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Spinal Cord-Transected Mice Learn to Step in Response to
Quipazine Treatment and Robotic Training
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In the present study, concurrent treatment with robotic step training and a serotonin agonist, quipazine, generated significant recovery
of locomotor function in complete spinal cord-transected mice (T7-T9) that otherwise could not step. The extent of recovery achieved
when these treatments were combined exceeded that obtained when either treatment was applied independently. We quantitatively
analyzed the stepping characteristics of spinal mice after alternatively administering no training, manual training, robotic training,
quipazine treatment, or a combination of robotic training with quipazine treatment, to examine the mechanisms by which training and
quipazine treatment promote functional recovery. Using fast Fourier transform and principal components analysis, significant improve-
ments in the step rhythm, step shape consistency, and number of weight-bearing steps were observed in robotically trained compared
with manually trained or nontrained mice. In contrast, manual training had no effect on stepping performance, yielding no improvement
compared with nontrained mice. Daily bolus quipazine treatment acutely improved the step shape consistency and number of steps
executed by both robotically trained and nontrained mice, but these improvements did not persist after quipazine was withdrawn. At the
dosage used (0.5 mg/kg body weight), quipazine appeared to facilitate, rather than directly generate, stepping, by enabling the spinal cord
neural circuitry to process specific patterns of sensory information associated with weight-bearing stepping. Via this mechanism,
quipazine treatment enhanced kinematically appropriate robotic training. When administered intermittently during an extended period
of robotic training, quipazine revealed training-induced stepping improvements that were masked in the absence of the pharmacological
treatment.
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Introduction

In recent years, it has become clear that manual training can be
used effectively to recover hindlimb motor function in complete
spinal animals (Edgerton et al., 1997a, 2001, 2004a,b). For exam-
ple, adult spinal cats (Lovely et al., 1986, 1990; Edgerton et al.,
1991a,b; Hodgson et al., 1994; de Leon et al., 1998; Roy et al,,
1998; Rossignol et al., 2002) and, to a lesser extent, adult spinal
rats (de Leon et al., 2002; Moshonkina et al., 2002; Timoszyk et
al., 2003) that are regularly trained to step can regain the ability to
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generate full weight-bearing treadmill stepping over a range of
speeds. The underlying mechanism responsible for their recov-
ery, however, is poorly understood.

The wide availability of genetically modified strains makes the
mouse an attractive model for dissecting the adaptive mecha-
nisms of training-induced locomotor recovery. Data to date sug-
gest, however, that, in the absence of any pharmacological inter-
vention, the level of recovery is lower in smaller species such as
rats (de Leon et al., 2002) and mice (Guertin, 2004) compared
with cats. Although there is one report of significant spontaneous
recovery in complete spinal mice without any pharmacological
intervention (Leblond et al., 2003), we have been unable to du-
plicate these observations. The lower recovery in small species
may be attributable to the increased difficulty required to manip-
ulate small hindlimbs through kinematically appropriate step cy-
cles, or there may be less adaptive potential in rodents after a
spinal cord injury (SCI).

Species differences in training-induced locomotor improve-
ment may be related to the varying difficulty required to apply
appropriate spatial and temporal patterns of proprioceptive cues
during training in different-sized animals. Training with robotic
devices enables locomotor patterns to be imposed with levels of
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precision and consistency that cannot be attained by human
hands. In addition to improving training, robotic devices can
provide an accurate, quantitative, and immediate assessment of
locomotor performance.

Previous studies have shown that quipazine improves tread-
mill locomotion in adult chronic spinal cats (Barbeau and Ros-
signol, 1990; Brustein and Rossignol, 1999) and rats (Feraboli-
Lohnherr et al., 1999; Antri et al., 2002), and recently, similar
findings were reported for spinal mice (Guertin, 2004). We hy-
pothesized that quipazine acutely elevates the sensitivity of the
spinal locomotor circuits to proprioceptive inputs, thereby facil-
itating locomotor drive patterning when the spinal cord is pre-
sented with appropriate sensory cues.

The objectives of this study were threefold: (1) to determine
the relative effectiveness of manual and robotic training in im-
proving stepping in complete spinal mice, (2) to determine
whether daily, acute administration of quipazine would improve
stepping, and (3) to determine whether combining quipazine and
robotic training would produce an interaction effect on improv-
ing stepping. The results demonstrate that (1) complete spinal
mice can be robotically trained to step, whereas manual training,
as performed in the present study, is ineffective, (2) quipazine
(0.5 mg/kg) effectively facilitates but does not directly generate
stepping, and (3) when applied concurrently, quipazine and ro-
botic step training produce an interaction effect, resulting in step-
ping performance that exceeds that achieved when either inter-
vention is used alone.

Materials and Methods

Animals and animal care. The study consisted of five experiments, each
consisting of a trained group and a nontrained group. The same trained
and nontrained groups were maintained throughout experiments I-IV.
Experiment V used a different set of trained and nontrained mice. For
experiments I-IV, 16 Swiss-Webster mice (mean weight of21.5 = 0.3 gat
spinal cord transection) obtained from Charles River Laboratories (Wil-
mington, MA) were used. For experiment V, an additional 20 Swiss-
Webster mice (mean weight of 25.3 = 0.3 g at spinal cord transection)
were used. The mice were housed individually, had access to food and
water ad libitum, and were kept on a 12 h light/dark cycle for the duration
of the study.

