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Summary

In nature, many animals use intermittent rather than  actually running), selection-line females (41 revs mifd) ran
continuous locomotion. In laboratory studies, intermittent  significantly faster. These instantaneous speeds closely
exercise regimens have been shown to increase endurancematched the computer-recorded speeds over the same
compared with continuous exercise. We hypothesized that 5-min period. Selection-line females also ran more
increased intermittency has evolved in lines of house mice intermittently, with shorter (10.0sboutl) and more
(Mus domesticusthat have been selectively bred for high frequent (7.8 bouts mirrl) bouts than controls (16.8 s bout,
voluntary wheel-running (wheel diameter 1.12m) activity. 3.4 bouts mirrd). Inter-bout pauses were also significantly
After 23 generations, female mice from four replicate shorter in selection-line (2.7s) than in control-line (7.45s)
selection lines ran 2.7 times more revolutions per day than females. We hypothesize that intermittency of locomotion
individuals from four random-bred control lines. To is a key feature allowing the increased wheel-running
measure instantaneous running speeds and to quantify performance at high running speeds in selection-line mice.
intermittency, we videotaped mice l=41) during a 5-min
period of peak activity on night 6 of a 6-day exposure Key words: activity, evolution, exercise, intermittent locomotion,
to wheels. Compared with controls (20revsmirt while  selection, wheel-running, house mousgieis domesticus

Introduction

In laboratory studies of terrestrial locomotion, researcheractivity in slow, intermittent movement and stops (Thompson,
usually attempt to control the influence of behavior by testing985). Some species of bird use flap-bounding, an intermittent
animals under fixed locomotor regimens. One example is theattern of flying (Tobalske et al., 1999). Intermittent swimming
testing of animals at constant treadmill speeds to determirend gliding is characteristic of many deep-diving mammals,
steady-state rates of oxygen consumption and, hence, energetich as dolphins, Weddell seals and blue whales (Pennisi.
costs (e.g. Autumn et al., 1999; Full et al., 1990; Taylor et al2000; Williams et al., 2000). Many human exercise activities
1982). As another example, studies of locomotor performancaso include periodic rest periods. For example, many
abilities attempt to motivate animals maximally and thusoccupational tasks are performed intermittently (Mathiassen,
eliminate variation in ‘willingness to perform’ (for a review, 1993; Mathiassen and Winkel, 1992; Mathiassen and Winkel,
see Garland and Losos, 1994). Free-ranging animals, howev&g96), and several sports are characterized by intermittent,
can choose to move at a range of speeds and for varyimigh-intensity efforts (e.g. soccer and American football).
durations (D. J. Irschick and T. Garland, in preparation) Intermittent exercise has been studied most thoroughly in
(Blumstein, 1992; Christian et al., 1997; Irschick and Jaynehumans (e.g. Donnelly et al., 2000; Essen, 1978; Rossouw e
1999; Kenagy and Hoyt, 1989; Weinstein, 1995). Moreoveral., 2000; Spriet et al., 1988). Several studies have shown tha
contrary to the conditions imposed in most laboratory studiegndurance can be increased and/or performance can b
many species from a wide range of taxa exhibit intermittenimproved when heavy work is performed in short periods of
locomotion in the field (Kramer and McLaughlin, 2001). Forexercise interrupted by pause periods of low-intensity or no
instance, ghost crabs observed in the field spent 64% wofork. In early studies of intermittent exercise in humans,
overall activity time in motionless pauses (Weinstein, 1995)researchers demonstrated that, under a heavy work load
Similarly, anuran hopping locomoation is typically intermittent exercise duration was increased when the work was performec
(for references, see Anderson et al., 1991). Terrestrial rodentsfermittently (Astrand et al.,, 1960). Endurance-trained
such as gray squirrels and chipmunks, spend up to 41% athletes could remain at maximal oxygen uptake 2.9 times
foraging time motionless (McAdam and Kramer, 1998), andonger and traveled 1.9 times farther before exhaustion during
heteromyid rodents typically spent more than 90 % of surfacetermittent running at speeds associated with maximal oxygen
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uptake compared with continuous running at slightly lowerreplicate control lines, and this differential has been maintained
speeds (Billat et al., 2000). An intermittent protocol improvedhrough generation 26 (see Results) (see also Koteja and
work-tolerance time and decreased the rate of core bodyarland, 2001; Rhodes et al., 2000). On the basis of the
temperature increase for heavy exercise in Canadian Forcesmputer-recorded data, which are obtained in 1-min bins, the
soldiers wearing medium or heavy protective clothingincrease in distance (number of revolutions per day) has been
(McLellan et al., 1993). Trained swimmers maintained higheachieved mainly by an increase in average running speed rather
swimming velocities and lower blood lactate levels in a highlythan by an increase in the amount of time spent running (Koteja
intermittent regimen compared with steady swimming,and Garland, 2001; Rhodes et al., 2000; Swallow et al., 1998a).
although some intermittent patterns did not alter swimminddowever, automated counting systems may not accurately
performance (Olbrecht et al., 1985). In studies of isolatedeflect instantaneous running speeds, nor can they provide
muscle groups, endurance time was enhanced and perceivetiable estimates of the duration or frequency of actual
fatigue reduced in protocols involving intermittent isometricrunning bouts (Eikelboom, 2001).
elbow (Hagberg, 1981), shoulder—neck (Mathiassen, 1993) andIn the present study, we used videotaped observations to
hand-grip (Bystrom et al., 1991) exercises. characterize the patterns of wheel-running in selection and

