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Summary

Stroke causes initial cell death but also a limited process of repair and recovery. As an overall
biological process, stroke has been most often considered from the perspective of early phases of
ischemia, how these inter-relate and lead to expansion of the infarct. However, just as the
biology of later stages of stroke becomes better understood, the clinical realities of stroke
indicate that it is now more a chronic disease than an acute killer. As an overall biological
process, it is now more important to understand how early cell death leads to the later, limited
recovery so as develop an integrative view of acute to chronic stroke. This progression from
death to repair involves sequential stages of primary cell death, secondary injury events, reactive
tissue progenitor responses and formation of new neuronal circuits. This progression is radial:
from the tissue that suffers the infarct secondary injury signals, including free radicals and
inflammatory cytokines, radiate out from the stroke core to trigger later regenerative events.
Injury and repair processes occur not just in the local stroke site but are triggered in the
connected networks of neurons that had existed in the stroke center: damage signals are relayed
throughout a brain network. From these relayed, distributed damage signals, reactive
astrocytosis, inflammatory processes and the formation of new connections occur in distant brain
areas. In short, emerging data in stroke cell death studies and the development of the field of
stroke neural repair now indicate a continuum in time and in space of progressive events that can

be considered as the 3 R’s of stroke biology: radial, relayed and regenerative.
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Stroke is declining as a cause of death in the US. Two years ago stroke slipped from the third
leading cause of death to the fourth [1] and this year it fell to the fifth leading cause of death [2].
Even with improving treatments for stroke risk factors, and a possible decline in stroke incidence
from risk factor control, mortality from stroke will decline faster than the incidence [3]. This fact
mean that stroke is morphing into a chronically disabling disease. Neuroscience must more fully
integrate the currently dual aspects of basic stroke research, those of cell death and of neural
repair, into a more integrated whole so as to translate candidate biological therapies into novel
treatments. This review provides a description of the events in stroke as they develop from the
infarct to adjacent and distant tissue, and as they move from death to injury to repair: Radial,
Relayed and Regenerative aspects of stroke. The final Regenerative section discusses axonal
sprouting and the formation of new connections, in joining with other reviews in this Neural

Circuits them of this issue.

Radial Stroke—zones of damage

Stroke can be conceived as a site of complete cellular death surrounded of tissue reorganization.
This concept was first suggested for the progression of early damage in acute stroke [4] but has
even greater meaning in the changes of tissue repair and recovery, such as distinct zones of

reactive astrocytes and dendritic spine changes.

The Infarct Core
Ischemic stroke starts as an acute loss of blood flow to a region of the brain. This precipitates a
cascade of direct damage in neurons, astrocytes, blood vessels (endothelial cells and pericytes),

oligodendrocytes, microglia and oligodendrocyte precursor cells (OPCs). These seven cell types



can be principally considered the parenchyma of the brain. Ischemic cell death has of course
been best studied in neurons [5,6]. The initial loss of blood supply causes the most energetically
expensive neuronal function to collapse: the maintenance of resting membrane potential.
Neurons depolarize as a result, seen as the anoxic depolarization in extracellular recordings.
Neurons release glutamate as they depolarize, which causes further depolarization of neighboring
neurons, further glutamate release, and a positive feedback cycle. Glutamate, acting through the
NMDA receptor, induces massive intracellular calcium entry. Calcium also enters through
voltage dependent calcium channels as the neuron depolarizes. A major calcium sink in the
neuron is the mitochondrion, which swells as it buffers calcium and becomes dysfunctional.
Calcium mediated proteolysis, lipolysis and DNA degradation lead to necrotic cell death. There
are other molecular actors in this initial neuronal cell death, including free radical formation in
the disordered mitochondria. In total, this is the process of neuronal excitotoxicity, first
prominently described in stroke in the late 1980°s and the motive force behind many of the
stroke clinical trials of the 1990’s [7]. The initial excitotoxic death of neurons is quickly
irreversible and a re-analysis of pre-clinical animal modeling data and the experience of the
failed stroke trials indicate that the initial phase of neuronal cell death is quite likely beyond the

reach of clinical medicine as a therapeutic target.

The brain contains at least six other cell types than neurons. How these die in stroke, and how
this damage leads to dysfunction and partial recovery is less clear. In vitro data indicates that
neurons are the most sensitive to oxygen/glucose deprivation, followed by endothelial cells,
astrocytes and microglia [8]. As with neurons, glutamate signaling may play a role in

oligodendrocyte cell death after stroke, through both NMDA and AMPA subtypes of the



glutamate receptor [9]. In rodent stroke models, oligodendrocytes survive longer than neurons
[10]. Astrocytes die at a somewhat later period in the same ischemic stimulus than neurons [8,
11] and do so through mechanisms that involve swelling, ATP release and signaling through
ATP receptors (P2Y1 purinergic receptors; [12]). With this differential sensitivity in mind, even
in the short term in vivo, hours after the infarct, all cell types in the stroke core die. They do so
with slightly different time scales and cellular mechanisms, but die nonetheless. Tissue repair
and recovery depend in large part on what happens adjacent to the stroke core—the radial effects

of the ischemic stimulus on the surrounding brain region.

