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A B S T R A C T

Variation in lifespans is an intriguing phenomenon, but how metabolic rate influence this variation remains
unclear. High aerobic capacity can result in health benefits, but also in increased oxidative damage and ac-
celerated ageing. We tested these contradictory predictions using bank voles (Myodes = Clethrionomys glareolus)
from lines selected for high swim-induced aerobic metabolism (A), which had about 50% higher maximum
metabolic rate and a higher basal and routine metabolic rates, than those from unselected control lines (C). We
measured sprint speed (VSmax), forced-running maximum metabolic rate (VO2run), maximum long-distance
running speed (VLmax), running speed at VO2run (VVO2), and respiratory quotient at VO2run (RQ) at three age
classes (I: 3–5, II: 12–14, III: 17–19 months), and analysed survivorship. We asked if ageing, understood as the
age-related decline of the performance traits, differs between the A and C lines. At age class I, voles from A lines
had 19% higher VO2run, and 12% higher VLmax, but tended to have 19% lower VSmax, than those from C lines.
RQ was nearly 1.0 for both A and C lines. The pattern of age-related changes differed between the lines mainly
between age classes I and II, but not in older animals. VSmax increased by 27% in A lines and by 10% in C lines
between age class I and II, but between classes II and III, it increased by 16% in both selection directions. VO2run
decreased by 7% between age class I and II in A lines only, but in C lines it remained constant across all age
classes. VLmax decreased by 8% and VVO2 by 12% between age classes II and III, but similarly in both selection
directions. Mortality was higher in A than in C lines only between the age of 1 and 4 months. The only trait for
which the changes in old animals differed between the lines was RQ. In A lines, RQ increased between age
classes II and III, whereas in C lines such an increase occurred between age classes I and II. Thus, we did not find
obvious effects of selection on the pattern of ageing. However, the physiological performance and mortality of
bank voles remained surprisingly robust to ageing, at least until the age of 17–19 months, similar to the max-
imum lifespan under natural conditions. Therefore, it is possible that the selection could affect the pattern of
ageing in even older individuals when symptoms of senility might be more profound.

1. Introduction

One of the most intriguing phenomena of evolutionary biology is
the variation in lifespans and underlying mortality patterns across the
tree of life. Even closely related, or individuals of the same species, can
have very different average lifespans (Barja, 2013; Jones et al., 2014),
which cannot be explained solely by differences in environmental fac-
tors. Therefore, the presence of such variation still requires to be ex-
plained in the context of evolutionary theory and also by the under-
lining physiological mechanisms. Ageing is a complex process, and
detrimental changes occur simultaneously at various levels of biological

organization. Senescence is typically defined as an increase of mortality
and decline in fertility with age after maturity (Schaible et al., 2015),
but it is also manifested as decreased quality of life caused by a declined
physiological performance (Margolick and Ferrucci, 2015). The pattern
of this decline appears similar in various species and taxa, therefore, a
decrease of physiological performance is commonly used in medical
and evolutionary-ecology studies as a proxy of the ageing process
(Marck et al., 2016).

An increased physiological aerobic performance, associated with
regular physical activity, is well documented to be associated with a
wide range of health benefits and prevents or even reduces symptoms of
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age-related disorders, such as obesity, diabetes, inflammation
(Kokkinos and Myers, 2010) and cardiovascular diseases (Thompson,
2003). Therefore, increased physiological performance contributes to
healthy ageing and prolonged lifespan. On the other hand, it has been
shown that high aerobic capacity is correlated with increased basal and
routine metabolic rates (Sadowska et al., 2015; Wone et al., 2015),
which, according to the classical ‘rate of living’ (ROL) theory, is nega-
tively correlated with lifespan (Rubner, 1908; Pearl, 1928).

One of the leading mechanistic explanations behind the hypothe-
tical metabolism - rate of living nexus used to be the ‘free radical
theory’ of ageing (FRT) (Harman, 1956). It was based on the assump-
tion that high overall rates of aerobic metabolism can be associated
with the excessive production of reactive oxygen species (ROS). Surplus
ROS can damage mitochondria, which in turn produce more ROS.
Therefore, this can lead to oxidative stress, manifested by increased
oxidative damage to molecules, such as protein carbonylation or epi-
genetic changes to DNA, and hence accelerated ageing (Bratic and
Trifunovic, 2010). However, although it is known that oxidative stress
is associated with age-related diseases such as cancer, atherosclerosis,
diabetes, heart and neurodegenerative diseases (Ortuño-Sahagún et al.,
2014), the role of ROS as a factor underlining ageing remains unclear
(Selman et al., 2012). This is not only because animals can increase the
efficiency of anti-oxidative defence systems (Vaanholt et al., 2008), but
also because ROS help to maintain homeostasis at a cellular level by
playing important roles in intracellular signalling of various physiolo-
gical processes (Zarse et al., 2012). Moreover, exercise-induced ROS
can even prolong lifespan (Ristow and Schmeisser, 2014). The other
plausible and widely discussed mechanistic explanations of ageing in-
clude shortening of telomeres, a limited number of cell divisions, dis-
rupted protein turnover equilibrium, or accumulation of somatic mu-
tations to nucleic and mitochondrial DNA with progressive age
(Balcombe and Sinclair, 2001), i.e. processes that can also depend on
the rate of metabolism. Thus, the actual mechanistic explanation be-
hind the ROL theory remains a subject of debate.

Irrespective of the ambiguities concerning a hypothetical me-
chanism underlying the association between metabolic rate and ageing,
extensive studies on a wide range of species cast serious doubts on the
association itself. Comparative analyses showed no clear correlation
between lifespan and the rate of metabolism (De Magalhães et al.,
2007), or even a reversed pattern to that predicted by the ROL theory
(Barja, 2004; Brunet-Rossinni and Austad, 2004; Ricklefs, 2010;
Montgomery et al., 2011; Mcnab, 2005). Analyses of several intra-
specific correlations showed confusing results (Speakman et al., 2003,
2004; Oklejewicz and Daan, 2002; Niitepõld and Hanski, 2013; Hulbert
et al., 2004; Melvin et al., 2007). Results of studies based on experi-
mental manipulation of energy expenditure were also contradictory:
average lifespan increased in response to elevated exercise in mice and
rats (Chigurupati et al., 2008; Holloszy, 1997; Navarro et al., 2004), but
mice selectively bred for high wheel-running activity had higher me-
tabolic rate and shorter lifespan than non-selected control ones
(Vaanholt et al., 2010). However, the selected mice without access to
wheels had a similar rate of metabolism to controls, yet their lifespan
also decreased, indicating no clear link between energy expenditure
and lifespan.

