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Abstract

Individually, motor training, pharmacological interventions, and housing animals in an enriched environment
(EE) following spinal cord injury (SCI) result in limited functional improvement but, when combined, may
enhance motor function. Here, we tested amphetamine (AMPH)-enhanced skilled motor training following a
unilateral C3–C4 contusion injury on the qualitative components of reaching and on skilled forelimb function, as
assessed using single-pellet and staircase reaching tasks. Kinematic analysis evaluated the quality of the reach,
and unskilled locomotor function was also tested. Animals receiving AMPH and skilled forelimb training
performed better than operated control animals on qualitative reaching, but not on skilled reaching. Those that
received the combination treatment and were housed in EE cages showed significantly less improvement in
qualitative reaching and grasping. Kinematic analysis revealed a decrease in digit abduction during skilled
reaching among all groups, with no differences among groups. Kinematics provided no evidence that improved
function was related to improved quality of reach. There was no evidence of neuroprotection in the cervical
spinal cord. The absence of evidence for kinematic improvement or neuroprotection suggested that AMPH-
enhanced motor training is due primarily to supraspinal effects, an enhancement of attention during skilled
motor training, or plasticity in supraspinal circuitry involved with motor control.
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Introduction

In the United States, 55% of reported spinal cord
injuries (SCIs) involve the cervical spinal cord, with the

most frequent neurologic category being incomplete tetra-
plegia (National Spinal Cord Injury Statistical Center, 2008).
While cervical injuries can impair both upper and lower ex-
tremity function, it is the impaired function of the upper limb
that significantly limits the ability to carry out daily tasks
(Anderson et al., 2009). Thus, people living with cervical SCI
report the deficits of arm and hand function to be their pri-
mary concern (Anderson, 2004). Developing therapies to im-
prove upper extremity function following cervical SCI is
important, because even a small improvement in hand func-
tion can significantly increase the quality of life for an indi-
vidual (Girgis et al., 2007).

Pharmacotherapy is a non-invasive intervention that can
improve function after CNS injury. Amphetamine is a ner-
vous system stimulant that releases monoamines from pre-

synaptic neurons and blocks reuptake. The release of
norepinephrine (NE) and dopamine (DA) are more promi-
nent, but release of serotonin (5-HT) also occurs to a lesser
extent (Martinsson and Eksborg, 2004; Wall et al., 1995).
Following a cortical ischemic lesion in rats, paw reach accu-
racy improved when amphetamine (AMPH) was adminis-
tered every third day for 26 days (Gilmour et al., 2005). AMPH
has been shown to promote improved behavioral function
such as beam walking in rats (Feeney et al., 1981), and tactile
placing in cats (Feeney and Hovda, 1983) following cortical
injury. AMPH also enhances the expression of proteins in-
volved in neurite growth (GAP-43) and synaptogenesis (sy-
naptophysin; Stroemer et al., 1998). In a stroke model, AMPH
accelerated cognitive rehabilitation in the T-maze test com-
pared to non-treated controls. Thus, AMPH likely improves
memory and attention deficits following an embolic stroke
(Rasmussen et al., 2006).

Motor training is another non-invasive intervention that
can improve function. Motor training has a remarkable ability
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to modify structure and function in the motor cortex and
spinal cord (Adkins et al., 2006). Specifically, skilled forelimb
reach training is associated with an increase in the complexity
and density of the dendritic processes in the undamaged
forelimb motor cortex following unilateral stroke lesions
(Biernaskie and Corbett, 2001; Bury and Jones, 2002). Animals
that were retrained on the staircase forelimb motor task
shortly after embolization of the external carotid artery sig-
nificantly improved their ability to retrieve food pellets after
only four training sessions (Rasmussen et al, 2006). Within the
spinal cord, motor neurons exhibit increased protein synthesis
and gene expression following exercise training. Therefore,
training is an effective method for restoring activity, even in
the absence of normal supraspinal input (Thuret et al., 2006).

Combination treatments are a likely direction for improv-
ing functional outcome since there are multiple targets that
can be experimentally addressed (e.g., reduction in scar for-
mation, providing growth-enhancing substrates for axonal
regeneration/sprouting, countering the inhibitory environ-
ment of the injured CNS [Schwab et al., 2006], and activity-
dependent plasticity). Several researchers (Adkins and Jones,
2005; Feeney et al., 1982; Gilmour et al., 2005; Hurwitz et al.,
1991; Ramic et al., 2006) found improvements in skilled
reaching tasks when motor training was paired with AMPH in
animal stroke models. In all cases it was the pairing of AMPH
and motor training that produced significant results, while
AMPH alone did not. In one of the earliest studies demon-
strating this effect, Hovda and Feeney (1984) showed that
beam-walking experience while under AMPH intoxication
accelerated locomotor recovery, but returning the animal to its
cage following AMPH administration blocked this recovery.
This has been attributed to an increase in the efficacy of the
motor training mediated by AMPH. AMPH enhances mono-
amine neurotransmission, and also promotes neurotrophic and
neuroplastic responses in the cortex after brain injury (Moroz
et al., 2004; Stroemer et al., 1998). Other mechanisms by which
AMPH administration may enhance recovery include tempo-
rary activation of circuitry involved in descending motor drive,
and/or enhancement of attention during a period necessary to
solidify the effects of motor training (Feeney et al., 1982).

Motor activity can be increased by both specific training
protocols, and also non-specifically by housing in an enriched
environment (EE). Spontaneous motor activity increases
when animals are housed in an environment in which several
animals share a larger space containing items (e.g., tubes,
ramps, ladders, and running wheels) that increase motor ac-
tivity, provide sensory feedback, and encourage social inter-
action (Kim et al., 2008). EE housing has been reported to
increase the levels of neurotrophic factors (Dahlqvist et al.,
1999) following middle cerebral occlusion in rats, in addition
to an increase in the rate of injury-induced synaptogensis or
stabilization of newly-formed synapses in the motor cortex
following cervical SCI (Kim et al., 2008), along with increasing
the dendritic arbors in the undamaged motor cortex (Bier-
naskie and Corbett, 2001). Furthermore, in a stroke model,
motor performance was improved by a combination of
AMPH, focused motor activity, and EE housing (Papado-
poulos et al., 2009).

