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Abstract
Purpose of Review This review aims to discuss the recent literature relating to drugs for stroke recovery and to identify some of
the challenges in conducting translational research for stroke recovery.
Recent Findings Advances in our understanding of neural repair mechanisms in pre-clinical strokemodels have provided insights
into potential targets for drugs that enhance the repair/recovery process. Few drugs that act on serotonergic and dopaminergic
systems have been tested in humans with mixed results. The FOCUS trial, a phase III study of early administration of fluoxetine
for stroke recovery, failed to replicate the promising results of the FLAME trial, but outcome measures differed between the two
trials. Another drug that has recently been shown to have potential to promote motor recovery after stroke is maraviroc, an
inhibitor of C-C chemokine receptor 5 that is involved in learning and memory.
Summary Various drugs, including modulators of neurotransmitters, axonal growth inhibitor blockers, and growth factors, have
been examined in preclinical and clinical studies for their ability to promote neural repair, particularly in the motor system.
Neuroplasticity, broadly defined as the capacity of the brain to undergo biochemical, structural, or functional changes, is
heightened early after stroke when behavioral improvements are observed. Further studies are needed to determine which of
these neuroplastic processes are causal to recovery and therefore appropriate targets for drugs to promote recovery. There has also
been little focus on trying to distinguish processes that promote true behavioral recovery versus those that improve task success
through use of compensatory strategies. Incorporation of sensitive and detailed outcome measures that assess movement quality
as well as task success in both preclinical and clinical studies are needed to further elucidate appropriate drug targets and improve
the translation of preclinical findings into successful clinical trials.
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Introduction

Recent advances in our understanding of neural repair mech-
anisms (post-stroke changes mediating behavioral recovery)
in animal models of stroke now offer potential therapeutic
targets for drugs that enhance stroke recovery. Presently, the
cornerstone of treatment for recovery after stroke is
neurorehabilitation, in which behavioral training is provided
through cognitive, speech, occupational, and physical therapy.

Recovery is most often incomplete with neurorehabilitation
alone, and there is evidence to suggest that current rehabilita-
tion methods have little impact on motor recovery after stroke
[1]. A variety of outcome measures have been used in both
preclinical and clinical studies to assess recovery, which can
lead to disparate results. Behavioral assessments may capture
recovery at the level of impairment (e.g., strength and motor
control) or activity (e.g., task-based measures such as pellet
reaching in rodents, or activities of daily living in humans).
While improvement in activity is often emphasized in clinical
neurorehabilitation and remains an important goal, most task-
based measures lack assessment of movement quality and are
unable to distinguish between true recovery (impairment re-
duction) and behavioral substitution (use of alternate compen-
satory strategies) [2, 3].

This review focuses on several pharmacological ap-
proaches that are under investigation for promoting neural
repair and neuroprotection after stroke. Finally, we discuss
impor tant considerat ions in the development of
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pharmacological strategies for stroke recovery, including the
specific timing of these strategies and the combination of
pharmacological agents with rehabilitative training.

Spontaneous Biological Recovery After
Stroke: Lessons to Learn

The brain’s response to stroke involves a series of spatial and
temporal dynamic changes at the molecular, cellular, structural,
and functional levels. The acute phase involves neuronal
excitotoxicity and cell death within the infarct core and peri-
infarct region. This is followed by a sub-acute phase (days to
weeks) of heightened neuroplasticity, defined as the capacity of
one or more units of the brain to undergo biochemical, struc-
tural, or functional changes in response to intrinsic or extrinsic
signals. During this subacute period, a number of endogenous
processes are highly active, including increases in levels of
growth factors, axonal sprouting, dendritic remodeling, and
changes in cortical excitability and synaptic plasticity. Some
of these processes have been shown to mediate improvements
in behavior, while others have been shown to correlate with
improved behavior but are yet to be proven as processes causal
to recovery. In pre-clinical models, many of the assessments
used are measuring activity (task-based measures) and are un-
able to distinguish between impairment reduction and compen-
sation. Therefore, improvements in behavior seen in these
models may or may not represent true recovery [4–10]. The
use of measures that quantify impairment and movement qual-
ity, rather than solely focusing on task success, is needed in
future studies to examine the effect on true recovery [3].

