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Abstract

Deviations from ‘normal’ locomotion exhibited by humans and laboratory animals may be

determined using automated systems that capture both temporal and spatial gait parameters.

Although many measures generated by these systems are unrelated and independent, some may be

related and dependent, representing redundant assessments of function. To investigate this

possibility, a treadmill-based system was used to capture gait parameters from normal and ataxic

rats, and a multivariate analysis was conducted to determine deviations from normal. Rats were

trained on the treadmill at two speeds, and gait parameters were generated prior to and following

lesions of the olivocerebellar pathway. Control (non-lesioned) animals exhibited stable hindlimb

gait parameters across assessments at each speed. Lesioned animals exhibited alterations in

multiple hindlimb gait parameters, characterized by significant increases in stride frequency,

braking duration, stance width, step angle, and paw angle and decreases in stride, stance, swing

and propulsion durations, stride length and paw area. A principal component analysis of initial

hindlimb measures indicated 3 uncorrelated factors mediating performance, termed rhythmicity,

thrust and contact. Deviation in the performance of each animal from the group mean was

determined for each factor and values summed to yield the Cumulative Gait Index (CGI), a single
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value reflecting variation within the group. The CGI for lesioned animals increased 2.3-fold

relative to unlesioned animals. This study characterizes gait alterations in laboratory rats rendered

ataxic by destruction of the climbing fiber pathway innervating Purkinje cells and demonstrates

that a single index can be used to describe overall gait impairments.
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1. Introduction

Gait analysis has been used for more than 30 years to assess the effects of physical and

chemical perturbations on walking and running in laboratory animals [1, 2]. Initial

assessments were conducted using the ‘painted footprint’ procedure, and typically provided

measures of stride length and stance width. This led to the development of a basic apparatus

that extended measures to include stride frequency and velocity [3]. Since that time, several

systems have been developed that provide information at different walking speeds, critical

for understanding both coordination and balance, as well as for assessing the efficacy of

possible therapeutic regimens for movement disorders [4].

Results from studies to date characterizing gait alterations in ataxic laboratory animals are

difficult to reconcile because of two confounds, viz., the effect of speed on gait parameters

and the interdependency of gait parameters. For example, although increased hindpaw

stance width has been shown to be manifest by two unrelated transgenic ataxic mouse

models [5, 6], this alteration was not present in other studies using a ‘Lurcher-like’ mouse or

following cerebellar lesions [7, 8]. A careful analysis of these studies indicates that for the

former, animals were tested at a treadmill speed of 35 cm/s, whereas for the latter, animals

were run at 22 and 15 cm/s, respectively. The idea that walking speed is a prime

consideration determining gait parameters is underscored by evidence that gait alterations in

Lurcher mice, who walk considerably slower than their wild-type counterparts (<15 cm/s

compared with >25 cm/s), were obviated when walking speed was taken into account [9].

In addition to speed, the interdependency of gait parameters must also be considered.

Although laboratory animal studies have not addressed this issue, clinical studies have

indicated that many gait parameters are highly related and interdependent, and may

represent similar aspects of the same general function [10]. To isolate and identify

combinations of gait parameters that are strongly associated with the variance in the data,

but are uncorrelated to one another, a principal component analysis (PCA) may be used.

Although the mathematics of this process are complex [11–13], the purpose of a PCA is to

reduce the dimensionality of a data set consisting of several interrelated variables, while

retaining the variation present in the data [12–13]. Thus, redundant aspects of the original

data set are consolidated into a smaller number of principal components. Clinicians have

used PCA to analyze gait and have demonstrated that 16 independent gait parameters could

be used to describe gait patterns in humans, and based on these values, a ‘normalcy index’

could be calculated that reflected gait patterns that deviated from normal [14], a concept that

has been validated [15] and extended [16] in the clinical literature. A similar strategy has not
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been applied to laboratory animal studies, an approach that would be highly beneficial for

translational investigations.

Therefore, the goals of this study were to: characterize gait abnormalities in olivocerebellar-

lesioned rats; use a PCA to identify independent aspects of gait performance; calculate a

single quantifiable index of gait; and determine how this index is altered following

destruction of the olivocerebellar pathway. To accomplish this, the DigiGait™ Imaging

System (Mouse Specifics, Boston, MA) was used to determine temporal and spatial gait

parameters in normal rats and rats rendered ataxic following olivocerebellar lesions [17].