Our aim was to extend treatments shown to be effective
following cortical injury to determine whether forelimb
function could be improved following a spinal cord lesion.
We evaluated D-AMPH administration, skilled forelimb

training, and EE housing in rats given unilateral cervical
contusion injuries to determine if this combination of non-
invasive treatments would improve the animal’s ability to
recover forelimb function as tested both behaviorally and
kinematically.

Methods

Subjects

Adult Sprague-Dawley rats (275–325 g; Taconic, German-
town, NY) were used. Male rats were studied because AMPH
is known to interact with estrogen, leading to prolonged ste-
reotypic behaviors and increased locomotor activity in fe-
males (Becker and Cha, 1989; Becker et al., 2001; Adriani et al.,
2003), which would confound the interpretation of this study.
Animals were selected for right limb preference prior to sur-
gery by observing the animals’ reaching performance in the
Whishaw single-pellet reaching task (Stackhouse et al., 2008).
Fifty percent of animals demonstrated right limb preference
(n = 125). Animals not selected for behavioral testing were
used as anatomical controls (n = 17), or passed to other stud-
ies. Twenty-six animals died from surgical complications
within 24 h post-impact, likely due to respiratory impairment,
and 15 animals were excluded due to incorrect lesion place-
ment. Thus a total of 101 animals provided data for this
study. Animals were housed 2/cage in standard cages
(24 · 36 · 15 cm), or 5/cage in EE housing (76.2 cm wide ·
45.72 cm deep · 121.92 cm high) in the animal facility under a
12/12-hour light/dark cycle (lights on at 7:00 am), and in
conditions of controlled temperature and humidity. Animals
were given a food-restricted diet of 12–15 g/d of standard rat
chow so that they maintained approximately 85–90% of free-
feeding body weight. The animals were weighed daily and
given free access to food for the 2 days before and after sur-
gery. Water was provided ad libitum. All behavioral data were
collected preoperatively to provide baseline measures, and
post-operatively at weeks 1, 5, 9, 13, and 17. All surgical and
behavioral procedures were approved by the Drexel Uni-
versity College of Medicine’s Institutional Animal Care and
Use Committee, and followed National Institutes of Health
(NIH) Guidelines for working with animals.

Experimental groups

All animals received a C3–C4 right side contusion. Injury to
the C3–C4 spinal segments of the spinal cord affects muscles
(acromiotrapezius, levitor claviculae, spinodeltoideus, biceps,
and extensor carpi radialis brevis) used to perform skilled
reaching and grasping (McKenna et al., 2000). Surgical lesions
at this spinal level produce reproducible deficits in reaching
and grasping performance, and transient deficits in forelimb
locomotor function (Stackhouse et al., 2008), with no bladder
impairment. The first group of animals (n = 25) was used in a
dose-response study, and received 0.5 (n = 9), 1.0 (n = 7), or 2.0
(n = 9) mg/kg of AMPH to determine the optimal dose. The
remaining animals were assigned to five experimental
groups: injured controls (Ctl, n = 13); training only (T, n = 12);
drug only (D, n = 10); AMPH and training (D + T, n = 14); and
AMPH and training and EE housing (D + T + EE, n = 10). An-
imals were tested in two different batches. The first batch
contained half of the of animals in the Ctl, T, D, and D + T
groups, while the second batch of animals (started 6 months

972 KRISA ET AL.



later) contained the remaining animals from these groups and
the D + T + EE animals. A one-way analysis of variance (AN-
OVA) comparing the same group between batches at all time
points showed no differences between batches, thus data from
both batches were combined for the overall analysis.

Spinal cord injury

Experimental animals were deeply anesthetized with a
ketamine (60 mg/kg) plus xylazine (96 mg/kg) cocktail, and
received a right unilateral C3–C4 dorsolateral contusion
(modified from Sandrow et al., 2008). A partial laminectomy
at C3 and C4 exposed the right side of the spinal cord. The
vertebral column was stabilized with clamps positioned on
the C2 and C6 spinous processes. The tip of the impactor
(1.6 mm; Infinite Horizon, Lexington, KY) was positioned
halfway between the dorsal vein and the right lateral edge of
the spinal cord, and set to produce an impact of 175 kilodynes,
which creates a 1500–1700 lm dorsal-ventral displacement.
The impactor tip was positioned 3–4 mm above the spinal
cord, and the field was filled with sterile saline to the top of the
impactor tip. Following impact the contused area was covered
with BioBrane (Bertek Pharmaceuticals, Morgantown, WV),
the musculature was sutured shut with absorbable suture,
and the skin was closed with wound clips (Biomedical Re-
search Instruments, Silver Spring, MD). Three days post-
injury, the animals were given a paralysis ranking based on a
scale in which 1 = digits and paw partially paralyzed, but the
rat was able to support his weight, 2 = digits and paw com-
pletely paralyzed, and 3 = digit and paw are at least partially
paralyzed and elbow was affected (Girgis et al,. 2007). About
80% of the animals survived and were assigned to either one
of the dose-response groups (n = 25), or one of the five ex-
perimental groups (n = 59), so that each group contained an
equal number of animals at each paralysis ranking.

Amphetamine preparation

D-amphetamine sulfate powder (Sigma Chemical Co., St.
Louis, MO) was dissolved in 0.9% sterile saline at 0.5, 1.0, or
2.0 mg/kg, and administered by IP injection beginning on day
13 following SCI. Animals received their designated dose
every third day (Adkins and Jones, 2005; Gilmour et al., 2005)
until the end of week 12 training, excluding testing weeks.
AMPH was not administered during testing weeks, since the
animals became hyperactive, and in addition, we did not
want to test state-dependent learning (Ahmed et al., 1996).
Control and training-only animals received 0.9% sterile saline
on injection days. Injections were given between 7:00 and
8:00 am 45 min prior to the first training session.