After each of the two sets of spinal cord transection surgeries (see
below), the mice were equally and randomly divided into trained and
nontrained groups. The trained groups were provided with various train-
ing paradigms, with and without quipazine, throughout the study and
were tested periodically to assess their stepping performance. During the
corresponding sessions, mice in the nontrained groups were placed into
a weight-support harness. The reasons for suspending the nontrained
mice were twofold: (1) to approximate the same amount of handling that
was given to the trained mice by placing them into the harness, and (2) to
unload their hindlimbs, thus eliminating proprioceptive and cutaneous
stimuli through the paws, thereby removing the possibility that the non-
trained mice received even minimal training during “treatment” ses-
sions. It is extremely unlikely that such short periods of unloading would
generate muscle atrophy or similar effects that would be detrimental to
their locomotor performance. The nontrained mice received one interval
of quipazine treatment during the study and were robotically tested pe-
riodically but were never trained. The sequence of experiments and the
intervention history of the mice used in experiments I-IV are depicted in
Figure 1. All animal procedures used in this study were conducted in
accordance with the Animal Care Guidelines of the American Physiolog-
ical Society and were reviewed and approved by the Animal Research
Committee at the University of California, Los Angeles.

Aseptic surgical procedures and postsurgical care. Surgeries for the mice
used in experiments I-IV were performed at approximately postnatal day
35 (P35). Surgeries for the mice used in experiment V were performed at
approximately P60. Before all surgical procedures, buprenorphine hy-
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drochloride was administered intraperitoneally (0.5 mg/kg body weight)
as an analgesic 35—45 min before the mice were anesthetized. A mixture
of ketamine (133 mg/kg body weight) and xylazine (9 mg/kg body
weight) administered intraperitoneally was used as the anesthetic. Sup-
plemental doses (30% of initial dose) were provided as necessary to
maintain a surgical level of anesthesia. During surgery, a water-
circulating heating pad was used to maintain body temperature. A skin
incision was made along the dorsal midline from approximately T6 to T9
to expose the musculature overlying the vertebrae, and a laminectomy
was performed from approximately T7 to T9. A branch of the thora-
codorsal artery in the multilocular adipose tissue above approximately
T6 was used as an anatomical landmark. The spinal cord was transected
completely at a mid-thoracic level (T7-T9). The location and complete-
ness of the transection were verified visually by two surgeons. Gelfoam
was inserted into the gap to ensure complete separation of the proximal
and distal stumps (de la Torre and Goldsmith, 1990). The musculature
was repositioned, and the wound was closed using 5-0 Dexon internal
and 5-0 Ethilon external sutures. After surgery, the mice were placed in
an incubator maintained at ~29 = 1°C and observed until they fully
recovered from anesthesia. Baytril (40 mg/kg body weight), a broad-
spectrum antibiotic, was added to the drinking water for 14 d after
surgery.

Postsurgical care and maintenance procedures were similar to those
described previously for spinal cord-injured rats and cats (Roy et al.,
1992; Ellegala et al., 1996). The bladders of all spinal mice were expressed
manually twice daily to minimize the risk of bladder infection and related
complications. After bladder expression, the hindlimbs of the mice were
lightly stretched once through a full range of motion to help sustain joint
mobility. Food rewards were given to stimulate positive interaction be-
tween mouse and handler.

Robotic step training and measurement system. A four-axis robotic sys-
tem (mouse stepper) was developed to both collect hindlimb position
data and guide the hindlimbs through complete step trajectories (see
drawing at http://robotics.caltech.edu/jneurosci). The system enables in-
dependent, two-dimensional tracking and control of each ankle in the
sagittal plane as the mouse steps on a moving treadmill. The mouse
stepper consists of four major components: (1) a pair of robotic arms, (2)
amotion controller board, (3) a treadmill, and (4) abody-weight support
device. The robotic arms, the primary components of the mouse stepper,
serve as the interface between the electronics and the mouse. Each robotic
arm is composed of a five-bar leg-guidance linkage (Kazerooni and Her,
1994), a pair of motors that drive the linkage (2342-006CR; Micromo
Electronics, Clearwater, FL), and a pair of optical encoders that record
the rotational position of the motors (HEDM-5500; Agilent, Palo Alto,
CA; Micromo Electronics). Forward kinematic equations are used to
derive ankle position from the motor angles. The leg-guidance linkage is
sized to enable motion tracking and control within a 3.5 X 3.5 cm work-
space, which is sufficient to accommodate all step trajectories associated
with mouse treadmill locomotion. The robotic system was used in two
modes. In its active training mode, the robotic arms can drive the hind-
limbs through any predetermined pattern within the workspace. In its
passive recording mode, the linkages move freely in the workspace, al-
lowing the computer to record independent ankle movements generated
entirely by the mouse.

To minimize encumbrance on the mouse hindlimbs, precision bear-
ings and motors with low internal friction are used at all revolute joints.
The frictional resistance force at the end effector is estimated to be 0.032
N. The mass inertia of the robotic arm linkage, including its actuators, is
estimated to be ~0.4 g in its reference configuration, the orientation of
the robotic arms in which the stepping workspace is initialized. Mass
inertia remains within the same order of magnitude of this value for all
orientations within the feasible stepping workspace of the mouse. These
are practically negligible values. The robotic arms do not critically hinder
stepping (see videos at http://robotics.caltech.edu/jneurosci). All mice
used in the study were tested under the same conditions on the mouse
stepper.

