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Abstract

Stroke represents a severe medical condition that causes stroke survivors to suffer from long-term
and even lifelong disability. Over the past several decades, a vast majority of stroke research
targets neuroprotection in the acute phase, while little work has been done to enhance stroke
recovery at the later stage. Through reviewing current understanding of brain plasticity, stroke
pathology, and emerging preclinical and clinical restorative approaches, this review aims to
provide new insights to advance the research field for stroke recovery. Lifelong brain plasticity
offers the long-lasting possibility to repair a stroke-damaged brain. Stroke impairs the structural
and functional integrity of entire brain networks; the restorative approaches containing multi-
components have great potential to maximize stroke recovery by rebuilding and normalizing the
stroke-disrupted entire brain networks and brain functioning. The restorative window for stroke
recovery is much longer than previously thought. The optimal time for brain repair appears to be at
later stage of stroke rather than the earlier stage. It is expected that these new insights will advance
our understanding of stroke recovery and assist in developing the next generation of restorative
approaches for enhancing brain repair after stroke.
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1. Introductive remarks: the importance of enhancing stroke recovery in
stroke research

1.1. General characteristics of stroke

A stroke is caused by a sudden interruption of cerebral blood supply to a specific region of
the brain, resulting in regional brain tissue death. A stroke within the right hemisphere
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primarily affects the left-side of the body with impairments of somatosensory function and
an inability to move voluntarily. Stroke patients also often show difficulties in speaking,
cognitive impairment, dementia, and depression (Mendis, 2013). A stroke often happens in
adults but it occurs more frequently in older people (Mozaffarian et al., 2016).

There are two major subtypes of stroke: an ischemic stroke and a hemorrhagic stroke
(Donnan et al., 2008). Although a relatively higher incidence of hemorrhagic stroke occurs
in the Asian population as compared to Western countries, the majority of strokes worldwide
are ischemic (Andersen et al., 2009; Gunarathne et al., 2009; Steiner et al., 2014; Tsai et al.,
2016). In the United States, 87% of all strokes are ischemic strokes and 13% are
hemorrhagic strokes (Mozaffarian et al., 2016). Since a vast majority of stroke studies target
ischemic stroke, this review is mainly based on the considerable evidence of ischemic stroke
studies to reveal the intrinsic ability for brain repair after stroke and feasibility for enhancing
the intrinsic ability to repair a stroke-damaged brain.

1.2. Stroke phases

Once a stroke occurs, brain tissue that is located inside and outside the infarct/lesion area
undergoes significant changes over time. The major pathological cascades include primary
neuron loss, secondary neuron loss, brain edema, neuroinflammation, dead cell removal,
neuron functional reorganization, blood vessel regeneration and neural network rewiring.

Based on the pathological characteristics and timing post-stroke, a stroke is generally
classified into three clinical phases: the acute phase, subacute phase, and chronic phase. The
duration and pathological severity of the three phases vary among individuals. The variations
are very much dependent on the specific conditions of individuals regarding the location and
size of lesion, the rapidity of arterial occlusion, the presence of cerebrovascular collateral
circulation, the metabolic state of brain tissue, patient’s age and medical comorbidities.
Generally, the acute phase of stroke is the first 48 h after stroke symptom onset, the subacute
phase of stroke is the period between 48 h to 6 weeks, to 3 or 6 months post-stroke, whereas
the chronic phase starts 3 to 6 months after stroke (Bernheisel et al., 2011; Donnan et al.,
2008; Kang et al., 2004; Maraka et al., 2014; Parsons et al., 2000; Poh, 2013; van Delden et
al., 2012).

1.3. Stroke fact and treatment

Stroke represents a very serious medical condition and causes huge medical and financial
burdens throughout the world. Stroke remains the leading cause of long-term disability and
the second leading cause of death worldwide (Feigin et al., 2014; Mozaffarian et al., 2016).
In 2010, 16.9 million people worldwide experienced a stroke, and 33 million stroke
survivors around the world lived with disability (Feigin et al., 2014). In the United States
alone, every year, there are about 795,000 people suffering from strokes. Currently, more
than 6.6 million stroke survivors in the United States require treatment to reduce their
disability (Mozaffarian et al., 2016; Skolarus et al., 2016). The total of annual direct and
indirect cost of strokes was $33 billion in the year from 2011 to 2012 (Mozaffarian et al.,
2016), and the average of annual cost for caregiving to all elderly stroke survivors has been
estimated to be about $40 billion annually (Skolarus et al., 2016). Given the rapid growth of
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the elderly population, the total annual costs of stroke are expected to increase to $240.67
billion by 2030 (Ovbiagele et al., 2013).

Over the past few decades, major advances have been made in understanding of the
pathophysiology of stroke, while there has not been much progress in the development of
stroke treatment, especially for stroke recovery. Extensive efforts have been devoted to
developing neuroprotective therapies to rescue dying neurons within the limited hours post-
stroke, and this approach has been shown effective in animal models; unfortunately, the
neuroprotective agents have all failed in clinical trials (Moskowitz et al., 2010).

Currently available treatment for acute stroke patients are restricted to thrombolytic/
thrombectomy therapies to recanalize the occluded blood vessels for ischemic stroke and the
procedures to control bleeding and remove the hematoma for hemorrhagic stroke. Tissue
plasminogen activator (tPA) for thrombolysis is the on/y drug that has been approved by US
Food and Drug Administration (FDA) for treatment of acute ischemic stroke within 3 h (up
to 4.5 h in certain eligible patients) (Group, 1995; Hacke et al., 2008). Because of the narrow
time window for the tPA therapy and the risk of intracerebral hemorrhage (Emberson et al.,
2014; Group, 1995), in fact, only 1-3% of stroke patients are able to receive this treatment
(Warlow et al., 2003). Thrombectomy, another US-FDA approved procedure for acute
ischemic stroke, provides mechanical clot retrieval within 6-24 h after stroke symptom onset
(Castano et al., 2010; Nogueira et al., 2017; Penumbra Pivotal Stroke Trial, 2009; Saver et
al., 2015). Although the thrombectomy extends additional hours of the therapeutic window,
the eligible ischemic stroke patients to receive this treatment are limited because of the risk
of intracranial hemorrhage for this therapy (Emberson et al., 2014; Okazaki et al., 2017;
Penumbra Pivotal Stroke Trial, 2009). For acute hemorrhagic stroke, there is no effective
targeted therapy yet (Hanley et al., 2013). More than 50% of hemorrhagic stroke patients die
in the early stage (Bamford et al., 1990; Fogelholm et al., 1992). The effectiveness of the
management for controlling bleeding and blood pressure remains questionable (Lin et al.,
2012; Qureshi et al., 2014). Surgical approaches for hematoma evacuation either through
open craniotomy or endoscopy in the acute phase may reduce mortality (Dastur and Yu,
2017; Siddique and Mendelow, 2000). However, clinical benefits of hematoma evacuation
remain controversial and need further randomized controlled clinical trials to demonstrate
their efficiency (Dastur and Yu, 2017; Mendelow et al., 2005; Vespa et al., 2005).

It is worth noting that a substantial number of ischemic stroke patients who received
treatment of tPA and/or thrombectomy in the acute phase do not ever fully recover. Only 5-
10% of tPA-treated stroke patients showed disability-free recovery 3—6 months after
treatment (Emberson et al., 2014). Although the combination of tPA and thrombectomy
significantly increases recanalization/reperfusion and reduces the rate of functional
dependence as compared to tPA alone treatment (Jovin et al., 2015; Saver et al., 2015), it is
estimated that most stroke patients receiving the combination therapy may not reach the full
recovery/disability-free recovery (Campbell et al., 2015; Goyal et al., 2015; Jovin et al.,
2015; Saver et al., 2015). Importantly, approximately 50% of hemorrhagic stroke survivors
have persistent and severe disability (Fogelholm et al., 1992), and functional benefits of
hematoma removal in acute hemorrhagic stroke remain uncertain (Dastur and Yu, 2017;
Mendelow et al., 2005; Vespa et al., 2005).
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As described earlier, the majority of stroke patients still carry different degrees of disability
when they enter into the subacute phase. Traditional rehabilitation therapy including
physical therapy, occupational therapy and speech therapy appears to be the only available
treatment for stroke survivors in the subacute phase. It is believed that the optimal
therapeutic window for rehabilitation is restricted to the first 3 months post-stroke (Kwakkel
et al., 2003). Recovery ability plateaus by 6 months after stroke (Hendricks et al., 2002;
Schaechter, 2004). Only about 12% of stroke survivors may obtain complete functional
recovery after physical therapy (Kwakkel et al., 2003). In the chronic phase, there has been
no treatment available for stroke recovery. It has long been thought that the opportunity for
obtaining recovery is largely ended by the time stroke patients enter the chronic phase (Fama
and Turkeltaub, 2014; Hendricks et al., 2002). However, recent clinical and preclinical
studies have challenged this old notion. Emerging evidence has shown that the advanced
physical rehabilitation approach and pharmaceutical intervention can enhance functional
improvement when administered in the chronic phase (Cui et al., 2015; Cui et al., 2016; Lee
et al., 2015; Park and Park, 2016; Piao et al., 2012a; Zhao et al., 2007a; Zittel et al., 2007).

It has been believed that the rehabilitation therapy for improving stroke recovery should be
administered sooner rather than later. However, emerging clinical studies provide important
evidence to question this concept. Repetitive and intensive rehabilitation interventions in the
acute phase or during the early period of the subacute phase result in worse functional
outcome (Bernhardt et al., 2008; Dromerick et al., 2009). By contrast, high intensity
intervention is required for functional recovery in the chronic phase (Bhogal et al., 2003). It
remains poorly understood, however, as to why the same treatment turns to opposite results
when administered in the different phase of stroke. It is important to note that there are about
25% of ischemic stroke patients and 50% of hemorrhagic stroke patients losing their life
within first month after stroke symptom onset (Donnan et al.,(2008), demonstrating an
unstable pathological condition of stroke patients in the acute phase and during the early
period of subacute phase. Administering highly intensive rehabilitation intervention during
this earlier unstable stage may not be a good option to enhance brain repair and stroke
recovery.

2. The intrinsic capability of brain self-repair in stroke recovery

2.1. Spontaneous recovery after stroke

Despite the permanent brain tissue damage, spontaneous recovery occurs days, weeks, and
months after stroke onset.

Spontaneous recovery stands for the intrinsic recovery, which is not caused by treatment.
This type of recovery occurs during the first 3-6 months after stroke with the most dramatic
recovery from neurological impairments in the first 30 days (Duncan et al., 2000; Jorgensen
et al., 1995a). The recovery from neurological impairments or deficits is called neurological
recovery, which is the result of brain recovery, brain repair or brain reorganization (Robert
Teasell et al., 2014). However, spontaneous recovery after stroke is generally incomplete
(Cassidy and Cramer, 2016; Yozbatiran and Cramer, 2006).
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The mechanism underlying the spontaneous recovery after stroke has not been fully
understood. Early recovery post-stroke is associated with resolution of edema (Hallett, 2001;
Lo, 1986) and reperfusion of the ischemic penumbra (Barber et al., 1998). Later recovery is
related to brain plasticity (Hallett, 2001; Nudo, 2003).

2.2. Brain plasticity in spontaneous stroke recovery

2.2.1. The current concept of brain plasticity—Brain plasticity is an intrinsic
ability of the brain to reorganize its function and structure in response to stimuli and injuries
from both internal and external sources. Brain plasticity is centered on neuronal plasticity,
which is coupled with the changes of other types of cells in the brain such as astrocytes,
microglia and blood vascular cells.

Brain plasticity can be described at different levels, ranging from molecular, cellular and
systemic to behavioral aspects, and including changes in neuroanatomy, neurochemistry, and
neurogenesis. Convincing evidence shows that brain plasticity exists throughout a person’s
lifespan. The brain can constantly be modified by learning and experience during
development, young adult period, adulthood and aging in both health and disease conditions
(Anderson et al., 2011; Bavelier et al., 2010; Burke and Barnes, 2006; Cramer et al., 2011,
Johansson, 2000; Nudo, 2003).

