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Abstract
Therapeutic strategies to promote recovery from stroke are now beginning to utilize current
knowledge of neural plasticity and the neuromodulatory role of physical rehabilitation. Current
interests are also focused on adjuvant therapies that may enhance plasticity associated with recovery
and rehabilitation. Amphetamine was one of the earliest pharmacological interventions and continues
to show promising results as an adjuvant treatment for recovery of function in pre-clinical animal
studies. This drug is a potent modulator of neurological function and cortical excitation, acting
primarily through norepinephrine and dopamine mechanisms to enhance arousal and attention, and
thus, to facilitate learning of motor skills. Although the results from the pre-clinical studies have
been primarily positive, they have not translated well to clinical trials, which have yielded mixed
results. This review addresses some of the conflicting evidence from pre-clinical studies conducted
between 1982 and 2008 in order to better understand how to optimize the clinical application of
amphetamine as an adjuvant therapy for stroke recovery. Among many of the factors that relate to
differences in outcome, it is likely that both amphetamine dose and the timing of the intervention
with respect to the time of injury affected the outcome.
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1. Introduction
The benefit of behavioral experience after acquired cerebral injuries (stroke, traumatic brain
injury) has gained broad acceptance. A recent multi-center clinical trial has demonstrated that
significant improvement in motor performance can be achieved in chronic stroke survivors by
increased use of the impaired limb for two weeks [46]. To enhance recovery further, basic and
clinical scientists have long been interested in the use of various pharmacological agents that
might interact with the use-dependent properties of physiotherapy on brain plasticity
mechanisms, and thus, potentially result in even greater behavioral benefits. Many pre-clinical
and clinical studies over the past 25 years have focused on the psychostimulant
dextroamphetamine (d-amphetamine), which is known to increase levels of norepinephrine,
serotonin and dopamine in the brain. While the majority of animal studies of brain injury and
recovery have reported substantial benefits on motor and cognitive performance, especially
when d-amphetamine is combined with behavioral treatment, the results of clinical trials have
been mixed. In an effort to understand why this promising treatment approach has, so far, failed
to translate effectively from animal to human studies, we highlight some of the main preclinical
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findings, with emphasis on differences that might yield clues to understanding the results in
human stroke trials.

2. Neuromodulation of cortical activity by d-amphetamine
In the central nervous system, d-amphetamine stimulates the release of the catecholamines
norepinephrine, dopamine and to a lesser extent, serotonin, from nerve terminals. The stimulant
effects of releasing these neurotransmitters is further enhanced by the properties of
amphetamine that block reuptake while inhibiting the actions of monoamine oxidase from
degrading intracellular accumulation of neurotransmitters. Release of these neurotransmitters
has a neuromodulating effect upon motivational and cognitive systems within the brain. The
major axonal pathways transporting norepinephrine, dopamine and serotonin ascend from
brain stem nuclei (locus coeruleus, the substantia nigra pars compacta and ventral tegmental
areas, and raphe nucleus respectively) and modulate cortical excitability relative to
motivational states and attentional processes and thus underlie adaptive interaction with the
environment. The neuromodulatory effects of these neurotransmitters are thought to function
as learning signals [19] responsible for establishing new responses to environmental shifts in
behavioral contingencies. In this way amphetamine can have a profound neuromodulatory
effect upon behavior due to its amplification of catacholaminergic activity.

3. Pre-clinical studies showing positive outcomes with d-amphetamine after
cerebral injury

Early interest in using psychostimulants such as amphetamine to promote recovery after brain
injury began in earnest in the 1980’s in Dennis Feeney’s laboratory with a seminal paper in
which hemiplegic rats were treated with d-amphetamine paired with training on a locomotor
task to restore coordinated motor function on a beam-walking task [10]. Injuries were produced
by unilateral suction ablation of the somatic sensorimotor cortex. The results from this study
indicated that a single dose of d-amphetamine given 24 hr after the injury enhanced the
therapeutic effects of behavioral training to restore locomotor skills (Fig. 1). The behavioral
improvement was blocked if the animals were restrained, or if d-amphetamine was followed
by an injection of the catecholamine antagonist, haloperidol.

