using MINITAB (Version 13,

Minitab Ltd, Coventry, UK) and GraphPad (Prism 4,

GraphPad Software Inc., San Diego, USA) software. Data

were analysed using general linear model, Cox regression, one-

way ANOVA and paired t-test where appropriate. Kaplan–

Meier mortality curves were constructed and differences in

mortality rate were determined using the log-rank test. All values

reported are meanGstandard error of the mean (s.e.m.), except

where indicated and p!0.05 were regarded as statistically

significant. In all analyses described below, non-significant

interaction effects (pO0.05) were subsequently removed from

each analysis in order to obtain the best-fitted model in each

case. For the analyses of oxidative stress and antioxidant

protection we did not have a priori information on individual

variation sufficient to design the experiments with power in

mind. Consequently, we performed post hoc power analysis to

establish the power of our experiments to detect treatment

effects (for the appropriate sample size) for all variables.
3. RESULTS
There was no significant sex effect on lifespan between

the warm- and cold-exposed voles (F1,112Z0.146, pZ
0.702) and no sex!treatment interaction (F1,112Z0.030,

pZ0.862), so data from male and female voles were

pooled. Using the log-rank test, we observed no effect of

lifelong cold exposure on cumulative mortality risk

(figure 1; X2Z0.331, pZ0.565, NZ112), with median

lifespan being 368 days in the warm-exposed and 477 days

in the cold-exposed voles. MeanGs.e.m. lifespan was

448G35 and 503G32 days for warm- and cold-exposed
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Figure 2. (a) Mean BM increased significantly in the cold,
increased with age and was higher in male voles (NZ51, 50
and 8 for warm and 59, 56 and 8 for cold maintained voles at
4, 11 and 20 months of age, respectively). (b) RMR was
significantly higher in the cold, increased significantly with
increasing age and increasing BM, although no sex effects
were seen (NZ12, 31 and 10 for warm- and cold-exposed
voles at 4, 11 and 20 months of age, respectively). (c) DEE
was significantly higher in the cold-exposed voles, but
declined significantly with age (NZ15 and 7 for both
warm- and cold-exposed voles at 11 and 20 months of age,
respectively). No significant BM or sex effects on DEE were
observed. (d ) Daily food intake was significantly higher in
the cold, and increased with both increasing BM and
increasing age (NZ51, 50 and 8 for warm and 59, 56 and
8 for cold maintained voles at 4, 11 and 20 months of
age, respectively).
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Figure 1. Lifespanof voles (NZ56 sibling pairs, 35 male and 21
female pairs) following lifelong exposure to warm (22G28C)
or cold (7G28C) ambient temperature. No significant sex or
sex!treatment interaction effects were observed on lifespan
( pO0.05). Using the log-rank test on male and female pooled
lifespan data indicated no significant effect of cold exposure on
mortality (log-rank test, X2Z0.331, pZ0.565). Median life-
span was 368 and 477 days in the warm-exposed (dashed line)
and cold-exposed (solid line) voles, respectively, and meanG
s.e.m. lifespan was 448G35 and 503G32 days for warm- and
cold-exposed voles, respectively.
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voles, respectively. This lack of a significant effect on

lifespan was observed despite median lifespan being 30%

and mean lifespan being 12% greater in the cold. A large

range in lifespan was seen (139–1128 and 137–1004 days

for warm- and cold-exposed voles, respectively), with no

difference (X2Z1.077, pZ0.299, NZ12) in maximum

lifespan between the warm-exposed (969G37 days) and

the cold-exposed (918G27 days) voles. In addition, we

also analysed the lifespan data using a paired t-test as we

used sibling pairs of voles in the lifespan study, but again

no treatment effect was detected (T56Z1.078, pZ0.286).

However, as indicated by the Kaplan–Meier lifespan

curves (figure 1), there was a significant (X2Z3.892,

pZ0.049, NZ94) difference in cumulative mortality risk

in voles until 750 days of age, this being greater in the

warm. However, this mortality effect was subsequently

lost when we included those individuals that survived

beyond 750 days in the analysis (figure 1).

In the following analyses, we employed a general linear

model with age, sex and treatment (warm and cold) as

factors and BM included as a covariate. In all cases, non-

significant interactions ( pO0.05) were removed in order to

obtain the best-fitted model in each case and only

significant interactions ( p!0.05) are reported below.