2.2.1.1. Hebbian’s concept.: Donald Hebb, a Canadian psychologist, proposed a concept
that neuronal connections could be remodeled by experience in 1949. This concept was
introduced by his book of The Organization of Behavior (Hebb, 1949). Hebb’s concept
describes a basic mechanism for synaptic plasticity. In his book, Hebb stated that “When an
axon of cell A is near enough to excite cell B and repeatedly or persistently takes part in
firing it, some growth process or metabolic change takes place in one or both cells such that
A’s efficiency, as one of the cells firing B, is increased.” This Hebb’s concept is also hamed
Hebbian theory, Hebb’s rule, Hebb’s postulate, and cell assembly theory. Since Hebb
proposed his concept for synaptic plasticity, numerous studies have demonstrated that
neuronal function, neural networks, and brain mapping are continuously modified by
learning and experience.

2.2.1.2. Evidence in support of brain plasticity in healthy brains.: Numerous studies in
humans and laboratory animals have revealed that learning and experience can modify the
brain. A structural magnetic resonance imaging (MRI) study shows that the posterior
hippocampi, which store spatial memory, are increased in London taxi drivers. This
increased hippocampal volume is correlated with the amount of time spent as a taxi driver
(Maguire et al., 2000). After receiving digit tip tactile stimulation for 109 days (~1.5 h/day),
the territory of the representation for this stimulated digit tip in the primary somatosensory
cortex is enlarged in monkeys (Jenkins et al., 1990).

Modification of dendritic spines plays an important role in experience-induced plasticity.
Dendritic spines are tiny protrusions from neuronal dendrites and form the postsynaptic part
of the most excitatory synapses (Beaulieu and Colonnier, 1985; Nimchinsky et al., 2002).
Growth and retraction of dendritic spines are tightly linked with formation and elimination
of synapses, resulting in the rewiring of neural circuits (Bailey and Kandel, 1993; De Paola
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et al., 2006; Holtmaat et al., 2005; Trachtenberg et al., 2002; Zuo et al., 2005). Live imaging
studies have revealed that sprouting and retraction of dendritic spines occur rapidly and
dynamically (Fischer et al., 1998; Trachtenberg et al., 2002). A study of long-term /in vivo
imaging by 2-photon microscopy shows that sensory experience drives the changes in
synaptic connectivity (Trachtenberg et al., 2002).

Emerging evidence suggests that experience does not only change brain mapping and
neuronal structures, it also leads to modification of brain function. Children who learn music
display an increase in fullscale intelligence quotient, whereas children learning drama show
improvements in adaptive social behavior (Schellenberg, 2004). Playing action video games
can improve sensory, perceptual, and spatial cognitive functions and increase visual attention
(Feng, 2010; Green and Bavelier, 2003; Wu et al., 2012).

A large body of evidence indicates that astrocytes, microglia, and cerebrovascular cells/
cerebral vessels are actively involved in brain plasticity. Astrocytes, microglia, and
cerebrovascular cells have long been thought to be supportive cells for neurons. This old
notion, however, has been challenged and renewed by numerous new discoveries over the
past two decades. Astrocytes have shown to regulate neuronal plasticity (Nedergaard, 1994;
Parpura et al., 1994), synapse formation, maturation, maintenance, elimination and
functioning in the central nervous system (CNS) (Allen and Barres, 2005; Barker and Ullian,
2010; Chung and Barres, 2012; Ullian et al., 2004; Ullian et al., 2001). The dynamics of
signaling between astrocytes and neurons play an important role in brain function (Haydon
and Nedergaard, 2015; Sims et al., 2015). Recently, the contribution of microglia in brain
plasticity has been recognized. Emerging evidence shows that microglia are essentially
involved in synapse formation and refinement, as well as synaptic excitability and function
in the physiologic state of the developing or adult brain (Baalman et al., 2015; Miyamoto et
al., 2013; Tremblay et al., 2011; Wake et al., 2013). Microglia also actively contribute to
experience-dependent plasticity in mouse visual cortex (Sipe et al., 2016). Furthermore,
cerebral vasculature also crucially participates in brain neural network formation and brain
function in both the developing brain and adult brain. It has been shown that the structural
generation and functional activity between cerebral vasculature and neurons are tightly
linked together (Carmeliet and Tessier-Lavigne, 2005; Eichmann and Thomas, 2013).

2.2.1.3. Adaptive and maladaptive plasticity.: There are two types of brain plasticity:
adaptive and maladaptive. The principle of brain plasticity is that the brain can be modified
by any influence factors from inside and outside. These factors can direct the brain to be
changed in a positive way (adaptive) or a negative way (maladaptive). Brain plasticity is
considered adaptive when it is associated with gaining of useful function or restoring
function in both physical and pathological conditions (Bavelier et al., 2010; Cohen et al.,
1997; Johansson, 2000). Adaptive plasticity contributes to neurological function recovery
after stroke by therapeutic interventions (Johansson, 2000; Nudo, 2006). Brain plasticity is
reviewed as maladaptive when the changes are related to negative consequences such as loss
of function, reduction of synaptic circuits, inhibition of functional recovery or increase of
injury (Cramer et al., 2011; Nudo, 2006; Takeuchi and Izumi, 2012; Zhao et al., 2017). As
an example of maladaptive plasticity, stress, especially long-term stress, induces maladaptive
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changes in cortical neurons by retraction of dendrites and loss of synapses (Bloss et al.,
2010; Cook and Wellman, 2004; Radley et al., 2008).

2.2.2. The role of brain plasticity in brain self-repair after stroke—As stated
earlier, spontaneous recovery continually happens from days to months post-stroke. This
nontreatment-induced recovery is generated through brain plasticity, which is the intrinsic
ability of brain self-repair.

In 1973, Alf Brodal, a Norwegian neuroanatomist, according to his own experience in stroke
recovery hypothesized that this self-recovery might be related to “intact fibers take over for
the damaged ones.” (Brodal, 1973). Although great efforts have been made during the past
several decades, understanding of how the stoke-damaged brain is repaired by itself still
remains incomplete. Using noninvasive brain imaging techniques, clinical studies have
revealed that changes in functional activities dynamically occur in the intact brain regions of
both the affected and nonaffected hemispheres including cortical and subcortical regions
during stroke recovery (Cramer, 2004; Tombari et al., 2004; Wang et al., 2010b). These
findings suggest that the undamaged brain tissue is involved in brain self-repair. Neuron
deathinduced function loss after stroke may be taken over by the neurons in the intact brain
regions. Resolution of diaschisis as well as functional and structural reorganization in the
undamaged brain regions have been thought to play roles in spontaneous recovery of stroke.

2.2.2.1. Resolution of diaschisis.: Diaschisis is a Greek word meaning *“shocked
throughout”. Diaschisis, describing a neuropathophysiological condition, is widespread
disruption of neuronal function in the intact brain regions adjacent to or remote from, but
anatomically connected to, the area of a focal primary injury. The disruption of neuronal
function in the intact brain tissue includes both deactivation and hyperexcitability.

Diaschisis represents a suddenly occurring event, which can last either transiently or persist
for long periods of time after injury (Feeney and Baron, 1986). The concept of diaschisis
was originally described by Brown-Sequard as the remote effects of focal brain damage
(“actions at a distance™) in the 1870’s. He proposed that brain lesions produce excitatory and
inhibitory effects, which cause disruption of function in regions distant from the site of
damage (Feeney and Baron, 1986). In 1914, Von Monakow, a Russian-Swiss
neuropathologist, introduced the concept for diaschisis in a new version, which described
diaschisis as “abolition of excitability” and “functional standstill” (Mon Monakow, 1969). In
addition to Von Monakow’s concept of diaschisis, Andrews added a new view for diaschisis,
which interprets diaschisis as a result of “removal of inhibition” and “functional excitation”.
Based on his observation that the electrical activity in the contralesional hemisphere was
increased after unilateral brain infarction (Andrews, 1991). Whether the intact remote
regions undergo deactivation or hyperexcitability may depend upon the timing post-stroke as
well as the size, the location and the type of the lesion (Andrews, 1991). Neural networks
are complex architectures in the brain. Connectome is a comprehensive map of all neural
connections in the brain (Sporns et al., 2005). Based on the emerging evidence in studies of
connectome, the concept of diaschisis has recently been emphasized as connectional
diaschisis, which is defined as the changes of structural and functional connectivity between
brain areas distant to the lesion. The distant neurophysiological changes due to disachisis are
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a direct inhibitory or excitatory effect of a brain lesion (Carrera and Tononi, 2014).
Overcoming a diaschisis and rebalancing the stroke-induced abnormity between excitation
and inhibition in the neural network system may contribute to the spontaneous recovery after
stroke. It has been proposed that the process of resolution of diaschisis after stroke is
modulated through brain plasticity (Feeney and Baron, 1986; Hallett, 2001).

2.2.2.2. Inter-hemispheric shift and intra-hemispheric shift of somatosensory motor
area.: A great amount of research has been devoted to understanding the involvement of
inter-hemispheric shift of somatosensory motor area in stroke recovery. Using non-invasive
neuroimaging, emerging evidence obtained from both clinical and basic science studies have
revealed a time-dependent and functional recovery-related shifting of the somatosensory
motor area between the injured (affected) and uninjured (unaffected) hemispheres. In the
early stage after stroke (the acute phase and early period of subacute phase), extensive
activity (hyperactivation) appears in the contralesional motor cortex (Brown et al., 2009;
Dijkhuizen et al., 2001; Tombari et al., 2004). This inter-hemispheric shift towards the
unaffected hemisphere has been thought to be the sign of distress (Cramer et al., 2011).
During stroke recovery (often occurring in the post-early stage of subacute phase and the
chronic phase), however, the somatosensory motor activities responding to the affected limbs
are transferred and reorganized in the ipsilesional cortex near the infarct area (Brown et al.,
2009; Carmichael, 2012; Dijkhuizen et al., 2001; Sharma and Cohen, 2012; Tombari et al.,
2004; Wang et al., 2010a). Many clinical studies have demonstrated that good motor
functional recovery is associated with the increased functional activities in the ipsilesional
motor cortex, whereas the patients with poor recovery show the involvement of the
contralesional motor cortex during movement of the affected hand (Fridman et al., 2004;
Sharma and Cohen, 2012; Werhahn et al., 2003).

The mechanistic base for understanding of the inter-hemispheric shift during stroke recovery
has not yet been elucidated. Modification in synaptic circuits or synaptic connections may be
involved in functional reorganization and neural network remodeling in the brain after stroke
(Brown et al., 2007; Brown et al., 2008; Cui et al., 2015; Cui et al., 2016).

Synaptic plasticity in cortical horizontal connections plays a role in cortical plasticity and
cortical map reorganization (Hess and Donoghue, 1996). This cortical plasticity may also be
involved in intra-hemispheric shift of somatosensory motor area in stroke recovery (Nudo,
2003). In the case of infarcts occurring in the primary motor cortex, hand function recovery
is accompanied with expanding the hand representation area to the shoulder and elbow
(Nudo et al., 1996) or to the face representation region (Cramer and Crafton, 2006). The
activation of the premotor cortex in the affected hemisphere is linked with gait restoration in
stroke patients (Miyai et al., 2002). Increased connectivity of the ipsilesional primary motor
cortex-premotor cortex, and decreased connectivity of the ipsilesional primary motor cortex-
parietal cortex are seen in stroke patients with greater motor recovery (Wu et al., 2015). On
the other hand, widespread disinhibition in the ipsilesional primary motor cortex and
premotor cortex may generate maladaptive plasticity, which leads to poor recovery in the
affected hand (Takeuchi and Izumi, 2012).
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2.2.2.3. Neurovascular engagement.: The increased changes in coupling of neurons and
blood vessels at both levels of the structure and function may contribute to spontaneous
recovery after stroke. Two-photon live brain imaging studies (Brown et al., 2007; Zhang et
al., 2005) have revealed a tight coupling relationship between dendritic spines and blood
vessels in the peri-infarct cortex after ischemic stroke. Focal cerebral ischemia causes a
rapid loss of dendritic spines and dendritic structure (Zhang et al., 2005). During the
recovery period, dendritic spines next to the infarct region are increased and stabilized 6
weeks after brain ischemia. Simultaneously, blood vessel density is increased and blood flow
is recovered in the peri-infarct cortex at 6 weeks postischemia (Brown et al., 2007). The
changes of neurovascular coupling also dynamically occur after focal cerebral ischemia and
during recovery. Monitoring neurovascular coupling through cerebral blood volume fMRI
and local field potential (LFP) after forepaw stimulation, Shih and coworkers (Shih et al.,
2014) reported that both the fMRI and LFP responses in the cortex and striatum of the
affected hemisphere were diminished immediately after stroke and recovered on day 28 after
experimental stroke. In agreement with the experimental findings, an fMRI study in chronic
stroke patients has revealed that an increase of regional cerebral blood flow is positively
correlated to a significant recovery in speech and limb motor function (Mountz, 2007).

