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Neurobiology of Stroke Recovery

Eddie Kane and Nick S. Ward

A stroke occurs somewhere in the world every 2 s adding up to almost 17 million
people each year (Feigin et al. 2014). Stroke is one of the most common causes of
disability. Over one million people in the UK are currently living with the conse-
quences of stroke, over one-third of whom are dependent on others for their care.
Even though stroke mortality is declining (Lackland et al. 2014), the number of
people set to live with the consequences of stroke is set to rise over the next 20 years
(Patel et al. 2017; Crichton et al. 2016) with huge personal, societal and economic
consequences (Patel et al. 2017). Improvement of recovery and long-term outcomes
is therefore an urgent clinical and scientific goal, but success is slow to materialize.
Understanding the underlying neurobiology of stroke recovery could speed up ways
to help improve outcomes.

Care in the hyperacute and acute period after stroke has improved dramatically
over the past two decades, but it is widely accepted that our attention must turn to
treatments that actively promote recovery. The key treatments for promoting behav-
ioural recovery in motor, language and cognitive domains after stroke are them-
selves behavioural treatments (loosely grouped under the headings physiotherapy,
occupational therapy, speech and language therapy, neuropsychology) that we can
consider inputs (into the brain). The consequent change in behaviour can be
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considered an output (from the brain). It is becoming more accepted that the amount
of input (and probably the quality) affects the output (Lohse et al. 2014). For exam-
ple, significantly higher doses of good quality upper-limb rehabilitation have large
beneficial effects, even in chronic stroke (McCabe et al. 2015; Daly et al. 2019;
Ward et al. 2019). The input—output relationship can be modulated by brain states,
and we think of these states as enhancing the potential for experience dependent
plasticity, and it is these brain states that will be the focus of this review.

The early post-stroke phase has been described as a period of ‘spontaneous
biological recovery’ (Krakauer et al. 2012). Spontaneous biological recovery is a
behavioural response to underlying biological events occurring in the first few
weeks and months after stroke attributable to enhanced post-stroke plasticity
mechanisms. Recovery is rapid, occurs at the level of impairment and generalizes
beyond the tasks that are used in post-stroke training, which is different to
improvements seen in the chronic phase of stroke (Zeiler and Krakauer 2013).
This leads to the hypothesis that behavioural interventions will have a quantitative
and qualitatively greater effect if delivered in this period compared to outside of
this period. This raises two major challenges for the field of stroke rehabilitation.
The first is to determine what is the correct form of behavioural training (the
input) to take advantage of this critical period. This is not trivial, as has been dis-
cussed elsewhere (Krakauer and Carmichael 2017). The second challenge is how
(and importantly, when) to augment the biological mechanisms of post-stroke
plasticity to enhance or prolong the effects of behavioural training in patients after
a stroke. It is important to note that although work in preclinical animal models
has been pivotal in highlighting the biological basis of recovery, few benefits have
been seen for human stroke patients. This is likely to require the development of
human biomarkers to move this field of research into the human arena (Ward
2017). Here, we define biomarkers using the Stroke Recovery and Rehabilitation
Roundtable criteria—Indicators of disease state that can be used clinically as a
measure reflecting underlying molecular or cellular processes that might be dif-
ficult to measure directly in humans, and can be used to predict recovery or treat-
ment response (Bernhardt et al. 2016).

One of the first studies providing behavioural evidence of this post-stroke critical
period for recovery-related training was provided by Biernaskie and colleagues
(Biernaskie et al. 2004) who found that rats commencing training of the affected
forelimb starting at 30 days post-stroke exhibited the same level of improvement as
those who received no training. However, those whose treatment commenced at
5-14 days post-stroke had better recoveries. This suggests that there is a time lim-
ited effect of the lesion itself on the brain’s potential for plasticity. This was sup-
ported by Zeiler and colleagues (Zeiler et al. 2015) who showed that intensive motor
training of a mouse commenced 7 days after stroke was not able to promote full
recovery. However, when the same animal was given a second stroke and training
was commenced 2 days later then recovery was substantially enhanced. These
results suggest that focal brain damage results in a series of biological events that,
when combined with appropriate behavioural training (Krakauer et al. 2012), can
support recovery.
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1 Changes in Structural Plasticity After Stroke