Mean BM increased significantly with age (figure 2a;

F2,230Z21.612, p!0.001) and males were significantly

heavier than females (F1,230Z6.949, pZ0.009). Animals

in the cold were significantly heavier (F1,230Z21.454,

p!0.001), with mean BM being 22, 26 and 30 g in voles in

the warm compared with 25, 30 and 30 g in the cold at 4, 11

and 20 months of age, respectively. A significant age!sex

interaction effect on BM was also observed (F2,230Z6.723,

pZ0.001). With regard to metabolism, significant age

(F2,116Z7.184, pZ0.001), treatment (F1,116Z209.784,

p!0.001) and BM (F1,116Z16.706, p!0.001; R2Z
0.039) effects on RMR were identified (figure 2b), although

sex was non-significant (F1,116Z1.976, pZ0.163).

RMR was approximately 80% higher in cold-exposed
Proc. R. Soc. B (2008)



Table 1. Mean (Gs.e.m.) oxidative stress and antioxidant parameters. (Lymphocyte and hepatocyte DNA oxidative damage
(Arbitrary units), hepatic lipid peroxidation (hmol mg proteinK1), hepatic ascorbic acid levels (mmol mg proteinK1), hepatic
a-tocopherol levels (hg mg proteinK1) and hepatic retinol levels (hg mg proteinK1).)

group 4 month 11 month 20 month n

ENDO III warm — 35G7.4 34G9.8 11,5
lymphocytes cold — 40G7.0 31G9.1 7,6
FPG warm — 80G7.0 57G12.8 11,5
lymphocytes cold — 95G26.0 63G21.7 6,5
ENDO III warm — — 7.9G3.5 7
hepatocytes cold 31G9.5 6
FPG warm — — 22G5.0 7
hepatocytes cold — — 35G13 6
TBARS warm 2.2G0.5 1.8G0.4 0.5G0.1 12,8,7

cold 1.9G0.4 1.3G0.1 0.9G0.2 12,9,7
ascorbic acid warm 3.6G0.9 2.9G1.1 5.4G1.1 12,8,7

cold 4.4G1.1 4.1G0.8 4.0G0.4 12,9,7
a-tocopherol warm 51G3.9 38G5.1 150G30.0 12,8,7

cold 72G24.9 52G5.1 92G10.6 12,9,7
retinola warm 11G0.8 10G0.7 18G2.7 12,8,7

cold 15G2.0 14G1.7 16G1.5 12,9,7

a Absolute retinol levels rescaled (100! higher than values presented).
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than warm-exposed voles across all ages, and increased in

an age-dependent manner. DEE (figure 2c) was also signi-

ficantly elevated in the cold (F1,43Z27.244, p!0.001),

but actually declined with age (F1,43Z28.765,

p!0.001; 75G4 kJ day and 113G7 kJ day at 11 months;

42G4 kJ day and 73G12 kJ day at 20 months, for

warm- and cold-exposed voles, respectively). There was

no significant BM (F1,43Z3.371, pZ0.074) or sex

effect (F1,43Z0.108, pZ0.744) on DEE. Daily food

intake (figure 2d ) increased with increasing BM

(F1,230Z7.742, pZ0.006; R2Z0.021), increasing

age (F2,230Z4.739, pZ0.01) and was significantly

higher in cold-exposed animals (F1,230Z90.845,

p!0.001), but did not differ between sexes (F1,230Z
3.425, pZ0.066).

Post hoc power analysis established that the meanG
s.e.m. power of our experiments to detect treatment effects

in our oxidative stress and antioxidant parameters was

21G3%. Using the lesion-specific enzyme ENDO III

(identifies oxidized pyrimidines) we observed that lym-

phocyte DNA oxidative damage (table 1) was unaffected

by cold exposure (F1,28Z0.106, pZ0.748), age (F1,28Z
0.080, pZ0.780), sex (F1,28Z0.816, pZ0.375) or BM

(F1,28Z0.620, pZ0.439). Lymphocyte DNA oxidative

damage estimated using the lesion-specific enzyme FPG

(table 1; FPG; identifies oxidized purines) was similarly

unaffected by treatment (F1,26Z0.465, pZ0.502), age

(F1,26Z2.621, 0.120), sex (F1,26Z0.021, pZ0.886) or

BM (F1,26Z0.049, pZ0.827). Hepatic DNA oxidative

damage was determined in voles only at 20 months of age.

