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Abstract

Although gait disturbance is frequently documented among patients with traumatic brain injury
(TBI), gait data from animal models of TBI are lacking. To determine the effect of TBI on gait
function in adult mice, we assessed gait changes following unilateral controlled cortical impact (CCl)
using a computer-assisted automated gait analysis system. Three days after CCl, intensity, area or
width of paw contact were significantly decreased in forepaw(s) while the relative paw placement
between the fore and hindpaws altered, suggesting that TBI affected sensorimotor status and reduced
inter-limb coordination. Similar to TBI patients, CCI decreased gait velocity and stride length, and
prolonged stance and swing phase in mice. Following CCI, step pattern was also changed with
increasing use in the ipsilateral-diagonal limb sequence. Our results indicate that gait analysis
provides great insight into both spatial and temporal aspects of limb function changes during
overground locomotion in quadruped species with head injury that are valuable for the purpose of
treatment and rehabilitation. Our study also provides additional functional validation for the
established mouse CCIl model that is relevant to human head injury.
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Introduction

Apart from cognitive impairment, motor dysfunction is a common sequela in patients with
moderate to severe traumatic brain injury (TBI) (Basford et al. 2003; van Loo et al. 2004;
Wiese etal. 2004). A recent longitudinal study suggests that more than one-third of TBI patients
still exhibit neuromotor impairment two years after injury with persistent gait abnormality
(Walker and Pickett 2007). Patients with head trauma produce a gait pattern characteristics of
temporal asymmetry, increased double-limb support time, reduced stride length and decreased
walking speed (Johnk etal. 1999; Ochi et al. 1999). Dual-task walking test reveals an intriguing
interplay between gait and executive functions (Vallee et al. 2006; Yogev-Seligmann et al.
2008), hoth are frequently affected by TBI. Consistent with this notion, a recent report indicated
that TBI patients had more difficulty in maintaining dynamic stability during gait when
performing more challenging walking task (Niechwiej-Szwedo et al. 2007).

Currently there are a number of systems available for measuring gait and posture changes in
humans including GAITRite, the three-dimensional gait analysis, force-plate, and plantar
pressure distribution system (Chen et al. 2005; Ng and Hui-Chan 2005). However, the
technology in measuring gait and ambulation in laboratory rodents is still limited. Although
rotor rod, gridwalk or the cylinder tests have been successfully used to detect motor deficits
after experimental TBI (Baskin et al. 2003; Hamm et al. 1994), each of these manual tests only
assesses a narrow spectrum of gait characteristics. Recently, the catwalk imaging method,
similar to the concept of GAITRIte, was adapted to provide an automated means to assess gait
function with the benefit of measuring a number of locomotor-related parameters
simultaneously. This method can not only detect the dynamic as well as static aspects of gait
as the human gait analysis systems, but also the spatial and temporal aspects of interlimb
coordination that are particularly valuable for quadrupeds. Although the catwalk method has
been used in a variety of rodent studies for assessing impaired gait function following spinal
cord injury (Hamers et al. 2006), pyramidotomy (Starkey et al. 2005), Parkinson’s disease
(Vlamings et al. 2007), neurotmesis (Deumens et al. 2007), and neuropathy (Gabriel et al.
2007), it has not yet been explored in animal models of TBI. Assessing gait changes in
quadrupeds following experimental TBI provides complementary information regarding motor
function status that is directly relevant to clinical studies.

Using acute functional assessment as a reliable predictor for vocational outcome has been
reported in a series of follow-up studies involving TBI patients (Cifu et al. 1997; Keyser-
Marcus et al. 2002), reiterating the importance in developing sensitive and accurate methods
in evaluating functional deficits at early stages after head trauma. The current study focuses
on the quantification and analysis of gait function in mice with acute TBI by a newly developed
gait imaging and analysis system for rodents. This computer-assisted catwalk method allows
a comprehensive characterization of both spatial and temporal gait parameters that are related
to sensorimotor status and interlimb coordination. Our data suggest that the automated catwalk
system might be the instrument of choice to detect a wide range of motor function deficits in
mice with head injury, thus become an invaluable tool to study the effect of therapeutic
intervention on post trauma motor function recovery.