2.2.2.4. The potential role of glial cells in stroke recovery.: The involvement of
astrocytes and microglial cells in neuroinflammatory responses during the early stage of
stroke has been intensively studied; however, the role of glial cells in spontaneous stroke
recovery remains largely unknown.

A recent study has revealed that uptake of astrocyte-released mitochondria by the neurons
adjacent to the infarct area is required for neurological function recovery (Hayakawa et al.,
2016). In this study, fluorescence-labeled astrocytic mitochondria were transplanted into the
peri-infarct cortex 3 days after an experimental stroke. The transplanted astrocytic
mitochondria were found in the local neurons 24 h after transplantation. When blocking the
astrocytic release of mitochondria at day 5 post-stroke, neuronal mitochondria and axon
outgrowth protein were reduced, and functional recovery was inhibited. This study offers
evidence supporting the contribution of astrocytes in brain self-repair after stroke.

Microglia, the brain tissue resident macrophages, are classified into pro-inflammatory
phenotype (M1 type) and anti-inflammatory phenotype (M2 type) based on their responses
to local environment. The proinflammatory phenotype microglia release destructive pro-
inflammatory cytokines, whereas the anti-inflammatory phenotype microglia produce
molecules and trophic factors that participate in antiinflammatory and tissue repair (Anttila
etal., 2016; Boche et al., 2013; Hu et al., 2015; London et al., 2013). Because of the
opposite phenotypes, microglia have been shown both detrimental and beneficial effects in
stroke recovery. Weeks and months after stroke, activated microglia have been found in the
remote brain regions where they are anatomically connected to the neurons in the infarct
area. (Dihne and Block, 2001; Justicia et al., 2008; Thiel et al., 2010). This delayed and
long-lasting activation of microglia in these remote brain regions may be associated with the
progression of secondary neurodegeneration after focal cerebral ischemia (Anttila et al.,
2016). On the other hand, activated microglia may enhance brain repair by clearing cell
debris, resolving neuroinflammation, and releasing trophic factors (Hu et al., 2015). M2 type
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microglia have shown beneficial effects in neurogenesis, axonal regeneration, angiogenesis
and vascular repair (Hu et al., 2015). The questions as to whether and how these beneficial
effects of microglia are involved in brain self-repair and functional recovery remain to be
addressed.

It is worth noting that monocyte-derived macrophages (MDMs) may also play a role in brain
self-repair after stroke. Similar to microglia, MDMs have been well studied as to their
detrimental role in neuroinflammation after brain injury, while little knowledge is available
concerning their contribution in brain repair. Recent studies have revealed that the MDMs
are crucially involved in brain repair and spontaneously functional recovery after stroke. The
infiltrating MDMs have significantly higher phagocytic capacity to clear cell debris as
compared to microglia at 3 days post-experimental stroke, suggesting a beneficial effect of
MDMs in stroke repair (Ritzel et al., 2015). Two weeks after focal cerebral ischemia,
infiltrating MDMSs turn to a dominant anti-inflammatory phenotype. Blocking the
recruitment of MDM s into the brain during the first week of stroke abolishes long-term
functional recovery, indicating the key involvement of infiltrating MDMs in stroke recovery
(Wattananit et al., 2016).

2.2.2.5 The possible role of neural progenitor cells in stroke recovery.: Neural stem
cells (NSCs) or neural progenitor/precursor cells (NPCs) are multipotent cells that have the
capacity for selfrenewal and differentiation into neurons, astrocytes, and oligodendrocytes.
Two neurogenic regions in adult brain, the subventricular zone (SVZ) and subgranular zone
(SGZ), have been widely accepted (Curtis et al., 2007; Morshead et al., 1994; Palmer et al.,
1995). NSCs/NPCs in the SVZ migrate along the rostral migratory stream (RMS) to the
olfactory bulb where they differentiate into olfactory neurons, whereas NSCs/NPCs in the
SGZ migrate locally to the granule cell layer and generate granular neurons in the dentate
gyrus. There are 4 key steps for neurogenesis: proliferation, migration, differentiation, and
survival/integration. In a healthy adult brain NSCs/NPCs can accomplish these 4 processes
of neurogenesis (Christie and Turnley, 2012; Dibajnia and Morshead, 2013; Kaneko et al.,
2011). The newborn neurons participate in recognition, learning and memory in
physiological conditions (Christie and Turnley, 2012; Dibajnia and Morshead, 2013; Mak et
al., 2007; Ruan et al., 2014).

Although extensive research has been done over the past decade, understanding the role of
endogenous NSCs/NPCs in brain self-repair and spontaneous functional recovery after
stroke still remains incomplete. The original hypothesis has been proposed that the NSC/
NPC-generated new neurons may replace the stroke-damaged neurons, leading to brain self-
repair and functional recovery after stroke. The vast majority of studies have been directed
by this hypothesis and are searching for evidence that stroke-induced NSC/NPC
proliferation, migration, differentiation, and survival/integration are linked to spontaneously
functional recovery.

It has been shown that focal cerebral ischemia causes increase of NSC/NPC proliferation in
both the SVZ and SGZ during the 4 days to 2 weeks after ischemia (Arvidsson et al., 2002;
Jinetal., 2001; Li et al., 2010). By contrast to the ordinary migratory pathway through the
RMS, the SVZ-derived NSCs/NPCs and neuroblast can directly migrate to the peri-infarct

Prog Neurobiol. Author manuscript; available in PMC 2018 August 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao and Willing

Page 11

cortex (Leker et al., 2007) and peri-infarct striatum (Arvidsson et al., 2002) along the corpus
callosum (Leker et al., 2007; Li et al., 2010), astrocyte processes (Yamashita et al., 2006),
and blood vessels (Thored et al., 2007; Yamashita et al., 2006). In the peri-infarct regions,
the SVZ-derived NSCs/NPCs and neuroblast differentiate into neurons (Arvidsson et al.,
2002; He et al., 2017; Leker et al., 2007; Thored et al., 2006; Yamashita et al., 2006). The
newly formed neurons generate synaptic connections with the neighboring striatal neurons
(Yamashita et al., 2006) and are functionally integrated into neural networks in the adult
brain after stroke (Hou et al., 2008). In contrast to the SVZ-derived NSCs/NPCs, the SGZ-
derived NSCs/NPCs appear not to be involved in the brain repair process after focal cerebral
ischemia (Christie and Turnley, 2012).

The major challenge of endogenous neurogenesis in stroke recovery, however, is the very
low survival rate of newborn neurons. More than 80% of newly formed neurons die through
apoptosis (Arvidsson et al., 2002; Thored et al., 2006). The surviving newborn neurons
replace only about 0.2% of the dead neurons due to ischemic injury (Arvidsson et al., 2002).
These findings challenge the neuron replacement hypothesis and imply the limitation for the
ability of endogenous NSCs/NPCs in adult brain to fully repair itself after stroke. In addition
to the possibility of neuron replacement, NSC/NPC-released trophic factors may contribute
to neural network remodeling and functional recovery. Proliferating NSCs/NPCs produce
brain-derived neurotrophic factor (BDNF) (Kamei et al., 2007; Li et al., 2010) and vascular
endothelial growth factor (VEGF) (Leker et al., 2007; Li et al., 2010). Both BDNF and
VEGF can protect neurons from excitotoxicity (Li et al., 2010) and apoptosis (Almeida et
al., 2005; Park et al., 2014). Blocking cortical ischemiainduced NSC/NPC proliferation
exaggerates neuron loss in the infarct area and hippocampus and prevents spontaneous
functional recovery (Li et al., 2010). It remains unclear, however, whether the NSC/NPC
produced BDNF and VEGF are involved in promoting neural network rewiring in the brain
after stroke as both BDNF and VEGF support neurite outgrowth (Pereira Lopes et al., 2011;
Su et al., 2013), and whether NSC/NPC-induced neural network remodeling has a causal
link with neurological function recovery.

In total, convincing evidence supports that the brain has the intrinsic ability to repair itself,
which is the foundation of spontaneous functional recovery after stroke. However, the
capability of brain selfrepair post-stroke is limited, especially in severe stroke, as
spontaneous recovery is often incomplete in most stroke patients. Clearly, the brain needs
more help for reinforcing the repair process. Can we provide extrinsic interventions or
treatments to enhance the intrinsic ability of brain self-repair for further strengthening stroke
recovery?

In the following section, this question will be addressed and discussed through the review of
up-to-date preclinical and clinical studies that provide new hope for enhancing stroke
recovery.
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3. Putative therapies for enhancing brain self-repair and stroke recovery

As stated earlier, spontaneous recovery is non-treatment-induced brain self-repair and
functional recovery. In this section, treatment-associated brain repair and functional recovery
will be introduced and discussed.

During the past several decades, numerous studies in both basic neuroscience and clinical
rehabilitation have revealed that it is possible to enhance brain repair and improve functional
outcome at the later recovery stage after stroke through a variety of approaches. This section
selects the approaches of enriched environment, advanced physical interventions,
pharmaceutical interventions, and stem cell transplantation in brain repair and stroke
recovery. The intervention time initiating in the subacute phase or chronic phase in adults is
highlighted for discussion in this section.

3.1. Enriched environment

3.1.1. The concept of enriched environment—The original concept of enriched
environment has been developed in the basic neuroscience setting. An enriched environment
is an experimental housing condition, which is considered a relatively “enriched” condition
as compared with a standard laboratory housing condition.

The concept of an enriched environment was originally introduced by Donald Hebb in the
late 1940s. In 1947, Hebb reported the first experiment on comparing the problem-solving
ability of small groups of rats reared in different conditions. He reared laboratory rats at
home as his children’s pets, and these rats also experienced the run of his house. He found
that the problem-solving ability of home-raised rats was far advanced when compared to the
rats reared in ordinary laboratory cages (Hebb, 1947). This observation indicates that
experience modifies the brain, which is the central principle of Hebb’s theory stated in his
book (Hebb, 1949). To mimic a home environment in laboratory, Hymovitch (Hymovitch,
1952) created a complex environment (free environment), which was a large box containing
a large group of rats with a number of “play-things”. Using this complex environment,
Hebb’s experiment was repeated and elaborated with much larger samples of rats and with
more adequate controls by Hymovitch (Hymovitch, 1952). Hymovitch’s findings confirmed
the Hebb’s observation that rats reared in a complex environment showed an enhancement in
problemsolving ability. In the early 1960s, Rosenzweig and coworkers (Rosenzweig et al.,
1961; Rosenzweig et al., 1962a) further elaborated the Hymovitch’s complex environment
(free environment) and named it as “environmental complexity and training” (Krech et al.,
1960), “enriched condition” (Rosenzweig and Bennett, 1996) and “enriched environment”
(Rosenzweig et al., 1962b). Since then, the enriched environment, as a testable scientific
concept, was widely accepted and used in neuroscience research.