Dose-response curve

The first experiment determined the optimal concentration
of AMPH, based on both movement in a locomotor activity
box (Vasilev et al., 2003), and performance in the single-pellet
reaching task (Stackhouse et al., 2008). A dose of 1.0 mg/kg
has been shown to increase skilled forelimb reaching success
without interfering with the animal’s ability to perform the
task in a stroke model (Adkins and Jones, 2005). Thus we
selected the doses of 0.5, 1.0, and 2.0 mg/kg to test in our
lesion model. A SmartFrame open-field activity box (Kinder
Scientific, Poway, CA) containing 32 infrared photobeams in

both the x and y planes was used to assess the animal’s lo-
comotor activity level for 5 min starting at 30 min post-injec-
tion. This system recorded each time any part of the animal’s
body crossed a photobeam, and allowed us to determine the
activity level of each animal at the three drug doses. Fifteen
minutes after the trial in the activity box, the animals were
placed in the single-pellet training box, and their motor per-
formance was observed during their training session.

Enriched environmental housing

A group of animals (n = 10) that received the optimal dose
of AMPH and motor training were housed in an EE instead of
conventional cages, to stimulate motor activity and promote
forelimb use (Fig. 1). These animals were housed in groups of
5 in multilevel ferret cages (93.9 cm · 61.60 cm · 142.24 cm;
Marshall Pet, Wolcott, NY) beginning 5 days following the
lesion, and continuing for the duration of the study (Bier-
naskie and Corbett, 2001). This environment allowed the an-
imals to climb to multiple levels, traverse through tunnels,
cross ropes, run in a wheel, and forage for food. Food was
placed in different corners of the cage, forcing the animals to
climb and use the injured forelimb. Items such as tubes, lad-
ders, and ropes were changed weekly to increase the chance of
activity due to the novelty of the items. In addition the trough
training device was placed in the EE cages 6 h per day 5 days
per week to encourage skilled forelimb training.

Preoperative training

Behavior training/testing for forelimb function

Single-pellet test training. All animals were trained preop-
eratively on a reach-to-grasp task (Stackhouse et al., 2008) 5
sessions/week for 6 weeks, between 07:00 and 11:00 am, in an
acrylic glass reaching chamber (45 cm deep · 40 cm tall · 12.5
cm wide). The chamber contained a 1-cm-wide slit on the
front wall through which the animals reached to retrieve a 45-
mg chocolate food pellet (Bio-Serv, Frenchtown, NJ) from a
food well positioned on an acrylic glass tray 1.5 cm from the
slit and at a height of 4 cm. The animals were operantly
trained to reach with the right forelimb though the slit to
retrieve and eat the food pellet. Training was done through
successive stages. The animals were taught to shuttle back
and forth in the single-pellet reaching box between reaches;
this creates a natural separation between reaches, and allows
the animal to re-align its body position before the next reach
(Whishaw et al., 1992). The animal was considered success-
fully trained when it consistently reached with the right
forelimb, grasped the food pellet with greater than 40% suc-
cess (8/20 pellet retrievals), and shuttled to the back of the
chamber before the next attempt.

Staircase test training. The animals were trained on the
staircase-reaching test for 2 weeks preoperatively (two 15-min
sessions/day). The apparatus is a small chamber with an
opening at one end that leads to a plinth on top of a platform
with a staircase on each side (Montoya et al., 1991). The
staircase contains seven wells equally spaced along the side of
the platform in a step-like fashion. Each well contains three
45-mg food pellets (Bio-Serv). The plinth overhangs the plat-
form to prevent the animals from raking the pellet up against
the side of the platform. Baseline scores were obtained during
the second week.
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Post-operative skilled motor training

Task-specific forelimb motor training. Training began on day
13 following injury and continued 7 days a week for 12 weeks
excluding testing weeks. To encourage use of the injured
forepaw during the first week of training (post-operative
week 2), the animals were trained for 20 min/day to climb a
3’ · 1’ grid surface (1’’ · 1’’grid) inclined 50–60� to receive ce-
real rewards. Motor training during weeks 3–12 consisted of
two 15-minute training sessions in the reaching tasks, with a
30-min interval between the two sessions. Which training task
was performed first was randomly selected daily. One train-
ing session was carried out in a trough-reaching task, which is
similar to the staircase pellet retrieval task, while the other
session was performed in a tray-reaching task, similar to the
single-pellet reaching task (Whishaw and Pellis, 1990). The

trough task apparatus is a small chamber (35 · 6 cm) with an
opening on one end, and a chamber with a platform onto
which the animal can climb at the other end. The trough on the
right side of the platform was filled with flavored food pellets
(Bio-Serv). The platform overhangs its base, preventing the an-
imal from raking the pellets, thus testing the animal’s grasping
ability. The tray task is an acrylic glass box (35 · 13 · 30 cm) fitted
with a face consisting of 2-mm bars spaced 10 mm edge to edge.
An acrylic glass tray (11 cm · 4 cm · 1.5 cm) was filled with
chocolate food pellets (Bio-Serve) and mounted on the front of
the box. To obtain a food pellet, the rat reached through the bars,
grasped, and retracted the pellet. Following surgery, the rats
tended to reach for the food reward with the uninjured
forepaw; in this event, acrylic glass inserts (25 · 10 cm) were
placed inside the reaching box to create a channel to the front
of the box and force the use of the injured forepaw. The food
tray can be adjusted in 1-cm increments from 1–4 cm above
the ground, and can also be moved forward in 0.5-cm in-
crements. Adjusting the shelf height allows for a gradual
increase to 4 cm, which accommodates the animals’ more
impaired reaching abilities for the first few weeks following
injury; the tray can also be moved away from the box, cre-
ating a space between the tray and box, forcing the animals
to grasp the food pellet for retrieval.

