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Abstract
Background and Purpose—There is considerable debate regarding the efficacy of
amphetamine to facilitate motor recovery after stroke or experimental brain injury. Different drug
dosing and timing schedules and differing physical rehabilitation strategies may contribute to
outcome variability. The present study was designed to ascertain (1) whether short-term
amphetamine could induce long-term functional motor recovery in rats after an ischemic lesion
modeling stroke in humans; (2) how different levels of physical rehabilitation interact with
amphetamine to enhance forelimb-related functional outcome; and (3) whether motor
improvement was associated with axonal sprouting from intact corticoefferent pathways
originating in the contralesional forelimb motor cortex.

Methods—After permanent middle cerebral artery occlusion, rats received vehicle or
amphetamine during the first postoperative week (2 mg/kg, subcutaneously on Postoperative Days
2, 5, and 8). In both treatment groups, separate cohorts of rats were exposed to different levels of
“physical rehabilitation” represented by a control environment, enriched environment, or enriched
environment with additional sessions of focused activity. Skilled forelimb performance was
assessed using the forelimb reaching task and ladder rung walk test. Anterograde tracing with
biotinylated dextran amine was used to assess new fiber outgrowth to denervated motor areas.

Results—All treatment groups showed significant motor improvement as compared with
control-housed, vehicle-treated animals. However, animals housed in an enriched environment
that received amphetamine paired with focused activity sessions performed significantly better
than any other treatment group and was the only group to achieve complete motor recovery (ie,
reached preoperative performance) by 8 weeks. This recovery was associated with axonal
sprouting into deafferentated subcortical areas from contralesional projection neurons.

Conclusions—This study suggests that, after stroke, short-term pairing of amphetamine with
sufficiently focused activity is an effective means of inducing long-term improvement in forelimb
motor function. The anatomic data suggests that corticoefferent plasticity in the form of axonal
sprouting contributes to the maintenance of motor recovery.
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Ischemic stroke often leads to chronic functional limitations that adversely affect activities
of daily living making it a leading cause of serious, long-term disability in the United
States.1 Physical therapy is the mainstay of rehabilitation strategies to reduce chronic
impairment of sensory and motor function. However, there is a need for improved treatment.

A variety of pharmacological adjuncts and physical therapy strategies have been tested in an
attempt to improve rehabilitation outcomes. Of particular interest is the pharmacological
agent amphetamine, a potent psychomotor stimulant that induces neuronal release of the
monoamines norepinephrine, dopamine, and, to a lesser extent, serotonin.2 Numerous
experimental studies have demonstrated that amphetamine improves forelimb function after
brain injury.3–10 By comparison, clinical studies of the effects of amphetamine on motor
function have been more variable.11–15 It has been widely acknowledged that differences in
experimental design (physical therapy regimes, drug dosing and timing, outcome measures)
may contribute to outcome variability.15,16 Of considerable significance is the variability in
the duration of amphetamine administration because the majority of clinical studies
demonstrated little or no long-term motor improvement (eg, lasting weeks to months) after
short-term amphetamine administration of ≤1 week.17 Understanding whether amphetamine
can be efficacious under short-term use is important considering the reported trend toward
increased mortality from cardiovascular side effects with continued use.15

Mechanistically, amphetamine is reported to induce alterations in gene transcription, protein
synthesis, and dendritic structure.18,19 This neural plasticity is similar to what is seen in
animals exposed to an enriched environment after ischemic infarction and which appears to
be associated with improved functional outcome.20–23 Although amphetamine has been
shown to increase the expression of proteins related to axonal growth and synaptogenesis
after experimental stroke,4 direct evidence of amphetamine-induced axonal growth has not
been shown. However, our previous work has shown that amphetamine induces axonal
growth from the contralesional cortex after unilateral cortical aspiration lesions.3

The present study was designed to answer 3 questions. Is short-term amphetamine (3 doses
on Days 2, 5, and 8 postinjury) sufficient to achieve and maintain recovery of skilled
forelimb function after stroke? Is the level of environmental enrichment and “physical
therapy” an important determinant of outcome using amphetamine? Is amphetamine-induced
functional improvement after ischemic infarct correlated with axonal outgrowth from
corticoefferent motor pathways of the unlesioned cortex? The results are discussed with
respect to the use of amphetamine as a rehabilitative strategy in patients after stroke.

