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Encouraging an excitable brain state: mechanisms of brain
repair in stroke

Mary T. Joyl, S. Thomas Carmichaell”
1Department of Neurology, David Geffen School of Medicine, UCLA, Los Angeles, CA, USA.

Abstract

Stroke induces a plastic state in the brain. This period of enhanced plasticity leads to the sprouting
of new axons, the formation of new synapses and the remapping of sensory-motor functions,

and it is associated with motor recovery. This is a remarkable process in the adult brain, which

is normally constrained in its levels of neuronal plasticity and connectional change. Recent
evidence indicates that these changes are driven by molecular systems that underlie learning

and memory, such as changes in cellular excitability during memory formation. This Review
examines circuit changes after stroke, the shared mechanisms between memory formation and
brain repair, the changes in neuronal excitability that underlie stroke recovery, and the molecular
and pharmacological interventions that follow from these findings to promote motor recovery in
animal models. These concepts build a framework for recovery after stroke in the concept of
neuronal allocation in damaged circuits. The translation of the concepts discussed here to recovery
in humans is under way in clinical trials for stroke recovery drugs.

Introduction

Stroke [G] causes death of brain tissue. The prevalence and limited recovery after acute
brain injury make stroke one of the leading causes of adult disability worldwidel-2. Current
therapies for stroke include clot removal within the first day after stroke in carefully selected
patients, but these individuals represent a minority of people with stroke3-5. Furthermore, in
cases of successful endovascular clot retrieval, 50% of patients are still left with neurological
deficits’-. Outside of this limited window for a therapy that promotes reperfusion of brain
blood vessels in stroke, neurorehabilitative practices are the most widely applied therapies.

Initially, stroke produces cell injury and death with clearly evident neurological deficits.
However, weeks and months after the acute events of injury and death, there exists
profound plasticity [G] in brain circuits during the limited processes of recovery. These
plasticity processes include turnover of local synaptic contacts adjacent to the lesion, altered
excitability of neuronal circuits [G] that are adjacent to and connected with the area of
damage, and the formation of new functional neuronal connections, seen in remapping
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of motor, sensory and language functions®19. Studies on post-stroke plasticity events
have identified important principles governing their timing, their role in the recovery of
injured brain circuits and, most importantly, that these biological processes of recovery
after acute brain injury are manipulable — they can be controlled by drugs and brain
stimulation protocols to enhance recovery in animal models®10. This Review focuses on
the mechanisms of circuit plasticity after stroke, with an emphasis on changes in neuronal
excitability [G] systems that lead to the reformation of brain circuits after injury and can
be enhanced to promote recovery. We develop the concept of neuronal allocation [G] for
recovery, in which we draw on parallels between the mechanisms of memory formation in
the normal brain and of recovery after stroke.

Cellular events after stroke

There are four distinct time epochs after stroke: the hyperacute, acute, subacute and
chronic phases. The hyperacute phase of stroke is characterized by cellular processes that
mediate excitotoxity and cause cell death in the hours of the initial loss of blood flow.
Excitotoxicity in injured neurons establishes a feedforward mechanism of depolarization,
glutamate release, further depolarization and progressive neuronal cell death!-14. There
is also an initial intrinsic inflammatory response involving brain microglia that results in
inflammatory cytokine releasel®. This hyperacute phase of extensive cell death in the day
after stroke is followed by an acute phase in the week after stroke of delayed neuronal

cell death (apoptosis), an influx of peripheral immune cells and the further activation of
local immune responses in microglia and astrocytes. Reactive immune cells migrate into the
area of the stroke and secrete pro-inflammatory factors'6. In this acute phase, the brain is
sensitive to further stress caused by systemic infection, elevated temperature, alterations in
physical activity levels and/or enhanced neuronal excitability, any of which may potentiate
further injury17-20,

