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to utilize oxygen in an
aerobic endurance event is a trait that encompasses a
vast array of biochemical and physiological traits (23,
30). Traits of this complexity are termed multifactorial
to emphasize their determination by multiple genetic
and environmental factors (13). Twin studies suggest a
substantial genetic component to aerobic endurance
capacity and two types of genetic substrates seem to be
evident. First, there is a complement of genes that
determine intrinsic exercise capacity in the untrained
state (4, 24). On top of intrinsic capacity is apparently
another set of genes that dictate the adaptational response to exercise (3, 5). Thus the trait of aerobic
capacity can be considered the result of expression of
both intrinsic and adaptational genes as they interact
with the environment.
Given such complexity, animal models in which both
genetic and environmental variation approach miniTHE CAPACITY OF AN ORGANISM
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mums can be of substantial value for determining the
genes causative of variation in physical capacity (9,
32). In theory, divergent artificial selection for a complex trait produces somewhat ideal genetic models,
because contrasting allelic variation is concentrated at
the extremes from one generation to the next. Selection
is possible if sufficient additive genetic variance exists
in a population for that trait (13). Based on Fisher’s
1930 Theorem of Natural Selection (14), traits peripherally associated with evolutionary fitness, such as
morphology and complex physiology, demonstrate
more additive genetic variance because of less pressure
from natural selection (29). Operation of Fisher’s Theorem is presumably demonstrated by the success of
artificial selection in producing several widely studied
rat models of complex traits such as spontaneously
hypertensive rats (SHR) (33), Dahl salt-sensitive rats
(25), and alcohol-sensitive rats (10).
Because of the importance of aerobic capacity in both
health and disease (6), we developed a plan to create
rat genetic models of intrinsic aerobic endurance treadmill running capacity in rats. As a first approach in a
small-scale study (26), we devised a treadmill running
protocol that yielded a significant response to selection
for low and high capacity in Sprague-Dawley rats.
Three generations of divergent selective breeding for
running capacity produced low and high lines that
differed by 70%. Because we had apparently defined a
complex aerobic phenotype with substantial response
to selection, we undertook a large-scale selective breeding program to develop low and high lines that would
diverge widely for intrinsic aerobic capacity. We report
here progress across six generations of artificial selective breeding for intrinsic (i.e., untrained) treadmill
endurance running capacity.1
METHODS

Founder population. The starting population was 96 male
and 96 female genetically heterogeneous rats (N:NIH stock)
obtained from a colony maintained at the National Institutes
of Health (17). Each rat in the founder population was of
different parentage, so selection was not among brothers and
sisters, which broadens the genetic variance (18). The rats
were 4–5 wk old upon arrival at our institution and were
housed two per cage. Each rat was provided food (Ralston
1
We propose the following nomenclature for these two outbred
stocks: 1) LCR for the “low-capacity runners” and 2) HCR for the
“high-capacity runners.”
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Koch, Lauren Gerard, and Steven L. Britton. Artificial selection for intrinsic aerobic endurance running capacity in rats. Physiol Genomics 5: 45–52, 2001.—Artificial selection for intrinsic aerobic endurance running capacity was
started using genetically heterogeneous N:NIH stock of rats
as a founder population (n ⫽ 168). Selection for low and high
capacity was based upon distance run to exhaustion on a
motorized treadmill using a velocity-ramped running protocol. The starting velocity was 10 m/min and was increased by
1 m/min every 2 min (slope was constant at 15°). At each
generation, within-family selection was practiced using 13
families for both the low and high lines. A rotational breeding
paradigm maintained the coefficient of inbreeding at less
than 1% per generation. On average the founder population
ran to exhaustion in 355 ⫾ 11 m. Six generations of selection
produced lines that differed in running capacity by 171%,
with most of the change occurring in the high line. At generation 6 the low line ran 310 ⫾ 8 m and the high line 839 ⫾
21 m at exhaustion. Selection for running capacity produced
changes in body weight as a correlated trait. By generation 6,
the low-line females were 20% heavier than the high-line
females, and the low-line males were 16% heavier than the
high-line males.
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current to the grid was stopped and the rat was removed
from the treadmill and weighed.
Figure 1 displays the nomogram for the relationship between distance run, time, and speed for the ramped running
protocol. The general idea was to have a test of treadmill
running that mostly estimated aerobic endurance capacity
over a reasonable duration. This goal was achieved satisfactorily as demonstrated on Fig. 1 by the placement of the
average capacity for rats in the founder population and after
six generations of high line selection. The founder population
ran to exhaustion by 355 m, which converts into a time of
about 22 min and a speed of 20 m/min. The sixth generation
of selection in the high line produced a population that was
exhausted on average after running 839 m (time ⫽ 42 min
and speed ⫽ 30 m/min).
For each of the five trials, the total distance run (in meters)
was used as the estimate of aerobic endurance capacity. The
single best daily run of five trials for each rat was considered
the trial most closely associated with the heritable component of endurance running capacity. All estimates of capacity
reported here are based upon the single best day of running
for each rat.
Selective breeding. Using the criterion of single best day,
the 13 lowest and 13 highest capacity rats of each sex were
selected from the founder population and randomly paired
for mating. The resultant offspring from each of the 26
families were weaned 28 days after birth. At 10 wk of age the
offspring were introduced to the treadmill and subsequently
tested for capacity as described above.
At each subsequent generation, within-family selection
from 13 mating pairs was practiced because it decreases the
rate of inbreeding to yield retention of genetic variation and
thus increases the overall response to selection (13). In practice, one female and one male offspring were selected from
each family and became parents for the next generation. The
prearranged schedule of matings followed a simple sequence
based on assigned family number (1 to 13, F ⫽ female, M ⫽
male) as shown in Table 1. When the rotation has completed
one entire cycle (i.e., generation 13), the 1 ⫻ 1, 2 ⫻ 2, etc.,
matings will be skipped to avoid sibling matings (12).
Analysis of data. The average response for a given generation is the difference for the trait between the mean of the
population from which the parents were selected and the

