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Enhancing Recovery after Stroke with
Noradrener gic Phar macotherapy:
A New Frontier?
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ABSTRACT: Despite much progress in stroke prevention and acute intervention, recovery and
rehabilitation have traditionally received relatively little scientific attention. There is now increasing
interest in the devel opment of stroke recovery drugs and innovative rehabilitation techniques to promote
functional recovery after completed stroke. Experimental work over the past two decades indicates that
pharmacologic intervention to enhance recovery may be possible in the subacute stage, days to weeks
poststroke, after irreversible injury has occurred. This paper discusses the concept of “rehabilitation
pharmacology” and reviews the growing literature from animal studies and pilot clinical trials on
noradrenergic pharmacotherapy, a new experimental strategy in stroke rehabilitation. Amphetamine, a
monoamine agonist that increases brain norepinephrine levels, is the most extensively studied drug
shown to promote recovery of function in anima models of focal brain injury. Further research is
needed to investigate the mechanisms and clinical efficacy of amphetamine and other novel therapeutic
interventions on the recovery process.

RESUME: Favoriser la récupération aprés un accident vasculaire cérébral par la pharmacothérapie
noradrénergique: une nouvelle frontiere? Malgré les progres importants dans le domaine de la prévention des
accidents vasculaires cérébraux (AVC) et dans leur traitement en phase aigué, la récupération et laréhabilitation ont
traditionnellement recu relativement peu d' attention du monde scientifique. 11 y a actuellement un regain d' intérét
dans le développement de médicaments pour favoriser la récupération aprés un AV C et des techniques innovatrices
de réhabilitation pour promouvoir la récupération fonctionnelle aprés un AVC complété. Le travail expérimental au
cours des deux derniéres décennies indique que I’ intervention pharmacol ogique pour favoriser la récupération peut
étre possible en phase subaigué, dans les jours ou les semaines suivant un AVC, aprées une lésion irréversible. Cet
article discute du concept de la “réhabilitation pharmacologique’ et revoit une littérature de plus en plus abondante
sur les études chez | animal et les études cliniques pil otes de pharmacothérapie, une nouvelle stratégie expérimentale
dans la réhabilitation aprés un AVC. L’amphétamine, un agoniste de la monoamine qui augmente les niveaux de
norépinéphrine dans le cerveau, est |e médicament le plus étudié pour lequel on a démontré une influence favorable
sur la récupération fonctionnelle dans les modéles animaux de lésion cérébrale focale. Il faudra poursuivre les
recherches pour investiguer les mécanismes et |’ efficacité clinique de I'amphétamine et d autres interventions
thérapeutiques innovatrices dans le processus de récupération.
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Stroke is the most common serious neurological disorder. The
burden of stroke-related disability is enormous and expected to
increase with our aging population. Despite much progressin the
areas of prevention and acute intervention, there has not yet been
major therapeutic advance in the neurorehabilitation of patients
after an established stroke. However, evidence is accumulating
that pharmacotherapy combined with rehabilitation in the
subacute phase after stroke can influence recovery.

Experimental work over the past two decades indicates that
brain catecholamines play an important role in recovery from
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brain injury and that late intervention to enhance recovery after
stroke may be possible by augmenting central noradrenergic
neurotransmission. Amphetamine, a monoamine agonist which
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increases brain norepinephrine levels, is the most extensively
studied drug that has been shown to promote functional recovery
in anima models of foca brain injury. The potential value of
amphetamine for influencing recovery in human stroke patients
has not yet been established. Clinica trials are currently
underway to evaluate the role of such therapy. This paper
reviews the experimental literature and preliminary clinical
studies of poststroke noradrenergic pharmacotherapy, a new
experimental approach in stroke rehabilitation.