Unlike most human rehabilitation trials in which an independent primary outcome measure is
used to determine treatment effects, in the Feeney et al. study, and in most pre-clinical studies
in animals, the same task that is used for behavioral treatment is also used to track the
performance of the animals over time. While the rationale for employing this strategy in animal
studies is primarily practical, this issue should be kept in mind when evaluating the translational
value of animal studies for predicting outcomes in human trials.

In this, and many subsequent studies of the interactive effects of d-amphetamine and behavioral
experience, assessment of recovery was based on behavioral performance both during the
period of acute amphetamine intoxication, and during subsequent time periods. In other studies,
behavioral performance was determined in a pre-drug period, and then tracked for several hours
after the administration of the drug. Since the half-life of d-amphetamine is approximately 12
hr, not only is it important to provide behavioral experience within several hours of drug
administration, but it is equally important to understand the chronic effects of the drug/behavior
treatment beyond the 12 hour window. Effects that wane soon after drug intoxication are not
as relevant for translating to clinical treatment in human populations. Thus, in the review of
the studies that follow, we indicate the time period over which the assessments were made,
and emphasize behavioral changes that outlast the injection of the drug by at least 24 hr (Table
1). In the case of the Feeney et al. study, locomotor performance was tracked for 15–29 days

Barbay and Nudo Page 2

NeuroRehabilitation. Author manuscript; available in PMC 2010 October 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



after treatment, or up to 30 days after the lesion, and the amphetamine treated group maintained
superior performance throughout the follow-up period.

In contrast, in another early study by Feeney and Hovda, tactile placing (sometimes called
forelimb-forelimb placing) was examined in cats after motor cortex ablations [11]. D,l-
Amphetamine (racemic mixture) was given on days 4, 9, 15 and 30 post-lesion. Tactile placing
was restored within several minutes after the injection, and the improved performance persisted
for at least 12 hr. However, improvements were not evident during the pre-treatment testing
on each of the treatment days, and the restoration of tactile placing waned by 24 hr after
treatment. Thus, at least in this study, the therapeutic effects of amphetamine were only
demonstrated during the period of intoxication.

Subsequent studies extended the general findings of an interactive effect of d-amphetamine
and behavioral experience in cats, rats and monkeys, and in the recovery of perceptual and
cognitive, in addition to motor function (see Table 1). These studies also demonstrated that the
therapeutic effects of d-amphetamine could be enduring, as long as 56 days post-lesion [38].
A common finding from these papers is that restoration of function appears to be dose-
dependent (multiple doses yield better results) and symptom-related experience in conjunction
with the drug is beneficial. A study by Goldstein and Davis [15] indicated that amphetamine
alone can have a restorative effect on locomotor skills, but to a lesser extent then when paired
with symptom-specific training, implying that there is an additive effect of pairing
amphetamine with training.

In early studies, the assumption was that amphetamine restored function by improving
metabolic activity in the CNS, thus releasing neurons from remote functional depression
associated with brain injury. This explanation for recovery of function has been referred to as
resolution of diaschisis and is traditionally associated with spontaneous recovery of function
[9]. According to this hypothesis, cerebral injury is associated with both primary and secondary
deficits. The primary deficit is associated directly with the site of injury and the secondary
deficits are due to suppressed neural activity in otherwise potentially viable areas of the CNS
that are functionally related to the primary site of injury. Recovery from cortical injury can be
due to a restoration of function to these secondary areas that can occur “spontaneously” or be
therapeutically enhanced [22,43].

More recent attempts to explain the effects of d-amphetamine on recovery of function have
focused upon neuroanatomical reorganization. Anatomical plasticity had been demonstrated
in neocortex following a unilateral infarct in rats [25,26,41]; therefore, it was thought that d-
amphetamine could facilitate recovery by enhancing this phenomenon. In one of the first
demonstrations of amphetamine-enhanced plasticity, Stroemer et al. made unilateral distal
middle cerebral artery (MCA) occlusions in rats, affecting the sensorimotor cortex while
sparing subcortical regions. Skilled locomotion and cognitive processing were assessed. The
behavioral results showed that multiple injections of d-amphetamine paired with training on a
grid-walking task facilitated recovery of skilled forelimb use. A single pairing of d-
amphetamine and spatial training on the Morris water maze task did not facilitate recovery.
However, d-amphetamine treated rats were able to maintain recovery of spatial memory at two
months following training, whereas the saline treated rats did not [42].