Materials and Methods
Animals

Adult male Long Evans, black-hooded rats (250 to 300 g) were maintained in a temperature-
and humidity-controlled room under a 12:12-hour light/dark cycle. Food intake was
moderately restricted throughout the study to maintain body weight at 95% of ad libitum
weight. Water was available ad libitum. All experimental procedures were approved by the
Institutional Animal Care and Use Committee.
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Housing/Rehabilitation/Drugs
Immediately after surgery, rats were allocated to different experimental groups with
differing housing conditions as described subsequently. Control housing conditions (CON)
consisted of singly housed animals in a standard Plexiglas cage (24 cm × 36 cm × 15 cm)
with no additions. Enriched environment (ENR) consisted of group-housed animals (3 per
cage) in larger Plexiglas cages (81.5 cm × 61 cm × 45 cm) furnished with inclined ladders,
hanging toys, chewable material, and tunnels. Once a week the objects were replaced with
novel items. A subset of animals in enriched housing also received focused activity sessions
(ENR/FA).

Focused activity (FA) sessions began 2 days after middle cerebral artery occlusion (MCAO)
and continued twice daily for the first 3 weeks. For the remaining 5 weeks, FA sessions
were conducted once daily. Individual sessions were 20 minutes in length and began after
completion of daily behavioral testing and 10 minutes after drug injection to coincide with
the peak pharmacological actions of amphetamine.24 Focused activity consisted of daily
regimented activities that relied heavily on the use of forelimbs but were distinct from the
specific tasks being assessed. During sessions, cage mates (3 animals/session) were placed
simultaneously in a 5′ × 5′ enclosed space containing a 45o inclined ladder (200 cm × 5 cm),
vertical rope (100 cm), and a vertical cylindrical grid (100 cm × 10 cm; 1-cm2 mesh).
Participation among the rats was equalized by having 2 investigators follow the rats and
physically place each animal on a different piece of exercise equipment at approximately 1-
minute intervals during the 20-minute sessions.

D-amphetamine sulfate powder (Sigma Chemical Co, St Louis, Mo) was dissolved in 0.9%
sterile saline at a concentration of 2 mg/mL (based on salt weight). All animals received
either D-amphetamine sulfate (AMPH) injection (2 mg/kg subcutaneously) or vehicle (0.9%
sterile saline) at 2, 5, and 8 days after MCAO. Animals receiving focused activity began the
session 10 minutes after injection.

Training/Behavioral Testing
All animals were trained to criterion on the skilled forelimb reaching task and assessed for
their performance on the ladder rung walk test. Animals then underwent stroke surgery after
which they were allocated to different experimental groups (see the Table). Each animal was
tested for performance on the skilled forelimb reaching task beginning the first day
postoperatively and then daily (Monday through Friday) for 8 weeks. Additionally, each
animal was tested for performance on the ladder rung walk test on the second postoperative
day and then once weekly for 8 weeks. On days when amphetamine or vehicle was
administered (ie, Days 2, 5, and 8 postoperatively), all behavior testing was performed
before drug injection. Investigators performing behavioral testing were blinded to the
treatment groups.

Skilled forelimb reaching was tested as previously described.25,26 Animals were placed in a
transparent Plexiglas chamber (30 cm × 36 cm × 30 cm) and trained to reach through a
window (1.5 cm × 3 cm) to retrieve small sucrose pellets (45 mg; Bilaney Consultants,
Frenchtown, NJ) placed on a platform at a distance of 1 cm. During the initial days of
training, limb preference was determined and placement of pellets was adjusted to favor the
use of the preferred forelimb. Before surgery, baseline performance (defined as the average
of the last 3 testing sessions of the preoperative testing) was established. Success was
defined as an animal grasping the pellet on the first attempt and placing it into the mouth (ie,
“first reach success”). Each testing session consisted of 20 reaching opportunities using the
preferred forelimb. Attempts using the nonpreferred forelimb were not included in analyses.
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The preoperative criterion was at least 16 successes in 20 attempts for 3 consecutive days. A
maximum time limit of 5 minutes/testing session was given.

