
Development/Plasticity/Repair

Teaching Adult Rats Spinalized as Neonates to Walk Using
Trunk Robotic Rehabilitation: Elements of Success, Failure,
and Dependence
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Robot therapy promotes functional recovery after spinal cord injury (SCI) in animal and clinical studies. Trunk actions are important in
adult rats spinalized as neonates (NTX rats) that walk autonomously. Quadrupedal robot rehabilitation was tested using an implanted
orthosis at the pelvis. Trunk cortical reorganization follows such rehabilitation. Here, we test the functional outcomes of such training.
Robot impedance control at the pelvis allowed hindlimb, trunk, and forelimb mechanical interactions. Rats gradually increased weight
support. Rats showed significant improvement in hindlimb stepping ability, quadrupedal weight support, and all measures examined.
Function in NTX rats both before and after training showed bimodal distributions, with “poor” and “high weight support” groupings. A
total of 35% of rats initially classified as “poor” were able to increase their weight-supported step measures to a level considered “high
weight support” after robot training, thus moving between weight support groups. Recovered function in these rats persisted on treadmill
with the robot both actuated and nonactuated, but returned to pretraining levels if they were completely disconnected from the robot.
Locomotor recovery in robot rehabilitation of NTX rats thus likely included context dependence and/or incorporation of models of robot
mechanics that became essential parts of their learned strategy. Such learned dependence is likely a hurdle to autonomy to be overcome
for many robot locomotor therapies. Notwithstanding these limitations, trunk-based quadrupedal robot rehabilitation helped the rats to
visit mechanical states they would never have achieved alone, to learn novel coordinations, and to achieve major improvements in
locomotor function.

Key words: locomotion; motor cortex and spinal cord plasticity; recovery of function; robot rehabilitation; trunk control; voluntary and
reflex integration

Introduction
Spinal cord injuries (SCIs) are usually clinically incomplete (Di-
etz and Curt, 2006; Fitzgerald and Fawcett, 2007). Much SCI

research uses incomplete models, but complete SCI models pro-
vide “worst case” scenarios. Robot rehabilitation has advanced in
both incomplete and complete animal models (de Leon and
Acosta, 2006, de Leon et al., 2002; Musienko et al., 2012; van den
Brand et al., 2012; Horst et al., 2013) together with methods
promoting hindlimb stepping in complete SCI (Cha et al., 2007;
Boyce et al., 2012; Gad et al., 2013; Ziemlińska et al., 2014). How-
ever, quadrupedal robot rehabilitation in animal models of com-
plete SCI has been rare (Giszter et al., 2005; Udoekwere et al.,
2006, 2014; Dominici et al., 2012). Here we test robot rehabilita-
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Significance Statement

Neonatal spinal transected rats without any weight support can be taught weight support as adults by using robot rehabilitation at
trunk. No adult control rats with neonatal spinal transections spontaneously achieve similar changes. The robot rehabilitation
system can be inactivated and the skills that were learned persist. Responding rats cannot be detached from the robot altogether,
a dependence develops in the skill learned. From data and analysis here, the likelihood of such rats to respond to the robot therapy
can also now be predicted. These results are all novel. Understanding trunk roles in voluntary and spinal reflex integration after
spinal cord injury and in recovery of function are broadly significant for basic and clinical understanding of motor function.
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tion of neonatally spinal transected (NTX) rats during quadru-
pedal locomotion in adulthood and the successes and limitations
of this.

Surprisingly, some neonatally spinalized rats (�20%) and
cats master quadrupedal weight-supported locomotion into
adulthood (Stelzner et al., 1975; Howland et al., 1995; Giszter et
al., 1998), although they lack direct neural links between lumbar
spinal cord and the voluntarily controlled CNS. Understanding
how to promote such weight support in the other NTX rats may
help designing rehabilitation for complete SCI. We have analyzed
coordinative mechanisms and spinal and cortical features en-
abling NTX weight support (Giszter et al., 1998, 2007, 2008a, b).
A “wheelbarrow race” or “pantomime horse” model of function
nicely describes NTX rats weight support performance despite
complete transection (Giszter et al., 2010): trunk actions coordi-
nate the two independent neural control systems using the cou-
pled biomechanics fore and aft (Giszter et al., 2007, 2008b)
similar to a children’s “wheelbarrow race.” This coordination is
likely a cortical mediated skill: there is a 1:1 relationship of spe-
cific trunk representations in motor cortex with higher function
(Giszter et al., 1998, 2008a); lesion of these representations and
trunk somatosensory overlap cortex abolishes high function
(Giszter et al., 1998, 2008a); and specific biomechanical coordi-
nation associates with function (Giszter et al., 2007). Can these
skills be taught to spinal transected rats? We hypothesized that
some NTX rats that failed to develop quadrupedal weight support
could subsequently learn this skill as adults, aided by robot reha-
bilitation. The rehabilitation supports the wheelbarrow control
strategy through trunk training. We tested this using a pelvic
orthosis (see Udoekwere et al., 2014). Robot rehabilitation was
applied using the pelvic orthosis during quadrupedal treadmill
locomotion. We used impedance based techniques of Krebs
and Hogan from clinical rehabilitation (Krebs et al., 1998, 1999,
2008; Volpe et al., 2000, 2001, 2002, 2003, 2005). The results show
significant functional improvements. Further, some non–
weight-supporting NTX rats improved qualitatively and effec-
tively transitioned to the weight-supporting category over
training. These rats retained this function gain even after robot
actuators were turned off. However, there was no retention with
robot disconnected from the rats, overground, or in the home
cage. The implications of these different elements of success and
failure may be of broad relevance to rehabilitation processes.

Materials and Methods
Humane treatment and Institutional Animal Care and Use Committee
approvals. All experimental procedures complied with the guidelines of
the National Institute of Health Guide for the Care and Use of Laboratory
Animals, USDA regulations, and received Drexel University Institutional
Animal Care and Use Committee approval.

Surgery and preparation. Female Sprague Dawley rats received a com-
plete spinal cord injury at T9/T10 at postnatal day 5 or 6 (NTX rats) (Fig.
1C). Eighteen such rats used here received robot impedance sensorimo-
tor treadmill training of trunk using an implanted pelvic orthosis (re-
ferred to henceforth as robotic rehabilitation training). Seven more rats
served as treadmill-only trained controls, without robot training, but
with similar implanted pelvic orthoses. Finally, 38 additional rats served
as nonimplanted controls that received low-intensity treadmill training.
These two control groups controlled for possible spontaneous changes in
function in high or low function NTX rats similar to those we observed to
occur in robot therapy. The first 7 rats controlled for spontaneous
changes as a result of orthoses surgery and intense treadmill training
alone. The second 38 rats formed a large control group, which served to
guarantee that there were no spontaneous large changes in NTX rats
weight support levels during maintenance treadmill training. It should
also be noted that no such major changes have been observed in our

laboratory previously (e.g., Oza and Giszter, 2015), or reported in any
published literature.

With the exception of anesthetic method (we used isoflurane as op-
posed to hypothermia), spinal transection surgery is largely as described
in detail in Miya et al. (1997) and Giszter et al. (1998, 2008a). Neonates
were placed under isoflurane anesthesia and maintained on an anesthetic
plane (0.75%–2% mixed in oxygen), and sterile procedures were used
throughout the surgery. For spinal transections, one complete segment
of mid/low-thoracic spinal cord (�T9/T10) was completely aspirated,
and the cavity was filled with gelfoam. Postoperatively, all spinalized rat
pups received analgesia during initial recovery comprising 0.01 ml of
0.002 mg/ml buprenorphine subcutaneously. Thereafter, they were re-
turned to their mothers until they reached �28 d of age, at which time
they were weaned from the dams, and raised for another 28 d before
initial testing. Following weaning, they were housed with other NTX rats
(age-matched) and were regularly monitored to ensure continued thriv-
ing and development away from their dams