A substantial amount of work has been undertaken in animal models to define the
molecular and cellular processes that occur after stroke. These studies are well
described elsewhere (Krakauer and Carmichael 2017; Murphy and Corbett 2009;
Carmichael 2016; Cramer and Chopp 2000; Wieloch and Nikolich 2006) and by the
nature of the experimental model concern largely sensorimotor recovery rather than
other domains that are important in human stroke. Nevertheless, these studies are
instructive if we are interested in the capacity of the central nervous system to sup-
port recovery. Briefly, focal ischaemic brain damage leads to cell death followed by
secondary damage, then to the elements important for recovery, namely regenera-
tion and (partial) repair (Krakauer and Carmichael 2017; Wieloch and Nikolich
2006). The basic elements of neural repair that can be seen in animal models of
stroke change over time and include axonal sprouting, dendritic branching, synap-
togenesis, neurogenesis and gliogenesis and all can be enhanced in the early post-
stroke period. These post-stroke changes also have spatial characteristics, seeming
to occur in brain regions connected to the damaged area, including peri-infarct,
ipsilesional and contralesional brain and spinal cord networks. Not all these biologi-
cal responses to injury are necessarily beneficial. For example, only axonal sprout-
ing that links functionally related brain areas is consistently associated with
improved post-stroke outcomes (Carmichael et al. 2016). The precise temporal and
spatial ordering of the biological events that occur after stroke are likely to be gov-
erned by alterations in gene expression and it is often suggested that the biological
environment of the post-stroke brain resemble that of the developing brain, and that
‘recovery recapitulates ontogeny’ (Cramer and Chopp 2000). Recent work however
points to this being an over simplification and that in reality there is a unique regen-
erative molecular program at work with a clear distinction between regenerative and
developmental transcriptomes (Li et al. 2010). Furthermore, expression of the
regenerative transcriptome is strongly influenced by age at stroke onset, with
younger animals expressing growth-promoting molecules earlier and growth-
inhibiting molecules later than older animals (Li and Carmichael 2006). Definitive
evidence of these restorative processes in humans is scarce, but markers suggestive
of neurogenesis (Jin et al. 20006), gliogenesis (Sanin et al. 2013) and axonal sprout-
ing (Jin et al. 2006) have been found in human post-stroke perilesional brain tissue.
Consequently, the occurrence of similar biological responses to brain injury in both
animals and humans seems probable.

There are a number of approaches to developing pharmacological therapies that
aim to promote structural plasticity after stroke in order to enhance outcomes.
Firstly, there is successful preclinical work to block extracellular inhibitory signals
that counteract regeneration using axonal growth inhibitors (Wahl and Schwab
2014; Benowitz and Carmichael 2010). For example, myelin-associated proteins
such as NogoA, myelin-associated glycoprotein (MAG) and myelin-associated oli-
godendrocyte basic protein have been shown to block neuronal regeneration. Anti-
NogoA strategies have been used in preclinical models both of stroke and of spinal
cord injury and can lead to improved recovery profiles, probably through both
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vascular and neural repair mechanisms (Rust et al. 2019). In terms of structural
changes to the central nervous system in response to anti-NogoA, axonal sprouting
is often seen across the midline, either at the level of brain stem or spinal cord.
Lindau and colleagues (Lindau et al. 2014) found that in rats undergoing sensorimo-
tor cortex ablation but then treated with anti-NogoA antibody, intact corticospinal
tract had extensively sprouted across the midline into the denervated spinal hemi-
cord, which led to a somatotopic anatomical and functional side switch in the pro-
jection of adult corticospinal neurons. The safety of anti-NogoA antibodies has
been tested in patients with spinal cord injury (Wahl and Schwab 2014) and amyo-
trophic lateral sclerosis (Meininger et al. 2014), and anti-MAG has been tested in
patients with stroke (Cramer et al. 2013). Many of the antibody molecules are large
and it is not clear how well they cross the blood-brain barrier after stroke (when it
is damaged). Alternative ways of achieving the same response, through genetic
manipulation for example (Rust et al. 2019), are being explored.