The hyperacute and acute phases of stroke are followed by a subacute phase of reduced
inflammatory responses and maximal plasticity, which lasts in the rodent for approximately
one month and in humans for up to three months after stroke21:22, This window of plasticity
diminishes as the stroke progresses from the subacute phase to the chronic phase, in

which there is a limited potential to induce recovery. The chronic phase of stroke is

present from 3 months after stroke onset in humans and is characterized by an absence

of spontaneous recovery?1:22_ Recovery is still possible in chronic stroke requires intensive
neurorehabilitation therapy and substantial focus by the patient. Even with these practices,
the amount of recovery in the chronic phase, as measured with scales of neurological
impairment, appears to be roughly 10% of the recovery seen in the sub-acute phase24-27.
This difference in the level of recovery in chronic versus subacute stroke is seen in motor
outcome measures, such as the Fugl-Meyer scale?®. A substantial recovery in the chronic
period has recently been shown with an intensively focused 90 hours of training, exercise
and behavioural shaping over a 6-week period2® or 300 hours of intensive training over

a 12-week period?®. What these and other studies in the chronic phase of stroke have in
common is the point that spontaneous recovery is not seen to any substantial degree three
months after stroke onset, but that rehabilitation-induced recovery can occur in this chronic
period with great effort.
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Endogenous plasticity responses in the subacute phase.

The events after a stroke are influenced by time-varying changes in gene expression

and cellular responses (FIG. 1). Stroke induces a transcriptional growth program that
promotes plasticity in the subacute phase3C. This transcriptional program is robust, with
more than 500 different neuronal genes differentially regulated. Neurons in the major

area of functional motor recovery [G] after stroke, the peri-infarct [G] tissue, and its
connected areas upregulate signalling pathways that promote axon guidance, growth factor
responses, intracellular growth (such as upregulated expression of adhesion molecules) and
cytoskeletal re-arrangement30-33, These induced gene systems in neurons adjacent to the
infarct [G] lead to axonal growth3%-33 and synapse formation34. Neurons in peri-infarct
tissue have demonstrable new axonal projections that project by several millimetres into
nearby cortical areas, including premotor, motor, sensory31-33 and retrosplenial cortices3®,
where presumably new functional synaptic connections are formed. Blockage of these

new connections prevents stroke recovery in animal models36. Cortico-cortical connectivity
is mostly mediated through excitatory synaptic contacts on dendritic spines [G]. In the
subacute phase of stroke, there is enhanced dendritic spine turnover3>:37-39, providing a
substrate for the synaptic termination of new connections.

The period of synaptic plasticity in axonal connections and their post-synaptic partners
occur during a period of substantial change in the sensory and motor maps of the body.

A stroke that occurs in the motor cortex causes remapping of movement representations

in rodent models, non-human primates and humans?*%-44. Newly reorganized maps show
substantial changes in their spatial location and are dependent on the cortical structure that
was damaged. This spatial change is mostly restricted to reorganization within the primary
motor regions, which re-map over 8 weeks after stroke in rodent models3>42. By contrast,
somatosensory limb maps lost after stroke that re-map over time do not show this substantial
change in map location, as shown in rodents*2 and in humans*4. Concepts of the limb map
in the primary motor and sensory areas, derived from decades of results of brain stimulation
studies, imply a one to one functional structure that is sort of a ‘ground truth’ for movement
and touch: the homunculus (human) or rodunculus (rodent) directly represent and control
the mapped body part, and so a change in that brain representation means a change in that
function. Changes in motor and sensory limb maps were thought to directly indicate and
faithfully track the changes of recovery after stroke. However, changes in the brain limb map
may actually follow functional recovery®®, indicating that the underlying synaptic plasticity
of axonal sprouting [G] and dendritic spine morphogenesis are the primary events of the
subacute phase of stroke that lead to recovery, and motor and sensory maps may follow.

Priming plasticity: the concept of a critical window.