Locomotor performance is a complex trait, limited by various ana-
tomical, morphological and physiological features, as well as the cur-
rent health state (Swallow et al., 2009). Although all types of locomotor
performance are susceptible to age-related disorders, the relevance of
particular limiting features to the process of ageing varies among lo-
comotor performance types (Koch and Britton, 2001; Koch et al., 2011;
Dlugosz et al., 2009; Bundle and Weyand, 2012). For example, aerobic
capacity, associated with long-distance running, can be compromised
by multiple dysfunctions to the cardiovascular system and decreased
mitochondria efficiency, which alters energy supply and muscle
strength (Speakman et al., 2003; Vaanholt et al., 2010; Navarro et al.,
2004). Some disorders can also be associated with changes in body

mass, possibly due to the degeneration of internal organs (Lessard-
Beaudoin et al., 2015). Moreover, age-related muscle-tendon stiffness
tends to increase limb load and cause posture or coordination disorders,
which lead to gait abnormalities in both long- and short-distance run-
ning (Horner et al., 2011). Therefore, to obtain a relevant evaluation of
the ageing process, various parameters of organismal performance must
be assessed.

Experimental approaches used in many previous ageing-related
studies primarily involved intra-specific correlations or phenotypic
manipulations of metabolic rate, and such data are unable to be used to
draw conclusions about genetic correlations between traits. A pro-
mising tool is offered by an experimental evolution approach, which
enables to investigate genetically-based relations under a controlled
experimental regime (Swallow et al., 2009). However, only a few se-
lection experiments have focused on physiological performance traits
(Swallow et al., 1998; Koch and Britton, 2001; Hayes and Garland,
1995; Konarzewski et al., 1997). Moreover, these studies have been
based on model species, for which the observed effects can be strongly
affected by domestication: laboratory mice and rats underwent a long-
term selection for increased parameters of reproduction, rapid growth
(Ricklefs, 2010; Selman et al., 2012) and sedentary phenotype (Garland
et al., 2011). In this study, we took advantage of a unique experimental-
evolution model system, based on a non-laboratory species, the bank
vole (Myodes = Clethrionomys glareolus; Sadowska et al., 2008). The
voles from lines selected for increased swim-induced aerobic metabo-
lism achieved about 50% higher maximum rate of oxygen consumption
compared to those from unselected control lines (Sadowska et al., 2015;
Konczal et al., 2015). Furthermore, the selected voles have increased
basal metabolic rate (Sadowska et al., 2015), daily activity and food
consumption (Koteja et al., 2009; Dheyongera et al., 2016), and dif-
ferent expression of some genes involved in metabolism in the liver
(Konczal et al., 2015).

We asked whether the selection for high aerobic metabolism af-
fected the pattern of ageing at the organismal level. We investigated
survivorship, body mass, and five aspects of locomotor performance:
the maximum speed achieved during sprint and long-distance running
(with gradually increasing speed), the maximum run-induced aerobic
metabolic rate (VO2run), respiratory quotient and the speed achieved at
VO2run. We expected that the physiological performance traits are
improved in the selected compared to the control lines and that they
decline with age, and asked whether and how survivorship and the age-
related changes of performance are altered by the selection. Our pre-
vious studies showed that the selection resulted in both an elevated
metabolic rate and improved locomotor performance (Sadowska et al.,
2015; Jaromin et al., 2016), but not in an elevation of oxidative stress
markers (in breeding young-adult females; Ołdakowski et al., 2015).
However, the increased aerobic metabolism could lead to a ROS pro-
duction rate that exceeds the antioxidant and repair systems capacity at
senile age, and consequently, to oxidative damage and faster ageing. On
the other hand, increased physical activity can be associated with
health benefits, such as an augmented capacity of the cardiovascular
and antioxidant systems, not only at a young age but also, or even
particularly, at senescence (Koch et al., 2011; Vaanholt et al., 2008). If
this is true, voles from the selected lines should be characterized by
increased survivorship and a less profound age-related decline of or-
ganismal performance. Thus, contradictory predictions concerning the
effect of the selection on the ageing pattern can be legitimately pro-
posed.

2. Materials and methods

2.1. The experimental model

The work was based on an experimental evolution model system, in
which four replicate lines of bank voles (Myodes = Clethrionomys glar-
eolus Schreber 1780) were selected for high aerobic metabolism
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achieved during swimming (VO2swim; A = aerobic lines), and four
lines were maintained as unselected control (C = control lines)
(Sadowska et al., 2008; Sadowska et al., 2015; Supplement I). In gen-
erations 11–14, voles from the A lines achieved about 50% higher
VO2swim than those from the C lines (Supplement I, Fig. S1.a;
Chrząścik et al., 2014). The selection resulted also in about 9% increase
of the basal metabolic rate (BMR) (Fig. S1.b; Sadowska et al., 2015),
and about 20% increase of daily locomotor activity inside home-cages
(measured at generation 7) and food consumption rate (measured at
generations 11 and 18; Koteja et al., 2009; Dheyongera et al., 2016) in
the young-adult voles from the A lines. Moreover, analyses of the
complete transcriptome from heart and liver indicated differences be-
tween the A and C lines in the expression levels of SNP (single nu-
cleotide polymorphism) allele frequencies in several genes involved in
carbohydrate and lipid metabolism, including the rate-limiting step of
glucose metabolic pathway in liver (Konczal et al., 2015). Thus, the A
line voles differ from the C line ones not only in locomotor perfor-
mance, but also in the overall rate of metabolism, and therefore provide
a suitable model to investigate the relationship between metabolic rate
and ageing.

2.2. Animals used

The main part of this study was conducted on voles sampled from
generation 13 of the selection experiment. The animals were randomly
chosen from the first and second litters of 15–20 families from each of
the four A and four C lines, with the provision that not more than one
male and one female represented a full-sib family (A: 51 males and 57
females; C: 53 males and 52 females). Following the standard colony
protocols, the animals were weaned from mothers at the age of 17 days,
maintained in full-sib family groups until the age of 30–32 days, and
then separated into same-sex groups of 2–3 individuals per cage. The
voles were maintained in standard plastic rodent cages provided with
sawdust bedding, at a temperature of 20 °C (± 1 °C), photoperiod 16 h
light: 8 h dark with light phase starting at 2:00 am. Water and food
(standard rodent chow: 24% protein, 3% fat, 4% fibre; Labofeed H,
Kcynia, Poland) were provided ad libitum.