Using the lesion-specific enzyme ENDO III (table 1),

hepatocyte DNA oxidative damage was increased both in

the cold (F1,12Z8.280, pZ0.018) and in female voles

(F1,12Z5.981, pZ0.037), although no significant BM

effect was seen (F1,12Z4.169, pZ0.072). No treatment

(F1,12Z0.810, pZ0.391), sex (F1,12Z0.001, pZ0.978) or

BM effect (F1,12Z0.001, pZ0.990) was observed on

hepatocyte DNA oxidative damage when using FPG

(table 1). Hepatic lipid peroxidation, determined using

the TBARS assay, decreased significantly with advancing

age (table 1; F2,54Z3.666, pZ0.033), but was unaffected
Proc. R. Soc. B (2008)
by treatment (F1,54Z0.388, pZ0.536), sex (F1,54Z2.472,

pZ0.122) or BM (F1,54Z0.093, pZ0.762).

Cold exposure had little effect on various antioxidant

parameters measured. Hepatic ascorbic acid levels

(table 1) were not altered by age (F2,54Z1.088,

pZ0.345), treatment (F1,54Z0.040, pZ0.845) or by

sex (F1,54Z0.114, pZ0.738), although a significant BM

effect was seen with levels being higher in heavier animals

(FZ4.810, pZ0.033; R2Z0.083). The levels of hepatic

a-tocopherol (table 1) were significantly altered by age

(F2,54Z6.450, pZ0.003) being higher in 20-month-old

animals, but not by treatment (F1,54Z0.009, pZ0.925),

sex (F1,54Z0.173, pZ0.679) or BM (F1,54Z0.025,

pZ0.874). Retinol levels in the liver (table 1) were

significantly altered with age (F2,54Z5.260, pZ0.009)

but not treatment (F1,54Z4.017, pZ0.051), BM (F1,54Z
3.852, pZ0.055) or sex (F1,54Z0.757, pZ0.389),

although there appeared to be a trend towards signi-

ficance for treatment and BM. In addition, we

determined the activities of the antioxidant enzymes

catalase, Gpx and total SOD in heart, liver, kidney,

skeletal muscle, duodenum and BAT of warm- and cold-

exposed voles at 4, 11 and 20 months of age (table 2).

Catalase (liver, kidney and muscle), Gpx (liver, kidney

and BAT) and SOD (heart, liver, kidney, muscle,

duodenum and BAT) were all significantly altered by

age (table 2). However, in the majority of cases, these

age-related changes did not show a consistent pattern of

increase or decrease in enzyme activity with age, but

rather the highest enzyme activities were observed in

11-month-old animals. Only one significant treatment

effect was observed, with SOD activity in BAT being

significantly higher in cold-exposed animals (F1,44Z
8.399, pZ0.006; table 2). No significant sex effects

were detected (table 2) and BM had a significant effect

only on liver Gpx activity (F1,44Z5.586, pZ0.023; R2Z
0.035; table 2). Significant interaction effects were

observed in heart Gpx (table 2) for treatment!age

(F2,44Z4.979; pZ0.015), age!sex (F2,44Z5.091;

pZ0.014) and treatment!age!sex!BM interactions

(F11,44Z2.212; pZ0.049).



Table 2. Mean (Gs.e.m.) tissue antioxidant enzyme activities (catalase), glutathione peroxidase (Gpx), superoxide dismutase
(total SOD) in heart, liver, kidney, skeletal muscle, duodenum and brown adipose tissue (BAT) of warm and cold maintained
voles at 4, 11 and 20 months of age. (Activities are expressed in International Bergmeyer units (U) per mg protein (U (minK1 mg
proteinK1)). Int.ZInteraction. Significant p values are indicated in italics. �0.014Zp value of the significant age!sex interaction
effect, ��0.015Zp value of the significant treatment!age interaction effect, ���0.049Zp value of the significant treatment!
age!sex!BM interaction effect.)

group 4 month 11 month 20 month
age effect,
p

treatment
effect, p

BM effect,
p sex effect, p

interaction
effect, p

catalasea

heart warm 3.8G0.42 2.7G0.24 3.5G0.74 0.068 0.769 0.334 0.751 —
cold 3.4G0.15 2.5G0.12 4.5G1.11

liver warm 6.1G0.64 4.5G0.40 5.3G0.37 0.008 0.684 0.107 0.800 —
cold 6.2G0.63 4.9G0.74 4.7G0.35

kidney warm 7.4G0.55 5.7G0.37 7.2G0.53 0.006 0.261 0.903 0.472 —
cold 6.9G0.55 5.2G0.46 6.7G0.42

muscle warm 3.1G0.46 3.6G0.40 3.5G0.57 0.010 0.979 0.209 0.444 —
cold 2.2G0.33 4.8G0.26 3.1G0.86

duodenum warm 4.9G1.04 5.1G0.64 5.5G0.88 0.153 0.221 0.570 0.386 —
cold 3.4G0.57 4.2G0.47 5.6G0.54