The opening up of a plasticity window in the subacute phase of stroke, termed the sensitive
period in stroke recovery*6-49, shares similarities with the concept of heightened plasticity
during development, termed the critical period [G] 20-52, In both periods, the brain shows
substantial and parallel changes in cellular and molecular systems, but only within a
time-restricted interval. In the critical period in development and sensitive period after
stroke, changes in sensory or motor activity patterns induce widespread changes in synaptic
plasticity and cortical maps. In the critical period, changes in activity resulting from forced
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eye closure®3:54 or whisker trimming®® in rodents cause changes in cortical responsiveness
and mapping of the periphery. In stroke, high levels of motor activity of the impaired limb
induce similar widespread changes in sensory and motor maps during the sensitive period,
but not after it4%-56, Characteristic patterns of low frequency and synchronized neuronal
discharges are present during both the critical period in development and the sensitive period
after stroke and are responsible for substantial cortical remapping and changes in axonal
connections®7:58,

Similar cellular events define these two epochs (FIG. 2). For example, during development,
the critical period occurs during a time of reduced accumulation of extracellular matrix
structures such as peri-neuronal nets®®:69, Digestion of perineuronal nets reopen the critical
period®0. In stroke, the sensitive period corresponds to a time in which peri-neuronal nets
are degraded locally in areas that experience robust spontaneous plasticity52:62. Heightened
plasticity in the developmental critical period and in the adult brain after lesions are both
promoted by cholinergic signalling®3:64. The transcriptional profile of neurons that mediate
recovery after stroke and that of the cortex during the critical period overlap in molecular
systems, but with important differences in excitatory signalling in stroke that may reflect a
direct injury signal3C.

The similarities between the developmental critical period and sensitive period after stroke
also extend to the molecular systems that close these windows. The critical period in
development is in part closed by maturation of the GABA signalling system, such that
tighter inhibitory tone is present in local cortical circuits®L. In the sensitive period after
stroke, cortical recovery is inhibited by increased GABAergic tone through extrasynaptic
GABA signalling®5-%8, Notably, intracellular chloride gradients that predicate an inhibitory
tone during GABA signalling remain unaltered during the sensitive period in stroke®°:68,
unlike during early development in which increased chloride gradients can lead to GABA-
induced excitatory currents that depreciate over time. The critical period during development
is also terminated by increased expression of myelin and neuronal signalling through Nogo-
A8 Nogo-A limits brain plasticity after stroke and blocking Nogo-A signalling enhances
functional plasticity and stroke recovery’0-73,

The similarities between the developmental critical period and the sensitive period after
stroke indicate that stroke opens a window of plasticity in the adult brain. This heightened
and short-lived brain plasticity in the adult offers a platform in which neuromodulation or
pharmacological therapies might further stimulate recovery in injured circuits.

Manipulating neuronal excitability

The subacute period after stroke is associated with heightened plasticity overall, but
locally depressed neuronal signalling3®74. In humans and animal models, there is
decreased neuronal excitability in the peri-infarct cortex and connected cortical areas on
ipsilesional and contralesional sides, as measured by cortical activity evoked by sensory
stimulation3%74-77_ This depressed signalling across regions is a direct measure of lost
connectivity, as remote sites such as the contralesional visual cortex that share fewer
connections show little or no depression in sensory-motor signalling”®. At 8 weeks in the

Nat Rev Neurosci. Author manuscript; available in PMC 2023 November 04.
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rodent, there is partial return of normal excitatory cortical signalling patterns to afferent
stimulation. This is also reflective at the single-neuron level, at which neuronal activity
underlying limb selectivity (that is, neurons that respond to either the forelimb or hindlimb)
lose responsiveness initially after the stroke, then show mixed responsiveness (that is,
neurons expand their functional repertoire to respond to both limbs’8). This loss of neuronal
selectivity at 1 month after stroke transitions to responsiveness to a preferred limb at 2
months post-stroke in rodent models’8, and at 3 months in humans’. In parallel with the
concept of a critical period during neurodevelopment, the stroke itself induces a response in
the subacute phase, in which neurons with initially reduced excitability undergo functional
reorganization. At first, there is expansion of the neurons’ functional repertoires, which are
then refined to meet the functional output of the cortical area, such as somatosensation or
motor output, as the window closes with time.