The average life expectancy of young-adult bank voles in the wild is
about 3 months, and the maximal life expectancy is about
10–15 months, but occasionally individuals can achieve even
18–21 months (Bernshtein et al., 1999; Petrusewicz, 1983). Therefore,
the measurements described below were performed in three age classes:
(I) 3–5 months: young adult animals, (II) 12–14 months: middle aged
animals (maximum lifespan achieved under natural conditions), and

(III) 17–19 months: elderly animals (advanced senility).
The original plan of the experiment assumed maintaining the voles

until the age of about 22 months. However, we discovered that the
colony had been infected with Puumala hantavirus, which can cause
severe illness in people (e.g., Krüger et al., 2011), and the experiment
had to be terminated prematurely. The virus, commonly present in
many populations of voles (Ali et al., 2014), has not been detected
immediately because, under standard housing conditions, such as ap-
plied in this experiment, the infection does not inflict any pathological
effects in the bank voles (Bernshtein et al., 1999). Even though some
data suggest that the infection may decrease vole's survival under harsh
winter conditions (Kallio et al., 2007), it remains irrelevant in the case
of our study. Moreover, we confirmed that the parameters of re-
production (litter mass and litter size during weaning), mortality, and
adult body mass in the ‘infected’ generations did not differ from the
preceding ‘uninfected’ generations. Therefore, it is highly unlikely that
the infection influenced results of this experiment.

In most cases, the measurements of physiological performance traits
and body mass were performed on the same individuals throughout the
three age classes. However, the number of individuals tested in sub-
sequent age classes decreased because of mortality and planned eu-
thanasia (animals used at age class I: N = 190, II: N = 149 and III:
N = 134; Table 1).

Additionally, we measured food consumption rate in a subsample of
64 individuals from generation 13 at the age of 13.5–14.5 months (si-
milar to age class II used in the analysis of physiological performance)
and additional 64 individuals from generation 14 at the age of
6.5–7.5 months (detailed description is provided in Supplement II).

To conduct survival analysis, we used mortality data of animals
from two entire selection generations 13 and 14 combined together
(gen. 13: A: N = 1259, C: N = 1182; gen. 14: A: N = 1330, C:
N = 1263). A subsample of these animals (gen. 13: A: N = 97, C:
N = 98; gen. 14: A: N = 101, C: N = 97) was used to diagnose the age-
related diseases.

2.3. Measurements of performance traits, mortality and age-related
ailments

Within each experimental session (age class) performance traits
were measured in randomised groups of 16–32 individuals, which re-
presented both selection directions, all replicate lines within the se-
lection directions and both sexes. A blinded experimental procedure
was applied, i.e. during the experimental and animal care procedures
neither the researchers nor technicians knew from which selection

Table 1
Body mass and physiological performance traits of bank voles from lines selected for high swim-induced aerobic metabolism (A) and unselected control lines (C) in three age classes:
descriptive statistics (N and simple means with SD).

Trait Selection direction Age class

I (3–5 months) II (12–14 months) III (17–19 months)

N Mean (SD) N Mean (SD) N Mean (SD)

BM A 95 23.9 (3.7) 72 29.0 (4.1) 65 28.8 (3.7)
C 95 21.9 (4.3) 77 27.7 (5.2) 69 27.9 (4.9)

VSmax A 95 73.2 (18.6) 72 90.6 (21.0) 65 105.0 (18.6)
C 95 88.2 (22.8) 77 93.0 (25.2) 69 106.8 (21.6)

VO2run A 95 5.5 (0.8) 66 5.8 (0.6) 60 5.8 (0.6)
C 94 4.3 (0.6) 68 5.0 (0.7) 64 4.9 (0.7)

VLmax A 95 50.1 (14.2) 66 48.9 (14.7) 60 44.9 (14.0)
C 94 44.0 (10.7) 68 44.2 (10.3) 64 41.3 (10.8)

VVO2 A 95 35.0 (10.0) 66 35.1 (10.6) 60 30.4 (9.4)
C 94 31.0 (8.8) 68 33.5 (8.3) 64 30.3 (8.5)

RQ A 95 0.98 (0.07) 66 1.00 (0.6) 60 1.03 (0.6)
C 94 0.98 (0.07) 68 1.01 (0.6) 64 1.02 (0.6)

BM = body mass [g]; VSmax = maximum sprinting speed [m/min]; VO2run = maximum metabolic rate during running [ml O2/min]; VLmax = maximum long-running speed [m/min];
VVO2 = running speed achieved at VO2run [m/min]; RQ = respiratory quotient at VO2run.
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direction a given animal originated.
The maximum sprint speed (VSmax) was measured using a photo-

cell-lined racetrack, following standard procedures for rodents (Dlugosz
et al., 2009). The racetrack was made of an opaque plastic. It consisted
of 4.5 m long, 7.5 cm wide tunnel, with 30 cm high walls, which pre-
vented the animal from escaping, and a textured rubber ribbon bottom.
The track was divided into 0.5 m long sections with 8 infrared photocell
sensors attached to the walls at height of 1.5 cm. Binary data from the
sensors were streamed through a U3-HV interface (LabJack Co, Lake-
wood, CO, USA) and recorded using a custom-made program working
under DAQFactory Express 5.84 software (Azeotech, Aschland, OR,
USA). Each animal was weighed and placed inside the track. Next, the
voles were chased about 12 times along the track (6 times in right, and
6 times in left direction). The test was repeated on 2 consecutive days.
Sprint speed was calculated from the time elapsed between passing
subsequent photocell sensors. The maximum sprint speed was calcu-
lated from the minimum time achieved at a 1 m distance during any of
the trials on a given day (similarly as in Dlugosz et al., 2009) and ex-
pressed as m/min (for compatibility with the long-distance running
described below).

Next, the maximum exercise metabolic rate was measured as the
maximum rate of oxygen consumption achieved during forced running
(VO2run; ml O2/min) on a standard physiological treadmill for small
rodents with electric stimulation (BTU-100-1U-M, BIO-SYS-TECH,
Bialystok, Poland). Each animal was weighed, its belly was wetted to
increase electrical conductivity (otherwise the voles ignored the mild
shocks generated by stimulator), and it was placed on the treadmill
inside the respirometric chamber. After about 1 min, the treadmill was
turned on and the running speed was incrementally increased (by 6 m/
min each minute) until the animal was not able to run any faster. At
that moment the trial was stopped and the animal was placed back in its
home cage. Measurements for each individual were performed on two
subsequent days. The measurements were preceded by two days of mild
training to accustom the animal to using the treadmill. Both training
and the measurement trials were performed at a constant 22 °C tem-
perature. During the measurement, fresh air dried with Silica gel was
passed through the chamber at about 2000 ml/min regulated by a mass
flow controller to± 1% (two MFS-1 units; Sable Systems Int., USA).
Oxygen and CO2 concentrations were measured in a sample of
~200 ml/min of excurrent air (dried first with DG-1 or ND2; Sable
Systems Int., USA, and finally with magnesium perchlorate; Anhydrone,
J.T. Baker, USA) with FOX or FC10 oxygen analysers (depending on the
experimental session; Supplement III.1) and CA2A CO2 analyser (Sable
Systems Int., USA). The data were recorded through an analog-to-di-
gital UI2 interface with ExpeData 1.4.3 v PRO data acquisition program
(Sable Systems Int., USA). The rates of oxygen consumption and CO2

production were calculated using the respirometric equations with
‘instantaneous correction’ (Lighton, 2008). The highest 1-minute rate of
oxygen consumption was treated as the estimate of VO2run for each
measurement day. The respiratory quotient (RQ) was calculated as the
ratio of carbon dioxide production to oxygen consumption at the
VO2run.