The most novel finding in the Stroemer et al. study was that d-amphetamine paired with training
enhanced expression of GAP-43 and synaptophysin in both the intact and damaged
hemispheres, presumably indicative of synaptogenesis and axonal sprouting. A later study
[35] provided more direct evidence of amphetamine-induced axonal sprouting using the
anterograde tracer biotinylated dexran amine (BDA). In this study, rats received a unilateral
aspiration lesion to remove sensorimotor cortex corresponding to the forelimb motor areas.
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Motor performance was assessed with a pellet retrieval task and a ladder-walking task. Post-
infarct training consisted of placing rats in an enriched environment designed to engage rats
in the skilled use of the forelimbs such as climbing a vertical rope, an inclined ladder and a
vertically oriented, cylindrical wire grid. The results showed that d-amphetamine paired with
environmental enrichment significantly improved skilled forelimb use compared to training
alone, amphetamine alone and non-treated rats. However, amphetamine treatment not paired
with training also had a significant effect. All treatment groups showed some axonal sprouting
from the intact sensorimotor cortex to the deafferented bulbar region of the brainstem. The
joint treatment of d-amphetamine paired with training resulted in significantly more BDA
labeled corticobulbar fibers crossing midline. A later study [33] extended these findings using
an MCAo stroke model, demonstrating a significant increase in axonal sprouting from the intact
cortex to the denervated red nucleus and cervical spinal cord.

Pellet retrieval tasks to assess sensorimotor cortex damage have become more common in
recent studies in rats and monkeys [1,2,4,13,35]. The popularity of such tasks stems from the
reliability of the performance measures, the sensitivity of the task after even relatively small
cortical lesions, and, depending upon the size of the lesion, the ability to detect deficits weeks
after the injury. Benefits from combined treatment with amphetamine and pellet retrieval
training have been demonstrated up to eight weeks post-treatment in rats [33] and nine weeks
post-treatment in monkeys [4].

4. Pre-clinical studies with negative outcomes
While the positive results of these preclinical studies have received considerable attention, a
quick scan of Table 1 reveals that d-amphetamine has not always been beneficial in animal
studies after injury. As discussed above, some of these negative findings occurred when
animals were tested after the period of amphetamine intoxication, demonstrating only a
transient benefit [11]. In a more recent study by Alaverdashvili et al. in rats given pial strip
lesions followed by amphetamine treatment, training facilitated recovery for all rats, but there
was no benefit to coupling training with d-amphetamine at either the acute or chronic periods
[2]. Also, even though there were no differences between d-amphetamine treated and non-
treated rats at the end of training, amphetamine slowed the rate of recovery on a pellet retrieval
task. The only benefit observed with amphetamine was that it facilitated certain non-reaching
movements, such as locomotion, rearing and turning.

There were a few design idiosyncracies in the Alaverdashvili study that may account for
differences in outcome. The amphetamine used was d-methamphetamine. While d-
methamphetamine and d-amphetamine are pharmacologically similar, d-amphetamine may be
a more potent stimulant of locomotor activity, and more potent than methamphetamine for
enhanced working memory [40]. In addition, the drug was delivered orally, administered to
the rats in food. Differences in behavioral activation between d-amphetamine and
methamphetamine may depend upon the route of administration since methamphetamine is
metabolized into amphetamine with peripheral administration (oral or intraperitoneal) which
can alter interpretation of dose/behavior relationships [31]. Finally, female rats were used in
this experiment. In fact, this is the only study to date using combined amphetamine-behavioral
experience treatment that examined female rats. The rationale for the use of female rats in this
study was based upon evidence suggesting that d-amphetamine metabolism in humans is more
similar to that seen in female rats compared to male rats [30].