Manipulating neurotransmitter signalling for motor recovery.

A major mechanism for reduced neuronal excitability after stroke arises from changes

in inhibitory neurotransmitter signalling, such as tonic GABAergic signalling in tissue
adjacent to the infarctl’. Tonic GABAergic signalling occurs through GABA receptors

at extrasynaptic sites that have high affinity for GABA and produce slow (tonic) and
persistent inhibition”®. This inhibition, also known as the shunt current, sets the action
potential threshold for pyramidal neurons’®. In the peri-infarct cortex after stroke, tonic
GABAergic signalling is elevated in the first weeks, during the period of reduced cortical
excitability noted above®. Stroke downregulates the expression of the astrocytic GABA
transporter GAT3, causing GABA to accumulate at extrasynaptic sites that bind to high-
affinity GABAA receptors (GABAARS), producing slow and persistent inhibition8®, The
distinct molecular composition of GABAaRS, which comprise a and & subunits, allows for
specific molecular and pharmacological targeting of these tonic receptor subunits, such that
undesirable adverse effects such as seizures can be avoided®. Genetic or pharmacological
blockade of the GABAAR a5 subunit after stroke restores pyramidal neuron excitability
and enhances functional recovery6:66.68.81.82 Redycing tonic inhibition promotes recovery,
whereas targeting fast synaptic inhibition (phasic) and tonic signalling deteriorates motor
performance over time®. Moreover, suspending treatment that blocks the a.5 subunit
reverses the beneficial effects on recovery, suggesting that in the absence of treatment, the
effects of tonic GABA inhibition on motor function persist for weeks after stroke®,

In addition to approaches that block increased inhibitory signaling after stroke, enhancing
excitatory signalling in the tissue adjacent to the infarct promotes recovery. Treatment with
positive allosteric modulators of AMPA-type glutamate receptors (AMPARS), known as
AMPAKines, facilitate AMPAR signalling. Binding of glutamate to AMPARS causes cation
influx, depolarization and downstream gene expression, such as the expression of brain-
derived neurotrophic factor (BDNF)83, AMPAKkines promote recovery of motor function in
stroke by selectively boosting BDNF signalling in the peri-infarct motor cortex20:84, An
alternative approach to boosting AMPAR signalling, leading to enhanced AMPAR levels
at post-synaptic sites, also improves motor recovery after stroke. This effect is mediated
through collapsin response mediator protein 2 (CRMP2), which drives greater numbers of
AMPARSs to the cell surface and enhances recovery after cortical lesions®®.

Nat Rev Neurosci. Author manuscript; available in PMC 2023 November 04.
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The findings described above in GABAergic and glutamatergic signalling indicate that
promoting neuronal excitability after stroke in highly selective ways enhances recovery in
rodent models of disease. However, this recovery is only promoted in the subacute period
after stroke. The acute period of stroke is characterized by ongoing cell death, and the brain
is still sensitive to manipulations that promote neuronal excitability, which can result in an
enlargement of infarct sizel’.

Excitability principles from learning to motor control.

The principle of co-active, or mutually excited, synaptic connections on ensembles of cells is
a common cellular feature underlying stroke recovery and memory formation. Connectivity
between neurons and neuronal excitability work mutually through mechanisms of Hebbian
plasticity, long identified with the phrase “cells that fire together wire together 8¢ In
Hebbian plasticity, neurons that are excited during a narrow time window will strengthen
their interconnections. These strengthened connections underlie memory formation and store
task memories®’. Co-active or strengthened connections are then consolidated and stabilized
through structural changes at the synapse, such as with changes in dendritic spines8:89. In
the event of a stroke, connectivity between neurons is lost, dendritic spines are unstable

and the overall excitability of neurons in areas adjacent to the stroke is reduced30-35.78,
Performance of the motor function that is lost in stroke requires re-establishing this lost
connectivity. Restoration of lost connectivity requires the availability of a new neural
substrate and the re-establishment of temporal activation patterns within these newly formed
circuits.