Materials and methods

Animals and housing

This study was conducted in accordance with the animal care guidelines issued by the National
Institutes of Health and by the San Francisco Veterans Affairs Medical Center Animal Care
and Use Committee. Adult male C57BL/6 mice 2.5 months of age, weighing 24 to 30 g,
purchased from Charles River Laboratories, Inc. (Wilmington, MA, USA) were housed in
institutional standard cages (4 mice per cage) on a 12-hr light/12-hr dark cycle with ad
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libitum access to water and food before and during experimental procedures. The animals were
randomly assigned into two procedure groups for receiving traumatic brain injury (n = 15) or
sham surgery (n = 12).

Surgical Procedure

Animals were anesthetized with isoflurane/O,/N,0O (1.5/30/68.5%) during surgery and their
core temperature was maintained within 37+ 0.5°C with a heating blanket and rectal thermistor
servo-loop during both the surgical and the postoperative recovery period.

Secured in the stereotaxic frame (Kopf instrument, Tujunga, CA, USA) followed by a midline
skin incision, a 3 mm diameter circular craniotomy was performed with a dental drill, lateral
(right side) to the mid-sagittal suture centering at [AP: -2.0 mm; ML: 2.0 mm] relative to
Bregma. Through this opening, the operated animal was subjected to a controlled cortical
impact using a generic CNS injury device which was employed previously for inducing TBI
in mouse (Bilgen 2005). The impactor, operated by a linear motor and microprocessor
controller (Linmot, Zurich, Switzerland), was equipped with a polished stainless steel tip of
2.0 mm in diameter. The impactor tip was first centered over the craniotomy and was slowly
lowered till the tip just contacted the dura (confirmed by a operating microscope). The impact
injury was generated using the following parameters: 1.5 m/sec strike velocity, 1.5 mm depth
of penetration, and a 155 msec contact time. Pilot experiments suggest that the combination
of these parameters produces a moderate to severe level of injury in mice that is likely to induce
significant motor asymmetry without mortality. The scalp was then closed with sutures and
each animal was given 1.0 ml of isotonic saline subcutaneously after the operation to prevent
dehydration. Sham animals received craniotomy but no impact from the CCI device.

Computer-assisted method for gait analysis

Mice were subjected to gait assessment at 3 days after CCI using the CatWalk automated gait
analysis system (Noldus Information Technology, Wageningen, The Netherlands). The
apparatus is made of a 1.3-meter-long glass plate with dim fluorescent light beamed into the
glass from the side. In a darkened environment (below 1 LUX of illumination), the light is
reflected downward and the images of the footprints recorded by the camera under the walkway
when the animal’s paws come in contact with the glass surface. Mice were subjected to 3
consecutive runs of gait assessment at 3 days after CCI or sham surgery. The identity of each
animal with respect to treatment was concealed to experimenters who conducted the trials and
analysis. The images from each trial were converted into digital signals and processed with a
threshold set at 30 arbitrary units (a. u., ranging from 0 to 225, meaning all pixels brighter than
30 a.u. were used). The imaging setting used for this study defines 1 pixel to be 0.085 mm.
Following the identification and labeling of each footprint, a wide range of gait data was
generated including the 1) spatial parameters related to individual paws (intensity, maximum
area, print area, print width and print length); 2) relative spatial relationship between different
paws (base of support, relative paw placement, and stride length); 3) interlimb coordination
(step pattern and regularity index); and 4) temporal parameters (swing, stance, cadence, and
walk speed), summarized as the following:

Intensity: This parameter describes the mean pressure exerted by one individual paw
during the floor contact when crossing the walkway. Data analysis was performed
with a threshold value of 30 (ranging from 0 to 225) and expressed in arbitrary unit
(a.u.).

Maximum area: This parameter describes the total floor area contacted by the paw
during the stance phase and is expressed in square pixel.
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Tissue preparation

Animals were anesthetized with ketamine (80 mg/kg; Parke-Davis, Morris Plains, NJ, USA)
and xylazine (20 mg/kg; Butler, Columbus, OH, USA) and perfused transcardially with 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer (PB), pH 7.4. The brains were removed,
fixed overnight in 4% PFA-PB and placed in 20% sucrose for 48 hrs. Coronal sections were
cut at 40 um on a microtome and collected serially.
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Print area: Unlike the maximum area, the print area represents the complete print
including all frames that makes up a stance.

Print width: It is a measurement of the width of the print area and is expressed in pixel.

Print length: It is a measurement of the length of the print area and is expressed in
pixel.

Relative paw placement: It is defined as the position of the hind paw relative to the
position of the fore paw in the previous step cycle.