Fig. 1. Nomogram relating speed and time to
distance run to exhaustion for the speedramped protocol. The starting speed was 10
m/min and was increased 1 m/min every 2
min. Average distances run by the founder
population and by the high-line rats at generation 6 are indicated by the vertical arrows.
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Purina, diet 5001) and water ad libitum and placed on a
12:12-h light-dark cycle with the light cycle coinciding with
daytime. All procedures were carried out with approval by
our Institutional Animal Care and Use Committee and were
conducted in accordance with the “Guiding Principles in the
Care and Use of Animals” as approved by the Council of the
American Physiological Society. The protocol for estimation
of aerobic running capacity required 2 wk and was started
when the rats were 10 wk old (26).
Estimation of endurance running capacity. The first week
consisted of introducing each rat to the treadmill (model
Exer-4; Columbus Instruments, Columbus, OH) for gradually increasing duration each day. The goal of the first week
was to expose each rat to sufficient treadmill education so
that they could run for 5 min at a speed of 10 m/min on a 15°
slope. This amount of exposure to treadmill running is likely
below that required to produce a significant change in aerobic
capacity (1, 11).
The first 2 days of introduction to treadmill running consisted of simply placing the rat on the belt that was moving
at a velocity of 10 m/min (15° slope) and picking the rat up
and moving it forward if it started to slide off the back of the
belt. During introduction days 3–5, the belt speed was gradually increased up to 15 m/min, and failure to run caused the
rats to slide off of the moving belt and onto a 15 ⫻ 15-cm
electric shock grid that delivered 1.2 mA of current at 3 Hz.
The rats were left on the grid for about 1.5 s and then moved
forward onto the moving belt. This process was repeated
until the rats learned to run to avoid the mild shock. The
ability to achieve this minimal level of running at least once
constitutes the threshold performance necessary for inclusion in evaluation for maximal capacity the following week.
Rats not achieving this minimal running ability were
dropped from further testing.
During the second week, each rat was evaluated for maximal endurance running capacity on five consecutive days.
Each daily endurance trial was performed at a constant slope
of 15° with the starting velocity at 10 m/min. Treadmill
velocity was increased by 1 m/min every 2 min and each rat
was run until exhausted. Exhaustion was operationally defined as the third time a rat could no longer keep pace with
the speed of the treadmill and remained on the shock grid for
2 s rather than run. At the moment of exhaustion, the
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Table 1. Prearranged schedule of matings: a simple sequence based on assigned family number
Family
Number