The period of heightened neuroplasticity also gives rise to a
“sensitive period” early after stroke [11, 12], during which
there is increased responsiveness to rehabilitative training.
For example, in rodents with experimentally induced stroke,
exposure to an enriched environment with skilled reach prac-
tice led to significantly greater behavioral improvements when
started at 5 or 14 days, but not 30 days [13]. In the chronic
phase, spontaneous biological recovery ends with stabilization
of post-stroke behavioral deficits.

The brain has a remarkable capacity for neuroplasticity
after stroke [14, 15], with different cellular and molecular
mechanisms engaged at different phases of stroke recovery
[16]. Drugs that enhance recovery in one phase may be either
ineffective or even harmful at another phase of recovery [17,
18]. For example, the acute phase of injury involves cell death
and excitotoxicity, which requires a therapeutic strategy fo-
cused on neuroprotection (defined as the ability to protect
neurons from injury and cell death) and countering
excitotoxicity, but once neurons survive this phase and the
excitotoxicity has subsided and the environment becomes pre-
dominantly inhibitory, the therapeutic priority should shift
from neuroprotection to neural repair and enhancing

excitability in the peri-infarct region. Surprisingly, most of
the therapeutic efforts have beenmonotherapies targeting neu-
roprotection or neural repair/recovery in an isolated fashion.
Furthermore, given the many repair-related processes that are
active during spontaneous biological recovery, combinatorial
repair-based strategies targeting multiple pathways may be
needed to achieve clinically significant functional recovery.

Drugs to Enhance Stroke Recovery

Many drugs capable of enhancing repair-related processes
(post-stroke changes mediating true recovery) and
neuroplasticity (all post-stroke changes) are currently under
study for stroke recovery at various stages of the translational
pipeline. Here, we focus on recent pharmacological ap-
proaches that show promise for enhancing recovery from
stroke, including drugs that act on neurotransmitters (seroto-
nergic, dopaminergic, GABAergic, glutamatergic), drugs
targeting axonal growth, and growth factors.

Selective Serotonin Reuptake Inhibitors One of the more
promising recent advances in the pharmacological enhance-
ment of stroke recovery has come with positive trials of SSRIs
for stroke recovery. SSRIs, which are widely used in the treat-
ment of depression, influence numerous biological processes
involved in learning, memory, and neuroplasticity including
hippocampal neurogenesis [19], secretion of neurotrophic fac-
tors such as BDNF [20], modulating excitatory/inhibitory bal-
ance in the brain [21, 22]. Fluoxetine has been demonstrated
to reopen the critical period of ocular dominance plasticity in
the visual system of adult rodents [22]. Preclinical studies of
motor recovery after stroke with SSRIs have yielded mixed
results, with some showing no effect [23, 24] and others show-
ing benefits of SSRIs [25, 26] on training and recovery.
Evidence from clinical studies has generally been more posi-
tive, with initial, small-scale studies showing benefits for
stroke recovery [27, 28] and enhancement of motor perfor-
mance in chronic stroke patients [29]. In the recent FLAME
trial (Fluoxetine for Motor Recovery After Acute Ischemic
Stroke), the SSRI fluoxetine was found to significantly en-
hance motor recovery after stroke in humans [30]. This study
was a double-blinded, placebo-controlled phase II trial involv-
ing 118 patients with recent ischemic stroke causing moderate
to severe hemiparesis. Patients were excluded if they met
criteria for depression based on a standard depression assess-
ment. Patients were randomly assigned to either fluoxetine
(20 mg once per day, orally) or placebo for 90 days starting
5–10 days after stroke. All patients received rehabilitation as
part of their clinical care, though this was not standardized for
the study. Importantly, the fluoxetine group had a significant,
10-point increase in their Fugl-Meyer motor score compared
to the placebo group, as well as an increase in the proportion
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of patients with modified Rankin scores 0–2. Additionally, the
fluoxetine-treated group showed lower rates of depression
during the course of the study, which raises the question of
whether the antidepressant effects of the medication could
have led to greater motivation during rehabilitation, leading
to indirect effects on motor recovery. The results of the
FLAME trial, while promising, have not been replicated in
larger phase III studies to support the routine use of SSRIs
for post-stroke recovery. FOCUS, a recently completed phase
III randomized, placebo-controlled trial with 3127 patients
with stroke, showed no benefit of fluoxetine over placebo at
6 months [31]. However, the main outcome measure in this
trial was the modified Rankin scale measuring overall disabil-
ity; thus, an effect of fluoxetine specifically on motor recovery
was not examined. Two other trials of early fluoxetine admin-
istration for recovery—AFFINITY and EFFECTS—are cur-
rently ongoing [32]. Notably, other related SSRIs have also
been found to improve neurological recovery in patients [33•].