Early treadmill training and preliminary recovery assessments. All rats
were treadmill-trained after weaning (at �2 months postpartum) to
maintain any early developmental achievements of some functional lo-
comotor recovery and to optimize functional outcome before any ro-
botic rehabilitation training (Fig. 1C). Treadmill exercise comprised
5–10 min locomotor training occurring 2–3 times a week on a motorized
treadmill (speed 4 – 8 cm/s). Treadmill exercise sessions were periodically
videotaped to assess the animals’ achieved locomotion. We classified the
animals’ locomotion into one of two categories: (1) weight-supporting
(WS) or 2) non–weight-supporting (NWS). This was accomplished in a
manner similar to Miya et al. (1997) and Giszter et al. (1998) by deter-
mining the proportion of autonomous hindlimb weight-supporting
steps (%WSS) taken compared with the sum of hindlimb steps attempted
(i.e., sum of weight-supported and non–weight-supported steps) (Miya
et al., 1997; Giszter et al., 1998). The classification we used here was based
on observations (Giszter et al., 2008a; see Materials and Methods) that
most NTX rats showed either good consistent weight-supported step-
ping of �50%WSS (weight-supporting NTX rats or WS, usually �20%
of rats prepared) or poor weight-supported stepping of �50%WSS,
which was often accompanied with frequent hindlimb scissoring action
(NWS) (Giszter et al., 2008a) (usually �80% of rats prepared). In prior
work, the WS and NWS rats generated after neonatal spinal transection
differed in a range of ways, with a “no-man’s land” between the function
levels of 20%–25%WSS and 45%–50% or better WSS (Miya et al., 1997;
Giszter et al., 1998, 2007). Of the 18 NTX rats prepared for robotic
rehabilitation training, 4 (22%) were considered WS and 14 (78%) were
considered NWS. In the 38 nonimplanted control rats treated with light
treadmill training, we observed (9/38 � 24%) were WS and (29/38 �
76%) were NWS rats. Thus, together, of the total 56 NTX rats prepared,
we found 13 (23%) were WS and 43 (77%) NWS. These proportions of
WS and NWS match many prior published data for such NTX rats from
our laboratory and others (Stelzner et al., 1975; Miya et al., 1997; Giszter
et al., 2008a). The large sample size and relative stability of proportions
between iterations of surgeries give statistical force to the later effects of
robot training that we observed. For the 7 additional matched treadmill-
trained and implanted control rats, we selected only the NWS rats pre-
pared similarly, specifically to control for the possibility of late
spontaneous transition to weight support in treadmill training alone (see
below). Prior work in our group suggests that treadmill training main-
tains WS levels of function in NTX WS rats but does not cause major
improvements beyond that seen shortly after weaning. Here we explicitly
examined large control groups of NTX NWS rats for any signs of spon-
taneous improvements.

Pelvic orthosis implantation surgery and postimplantation treatment. At
�8 –12 months of age, the NTX rats for robot (N � 18) and treadmill
only control rehabilitation (N � 7) were surgically implanted with a
pelvic orthosis in the manner described by Udoekwere et al. (2014). Prior
experience from our laboratory suggests successful integration of the
orthosis with the bone in NTX rats is best achieved if implantation is
performed at least 6 – 8 months after neonatal spinal cord injury, when
the bone density in the haunches of the NTX rat is sufficiently high,
despite the lower loading of hindlimbs in such rats. Udoekwere et al.
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(2014) described the detailed pelvic orthosis design and surgical implan-
tation and also demonstrated that the implant and surgery do not disrupt
locomotion kinematics (Udoekwere et al., 2014). The implantation in-
volved separating the gluteus muscle bilaterally with minimal tissue
damage and then inserting each half of an orthosis such that it clamps to
the iliac processes of rat’s pelvis. Each half of the orthosis extends to a
hollow bar outside the animal’s body, which serves to support the gimbal
attachment of the robotic arm (Fig. 1 A, B). We have previously used this
method extensively in adult spinalized rats and in intact rats (Udoekwere
et al., 2006, 2014; W. Song et al., 2009; W. Song and Giszter, 2011; Hsieh
and Giszter, 2011; Oza and Giszter, 2014). A total of 38 NWS NTX rats
without pelvic implants served as additional controls. It should also be
noted here that the %WSS measures (see below) of all NTX rats were
evaluated initially both before and after pelvic implantation, and were
not significantly different. The pelvic implantation process did not sig-
nificantly disrupt or change the preimplant hindlimb %WSS perfor-
mance in the NTX rats used for this study.

Robotic rehabilitation and treadmill training. Approximately 14 –20 d
following pelvic implantation surgery, NTX rats began robotic rehabili-
tation training similar to that described by Udoekwere et al. (2006) and
Hsieh et al. (2011) (Fig. 1C). A cantilevered haptic phantom robot (1.0
scale, SenSable Devices) was connected via a gimbal to the implanted
pelvic orthosis on the rat (Fig. 1 A, B). During treadmill training, the
robot applied an isotropic elastic force field (stiffness of 45 N/m) through
the implanted orthosis such that the forces act to support and stabilize
the pelvis/mid-low trunk region of the rat on an as needed basis while
allowing it to step quadrupedally (Fig. 1A). The rationale for this training

regimen design is the observation that the 20% of NTX of rats that
achieve weight support spontaneously seem to rely on the trunk coupling
and control of trunk to manage their improved function (Giszter et al.,
1998, 2007, 2008a, 2010; Udoekwere et al., 2006). Equilibrium position
for elastic force fields was set approximately at the average normal car-
riage height of an adult intact rat such that the trunk posture of NTX rat
at which forces would be zero was similar to that of a normal rat. Because
the typical carriage height of a non–weight-supporting NTX rat is de
facto lower than that of a normal rat, the equilibrium position provided
vertical elastic force that lifts such a rat and provides some weight support
force at the haunches. Additionally, such NTX rats were still able to
contact the treadmill surface (i.e., they do not “air step” when connected
to the robot) and thus they experienced hindlimb loading while being
positioned in a more “natural” trunk posture during training. This brings
the NTX rats’ pelvis into the approximate kinematic relationship needed
for functional locomotion. The use of an elastic force field approach in
our robotic rehabilitative setup is similar to the impedance training ap-
proach used for upper limb motion rehabilitation in stroke patients (e.g.,
using the MIT-MANUS) (Krebs et al., 1998, 1999, 2008; Volpe et al.,
1999; Hogan and Krebs, 2004).

NTX robot-trained rats were trained with the robot system on the
treadmill for 15–20 min/d, 5 d/week for 4 weeks. Training sessions
were periodically video recorded for assessment of function. The
15–20 min sessions constitute what physical therapists term “massed”
training, and this was readily achieved with our robotic system. The
29 control NWS NTX treadmill rats were similarly prepared without

Figure 1. Robotic rehabilitation system and experimental and training timeline. A–C, Illustrations of robotic rehabilitation system showing cantilevered haptic phantom robotic arm connected
via a gimbal to pelvic orthosis implanted in a rat (A, B) and isotropic elastic force field (A, red circle) applied by robotic arm when connected to a rat while on treadmill during a training session (A,
B). For more detail on robotic rehabilitation training system, see Udoekwere et al. (2006, 2014) and Oza and Giszter (2014). C, Timeline of the experiment.
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implants, and either received daily massed training, or twice weekly
treadmill training, over similar intervals.

Post-training and through training assessments of hindlimb locomotor
recovery. Hindlimb locomotor function of the NTX rats through and
after training was evaluated using the following 4 types of measures:

● Antri, Orsal, and Barthe (AOB) scoring scale for evaluating motor
recovery of hindlimb gait coordination and stepping (Antri et al.,
2002).

● Body weight support (%BWS) provided by vertical robotic interac-
tion forces.

● Proportion of autonomous weight-supported hindlimb steps taken
on treadmill (%WSS).

● Hindlimb joint kinematics.

All recovery outcomes measures (AOB, %BWS, %WSS, and kinemat-
ics) were first evaluated during robotic rehabilitation training while the
robot was connected to the animal and the elastic field was active. The
%WSS measure was the primary measure used to assess functional re-
covery without the robot connected before any robotic rehabilitation
training and at the end of the training period because the %WSS measure
is the basis of the bimodal distribution seen in NTX rats. This allowed for
comparison between nonrobotic pretraining %WSS performance and
nonrobotic post-training %WSS performance.