Stance: It describes the time duration during which the paw is in contact with the glass
plate. It is expressed in second.

Swing: It describes the time interval between two consecutive paw placements of the
same paw in which the paw is not in contact with the glass plate. It is expressed in
second.

Stride Length: This parameter describes the distance between two consecutive paw
placements of the same paw and is expressed in pixel.

Cadence: It reflects the frequency of steps during a trial. It is calculated as the no. of
steps divided by (Initial Contactast step-Initial Contactfirst step)-

Walk speed: It represents the Distance that the animals walk per second; It is
calculated as the sum of stride length divided by (Max Contact)ag; step-Max
Contactfirst step)-

Swing Speed: This parameter is computed from stride length and swing duration and
is expressed in pixel/second.

% Support time: This parameter displays the relative duration of contact with the glass
plate of all combinations of number of paws. The combinations range from no paw
contact (zero), using a single paw, diagonal two paws (RF & LH or LF & RH), lateral
two paws (RF & RH or LF & LH), girdle two paws (RF & LF or RH & LH), three
paws or four paws.

Base of support (BOS): This parameter describes the distance between the mass-
midpoints of two fore or hind prints at max contact during each step cycle. The results
from each step cycle are averaged and expressed in mm in each trial.

Step pattern: There are a total of six normal step sequence patterns observed in rodents
(Ca: RF-LF-RH-LH; Cb: LF-RF-LH-RH; Aa: RF-RH-LF-LH; Ab: LF-RH-RF-LH;
Ra: RF-LF-LH-RH; Rb: LF-RF-RH-LH) that fall into three categories (cruciate,
alternate and rotary) or three types of limb sequences (girdle-diagonal, ipsilateral-
diagonal and ipsilateral-girdle).

Regularity Index (RI) (%): An % index for the degree of interlimb coordination during
gait, as measured by the number of normal step sequence patterns (NSSP), multiplied
by the number of paws and divided by the number of paw placements; Rl = 100% x
(NSSP x 4) / no. of paw placements.
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Immunohistochemistry staining and reconstruction of impact area

Serial coronal sections (480 um apart) were immunostained with anti-NeuN and anti-ED1
antibodies as described previously (Liu et al. 2007; Matsumori et al. 2006) for detection of
impact area and inflammation. The extent of injury in mice treated with CCI was illustrated
on coronal atlas plates produced by Paxinos and Watson. Smallest and largest damaged areas
were highlighted in black and gray, respectively.

Statistical analyses

Results

Data were expressed as mean * standard error of mean (SEM). All statistical tests were carried
out with Statview 5.0.1 software (SAS Institute Inc., Cary, NC, USA). Statistical significance
was evaluated using one-way and two-way analyses of variance (ANOVAs) followed by post
hoc paired comparisons using the Fisher’s PLSD or Student-Newman-Keuls tests when
appropriate. Linear correlations between weight, walk speed, cadence, and the other measures
of gait were evaluated by determination of the Spearman’s correlation coefficient with
Bonferroni’s correction using the STATA 10.0 software (StataCorp, TX, USA). Values of P
< 0.05 were considered as significant.

We evaluated the extent of gait impairment at the acute stage following the impact using an
established rodent model that produces consistent and reliable injury. Consistent with previous
findings, CCI produced a direct impact in the parasagittal cortex (Fox et al. 1998; Hannay et
al. 1999) including forelimb, hindlimb areas and a portion of the parietal 1 area (Figure 1A).
In addition to the contusion seen in the sensorimotor cortex, focal areas of inflammation were
observed in the hippocampus and thalamus (Figure 1B&C) at 3 days following CClI, suggesting
the presence of diffused secondary injury. There was no significant difference in body weight
between the sham (22.7 + 1.4 g) and the TBI mice (22.2 £ 1.3 g) at this time. The majority of
the gait parameters described in this study were expressed for each paw, namely the left fore
(LF), left hind (LH), right fore (RF), and right hind (RH) paw.

TBIl led to areduction in paw pressure and area of paw contact

Intensity—Three days after CCl, the paw pressure during floor contact, as measured by the
intensity of the footprint, was significantly affected (TBI effect: F1 199 = 14.92, P < 0.0002;
paw effect: F3 1090 =20.99, P <0.0001). The intensity of all four paws in TBI mice was generally
lower than that of sham mice (interaction TBI x paw, F3 199 = 0.54, P > 0.65, NS) with a
statistically significant decrease detected in both the LF (affected) paw (P < 0.01) and RF paw
(P < 0.05) (Figure 2A).