Dopaminergic Drugs Dopamine is another monoaminergic
neurotransmitter that is linked to many neurobiological
functions including synaptic transmission, reward pro-
cess ing , and regula t ion of movement [34–36] .
Dopaminergic drugs are already widely used for the treat-
ment of Parkinson’s disease, with established safety pro-
files. Dopaminergic input to the motor cortex contributes
to neuroplasticity and motor learning in preclinical studies
[37, 38] and in patients with stroke [39]. One of the ear-
liest clinical trials of dopaminergic therapy for stroke re-
covery was a randomized, placebo-controlled trial of 53
patients with recent stroke, which found that patients giv-
en 100 mg of L-Dopa, a precursor of dopamine, prior to
physiotherapy for 3 weeks had significantly greater motor
improvements measured by the Rivermead Motor
Assessment compared with the placebo group [40].
However, subsequent small trials of dopaminergic drugs
for stroke recovery have been largely negative [41, 42].
The results of the Dopamine Augmented Rehabilitation in
Stroke (DARS) trial, which randomized 593 patients with
recent stroke to co-careldopa or placebo for 6 weeks in
combination with routine occupational and physical ther-
apy, are unpublished but reportedly showed no benefit of
dopaminergic therapy in the proportion of patients walk-
ing independently (abstract presentation—ESOC 2015).
The mixed results of these dopamine studies may be due
to the small sample sizes, differences in timing of drug
administration in relation to therapy, and the different out-
come measures used. Genetic polymorphisms in
dopamine-related genes (catechol-O-methyltransferase,
and dopamine receptors (DR1, DR2, and DR3) have also
been suggested to affect motor recovery after stroke [43•]
and may contribute to variable effects of dopaminergic
drugs on recovery.

Modulation of Excitation/Inhibition with GABAergic or
Glutamatergic Drugs After stroke, changes in excitability
have been demonstrated in the peri-infarct region and in
remote regions with structural or functional connections
to the infarcted area [44]. The peri-infarct region becomes
hypoexcitable after stroke due to increases in extracellular
γ-aminobutyric acid (GABA) caused by impairment in
GABA transporter function leading to increased tonic
GABA signaling mediated by extrasynaptic GABAA re-
ceptors [45]. Pharmacological strategies to block this
pathologically upregulated GABA signaling, or to in-
crease excitatory glutamatergic signaling have been ex-
plored as means to re-establish a balance between excita-
tion and inhibition and promote functional recovery.
Clarkson and colleagues demonstrated that delayed ad-
ministration of an α5-GABAA receptor antagonist (or ge-
netic knockdown of GABAA receptor subunits) led to
improved functional motor recovery [46]. Interestingly,
treatment with the α5-GABAA receptor antagonist
starting on the day of stroke, but not day 3, led to in-
creased stroke volume, suggesting a time-dependent effect
of this strategy.