A 4-inch-wide industrial conveyor (GUE-P 2000; MK Automation,
Bloomfield, CT) was modified for use as a treadmill. The stock belt was
replaced with a slightly tacky treadmill belt that provided a slip-free
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Timeline — Experiment V
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Figure 1.  Experimental timeline. The sequence of experiments conducted on the step trained (blue bars) and nontrained (red bars) groups are shown for experiments I-IV () and experiment

V (C). Test dates are indicated by the vertical dashed lines. Yellow stripes denote the periods during which quipazine was administered as a single bolus daily. Time course plots of the aggregate
stepping performance of the trained (blue line) and nontrained (red line) mice are shown for experiments -1V (B) and experiment V (D). Aggregate stepping scores were determined as a qualitative
weighting of the three stepping measurements used in the study (number of steps, step rhythm, and step shape consistency) and were normalized against the best stepping observed during each
group of experiments (denoted as 100%). Number of steps performed was the predominant factor in determining the aggregate score. During the periods labeled as “Suspension,” the nontrained
mice were placed in the harness with their hindlimbs unloaded for 15 min/d. This amount of unloading is extremely unlikely to have adversely affected stepping ability. Open circles, open squares,
and filled triangles denote the time points used for examining the effects of manual training, quipazine treatment, and robotic training, respectively, in experiments I-lll. Itisimportant to note that
the baseline scores against which these treatments were compared are time independent and represent the maximal performance that can be expected for nontrained, untreated mice. Open
diamonds denote the time points compared in the longitudinal experiment IV. Double daggers denote the time point studied in the parallel experiment V.

stepping surface without irritating the skin on the paws, an injury com-
monly observed with other belt materials. Mice are placed into the mouse
stepper using a cone-shaped cloth harness that is magnetically secured to
the weight-support system. The hindlimbs are connected to the robotic
arms using a drawstring loop attachment. Both ends of a rounded rubber
string are fed through an eyelet in the linkage end effector, forming a loop
through which the hindpaw is placed. The diameter of the eyelet is suf-
ficient to pass both ends of the string but small enough to resist axial
slipping when the string is drawn tight. The thickness of the rubber
prevents the ankle from coming into direct contact with the metal link-
age, and its elasticity allows an appropriate amount of rotation and lateral
motion while the ankle is guided through sagittal trajectories.

The robotic system enhanced both locomotor training and recording,
providing several benefits: (1) it enabled precise control of hindlimb
movements, (2) it ensured consistent application of a training protocol
between mice and across training sessions, (3) it provided a quantitative
record of the training history of each mouse, (4) it granted immediate
access to the data, and (5) it facilitated application of quantitative analysis
techniques.

Manual training. During manual training, the mice were placed into
the weight-support harness and oriented in a manner conducive to hind-
limb bipedal locomotion. Manual training protocols vary among labo-
ratories and are inherently difficult to describe. The method used in this
study mimics strategies that have been particularly effective in both cats
(Lovely et al., 1986; de Leon et al., 1998, 1999a) and rats (de Leon et al.,
2002), in which a human trainer grasps the hindlimbs and manipulates
them through a trajectory similar to that of normal stepping. Similar
strategies are routinely used in physical therapy for human patients with
diminished locomotor ability (Wernig et al., 1999; Behrman and
Harkema, 2000; Dietz, 2001; Harkema, 2001; Dietz and Colombo, 2004).
For the manual training used in this study, each mouse was positioned

over a moving treadmill and induced to bear some weight. While ori-
ented in this manner, human trainers used cotton swabs to manipulate
the hindlimbs through kinematically appropriate stepping patterns. As
consistently as possible, the cotton swabs were placed alternately on the
ventral surface of the paw, against the back of the heel, and on the dorsal
surface of the paw, to lift the paw off the treadmill, to guide the paw
forward through swing, and finally to properly place the paw into stance.
Because of the small size of the mice, the cotton swabs enabled more
precise control of the positioning of the hindlimbs than using the train-
er’s fingers. Noxious stimuli, such as pinching of the tail, were not used.

Robotic training. During robotic training, the mice were placed into the
weight-support harness and oriented in a manner conducive to hindlimb
bipedal locomotion. Robotic training cycled between 30 s periods during
which the robotic arms actively guided the hindlimbs through a prede-
termined trajectory using an alternating gait (active training mode), and
30 s periods during which the robotic arms passively tracked the hind-
limb motions generated by the mouse (passive recording mode). The
purpose of this cycling was to give the mice opportunities to explore
stepping patterns other than the trained trajectory and to prevent the
onset of “learned helplessness” (Drugan et al., 1981; Grau et al., 1998).

The training pattern implemented by the mouse stepper was adapted
from bipedal stepping patterns recorded from a group of neonatally
transected mice of the same age and size as the mice used in this study
[step height, 14.8 mm; step length, 24.6 mm; frequency, ~1 Hz (http://
robotics.caltech.edu/jneurosci)|. Neonatally transected mice spontane-
ously recover functional stepping without pharmacological or mechani-
cal assistance. Their stepping patterns are likely more representative of
successful spinal stepping than patterns taken from intact, quadrupedally
stepping mice.

Quipazine treatment. Quipazine, a broad-spectrum serotonin agonist,
was used to facilitate stepping. We conducted a dose-response study
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Figure2. Step trajectories. Step trajectories of robotically trained mice showed consistent and rhythmic patterns. Trajectories

recorded during the best 12 s periods of treadmill stepping of a representative nontrained mouse (4) and a representative
robotically trained mouse (B) are shown. Ankle velocity is implicitly represented by the spacing of the data points. The rostral and
caudal orientations of the mouse are noted, as well as the general regions of touchdown and toe-off.
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speed of 3 cm/s. Position data were recorded at
400 Hz using a custom acquisition program
written in the Matlab (MathWorks, Natick,
MA) development environment. In addition to
the robot data, we captured video footage of
both the left and right sides of each mouse dur-
ing testing and maintained a log of qualitative
observations. The number of steps executed by
each mouse during the test session was counted,
and their step rhythm and step shape consis-
tency, stepping parameters that should intu-
itively improve with locomotor recovery, were
quantitatively evaluated using fast Fourier
transform (FFT) and principal components
analysis (PCA) algorithms, as described below.
Locomotor performance scores are reported as
the mean = SE value. Both single sample and
independent samples ¢ tests were used to assess
the statistical significance of the results. Single
sample 7 tests were used to compare the step-