Intermittent locomotion is relatively unstudied in non- control mice. We hypothesized that mice from the lines bred
human mammals. In an exploration of the rabbit (New Zealanfbr high revolutions per day would also exhibit increased
white) as a model for exercise, Meng and Pierce (1990) test@atermittency of wheel-running. Specifically, we expected that,
animals during low-speed (1.2kmip continuous and during peak wheel-running, selection-line mice would exhibit
moderate-speed (2.4kmi intermittent treadmill-running. a shorter bout duration, a greater frequency of bouts and shorter
Distance endurance was not increased by intermittent (30 s runterbout pauses.
305 rest) running, although the rabbits tolerated higher plasma
lactate levels and ‘appeared to be more motivated to run’
during the intermittent protocol (Meng and Pierce, 1990).
Wistar rats actually demonstrated reduced distance capacity in Animals
an intermittent (alternating 1-min intervals at 0.86 and Subjects were female laboratory house middug
2.6kmhl) compared with a continuous treadmill-running domesticusfrom the twenty-third generation of an artificial
protocol (Brooks and Gaesser, 1980). However, one studselection experiment for high voluntary wheel-running
suggests that intermittent running could improve performancéwallow et al., 1998a). Because female mice of both
in rodents: Thompson (1985) found that untrained kangaroselection and control lines demonstrate higher levels of wheel-
rats ran intermittently on a treadmill, which caused a plateatunning than do males (Koteja and Garland, 2001), we
in the relationship between oxygen consumption and treadmiiresumed that differences in patterns of wheel-running would
speed. be easier to detect and were, perhaps, of greater importance

An endurance benefit of intermittent locomotion has alsén females. In the beginning of the selection experiment, eight
been demonstrated in two species of ectotherm. In the ghadbsed lines of mice were derived from outbred, genetically
crab Ocypode quadrata distance capacity (the absolute variable Hsd:ICR house mice. Four lines were selected for
distance covered until fatigue) was increased 2.2-fold duringigh voluntary wheel-running, while four others were bred
intermittent locomotion (120s of exercise, 30s pause) atandomly as controls. At 21 days of age, offspring were
speeds of 170% of maximal aerobic speed (MAS) comparedeaned from the dam, weighed, toe-clipped and housed in
with continuous locomotion at the same average speegtoups of four, by sex, until measurement of voluntary wheel-
(Weinstein and Full, 1998). In a similar study of the frog-eyedunning at 35-55 days old. In the selection lines, breeders
gecko Teratoscincus przewalskiidistance capacity was were chosen from the male and female with the highest
increased 1.7-fold during intermittent locomotion (15s ofrunning activity in each of 10 families per line. The selection
exercise, 30s pause) at speeds of 270 % of MAS (Weinsteariterion was the number of revolutions on days 5 and 6 of a
and Full, 1999). It is important to note that, in both studiesg-day exposure to wheels, as recorded by an automated
only speeds well above MAS were used in the intermittensystem. In control lines, breeders were chosen randomly.
regimens and some intermittent protocols failed to increaskter-sibling mating was disallowed in all lines.
(gecko) (Weinstein and Full, 1999) or actually decreased
(ghost crab) (Weinstein and Full, 1998) distance endurance. Exposure to wheels

We are studying the correlated evolution of locomotor As part of the routine propagation of the selection
behavior and physiology through a replicated selectiveexperiment, wheel-access trials were conducted in three
breeding experiment with house mice (Swallow et al., 1998aktonsecutive batches, with approximately 195 animals per batch
The selection criterion is the total number of revolutionsn two wheel rooms. Six females from each of the four control
accrued on days 5 and 6 of a 6-day exposure to running wheedsid four selected linedN€48 total; each from a different
as recorded by an automated system. Sixteen generationsfaiily) were chosen at random from the three wheel-access
selection increased wheel-running by approximately 2.6-foldbatches, with 16 females videotaped per batch. Videotaped
in four replicate replicate selection lines compared with fousubjects were placed in a single room on designated wheels

Materials and methods
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. . Fig. 1. Circadian pattern of wheel-running on day 6 of a 6-day exposure to
Rgnnlng was meas‘%red on Wahman- wheels in selection (filled circles) and control (open circles) lines of house mice

activity wheels (1.12m circumference; Layfayt (temales) included in a videotape microanalysis of wheel-running. Values are

Instruments, Layfayette, Indiana, USA) attached  means +sewm. The graph shows the number of revolutions for each 20-min

standard home cage by a short tube. The numt  period as collected by an automated system in 1-min bins.

wheel revolutions was recorded at 1-min interval

an automated system (San Diego Instruments, 1

This yielded data over the 24 h of day 6, including total numbemearest 0.5 revolution) run in each bout and the times of wheel
of revolutions, number of active 1-min intervals (intervals withentries and exits were recorded by one of four observers. The
one or more revolutions), maximum number of revolutions irobservation period began at the start of a running bout and
a 1-min interval and mean speed (total number of revolutionsontinued to completion of the last running bout closest to
divided by the number of active 1-min intervals). The numbeB00s. Running bouts were defined as periods of continuous
of revolutions and mean speed over the 5-min observatiomnning. A running bout ended when an animal coasted (i.e.
period were also extracted from the 24-h dataset. In additiomas holding on inside a rotating wheel) or exited from the
characteristics of wheel bouts were calculated from th&heel. From these data, the following variables were
computer-recorded data using a computer program written icalculated: the duration of each running bout (bout duration in
C++. Wheel bouts were defined as sets of continuously active, the number of running bouts (bout frequency in number per
1-min intervals, bracketed by one or more intervals withoutmin of observation), the times between running bouts
any revolutions. Reversals in the direction of rotation (e.g(interbout pause in s), the speed during each bout (bout spee
clockwise to counterclockwise) were not counted as endingia revs mirrY), the proportion of revolutions run (number of
wheel bout. The total number of wheel bouts, the maximumevolutions actually spent running as a percentage of the total
length (in 1-min intervals) of any wheel bout and the meamumber of running and non-running revolutions accrued during
length (in 1-min intervals) of all wheel bouts were calculatedhe observation period), the total time spent running over the

from the computer-recorded data. observation period (time spent actually running as a percentage
_ _ of the total observation time), the total time spent off the wheel
Videotaping (time off the wheel as a percentage of the observation time),

Mice were videotaped on day 6. Each mouse was videotap#ite number of exits from the wheel (exits per min of
for 1h, with up to six animals being videotapedobservation) and the total time of videotape analyzed
simultaneously. Videotaping began 1h after lights off andobservation time in s). Adjustment for observation time was
continued over the next 3h, which corresponds to the periotkecessary because the observation period for each mouse we
of peak wheel-running activity in both selection and controhot exactly 300s (range 298-378s; excluding the maximum
lines. The circadian pattern of wheel-running over day @ime of 378s for one mouse, observation time ranged from 298
appeared to be generally similar for mice from selection antb 307 s in the other 40 mice included in analyses below). Mean
control lines, although controls exhibited more wheel-runnindout duration, bout speed and interbout pause were calculatet
in the first hours after lights on (Fig. 1). for each mouse and used in analyses.