Enhancing glutamatergic signaling is another way to
upregulate neuronal excitability. In a preclinical study, a
positive modulator of α-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor signaling led
to improved recovery of motor function [47] mediated
by peri-infarct increases in BDNF. BDNF is one of the
crucial factors involved in improving the plasticity medi-
ating memory and cognition [48, 49]. Glutamatergic
AMPA and N-methyl-D-aspartate (NMDA) receptors also
play a critical role in long-term potentiation and learning
and memory. Memantine, an NMDA receptor antagonist
used in the treatment of Alzheimer’s disease, was found to
have benefits for motor recovery in a mouse model [50].
Mice that received memantine for 28 days beginning 2 h
after experimental stroke showed greater improvements in
forelimb control compared with the placebo group. Infarct
size, motor maps, and behavior were not significantly dif-
ferent with memantine treatment, suggesting that the ef-
fect of the drug was not neuroprotective, but related to
recovery. Increased BDNF expression was found in peri-
infarct areas and has been reported by others [48].

Drugs Targeting Other Neurotransmitter Systems
Noradrenergic drugs such as atipamezole and reboxetine,
although tested only in small studies in the sub-acute and
chronic stroke populations, have also shown promising
results [51, 52]. In addition, cholinergic drugs such as
donepezil, which enhances not only the level of neuro-
transmitters but also the duration of their activity, have
shown some positive results in patient trials, but more
studies are required to assess their efficacy [53, 54].

Curr Neurol Neurosci Rep (2019) 19: 43 Page 3 of 11 43



Targeting Axonal Growth Axonal sprouting and the formation
of new connections have been linked to behavioral recovery
after experimental stroke [8–10]. For instance, GDF10
(growth and differentiation factor 10) delivery starting 1 week
after stroke has been shown to improve forelimb motor tasks
such as grid walking, cylinder, and pasta handing tasks in
mice through a unique transcriptome-mediated enhancement
of axonal sprouting. SiRNA-mediated knockdown of GDF10
was shown to block axonal sprouting and reduce behavioral
recovery [8]. Similarly, another study from Carmichael and
colleagues also implicated axonal sprouting as one of the
key mediators of post-stroke behavioral recovery by knocking
down Ephrin A5, which is expressed in reactive astrocytes in
peri-infarct cortex and inhibits axonal sprouting. This block-
ade of ephrin A5 was shown to induce new projections in
premotor, motor and prefrontal circuits and to mediate recov-
ery in forelimbmotor tasks such as grid walking, cylinder task
through these connections [10]. Together, these studies have
shown axonal sprouting as an event causal to behavioral re-
covery, thereby providing evidence in favor of axonal
sprouting and new projections as part of neural repair mediat-
ing the recovery. Interestingly, a number of other structural
and biochemical changes such as changes in cortical maps,
formation of new circuits, angiogenesis, and neuronal excit-
ability occur after stroke, but it is still not clear if these pro-
cesses truly mediate behavioral recovery. Thus, another po-
tential therapeutic strategy to promote recovery is to block the
activity of endogenous axonal growth inhibitors. These inhib-
itory proteins include Nogo-A, myelin-associated glycopro-
tein (MAG), oligo-myelin glycoprotein (OMgp), and
chrondroitin sulfate proteoglycans (CSPGs), which block the
formation of new connections after stroke. Administration of
monoclonal antibodies to these inhibitory proteins can pro-
mote axonal growth and behavioral recovery [55]. In a rodent
model, the anti-MAG antibody GSK249320 administered in-
travenously starting within 24 h post-stroke was associated
with improved composite neurological function and forelimb
reaching, though this benefit was not seen when the therapy
was initiated at 7 days post-stroke [56]. Furthermore, using
immunohistochemistry, the drug was found to reach the
ipsilesional hemisphere. These results and a primate study,
suggesting efficacy of this approach [57], led to its testing
into human patients in clinical trials. Despite these promis-
ing preclinical results, a recent phase IIb trial of 134 patients
randomized to 2 IV infusions of GSK249320 or placebo
demonstrated no benefit of the antibody in improving gait
velocity [58••]. The authors discuss the choice of outcome
measure, patient selection criteria, too low dose of the anti-
body, interspecies differences in stroke recovery, and lack of
CNS target engagement as possible reasons for the negative
results of the clinical trial. This highlights the difficulty of
translating promising preclinical results into successful
therapeutic strategies in humans.