Max area—The size of the paw print area during maximal floor contact in TBI mice was
smaller than that of sham mice at 3 days after CCI (TBI effect: F; 190 = 13.2, P < 0.0005; paw
effect: F3 100 = 9.62, P < 0.0001). The max areas of all 4 paws were by and large reduced by
CClI (interaction TBI x paw, F3 1090 = 0.05, P > 0.98, NS) with a significant reduction in the
affected forepaw (LF) (P < 0.05) (Figure 2B).

Print area and dimensions—The results of print area were generally similar to that of max
area at 3 days after CCI. Print areas of all four paws in CCI mice were in general smaller than
those of sham mice (TBI effect: F1 199 = 10.8, P <0.005; paw effect: F3 109 = 7.4, P <0.0005),
especially in the forepaws (Figure 2C). Detailed analysis further revealed that the reduction in
print area seen after CCI likely resulted from a decrease in the width (called box width) (TBI
effect: Fy 100 = 7.7, P < 0.01; paw effect: F3 199 = 5.9, P < 0.001). The box width of all four
paws in TBI mice was generally smaller than that of sham mice (interaction TBI x paw,

F3 100 = 0.76, P > 0.52, NS) with a statistically significant decrease detected in the affected
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LF paw (P < 0.05) (Figure 2D). CCI did not significantly affect the length (box length) of the
paw print (TBI effect: Fq 1090 = 3.3, P > 0.07; paw effect: F3 190 = 5.9, P < 0.0001) (Figure
2E).

TBI altered the relative positions between ipsilateral paws

Relative paw placement—In both the sham and TBI mice, the hindpaws were always
placed behind the forepaws of during the same cycle, producing a negative value when
subtracting the x-coordinates of the mass midpoints of ipsilateral hindpaws from forepaws at
maximal contact. Three days following CCI, the distance between ipsilateral paws of the
adjacent cycles were increased (Right paw: F1 75 = 3.2, P <0.005; Left paw: Fq p5=2.2,P <
0.05), suggesting that the hindpaws of the TBI mice advanced in less distance from cycle to
cycle compared to sham mice (Figure 2F).

TBIl increased stance and swing duration, and decreased stride length and gait velocity

Temporal parameters—The duration of the stance increased significantly after CCI (TBI
effect: Fy 1090 = 19.1, P < 0.0001; paw effect: F3 199 = 1.1, P > 0.32). The stance of all four
paws in TBI mice was generally longer than that of sham mice (interaction TBI x paw,

F3 100 = 0.06, P >0.97, NS) (Figure 3A). The swing phase was increased as well after TBI
(TBI effect: Fq 1090 = 55.4, P < 0.0001; paw effect: F3 199 = 4.7, P < 0.005) (Figure 3B). The
swing duration of all four paws in TBI mice was significantly longer than that of sham mice
(interaction TBI x paw, F3 100 = 0.34, P > 0.79) (LF: P < 0.0005; LH: P < 0.0005; RF: P <
0.005; RH: P < 0.0005).

Stride length—TBI reduced the distance between successive placements of the same paw
during maximal contact, known as stride length (TBI effect: F1 199 = 74.3, P <0.0001; paw
effect: F3 1090 = 0.003, P > 0.99) (Figure 3C). The stride length of all four paws in TBI mice
was significantly shorter than that of sham mice (interaction TBI x paw, F3 199 = 0.004, P >
0.99) (LF: P <0.0005; LH: P <0.0005; RF: P < 0.0005; RH: P < 0.0005).

Velocity—Since many gait parameters are influenced by the speed of walking, we determined
the effect of CCI on cadence (steps/sec) (Figure 3D), walk velocity (distance moved/sec)
(Figure 3E) and swing speed (Figure 3F). TBI significantly reduced cadence (TBI effect:

F1 100 =45.1, P < 0.0001; paw effect: F3 190 = 0.015, P > 0.99) in all 4 paws (P < 0.005 for
all), walk speed (TBI effect: F1 109 = 65.5, P < 0.0001; paw effect: F3 190 = 0.04, P > 0.98)
in all 4 paws (P < 0.005 for all) and swing speed (TBI effect: Fy 190 = 79.9, P < 0.0001; paw
effect: F3 100 = 0.9, P >0.44) in all 4 paws (LF: P < 0.0005; LH: P < 0.0005; RF: P < 0.0005;
RH: P <0.0001).