Nontrained Mouse w/ Quipazine Robotically Trained Mouse w/ Quipazine
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Figure 3.  Fast Fourier transform analysis. FFT analysis provides information about step

rhythm. Twelve seconds of horizontal ankle motion during stepping are shown for a nontrained
mouse given quipazine that stepped arrhythmically (4) and for a trained mouse given quipazine
that stepped rhythmically (B). The corresponding frequency spectrum and the FWHM of the
peak at the primary stepping frequency for A and B are shown in Cand D, respectively. Lower
values of FWHM correspond to more rhythmic stepping. For successful spinal stepping on a
treadmill at 3 cm/s, the peak corresponding to the primary stepping frequency lies between 0.4
and 1.4 Hz (D, crosshatched region). C, represents the number of incidences during a test
session that the mouse stepped at a particular frequency.

using quipazine doses ranging from 0.2 to 2.0 mg/kg body weight admin-
istered intraperitoneally. At all of the doses tested, quipazine did not
directly generate stepping in the absence of treadmill-induced sensory
stimuli. Based on these results, a dosage of 0.5 mg/kg body weight was
selected, which was the smallest dose that evoked robust stepping when
the mouse was placed on the moving treadmill belt. This is the same
dosage that has been reported to activate the spinal locomotor network in
adult spinal rats (Feraboli-Lohnherr, 1999). During the specified peri-
ods, quipazine was administered 15 min before each treatment or testing
session.

Testing protocol. Testing was performed at the time points shown in
Figure 1 A. Before each testing session, the mice were given a 2 min
“warm-up” period. The mouse stepper was then used in a passive record-
ing mode to track the ankle position of each leg for 2 min at a treadmill

ping performance of the trained or pharmaco-

logically treated mice in experiments I-III with
the baseline scores assigned to the nontrained, untreated mice. Indepen-
dent samples t tests were used to contrast the effects of the different
treatment strategies used during experiments IV and V.

Criteria for successful stepping. Video footage and plots of ankle posi-
tion data were used to identify and count the number of steps performed
by each mouse. Steps were identified based on predetermined criteria for
step length, height, duration, and degree of interlimb coordination. The
12 s stepping interval containing the most steps was recorded for subse-
quent analyses. Both plantar and dorsal steps were accepted. Better per-
forming subjects performed primarily plantar steps, whereas poorer per-
forming subjects exhibited dorsal steps and paw drag. Examples of
different quality step trajectories are depicted in Figure 2.

FFT analysis. Given their periodic nature, locomotor stepping cycles
are well suited for FFT analysis (Tukey and Cooley, 1965). The FFT
spectrum of ankle position during the best 12 s interval of stepping for
each mouse was determined for each test session. Peaks in the FFT spec-
trum correspond to the most common stepping frequencies exhibited
during the test interval (Fig. 3C,D). Sharp, distinct spikes correspond to
very consistent, rhythmic stepping (Fig. 3 B, D). Broad peaks, or the lack
of a dominant peak, correspond to inconsistent, arrhythmic stepping
and are characteristic of frequent stumbling and paw drag (Fig. 3A,C).
Because constant treadmill speed requires mice to step rhythmically, we
expected that the width of the dominant peak would progressively de-
crease as more aggressive treatment strategies were applied. To examine
step rhythm, we measured the full-width at half-maximum (FWHM) of
the tallest peak in the FFT spectrum between 0.4 and 1.4 Hz. FWHM is
the width of the selected peak at half its maximum amplitude and is
measured in Hertz, the same unit used for stepping frequency. Note that
lower values of FWHM indicate better relative step rhythm. At the tread-
mill speed used in this study (3 cm/s), the expected stepping frequency,
ie., the location of the tallest peak, is ~1 Hz. The range of stepping
frequencies from which the measured peak was selected (0.4-1.4 Hz)
accounts for variations in mouse limb lengths and small fluctuations in
treadmill speed. Peaks at lower frequencies are inconsistent with success-
ful stepping and were ignored. Peaks at higher frequencies approach the
physical limit of mouse hindlimb motion and generally were not ob-
served. A minimum of three steps was required to perform FFT analysis.
When stepping was so poor that no dominant peak was found or when
the mouse did not perform at least three steps, a default FWHM value of
1.2 Hz was assigned. This value is slightly larger than the highest FWHM
values that we measured empirically (~0.95 Hz). We found that the
FWHM of the dominant peak within the normal range of stepping fre-
quencies provided a key measure of stepping performance.

PCA. Improved spatial stepping consistency was characterized by in-
creasingly consistent repetition of a nominal trajectory. PCA is a multi-
variate analysis technique that picks out patterns in a dataset and reduces
the dimensionality of the data without significant loss of information
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Figure4.  Principal component analysis. The first principal component from a PCA identifies
the most representative step pattern executed by amouse. A mouse with a high PCA percentage
for its first principal component stepped with a more consistent step shape than a mouse with
alower PCA percentage score. Plots of several x trajectories (dashed lines) and their correspond-
ing first principal component (solid lines) are shown for a quipazine-treated nontrained mouse
(A) and for a quipazine-treated trained mouse (B). The corresponding PCA percentages, 67.9%
(A) and 97.6% (B), respectively, indicate that quipazine facilitated greater improvement in
spatial stepping consistency in trained than nontrained mice. Note also from the different scales
of the x-displacement (ordinate) axis that trained mice generally took much longer steps than
nontrained mice.

(Dunteman, 1989). Given a series of step trajectories, PCA extracts the
fundamental trajectory as the first principal component (Fig. 4). The
PCA score reported here is the percentage of the total variance that is
captured by the first principal component. Hence, the higher the PCA
score, the more consistent the stepping.

