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Abstract

WOOLEY, C.M., S. XING, R.W. BURGESS, G.A. COX, AND K.L. SEBURN. Age, experience
and genetic background influence treadmill walking in mice. PHYSIOL. BEHAV. XX(X), XXX-
XXX, 2008 — The use of a treadmill to gather data for gait analysis in mice is a convenient, sensitive
method to evaluate motor performance. However, evidence from several species, including mice,
shows that treadmill locomotion is a novel task that is not equivalent to over ground locomotion and
that may be particularly sensitive to the test environment and protocol. We investigated the effects
of age, genetic background and repeated trials on treadmill walking in mice and show that these
factors are important considerations in the interpretation of gait data. Specifically we report that as
C57BL/6J (B6) mice age, the animals use progressively longer, less frequent strides to maintain the
same walking speed. The increase is most rapid between 1 and 6 months of age and is explained, in
part, by changes in size and weight. We also extended previous findings showing that repeat trials
cause mice to modify their treadmill gait pattern. In general, B6 mice tend to take shorter, more
frequent steps and adopt a wider dynamic stance with repeated walking trials. The nature and extent
of the response changes with both the number and timing of the trials and was observed with inter-
trial intervals as long as 3 months. Finally, we compared the gait pattern of an additional seven inbred
strains of mice and found significant variation in the length and frequency of strides used to maintain
the same walking speed. The combined results offer the bases for further mechanistic studies and
can be used to guide optimal experimental design.
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Introduction

Gait measures have been successfully used to quantify motor function in the mouse for many
years 8:11,30_ The use of gait analysis in mice has increased as the number of murine models
of motor dysfunction and new technologies for data collection and analysis has grown 1.10:
24,28,31,43,50,51 \We and others have used a simplified approach to quantify murine gait by
analysis of digital video recordings made during treadmill locomotion 2:20:29:45,50 The yse of
a treadmill offers significant advantages, most notably the ability to standardize the speed of
locomotion. However, it is also well-documented that the mechanics of treadmill locomotion
differ significantly from normal over-ground locomotion, and that gait measurements taken
under the two conditions are not equivalent for humans, cats, rats or mice 9:25:38:49_|n the
present study we investigated three factors that are important considerations for interpretation
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of murine gait data collected on the treadmill: 1) testing protocols, in particular the influence
of repeated trials, 2) age and, 3) genetic background.

Previous studies and our own findings °° emphasize that for mice treadmill locomotion is a
novel behavior that may be particularly sensitive to the testing protocol and experimental
design employed. In our previous study of early gait defects in a model of motoneuron disease,
we also discovered that wild-type mice modify their walking strategy with repeat trials on the
treadmill °0. Unfortunately the design of that study did not allow a clear understanding of these
effects. Here we report results from a series of studies that were undertaken to clarify the effects
of repeat trials and provide data that could be used to guide development of experimental
protocols.

Other observations from ongoing studies in our laboratories suggested that treadmill gait might
also be sensitive to age-related changes. Gait patterns are known to change with age in several
species 7+40:41,44,48 1yt a previous report on the gait of freely walking mice found no significant
age-related changes that were not due to changes in velocity 12. This is a somewhat surprising
finding given the significant changes in the size and weight of the mouse and it is currently not
known if such changes affect treadmill gait patterns. To address this question we measured
gait parameters from C57BL/6J mice during the first year of life.

A third parameter relevant to mouse studies, in addition to the testing paradigm and age, is
genetic background. A large number of inbred mouse strains have been developed for use in
laboratory study. Strains have different origins 3 and the resulting genetic variation is extensive
39 and produces a range of differences in most phenotypes 26:36
(http://www.jax.org/phenome). The effect of this genetic variation on treadmill gait in mice
has received little attention. Variation in size, weight and skeletal morphometry (e.g. 22) are
obvious examples of differences that could contribute to the variation in standard gait
measurements. Less obviously, strain differences in anxiety have recently been shown to
contribute to differences in gait patterns 33, demonstrating that behavioral traits can affect the
novel task of walking on a treadmill. To begin to address the contribution of genetic background
we have examined the treadmill gait measurements of seven different inbred strains of mice.
These strains comprise a subset of a panel of 32 inbred mouse strains included in an ongoing
comprehensive aging study. The project aims to compare a variety of phenotypic measures of
the different inbred strains across their lifespan (http://www.agingmice.org/).

Materials and Methods

Mice

Eight different inbred strains of mice were used. All mice were obtained from The Jackson
Laboratory (Bar Harbor, USA). Detailed studies on aging and the effects of repeated trials used
C57BL6/J mice (abbrev. B6). The strain comparison study used the following inbred strains:
129S1/SvimJ; BALB/cByJ; C3H/HeJ; C57BL/10J; DBA/2J; NON/ShiLtJ; SM/J. Strain
abbreviations are respectively: 129S1; BALB; C3H; B10; DBA; NON and SM. Mice were
maintained in humidity and temperature controlled rooms with 12:12 dark:light cycle. Mice
were provided NIH-mouse/rat diet with 4% fat (#5K54, PMI Feeds Inc., St. Louise MO) ad
libitum with free access to water (HCL acidified, pH 2.8-3.2). All procedures performed on
the animals were reviewed and approved by the Institutional Animal Care and Use Committee
of The Jackson Laboratory.

Gait analysis system

The system is configured to allow video capture from below the mice during treadmill
locomotion (Clever Sys Inc, Reston VA). Hardware consists of a treadmill with a clear belt
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that has a mirror mounted directly below and set at an angle of 45 degrees. A digital video
camera (Basler A301fc) is mounted in a translucent white plexiglas box beside the treadmill
at the level of the mirror chamber and focused on the reflected image of the underside of the
mouse. A rectangular, opaque plexigas testing chamber (20 x 4 x 16.5 cm) is mounted over
the tread and serves to keep the mouse within view of the camera. Indirect illumination of the
ventral side of the mouse is achieved via the mirror and lighting is adjusted to obtain optimal
contrast between the paws and body of the mouse. The digital camera operates at 100 fps with
a resolution of 658 x 494 pixels and the camera output is fed directly (Firewire IEEE-1394) to
a 2.4GHz, 1GB RAM computer. The system described above was used for all data collection
with the exception of the strain data which were collected using an identical camera and video
capture software but used the prototype hardware described previously (.