Growth Factors Administration of neurotrophic factors (such
as brain-derived neurotrophic factor (BDNF), nerve growth
factor (NGF), and basic fibroblast growth factor (bFGF)) or
growth-promoting cytokines can stimulate multiple growth
programs and activate a multitude of repair processes includ-
ing neurogenesis, angiogenesis, axonal sprouting, and
myelination. Additionally, these neurotrophins have been
shown to play important roles in protecting neurons and im-
proving behavioral outcomes, including restoration of coordi-
nated hindlimb movement after spinal cord injury in rats and
improved cognitive function in the Morris water maze test in
mice after traumatic brain injury [59–61]. Indeed, treatment
with neurotrophins such as stem cell factor (SCF) and
granulocyte-colony stimulating factor (G-CSF) has been
shown to lead to significant improvements in animal models
of stroke in the sub-acute [62, 63] and later phases (3–
6 months) of recovery [64–67]. However, systemic adminis-
tration of growth factors will also have unwanted side effects
that are related to their specific actions, such as hematopoiesis
or cell proliferation. Focused delivery of growth factors to
targeted peri-infarct brain regions is desirable but has not yet
been achieved.

C-C Chemokine Receptor 5 Signaling Inhibiting C-C
Chemokine Receptor 5 (CCR5) has been demonstrated to
enhance synaptic plasticity, learning, and memory in the hip-
pocampus [68]. Though CCR5 is undetectable in neurons in
normal cortex, its expression is highly upregulated after stroke
[69]. In this recent study in mice, neuron-specific CCR5
knockdown in premotor cortex led to improved post-stroke
motor functions, measured using the grid-walk and cylinder
tests, as well as preservation of dendritic spines in the peri-
infarct area and axonal projections to contralateral sensorimo-
tor cortices. The investigators also showed that administration
of maraviroc, an FDA-approved oral CCR5 antagonist cur-
rently used for treatment of human immunodeficiency virus
(HIV), beginning 24 h post-stroke led to improved recovery of
motor function compared with vehicle [69]. When maraviroc
was administered 3 weeks after stroke, greater motor improve-
ments were seen on the grid-walk test but not on the cylinder
test, suggesting that this drug could be beneficial in subacute
and chronic stages of stroke. A phase II clinical trial testing the
efficacy of maraviroc in patients with subacute stroke is now
underway (Clinicaltrials.gov NCT03172026).

Neuroprotective Strategies: Is There Potential
for Clinical Utility?

Neuronal cell death is one of the immediate events following
stroke. Stroke injury leads to massive cell death in the infarct
core and significant damage to neurons in the peri-infarct area.
In fact, there has been a good effort, at least in pre-clinical
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studies, to protect damaged neurons mainly in the peri-infarct
area, which if not protected would eventually die [70–72].
These neuroprotective strategies target acute processes such
as excitotoxicity, glutamate release, NMDA receptor activa-
tion, Ca2+ influx, mitochondrial dysfunction, free radical pro-
duction, nitric oxide production, inflammation, and apoptosis
leading to early cell death in the infarct core and peri-infarct
region. Few of these pre-clinical studies have shown signifi-
cant neuroprotection in different animal models of stroke [73].
Some of these agents include antioxidants such as ebselen,
edaravone, tirilazad mesylate, citicoline, and NXY-059; calci-
um channel blockers such as nimodipine and flunarizine; glu-
tamate antagonists such as MK-801/dizocilpine, aptiganel,
CGS-19755, dextromethorphan, ZK200755 AMPA receptor
antagonist, YM872, and magnesium sulfate; GABA agonists
such as clomethiazole and diazepam; and nitric oxide inhibitor
lubeluzole and multi-target agents such as statins,
minocycline, and albumin. Notably, all of these drugs have
failed to augment recovery in stroke patients in randomized
clinical trials [74].