BAT warm 16G1.97 15G1.97 16G3.39 0.109 0.988 0.651 0.059 —
cold 13G0.96 23G2.36 13G1.08

Gpxa

heart warm 19G1.44 14G0.85 21G2.35 0.083 0.096 0.176 0.530 0.015��

cold 19G1.10 12G1.00 20G1.82 0.014�

0.049���

liver warm 33G4.10 70G6.71 28G1.07 !0.001 0.840 0.023 0.438 —
cold 27G4.55 73G6.38 25G1.68

kidney warm 31G3.47 19G0.65 33G1.74 !0.001 0.773 0.856 0.272 —
cold 33G1.80 18G0.75 33G2.40

muscle warm 13G2.24 13G1.16 14G1.68 0.192 0.317 0.757 0.467 —
cold 18G1.56 15G0.95 10G2.00

duodenum warm 11G1.88 7.1G0.65 6.0G0.64 0.063 0.923 0.958 0.251 —
cold 9.6G1.27 6.8G0.74 7.9G1.81

BAT warm 44G7.20 57G6.57 46G4.98 0.020 0.696 0.255 0.109 —
cold 40G6.0 58G2.17 41G7.21

total SODa

heart warm 3.7G0.29 9.1G0.43 7.4G0.55 !0.001 0.110 0.798 0.306 —
cold 3.3G0.21 6.2G1.00 7.9G0.82

liver warm 5.9G0.49 7.6G0.51 5.6G0.33 !0.001 0.610 0.665 0.716 —
cold 6.0G0.54 8.2G0.55 4.0G0.61

kidney warm 5.4G0.43 8.0G0.33 7.8G0.21 !0.001 0.367 0.070 0.671 —
cold 5.4G0.22 8.2G0.32 8.2G0.39

muscle warm 3.0G0.44 14G0.62 4.9G0.78 !0.001 0.980 0.782 0.442 —
cold 3.3G0.28 14G0.83 4.6G0.65

duodenum warm 7.6G1.48 17G2.54 12G1.25 !0.001 0.758 0.387 0.204 —
cold 6.2G0.57 16G1.87 16G3.74

BAT warm 8.0G1.06 13G2.32 11G2.01 !0.001 0.006 0.305 0.251 —
cold 8.7G1.79 23G1.81

a Absolute Catalase, Gpx and SOD activities were rescaled (1000!, 1000! and 100! higher, respectively than values presented).
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4. DISCUSSION
Life-history trade-offs may be mediated by both physiologi-

cal and ecological mechanisms (Speakman 2008).

However, while physiological factors are often presumed

to underlie many life-history trade-offs (Stearns 1992), the

precise nature of these physiological mechanisms remain

largely unknown (Partridge 2001; Alonso-Alvarez et al.

2006; Speakman 2008). One commonly assumed physio-

logical mechanism is that increased energy demands

associated with current activities may compromise future

survival owing to their effects on ROS production and levels

of somatic damage. To try and disassociate physiologically

mediated life-history costs from ecologically mediated costs

such as predation and starvation, we maintained short-

tailed field voles (M. agrestis) in captivity (Ricklefs &
Proc. R. Soc. B (2008)
Cadena 2007) and exposed them to cold conditions to

elevate their energetic demands. Our direct measures of

energy demands demonstrated that the experimental

treatment successfully increased metabolic rate in the

voles with DEEs being over 50% (11 months of age) and

over 70% (20 months of age) higher in the cold. However,

despite this significant elevation in demands, we failed to

detect a negative relationship between metabolic rate and

lifespan as predicted. Indeed, up until 750 days of age the

mortality rate was significantly higher in the animals

maintained in the warm conditions than in the cold.

These data also provide further direct evidence refuting

the rate of living theory (Pearl 1928), which suggests that

an inverse relationship exists between metabolic rate and

lifespan, and supports earlier work on cold-exposed rats
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(Holloszy & Smith 1986). Our experimental design extends

these previous data by removing one major criticism of

previous tests of this theory, specifically the failure to

simultaneously determine metabolic rate and assay lifespan

within the same individuals and under the same environ-

mental conditions (Van Voorhies et al. 2004).