Digital video recording software is used to capture the raw video images and convert them to
MPEG format. The MPEG file is then exported to custom analysis software (Treadscan™ 1.0,
Clever Sys, Inc., Reston, VA, USA) that precisely tracks the body and paws position of the
mice during locomotion and determines when each paw is in contact with the tread. Analysis
is interactive and provides frame-by-frame feedback that allows the user to confirm that the
mouse is walking with a consistent pattern and that the paws are tracked accurately.
Measurements of improper strides (e.g. paw not being tracked, mouse moving forward or back
on tread) can be flagged and excluded from the data output.

Standard video capture protocol

Camera settings, lighting and treadmill speed (0.20 m/s for all studies) were preset and
background images including distance calibration were captured, prior to introduction of the
mouse. Each animal was placed into the testing chamber where it could be seen live on the
computer screen and within 15 seconds the treadmill was turned on and operating at the set
speed. The animal was recorded for a preset fixed number of frames (796 frames) after which
the treadmill was stopped and the mouse removed from the testing chamber. Each mouse was
in the testing chamber for a maximum total of 45-60 seconds. The tread was cleaned between
trials.

Gait parameters

The Treadscan™ software determines when individual paws are in contact with the treadmill
and then uses this determination to derive more than 20 different measures including standard
time-domain gait parameters (stride, stance and swing time). A step cycle or stride consists of
two consecutive contacts of a given foot. We have established that at least five strides for each
foot be included for a valid data set °0. Only strides recorded when the mice are walking in a
fixed position relative (i.e. at the preset speed) to the camera are included. Whenever possible
consecutive strides are used but because intervening aberrant strides do occur (e.g. jumps or
partial steps) as do periods of “stop and go” walking, data from most animals includes 2 or 3
sets of consecutive strides for a given trial. For these studies between 5 and 20 strides were
collected for every animal (mean=11+3.6). Values for each parameter were calculated using
the average of all valid strides for each of the four paws. For comparisons of front and rear
paws the right and left paws were averaged for each animal.

Definition of gait measures

Time domain measures are calculated by multiplying the number of elapsed frames by the
frame rate/1000. A known distance is measured from a ruler captured in the calibration video
and stored for calculation of distances and speed. 1) Stride time is the time between two
consecutive foot contacts. 2) Stance time (phase) is the amount of time the foot is in contact
with the tread during each stride. 3) Swing time (phase) is the amount of time the foot is not
in contact with the tread during each stride. 4) Stride length (mm) is calculated for each foot
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as the product of the overall average running speed and the stride time. Corrections are made
for any relative foot placement differences. For example if the foot consistently contacts the
tread in the same location (i.e. pixel coordinates) then no adjustment is made. 5) Dynamic
stance width (front and rear) is the perpendicular distance between the left and right paws
measured at the midpoint (pixel coordinate) of the stance phase.

Experimental design and data analysis

All mice were moved from the large colony room to racks in a smaller testing room at least 24
hours prior to testing. Reducing the amount of noise and activity in their surroundings and
otherwise ensuring the mice have not been disturbed (e.g. cage changes) prior to testing
improves the compliance of the mice. Nonetheless, in our laboratory ~10% of B6 mice will
not walk sufficiently well for useful data to be collected. The compliance among the other
inbred strains with treadmill walking is variable with some strains being almost totally non-
compliant (e.g. A/J, BUB/BnJ) and among compliant strains compliance declines with age
(unpublished observations). All experimental groups included equal numbers of males and
females to balance for possible sex differences that become evident with large samples 0.

Repeated trials study

Aging study

Three experimental groups comprised of twenty 8-week-old mice (10 males, 10 females) were
randomly selected for three separate experiments. In most experiments some mice were
excluded for non-compliance as indicated. The standard video capture protocol was used for
all groups (see above). In the first experiment mice were tested twice with a 1-week inter-trial
interval (2 females excluded, final n=18) In the second experiment mice were tested three times
with a 3-minute inter-trial interval between the first two trials and an inter-trial interval of 1
week between the second and third trials (2 males excluded, final n=18). In the final experiment
mice were tested six times with inter-trial interval of 3-minutes between the first five and a 1
week inter-trial interval between the 5 and 6 trials (see results for numbers excluded).

Fifty B6 mice were selected and divided into 5 groups of 10 mice each (5 males, 5 females)
and each group was assigned a test age of 1, 2, 6, 9 or 12 months. Mice in each naive group
were given a single trial at the designated test age using the standard video capture protocol.
Concurrent with the naive groups of different aged mice we also tested three additional groups
of mice that were repeat-tested across the age span. Mice were assigned to groups that were
tested using the standard capture protocol at 3 month intervals beginning at 3, 6 or 9 months
of age. This design allowed us to evaluate repeat testing effects in 12 month-old mice subjected
to one, two or three previous trials with a 3 month inter-trial interval.

Strain comparison study

These data are a subset of data collected as part of a large, ongoing, integrated aging project
(http://www.agingmice.org). The purpose of the project is to establish a public database
containing a large variety of phenotypic measures for 32 different inbred strains at ages between
6 months and death. These data are meant to provide baseline data for further studies into the
biology of aging. The gait data included here and all other data sets associated with the project
are available to the public (http://phenome.jax.org/). The project design required that ten naive
mice of each strain (5 males, 5 females) be tested at 6 month intervals across their lifespan
beginning at 6 months of age. The standard video capture protocol was used. Unfortunately
the compliance of the mice with the testing protocol was poor (see Results) and resulted in
incomplete data sets for all strains attempted.
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Unless otherwise noted a 2-way analysis of variance (ANOVA) was employed. Repeat trial
experiments used paw (front and rear) and trial as factors. B6 naive groups were compared
using paw and sex as factors. Strain studies used and a Tukey honest significant difference
(HSD) test was used to compare individual means when appropriate. A probability value of
<0.05 was used as a limit for declaring statistical significance for all studies. Data from
experiments where animals were tested more than once were compared with a repeat measures
design. Multiple regression analysis was used to evaluate the contribution of morphometric
measures to age-related changes in treadmill gait parameters.