The maximum speed of long-distance forced running (VLmax) was
determined as the maximum speed that an animal was able to achieve
during the VO2run trial, i.e. after several minutes of running at an in-
creasing speed. Another interesting performance trait measured in the
context of this work was the maximum aerobic speed (MAS), i.e. the
lowest speed at which an individual achieves VO2max (Dlugosz et al.,
2009). However, unlike in the case of measurements in humans, we
could not ensure that the actual exercise effort increased as dictated by
the treadmill speed, and consequently, MAS could not be reliably de-
termined. Instead, we report the speed at the middle of the 1-min period
when VO2run is achieved (VVO2), which sets the upper limit on MAS.
VLmax and VVO2 were expressed as m/min.

The mortality rate was determined daily. However, data were only
collected from the age of 17 days (age at the weaning), therefore

mortality before this age was not included in the survival analysis (left
truncation). Among all 5034 individuals used in the analysis, 353 died
of causes not related to experimental protocols, and these cases were
included as natural, physiological deaths. Cases of death due to acci-
dents (Ristow and Schmeisser, 2014) and planned euthanasia due to
tissue sampling or selection protocols (4627), were included as non-
natural deaths (right censoring).

To diagnose the presence of age-related diseases, observations from
349 individuals dissected in planned euthanasia were combined with
data on 44 animals that died of natural causes. The animals were than
divided into three age groups according to age at death (2–8 months:
N = 141; 8–14 months; N = 113; 14–20 months: N = 139) and the
observed ailments were assigned into 17 categories, according to af-
fected organ system or observed age-related disease (Supplement V:
Table S6). The results were expressed as a percentage of affected ani-
mals.

2.4. Statistical analyses

The statistical analyses of VSmax, VO2run, VLmax, VVO2, RQ, and
body mass (BM) were performed with SAS 9.3 (SAS Institute Inc., Cary,
NC, USA). Preliminary analyses showed that results obtained on sub-
sequent measurement days within each of the three age classes were
moderately repeatable (Supplement III.2: Table S1). Therefore, an
average from the repeated trials was used in the main analyses. For
VO2run, VVO2, and RQ, among the total of 894 repeated trials per-
formed in all individuals at the three age classes, 50 trials were ex-
cluded from the analysis due to errors or because the animals refused to
exercise, and then only one of the two trials repeated for an individual
at a particular age class was used. Generalized Linear Mixed Model (SAS
MIXED procedure) with REML method of estimation, variance con-
strained to positive values (default option) and with the Satterthwaite
option to calculate degrees of freedom was applied. The model included
three fixed categorical factors: Selection direction (A-Aerobic, C-
Control), Sex (Males, Females) and Age class (I: 3–5, II: 12–14, and III:
17–19 months), and their all-way interactions. BM was included as a
fixed covariate in analyses of the three running speeds, VO2run and RQ.
Replicate Line (A1-A4, C1-C4) nested within Selection direction, as well
as its interactions with the main categorical factors, were included as
random effects. Identification Number of an animal was included in the
analysis as a random effect nested in Replicate Line. To test the as-
sumption of homogeneity of slopes, initial models included interactions
of BM with categorical factors. The interactions were not significant for
VSmax, VLmax, VVO2, and RQ, so they were removed from the final
models. Factor effects were considered statistically significant when
P < 0.05. A Tukey-Kramer correction was applied for post hoc com-
parisons among Age classes. The significance of random effects was
assessed with chi square Likelihood Ratio test (using models with var-
iances not constrained to be positive). To achieve a normal distribution
of residuals, the analyses for VLmax and VVO2 were performed on
log10-transformed data. Results of the mixed model analyses are ex-
pressed as adjusted least square means (LSM) ± confidence intervals
(CI), back-transformed to the original scale (when appropriate).

The survival analysis was performed in R language (survMisc and
survival R-packages). We used Kaplan-Maier (product-limit) estimator
with Greenwood confidence intervals (e.g. Klein and Moeschberger,
2006) to plot and compare survivorship curves (the fraction of subjects
living). Additionally, to test equality of survival distributions we used
two tests: log-rank test and Gehan-Breslow test (modified Wilcoxon
test), which can be considered partially compensatory to each other: the
log-rank test is sensitive mainly to late occurring events, whereas the
Gehan-Breslow test gives more weight to early events. Also, the log-
rank test is more powerful when proportional hazard assumption is
fulfilled, whereas for the Gehan-Breslow test this assumption is less
important (Martinez and Naranjo, 2010). The empirical mortality rates
were smoothed by fitting one-dimensional Poisson penalized splines
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(MortalitySmooth R-package). Standard errors were calculated from
smoothed log-mortality rates. Confidence intervals were calculated
from the standard errors following the normality assumption.

3. Results

Body mass (BM) did not differ significantly between voles from A and
C lines even though it tended to be 6.5% higher in the A lines (overall
effect of selection: P=0.131; Table 2, Fig. 1.a; only at age class I:
P=0.425, II: P=0.693, III: P=0.740; Supplement IV: Table S4). Body
mass increased by 24% between the I and II age classes (P < 0.001), and
remained constant later on (age classes II-III: P=0.956; I-III: P < 0.001;
Table S4; overall effect of age: P < 0.001; Table 2). The increase in BM
with age was similar in A and C lines, i.e. no significant selection × age
interaction was found (P=0.752; Table 2, Fig. 1.a). Males had a 16%
higher mass than females, but interactions of sex with selection or age
were not significant (Table 2).

The maximum sprint speed (VSmax) did not change with body mass
(P= 0.187; Table 2, Supplement IV: Fig. S3). The overall effect of se-
lection was not significant (P= 0.225; Fig. 1.b). However, the VSmax
increased with age by 18% between age class I and II (P < 0.001), and
by 16% between II and III (P < 0.001; I-III: P < 0.001; Table S4;
overall effect of age: P < 0.001; Table 2), with a highly significant se-
lection × age interaction (P= 0.001; Table 2). At age class I, VSmax

tended to be 19% lower in A than in C lines (P= 0.126), but the dif-
ference diminished at age classes II and III (P= 0.991 and P= 0.972;
Table S4). Thus, the interaction was apparently due to a different pattern
of changes in A and C lines only between age classes I and II (Table 2,
Fig. 1.b): VSmax increased with age by 27% in the A lines (P < 0.001),
and by 10% in the C lines (P= 0.009; Table S4). However, between age
classes II and III the increase of VSmax was similar in A and C lines
(by about 16%; both P < 0.001; Table S4). To further investigate the
selection × age interaction in the older age class, crucial for testing the
hypotheses concerning the ageing process, an additional analysis was
performed for age classes II and III only. This analysis confirmed that the
selection × age interaction was clearly non-significant for the age classes
II-III (P= 0.751; Supplement IV: Table S5). In both models, the VSmax
did not differ between sexes (Table 2, Table S5), but the model for age
classes II-III showed a significant sex × selection interaction: VSmax was
12% higher in C-line males than females (Table S5).