The question then arises, why should we still search for
neuroprotective drugs? Although repair-enhancing drugs have
shown promising results in both animal models as well as
human patients, their targets of actions are limited only to
spared neurons or circuits. By limiting cell death and sparing
brain regions and connections that are important for functional
activity and recovery [75–77], successful neuroprotective
strategies even when incomplete will provide more neural
substrate that can be acted upon by rehabilitative training or
by other drugs. A recent multi-center phase II clinical trial of a
neuroprotective agent, 3K3A-APC (RHAPSODY trial),
which affects multiple signaling targets, has shown some
promise with respect to safety, dose tolerability, and neuropro-
tection [78••, 79]. 3K3A-APC is a protease-activated receptor
1 (PAR1) agonist, a modified version of native activated pro-
tein C (APC), which has protective effects on neurons and
endothelial cells [80] to promote vascular integrity. In this
study, patients undergoing thrombolysis with tissue plasmin-
ogen activator (tPA) or mechanical thrombectomy were ran-
domized to receive drug or placebo. This dose determination
and safety trial in 110 patients found that total intracranial
hemorrhage rates and hemorrhage volume were reduced in
3K3A-APC-treated patients. However, the proportion of pa-
tients with favorable 90-day outcomes on assessments of dis-
ability and activity (modified Rankin scale score of 0 or 1 and
Barthel Index ≥ 90) were not significantly different between
groups. Further large-scale clinical trials are required in order
to examine efficacy of the drug with respect to not only hem-
orrhage but also impairment reduction in patients.

As mentioned above, NMDA antagonists can inhibit post-
stroke excitotoxicity in the acute phase by inhibiting patho-
logical activity of NMDA receptors (NMDARs), but they also
inhibit physiological synaptic activity which limits their

therapeutic use. NMDARs are composed of NR1, NR2A-
2D, and NR3A-B sub-units that form various receptor com-
plexes in different combinations and have different roles.
Importantly, the NMDAR sub-unit NR2B which is located
extrasynaptically has been shown to be involved in patholog-
ical excitotoxicity, while synaptic NMDAR subunits such as
NR1/NR2A and NR1/NR2C have been shown to play a sig-
nificant role in physiological synaptic activity. Most of the
NMDA antagonists tried before the last decade actually
targeted synaptic NMDARs either in a competitive manner
[such as D-2-amino-7-phosphovalerate (APV) and 3-(2-
carboxypiperzin-4-yl) propyl-1-phosphonate (CPP)] or in a
non-competitive manner [such as dizocilpine (MK-801),
phencyclidine (PCP)] [81]. In the last decade, a huge interest
in blocking the extra-synaptic NMDAR has led to the devel-
opment of a number of effective and selective NR2B antago-
nists, which showed significant neuroprotective effects with
minimal effects on physiological synaptic activity [82].

Besides NR2B antagonists, scientists have also shown
enormous interest in screening/developing open channel
non-competitive inhibitors with faster on/off NMDAR
blocking kinetics [83, 84]. This property of blockers allows
them to effectively interact with NMDARs in a rapid voltage-
dependent manner and block the pathological synaptic activity
while sparing the normal physiological synaptic activity by
their fast dissociation [81]. Memantine has been shown to be
one of the most thoroughly investigated drug in this class.
Interestingly, memantine has been shown to enhance the level
of brain-derived neurotrophic factor (BDNF) and improve
motor recovery assessed through grid-walking performance
and cylinder task in mice when given chronically in drinking
water at 30 mg/kg beginning more than 2 h after
photothrombotic stroke [50]. Trotman et al. [85] recently
found that memantine provided neuroprotection (assessed
using 28-point neurological score) only at lower concentra-
tions (0.2 mg/kg) but failed to do so at higher concentrations
(2–10 mg/kg) which raises the possibility of its off-target ac-
tions. Moreover, clinical studies are lacking.