Effects of repeated testing

We previously reported that repeated trials cause gait modifications in wild-type mice 0. We
undertook a series of experiments to better understand this phenomenon and help develop
experimental strategies that might avoid confounding effects.

Single retest — 1 week inter-trial interval—An initial experiment tested the effects of a
single treadmill trial on gait parameters recorded during a second trial one week later. Of the
basic gait parameters, only swing time was significantly different in the second trial (p=0.001)
(Fig. 1c). A reduced swing phase was evident for both front and rear paws but the effect was
larger for the rear (p=0.0002) than for the front paws (p=0.05) (Fig 1c¢’). In contrast there was
no trial effect for stance (p=0.33) due to a marked increase in variability (Fig. 1b) that was
caused by an inconsistent response among individual mice. Approximately half of the mice
showed increases (10 and 12 mice, front and rear paws respectively) while the remainder
decreased or showed no change. The lack of change in the stance phase, and the relatively
small reduction in the forelimb swing phase, both contributed to the absence of a significant
change in overall stride time (p=0.15)(Fig. 1a). However, the discrepant changes in swing and
stance phases did cause a decrease in the overall swing/stride ratio and an accompanying
increase in the stance/stride ratio (p<0.001, Fig. 1d) again due to adjustments in the rear paws
only (p<0.001, Fig. 1d’). Finally. we compared the dynamic stance width between trials for
the front and rear paws and found no change for the front paws (p=0.99) but a significantly
wider rear stance during the second trial (23.9£0.5 vs. 24.6+0.5; p<0.001).

Together these data confirm that a single brief walking trial on the treadmill causes mice to
walk differently during a second session one week later. The observed response would result
in greater stability through an increase in stance phase, and decrease in swing phase duration
relative to the overall stride cycle.

Two retests — 3 minute and 1-week inter-trial interval—We next conducted an
experiment to test the effects of performing two closely spaced trials within the same session.
Mice were given two initial trials with a brief 3 minute inter-trial interval followed by a third
trial one week later.

Before analyzing data for this experiment we first confirmed that separate naive groups of B6
mice gave similar results in the initial trial. Comparison of data for the B6 mice used in this
experiment and the preceding experiment showed no differences for stride, stance and swing
measurements (F<0.3 (1,70), p>0.6; compare Trial 1 in Fig. 1 a-d with Trial 1 in e-h). This
further establishes reliability of the device and the standard video collection protocol.

When we analyzed the data for trial effects we found significant overall effects for stride, stance
and swing time (F>8.7 (2,34), p<0.001) that were similar for both paws (F<2.0 (2,34), p>0.15).
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We then focused on the effects of the 3-minute inter-trial interval (Trial 1 vs. 2) and confirmed
significant differences between trial 1 and 2 for stride time and both stance and swing phase
times (p<0.003) (Fig. 1le-g). However, swing phase times again changed to a greater extent
than stance phase (compare Fig. 1f, g) and led to significant reduction in the swing/stride ratio
and a corresponding increase in the stance/stride ratio (p<0.01) (Fig 1h). Examination of
dynamic stance width found no changes with the brief inter-trial interval (Trial 1 vs 2; p>0.21).

Next we examined the effect of the two initial trials on the third trial measures taken one week
later. The overall response of the mice to a 1-week inter-trial interval in this study was similar
to that observed in the previous experiment with the same interval. The swing phase recorded
in the third trial remained significantly lower than initial values (p<0.02) and was not different
than average swing time recorded in the second trial (p=0.55) (Fig. 1g). Third trial stride and
stance times were not different than those recorded during the initial trial (p>0.3) and were
significantly increased (p<0.008) relative to second trial measures (Fig. 1e,f). Asin the previous
experiment the combined outcome of these changes was a significantly shorter swing/stride
ratio and longer stance/stride ratio for the rear paws in the third trial (p<0.001). We also
observed changes in dynamic stance width that were similar to those previously observed with
the 1-week inter-trial interval. Front paws stance width did not change (p>0.65) but mice
adopted a wider stance with the rear paws in the third trial (24.5+0.3) compared to both the
first (23.8+0.4) and second trials (23.2+0.4) (p<0.044).

These data show that a 3-minute inter-trial interval has a different, more robust effect on gait
parameters than a 1-week inter-trial interval. Specifically, with the shorter interval, mice reduce
their stride time by decreasing both swing and stance phase times such that in the second trial
mice are using shorter more frequent steps to achieve the same speed.

Multiple retest effect — 3 minute and 1-week inter-trial intervals—Given the effect
observed with two rapid trials we hypothesized that additional initial trials might stabilize
treadmill gait parameters. Thus we designed a third experiment to evaluate a rapid “training”
protocol that might allow efficient repeat testing. The training consisted of five sequential trials
with 3-minute inter-trial intervals. Data was then recorded in a sixth trial one week later to
evaluate stability.

Although the training strategy was generally successful (see below) it was also plagued by
poor compliance of the mice. In the current experiment only 12 of the 20 mice walked
sufficiently well in the sixth trial, the following week, to allow us to acquire valid data.
Compliance was also variable for a given mouse in that some would behave well for one, two
or several trials and then not the next. For example although we obtained data from at least 16
mice for each training trial only 12 mice walked well in all 5 trials (3 minute inter-trial) and
only 7 of these 12 mice completed the entire protocol.

Due to the missing data for nearly half the mice in the final trial, we did not perform the planned
repeated ANOVA and considered all data for each trial. Stride, stance and swing times
decreased progressively through the 15t three trials and then stabilized for trials 4 and 5 (Fig.
2). Five training trials also were sufficient for the modifications to persist when mice performed
a sixth trial one week later. Comparison of mean values for the 3" and 6" trials found no
difference in any of the three basic measures, either of the phase/stride ratios or for dynamic
stance width (Student's t, p>0.09, all comparisons).