STROKE MANAGEMENT IN PERSPECTIVE

Traditionally, the focus of stroke management has centered on
prevention. Primary prevention through risk factor modification
has been credited with the significant reductionsin the incidence
and mortality of stroke in the 1980s and 1990s. Secondary
prevention with antiplatelet and anticoagulant therapies and
carotid endarterectomy has also reduced stroke risk in
symptomatic patients. Newer antithrombotic agents as well as
carotid angioplasty and stenting are emerging therapies for
stroke prophylaxis. Presently, the momentum for acute stroke
care is moving towards an emergency response to “brain
attack” . Acute interventions aim at reperfusion with intravenous
or intra-arterial thrombolysis, and neuroprotective agents are
under development in order to salvage ischemic neurons and
limit infarct size. These promising advances in acute treatment
are tempered by important limitations: the majority of stroke
patients do not present to hospital within the first few hours of
stroke to be eligible for thrombolytic or cytoprotective therapy;
not all hospitals and physicians are equipped or trained to offer
such treatments; and the risk of treatment-related adverse effects
isaconcern. Over one hundred neuroprotective agents have been
studied (drugs that must be administered before or immediately
after stroke), but to date none has proven clinically successful.!?

Given that not all strokes can be prevented and that
significant limitations exist in the use of acute stroke treatments
currently available, there is a strong need to direct attention
towards the newest frontier of stroke management: enhancing
recovery of the stroke survivor. Current treatment after stroke
often consists of supportive care, prevention of complications,
and conventional physical, occupational, cognitive and speech
rehabilitation programs. The beneficial effects of rehabilitation
are becoming increasingly recognized as randomized trials
demonstrate improved outcome in patients who receive
organized stroke unit care,® and improved functional recovery
with increased intensity of rehabilitation.*® Specific
pharmacol ogic treatments to further improve the natural history
of recovery are, however, lacking. The ideal treatment would be
an intervention that could improve clinically meaningful
outcomes, be administered safely and easily to the majority of
stroke patients without the constraints of a narrow therapeutic
time window, be cost-effective and well-tolerated. There is now
a growing interest in the development of stroke recovery drugs
and innovative rehabilitation techniques. The term
“rehabilitation pharmacology” has been popularized by Feeney
to denote the strategy of combining rehabilitation procedures
with specific drugs that act on the central nervous system to
promote an even greater recovery following brain injury.
Excellent reviews of this topic have recently been published by
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Goldstein and others.®° This new experimental approach may
represent a promising step towards helping our patients achieve
agreater recovery after stroke.

ANIMAL STUDIES OF AMPHETAMINE

Pioneering experimental studies by Feeney and co-workers
investigated the hypothesis that modulation of brain
catecholamines may influence recovery after brain injury. In
1982, they published their observations in Science that
amphetamine accelerated motor recovery in an animal model of
hemiplegia.l® In these experiments, motor performance was
assessed on a beam-walking task after unilateral ablation of
sensorimotor cortex in the rat. Without treatment, rats were
initially unable to walk across a narrow elevated beam, but their
motor function eventually recovered by two weeks. Treatment
with a single dose of amphetamine administered 24 hours after
motor cortex ablation, however, significantly improved the rats
locomotion. By 24 hours the improvement was similar to that
achieved by the control animals after one to two weeks, and this
enhanced recovery persisted during the four weeks of the study.
If the rats were restrained in a cage and prevented from walking
for eight hours after drug administration, there was no
improvement in rate of recovery. This observation suggested that
amphetamine was effective only when given in conjunction with
locomotor practice or “ symptom-relevant experience” during the
period of drug action. Moreover, they demonstrated that
administration of a single dose of haoperidol slowed motor
recovery when given alone, and blocked the amphetamine-
induced acceleration of recovery when given together with
amphetamine.