TBI changed step pattern but did not affect the overall support time or step width

Step pattern—There are 6 step-sequence patterns described in rodents, as indicated in Figure
4A. The most frequently step pattern observed in mice was the alternate b pattern (Ab), which
accounted for 48.8% of all step patterns in the sham mice and 41.1% in the TBI mice at 3 days
after impact (P > 0.27, NS). However, there was a nearly two-fold increase in the cruciate b
pattern (Cb) after CCI (P < 0.05) (Figure 4A). There were no rotary patterns (Ra or Rb)
observed in our mice subjects. There was no significant difference in the regularity index (RI),
the degree to which the animals use normal step sequence patterns, between the sham (98.8 +
1.1) and TBI (99.4 + 0.9) mice (P > 0.15).

Support time—The most frequent simultaneous usage of paws during floor contact was with

2 paws (diagonal, lateral or girdle pairs), followed by 3, 1, then 4 paws, in both sham and TBI
mice (Figure 4B). There was a borderline significant decrease in the double support time using

J Neurosci Methods. Author manuscript; available in PMC 2010 January 15.



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

1duasnuey Joyiny vd-HIN

Neumann et al.

Page 7

the diagonal pair of paws (P = 0.052) among the TBI mice compared to sham mice (Figure
4B). There was also a trend towards an increase in triple-limb support time in the TBI mice,
but the difference was not statistically significant (P = 0.19). There was no difference in support
time between groups with 1 or 4 paws (P > 0.75 or P > 0.14, respectively).

Base of support—There was no significant difference in the distance between the bilateral
paws, known as base of support (BOS) or step width, between the sham and TBI mice (forepaw:
P > 0.46; hindpaw: P > 0.46) (Figure 4C).

The correlation among the parameters

Because walking velocity is a very important determinant that can potentially influence several
parameters of gait function (Gorska et al. 1998), we determined the relationship between walk
speed and the other gait parameters by Spearman’s correlation analysis (Table 1). Our results
showed that walk speed, highly correlated with cadence, were interdependent with stride length
and temporal parameters such as stance, and swing. In general, stance and swing duration
showed a negative correlation but stride length displayed a positive correlation with walk speed
(Figure 5). Walk speed was also positively correlated with single support and negatively
correlated with triple-limb support time in the sham animals. However, walk speed did not
affect step pattern (Table 1), paw intensity, area of paw contact, and other spatial parameters
such as relative paw placement or BOS (data not shown). Besides, there was no correlation
between walk speed and body weight (not shown). Body weight also did not influence paw
intensity or area of paw contact in either sham or TBI animals (Figure 6).

Discussion

The present study provides a thorough analysis of gait function in mice after TBI using the
computer-assisted automated gait analysis method. Most of the spatial parameters related to
individual paw placements and interlimb coordination were altered in mice following unilateral
CCI. Similar to human TBI patients, stride length and the temporal parameters such as stance,
swing or gait velocity were also significantly affected in mice after CCI. In addition, changes
in the sensitivity of plantar surface of the paw were observed in TBI mice, possibly due to an
impairment of the sensorimotor function. To our knowledge, this is the first study to
characterize the gait impairment in laboratory quadrupeds with traumatic brain injury,
representing an important validation for the detection of motor deficits in this model.

Gait impairment is not only associated with neurodegenerative diseases such as Alzheimer’s
disease (AD) and Parkinson’s disease (PD), but also commonly observed in victims of central
or peripheral nervous system injury. Ischemic stroke, unilateral spinal cord injury or
pyramidotomy all share a compromised corticospinal tract (CST) with various degrees of
hemiparalysis and distinct gait features. Due to the location of impact, mice also exhibited
temporal hemiparalysis following unilateral CCI (unpublished observation), suggesting the
involvement of CST. In rats with pyramidotomy, the stride length of all four paws is typically
reduced as compared to sham controls, possibly because of a general decrease in walk speed
(Starkey et al. 2005). Following unilateral spinal cord injury, the maximal contact area of the
affected forepaws is often reduced most likely because of reduced forelimb weight bearing
(Gensel et al. 2006). Stride length has also been reported to decrease in the unaffected, but not
the affected, forepaw, pointing to compensatory phenomena in the affected limbs. Following
experimental stroke using the distal middle cerebral artery occlusion model, paw intensity and
contact area was decreased and double support time increased, while stride length and walk
speed unaffected (unpublished observation). While frequently examined in TBI patients, it is
surprising that detailed gait changes in quadrupeds commonly used in animal models of TBI
are lacking. Using the catwalk automated gait analysis method, we found that CClI led to a
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reduction in paw pressure and area of paw contact. These gait impairments are likely due to
an altered use of the plantar surface of the paw, a pattern often observed in other models of
central nervous system injury including sciatic nerve resection, spinal cord injury, Parkinson’s
disease, pain and experimental stroke (Gabriel et al. 2007; Gensel et al. 2006; Vlamings et al.
2007; Vogelaar et al. 2004). The impairment in intensity and contact area was only observed
in the forepaws rather than hindpaws of TBI mice, possibly because the forepaws play a more
important role in supporting the body weight during walking. However, there was no direct
correlation between body weight and any of these parameters.