Founder
F ⫻ M ⫽ family

Generation 1
F ⫻ M ⫽ family

Generation 2
F ⫻ M ⫽ family

Generation 3 . . . n 3
F ⫻ M ⫽ family

1
2
3
Continue
2
13

1⫻1⫽1
2⫻2⫽2
3⫻3⫽3
Continue
2
13 ⫻ 13 ⫽ 13

1⫻2⫽1
2⫻3⫽2
3⫻4⫽3
Continue
2
13 ⫻ 1 ⫽ 13

1⫻3⫽1
2⫻4⫽2
3⫻5⫽3
Continue
2
13 ⫻ 2 ⫽ 13

1⫻4⫽1
2 ⫻ 5 ⫽2
3⫻6⫽3
Continue
2
13 ⫻ 3 ⫽ 13

At each subsequent generation, within-family selection from 13 mating pairs was practiced because it decreases the rate of inbreeding to
yield retention of genetic variation and thus increases the overall response to selection (13). In practice, one female and one male offspring
were selected from each family and became parents for the next generation. The prearranged schedule of matings followed a simple sequence
based on assigned family number (1 to 13, F ⫽ female, M ⫽ male). When the rotation has completed one entire cycle (i.e., generation 13), the
1 ⫻ 1, 2 ⫻ 2, etc., matings will be skipped to avoid sibling matings (12).

RESULTS

Figure 2 shows the one best day performance for
each rat of the founder population ranked from the
lowest to highest capacity by sex. Eighty-eight of 96
females and 80 of 96 males passed the threshold test
(total ⫽ 168 rats) required for inclusion in the population to be tested for running capacity. On average, the
entire founder population ran to exhaustion in 355 ⫾
11 m with the females running significantly further
than the males. The founder females ran an average
for 380 ⫾ 15 m, and the males ran on average for 327 ⫾

16 m. The 13 lowest founder females averaged 205 ⫾
7 m and the lowest 13 males averaged 167 ⫾ 7 m run
to exhaustion, and these were randomly paired and
mated to produce 13 families for the first generation of
the low line (Table 2). The 13 highest founder females
averaged 633 ⫾ 26 m and the 13 highest males averaged 541 ⫾ 21 m run to exhaustion, and these were
randomly paired and mated to produce 13 families for
the first generation of the high line (Table 3). This
represents a 3.1-fold difference for the females (633/
205) and a 3.2-fold difference for the males (541/167)
between the low and high parents selected from the
founder population. Tables 2 and 3 provide average
data for the low and high lines for distance, time, and
speed at exhaustion for both sexes for the founder
population parents and at each of the six generations.
Figure 3 depicts the emerging differences in aerobic
running capacity across the first six generations of
selection for the females in the form of histograms. It is
obvious from inspection that the high line responded
more strongly to selection and has greater variation
relative to the low line. The female founder population
recorded an initial capacity of 380 ⫾ 15 m, and the
high-line females improved to 912 ⫾ 32 m on average
by generation 6 (140% increase). The low-line females

Fig. 2. Capacity ranking from low to high for
females (circles, n ⫽ 88) and males (squares, n ⫽
80) of the founder population. The 13 lowest and
13 highest sexed pairs were randomly mated to
produce the first generation of low- and high-line
rats.
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mean of their progeny. The average unadjusted response to
selection was estimated from the regression of distance expressed in meters run to exhaustion for each rat (dependent
variable) on generation (independent variable) using SPSS
software (28). In addition, multiple linear regression was
used to estimate the influence of both generation and body
weight upon the distance run to exhaustion. For regression
estimates, it was tested whether distances run for each
generation were normally distributed (Kolmogorov-Smirnov
test). The Dunnett test for multiple comparisons was used to
test for differences in body weight across the six generations
for each sex using generation one as the control. The 5% level
of confidence was arbitrarily used for assigning a difference
as significant, and data are presented as means ⫾ 1 SE.
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Table 2. Summary of low-line females and males for each generation
Distance to
Exhaustion, m

Time to Exhaustion,
min

Founder Parents
G1
G2
G3
G4
G5
G6

205 ⫾ 6.9
421 ⫾ 22.1
334 ⫾ 16.0
328 ⫾ 11.1
367 ⫾ 13.3
325 ⫾ 11.1
321 ⫾ 12.7

15.3 ⫾ 0.41
25.6 ⫾ 0.95
21.8 ⫾ 0.72
21.6 ⫾ 0.53
23.5 ⫾ 0.61
21.5 ⫾ 0.54
21.2 ⫾ 0.61

Founder Parents
G1
G2
G3
G4
G5
G6

167 ⫾ 7.1
372 ⫾ 20.6
269 ⫾ 17.8
315 ⫾ 14.4
303 ⫾ 11.2
248 ⫾ 10.7
295 ⫾ 8.3

13.0 ⫾ 0.45
23.4 ⫾ 0.93
18.4 ⫾ 0.94
20.9 ⫾ 0.64
20.4 ⫾ 0.57
17.8 ⫾ 0.57
20.1 ⫾ 0.41