Hindlimb motor recovery score. Hindlimb motor recovery of hindlimb
local gait coordination and stepping was assessed from recorded video
using a scale designed by the AOB scale, which is a modified BBB-type
scale for hindlimbs only (Antri et al., 2002). Video was collected at 60 Hz,
1/500 s shutter during each robotic rehabilitation training session. An
angled mirror placed under the treadmill was used to capture footpad
placement during video recording. The AOB scale scored rats based on
frequency, amplitude, and coordination of hindlimb stepping motions,
presence of weight-supported stepping, and frequency of plantar step-
ping. The AOB scale ranged from 0 to 22, with a score of 0 representing
no hindlimb locomotor recovery, and 22 representing significant
hindlimb locomotor behavior akin to that of a normal intact rat. More
specifically, scores of 0 –1 correspond to animals unable to support their
body weight with their hindlimbs and unable to step. Scores of 2–9 cor-
respond to rhythmic movements of hindlimbs without any body weight
support. A score of 10 corresponds to consistent rhythmic movements
with dorsal foot placement and occasional body weight support. Scores
of 11–22 correspond to rhythmic movements of hindlimbs with plantar
paw placement with the possibility of body weight support. All AOB
scoring was done using video recorded during robotic rehabilitation
training sessions, and the scores were used to assess the cumulative effect
of robotic rehabilitation training session. A 3–5 min segment of the re-
corded video was used to assess AOB score every other training day.

Percentage of hindlimb WSS. We evaluated the number of hindlimb
weight-supported steps taken during robotic rehabilitation training us-
ing the same recorded video segment used for AOB scoring. The total
number of hindlimb weight-supported steps was expressed as a pe-
rcentage of total hindlimb steps (i.e., sum of weight-supported and
non–weight-supported steps) attempted (%WSS). This technique for
quantifying autonomous weight-supported stepping (%WSS) was ad-
opted from details by Miya et al. (1997). A hindlimb step was considered
as a weight-supported step if the hindlimb was seen to be raised above the
surface of the treadmill with no contact of the belly, or proximal
hindlimb joints (knee or hip), with the treadmill during the swing and
stance phases of the hindlimb step cycle. A step cycle was counted as a
movement of a hindlimb that included ankle extension (typically during
stance) and flexion (typically during swing). Typical weight support steps
included successive stance and swing phases with hindquarter support.
Plantar foot placement was not required and (knuckle walking) dorsal
stepping was permitted. %WSS was calculated by counting the number
of weight support steps achieved, divided by the total steps attempted
within the scoring interval. %WSS assessment was collected every other
training day. Assessing the autonomous weight-supported stepping al-
lowed us to capture improvements in weight bearing capability over the
training period.

We also determined the %WSS on the treadmill before and after pelvic
implantation before robotic rehabilitation training. %WSS after pelvic
implantation was tested after recovery from surgery (2–3 weeks), and
before any robotic rehabilitation training began (i.e., the animal had had
no exposure or experience with the robot or elastic field at this point).
%WSS evaluation was done to assess any deterioration due to the pelvic
implant surgery.

Finally, we evaluated the %WSS on the treadmill in the passive robot
configuration (robot-inactive test; i.e., robot attached to rat but without
any active control or force field assistance) as well as the %WSS off the
robot (off-robot test; i.e., robot fully disconnected from the rat) on the
last day of training.

Robot provided percentage of BWS. Animals were also evaluated by
examining changes in %BWS provided by the robot during robotic re-
habilitation training. This was accomplished by recording and analyzing
the changes in the vertical force interactions between the animal and the
robot’s elastic field. These were recorded during every training session at
1 kHz. The mean vertical interaction force for each training session was
determined over the same video segments used for AOB and %WSS
assessment, and normalized to the animal’s body weight to calculate the
%BWS. %BWS was determined every other training day alongside the
AOB and %WSS scoring. The %BWS measure allowed assessment of
assistive body weight support provided by the robot and thus reflected
changes in the animal’s weight bearing capacity over the course of train-
ing, and the consequent motion of the rats’ pelvis toward a more normal
height, and reduction of robot assistive forces.

Hindlimb joint kinematic gait analysis. The recovery impact of the
robotic rehabilitation training was also evaluated by analyzing hindlimb
gait kinematics in detail in a subset of NTX rats (which included both
weight-supporting and non–weight-supporting NTX rats) to determine
any changes in the range of motion (ROM) of the hip, knee, and ankle
joints between the first and last days of training.

Our approach captured in detail 2D gait kinematics of the right
hindlimb. The right hindlimb and pelvic region was shaved to improve
the visual image obtained for analysis. Five 3- to 4-mm-diameter spher-
ical reflective disks (B&L Engineering) were placed on the skin of lateral
side of right hindlimb overlaying the iliac crest, the greater trochanter,
the knee joint, the lateral malleolus, and fifth metatarsal head. To mini-
mize the effects of skin slippage over the knee, the “true” knee joint was
computed from video by using the actual lengths of the femur and tibia
and a triangulation algorithm using the hip and ankle makers. The mark-
ers on the rat were illuminated with two infrared light source (model
S-1800, Pinecom) and a high-speed digital image camera (JAI TM-
6710CL) was used to record motion of the lateral side of the right
hindlimb in the sagittal plane (10 in. � 13 in.) at 100 frames/s. Motion
tracking-analysis software (Maxtraq 2D, Innovision Systems) and a nu-
merical computing package (MATLAB R2008, The MathWorks) were
used to compute joint kinematics. Treadmill speed was set at 8 –10 cm/s
and 1–2 min satisfactory continuous walking trials were recorded for
each rat on the first and last days of training.

Data analysis. At the commencement of robotic rehabilitation train-
ing, all NTX robot rehabilitation recipient rats were initially grouped into
two categories: weight-supported NTX rats (WS, �50%WSS) or non–
weight-supported NTX rats (NWS, �50%WSS). The 18 robot-trained
rats in the study broke down into initial distributions of 4 WS and 14
NWS before the robotic rehabilitation training. However, at the end of
the training period, some of the robot-trained NWS rats were highly
improved and able to achieve �50%WSS. This was never observed spon-
taneously in control groups. The likelihood of one, or several, of these
recovery of function events having occurred by chance was estimated
using the number of control animals tested, and assuming binomial
probabilities based on these observations. The distributions of %WSS
remained bimodal after training. Therefore, using this postexperiment
observation, we then, post hoc, further subdivided the NWS group into 2
subgroups: nontransitioning non–weight-supported NTX rats (NTWS),
which did not gain sufficient significant weight support so as to switch
%WSS category; and transitioning non–weight-supported NTX rats
(TWS), which switched category at the end of training. For this later post
hoc analysis, therefore, rats were grouped according to these 3 categories:

8344 • J. Neurosci., August 10, 2016 • 36(32):8341– 8355 Udoekwere et al. • Trunk Robotic Rehabilitation



WS, TWS, NTWS. This post hoc classification allowed us to better inves-
tigate the differences in recovery rates and mechanisms associated with
the robot training paradigm in the NTX rats, and explore whether those
rats which changed category might be predicted in future work.

Statistical analysis. In-depth statistical analysis was performed using
standard tools in SPSS. To analyze the impact of robotic rehabilitation
training on functional recovery measures, two-way repeated measure
ANOVAs among the NTX groups over the training period were per-
formed, with time taken as a repeated measure. We avoided ANCOVA
because the ANCOVA assumptions of linear trends in the repeated mea-
sures did not hold for the individual rats. Further, the repeated measures
approach matches standard statistical methods used in many designs
(Edwards, 1985; Portney and Watkins, 1993). If the ANOVA effect was
significant, we then proceeded to post hoc tests with Bonferroni correc-
tions, which were performed to identify specific group differences. Be-
fore using two-way repeated-measures ANOVAs, sphericity tests were
used to check for normal distribution of the data for each recovery mea-
sure. If sphericity was violated, then Greenhouse–Geisser corrections
were applied to the degrees of freedom to estimate sphericity. Post hoc
tests were also used for appropriate significance corrections (e.g.,
Bonferroni).

A second analysis of recovery was used to examine individual differ-
ences in rate of recovery. Regressions of the recovery trends in the
%BWS, %WSS, and AOB measures were performed in the individual
rats. The resulting slopes of these regressions were then used in a one-way
ANOVA set of comparisons of recovery processes. However, it should be
noted that we proceeded in this way because of the form of some of the
recovery data. We observed that only the TWS rats were somewhat sig-
moidal in their recovery processes in the WSS and AOB measure,. These
sigmoidal recovery processes prevented straightforward use of more
principled omnibus statistical methods, such as ANCOVA for trend vari-
ations in our rats. The %WSS slope measures of the simple linear fits in
individual rats represented very crude measures of their improvement in
performance. Late sigmoids and early sigmoids had differing linear fit
slopes, thus capturing aspects of the rate and timing of recovery, albeit
crudely. These analyses with regression slopes therefore support limited
interpretations about individual recovery speeds, as noted in Results.