We wished to analyze periods when mice were running near Examples of the wheel-running activity during videotaping,
their peak speeds, so only the fastest 5min of running durires recorded automatically by computer, and of the 5-min
the 1h of videotape available for each mouse was analyzesegment chosen for micro-analysis, are shown in Fig. 2 for a
For each mouse, the 5-min period with the greatest number t#presentative selection and control female. From informal
revolutions during the 1-h tape was determined using theisual inspection of similar graphs for every animal, the wheel-
computer data. For this 5-min period, the duration of runningctivity patterns illustrated in Fig. 2 appeared to be typical of
bouts (to the nearest 0.55s), the number of revolutions (to tHeth selection and control mice.
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(reflecting the trait of selection) were examined in two ways.
Time () In one set of analyses, bout characteristics (speed, duration,
Fig. 2. Example of wheel-running as collected by the automateff€duency, interbout pause) were included in an ANCOVA
system for a selection-line female (filled circles) and a control femalg0del to predict the total number of revolutions on day 6. The
(open circles) during an hour of peak wheel-running activity and théNCOVA models also included the main effect of selection
5-min observation period used for videotape microanalysis (filledhistory with wheel freeness and age as covariates. Five models
bars). The four deceleration events from the wheel of the selectionvere tested: one included all four bout characteristics
line female suggest that she may have stopped running during thesignultaneously as independent variables, and four models
times, although the automated system recorde.d continuous activififcluded only one of each of the bout characteristics. In a
over.the hour. Thg whee'l of the control-line animal clearly stoppegecond set of analyses, each bout characteristic was the
rotating at least twice during this hour. dependent variable in an ANCOVA including the main effect
of selection history with total revolutions on day 6 as a
Statistical analyses covariate. These four models also included the interaction term
As characteristics of high-speed running were of primanftotal number of revolutions selection history) with wheel
interest, we included only data from females that ran close toeeness and age as covariates.
their maximum speed. We implemented an arbitrary criterion
that data were included only if the mean bout speed from
videotape analysis was at least 75% of the maximum speed in Results
any 1-min interval, as recorded by the automated system over Automated system day 6
the entire day 6 (24 h). Data were therefore excluded for four Videotaped mice from the selection lines ran 2.8 times more
animals (one control and three selection) that happened nottmtal revolutions than controls. The mean speed of selection
run close to maximum speed during videotaping. The totahice was 2.5 times higher than that of controls, with a small,
number of revolutions and mean running speeds (computetatistically non-significant difference in the time spent running
data) of these four mice did not differ from the mean numbefTable 1; selection 1.1 times higher than controls).
of revolutions and speeds of their respective lined.%, Considering all mice, selection females in generation 23
P>0.18); rather, they simply did not exhibit peak running(14 0831991 revolutionsN=193, least-square means£.m.)
activity over the hour during which they were videotaped. Irran 2.7 times more revolutions on day 6 than did controls
addition, one control mouse did not run at all during(5270+35revolutions;N=75). Selection and control mice
videotaping, and two (one control and one selection) were natcluded in videotape analyses did not differ from their
visible on the videotape because of an error in camenaspective populations as a whole in total number of
placement. Thus, data for 41 mice were ultimately analyzedevolutions, number of 1-min intervals or maximum speed in
For all analyses, data were transformed as necessary famy 1-min interval (effect of videotapiny,25x<0.6, P>0.5;
normality of residuals, and statistical outliers (studentizednteraction of selection historyk videotaping, F1,6<0.15,
residual >2.5) were excluded. P>0.7). All mice in the room containing the video equipment
Analyses of the effect of selection history were performedended to run more than mice in the second room: in the above
using a mixed-model analysis of covariance (ANCOVA)statistical model containing dummy variables for room and
[PROC MIXED in SAS (6.12)], in which random line effects videotaping, room Ki252>6.3, P<0.012) was the only
were nested within a fixed effect of genetic selection historysignificant predictor of number of revolutions and speed on
The effect of selection history on the characteristics of runningight 6 other than selection history. Although we cannot rule
in videotaped females was tested with models including ageut the possibility that the process of videotaping disturbed
batch, observer, wheel freeness measured at the end of e the mice, room has had a statistically significant effect
trials, time of day of the highest 5-min period armd ( of wheel-running during normal test exposures in past
transformed time of dag;)to account for a possible non-linear generations (J. G. Swallow, P. A. Carter, J. S. Rhodes and
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Table 1.Wheel-running activity on day 6 in control and selection lines of house mice

Selection Control Selection
(N=20) N=21) history
LSM 95% ClI LSM 95% ClI Ratio* Fi6 P

Automated system: 24 h

Number of revolutions10-3 (day1) 16.0 (11.9, 20.6) 5.65 (4.57, 6.85) 2.83 32.0 0.001

1-min intervals (day?) 538 (429, 673) 476 (353, 641) 1.13 3.4 0.11

Mean speed (revs mib 28.5 (24.8, 32.3) 11.6 (10.2, 13.1) 2.46 43.6 <0.001

Maximum speed (revs ni#) 43.0 (37.9, 47.5) 22.4 (17.7, 26.3) 1.92 40.3 <0.001
Automated system: 5min

Mean speed (revs mi#) 39.8 (36.7, 43.2) 17.3 (15.9, 18.6) 2.30 46.3 <0.001
Videotape: 5-min