The acceleration of motor recovery after administration of
amphetamine has been replicated in many other studies in
rats"8 and in cats.>2 In cats, Hovda and Feeney showed that
even when amphetamine was given ten days after motor cortex
ablation, beam-walking ability recovered more rapidly and more
completely compared to control animals.’® In this study, cats
were randomized to four groups and followed for 60 days. The
placebo group had a slow and incomplete motor recovery at 60
days. Cats receiving a single dose of amphetamine ten days after
motor cortex injury showed a significant improvement in motor
recovery, beginning six hours after treatment and continuing for
the 60-day duration of the study. Cats randomized to receive
multiple doses of amphetamine (on days 10, 14, 18, 22) showed
a dose-response effect with faster recovery compared to the
single-dose group, and reached complete recovery by day 24.
These three groups al received beam-walking experience one,
two, three, and six hours postinjection. In the fourth
experimental group, cats that received multiple doses of
amphetamine were not alowed symptom-relevant experience
during amphetamine intoxication; this intervention initialy
slowed the rate of recovery but did not affect the ultimate level
of recovery in this study.

Similar findings have been observed in animal experiments
investigating different types of brain injury, recovery of other
functions (in addition to motor recovery) and different treatment
regimens. In a carotid artery territory embolic stroke model in
rats, amphetamine administration for seven days beginning 24
hours poststroke resulted in significant improvement in
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locomotion compared to controls, and this improvement
persisted beyond the period of drug action to the end of the
experiment at 30 days poststroke.?? In another study involving
carotid-territory infarction in rats, anphetamine or placebo was
administered every third day for one month.?® The amphetamine-
treated animals again showed not only greater recovery in the
short-term, but also persistence of this recovery when retested at
one month after completion of the treatment period (two months
poststroke). Recovery of function following unilateral infarction
of primary somatosensory cortex has also been studied.?#?
Amphetamine or saline was injected on days four, six, nine, and
11 poststroke, and rats were tested on a maze task requiring
sensory-motor integration.?* Both groups had a similar initial
performance deficit following infarction. The saline group
gradually improved to within 10% of its baseline performance
level between 25-35 days following infarction. The
amphetamine-treated rats recovered at a faster rate, and a dose-
response effect was observed with the 4 mg/kg dose
amphetamine group recovering faster (to within 10% of baseline
by day 19) than the 2mg/kg dose group. At the end of the study,
day 35, the amphetamine-treated rats had achieved a more
complete recovery than the placebo group.

Feeney and Hovda examined recovery of binocular depth
perception in cats after bilateral ablation of primary visual
cortex.?® Depth perception, measured by performance on avisual
cliff, isnormally lost permanently after visual cortex ablation in
cats despite some recovery of visual acuity. In this study, cats
were randomized to three groups postsurgery and there were no
differences in the lesion size between groups. The treatment
group received amphetamine (5 mg/kg) on days 10, 14, 18 and
22 post surgery, with visual cliff testing at one, two three and six
hours post drug administration on each drug day. After the first
treatment, these cats showed a significant improvement and by
four days after the last dose they had recovered completely. This
recovery persisted over the 42 days of observation after stopping
drug treatment. The control animals were given the same
experience on the visua cliff but received saline treatments, and
showed no recovery of binocular depth perception. A final group
of cats was given seven doses of amphetamine (5 mg/kg) on days
10, 14, 18, 22, 26, 30, 45, but housed in total darkness for 24
hours after each drug administration and not tested during these
periods. This “visual deprivation” group aso showed no
recovery of depth perception. Like many of the studies of motor
recovery, this study of visual recovery again suggests that
provision of “symptom-relevant experience” in combination
with amphetamine treatment is necessary for promotion of
recovery. The lack of recovery observed in those animals housed
in the dark (but receiving amphetaminge) is evidence against a
simple psychostimulant effect as an explanation for these
findings. Additionally, amphetamine-induced restoration of
depth perception is blocked by haloperidol 27 A subsequent study
replicated these findings although some amphetamine-treated
cats recovered only transiently and some showed no
improvement.?® Administration of amphetamine one to eight
months after visual cortex ablation,?® or more than three months
postinjury,?® provided no improvement, suggesting a therapeutic
window may exist after which amphetamine plus symptom-
relevant experience does not promote recovery.