The maximum forced exercise-induced metabolic rate (VO2run)
increased with body mass (the common slope ± CI:
0.082 ± 0.022 ml O2/(min g); P < 0.001; Table 2, Fig. 2.a). How-
ever, preliminary analysis showed significant interactions of body mass
with selection (F1,362 = 5.44, P = 0.020) and body mass with age
(F2,228 = 8.63, P < 0.001), which apparently were caused by a steeper
regression slope in A-line voles at age class I compared to that in all
other age classes (Fig. 2.a). Therefore, to investigate if VO2run differed

Table 2
Results of Mixed Model analyses of body mass, maximum sprinting speed, maximum metabolic rate achieved during forced running, maximum running speed, running speed achieved at
the maximummetabolic rate, and respiratory quotient at the maximum metabolic rate, of bank voles from lines selected for high swim-induced aerobic metabolism and unselected control
lines at three age classes: test statistics (F with df) and significance levels (P values; marked with bold if < 0.05) of fixed factors in the Mixed Models.

Trait Fixed effects

Body mass Selection Age Sex Selection × age Selection × sex Age × sex Selection × age × sex

BM F 3.07 124.33 64.86 0.29 2.71 1.1 1.28
df 1, 5.96 2, 12.4 1, 6.41 2, 12.4 1, 6.41 2, 275 2, 275
P 0.131 < 0.001 < 0.001 0.752 0.148 0.336 0.280

VSmax F 1.75 1.81 100.56 0.68 7.58 1.65 0.87 1.71
df 1, 459 1, 6.25 2, 349 1, 226 2, 284 1, 197 2, 284 2, 286
P 0.187 0.225 < 0.001 0.412 0.001 0.200 0.422 0.183

VO2run F 179.95 133.95 7.67 6.56 8.84 0.87 0.67 0.38
df 1, 12.7 1, 8.01 2, 319 1, 213 2, 319 1, 213 2, 267 2, 267
P < 0.001 < 0.001 0.001 0.001 < 0.001 0.353 0.511 0.682

VLmax F 1.99 4.92 5.62 0.04 0.48 2.00 1.16 0.65
df 1, 379 1, 6.11 2, 344 1, 224 2, 275 1, 195 2, 275 2, 276
P 0.159 0.068 0.004 0.838 0.619 0.159 0.314 0.521

VVO2 F 0.00 1.27 5.96 1.70 1.47 1.79 0.24 1.19
df 1, 304 1, 6.15 2, 17.7 1, 209 2, 12 1, 185 2, 290 2, 290
P 0.974 0.302 0.011 0.193 0.268 0.182 0.784 0.306

RQ F 2.67 0.03 12.72 0.01 2.94 0.29 1.67 0.34
df 1, 371 1, 6.04 2, 342 1, 185 2, 262 1, 160 2, 262 2, 262
P 0.103 0.858 < 0.001 0.908 0.054 0.590 0.190 0.715

BM = body mass [g]; VS = maximum sprinting speed [m/min]; VO2run = maximum metabolic rate during running [ml O2/min]; VLmax = maximum long-running speed [m/min];
VVO2 = running speed achieved at VO2run [m/min]; RQ = respiratory quotient at VO2run.

Fig. 1. (a) Body mass [BM; g] and (b) maximum sprint
speed [VSmax; m/min] of bank voles from lines se-
lected for high aerobic capacity (A) and from un-
selected control lines (C) in three age classes (I: 3–5, II:
12–14, III: 17–19 months); adjusted LSM ± 95% CI.
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between the selection directions and the age classes at observed range
of body mass, we tested the differences between these groups with a
model including the interactions, at carefully chosen set of body
masses: 15 g = minimum value for A and C lines at age class II,
26.14 g = the overall mean value, and 33 g = maximum value for A
and C lines at age class I (Supplement IV: Table S2).

The VO2run was 13% higher in A than in C lines at the lower end of
body mass range (BM = 15 g; Table S2). The difference increased with
increasing body mass: to 15% at mean body mass (BM = 26.14 g;
P < 0.001; Table S2, Table 2) and to 16% at the upper end of the mass
range (BM = 33 g; Table S2). Thus, irrespective of the differences in
regression slopes, VO2run was higher in A than in C lines for the entire
observed range of body mass. At the minimum body mass (15 g),
VO2run did not differ between age classes I and II or III (Table S2).
However, the regression slope was steeper in age class I than in II or III
(slope ± CI: age class I: 0.111 ± 0.025; II: 0.093 ± 0.025; III:
0.096 ± 0.024 ml O2/(min g). Therefore, at the mean observed body
mass (26.14 g) the VO2run was about 3.5% higher in age class I than in
II (P = 0.001) or III (P= 0.002; Table S2; overall effect of age:
P = 0.001; Table 2), and the difference increased further to about 8%
at 33 g (Table S2). The VO2run did not differ between age classes II and
III throughout the entire range of observed body mass (BM = 26.14 g,
P = 1.000; Table S2). Therefore, irrespective of the different regression
slopes between age classes, in the entire range of body mass, the
VO2run was higher in age class I than in II or III, and did not differ
between age classes II and III.

The above comparisons of VO2run across age classes are, however,
complicated by a highly significant selection × age interaction
(P < 0.001; Table 2, Fig. 2.b). At mean body mass (26.14 g), the
VO2run was 19% higher in A than in the C lines at age class I
(P < 0.001), whereas at age classes II and III the difference decreased
to 13% (both P < 0.001; Table S4). Therefore, the selection × age
interaction apparently resulted from different pattern of changes only
between age classes I and II (Fig. 2.b): VO2run decreased in the A lines
by about 7% (P < 0.001), but did not change between age class II and
III (P = 1.000), whereas in the C lines, it remained constant across all

three age classes (both P = 1.000). To further investigate VO2run
changes in older age, crucial for the inferences concerning ageing, we
performed an additional analysis, restricted to age classes II and III
only. For these two age classes the regression slopes were homogeneous
(body mass × selection: F1,138 = 0.16, P= 0.689; body mass × age;
F1,73.2 = 0.35, P = 0.557; Fig. 2.a), and therefore all interactions with
body mass were excluded from the final model. The results concerning
simple effects of selection and age were qualitatively the same as in the
model for age classes I-III (Table S5). However, the selection × age
interaction was clearly not significant (P= 0.665; Table S5). In both
models, the VO2run was about 3% higher in males than females, with
no significant interactions of sex with selection or age (Table 2, Table
S5).