The enriched environment is a complex combination in which spatial, visual, social,
physical, and learning activities are tightly linked and interact together as an entire unit. The
effort has been made, however, to distinguish which of the components in the enriched
environment plays a key role in enriched environment-induced brain plasticity. It appears
that social interaction may be relatively important in enriched environment-induced brain
plasticity (Forgays and Forgays, 1952; Krech et al., 1960) and functional recovery after
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experimental stroke (Johansson and Ohlsson, 1996). However, these social interaction-
induced changes are inferior to the enriched environment-enhanced adaptive modifications
in the brain (Forgays and Forgays, 1952; Krech et al., 1960) and functional improvement
post-stroke (Johansson and Ohlsson, 1996).

Over the past six decades, a large body of evidence has demonstrated that the enriched
environment can modify the brain in a widespread manner including changes in genes and
proteins, neurogenesis, neural structures, neurochemistry, neural function and neurobehavior
in both physiological and pathological conditions, which will be discussed in the following
sections.

3.1.2. The role of enriched environment in adaptive plasticity in the healthy
brain—Numerous studies have revealed that enriched environments induce changes in the
expression of genes and proteins, which are related to brain plasticity. A gene expression
profiling study showed that the genes linked to neuronal structure, synaptic plasticity and
neural transmission were dramatically changed in the brains of adult mice after housing in
enriched environment (Rampon et al., 2000a). Limbic system-associated membrane protein
(Lsamp) is an important protein involved in neural network formation and psychiatric
conditions (Gil et al., 2002; Koido et al., 2012). An enriched environment increases the
expression of Lsamp transcript in the hippocampus (Heinla et al., 2015). Enriched
environment housing also enhances or modulates the expression of the synaptic plasticity-
related proteins/molecules including BDNF and nerve growth factor (NGF) (Ickes et al.,
2000; Torasdotter et al., 1998), synaptophysin and postsynaptic density-95 (PSD-95) (Frick
and Fernandez, 2003; Nithianantharajah et al., 2004), glutamate receptors (Naka et al., 2005;
Tang et al., 2001), and cholinesterase (Krech et al., 1960; Rosenzweig et al., 1962a).

Accumulating evidence shows that an enriched environment enhances adaptive plasticity at
both neural structural and functional levels. Placing rats in a complex environment (enriched
environment) results in profound changes across the cortex including increases in cortical
weight and thickness (Bennett et al., 1969; Diamond et al., 1964), dendritic branching and
complexity, dendritic spine density, synapse number and size, glial numbers and complexity,
and vascular arborization (Altman and Das, 1964; Connor et al., 1982; Greenough et al.,
1985; Johansson and Belichenko, 2002; Kolb and Gibb, 2015; Leggio et al., 2005). The
enriched-environment housing also increases the contact between astrocytes and synaptic
elements (Diamond et al., 1966; Jones and Greenough, 1996; Sirevaag and Greenough,
1991) and enhances synaptic strength and plasticity (Artola et al., 2006; Duffy et al., 2001;
Foster and Dumas, 2001; Green and Greenough, 1986). Furthermore, housing animals in an
enriched environment leads to increased neurogenesis and the integration of newly formed
neurons into functional circuits in the hippocampus (Bruel-Jungerman et al., 2005;
Kempermann et al., 2002; Kempermann et al., 1997, 1998; Monteiro et al., 2014). The
enriched environment-induced neurogenesis is required for acquisition and flexibility in
spatial learning and memory (Garthe et al., 2016).

Many studies have revealed that the enriched environment housing condition promotes
adaptive behavior and brain function in intact animals. An environmental enrichment
enhances problem-solving ability (Forgays and Forgays, 1952; Hebb, 1947; Hymovitch,
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1952), increases learning and memory (Garthe et al., 2016; Lee et al., 2003; Rampon et al.,
2000b; Schrijver et al., 2002; Tang et al., 2001), reduces memory decline of aged animals
(Bennett et al., 2006; Harburger et al., 2007), increases exploratory activity and cognitive
function, and decreases anxiety-like behavior (Benaroya-Milshtein et al., 2004; Doulames et
al., 2014; Tanas et al., 2015). The enriched environment-promoted behavioral resiliency
from stress is dependent on the neural networks in the prefrontal cortex (Lehmann and
Herkenham, 2011).

Collaboratively, emerging evidence supports the adaptive effects of enriched environment in
enhancing brain plasticity and brain function in the healthy brain.

3.1.3. The contribution of enriched environment in enhancing stroke
recovery—The evidence that has been accumulated over the past two decades strongly
suggests that enriched environment facilitates brain repair and improves stroke recovery.

Using a cortical infarct stroke model in spontaneously hypertensive rats (SHRs), Barbro
Johansson’s group at Lund University in Sweden initially introduced the concept of enriched
environment into the field of stroke recovery. Johansson and coworkers have conducted a
series of experiments to determine the contribution of enriched environment in stroke
recovery. In 1995, their initial work revealed that transferring rats to enriched environment
24 h after experimental stroke improves somatosensory motor function recovery without
changing infarction size, suggesting that the enhancement of brain plasticity in the intact
brain regions may contribute to the enriched environment-improved functional recovery after
brain ischemia (Ohlsson and Johansson, 1995). Using a similar experimental setting, several
studies have demonstrated that significant changes related to adaptive plasticity appear in the
intact brain regions of the stroke rats in enriched environment. These changes include the
manipulation of gene and protein expressions of growth factors in the ipsilesional and
contralesional cortex and hippocampus (Dahlqvist et al., 1999; Zhao et al., 2000; Zhao et al.,
2001), increases of dendritic branches and dendritic spines in the contralesional cortex
(Johansson, 2004; Johansson and Belichenko, 2002) (Fig. 1), increases of gliogenesis in the
ipsilesional and contralesional cortex (Komitova et al., 2006), and increases of NSC/NPC
pool and neurogenesis in the SVZ (Komitova et al., 2005a; Komitova et al., 2005b).

In addition to the early intervention, Johansson’s group has also demonstrated that placing
rats in an enriched environment beginning at 2, 7 or 15 days after experimental stroke (the
subacute phase) leads to an improvement of functional outcomes (Johansson, 1996;
Komitova et al., 2005a; Risedal et al., 2002; Risedal et al., 1999; Ruscher et al.,2011). The
precise mechanisms underlying this delayed intervention of enriched environment in
improving stroke recovery have not yet been elucidated, although several studies have made
efforts in understanding the mechanisms. Nerve growth factor-induced gene A and B
(NGFI-A, NGFI-B) are the inducible transcription factors that play roles in neuronal
plasticity (Dahlgvist et al., 2003; Dragunow, 1996). Housing rats in an enriched environment
2 days after cortical infarct results in upregulation of NGFI-A and NGFI-B gene expression
in the ipsilesional and contralesional cortex and hippocampal CA1, and this upregulation is
positively correlated with functional improvement (Dahlqvist et al., 2003). An increased
sigma-1 receptor expression in the peri-infarct cortex is found in the brains of rats that have
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been moved to an enriched environment 2 days after cortical infarction (Ruscher et al.,
2011). The sigma-1 receptor activation plays a crucial role in regulation of neural network
remodeling and in stroke recovery (Ruscher et al., 2011). Housing rats in an enriched
environment 7 days after cortical infarction leads to promoting astrocyte regeneration in the
SGZ (Komitova et al., 2002) and increases in newly formed astrocytes and polydendrocytes
in the ipsilesional cortex (Komitova et al., 2006). This enriched environment-induced
gliogenesis has been proposed to be beneficial for brain repair and post-stroke plasticity
(Komitova et al., 2006). Together, these studies suggest that activation of adaptive plasticity
in the remaining brain tissue is involved in the repairing process by the delayed enriched
environment intervention.

Using a rat model of stroke in other types of rats such as Wistar and Sprague-Dawley (SD)
rats, enriched environment intervention beginning 2 days after experimental stroke has been
shown to improve sensorimotor function, decrease brain ischemia-induced inflammation by
reduction of apolipoprotein E and interleukin-1 beta (IL-1pB), and reduce perineuronal net
(PNN) in parvalbumin/GABA inhibitory interneurons (Madinier et al., 2014; Ruscher et al.,
2009). The enriched environment-enhanced functional recovery is correlated with a robust
reduction of PNN surrounding parvalbumin/GABAergic neurons in the ipsilesional cortex
(Madinier et al., 2014). Inhibiting inflammation and decreasing PNN in the parvalbumin/
GABAergic neurons after ischemic infarction may provide a supportive microenvironment
for the repairing process promoted by enriched environments.

It is worth noting that intensive physical intervention beginning at the early stage of
experimental stroke (e.g. 24 h or 2d post-stroke) appears to negatively influence in
functional recovery. It has been shown that enriched environment intervention initiating at
24 h or 7d postexperimental stroke in SHRs improves functional recovery equally (Komitova
et al., 2005a). However, when adding intensive physical training (1 h per day, 5 days per
week) to enriched environment starting either 24 h (EE + training24 h) or 7d (EE + training7
h) after cortical infarction, the results turn out to be quite different. The infarction size of EE
+ training24 h group is enlarged as compared to the EE + training7 h group and the control
stroke rats housed in the standard laboratory cages. The EE + training24 h group also shows
a greater thalamic atrophy and worse functional outcome than the EE + training7 h groups
(Risedal et al., 1999). Moreover, voluntary running beginning at 24 h or 2d post-
experimental stroke in SHRs increases mortality, exaggerates chronic stress, reduces
NSC/NPC pool in the SVZ, and prevents functional recovery (Dahlqvist et al., 2003;
Johansson and Ohlsson, 1996; Komitova et al., 2005b; Risedal et al., 2002). These findings
raise a red flag concerning intensive physical intervention at the early stage of stroke as it
may promote maladaptive plasticity and negatively influence brain repair and functional
recovery after stroke.

A notable point is that enriched environment-induced brain repair and stroke recovery is not
dependent on infarction size. Stroke studies have revealed that the larger the infarction size
is, the worse the neurological deficits are manifested (Duan et al., 2009; Pan et al., 2006). A
systematic review shows that enriched environment housing poststroke improves
sensorimotor function but it causes about 8% increase in infarction volume (Janssen et al.,
2010). As mentioned earlier, the infarction size in the EE + training24 h group is larger than
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the control stroke rats housed in the standard laboratory cages. In spite of an increased
infarction size, the EE + training 24 h group still shows better functional outcome than the
stroke rats housed in the standard laboratory cages (Risedal et al., 1999). This observation
once again supports that functional benefits induced by enriched environments are
independent of the infarction size. Thus, the key point of enriched environment-induced
stroke recovery is to enhance adaptive plasticity in the remaining brain tissue.

Translating the concept of enriched environment into clinical settings for enhancing stroke
recovery has just begun. An Australia group published the first clinical protocol for enriched
environment in 2012 (Janssen et al., 2012). A pilot non-randomized controlled clinical trial
shows that the enriched environment intervention is effective in increasing physical,
cognitive and social activities for stroke patients (Janssen et al., 2014). It is expected that the
efficacy of enriched environment in enhancing stroke recovery will be validated by
multiplecentral, randomized, and controlled clinical trials with large number of stroke
patients and by including other evaluation approaches such as neuroimaging.

3.2. Modern physical interventions

The modern physical interventions represent the relatively new physical interventions that
are different from the traditional physical therapy, which has a limited therapeutic window
up to 6 months after stroke.

It is worth mentioning that the recovery induced by rehabilitative interventions in the
chronic phase (> 6 months) is considered “treatment-induced recovery” as it precludes the
confounding effects from the spontaneous recovery, which occurs up to the first 6 months
after stroke onset.

A large body of clinical evidence supports the efficacy of modern physical interventions in
enhancing brain repair and function recovery in the chronic phase of stroke. These clinical
trials provide insightful understanding of how the stroke-damaged brain is repaired at this
late stage.