In contrast to the beneficial effects of amphetamine for
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recovery from focal cortical lesions, there is evidence that
amphetamine may have detrimental effects when given to
animals with infratentorial lesions affecting the cerebellum® or
substantia nigra.!

In summary, several experimental anima studies have
demonstrated consistent findings: amphetamine plus experience
can accel erate spontaneous recovery after cortical injury and can
even produce a higher level of recovery than would normally
occur. A dose-response relationship has been identified in the
shape of an inverted U, with higher doses producing a
decremental response.®? Repeated drug administrations facilitate
recovery significantly better than a single treatment. Maximum
improvement appears when amphetamine and related drugs are
combined with task-specific practice following drug
administration, emphasizing the importance of an interaction
between drug action and symptom-relevant experience. !>

THE NORADRENERGIC HYPOTHESIS

While administration of amphetamine increases central
norepinephrine, dopamine, and serotonin, the underlying
neurochemical basis for amphetamine-enhanced recovery of
function is postulated to be an increase in central noradrenergic
activity.

Following cortical injury, there is a reduction of
norepinephrine and other monoamines in the brain as well as a
reduction of alpha-1 noradrenergic receptors without
upregulation of norepinephrine release.¥* A reduction in
norepinephrine concentration persists in the ipsilateral cortex
and brainstem 40 days postinfarction in the rat, whereas
dopamine concentrations remain decreased in the brainstem but
not in the cortex.®

The importance of norepinephrinein recovery is supported by
studies showing that drugs which enhance central noradrenergic
transmission enhance functional recovery. For example, direct
intraventricular infusion of norepinephrine promotes hemiplegia
recovery in the rat.*> In contrast, enhancing dopaminergic
activity (with the dopamine agonist apomorphine, levodopa, or
intraventricular infusion of dopamine), or enhancing
serotonergic activity (with fluoxetine or intraventricular infusion
of serotonin) have no effect on recovery in the rat hemiplegia
model.*647 The centrally-acting alpha-2 (presynaptic) adrenergic
receptor antagonists, yohimbine and idazoxan, both increase
norepinephrine release; these agents, like amphetamine,
facilitate motor recovery when given as a single dose after
unilateral sensorimotor cortex injury.1617:4849 The amphetamine
anal ogues, phentermine, phenyl propanol amine and methylpheni-
date also accelerate motor recovery after focal brain injury.5%-52
Acceleration of recovery is felt to be independent of the
psychostimulant properties of amphetamine, which are mediated
by dopamine. Desipramine, which does not have stimulant
effects, blocks reuptake of norepinephrine and facilitates
recovery from hemiplegiain the rat.5®

Converging evidence for the noradrenergic hypothesis comes
from studies of drugs which reduce central noradrenergic
activity. Selective depletion of central norepinephrine with the
neurotoxin DSP-4 (N-(2-chloroethyl)-N-ethyl-2-bromobenzyl-
amine) is associated with significantly slowed beam-walking
recovery in rats with unilateral sensorimotor cortex lesions and,
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on pathological examination, the recovery correlates inversely
with norepinephrine content.5*% Blockade of alpha-1
noradrenergic receptors or activation of negative feedback with
alpha-2 noradrenergic agonists has also been shown to slow
functional recovery. Moreover, administration of these drugs to
recovered rats or cats will temporarily reinstate the deficit. A
single dose of the alpha-2 adrenergic receptor agonist clonidine
administered to rats 24 hours after unilateral sensorimotor cortex
ablation significantly slows the rate of beam walking recovery
and the impairment persists for a least five days after
treatment.® Administration of clonidine to rats that have
recovered results in a transient reinstatement of motor deficit in
adose-related fashion.5” Similarly, administration of the alpha-1
noradrenergic receptor antagonist prazosin one month after
injury reinstates the hemiplegia, whereas the same treatment has
no effect on normal control animals.'® It has been emphasized
that such reinstatement of motor deficit cannot be due to a non-
specific sedative drug effect since the deficits appear only in the
limbs contralateral to the cortical injury and a sedating dose of
barbiturates does not reinstate the hemiplegia. The finding that
haloperidol impairs beam-walking recovery in rats with
sensorimotor cortex lesions has been attributed to its ability to
block postsynaptic alpha-1 noradrenergic receptors.’%% Other
animal studies have demonstrated similar slowing of recovery
and reinstatement of deficits by norepinephrine blockade.>®

