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Abstract

Background and Purpose: Cervical spinal cord injury results in specific deficits in forelimb function. In the rat,
lesions to the rubrospinal tract impair forelimb function despite the presence of an intact corticospinal tract. Both
functional and anatomical recovery have been promoted by transplantation of neuronal and glial restricted
precursors (NRP/GRP) following injury, and task-specific practice is used clinically to maximize recovery of function.
We tested the hypothesis that combination therapy of daily task practice and NRP/GRP cell transplants will improve
reach-to-grasp function.

Methods: Forty-one adult female rats received a lesion to the right cervical dorsolateral funiculus. They were
randomly divided into 4 groups for the study: Control (n=11), NRP/GRP Transplant (n=14), Task Practice (n=8), and
Task Practice + NRP/GRP (n=8). All animals were assessed pre-injury and during weeks 1 and 8 postoperatively on
two reach-to-grasp tests (Single Pellet and Staircase Reaching).

Results: Task Practice + NRP/GRP and Task Practice groups achieved significant recovery of function in the
Staircase Reaching test at week 8 of recovery. Analysis of individual kinematic elements from the Single Pellet
Reaching test allows detailed quantitation of specific movements. While major differences were not observed in the
Single Pellet Reaching, the Digits Open and Pronation qualitative component scores were higher in the Task
Practice + NRP/GRP group compared to controls at 8 weeks post injury.

Conclusions: While task practice improves recovery of forelimb function following incomplete spinal cord injury,
combination therapy of daily task practice and cell transplantation practice did not result in superior recovery of
reach-to-grasp function.

C J

injured adult rat spinal cord axons, providing neuroprotection, and
supporting functional recovery [4]. Transplants of fetal tissue,
Schwann cells, olfactory ensheathing cells, genetically modified
fibroblasts that produce neurotrophins, and lineage-restricted
neuronal (NRP) and glial (GRP) precursor cells have all been reported

Keywords: Cell transplantation; Cervical; Forelimb; Reaching;
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Introduction

Regaining arm and hand function is considered a high priority for
improving the quality of life in people with cervical spinal cord injury
(SCI) [1], because this can dramatically impact their level of
independence. Loss of hand function translates into increased
dependence on attendant care for activities of daily living and impacts
on occupational/employment status [2]. Current clinical rehabilitation
practices include teaching the injured individual compensatory
strategies or using assistive devices for transfers, activities of daily
living, or mobility. Restoration of a grossly functional palmar grasp is
achievable by establishing tenodesis of the long finger flexors in people
who have some residual active wrist extension (C6/C7 tetraplegia), but
this does not allow fine digital manipulation or lifting heavy objects
[3]. Because of the severe impact on societal roles and substantial
economic burden, therapies for tetraplegia that have potential to
restore function to the upper extremities are clearly needed.

Cellular/tissue transplantation into the site of an SCI has shown
promise in enhancing the sprouting and regenerative capacity of

to induce axonal growth into [5,6] and beyond [4,7-12] the transplant
site in adult animals. Pre-clinical studies using cell and tissue
transplants have also shown promise in restoring reach-to-grasp
function in adult rats after cervical dorsal corticospinal tract lesions
[9,13,14] and combined with neurotrophins after cervical over-
hemisection [15].

Other studies have used task practice, which targets activity-
dependent mechanisms of neuroplasticity, to improve function after
CNS injury [16-21]. Deficits in skilled/learned forelimb reaching
function have been improved through forced- or encouraged-use of
the impaired forelimb during reaching tasks after brain injury
[16-19,22,23] and more recently after partial cervical spinal injury.
Reaching practice has previously been shown to induce cortical
plasticity [16-19,21].

Although previous studies were successful in restoring some ability
to reach and grasp a food pellet, the movement quality was not
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evaluated with quantitative kinematics nor did the animals recover to
the baseline number of successful pellet retrievals [13,14].

Kinematic analysis allows the quantification of specific deficits in
limb or digit position and trajectory, which may provide insight into
aspects of motor control that are disrupted or recover when reaching
toward a target after injury. Given that both transplants and task
practice have improved forelimb reaching function, the main working
hypothesis of this project, therefore, is that a combination therapy of
task practice and cellular transplantation will enhance skilled forelimb
function after cervical dorsolateral funiculotomy (disruption of the
rubrospinal tract and lateral fibers of the corticospinal tract) over
either therapy alone.

Methods

Subjects

All procedures followed NIH guidelines and were approved by
Drexel University’s Institutional Animal Care and Use Committee.
Fifty adult female Sprague-Dawley rats (225-250 g; Taconic,
Germantown, NY) that preferred to use their right forelimb to reach
for single pellets received a lesion to the right cervical dorsolateral
funiculus. Forty-one rats survived the surgery and were randomly
divided into 4 groups for the study: Control (n=11), NRP/GRP
transplant (n=14), Task Practice (n=8), and Task Practice + NRP/GRP
(n=8). All animals were housed on a 12 hr light/dark schedule (lights
on at 07:00) and maintained on a food-restricted diet of 12-15 g of
standard rat chow per day per animal. This resulted in animals
reaching approximately 90% of their free feeding body weight.
Animals in the Control and NRP/GRP groups were group housed in
standard cages for the duration of the experiment.

Task practice

Animals in the Task Practice and Task Practice + NRP/GRP groups
were housed in multilevel cages that promoted climbing, wheel
running, and foraging for food starting 7-days post-injury. Starting at
day 9 post-injury, these groups also spent 20 minutes/day, 5 days/week
(totaling 13 hours and 20 minutes) in a reaching trough apparatus that
is similar to the staircase reaching apparatus described below. The
reaching trough apparatus was set up so that only the impaired
forelimb could be used to retrieve food pellets. Preliminary data
collected on pilot animals suggested that food-restricted rats would
make more than 100 reach attempts during the 20 minute access time
in the trough, with a majority of attempts occurring in the first half of
the session, this would equate to approximately 4,000 reach attempts
over an 8-week training period. The arrangement of additionally living
in an environment that promoted forelimb activity may afford the
animals more opportunities to integrate impaired forelimb use in daily
function that included climbing the wire mesh cage walls for food
rewards, digging for food, and running wheel and multi-level cage
locomotion. Animals in the Control and NRP/GRP group were given
additional 45 mg pellets (Bio-Serv, Frenchtown, NJ) in their standard
cages to match the extra food that the Task Practice groups received.