3.2.1. New insights: brain plasticity and brain repairable window—It has long
been believed that stroke patients plateau/discontinue in their recovery within the first 3 or 6
months after stroke onset (Aziz, 2010; Jorgensen et al., 1995b). However, emerging evidence
from clinical studies using modern physical interventions challenges this old notion and
demonstrates that administration of the interventions in the chronic phase of stroke, ranging
from 6 months to 26 years after stroke, can enhance brain repair and functional recovery
(Altschuler et al., 1999; Broeren et al., 2008; Hummel et al., 2005; Lee et al., 2015; Page et
al., 2013; Takeuchi et al., 2005). The lifelong feature of brain plasticity provides the
fundamental base for the modern physical intervention-enhanced stroke recovery in the
chronic stroke patients. Substantial clinical evidence, which will be shown in this section,
suggests that normalizing the stroke-disrupted brain networks is involved in stroke recovery
in the chronic phase by the modern physical interventions.

3.2.2. Normalization of brain activation in the affected and unaffected
hemispheres—A stroke is not a simple event of losing part of brain tissue; in fact, it
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causes progressive disruptions in the brain networks at both the structural and functional
levels. A stroke induces an interrupted and unbalanced neural network functioning in both
ipsilesional and contralesional hemispheres, resulting in increased excitability in the
contralesional hemisphere and reduced activity in the ipsilesional hemisphere (diaschisis).
This unbalanced brain network function causes high interhemispheric inhibition that drives
from the motor cortex of the intact hemisphere to the injured hemisphere during a voluntary
movement of the affected hand of stroke patients. This abnormal interhemispheric inhibition
has been proposed to adversely influence motor functional recovery in stroke patients
(Murase et al., 2004). To examine this hypothesis, many clinical studies have been carried
out in chronic stroke patients using non-invasive stimulation approaches, such as transcranial
magnetic stimulation (TMS) and transcranial direct current stimulation (tDCS), to reduce the
activation of the motor cortex in the contralesional hemisphere and to increase the activation
of the motor cortex in the ipsilesional hemisphere. After TMS or tDCS treatment, the motor
function of the affected hand is significantly improved in chronic stroke patients, and the
improvement is correlated with normalized brain activations and corticospinal excitability
between the two hemispheres (Fregni et al., 2006; Hummel et al., 2005; Lefebvre et al.,
2015; Lefebvre et al., 2012; Takeuchi et al., 2005).

In addition to the direct stimulation approaches, similar findings are observed in a virtual
reality therapy. This therapy uses a virtual environment that imitates a real-world
environment, which is generated though computer software to give patients a simulated
experience. The treated-chronic stroke patients show improved motor function, navigation
function, and unilateral neglect (Ansuini et al., 2006; Claessen et al., 2016; Glover and
Castiello, 2006; Takahashi et al., 2008) with normalized brain activations in the two
hemispheres (Takahashi et al., 2008).

3.2.3. Enhancing the mirror neuron system for chronic stroke recovery—
Mirror neurons are the special neurons in the cerebral cortex that are activated not only when
one performs an action, but these neurons are also activated when one simply watches
another performing the same action (Keysers and Gazzola, 2010; Rizzolatti and Craighero,
2004). Taking this unique advantage of mirror neurons, many rehabilitative interventions
such as mirror therapy and action observation therapy are created for watching movement of
unaffected arm in the mirror (mirror therapy) or watching a series of videos that display
everyday activities (action observation therapy) to let patients re-learn and re-gain the lost
function through practice. Clinical studies reveal the effectiveness of these interventions on
motor function improvements in chronic stroke patients (Altschuler et al., 1999; Ertelt et al.,
2007; Kim and Lee, 2013; Park et al., 2015b). The improved motor function is correlated to
reactivations of brain networks in the mirror neuron system (Ertelt et al., 2007; Garrison et
al., 2010).

Collaboratively, the clinic evidence suggests that the modern physical intervention-improved
functional recovery in the chronic phase of stroke is mediated through the training/
experience-induced adaptive brain plasticity to reorganize the stroke-disrupted brain
networks.
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3.3. Pharmaceutical interventions

A great number of drugs have been examined for their effectiveness in enhancing brain
repair and stroke recovery (Ortega and Jolkkonen, 2013; Tran et al., 2016; Walker-Batson et
al., 2016). This section highlights the studies of antidepressants and growth factors on stroke
recovery in the subacute or chronic phases.

3.3.1. Antidepressants in enhancing stroke recovery—~Post-stroke depression is a
common complication, which leads to greater disability and negatively affects stroke
recovery (Gainotti et al., 2001; Robinson and Jorge, 2016). Increasing clinical evidence
shows that antidepressants not only improve mood disturbance but they also enhance motor
function recovery after stroke. Selective serotonin reuptake inhibitors (SSRI) and
noradrenaline reuptake inhibitors (NARI) have been evaluated as the best drugs among the
antidepressants in enhancing stroke recovery (Hatem et al., 2016). Administration of
fluoxetine (SSRI drug) and reboxetine (NARI drug) to stroke patients in the subacute or
chronic phases improves post-stroke depression and enhances motor function recovery
(Gainotti et al., 2001; Gonzalez-Torrecillas et al., 1995; Wang et al., 2011; Zittel et al.,
2007). The enhanced motor performance was closely associated with normalized motor
network connections and activities (Wang et al., 2011). Interestingly, fluoxetine also
improves motor function in the subacute or chronic stroke patients without depression
(Chollet et al., 2011; Dam et al., 1996), suggesting neurorestorative potential of the
antidepressants in stroke recovery.

The mechanistic interpretation of these antidepressants in improving stroke recovery has not
yet been made available. SSRI and NARI increase the extracellular levels of
neurotransmitter serotonin and noradrenaline. Both serotonin and noradrenaline have been
demonstrated to play crucial roles in enhancement of synaptic plasticity, neurogenesis,
synaptogenesis, and dendritic remodeling (Kuo et al., 2016; Sodhi and Sanders-Bush, 2004;
Tully and Bolshakov, 2010). Fluoxetine increases neurogenesis (Santarelli et al., 2003),
synaptic plasticity (Karpova et al., 2011; Wang et al., 2008), and neural structural
remodeling in the adult brain (Chen et al., 2011). How fluoxetine and reboxetine promote
brain repair in stroke, however, remains to be determined.

3.3.2. Growth factors in enhancing stroke recovery—There are numerous growth
factors that have been studied in stroke. The vast majority of these studies target
neuroprotection in the acute phase, only a few studies that have been recognized by recent
comprehensive reviews (Lanfranconi et al., 2011; Larpthaveesarp et al., 2015) demonstrate
the neurorestorative role of two hematopoietic growth factors, stem cell factor (SCF) and
granulocyte colony-stimulating factor (G-CSF), on stroke recovery in the subacute or
chronic phase (Lanfranconi et al., 2011). This section updates current understanding of SCF
and G-CSF in enhancing stroke recovery.

3.3.2.1. The role of SCF and G-CSF in neuroplasticity.: SCF and G-CSF have been
shown to play essential roles in controlling hematopoietic stem cell/hematopoietic
progenitor cell (HSC/HPC) proliferation, survival, and differentiation (Broudy, 1997;
Lennartsson and Ronnstrand, 2012; Lieschke et al., 1994; Richards et al., 2003). SCF in
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combination with G-CSF (SCF + G-CSF) synergistically promotes blood cell generation and
HSC/HPC mobilization (Briddell et al., 1993; Hess et al., 2002; McNiece and Briddell,
1995).

Besides the originally discovered effects of SCF and G-CSF in the hematopoietic system, a
large body of evidence has revealed that SCF and G-CSF also play roles in the CNS.
Receptors for SCF and G-CSF express in the NSCs/NPCs (Jin et al., 2002; Piao et al.,
2012b; Schneider et al., 2005; Zhao et al., 2007c), cerebral neurons (Schneider et al., 2005;
Zhao et al., 2007c), and cerebral endothelial cells (Zhao et al., 2007b) of adult mice and rats.
Both SCF and G-CSF can pass through the blood-brain barrier (Schneider et al., 2005; Zhao
et al., 2007b). These findings suggest a potential efficacy of SCF and G-CSF in brain
plasticity.

The contribution of SCF and G-CSF in directing NSCs/NPCs to give rise to neurons has
been illustrated in both /n vitro and /n vivo studies. G-CSF promotes differentiation of
cultured NSCs/NPCs into neurons (Schneider et al., 2005). Infusing SCF into the
cerebrolateral ventricle enhances neurogenesis in the SVZ (Jin et al., 2002). When adding
SCF and G-CSF to cultured NSCs/NPCs during the proliferating stage of NSCs/NPCs, SCF
+ G-CSF shows a dual function in directing cell cycle arrest and promoting neuronal fate
commitment through the enhancement of neurogenin 1 activity (Piao et al., 2012b).

Numerous /n vitroand /n vivo studies have determined the contribution of SCF and G-CSF
in neuronal survival and neuronal plasticity. SCF acts as a neurotrophic factor supporting
neuron survival during development (Carnahan et al., 1994; Hirata et al., 1993). SCF
protects cultured neurons from apoptosis through the regulation of MEK/ERK or
PI3K/AKT/NF-kB/Bcl-2 pathways (Dhandapani et al., 2005). In cultured cortical neurons,
G-CSF counteracts programmed neuron death via PI3K mediation (Schneider et al., 2005).
SCF enhances neurite outgrowth in embryonic dorsal root ganglia (Hirata et al., 1995; Hirata
et al., 1993). Similar to their synergistic effects in the hematopoietic system, SCF + G-CSF
also synergistically promotes neurite outgrowth and network formation in cultured cortical
neurons through the regulation of PISBK/AKT/NF-kB/BDNF pathway (Su et al., 2013). Mice
deficient in either SCF (Motro et al., 1996) or C-kit (receptor for SCF) (Katafuchi et al.,
2000) show impaired long-term potentiation (LTP) and spatial learning and memory.
Moreover, cognitive impairments, LTP reduction, and impairments in neural network
formation in the hippocampus are found in G-CSF knockout mice (Diederich et al., 2009).
Collectively, these findings show the contribution of SCF and G-CSF in brain plasticity and
provide insights into the potential efficacy of SCF and G-CSF on brain repair in stroke.

3.3.2.2. Enhancing brain repair by SCF and G-CSF in the subacute phase.: Several
studies have demonstrated the restorative efficacy of SCF and G-CSF in subacute stroke. G-
CSF treatment initiated at 4 days post-ischemia shows better functional improvement and
greater reduction in hemispheric atrophy when compared to the treatment initiated at 7 days
post-ischemia (Lee et al., 2005). In contrast to G-CSF alone treatment, SCF + G-CSF
displays a better restorative effect in later intervention (during 11-20 days post-ischemia)
than it is given earlier (during 1-10 days post-ischemia). The later intervention results in
better improvement in functional recovery, greater increases in bone marrow-derived

Prog Neurobiol. Author manuscript; available in PMC 2018 August 03.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhao and Willing

Page 20

neurons in the ipsi-infarct hemisphere, and greater enhancement in NPC proliferation in the
SVZ as compared to earlier treatment (Kawada et al., 2006). In addition, the later
intervention of SCF + G-CSF upregulates I1L-10, an anti-inflammatory cytokine, on a much
greater scale than the earlier treatment (Morita et al., 2007). The mechanism underlying this
timing sensitivity for G-CSF or SCF + G-CSF treatment, however, remains unclear.

3.3.2.3. Enhancing brain repair by SCF and G-CSF in the chronic phase.: Over the
past decade, the efficacy and possible mechanisms of SCF and G-CSF on stroke recovery in
the chronic phase of stroke have been demonstrated in rodent models of cerebral cortical
ischemia.