Taken together, pharmacological studies suggest that
norepinephrine plays an important role in mediating some forms
of recovery following focal cortical injury, and that the recovery
process is vulnerable to change with modulation of
norepinephrine transmission. An increase in central norepineph-
rine is the postulated pharmacologic basis by which ampheta-
mine facilitates recovery. These observations have direct clinical
implications concerning the potential for drugs to exert
beneficial or harmful effects in human stroke patients.

CLINICAL STUDIES OF STROKE RECOVERY IN HUMANS

Pilot studies of amphetamine

Preliminary studies have been conducted in small groups of
patients to determine if the results from animal studies can be
replicated in humans. Although far from conclusive, these pilot
studies do suggest that amphetamine may hold promise in the
rehabilitation of motor and language deficits following stroke.

In 1988, Crisostomo et a published a prospective double-
blind randomized controlled trial of eight hemiplegic stroke
patients investigating the effect on motor recovery of a single
dose of amphetamine paired with physiotherapy.® Patients were
randomized three to ten days poststroke to receive either asingle
low dose of amphetamine (10 mg) or placebo, combined with a
physiotherapy session within three hours. The outcome measure
was the Fugl-Meyer score (a validated and reliable motor scale)
rated by a blinded physiotherapist. After one day, they noted an
enhanced motor improvement. The treatment group showed
significantly greater improvement in motor scores from their
pretreatment baseline scores (14 pointsin two of the four treated
patients), compared to the placebo group (maximum 2-point
improvement).

Another study was reported by Reding et a only in abstract
form.5%62 This randomized controlled trial investigated the effect
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of adifferent treatment regimen: amphetamine given daily for 17
daysduring inpatient stroke rehabilitation. Patients were enrolled
more than one month poststroke and randomized to receive
either placebo (n=12) or 10 mg amphetamine daily for 14 days
followed by 5 mg daily for three days (n=9). Outcome measures
were the Fugl-Meyer, Barthel, and Zung depression scales. This
study did not detect a difference between the groups, and a
variety of explanations have been suggested to account for the
negative study: treatment was initiated after one month
poststroke which may be too late (beyond the potential
therapeutic window); the dosing regimen utilized continuous
daily dosing which, theoretically, may lead to neurotransmitter
depletion; and implementation of physiotherapy was not
standardized to occur in conjunction with drug administration.

The most convincing data to date come from Walker-Batson
et al in 1995.% They conducted a randomized controlled tria of
ten ischemic hemispheric stroke patients with moderately-severe
or severe hemiplegia (rated as Fugl-Meyer score <55 at
baseline). Applying principles derived from animal studies, they
randomized patients 16-30 days poststroke to receive either ten
doses of amphetamine, each followed by physiotherapy
(amphetamine (10 mg) paired with physiotherapy every four
days for ten sessions) or ten doses of placebo followed by
physiotherapy. Importantly, there were no baseline differencesin
motor scores between the groups and both groups were
randomized at an average of 22 days poststroke. Outcome
measure was the Fugl-Meyer score at each session, one week
afterwards, and again at three, six, and 12 months poststroke.
They reported significantly greater motor recovery in the
amphetamine group compared to the control group, beginning by
the second treatment session and continuing up to one year
poststroke (ten months after treatment stopped). They concluded
that amphetamine paired with physiotherapy accelerated the rate
and increased the final level of motor recovery. This study had a
very small number of patients but a good trial design, long
follow-up period, and a standardized protocol for treatment
sessions and drug dosing was established. The study
investigators were not blinded but the patients and
physiotherapists involved in the rehabilitation and motor
assessments were blinded.