Peri-Infarct Tissue

Peri-infarct is a regional term—the topographic description of tissue that is next to the stroke
core and has experienced partial damage. This is not the same term as the stroke “penumbra”.
The penumbra was originally defined physiologically as the region of electrical silence in
initially intact but hypoxic tissue at the onset of ischemia [13]. The ischemic penumbra has come
to mean the brain tissue that is not initially damaged by stroke, but will progress to infarction
over time if there is no therapy initiated. In the emergency department and clinical stroke unit,
medical care is mobilized to image the stroke penumbra and maximize resources to save it,
though intra-arterial delivery of a clot buster or stent, as examples [14]. Human imaging and
rodent pre-clinical stroke models indicate that the ischemic penumbra will die and become part
of the stroke core in roughly two days [15]. In other words, in the acute period after stroke the
core dies and the penumbra has two fates: it will either die and become part of the stroke core, or
be salvaged by therapy and survive. In the former case, the peri-infarct tissue borders the now

enlarged stroke core. In the latter the salvaged penumbra is now part of the peri-infarct tissue.



From the perspectives of the biology of tissue repair and the time course of recovery, the debate
over the penumbra is moot: this is really a progression of the process of initial ischemic cell
death. However, the mechanisms of cell death in the penumbra have important roles as triggers

for neural repair and recovery, and do so likely via radial transmission to peri-infarct tissue.

Delayed cell injury and death in the penumbra occur with inflammation and free radical
generation. The partial blood supply in the penumbra activates endothelial cells to localize a
tremendous neutrophil [16] and macrophage influx [10]. Microglia are activated within minutes
in injured stroke tissue [17] and, unlike in the stroke core, survive [10]. Astrocytes activate into a
reactive phenotype in days after stroke and produce cytokines, matrix metalloproteinases and
chondroitin sulfate proteoglycans [18, 19]. These three cell types release cytokines and produce
free radicals that produce secondary damage, modify the extracellular matrix and also generate

the signals for neural repair.

Radial Stroke—triggers for neural repair

The progression of brain ischemia over time from the infarct core to the penumbra and peri-
infarct tissue involves secondary injury cascades. These cascades involve reperfusion injury in
damaged cells, which causes free radical production, the activation of astrocytes and white blood
cells, which release cytokines and free radicals, and the production of synchronized neuronal
activity. This is a radial effect of stroke that triggers neural repair. Free radicals generated in
penumbra and in peri-infarct tissue are part of the stimulus for neurogenesis [20,21], cytokines

activate astrocytes, promote angiogenesis and induce axonal sprouting [19,22,23] and



synchronized neuronal activity induces axonal sprouting and the formation of new connections

[24] (Figure 1).

Inflammatory cytokines are released by activated microglia (early), invading neutrophils (early)
and macrophages (later) [25,26]. These can directly stimulate aspects of neural repair [27], and
also induce an activated state in brain endothelial cells and astrocytes. Activated astrocytes and
endothelial cells then further produce molecules that induce or alter the brain’s reparative
response [19,28]. Several cytokines from these cells influence a stem cell response to stroke.
Activated blood vessels in peri-infarct tissue secrete Stromal Derived Factor 1 (SDF-1), a
cytokine that is tropic to immature neurons as they migrate to areas of damage after stroke
[29,30]. Chemokine (C-C motif) ligand 2 (CCL2), Leukemia inhibitory factor (LIF), Tumor
necrosis factor (TNFAa) are also inflammatory signaling molecules that are released by
astrocytes and microglia/macrophages after stroke, induce distinct stages of normal neurogenesis
and have been implicated in post-stroke neurogenesis [27,31,32]. Activated astrocytes and
microglia release other cytokines and chemokines that participate in post-stroke neurogenesis

27,30,33].