These data demonstrate that as few as five training trials “reset” and stabilize basic treadmill
gait parameters for seven days. These data provide a basis for developing repeat testing
strategies which are discussed below.
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Aging: To determine if treadmill gait is stable as mice age and grow we compared the gait of
five naive groups of B6 mice that were tested at 1, 2, 6, 9 or 12 months of age. An age-related
increase in stride, stance and swing times (main effect of age; F>11(4,90), p<1 x 10~%) was
evident across the entire age span but the increases were greatest between 1 and 2 months of
age (Fig 3). Post hoc analysis of individual means showed that the youngest mice had
significantly shorter stride, stance and swing times than mice at all older ages (1<2,6,9,12
months, p< 0.03). In agreement with changes in the time domain measures, stride length was
increased concomitant with a decrease in stride frequency (F>22(4,90), p< 1x 10-4) for both
paws (Table 1) (no interaction) confirming that older B6 mice take longer, less frequent steps
than young mice to achieve the same walking speed on the treadmill.

Closer examination of the age-related changes in stance and swing phases showed that between
1 and 2 months of age increased stride time was achieved by adjustments during both phases.
However, at later ages, stance and swing phases were not adjusted in parallel. Stance phase
continued to increase up to 6 months (2<6, p=0.01) and then remained stable to 12 months of
age (6 =9 =12, p>0.5) (Fig. 3b). In contrast, swing phase did not change between 2 and 9
months (2 = 6 = 9, p>0.5) but then increased further between 9 and 12 months of age (p=0.01)
and swing phase was significantly longer at 12 months than at all younger ages (p<0.01) (Fig
3c).

Although changes in overall stride time and swing phase were similar for both paws (no
interaction effect, p>0.55) there was a significant paw by age interaction for the stance phase
(F=2.9(4,90), p=0.02) (Fig 4a, b). We previously observed that normal 2 month old mice have
rear paw stance times that are slightly longer, and swing times that are commensurately shorter,
than front paw stance times 0. A similar rear/front relationship is evident in the current data
at 1, 2 and 6 months and though the relationship persists for swing time, it is lost for stance
time (Fig. 4a,b). The overall effect of these discrepant changes is most easily seen by expressing
stance and swing phases as a proportion of stride time. The ultimate result, by 12 months of
age, is a convergence of the front and rear paw phase ratios (Fig 4c,d). The typical difference
between front and rear paw phase ratios persists to six months of age (p< 0.04) but are no longer
different at 9 months (p>0.9) (Fig. 4c,d) The age-related change in phase ratios is evident for
both front and rear paws but changes in the rear paws are greater (age by paw interaction effect
(F=2.7(4,90), p=0.03). Post hoc analysis showed significant phase ratio changes between 6 and
12 months for the rear paws (p<0.03) but not the front paws (p<0.9).

We also examined the dynamic stance width of the frontand rear paws during treadmill walking
and found the distance between the rear paws increased steadily with age (Fig. 5) (F=11.6 (4,
45), p<1 x 10~4). The rear stance width of 1 month old mice was significantly narrower than
that of 6,9 and 12 month old animals (p<2 x 10-4) and 2 month old stance width was
significantly less than both 9 and 12 month measures (p< 0.04). The overall age-related increase
in front stance width (F=4.9 (4, 45), p=0.002) was due to changes between 1 and 6 months of
age (Fig. 5; 1>6, p=0.001) but then remained stable up to 12 months.

An obvious explanation for the observed age-related changes in treadmill gait parameters is
the accompanying increase in the size and weight of mice during the first year. The growth
curves for the mice studied (Fig. 6) have a pattern similar to that for age-related changes in
overall stride time (Fig. 3a); changes in size and weight are more rapid at younger ages. For
example, between 1 and 2 months of age average body weight increased (1.0 g/wk) at double
the rate recorded between 2 and 6 months (0.5 g/wk) and then slowed further between 6 and
12 months (< 0.2 g/wk) (Fig. 6a). Similarly body length increased rapidly between 1 and 2
months (1.4 mm/wk), more modestly between 2 and 6 months (0.5 mm/wk) and then very little
between 6 and 12 months (0.25 mm/wk) (Fig. 6b).
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To determine the extent that these growth measures predict changes in gait we performed a
multiple regression analysis of rear stride time and stance width using body weight and length
as independent variables. Significant correlations were found for both dependent variables.
Together body weight and length accounted for 36 and 60% of the age-related variability in
rear stride time and stance width respectively. Examination of beta coefficients revealed that
while neither body length nor body weight contributes significantly on its own to predicting
rear stride time, body length is a relatively better predictor. The same analysis for rear stance
width, showed both length and weight contributed significantly and equally to its prediction
(Table 2)

Together these data show that as B6 mice age they take longer, less frequent strides and widen
the rear paw stance while walking on a treadmill. Regression analysis suggests these changes
are partly due to the growth of the mice, particularly at younger ages (<6 months).

Effect of repeat testing in older mice—We were also interested in determining if repeat
testing effects could be produced in older animals and with a much longer inter-trial interval
of 3 months. To do this we compared data collected from a cohort of naive 12 month-old
animals to three independent groups of age-matched mice that were tested previously one, two
or three times. To our surprise, despite a 3-month inter-trial interval, each of the three
independent groups that were repeat-tested had significantly shorter stride times than their
respective age-matched naive group (p<0.003) (Fig. 7). This was due to significant reductions
in both stance and swing phase for two of the repeat groups (naive<1 and 3 previous trials;
p<0.02) while the remaining repeat group (2 previous trials) showed the same trend but did
not reach statistical significance (p=0.10, 0.07 stance and swing respectively). There were no
differences between the three repeat groups for any of the measures (p>0.6) and both paws
were affected similarly (no interaction effects). We also noted a somewhat greater decrease in
the swing phase than in the stance phase with the 3-month inter-trial interval (Fig.7). Similar
to results with a 1-week retest this discrepancy tended to reduce the swing/stride ratio and
increase stance/stride ratio, however with the longer interval this effect did not reach statistical
significance for either measure (p=0.10). Finally, we were interested to see if mice adopted a
wider stance width with the rear paws (see above) as observed with the 1-week inter-trial
interval. No significant differences were found, for either the front or rear paws, between the
naive group and any of the retest groups (p>0.3).