Pharmacotherapy for aphasia with amphetamine has also
been explored by Walker-Batson et a with preliminary results
that are encouraging.®*®” They reported on 11 patients with
various types of aphasia from dominant hemisphere ischemic
stroke who received amphetamine treatments (10 mg followed
30 minutes later by a one-hour standardized speech/language
therapy protocol).5* The first treatment began within 30 days
poststroke, and continued every fourth day for a total of ten
treatment sessions. There was no control group. Language
function was rated on the Porch Index of Communicative
Abilities (PICA) and compared to a six-month predicted
outcome score calculated for each patient based on their baseline
performance scores. At six months, language recovery for
patients treated with amphetamine exceeded the recovery
expected without any intervention, with a mean improvement of
ten points on the PICA scale. Accelerated recovery occurred in
eight of the 11 patients and was evident at one week after drug
therapy stopped. Unfortunately, the number of patients studied
here was again small and, importantly, there was no comparison
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to a placebo control group. Furthermore, the potential for biasis
strong in rating patients without blinding.

The use of low-dose (10 mg) amphetamine has not been
associated with side effects in any of these clinical studies,
specifically no adverse effects on heart rate or blood pressure.
Walker-Batson’s group documented in 26 amphetamine-treated
stroke patients that amphetamine did not increase systolic or
diastolic blood pressure. Patients with uncontrolled hypertension
of 160/100 mmHg or more were excluded from entry into the
study.®® Insomnia occurred in one patient who received a higher
dose (15 mg) of amphetamine. %

In addition to amphetamine, methylphenidate has recently
been tried in asimilar fashion in asmall, randomized, controlled
trial of poststroke rehabilitation.”® Twenty-one stroke patients
were randomized a day 18 poststroke to receive
methylphenidate or placebo plus physiotherapy for up to three
weeks. The authors reported a beneficial effect for
methylphenidate on depression scores, motor function and
functional independence. Efficacy is difficult to ascertain in this
small study as this was a heterogeneous sample of stroke
patients, many patients had high initial motor scores and drug
doses and follow-up were variable. This study, like those of
amphetamine, does suggest that the strategy of poststroke
rehabilitation pharmacology is safe and feasible.

Studies of adver se effects of drugs on stroke recovery

Just as amphetamine appears to have beneficia effects on
recovery, there has been increasing interest in elucidating which
medications may have harmful effects on the recovery processin
humans. As mentioned earlier, a number of drugs have been
shown to impair recovery after focal brain injury in animals.
Goldstein has drawn attention to the fact that many of the drugs
which have detrimental effects in animals are commonly
prescribed to hospitalized patients after stroke™ and head
injury” and may have similar detrimental effects on recovery in
humans.”737* These drugs include the antihypertensives
clonidine and prazosin, haloperidol and other dopamine
antagonists, benzodiazepines, phenytoin and phenobarbital.
There is evidence now from retrospective studies of stroke
patients that exposure to such potentially detrimental drugs is
associated with poorer motor recovery, independent of the
severity of initial deficit or comorbid conditions.”>"" Future
studies may better define specific medications which might be
contraindicated in the poststroke period.

THEORIES OF RECOVERY

The mechanisms by which amphetamine and related drugs
affect recovery are not known. Multiple hypotheses have been
proposed for how noradrenergic drugs might affect the recovery
process.32787 Theories to explain amphetamine-facilitated
recovery must take into account the following observations:
functional improvement can begin rapidly (within hours) after
drug administration; short-term administration of drug produces
sustained improvement in behavioral recovery that persists well
beyond the period of the drug's pharmacological action,
suggesting permanent physiological changes take place; and
behaviorally-relevant training appears necessary in interaction
with the drug to produce the desired effect.