Inflammatory cytokines also participate in post-stroke axonal sprouting: the formation of new
connections. As discussed below, axonal sprouting after stroke induces the formation of new
connections in peri-infarct cortex among motor, premotor and somatosensory cortical areas.
These connections causally mediate motor recovery. The transforming growth factor superfamily
of cytokines contains several molecules that stimulate post-stroke axonal sprouting. Bone

morphogenic protein 7 stimulates dendritic growth in neurons [34] and promotes behavioral



recovery [35]. The TGFb family member Growth Differentiation Factor 10 (GDF10) is induced
in peri-infarct cortex after stroke and is a potent stimulant for axonal sprouting and functional
recovery [36]. Activation of astrocytes in peri-infarct cortex, in part through inflammatory
cytokines, induces molecules that block axonal sprouting, such as chondroitin sulfate
proteoglycans [37,38] or Ephrin-A5 [39]. Thus, peri-infarct inflammatory signals control both
the induction of axonal sprouting and the induction of axonal growth inhibitors that block axonal
sprouting. As discussed below, the local interplay of pro-growth and growth-inhibiting molecular

systems determines the extent and pattern of axonal sprouting and recovery (Figure 1).

In addition to cytokines and other inflammatory molecules, stroke generates free radicals in the
infarct core and peri-infarct tissue. This process occurs through the initial ischemia itself,
through reperfusion and through inflammatory cell release [40]. Free radicals have potent
biological effects because they are freely diffusible [41], can have a long tissue half-life [41,42]
and activate many downstream molecular processes. This last element of free radical action is a
crucial distinction in the radial nature of stroke. In the infarct core, free radical generation
produces tissue damage and cell death. In the peri-infarct cortex, free radical generation activates
downstream signaling cascades in cells that will survive. These intracellular cascades mimic the
signaling of growth factors [20,43]. Free radicals also directly activate neural stem cells through
induction of growth factor signaling pathways [20]. Through these systems, free radical
generation after stroke is one of the signals of post-stroke neurogenesis [44,45]. Immature
neurons in the largest germinal matrix, the subventricular zone, respond to the stroke, migrate to
the area of damage and may participate in neural repair [30,46]. Blocking free radical generation,

such as with an anti-oxidant, reduces post-stroke neurogenesis [45]. It appears that free radical



generation in peri-infarct tissue is one of the signals to multipotent neural stem cells and their
progeny in the subventricular zone, together with other cytokines and growth factors activated in

peri-infarct cortex [27,30,46].

In the early stages after stroke, peri-infarct tissue exhibits synchronized electrical activity. Within
the first several days after stroke, peri-infarct spreading depressions sweep through cortex. These
are synchronized and long-duration neuronal depolarizations that produce a substantial metabolic
demand on peri-infarct tissue. This demand may be so great that the tissue may die—in other
words peri-infarct spreading depressions may push a region of penumbra into a region of stroke
cell death or core [40,47]. However, peri-infarct spreading depressions also occur in tissue that
will survive [48]. Though peri-infarct spreading depressions represent force a powerful envelope
of synchronized neuronal discharges, these sweeps of neuronal activity do not correlate with later
regenerative events, such as axonal sprouting [24], and the spreading depression may be
conceptualized as radial injury event from the infarct to the adjacent tissue. Peri-infarct spreading
depressions are followed in the first several days after stroke by synchronized low frequency
neuronal discharges across peri-infarct cortex and connected (contralateral) cortical areas, which
occur at <0.1 Hz [24,49]. This low frequency synchronized neuronal activity is a transition from
acute stroke injury and death to longer term repair, as discussed below. Thus synchronized
neuronal activity after stroke is not just a bridge between damage to repair, but also one of the
early events to be relayed from the damaged tissue to more distant connected sites, such as
contralateral cortex [24]. Synchronized neuronal activity after stroke might be classified into
“Radial” or “Relayed” but has been placed in this section to align with the other major

synchronized neuronal activity event after stroke, peri-infarct spreading depressions.



Peri-infarct synchronized neuronal activity is a trigger for axonal sprouting and the formation of
new connections after stroke [24]. It occurs in lesion conditions, such as stroke, that trigger
axonal sprouting, and not lesion conditions, such as equivalently sized aspiration of cortex, that
do not induce axonal sprouting. Blocking peri-infarct synchronized neuronal activity blocks post-
stroke axonal sprouting in peri-infarct cortex and in contralateral cortex to the infarct [23]. In
serving as a trigger, this synchronized neuronal activity in peri-infarct cortex after stroke
resembles similar activity patterns in the formation of brain connections during development in
the retina, hippocampus and cortex [50-52]. Synchronized neuronal activity may activate a
downstream molecular program for neuronal growth, or may stimulate the co-activation of many
synapses in a particular region of neurons, stimulating a Hebbian plasticity and synaptic

sprouting after stroke, as it does in the developing brain.