Significance levels were set at p � 0.05 for all comparisons. Statistics
were prepared using the SPSS package and MATLAB computational
software (The MathWorks).

Histological confirmations and methods. NTX rats were deeply anesthe-
sized with 3 ml of Euthasol following robotic training and assessments,
and perfused intracardially with 0.9% physiological saline followed by
4% buffered PFA to fix spinal tissue. Spinal cord tissue was extracted, and
blocks containing segments rostral and caudal to the transection were
prepared for cryostat sectioning. Blocks rostral and caudal to the spinal
transection were cut in serial transverse 20 �m sections, and blocks con-
taining the lesion were cut in serial parasagittal 20 �m sections. Nissl
myelin and serotonin immunohistochemical stains with DAB were then
used to examine the completeness of spinal injury. All rats were con-
firmed to be histologically complete spinal transections with no spared
tissue at the transection and no serotonin staining below the transection.

Results
The goal of this study was to evaluate the effect of robotic rehabilita-
tion training (trunk impedance sensorimotor training) on locomo-
tor recovery of adult rats spinalized as neonates (NTX rats). Eighteen
rats were prepared for robot rehabilitation, all receiving complete
spinal transection as neonates. Before robotic rehabilitation training,
all 18 NTX rats received weekly treadmill training alone and during
this period their %WSS scores and function remained stable (4 WS,
22%; 14 NWS, 78%). In other words, these robot-trained rats could
be considered as acting as their own controls, by showing no signif-
icant performance changes over the extended time period before
beginning their robot training. However, an additional 38 control
rats were prepared. These were lightly trained on treadmill without
pelvic implant or robot rehabilitation. These 38 control rats showed
a similar distribution of WS (9/38, 24%) and NWS (29/38, 76%) rats

to the initial distribution seen in the implanted experimental group
rats when tested before robot rehabilitation. These rats thus acted as
independent controls, and this unimplanted control group re-
mained stable in their %WSS measures over time with no spontane-
ous improvements (initial numbers 9 WS and 29 NWS; final
numbers 9 WS and 29 NWS, with no switches of classification by any
rats). Finally, a cohort of 7 additional rats were chosen because they
were categorized as NWS. These controls were prepared with ortho-
sis implants and trained intensively on treadmill. They were used
post hoc as additional controls to compare treadmill training effects
versus robot rehabilitation effects in the orthosis implanted NWS
rats. The 7 treadmill-trained NWS control rats showed neither sig-
nificant improvements nor decrements in their motor scores
through training (mean %WSS initial score 5%, initial to final com-
parison: p � 0.244; mean AOB initial score 4, initial to final compar-
ison: p � 0.45).

We examined three functional recovery measures in the ro-
botic rehabilitation trained rats. These included the following: (1)
a behavioral assessment score for hindlimb motor recovery and
stepping function (AOB score); (2) the average degree of vertical
weight support required of the robot rehabilitation system
(%BWS); and (3) the percentage of hindlimb steps that were fully
weight-supporting (%WSS). These measures all quickly im-
proved over time in this group, and relative to the controls. We
paid attention to these measures particularly in relation to the
previously reported discontinuity in function and performance
in WS and NWS rats. The 7 treadmill-trained NWS control rats
did not show any significant functional improvements. The 38
long-term NTX control rats showed the following: (1) the distri-
bution of function observed before training in the robot rehabil-
itation trained rats was not in any way atypical; it closely matched
the control group; and (2) in the absence of robot training, the
WS NWS classifications in the controls were stable over time.
However, all robot rehabilitation rats showed significant im-
provement in all scores over time, and in comparing the final
week of testing to the first.

Effect of robot training on NTX rats as a group
Plots of all robot-trained rats combined as a group and divided
into WS and NWS rats over time are shown in Figure 2. For all 18
robotic trained NTX rats together, the hindlimb motor recovery
as indicated in the AOB score versus training day plot (Fig. 2A;
NWS � WS line) showed a trend of improved hindlimb motor
performance that was highly significant (linear regression, R 2 �
0.89, p � 3.7e-5). Furthermore, a paired t test with Bonferroni
correction showed that mean AOB scores on the first day of train-
ing were significantly different from the last day of training mean
AOB scores (p � 0.001). That is, a significant AOB score im-
provement in the rats followed robot training. In contrast, con-
trol rats with intense treadmill training but no robot exposure
showed no changes from first to last training days.

The quality of the rats’ hindlimb stepping, as assessed by AOB,
benefited significantly from our robot training at the pelvis, al-
though the leg motion and interaction were not explicitly trained
or controlled. Breaking out WS and NWS rats separately (WS line
and NWS line; Fig. 2) showed that rats in both categories also
improved significantly.

For all robot-trained rats together, the %BWS trended down
and was significantly reduced (linear regression R 2 � 0.75, p �
9.9e-3) as shown in Figure 2B. This trend indicated that the rats
moved their pelvis up (partially self-supported) and thereby re-
ducing the body weight-supported assistance provided by the
robot. Similar to the AOB results, a paired t test with Bonferroni
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Figure 2. Significant improvement in hindlimb motor performance (AOB score), reduction of body weight support provided by robotic assistance (%BWS), increase in proportion of autonomous
weight-supported hindlimb stepping (%WSS) in the NWS group of 14 adult rats spinalized as neonates (NTX rats) and WS group of 4 NTX rats, as well as the two groups combined (NWS � WS) as
18 NTX rats following robotic rehabilitation training (trunk impedance sensorimotor treadmill training). A, Mean � SE plot of AOB scores for the NWS group, WS group, and combined group over
the course of robot rehabilitation training (left), and bar plot (mean � SE) showing post hoc comparison of AOB scores between the first and last day of training for the same NWS, WS, and combined
groups, as well as the control group of 7 matched treadmill only-trained NTX rats (right). Day 1 is considered the first day of training and day 19 is the last day of training. B, Mean � SE plot of %BWS
for the NWS group, WS group, and combined group over the course of robot rehabilitation training (left), and bar plot showing post hoc comparison of %BWS between the first and last day of training
for the NWS group, WS group, and combined group (right). Control rats shown in A, C had no robot training and thus were not tested in this way. C, Mean � SE plot of %WSS for the NWS group, WS
group, and combined group over the course of robot rehabilitation training (left), and bar plot showing post hoc comparison of %WSS between the first and last day of training for the same NWS,
WS, and combined groups, as well as the control group of 7 matched treadmill only-trained NTX rats (right). Significant trends (R 2 � 0.80, ***p � 0.001) of improved performance were observed
in the AOB scores, %BWS, and %WSS for the NWS, WS, and combined (NWS � WS) groups over the course of training. The mean AOB, %BWS, and %WSS performances on the last day of training
were significantly better than the first day of training for the NWS and for the combined group. ***p � 0.001. **p � 0.01. *p � 0.05. However, although improvements were seen in the %BWS
for the WS group, only the AOB and %WSS performances on the last day of training were significantly better than the first day of training. D, Bar plots showing comparison of Range of Motion (ROM)
of the hip, knee, and ankle joints during treadmill gait between the first and last day of training for subset of 6 NTX rats. There was a clear effect of training (two-way repeated-measures ANOVA,
***p � 0.001) on the increases seen in the ROM of the hip, knee, and ankle joints. Post hoc tests showed that the increases in ROM were significant in knee and ankle joints (***p � 0.001 for both)
but not in hip ROM with the number of rats tested.
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Figure 3. Some rats initially classified as non–weight-supporting before training with robotic rehabilitation training showed a transition to a weight-supporting classification. A–C, An example
of AOB (A), %BWS (B), and %WSS (C) recovery progressions for a particular rat that transitioned from a non–weight-supporting category (�50%WSS) to a weight-supporting category
(�50%WSS) over the course of training. As shown in C, this particular rat had �50%WSS on training day 1 and increased to �50%WSS over the training period. A sigmoidal pattern of recovery
progression is also seen in the AOB and %WSS measures (A, C). D1, On the first day of training, 14 of the 18 rats that received robotic rehabilitation training (�78%) were initially classified as
non–weight-supporting before training, whereas the remaining 4 rats (�22%) were classified as weight-supporting. On the final day of training, 5 of the 14 non–weight-supporting rats
transitioned to a weight-supporting category, thus increasing the proportion of rats in the WS classification from 22% to 50%. Based on these observations, and to further understand the training
effects of our robot rehabilitation, we grouped together these 5 originally non–weight-supporting rats that then transitioned to weight support with training as a TWS rat group (n � 5). The
originally weight-supporting rats were grouped as WS rats (n � 4), whereas the originally non–weight-supporting rats that failed to transition with training were grouped as NTWS (n � 9). D2,
In contrast to D1, there were no changes in weight support classifications following low-intensity treadmill-only training for any of the 29 non–weight-supporting and 9 weight-sup-
porting implanted control rats on the last day of training. E, Z-score statistic for the last versus first training day distributions of weight-supporting (Figure legend continues.)
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correction showed that the first day mean %BWS score was sig-
nificantly different from last day of training %BWS score (p �
0.003) indicating significant %BWS improvement. Again, both
WS and NWS rats benefited from the training. For all robot-
trained rats, the %WSS trend line was significant (linear regres-
sion, R 2 � 0.85, p � 0.00016) as shown in Figure 2C. Paired t test
with Bonferroni correction showed that first day mean WSS score
was significantly different from the last day of training %WSS
score (p � 0.006) indicating significant WSS improvement of the
rats as a whole. Similar to Figure 2A, control rats with intense
treadmill training but no robot exposure showed no such changes
from first to last training days. Again, separating WS and NWS rat
groups showed that both categories of %WSS rats improved with
robot training.