Step pattern can reflect interlimb coordination. Among the six step patterns identified in
rodents, the “‘Ab’ alternate pattern is the most common walking pattern, constituting 80-95%
of the total step cycles in intact rats (Cheng et al. 1997). The Ab pattern remains predominant
even in animals with nerve injury (Hamers et al. 2006) and ischemic stroke (unpublished
observation). However, unlike the patterns observed in rats, only 40-50% of step sequences of
our mice were of Ab pattern. Following CCI, cruciate b pattern, significantly increased. The
change in step pattern might be related to alteration in the sequence of limb placement due to
motor asymmetry. For example, unilateral brain injury following CCI has significantly
increased the preference in using ipsilateral-diagonal limb sequence (Cb), while it has a
tendency to decrease the girdle-diagonal sequence (Ab). Regularity index (RI) is a common,
but not a very sensitive parameter for assessing interlimb coordination. Theoretically, the value
of Rl is 100% in healthy (fully coordinated) animals, and the loss of interlimb coordination
leads to a decrease in RI. Because only extra or loss of paw placement of one or multiple limbs
are defined as “irregular’ steps (Vrinten and Hamers 2003), resulting in almost certainly normal
RI in most cases as long as all the four paws were used in one single step cycle no matter what
the step sequence was or how the paws were placed. This likely explains why abnormal RI has
rarely been detected, except in some cases of spinal cord injury models in which RI was
temporarily decreased during the early phase after surgery, followed by a full recovery at a
later time point (Hamers et al. 2006). The RIs of both groups in the current study were more
than 98.5%, making it unlikely that we would detect differences between groups.

The distance between fore and hind paws between adjacent step cycles (called relative paw
placement) can influence walking velocity. Following CCl, relative paw placement decreased
on both sides, likely led to a reduced walking speed and cadence observed in the TBI mice.
Brain injury such as ischemic stroke or TBI often increases the double support time in humans,
due to increased gait asymmetry and instability. Although there was a trend in increased triple-
limb support time in our CCI mice, the result did not reach a statistical significance. Velocity
by itself is a major determinant that can potentially influence several parameters of gait function
(Gorska et al. 1998). Consistent with a previous finding (Gillis and Biewener 2001), our results
show that both walk speed and cadence directly affected stride length and temporal parameters
including stance, and swing time. Walk speed is in inversely correlated with triple support time
in the sham but not in TBI mice. TBI independently affected all parameters related to velocity.
A number of previous reports suggest that body weight might affect the value of intensity,
contact area, and print length. Koopmans et al. compared the differences of gait parameters
among different stains of rats of the same age (Koopmans et al. 2007). They found differences
in stride length, BOS, stance duration, and even step cycle due to differences in body weight
among strains. Dellon and colleagues reported a significant increase in paw print length, toe
spread, and intermediate spread with increasing body weight, but only when the body weight
exceeded 300 to 350 grams (Dellon and Dellon 1991). In our study, we failed to find significant
correlations between body weight and any gait parameters, including intensity and contact area,
possibly due to a small range of difference in body weight among our cohort. Thus, the
reduction of paw intensity and maximal contact area observed in TBI mice was unrelated to
body weight.
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Although the kinetic mechanisms in gait and body weight support in quadrupeds might differ
from humans, the types of gait impairment between mice and human after TBI are strikingly
similar. The main reason accounts for this similarity is probably due to injury to the CST in
both human TBI patients and the CCI mice in the current study. Nevertheless, it suggests that
the catwalk method used in the current study to assess gait function for laboratory animals in
the setting of head trauma validates previous observations in humans. However, difference in
head injury-induced gait change between human TBI patients and our CCI mice was also
observed. Unlike the increase in the BOS commonly observed in human patients, there was no
apparent difference in the BOS in either fore or hind paws detected between mice with CCl
and sham surgery, although we can not predict if change in BOS only becomes apparent in
animals with much more severe head injury. The variability in stride length or stride time has
been reported in human TBI patients (Katz-Leurer et al. 2008; Zverev et al. 2002), particularly
when the complexity of the gait task increased (Niechwiej-Szwedo et al. 2007), suggesting that
the ability to maintain a relationship between the center of mass and BOS was compromised
after head injury. However, gait variability in mice with CCl injury did not differ from that in
sham mice in our current study (data not shown), possibly due to the limited number of steps
allowed in the current catwalk setup. In order to obtain valuable dynamic gait data in laboratory
animals, a longer walkway without optical distortion is desirable. The option in comparing gait
data between overground locomotion and motorized treadmill walking with speed control is
also a plus. Lastly, because TBI also produces cognitive impairment, future studies
investigating how cognitive function affects the recovery of gait function are warranted.
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A