The ladder rung walk was used to assess deficits in accurate forelimb placement as
previously described.26 In this test, animals are scored for their ability to cross a 1-m long
horizontal metal-rung runway with varying gaps of 1 to 2 cm between the rungs.27 All
animals underwent 3 familiarization sessions with the apparatus before preoperative baseline
testing. Baseline, 2-day postoperative, and then weekly sessions for 8 weeks were
videotaped and evaluated. A forelimb foot error was defined as a complete miss or slip from
the rung. The mean preoperative scores for all experimental groups were fewer than one foot
error per 10 steps. Baseline and postoperative testing sessions consisted of 3 runway
crossings. The total number of errors and steps by the preferred forelimb in each session was
counted and an error frequency was calculated.

Stroke Surgery
All animals underwent MCAO as described previously.25 Animals were anesthetized with
sodium pentobarbital (50 mg/kg intraperito-neally). Bilateral common carotid arteries were
isolated, a vertical 2-cm long incision was made between the eye and ear, and the temporalis
muscle was retracted. A burr hole was made to expose the middle cerebral artery and it was
permanently occluded with a 10 – 0 suture. The common carotid artery ipsilateral to the
MCAO was permanently occluded with a 4 – 0 suture and the contralateral common carotid
artery was temporarily occluded for 45 minutes. The wounds were then closed and animals
warmed under a heating lamp until they awoke.

Neuroanatomical Tracing
After 8 weeks of behavioral testing, animals were anesthetized with sodium pentobarbital
(50 mg/kg intraperitoneally). The sensorimotor cortex opposite to the stroke lesion site was
exposed, and 2 injections of 1 μL each of a 10% biotinylated dextran amine (BDA) solution
(Molecular Probes) were placed stereotaxically into the forelimb sensorimotor cortex (0.5
mm anterior, 2.5 mm lateral, 1.5-mm depth, relative to bregma) as defined by Neafsey et
al.28 Two weeks after BDA injection, animals were overdosed with sodium pentobarbital
(100 mg/kg intraperitoneally) and perfused transcardially with 4% paraformaldehyde. Brains
and spinal cords were removed, placed in 30% sucrose for 1 to 2 days, embedded in OCT
freezing compound (Miles, Inc), frozen, and stored at −80°C. Alternate coronal cryo-
sections (50 μm thick) were reacted for BDA-positive fibers or processed with Nissl stain
and analyzed for lesion location and extent.

Neuroanatomical Analysis
Anatomic structures were identified with the atlas of Paxinos and Watson. The
corticoefferent projections to the red nucleus and cervical spinal cord were quantitatively
analyzed ipsi- and contralaterally to the BDA injection site as previously described using
computer-aided image analysis with National Institutes of Health Image software.25 The
number of labeled corticoefferent fibers in the cerebral peduncle ipsilateral to the BDA
injection site was determined and used to correct for interanimal variances in BDA tracing
as described previously.25 Quantification of sprouting corticorubral fibers from the
contralesional side to the deafferentated (ipsilesional) red nucleus was performed by
counting all BDA-positive fibers crossing the midline at the level of the red nucleus.
Interanimal differences in the number of sections containing the red nucleus were
normalized to that of the animal with the least amount of sections (6 sections/animal). To
correct for tracing differences, the number of the BDA-positive, midline crossing fibers was
divided by the total number of labeled corticoefferent fibers. The quantification of sprouting
corticospinal tract fibers from the contralesional hemisphere to the deafferentated spinal
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cord was performed at levels C5 to C8 by counting BDA-positive fibers crossing a vertical
line positioned at the midline (25 sections per animal). The sum of all the values of midline
crossing fibers was then normalized to labeled corticoefferent fibers to account for
interanimal tracing variability. For all analyses, the slides were coded and investigators were
blind to the treatment group.

Stroke Size Analysis and Exclusion Criteria
Stroke volume was quantitatively analyzed on Nissl-stained sections (+4.7 to −5.2 mm from
bregma according to Paxinos and Watson) using National Institutes of Health Image as
described previously.25 Stroke size was expressed as a percentage of the contralesional
hemispheric volume. Stroke size data were omitted for 2 animals in the VEH/CON group
and one animal in the VEH/ENR group due to poor histology. Animals were excluded from
all statistical analyses if the lesion was found not to impinge on the forelimb region of the
sensorimotor cortex and/or if subcortical damage was observed.