Speed at Exhaustion,
m/min

Body Wt, g

n

17.2 ⫾ 0.22
22.3 ⫾ 0.47
20.5 ⫾ 0.36
20.4 ⫾ 0.27
21.3 ⫾ 0.30
20.1 ⫾ 0.30
20.1 ⫾ 0.31

192 ⫾ 5.7
178 ⫾ 2.2
188 ⫾ 1.6
187 ⫾ 1.9
195 ⫾ 2.0
195 ⫾ 2.0
204 ⫾ 4.0

13
64
60
79
64
64
77

15.9 ⫾ 0.24
21.3 ⫾ 0.46
18.7 ⫾ 0.48
20.0 ⫾ 0.32
19.7 ⫾ 0.28
18.0 ⫾ 0.35
19.5 ⫾ 0.21

314 ⫾ 7.5
281 ⫾ 3.8
292 ⫾ 5.0
285 ⫾ 4.2
296 ⫾ 3.4
300 ⫾ 5.3
291 ⫾ 4.3

13
58
43
74
64
47
63

Females

Males

decreased their average running capacity to 321 ⫾
13 m by generation 6 (⫺18%). Figure 4 shows that a
similar pattern of response to selection occurred for the
males. The founder male population ran on average for
327 ⫾ 16 m to exhaustion, and the high-line males
increased running capacity to 756 ⫾ 26 m (131%). The
low-line males decreased running capacity to 295 ⫾
8 m (⫺11%) as a consequence of six generations of
selection.
Figure 5 shows the mean response to selection for
females and males combined at each generation for the
low and high-capacity lines. At generation 6 the low
line averaged 310 ⫾ 8 m and the high line averaged
839 ⫾ 21 m, representing an overall divergent response to selection of 171% (529 m). On average, regression estimates unadjusted for body weight showed
that the low line decreased running capacity by 13.4
m/generation (y ⫽ ⫺13.4x1 ⫹ 377, r ⫽ 0.187, P ⬍ 0.001)

and the high line increased running capacity by 56.7
m/generation (y ⫽ 56.7x1 ⫹ 479, r ⫽ 0.360, P ⬍ 0.001).
Selection for running capacity also produced differences in body weight as a correlated trait in both sexes.
In general, the low line became increasingly heavier
and the high line increasingly lighter at each generation (Fig. 6). By generation 6 the low-line females
weighed 204 ⫾ 4 g and the high-line females weighed
170 ⫾ 2 g (20% difference). By generation 6 the low-line
males weighed 291 ⫾ 4 g and the high-line males
weighed 251 ⫾ 3 g (16% difference). Because of the
changes in body weight, the responses to selection
shown in Fig. 5 were also fitted to a linear model using
both generation and body weight as predictors of distance run to exhaustion. The adjusted model estimated
that body weight accounted for a statistically significant part of the variation in distance run to exhaustion
for both the low and high lines. Body weight accounted

Table 3. Summary of high-line females and males for each generation
Distance to
Exhaustion, m

Time to Exhaustion,
min

Founder Parents
G1
G2
G3
G4
G5
G6

633 ⫾ 25.7
565 ⫾ 29.5
652 ⫾ 35.5
722 ⫾ 27.0
784 ⫾ 33.0
813 ⫾ 34.0
912 ⫾ 31.8

34.7 ⫾ 0.93
31.5 ⫾ 1.14
34.7 ⫾ 1.26
37.3 ⫾ 0.97
39.5 ⫾ 1.11
40.4 ⫾ 1.13
43.7 ⫾ 1.00

Founder Parents
G1
G2
G3
G4
G5
G6

541 ⫾ 20.9
513 ⫾ 33.6
495 ⫾ 23.5
630 ⫾ 25.3
611 ⫾ 24.2
662 ⫾ 24.2
756 ⫾ 26.4

31.1 ⫾ 0.81
29.0 ⫾ 1.41
28.7 ⫾ 0.96
34.1 ⫾ 0.91
33.5 ⫾ 0.88
35.3 ⫾ 0.88
39.2 ⫾ 0.86