A subset of NTX rats (1 WS, 2 TWS, and 3 NTWS) were used
to evaluate and compare ROM of the hip, knee, and ankle joints
during gait between the first and last days of training. Figure 2D
shows an ROM comparison of the first and last training days for
each hindlimb joint. A two-way repeated-measures ANOVA of
the hip, knee, and ankle ROM on the first and last day of training
also showed a clear effect of robot training on kinematics on the
treadmill between the first and last day on range of motion and
significant increase in ROM (F(1,51) � 39.96, p � 0.001). Post hoc
tests showed the effect of robot training on increases in ROM
were significant in knee and ankle joints (p � 0.001 for both) but
not in hip ROM with the number of rats tested.

In summary, examining the robot-trained rats as a combined
group showed a significant positive impact of pelvis centered
robot therapy on all our measures of function.

Some NWS rats transitioned across the “no-man’s land” to
the weight-supported category
In prior work, the WS and NWS rats generated after neonatal
spinal transection differed in a range of ways, with a “no-man’s
land” between 20%–25%WSS (NWS) and 45%–50%WSS (WS)
(Miya et al., 1997; Giszter et al., 1998, 2007). This distribution was
clearly also present here in both the robot rehabiltation group
(see Fig. 3F, histogram and vertical line) and also in the group of
38 age-matched and treadmill maintenance NTX controls.

When examining %WSS changes in individual rats over the
course of robotic rehabilitation training here, we observed that
some rats (5 from the initial 14 NWS) transitioned from a NWS
classification (�50%WSS) to a WS classification (�50%WSS)
while on the robot, effectively crossing over this %WSS “no-
man’s land” that exists in NTX rats (Miya et al., 1997; Giszter et
al., 1998), as a result of training on the robot. Some qualitative
change in overall function appeared to separate these groups. We
also observed that the improvements seen in the AOB and %WSS
measures of these rats over the course of training were typically
sigmoidal, as shown in an example rat in Figure 3A, C. These
transition rats showed significant improvements in their %WSS
measures that were sufficient for us to reclassify them as now
falling into the WS category at the end of robot training period
(Fig. 3A–C). No control rats showed such changes (see below).
The number of robot-trained rats in the WS category and NWS
category are shown as a fraction of the robot-trained rats in Fig-
ure 3D1, for the first day and last day of training. Many more rats
than could be expected by a chance selection were in the WS
category after training (the z-score statistic for the last vs first
training day distributions: p � 0.05; Fig. 3E). Further, there were
no such changes in function or movement away from the NWS
class in any of the rats in either control group. The light treadmill
alone control group is shown in Figure 3D2: the NWS number
N � 29/38 remained stable over lengthy training. Distributions of
rats selected for intense treadmill � orthosis training over 4
weeks are shown in Figure 3H, I. Both before and after distribu-
tions, NWS number was stable (N � 7). However, the number of
rats with large improvement that we found crossing between the
NWS and WS categories following robot training was significant
(Fig. 3D1,F,H). These increased the number of WS classified rats
at the end of training to levels far greater than could be expected
by chance in a typical sampling of neonatal transected rats (Fig.
3E). Similarly, the number was significantly different from that
expected for a random resampling from a large population,
which directly matched with the initial distribution of WS rats
that we actually observed. Finally, because we saw no variations
causing movement into the WS classification over time in either
of the two control groups’ NWS rats (when combined 36 NWS
rats), it follows that the transition of some NWS rats to WS levels
of weight support classification in the robot-trained group was a
priori extremely improbable. (For example, assuming an [unob-
served] probability of a transition event of 1/29, or 0.034, because
none of 29 control rats observed showed any transitions, then the
probability of observing 5 rats transition events in data as seen
here has p � 10	7). It should not have occurred either spontane-
ously, or by chance, based on the control groups’ distributions
and the stability of these over time. As a result of the robot reha-
bilitation, some rats thus showed clearly significant qualitative as
well as quantitative improvements in function.

Based on these observations, and to further understand the
training effects of our robot rehabilitation, we post hoc divided the
18 robot-trained rats into 3 new categories or groupings: (1)
originally weight-supporting (WS, n � 4); (2) originally non–
weight-supporting but transitioning with training to weight sup-
port (TWS, n � 5); and (3) originally non–weight-supporting
and then failing to transition with training to weight support
(NTWS, n � 9). Using these regroupings, we then analyzed the
impact of robotic rehabilitation training on the different recovery
measures.

4

(Figure legend continued.) rats (*p � 0.05) and a simulated distribution of expected num-
bers of NTX WS in a sample of 10 rats selected by chance from NTX rats based on a 20% chance
of WS in the NTX population. The number of rats that transitioned from non-weight support to
weight support categories increased the number of weight support classified rats at the end of
training by far greater than could be expected by chance in a random sampling of a typical
binomial distribution of neonatal transected rats. In 18 NTX rats, after training 9 were WS (i.e.,
5/10). The probability of 5/10 rats by chance is 0.04 (i.e., p � 0.05). Based on the D2 distribu-
tion, the probability of observing 9 of 18 rats to be in the WS category by chance is 0.009.
Further, we know the original distribution before training was typical and closely resembled an
independent control group of 38 NTX rats in D2, all of which remained stable over time. The data
are consistent with and support an accelerated %WSS improvement seen in the TWS group that
facilitated transition from a non–weight-supporting classification to a weight-supporting clas-
sification with training. F, Histogram showing %WSS distribution for all robot-rehabilitated
NTX rats before robotic training. Vertical line indicates the separation of WS and NWS rats with
a “no man’s land” of low likelihood between. G, Histogram showing %WSS distribution for all
robot-rehabilitated NTX rats after training (robot-active) TWS rats moved to �50% and thus
increase the number of WS and reduce the NWS number compared with the initial pretraining
distribution shown in F for the same animals. H, Histogram showing %WSS distribution for the
control group of 7 matched treadmill-only trained NWS NTX rats before treadmill training.
Vertical line indicates the separation of WS and NWS rats. I, Histogram showing %WSS distri-
bution for the control group of 7 matched treadmill-only trained NTX rats after training. In the 7
NTX NWS-matched control rats, there is no change in %WSS distribution following treadmill-
only training similar to the training intensity of the robot-rehabilitated NTX rats.
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AOB changes by group
Figure 4 shows the AOB changes seen in each group following the
regrouping. The AOB scoring scale was used to assess overall
hindlimb motor recovery of gait coordination and stepping ability in
NTX rats. Two-way repeated-measures ANOVA showed that there
was a main effect of training over time on AOB performance
(F(3.99,59.86) � 31.28, p � 0.001). This suggests that robotic rehabili-
tation training influenced hindlimb motor recovery in all 3 groups.

Post hoc tests of the training effect with Bonferroni corrections
showed that the AOB performance on the last training day was
significantly greater than the performance on the first training
day for each group (p � 0.05 for comparison within each group).
The ANOVA results also reported a significant group effect
(F(2,15) � 15.98, p � 0.001). Post hoc analysis of the group effect
with Bonferroni corrections revealed that the AOB performance
of the NTWS group was significantly less than the WS (p �
0.001) and TWS groups (p � 0.014). Interestingly, the TWS
group was not found to be significantly different from the WS
group (p � 0.086) in the post hoc tests, but this may indicate lack
of power.