Bout speed (revs mif) 40.8 (37.1, 44.9) 20.4 (19.5, 21.3) 2.01 70.8 <0.001

Bout duration (s) 9.95 (2.8, 34.8) 16.8 (4.2,67.8) 0.59 9.5 0.022

Bout frequency (mirf) 7.82 (5.5, 10.5) 3.37 (1.9,5.2) 2.32 10.4 0.018

Interbout pause (s) 2.73 (1.6, 4.5) 7.44 (4.5,12.3) 0.37 55.1 <0.001

Number of revolutions run (% of total) 70.9 (67.6, 74.2) 78.3 (70.1, 86.4) 0.90 2.4 0.17

Time run (% of total) 70.7 (64.2,77.1) 66.0 (57.6, 74.4) 1.07 0.8 0.40

Exits (minm?) 0.40 (0.23, 0.69) 0.77 (0.32,1.8) 0.57 7.7 0.032

Time off (% of total) 1.96 (0.05, 5.0) 5.74 (2.4,11.2) 0.34 9.3 0.022
Body mass on wheels (g) 24.1 (23.0, 25.3) 26.7 (25.6, 27.8) 0.90 10.9 0.016
Body mass off wheels (g) 23.8 (22.8, 24.8) 25.9 (25.0, 26.8) 0.92 10.8 0.016

Values are back-transformed least-square means (LSM) with 95 % confidence intervals (lower, upper).

Data were collected by an automated system over 24 h and for the 5-min videotaped observation period and from videotadgsisnitroana
a 5-min observation period during peak wheel-running activity.

Body mass was measured immediately prior to wheel exposure and following removal from the wheel at the end of the 6-éay exposur

Analyses of wheel-running data included random line effects nested within a fixed effect of selection history and coafattsrsr age,
batch, room (automated data only), wheel freeness, observer, time of day of the highest 5-min petddhrsidrined time of da¥)
(videotape data only).

*Ratio is the ratio of the mean selection value to the mean control value.

I. Girard, unpublished observations). The level of wheelevery wheel rotated continuously over the 5-min observation
running exhibited by the videotaped mice is not unusual: thperiod, no mouse ran continuously over this period. Among
value for mean number of revolutions on day 6 has ranged froselection females, the longest single bout was 124 s; amonc
11551 to 16903 over the last eight generations in selectiowontrols, the longest bout was 135s. All mice ran at least five
line females. Final wheel freeness (all mice, 90.9+2.&outs over the observation period, with a maximum of 128
revolutions, mean s.e.M.; range 10-221revolutionsl=268)  bouts per 367 s among selection mice and 32 bouts per 301
was not a significant predictor of total number of revolutionsamong controls. For both selection and control lines, many
intervals or maximum speed (afF125x<1.09, P>0.29). animals were running at or near the maximal possible
Analyses repeated with final body mass as a covariate yieldedmbination of bout duration and frequency (Fig. 3). No
similar results. animal spent less than 50% of the 5-min observation time in
actual running, reflecting our criterion of using periods of high
5-min videotape data activity (total revolutions) for mice included in statistical
Mean bout speeds of individual mice ranged from 26.4 t@analyses of videotape data.
49.6 revs mint among selection-line animals and from 16.3 to During the 5min of videotaping, selection females ran in
27.3revsmint in controls (Table 1). In the former, the mean bouts that were significantly faster, shorter and more frequent
bout speed obtained from videotape analysis did not diffethan those of controls (Table 1). Selection females also exited
significantly from the average speed recorded by the automatéte wheel less often and spent less time out of the wheel thar
system over the same period (pairetkst; t=1.0, d.f.=19, controls. The proportion of revolutions actually run and the
P=0.32). In animals from control lines, however, meanproportion of observation time spent running were not
videotape bout speed was significantly higher than the averagggnificantly different between groups. The proportion of total
speed recorded by the automated system over the same peniedolutions accrued during coasting was significantly higher
(pairedt-test;t=4.5, d.f.=20,P,=0.0002). (F1,623.0,P=0.003) in selection females (27.9+1.8 %) than in
Bouts of wheel-running were generally much shorter thawontrols (15.5+1.9%). Control mice tended to accrue more
the 1-min bins used to collect data automatically. Althoughrevolutions while they were outside the wheel (5.5+0.2% of
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Fig. 3. Selection-line females (filled circles) ran bouts that werd 9. 4. Diagrammatic depiction of average patterns of intermittent
shorter and more frequent than those of control females (Opewheel-runnlng for.sellectlon-llne (top) an.d control (bottom) female
circles). In both groups, the frequency and duration of running boufMice over the 5-min videotaped observation: open columns represent
show a strong negative relationship. The dashed line represents fPeriods of running, filled columns represent pause periods of
maximum possible combination of bout frequency and duration i€0@sting and hatched columns represent periods when the mouse had
pause durations approach zero (individual points can lie above theXited from the wheel.

line because of measurement error).

F1,6=11.2,P=0.014) were significant independent predictors of
total revolutions) than selection mice (3.6£1.2%), but thighe total number of revolutions over day 6, but bout duration
difference was not statistically significaff1(=2.8,P=0.14).  was not F12=1.2, P=0.28; selection historyF[1,6=26.4,
Wheel freeness (100.4+2.2revolutions, measei.; range  P=0.002). Wheel freeness never had a significant effect in any
62—-154 revolutionsN=41) measured at the end of the trialsof the above ANCOVA models (afl1,25<1.3,P>0.26).
never had a significant effect on any measure of wheel-running In a second set of ANCOVA models, each of the four bout
(all F1,26<1.8,P>0.19). Analyses repeated with final body masscharacteristics was included separately as the dependent
as a covariate yielded statistically similar results because bodyariable, with selection history as a main effect and including
mass did not have a significant effect on any running paramettatal number of revolutions, wheel freeness, age and batch as
(body mass effectF1,29<1.1, P<0.3 in all analyses). The covariates or cofactors. The interaction term (total humber
average pattern of wheel-running over the 5-min observatioof revolutions x selection history) was never significant
for selection and control females is represented in Fig. 4. (F1,25<0.8, P>0.4) and was dropped from all models. Both