Resolution of diaschisis has been entertained as a potential
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mechanism for brain recovery after stroke.® Diaschisis, a term
introduced by von Monakow in 1914, refers to the concept that
damagein one particular brain region may produce not only local
effects, but also effects in brain areas distant from but
functionally connected to the primary lesion® Such remote
effects can be detected as regions of reduced cerebral
metabolism or perfusion on functional neuroimaging studies, and
are felt to represent dysfunctional but morphologically intact
neurons.® Several patterns have been described, including
crossed cerebellar diaschisis, cerebello-cortical diaschisis,
transhemispheric diaschisis, basal ganglia-cortical diaschisis,
thalamo-cortical diaschisis, and cortico-thalamic diaschisis.f?
Feeney postulates that alleviation of diaschisis may play arolein
amphetamine-induced recovery.88 Infusions of norepinephrine
into the contralateral but not ipsilateral cerebellar hemisphere
enhanced beam walking recovery in the rat model of
hemiplegia.® If diaschisistruly contributes to the clinical deficit
after stroke, then attempts to alleviate diaschisis with
pharmacotherapy make good sense. However, the clinical
significance of diaschisis, its contribution to symptoms and its
role in recovery remain controversial and have been subject to
debate 8286

Noradrenergic pharmacotherapy with rehabilitation may lead
to an enhanced functiona recovery by augmenting natura
processes of brain plasticity. Modern concepts of stroke recovery
implicate the brain's capacity to undergo dynamic, plastic
change.% Natura history studies show that most stroke
patients experience some degree of spontaneous improvement,
especially during the first three months poststroke, and this
recovery may in part reflect innate processes of remodeling and
repair. Potential mechanisms include “unmasking” of latent
connections, “redundancy” allowing recruitment of aternate
paralel pathways to take over lost functions, and axonal
“sprouting” from surviving neurons with formation of new
synapses.®® Involvement of the ipsilateral hemisphere in
recovery has been implicated as well, as exemplified by motor
recovery in patients who have undergone hemispherectomy.
Functional neuroimaging studies of patients after stroke
demonstrate clear changes in cerebral activation patterns
accompanying recovery of function—activations in the
ipsilateral (non-infarcted) cerebral hemisphere, in peri-infarct
regions and in additional cortical areas within the affected
hemisphere. These changes are interpreted by many to represent
reorganization of the injured brain.%-%

Increasing experimental evidence suggests that cortical
plasticity, which may underlie spontaneous recovery from
stroke, can be modulated by both rehabilitative training and
pharmacological therapy.89% For example, using intracortical
microstimulation techniques in monkeys, Nudo et al have shown
that following a small focal injury in the hand motor cortical
region, there is aloss of hand representation in the surrounding
intact cortex;®” with rehabilitative training, there is maintenance
or expansion of hand representation in adjacent cortex.*® It is
speculated that such activity-dependent cortical changes can be
even further facilitated when combined with appropriate
pharmacologic modulation during a critical postinjury period.®
However, caution must be exercised as Schallert et a showed
that forced overuse of a paretic limb in the early recovery period
in rats can be detrimental and increase infarct size® Elegant
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immunohistochemical studies by Stroemer et a provide strong
evidence for enhanced neuroplasticity as a mechanism for the
behavioral recovery induced by amphetamine and physica
therapy in rats following cortical infarction.®6% They
documented that amphetamine treatment (compared to saline)
led to increased expression of proteins that reflect neural
sprouting and synaptogenesisin the peri-infarct cortex, aswell as
in the ipsilateral cortex, and these trophic changes correlated
with the observed improvement in behavioura recovery. They
proposed that amphetamine promotes neuronal remodeling by
activation of alternate neural pathways stimulated by
behavioural use. Similar results have also been demonstrated
following intracisternal injection of neurotrophic growth
factors.’%102 There is evidence that norepinephrine increases
cerebral metabolism following cortical injury.81% In this way,
amphetamine might help activate alternate neura pathways in
surrounding brain regions to take over lost functions. The
concept of long-term potentiation, a putative cellular mechanism
of learning and memory, has been invoked to account for
enduring improvement following short-term drug administra-
tion. Norepinephrine and amphetamine have been shown to
facilitate the development of long-term potentiation, whereas
clonidine and neuroleptics block long-term potentiation.32104
Perhaps recovery involves relearning which can be facilitated
pharmacol ogically when amphetamine is added to rehabilitation
training. Future studies might explore the influence of such
pharmacologica interventions on poststroke neurogenesis and
on functional gains following neural stem cell transplantation.
In humans, emerging data suggest that amphetamine can
enhance use-dependent plasticity in the motor cortex. In an
experimental paradigm of use-dependent plasticity employing
transcranial magnetic stimulation, cortical thumb representation
was altered by repetitive training in healthy volunteers.1% A
single dose of amphetamine (10 mg) enhanced the devel opment
of this use-dependent plasticity.’% Furthermore, neuroimaging
studies are beginning to show that amphetamine administration
may influence brain activity in a way that is measurable with
positron emission tomography (PET) and functional magnetic
resonance imaging (fMRI) and may lead to a more focused
activation or enhancement of the specific neural systems
involved in a given task.1"1% A recent fMRI study of healthy
subjects reported that amphetamine (20 mg) increased the
volume of brain activation during finger tapping tasks.1®