One of the key problems associated with NMDAR
targeting is the possible disruption of physiological synaptic
plasticity. To alleviate this issue, a number of groups have
recently focused on targeting players downstream of
NMDAR synaptic activity [86–88]. One of the downstream
events of excitotoxic signaling cascade is the formation of a
signaling complex of NR2B with PSD-95 (post-synaptic
density protein 95) and nNOS (neuronal nitric oxide syn-
thase). This signaling complex leads to NO (nitric oxide) pro-
duction and thereby causes excitotoxicity. Tymianski and col-
leagues used a synthetic peptide, called Tat-NR2B9c (also
known as NA-1) which was able to specifically inhibit
protein-protein interaction and disrupt NR2B-PSD-95-nNOS
signaling complex and provided significant neuroprotection in
rat models of ischemia [86]. In this study, treatment with Tat-
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NR2B9c was found to show significant improvement in the
24 h composite neurological score. In clinical settings, NA-1
has already been successfully tested for its safety and efficacy
in reducing the number of iatrogenic strokes in patients under-
going endovascular repair of brain aneurysms in phase 2 clin-
ical trial (ENACT Trial) [89]. However, National Institutes of
Health Stroke Scale (NIHSS) and modified Rankin Scale
scores at 30 days showed no differences between NA-1 and
control groups; detailed assessments of particular impairments
were not included in this study.

Another major focus of the therapeutic efforts is directed
towards expanding the time window of treatment for stroke.
With the success of late mechanical thrombectomy in appro-
priately selected patients in the DEFUSE 3 and DAWN trials
[90••, 91••], one can envision potential benefits of using
neuroprotectants that can prolong neuronal survival until re-
perfusion can be achieved or limit reperfusion injury. Of note,
NA-1 has been shown to provide neuroprotection in middle
cerebral artery occlusion (MCAO) model of ischemia in rats
even with delayed treatments such as 3 h or even day 4 after
MCAO [92, 93], which again supports the idea of using
neuroprotectants to prolong the neuronal survival and expand
the therapeutic window.With a similar goal, NA-1 is currently
being tested in phase 3 clinical trial (ESCAPE-NA-1) as a
neuroprotectant in patients with acute ischemic stroke under-
going endovascular revascularization.

Timing of Drug Therapies for Stroke Recovery

One must give drug therapies at the appropriate stages of
recovery in order to maximize benefits and minimize harmful
side effects. Neuroprotective agents that target acute
excitotoxicity by either controlling glutamate release or gluta-
mate receptors (NMDAR or AMPR) or Ca2+ influx not only
decrease pathological plasticity (i.e., excitotoxicity) but could
also exacerbate the pathological inhibitory peri-infarct envi-
ronment in the sub-acute and chronic phases. Similarly,
GABA-A antagonism can exacerbate excitotoxic cell death
and increase stroke volumes when administered immediately
after stroke, but delayed administration will lead to improved
outcomes [46]. Another combinatorial approach is to give
neuroprotective drugs (if and when there are neuroprotective
drugs that are found to have clinical benefit) early and repair-
enhancing drugs later. Indeed, simvastatin, a neuroprotective
drug, when combined with the neurotrophin G-CSF was
found to decrease the recovery time and reduce severity of
neurological deficits and sensorimotor asymmetry in a rat
model of intracerebral hemorrhage [94].