Although this system has been used to assess gait parameters in rats following spinal cord

injury [18–20], peripheral nerve injury or inflammation [21, 22], and damage to the brain

[23, 24], this is the first study to describe a single index reflecting gait pattern impairment in

laboratory rats rendered ataxic by destruction of the climbing fiber pathway innervating

Purkinje cells.

2. Materials and Methods

2.1 Animals and lesions

Male Sprague-Dawley rats (225–250 grams and 52–60 days old, Harlan Industries,

Indianapolis, IN) were acclimated to the vivarium for 1 week and housed 2 per cage in a

temperature and humidity-controlled vivarium on a 12:12 hr (7 am:7 pm) light-dark cycle;

experiments were conducted between 10 am and 2 pm to minimize variability in behavior.

The care and use of animals were approved in accordance with guidelines set by the

University of South Florida Institutional Animal Care and Use Committee and the National

Institutes of Health Guide for the Care and Use of Laboratory Animals.

Lesions of the olivocerebellar pathway were induced by the administration of 3-

acetylpyridine (3-AP; 70 mg/kg, i.p.) followed by an injection of nicotinamide (300 mg/kg,

i.p.) 3.5 hours later; chemicals were obtained from Sigma-Aldrich Co. (St. Louis, MO). This

injection paradigm has been demonstrated to localize the resulting neurotoxicity primarily to

the inferior olive, with weak effects on other brain regions involved in motor control [25–

27]. In addition, studies in our laboratory have demonstrated that this injection paradigm

leads to the loss of 85% of inferior olivary neurons in rats, and results in impaired

performance on the rotorod, balance beam, and in the open field [17].

2.2 Apparatus and behavioral paradigm

Prior to initial recordings, rats were trained on the DigiGait™ treadmill for 5 consecutive

days. Preliminary studies indicated that a speed of 25 cm/s represented a ‘comfortable’

walking speed for rats, in general agreement with prior reports [28, 29]. Further, initial

studies indicated that at a lower speed of 15 cm/s, rats did not perform adequately for gait

analysis, whereas at a more challenging speed of 35 cm/s, representing a fast walk,

performance was consistent; speeds faster than 35 cm/s may have been too challenging for

animals with olivocerebellar lesions to walk consistently for analysis purposes (unpublished

observations). Each training day consisted of a single 2 minute trial at each speed, with trials

separated by 1–2 hours, and with the lower speed always run first. The treadmill belt and

enclosure were wiped with 70% ethanol between each trial.
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For training, each animal was secured inside the apparatus and the treadmill was started

immediately at 25 cm/s. For training at 35 cm/s, the treadmill belt was started at 25 cm/s,

and increased to 35 cm/s at a rate of 1 cm/s. A majority of animals exhibited rhythmic gait,

and quickly learned to walk comfortably on the treadmill, while some animals did not walk

adequately, and exhibited avoidance behaviors, such as turning or rearing. When this

occurred, these behaviors were corrected by ‘nudging’ the animals using the plastic bumper

at either end of the apparatus, changing the direction of the treadmill, or slowing the

treadmill speed followed by gradually increasing it as the animal learned the task.

Initial behavioral assessments were conducted 2 days following completion of training. Rats

were placed in the apparatus and a 2 minute trial at both speeds was recorded. Animals who

did not complete a minimum of 6 uninterrupted strides at either 25 or 35 cm/s were retested

at that speed. At 2 days following initial recordings, animals meeting criteria were assigned

randomly to either unlesioned (control) or lesioned groups (Fig. 1), with a balanced

distribution of ages within each group. The unlesioned group was used to ascertain the

stability of gait parameters over time, thereby detecting any alterations that may have

occurred as a consequence of acclimation or habituation to the apparatus. Animals in the

lesioned group received injections of 3-AP/nicotinamide. All animals were reassessed 7

days later for 2 minutes at both speeds.

2.3 Data capture and analysis

DigiGait™ Imaging software (version 12.2) was used to generate temporal and spatial gait

parameters. The videos generated by the system were analyzed by a rater blinded to the

group assignment of each animal. Sequences for analysis were chosen by the blinded rater

based on: the positioning of the animal relative to the boundaries of the apparatus to ensure

that the gait of the animal was unimpeded; and the ability of the rater to clearly discern all 4

paws. The number of sequences containing ≥6 but ≤11 strides within a 2 minute trial was

counted, i.e., animals completing 12 consecutive strides completed 2 sequences.