On days when AMPH was paired with motor training,
animals participated for 15 min in the first training task
(randomly selected) beginning 45 min following injection.
The animals were then returned to their home cage for
30 min before participating for 15 min in the second reaching
task. The total testing time from AMPH injection to the end
of the second training session was 1 h 45 min. The half-life of
AMPH is approximately 5–6 h (Feeney et al., 2004), and at a
dose of 1 mg/kg, male rats are active for approximately
140 min (Milesi-Halle et al., 2007). This dosing/training
schedule was selected to ensure that the animals were ex-
periencing AMPH effects while participating in motor
training (Table 1).

Post-operative behavioral testing

Behavioral testing and scoring was carried out by two
trained individuals, who demonstrated 95% inter-rater reli-
ability on behavioral scoring. The lead scorer was blinded to
treatment group.

Skilled (trained) tests

Single pellet. Qualitative components of the single-pellet
reach-to-grasp task were scored using a movement rating
scale (McKenna and Whishaw, 1999; Whishaw et al., 1993),
which assesses 10 different components of a reach. These
components include limb lift, digits closed, aim, advance,
digits open, pronation, grasp, supination I, supination II, and
release. A component was rated 2 if the movement appeared
normal, 1 if the movement was abnormal but recognizable, or
0 if the movement was absent or if the animal compensated
for its deficit by moving other parts of the body (uninjured
forelimb, tongue, and torso; McKenna and Whishaw, 1999).
The ratings from each component of the reach were summed
to produce a deficit score from each trial (range: 20 = no deficit
to 0 = maximum deficit). Six trials for each animal were scored
from video replay by two raters and averaged to obtain one
score per animal.

FIG. 1. Enriched environment (EE) housing cage. Multi-
level cages allowed animals to transverse ladders, climb
through tubes, run in a wheel, practice skilled forelimb
reaching in a reaching trough, and forage for food. Food was
also placed in different areas of the cage, encouraging the
animals to climb.
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Quantitative assessment of the reach-to-grasp task was
recorded using a Sony digital video camera. The number of
pellets successfully retrieved out of approximately 20 reaches
was counted. A success was defined as a reach during which
the rat grasps the food pellet with active digit flexion. Un-
successful attempts were counted when the animal raked the
pellet from the well without actively grasping it, or dropped
the pellet once it had retrieved it from the platform. The
percentage of successful reaches was calculated as: (no. suc-
cessful reaches/no. total reaches) · 100.

Kinematics. To distinguish between recovery and compen-
sation, kinematic analysis of selected components of the single-
pellet qualitative reach (Whishaw et al., 1993) was completed.
Each animal’s digit tips were inked prior to testing, and an
average of 3–5 reaches during single-pellet reaching were an-
alyzed per animal. To capture reaching movements, a high-
speed (500 frames/sec) camera recording system was posi-
tioned to record a frontal view of the animal. Because move-
ments of the distal forelimb (digits open, grasp, supination I,
and supination II, and release) were more impaired than
movements depending on the integrity of shoulder function
(limb lift, aim, and advance), following a cervical dorsolateral
lesion (Stackhouse et al., 2008), we assessed two components,
the degree of paw pronation excursion that occurred during the
pronation phase, using the angle of a plane made between the
second and fifth digits and the horizontal at the start and end of
the pronation phase when pellet contact has occurred, and the
extent of digit spread (abduction) between the second and fifth
digits during the digits open and pronation phases. WINana-
lyze (Mikromak, Erlangen, Germany) tracking software was
used to digitize the reach frame-by-frame. Custom-written
software (Microsoft Excel) was used to take the Cartesian co-
ordinates from digitization, and calculate the pronation ex-
cursion and digit abduction for each animal.

All three single-pellet reaching tasks (qualitative and
quantitative reaching and kinematic analysis) were recorded
at the same time for each animal to limit the amount of be-
havioral testing the animals underwent, and were analyzed
separately at a later date.

Staircase-reaching test. The staircase-reaching test was used
to examine reaching performance in a task that minimizes the
need for shoulder function against gravity (Montoya et al.,
1991; Stackhouse et al., 2008), and focuses on grasping. Thus,
this test requires that the animal make a coordinated grasp
and lift up to 21 pellets from 7 wells (3 pellets per well) at
different levels within the chamber. The number of pellets
retrieved, averaged from the three best trials out of 10, was
used as a quantitative measure of forelimb-reaching ability.

Spontaneous (untrained) locomotor tests. Grid walking is a
locomotor test of sensorimotor integration in which animals
walk on an elevated grid (36 cm L · 38 cm W · 30 cm H, with
3 · 2-cm openings) for 2 min (Grill et al., 1997, Sandrow et al.,

2008). The percentage of correct placements by the affected
forepaw was used as the outcome measure (the total number
of correct placements of steps on the grid rungs by the affected
forepaw over the number of total steps, steps, and missteps,
made by the affected forepaw, and expressed as the percent-
age of correct steps).

Forelimb Locomotor Score (FLS). Open field locomotor test-
ing and scoring was conducted as previously described (Cao
et al., 2008; Sandrow et al., 2008). Briefly, the animals were
placed in an enclosure and videotaped in an open-field ap-
paratus for 4 min. The animals were scored on a scale of 0 (no
observable forelimb movement) to 17 (normal locomotion),
based on the amount of forelimb movement. Only preopera-
tive and end-point (week 13) scores were analyzed.

Histology. The animals were deeply anesthetized with
Euthasol� (Virbac Corp., Can Antonio, TX) at the end of the
behavioral studies, and transcardially perfused with 150 mL of
physiological saline, followed by 500 mL of ice-cold 4% para-
formaldehyde in 0.1 phosphate buffer (PB) solution with a pH
of 7.4. Spinal cords were dissected and the lesion block and a
segment caudal to the lesion block were placed in 0.1 M PB
containing 30% sucrose for 72 h. The lesion block was ap-
proximately 6 mm long for the lesion region, and the caudal
block was about 2–3 mm long. The blocks were frozen in M-1
embedding matrix (Thermo Electron Corp., Pittsburgh, PA),
and serially sectioned at 20 lm on a cryostat in the transverse
plane.