Radial Stroke—tissue reorganization

During days to weeks after stroke, the peri-infarct cortex loses its initial response to afferent
inputs and then gradually regains this response, with new locations of sensory or motor body
maps [53,54]. This process of an initial loss of sensory, motor or language representation in peri-
infarct and connected areas is seen in humans and in animal models of stroke [55-57]. The best
recovery in human stroke occurs when motor, sensory or language function is re-mapped into
peri-infarct and connected regions [55,56]. This process of remapping occurs with widespread
changes in the location and temporal flow of neuronal excitability, visualized with voltage
sensitive dye responses with optical imaging [53,54]. There is an initial downscaling of peri-

infarct responsiveness in neurons in the first week after stroke, and then a differential return of



neuronal activation within peri-infarct cortex [58]. These data identify alterations at the macro
level in neuronal networks after stroke—changes in cortical map representation and in the

temporal pattern of actions of large ensembles of neurons in peri-infarct cortex.

The local physiology of network connections in peri-infarct cortex is also altered after stroke.
Stroke causes an increase in GABAergic tonic inhibition in peri-infarct neurons [59]. Tonic
GABA inhibition is distinct from phasic, or synaptic, GABA inhibition. Phasic or synaptic
GABA action is the common mechanism of intracortical inhibition that is seen in measures like
paired pulse inhibition in both transcranial magnetic stimulation and in cell electrophysiology.
Phasic GABA inhibition is fast and communicated by direct synaptic contact in a precise, circuit-
specific way. By contrast, tonic GABA inhibition is a slow inhibitory current that is mediated in
part by levels of extracellular GABA in the milieu surrounding a group of neurons. This current
establishes the threshold for action potential firing of a neuron [60]. After stroke, reactive
astrocytes have a downregulation of GABA uptake mechanisms, leading to increased
extracellular GABA levels. This increases the baseline inhibitory tone in in pyramidal or
excitatory neurons. This process of increased tonic inhibition is initially neuroprotective.
Blocking tonic GABA inhibition in the first several days after stroke causes an increase in
ischemic cell death. However, the increased in tonic GABA inhibition persists long after the
threat of ischemic cell death and by persisting into the period of recovery, the increased
inhibition of neurons in peri-infarct tissue contributes to impaired circuit function in this area.
Blocking tonic GABA inhibition after the first several days from the stroke promotes motor

recovery [59]. This is a tractable pharmacological therapy for stroke recovery.



Stroke induces a change in neuronal morphology in the regions of these altered neuron
electrophysiological responses. Dendritic spines form the synaptic contacts of cortical pyramidal
neurons. These are mostly stable in the adult cortex [61,62] although they remodel in response to
loss of afferent inputs or learning [63-65]. After stroke, there is initially a net loss of dendritic
spines in peri-infarct cortex in the first week after stroke [53,66]. This occurs in regions with
normal blood flow [66], indicating that this loss is due to neuronal network damage from loss of
axonal connections and not due to partial ischemia in peri-infarct regions. After this loss of
connections, peri-infarct cortex within one millimeter of the infarct in the mouse recovers
synaptic connections back to baseline [66], whereas neurons in regions 1-2mm away from the
infarct gain synaptic connections compared to control [66], indicating these neurons form new
connections after stroke. This can be seen also as supernumerary axons exiting the neuronal cell
body [67]. The actual branches of dendrites also remodel after stroke, with retraction and growth
that is maximal two weeks after the infarct and occurs most prominently within 200um of the
infarct core [68]. Stroke also induces new axonal connections from neurons in peri-infarct
cortex, which are initiated in the first week after stroke and are reliably present one month after
stroke [39,69,70], particularly in the superficial cortical layers. These data indicate that stroke
causes alterations in neuron morphology and the network of connections in peri-infarct tissue
that is a result of the loss of connections with the infarct core, occurs over specific time scales,

and in identified spatial zones within peri-infarct tissue radial to the stroke (Figure 2).

Within peri-infarct tissue additional anatomical zones are formed by reactive astrocytes. Reactive
astrocytes are not one homogenous type of cell, but instead display distinct morphological and

functional properties in zones that extend away from the infarct or CNS injury. This has been



best detailed in the injured spinal cord and in normal brain, where distinct morphologies of
reactive astrocytes indicate likely different zones of tissue repair and recovery [71] or of distinct
circuit function [72]. In stroke distinct types of reactive astrocytes are also present. The border of
the stroke is formed by reactive astrocytes that have evolved into a bipolar morphology from
their normal multipolar state and secrete large amounts of chondroitin sulfate proteoglycans [18].
This zone close to the infarct is appears to be the only region in there is true astrocyte
proliferation after stroke [73,74]. Ablation of these border astrocytes after stroke and other
injuries results in increased inflammation and worsening lesion size [75]. This protective
function of reactive astrocytes fits well with the transcriptional profile of reactive astrocytes after
stroke compared to reactive astrocytes after an inflammatory stimulus. Reactive astrocytes after a
middle cerebral artery occlusion model of stroke showed a gene expression profile that was
neuroprotective, with neurotrophic factors and cytokines, such as BDNF and CTGF; whereas
after inflammatory stimulation reactive astrocytes activated complement, interferon and other
inflammatory and synapse-destruction pathways [76]. At distances more removed from the
stroke in peri-infarct cortex, astrocytes still “react” to the stroke, and display increased GFAP
expression but retain their normal multipolar morphology [18,77]. Astrocytes show distinct
molecular properties by brain region, in such systems as sonic hedgehog signaling, glutamate
uptake and extracellular recognition and patterning molecules [72,78]. It is likely that these
distinction in astrocyte subtypes will persist in the reactive astrocytosis after stroke and lead to
zones in which scar-forming molecules and other axonal growth inhibitors are differentially
expressed. These distinct astrocyte zones will mean distinct regions of tissue repair and recovery