The raw stepping data were preprocessed for PCA. First, the successful
step cycles from the selected best 12 s intervals of stepping were isolated
and separated into their x and y components. Each step component was
resampled to a consistent number of data points per step, thus removing
the temporal information. The data were then arranged into two m X n
matrices, with each column containing the data for a single step and each
row containing the interpolated position values at each time step:

x component of steps y component of steps

X100 Xipo ottt ottt Xy Yoo Yz oottt Vi
X201 X X2n Va1 Vap Yan
Xm,1 Xm,2 T ot X Ym VYma = o Y

A Matlab script was written to identify the principal components of
each dataset and to calculate the PCA score. A minimum of three suc-
cessful steps was required to conduct a statistically significant PCA. Mice
that could not perform at least three steps in any 12 s interval were
assigned a PCA value of 35%, which is approximately the lowest score
that we obtained for mice that could perform at least three steps.

Baseline performance scores. In this study, the performance of non-
trained, untreated (no quipazine) mice served as the standard against
which the effectiveness of robotic training and quipazine treatment were
compared. Typically, however, the nontrained, untreated mice were un-
able to perform the minimum three steps in a 12 s interval required to
perform FFT analysis or PCA. For the purpose of defining a baseline
standard, we assigned the following scores for nontrained, untreated
spinal mice: steps, 16; FFT, 1.2 Hz; PCA, 35.0%. The value selected for the
baseline number of steps is the average number of steps performed by
nontrained, untreated mice (see Results). The baseline FFT and PCA
values are the values assigned for mice that could not perform at least
three successful steps ina 12 s interval (discussed above). Consistent with
findings in adult spinal rats (Commissiong and Sauve, 1993; Molinari
and Petrosini, 1993), in the absence of treatment, complete spinal Swiss-
Webster mice (P39) do not spontaneously recover locomotor ability.
Hence, these baseline scores are independent of time after lesion.

Results

Experiment I: effects of manual training

The purpose of experiment I was to determine whether manual
training could be used to improve locomotor performance after a
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complete mid-thoracic spinal cord transection in mice. Manual
training was performed for 15 min/d, 5 d/week for 5 weeks be-
ginning at P43, 4 d after the spinal cord transection surgery. On
the sixth day of each of the first 4 weeks, the hindlimbs of both the
trained and nontrained mice were attached to the robotic arms
for acclimatization. On the last day of the experiment, P71, the
hindlimb movement patterns of all of the mice were recorded for
2 min with the robot operating in a passive recording mode.
Quipazine was not administered at any time during experiment I.

After 5 weeks of manual training, the locomotor performance
of the trained mice was not statistically different from that of the
nontrained mice. Mice in both groups were essentially unable to
initiate a swing phase and thus dragged their paws on the tread-
mill belt. On the isolated occasions that they were able to bring a
paw forward, they typically landed on the dorsal surface of the
paw, a proprioceptive trigger for stumbling and collapse. The
mean total number of steps performed in a 2 min test period in
the trained mice was 16.0 = 5.1 compared with 15.8 £ 5.5 for the
nontrained mice. Neither PCA nor FFT analysis could be per-
formed at this juncture because the animals were unable to per-
form the critical number of successful steps required to imple-
ment these measures. Manual training did not produce a
statistically significant improvement compared with no training.

Experiment II: effects of robotic training

The purpose of experiment II was to determine whether robotic
training could be used to facilitate locomotor improvement in
spinal mice. The mice that were manually trained in experiment
from P43 to P70 were used for this experiment and underwent
robotic training for 15 min/d between P71 and P78. On P79,
the hindlimb movement patterns of the trained mice were
recorded for 2 min, with the robot operating in a passive re-
cording mode. Quipazine was not administered at any time
during experiment II.

Compared with the assigned baseline scores for nontrained
spinal mice that basically did not step in experiment I, robotic
training of the previously manually trained rats in experiment I
generated statistically significant improvement in locomotor
performance (Table 1). At P79, the mean number of steps exe-
cuted by the robotically trained mice had increased from 16 to
31.6 = 7.1 (p = 0.023). Based on FFT analysis, their mean step
rhythm score had improved from 1.2 to 0.81 = 0.15 Hz (p =
0.011). Likewise, PCA showed that their mean step shape consis-
tency score had improved from 35.0 to 76.4 = 3.8% ( p < 0.001).
Therefore, robotic training improved stepping performance.

Experiment I1I: effects of quipazine treatment

The purpose of experiment III was to determine whether daily
quipazine treatment could be used to facilitate locomotor im-
provement in spinal mice. During the same period that the
trained mice were robotically trained, P71-P78, the nontrained
mice were administered a bolus dose (0.5 mg/kg) of quipazine
intraperitoneally daily. After quipazine was administered, the
mice were suspended for ~15 min in the weight-support harness
to provide them with similar sensory stimuli as that given to the
robotically trained mice, which were similarly supported during
training. On P79, the hindlimb movement patterns of the non-
trained mice were recorded for 2 min, with the robot operating in
a passive recording mode.

Within 5 min of the initial quipazine treatment, mice that
were previously unable to step were able to execute long periods
of uninterrupted, successful stepping at treadmill speeds ranging
from 3 to 10 cm/s (see videos at http://robotics.caltech.edu/
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Table 1. Quipazine and robotic training independently improve stepping
performance

Baseline Experiment Il Experiment Il
NT, —Q RT, —Q NT, +Q
No. of steps 16.0 316+ 7.1 55.1 % 13.0¢
FFT FWHM (Hz)° 1.20 0.81 = 0.15¢ 0.96 = 0.12
PCA (%)° 35.0 76.4 + 3.8 774 + 394

NT, Nontrained; RT, robotically trained; +Q, treated with quipazine; —Q, not treated with quipazine. FWHM is of
the dominant peak in the FFT spectrum between 0.4 and 1.4 Hz. SEM values are reported.

“Lower values of FWHM correspond to improved step rhythm.

®Higher values of PCA percentage correspond to improved step shape consistency, up to a practical maximum of
~90%.

“Based on all three measures of stepping ability, i.e., number of steps performed ( p << 0.05), step rhythm ( p <
0.05), and step shape consistency ( p < 0.001), mice that received robotic training performed statistically better
than nontrained, untreated mice.