Behavior training and testing

Prior to surgery, all animals were trained on a single pellet reach-to-
grasp task [24-26]. Following habituation to the Plexiglas® reaching
chamber (45 x 40 x 12.5 cm), the animals were operantly trained to
reach with the right forelimb through a slit in order to grasp and

consume a food pellet that was placed in a food well on a shelf.
Training was performed through successive approximation and
described in detail elsewhere [25]. The animal was considered to be
successfully trained when it reached with the right forelimb and
grasped the food pellet with a success rate 250%.

Qualitative components of the single pellet reach-to-grasp task were
scored by blinded raters using a movement rating scale [26,27], which
assesses 10 different components of a reach. Each component was
given a score of 2 if the movement appeared normal, 1 if the
movement appeared somewhat abnormal but recognizable, or 0 if the
movement was absent or was compensated for by moving other parts
of the body. The ratings from each component of the reach were
summed to get a deficit score from each trial (20=no deficit;
O=maximum deficit with no movement for any of the reaching
phases). A total of 5 reaches from each animal were scored from video
replay and averaged. The 10 components of the reach have been
previously defined [25-27] and are: 1)limb lift; 2)digits close; 3)aim;
4)limb advance; 5)digits open; 6)pronation; 7)grasp; 8)supination I;
9)supination II; and 10)release.

Quantitative assessment of the single pellet reach-to-grasp task was
assessed in the reaching chamber described above using a
synchronized, high-speed (500 frames/sec) two-camera digital
recording system (Redlake) by blinded raters. The two cameras were
positioned to get a lateral view of the right side and a frontal view. The
animals’ right forelimbs were ink marked over the lateral wrist joint
and the tips of the digits for kinematic analysis using WINanalyze
tracking software (Mikromak). Quantitative measures that are assessed
during the single pellet reach-to-grasp task are: 1) percent successful
reaches; 2) amount of paw pronation excursion; and 3) the amount of
spread between the 2nd and 5th digits during digits open and
pronation phases. A successful reach was defined as a reach during
which the rat made contact with the food pellet and grasped it to
remove it from the pellet well on the platform. A reach during which
the animal “raked” the pellet from the well and did not grasp the pellet
with digit flexion was not counted as a successful reach. The percent of
successful reaches was calculated as: (#successful reaches/
#unsuccessful reaches)X100. Both qualitative and quantitative
assessments of the reach-to-grasp task were performed once during
the pre-lesion phase after the animals were trained on the task. Post
injury, qualitative and quantitative reaching assessment were
performed at 1 and 8 weeks. During the post injury period, all study
groups were given one practice session per week (20 attempts) to
retrieve single pellets. This brief practice session was performed to
ensure that the animals maintained familiarity with the single pellet
reach-to-grasp test throughout the duration of the 8-week recovery
period.

In addition to the single pellet reach-to-grasp task, we also used the
staircase-reaching test to examine performance [28]. The staircase-
reaching test was used for several reasons: 1) The shelf of the single
pellet reaching apparatus was 4.0 cm above the floor and requires
control of shoulder muscles to aim the forelimb and permit contact
with the pellet. The staircase-reaching test was able to test reaching
function independent of shoulder control, which may be impaired
after dorsolateral funiculotomy; and 2) The single pellet test allows the
possibility for the rat to “rake” the pellet through the slot rather than
grasping it. The staircase test, instead, requires the animal to make a
coordinated grasp and lift the pellet to its mouth with no possibility for
“raking”. The animals were trained on the staircase-reaching test for
two weeks prior to the lesion surgery (1, 15-min session/day). The
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following week, the animals performed the test (2, 15-min sessions/
day) and the highest 3 sessions were averaged by raters blind to the
animal groups to obtain the measure of forelimb reaching ability. Post-
injury testing was performed at weeks 1 and 8

Cell preparation

Animals in the transplant groups were immunosuppressed
throughout the study and NRP/GRPs were isolated from embryonic
day 13.5 transgenic Fischer 344 rats [29-31] These cells were prepared
for grafting, confirmed viable, and verified that they contained only
precursor cells using methods described previously [6,31-33].

Lesion surgery

Cervical SCI was performed as previously described.25 Briefly, after
deep anesthesia was achieved, animals received a partial laminectomy
of the C3-4 level to expose one spinal cord segment and a lesion was
created that disrupted the dorsolateral funiculus (Figure 1). The dura
was closed with 9- v sutures, and approximately uL of liquid collagen
(Vitrogen, Cohesion, Palo Alto, CA) or NRP/GRP cells u(~200,000
Lug/ml+50 BDNcells/ F; 1INRP:2GRP) suspended in liquid collagen
were injected using a gas-tightuL,syringeHamilton;(5 Reno, NV) to fill
the lesion cavity. A fat pad was placed on top of the laminectomy site,
the muscle and skin were closed in layers, and post-operative care was
provided.

Figure 1: stain of the cervical dorsolateral

Nissl-myelin
funiculotomy lesion in cross section.

Statistics

Two-way analysis of variance (ANOVA) tests for treatment group
and post injury time, with time taken as the repeated measure were
conducted on each behavioral test with an alpha level set to 0.05. Main
effects and interactions were identified. If a main effect was found to
be significant, then Bonferroni-corrected post-hoc t-tests were
performed to identify were the differences existed. Chi square analysis
of final outcome data was applied to the staircase reaching data at
week 8.

Results

Staircase reaching

Two-way ANOVA of group by post injury time, with time taken as
a repeated measure, revealed a significant interaction [F(6,72)=2.8,

p<0.05]. A main effect for post injury time revealed a significant deficit
from baseline [F(2,72)=207.6, p<0.001] at week 1 post injury that
partially recovered by week 8 in all groups. Post hoc analysis using
one-way ANOVA revealed no difference among groups at baseline or
at week 1 post injury, but a significant difference at week 8
[F(3,36)=4.5, p<0.01]. As shown in Figure 2, Bonferroni corrected t-
tests confirmed that animals in both the Task Practice + NRP/GRP
group and the Task Practice group retrieved significantly more pellets
than SCI controls (p<0.0083). A threshold analysis was also performed
to identify what percentage of animals in each group were able to
reach 50% of pre-SCI performance by collecting 9 or more pellets. Chi
square analysis of these data revealed that both the Task Practice +
NRP/GRP group (63%) and the Task Practice group (63%) performed
significantly better than both the NRP/GRP group (29%) and SCI
controls (0%) at week 8 [x2=0.387, p<0.01]. Single Pellet Reaching
Percentage of successful grasps was analyzed by two-way ANOVA of
group by post injury time, with time taken as a repeated measure, and
revealed no significant interaction [F(6,72)=1.7, n.s.]. A main effect for
post injury time revealed a significant n.s. from baseline [F(2,70)=47.8,

p<0.001] at week 1 post injury that did not recover by week 8 in all

groups (data not shown).