The growth of new connections can be induced by increasing the excitability threshold
of specific circuits that are local and distant to the stroke site. Optogenetic manipulations
that increase neuronal firing synchronously across a population of neurons after stroke
improves motor function®%-92, This improvement in motor function is associated with
the formation of new dendritic spines®! and axons®2 in local and distant sites and the
release of neurotrophic factors that support a state of enhanced plasticity®’. A notable
factor is that circuit-specific remodelling of long-range projections accounts for gains in
motor function whereas increasing the excitability of non-relevant circuits can lead to
undesirable manifestations on motor control®3 and mood disorders®. Hence, excitability
increases directed towards specific circuits allow for the innervation of appropriate local and
distant targets and formation of synapses that result in restoring motor function.

Neuromodulation strategies aim to elevate neuronal excitability, in which timing an excitable
signal with motor behaviours or cellular states enhances connectivity after stroke. After a
stroke, delivering a timed electrical stimulus at the onset of skilled reaching for a target
enables successful completion of the task. A key aspect is timing: the electrical stimulus

is timed to events, here the onset of reach, that as a result of the stroke have disordered
timing in their activity. At a behavioural level, timing a neuromodulatory stimulus in stroke
patients or animal models to the period of behavioural activity, which pairs excitability

from neuromodulation with a motor action, leads to a greater recovery than delivering

a stimulus without this timing element®98. This is evident in studies of vagal nerve
stimulation for stroke recovery, an approach with a still indeterminate mechanism of action

Nat Rev Neurosci. Author manuscript; available in PMC 2023 November 04.
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but that likely increases excitability in motor circuits®”. Pairing vagal nerve stimulation
with neurorehabilitative activity of the impaired limb, but not after that behavioural activity,
enhances recovery®. In individuals with stroke and rodent models, synchronous activity
within brain oscillations, measured as a composite neural signal with local field potentials,
can be used to track recovery9>:99, This is a measure of excitability in specific time

epochs of cohorts of neurons. In the peri-infarct cortex, the local field potentials within
such oscillations are diminished after a stroke9%:99. With recovery®, local field potentials
re-appear, suggesting a return of synchronous neuronal activity underlying a motor task.

Outside of local connectivity, applying this principle of inducing excitability within pre-
and post-synaptic neurons in long-range intercortical circuits can restore motor function
through Hebbian principles. In a model of traumatic brain injury190, which shares several
pathophysiological characteristics with stroke, recovery of skilled motor function can be
induced by delivering a timed electrical signal to the somatosensory cortex based on firing
patterns from the premotor cortex. These observations in recovery from traumatic brain
injury parallel observations with restoration of local field potentials in stroke recovery.

In summary, co-activation requires simultaneous firing of neurons, predicated on an
excitability threshold — neurons have to be excitable enough to fire together. Stroke
diminishes neuronal excitability whereas spontaneous recovery is seen with the return of
indicators of normal neuronal excitability, such as brain oscillations in recovering brain
areas. Enhanced recovery can be produced by timed stimulation of brain areas or to entrain
neurons to fire together in injured areas. Both systems of learning and recovery after
stroke share common ground in that both depend on cellular excitability for formation and
consolidation of a motor skill or recovery of motor function, suggesting that this common
ground extends from excitability principles to shared molecular pathways.

Molecular memory systems that enhance neuronal excitability.