The disposable soma theory provides an evolutionary

explanation for ageing through the partitioning of limited

resources to either reproduction or somatic maintenance

(Kirkwood & Rose 1991). The main physiological

mediated cost of reproduction is likely to be energetic in

nature (Speakman 2008), with even the indirect energetic

consequences of mounting an immune response apparently

diverting limited resources away from both reproduction

and survival (Hanssen et al. (2004)—but see Speakman

(2008) for an alternative explanation of these obser-

vations). We predicted that any increase in resource

allocation towards metabolism, irrespective of the cause

of this increase, would result in somatic (oxidative) damage.

It has been suggested that metabolically mediated somatic

damage may result from an increase in oxidative damage to

lipids, proteins and nucleic acids induced by ROS

production, as ROS are inevitable consequences of aerobic

metabolism (Harman 1956; Beckman & Ames 1998).

However, in agreement with the lack of an effect on

lifespan, we observed no consistent effect in various

oxidative stress parameters following lifelong cold exposure

despite the significant elevation of metabolism in the cold.

Hepatic DNA oxidative damage did increase in aged voles

(20 months old) in the cold but only when using one of our

site-specific enzymes (ENDO III) and not the other

(FPG). No significant effect of cold exposure was observed

on either lymphocyte DNA damage or hepatic lipid

peroxidation. In addition, the age effects were complex in

that hepatic lipid peroxidation decreased with age and

antioxidant enzyme levels tended to be higher at 11 months

rather than at 4 or 20 months of age. It is certainly possible

that perhaps due to differential mortality and our cross-

sectional experimental design that the older age classes

included better quality individuals, i.e. individual with

relatively less oxidative damage and/or reduced require-

ment for antioxidant protection. It is also possible that by

studying animals older than 20 months of age we may have

identified a greater age effect in the parameters measured.

It is suggested by the free radical/oxidative theory of

ageing (Harman 1956; Beckman & Ames 1998) that a

dynamic equilibrium exists between antioxidant and

repair defences and ROS production, with the net effect

being oxidative stress and ageing if these protective

mechanisms are insufficient to prevent ROS-induced

damage to macromolecules (Beckman & Ames 1998).

Therefore, limited investment in the antioxidant protec-

tion and endogenous repair mechanisms may result in

somatic damage following elevations in metabolic rate

(Alonso-Alvarez et al. 2006). Wiersma et al. (2004)

manipulated reproductive effort in zebra finches (Taeniopygia

guttata) and showed that antioxidant enzyme activities

(SOD and Gpx) decreased in the pectoral muscle of

parents with experimentally increased brood sizes. These

findings suggest that limited resources may have been

channelled to fuel the increased metabolism to the

detriment of somatic protection by the antioxidant

enzymes, resulting in increased oxidative damage and

fitness costs. However, we do not know if oxidative stress
Proc. R. Soc. B (2008)
or lifespan were affected in those individuals with the

larger broods, but resistance of red blood cells to oxidative

stress decreases with increasing breeding effort in zebra

finches (Alonso-Alvarez et al. 2006), with this trade-off

perhaps being modulated via antioxidant (carotenoid)

availability (Bertrand et al. 2006). In agreement with our

oxidative stress assays, no effect of cold exposure on

catalase, Gpx and SOD activity was observed in the

various tissues measured, except for SOD activity in BAT

that was higher in the cold. Non-shivering thermogenesis

is the main mechanism for heat generation in small

mammals in the cold and ROS production increases

significantly in BAT of cold-exposed rats (Barja de

Quiroga et al. 1991). However, we have previously

reported that protein carbonyl levels in BAT do not

increase following acute cold exposure in voles, unlike

levels in skeletal muscle and liver (Selman et al. 2002a).

Consequently, it is possible that the cold-exposed voles

responded to elevated superoxide in BAT by adaptively

increasing SOD activity. The lack of an increase in

pectoral muscle antioxidant activities in zebra finches

(Wiersma et al. 2004) following brood enlargement may

then simply reflect that this tissue was not the one most

affected by the subsequent elevations in energy demand.

However, the relationship between metabolism, ROS and

antioxidant protection is highly complex (Barja 2007). For

example, acute bouts of intense metabolism such as forced

treadmill running may actually decrease skeletal muscle

antioxidant enzyme activity (Ji 1993).