A comparison of the individual rats’ rates of hindlimb motor
recovery (regression slopes of the AOB recovery trends) indicated
that the rates of AOB recoveries among the three groups were not
different (p � 0.198, F(2,15) � 1.81). Data are consistent with local
spinal plastic changes in the robot rehab framework that led to
progressively improving AOB features on the treadmill as a result
of the robot-assisted therapy in all groups. However, the AOB
regression analysis of the ungrouped AOB scores and the regres-
sions in the TWS group alone may partly mask differences in the
individual sigmoidal AOB changes shown in Figure 3A.

Robot body weight support (%BWS)
changes by group
Figure 5 shows the %BWS measure
changes seen in the three groups of
NTWS, TWS, and WS rats. Two-way
repeated-measures ANOVA results indi-
cated a strong effect of training. We saw
reductions in %BWS in all groups (F(9,135)

� 10.73, p � 0.001). ANOVA results also
showed significant difference in the
%BWS response to training among the 3
groups (F(2,15) � 3.79, p � 0.047). Post hoc
tests with Bonferroni corrections for the
group effect showed that the mean %BWS
required for NTWS rats overall was
greater than required for TWS and WS
rats (though not significantly so, p �
0.150 and p � 0.087, respectively). How-
ever, when the groups were compared
daily with a post hoc test (Bonferroni cor-
rections), the differences between NTWS
group and the TWS and WS groups were
more pronounced and significant (p �
0.05), particularly when tested in individ-
ual days in the later training phase (Fig. 4),
presumably after the large TWS changes
had occurred.

There was no interaction effect be-
tween the training and group effects,
which suggests that the progressive ef-
fect of training on %BWS recovery was
not different among the groups. Com-
parison of individual rats %BWS regres-

sion slopes also indicated that the rates of %BWS recovery
were not different among the three groups ( p � 0.196, F(2,15)

� 1.82). In other words, the three groups all reduced depen-
dence on the robot aid at the pelvis at similar rates. The data
were again consistent with parallel improvements in each
group, with similar slopes of improvements.

The data suggest robot training promotes spinal increases in
load bearing capacity through training and voluntary improve-
ments in BWS control. BWS differences between TWS and
NTWS may over time contribute to the ability to achieve transi-
tion to weight support because robot-supplied BWS were very
similar in the TWS and WS rats.

Weight-supported stepping (%WSS) changes by group
Percentage WSS was used to assess recovery of autonomous
hindlimb weight-supported stepping ability in NTX rats in the
regroupings (Fig. 6A,B). Two way repeated-measures ANOVA
showed a main effect of training over time (F(9,135) � 20.24, p �
0.001) on %WSS, indicating that robotic rehabilitation training
influenced the %WSS recovery observed in all groups. However,
post hoc testing of the reported training effect showed that mean
%WSS on the last day of training was significantly larger than the
first day of training mean %WSS for only the WS and TWS group
(p � 0.033 and p � 0.001, respectively) (Fig. 6B).

There was also a group effect in this regrouped analysis (F(2,15)

� 47.01, p � 0.001), and post hoc test of the reported group effect
revealed that the groups were significantly distinct from each
other with mean %WSS for WS rats significantly greater than
mean %WSS for TWS rats, and both WS and TWS rats showing
significantly greater %WSS than mean %WSS for NTWS rats

Figure 4. Robotic rehabilitation training improves hindlimb motor performance score (AOB score) in the WS, TWS, and NTWS
groups. Plot represents mean � SE of AOB score changes for each group over the course of robot rehabilitation training. There was
a significant training effect (two-way repeated-measures ANOVA, F(3.99,59.86) � 31.28, ***p � 0.001) on AOB score over time in
all three groups of rats. Post hoc comparisons of the training effect indicated that the AOB scores on the last training day were
significantly greater than the first training day for each group ( p � 0.05 for each group). There were also differences seen in the
AOB recovery performances among the groups as indicated by the group effect reported in the two-way repeated-measures
ANOVA (F(2,15) � 15.98, ***p � 0.001). Post hoc comparisons of the group effect showed that the mean AOB score for the NTWS
group was significantly less than both the WS ( p � 0.001) and TWS groups ( p � 0.05), whereas the TWS group was not different
from the WS group ( p � 0.086). As shown in the figure, this is also evident in the daily post hoc comparisons among groups.
*Significant difference between WS and NTWS groups ( p � 0.05). &Significant difference between WS and TWS groups ( p �
0.05). #Significant difference between TWS and NTWS groups ( p � 0.05).
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(p � 0.01 for all comparisons). On the
first day of robotic rehabilitation training,
the %WSS in the WS group was signifi-
cant larger than the NTWS and TWS
groups, and this remained so at each time
point over the training period (p � 0.05
for all comparisons between WS group
and NWS group at each time point). Con-
versely, on the first training day, no differ-
ence was observed between the relatively
low %WSS scores of the NTWS and TWS
groups. However, even by the third train-
ing day, there was a significant dif-
ference between the TWS and NTWS
groups, as the TWS group progressively
exhibited significantly more WSS than the
NTWS group (p � 0.008). As training
progressed beyond the third day, the dif-
ference between the TWS and NTWS
groups progressively increased over time.
The TWS group continued to recover and
gain more WSS (p � 0.01 for compari-
sons with NTWS at all remaining time
points) (Fig. 6A).

Rates of gains in %WSS in the three
groups of rats differed
Two-way repeated-measures ANOVA for %WSS showed a sig-
nificant interaction effect between training and group (F(18,135) �
5.25, p � 0.001). This result suggested that the %WSS improve-
ment patterns seen among the post hoc organized groups were
impacted differently by training.

To further evaluate the differences in %WSS improvement
patterns among groups, we analyzed the differences in the indi-
vidual rates of %WSS improvement among groups (using linear
regression slopes). Figure 7A shows the significantly different
rates of improvement in %WSS in each group. One-way ANOVA
comparison of the individual %WSS regression slopes indicated
that the rates of %WSS improvement were significantly different
among the three groups (F(2,15) � 26.73, p � 0.001). Post hoc tests
also showed that the rate of %WSS improvement for TWS group
was significantly greater than both NTWS (p � 0.001) and WS
groups (p � 0.005). However, the rate of %WSS improvement in
the NTWS and WS groups was not different (p � 0.87). This is
consistent with the accelerated %WSS improvement observed in
the TWS group shown in Figure 6A. Perhaps there was an accel-
eration in weight support as rats mastered a coordination of
some kind and crossed the “no-man’s land” between 25% and
50%WSS, as indicated also by the sigmoidal recovery patterns of
individual rats. The differences seen in slopes support such an
interaction effect (i.e., the influence of training on each group was
different).

The results are consistent with TWS rats developing a skill of
integrating and improving their support of hindlimb stepping to
form functional patterns with forelimbs, trunk, and hindlimb,
and thereby crossing the “barrier” between 25% and 50%WSS.

WSS rate of improvements and initial WSS
We sought to determine whether the differences in WSS
changes in the post hoc separated and regrouped TWS and
NTWS rats related to group differences that were also present
before training (and thus predictive of outcome), or whether

instead they arose from a more mixed continuum of prior
abilities. To test this, we related the average rate of WSS im-
provement to the initial WSS pretraining for all rats (Fig. 7B).
WS rats formed a separated cluster of rates, far from the rest.
However, in NTWS/TWS rats, there was a significant linear
relationship between the WSS level at outset and rate of WSS
improvement (obtained from a linear regression fit to their
improvement). In the NWS rats (i.e., combined NTWS and
TWS groups together), a linear fit showed an R 2 � 0.7256,
( p � 0.0001). A second-order polynomial fit might also have
been suggested by the points, but we found that the additional
terms in the fit could not be justified using the Akaike Infor-
mation Criterion for these data.