and are likely to be an important area of future study in the field.



Relayed Stroke—effects of ischemia on distant connected brain regions

The effects of focal stroke are relayed to distant brain sites through loss of connections,
secondary axonal degeneration and microglial and astrocyte activation. Stroke first transmits
electrical impulses that relay a damage signal to distant, connected brain regions. This produces
an upregulation of immediate early genes within hours of the initial stroke, in areas that are
clearly not exposed to the ischemia [79]. Stroke in one site causes the axons projecting from the
now dead neurons to lose their synaptic connections to distant sites. The axons from neurons that
were in the stroke core will die. Dying of axons from a loss of neuronal cell bodies is termed
Wallerian degeneration. Wallerian degeneration can be seen clinically in MRI in long axonal
tracts as an early diminished diffusion of water and later as hyperintensities in T2 or FLAIR
sequences, corresponding to periods of initial axon damage and then degeneration [80-82].
Dying axons release signals that cause reactive astrocytosis and microglial responses within days
to weeks after the distant stroke [79,82]. These distant signals from a focal stroke are detected at
connected sites to the stroke core, such as the contralateral cortex, substantia nigra, brain stem
and spinal cord and include activation of the cytokines Tissue Necrosis Factor alpha (TNFa) and
Interleukin 6 (IL-6) [79]. In the spinal cord after focal cortical stroke, TNFo and IL-6 are
induced within the first two weeks after stroke, as well as the growth factors Brain Derived
Neurotrophic Factor (BDNF) and Neurotrophin 3 (NT-3) [83]. These distant sites are clearly not
in the initial area of ischemia, and reflect the relayed nature of stroke. The induction of growth
factor signaling at distant sites from stroke, such as the spinal cord may be part of the mechanism

for axonal sprouting in these sites.



These distant effects of stroke might be construed as diaschisis. Diaschisis in its original,
definitional form refers to electrical dysfunction remote from a focal lesion. It later came to mean
metabolic dysfunction or a reduction in blood flow in remote brain areas after a single focal
stroke [84,85]. Recent network analyses in human and animal models of stroke have shown
widespread disconnection of functional brain networks with stroke. Similar to the above
neuroanatomical and molecular biological effects of stroke on distant, connected brain regions,
stroke disconnects brain areas that are connected in sensorimotor, language, attentional and
memory-related systems [86,87]. However, this is not diaschisis. These disruptions in neuronal
networks by stroke occur in regions in which metabolic or blood flow changes have not been
reported in focal stroke. Recent attempts to reconcile the historical concept of diaschisis with
newer findings that many, many brain areas are disconnected by stroke has led to the awkward
expansion of this term into “focal diaschisis’, ‘connectional diaschisis’ and ‘connectomal

diaschisis [85].

At its heart and in the original coining of the term, diaschisis was used to explain why focal
stroke could produce behavioral deficits not associated with the location of the stroke [84,85]. In
recent studies of widespread neuronal network alterations after single strokes, behavioral deficits
occur as a result of loss of connections between brain areas in many patterns, which are far more
diverse in their connectivity than could be explained by known patterns of diaschisis [87]. For
example, in aphasia disintegration in the connectivity of a distributed network of cortical areas
well outside the traditional left frontal and parietal language areas can produce language deficits;
or in memory function loss of connectivity among many frontal, thalamic and medial temporal

sites can produce deficits in stroke—in each function (language, memory) disruptions in many



different anatomical networks can produce the same type of behavioral deficit This is well
beyond the original concept of diaschisis of a remote metabolic disturbance in one brain region
produced from a stroke in another. Similarly, as noted above neuroanatomical (astrocytosis) and
molecular (cytokine induction) alterations occur after focal stroke in distant areas such as
thalamus, spinal cord and red nucleus in which diaschisis has not been observed in cortical or
forebrain stroke. These instead represent disconnection effects that are more widespread and not
accompanied by metabolic or blood flow abnormalities. This choice of “disconnection” over
“diaschisis” fits with the emerging concepts of neuronal network disintegration in stroke and is
free from historical context (or baggage). Focal stroke disconnects: it produces distant changes in
connected networks and these disrupt the function of these networks as well as activating cellular

and molecular signaling events within them, relayed from the stroke site.