“Mice administered quipazine statistically improved the number of steps performed ( p << 0.05) and step shape
consistency ( p << 0.001) compared with nontrained, untreated mice. Quipazine did not affect step rhythm.

jneurosci). No air stepping was observed. The mice only stepped
when their paws were placed on the moving treadmill belt. Qual-
itatively, the most significant improvements of the quipazine-
mediated stepping were (1) robust toe-off into swing phase, (2)
pronounced, perhaps exaggerated, toe extension, and (3) fre-
quent plantar paw placement. Although quipazine acutely im-
proved stepping immediately after each treatment, no persistent
or progressive enhancements of stepping ability were obtained
with repeated quipazine treatment alone.

Compared with the baseline scores assigned for these same
mice earlier in the study when they were the nontrained group
(experiment 1, P43-P70) that basically did not step, quipazine
treatment acutely generated statistically significant improve-
ments in number of steps performed and step shape consistency
on P79 (Table 1). At P79, the mean number of steps executed by
the quipazine-treated mice had increased from 16.0 to 55.1 =
13.0 (p = 0.046). Similarly, PCA showed that their mean step
shape consistency score had improved from 35.0 to 77.4 = 3.9%
(p < 0.001). Unlike robotic training, however, quipazine treat-
ment did not statistically improve step rhythm. Therefore, quip-
azine treatment improved two of the three aspects of stepping
performance measured.

Experiment IV: interaction effects of combining robotic
training and quipazine treatment

Having established that robotic training and quipazine treatment
were each able to generate locomotor improvement in spinal
mice, the goal of experiment IV was to determine whether com-
bining the treatments would produce a net interaction effect that
was greater than either of the independent effects. To maximize
the use of the animals, we implemented an experimental plan in
which the trained mice were continuously robotically trained
while quipazine was repeatedly administered and withdrawn.
The goal of this procedure was to observe whether the stepping
performance of the mice would fluctuate when they were sequen-
tially administered or not administered quipazine.

The mice used for experiment IV were the same trained mice
used sequentially in both experiments I and II that had been
manually trained from P43 to P70 (experiment I) and then ro-
botically trained from P71 to P79 (experiment II). Between P80
and P96, these mice were provided a daily regimen combining
quipazine and robotic training using the same procedures de-
scribed above (Fig. 1 A). Stepping performance was tested after
quipazine administration on P91. Between P97 and P104, quip-
azine was withheld, while robotic training continued. The mice
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then were tested both before and after a bolus dose of quipazine
on P105.

The time course variation in the number of steps executed by
the mice is consistent with an interaction effect (Fig. 5A4). At P79,
after the first period of robotic training without quipazine, the
mice executed 31.6 = 7.1 steps. At P91, during the combination
treatment period, the mice performed 78.2 = 20.0 steps in the 2
min test interval, a statistically significant improvement (p =
0.015). At P105, after the second period of robotic training with-
out quipazine, the number of steps decreased to 24.3 = 21.6 steps,
a statistically significant decline compared with that at P91 (p =
0.021) and similar to the number of steps performed at P79. After
being given the additional bolus dose of quipazine at P105, their
number of steps again markedly increased to 146.0 = 16.9 (p <
0.001 compared with before quipazine), marking their best per-
formance of the study ( p = 0.013 compared with P91).

The step shape consistency results also support an interaction
effect (Fig. 5B). At P79, the mean PCA score of the mice was
76.4 * 3.8%. As a result of the combined treatment, their score
statistically increased to 87.1 = 3.2% (p = 0.031). The score
decreased to 55.0 = 9.7% when quipazine was withheld (p =
0.007 compared with P91) but rose again to 78.5 = 5.5% (p =
0.035 compared with before quipazine) after the bolus dose of
quipazine at P105.

In contrast to number of steps performed and step shape con-
sistency, the step rhythm scores for the mice improved steadily
throughout the course of treatment (Fig. 5C). The mean FFT
score of the mice decreased continuously from 0.81 = 0.15 Hz at
P79 to 0.15 = 0.02 Hz at P105 (p = 0.001). These results are
consistent with the results of experiment I1I, which indicate that
quipazine has a smaller effect on step rhythm compared with
robotic training.

Experiment V: quipazine treatment versus robotic training
with quipazine treatment

To further examine the existence of an interaction effect, we com-
pared the effects of quipazine treatment alone with those of the
combination treatment (quipazine with robotic training) in an
additional set of mice. For experiment V, 20 mice were spinally
transected at approximately P60 (mean weight, 25.3 * 0.3 g) and
were equally and randomly divided into a trained and a non-
trained group. Between P68 and P74, the trained mice were pro-
vided a daily regimen combining quipazine and 15 min/d robotic
training. During the same interval, the nontrained mice were
administered daily bolus doses of quipazine (0.5 mg/kg) and were
suspended in the weight-support harness for 15 min/d. At P75,
the stepping performance of each group was evaluated for 2 min
using the robot in a passive recording mode.

At P75, the group that received the combination treatment
outperformed the group that was administered quipazine only.
The combination treatment mice executed more steps (32.9 *
7.0) than the quipazine only mice (17.1 = 6.0) ( p = 0.050). The
combination treatment mice had a lower FFT score (0.12 = 0.01
Hz) than the quipazine only mice (0.66 * 0.18 Hz), indicating
that they stepped more rhythmically (p = 0.006). PCA also
showed that the combination treatment mice (83.9 * 3.8%) dis-
played a more consistent step shape than the quipazine only mice
(60.7 = 8.9%) (p = 0.015). These results indicate that the loco-
motor enhancement mediated by combining robotic training
with quipazine was larger than that of quipazine treatment alone.
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Summary Of results A. Number of Steps B. PCA Analysis - Shape Consistency C. FFT Analysis - Step Rhythm
Figure 1 B summarizes the principal find- G . - * 4 *
ings of this study, which are as follows: (1), =7 _ " . 7"
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ability, (2) robotic training significantly E = . a" é;

improved stepping performance, (3) daily 2 & g g
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cilitated locomotor improvement but did o B

not generate a long-lasting effect on step-

ping ability, (4) stepping performance im-  Figure5.  Progression of locomotor performance attributable to administration and withdrawal of quipazine during continued

proved further when robotic training was
combined with concurrent quipazine
treatment, and (5) acute quipazine treat-
ment of robotically trained mice revealed
training-induced stepping improvements
that were masked in the absence of drug
treatment.