Statistics
Data were analyzed using SigmaStat (Systat Software Inc). Stroke size was analyzed by
one-way analysis of variance (ANOVA). Skilled forelimb reaching and ladder rung walking
were analyzed independently using a repeated-measures one-way ANOVA for overall
treatment effect. Specific post hoc comparisons were made using Student-Newman-Keuls
multiple comparison test. A 2-way repeated measures ANOVA was used to compare the
mean values among all groups at end point (ie, 8 weeks postoperatively) versus baseline
(preoperative) performance with post hoc comparisons using Student-Newman-Keuls test to
compare performance among treatment groups at 8 weeks.

Analysis of fiber-count data (midline-crossing fibers) was performed using a one-way
ANOVA followed by Student-Newman-Keuls test in case of paired comparisons.
Correlations of fiber-count results and behavioral results were analyzed for significance with
paired analysis (midline-crossing fiber counts at the level of the red nucleus or cervical
spinal cord paired with contralesional forelimb reaching or ladder rung performance for each
animal) by Pearson product moment correlation. In all cases, a probability value ≤0.05 was
considered significant. All data are presented as mean values ± SEM.

Results
Lesion Analysis Among Treatment Groups

The topographical location of all lesions included the fore-limb area of the sensorimotor
cortex ipsilateral to the occluded middle cerebral artery with no obvious evidence of any
gross damage to underlying subcortical matter. As shown in the Table, no significant
difference was found in infarct volume among the 6 different treatment groups (F5,46=0.872,
P=0.5).

Skilled Forelimb Function Analysis
The 6 experimental groups described in the Table were tested on the skilled forelimb
reaching test and ladder rung walk test as described in “Methods.” It should be stressed that
for both behavioral tests, the data reflect performance of the preferred (ie, affected) forelimb
only.

Skilled Forelimb Reaching—On Postoperative Day 2, before administering any drug or
focused activity sessions, reaching performance in all groups showed a marked deficit
resulting in a mean success of 2 to 4 pellets/20 attempts with no significant difference
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among groups (F5,49=0.684, P=0.64). Figure 1A shows that reaching performance improved
to some extent in all groups over the course of 8 weeks. A one-way repeated-measures
ANOVA across groups demonstrated a treatment effect (F5,391=10.64, P=0.001). Post hoc
analysis showed that overall reaching performance in rats receiving short-term AMPH
combined with enriched housing plus focused activity sessions (AMPH/ ENR+FA) was
significantly better than all other groups (P<0.05). The only other significant difference was
that overall reaching performance in vehicle-treated animals receiving either enriched
housing plus focused activity (VEH/ ENR+FA) or just enriched housing (VEH/ENR) was
significantly better than vehicle-treated animals in control housing (VEH/CON; P<0.05).

To determine whether full recovery had occurred, forelimb performance at 8 weeks was
statistically compared with preoperative performance (Figure 1B). Two-way ANOVA
revealed a significant treatment effect (F5,49=2.95, P=0.021), time effect (F1,49=80.69,
P<0.001), and treatment × time interaction (F5,49=4.07, P=0.004). Post hoc comparison
revealed that performance at experimental end point (8 weeks postoperatively) in all groups
except AMPH/ENR+FA was significantly lower than preoperative performance (P<0.001).
At end point, the AMPH/ENR+FA group achieved a score of 15.9 ± 0.9 pellets that was not
significantly different from preoperative performance (P=0.57). Post hoc comparison of
treatment effect at end point revealed that performance in the AMPH/ENR+FA group was
significantly better than all other groups (P<0.05). As would be expected based on previous
literature, the end point performance of animals receiving vehicle and enriched environment
plus focused activity (VEH/ENR+FA) was significantly better than their controls (VEH/
CON) despite the fact that improvement did not reach the level of AMPH/ENR+FA.

Ladder Rung Walk—On Postoperative Day 2, all groups showed a marked deficit in
accurate placement of the contralesional forelimb, resulting in a mean of approximately 4
errors/10 steps across all groups with no significant difference (F5,49=1.15, P=0.35). Figure
2A shows that, similar to reaching performance, ladder walk performance improved to some
extent in all groups over 8 weeks. One-way repeated-measures ANOVA demonstrated a
treatment effect (F5,389=40.78, P<0.001) with post hoc analysis revealing a number of
statistical differences among groups. Importantly, overall performance in the AMPH/ ENR
+FA group was significantly better than any other group (P<0.001 for all comparisons).
Unlike the results for the reaching task, overall ladder walk performance of animals housed
in an enriched environment alone without focused activity was significantly better than their
respective housing controls (ie, VEH/ENR+VEH/CON, P=0.015 and AMPH/ ENR>AMPH/
CON, P<0.001). However, the addition of focused activity to vehicle-treated animals in
enriched housing (VEH/ENR+FA) did not further improve ladder walk performance as
compared with VEH/ENR (P=0.23).