These results confirm an effect of repeat testing with a 3 month inter-trial interval in three
separate groups of 12-month-old mice and further show that, at this interval, trial effects are
not additive.

Inbred strains: We chose B6 mice for the preceding detailed studies on aging and trial effects
because most of the disease models studied in our own laboratory are maintained on this
background and it is extensively used in many laboratories. As part of larger integrated aging
project, (www.agingmice.org) we compared the treadmill gait of different strains of inbred
mice as they aged.

Strains differ in compliance—We were unable to obtain a complete data set for treadmill
gait for any of the strains because of poor compliance with the testing protocol. Upon initial
testing, at six months of age, several of the strains either would not walk at all or did not walk
consistently enough to obtain valid data. In other strains, the mice complied at 6 months but
then were either unwilling or unable to walk at the prescribed speed at later ages. Up to 18
months the mice generally still moved well with no overt impairments while by 24 months
some overt motor deficits could be observed. In these older animals reducing the tread speed
to a slower walking pace would sometimes improve their performance. These anecdotal results
point to complications for the use of treadmill gait as a longitudinal assay for aging studies.
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Strategies are discussed below for possibly circumventing these problems. Nonetheless, useful
data sets were obtained at 6 months of age from naive cohorts of seven inbred strains. Three
of these strains also completed walking trials at 18 months of age.

Strains differ in treadmill walking strategy—We compared the relationship between
mean stride length and stride frequency of the rear limbs for each strain at 6-months of age to
look for differences in the treadmill gait pattern among the seven strains.

At the same walking speed the seven strains showed significant variation with 129S1 mice
using the longest steps with a rate of ~ 3 per second compared to NON mice that took, on
average, much shorter steps at a rate of more than 4 per second (Fig. 8a). Significant strain
differences were present for both measures (F>18.9 (6,1), p<1 x 10~%) but overall males and
females were not different (F<0.02 (6,1), p>0.8). The NON and SM strain were the most distinct
with significantly shorter strides than, respectively, four and five of the other six strains (Table
3) Similar results were found for an analysis of rear stance width (Fig. 8b); a significant strain
effect (F>21.3 (6,1), p<1 x 10~%) and no sex difference (F>3.6 (6,1), p=0.06). However, strain
differences were more distributed with each strain showing significant differences with 2 or
more of the other strains (Table 4).

We were also interested in examining the relationship of the front and rear paw stance phases
for these strains. The stance phase of the rear limbs is typically slightly longer than for the
forelimbs and is reflected in a greater stance/stride ratio (Fig. 4c above). Stance/stride ratios
showed significant variation across strains and only two strains (BALB, B10) showed larger
stance/stride ratios for the rear paws (p< 0.002) at 6 months. We took this analysis one step
further to confirm that the front:rear relationship was similar for males and females of a given
strain. This was confirmed with the exception of 129 and SM strains which each showed the
typical relationship for females but not for males (Table 5).

In the analysis of B6 mice above we show that age-related changes in body weight contribute
to the variability in rear stride time and, to a somewhat greater extent, rear stance width. When
we examined these relationships across the seven strains including all animals (n=96) we also
found weak significant correlations between body weight and rear stance width (r=0.29,
p=0.004, r2=0.094) or rear stride length (r=—0.32, p=0.002, r2=0.10). Thus, at 6 months of age
only ~10% of the variation in these two gait parameters is due to the differences in body weight
across these seven strains. Close examination of the data emphasizes that variation in gait
parameters is due to factors other than weight (size). Mean rear stance widths were clearly
different (Tukey, p<0.013) even though six of the seven strains had very similar body weights
(Fig. 8b; range ~26-30 g; Tukey, p> 0.66). Moreover, the lightest (129) and heaviest strains
(NON) had, respectively the longest and shortest strides and the NON mice had an average
rear stance width in the range of mice that were on average 12-15 grams lighter (Fig. 8).

Age-related change in treadmill gait in three strains—When we compared the 6 and
18 month data collected for B10, DBA and NON mice our first observation was an overall
decrease in body weight between 6 and 18 months (Table 6) (age effect (F=13, (1, 67), p<0.001)
that was consistent across strains for both sexes (no interactions (F<1.7 (2,67), p>0.2).
However, the weight losses were not significant for separate comparisons of males and females
within each strain. Changes in body weight would predict an accompanying reduction in stride
length between six and eighteen months. Instead stride length showed an overall increase (age
effect F=12, (1, 134), p<0.001) for both paws (no interaction) but this effect was modest and
varied both between strains and sexes (Fig. 9) (age by strain by sex interaction (F=6, (2,134),
p=0.005). In post hoc comparisons only B10 mice had a significantly greater stride length at
18 months and this effect was due to an increase for male mice (p<1x10~4) while B10 females
were unchanged (p=0.99).
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Finally we compared the stance/stride ratio of B10 mice at 6 and 18 months of age to determine
if the age-related change in the FL: HL relationship we observed for B6 (Fig 4c above) was
also evident in B10 mice which are closely related to B6. Consistent with our B6 results the
significant difference in stance/stride ratio between the front and rear paws that was present at
6 months, was no longer significant at 18 months for either males or females (Table 6). Note
that we did not examine the other two strains for this change because they did not show the
FL:HL initially (Table 5).

Discussion

The combined results of these studies confirm that treadmill gait is a sensitive motor assay for
mice, but also demonstrate that it should be considered a novel behavior that can be affected
by age and experience. These findings are consistent with results of studies in other quadrapeds
47 and humans 9:14:16,:46,47 \We also show an influence of genetic background on treadmill
gait that contrasts with the absence of comparable differences among strains during over ground
locomotion when mice select their walking velocity .