These results suggest that an accelerating improvement oc-
curred in WSS in the rats, consistent with the observed sigmoidal
transition pattern. It should noted here that the overall aggregate
and linear-like %WSS recovery seen in the TWS group in Figure
6A is actually composed of an average of individual sigmoidal
%WSS plots from individual TWS rats, with the fast phase at
different times in different TWS rats. Figure 3C shows the sigmoi-
dal %WSS recovery pattern of a typical TWS rat: an accelerating
%WSS improvement after an initial slow plateau. It is unknown
whether the NTWS rats that did not transition would eventually
experience such an accelerating improvement if rehabilitation
had been further prolonged. We also looked at the initial charac-
teristics of the NWS rats as a whole before training to attempt to
predict membership among responders (i.e., in the TWS group)
after the fact. We found that, using the initial WSS statistic, we
could predict the responders (or TWS rats) with 85% success,
with equal false positives and false negatives if we separated rats
by using the midpoint between the mean WSS of NTWS and
TWS rats. If instead we sought to avoid false negatives, and ensure
rehabilitation was provided to all responders, we could move the
boundary down to avoid the false negatives. In this case, we
would instead achieve a successful response in rehabilitation in
85% of the treated rats.

Figure 5. Robotic rehabilitation training reduces %BWS provided by robotic assistance in the WS, TWS, and NTWS groups. Plot
represents mean � SE (%BWS) changes for each group over the course of robot rehabilitation training. There was a significant
training effect (two-way repeated-measures ANOVA, F(9,135) � 10.73, p � 0.001) on reductions in %BWS over time in all three
groups. There were also differences in the mean %BWS among the groups as indicated by the group effect reported in the two-way
repeated-measures ANOVA (F(2,15) � 3.79, p � 0.047). *Significant difference between WS and NTWS groups ( p � 0.05).
#Significant difference between TWS and NTWS groups ( p � 0.05).
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What is learned/gained by rats in the robot
rehabilitation training?
We sought to determine whether the rats in the post hoc group
that achieved transitions to weight support (TWS rats) had
learned to perform fully autonomous locomotion like WS rats.
However, we found that none of the TWS rats exhibited weight-
supported overground locomotion when off-robot in their cages
or on the bench top. In contrast, WS rats walked well in cage,
overground, or on treadmill. However, we also tested whether the
TWS rats showed any independent %WSS function gains while
on the treadmill. The results of these tests were surprising and
instructive, and are shown in Figure 8. We conducted the first sets
of these tests in all rats (4 WS, 5 TWS, and 9 NTWS). We inacti-
vated the torque motors of the robot, removing active assistive
forces (robot-inactive test). The results are shown in Figure 8A.

The 5 TWS rats maintained a significant
level of weight support after training with
the robot motors turned off, although it
was significantly decremented from the
motors ON condition, (as was also %WSS
in the WS category rats). Rats that were in
the TWS group retained high weight sup-
port levels even with robot motors off.

In a second, test we then tested rats dis-
connected from the robot (Off-robot test)
but on treadmill. This was only done in a
subset of rats (1WS, 3 TWS, 4NTWS; Fig.
8B, dotted lines). Similar to the prior ob-
servations in cage and overground that we
had made in all the TWS rats, the 3 TWS
rats tested collapsed back to the pretrain-
ing %WSS.

The relatively small inertia of the passive
robot in the robot-inactive test appeared to
be a significant feature that the TWS rats
may have incorporated into their TWS mo-
tor learning on treadmill. It should be noted
that even the full WS rats learned to partly
rely on (or incorporate and exploit) the ro-
bot support, and therefore had some minor
but significant deficits in the robot-inactive
condition compared with the robot-active
condition (Fig. 8A). However, for the 3
TWS rats tested, the loss of the robot inertia
was catastrophic. Our data suggest that ad-
ditional methods will be necessary to
achieve full disconnection and autonomy in
rats after robot training used here. It still re-
mains to test whether TWS rats could be
taught to overcome these issues, and can be-
come weaned off the robot connection, after
modified later stage training.

Rats learned features of the robot me-
chanics and behavior and the context they
found themselves in during the rehabilita-
tion. The inertial load was more signifi-
cant than elastic forces applied for the
TWS rats at the trainings end.

Discussion
Basic observations
We tested pelvic robotic rehabilitation in
adult rats spinalized as neonates (NTX
rats). NTX rats, regardless of prior abil-

ity, showed significant improvement in hindlimb motor recovery
(AOB score), %BWS, and WSS recovery measures over training.
In addition, 5 of the 14 rats classified as NWS before robotic
rehabilitation transitioned to a WS classification (TWS rats)
while on the active robot. They crossed a “no-man’s land” in
weight support level that exists between the NWS and WS classi-
fications (Miya et al., 1997; Giszter et al., 1998). Last, TWS rats
recovered functions that persisted with robot-inactive, but not
with robot disconnected. These data represent the first example
of teaching non–weight-bearing spinalized rats the “wheel-
barrow race task,” which is managed by some NTX rats sponta-
neously, although learning did not transfer to overground
locomotion or off-robot. This difference between inactivating
and physically disconnecting the robot was hard to anticipate.

Figure 6. Robotic rehabilitation training increases the proportion of autonomous weight-supported hindlimb stepping
(%WSS) in the WS, TWS, and NTWS groups. A, Plot represents mean � SE of %WSS for each group over the course of robot
rehabilitation training. There was a significant training effect (two-way repeated-measures ANOVA, F(9,135) � 20.24, p � 0.001)
on %WSS over time in all three groups of rats. There were also differences in the %WSS recovery performances among the groups
as indicated by the group effect reported in two-way repeated-measures ANOVA (F(2,15) � 47.01, p � 0.001). Post hoc compar-
isons of the group effect showed that mean %WSS for WS group was significantly greater than the TWS group ( p � 0.01), whereas
the mean %WSS for the NTWS was significantly less than both the WS and TWS groups ( p � 0.01 for both comparisons). As shown
in the figure, this is also evident in the daily post hoc comparisons among groups. *Significant difference between WS and NTWS
groups ( p � 0.05). &Significant difference between WS and TWS groups ( p � 0.05). #Significant difference between TWS and
NTWS groups ( p � 0.05). B, Post hoc comparisons of the training effect showed that the mean %WSS on the last training day were
significantly greater than the first training day for only the WS and TWS groups of rats (*p � 0.05 and ***p � 0.001, respectively).
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The robot strategy
Robot therapy in animal models comprises
two variants, based on where the robot in-
teracts: at the leg/ankle or pelvis/trunk.
These differ in their kinematic and kinetic
effects on locomotor function in the limb.
Ankle-based systems interact with the leg
during swing, shaping swing kinematics.
Within-limb joint kinematics during stance
may also alter, constrained by ground con-
tact. Pelvic-based systems leave swing un-
constrained but affect trunk kinematics and
alter ground reaction forces during stance.
These two rehabilitation strategies differ sig-
nificantly and are only rarely (Y. S. Song and
Hogan, 2008) combined. We focused on
pelvis-based quadrupedal robot rehabilita-
tion (Giszter et al., 2005; Udoekwere et al.,
2006, 2014). Our method differs from oth-
ers (Dominici et al., 2012) in implanting an
osseointegrated orthosis and interacting di-
rectly with the skeleton, after the fashion of a
clinical halo orthosis. This obviates soft tis-
sue gripping and avoids novel cutaneous
and soft tissue deformations during the
therapy, which might arise from a sling or
sleeve arrangement. Like much human clin-
ical robot therapy, we used an imp-
edance-based assist-as-needed strategy.

Bipedal versus quadrupedal rehabilita-
tion each tests different issues in animal SCI.
Bipedal training is used in both partial (van
den Brand et al., 2012) and complete spinal-
injured rats (Timoszyk et al., 2002, 2005;
Cha et al., 2007). In the latter, focus is on
enhancing operation of the isolated circuits
to improve stepping kinematics and weight
support (Dietz et al., 2002; Nessler et al.,
2005; See and de Leon, 2013). In partial in-
jury, the emphasis has been to enhance or
reveal voluntary control of the hindlimbs
(van den Brand et al., 2012). In all cases, ro-
bot training has significantly enhanced
function. Our quadrupedal study emphasizes both enhancement of
stepping mediated by the isolated spinal cord and development of an
integrated voluntary control of the trunk and pelvis. NTX rat
hindlimb stepping requires none of the pharmacological or electrical
stimulation needed after adult injury. We hypothesized that training
the two systems in conjunction would provide a path toward auton-
omous weight support in the NTX rats.