A 2-way ANOVA comparing end point (8-week) performance versus preoperative
performance revealed a significant treatment effect (F5,49=3.74, P=0.006), time effect
(F1,49=67.86, P<0.001), and treatment × time interaction (F5,49=5.47, P<0.001). Post hoc
analysis revealed that by 8 weeks, only the AMPH/ENR and AMPH/ENR+FA groups
returned to ladder walk performance that was not significantly different from preoperative
performance (P=0.087 and 0.640, respectively), whereas performance in all other groups
remained significantly lower (P<0.001). Post hoc comparison of treatment effect at end
point revealed that performance in the AMPH/ENR+FA group was significantly better than
all other groups (P<0.01) with the exception of AMPH/ENR, which bordered on
significance(P=0.05). Unlike results in forelimb reaching, the end point performance of
animals receiving vehicle and enriched environment plus focused activity (VEH/ENR+FA)
was not significantly better than their controls (VEH/CON; P=0.245).
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Neuroanatomical Plasticity After Middle Cerebral Artery Occlusion and Treatment
The significant forelimb functional recovery observed in the AMPH/ENR+FA group led us
to investigate neuroanatomical changes of corticoefferent pathways originating in the
contralesional forelimb sensorimotor cortex to the red nucleus and cervical spinal cord as
depicted schematically in Figures 3A and 4A, respectively. Cortical projections to the
ipsilateral red nucleus (Figure 3B) and contralateral cervical spinal cord (Figure 4B) in
animals receiving MCAO followed by vehicle and control condition showed the typical
topographical innervation pattern with only a few fibers crossing the midline and
terminating within the deafferentated red nucleus and spinal cord. After AMPH/ENR+FA,
an increase of midline crossing fibers was seen at the level of the red nucleus (Figure 3C)
and cervical spinal cord (Figure 4C). Midline crossing at the level of the red nucleus
increased significantly by 2-fold (P<0.01; Figure 3D) and at the cervical spinal cord
midline-crossing fibers increased by 4-fold (P<0.01; Figure 4D). The degree of fiber
crossing at the red nucleus (Figure 3E–F) and the cervical spinal cord (Figure 4E–F)
correlated significantly with improved reaching and ladder rung walk performance 8 weeks
after MCAO (Pearson r, P<0.05).

Discussion
In the present study, we demonstrated that the level of physical activity profoundly affects
the efficacy of short-term AMPH in improving motor outcome and for inducing axonal
growth after stroke. The latter observation is significant because direct evidence of
amphetamine-induced axonal growth and reinnervation of motor areas suggests that lasting
anatomical changes can be achieved with short-term treatment. Only when paired with
focused activity and an enriched environment did AMPH induce motor recovery to
preoperative performance and elicit measurable axonal outgrowth. By comparison, AMPH
alone or various rehabilitation strategies alone induced a significant but limited level of
improvement over control animals.