Approximately 5% of all animals (3 animals) walked throughout the entire 2 minute trial;

the remaining animals walked sporadically throughout the trial, typically completing

between 10 and 20 6-stride sequences within each trial. Strides were not counted when

animals were in contact with the plastic bumpers, when animals were hopping, or when the

speed of the treadmill was increased from 25 to 35 cm/s. Data were analyzed using a one-

way analysis of variance (ANOVA), with Dunnett’s test post hoc to compare final and initial

assessments.

Although the DigiGait™ system generated more than 40 indices of gait dynamics and

posture, the measures analyzed included stride duration, stride frequency, stance duration,

swing duration, braking duration, propulsion duration, step angle, stride length, stance

width, paw angle, and paw area (Fig. 2). In addition, the software calculates the variability

associated with each spatial parameter, which was also included for analysis; percentages

and ratio calculations were not included for analysis. A representative sequence was chosen

for analysis, 6–8 strides within this sequence were analyzed, and an average value generated

for each parameter. Data indicated that the lesion affected gait parameters in both forelimbs

and hindlimbs, albeit the magnitude of change for most parameters was greater in the latter,
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in agreement with our prior study [17]. In addition, for control rats, not all forelimb gait

parameters were stable across measurements, likely reflecting the dual functionality of the

forelimbs, which are involved not only in ambulation, but also in tactile sampling and

gaining proprioceptive information [30]; thus, only values generated from hindlimbs were

reported. Further, left and right hindlimb parameters did not differ significantly (p>0.05 as

per paired t-tests) at each speed or assessment timepoint, indicating that gait was

symmetrical, and thus, measures from right and left hindlimbs were pooled.

Data obtained from controls or animals subsequently lesioned with 3-AP were analyzed by a

2 × 2 repeated measures ANOVA with treadmill speed (25 and 35 cm/s) and assessment

(initial and final) as variables. Subsequently, independent t-tests were used to investigate

differences between treadmill speeds, and paired samples t-tests were used to determine

differences between timepoints.

A PCA was performed to determine whether the individual components of gait were

interrelated and whether redundant aspects of the original data set could be consolidated into

principal components. This analysis provided and isolated combinations of the original

measures that were uncorrelated, representing distinct components of the data set. Varimax

rotation was used to derive orthogonal factor scores and the minimum Eigenvalue for

extraction was set at 1. Factor loadings were analyzed using data from both treadmill speeds,

and items that met a minimum loading of ≥ ± 0.5 were considered relevant. The cumulative

gait index (CGI) was determined as described [14] with minor modification. Briefly, the

mean (μ) and standard deviation (σ) of each measure, at each speed, were determined using

the initial values from all animals in the study. A Z-transformation ( ) was applied to

the data from each animal at both speeds and assessment timepoints. To generate the

individual factor values, the associated factor loadings (α) derived from the PCA were used

to weight the Z-transformed data and these values were summed and the absolute value

taken (|Σαz|). The resulting values were averaged across speeds to generate a factor value at

each assessment timepoint. These factor values were summed to yield the CGI, representing

the total deviation from typical gait for each animal. Individual factors and the CGI were

analyzed by a mixed factor ANOVA with assessment as a repeated measure; Tukey’s test

was used post hoc to ascertain group differences.

Correlational analyses (Pearson’s r) at each assessment timepoint and each treadmill speed

were used to determine whether there were any relationships among gait parameters, as well

as whether treadmill speed and/or 3-AP administration altered these relationships.

Statistical analyses were performed using GraphPad Prism version 6.0 (GraphPad Software,

Inc., San Diego, CA) and SPSS version 21.0 (SPSS Inc., Chicago, IL). A level of p<0.05

was accepted as evidence of a significant effect.

3. Results

3.1 Ability to walk on the treadmill

A total of 63 animals were subjected to the 5 day training procedure and underwent initial

assessment. At this time, 3 rats would not walk on the treadmill at either speed, 1 rat would
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not walk at 35 cm/s, and 3 rats failed to complete at least 1 sequence containing 6–11 strides

at both speeds. Thus, 7 of the rats were not used for further study because they failed to meet

criteria upon initial assessment. The 56 remaining animals were assigned to either the

unlesioned (n=11) or lesioned (n=45) groups with the latter containing 4 times as many

animals as the former because a wide range of behavioral deficits occurs as a consequence

of the lesion [17].