The majority of the studies mentioned above have been
conducted in the acute and subacute phases of recovery. The
question still remains open if these viable strategies are appro-
priate for promoting further recovery for patients with chronic

stroke. Chronic impairments have been challenging to im-
prove with training alone. In the VA ROBOTICS study, pa-
tients with chronic stroke who received 36 sessions of upper
limb robotic-assisted therapy with > 1000 movements per ses-
sion did not significantly reduce their motor impairment as
measured with the Fugl-Meyer scale after 12 weeks of therapy
compared to patients who received usual care or matched
occupational therapy [95]. Small improvements on activity
measures have been reported in the chronic stroke population
with other types of therapy including constraint-induced
movement therapy (CIMT) and mirror therapy (MT) [96,
97], though these improvements may reflect learning of com-
pensatory strategies rather than impairment reduction. With
very high-intensity therapy, it is still possible to achieve sig-
nificant impairment reductions in chronic stroke patients, as
seen in the studies by McCabe and colleagues (300 h of ther-
apy over 12 weeks; 5 h per day, 5 days per week) [98], and the
Queen Square Neurorehabilitation program (90 h of therapy
over 3 weeks; 6 h per day, 5 days per week) [99]. However,
this intensity of treatment would be difficult to implement in a
general stroke population with currently available resources in
rehabilitation centers. By combining behavioral training with
pharmacological approaches to enhance plasticity, we can
hope to elicit large reductions in impairment in the chronic
phase of recovery even with lesser amounts of training.

There is a great interest in “reopening the sensitive period”
in patients with chronic stroke. Investigations into events in-
volved in opening and closing of the critical period during
normal development, or the sensitive period during spontane-
ous biological recovery, have yielded insights into how to
reinitiate these periods once that window has closed.
Fluoxetine can reopen a critical period of visual cortex plas-
ticity in adult animals [22], though the generalizability of this
finding is called into question by the results of a study on
motor recovery, where it was required to be given early after
stroke to have beneficial effects on recovery [26]. Other phar-
macological strategies for reopening the sensitive period that
are under investigation include digestion of CSPGs and
perineuronal nets involved in closure of critical periods during
development [100, 101] and blocking Nogo, an inhibitor of
axonal growth [102, 103].

Combining Drugs with Rehabilitative Training

Giving repair-enhancing drugs in isolation is unlikely to opti-
mally enhance functional recovery; pairing these drugs with
training may be needed to establish functionally relevant con-
nections. Indeed, in an early study of amphetamines, Feeney
et al. found that amphetamine improved behavioral outcomes
only when paired with training [104]. Drugs that enhance
plasticity need behavioral training to strengthen functionally
relevant connections. This principle has been demonstrated
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with various drugs and training regimens [40, 42, 53, 105,
106]. While there remains much work to be done to optimize
rehabilitative training regimens to maximize impairment re-
duction, some general principles are acknowledged: Training
should be high-dose, emphasize movement quality, and be
engaging [98, 99]. Future studies should also explore relative
timing of drug and training interventions for short-acting
drugs such as L-dopa, or for drugs such as SSRIs that can take
time to achieve therapeutic effects.

Conclusions

In conclusion, stroke-induced functional and structural re-
modeling in the central nervous system leads to a variety of
pathophysiological changes but simultaneously opens a win-
dow of pro-adaptive therapeutic opportunity. Stroke leads to
dynamic temporal and spatial changes at different phases of
recovery. Therefore, it is important not just to focus on appro-
priate drugs but also to synergize appropriate drugs with ap-
propriate phases of the post-stroke recovery. Moreover, in-
stead of using either neuroprotective or repair-based drugs
individually, it would be wise to combine both but only at
their respective correct phases of the recovery. We propose a
model of the treatment regimen (Fig. 1) where patients are first
treated with a neuroprotective agent acutely and then repair-
based pharmacological/non-pharmacological approaches at
sub-acute and chronic phases of recovery. Further understand-
ing from preclinical models of timing and regulation of vari-
ous repair mechanisms will inform the search for appropriate
therapeutic strategies at different time points after stroke.
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