SCI-control

NRP/GRP

N
=

I Task Practice

F
|,.

M Task Practice + NRP/GRP

-
7]

-
N

Pellets Retrieved

Pre-SCI 1wk 8wk

Figure 2: Staircase reaching: 1 wk after SCI, all rats displayed
deficits in pellet retrieval. At 8 wks post injury, rats that had
received Task Practice + NRP/GRP (n=8) or Task Practice (n=8),
but not NRP/GRP alone (n=14) retrieved significantly more pellets
(*p < 0.0083, Bonferroni correction) than SCI controls (n=11).

Qualitative Reaching

Total score: Qualitative reaching scores were analyzed by two-way
ANOVA between group and time, with time taken as a repeated
measure. A main effect for post injury time revealed a significant
deficit from baseline [F(2,70)=69.3, p<0.001] at week 1 post injury that
did not recover by week 8 in all groups (Figure 3). A significant main
effect of treatment group was also found [F(3,35)=4.1, p<0.05]
indicating that the SCI controls performed significantly worse than the
three treatment groups. No significant interactions were found,
indicating that the pattern of differences was maintained across all
groups over time.

Component scores: Individual component reaching scores were
analyzed by two-way ANOVA between treatment group and post
injury time, with time taken as a repeated measure. Significant
interactions were found for each component, thus individual
component scores were analyzed across groups by one-way ANOVA
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at each time point. Post hoc analysis using the Bonferroni correction
revealed that the Digits Open and Pronation component scores
exhibited significant differences (p<0.0083) between the Task Practice
+ NRP/GRP group and SCI controls at week 8 post injury (Figure 4).
The Digits Open component, but not the Pronation component, was
significantly different between both the NRP/GRP and Task Practice
groups and SCI controls at week 8, as well.

performance at both week 1 and week 8 by the baseline performance.
Data were then analyzed by two-way ANOVA between treatment
group and post injury time, with time taken as a repeated measure.
ANOVA revealed a significant interaction [F(3,35)=3.4, p<0.05]. Post
hoc analysis using the Bonferroni correction revealed that each group
was significantly different from SCI controls at both 1 and 8 weeks
post injury, but not different among the treatment groups (Figure 5).

20
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Figure 3: Single pellet reaching total component scores: 1 wk after
SCI, all rats displayed deficits in pellet retrieval. By 8 wks post
injury, there was no significant recovery of this measure in any
group: SCI controls (n=11), NRP/GRP alone (n=14), Task Practice
(n=8), or Task Practice + NRP/GRP (n=8), although a main effect
of group was found indicating that the SCI controls were
significantly worse than the three treatment groups.
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Figure 4: Single pellet reaching individual component scores: By 8
wks post injury, significant differences were identified in the Digits
Open component (*p<0.0083, Bonferroni correction) in rats that
had received Task Practice + NRP/GRP (n=8) or NRP/GRP alone
(n=14), and nearly significant (p = 0.0138, Bonferroni correction)
in rats that had Task Practice (n=8), compared to SCI controls
(n=11). Significant differences were also found in the paw
pronation component (*p<0.0083, Bonferroni correction) in rats
that had received Task Practice + NRP/GRP compared to SCI
controls.

Kinematic measure

Digit spread: Because of variability in the baseline values of this
measure, data were transformed by dividing the individual animal’s

SCI-Control
NRP/GRP
Task Practice
M Task Practice + NRP/GRP

Digit Spread

100%

90% >Tk * *

80%

70%

60%

50%

Distance

40%
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20%

10%
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Figure 5: Single pellet reaching kinematics of Digit Spread: By 8 wks
after SCI, rats that had received Task Practice + NRP/GRP (n=8),
Task Practice (n=8), or NRP/GRP alone (n=14) displayed
significantly greater Digit Spread (*p < 0.0083, Bonferroni
correction) than SCI controls (n=11). Because of variance between
the group baseline measures, data are presented as % Pre-SCI
baseline.

Paw Pronation Excursion: Data were analyzed by two-way ANOVA
between treatment group and post injury time, with time taken as a
repeated measure. ANOVA revealed no significant interactions
[F(6,70)=0.65, n.s.] or main effects.

Discussion

Our results confirm that task practice improves recovery of
forelimb function following incomplete spinal cord injury and that
cellular transplants may provide modest benefits. Both groups that
received either Task Practice alone or Task Practice + NRP/GRP
transplants achieved greater recovery of function than the NRP/GRP
transplant and SCI control groups in the Staircase Reaching test,
which emphasizes grasping and elbow flexion movements. These
animals did not improve in single pellet reaching success, which
emphasizes precision of aiming and grasping. While major kinematic
differences were not observed in the single pellet reaching, the Digits
Open and Pronation component scores showed partial recovery in the
Task Practice + NRP/GRP group compared to controls at 8 weeks post

injury.
Cervical injury produces forelimb motor deficits

Level and extent of injury are critical for predicting forelimb deficits
[34], While we have demonstrated similar reaching deficits in both our
unilateral C3/4 dorsolateral funiculotomy [25] and our unilateral C3/4
contusion model [24]. We chose the dorsolateral funiculotomy for this
study, in order to focus on the rubrospinal tract. Although the
corticospinal tract is often thought to be the primary descending
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system involved in the control of skilled forelimb movements, [35]
focal ablations of this tract do not prevent the directed aiming,
transport of the arm and grasping in rats [36-39], monkeys [40,41],
and even in humans [42]. Other descending systems that contribute to
skilled reaching are the rubrospinal tract, [39] ventral corticospinal,
[38] tectospinal tract and reticulospinal tract [43,44].

Schrimsher and Reier [37] showed that only lesions to the
dorsolateral funiculus (rubrospinal tract) produced a persistent deficit
in reaching success by impairing the ability to flex the digits during the
reach-to-grasp task. The rubrospinal tract originates in the red nucleus
and makes contralateral projections onto motoneurons of the forelimb
musculature that controls wrist and digits [45]. Whishaw and
colleagues [39,46] reported that ibotenic acid lesions to the red nucleus
did not significantly impair reaching success in a reach-to grasp task,
but deficits were noted in the Aim, Pronation, Grasp, and Supination
phases of the reach. Similarly, our spinal lesion revealed deficits in
reaching phases that involve distal motor control of the wrist and
digits.