Other candidate molecules that inhibit the axonal growth cone, e.g. semaphorins
and ephrins, and so block neuronal regeneration are also being investigated. After
stroke damage, ephrin-A5 is induced in astrocytes in peri-infarct cortex, which
leads to inhibition of axonal sprouting. When ephrin-AS5 signalling is blocked,
motor training is more liable to promote recovery (Overman et al. 2012).

Axon growth can also be blocked by perineuronal nets (PNNs), a property medi-
ated by chondroitin sulphate proteoglycans. After ischaemic cortical damage, the
density of PNNs is reduced in peri-infarct cortex, likely representing one of the
mechanisms of spontaneous biological recovery (Allred et al. 2005). This biological
environment can be recreated by the enzyme chondroitinase ABC, which can
reverse blocking of axonal growth, thereby reinstating critical period plasticity via
the inactivation of chondroitin sulphate proteoglycans and therefore PNNs
(Pizzorusso et al. 2002). In a rat model of stroke, chondroitinase ABC helped restore
motor function after both acute and delayed administration (Gherardini et al. 2015).

Rather than blocking axonal growth inhibitors, the naturally occurring purine
nucleoside inosine has been reported to enhance axon growth and improve out-
comes in a preclinical model of stroke. Inosine promotes axonal collateral sprouting
into areas that have lost their normal innervation, such as the corticospinal tract after
stroke (Zai et al. 2009) or hippocampus after experimental traumatic brain injury
(Dachir et al. 2014). Furthermore, inosine can augment the effects of anti-NogoA
antibody to restore skilled forelimb use after stroke (Zai et al. 2011).

In other classes of drugs, phosphodiesterase (PDE) inhibitors can prevent the
degradation of cyclic nucleotides (cAMP and cGMP) which amongst other things
promote axonal sprouting. There has been interest in whether drugs such as silde-
nafil (PDES inhibitor) or cilostazol (PDE3 inhibitor) can improve outcomes after
stroke (Munshi and Das 2017), but their translation into use in human stroke remains
a long way off.

Increasingly, interest has been shown in the use of stem cell therapy to promote
recovery after stroke (Kalladka and Muir 2016). The two main lines of stem cell
therapies are endogenous (promoting the production of existing neural stem cells)
or exogenous (transplanted from another source) (Azad et al. 2016). Over the past
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few years, research has explored how to reprogram adult human somatic cells to
induced pluripotent stem cells thereby producing patient-specific cells for autolo-
gous transplantation (Tornero et al. 2013). Rather than restoring lost tissue, stem
cells could act as stimulants for trophic factors and modulators of immunological
and inflammatory changes after stroke. Trials of exogenous cells in humans have
proved safe, and claims have been made for improved clinical outcomes in patients
with chronic stroke (Steinberg et al. 2016; Kalladka et al. 2016).

The timing of administration of growth-promoting compounds, both in relation
to the initial stroke damage and to the behavioural training itself, will clearly have a
major effect on the therapeutic capacity. Whether training is delivered at the same
time as growth-promoting molecules or sequentially could influence the type of
sprouting that occurs and, consequently, whether behaviour is helped or hindered
(Wahl et al. 2014). In addition, the effect that post-stroke behaviour can have on
regenerative processes themselves is important to understand. For example, early
compensatory use of the contralesional forelimb impairs recovery of the affected
limb (Allred et al. 2005), possibly through aberrant synaptogenesis in the perile-
sional cortex (Kim et al. 2015). Any behaviour, if overtrained, will take advantage
of the increased post-stroke potential for experience-dependent plasticity, and so
abnormal or compensatory patterns of behaviour can become learned. Once again,
this finding highlights the need for an appropriate form of behavioural training that
can take advantage of any spontaneous or therapeutically enhanced potential for
plasticity.