SCF and G-CSF intervention in chronic stroke for enhancing functional improvement has
been tested and validated to be safe and effective when administered 3 to 6 months after
cerebral cortical ischemia in both young and aged spontaneously hypertensive rats (SHRs),
C57BL mice, or transgenic mice with C57BL genetic background (Cui et al., 2015; Cui et
al., 2013; Cui et al., 2016; Liu et al., 2016; Piao et al., 20123; Piao et al., 2009; Zhao et al.,
2007a). SCF + G-CSF combination shows a stable and long-term effect in the enhancement
of brain repair and motor function recovery when compared with SCF and G-CSF alone
(Zhao et al., 2007a). These studies reveal the restorative possibility of SCF + G-CSF in the
phase of chronic stroke.

Several mechanistic studies aimed to identify how SCF + G-CSF repairs a stroke-damaged
brain in the chronic phase have been conducted. Using the approaches of live brain imaging,
whole brain imaging, axon tracking, bone marrow-derived cell tracking,
immunohistochemistry and confocal imaging, considerable evidence suggests that SCF + G-
CSF-enhanced brain repair in the chronic phase of experimental stroke specifically occurs in
the cortex adjacent to the infarct cavity. The SCF + G-CSF-induced restorative changes in
the peri-infarct-cavity cortex include increases in dendritic spine size, PSD-95 accumulation
(PSD-95: a key postsynaptic protein involved in synaptic function), presynaptic vesicle
protein, dendritic branching, axonal sprouting, and blood vessel density. The SCF + G-CSF-
enhanced neurovascular network remodeling has been conformed in young and aged
animals, and when treatment is initiated during 3 to 6 months after experimental stroke (Cui
et al., 2015; Cui et al., 2013; Cui et al., 2016; Piao et al., 2012a; Piao et al., 2009; Zhao et
al., 2007a; Zhao et al., 2013). It has been shown that bone marrow-derived endothelial cells
and bone marrow-derived neurons are involved in SCF + G-CSF-enhanced angiogenesis and
neurogenesis in the brain of chronic stroke (Piao et al., 2009). Using transgenic mice, Thy-1-
YFPH, in which yellow fluorescent protein (YFP) is exclusively expressed in the layer-V
pyramidal neurons (Feng et al., 2000), the dynamics of dendritic spine formation in the peri-
infarct-cavity cortex have been examined with 2-photon live brain imaging both before and
after SCF + G-CSF treatment. Before treatment, the number of mushroom type (M-type)
spines in the layer V pyramidal neurons is reduced and the uncertain type (U-type) spines,
which cannot build synapses with other neurons, are increased in the stroke mice. This
observation suggests reduced synaptic circuits in the peri-infarct-cavity cortex in chronic
stroke brain. Six weeks after SCF + G-CSF treatment, however, the M-type spines are
significantly increased, and the U-type spines are significantly reduced in the layer V
pyramidal neurons adjacent to the infarct cavity (Fig. 2), suggesting an SCF + G-CSF-
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enhanced regeneration of synaptic circuits (Cui et al., 2013) (Fig. 3). A study using an
anterograde axonal tracer reveals that SCF + G-CSF treatment in the chronic phase promotes
axonal sprouting of the contralesional cortical neurons projecting into the peri-infarct-cavity
cortex (Cui et al., 2015). Interestingly, SCF + G-CSF treatment also shows an “over-
increase” of dendritic spine head size and PSD-95 accumulation in the peri-infarct-cavity
cortex as compared to intact or unaffected brains, suggesting that SCF + G-CSF-enhanced
robust synaptic activity occurs in the surviving neurons next to the infarct cavity for taking
over the function of the lost neurons (Cui et al., 2015; Cui et al., 2016).

Is there a causal relationship between the SCF + G-CSF-enhanced neural network
remodeling in the peri-infarct-cavity cortex and the SCF + G-CSF-improved functional
recovery in the chronic stroke phase? Additional studies have been conducted to address this
question. Learning from an /n vitro study that SCF + G-CSF synergistically enhances neurite
outgrowth and neural network formation through NF-kB mediation (Su et al., 2013), /n vivo
studies (Cui et al., 2015; Cui et al., 2016) have been carried out by infusing an NF-kB
inhibitor into the cerebral lateral ventricles to block SCF + G-CSF-enhanced neural network
rewiring. The data have revealed that NF-kB inhibitor abolishes the SCF + G-CSF-enhanced
neural network rewiring in the peri-infarct-cavity cortex. Upon this abolishment, the SCF +
G-CSF-improved motor function is eliminated. These findings indicate that neural network
rebuilding in the peri-infarct-cavity cortex is required for SCF + G-CSF-enhanced functional
improvement in the chronic phase of experimental stroke.

3.4. Stem cell transplantation

3.4.1. Early perspectives on cell therapy for stroke—The earliest studies of cell
therapies for the treatment of stroke began in the late 1980’s with the vision of rebuilding the
damaged neural circuitry and thereby restoring function (Farber et al., 1988; Mampalam et
al., 1988; Tonder et al., 1989). In these original studies, the cells of choice were fetal
neurons. The animal models used were the middle cerebral artery occlusion (MCAO) model
which produced lesions in striatum and overlying cortex and the 4-vessel occlusion (4-VO)
model which produced hippocampal lesions. These studies demonstrated that grafting of
fetal neurons into a stroke-lesioned brain was possible; these grafted cells survived,
expressed neurotransmitters appropriate to the graft location, made synaptic contact with
host brain and induced functional recovery. These studies shaped how researchers
approached the cell therapy field for the subsequent decade as we tried to rebuild the neural
circuitry to restore function.

With the isolation of mammalian NSCs from embryonic (Reynolds and Weiss, 1996) and
adult mouse (Reynolds and Weiss, 1992) as well as embryonic (Flax et al., 1998) and adult
human brain (Kirschenbaum et al., 1994), the field entered a new era, as scientists explored
how to expand these cells and induce differentiation of specific cell types for treatment of
specific diseases. The guiding principle for these early studies was still restoration of the
damaged neural circuitry. This focus on replacing lost neurons is still present in studies
using NSCs and more recently NSCs derived from induced pluripotent stem cells (iPSCs).

As this fledgling stem cell field expanded and researchers explored the pluripotency of stem
cells from non-neural stem cell niches throughout the body, it became clear that
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reconstruction, if it occurred, played only a small role in the restoration of function that was
observed with most cell therapies. In the ensuing years, investigators began to focus on other
potential therapeutic benefits that could explain the improved stroke outcome.

3.4.2. Therapeutic benefits of cell therapies—During the early post-stroke injury
phase, excitotoxicty, energy depletion and cellular necrosis predominant. However, by the
time most patients reach the emergency department, hours have passed and the transition
into the secondary degenerative injury phase is occurring. Many studies testing cell therapies
in the last 10 years have focused on delivery during the post-stroke period when secondary
degenerative processes predominate. In this section, we will focus on studies where cells
have been administered a minimum of 24 h after the stroke and their effects within the
infarcted hemisphere (Table 1 and Fig. 4).

3.4.2.1. Neurogenesis.: The first demonstration that a cell therapy could alter the
proliferation of NSCs in the SVZ was a study in which human umbilical cord blood
(HUCB)-derived CD34 + cells (also referred to as hematopoietic stem cells (HSCs)) were
administered 48 h after MCAO (Taguchi et al., 2004). These cells increased endogenous
neurogenesis as determined by polysialylated neural cell adhesion molecule (PSA-NCAM)
immunoreactivity in the SVZ and migration of the newborn cells toward the infarct area. It
has since been shown that mesenchymal stem cells (MSCs), regardless of source (Jeong et
al., 2014; Jiang et al., 2014), NPCs (Jin et al., 2011; Mine et al., 2013) and NSCs derived
from human induced pluripotent stem cells (iPSCs) (Chang et al., 2013a) all induced
neurogenesis in the SVZ and the SGZ.

Interestingly, increases in neurogenesis after cell therapy are reported in conjunction with
angiogenesis and it is possible to block neurogenesis by administering anti-angiogenic
agents (Taguchi et al., 2004). This connection between neurogenesis and angiogenesis has
been demonstrated using endothelial progenitor cell (EPC) and smooth muscle progenitor
cell co-transplants (Nih et al., 2012), skin-derived precursor cells (Mao et al., 2015), NSCs
(Zhang et al., 2011) and bone marrow-derived MSCs (Bao et al., 2011).

3.4.2.2 Angiogenesis.: The first study to demonstrate that cells could increase
angiogenesis was published by Chopp’s group in 2003 (Chen et al., 2003b). In this study,
human bone marrow-derived MSCs were transplanted intravenously 24 h after MCAO.
Using a BrdU incorporation assay, the investigators were able to show that endothelial cells
in the peri-infarct zone proliferated after cell therapy. A three-dimensional analysis of the
microvasculature was conducted and showed that there was an increase in the number of
newly formed capillaries. Further, the human bone marrow-derived MSCs increased the
release of endogenous rat VEGF and VEGF receptor 2 (VEGFR2) immunoreactivity. These
results were replicated in an /in vitro capillary tube forming assay, which was also used to
demonstrate that neutralizing VEGFR2 with antibody prevented the formation of capillary-
like tubes. There have been a number of studies since then that have replicated these early
studies (Balseanu et al., 2014; Bao et al., 2011; Lin et al., 2013; Mitkari et al., 2014; Taguchi
etal., 2004; Wu et al., 2008; Yan et al., 2015).
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NSCs have also been shown to induce angiogenesis. In a recent study by Song et al. (Song et
al., 2009) using ferumoxide labeled NSCs from the HB1.F3 stem cell line, there was an
increase in the amount of von Willebrand Factor (VWF) which appeared to be dependent on
the number of NSCs that migrated to the infarcted hemisphere. These results have been
confirmed by other research groups using the same cells (Ryu et al., 2016), other NSC cell-
lines (Hicks et al., 2013) and both primary embryonic NSCs (Zhang et al., 2011) and adult
NSCs (Doeppner et al., 2015b). Only in this last paper, were more functional measures
included. Doeppner and associates showed decreased Evan’s blue extravasation, decreased
matrix metalloproteinase (MMP)-9 activity, and reversed degradation of the tight junction
protein, occludin, all of which suggest that the NSCs had at least a protective effect on the
vasculature (Doeppner et al., 2015b). This type of analysis is crucial for demonstrating that
the putative angiogenesis is actually producing functional vessels.

When cerebral blood flow has been measured, the results have not been conclusive. One
group found no increase in cerebral blood flow (Iskander et al., 2013) while another did
demonstrate an increase (Lin et al., 2013). Another important observation is that while these
studies consistently show capillary density and CD31 expression can increase after a cell
therapy, these cells are not incorporating into the new vessels. Further, even EPCs are not
repairing the vasculature by incorporating into the new vessels (Iskander et al., 2013;
Moubarik et al., 2011; Nih et al., 2012).

3.4.2.3. Neuroprotection.: The weight of evidence suggests that cell therapy can enhance
the development of new neurons and new blood vessels to repair the infarcted brain, but can
they also protect existing cells from death? The answer to this question appears to be
affirmative. MSCs from cord blood, bone marrow and adipose decrease TUNEL labeled
neurons, decrease caspase 3 MRNA, increase Bcl-2 expression (Calio et al., 2014; Feng et
al., 2016; Li etal., 2002; Liu et al., 2014; Wu et al., 2008; Zhu et al., 2014). NSCs have
similar effects when transplanted into the cortical peri-infarct area 24 h after permanent
MCAQO (Chen et al., 2014; Zhang et al., 2009) or even when administered one week after
MCAQO (Chang et al., 2013b; Shen et al., 2010. Even NSCs derived from iPSCs can decrease
apoptosis (Chang et al., 2013a; Yao et al., 2015).

3.4.2.4. Neuronal connectivity.: Another of the potential ways in which transplanted cells
repair the brain after stroke is through modulation of neuronal connectivity. In a rat model of
type Il diabetes mellitus, administration of HUCB MNC:s after stroke increased axonal
outgrowth, protected white matter tracts as labeled with luxol fast blue and increased
synaptophysin immunolabeling (Yan et al., 2015). Still, when HUCB CD34 + HSCs were
transplanted, neurites were significantly longer than in non-treated rats and significantly
more neurons had neurites (Lin et al., 2013). Genetic deletion of MMP — 2/9 in mice
prevented this effect as did the knockdown of exchange protein activated by cAMP 1 in the
HUCB cells.