Some studies have found that the beneficial effect of combining amphetamine and
rehabilitative training after brain injury is task-specific. Gilmour et al. [13] found positive
outcomes pairing amphetamine with pellet retrieval training but did not find any benefit when
pairing amphetamine with a grid-walking task. Schmanke et al. [39] also found negative results
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when pairing amphetamine with a grid-walking task even though the combined treatment
facilitated recovery on a beam-walking task. These authors speculated that amphetamine could
have interfered with training by increasing locomotion and impulsive placement of the forelimb
while traversing the grid, which is counterproductive to developing adaptive motor skills
necessary to make coordinated placements of the forelimbs to avoid missteps. These results
differ from previous studies showing that pairing amphetamine and grid-walking facilitated
recovery on the grid-walking task [42].

In a recent experiment amphetamine was found to be beneficial as the sole treatment, but not
when paired with post-infarct training. Rasmussen et al. [36], treated rats with d-amphetamine
after an embolic MCAo that resulted in unilateral cortical and subcortical damage. Drug
treatment transiently facilitated recovery on a cognitive task, but not when paired with training.
On a pellet retrieval task, only post-operative training significantly improved recovery;
amphetamine attenuated the benefits of post-infarct training when both treatments were
coupled. Amphetamine reduced the number of errors on a T-maze task when given alone (first
post-training day only). All rats recovered by post-infarct day 24 (4th day of assessment). The
failure of rats to benefit from training only and training paired with amphetamine was attributed
to the severity of the infarct during the first week of recovery and to the effects associated with
the 3.5 mg/kg amphetamine dose. Rats treated with amphetamine were reported to be
constantly engaged in stereotypic behavior. The authors also point out that amphetamine
intoxication interfered with pellet retrieval. Saline treated rats were able to retrieve and eat
pellets during the post-infarct training whereas the amphetamine treated rats ate no more than
one pellet. Therefore, the amphetamine treated rats were not able to participate adequately in
pellet retrieval training.

No single factor can be easily discerned to explain the differences in preclinical results, as these
studies varied in several aspects, including dosing regimen, number and type of behavioral
tasks employed and lesion model. Table 2 summarizes the positive and negative effects on
various behavioral tasks in preclinical studies of amphetamine. In general, results have been
most consistent using the beam-walking task. Ten of 11 studies employing this task have shown
a positive benefit of pairing d-amphetamine and experience on the task. Pellet retrieval (5/6
positive studies), performance on the visual cliff (3/3 positive studies), ladder walking (2/3
positive studies), vibrissae-forelimb placing (2/3 positive studies) and tactile placing (4/6
positive studies) have also been reasonably consistent.

5. Designing preclinical studies combining d-amphetamine with behavioral
experience: Factors important for translation to clinical trials
5.1. Summary of clinical findings to date

Since the majority of animal studies have demonstrated positive outcomes on both motor and
cognitive assessments when d-amphetamine is combined with behavioral experience, there has
been considerable interest in determining whether amphetamine can be used safely and
effectively in humans after stroke. A recent Cochrane review of amphetamines for improving
recovery after stroke summarized the results of 10 randomized trials involving 287 stroke
survivors from papers published through 2006 [28]. In six of these studies, drug administration
was followed by rehabilitation within 180 minutes, or within the period of amphetamine
intoxication. The main results were that amphetamine: 1) did not reduce death or dependence,
2) increased systolic and diastolic blood pressure, as well as heart rate, and 3) resulted in a
better relative change in motor function from baseline to last follow up. The latter result was
based on six studies with 176 patients. Also, amphetamine was associated with better language
function at follow-up based on one study with 20 patients.
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However, examining the Fugl-Meyer assessment of motor performance, the raw scores at
follow-up were not better in amphetamine-treated patients. Also, amphetamine was not
associated with better activities of daily living scores, depression grade or neurological function
at follow-up, nor were relative change scores significant. Thus, the results with amphetamine
after stroke are somewhat equivocal. The authors’ conclusion was that too few patients have
yet been studied to draw firm conclusions regarding amphetamine and recovery after stroke.

5.2. Time of drug administration
Pre-clinical studies vary greatly in the precise drug administration protocol, especially with
respect to time of administration after injury. Figure 2 illustrates that in 40% of the published
animal studies, amphetamine was administered within 24 hr after injury. While this time point
has been useful to demonstrate proof-of-principle and to investigate the mechanisms
underlying the effects of amphetamine after injury, it is not optimal for translation to clinical
trials. Nonetheless, the majority of animal studies that have begun administration in later phases
of the acute post-injury period (24 hr to one week) as well as the subacute period (one week
to 3–4 mos) have demonstrated positive behavioral outcomes (Table 1).