Discussion

Quipazine facilitated spinal processing
of sensory information associated with
weight-bearing stepping

Complete mid-thoracic spinal cord transection induces a sub-
stantial loss of spinal cord serotonin content (Anden et al., 1964;
Laporte et al., 1995). One pharmacological strategy for treating
SCI is to recreate an intraspinal chemical environment that en-
ables the spinal circuitry to generate functional locomotor pat-
terns. Systemic and intrathecal applications of noradrenergic
(Barbeau and Rossignol, 1991; Chau et al., 1998; Giroux et al.,
2001), dopaminergic (Goldberger, 1977; Barbeau and Rossignol,
1991), serotonergic (Feraboli-Lohnherr et al., 1999; Machacek et
al., 2001; Antri et al., 2002), and glycinergic (Edgerton et al.,
1997b; de Leon et al., 1999b) drugs have been effective in eliciting
locomotor patterns in spinal cats, rats, and mice. We observed
that quipazine enabled hindlimb bipedal stepping in complete
spinal mice, an observation consistent with findings reported by
Guertin (2004). Quipazine and another serotonin agonist,
m-chloropiperazine, have been shown to facilitate locomotion in
cats (Barbeau and Rossignol, 1990) and rats (Kim et al., 2001),
respectively, and similar improvement was reported when sero-
tonergic embryonic raphe cells were implanted in spinal rats
(Feraboli-Lohnherr et al., 1997; Kim et al., 1999; Dumoulin et al.,
2000; Ribotta et al., 2000).

The mechanism by which serotonin mediates locomotor im-
provement after SCI is not well understood. Although it has been
suggested that serotonin induces fictive locomotion (Cazalets et
al., 1992; Grillner et al., 2001), the present results indicate that
serotonin facilitates, but does not generate, stepping in the spinal
mouse in vivo. Spinal mice administered quipazine did not “air
step.” On the contrary, quipazine-treated mice only initiated
stepping when triggered by sensory stimuli derived from placing
the hindlimbs on the moving treadmill belt.

Combinations of therapeutic treatments may be more bene-
ficial than individual treatments. When quipazine was adminis-
tered concurrently with weight-bearing step training, the perfor-
mance of the spinal mice exceeded that obtained with either
quipazine treatment or robotic training alone. Although spinal
mice markedly improved their stepping ability after 1 week of
robotic training, their rate of improvement and overall stepping
performance further increased when robotic training and quip-
azine were combined (combination treatment). The data indi-
cate that this additional improvement was mediated primarily by
quipazine treatment, not by extended robotic training, because

robotic training. After the initial period of robotic training, which ended at P79, the number of steps (4) and the step shape
consistency (B) of the mice continued to improve when robotic training and quipazine treatment were used together (P91) and
then decreased when quipazine was withdrawn (P105a). This suggests that the improved performance observed after the
combination treatment was primarily mediated by quipazine and, hence, that the net performance was attributable to an
interaction effect between quipazine and robotic training. Moreover, an additional bolus treatment with quipazine (P105b)
immediately generated stepping that was significantly better than that exhibited at P91, despite the fact that quipazine had not
been administered during the preceding 9 d. This finding suggests that the acute quipazine treatment improved stepping by
facilitating effects of chronic robotic training that were masked in the absence of drug treatment. Unlike the number of steps and
step shape consistency, the step rhythm (C) improved steadily throughout the course of robotic training, as depicted by the plot of
inverse FFT score. This is consistent with the results of experiments Il and Ill, which indicated that robotic training has a greater
effect on step rhythm than quipazine. RT, Robotically trained; +Q, treated with quipazine; —Q, not treated with quipazine.

stepping ability immediately regressed when quipazine was with-
drawn. This transient nature of quipazine-mediated stepping fa-
cilitation is consistent with findings describing a decline in loco-
motor performance after termination of chronic intrathecal
quipazine treatment in spinal rats (Antri et al., 2002).

Analysis of the stepping data confirmed that each treatment
made distinct contributions to the net locomotor scores. In ex-
periment IV, consistent with the findings in experiments I and
111, step rhythm improved steadily with continued robotic train-
ing, but step shape consistency fluctuated in accordance with
quipazine administration and withdrawal. The combination
treatment produced a positive interaction effect that was superior
to robotic training alone.

The results of the parallel comparison in experiment V also
support an interaction effect. After 1 week of treatment, the num-
ber of steps, step rhythm, and step shape consistency of mice
given the combination treatment were significantly better than
those of mice administered quipazine only. Thus, the combina-
tion treatment was more successful than quipazine treatment
alone.

Despite the difference in the ages of the mice at spinal transec-
tion, both experiment IV (P35) and experiment V (P60) demon-
strated an interaction effect between robotic training and quip-
azine treatment on stepping performance. Thus, the specific age
of the mice at the time of each experimental intervention was
most likely not the critical factor responsible for producing the
observed outcomes.