To determine whether the ability of animals to walk on the treadmill was stable over time

and whether the lesion affected walking ability, the number of sequences containing 6–11

uninterrupted strides within each trial was counted. The number of sequences upon initial

assessment ranged from 1–31 at 25 cm/s and 1–44 at 35 cm/s, with averages of 11 and 18,

respectively (Fig. 3). For unlesioned animals, performance was stable over time. For

lesioned rats, 7/45 and 4/45 animals did not complete a 6–11 stride sequence at treadmill

speeds of 25 and 35 cm/s, respectively. The remaining animals (38 at 25 cm/s and 41 at 35

cm/s) exhibited significantly (p<0.05) fewer sequences at both 25 cm/s [F (3,105) = 3.173]

and 35 cm/s [F (3,108) = 14.19] with 34% and 54% decreases relative to initial values,

respectively. Based on studies demonstrating reduced locomotor activity of these animals in

the open field [17], it is likely that this decreased number of step sequences reflects a

performance deficit and not a lack of compliance. The 11 animals that did not complete a 6–

11 stride sequence at either speed (see above) did complete a 3–5 stride sequence. Analysis

of gait parameters generated from these truncated sequences indicated that they did not

differ significantly (p>0.05) from those generated by animals who completed 6–11

uninterrupted strides. Thus, data were pooled for analyses of gait parameters.

3.2 Effects of treadmill speed on gait parameters

Unlesioned (control) animals were studied to determine the effects of treadmill speed on

gait, ascertain whether gait measures were stable over time, and characterize the gait cycle

in these rats. Results of a 2 × 2 repeated measures ANOVA revealed a significant (p<0.05)

main effect of speed on 5 temporal parameters (Fig. 4A). Increasing treadmill speed from 25

to 35 cm/s resulted in a 21% increase in stride frequency [F (1, 10) = 109.8], an 18%

decrease in stride duration [F (1, 10) = 102.2], a 23% decrease in stance duration [F (1, 10) =

88.8], a 28% decrease (reflecting a 21% decrease for initial and a 34% decrease for final

assessments) in braking duration [F (1, 10) = 12.6], and a 21% decrease in propulsion

duration [F (1, 10) = 50.8]; there was no difference between swing duration at 25 cm/s and

35 cm/s (data not shown). Although each of these parameters was altered by treadmill speed,

the relative proportion of time spent in each phase of the gait cycle was constant (Fig. 2).

Additionally, a 2 × 2 repeated measures ANOVA indicated a significant (p<0.05) main

effect of assessment timepoint (initial vs final) at 35 cm/s for stride frequency [F (1, 10) =

5.15] and braking duration [F (1, 10) = 8.00], with a 4% decrease for the former and a 22%

decrease for the latter.

The spatial parameters significantly (p<0.05) affected by speed (Fig. 5B) were stride length,

which increased by 16% [F (1, 10) = 76.3], stance width, which decreased by 9% [F (1,10) =

9.07), and step angle, which decreased by 22% [F (1, 10) = 8.20]. Although paw angle

decreased by 15%, this was not significant; paw area was unaltered. There was no main
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effect of speed on the calculated variability for stride length, stance width, step angle, paw

angle, or paw angle. In addition, there was a significant (p<0.05) main effect of assessment

timepoint on paw angle variability at both speeds [F (1, 10) = 9.81]. At 25 cm/s, paw angle

variability increased 55% from 5.3 ± 0.3 to 8.2 ± 0.9 [t (10) = 3.20] and at 35 cm/s, paw

angle variability increased 53% from 5.9 ± 0.5 to 9.0 ± 1.1 [t (10) = 2.63].

3.3 Effects of 3-AP on gait parameters

The effects of olivocerebellar lesions induced by the administration of 3-AP on gait are

shown in Fig. 5. Results of a 2 × 2 (speed x assessment) repeated measures ANOVA

indicated that the effects of 3-AP were independent of treadmill speed, i.e., there was no

interaction. The following significant (p<0.05) temporal alterations were apparent across

speeds: an 9% increase in stride frequency [F (1,44) = 32.2]; an 8% decrease in stride

duration [F (1,44) = 29.4]; a 10% decrease in stance duration [F (1,44) = 38.6]; a 27%

increase in braking duration [F (1,44) = 33.6]; and a 17% decrease in propulsion duration [F

(1,44) = 60.5]. In addition, the lesion led to a 6% decrease in swing duration [F (1,44) =

4.11] from 138 to 131 msec and from 135 to 126 msec at 25 cm/s and 35 cm/s, respectively.