The maximum long-distance running speed (VLmax) and the speed
achieved at VO2run (VVO2) did not change significantly with body mass
(VLmax: P = 0.159; VVO2: P= 0.974; Table 2, Supplement IV: Fig. S4,
Fig. S5). The mass-adjusted VLmax tended to be about 9% higher in A
than in C lines (P = 0.068; Table 2, Fig. 3.a; only at age class I:
P = 0.119, II: P = 0.506; III: P = 0.715; Table S4). It did not change
between age class I and II (P= 0.832) and decreased by 8% between
age class II and III (P= 0.003, I-III: P= 0.118; Table S4; overall effect
of age: P= 0.004; Table 2). However, the pattern of changes with age
was similar in A and C lines (selection × age interaction: P= 0.619;
Fig. 3.a). Mass-adjusted VVO2 did not differ between A and C lines
(P = 0.302; Table 2, Fig. 3.b; at age class I: P= 0.356, II: P= 0.995,
III: P = 0.100; Table S4). It did not change between age classes I and II
(P = 0.273) and decreased by 12% between age classes II and III
(P = 0.008; I-III: P = 0.067; Table S4; overall effect of age: P= 0.011;
Table 2), similarly in A and C lines (selection × age interaction:
P = 0.268; Fig. 3.b). The effect of sex and its interactions with selection
or age were not significant for either VLmax or VVO2 (Table 2).

Respiratory quotient at VO2run (RQ) did not change with body mass
(P = 0.103; Table 2, Supplement IV: Fig. S6). The simple effect of
selection was not significant (P= 0.858; Table 2; Fig. 3.c). At age class
I the RQ was 0.98, but it increased to 1.00 between age classes I and II
(P = 0.036), and additionally to 1.02 between age classes II and III

Fig. 2. (a) Individual values of the maximum forced
exercise-induced metabolic rate [VO2run; ml O2/min]
of bank voles from lines selected for high aerobic ca-
pacity (A) and from unselected control lines (C) in
three age classes (I: 3–5, II: 12–14, III: 17–19 months)
in relation to body mass [g] and (b) adjusted
LSM ± 95% CI of VO2run in the selection and age
classes, computed for the overall mean body mass
(26.14 g).

Fig. 3. (a) Maximum long-distance running speed
[VLmax; m/min], (b) running speed achieved at
maximum metabolic rate [VVO2; m/min] and (c) re-
spiratory quotient at maximum metabolic rate [RQ],
in bank voles from lines selected for high aerobic ca-
pacity (A) and from unselected control (C), in three
age classes (I: 3–5, II: 12–14, III: 17–19 months); ad-
justed back-transformed LSM ± 95% CI.
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(P = 0.008; I-III: P < 0.001; Table S4; overall effect of age:
P < 0.001; Table 2). However, a marginally significant se-
lection × age interaction was found (P = 0.054; Table 2, Fig. 3.c). The
RQ did not differ between voles from A and C lines at any of the three
age classes (I: P = 1.000, II: P = 0.855, III: P= 0.989; Table S4).
However, in the A lines RQ remained nearly constant between age
classes I and II (P = 0.928), and increased to 1.03 between age classes
II and III (P = 0.003), whereas in the C lines it increased to 1.01 be-
tween age class I and II (P = 0.40), and remained nearly constant be-
tween II and III (P= 0.997; Table S4). Next, an additional analysis was
performed for age classes II and III only. In this model, the se-
lection × age interaction was clearly significant (P= 0.017; Table S5),
and the pattern observed in the main model was confirmed: RQ in-
creased with age in the A lines, but not in the C lines (Fig. 3.c). In both
models, RQ did not differ between sexes, and the interactions of sex
with selection or age were not significant (Table 2, Supplement IV:
Table S5).

Likelihood ratio test showed significant random effect of differences
among replicate lines within selection direction in the case of BM
(χ2 = 19.1, P < 0.001), VSmax (χ2 = 14.8, P < 0.001), VO2run
(χ2 = 5.8, P = 0.016), VLmax (χ2 = 5.4, P = 0.020) and RQ
(χ2 = 11.1, P= 0.001), but not VVO2 (χ2 = 3.1, P = 0.078). The
random line × age interaction was significant only in BM (χ2 = 8.1,
P = 0.004), whereas line × sex interaction only in VLmax (χ2 = 4.4,
P = 0.036).

The food consumption rate was about 8% higher in A than in C lines
at the age of 7 and 14 months (mean with confidence limits: A: 6.12
(5.87–6.38), C: 5.62 (5.39–5.86) g/d; P = 0.006), but it was not sig-
nificantly affected by age (P = 0.173), sex, or interactions of these
factors (Supplement II: results and Fig. S2).

The survival distributions did not differ between selection genera-
tions 13 and 14 in either A or C lines (log-rank test: A: χ2 = 3.21,
P = 0.073; C: χ2 = 0.083, P = 0.774; Gehan-Breslow-Wilcoxon test: A:
χ2 = 3.22, P = 0.073, C: χ2 = 1.43, P= 0.232) or between males and
females (log-rank test: A: χ2 = 0.00, P = 0.970, C: χ2 = 0.42,
P = 0.422; Gehan-Breslow-Wilcoxon test: A: χ2 = 0.06, P = 0.814, C:
χ2 = 0.44, P = 0.506). Therefore, the main analyses of survivorship
and mortality were performed on combined data for both generations
and sexes. Survivorship was lower in the young-adult bank voles from A
than from C lines (Gehan-Breslow-Wilcoxon test: χ2 = 10.56,
P = 0.0012; Fig. 4.a). Moreover, detailed analysis by Kaplan-Meier
estimators revealed that the differences between survivorship curves
concerned only at the age range between 32 and 135 days (Fig. 4.a).
However, although in middle-aged and senile age ranges the mortality
rates tended to be lower in animals from A than in those form C lines,
the difference was not significant (log-rank test: χ2 = 3.11, P = 0.079;
Fig. 4.b).

Post mortem diagnoses showed that animals suffered a wide range

of age-related diseases at old age, which included cases of urinary
system disorders (degeneration of kidney tissue, nephrolithiasis, and
urolithiasis), obesity, tumours, male reproductive system disorders, fur
loss, and problems with eyes. The age-related ailments and diseases,
however, were similar in A and C animals (Supplement V: Table S6).