The relayed nature of stroke also causes cell death. A delayed apoptotic cell death occurs in the
thalamus in experimental stroke models after cortical stroke that is distant to the thalamus [88]
and similarly in the substantia nigra after striatal stroke that is distant from the substantia nigra
[82]. After white matter stroke, connected cortical areas suffer a delayed damage that is seen as
cortical thinning in MRI [89] and as an overall brain atrophy [90]. In the aged brain with white
matter stroke there is increased microglial activation and inflammatory cytokine release in
connected cortical areas compared to the young adult [91]. In summary, stroke relays its effects
throughout the brain along its network of connections. This relay occurs through initial electrical
and molecular signals early after injury and then through delayed signals from degenerating
axons. These signals induce cytokines and growth factors in contralateral cortex, basal ganglia,

thalamus, brain stem and spinal cord, activate astrocytes and microglia and in some areas induce



delayed neuronal degeneration. These relayed signals from stroke also induce tissue

regeneration, discussed in the next section.

Regenerative Stroke—tissue repair after focal ischemia

Neural Circuits in Stroke Recovery

Stroke induces a limited process of repair and recovery. This seen in axonal sprouting and the
formation of new connections, angiogenesis and vascular remodeling and in glial and neuronal
progenitor responses. Progenitor responses occur in local peri-infarct tissue [29,92]. Axonal
sprouting occurs in peri-infarct tissue and from contralateral cortex from the stroke [57,93-95].
From the perspective of time after stroke, the signals that occur with radial stroke trigger the

cellular events that underlie regenerative stroke.

Axonal sprouting occurs from neurons that are in the cortex ipsilateral to the stroke and from
neurons that are contralateral to the stroke. The location of axonal sprouting after stroke and its
contribution to functional recovery likely depend on the stroke size. Small to medium sized
strokes occur in a brain hemisphere in which there is substantial remaining tissue adjacent to the
stroke site. In experimental studies in rodent and non-human primate with these types of strokes,
neurons from robust new connections in peri-infarct cortex, such as from motor cortex to
somatosensory, premotor, prefrontal and association areas [39,53,70, 97]. These mediate motor
recovery [36,39]. In large strokes, there is a reduced amount of cortical tissue preserved in the
ipsilateral hemisphere, and the cortex contralateral to the stroke exhibits axonal sprouting [98].

This axonal sprouting occurs from local axons in the spinal cord, as they grow into the regions of



spinal cord and brain stem that lost their projections from the stroke site [93,98,99]. These

connections also mediate a degree of motor recovery after stroke [98].

The molecular programs that underlie post-stroke axonal sprouting are unique tissue regeneration
events [36,70]. Studies of the gene expression profile of sprouting neurons in stroke indicate that
stroke activates a molecular program that has a coordinated pattern of signaling from the
extracellular environment into the cell [36,70,99]. This includes specific growth factors and
cytokines, cell surface receptors, intermediate cytoplasmic cascades and transcriptional and
epigenetic control points. These molecular programs differ between aged and young adult brains,
and change with time after stroke. There is an early upregulation of a molecular induction
program for axonal sprouting within the first week after stroke, and then al later maintenance
program in axonal sprouting at three weeks after stroke [70]. A trigger for post-stroke axonal
sprouting is present within the first week after stroke. This distinction between an induction and
maintenance program can be seen in the fact that extracellular signaling molecules, transcription
factor and epigenetic control molecules are activated in the induction phase, whereas cytoskeletal
and synaptic proteins are more associated with the later, maintenance phase of axonal sprouting

[70].

Several clinically relevant questions can be applied to our understanding of this post-stroke
axonal sprouting transcriptome. Does it differ in the aged brain? This is a key question for
human stroke, as most stroke occurs in aged individuals. Does the molecular program of axonal

sprouting after stroke resemble that seen in the initial axonal sprouting that underlies neuronal



development? Is there a trigger or triggers induced by stroke that actually set off this whole

process of axonal sprouting and recovery?

The molecular control of axonal spouting is different in aged versus young adults. In directly
comparing the transcriptional profile of sprouting neurons after stroke during the induction
period of this response, there is little overlap of the young adult and aged sprouting
transcriptome. Specifically, after correcting these transcriptional data sets for statistical
significance, 1346 genes are differentially up- or down-regulated in young adult sprouting
neurons (neurons that form a new connection in two month old rats after stroke) during the
inductive phase after stroke. 671 genes are up- or down-regulated in aged sprouting neurons
(sprouting neurons in stroke in two-year old rats). When these two data sets are directly
compared, only 79 genes are commonly regulated by stroke in both young adult and aged
sprouting neurons [70]. This indicates that in terms of tissue regeneration, stroke in the aged

brain represents a very distinct biological event.