Thus, the relative proportion of the gait cycle in the braking phase increased from an

average of 11% to 16%, while that in the propulsion phase decreased from an average of

59% to 53%, indicating that impaired animals required greater time to achieve maximal paw

contact during braking.

The spatial measures significantly (p<0.05) altered by the lesion included: an 8% decrease in

stride length [F(1,44) = 33.8]; a 25% increase in stance width [F (1,44) = 81.6]; a 32%

increase in step angle [F(1,44) = 28.0]; a 233% increase in paw angle [F (1,44) = 162.6]; and

a 25% decrease in paw area [F (1,44) = 176.4]. In addition, paw angle variability increased

significantly [F (1, 44) = 159.3, p<0.05] at both speeds. At 25 cm/s, paw angle variability

increased by 160% from 5.8 ± 0.3 to 15.1 ± 0.9 [t (44) = 9.62] and at 35 cm/s paw angle

variability increased by 171% from 5.5 ± 0.3 to 14.9 ± 0.9 [t (44) = 9.97]. Paw area

variability also increased significantly [F (1, 44 = 9.43, p<0.05] by 26% at 25 cm/s from

0.35 ± 0.03 to 0.44 ± 0.03 [t (44) = 2.67] and by 18% at 35 cm/s from 0.34 ± 0.02 to 0.40 ±

0.02 [t (44) = 2.12]; stance width and stride length variability were unaffected. Thus, as a

result of the lesion, animals had shorter strides, established a wider base of support, had a

large and highly variable increase in lateral paw splay, and exhibited less stride-to-stride

consistency in the orientation of, and contact made by, the hindpaws.

3.4 PCA and the Cumulative Gait Index (CGI)

To produce a single measure of gait impairment similar to the indices used for clinical

populations [10, 14, 16], the 6 temporal and 5 spatial gait parameters analyzed were

subjected to a PCA to obviate redundant aspects of the original data set and ascertain

whether the information could be consolidated into a smaller number of principal

components. This analysis indicated that 3 factors accounted for 72% of the total variance in

the data, explaining more variability in the data than any single gait parameter (see Table 1).

The first factor (e = 4.254), which was termed Rhythmicity, encompassed the temporal

parameters stride duration, stride frequency, stance duration and propulsion duration, but did
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not include braking or swing durations, both of which were more associated with the second

factor. This indicates that stride duration, stride frequency, stance duration and propulsion

duration are interdependent components of gait cycle timing, whereas braking and swing

duration are somewhat independent of overall stride time. Further, the valences of the

loading values indicate that Rhythmicity increases as stride, stance and propulsion durations

increase and stride frequency decreases.

The second factor (e = 2.406), which was termed Thrust, included braking and swing

durations, as well as stride length, stance width and step angle; although paw angle was

positively associated with this factor, it had a greater association with the third factor. Thus,

Thrust involves regulating trajectory and momentum through adjustments in the

advancement and placement of the hindlimbs. The loading valences for Thrust parameters

indicate that this factor increases as braking duration, stance width, and step angle increase

and swing duration and stride length decrease. The third factor (e = 1.254), termed Contact,

contained paw angle and paw area, and loading valences indicated that Contact increases

with increasing paw angle and decreasing paw area.

To determine whether the variability within the population was affected by the lesion, the

absolute deviation from the mean for each factor for each animal was determined, and

values summed to yield the CGI (Fig. 6). A mixed factor ANOVA indicated that the CGI for

unlesioned animals did not change significantly over time, whereas the CGI for lesioned

animals increased 2.7-fold (p<0.05) relative to the initial assessment, and 2.3-fold (p<0.05)

relative to the final assessment for unlesioned animals [F (1,54) = 18.7]. Further, this

difference reflected an increased absolute deviation for all 3 factors and differed

significantly (p<0.05) from final assessments for unlesioned rats [Rhythmicity: F (1,54) =

6.57; Thrust: F (1,54) = 19.5; Contact: F (1,54) = 9.47]; the deviations of the 3 factors did

not change over time for unlesioned animals.