A 1-min QuickTime movie of wheel-running in one selection history and total number of revolutions were
selection and one control female of a later generatiosignificant predictors of bout speed (selection history,
(generation 27) filmed during activity under white light isF1,6=23.6,P=0.003; total revolutions;1,2425.6,P=0.0001)
included for illustrative purposes. The movie can be viewed aand interbout pause (selection histoRs,e=8.4, P=0.027;
http://www.biology.ver.edu/faculty/Garland/Girard01.mov.  total revolutionsf1,2413.9,P=0.001). The results for bout

speed and interbout pause indicate that, for a given total
Relationship between bout characteristics and total number Cﬁumber of revolutions, selection-line females have h|gher
revolutions on day 6 bout speeds and shorter interbout pauses than control-line

All four bout characteristics (speed, duration, frequencyfemales. Neither selection histoify1(<0.9,P>0.38) nor total
interbout pause) appeared to be related to the total numbermimber of revolutionsHi,24<3.4, P>0.08) was a significant
revolutions accrued over day 6. Of these, bout speed ammledictor of either bout duration or bout frequency,
interbout pause appeared to be the most strongly related to thieggesting that these models were over-specified by the
total number of revolutions (Fig. 5). In an ANCOVA model inclusion of both the main effect of selection history and total
including all four bout characteristics as well as selectiomevolutions as a covariate. Wheel freeness never had a
history, both bout speed and interbout pause were significasignificant effect in any of the second set of ANCOVA
predictor of the number of revolutions on day 6 (bout speednodels (allF1,24<2.5,P>0.12).

F1,20=14.2,P=0.001; interbout pausE; »=5.8,P=0.025), and The characteristics of wheel bouts in the videotaped mice,
the effect of selection history was not significalft ¢=0.01, as determined from the computer-recorded data over 24 h of
P=0.98). In similar ANCOVAs with only one of the four bout day 6, were strikingly different from those of the videotaped
variables entered at a time, bout spdeb£=52.4,P<0.0001; running bouts. The duration of individual wheel bouts (the
selection history, F16=1.0, P=0.35), bout frequency number of consecutive active 1-min intervals from computer-
(F1,2=12.5,P=0.0015; selection histor{;1,6=19.1,P=0.004) recorded data) ranged from 1 to 461 among selection mice
and interbout pausd-{22=5.83, P=0.023; selection history, and from 1 to 168 among control mice. The mean duration of


http://www.biology.ver.edu/faculty/Garland/Girard01.mov

Intermittent wheel runningd317

45, ° 45, ° Discussion
o ® 0.° o .

42 ] o .0,'0 421 ©°% % S oo Instantaneous running speeds
391 c.?‘ L I 391 °%e ) e Although we have previously reported an increase in average
' O%@O ' © RO 8 o wheel-running speed (as measured by the automated system) ¢
2381 0@ o 361 o0 ® © aresponse to selection (Koteja and Garland, 2001; Koteja et al.
S 3.3] 3.31 1999; Rhodes et al., 2000; Swallow et al., 1998b), this study
3 30 © ' ' _ 30 ' ' © ' ' provides the first direct measurements of instantaneous running
s 1.1 13 15 1.7 "0 04 08 12 16 speeds on the wheels. This result is important because in man:
“g log (bout speed) log (bout duation) studies, including ours, wheel-running activity is measured by
£ 45, 45. an automated counting system, which may not adequately
2 . % a, ' ::o o describe the actual speeds and patterns of wheel-running
> 421" o o, & 42178 o oC ® (Eikelboom, 2001; Koteja and Garland, 2001). The resolution of
2 391 30@‘; 3.9 5@ automated systems is limited in two main ways: data collected
361 goo 361 © %@ © o in bins (e.g. over 1 min or 24h) do not measure instantaneous
' o "o ' o © running speed and, in many types of wheel, revolutions can
3.3 o 3.3 o accrue during brief pauses in actual running, which may occur
3.0 : : ; ; , ; ; ; ; during coasting or short exits. A video-based system is the only

0O 04 08 12 16 0 04 08 12 16  method readily available that circumvents these problems.

log (boutfrequency) log (interbout puse) The instantaneous speeds recorded for the mice from

Fig. 5. Relationships between characteristics of wheel-running a8election lines (2.7 knt), although substantially higher than

measured during videotape microanalysis and the total number &r mice from control lines (Table 1), are still considerably

revolutions over day 6 as recorded by an automated system. Theggver than the forced maximal sprint running speeds that we

data reflect the original selection criterion. Filled circles, selectionhaye recorded previously for mice from the base population.

line mice; open circles, control mice. Note that the abscissa for boghm et al. (1996) reported an average maximal sprint speec

speed is different from the others, reflecting its narrower range f¢ & 1|t (range 3.4-8.1knm8, N=200) for female

variation on the logarithmic scale. Bout speed is measured ip|sd'ICR mice and reported maxim,al s ds of 5.0Hrfd

revs mirrl, bout duration in s, bout frequency in mimnd interbout ’ P pee S o o.

pause in s. a smaller sample of 19 female Hsd:ICR mice (Dohm et al.,
1994). Mice from the selected lines do not, therefore, appear
to be running at maximal sprint speed on the wheels.

wheel bouts was 130 times longer in the selection group Videotape analysis demonstrated that computer-recorded dat:

(21.7+3.14min, N=20) and 50 times longer in controls May not accurately reflect mean speeds during running and
(14.4%3.1min,N=21) (least-square meanss£.Mm.) than the generally overestimate the duration of continuous running. For
duration of videotaped running bouts, and did not significantigontrol animals, the average computer-recorded speed during thi
differ between selection-history groupB; ¢=2.73, P=0.15).  9-Min videotape observation period (total number of revolutions
The maximum duration of a computer-recorded wheel boudivided by 1-min intervals) was significantly lower than the

was higher in selection mice than in controls (selection micépeeds measured by direct observation during actual running
113+12 minN=20; control mice, 61+10 mitN=21;F1¢=20.5, (see Table 1). In selection animals, actual bout-running speeds
P=0.004; least-square meanss£.M.). The total number of obtained from direct observation did not differ significantly from

wheel bouts over day 6 ranged from 8 to 57 in selectiofean computer-recorded speeds over the same 5-min perioc
mice and from 14 to 58 in control mice, with no This difference between control and selection-line mice is
statistically significant difference between groups (selectioittributable to the fact that mice from control lines, even during
mice, 24.6+4.4wheelboutsddy N=20; control mice, their peak or near-peak 5-min periods of running, exhibit pauses
32.4+4.2 wheelboutsday N=21; F16=2.0, P=0.20; least- that are long enough to allow significant deceleration of the

square means £E.M.). wheel [for a discussion of differential effect of bin size on high
and low runners, see Eikelboom (2001)].
Body mass and age The mean bout duration for all animals, however, was much