Speed at Exhaustion,
m/min

Body Wt, g

n

Females
26.7 ⫾ 0.49
25.3 ⫾ 0.57
26.9 ⫾ 0.63
28.2 ⫾ 0.49
29.2 ⫾ 0.55
29.7 ⫾ 0.57
31.4 ⫾ 0.50

189 ⫾ 4.6
181 ⫾ 2.7
175 ⫾ 2.3
175 ⫾ 2.0
176 ⫾ 1.9
172 ⫾ 1.8
170 ⫾ 1.6

13
58
55
85
67
58
76

25.1 ⫾ 0.42
24.0 ⫾ 0.70
23.8 ⫾ 0.48
26.5 ⫾ 0.46
26.3 ⫾ 0.44
27.1 ⫾ 0.44
28.6 ⫾ 0.54

275 ⫾ 10.9
265 ⫾ 3.7
270 ⫾ 3.4
258 ⫾ 3.5
261 ⫾ 3.2
253 ⫾ 3.0
251 ⫾ 3.1

13
57
74
72
62
81
76

Males

Values are means ⫾ SE; n ⫽ number of rats.
http://physiolgenomics.physiology.org
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Values are means ⫾ SE; n ⫽ number of rats.
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Fig. 3. Frequency histograms for distance run for the founder population females and the low- and high-line females at generations
1–6. Low line is shown in gray; high line is in black.

for a decrease of 0.54 m/g body wt for the low line (y ⫽
⫺12.2x1 ⫺ 0.54x2 ⫹ 500, r ⫽ 0.311, P ⬍ 0.001) and a
decrease of 1.8 m/g body wt for the high line (y ⫽
52.0x1 ⫺ 1.8x2 ⫹ 891, r ⫽ 0.490, P ⬍ 0.001).
DISCUSSION

Artificial divergent selection can yield somewhat
ideal genetic models, because contrasting alleles ultimately become fixed at loci controlling the selected
genotypes. Our long-term plan is to continue selection
until the responses plateau and then create inbred
strains of both low and high aerobic endurance capacity rats that can be made available for study. Aerobic
endurance capacity, like other complex physiological
traits such as height, blood pressure, coordination, and
strength, is an example of a quantitative trait that
demonstrates continuous variation. The inherent complexity of quantitative traits amplifies the benefits of
animal genetic models in which genetic and environmental variations approach minimum values. An in-

Fig. 4. Frequency histograms for distance run for the founder population males and the low- and high-line males at generations 1–6.
Low line is shown in gray; high line is in black.
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bred strain is defined as one that has been exclusively
sister-brother mated for at least 20 generations (31).
Each generation of inbreeding increases the probability of attaining homozygosity at any given genetic
locus, and by 20 generations ⬃97.5% of the loci are
homozygous. Thus the major value of inbred strains
emanates from their close genetic uniformity that facilitates genotyping, phenotyping, and the opportunity
for multiple investigators to evaluate the same genetic
substrate repeatedly; this type of uniformity cannot be
approached in human studies.
The availability of N:NIH rats from the Animal Resource Center of the National Institutes of Health for
use as a founder population was of major benefit. This
stock of rats originated from the intentional crossbreeding of eight inbred strains (ACI, BN, BUF, F344,
M520, MR, WKY, and WN) by Hansen and Spuhler in
1979 (17). The crossbreeding produced a population
that has relatively wide genetic heterogeneity and is
thus somewhat ideal as a starting population for arti-
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Fig. 5. Response to selection across six generations for the low and high lines. Each point represents the average distance run (⫾1 SE) to exhaustion for females and males combined at each
generation. The regressions were derived from
data on all rats (low line n ⫽ 771; high line n ⫽
821). On average the high line increased 56.7
m/generation, and the low line decreased 13.4
m/generation.
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Fig. 6. Change in body weight for females (A) and males (B) at each
generation of selection for the low (solid bars) and high (open bars)
lines. For both sexes, the low line became heavier and the high line
became lighter as a function of selection for running capacity across
the six generations. At generation 6 (G6), the body weights of the low
and high females differed by 34 g (20%, P ⬍ 0.001) and the body
weights of the low and high males differed by 40 g (16%, P ⬍ 0.001).
*P ⬍ 0.05, significant weight change different from generation 1 (G1)
values within each line as assessed by the Dunnett test. Values are
means ⫾ 1 SE.