3.5 Effects of 3-AP on parameter relationships

To determine whether the lesion affected relationships among gait parameters, correlations

were calculated at each speed prior to and following the administration of 3-AP. The lesion

did not change relationships involving swing and braking durations, stance width or step

angle (data not shown). The only relationships significantly (p<0.05) altered were those

involving paw angle and paw area, i.e., components of Contact. Following the

administration of 3-AP, paw angle correlated significantly (p<0.05) with stance duration,

stride duration, stride length and stride frequency at both speeds, correlations that were not

present during the initial assessment (Table 2). Further, there was a negative correlation

between paw angle and propulsion duration for the initial assessment that was not affected

by 3-AP. In contrast, paw area correlated significantly (p<0.05) with stance duration, stride

duration, stride length and stride frequency only at 25 cm/s; the correlations at 35 cm/s did

not reach significance. Further, 3-AP altered the relationship (p<0.05) between paw area and

propulsion duration at both speeds. These results indicate that the lesion not only affects

individual parameters of gait, but in several cases, alters the relationships among these

parameters.
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4. Discussion

4.1 3-AP induced gait alterations and the CGI

The present study characterized alterations in temporal and spatial gait parameters at 2

speeds in a rodent model of olivocerebellar ataxia, determined how the relationships

between gait parameters were altered in ataxic animals, and quantified the severity of

impairment across multiple measures of gait using a single index. Results indicated that

increasing treadmill speed resulted in significant changes in all temporal gait parameters, as

well as the spatial parameters of stride length, stance width and step angle. For unlesioned

animals, performance was stable across the 9 days of assessment at each treadmill speed.

Further, when treadmill speed increased, animals compensated by shortening the braking

and propulsion durations of the stance phase, and by increasing stride length, alterations that

contributed to all other gait parameter changes. Lesions of the inferior olive produced

significant changes in multiple gait parameters that were apparent at both treadmill speeds.

These alterations included increases in stride frequency, braking duration, stance width, step

angle, and paw angle and decreases in stride, stance, propulsion and swing durations, as well

as stride length and paw area.

A PCA, performed on gait measures from normal, healthy (unimpaired) animals to capture

independent aspects of gait performance on the treadmill, identified 3 factors termed

Rhythmicity, Thrust, and Contact. Rhythmicity encompassed temporal parameters (stride

frequency, propulsion duration, and stance and stride durations), Thrust was composed of

both temporal (swing and braking durations) and spatial (stride length, stance width, and

step angle) parameters, and Contact reflected paw angle and area. For each of these factors,

lesioned animals exhibited a 2–3 fold increased deviation from typical gait. Further, the

CGI, which represents the total deviation from typical gait for all gait measures as

determined by summation of the deviations for the 3 independent factors increased 2.7-fold

following the lesion. This representation of the overall magnitude of gait impairment has

been recognized by clinicians and used to assess gait impairments in humans [14–16]. Using

a PCA to identify related measures and consolidate deviations from typical gait minimizes

redundancy in the data and provides a single measure that is highly sensitive to changes in

performance. Further, the CGI may have greater translational value than any single gait

measure when assessing impairment and subsequent treatment effects because individual

gait measures may or may not represent the same deficit across species and different species

may express the same underlying deficit on different measures. This is the first study to

apply this approach to laboratory animals.

4.2 Comparison to assessments in animal models of ataxia

Although numerous studies have investigated gait alterations in mouse models of ataxia, the

present study represents the first to characterize both temporal and spatial gait alterations in

a rat following olivocerebellar lesions. Prior studies in our laboratory have shown that

following the administration of 3-AP, rats exhibit shorter latency to fall from the rotorod,

increased time required to cross a stationary beam, decreased velocity and distance moved in

the open field, and increased stance width and decreased stride length for both hindlimbs

and forelimbs during unforced locomotion [17]. The present study extends these findings to
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include forced locomotion, and detected multiple alterations in gait measures with hindlimbs

exhibiting larger alterations than forelimbs for most parameters. Because rats produce

greater ground reaction force in the hindlimbs relative to the forelimbs [31, 32], with

hindlimbs providing most of the early braking and supportive forces during locomotion [30],

gait alterations in hindlimbs are similar to changes observed in humans [33]. The finding

that olivocerebellar lesions affected gait parameters during both forced and unforced or

‘natural’ movement agrees with results from studies investigating 2 unrelated transgenic

ataxic mouse models that demonstrated gait alterations for both hindlimbs and forelimbs at

speeds of either 15 cm/s or 35 cm/s, respectively [6, 8]. In addition, the 32% increase in step

angle following 3-AP administration (Figure 5B) is consistent with ethanol-induced ataxia in

rats [34]. [It is critical to note that version 12.5 (and all previous versions) of the DigiGait™

software calculates the complementary angle of the step angle as defined by Hannigan and

Riley [34]. Thus, the output from the program was subtracted from 90° to reflect the angle

commonly referred to in the literature as step angle.]