Selection-line females were significantly smaller thanshorter than the 1-min bins used to collect wheel-running data
controls at the beginning and end of the 6-day exposure tutomatically. Although every wheel (including those with
wheels (Table 1), but the absolute change in mass durirgnimals from control lines) rotated continuously over the 5-
exposure was not significantly different between groupsnin observation period, no mouse ran continuously for more
(F1,6=1.0,P=0.35). Age during wheel exposure (range 48-6%han 135s, and mean bout lengths were considerably shorte
days old) was also not significantly different between groupthan 1 min. Thus, the duration of a continuous running bout
(selection mice, 56.7+0.96daysN=20; control mice, based on computer-recorded data (sequential active 1-min
57.6+1.22 daysdN=21;F1,6=0.51,P=0.5; least-square means * intervals) would have greatly exaggerated bout duration in
SEM.). every animal. For example, computer-recorded data for the
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selection mouse in Fig. 2 (no. 26068) indicated that her whe: - T A Estimated maima
registered 60 consecutive active 1-min intervals during aegobic speed
videotaping, although her longest running bout recorded b 47
direct observation over 5min was only 4s. Estimates of bot /
duration derived from computer-recorded data over 24 h als e‘g I '..' - - -
differed by an order of magnitude or more from those = 3T .’ ° °
measured by video observation during peak activity. § o ° o
Effect of selection for high voluntary wheel-running on § 2+ ° ®
intermittency 3 ° ° CPO o
Selective breeding based on total distance (number ¢ g ol P éD 8 %
revolutions) during voluntary wheel-running resulted in 2 1+ ®
correlated increases in running speed and bout frequency a
decreases in the duration of bouts and interbout pauses. /
mice ran intermittently over the observation period, including 0 N T——
those from the control lines, suggesting that intermittenc 20 22 2 26 28 30 32
during spontaneous wheel-running is characteristic of Hsd:ICl
mice and may also be characteristic of other rodent species (I 1B . Estimated maima
Kock and Rohn, 1971; Premack and Schaeffer, 1963; Rodnic ¢, | ¢ agobic speed
et al., 1989). However, mice from selection lines ran shorte & e 3 . e om
and more frequent bouts — hence, more intermittently — the % me °.° m R z
controls. Thus, selection for voluntary exercise has altered tt ¢ 1'-"“",?".":" ST T T T
behavioral pattern of wheel-running, in addition to causinga & 3T ¢ > ,'..":'.",' 3 n
increase in running speed. Because an increase in intermitter E ;.:“..G"‘ L oo
occurred in all four replicate selection lines, the correlatec & © B o Hp® ,° o4 ° .
response in running pattern was clearly the result of oL 22+ %% @& & o ’n_'. ey, ©
selection protocol. In contrast, in a study of a single populatio § % o '%ED o o GD
of rats, individuals demonstrating relatively high voluntary & o o St &°§%®D%W°Eﬂ o
wheel-running activity had significantly longer bouts, but not € ;1 S I o o
significantly faster bouts, than those demonstrating lov £ °
voluntary wheel-running activity (Rodnick et al., 1989). In g
addition, for two of the running characteristics (bout speed an 0 . . . . . .
interbout pause), selection has fundamentally altered tt 20 22 4 2 28 30 32
relationship with the total number of revolutions accrued ove Body mass §)

day 6: when adjusted for a similar total number of revolutions, _ _ o
selection-line females still run faster bouts and take shorté - 6. Wheel-running speeds are greater in selection-line females
pauses than do control-line females, at least over a(fllled symbols) than in control females (open symbols) when

. - . . ... measured by direct observation during videotaping (A; mean bout
observation period during near-peak wheel-running activity. spoed N:41)y o wihon ectmatad for agfl females O? éeneraﬂon s

using computer-recorded data (B; maximum speed in any 1-min
interval, N=268). In B, squares designate videotaped animals. In

~ The functional significance of the correlated increase ilsome selection-line females, mean bout speed and maximum speed
intermittency could be related to increased distance enduranin any 1-min interval are near or above the predicted maximal

at running speeds that are higher than those of the control-lilaerobic speed [predicted for a 28 g animal from fig. 6 of Koteja et al.
mice. Intermittent exercise may increase endurance for hea(1999)] on a running wheel (dashed line).
work (see Introduction) by stimulating lactate removal anc
preventing blood lactate accumulation (Billat et al., 2000an average treadmill speed of 2.1 krh(swallow et al., 1998b),
Saltin et al., 1976) or by increasing the efficiency of oxidativeand maximal aerobic speed on the treadmill in female mice of
enzymes (Timmons et al., 1998). Pauses could also allow fanother laboratory strain is reported to be 2.0%h(Baker and
resaturation of myoglobin and hemoglobin levels and foGleeson, 1999). However, these speeds are likely to
resynthesis of glycogen and high-energy phosphate storesderestimate the maximal aerobic speed during voluntary
(Gaesser and Brooks, 1984; Piiper and Spiller, 1970), therelexercise because psychological stress may be a component of
increasing distance endurance when running effort is high. forced exercise, elevating the rate of oxygen consumption at
During the 5-min periods of videotaping, selection-lineevery speed and thus reducing the speed at which maximal
females ran at a mean bout speed of 40.8revdmivhich  oxygen consumption is reached. Indeed, an estimate derived
translates to a linear speed of 2.7 kfh In older male mice from from various studies of the cost of locomotion and maximal
our selection lines, maximal oxygen consumption is elicited abxygen consumption in house mice predicts a maximal aerobic