One of the difficulties in administering amphetamine at later time points in animal models,
especially in rats, is that substantial spontaneous recovery occurs using the typically employed
injury paradigms. Control animals are often fully recovered by 3–4 weeks after injury. Either
more extensive lesion models, more sensitive behavioral assays, or both, are needed in the
future to determine if there is a sensitive period for the administration of d-amphetamine after
injury.

Figure 2 also illustrates the distribution of average time of first drug administration in published
clinical trials included in the 2007 Cochrane review [28]. Though relatively few studies are
represented, the distribution is decidedly later compared with animal studies. Very few clinical
studies have employed amphetamine administration within the acute time window (<7 days
post-stroke), primarily because of autonomic effects. It is possible that administration of
amphetamine at later time points after stroke is not as effective, since 2 of 3 studies with average
first administration later than one week post-stroke were negative, while 2 of 2 studies with
first administration within one week post-stroke were positive. It should be noted though, that
in the Gladstone, 2006 study [14], the largest such trial combining amphetamine and physical
therapy to date (71 stroke survivors), therapy was begun an average of eight days after stroke,
and yet there was negligible effect of the treatment on motor performance scores in the entire
cohort. There was a trend toward better recovery in the moderately impaired stroke cohort,
compared with the severely impaired cohort, but this trend was not significant. As Martinsson
et al. [28] point out, the clinical sample is still too small to draw definitive conclusions at this
point.

5.3. Time from amphetamine administration until training
With the exception of a few early studies in cats in which amphetamine administration was
followed by behavioral training 3 hrs later, in the vast majority of preclinical studies, the time
from drug administration to behavioral training was one hour or less. However, only three of
the clinical trials have specified a drug treatment to rehabilitation time of one hr or less. While
this factor has not been systematically examined in preclinical studies, it may be important.
The pharmacokinetics of amphetamine using various routes of administration are now well-
known, but the time of optimal pairing with behavioral training has not been established.

5.4. Dose of amphetamine
In general, preclinical studies have demonstrated a dose-dependent effect of amphetamine-
behavioral pairings. That is, multiple dosing regimens appear to be superior to single dosing
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schedules. However, amphetamine can adversely affect behavior in a dose-dependent manner
resulting in hyper-locomotion which transitions into repetitive stereotypical behaviors as
dosages increase. This drug-induced behavioral activation has been shown to depend upon
increases in dopamine levels in the nucleus accumbens and caudate nucleus resulting in
increased locomotion and stereotypy respectively [8,27,32,37]. A systematic review of the
literature published by Grilly and Loveland in 2001 [18] characterized the behavioral effects
of d-amphetamine in rats at various doses from 55 studies. The common dose of d-amphetamine
that resulted in increased locomotion was between 0.4 and 1.0 mg/kg. Doses between 1.0 and
3.0 mg/kg resulted in an intense locomotion, and the beginnings of stereotypy. Doses greater
than 3.0 mg/kg induced intense stereotypy.

Large doses of amphetamine (≥3 mg/kg) administered after sensorimotor cortical ablations in
cats have been shown to transiently restore visual tactile placing [11,29], as well as promote a
more enduring recovery of tactile placing [22]. These effects are believed to be due to a
resolution of diaschisis by amphetamine temporarily reactivating functionally suppressed areas
of the brain allowing the tactile placing reflex [43]. However, when applying rehabilitative
behavioral training to achieve enduring functional recovery of more complex behaviors beyond
the time of amphetamine intoxication, caution should be taken to choose an appropriate dose
that will be psychoactive but not deleterious to task specific behaviors. Studies cited in Grilly
and Loveland’s review indicate that doses of d-amphetamine ranging from 1 to 3 mg/kg can
have deleterious effects upon certain behavioral and cognitive tasks. Therefore the quality of
the behavioral experience depends upon the drug/behavior interaction. Tasks that require more
attention and refined motor skills may be more vulnerable to the psychoactive effects of larger
doses of d-amphetamine.