To obtain integrated training of trunk and limb systems, our
rehabilitation was applied at the pelvic nexus of limb trunk inter-
action. Our system likely helped rats to visit mechanical body
states they never achieved alone, after having failed to develop
autonomous weight bearing earlier. Compliant robot behavior
allowed rats to learn trunk-limb interactions essential for weight
bearing. The improved hindlimb stepping showed that training
allowed spinal systems to discover useful kinematic and kinetic
patterns, despite these never being objectively taught or specified
at the ankle. The engagement of voluntary and other trunk-
coordinative mechanisms supported increases in WSS, and tran-
sition of these measures to levels matching autonomously

weight-bearing NTX rats, including persistent performance at
high levels at the end of training, even with the robot-inactive.
Poorer kinematics of stepping likely occurred than in ankle-
based rehabilitation. However, the greater variability of loading
and interaction seen in our system is also consistent with the
recognized need for variation and variability in promoting robust
rehabilitation (Shah et al., 2012).

The conversion to weight support
Despite limitations here, 35% of the NWS rats made quite radical
improvements. These responding rats individually demonstrated
sigmoidal, accelerating and then saturating improvements in
performance, resembling a skill mastery process. As noted, reha-
bilitation likely conditioned both voluntary and spinal systems,
and brought the global variables of pelvis, trunk position, and
their interactions with legs into crucial relationships and states
needed for learning. All rats recovered significantly, but the re-
maining 65% of NWS rats failed to transition to the WS category
of classifications. The initial individual level of WSS predicted
whether rats were likely to transition. Conceivably, the nonre-

Figure 7. Rates of recovery in autonomous weight-supported hindlimb stepping (%WSS) with training were different among
groups. A, The rates of %WSS recovery (mean � SE), as determined by the mean regression slopes of the %WSS recovery trends
per group, were significantly different among groups (one-way ANOVA comparison of the %WSS regression slopes among groups,
F(2,15) � 26.73, ***p � 0.001). Post hoc tests showed that the rate of %WSS recovery for the TWS group was significantly greater
than both the NTWS (***p � 0.001) and WS groups (**p � 0.005); however, the rate of %WSS recovery for the NTWS and WS
groups were not different ( p � 0.87). This observation is consistent with the accelerated %WSS improvement seen in the TWS
group that facilitated transition from a non–weight-supporting classification to a weight-supporting classification with training.
B, Relationship between rate of %WSS recovery and %WSS before training. There was a significant linear relationship between the
WSS level at outset and rate of WSS improvement for the combined initially non–weight-supporting rats (i.e., NTWS and TWS
groups together) (R 2 � 0.726, ****p � 0.0001). However, the WS group formed a separated cluster of rates, far from the rest as
indicated by the break in the abscissa from 30% to 45%.
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sponding rats might have benefited from pretraining with a leg-
based therapy (Timoszyk et al., 2002, 2005), pharmacological
(Kao et al., 2006), or electrical stimulation intervention (Hsieh
and Giszter, 2011; Musienko et al., 2012; Gad et al., 2013). With
the means to identify responders and nonresponders described
here, it is now feasible in the future to test this. We also speculate
that interventions inducing consistent reflex stepping in adult-
injured rats (Boyce et al., 2012, 2014; Ziemlińska et al., 2014)
might support recovery to levels seen here in neonatal injured
animals. Success will depend on similarities between circuits of
the adult and NTX spinal cords, the cortical plasticity of adult rats
(Oza and Giszter, 2014), and adult spinalized rats’ ability to de-
velop the novel coordination seen in NTX rats (Giszter et al.,
1998, 2008a, b, 2010).

Spinal and supraspinal roles
Unlike adult spinalized rats, NTX rats’ lumbar cords and cortices
developed unconnectedly, which may cause important differ-
ences in functions, such as reflex step generation in NTX rats.
These differences might enable recovery impossible in adult in-
jury without any additional pharmacological or electrical stimu-
lation interventions.

Changes in both spinal (Petruska et al., 2007) and supraspinal
systems likely occurred throughout the therapy. Cortical and
map topography changes happen in motor (Oza and Giszter,
2014) and sensory (Aguilar et al., 2010) systems in SCI rats on
multiple time scales. Robotic body-weight-support training of
motor-incomplete human SCI patients induced plasticity in sen-
sorimotor cortical regions in fMRI (Winchester et al., 2005). Sen-
sory plasticity follows passive motion, bulk repetitive exercise, or
skill development in animal SCI models (Kao et al., 2006; Gra-
ziano et al., 2013; Moxon et al., 2013). In NTX rats, high weight
support achieved autonomously associates with specific motor
representations. Good function depends on specific motor areas

remaining intact (Giszter et al., 1998,
2008a). In a parallel study (Oza and Gisz-
ter, 2015), we have presented cortical
changes associated with our robot reha-
bilitation. In intact adult rats, trunk cortex
adapts to novel motor actions and rapidly
incorporates them into locomotion me-
chanics (e.g., in brain machine interface
neurorobotics) (W. Song and Giszter,
2011). We therefore speculate that recov-
ery of function in adult rats is unlikely to
be constrained by cortical plasticity limits.

Spinal systems responded to pelvic ro-
bot rehabilitation by gradually generating
better motions, larger ranges of leg joint
motion, and patterns of motion and force
able to support weight-bearing balanced
locomotion with robotic aid. This is con-
sistent with spinal infrastructure for loco-
motion, which uses local plasticity and
“learning” (Jindrich et al., 2009; Edgerton
and Roy, 2012; Grau, 2014) and adapts to
the rehabilitation “affordances” in sup-
port of function. Improved coordination
of both the autonomously functioning su-
praspinal and spinal parts in the divided
CNS of NTX rats likely developed during
rehabilitation, via the mechanic couplings
and by informational exchanges through

this mechanics, as well as by improved local functioning of each
system when considered alone.

Clinical implications
Our data relate to issues in clinical rehabilitation and prosthetics.
First, NTX rats with low function learned to integrate hindlimb
stepping and trunk control to significantly improve function.
This suggests that early weight support experience in critical pe-
riods, or through development, was not essential to subsequently
learn such function. Second, function persisted in the absence of
robot actuation (robot-inactive). The rats thus learned to weight
support unassisted by an active robot. However, and third, de-
spite this, those rats that gained function failed to exhibit func-
tion disconnected from the robot. Motor learning literature
suggests that gains in function and skill comprise adaptation,
development of internal models, increasing economy of motion,
and cognitive and noncognitive contextual framing of these. Our
rats may have learned the robot inertia, and incorporated this,
either among internal models used, or as context for using the
learning and skills achieved during rehabilitation. The rat SCI
model may thus be useful to explore adaptation and skill-based
gain of function, motor economy, context and dependence on
devices during rehabilitation using robots, exoskeletons, and
prosthetics. In clinical settings, these various phenomena both
contribute to and can potentially confound rehabilitation (Field-
Fote, 2009; Hornby et al., 2010; Torres-Oviedo et al., 2011;
Torres-Oviedo and Bastian, 2012; Krebs and Hogan, 2012, 2013;
Finley et al., 2013) and are also fundamental to motor learning
more broadly (Kitago and Karakauer, 2013 and see Stanley and
Krakauer, 2013).

In conclusion, robot rehabilitation that promotes trunk-
hindlimb integration promotes significant gain of function in
NTX rats that have never walked autonomously. However, most
NTX rats did not achieve full autonomy. The route to full auton-

Figure 8. Timeline of changes in weight-supported hindlimb stepping (%WSS, mean � SE) over the experiment under
different conditions. A, All robot-trained rats were tested. Post hoc tests following a two-way ANOVA with repeated-measures
analysis showed that the mean %WSS on the last day of training in the robot-active condition (Post-training/Robot-active) was
significantly greater than the pretraining condition for all rat groups. However, the mean %WSS on the last day of training in the
robot-inactive condition (Post-training/Robot-inactive) was significantly less than the robot-active condition in only the WS and
TWS rat groups. However, only the TWS group rats had mean %WSS that was still significantly greater than the pretraining
condition. B, Fewer rats were tested: 1 WS, 3 TWS, 4 NTWS rats. In the post-training Off-Robot condition, the mean %WSS in the
rats tested returned to their pretraining condition values. Horizontal lines between conditions indicate significant differences of
p � 0.05 (*) for post hoc tests among the conditions in A with all robot-trained rats.
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omy for complete SCI in experiments like these may ultimately
depend on promoting better generalization, and broader con-
texts for the functional skills rehabilitated, and on discouraging
learned dependence and economies of motion based on the ro-
botic assistance. However, the high functional plasticity of adult
rats demonstrated here is encouraging.
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