An open question in the neural repair field is if “regeneration recapitulates development”. When
the transcriptional profile of sprouting neurons after stroke is directly compared to that of
neurons during development, there is a substantial statistical difference between these two
molecular programs. In fact, if unsupervised genome-wide association analysis is applied to 180
different transcriptomes from the literature, from neurodevelopment, to learning and memory
paradigms to spinal cord and other injuries, the greatest distinction is between neurons that have

been induced into an axonal sprouting state after stroke and early post-natal neurons that are still



forming new connections [36]. These studies indicate that neural repair does not strictly follow

neural development on a molecular level.

The process of axonal sprouting after stroke is a profound biological event for the adult brain. In
a brain region that normally does not form such substantial new connections, a process is
triggered in which local and long distance projections are formed. This implies that there is a
molecular trigger for this event. Working with candidate signaling molecules that are present in
the aged neuron post-stroke sprouting transcriptome, such a trigger was recently identified. The
TGFp family member GDF10, which previously did not have a known role in brain function,
was found to trigger axonal sprouting in vitro in many types of neurons, and in vivo after stroke,
and to enhance functional recovery. The data identify GDF10 as a novel, stroke-induce brain
growth factor. Interestingly, when endogenous levels of GDF10 are reduced, axonal sprouting
after stroke is prevented, and motor recovery was reduced [36]. GDF10 signals through TGFBRI
and Il and Smad 2/3, to activate P13 Kinase gene systems and to inhibit PTEN and SOCS3
signaling. These gene systems mediate axonal sprouting in other contexts in the adult, such as in
optic nerve and spinal cord injury [100-102]. These data indicate that GDF10 is one molecule in

a trigger after stroke and coordinately activates parallel growth promotion cascades.

It is important to bring forward a word of caution on post-stroke axonal sprouting. As noted
above, in distinct animal models post-stroke axonal sprouting is causally associated with motor
recovery. Axonal sprouting is also a generalized phenomenon during recovery after stroke, in
rats, mice, non-human primates and, by marker, in peri-infarct cortex in human stroke [104].

However, axonal sprouting in the adult brain is also associated with epilepsy. This is clearly the



case with hippocampal axonal sprouting [105]. Axonal sprouting in animal models occurs within
confined neuronal networks, such as premotor/motor/somatosensory areas, suggesting a
functional relevancy and limited nature of this process. However, when behavioral activity is
manipulated by forcing a stroke-affected animal to overuse its affected forelimb, and axonal
growth inhibitors are blocked, axonal sprouting can occur from peri-infarct tissue into
widespread areas of the cortical hemisphere, including orbitofrontal and temporal cortex, that are
well outside of confined functional domains [39]. Similarly, when Nogo signaling is blocked
after stroke at the same time that rehabilitation therapies are given, axonal sprouting is exuberant
and aberrant and recovery is reduced [98]. Thus, post-stroke axonal sprouting may have positive
or negative effects depending on behavioral context. The clinical implication of this double
edged sword is that medicines that induce axonal sprouting after stroke, once available, will need

to be carefully utilized with neurorehabilitation and screened for side effects.

Tissue Regeneration after Stroke

Axonal sprouting after stroke establishes new patterns of neuronal connections in the setting also
of substantial loss of axonal projections from the stroke site. This process of axonal sprouting is
not “restorative”, as the end state does not restore the brain to some pre-existing state, but instead
produce a new, altered brain structure. Hence the term regenerative rather than restorative.
Outside of axonal sprouting, there are several other cellular events after stroke that are even more
directly regenerative, in that they produce new populations of neurons and blood vessels within a
unique tissue microenvironment. Ischemia induces proliferation and migration of neural and glial
progenitors. For neural progenitors, the largest germinal matrix in the brain is the subventricular

or subependymal zone (SVZ). This lies close to the lateral ventricles. Multipotent neural



progenitors (which can give rise to glia and neurons) divide to produce more rapidly proliferating
cells (termed transit amplifying cells), which then give rise to immature neurons (termed
neuroblasts). In the rodent brain, neuroblasts from the SVZ migrate to the olfactory bulb
[53,105]. In the human brain, this migration to the olfactory bulb may be reduced, and
neuroblasts may migrate into the basal ganglia [106]. Stroke signals to the SVZ, principally to
transit amplifying cells, which proliferate, and to neuroblasts, which migrate to areas of damage.
This response can produce new neurons in areas of damage [29,30,92]. If the stroke occurs in
close proximity to the SVZ, such as in the striatum/basal ganglia, neurogenesis is robust and
large numbers of neuroblasts migrate to areas adjacent to the stroke site. Most of these die, but
some do mature and form local and long distance connections. If the stroke site is distant to the
SVZ, such as in cortex, fewer neuroblasts migrate to areas of injury and these survive in
vanishingly small numbers [29]. Post-stroke neurogenesis is stimulated by cytokines in the peri-
infarct tissue, particularly Stromal Derived Factor 1 (SDF-1) and angiopoietin 2 (Ang-2) [29,30].
It has been difficult to definitively determine if post-stroke neurogenesis has a causal role in
functional recovery after stroke and future work will need to determine if this process is truly a

“neural repair” event.