Task practice produced task-specific recovery

We designed our training approach based upon studies from the
experimental stroke literature [16,17] showing that enriched
environment and task specific forelimb training using a reaching
trough similar to the staircase apparatus lead to improvement in both
staircase and single pellet reaching performance. Thus our task
practice paradigm involved two aspects of training to maximize their
use of the affected forelimb. Rats that received Task Practice trained in
an apparatus similar to the staircase reaching apparatus for 20 min/
day, 5 days/week for a total of 13 hours and 20 minutes. In addition,
rats in the Task Practice groups were provided with opportunities to
increase general forelimb motor activity such as running, climbing,
and foraging through living in an enriched environment (see
Methods). We believed that this environment would allow rats to
further integrate the use of the impaired forelimb in daily activity and
thus promote greater recovery. In contrast to rats that had received a
focal ischemic injury, [16,17] our spinal cord injured rats that
experienced these interventions showed improvement in staircase
reaching, but not in single pellet reaching, thus demonstrating task
specificity of practice that did not generalize to other reach-to-grasp
tasks. This reduction in generalization may be due to the loss of the
fine motor control conferred by the rubrospinal tract [39,45,46]
limiting the plasticity available following incomplete SCI compared to
cortical injury. Additionally, dosing of rehabilitation interventions has
not been commonly practiced in pre-clinical animal trials, specifically
by counting the number of practice repetitions. Future study should
include quantification of the number of reach-to-grasp attempts made
during the rehabilitation training sessions to examine dose-response
relationships. It is quite possible that driving reach-to-grasp attempts
higher (5,000-10,000 attempts) may have resulted in better
performance.

Effects of cellular transplantation after SCI on forelimb
function

We chose NRP/GRP cells because of their potential to differentiate,
survive long term, and integrate with host tissue [32,33,47] NRP/GRP
cells transplanted into lesions of the lateral funiculus differentiated
into neurons, oligodendrocytes, and astrocytes [33].

Furthermore, when NRP/GRP cells were suspended within a
Vitrogen matrix containing BDNF (as we did in this study), they can
produce process extension of approximately 2 mm in length in both
the rostral and caudal white matter following a C4 dorsal column
lesion [47]. Because NRPs stay localized in the lesion site and
differentiate into mature neurons, these cells have the potential to
become relays for reconstructing circuits, whereas GRPs may
participate neuronal support and remyelination [33,47]. Our group
has previously reported that when NRP/GRP transplants were made
into a thoracic contusion injury, they promoted recovery of bladder,
motor, and sensorimotor function.6 Our results of NRP/GRP
transplantation into a cervical dorsolateral funiculotomy show
significant improvements in distal muscle function as seen by
increases in the Digits Open component score and Digit Spread
kinematics at 8 weeks post transplant. Our behavioral results, which
show improvements in elbow, wrist and digit movements, will help
focus future anatomic studies on the control of the lower cervical
motor pools that innervate the forelimb musculature [34].

The re-establishment of forelimb function after SCI has also been
investigated using other cellular transplants. Transplantation of
neurospheres derived from rat embryonic spinal cord showed
improvement in skilled target reaching following C4/5 cervical
contusion [48]. Recovery of successful reach-to-grasp function has
been promoted by olfactory ensheathing cell (OEC) transplants after a
cervical CST lesion [9] and a dorsal funiculus lesion [14]. A
subsequent study using delayed transplantation of OECs to further
approximate a clinical model resulted in similar behavioral recovery
associated with CST sprouting [13]. Most studies report partial
recovery of forelimb function and no particular cell type appears to be
capable of promoting recovery of reaching function to baseline pre-
injury levels.

Combination treatments must be selected thoughtfully as they may
interfere. Recently, groups have begun testing the hypothesis that
combination therapies that address different mechanisms of recovery
could result in more complete recovery; however, thus far results have
been modest for forelimb reaching studies [15,48,49]. Our current
study revealed similar effects of task practice alone and in combination
with NRP/GRP transplants on the staircase pellet retrieval test, which
were better than NRP/GRP transplants alone.

It may be that the timing of when individual elements of a
combination therapy are applied is critical for the outcome. We used
acute cellular transplantation combined with task practice starting one
week after surgery. It is certainly possible that if we had

used delayed cellular transplantation, or if we had applied the task
practice after the transplants had time to differentiate and integrate
into host tissue, our results may have shown an enhanced effect of our
combination treatments. Deciding when to apply specific elements in
combination with other interventions has not been systematically
studied. Early task specific training promoted recovery of single pellet
reaching, but impaired ladder walking [50]. By delaying the start of
task-specific training, the injured animals showed better single pellet
reaching without impairing horizontal ladder walking [51]. These
results suggest that the timing of interventions matters. Similar results
on reaching outcome measures have been recently reported in an
animal model of stroke, where sequentially applying pharmacotherapy
followed by training improved forelimb outcomes, whereas applying
them at the same time had no effect [52]. In addition to timing of
training, the length of task training has not been extensively evaluated.
Our group has shown that three months of task specific training
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resulted in recovery that was retained for a month following the
cessation of training [24,53].

The intent of this study was to highlight the specific aspects of
behavioral recovery through both quantitative and qualitative
assessments of reach-to-grasp function. Thus, assessment of multiple
levels of the CNS (cortical, brainstem, spinal) and multiple systems
(corticospinal, rubrospinal, corticobulbar, reticulospinal,
propriospinal, etc) is required to fully understand the nature of motor
control recovery. Task specific training may promote cortical plasticity
and shift cortical control to other intact descending systems [50,51].
NRP/GRP transplants could promote relays or local sprouting of
intact descending or priopriospinal pathways to increase synaptic
contacts on motor neurons [6,13,32,33]. We may need to investigate
plasticity at both the level of the spinal cord and cortex, especially
given the nature of incomplete injury and the particular combination
intervention strategy. However, it was beyond the scope of this work
to perform this extensive type of anatomical analysis.

Limitations

Although common in research using animal models, this study was
limited by a small sample size, which was only adequately powered to
detect large differences. Additionally, our lack of quantification of
reaching attempts during the trough training to establish a “dose of
rehabilitation”, investigation of all potential permutations of timing of
the interventions, and a detailed neuroanatomical analysis of the
spinal cord, brain stem, and cortex for plasticity all limit our ability to
interpret our data fully. Nevertheless, we feel that the results
contribute to the growing body of knowledge regarding combined
interventions following spinal cord injury.