The behavioral tests now commonly used for rehabilitative training and assessment are beam-
walking, grid-walking and pellet-retrieval tasks (Table 1). Dosing regimen has been shown to
have variable effects upon participation in these tasks, possibly affecting outcome. Beam-
walking has been successfully coupled with high doses of d-amphetamine in cats (5 mg/kg;
refs [13,30]) and rats (4 mg/kg [10]), but the common dose for rats has been 1 to 2.6 mg/kg
[5,16,17,34]. As tasks become more complex requiring more skill to complete, such as grid-
walking, higher doses seem to interfere. An example is the Schmanke et al. [39] study in which
2 mg/kg facilitated recovery from deficits on beam-walking task but not on the grid-walking
task. The authors speculated that amphetamine interfered with skilled placement of forelimb
on the grid-walking task based on proprioceptive feedback. This is more obvious in studies in
which amphetamine slowed recovery compared to training only. In both the Alaverdashvili
[2] study and the Brown [5] study post-infarct treatment with 1 mg/kg d-methamphetamine or
2 mg/kg d-amphetamine slowed rate of recovery. In the Adkins and Jones [1] study the
deleterious effect of amphetamine (1 mg/kg) is obvious on each post-infarct training day in
which amphetamine was paired with pellet retrieval training (performance dropped on each
day of adjuvant training and significantly improved on the following, drug free day).
Rasmussen et al. reported that 3.5 mg/kg d-amphetamine produced stereotypic behaviors that
interfered with rehabilitative training on both the cognitive T-maze task and the Montoya pellet
retrieval (stair case) task.

In a recent primate study [4], pilot data was used to not only determine an adequate dose to
allow participation in a pellet-retrieval task but a dose that was the least disruptive compared
to performance without drugs. Four doses of amphetamine within Grilly and Loveland’s [18]
range for “low dose” and “high dose” for rats and humans were selected for comparison in
normal squirrel monkeys. All four doses increased locomotion and head movements (Fig. 3).
The doses within the low range (0.25 mg/kg) and moderate range (0.50 mg/kg) were the least
disruptive to the pellet retrieval task and produced mild psychoactive drug effects (repetitive
head movements); doses in the high range (1.0 and 1.5 mg/kg) resulted in more intense head
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movements and significantly interfered with participation on the skilled reach task (Fig. 3).
The lowest dose of amphetamine (0.25 mg/kg) was chosen because it was demonstrated to be
psychoactive while producing the fewest effects on the pellet-retrieval task. Larger doses of
amphetamine may be more potent for enhanced metabolic activity promoting release from
diaschisis, but lower doses may be necessary to promote behavioral learning during
rehabilitation.

5.5. Study sample characteristics in preclinical studies: Sex and age
While female animals have been employed in some preclinical studies, there is a distinct bias
toward the use of male rats. This is one factor that requires further examination in establishing
translational links to human trials. Of the 31 preclinical studies reviewed here, seven used both
male and female animals (the six early studies in cats by Feeney and colleagues; one non-
human primate study). Two additional rodent studies used only female animals. While it is
generally accepted that the use of female animals will introduce greater variability in the results
of such studies (principally due to hormonal cycles), from the standpoint of translation of results
to human trials, the animal data clearly is biased with regard to sex of the animals. In the clinical
trials examined for the Cochrane review [28], both males and females were included, though
males generally outnumbered females.

In animal studies, age is usually not provided. However, many of the studies cited in Table 1
indicate that adult animals were used, or it can be assumed that the animals were adults based
on reported body weights. However, none of the preclinical studies reviewed here specifically
included aged animals. Two reasons for excluding aged animals are typically cited: cost and
morbidity. Aged animals often do not survive the anesthesia or the experimental surgical
procedures that are required for inducing cerebral injuries. However, given that stroke, in
particular, occurs more often in elderly populations (mean age in Cochrane review = 66,
ranging from 31 to 91 years), it is critical to understand whether the positive effects of
amphetamine in preclinical studies can be extended to aged animal populations.