4. Discussion

The selection for high swim-induced maximum aerobic metabolism
(VO2swim) resulted also in changes of a few physiological performance
traits. As young adults, voles from selected (A) lines tended to have
lower sprint speeds (VSmax, Fig. 1.b) than ones from control (C) lines
(age class I: 3–5 months). However, selection for a partly voluntary
exercise led to an increase in the maximum metabolic rate achieved
during forced running (VO2run, Fig. 2). The difference in VO2run be-
tween voles from A and from C lines were highest at age class I, but it
was also profound later in life (age classes II: 12–14, III: 17–19 months).
The voles from A lines also tended to have higher maximum long-dis-
tance running speed (VLmax, Fig. 3.a), but not speed at VO2run (VVO2,
Fig. 3.b), however, the difference between A and C lines tended to be
higher in young-adults, than later on. Therefore, in the case of these
performance traits, the selection seemed to act strongest at age class I,
which is similar to the age when it is applied. Apparently, the selection
tended to act inversely on the VSmax and the VLmax. A reversed as-
sociation between sprint and aerobic running was also found in mice
selected for high daily wheel running (Dlugosz et al., 2009), where
selected animals ran faster on wheels than control ones, but had lower
sprinting speeds. Voles from the A and C lines did not have a different
overall respiratory quotient at VO2run (RQ, Fig. 3.c), which in young-
adults was nearly equal at 1.0, indicating that the main source of their
metabolism was carbohydrate oxidation (Anderson and Rhodes, 1989).
All of the investigated features are known to be susceptible to age-re-
lated ailments (Koch et al., 2011; Horner et al., 2011). However, sur-
prisingly for such a short lived species, the voles from either A or C lines
seemed to suffer only some changes to physiological fitness and mor-
tality.

Body mass (BM, Fig. 1.a) increased with age between age classes I
and II, after which it remained constant. This pattern of BM increase is
in agreement with previous studies on mice, and it presumably could be
caused by changes in adiposity, bone mass, or hypertrophy of the in-
ternal organs (Lessard-Beaudoin et al., 2015), which is however un-
known in this study. The BM of the voles from A and C lines followed
similar patterns of changes across all three age classes (Fig. 1.a). Re-
gardless, all the results concerning the investigated physiological per-
formance traits were corrected for body mass.

Unexpectedly, the maximum sprint speed (VSmax, Fig. 1.b) of voles
from A and C lines were not lower, but progressively higher at con-
secutive age classes. It was shown that quadrupeds are able to vary their

Fig. 4. (a) Survivorship based on Kaplan-Meier esti-
mator and (b) mortality rates fitted with P-splines, in
bank voles from lines selected for high aerobic capa-
city (A) and unselected control lines (C). The dia-
monds (A) and dots (C) represent empirical mortality
rates calculated for consecutive 30-day intervals from
aggregated daily mortality. The shaded areas re-
present 95% CI.
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footfall pattern to try to compensate for effects of ageing by modifying
the speed, metabolic efficiency and individual limb load (Horner et al.,
2011). The biological age of a peak in sprint performance is a subject of
debate, however, in some species, it can be achieved rather late after
sexual maturity (Marck et al., 2016). However, the large and pro-
gressive increase of sprint speed with age is unexplained. Sprint per-
formance is determined primarily by musculoskeletal function and limb
mechanics (Bundle and Weyand, 2012). In an ecological framework,
sprint speed is mainly vital to short activities, like escaping predators
(Andrew et al., 2016). It is possible, that natural selection favors some
changes in physiology or mechanics, which cause a shift into high sprint
capacity in old age. However, the more likely explanation could be
behavioural. During the measurements of VSmax, the animals were
chased from one side of a racetrack to another. It is possible that young-
adult animals are bolder and try to resist the procedure, whereas older
ones are easier to urge to run because they do not intend to struggle.
Learning the test procedure is an unlikely explanation of the increase of
VSmax with age because the test did not include any reward earned
depending on how fast the vole would run. However, the increased
performance could be due to an attuned reaction to stress. It is known
that rodents often react to stress by immobility (freezing) rather than
escaping. However, throughout their life, the voles are getting ac-
customed to being handled by people. Therefore, the adverse effects of
stress associated with the procedure can decrease with age, which can
result in an increased sprint speed. At any rate, because between age
classes I and II the VSmax in A lines increased more than in the C lines
(Fig. 1.b), the initial difference between selection directions vanished
already at age class II. However, at senescence, selection clearly did not
cause changes in the rate of increase in VSmax with age.

The maximum forced exercise-induced metabolic rate (VO2run,
Fig. 2) decreased with age between age classes I and II, but not between
age classes II and III. Therefore, in the case of VO2run the actual effect
of ageing, understood as age-related detrimental changes at senescence,
in this study, was not observed. Aerobic capacity reflects cardiovascular
efficiency and adaptations of skeletal muscles to use oxygen, according
to energy needs (Koch et al., 2011). During ageing, aerobic capacity can
be altered by a range of age-related critical effects (Vaanholt et al.,
2010; Navarro et al., 2004). However, it is possible that alterations of
VO2run in the bank vole species appear even later in life than it was
shown in this study. Moreover, the VO2run decreased between the I and
II age classes only in the A lines and it remained constant later on, while
in the C lines it remained constant throughout all age classes (Fig. 2.b).
This observation is consistent with other studies, in which selected mice
had distinctly higher voluntary wheel-running activity than unselected
control ones until the age of a few months, before the difference di-
minished (Vaanholt et al., 2008, 2010), and with studies on fruit flies,
where selection for high reproductive output led to a fast decrease of
reproductive capacity (Rose et al., 2008). However, even though
VO2run in the voles from A lines decreased, it was still elevated com-
pared to those from C lines until senility.

The maximum long-distance running speed (VLmax, Fig. 3.a) and
speed at VO2run (VVO2, Fig. 3.b) of the voles did not change between
age classes I and II, and decreased later on, between II and III. A similar
pattern was observed in various species, where a peak of physiological
performance was followed by a decline with ageing (Marck et al.,
2016). Long-distance running depends primarily on traits associated
with aerobic capacity, including efficiency of the cardiovascular system
or mitochondria number and function (Koch and Britton, 2001; Koch
et al., 2011; Dlugosz et al., 2009). Age-related decline in running speed
is a consequence of decreased muscle aerobic capacity (McGregor et al.,
2014), and defects of locomotor mechanics, including the weakening of
muscle-tendon units, postural changes, and loss of balance control
(Horner et al., 2011). The age at which peak performance is achieved
can vary among species from different taxa, but it is typically achieved
around sexual maturity (Marck et al., 2016). Unexpectedly, it seems,
that in bank voles peak performance was achieved rather late in life, at

the age of about one year, before decreasing in senile individuals.
Aerobic locomotion is largely essential to long-term activities in small
rodents, such as foraging for food or patrolling territories (Andrew
et al., 2016). Therefore it is likely, that in the short lived bank vole
species, most energy is invested into traits associated with reproduction
and feeding the offspring until the age of a few months. For individuals
born in early spring this could maximize chances of rearing more than
one litter during summer, when resources are in abundance, whereas
for individuals born later in the season, it could increase breeding
chances in the months preceding winter when the resources become
more scarce. However, even though in this study a peak of running
performance was observed later in life than could be expected, it is
clear that at senility, the voles from A lines suffered similar detrimental
changes than ones from the C lines (Fig. 3.a–b), which is consistent with
another study conducted on mice selected for high wheel-running ac-
tivity (Marck et al., 2016).