Despite numerous preclinical studies that demonstrate the motor recovery-enhancing effects
of AMPH after brain damage, the rehabilitation efficacy of AMPH in treating stroke in
humans remains unclear.15 The duration of AMPH administration appears to be an
important variable in that limited AMPH treatment is likely to yield negative results, but the
reported trend toward cardiovascular side effects caused by AMPH seen in clinical studies
suggest the need for caution.15 For these reasons, we chose to focus on using a restricted
AMPH regimen (Postoperative Days 2, 5, and 8) to determine how different levels of
“rehabilitation” (ie, enriched environment alone or enriched environment with focused
activity sessions) might modify the effects AMPH. An enriched environment in an
experimental setting is defined as “a combination of complex inanimate and social
stimulation.”29 In this context, we provided toys and group-housed animals in larger cages,
but animals were left to interact spontaneously. Focused activity sessions took the form of
climbing activities that had similar forelimb motor-specific requirements as the motor tasks
being assessed (ie, grasping, grip strength, placement, and coordination). Superimposing
focused activity sessions on this environment was designed to provide more intensive motor
practice but in a manner distinct from the actual motor testing procedure. To avoid the
potential confounds of AMPH influencing performance in the behavioral motor assessment
tasks, we administered AMPH after behavioral test sessions but paired closely in time (ie, 10
minutes before) to the focused activity sessions. Under these conditions, AMPH paired with
focused activity led to a full recovery to preoperative baseline performance in both motor
tests. Because our analysis only included data from the preferred or “affected” forelimb, this
recovery cannot be attributed to increased use of the nonaffected (ie, ipsilesional) forelimb.
However, it should be noted that compensatory behavioral adaptations have been shown to
contribute to improvement in motor performance after stroke.30 Moreover, studies have
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shown that ipsilesional forelimb function can either be enhanced or diminished, possibly
depending on lesion size, in a manner that can affect motor performance.31,32 It would be
interesting to determine how AMPH affects neurobiological mechanisms related to the
nonaffected hemisphere.

The administration of AMPH to animals housed in the enriched environment alone (ie, not
receiving additional focused activity) had no effect on motor performance as compared with
vehicle-treated animals housed under enriched conditions. This latter finding is consistent
with the recent study of Alaverdashvili et al33 in which amphetamines administered to rats
in an enriched environment had no effect on skilled reaching performance after ischemic
cortical damage. However, it must be considered that the D-methamphetamine used in the
latter study is a somewhat less potent releaser of norepinephrine as compared with D-
amphetamine sulfate.24 This difference may be important given that noradrenergic
mechanisms have been implicated in facilitating motor improvement after brain damage
(discussed subsequently).

It could be argued that our form of enriched environment was sufficiently different from
what has been used in previous studies and therefore failed to engage the necessary
mechanisms to allow for improved motor function. This seems unlikely because we
observed a partial improvement in skilled reaching (but not ladder rung walk) in vehicle-
treated animals housed in an enriched environment that was similar in extent to what has
been previously reported (approximately 70%).20,22,23 Interestingly, adding focused activity
sessions to animals in an enriched environment did not result in further motor improvement.
Taken together, these data emphasize the importance of the physical rehabilitation strategy
used in our study and suggest that focused physical therapy is needed to realize the
therapeutic benefits of AMPH.

The observation that only 3 pairings of AMPH and focused activity were required to retain
long-term benefits suggests that clinical rehabilitation strategies can restrict the use of
AMPH and thereby reduce the propensity for cardiovascular side effects. It is difficult to
directly compare the dose of D-amphetamine sulfate used in the present study (2 mg/kg
based on salt weight) with what has been used in humans because of the rapid distribution
and elimination of AMPH in the rat (T1/2=45 minutes)34 compared with that seen in patients
with stroke (T1/2=14 hour).35 However, the current dose is representative of what has been
used in previous experimental studies.3 The finding of long-term benefit after short-term
exposure is consistent with the knowledge that short-term administration of AMPH induces
profound and persistent changes in intracellular signaling, gene transcription as well as
altered synaptic morphology.18,19,36 The mechanisms involved in this plasticity may include
an up-regulation in growth factors such as basic fibroblast growth factor. Basic fibroblast
growth factor is a potent neurotrophic factor that has been shown to enhance recovery of
motor function after ischemic brain damage, presumably by contributing to
synaptogenesis.37–42 After brain damage, basic fibro-blast growth factor expression shows a
persistent increase that can last for weeks43,44 and which can be localized to both neuronal
and astrocyte populations.45,46 In addition, antibody neutralization of basic fibroblast growth
factor leads to impaired motor recovery after brain damage.42 Basic fibro-blast growth
factor has also been implicated in mediating AMPH-induced neural and behavioral
plasticity.47,48 Interestingly, AMPH induces a persistent increase in basic fibroblast growth
factor that lasts for at least 1 month after a similar protocol of 3 injections.47 The
histological processing of tissue necessary for the current study precluded a quantitative
analysis of cortical basic fibroblast growth factor levels by immunoblotting or
immunoassay. Although the neurobiological mechanisms underlying AMPH-induced
recovery are unclear, the pharmacological mechanisms appear to involve noradrenergic and/
or dopaminergic transmission. Goldstein and Bullman49 demonstrated that 6-
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hydroxydopamine-induced lesion of the medial forebrain bundle in the contralesional
hemisphere before an aspiration lesion blocked AMPH-enhanced recovery on beam
walking. Additional experimental studies have demonstrated that intracerebral
administration of norepinephrine improves, and noradrenergic antagonists impair, motor
recovery after brain damage.50,51 Studies are currently underway to further delineate the
pharmacological and neurobiological mechanisms involved in mediating the effects of
AMPH on neurite outgrowth in vitro and axonal growth in vivo.