These findings point to some general considerations for the use of treadmill gait as an assay
of neuromuscular/neurological function in mice. First, interpretation of results from
longitudinal studies is complicated by the effects of repeated exposures (shorter strides) and,
depending on the age span studied and duration of the study, an opposing age-related effect
(longer strides) due, in part, to changes in size and weight. In studies where standard inbred
mice are used these complications can be easily avoided by using age-matched groups of naive
mice and strict adherence to a standardized trial protocol that includes exclusion of non-
compliant mice.

Second, studies comparing different inbred strains or studies of strains with engineered or
spontaneous mutations may require additional controls. Engineering knockout or transgenic
mice often results in a mixed genetic background in early generations that can increase
phenotypic variability or, as the genetic background is fixed in subsequent generations, lead
to a modified phenotype 23. If strains are to be maintained on a mixed background litter effects
need to be considered 42 and otherwise the phenotype should be monitored carefully for several
backcross generations until the background is fully fixed. A related issue is that mutations may
cause affected mice to be smaller and lighter or, in the case of degenerative conditions, cause
a progressive age-related weight loss. In such cases possible effects due to differences in size
might be avoided by testing at earlier ages before differences in size are evident or by using
weight-matched controls.

Third, while the preceding considerations can guide experimental design the pertinence to any
given model or treatment may vary. Our previous findings provide an example. The disease
process in SOD1G93A transgenic ALS model 19 causes an increase in stride length prior to
the appearance of overt effects 50. A change in this direction might be obscured by the
shortening effect of repeat testing and, at later disease stages, confounded by progressive
weight loss caused by disuse atrophy. However, in that study only control mice responded
significantly to repeat testing and gait differences were detected prior to significant weight
differences %9 and, at later stages when the transgenic mice are overtly affected, stride lengthens
further despite significant weight loss (unpublished observations). On the one hand, this
example demonstrates that a longitudinal design may be used and that repeated treadmill trials
may even provide an additional variable. On the other hand, given the current findings, it may
be advisable for longitudinal studies to either include concurrent naive groups or to establish
the nature of the response to treatment/disease at a single time point in advance. Whether such
requirements negate the efficiency gained by a longitudinal study will depend on the specifics
of each experiment. It should also be considered that gait analysis during over ground
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locomotion may be preferable to the treadmill for certain experiments. This approach allows
walking velocity to vary but offers a sensitive, reliable index of motor performance that is
unaffected by repeat trials 1° and age 12.

Repeated trial studies

The purpose of these studies was to better understand how multiple trials affected treadmill
gait parameters with the practical goal of improving strategies for longitudinal studies. The
results confirm and extend previous results %9 by showing: 1) that the extent and nature of the
modifications depend on the number and timing of repeated trials and, 2) that effects are seen
even with inter-trial intervals as long as three months.

These studies provide a starting point for study of the mechanism(s) underlying the observed
trial effects. A consistent pattern is evident in the present data which shows that at the longer
intervals (>1 week) changes are characterized by a reduction in the swing phase that is more
pronounced for the rear limbs. In contrast, for the rapid retests, the shortened strides are caused
by reductions in stance and swing phases and are evident for both front and rear paws.

These studies do not establish the mechanism(s) for the repeated trial effect but two general
possibilities can be considered. One possibility is that the effect is a reflex habituation response
to the distinct dynamics and altered sensory feedback associated with treadmill walking 17
25 Such a response has been documented in humans and is characterized by a rapid habituation
(<10s) that takes more than 10 minutes to become consistent 946, Also, the rapid habituation
response is repeated over multiple session but subjects take less time to develop a consistent
pattern 47. Our data in mice are generally consistent with this scenario. The effect is rapid as
it can be observed with a total walking time of less than 60 seconds (2 trial total) but takes an
additional time (>3 trials) for the pattern to stabilize. One requirement for evaluating this
mechanism is the quantification of modifications within a single trial and attempts at these
experiments were unsuccessful. Our standard trial is short and mice do not necessarily walk
consistently for the entire trial and thus do not provide enough data for valid intra-trial
comparisons (e.g. beginning vs. end). At this point computer/software limitations do not allow
us to capture video clips of significantly longer trials (3-5 minutes) that might make such an
analysis feasible.

A second related possibility is that mice learn with experience and some of our findings suggest
a learning/memory component. First, we saw gait modifications in a second trial with a 1-week,
and even a 3-month inter-trial interval. Second when mice were given five training trials (3
min. inter-trial) the modified gait pattern stabilized and persisted for 1 week, but only two
initial trials (3 min. inter-trial) did not stabilize the gait pattern seen a week later. Our finding
that 1, 2 or 3 retests with the 3-month inter-trial interval were similar shows effects are not
additive with this long of an interval.

Our current data do not allow us to determine if these effects are due to more rapid within
session habituation, as for humans 47, a persistent learned strategy, or some behavioral
response, such as anxiety, related to memory of the testing chamber/treadmill. The latter
possibility is supported by our observations of a more marked effect on the swing phase and
an increase in rear stance width with a 1-week inter-trial interval. B6 mice were shown to have
a reduced swing phase, a slightly longer stance phase and a wider stance during over ground
locomotion when the environment was manipulated to increase anxiety 33.

Walking is a rhythmic, repetitive motor behavior that is controlled by interactions between
central pattern generators and a variety of sensory feedback 13:18, However, some evidence
suggests that higher central inputs contribute to swing phase adjustments 3. This view is
supported, in mice, by the association of swing phase adjustments (decreases) with increasingly
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anxiogenic environments 32, changes that would require processing by higher centers to be
assessed. The lighted treadmill enclosure likely is a stressful environment and our results
suggest that the memory of the enclosure may heighten anxiety and contribute to gait
modifications on the treadmill also. Our results further suggest, however, that training, the
length of the inter-trial interval and age can affect this response. Five training trials stabilized
the swing phase and eliminated the effect on stance width when tested a week later and with
a 3-month inter-trial interval changes in stance and swing phases were more comparable and
stance width was unaffected.