As well as asking ‘when’ treatment should be administered and ‘where’ is prob-
ably an equally important question. Most of the compounds discussed have been
administered via intravenous or intrathecal routes, but accurate spatial and temporal
delivery might both be necessary to achieve the desired outcomes. Advances made
in the last few years in tissue engineering (Nih et al. 2016; Memanishvili et al. 2016)
and optogenetics (Pendharkar et al. 2016) provide potential methods for precisely
delivering regenerative molecules to functionally relevant brain regions. In this
case, it might then be preferable to take advantage of the possibility of delivering
brain region—specific stem cell therapies (cells that have cortical or basal ganglia-
like phenotypes). Given the importance of white matter damage in human stroke
(white matter constitutes over 50% of brain volume in humans in comparison to less
than 10% in rodents), it is even possible that replacing lost glia is a more successful
strategy in some cases, than replacing lost neurons (Tornero et al. 2013; Kokaia
etal. 2017).

2 Changes in Functional Plasticity After Stroke

So far, we have concentrated on post-stroke changes in brain structure and how
these processes may be therapeutically altered. In addition to these structural
changes, focal brain damage also results in alterations in neuronal excitability
(Carmichael 2012). Immediately after stroke, signalling by the excitatory neu-
rotransmitter glutamate is excitotoxic and contributes to cell death, whereas
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signalling by the inhibitory neurotransmitter GABA can counteract this toxicity
through cell hyperpolarization (Lai et al. 2014). In the mouse model, the beneficial
and detrimental effects of GABA and glutamate signalling seem to reverse after
about 3 days post-stroke (Clarkson et al. 2010). This is of potentially great interest,
since changes to the cortical excitatory—inhibitory balance have long been known to
influence the potential for experience-dependent plasticity and can reopen critical
periods of plasticity in the adult brain (Bavelier et al. 2010). The link between
changes in so called ‘functional plasticity’ is that reduced inhibitory tone can lead
to facilitation of downstream changes in neuronal structure (Chen et al. 2011). One
possibility then is that the altered levels of neuronal activity that result from a
change in excitability regulate neurogenesis and the activity of growth factors (such
as brain derived neurotrophic factor; BDNF) through epigenetic mechanisms
(Felling and Song 2015). Reduced cortical inhibitory mechanisms can also lead to
expanded and less specific receptive fields (Alia et al. 2016; Winship and Murphy
2008), enhanced long-term potentiation (Hagemann et al. 1998) and remapping of
sensorimotor functions to surviving cortex (Takatsuru et al. 2009) in both hemi-
spheres (Que et al. 1999), all of which is potentially useful when functional reorga-
nization of residual post-stroke brain structures is important for recovery of normal
function. Stroke-induced changes in the inhibitory—excitatory balance in surviving
brain regions (particularly cortex) could, therefore, be a key event that sets other
restorative mechanisms in motion.

One idea is that attenuation of neuronal activity in brain regions connected to
the damaged area after stroke might be reversed by a homeostatic increase in neu-
ronal excitability, a process that can last at least several weeks (Murphy and
Corbett 2009). Levels of neuronal excitability are determined by the balance in
activity between GABA and glutamate, both of which are known to be altered
after stroke (Carmichael 2012). For example, enhanced glutamate signalling
through AMPA receptors, the major excitatory signalling system in the adult
brain, is associated with improved recovery in stroke models due to downstream
induction of BDNF (Clarkson et al. 2011). GABA, receptors, on the other hand,
are dowregulated (Que et al. 1999; Schiene et al. 1996), and the density of a num-
ber of inhibitory interneurons is reduced after focal brain damage (Alia et al.
2016; Zeiler et al. 2013), suggesting a reduction in in phasic (synaptic) inhibition
in the first few weeks after injury (Neumann-Haefelin et al. 1995) to increase the
likelihood of long-term potentiation (Hagemann et al. 1998). Both increased glu-
tamatergic signalling and reduced phasic GABAergic signalling would be consis-
tent with the idea of a homeostatic restitution of neuronal activity (Murphy and
Corbett 2009). However, other work has focussed on tonic GABAergic inhibition,
suggesting that there is a dominant increase in perilesional tonic inhibition, medi-
ated by extrasynaptic GABA, receptors (Clarkson et al. 2010; Lake et al. 2015).
Reversing this tonic inhibition (using an a5 subunit that contained an extrasynap-
tic GABA ,-receptor inverse agonist) improved motor outcomes in both mouse
(Tornero et al. 2013) and rat (Lai et al. 2014) models of stroke. The increase in
tonic inhibitory signalling can persist for more than 1 month (Carmichael 2012)
making this therapeutic window attractive.
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The interactions between excitatory pyramidal cells and numerous inhibitory
interneurons in the cortex are clearly complex and become more complex after
stroke (Clarkson 2012). In addition, prolonged ischaemia affects different cell types
unequally (Sakuma et al. 2008) and causes alterations in the distribution of receptor
subtypes (Kharlamov et al. 2008). Nevertheless, the weight of evidence from animal
studies to date suggests that spontaneous biological recovery is either augmented by
ahomeostatic restitution of cortical activity secondary to reduced phasic GABAergic
inhibitory signalling or blocked by excessive tonic GABAergic inhibitory signal-
ling. Beyond the hyperacute period (up to 3 days post-stroke), what follows at a
cellular level suggests that alterations in cortical inhibitory and excitatory mecha-
nisms are important in determining the potential for plasticity and downstream
structural changes that support recovery. Consequently, components of these inhibi-
tory and excitatory mechanisms represent exciting and novel therapeutic targets for
enhancing behavioural training after stroke.