ficial selection. To maintain genetic heterogeneity
across the generations, we used within-family selection
and rotational breeding for the 13 families in each line.
With equal representation of one male and one female
offspring from each family, the rate of inbreeding per
generation (DF) can be estimated as: DF ⫽ [1/4N],
where N ⫽ number of individual parents for each line
(12). Because we had 26 parents/generation for each
line, the rate of inbreeding was ⬃0.96%/generation.
We used a running protocol with a starting velocity
of 10 m/min that was ramped up in velocity 1 m every
2 min. The choice of parameters for this protocol was
based upon four factors. First, it has been demonstrated that oxygen consumption increases linearly as
a function of running velocity over a wide range in rats.
Gleeson and Baldwin (15) measured oxygen consumption in untrained rats that averaged 48 ml 䡠 kg⫺1 䡠 min⫺1
when running at 11 m/min and increased linearly to 86
ml 䡠 kg⫺1 䡠 min⫺1 at a velocity of 27 m/min (0% grade).
Brooks and White (7) reported a significant association
(r ⫽ 0.83) between oxygen consumption and running
velocity (range ⫽ 14.3 to 43.1 ml 䡠 kg⫺1 䡠 min⫺1) in untrained rats tested at a slope of 15%. Second, we presumed that selection would produce rats with greater
capacity, and we wanted to avoid having a test that
became exceedingly long to perform at future generations; the ramped nature of the test precludes this as a
possibility. Third, the “average” unselected and untrained rat can complete this protocol in about 20–22
min. This duration assures that aerobic capacity comprises a major component of the test (8, 27). Fourth,
employing one grade (15°) throughout the run and only
changing velocity simplifies the actual assessment of
each rat.
Joyner (23) developed a model of endurance running
capacity that is the product of three physiological variables: 1) the maximal rate at which oxygen and nutrient substrates can be utilized to produce energy in the
form of ATP (V̇O2 max, ml O2 䡠 kg⫺1 䡠 min⫺1), 2) the per-