There is some evidence that this neurite outgrowth is mediated by increased expression of
sonic hedgehog (Shh) in astrocytes, where Shh induces tPA expression and decreased
plasminogen activator inhibitor 1 (Ding et al., 2013; Shen et al., 2011). Other factors that are
modified by cell therapy include decreased neurocan and Nogo-A expression and increased
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growth associated protein-43 in astrocytes in the infarcted hemisphere (Shen et al., 2008;
Wang and Li, 2016). As a result, there was increased synaptic density, increased
synaptophysin expression and more myelinated axons in the peri-infarct area.

3.4.2.5. Inflammatory/immune modulation.: In 2005, a study that was the first to
demonstrate a significant decrease in myeloid cells in the infarcted brain after intravenous
transplantation of HUCB MNCs 24 h after MCAO (Vendrame et al., 2005). This decrease
was accompanied by a decrease in both gene and protein expression of pro-inflammatory
cytokines as well as decreased NFxB binding. In an immunochemical study of microglia
after MCAO and intravenous administration of HUCB MNCs at 48 h post-stroke,
morphological changes in the microglia within 3 h of cell administration with full restoration
of a ramified resting structure within 24 h of cell administration were observed (Leonardo et
al., 2010). The HUCB MNCs not only modified inflammation in the brain after stroke, but
they also modulated the peripheral immune response to the stroke, altering the CD4:CD8
ratio in the spleen and increasing the anti-inflammatory cytokine interleukin-10 (IL-10)
(Vendrame et al., 2006). Moreover, the size of the spleen was inversely correlated with the
size of the infarct.

These data suggest that a significant component of the post-stroke injury is actually the
secondary degenerative response, which includes inflammation and the peripheral immune
system. While the definitive study of the importance of the interaction of HUCB cells with
the peripheral immune system has not been done, a more decisive study was performed with
NSCs administered after an intracerebral hemorrhage (Lee et al., 2008). In this study, Lee
and associates compared intracerebral with intravenous transplants of NSC either 2 or 24 h
after intracerebral hemorrhage in animals with or without a spleen. The intravenous route 2
h post ICH produced the greatest functional improvements and decreases in pro-
inflammatory cytokines in the brain and spleen. However, when the spleen was removed two
weeks prior to stroke, the NSCs lost their anti-inflammatory effects.

Together these studies suggest that intravenous administration of stem cells induces a
molecular shift in immune response to a stroke such that the proinflammatory Th1/M1
responses these cells would normally exhibit after stroke switches to an anti-inflammatory,
immune suppressant Th2/M2 phenotype (Fig. 4).

3.4.2.6. Anti-oxidant activity.: When HUCB MNCs were co-cultured with PC12 cells
loaded with a redox sensitive fluorescent dye under oxygenglucose deprivation (OGD)
conditions (Arien-Zakay et al., 2009), oxidative stress in the culture decreased to pre-OGD
levels. Further, the total redox potential (anti-oxidant activity) was attributable to the HUCB
cells. It is not surprising, therefore, that HUCB MNCs increase gene and protein expression
of multiple anti-oxidant enzymes in both neurons and oligodendrocytes /n vitro and in vivo
(Rowe et al., 2010; Rowe et al., 2012). Bone marrow-derived MSCs have similar effects to
those observed with HUCB MNCs, decreasing both oxidative stress and lipid peroxidation
(Calio et al., 2014).

3.4.2.7. Reconstruction.: While studies with MSCs and mononuclear cells (MNCs) no
longer focus on replacement of lost neurons and restoration of neural circuitry as the
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reparative mechanisms underlying recovery, much of the work with iPSCs and NSCs still
focuses on replacement. Unfortunately, tumorigenesis is a significant issue when using these
cells. For example, when mice iPSCs were implanted 24 h after MCAQ, tumors developed
in both sham and MCAO mice (Kawai et al., 2010); the tumors expressing c-myc were more
extensive in the infarcted hemispheres and heavily expressed c-myc. To minimize this
problem, some investigators have pre-differentiated the iPSCs prior to transplant, but this has
not eliminated the problem (Gomi et al., 2012; Jensen et al., 2013). More recently, a
systematic analysis of differentiation patterns of iPSCs derived NPCs determined that
differentiation patterns seemed to replicate embryonic central nervous system development
and the final maturational state of the cells was determined by the microenvironment and the
genetic instability of the cells (Sugai et al., 2016). Another similar approach is the use of
retinoic acid in the differentiation protocol of the iPSCs (Yuan et al., 2013); this prevented
cellular proliferation/tumorigenesis out to 3 months. Alternatively, re-engineering the iPSCs
to eliminate the vector and transcription factor incorporation into the genome (Yu et al.,
2009) eliminated the development of tumors out to 1 year post transplantation (Mohamad et
al., 2013). When these cells were differentiated into NPCs, transplanted into the lesioned
cortex of mice 7 days post MCAO, the cells differentiated into neurons and produced
functional recovery.

3.4.3. Therapeutic effects after delivery at later times post-stroke—One of the
guiding principles of treatment at more prolonged periods after stroke, is that many of the
degenerative processes that are occurring early after the stroke, such as inflammation, have
subsided so the environment in the infarcted hemisphere is more amenable to survival of
grafted cells. Even though animal studies at these later times are probably more
representative of how the clinical studies are designed, there is still a disconnection between
the preclinical and clinical. By one month post-stroke in a rat model of stroke, functional
deficits and infarct volume have stabilized. While the stroke patient is medically stable and
their long-term prognosis is more evident by one month post-stroke (Kwakkel et al., 2003),
recovery of function can be variable patient to patient (Gladstone et al., 2002) and recovery
can continue for six months to a year. The important question then becomes whether
stability in recovery and function at one month after stroke in a rat or mouse is the
equivalent of a stable stroke in a clinical population six months post-stroke. If the answer is
yes then the preclinical studies of the CTXO0E03 NSC cell-line are appropriate. When these
cells were transplanted 3-1 weeks after MCAO, they improved behavioral outcome with no
change in infarct volume (Pollock et al., 2006), suggesting a restorative mechanism for the
functional effects. Further studies at one month post-stroke demonstrated the
nontumorigenicity of the cells (Stevanato et al., 2009), their differentiation potential /n vivo
(Stroemer et al., 2009), the efficacy based on regions of damage (Smith et al., 2012) as well
as putative mechanism of recovery. Just as with cell therapies administered early in subacute
period, neurogenesis increased on the lesion side as did vVWF immunolabeling around the
transplant (Hassani et al., 2012; Hicks et al., 2013; Stroemer et al., 2009).
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3.4.4. What are the mechanisms underlying cell therapies’ reparative
effects?

3.4.4.1. Secretion of factors.: There is an abundance of evidence that cell therapies have
reparative effects other than reconstruction. Early studies focused on expression of trophic
factors. For example, when HUCB cell conditioned media was analyzed by ELISA, the cells
secreted intercellular adhesion molecule-1 (ICAM-1), Selectins (E and L), and IL-8, VEGF,
vascular cell adhesion molecule (VCAM), stromal derived factor 1b (SDF-1b), and IL-6
(Chen et al., 2010). They also express both nerve growth factor (NGF) and its receptor TrkA
(Bracci-Laudiero et al., 2003; Shichinohe et al., 2015), brain derived neurotrophic factor
(BDNF) and neurotrophin 4/5 (NT4/5) (Fan et al., 2005; Shichinohe et al., 2015), pentraxin
3 and thrombospondin 1 (Park et al., 2015a).

Similarly, MSCs release BDNF, NGF, VEGF, and hepatic growth factor (Chen et al., 2002;
Chung et al., 2009; Ikegame et al., 2011). Human NSCs express IL-Ia. and p, transforming
growth factor (TGF)-p 1 and 2, and tumor necrosis factor alpha (TNF-a) (Klassen et al.,
2003). Mouse NSC cell-lines can express glial cell line-derived neurotrophic factor, BDNF
(YYan et al., 2004), basic fibroblast growth factor (b0FGF of FGF 2), and bone morphogenic
protein 4 (Watanabe et al., 2016).

3.4.4.2. Stimulation of endogenous secretion.: Transplanted cells have been shown to
stimulate endogenous cells to express or secrete factors. Bone marrow-derived MSCs induce
endogenous release of erythropoietin (Lv et al., 2015), bFGF (Chen et al., 2003a), VEGF
and VEGFR2, BNDF and NGF in the peri-infarct region (Chen et al., 2003b; Li et al., 2002).
Similar observations have been made for adipose-derived MSCs (Liu et al., 2014). NSCs
increase BDNF, TGF-B1, SDF-1a, VEGF and insulin-like growth factor — 1 in the
ischemic mouse brain (Capone et al., 2007). HUCB MNCs activate the cell survival/
neuroprotective Akt signaling pathway in both neurons (Shahaduzzaman et al., 2015) and
oligodendrocytes (Rowe et al., 2012). This pathway is linked to increased expression of
antioxidant enzymes and decreased pro-inflammatory mediators (Rowe et al., 2010;
Shahaduzzaman et al., 2015).

3.4.4.3. Exosomes.: More recently, the focus has shifted from individual factors to the
contents of extracellular vesicles or exosomes. Exosomes are small, flattened spheres about
30-100 nm in diameter (Raposo et al., 1996) that are thought to mediate intercellular
communication. Typically, exosomes will contain cytoskeletal proteins, some heatshock
proteins, signal transduction molecules, membrane fusion molecules, metabolic enzymes,
tetraspanins (especially CD9, CD63, CD81, and CD82), integrins, and adhesion molecules
(Thery et al., 2002). Other proteins may also be expressed, depending on the function of the
cell of origin and the environment surrounding the cell.

The first study to use bone marrow-derived MSCs exosomes to treat stroke, demonstrated
that systemic administration of exosomes was enough to replicate the effects of the MSCs
themselves (Xin et al., 2013a), improving functional outcome, increasing the humber of
doublecortin positive and vVWF positive cells, enhancing axonal growth and synaptic
remodeling. The exosomes transferred miR-133b from the bone marrow-derived MSCs to
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astrocytes (Xin et al., 2012); MiR-133b has been implicated in neurite outgrowth (Xin et al.,
2013b). Bone marrow-derived MSC exosomes increase the number of mature NeuN positive
cells in lesioned striatum (Doeppner et al., 2015a) and prevent post-stroke immune
suppression that is a common sequela of clinical stroke. Cord blood-derived MSC exosomes
are pro-angiogenic (Zhang et al., 2015) while EPC exosomes contain miR-126 and miR-296
which activates the PI3K/Akt signaling pathway in endothelial cells (Deregibus et al., 2007).
The NSC cell-line, CTX0EO03, produces exosomes with a myriad of miRNAs, although the
most abundant was miR-1246 (Stevanato et al., 2016).

3.4.5. Clinical cell therapy studies—In a search of ClinicalTrials.gov using the
search terms ischemic stroke and cells, 32 Phase | or Phase |1 trials were identified. Of these
32, only eight have been completed. Seven of them looked at safety of bone marrow derived
cells, five of these used MNCs, one was Athersys, Inc.’s MultiStem product and two used
CD34 + cells. Only one of these studies had published results (Savitz et al., 2011). Of the
remaining studies, 11 were currently recruiting subjects. The cell therapies being tested in
these ongoing studies include cord blood derived cells (monocytes, MNCs and one
proprietary preparation) (three trials), bone marrow derived MNC (one), bone marrow-
derived MSCs including one in which these cells were genetically modified (four trials),
adipose-derived MSCs (one trial), EPCs (one trial) and a combination marrow-derived
MSCs + EPCs (one trial). The remaining trials were either not recruiting, or were withdrawn
or terminated.