The RQ at VO2run in bank voles increased with age from below 1.0
to about 1.02 (RQ, Fig. 3.c), which indicates changes in the proportion
of metabolic processes. Apparently, at a young age animals used mainly
oxidation of carbohydrates in aerobic metabolism, whereas RQ ex-
ceeding 1.0 at senility indicate, that the lactate threshold lowered and a
higher proportion of anaerobic metabolism was used, so the contribu-
tion of anaerobic glycolysis became higher (Anderson and Rhodes,
1989). Between the age classes of I and II, the RQ increased only in the
C lines, whereas between the age classes of II and III, only in the A lines
(Fig. 3.c). So, voles from A lines were able to sustain high performance
until quite advanced age, but ageing, as age-related detrimental
changes observed at senility, was clearly more profound than in voles
from C lines. On the other hand, in voles from C lines performance
decreased earlier, but at senility, it was better sustained than in voles
from A lines. Therefore, this result can be understood as consistent with
the classical ROL theory of ageing.

The mortality rates were significantly higher in voles from A than in
those from C lines, but only within the age range of 32–135 days
(Fig. 4.b). Importantly, in our colony, at the age of 30–32 days, in-
dividuals are placed in a new cage, together with two to three un-
familiar same-sex cage-mates. It is therefore likely, that these in-
dividuals tend to arrange a hierarchy and engage in fighting (Łopucki,
2007). Our observations suggest that animals from A lines tend to fight
more than those from C lines. The explanation could also be physio-
logical, as a consequence of a trade-off between sustaining high aerobic
capacity and effective immune system, among which the other is
especially costly during the critical developmental period (Lee, 2006).
On the other hand, in older voles (above 135 days), mortality tended to
be lower in A than in C lines, but the difference was not significant
(Fig. 4). It can be speculated that the difference could be due to ben-
eficial health effects of increased locomotor exercise (Navarro et al.,
2004), observed in voles from A lines. It should be noted, however, that
even though mortality was evaluated using a sample of over 5000 in-
dividuals, only a small number of them died from natural causes (353),
or were kept until the age of advanced senility (213). Consequently, the
estimates of survivorship bear a large error (Fig. 4), and therefore re-
sults do not warrant a strong conclusion. Interestingly, post mortem
diagnoses revealed that already at the age ranges used in this study,
animals suffered severe disorders of multiple organ systems (Table S5).
Additionally, no clear differences between the disorders found in voles
from A and C lines were detected.

Results of our work are similar to a study conducted on mice artifi-
cially selected for high wheel-running activity (Vaanholt et al., 2010), in
which the link between physiological performance and lifespan was not
clear. The results are, however, inconsistent with a study on rats selec-
tively bred for high and low endurance treadmill-running capacity (Koch
et al., 2011), where high-endurance rats had better survival than the low
capacity ones. However, because the low-endurance rats had inherently
compromised parameters of the cardiovascular system (Koch et al., 2011),
this selection experiment is more suited as a model of cardiovascular
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diseases in geriatric biology, rather than to test the basic theories of
ageing. Both of these studies were performed on laboratory species, which
underwent domestication (Ricklefs, 2010; Selman et al., 2012; Garland
et al., 2011). In contrast, the selection experiment used here, incorporates
the benefits of using non-laboratory species and experimental evolution
directed towards a physiological performance trait. At senescence, the
voles from A lines manifested only some health benefits, as they retain
increased VO2run and tended to have lower mortality, than voles from C
lines. The lack of clearly visible health benefits during ageing is un-
expected, given that high physiological performance is linked to decreased
risk of atherosclerotic cardiovascular disease (Thompson, 2003), obesity,
or inflammation (Kokkinos and Myers, 2010). However, the comparison
between voles forms A and C lines is similar to one between healthy in-
dividuals and high capacity athletes. It is not certain how a largely in-
creased respiration can affect ROS production (Barja, 2007), but the level
of antioxidant defence can remain unchanged with age (Barreiro et al.,
2006). In our earlier work, breeding bank voles from A and C lines that
were only a few months-old did not differ in levels of oxidative damage or
antioxidants, but the level of antioxidants was inversely correlated with
the oxidative damage (Ołdakowski et al., 2015). Here, voles from A lines
were more affected by ageing than those from C lines only in the case of
RQ. Apparently, voles from A lines sustained effective antioxidant defence,
not only as young-adults, but also later in life. Another likely explanation
can be related to the protein turnover rate. Proteins are targets of post-
translational damage, but the accumulation of damaged proteins depends
not only on increased damage occurrence, but also on the efficiency of
cellular systems responsible for the elimination of such damaged proteins,
which, however, can be disrupted with ageing (Ortuño-Sahagún et al.,
2014). Possibly, the rate of protein turnover is higher in voles from the A
lines, and it remains higher throughout the entire life. It is also possible
that differences in the rate of ageing between A and C lines would be more
profound only in presence of additional physiological burden.

Although in our study age-related changes were observed in in-
vestigated physiological performance traits, the detrimental changes at
senility were found only in the case of VLmax, VVO2, and RQ. However,
we did not observe remarkable and consistent differences in the pattern
of age-related changes between the A and C lines. Also, differences in
mortality rates between the A and C lines were not present in the old
age ranges. Therefore, we conclude that selection for increased aerobic
exercise metabolism does not inflict either obvious positive or negative
effects in the ageing process. However, perhaps the most surprising
finding of our work is that the physiological performance and mortality
of the voles remained quite robust to ageing within the investigated age
range. Therefore, as the symptoms of ageing were only moderately
visible, it is possible that the selection would inflict changes in the
pattern of ageing at a still older age when symptoms of senility could be
more profound. Note, however, that the animals were maintained until
the age of about the maximum lifespan of bank voles under natural
conditions, achieved in nature by only a small percentage of individuals
(Bernshtein et al., 1999). According to the evolutionary theory of
ageing, natural selection acts in favour of repairing biological ma-
chinery at a young age, but does not support mechanisms preventing
deterioration at old age, because most individuals die of reasons other
than ageing, long before they achieve the age of senility (Jones et al.,
2014). Apparently, the biochemical mechanisms supporting high per-
formance in young voles help also to sustain health in the older age
range, even though natural selection acting at this age is weak. Alter-
natively, it is possible that elderly individuals, although small in
number, do have a significant contribution to whole-population re-
production (e.g., as a result of their experience and enhanced compe-
titive abilities). Both of these possibilities should be subjected to further
research. Therefore, even though the premature termination of the
experiment made it less interesting from the point of view of geriatric
medicine, it remains adequate in the context of evolutionary processes,
and the basic aspects of ageing research.
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