GENETIC MODELS OF PHYSICAL PERFORMANCE

It is obvious from inspection that the high line responded more strongly to selection (⫹484 m) compared
with the low line (⫺45 m) across the six generations.
Selection for the low trait character is often of lesser
magnitude relative to the high for two primary reasons
(13). First, selection can be lower simply because the
low trait approaches zero as a limit. Second, it is
possible that natural selection has constrained variation in aerobic capacity at the low end because a minimal threshold capacity may be associated with evolutionary fitness. In contrast, more genetic variation may
exist for high aerobic capacity because this trait has
been under less evolutionary pressure (29). We imposed a threshold test for inclusion in the study that
excluded rats either unwilling or unable to run for a
minimum of 5 min at 10 m/min (15° grade) by the end
of the education week. Our idea was to select the low
line for low running capacity, not zero running capacity. Thus we likely imposed some amount of selection
for cooperation and willingness to run. Swallow and
colleagues (32) have selectively bred mice for low and
high willingness to engage in voluntary wheel running;
these contrasting lines will be of value to address
directly factors related to motivation for aerobic exercise.
Response to artificial selection in the first and subsequent generations originates from four primary
sources (13): 1) increased frequency of genes causative
of the change in phenotype on which selection is based
(this is, of course the usual goal of selection); 2) unpredictable and subtle changes in the environment [the
use of divergent selection for low and high directions
(i.e., two-way selection) for the trait, as employed here,
serves as a control for environmental shifts across
generations]; 3) sampling errors in estimating the generation means; and 4) random changes in gene frequency (i.e., random genetic drift). Variation from sampling errors and genetic drift are reduced by an
increase in the number of animals in the founder population and the number of families maintained at each
generation. On the other hand, the contribution from
genetic drift can only be estimated by maintaining
replicate selected lines. Because the scale of any breeding program is ultimately resource limited, the maintenance of replicate lines operates to decrease fractionally the size of each line to 1/(n ⫹ 1) compared with no
replicate lines (n ⫽ number of replicate lines) (13). Our
decision was to reduce sampling error and contribution
from genetic drift by employing all resources for development of only one low and one high line. The tradeoff
was that we have no direct estimate of the contribution
of genetic drift.
Despite a substantial differential response after six
generations of selection, we cannot predict how many
generations will be required to reach the selection limit
because: 1) the outcome is determined by the summed
influence of individual genes segregating in the
founder population, and these are obviously not known
beforehand; and 2) mutations are constantly producing
new allelic variation, and the rate and character of
such mutations are not easily determined (13, 16, 19).
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cent of V̇O2 max at the threshold for lactate release
(%V̇O2 max at LT), and 3) the efficiency of running (RE,
km 䡠 min⫺1 䡠 VO2⫺1). Our overall working hypothesis is
that allelic differences for each of these three complex
intermediate phenotypes of the Joyner model will
largely account for the magnitude of the difference in
aerobic running capacity between the low and high
selected lines. Knowledge that originates from the
seminal work of A. V. Hill (20–22) supports the contention that the ability of the heart to deliver oxygen is
the predominant singular factor that limits maximal
aerobic capacity (8, 27). From this we predict that
artificial selection based upon the ramped protocol will
concentrate genes associated with both maximal aerobic power and enhanced cardiac function in the high
line.
The distance run (in meters) at exhaustion was used
as the estimate of aerobic endurance capacity and thus
breeding value. The single best trial of five was used,
because it was deemed the best indicator of capacity
determined by intrinsic genetic composition (9). This
idea of estimating the genetic component from the one
best day of performance, rather than the average for all
trials, for example, has two origins. First, the environment can have an infinite negative influence upon
capacity by reducing the distance run to zero. Factors
such as subtle differences in housing or daily handling
could cause a genetically superior rat to perform below
its normal on a given day. Second, the environment can
have only a finite positive influence upon any test of
capacity for a given genotype. An extension of this logic
is that the estimate of breeding value (distance run)
has more error for the low line relative to the high line.
Although selecting on the one best day may reduce
environmental error, it simultaneously created the
possibility that a component of selection may be related
to short-term adaptation (2). Indeed, for the five consecutive days of testing, on average, the low-line rats
ran best on day 2.9 ⫾ 0.05 and the high-line rats ran
best on day 3.67 ⫾ 0.05 (P ⬍ 0.005). Although this may
represent a minor component of aerobic biochemical
adaptation for the high line, other factors such as
differences in behavioral responses to running may
also be involved.
A change in an unselected trait produced by selection
for another trait is termed a correlated response. Selection produced differences in body weight as a correlated trait in both sexes (Fig. 6). In general, the low line
became increasingly heavier and the high line increasingly lighter at each generation. Across the six generations there were small but significant correlations
between body weight and distance run for both sexes in
each line (low-line females, r ⫽ ⫺0.306, P ⬍ 0.001;
low-line males, r ⫽ ⫺0.141, P ⬍ 0.009; high-line females, r ⫽ ⫺0.180, P ⬍ 0.001; and high-line males, r ⫽
⫺0.225, P ⬎ 0.001). The genetic component of a phenotypic correlation is produced by pleiotropy, which is
the property of an allele to simultaneously effect two or
more traits. As such, the low and high lines might also
serve as contrasting models to determine genes that
influence body weight and composition.

51

52

GENETIC MODELS OF PHYSICAL PERFORMANCE

We thank Marianne Miller Jasper for preparation of the manuscript and Kenneth G. Bensch for technical support.
This work was supported by National Heart, Lung, and Blood
Institute Grant HL-64270.
REFERENCES

http://physiolgenomics.physiology.org

Downloaded from http://physiolgenomics.physiology.org/ by guest on February 23, 2013