The majority of the preclinical cell therapy studies have focused on delivering cells within
72 h of stroke onset, when stroke patients are inherently medically unstable. The study
conducted by Savitz’ group was a safety study and followed the preclinical literature in that
the autologous bone marrow MNCs were transplanted between 24 and 72 h after the stroke
in 10 patients (Savitz et al., 2011). There were no adverse events associated with the bone
marrow harvest or intravenous administration of the cells. There were three instances of
stroke-related complications. At six months post-transplant, there were significant
improvements on the NIHSS and improvement on the modified Rankin Scale and Barthel
Index (BI). The authors concluded that autologous transplants of these cells were safe and
further, transplantation in the subacute period was feasible, but there were critical issues that
they faced. In order to reduce confounding variables in subject populations enrolled in trials,
these investigators recommended including a cutoff for lesion size, excluding patients likely
to develop malignant infarction, monitoring for hemorhhagic transformation especially after
tPA treatment and excluding patients that require anticoagulation (Vahidy et al., 2013).
These are not issues addressed in the animal studies.

Most of the clinical studies are being planned when recovery has stabilized. Typical of this
format are the studies conducted by the investigators at Ajou National University in Korea.
In their studies, autologous MSCs were injected intravenously between five and eight weeks
post-stroke. Initial results identified no adverse effects found in the cell-treated subjects and
there were significant functional improvements on the Bl (Bang et al., 2005). At the 5 year
follow-up of 52 study participants, morbidity in the control group was approximately twice
that of the MSC treated group (Lee et al., 2010). There were no observed side effects of
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MSC administration and there were improvements in function. This group has disclosed a
Phase Il clinical trial on the NIH registry.

When modifying the search to specify NSCs and not just cells, the search identifies two
clinical trials - a Phase | and Phase 11 trial of the CTXO0EO3 cells developed by ReNeuron
Ltd. Both trials are listed as active but not recruiting. The preclinical studies of the
CTXOEO3 cells have been conducted in conjunction with ReNeuron and were specifically
planned to address issues important in the development of the clinical trials. The animal data
predicts that administration later after stroke when patients have reached a plateau in
improvements or deterioration will be efficacious.

These trials are not the only examples of clinical studies that have been conducted, but are
representative. There are other small clinical studies in the literature but the quality of the
data is not robust. The number of subjects tends to be small. There are differences in the
types of cells and how they are prepared, how many cells are transplanted, and the route of
administration. There is a lack of consistency in the primary outcome measures used.
Further, the field is young enough that in most cases the follow-up of the transplanted
patients is two years or less. In addition, most of the studies are not randomized, blinded
clinical trials.

There was an interesting study into the beliefs of chronic ischemic stroke patients about stem
cell therapy (Kim et al., 2013). The authors reported that 60% of patients believed that stem
cell therapy could improve their well-being and 46% wanted stem cell therapy even though
the side effects of such a therapy are not yet known. Almost 68% of the patients interviewed
got their information on stem cell treatment from the television compared to 49% that talked
to their physicians about it. When these authors surveyed physicians, the expectations about
stem cell therapy were much lower. The promise of stem cell therapy is a sexy topic in the
media. However, it is clear from both the preclinical and clinical studies published to date
that we are still a number of years away from having a standardized cellular therapy
available to stroke patients. It behooves us as scientists and physicians to better manage the
expectations of the public in general and stroke patients in particular. It is not going to
benefit the field to rush a treatment into the clinic to have it ultimately fail.

4. Concluding remarks

Brain plasticity, as a natural property of the brain, exists for one’s entire life. Because of this
natural gift, spontaneous recovery occurs after stroke. Because of its lifelong capacity,
restorative/rehabilitative interventions are able to enhance brain repair and stroke recovery
even years after stroke onset. Emerging evidence has renewed our knowledge on the time
window for stroke recovery, which is much longer than previously thought. By contrast to
the limited several-hour-effective window of thrombolytic/thrombectomy treatment, the
therapeutic window of restorative/rehabilitative interventions is much broader, from years
after stroke to lifelong applicability. Recognizing this unique feature of restorative approach
will direct stroke research into a fruitful direction and provide great opportunities to develop
more treatments for maximizing stroke recovery.
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A growing body of evidence from both the preclinical and clinical studies is challenging the
current concept for the intervention time of stroke recovery: “the earlier the better”. In fact,
many restorative/rehabilitative interventions given earlier turn into negative or unexpected
results, appearing “the earlier the worse” or “the earlier the not better”. By contrast, when
providing them in the later stage, brain repair and functional outcome are greater when being
given in the earlier stage. It remains to be clarified as to why and how the intervention
timing is a sensitive issue to the restorative approach. The stressful microenvironment
occurring in the early stage of stroke may negatively influence the effects of brain repair
interventions.

Structural and functional reestablishment of neurovascular networks is the fundamental
process for stroke recovery. Consideration of multi-components for enhancing brain repair
and stroke recovery is highly recommended in future studies. It needs to be recognized that a
stroke does not only cause neuron loss in the infarct area but it also significantly disrupts the
entire brain networks, resulting in a widespread dysfunction and impairments, which is not
only limited to sensorimotor function but also recognition, spatial and mood control
function. Combining physical interventions with other treatments (e.g. drugs or stem cell
transplantation) may enhance the repairing power to maximize the reestablishment of the
brain networks and the recovery of impaired brain functions. It is expected that the next
generation of restorative/rehabilitative therapies for brain repair and stroke recovery will
target the repair in whole brain networks and brain network functioning rather than only
motor function.
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AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor

a-SMA alpha-smooth muscle actin

BBB blood-brain barrier

BDNF brain derived neurotrophic factor

bFGF or FGF2 basic fibroblast growth factor

BrduU bromodeoxyuridine

CIMT constraint-induced movement therapy

CNIS clinical neurological impairment scale

CNS central nervous system

DPSCs dental pulp stem cells
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ECFCs endothelial colony forming cells

FDA food and drug administration

EE enriched environment

EPCs endothelial progenitor cells

Flk-1 fetal liver kinase 1

fMRI functional magnetic resonance imaging

G-CSF granulocyte-colony stimulating factor

HIF-la hypoxia-inducible factor 1 alpha

HSCs hematopoietic stem cells

HSCs/HPCs hematopoietic stem cells and hematopoietic progenitor
cells

HUCB human umbilical cord blood

IL interleukin

iPSCs induced pluripotent stem cells

LDP long-term depression

LFP local field potential

Lasmp limbic system associated membrane protein

LTP long-term potentiation

M1 primary motor cortex

M1 type proinflammatory phenotype of microglia/macrophages

M2 type anti-inflammatory phenotype of microglia/macrophages

MCA middle cerebral artery

MCAO middle cerebral artery occlusion

MDMs monocyte-derived macrophages

MHC major histocompatibility complex

MMP matrix metalloproteinase

MNCs mononuclear cells

MRI magnetic resonance imaging

mRS modified rankin scale
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MSCs
M-type
NARI
NGF
NGFI-A
NGFI-B
NF-kB
NMDA
NPCs
NSCs
OECs
OGD
PAI-1
PNN
PSA-NCAM
PSD-95
RCTs
RMS
rTMS
SCF
SCF+G-CSF
SD
SDF-1
SGz
Shh
SHRs
SSRI
Svz

TBI

mesenchymal stem cells

mushroom type spine

noradrenaline reuptake inhibitors
nerve growth factor

nerve growth factor-induced gene A
nerve growth factor-induced gene B
nuclear factor kappa B
N-methyl-p-aspartate receptor

neural progenitor cells

neural stem cells

olfactory ensheathing cells

oxygen glucose deprivation
plasminogen activator inhibitor 1
perineuronal net

polysialylated neural cell adhesion molecule
postsynaptic density-95

randomized controlled trials

rostral migratory stream

repetitive transcranial magnetic stimulation
stem cell factor

SCF in combination with G-CSF
Sprague-Dawley

stromal cell-derived factor-1
subgranular zone

sonic hedgehog

spontaneously hypertensive rats
selective serotonin reuptake inhibitors
subventricular zone

traumatic brain injury
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tDCS transcranial direct current stimulation

TGF-B transforming growth factor beta 1

TMS transcranial magnetic stimulation

TNF-a tumor necrosis factor alpha

tPA tissue plasminogen activator

U-type uncertain type spine

VEGF vascular endothelial growth factor

VEGFR2 vascular endotheleial growth factor receptor 2
VWF von willibrand factor

YFP yellow fluorescent protein
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Fig. 1.

Schematic diagram of an enriched environment and its effects on neural plasticity. (A)

=

Standard environment. This environment represents a standard housing condition that 3 rats
are housed in a standard laboratory cage. (B) Enriched environment. A large group of rats
are housed in a large cage furnished with a variety of play objects. Enriched environment
housing after experimental stroke leads to increases in dendritic branching and dendritic

spine generation (Johansson and Belichenko, 2002).
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Fig. 2.

SCF + G-CSF treatment in the chronic phase of experimental stroke increases dendritic
spine size in the cortex adjacent to the infarct cavity. Aged male Thy-1-YFPH mice (16-18
months old) are subjected to cortical infarct in the right hemisphere. In the Thy-1-YFPH
mice, yellow fluorescent protein (YFP) is selectively expressed in the somas, axons,
dendrites and dendritic spines of the layer V pyramidal neurons. Through a thinned skull
window prepared in the right side of the head, the dynamics of dendritic spines in the layer
V pyramidal neurons adjacent to the infarct cavity are captured with a 2-photon microscope
before treatment as well as 2 and 6 weeks after treatment on live animals. (A) Three imaging
sites above the cortex next to the infarct cavity. (B) The thinned skull window prepared for
live brain imaging. (C) Live brain imaging by 2-photon microscopy on the right side of the
head. (D) Schematic diagram showing the flowchart for the experiment. (E and F) YFP-
expressing layer V pyramidal neurons and their apical dendrites in layer I-11 where are
scanned by a 2-photon microscope. (G) The different types of dendritic spines and the
representative images of dendritic spines in the brains of intact, stroke-vehicle control, or
stroke-SCF + G-CSF-treated mice. (H) Live brain imaging data. Note that the mushroom
spines (M-type) are decreased and the uncertain spines (U-type) are increased in the stroke
mice before treatment (week 0). SCF + G-CSF (S + G) treatment results in increases in the
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mushroom spines and reductions in the uncertain spines during the period of 2 to 6 weeks
after treatment. *p < 0.05. (Cui et al., 2013).
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Fig. 3.

chhematic diagram of synaptic networks in different conditions. In the condition of acute
stroke, the mushroom type spines undergo retraction/degeneration in the surviving neurons
outside the infarct core because the neurons that have synaptic connections with the
surviving neurons die off in the infarct area. As a result, the number of the mushroom type
spines is reduced and the number of the spines that are unable to form synapses (U-type) is
increased in the peri-infarct-cavity cortex in the chronic phase of stroke. SCF + G-CSF
treatment in the chronic phase of stroke enhances axon sprouting and mushroom spine
formation, suggesting that the neural network rewiring in the peri-infarct-cavity cortex is
enhanced by the treatment.
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Angio/Vasculo-genesis

o%'“

Biological effects of stem cell therapy. Cell therapies are capable of producing direct and
indirect effects to elicit brain repair. This is accomplished through both the secretion of
trophic factors and cytokines and release of extracellular vesicles, or exosomes, containing
trophic factors, enzymes, micro RNA, etc. These factors can directly act on infarcted brain
tissue to support function or can stimulate endogenous neural cells to also produce
reparative factors. Some of the known biologic effects of stem cell therapy include increased
angiogenesis; increased neurogenesis; decreased apoptosis and cell death; synaptic plasticity
of both the axons and dendrites; shifting the peripheral immune and both central and
peripheral inflammatory cells from a pro-inflammatory (M1/Th1) to an anti-inflammatory
(M2/Th2) phenotype; and altering both the production of free radicals and anti-oxidant
enzymes. A, astrocyte; Ap, apoptotic cell; M, microglia; Mac, macrophage; N, neuron; NSC,
neural stem cell; O, oligodendrocyte; S, synapse; T, T cell.
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