A practical goal of these studies was to develop an efficient strategy for training mice to
establish a new stable baseline. We conclude that a series of five initial training trials can
achieve this for at least a week. However, the training had the serious drawback that a week
later nearly half the mice refused to walk well enough for valid data to be collected. Given
these findings and the resulting need to test additional animals as well as the possible bias
introduced by eliminating non-compliant animals, we further conclude that using naive groups
of mice and our standard protocol for data collection, which produces highly reliable results
for naive B6 mice, is a preferable strategy when feasible.

Nonetheless, there are many other potential training strategies, the most obvious of which is
to train the mice for longer periods when allowed by the model under study. This would allow
mice more time to acclimate, establish a baseline and possibly improve compliance.

The goal of our aging study was to evaluate the stability of treadmill gait parameters during
the first year of life. Our results show that as B6 mice age the same walking speed is achieved
by longer, less frequent steps that are also accompanied by an increase in dynamic stance width.
We also show that between 40 and 60% of the age-related changes in the gait parameters
examined can be attributed to changes in body weight and length, particularly between 1 and
6 months of age. The source of the remaining variability in age-related gait changes is not
known and would require additional study. We chose weight and length as simple general
measures of growth but it is possible that other morphometric measurements would account
more fully for variation in gait measurements. For instance, the length of HL and FL bones
increase by 2-3 millmeters between 1 and 5 months of age 2:37 and corresponds with the period
when 2we observed relatively rapid changes in treadmill gait parameters.

For freely walking mice a transition from immature to mature gait was described that occurs
at around postnatal day 24 12, The transition is characterized by the establishment of stance
times that are longer and swing times that are shorter in HL compared to FL. We did not attempt
to discern a developmental transition on the treadmill but the mature relationship is also evident
for treadmill gait between 30-180 days even as measures show age-related increases. However,
the HL to FL relationship for treadmill stance time is lost between 6 and 9 months and is
reversed by 12 months. The functional outcome of these changes is to confer somewhat greater
stability as the mice come to rely more equally on the front and rear paws for treadmill
locomotion.

The age-related changes in the basic gait parameters and the loss of the typical HL:FL
relationship that we observed demonstrate that treadmill gait is sensitive to factors that
apparently do not affect freely walking mice. A study of two cohorts of freely walking mice
over a greater age-span (10 days to 18 months) did not find any significant changes that were
not due to changes in velocity. As such, our results add to other data, from mice 2° other
quadrapeds 47 and humans 1416 which demonstrated that treadmill and over ground
locomotion are not equivalent. Additional study is required to determine why mice walking on
the treadmill show age/growth-related changes that are not evident during over ground walking
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and may necessitate more sophisticated methods (e.g. ground reaction forces, joint kinematics).
For instance, freely walking mice might be better able to vary the amount of curvature in their
spine to effectively lengthen or shorten overall body length and in turn modify gait parameters
to compensate for changes in size and weight. Such adjustments may be constrained on the

treadmill by the fixed velocity or by behavioral factors such as anxiety 32 that change with age
27

Strain differences

Our comparison of gait parameters among the seven inbred strains that completed testing at 6-
months of age confirms an influence of genetic background. These data offer a potential starting
point for identifying genetic loci associated with differences in treadmill gait. Crosses between
closely related strains that are similar in size (weight) but that showed gait differences
(e.9.BALB and C3H or DBA and SM) would be most likely to be informative. However, a
recent report showing that differences in anxiety can affect gait measures 33 also allow for the
possibility that loci associated with traits other than those directly related to motor output during
treadmill walking might be identified.

The other major finding of the strain survey is that a proportion of mice for most strains do not
walk on the treadmill consistently enough for useful data to be collected even at 6-months of
age. Also, naive groups of mice from strains that did walk well initially often became less
compliant with age. As discussed above, it might be possible to improve compliance by
allowing more time for acclimation. Alternative strategies, in combination with acclimation,
might improve acquisition of useful data from non-compliant strains. For example, although
we chose to use a fixed walking speed, it is possible to evaluate gait measures as treadmill
speed is progressively increased or at slower speeds. In our hands, it is difficult to obtain valid
data below ~15cm/s because mice walk inconsistently with a “stop and go” strategy 20 but
others have successfully used speeds as low as 10 cm/sec 25:32,

Aging NON, DBA and B10 mice from 6-18 months has little overall effect on gait parameters
even though each of the strains were beginning to show minor weight losses that accompany
aging 21. Eighteen-month-old mice are not considered aged, with reported degenerative
changes (e.g. sarcopenia) not appearing until > 2 years of age 6:21:34, Of the three strains
studied, survival rates at 18 months for B10 and NON mice of both sexes exceed 90% while
the survival of DBA mice at the same age is ~70% for males and ~55% for females and
(www.jax.org/phenome). The reduced survival rate of female DBA mice is interesting in that
these were the only mice to show a decreased stride length at 18 months of age. Whether this
is indicative of more rapid aging will require additional study.

In summary these findings indicate that treadmill gait measures are sensitive indicators of gross
motor performance in mice and are therefore very useful in evaluating mechanisms and disease
models that affect motor function. However, the caveats that apply to other behavioral tests,
including repeat testing effects, age, genetic background and compliance, must be carefully
considered in the design of gait experiments. As well, we have suggested possible solutions
and appropriate controls to overcome some of these factors, but these will vary depending on
each animal model and experimental protocol.
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Figure 1.

The effects of repeated trials of treadmill walking were tested in two separate groups of mice.
(a-d) The first group performed two trials separated by one-week. In the second trial there is
significant decrease in overall swing phase that is driven primarily by changes in the rear paws
but overall stride and stance time are unchanged. (e-h) The second group performed three trials,
with an inter-trial interval of 3 minutes (trials 1-2) and 1 week (trials 2-3). During the second
trial mice walked with a shortened stride and changes were evident for both stance and swing
phases and in both front and rear paws. The third trial, one week later, showed changes that
were remarkably similar to those observed in the first experiment when only two-trials were
performed with the same inter-trial interval (compare trials 1 and 2 in a-c with trials 1 and 3
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in e-g). Values in a-h are calculated for each animal as the average of all four paws, in a’-h’

the two front and two rear paws were averaged for each animal. All plots show the mean +/—
s.e. for each group.