Synchronous neuronal firing, enhanced excitability and long-term potentiation are cellular
features that are shared between memory formation and motor recovery. The overlap at the
cellular level extends to the overlap in the molecular mechanisms that are shared between
the two systems of memory formation and motor recovery. Changes in neurotransmitter
signalling that positively modulate AMPAR-mediated BDNF signalling29-84 or dampen
tonic GABAergic signalling®® promote memory formation and recovery of motor function.
At the transcriptional level, cAMP-binding response element (CREB) is a key signalling
molecule that enhances cellular excitability and is critical for memory formation101:102,
Increasing CREB signalling after stroke enhances cellular excitability and improves the
recovery of motor functionl93, CREB expression can be induced by promoting cAMP

or cGMP signalling in a cell%1, In addition to direct induction of CREB expression,
inhibiting cAMP and cGMP degradation through a phosphodiesterase inhibitor promotes
recovery in animal models of strokel04. The activation of a specific chemokine receptor,
C-C chemokine receptor 5 (CCR5), downregulates CREB33, In normal learning, CCR5
downregulation leads to enhanced long-term potentiation, increased spike-timing dependent
plasticity and enhanced spatial, social and associative learningl%3. Inhibiting the same CCR5
signalling system after stroke induces early and robust recovery of motor function33. The

Nat Rev Neurosci. Author manuscript; available in PMC 2023 November 04.
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overlap in the many molecular systems that underlie memory formation and recovery of
motor function suggest that targets that enhance learning also enhance motor recovery.
Intersectional principles between learning, memory and motor recovery and converging roles
of CREB-CCRS5 signalling in both systems for selecting circuits are discussed in subsequent
sections.

Effective circuit selection

The assembly of an effective motor program requires the recruitment of the appropriate
circuits1%8, This recruitment means that a selection process is initiated and based on a
defined set of properties such as the intrinsic state or the activity profile of a neuron in
response to an external cuel07-109, The mechanisms that partake in selection are active in
normal processes of learning. Such processes have been well-described in motor learning
of a skill, defined by a process of active searching, selection and refinement!10-113_ At the
cellular level, early exposure to an external cue, such as a new context or environment,
triggers activity in a large population of neurons. This is the active searching phase in
which neurons within a motor network exhibit spatiotemporal activity profiles that are
loosely correlated with a motor action. Here, individual neurons initially explore many
activation profiles that vary in their temporal relationship to the cue and to each other.

Over the course of learning, the variance in patterns from individual neurons decreases
with an increase in successful attempts. This decrease marks the next phase, which requires
effective selection of neurons that have low variability in patterns; that is, neurons that
exhibit temporal activation profiles that encode for correct movements. From a population
perspective, neurons with similar profiles, such as co-active patterns or co-varying patterns,
are selected!14, The selected neurons then undergo a period of refinement in which

spatial and temporal activation patterns compress over time, facilitating sparse coding of

a motor skill in a set of highly efficient neurons. Experimental and computational models
support the occurrence of sparse coding in visual and motor systems underlying task
performance!l5-119, Moreover, the surveying of different activation patterns of a neuron
during searching followed by constrainment of the neuron to a task-relevant network during
refinement has been described in models of flexible learning networks4. This initial
flexibility and then refinement comprise circuit selection.

The process of circuit selection is not limited to local intracortical circuits but involves
connected intercorticall20-122 and sub-cortical targets123-125, Presumably, active searching
in one cortical region (for example, the primary motor cortex (M1)) in turn activates larger
intercortical and subcortical targets that refine as the skill is acquired. This is evident in
normal motor learning in humans in which the initial phase of skill acquisition involves
activation of large cortical and subcortical regions that refine over time to include a set of
discrete regions that show tight spatial-temporal activation as the skill is acquired120.126.127,
The process of circuit selection is active after a stroke. In individuals with stroke, functional
MRI (fMRI) studies show that with time, complex skills are associated with large activations
across brain regions (active searching) that refine to a discrete set of regions that show
compressed and higher activity (selection and refinement)128-132,

Nat Rev Neurosci. Author manuscript; available in PMC 2023 November 04.
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For circuit refinement to be meaningful in terms of building an effective motor program,
selection needs to be effective. The appropriate circuits need to be selected, as sparse coding
requires ‘efficient’ neurons1’. This feature is compromised after a stroke and in cortical
lesions. In the event of a large cortical lesion or after a stroke, learning new motor sequences
is severely impaired!33. This means that the process of effective circuit selection cannot

be executed with the absence of the appropriate neural substrate. After a stroke, even in

the presence of endogenous plasticity with the growth of new axons and new connections,
recovery of motor function is impaired or is incomplete92134, This limitation in recovery
despite a structural platform for the formation of new circuits (new axonal connections)
means that even with the availability of a neural substrate, the selection of circuits that do
not efficiently encode behaviour results in compromised motor function.