Conclusions and Future Study

Our model of cervical dorsolateral funiculotomy demonstrates
persistent deficits in reaching function and acute task practice
improves recovery of forelimb function. NRP/GRP transplantation
had a modest effect on distal forepaw muscle function, which did not
carry over to a significant change in pellet retrieval. Transplantation
combined with task practice did not result in superior recovery of
reaching function. Future studies should include evaluation of the
number of reach-to-grasp attempts made during training to assess
dose-response relationships, delivery timing of combination therapies
needs exploration, and analysis of neuroanatomical plasticity at spinal,
brain stem, and cortical levels. Thus, combination therapies designed
to promote recovery of forelimb function must be carefully selected
and systematically evaluated in order to identify those that are most
likely to succeed in clinical translation.

Acknowledgments

Supported in part by two grants from the PVA Research
Foundation (# 2378 Stackhouse, #161297 Shumsky), one from the
National Center for Medical Rehabilitation Research (Shumsky), the
Stacy Anne Vitetta ‘82 professorship from Arcadia University
(Stackhouse), & NIH P01 NS055976. The authors would like to thank
Kelly Frederick, Jared Johnstun, Ben Palachick, and Gregory Smith for
their excellent technical assistance in behavioral testing and scoring.
We would like to thank Carla Tyler-Ponz and Dr. Itzhak Fisher for
providing the NRP/GRP cells for transplantation.

References

1.  Anderson KD (2004) Targeting recovery: priorities of the spinal cord-
injured population. ] Neurotrauma 21: 1371-1383.

2. https://www.nscisc.uab.edu/public_content/pdf/Facts%202011%20Feb
%20Final.pdf.

3. Peckham PH, Keith MW, Kilgore KL, Grill JH, Wuolle KS, et al. (2001)
Efficacy of an implanted neuroprosthesis for restoring hand grasp in
tetraplegia: a multicenter study. Arch Phys Med Rehabil 82: 1380-1388.

4.  Murray M (2004) Cellular transplants: steps toward restoration of
function in spinal injured animals. Prog Brain Res 143: 133-146.

5.  Reier PJ, Bregman BS, Wujek JR (1986) Intraspinal transplantation of
embryonic spinal cord tissue in neonatal and adult rats. ] Comp Neurol
247:275-296.

6. Mitsui T, Shumsky ]S, Lepore AC, Murray M, Fischer I (2005)
Transplantation of neuronal and glial restricted precursors into contused
spinal cord improves bladder and motor functions, decreases thermal
hypersensitivity, and modifies intraspinal circuitry. J Neurosci 25:
9624-9636.

7. Coumans JV, Lin TT, Dai HN, MacArthur L, McAtee M, et al. (2001)
Axonal regeneration and functional recovery after complete spinal cord
transection in rats by delayed treatment with transplants and
neurotrophins. ] Neurosci 21: 9334-9344.

8. Kim D, Schallert T, Liu Y, Browarak T, Nayeri N, et al. (2001)
Transplantation of genetically modified fibroblasts expressing BDNF in
adult rats with a subtotal hemisection improves specific motor and
sensory functions. Neurorehabil Neural Repair 15: 141-150.

9. Li Y, Field PM, Raisman G (1997) Repair of adult rat corticospinal tract
by transplants of olfactory ensheathing cells. Science 277: 2000-2002.

10. LiuY, Kim D, Himes BT, Chow SY, Schallert T, et al. (1999) Transplants
of fibroblasts genetically modified to express BDNF promote
regeneration of adult rat rubrospinal axons and recovery of forelimb
function. ] Neurosci 19: 4370-4387.

11. Plant GW, Christensen CL, Oudega M, Bunge MB (2003) Delayed
transplantation of olfactory ensheathing glia promotes sparing/
regeneration of supraspinal axons in the contused adult rat spinal cord. J
Neurotrauma 20: 1-16.

12. Takami T, Oudega M, Bates ML, Wood PM, Kleitman Net al. (2002) cell
but not olfactory ensheathing glia transplants improve hindlimb
locomotor performance in the moderately contused adult rat thoracic
spinal cord. ] Neurosci 22: 6670-6681.

13. Keyvan-Fouladi N, Raisman G, Li Y (2003) Functional repair of the
corticospinal tract by delayed transplantation of olfactory ensheathing
cells in adult rats. ] Neurosci 23: 9428-9434.

14. Nash HH, Borke RC, Anders JJ (2002) Ensheathing cells and
methylprednisolone promote axonal regeneration and functional
recovery in the lesioned adult rat spinal cord. ] Neurosci 22: 7111-7120.

15. Lynskey JV, Sandhu FA, Dai HN, McAtee M, Slotkin JR, et al. (2006)
Delayed intervention with transplants and neurotrophic factors supports
recovery of forelimb function after cervical spinal cord injury in adult
rats. ] Neurotrauma 23: 617-634.

16. Biernaskie J, Chernenko G, Corbett D (2004) Efficacy of rehabilitative
experience declines with time after focal ischemic brain injury. ] Neurosci
24:1245-1254.

17. Biernaskie J, Corbett D (2001) Enriched rehabilitative training promotes
improved forelimb motor function and enhanced dendritic growth after
focal ischemic injury. ] Neurosci 21: 5272-5280.

18. Kleim JA, Boychuk JA, Adkins DL (2007) Rat models of upper extremity
impairment in stroke. ILAR ] 48: 374-384.

19. Kleim JA, Bruneau R, VandenBerg P, MacDonald E, Mulrooney R, et al.
(2003) Motor cortex stimulation enhances motor recovery and reduces
peri-infarct dysfunction following ischemic insult. Neurol Res 25:
789-793.