5.6. Injury model
The relevance of various cerebral injury models for translation to human trials has long been
a subject of controversy. In one sense, preclinical studies often are designed to illustrate proof-
of-principle, and not necessarily mimic human conditions of stroke or traumatic brain injury.
Also, the demonstration that amphetamine paired with behavioral experience can accelerate
recovery across a variety of injury models provides further credence to the notion that this is
a very robust effect. However, it is clear that the majority of preclinical studies to date do not
replicate the conditions of acquired cerebral injuries in humans. Most importantly, the majority
of animal studies are restricted to cortical injury, while strokes in humans often result in injury
to subcortical structures (striatum, internal capsule, thalamus), either alone or in combination
with cortical injury. Very few preclinical studies have examined the effect of amphetamine on
the types of injuries that most often occur in human stroke.

6. Summary
It is clear from both preclinical and clinical studies that post-injury training is an important
element in promoting recovery. The quality of the post-injury experience is crucial to the rate
and extent of recovery. Amphetamine, when paired with behavioral experience, appears to
facilitate recovery in an additive or interactive way, at least in most preclinical and some clinical
studies. Neuromodulation of plasticity is helpful to enhance plasticity, creating a permissive
state for learning. This may especially be important after brain injuries that can cause reduction
in neuromodulatory catacholamines. Amphetamine may enhance neural signals to maximize
sensorimotor integration and maybe resolve issues of diaschisis and enable participation in
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symptom relevant experience. It would seem that successful pairing of psychostimulants with
behavioral training requires a delicate balance between achieving an adequate psychoactive
dose and one that does not severely interfere with cognitive or behavioral processes. Many
factors related to the optimal design of clinical trials pairing amphetamine and behavioral
experience, such as the timing of treatment relative to injury onset, and the timing, quality and
quantity of the behavioral experience have not yet been established. Animal models might yet
yield important information regarding the most important factors affecting motor and cognitive
outcomes, but close attention to study design, with an eye toward the eventual translation to
human populations, is important for future studies.
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Fig. 1.
Original results demonstrating an interactive effect of amphetamine administration and
behavioral experience. In male rats, motor cortex was aspirated unilaterally. Twenty-four hours
after surgery, animals were given amphetamine or saline. Each animal was evaluated on their
ability to traverse a narrow beam to escape white noise and bright light every hour for 6 hours
after drug administration. Subsequently, beam-walking was evaluated every other day for 15–
29 days. Left: Mean ratings of rat locomotion in amphetamine (triangles) and saline control
(circle) groups. In animals that experienced beam-walking during the 6 hours after drug
administration. Right: Mean ratings of rat locomotion in animals that were confined to small
cages to prevent locomotion during the first 8 hours after drug administration. All animals
eventually recovered on the task. However, animals that were given amphetamine followed by
the beam-walking experience demonstrated accelerated recovery that was maintained
throughout the recovery period. Animals given amphetamine, but restrained after drug
administration were identical to saline controls. Redrawn from [10].
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Fig. 2.
Time of administration of d-amphetamine after injury in pre-clinical and clinical studies. Pre-
clinical results are based on 31 studies, using a variety of species, injury models, and dosing
regimens (Table 1). Clinical results are based on 10 trials summarized in a recent Cochrane
review [28].
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Fig. 3.
Four experimentally-naïve squirrel monkeys were used to determine the psychostimulant effect
of four doses of d-amphetamine upon home cage activity. Experimental sessions were
separated by a minimum of one week after saline treatment and two weeks after d-amphetamine
treatment. (A) Cage activities (repetitive behavior and locomotion) were monitored during the
first hour following drug administration. (B) Motor skill performance was assessed during the
second hour using a reach and retrieval task that measured manual skill from a small food-well
(5 mm deep, 9.5 mm dia.) which requires restricted use of the digits. Each dose of amphetamine
produced a pschoactive effect; however doses within the high dose range (1.0 and 1.5 mg/kg)
produced more intense repetitive head movements and interfered with pellet retrieval (Kluver
board task).
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Table 2

Summary of positive and negative preclinical behavioral resultsa

Task # positive studies # negative studies

Beam Walking 10 1

Grid walking 1 3

Ladder Walking 2 1

Pellet Retrieval 5 1

Tactile placing 4 2

Visual cliff 3 0

Vibrissae-forelimb placing 2 1

a
Minimum of three studies employing same task.
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