The mechanisms responsible for the alterations in cortical excitatory—inhibitory
balance that underlie changes in post-stroke functional plasticity are amenable to
pharmacological and non-pharmacological manipulation. There is much interest in
the use of selective serotonin reuptake inhibitors (SSRIs) for promoting recovery
after stroke. SSRIs can influence structural plasticity, but there is compelling evi-
dence to support a plasticity-modifying effect mediated through the GABAergic
system. Chronic doses of fluoxetine can reinstate critical period plasticity in adult
rats through a reduction of extracellular levels of GABA and an increase in BDNF
expression (Maya Vetencourt et al. 2008). Furthermore, in a mouse model of stroke,
Ng and colleagues (Ng et al. 2015) showed that fluoxetine treatment prolonged (but
did not reinstate) the critical period of post-stroke plasticity through the reduction
of inhibitory interneuron expression in intact cortex (Ng et al. 2015). Serotonin can
have inhibitory (via SHT 5 receptors) or facilitatory (via SHT,, receptors) effects on
pyramidal cells, but most fast-spiking inhibitory interneurons are inhibited by sero-
tonin through 5HT), receptors (Puig et al. 2010). In the cortex, chronic fluoxetine
administration induces a reduction in layer II-III inhibitory interneuron activity
which facilitates experience-driven structural dendritic remodelling (Chen et al.
2011). A separate study in human primary motor cortex slices demonstrated that
fluoxetine-induced reduction of inhibitory tone comes about through suppression of
layer II-IIT monosynaptic excitatory connections from pyramidal cells to inhibitory
interneurons, which leaves the monosynaptic output of GABAergic cells unaffected
(Komlési et al. 2012). This layer-specific effect of fluoxetine is interesting in the
context of work that demonstrates that early post-stroke ‘enriched rehabilitation’ is
more effective than environmental enrichment or reach training alone as a result of
the enhancement of use-dependent plasticity in peri-infarct layer II-III cortex
(Clarke et al. 2014). One idea is that fluoxetine (and other pharmacotherapies) might
influence training effects by replicating the biological effects of enriched
environments.

Fluoxetine has been well studied in human stroke patients. The fluoxetine for
motor recovery after acute ischemic stroke (FLAME) study in which 20 mg fluox-
etine daily, started 5-10 days after ischaemic stroke and continued for 3 months,
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enhanced upper-limb motor recovery (Chollet et al. 2011). However, the larger
FOCUS study did not show that fluoxetine had an effect on the modified Rankin
Scale (FOCUS Trial Collaboration 2019). However, we know that changing the
potential for plasticity still requires the appropriate behavioural intervention to take
advantage of this new brain state. In FOCUS, no attempt was made to control for or
measure the amount of rehabilitation patients received, which makes the results dif-
ficult to interpret.