Spared tissue. A Nissl/myelin stain was used to assess
tissue sparing. White and gray matter areas were outlined and
quantified on the intact (left) and lesioned (right) sides of the
spinal cord using ImageJ software. The percentage of spared
tissue (total spared gray and white matter) was calculated by
summing every section that included the lesion cavity (San-
drow-Feinberg et al., 2009), and dividing the area of the le-
sioned side by that of the intact side and multiplying by 100
through the lesion. The percentage of spared tissue was used
for regression analysis with qualitative and staircase-reaching
performance.

Statistical analysis

A sphericity test was used to check for normal distributions
of the data for each outcome measure. For parametric be-
havioral data, a two-way repeated-measure ANOVA be-
tween treatment groups over time, with time taken as
a repeated measure, was used. If significant, a one-way
ANOVA at each time point was performed, followed by the
Bonferroni post-hoc test. A one-way ANOVA followed by
Dunnett’s t-test was used to identify the proper drug dose. For
non-parametric behavioral data a Kruskal-Wallis test was
performed, and if significant a Mann-Whitney U test

Table 1. Behavioral Timeline

Weeks 1–8 9 10 11 12–13 14 15–17 18 19–21 22 23–25 26

Reach
training,
baseline
testing

Injury,
paralysis
rating

Week 1
testing

Week 2
maze
training

Weeks 3–4
of motor
training

Week 5
testing

Week 6–8
of motor
training

Week 9
testing

Weeks
10–12
of motor
training

Week 13
testing

Retention
period

Week 17
testing
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comparing each treatment pair was used to determine sig-
nificance between treatment groups. Reaching attempts at
week 1 and week 13 were binned into groups of 0–10 and 11–
20 + and analyzed by chi-square (Fisher’s 2 · 2 exact test).
Anatomical measures were found to be parametric and were
analyzed by one-way ANOVA between groups, followed by
the Bonferroni post-hoc test when appropriate. Significance
levels were set to 0.05 for all comparisons.

Results

Post-injury motor function

The unilateral C3–C4 contusion injury initially produced a
moderate deficit in forelimb function. The affected (right) fore-
limb was unable to provide full weight support, dorsal stepping
was common, the paw and digits were often paralyzed, and in
some cases the elbow was affected, preventing full extension of
the forelimb during stepping. These deficits showed partial to
full recovery over the remainder of the study. All animals were
always able to locomote and care (groom, eat, drink, and move
around the cage) for themselves. At 3 days post-operatively, the
paralysis ranking scale (Girgis et al., 2007) rated 26 animals as 1
(digits and paw partially paralyzed but the rat was able to
support his weight), 23 animals as 2 (digits and paw completely
paralyzed), and 9 animals as 3 (digits and paw are at least
partially paralyzed and the elbow was affected).

Dose selection

Administration of AMPH (0.5, 1.0, and 2.0 mg/kg) elicited
significantly more locomotor movements compared to saline
throughout the course of the 17-week experiment (Fig. 2A).
The highest dose (2.0 mg/kg) produced the most locomotor
activity, and observation of these animals also showed greater
activity in the training apparatus during drug administration
days. There was no significant difference in locomotor activity
during testing weeks (5, 9, and 13), and during the retention
period (weeks 14–17), indicating that none of these dosing
regimens caused sensitization. Qualitative reaching scores
showed that animals receiving the dose of 1.0 mg/kg performed
significantly better during weeks 9 and 17 of testing (Fig. 2B),
with less hyperactivity seen during training. Consequently, we
used 1.0 mg/kg AMPH in the subsequent experiments.

Combination treatment improved skilled forelimb
reaching in rats

Qualitative forelimb reaching (Fig. 3A) assessed the animals’
ability to perform the 10 components of a reach (Whishaw
et al., 1998). Post-hoc analysis showed the qualitative reaching
score to be higher ( p < 0.05) in animals that received both drug
and training during weeks 9 and 17 post-lesion, and ap-
proached significance ( p < 0.08) at week 13 compared to control
and drug-only animals. Specifically, at week 17 the drug and
training (D + T) animals performed better on the advance,
digits open, and pronation phases of reaching (Fig. 3B). At
week 17, following a 4-week retention period with neither drug
(D) nor training (T), the T group performed significantly better
than the D group in qualitative reaching.

In contrast, forelimb function assessed using both the
Whishaw single-pellet (quantitative measure; Fig. 3C) and stair-
case (Fig. 3D) reaching tests showed deficits in reaching and
grasping with no differences seen among groups during testing

weeks. There was a main effect over time, indicating some re-
covery in grasping ability, but with no effect of treatment.

Locomotor function improved spontaneously

Sensorimotor function was assessed using the grid test. All
animals showed a marked deficit in the right forelimb at week
1, with a partial improvement by week 5 (Fig. 4A), and a main
effect over time, but with no differences among groups.
Forelimb locomotor function was assessed at the final treat-
ment testing week (week 13) using the FLS test. Most animals
displayed few locomotor deficits at this time, with continuous
plantar stepping and occasional toe clearance (FLS = 14),
but this test also showed no significant difference among
groups (Fig. 4B). All animals displayed normal forelimb lo-
comotor patterns prior to surgery (FLS = 17). Thus, untrained
locomotor function showed good recovery with no additional
benefits of AMPH-enhanced training.

Enriched environmental housing interferes
with the benefits of drug-enhanced motor training

Surprisingly, animals that received drug and training and
were housed in an EE performed significantly worse on skil-
led tasks compared to animals that received drug and training
but were housed in standard cages (Fig. 5A, B, and C; p < 0.05).
Both groups showed marked deficits at week 1, with partial
improvement subsequently, but the extent of improvement by
rats in the EE-housed group was less than that of rats housed
in standard cages at weeks 9, 13, and 17. These two treatment
groups did not differ on tests that showed no recovery
(quantitative skilled reaching; Fig. 5D), or those that revealed
few deficits (grid and FLS; data not shown).