When administered in conjunction with weight-bearing step-
ping, quipazine may modulate the relative levels of sensory infor-
mation “perceived” by the spinal cord, favoring interneuronal
pathways that are linked to proprioceptive and cutaneous stim-
uli. This putative sensory modulation role is consistent with the
presence of 5-HT receptors in the dorsal horn of the lumbosacral
spinal cord (Liu et al., 2002). Furthermore, numerous findings
associate 5-HT with sensory input modulation (Machacek et al.,
2001; Meuser et al., 2002; Miquel et al., 2002; Shay and Hochman,
2002; Bosco et al., 2003; Hains et al., 2003). In intact cats, mono-
amine release selectively increases the excitability of some reflex
circuits but decreases the excitability of others, e.g., potentiating
transmission from group I spindle fibers and tendon organs
(Edgley et al., 1988; Bras et al., 1990) while depressing transmis-
sion from nociceptors and group II fibers (Headley et al., 1978;



Fong et al. @ SCI Mice Step with Quipazine and Robotic Training

Fleetwood-Walker et al., 1985). The near absence of serotonin
caudal to a complete spinal cord lesion may limit the ability of the
spinal cord to discriminate sensory inputs and may contribute to
the spasticity associated with spinal injury. During locomotion,
quipazine may restore appropriate sensory processing, “tuning”
the spinal cord to relevant sensory cues while suppressing extra-
neous inputs such as pain.

Serotonergic agonists hyperpolarize the action potential
threshold (Wikstrom et al., 1995; Grillner et al., 2001; Hill et al.,
2003) and shorten the duration of afterhyperpolarization
(Fedirchuk and Dai, 2004). These changes frequently bring the
membrane potentials of spinal neurons near the threshold re-
quired to generate plateau potentials, which have been hypothe-
sized to be the basis for locomotor drive potentials. In this hyper-
excitable state, even minimal amounts of sensory input can
initiate plateau potentials (Kiehn et al., 1996; Gorassini et al.,
1999). Thus, short-term modulation of the membrane potential
may be a mechanism by which quipazine acutely facilitates loco-
motor recovery.

By repeatedly activating sensory circuits and the interneurons
to which they project, chronic, consistent training of spinal cord-
injured subjects may continue to modify spinal locomotor cir-
cuits even after functional improvements are no longer apparent.
In the present study, quipazine treatment may have revealed
masked positive effects of weight-bearing step training. During
the longitudinal robotic training experiment (experiment IV),
the stepping ability of mice administered the combination treat-
ment rapidly declined to their pre-quipazine performance when
quipazine was withdrawn and remained at that level even when
robotic training was continued. Initially, this suggested that the
positive effects of robotic training had plateaued. At the end of
the extended robotic training period, however, an additional bo-
lus dose of quipazine immediately increased overall stepping
ability, eclipsing the performance after the combination treat-
ment period. Because the mice were not administered quipazine
during the 9 d preceding this final test, chronic quipazine treat-
ment effects were ruled out. Consequently, the observation that
the same quipazine treatment elicited a substantially greater level
of performance after than before the additional robotic training
suggests that the acute quipazine treatment may have facilitated
masked effects of chronic step training.

For studies in which pharmacological treatments are investi-
gated for improving motor function after an injury, the present
results indicate that repeated handling of subjects in a manner
that consistently activates relevant sensory pathways may be crit-
ical to generating recovery. These findings support the hypothesis
that spinal learning is highly sensitive to specific spatial and tem-
poral patterns of sensory cues and suggest that providing appro-
priate types and levels of sensory information during step train-
ing is essential for optimal recovery after an SCI. In contrast,
poorly designed or poorly implemented training may yield no
effect and may even impair locomotor performance.

Manual training did not improve stepping performance

Adult cats (Lovely et al., 1990; Edgerton et al., 1991a,b; de Leon et
al., 1998; Rossignol et al., 2002) and rats (de Leon et al., 2002;
Moshonkina et al., 2002) that are completely spinalized at a mid-
to low-thoracic level can relearn to step via manual training.
Trainer-assisted guidance of the hindlimbs through a kinemati-
cally appropriate trajectory, the manual training method used
here, did not improve locomotor performance in complete spinal
mice. This was probably attributable, in part, to our inability to
control small mouse hindlimbs with sufficient consistency. It is
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possible, although unlikely, that other methods of manual train-
ing would yield different results.

No significant recovery of stepping ability was observed in
either the nontrained or manually trained mice. These observa-
tions contrast with those of Leblond et al. (2003), who described
spontaneous locomotor recovery in adult spinal CD1, BALB/c,
and C57BL/6 mice without training or pharmacological facilita-
tion. Although we have observed spontaneous recovery in neo-
natally (P5) transected mice, we have not observed spontaneous
recovery in Swiss-Webster mice transected at P35 or later, a result
that parallels observations in spinal rats (Commissiong and
Sauve, 1993; Molinari and Petrosini, 1993).

The robotic system significantly enhanced training
effectiveness and enabled quantitative locomotion analysis
The results of the present study demonstrate the significant value
that robotic systems can bring to locomotor training and evalu-
ation. In an active training mode, the mouse stepper significantly
improved stepping ability in spinal mice within 1 week of train-
ing. In a passive recording mode, the mouse stepper elucidated
subtle differences in stepping ability, distinguishing the effects of
robotic training and quipazine treatment. By providing precise
and consistent training, and enabling rapid quantitative record-
ing and analysis of stepping data, robotic systems can greatly
improve rehabilitation after an SCI.

Summary

The combination of robotic training and pharmacological treat-
ment used in the present study illustrates how a multimodal strat-
egy can be used to reinstate functional locomotion in mice after a
complete spinal cord transection. Clearly, the neurotransmitter
environment of the postinjury spinal cord is critically important
in defining the functionality of the spinal circuitry and the extent
to which it can be modified by specific sensory cues. The present
results illustrate the feasibility of using robotic systems to train
and to examine locomotor performance quantitatively in spinal
mice and of extending these studies into relevant transgenic mod-
els. Future studies will examine the long-term effects of robotic
training and/or quipazine treatment on functional recovery and
will further quantify their interaction effect.
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