Functional significance of increased intermittency
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speed (MAS) of 3.36 knth (Koteja et al., 1999). Although the maximal wheel speeds (by some mechanical device) might be
intensity of wheel-running relative to maximal oxygenable to tease apart the possible role of intermittency for
consumption has not been measured in our mice, it is apparentrolling speed, but it is important to note that, in the present
that speeds during bouts of voluntary wheel-running caanalyses, wheel freeness was never a statistically significan
approach this estimated maximal aerobic speed (Fig. 6). In twaredictor of interbout pause duration, of bout frequency or of any
laboratory studies of ectotherms [ghost crab, Weinstein and Futher measured aspect of wheel-running.
(1998); gecko, Weinstein and Full (1999)], distance endurance Other suggested ‘functions’ of intermittency (for a review, see
was improved during an intermittent regimen (compared witliPennisi, 2000), such as improved detection of prey or predators
continuous locomotion at the same average speeds) in whifds suggested by Gendron and Staddon (1983); McAdam anc
bout speeds exceeded maximal aerobic speeds, although spdedsner (1998)], do not seem relevant for our laboratory-stock
lower than the MAS were not applied in either study. mice. It also seems unlikely that the brief pauses observed in oul
Reducing the energetic cost of activity may be anothemice would allow for a substantial decrease in the rate of oxygen
function of increased intermittency in the selection-line miceconsumption as occurred in the ghost crab (Weinstein and Full,
All mice ran intermittently on wheels, which may be more1998) and gecko (Weinstein and Full, 1999). Even if our
costly than continuous running. For example, when excesselection-line mice running on wheels experienced a decline in
post-exercise oxygen consumption (EPOC) is included, thexygen consumption during pauses, the decrement over a few
cost per unit distance of a single, brief, relatively high-intensityseconds of coasting is likely to be quite small.
exercise bout of treadmill running is much higher than the cost In conclusion, our results demonstrate that selection for total
during sustained locomotion (Baker and Gleeson, 1998). Thdistance during voluntary wheel-running has resulted in higher
high cost associated with brief locomotor behavior patternmstantaneous running speeds, shorter running bouts, more
such as intermittent wheel-running can be reduced, howevdrequent running bouts and shorter pauses between bouts. Thus
by increasing the frequency of locomotor bouts (Edwards anat its apparent limit (an approximately 2.6-fold increase in the
Gleeson, 2001). Mice running frequent, brief treadmill boutdotal number of revolutions), the evolutionary response to
(13 bouts of 15s duration, at a speed during running delective breeding has involved all measured bout components
1.8kmhl, with 15s pause) had a cost of activity (inof wheel-running (bout speed, duration, frequency, pause),
mlO2g-1km1) comparable with that for continuous running rather than only one or two. This comprehensive change in
at a similar average speed (Edwards and Gleeson, 2001). wiheel-running behavior suggests that increased intermittency
fact, the cost of wheel-running in females, as estimated frommay play an important role in facilitating the increased total
food consumption (0.43kJKkr (see Koteja et al., 1999), was daily running distance of selection females compared with
calculated to be approximately half the incremental cost ofontrols. A profitable area for future studies might be to
locomotion (0.87kJkmi) (see Taylor et al., 1982), as compare free-living species of animal that differ in total daily
measured during sustained treadmill running, suggestingiovement distance (Garland, 1983; Girard, 2001; Goszczynski,
that the high-speed intermittent wheel-running is not a4986). We predict that, all else being equal, species that move
energetically expensive as one might expect from treadmifireater distances will also tend to move more intermittently.
studies of brief locomotor bouts [as measured by, for example,
Edwards and Gleeson (2001)]. This work was supported by NSF grant IBN-9728434 to
An alternative, non-exclusive hypothesis is that mice also use.G. and NIH grant P30 HD03352 (Terrence R. Dolan, P.L.).
intermittent running, specifically the duration of interbout pausedjVe thank M. C. Zawojski and P. E. Midford for writing the
to control the speed of the wheel. The mice cannot activelout-analysis program and P. Koteja for comments on the
decelerate the wheel, so they must instead allow the passim&nuscript.
resistance of the wheel to slow it. The running wheels decelerate
at an average of approximately 40revsthiat high speeds (I. References
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Venom With
Velocity
(p. 4345)

@ Snakes don't just bite
for fun. It's usually a
matter of life or
% death before a snake
will bare its fangs.
But the obvious
drawbacks of

Running Through the
® Generations (p. 4311)

Anyone who's ever owned

| pet rodents knows just how

| much they love running in

their wheels. But a team of

' physiologists in Madison,
Wisconsin, have taken this a
step further. They wondered
how generations of house mice would develop if they were selected

working W|th venomous snakes have meant that no one had directfigr their ablllty to run long distances. After 23 generations, it seems

measured the way they dispense their venom during a strike. that the mice have adopted the same approach that the Romans use

However, this did not deter Bruce Young from adapting a techniqueover 2000 years ago for covering long distances in short times: run

used for monitoring blood flow to measure how a striking fast, but little and often.

rattlesnake expels its venom. Ted Garland Jr began the experiment over 7 years ago, when his
Rattlesnakes use their fangs for two reasons: hunting and defendeam set up a massive selection program to breed mouse super-

Young wanted to know how the snake ejected venom in both typesrunners. The experiment was designed so that there were eight

of strike. Working with Krista Zahn, an undergraduate at Lafayette separate mouse populations, four that were selected for running, anc

College, Young operated on four adult diamondback rattlesnakes four control populations. Each population started off with ten

and implanted a perivascular flow probe around the snake’s right families. At six weeks of age, each mouse was given a cage with an

venom duct. exercise wheel. Then they got a week to run whenever the fancy
Young tested the snakes bite in three ways. First he provoked took them, before they ran the keenest-runner-test that decided

defensive strikes using mice and rats. Then he induced predatory Whether they got to pass their genes on.

strikes using mice alone, so that he could directly compare both bite Each family sent its best male and female runner to found the

styles on a single quarry. As well as recording the fluid flow in the next generation. Of course, they weren't always the best runners in

venom duct, he filmed each strike with a high-speed video camerathe whole population, in fact ‘some were real duffers’ says Girard,

to catch every detail of the way the snakes wield their fangs at theiput it was important to make sure that close relatives never mated.

victims.
Young accurately recorded three distinct venom flow patterns
produced by the snake, and a fourth, where the snake sunk it's

After the mice had been selected for ten generations, they were
tested to see whether their performance had changed. The mice
from these selected populations easily out-strode their unselected

fangs into the prey, but failed to release any venom. Although therdivals. _
was plenty of anecdotal human evidence that snakes didn’t always After a total of 23 generations had passed through the banks of

inject venom into their prey, it had never been proved before that
some snakebites are dry.