20. Zito K, Svoboda K (2002) Activity-dependent synaptogenesis in the adult
Mammalian cortex. Neuron 35: 1015-1017.

Int J Phys Med Rehabil
ISSN:2329-9096 JPMR, an open access journal

Volume 2 « Issue 6 « 1000239


http://www.ncbi.nlm.nih.gov/pubmed/15672628
http://www.ncbi.nlm.nih.gov/pubmed/15672628
https://www.nscisc.uab.edu/public_content/pdf/Facts%202011%20Feb%20Final.pdf
https://www.nscisc.uab.edu/public_content/pdf/Facts%202011%20Feb%20Final.pdf
http://www.ncbi.nlm.nih.gov/pubmed/11588741
http://www.ncbi.nlm.nih.gov/pubmed/11588741
http://www.ncbi.nlm.nih.gov/pubmed/11588741
http://www.ncbi.nlm.nih.gov/pubmed/14653158
http://www.ncbi.nlm.nih.gov/pubmed/14653158
http://www.ncbi.nlm.nih.gov/pubmed/3522658
http://www.ncbi.nlm.nih.gov/pubmed/3522658
http://www.ncbi.nlm.nih.gov/pubmed/3522658
http://www.ncbi.nlm.nih.gov/pubmed/16237167
http://www.ncbi.nlm.nih.gov/pubmed/16237167
http://www.ncbi.nlm.nih.gov/pubmed/16237167
http://www.ncbi.nlm.nih.gov/pubmed/16237167
http://www.ncbi.nlm.nih.gov/pubmed/16237167
http://www.ncbi.nlm.nih.gov/pubmed/11717367
http://www.ncbi.nlm.nih.gov/pubmed/11717367
http://www.ncbi.nlm.nih.gov/pubmed/11717367
http://www.ncbi.nlm.nih.gov/pubmed/11717367
http://www.ncbi.nlm.nih.gov/pubmed/11811255
http://www.ncbi.nlm.nih.gov/pubmed/11811255
http://www.ncbi.nlm.nih.gov/pubmed/11811255
http://www.ncbi.nlm.nih.gov/pubmed/11811255
http://www.ncbi.nlm.nih.gov/pubmed/9302296
http://www.ncbi.nlm.nih.gov/pubmed/9302296
http://www.ncbi.nlm.nih.gov/pubmed/10341240
http://www.ncbi.nlm.nih.gov/pubmed/10341240
http://www.ncbi.nlm.nih.gov/pubmed/10341240
http://www.ncbi.nlm.nih.gov/pubmed/10341240
http://www.ncbi.nlm.nih.gov/pubmed/12614584
http://www.ncbi.nlm.nih.gov/pubmed/12614584
http://www.ncbi.nlm.nih.gov/pubmed/12614584
http://www.ncbi.nlm.nih.gov/pubmed/12614584
http://www.ncbi.nlm.nih.gov/pubmed/12151546
http://www.ncbi.nlm.nih.gov/pubmed/12151546
http://www.ncbi.nlm.nih.gov/pubmed/12151546
http://www.ncbi.nlm.nih.gov/pubmed/12151546
http://www.ncbi.nlm.nih.gov/pubmed/14561871
http://www.ncbi.nlm.nih.gov/pubmed/14561871
http://www.ncbi.nlm.nih.gov/pubmed/14561871
http://www.ncbi.nlm.nih.gov/pubmed/12177207
http://www.ncbi.nlm.nih.gov/pubmed/12177207
http://www.ncbi.nlm.nih.gov/pubmed/12177207
http://www.ncbi.nlm.nih.gov/pubmed/16689666
http://www.ncbi.nlm.nih.gov/pubmed/16689666
http://www.ncbi.nlm.nih.gov/pubmed/16689666
http://www.ncbi.nlm.nih.gov/pubmed/16689666
http://www.ncbi.nlm.nih.gov/pubmed/14762143
http://www.ncbi.nlm.nih.gov/pubmed/14762143
http://www.ncbi.nlm.nih.gov/pubmed/14762143
http://www.ncbi.nlm.nih.gov/pubmed/11438602
http://www.ncbi.nlm.nih.gov/pubmed/11438602
http://www.ncbi.nlm.nih.gov/pubmed/11438602
http://www.ncbi.nlm.nih.gov/pubmed/17712223
http://www.ncbi.nlm.nih.gov/pubmed/17712223
http://www.ncbi.nlm.nih.gov/pubmed/14669520
http://www.ncbi.nlm.nih.gov/pubmed/14669520
http://www.ncbi.nlm.nih.gov/pubmed/14669520
http://www.ncbi.nlm.nih.gov/pubmed/14669520
http://www.ncbi.nlm.nih.gov/pubmed/12354392
http://www.ncbi.nlm.nih.gov/pubmed/12354392

Citation:

Stackhouse SK, Shumsky JS (2014) Task Practice with or without Cellular Transplantation Promotes Recovery of Reach-to Grasp

Function after Cervical Spinal Cord Injury. Int J Phys Med Rehabil 2: 239. d0i:10.4172/2329-9096.1000239

Page 7 of 7

21. Adkins DL, Boychuk J, Remple MS, Kleim JA (2006) Motor training 38. Weidner N, Ner A, Salimi N, Tuszynski MH (2001) Spontaneous
induces experience-specific patterns of plasticity across motor cortex and corticospinal axonal plasticity and functional recovery after adult central
spinal cord. ] Appl Physiol (1985) 101: 1776-1782. nervous system injury. Proc Natl Acad Sci U S A 98: 3513-3518.

22. DeBow SB, Davies ML, Clarke HL, Colbourne F (2003) Constraint- 39, Whishaw IQ, Gorny B, Sarna J (1998) Paw and limb use in skilled and
induced movement therapy and rehabilitation exercises lessen motor spontaneous reaching after pyramidal tract, red nucleus and combined
deficits and volume of brain injury after striatal hemorrhagic stroke in lesions in the rat: behavioral and anatomical dissociations. Behav Brain
rats. Stroke 34: 1021-1026. Res 93: 167-183.

23. Vergara-Aragon P, Gonzalez CL, Whishaw IQ (2003) A novel skilled- 40. Catsman-Berrevoets CE, Kuypers HG (1976) Cells of origin of cortical
reaching impairment in paw supination on the "good" side of the hemi- projections to dorsal column nuclei, spinal cord and bulbar medial
Parkinson rat improved with rehabilitation. ] Neurosci 23: 579-586. reticular formation in the rhesus monkey. Neurosci Lett 3: 245-252.

24. Krisa L, Frederick KL, Canver JC, Stackhouse SK, Shumsky JS, et al. 41. Lawrence DG, Kuypers HG (1968) The functional organization of the
(2012) Amphetamine-enhanced motor training after cervical contusion motor system in the monkey. II. The effects of lesions of the descending
injury. ] Neurotrauma 29: 971-989. brain-stem pathways. Brain 91: 15-36.

25. Stackhouse SK, Murray M, Shumsky JS (2008) Effect of cervical 42. Bucy PC, Keplinger JE, Siqueira EB (1964) Destruction of the "Pyramidal
dorsolateral funiculotomy on reach-to-grasp function in the rat. J Tract" in Man. ] Neurosurg 21: 285-298.