Although a causative relationship was not established, the present study demonstrated that
increased corticoefferent sprouting from the contralesional cortex to denervated subcortical
motor areas is associated with motor improvement. Despite the inherent complexities in
relating neural plasticity to skilled motor behavior addressed by Whishaw et al,52 numerous
studies have shown that axonal outgrowth from the opposite cortex can occur and contribute
to motor recovery. In neonatal rats incurring unilateral sensorimotor cortical lesions, the
contralesional sensorimotor cortex sends new corticoefferent projections to subcortical
motor areas, including the striatum,53 thalamus,54 red nucleus,55,56 basilar pontine
nuclei,57,58 and spinal cord.59,60 Further preclinical studies suggest that these new neuronal
connections are responsible for improved functional recovery after neonatal brain
injury.61–63 Likewise, our past work has shown that suppression of the actions of neurite
growth inhibitors can markedly enhance functional recovery and axonal outgrowth from the
contralesional hemisphere after experimental stroke or cortical aspiration lesions.25,26,64

More recently, we have shown corticoefferent sprouting from the contralesional cortex to
the denervated pontine nuclei that was associated with motor recovery after AMPH
treatment combined with rehabilitation after an aspiration lesion.3 In the adult brain,
neuronal growth and reorganization after injury also occurs and rehabilitation is believed to
contribute to this process.65–67 However, spontaneous redirection of major corticoefferent
pathways has not been seen.