The regenerative response after stroke also includes angiogenesis and the modification of the
vascular tree. In early human studies, the degree of angiogenesis was correlated with the degree
of recovery [107]. Angiogenesis and vascular remodeling occur most prominently in peri-infarct
tissue [103], although there are changes in vascular structure in cortex contralateral to stroke
[108]. Angiogenesis initiates early after stroke, with changes in gene expression that underlie

angiogenesis within days after stroke [109]. It is important to note that animal models of stroke



differ in their initiation of angiogenesis. The photothrombotic stroke model, which is used in
many optogenetic studies of stroke neural repair, does not produce substantial angiogenesis
[66,110]. However, other stroke models with reperfusion and the production of a peri-infarct
region of partial damage, do induce angiogenesis [29,108,111]. Angiogenesis serves to bring
new blood flow to peri-infarct tissue, but this occurs too late for an actual survival effect in the
evolution of stroke damage. Instead, angiogenic vessels secrete growth factors, proteases and
cytokines that modulate the local tissue environment [18,22]. Angiogenesis is causally linked to
neurogenesis in peri-infarct tissue and these vessels are the source for Ang2 and SDF-1, which
induce migration of neuroblasts after stroke [29]. In spinal cord injury, angiogenic vessels are the
source of eicosanoids that induce axonal sprouting [22]. However, there has been no direct link

between axonal sprouting and angiogenesis in stroke.

Potential Neural Repair Therapies

The biological findings in Regenerative Stroke suggest targets for neural repair therapies. In
keeping with the neural circuit theme of this issue, stem cell, biologic and small molecule
therapies have been tested for their role in axonal sprouting in pre-clinical models of stroke. A
comprehensive discussion of these therapies is beyond the space constraints of this review.
However, some general biological themes or pathways emerge from studies of neural repair after
stroke. The transcriptome of sprouting neurons after stroke identifies several molecular pathways
that might promote recovery, and excludes others. Blockade of Nogo receptor 1 (NgR1) but not
Nogo receptor 2 (NgR2) promotes axonal sprouting after stroke [70]. NgR1 antagonists have
been tested in many stroke models and found effective in promoting recovery [98, 112-114].

NgR2 binds myelin-associated glycoprotein (MAG) [115]. An ant-MAG antibody has recently



been tested in a phase 1 trial in stroke [116]. The data from pre-clinical studies of axonal
sprouting would suggest that this will not be effective, and pre-clinical models show that it is
only modestly successful in either preventing the initial dysfunction after stroke or producing
limited behavioral recovery [117]. Other molecular pathways for axonal sprouting, either
induced in peri-infarct neurons or contralateral neurons [99], indicate promising targets for
neural repair such as Ephrin-A5, GDF10 and the use of the small molecule inosine [36,70,99,
114]. Cell therapies appear to stimulate local axonal sprouting by tissue immunohistochemical
staining [118-120], and in some cases by more detailed direct demonstration of axonal

connections [121]. These also represent a candidate neural repair approach.

Conclusion

Ischemic stroke occurs as a continuum in time of biological responses in the brain from initial
ischemic cell death to secondary damage to regeneration and partial repair. Each element in this
continuum is triggered by processes in the preceding stage. Stroke also occurs as a progressive,
spatially evolving biological response in the brain, from the initial ischemic core to radial brain
regions at successive distances to the core and then to brain areas that are distant but connected
to the core. Putting these two concepts of a stroke continuum in time and in spatial progression
together develops the three R’s of stroke:

Radial—damage progresses locally through the brain and away from the infarct in distinct zones
Relayed—damage signals are relayed to connected brain areas both locally and distantly
Regeneration—damage signals create a tissue regenerative response that produces limited brain

repair
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Continuum of Stroke
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Fig. 1. Stroke progresses in time from initial to secondary injury and to tissue repair as a continuum in which
the initial pathological events trigger later regenerative events.
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Fig. 2. The radial and regenerative progression of stroke can be collapsed in time to mock up the initial events
of stroke damage and how these lead to later processes of partial tissue repair in adjacent peri-infarct cortex.