He also found that the snake injected ten times the amount of
venom during a defensive strike than it does to secure a meal.
Young explains that this might not be as cock-eyed as it sounds.
The way that snakes digest their food means that it isn't terribly
urgent that they successfully capture every potential meal, but an

running wheels, Girard and Matt McAleer watched over 1000 hours
of mouse running footage. They chose each mouse’s top
performance for detailed analysis of their running behaviour. Girard
says, ‘we all had the impression that the mice were running more
intermittently’. In the final analysis Girard found that the
experiment hadn’t produced a super breed of muscle bound mice
that ran fast for extended periods; the mice had found another way

unsuccessful outcome with an attacker would rule them out of the round the problem. They were running at top speed in frequent
evolutionary race. He thinks that it's simply a better investment for short bursts.
the snake to use a large amount of venom in a defensive strike thanGirard thinks that the mice probably evolved a new running
one that results in a gastronomic reward. behaviour because they may have maximised their physiological
One constant feature of the flow pattern Young found was that theesponse at an earlier stage of selection. The only way they could
snakes reversed the venom flow at the beginning and end of each continue to improve, once they'd optimised their speed, was to
bite. At first, Young thought there was a problem with the data combine their improved physiology with a new style of behaviour.
collection, but he says that when he sat and thought about it he She says ‘I think normal mice could do it too, but these mice
probably shouldn’t have been surprised. The snake’s venom glandwant to run more’. Justin Rhodes believes that this is because the
and duct are more like a pipette than a syringe, and when you stognice process dopamine differently, which increases their motivation
applying pressure to a pipette bulb, some of the liquid always suckt® get their jogger’s high. This is similar to the neurological bases
back. of Attention Deficit Hyperactivity Disorder (ADHD) in children.
Ken Kardong, who has worked with rattlesnakes for more than 3¢1aving started off asking a physiological question, Garland's team
years, says that the reverse flow found by Young was unexpected, discovered that neuropsychology is a big part of the answer.
and he agrees that it could be part of a venom mixing mechanism.Understanding the neurological behaviour of these marathon-mice
The snakes have two venom glands along the length of the venomcould eventually produce improved therapies to relieve the
duct. How the secretions from both glands mix had never been  disturbing symptoms of ADHD.
clear, but Young's flow reversal could be part of a venom mixing
mechanism.
Of course, other species have completely different flow patterns,
so Young hopes to repeat the experiments with spitting cobras. The d he Fats of Life (p. 4271)
only drawback is that this time he’ll have to use his own face to geCell membranes can be made up of incredibly complex mixtures of
the right reaction from the snake. Young says that he’s tried using lipid molecules. Some animal cell membranes have over 100
mirrors and other targets, but the only sure fire way to get the different types of phospholipid molecules, distinguished from each
snakes to spit is if he sits in front and makes direct eye contact. other by differences in their head groups and hydrophobic fatty acid
That'll make an interesting Materials and Methods section! chains. But the phospholipid bilayers that make up a membrane are
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only half of the story; the remaining fraction is made up of began to characterize the membrane’s chemico-physico properties
cholesterols and proteins, such as transporter proteins. How the after he'd extracted the protein component.
lipid environment affects the protein’s function wasn't clear until To Hulbert's surprise, the types of unsaturated lipids varied

Tony Hulbert and his colleagues in Wollongong, Australia, found enormously between the four sources, but there was no single type

that the physical properties of the lipid mixture have the biggest of lipid that could fully explain the differences in enzyme activity.

effect on membrane protein activity. However Wu's biophysical data proved to be more promising. In
Years ago, Hulbert's colleague, Paul Else, wondered how membranes where the lipid molecules packed together tightly, ATP

swapping the membrane protein hugging lipids might affect the  turnover by the ATPase was slower than the rate measured for
protein’s function. He hit on the sodium/potassium ATPase pump agTpPases from looser membranes.
an ideal test case. Else knew that the membrane’s ||p|dS differed Recent evidence has begun to emerge that cell membrane

between toads and rats, so he tested how well a rat ATPase composition could be playing a crucial role in a variety of serious
functioned in a toad membrane. Amazingly, the rat protein changegpegical conditions, such as schizophrenia and insulin resistant
so it behaved more like the toad protein. diabetes. People who have a diet rich in oily fish tend to suffer less

Was the different chemical composition of the two membranes  fqm depression, and this seems to be correlated with a high

modulating the protein in some way, or were the physical proportion of Omega-3 fatty acid chains in the fish's membrane
characteristics of the membrane regulating the pump’s activity?  |i5igs Hulbert believes that it is likely that the physical properties
h . bof the fatty acid chains might directly influence the function of key
on homogenous samples, and certainly nothing as complex as a target molecules in these diseases. He says ‘it appears that the

brain cell membrane, so Ben Wu stepped back into the . L : ;
undergraduate lab, where he used a Langmuir Trough to measure %253:&5 of lipids has an important effect on membrane protein

the mechanical properties of complex membranes from rat and toa
tissues. Kathryn Phillips
Brain and kidney membranes are packed with sodium/potassium kathryn @bio?/ogists c%m
ATPases, so Wu began preparing both membranes from rats and The Journal of Experimental Biology 204, i-i (2001)

toads. He tested the ATPase activity from all four sources and then Printed in Great Britain © The Company of Biologists Limited 2001
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