Although studies have reported that stride length variability is increased in mice with

cerebellar lesions [7], we did not detect any alterations in this measure in olivocerebellar

lesioned rats. This difference may be attributed to methodology because the data for the

former was based on a single trial following a 30 second habituation to the apparatus [7],

whereas data collected in the present study represented a sample of the animal’s best

performance, and was dependent upon animals engaging in sustained walking for at least 6

successive strides.

4.3 Comparison of gait alterations between olivocerebellar lesioned rats and humans with
ataxic disorders

Several gait alterations exhibited by rats following destruction of the climbing fiber pathway

by 3-AP are very similar to those observed in patients with ataxic disorders. Studies have

demonstrated that, compared to healthy control subjects, ataxic patients exhibit shorter stride

lengths [35–38] and larger stance widths [33, 37–40] during walking or turning, results

similar to those in rats with olivocerebellar lesions. Further, the delayed heel-off time (i.e.,

approximately the beginning point of propulsion) and decreased duration from heel-off to

toe-off observed in ataxic patients [35] are highly similar to the increased braking duration

and decreased propulsion duration, respectively, exhibited by rats following the

administration of 3-AP. In addition, analysis of gait in patients with cerebellar disease using

a treadmill system detected an increased foot angle splay [33], similar to that in lesioned

rats.

Increased variability of gait parameters is often described in patients with cerebellar lesions

[35, 40–42]. Although stride length and stance width variability exhibited by the rats were

unaffected by the lesion, paw angle variability was 3 times greater in lesioned than in

unlesioned animals. This finding, as well as the increase in paw area variability, indicates

that paw placement was less consistent following the lesion. Interestingly, stance width

variability was unaltered by the lesion, similar to that reported for patients with cerebellar

ataxias [35, 42], perhaps reflecting a consistent maximal increase in base support as a

compensatory mechanism. In contrast, stride length variability was unaltered in lesioned
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animals, whereas it is increased in patients with cerebellar ataxia [35]. The difference

between our findings and those in the clinical literature may reflect differences in

performance speed. Studies indicate that gait variability in ataxic patients is strongly

dependent on walking speed [41, 42], with mimimal variability at the preferred speed of

each individual [42]. The present study was conducted during forced locomotion, which

may obviate variability relative to spontaneous ambulation. Nevertheless, the overall

similarities in gait alterations in the present study and those from the human literature

underscore the translational nature of this study and this method of gait assessment.

4.4 Conclusions

Rats rendered ataxic following olivocerebellar lesions exhibit alterations in several hindpaw

gait parameters that are similar to gait alterations observed in the clinical population of

ataxic patients. The use of multivariate analysis to yield a single measure of gait impairment,

the CGI, provides a sensitive and reliable indicator applicable to studies in laboratory

animals. This method of assessment should be more useful than quantifying individual gait

parameters when engaging in translational studies to develop treatment interventions.
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Highlights

• olivocerebellar lesions in rats lead to alterations in hindpaw gait parameters

• multivariate analysis was used to ascertain a single index, the cumulative gait

index (CGI)

• the magnitude of the CGI provides a sensitive and reliable indicator of gait
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Fig. 1.
Experimental paradigm. Rats were trained to walk on the DigiGait™ system at 25 and 35

cm/s for 5 consecutive days. Initial behavioral assessments were conducted 2 days following

training by recording baseline performance for 2 minutes at both speeds. At 2 days

following initial recordings, animals were assigned randomly to either unlesioned (control)

or lesioned groups, and the latter received injections of 3-AP/nicotinamide. All animals were

reassessed 7 days later for 2 minutes at both speeds.
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Fig. 2.
Representation of gait parameters. Diagrammatic representation of temporal and spatial gait

parameters analyzed.
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Fig. 3.
Effects of olivocerebellar lesions on treadmill performance. The number of uninterrupted

sequences containing 6–11 strides within a 2 minute segment at treadmill speeds of [A] 25

cm/s and [B] 35 cm/s were determined at baseline (initial assessment) and 9 days later (final

assessment) for both unlesioned and 3-AP lesioned animals. Bars represent mean values +

s.e.m.; the number of animals per group is shown in parentheses. The asterisks denote

significant (p < 0.05) differences.
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Fig. 4.
Stability of gait measures and effects of treadmill speed. Both [A] temporal and [B] spatial

gait parameters were determined from a representative stride sequence exhibited by control

(unlesioned) animals at treadmill speeds of both 25 and 35 cm/s at 2 days following training

and 9 days later. Bars represent mean values + s.e.m. of determinations from 11 animals.