Assessment of motivation

The reaching and grasping tasks were difficult for intact
animals and more so for injured animals. In order to examine if
the experimental animals’ failure to grasp and retrieve pellets
in the single-pellet reaching test was a result of their willingness
to engage in the task, we counted the number of reach attempts
each animal made during week 1 and week 13. A reach attempt
was scored when the wrist of the animal’s extended forelimb
successfully broke the plane of the shelf in the Whishaw single-
pellet reaching box, regardless of success. The number of reach
attempts 1 week following injury compared to the number at
week 13 indicated more attempts at later stages (Fig. 6), indi-
cating continued engagement in the task. Thus the animals’
inability to regain partial to full reaching and grasping function
following cervical SCI likely reflects the degree of difficulty of
the test rather than their lack of motivation to perform the test.

Kinematic analysis

High-speed video analysis of digit abduction and pronation
excursion components of the reach-to-grasp single-pellet task
were analyzed from a subset (n = 34) of animals from each
group. Animals were chosen based on their ability to extend the
limb through the slot during week 13 of qualitative reaching
testing. The results revealed a significant deficit in digit abduc-
tion in all groups compared to baseline. These differences were
present in all but the training group at week 13 ( p < 0.05), and in
all groups at week 17 ( p < 0.008) post-injury (Fig. 7A and B).
Only 3 training-only animals fit the inclusion criteria at week 13,
and it is likely that this number was insufficient. Pronation

976 KRISA ET AL.



excursion also revealed no difference among groups (Fig. 7C and
D). Thus, kinematic measures did not reveal a beneficial effect of
treatment that was predicted by the single-pellet reaching task.

Histological evaluation

Tissue sparing. The amount of spared tissue (gray and
white matter; Fig. 8A) was measured. Animals were excluded
if the lesion did not include the entire dorsolateral funiculus,

or if the lesion crossed the midline. Fifteen animals were
eliminated because the lesion was too large, and two animals
were sacrificed early due to autophagia of their left hindlimb,
presumably due to damage to the spinothalamic tract. These
animals were not included in the study, but this had no effect
on overall power analysis per group. There was no difference
between groups in the amount of tissue spared, and no cor-
relation between qualitative and staircase-reaching success
with the amount of tissue spared (data not shown). Animals

FIG. 2. Dose-response curves. (A) Locomotor activity is significantly increased in animals that received amphetamine
(AMPH) compared to saline. Results are normalized to week 1. No difference was seen among treatment groups or control
animals during weeks when no drug was administered (weeks 5 and 9, and 13–17). (B) Animals that received 1.0 mg/kg
AMPH performed significantly better during qualitative reaching at weeks 9 and 17 compared to the saline group ( p < 0.05).
Means and standard errors are shown (*p < 0.05 for all figures).
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that were given a paralysis rating of 3, however, had signifi-
cantly less spared tissue compared to animals that received a
paralysis rating of 1 or 2 (Fig. 8B). The paralysis rating thus
appears to be a predictor of lesion size.

Discussion

We used a right-sided C3–C4 contusion injury, which
induces detectable and reproducible deficits in the right

forelimb, to evaluate the effects of AMPH, skilled motor
training, and locomotion on forelimb function. Some as-
pects of forelimb function improved spontaneously, but
others remained impaired. We also found a greater im-
provement in some tasks following a combination treat-
ment of skilled forelimb motor training paired with AMPH.
Lastly, we found that EE housing combined with AMPH
and skilled motor training diminished the extent of fore-
limb recovery.

FIG. 3. Skilled motor reaching assessment of the right forelimb. (A) Qualitative reaching score. Drug + training animals
performed significantly better then saline and drug-only animals on weeks 9 and 17 post-lesion. Training alone was more
effective than drug after 1 month with no drug (week 17). (B) The advance, digits open, and pronation phases were enhanced
compared to the saline group during week 17. (C) Quantitative reaching was impaired in all groups following injury, but all
groups showed an increase in pellet retrieval over time. (D) The staircase-reaching test showed a severe deficit in grasping
ability in all groups, with improvement in any group over time ([ indicates retention period).
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Behavioral outcomes following chronic treatments

Skilled functional recovery. We compared forelimb re-
covery from a cervical SCI using a novel combination of non-
invasive treatments and a battery of behavioral tests. While
the early components (limb lift, digits closed, and aim) of the
qualitative single-pellet reaching task showed some recovery
independent of treatment, AMPH combined with daily motor
training promoted recovery of the middle phases (advance,
digit open, and pronation), but not the later phases (grasp,
supination I, supination II, and release), of the reach. These
improvements persisted for 4 weeks when tested for retention
(no drug administration or motor training during this time)
indicating a long-term benefit of this combination treatment.

The C3–C4 injury affects the motor neuron pools of the
shoulder and upper forearm muscles (McKenna et al., 2000),
while the dorsal lateral contusion disrupts the rubrospinal
tracts (Liu et al., 1999), lateral cortiospinal fibers (Weidner
et al., 2001), and parts of the reticulospinal tract (Houle and
Jin, 2001). Ablation of the red nucleus resulted in functional
changes in the aim, advance, pronation, grasp, supination I
and II, and release phases of the reach (Whishaw et al.,
1992,1998). Anatomical data indicate that some rubrospinal
fibers do make direct projections onto the motoneurons of the
extensor and flexor digitorum and the flexor and abductor
digit, and electrophysiological data show that the red nucleus
is active during reaching. Microstimulation of the red nucleus
resulted in shorter electromyographic latencies in the distal

FIG. 3. (Continued).