Taken together, the present findings suggest that short-term administration of amphetamine,
when paired with sufficiently focused physical therapy, is a valuable treatment strategy for
long-term motor recovery after ischemic stroke. However, care should be taken when
extrapolating our results in animals to the design of patient clinical trials. Our data also
extend previous biochemical findings by implicating axonal outgrowth from the
contralesional cortex as a mechanism for recovery. The recovery of function after AMPH
treatment likely relies on the ability of AMPH to activate mechanisms associated with the
formation of new motor pathways and support the hypothesis that the addition of focused
activity “targets” these new connections toward improvement of motor function.68 Studies
are underway to delineate the pharmacological and neurobiological mechanisms involved.
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Figure 1.
Skilled forelimb reaching performance after MCAO recovers to preoperative performance
after AMPH/ENR+FA. A, Time course—all animals enrolled in the study achieved the
preoperative criteria of an average of 16 successes in 20 attempts for 3 days before surgery.
At Day 2 postoperatively, before any treatment, the mean deficit in reaching was not
significantly different among groups (F5,49=0.684, P=0.64). AMPH/ENR+FA produced a
significant overall enhancement in reaching performance compared with all other groups
(*P<0.05, one-way repeated-measures ANOVA followed by Student-Newman-Keuls).
VEH/ENR and VEH/ENR+FA were also significantly better than VEH/CON (#P<0.05,
Student-Newman-Keuls). B, End point analysis—at 8 weeks after MCAO, reaching
performance in AMPH/ENR+FA was significantly better than all other groups (*P<0.05, 2-
way ANOVA followed by Student-Newman-Keuls). A 2-way repeated-measures ANOVA
indicated that all groups except AMPH/ENR+FA-treated animals still displayed significant
deficits in reaching when compared with preoperative performance (+P<0.001, Student-
Newman-Keuls), which demonstrates that only AMPH/ENR+FA induced a recovery to
baseline performance in the forelimb reaching task. Data represent the mean ± SEM for the
indicated number of animals/group.
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Figure 2.
Ladder rung walking performance after MCAO recovers to preoperative performance after
AMPH/ENR+FA. A, Time course—At Day 2 postoperatively, before any treatment, the
mean deficit in skilled forelimb placement was not significantly different among groups
(F5,49=1.15, P=0.35). AMPH/ENR+FA produced a significant overall enhancement in
ladder walk performance compared with all other groups (*P<0.001, one-way repeated-
measures ANOVA followed by Student-Newman-Keuls). B, End point analysis—at 8 weeks
after MCAO, ladder walk performance in AMPH/ENR+FA was significantly better than all
other groups (*P<0.05, 2-way ANOVA followed by Student-Newman-Keuls) with the
exception of AMPH/ENR (P<0.05). A 2-way repeated-measures ANOVA indicated that
only animals receiving AMPH/ENR or AMPH/ENR+FA achieved end point performance
that was not different from preoperative levels, whereas all other groups still displayed
significant deficits when compared with preoperative performance (+P<0.05, Student-
Newman-Keuls). Data represent the mean ± SEM for the indicated number of animals/
group.
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Figure 3.
AMPH/ENR+FA treatment after MCAO enhances corticorubral plasticity that correlates
with impaired forelimb function. A, Scheme of the new projection from the intact primary
motor cortex to the contralateral (dashed lines) red nucleus. The antero-grade tracer BDA
was injected into the contralesional sensorimotor cortex. B, Corticorubral projection after
MCAO in a VEH/CON animal shows scarce BDA-positive fibers crossing the midline
(dashed line) to the denervated side (right). C, AMPH/ENR+FA induced many midline
BDA-positive crossing fibers and an increased innervation pattern to the side denervated by
the lesion (right). D, Quantification of midline-crossing fibers in the area of the red nucleus
normalized to the total labeled cerebral peduncle fibers (to correct for differences in the
tracing). **P<0.01; one-way ANOVA. Midline-crossing fibers at the level of the red nucleus
was plotted against performance in the forelimb reaching task (E) and ladder rung walk (F)
at 8 weeks. Linear regression analysis showed a significant correlation of corticorubral fiber
crossing and forelimb function. RN, red nucleus. Scale bars in (B) and (C)=50 μm. Error
bars indicate SE.
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Figure 4.
AMPH/ENR+FA treatment after MCAO enhances corticospinal plasticity that correlates
with improved forelimb function. A, Scheme of the new projection from the intact
corticospinal tract to the contralateral (dashed lines) spinal cord at the level of the cervical
enlargement. All fibers crossing the midline were counted and normalized to the cerebral
peduncle. B, Corticospinal projection after MCAO in a VEH/CON animal shows scarce
BDA-positive fibers crossing the midline to the denervated spinal cord. C, AMPH/ ENR
+FA treatment induced many midline BDA-positive crossing fibers (arrows). D,
Quantification of BDA-positive midline-crossing fibers shows a significant difference
between the AMPH/ENR+FA treated group compared with the control groups. **P<0.01;
one-way ANOVA. Midline-crossing fibers at the level of the cervical enlargement was
plotted against performance in the forelimb reaching task (E) and ladder rung walk (F).
Linear regression analysis showed a significant correlation of corticospinal fiber crossing
and forelimb function. Scale bars in (B) and (C)=100 μm. Error bars indicate SE.
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Table 1

Lesion Analysis Among Treatment Groups

Group (n) Drug/Housing+Activity Conditions

Stroke Volume (% of
Contralesional

Hemisphere Volume)

VEH/CON (9) Vehicle-treated animals singly housed under control conditions; no activity sessions 8.75±1.46

AMPH/CON (7) AMPH-treated animals singly housed under control conditions; no activity sessions 8.68±2.06

VEH/ENR (6) Vehicle-treated animals group-housed in enriched environment; no activity sessions 10.29±1.98

AMPH/ENR (8) AMPH-treated animals group-housed in enriched environment; no activity sessions 12.36±1.68

VEH/ENR+FA (11) Vehicle-treated animals group-housed in enriched environment; plus focused activity
sessions

11.64±1.82

AMPH/ENR+FA (11) AMPH-treated animals group-housed in enriched environment; plus focused activity
sessions

9.21±1.15

After training, animals were subjected to MCAO and distributed among the different treatment groups depicted. Details of drug treatment, housing,
and activity conditions are described in more detail in “Methods.” After 8 weeks of behavioral testing, animals were microinjected with BDA and
euthanized 2 weeks later for histological analysis. No significant difference in lesion size among groups was observed (F5,46=0.872, P=0.5). Data

represent the mean ± SEM of the indicated number of animals per group.
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