Neurotrauma 25: 1039-1047. 43. Pettersson LG (1990) Forelimb movements in the cat; kinetic features

26.  Whishaw IQ, Pellis SM, Gorny B, Kolb B, Tetzlaff W (1993) Proximal and neuronal control. Acta Physiol Scand Suppl 594: 1-60.
and distal impairments in rat forelimb use in reaching follow unilateral 44 Pettersson LG, Lundberg A, Alstermark B, Isa T, Tantisira B (1997) Effect
pyramidal tract lesions. Behav Brain Res 56: 59-76. of spinal cord lesions on forelimb target-reaching and on visually guided

27. McKenna JE, Whishaw IQ (1999) Complete compensation in skilled switching of target-reaching in the cat. Neurosci Res 29: 241-256.
reaching success with associated impairments in limb synergies, after 45 Kiichler M, Fouad K, Weinmann O, Schwab ME, Raineteau O (2002) Red
dorsal column lesion in the rat. ] Neurosci 19: 1885-1894. nucleus projections to distinct motor neuron pools in the rat spinal cord.

28. Montoya CP, Campbell-Hope L], Pemberton KD, Dunnett SB (1991) The J Comp Neurol 448: 349-359.

"staircase test": a measure of independent forelimb reaching and grasping 46,  Whishaw IQ, Pellis SM, and Pellis VC (1992) A behavioral study of the
abilities in rats. ] Neurosci Methods 36: 219-228. contributions of cells and fibers of passage in the red nucleus of the rat to

29. Han SS, Kang DY, Mujtaba T, Rao MS, Fischer I (2002) Grafted lineage- postural righting, skilled movements, and learning. Behav Brain Res 52:
restricted precursors differentiate exclusively into neurons in the adult 29-44.
spinal cord. Exp Neurol 177: 360-375. 47. Bonner JF, Blesch A, Neuhuber B, Fischer I (2010) Promoting directional

30. Han SS, Liu Y, Tyler-Polsz C, Rao MS, Fischer I (2004) Transplantation axon growth from neural progenitors grafted into the injured spinal cord.
of glial-restricted precursor cells into the adult spinal cord: survival, glial- J Neurosci Res 88: 1182-1192.
specific differentiation, and preferential migration in white matter. Glia 48, Ogawa Y, Sawamoto K, Miyata T, Miyao S, Watanabe M, et al. (2002)
45: 1-16. Transplantation of in vitro-expanded fetal neural progenitor cells results

31. Lepore AC, Han SS, Tyler-Polsz CJ, Cai J, Rao MS, et al. (2004) in neurogenesis and functional recovery after spinal cord contusion
Differential fate of multipotent and lineage-restricted neural precursors injury in adult rats. ] Neurosci Res 69: 925-933.
following transplantation into the adult CNS. Neuron Glia Biol 1: 49 Bretzner F, Liu J, Currie E, Roskams AJ, Tetzlaff W (2008) Undesired
113-126. effects of a combinatorial treatment for spinal cord injury--

32. Lepore AC, Bakshi A, Swanger SA, Rao MS, Fischer I (2005) Neural transplantation of olfactory ensheathing cells and BDNF infusion to the
precursor cells can be delivered into the injured cervical spinal cord by red nucleus. Eur ] Neurosci 28: 1795-1807.
intrathecal injection at the lumbar cord. Brain Res 1045: 206-216. 50. Girgis J, Merrett D, Kirkland S, Metz GA, Verge V, et al. (2007) Reaching

33. Lepore AC, Neuhuber B, Connors TM, Han SS, Liu Y, et al. (2006) Long- training in rats with spinal cord injury promotes plasticity and task
term fate of neural precursor cells following transplantation into specific recovery. Brain 130: 2993-3003.
developing and adult CNS. Neuroscience 139: 513-530. 51. Krajacic A, Weishaupt N, Girgis ], Tetzlaff W, Fouad K (2010) Training-

34. McKenna JE, Prusky GT, Whishaw IQ (2000) Cervical motoneuron induced plasticity in rats with cervical spinal cord injury: effects and side
topography reflects the proximodistal organization of muscles and effects. Behav Brain Res 214: 323-331.
movements of the rat forelimb: a retrograde carbocyanine dye analysis. ] 572 Wahl AS, Omlor W, Rubio JC, Chen JL, Zheng H, et al. (2014) Neuronal
Comp Neurol 419: 286-296. repair. Asynchronous therapy restores motor control by rewiring of the

35. Iwaniuk AN, Whishaw IQ (2000) On the origin of skilled forelimb rat corticospinal tract after stroke. Science 344: 1250-1255.
movements. Trends Neurosci 23: 372-376. 53. Shumsky JS, Vollhaber D, Nwaobasi C, Renz SF, Stackhouse SK (2011)

36. Kanagal SG, Muir GD (2009) Task-dependent compensation after Combination treatment with methylphenidate and task-specific motor
pyramidal tract and dorsolateral spinal lesions in rats. Exp Neurol 216: training enhances recovery from cervical contusion. Soc Neurosci Abstr
193-206. 37:705-706.

37. Schrimsher GW, Reier PJ (1993) Forelimb motor performance following
dorsal column, dorsolateral funiculi, or ventrolateral funiculi lesions of
the cervical spinal cord in the rat. Exp Neurol 120: 264-276.