AMPHETAMINE-ENHANCED MOTOR TRAINING 979



forepaw musculature than in the proximal forelimb/shoulder
musculature (reviewed by Stackhouse et al., 2008). Therefore,
lesion location may permit the combination treatment to elicit
the reorganization/sprouting of fiber tracts involved in
proximal muscle movements, rather than the more distal
movements.

Two mechanisms by which AMPH administration fol-
lowing a SCI may promote improved motor function, in-
cluding temporary activation of the circuitry involved in the
descending drive for locomotion, a motor mechanism, and/or
enhancement of attention during a period necessary to so-

lidify the effects of motor training, a cognitive mechanism
(Feeney et al., 1982). AMPH may exert its beneficial effects by
increasing monoamine function in the cortex, or by restoring
monoaminergic control to the spinal cord, or both. It has been
suggested that AMPH activates sites distant from the injury
(diaschisis) that were transiently depressed following a CNS
injury (Feeney and Hovda, 1983; Feeney et al., 1982; Sutton
et al., 1989). This combination has also been shown to be
promising in a stroke animal model. Adkins and Jones (2005)
also described improvement that persisted for 4 weeks fol-
lowing the last testing session, although performance

FIG. 4. Locomotor measures of the right forelimb. (A) Grid walking (sensorimotor) showed a deficit with a partial recovery
by week 5. (B) Forelimb Locomotor Score (FLS) at week 13 showed few deficits (e.g., incomplete toe clearance), with no
difference among groups. All animals had normal locomotion function (FLS = 17) prior to surgery.
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deteriorated at 8 and 12 weeks following the cessation of
training. Periodic motor training is likely required to maintain
the functional recovery.

Ramic and associates (2006) proposed that the combina-
tion treatment of AMPH and motor training following a
stroke lesion may lead to an enhancement of expression of
growth proteins, permitting the remodeling of cortico-
efferent pathways that are important for motor recovery.
Another study in cats with bilateral cortical lesions sug-

gested that AMPH may also act on subcortical motor re-
gions, in addition to cortical motor regions, to enhance
recovery (Sutton et al., 1989).

Two quantitative tasks, the staircase-reaching and the sin-
gle-pellet tasks, were used for several reasons (Stackhouse
et al., 2008). The staircase-reaching test assesses reaching
function independent of shoulder control, which may be im-
paired following a dorsolateral C3–C4 SCI if the motoneuron
pool supplying the shoulder musculature is disrupted. The

FIG. 5. Enhanced training with enriched environment (EE). Animals that received drug and training and were housed in EE
cages performed significantly worse ( p < 0.05) than animals receiving drug and training and housed in standard cages, in
both qualitative (A and B) and staircase (C) reaching. These differences were significant at week 9, and persisted for the
remainder of the study. Quantitative reaching displayed no difference among groups, but improved over time (D).
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staircase test requires the animal to make a coordinated grasp
and to lift the pellet to its mouth with no possibility of raking
the pellet. The location of the shelf of the single-pellet reaching
apparatus, 4 cm above the floor, requires shoulder muscle
control to aim the forelimb in order to contact the pellet. The
single-pellet test, however, allows the possibility for the rat to
rake the pellet through the slot rather than grasping it. Thus
grasping, which is one of the components of reaching that
remains challenging following injury, showed no benefits of

the therapies. In an embolic stroke rat model there also was no
improvement in performance when other tests (45 min daily
exposure to staircase and T-maze testing) were paired with
AMPH administration in the staircase test or in a test of
cognition, the T-maze test (Rasmussen et al., 2006).

Unskilled (untrained) behavioral recovery. There was an
initial deficit in unskilled locomotor function, followed by a
considerable improvement, as indicated by the grid-walking

FIG. 5. (Continued).
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and FLS tests. The lesion spares the dorsal columns and
ventral pathways (dorsal and ventral corticospinal tract),
which are important for locomotion. This type of motor re-
covery was also found in a similar lesion model using the
cylinder paw-placement test (Stackhouse et al., 2008). Our
results demonstrate that the pathways located in the dorso-
lateral spinal cord are important for skilled forelimb move-
ments such as reaching and grasping, but are less important in
movements associated with locomotion.

Housing in enriched environments
impaired functional improvement

A number of studies have shown that EE housing in com-
bination with other treatments improves motor function fol-
lowing CNS injury (Biernaskie and Corbett, 2001; Dai et al.,
2009; Eaton et al., 2008; Knieling et al., 2009). In a stroke
model, animals that were housed in an EE and receiving fo-
cused motor activity sessions paired with AMPH, recovered
to preoperative performance, and this was associated with a
measurable increase in axonal growth in the cortex (Papado-

poulos et al., 2009). Our results showed no benefits of treat-
ment in the spinal cords of animals that received the
combination therapy and were housed in an EE, compared to
those who received drug and training but were housed in
standard cages. In fact, EE diminished the extent of recovery.
The duration of AMPH administration may be an important
variable in the success of this combination treatment, since
Papadopoulos and associates (2009) used a more restricted
AMPH regimen. Indeed, for clinical application it would be
important to limit the number of AMPH-enhanced sessions
due to the potential side effects of AMPH (reflex bradycardia,
behavioral arousal, and hypermotility; Goldstein, 2000).
Others (Feeney et al., 1982; Ramic et al., 2006) have shown
improvement in reaching in EE-housed animals when motor
training is provided under AMPH intoxication. We chose not
to test function until AMPH had been cleared, since we did
not want state-dependent learning to confound the interpre-
tation of the results. Recently, a cervical SCI model that used
EE as a form of rehabilitation treatment in combination with
chondroitinase ABC, also showed a decrease in the recovery
of the single-pellet and staircase-reaching tests compared to

FIG. 6. The number of reach attempts made by the animals at weeks 1 (A) and 13 (B). More attempts were made at week 13
than at week 1 (Saline, control; D, drug only; T, training only; D + T, drug and training; D + T + EE, drug and training in
enriched environmental housing; *p < 0.05 by Fisher’s 2 · 2 exact test).
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injured controls (Garcia-Alias et al., 2009). In that study, ani-
mals were only exposed to an EE 1 h a day for 4 weeks, in-
dicating that the ‘‘interference’’ that occurred happened
rapidly. As there are no standard protocols for EE housing,
differences in details of the housing and the experimental
interventions used are likely to contribute to differences in
outcomes. Thus EE seems to have selective effects depending
on the parameters of the experiment. It has been shown that
training in one task might come at the expense of another. For
example, transected cats that are trained to stand cannot step,
and those trained to step cannot stand (de Leon et al., 1998).
Garcia-Alias and colleagues (2009) hypothesize that interfer-
ence may occur when training for one task, but testing for
another. This interference may be due to limited plasticity, so
that one behavior, general skills acquired in EE housing, is
acquired at the expense of another, skilled-forelimb reaching.