Another approach might be to target the proposed increase in perilesional tonic
inhibition. Tonic inhibition can be reversed by antagonists or inverse agonists of the
aS-subunit-containing extrasynaptic GABA, receptor, and compounds for use in
humans are currently available and under investigation. Zolpidem is an interesting
pharmacological agent that binds with high affinity to al-containing GABA , recep-
tors through which it mediates sedative and hypnotic effects. However, zolpidem
can also influence tonic inhibition through aS-containing GABA, receptors in a
dose-dependent manner, such that low levels of the drug augment tonic inhibition
and high levels reduce it (Prokic et al. 2015). Zolpidem can improve recovery in a
mouse model of stroke (Hiu et al. 2015) and has been reported to mediate interest-
ing effects such as the temporary reversal of deficits in language, cognitive and
motor function in single patient cases with stroke (Cohen et al. 2004; Hall et al.
2010). However, given the uncertainty over how zolpidem works, the mechanism of
recovery in these individuals remains unclear.

The most studied therapeutic option for promoting recovery after stroke is likely
to be non-invasive brain stimulation (NIBS). Several systematic reviews suggest
that NIBS is able to enhance the effects of behavioural training to a small degree
(Hsu et al. 2012; Kang et al. 2015). In a mouse model, direct current stimulation to
the brain appeared to augment synaptic plasticity through BDNF dependent mecha-
nisms (Fritsch et al. 2010). However, in human studies, it is not clear how much or
how accurately electrical current is delivered to target brain regions, and conse-
quently results are inconsistent and potential mechanisms poorly understood
(Bonaiuto and Bestmann 2015; de Berker et al. 2013).

3 Conclusion Regarding the Neurobiology
of Stroke Recovery

The rationale for understanding how to optimize the post-stroke brain environment
is to maximize the effect of behavioural training—which can take the form of physi-
cal, cognitive or speech therapy. The presence of a critical period of plasticity man-
dates for the delivery of high dose and high intensity behavioural training during
this window of opportunity to maximize recovery of function by minimizing impair-
ment (Zeiler and Krakauer 2013). Whilst this idea is strongly supported in animal
models as already discussed (Biernaskie et al. 2004; Zeiler et al. 2015), there is as
yet no direct evidence of this in human stroke patients. Targeting the mechanisms
that underlie early spontaneous biological recovery in humans represents the most-
promising path to dramatically improve patients’ outcomes (Zeiler and Krakauer
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2013) and should be prioritized. The limits of what is possible in stroke recovery
have not yet been explored, especially if the delivery of high doses of behavioural
therapy in post-acute or reopened critical periods of plasticity becomes possible.

4 Take Home Message for Clinical Practice
in Stroke Rehabilitation

This chapter on the neurobiology of stroke recovery portrays the state of the art in
research on the structural and functional mechanisms of recovery after stroke. It
provides scientific reasoning on how clinical interventions in stroke rehabilitation
might work and where potentials for future research in stroke recovery and rehabili-
tation are seen from a neuroscience perspective. It does, however, not provide clini-
cal evidence for stroke rehabilitation, and hence it is not possible to link clinical
practice recommendations directly to this type of reasoning. This information will
be given in the remainder of the chapters in this book.

As far as the neuroscience perspective goes, some general take-home messages
are nevertheless worthwhile to portray on the basis of the overview given.

Alterations of body functions after acquired brain damage such as motor, percep-
tual, language or cognitive dysfunctions are results of network activities that are
affected by structural brain damage. Complex changes in neural excitability and
structural changes that occur over an extended period after brain damage will even-
tually determine the extent of functional recovery achieved by an individual. These
processes can be influenced by rehabilitation treatment most likely if it is based on
targeted training of high enough intensity and specificity for the affected brain net-
works and hence dysfunctions. In addition, the processes related to functional
recovery can theoretically be modulated by non-invasive brain stimulation, medica-
tion and stem cell therapy as outlined above. It is important to keep in mind that
these are not completely independent mechanisms. Rather to consider their (partial)
contribution and integration into the complex processes of recovery are conceptu-
ally appropriate. Whilst the potential for rehabilitation-mediated recovery seems to
be biggest early after stroke and needs to be supported by rehabilitation therapy,
strategies to promote recovery in later stages after stroke also need to be entertained
as focus on its own.

Declaration The authors declare no competing interests.
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