Physiol Behav. Author manuscript; available in PMC 2010 February 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wooley et al.

Page 19
320
310
@ 300
E
[0}
.§ 290 |
()
°
=
@ 280}
270
260 1 1 1 1 1 : : 1
1 2 3 4 5 6
Trial number

Stance time (ms)
3
T

@
[=]
T

150 1 1 1 1 L
1 2 3 4 5 6

Trial number

130

Mﬁ

90 1 1 1 1 1 :'_'_

Trial number

Swing time (ms)
>
T

Figure 2.

Mice in this study performed five initial trials separated by 3 minutes and then a sixth trial 1
week later. (a-c) Stride, stance and swing times decreased progressively from trial 1 to 3 and
then stabilized for the remaining two trials. Comparison of values from the 3" and 6™ trials
showed no differences for these measures. Compliance was poor and variable (trials 1-5, n=16
—19; trial 6, n=12). Values are calculated for each animal as the average of all four paws. All
plots show the mean +/— s.e. for each trial.
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1 2 6 9 12
Age (mo)

Primary gait parameters for five naive groups of C57BL/6J mice (n=10 per group) tested at
different ages. A significant age-related increase was found for overall stride time and both
stance and swing phases. Values of each animal are the average of all four paws and data are

shown as the mean +/— S.E. for each group.
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Figure 4.
a) Age-related changes in stance phase duration are similar for front and rear paws until 6

months of age when rear paws stabilize. b) Age-related changes in swing phase duration for
front and rear paws remain parallel through the entire 12 months studied. c,d) Overall effect
of discrepant changes in stance and swing is a loss of a front/rear differences in phase ratios
that is driven by changes in rear limbs. For this plot values of each animal (n=10 per group)
are calculated as averages of the two front and two rear paws. Data are shown as the mean +/
— S.E. for each group.
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Figure 5.

A significant age-related change in dynamic stance width was found for both the front (1-
month<6; 2month=6,9,12) and rear paws (1month<6,9,12; 2 month<9,12). Values of each
animal are calculated as average of the two rear paws. Data are shown as the mean +/— S.E.
for each group. Note Y-axis scale is broken to accommodate differences in front and rear paw
distances.
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Figure 6.

Growth curves of C57BL/6J mice show typical rapid increases in both body weight and length
(nose to anus) at younger ages. This pattern of change is similar to that seen for treadmill gait
in Figure 1 above. Regression analysis (see text) confirmed that both measures contribute
significantly to age-related changes in gait parameters. Values are mean + s.e. of each group.

Physiol Behav. Author manuscript; available in PMC 2010 February 16.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wooley et al.

A

Stride time (ms)

Page 24

99)
O

150 -
340 200
140
320 » 190 —_
0 130
E £
q.) N
E 180 ()]
300 = £ 120
3 o
c 170 £ 110
S 2
280 n ()
160 100
260 150 90
o 1 2 3 o 1 2 3 o 1 2 3
Number previous trials Number previous trials Number previous trials
Figure 7.

Data shown were collected from four separate groups of B6 mice tested at 12 months of age

(n=10). Three of the groups had also been tested previously; one at 9 months (1 trial), one at

6 and 9 months (2 trials), one at 3, 6 and 9 months (3 trials). The stride time of the naive group
(O retests) is significantly longer than each of the 3 groups that were tested previously. These
data demonstrate a significant, non-additive effect of repeat testing with a 3-month inter-trial
interval. Values in are calculated for each animal as the average of all four paws and plots show
the mean +/— s.e. for each group.
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Data shown were recorded each strain at 6 months of age. (a) Strains employ different strategies
for treadmill walking at the same speed with significant differences in stride length and
frequency. (b) Differences in stance width of rear paws are due in part to differences in body
weight between strains (see text) but other factors also contribute. This is emphasized by the
NON mice which are markedly heavier than all other strains but have the shortest stride and

do not have the largest stance width. VValues are mean * s.e. of each group.
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Figure 9.

Naive cohorts of mice were tested at 6 and 18 months of age for each strain. There was a
significant overall increase in stride length when data were collapsed across sex and strain.
However, when males and females were considered separately within each strain, only male
B10 mice had a significantly longer stride. Overall these suggest that stride length remains
stable up to 18 months for these three strains. Note the variation among males and females for
B10 and DBA mice. Values are calculated for each animal as the average of all four paws and
plotted as the mean + s.e. of each group.
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Relationship between the stance phase ratio of front and rear paws for seven inbred strains at 6 months of age. Only
BALB and B10 mice have the expected FL:HL relationship for stance phase ratios (HL>FL). SM and 129S1 mice
show the typical relationship for females but not for males.

Stance/Stride

Strain Sex N Front Rear
C56BL/10J M 8 0.60 +/—0.008 0.68 +/—0.007
F 7 0.60 +/—0.007 0.66 +/— 0.005
DBA/2J M 6 0.65 +/—0.006 0.64 +/-0.012
F 7 0.64 +/-0.012 0.64 +/-0.010
NON/shiLtJ M 8 0.69 +/-0.008 0.70 +/-0.015
F 9 0.68 +/—0.006 0.70 +/-0.006
129S1/SvimJ M 4 0.62 +/—0.007 0.58 +/— 0.006
F 7 0.56 +/—0.025 0.64 +/-0.018
BALB/cByJ M 8 0.61 +/-0.014 0.68 +/—0.009
F 7 0.64 +/-0.011 0.67 +/-0.012
C3H/HeJ M 7 0.61 +/-0.011 0.60 +/—0.017
F 8 0.62 +/-0.013 0.60 +/—0.015
SM/A) M 6 0.65 +/-0.014 0.66 +/—0.012
F 5 0.60 +/—0.027 0.65 +/—0.013
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