Figure 1.

The extent of injury by controlled cortical impact at the time of gait assessment. A,
Reconstructions of coronal sections (adapted from Paxinos and Watson) showing the extent
of injury in mice with CCI. Smallest and largest damaged areas appear in black and gray,
respectively. Numbers indicate the section distance in millimeters from Bregma.
Representative photomicrographs of brain sections show the expression of ED-1 inflammatory
marker in the thalamus (B, arrowheads) and hippocampus (C). Scale bar: 0.5 mm (B) and 250

um (C).
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Effects of TBI on gait spatial parameters including paw pressure, area of paw contacts, and
relative paw placement. The max areas (B) were reduced at all paws, and the intensity (A) and
print area (C) of fore paws was also decreased acutely after TBI. TBI reduced the width (D)
but not the length (E) of the paw print. Following TBI, the distance between fore and hindpaw
placement (F) increased, suggesting that the hindpaws of TBI mice were lagging behind
compared to sham mice. *: P < 0.05; ***: P < 0.005. Abbreviations: TBI, traumatic brain
injury; RF, right fore; RH, right hind; LF, left fore; LH, left hind; a.u., arbitrary units.
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TBI affected temporal parameters and stride length. Following CCl, the swing duration (B)

was significantly increased in all 4 paws and the stance (A) increased in the LH and RF. The
stride length was significantly reduced in all 4 paws. All velocity related parameters including
cadence (D), walk speed (E) and swing speed (F) were also reduced after TBI. Abbreviations:
TBI, traumatic brain injury; RF, right fore; RH, right hind; LF, left fore; LH, left hind. *: P <

0.05; ***: P < 0.005; ****: P <0.001.
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Figure 4.

TBI altered step patterns without affecting simultaneous usage of paws during landing. There
are a total of 6 step patterns observed in rodents (A-inset), classified under 3 categories as the
alternate (Aa and Ab), cruciate (Ca and Cb) or the rotary (Ra and Rb) patterns which are absent
in our mice subjects. CClI significantly increased the percentages in the cruciate b pattern (Ch)
by almost two folds (A). *: P < 0.05. TBI had a borderline effect in increasing the % double
support time using the diagonal paws (B). TBI did not affect simultaneous usage of 3 or 4 paws,
nor did it affect single support time. C, TBI did not affect the base of support (BOS) either in
the fore or hindlimbs.
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&H) in both sham and TBI mice at 3 days after CCI. Variation in stance or stride length with
walk speed in sham (open circles) and TBI mice (filled squares) is shown in the plot. Linear
regression lines were plotted in each treatment group (dotted lines for sham and solid lines for
TBI). Stance duration showed a negative correlation with walk speed, while stride length

showed a positive correlation with walk speed in each paw.
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Figure 6.

Lack of correlation between body weight and intensity (A, C, E, &G) or max area (B, D, F,
&H) in either sham or TBI mice at 3 days after CCI. Variation in intensity or max contact area
with body weight in sham (open circles) and TBI mice (filled squares) is shown in the plot.
Linear regression lines were plotted in each treatment group (dotted lines for sham and solid
lines for TBI). There was no relationship between body weight and intensity or max area.
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