It is also conceivable that the lack of a lifespan effect in

the cold, despite a lifelong elevation in metabolic rate, was

because the ratio between metabolic rate and ROS

production is not fixed. Indeed, there is a general decline

in absolute and relative (per unit O2 consumed) ROS

production in mitochondria during voluntary exercise, for

example (for discussion see Barja 2007). The ‘uncoupling

to survive’ theory (Brand 2000) suggests exactly this, that

mitochondrial uncoupling results in a lowering of proton

motive force and decreased superoxide production.

However, uncoupling reduces mitochondrial efficiency

and consequently leads to an increased respiration rate

(Brand 2000; Speakman et al. 2002). No treatment effect

was seen in hepatic levels of the antioxidants retinol,

ascorbic acid or a-tocopherol. These findings demonstrat-

ing no clear induction of antioxidant protection despite a

significant increase in metabolic rate (see Wiersma et al.

2004) perhaps indicates that the endogenous antioxidants

were sufficient to cope with the elevated metabolism we

imposed. Indeed, the elevation in protection may be

specifically targeted to tissues where the greatest energetic

demands occur, such as BAT during cold exposure.

Although we observed no effect of our manipulations

on either oxidative damage or lifespan in these animals, it

remains possible that physiological aspects of energy

balance do mediate the negative trade-off between

reproductive activity and survival. This might occur, for

example, if the critical feature causing this trade-off is the

maximal rate of energy demand, rather than the time-

averaged rate. During cold exposure, we continuously

exposed the voles to an elevated rate of energy expenditure

(over 50–70% depending on age). During reproduction,

however, the energy costs are more transient but for short

periods substantially higher (Johnson et al. 2001; Krol

et al. 2003; Speakman & Krol 2005b). During these short
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periods of intense metabolic activity, the level of ROS

production may overwhelm the capacity of the defence

system to cope (Ji 1993), and it is during these periods

that oxidative damage may occur. This may not have been

picked up by our experimental approach where energy

demands, although lifelong, were not elevated to such

transiently high levels.

Another possibly important factor is that during cold

exposure adverse effects of ROS production may be

mitigated by the elevation in levels of mitochondrial

uncoupling, which facilitates heat production in the cold.

It is interesting that until 750 days of age the cold-exposed

animals in spite of their much greater energy demands

actually had lower mortality consistent with the uncou-

pling to survive idea (Brand 2000). By contrast, during the

peak period of reproduction, levels of uncoupling proteins

are highly suppressed (Trayhurn 1989), which may imply

greater levels of ROS are generated for any given level of

energy expenditure. It would be interesting therefore to

repeat this work by elevating energetic demands transi-

ently via repeated reproductive events, to measure directly

the effects of peak lactation energy demands on mito-

chondrial uncoupling, ROS production, oxidative damage

and protection. The lack of an effect of reproductive

activity on survival and lifespan in captive animals

(Ricklefs & Cadena 2007) suggests that the difference in

patterning of energy demands and different levels of

uncoupling may not be that important.

In conclusion, while the idea that elevated energy

demands linked to ROS production may be an attractive

hypothetical mechanism underpinning the empirically

observed life-history trade-offs in animals, we were unable

to find evidence for any such mechanism when we

experimentally elevated energy expenditure by cold

exposure in captive animals. These findings may be because

the relationship between metabolic rate and ROS pro-

duction is far more complex than the simple one-to-one

relationship often inferred (see Barja 2007), perhaps due to

alterations in mitochondrial uncoupling in the cold (Brand

2000). Our data suggest that physiological costs of increased

metabolic rate are not incurred via oxidative damage at least

when metabolism is consistently elevated by over 50% in

non-resource limited captive voles. However, we should also

highlight that that post hoc power analysis calculated for the

mean power to detect significant treatment effects was

approximately 21% for our oxidative stress and antioxidant

assays. Therefore, care should be taken in such cases not to

definitively accept any null hypothesis outright. More

transient but greater elevations in metabolism that charac-

terize periods such as reproduction (Krol et al. 2003;

Speakman 2008) may have different effects that require

further investigation. We suggest that studies that will

measure potential costs of elevated metabolism and lifespan

in resource limited wild-living populations are now essential

as the competing demands for these limited resources,

driven by both physiological and ecological mediated costs,

are likely to be significant (Speakman 2008). The ability to

trade resources between life-history choices that may

potentially induce damage or protect the soma are likely to

be far more restrictive on individual animals simultaneously

facing inclement environmental conditions, experiencing

intense metabolic challenges, such as reproduction and with

limited access to resources. There is now a requirement to

test these ideas formally under field conditions.
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