Data were analyzed using a 2 × 2 (speed x assessment timepoint) repeated measures

ANOVA with t-tests post hoc to assess differences. The asterisks indicate significant (p <

0.05) differences between speeds for: stride frequency, initial [t (20) = 5.97] and final [t (20)

= 5.97]; stride duration, initial [t (20) = 6.02] and final [t (20) = 5.84]; stance duration, initial

[t (20) = 8.28] and final [t (20) = 6.99]; braking duration, initial [t (20) = 2.23] and final [t

(20) = 3.06]; propulsion duration, initial [t (20) = 5.34] and final [t (20) = 5.20]; stride

length, initial [t (20) = 5.58] and final [t (20) = 4.29]; and step angle, final [t (20) = 2.56].

The double asterisks indicate significant (p < 0.05) differences between assessments for

stride frequency [t (10) = 2.25] and braking duration [t (10) = 2.52].
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Fig. 5.
Effects of 3-AP on gait parameters. Both [A] temporal and [B] spatial gait parameters were

determined from a representative stride sequence exhibited by animals 2 days prior to

(initial) and 7 days following (final) the induction of an olivocerebellar lesion by the

administration of 3-AP; parameters were determined at treadmill speeds of both 25 and 35

cm/s. Bars represent mean values + s.e.m. of determinations from 45 animals. Data were

analyzed using a 2 × 2 (speed x assessment timepoint) repeated measures ANOVA with t-

tests post hoc to assess differences. The asterisks indicate significant (p < 0.05) differences

between initial (pre-lesion) and final (post-lesion) assessments for: stride frequency, 25 cm/s

[t (44) = 3.77] and 35 cm/s [t (44) = 5.73]; stride duration, 25 cm/s [t (44) = 3.53] and 35
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cm/s [t (44) = 6.82]; stance duration, 25 cm/s [t (44) = 4.37] and 35 cm/s [t (44) = 7.68];

braking duration, 25 cm/s [t (44) = 3.86] and 35 cm/s [t (44) = 5.32]; propulsion duration, 25

cm/s [t (44) = 5.37] and 35 cm/s [t (44) = 11.0]; stride length, 25 cm/s [t (44) = 3.47] and 35

cm/s [t (44) = 6.80]; stance width, 25 cm/s [t (44) = 8.87] and 35 cm/s [t (44) = 7.08]; step

angle, 25 cm/s [t (44) = 4.18 ] and 35 cm/s [t (44) = 3.71]; paw angle, 25 cm/s [t (44) = 11.7]

and 35 cm/s [t (44) = 11.3]; and paw area, 25 cm/s [t (44) = 9.83] and 35 cm/s [t (44) =

10.7].
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Fig. 6.
Resultant PCA factors and the cumulative gait index. The 3 factors generated by the PCA

(Rhythmicity, Thrust and Contact) and the CGI were analyzed across timepoints. Bars

represent mean values + s.e.m. with an n=56 for initial assessments representing the total

population, n=11 for the unlesioned group and n=45 for the lesioned group. Data were

compared using a one-way ANOVA. The asterisks denote significant (p<0.05) differences

from all other groups as determined by Tukey’s test.
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Table 1

Principal component analysis

Parameter Rhythmicity (factor 1) Thrust (factor 2) Contact (factor 3)

Stride Duration .991 −.096 .070

Stride Frequency −.987 .066 −.069

Stance Duration .978 .085 .029

Propulsion Duration .933 −.167 −.079

Braking Duration .351 .633 .264

Swing Duration .470 −.584 .181

Stride Length −.272 −.645 .386

Stance Width .167 .624 −.220

Step Angle .069 .689 −.238

Paw Angle −.021 .529 .593

Paw Area .137 −.234 −.728

% Total Variance 38.7 21.9 11.4

Gait parameters from the initial assessment for all animals (n = 56) were used for a principal component analysis. Factor loadings ≥ 0.5 are bolded,
representing primary components of the factor.
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