1. Baldwin KM, Cooke DA, and Cheadle WG. Time course
adaptations in cardiac and skeletal muscle in different running
programs. J Appl Physiol 42: 267–272, 1977.
2. Booth FW and Holloszy JO. Cytochrome c turnover in rat
skeletal muscle. J Biol Chem 252: 416–419, 1977.
3. Bouchard C, An P, Rice T, Skinner JS, Wilmore JH, Gagnon J, Pérusse L, Leon AS, and Rao DC. Familial aggregation of VO2 max response to exercise training: results from the
Heritage family study. J Appl Physiol 87: 1003–1008, 1999.
4. Bouchard C, Lesage R, Lortie G, Simoneau JA, Hamel P,
Boulay MR, Perusse L, Theriault G, and LeBlanc C. Aerobic
performance in brothers, dizygotic and monozygotic twins. Med
Sci Sports Exerc 18: 639–646, 1986.
5. Bouchard C, Rankinen T, Chagnon YC, Rice T, Perusse L,
Gagnon J, Borecki I, An P, Leon AS, Skinner JS, Wilmore
JH, Province M, and Rao DC. Genomic scan for maximal
oxygen uptake and its response to training in the HERITAGE
family study. J Appl Physiol 88: 551–559, 2000.
6. Bray MS. Genomics, genes, and environmental interaction: the
role of exercise. J Appl Physiol 88: 788–792, 2000.
7. Brooks GA and White TP. Determination of metabolic and
heart rate responses of rats to treadmill exercise. J Appl Physiol
45: 1009–1015, 1978.
8. Costill DL, Thomason H, and Roberts E. Fractional utilization of the aerobic capacity during distance running. Med Sci
Sports Exerc 5: 248–252, 1973.
9. Dohm MR, Hayes JP, and Garland TJ. Quantitative genetics
of sprint running speed and swimming endurance in laboratory
house mice (Mus domesticus). Evolution 50: 1688–1701, 1996.
10. Draski LJ, Spuhler KP, Erwin VG, Baker RC, and Deitrich
RA. Selective breeding of rats differing in sensitivity to the
effects of acute ethanol administration. Alcohol Clin Exp Res 16:
48–54, 1992.
11. Dudley GA, Abraham WM, and Terjung RL. Influence of
exercise intensity and duration on biochemical adaptations in
skeletal muscle. J Appl Physiol 53: 844–850, 1982.
12. Falconer DS. Genetic aspects of breeding methods. In: UFAW
Handbook on Care Management of Laboratory Animals (5th ed.).
Edinburgh: Churchill Livingstone, 1976, p. 7–26.
13. Falconer DS and Mackay TFC. Introduction to Quantitative
Genetics. Essex, UK: Addison Wesley Longman, 1996.
14. Fisher RA. The Genetical Theory of Natural Selection. Oxford,
UK: Clarendon, 1930.

15. Gleeson TT and Baldwin KM. Cardiovascular response to
treadmill exercise in untrained rats. J Appl Physiol 50: 1206–
1211, 1981.
16. Grewal MJ. The rate of genetic divergence of sublines in the
C57BL strain of mice. Genet Res 3: 226–237, 1962.
17. Hansen C and Spuhler K. Development of the National Institutes of Health genetically heterogeneous rat stock. Alcohol Clin
Exp Res 8: 477–479, 1984.
18. Hartl DL and Clark AG. Principles of Population Genetics.
Sunderland, MA: Sinauer, 1988.
19. Henderson ND. Spurious associations in unreplicated selected
lines. Behav Genet 27: 145–154, 1997.
20. Hill A. Muscular Activity. Baltimore: Williams and Wilkins,
1926.
21. Hill AV. The abrupt transition from rest to activity in muscle.
Proc Soc Exp Biol Med 136: 399–420, 1949.
22. Hill AV and Lupton H. Muscular exercise, lactic acid, and the
supply and utilization of oxygen. QJM 16: 135–171, 1923.
23. Joyner MJ. Modeling: optimal marathon performance on the
basis of physiological factors. J Appl Physiol 70: 683–687, 1991.
24. Klissouras V. Heritability of adaptive variation. J Appl Physiol
31: 338–344, 1971.
25. Knudsen K, Dahl LK, Thompson K, Iwai J, and Leith G.
Effects of chronic salt ingestion: inheritance of hypertension in
the rat. J Exp Med 132: 976–1000, 1970.
26. Koch LG, Meredith TA, Fraker TD, Metting PJ, and Britton SL. Heritability of treadmill running endurance in rats.
Am J Physiol Regulatory Integrative Comp Physiol 275: R1455–
R1460, 1998.
27. Mitchell JH, Sproule BJ, and Chapman CB. The physiological meaning of the maximal oxygen intake test. J Clin Invest 37:
538–547, 1958.
28. Morgan GA and Griego OV. Easy Use and Interpretation of
SPSS for Windows. Mahwah, NJ: Lawrence Erlbaum, 1998, p.
139–153.
29. Mousseau TA and Roff DA. Natural selection and the heritability of fitness components. Heredity 59: 181–197, 1987.
30. Rowell LB, O’Leary DS, and Kellogg DL Jr. Handbook of
Physiology. Exercise: Regulation and Integration of Multiple Systems. Bethesda, MD: Am Physiol Soc, 1996, sect. 12, chapt. 17, p.
770–838.
31. Silver LM. Mouse Genetics Concepts and Applications. New
York: Oxford University, 1995.
32. Swallow JG, Carter PA, and Garland T Jr. Artificial selection for increased wheel-running behavior in house mice. Behav
Genet 28: 277–237, 1998.
33. Yamori Y, Ooshima A, and Okamoto K. Genetic factors
involved in spontaneous hypertension in rats: an analysis of F2
segregation generation. Jpn Circ J 36: 561–568, 1972.