CONCLUSIONS

Until recently, stroke management has focused on prevention
and acute intervention, with little attention devoted to the
recovery of patients after completed stroke. The potentia for
enhancing recovery with pharmacotherapy days to weeks
poststroke, after irreversible brain injury has occurred, is an
exciting new frontier in stroke management. Experimental
studies have shown the importance of central noradrenergic
transmission in mediating some forms of recovery following
focal cortical injury. Increasing evidence suggests that
pharmacotherapy to increase noradrenergic activity (short-term
treatment with low-dose amphetamine), in combination with
rehabilitation in the subacute phase after stroke, can promote an
enduring enhancement of functional recovery.
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The evidence to date is compelling and demands that
amphetamine therapy be subjected to proper study in
randomized controlled clinical trials. Until then, the use of
amphetamine for stroke recovery must still be considered
experimental. In order to demonstrate efficacy of any stroke
recovery therapy, it must be shown that the intervention is better
than the natural history of recovery. It is critica then, that the
design of such studies aims to choose sensitive outcome
measures that can detect meaningful change, and minimize
variability in rate and degree of spontaneous recovery by
investigating large samples of patients homogeneous with
respect to severity of neurologic impairment, lesion size and
location. There may be differential drug effects depending on
whether the right or left hemisphere is affected® and whether the
lesion is cortical or subcortical. A variety of behavioural
outcomes should be examined including motor, somatosensory,
and visual recovery, as well as recovery from aphasia and
neglect. Future clinical studies might also investigate recovery
following intracerebral hemorrhage and traumatic brain injury.
The optimal therapeutic window, timing of intervention,
medication dose, dosing schedule, rehabilitation technique, and
intensity of training, are issues which need to be addressed by
well-designed trials. While much remains to be learned about the
mechanisms of amphetamine-induced behavioural recovery, itis
possible that amphetamine acts to facilitate adaptive use-
dependent cortical plasticity.

The challenge for the next decade of neuroscience research
will be to better understand the complex mechanisms of brain
plasticity and to develop rational therapies aimed at promoting
recovery based on scientific understanding of these processes. We
are now in the era of new, noninvasive functional brain mapping
techniques such as functional magnetic resonance imaging,
transcranial magnetic stimulation and evoked potentials, and are
becoming capable of studying the injured brain asit recovers.
With these tools it should be possible to track the recovery
process in individual stroke patients and to study the effects of
therapeutic interventions on human brain recovery in vivo.
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