There are specific time windows following SCI when thera-
peutic interventions appear to be more effective (Clarke et al.,
2009). In our study animals were placed in EE housing 5 days
post-operatively, and AMPH-enhanced skilled training be-
gun 13 days post-operatively. The EE might have been more
successful if animals were housed in EE cages following the
commencement of training, to let forelimb function recover
first, thus allowing EE housing to enhance this plasticity in
subsequent weeks.

The combination of AMPH and physical therapy has
been studied for many years in stroke patients with results
that are so far inconclusive. There have been both positive
(Crisostomo et al., 1988; Walker-Batson et al., 1995) and
negative (Sonde et al., 2001; Treig et al., 2003) findings that
can be attributed to differences in time of intervention fol-
lowing injury, drug dose, types of rehabilitation, time

FIG. 7. Kinematic analysis of the digit abduction and pronation excursion components of the Whishaw qualitative reach-to-
grasp test. (A) Digit abduction was significantly decreased at week 13 in saline controls, drug, drug plus treatment, and drug
plus treatment plus enriched environment (EE) animals compared to preoperative measures. (B) All groups showed a
significant deficit in digit abduction during week 17. Pronation excursion revealed no difference among groups at weeks 13
and 17 (C and D).
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between drug administration and type of physical therapy,
heterogeneity in stroke type, lesion size, lesion location,
and comorbidities, among the studies. Standard protocols
will need to be developed for the clinical evaluation of this
treatment.

Kinematic analysis revealed long-term deficits
in digit abduction

In agreement with our previous work (Stackhouse et al.,
2008), we found a persisting although milder deficit in digit
abduction among all groups compared to normal animals. It
has been suggested that digit abduction is a component of
single-pellet reaching that is under the control of the ru-
brospinal tract (Stackhouse et al., 2008), which is directly
affected by our lesion. We found no differences among
treatment groups, operated controls, and normal controls
(baseline animals), during the pronation phase of qualitative

reaching in the subset of animals selected for kinematic
analysis. Observations of the videos indicated that animals
often reached across the pellet rather than pronating over it,
as a compensatory response to their motor impairment. We
examined the kinematics of the first supination component
of skilled reaching, but this component never improved.
Similar results were also found following a dorsal column
lesion, and pronation was greatly reduced and supination
did not occur (McKenna and Whishaw, 1999). Strain dif-
ferences may play a role in some of the differences seen in the
deficits. Sprague-Dawley rats have slower movements that
appear abbreviated when extending and flexing the arm and
digits, and when pronating and supinating the paw, relative
to Long-Evans rats (Whishaw et al., 2003). In Sprague-
Dawley rats, we found the average baseline qualitative
reaching score to be 18/20 because of incomplete supination,
rather than the 20/20 that the Whishaw group reported for
Long-Evans rats.

FIG. 7. (Continued).
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Anatomical outcomes

Exercise increases the release of several neurotrophic fac-
tors (Dupont-Versteegden et al., 2004; Houle et al., 1999) in
spinal cord and muscle that can be neuroprotective, and

AMPH has been shown to increase neuronal sprouting in the
neocortex (Stroemer et al., 1998). We found no differences in
the amount of tissue that was spared at the injury site among
treatment groups, suggesting that neither AMPH nor training
offered measurable neuroprotective effects. We also found no

FIG. 8. (A) Representative cross-section of a cervical dorsolateral contusion. Injury ablates dorsolateral white matter, often
produces partial damage to lateral gray matter, and may extend into the ventral-lateral white matter. (B) Paralysis rating
conducted 3 days post-lesion showed that animals with a paralysis rating of 3 (highest degree of impairment) had larger
lesions than animals rated 1 or 2.
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correlations between the amount of spared tissue and be-
havioral performance at week 17 in the qualitative and stair-
case-reaching tasks or with kinematic analysis. We therefore
saw neither anatomical nor kinematic indications of benefits
from the treatments.

Conclusions

Noninvasive combination treatments following CNS in-
juries have provided an effective approach to recovery
(Adkins and Jones, 2005; Gilmour et al., 2005; Sandrow-
Feinberg et al., 2010) that can be translated to the clinic
(Gladstone et al., 2006; Walker-Batson et al., 1995). This
study demonstrated that the pairing of AMPH and skilled
forelimb motor training following a cervical SCI improved
qualitative reaching, and that this combination is an additive
effect since neither drug nor training alone resulted in sig-
nificant improvement over saline treatment. AMPH may
increase the focus/attention during motor training, and/or
activate the motor mechanisms associated with the forma-
tion of new motor pathways, and the skilled training targets
areas needed to enhance motor function (Schallert et al.,
2000). Interestingly, EE housing decreased forelimb recovery
in both qualitative and staircase reaching. It is possible that
the limited plasticity in the spinal cord becomes dedicated to
a general task improved by housing in an EE at the expense
of what is needed to increase skilled reaching (Garcia-Alias
et al., 2009).

Without further anatomical or kinematic evidence, we
postulate that AMPH enhances attention during a period
necessary to solidify the effects of motor training, and/or it
causes functional activation of pathways able to remodel in
response to motor training.
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