Int ] Phys Med Rehabil Volume 2 « Issue 6 » 1000239

ISSN:2329-9096 JPMR, an open access journal


http://www.ncbi.nlm.nih.gov/pubmed/16959909
http://www.ncbi.nlm.nih.gov/pubmed/16959909
http://www.ncbi.nlm.nih.gov/pubmed/16959909
http://www.ncbi.nlm.nih.gov/pubmed/12649509
http://www.ncbi.nlm.nih.gov/pubmed/12649509
http://www.ncbi.nlm.nih.gov/pubmed/12649509
http://www.ncbi.nlm.nih.gov/pubmed/12649509
http://www.ncbi.nlm.nih.gov/pubmed/12533618
http://www.ncbi.nlm.nih.gov/pubmed/12533618
http://www.ncbi.nlm.nih.gov/pubmed/12533618
http://www.ncbi.nlm.nih.gov/pubmed/21651384
http://www.ncbi.nlm.nih.gov/pubmed/21651384
http://www.ncbi.nlm.nih.gov/pubmed/21651384
http://www.ncbi.nlm.nih.gov/pubmed/18721108
http://www.ncbi.nlm.nih.gov/pubmed/18721108
http://www.ncbi.nlm.nih.gov/pubmed/18721108
http://www.ncbi.nlm.nih.gov/pubmed/7691077
http://www.ncbi.nlm.nih.gov/pubmed/7691077
http://www.ncbi.nlm.nih.gov/pubmed/7691077
http://www.ncbi.nlm.nih.gov/pubmed/10024372
http://www.ncbi.nlm.nih.gov/pubmed/10024372
http://www.ncbi.nlm.nih.gov/pubmed/10024372
http://www.ncbi.nlm.nih.gov/pubmed/2062117
http://www.ncbi.nlm.nih.gov/pubmed/2062117
http://www.ncbi.nlm.nih.gov/pubmed/2062117
http://www.ncbi.nlm.nih.gov/pubmed/12429183
http://www.ncbi.nlm.nih.gov/pubmed/12429183
http://www.ncbi.nlm.nih.gov/pubmed/12429183
http://www.ncbi.nlm.nih.gov/pubmed/14648541
http://www.ncbi.nlm.nih.gov/pubmed/14648541
http://www.ncbi.nlm.nih.gov/pubmed/14648541
http://www.ncbi.nlm.nih.gov/pubmed/14648541
http://www.ncbi.nlm.nih.gov/pubmed/16520830
http://www.ncbi.nlm.nih.gov/pubmed/16520830
http://www.ncbi.nlm.nih.gov/pubmed/16520830
http://www.ncbi.nlm.nih.gov/pubmed/16520830
http://www.ncbi.nlm.nih.gov/pubmed/15910779
http://www.ncbi.nlm.nih.gov/pubmed/15910779
http://www.ncbi.nlm.nih.gov/pubmed/15910779
http://www.ncbi.nlm.nih.gov/pubmed/16458439
http://www.ncbi.nlm.nih.gov/pubmed/16458439
http://www.ncbi.nlm.nih.gov/pubmed/16458439
http://www.ncbi.nlm.nih.gov/pubmed/10723005
http://www.ncbi.nlm.nih.gov/pubmed/10723005
http://www.ncbi.nlm.nih.gov/pubmed/10723005
http://www.ncbi.nlm.nih.gov/pubmed/10723005
http://www.ncbi.nlm.nih.gov/pubmed/10906801
http://www.ncbi.nlm.nih.gov/pubmed/10906801
http://www.ncbi.nlm.nih.gov/pubmed/19118552
http://www.ncbi.nlm.nih.gov/pubmed/19118552
http://www.ncbi.nlm.nih.gov/pubmed/19118552
http://www.ncbi.nlm.nih.gov/pubmed/8491282
http://www.ncbi.nlm.nih.gov/pubmed/8491282
http://www.ncbi.nlm.nih.gov/pubmed/8491282
http://www.ncbi.nlm.nih.gov/pubmed/11248109
http://www.ncbi.nlm.nih.gov/pubmed/11248109
http://www.ncbi.nlm.nih.gov/pubmed/11248109
http://www.ncbi.nlm.nih.gov/pubmed/9659998
http://www.ncbi.nlm.nih.gov/pubmed/9659998
http://www.ncbi.nlm.nih.gov/pubmed/9659998
http://www.ncbi.nlm.nih.gov/pubmed/9659998
http://www.ncbi.nlm.nih.gov/pubmed/19604894
http://www.ncbi.nlm.nih.gov/pubmed/19604894
http://www.ncbi.nlm.nih.gov/pubmed/19604894
http://www.ncbi.nlm.nih.gov/pubmed/4966860
http://www.ncbi.nlm.nih.gov/pubmed/4966860
http://www.ncbi.nlm.nih.gov/pubmed/4966860
http://www.ncbi.nlm.nih.gov/pubmed/14168200
http://www.ncbi.nlm.nih.gov/pubmed/14168200
http://www.ncbi.nlm.nih.gov/pubmed/2080711
http://www.ncbi.nlm.nih.gov/pubmed/2080711
http://www.ncbi.nlm.nih.gov/pubmed/9436650
http://www.ncbi.nlm.nih.gov/pubmed/9436650
http://www.ncbi.nlm.nih.gov/pubmed/9436650
http://www.ncbi.nlm.nih.gov/pubmed/12115698
http://www.ncbi.nlm.nih.gov/pubmed/12115698
http://www.ncbi.nlm.nih.gov/pubmed/12115698
http://www.ncbi.nlm.nih.gov/pubmed/1472285
http://www.ncbi.nlm.nih.gov/pubmed/1472285
http://www.ncbi.nlm.nih.gov/pubmed/1472285
http://www.ncbi.nlm.nih.gov/pubmed/1472285
http://www.ncbi.nlm.nih.gov/pubmed/19908250
http://www.ncbi.nlm.nih.gov/pubmed/19908250
http://www.ncbi.nlm.nih.gov/pubmed/19908250
http://www.ncbi.nlm.nih.gov/pubmed/12205685
http://www.ncbi.nlm.nih.gov/pubmed/12205685
http://www.ncbi.nlm.nih.gov/pubmed/12205685
http://www.ncbi.nlm.nih.gov/pubmed/12205685
http://www.ncbi.nlm.nih.gov/pubmed/18973595
http://www.ncbi.nlm.nih.gov/pubmed/18973595
http://www.ncbi.nlm.nih.gov/pubmed/18973595
http://www.ncbi.nlm.nih.gov/pubmed/18973595
http://www.ncbi.nlm.nih.gov/pubmed/17928316
http://www.ncbi.nlm.nih.gov/pubmed/17928316
http://www.ncbi.nlm.nih.gov/pubmed/17928316
http://www.ncbi.nlm.nih.gov/pubmed/20573587
http://www.ncbi.nlm.nih.gov/pubmed/20573587
http://www.ncbi.nlm.nih.gov/pubmed/20573587
http://www.ncbi.nlm.nih.gov/pubmed/24926013
http://www.ncbi.nlm.nih.gov/pubmed/24926013
http://www.ncbi.nlm.nih.gov/pubmed/24926013

	Contents
	Task Practice with or without Cellular Transplantation Promotes Recovery of Reach-to Grasp Function after Cervical Spinal Cord Injury
	Abstract
	Keywords:
	Introduction
	Methods
	Subjects
	Task practice
	Behavior training and testing
	Cell preparation
	Lesion surgery
	Statistics

	Results
	Staircase reaching
	Qualitative Reaching
	Kinematic measure

	Discussion
	Cervical injury produces forelimb motor deficits
	Task practice produced task-specific recovery
	Effects of cellular transplantation after SCI on forelimb function

	Limitations
	Conclusions and Future Study
	Acknowledgments
	References