Finally, the selectivity or specificity of circuit selection is further supported by structural
remodelling, in which motor learning or task-specific neurorehabilitation drives changes

in only task-specific circuits, resulting in overall strengthened connectivity of the
network36:135-137 \wjith task-specific training, corticospinal neurons undergo remodelling
with increased axonal outgrowth36, spine density and/or dendritic branching in only a subset
of corticospinal neurons!3”. New dendritic spines are formed on specific output neurons, and
these newly formed spines are then selectively stabilized by rehabilitative or task-specific
activity138139 |n further parsing of the anatomical specificity of structural remodeling

of brain circuits by activity in some experimental systems, dendritic spine changes are
localized to corticospinal neurons projecting to the C8 cervical segment that control the
distal forelimb involved in fine motor control such as grasping; and are absent in C4-
projecting neurons that control proximal forelimb musculature. Within these corticospinal
populations, a connectional bias from subcortical targets is present, in which motor learning
increases synaptic connectivity from thalamocortical inputs to C8-projecting and not C4-
projecting neurons!36. Here, skill acquisition is accompanied by structural and synaptic
changes in only those circuits that are relevant (selected). A stroke or a cortical lesion

that impairs thalamocortical connectivity impairs motor function®, whereas task-specific
neurorehabilitation that drives structural and synaptic changes in C8-projecting neurons
leads to an improvement in motor function36.

In studies of normal motor learning and stroke recovery, effective circuit selection is key to
producing a functional motor outcome. What process selects a neuron into a specific motor
circuit? A main determinant, as in the studies discussed below, is the intrinsic excitability of
a neuron, such that neurons with higher excitability are preferentially allocated.

The engram in stroke recovery

A key element in the formation of new memories involves the expression of excitatory
signalling in the brain in co-active and functionally connected sets of neurons that store

a memory trace, the memory engram [G] 140141, During the formation of new memories,
linked inputs are stored in the co-activation patterns of neurons in regions such as the
hippocampus, lateral amygdala and cortex. There is substantial experimental literature on
the cellular mechanics of memory engrams, especially as they have been defined with recent
intersectional genetic labelling and neuronal stimulation tools140-142_ Networks of neurons

Nat Rev Neurosci. Author manuscript; available in PMC 2023 November 04.
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store a memory when they are linked as, or allocated into, a circuit of neurons that are
co-activated by the sensory inputs of that memory (such as a novel environment paired with
electrical shock)143.144, This allocation of neurons into an engram is competitive — neurons
can outcompete their neighbours and link up into this network14%, This competition is based
on neuronal excitability, such that the more excitable a cell is, the more likely it is to fire

in close relation to other neurons during an arriving stimulus and form the engram that will
store that stimulus46. In addition to competition, one engram can compensate for the loss
of a memory that is stored in a different engram of cells if that engram is inhibited!47.148,
Engrams that store a memory trace are formed by strengthening the connections among
cells, seen by enhanced dendritic spines on engram cells'4%-151, These points define four
principles of the engram that relate to stroke recovery: neuronal allocation, competition
influenced by excitability state, compensation for disrupted engrams and dendritic spine
morphogenesis in engram formation.

Neuronal allocation.

In an engram, a memory is stored in coactive neuronal networks and their associated
connections. During the formation of a conditioned fear memory, the storage of the
environmental context (the cage) paired with an electrical shock (the stimulus) is made
within neurons that were activated by the experience of these paired stimuli. These co-active
cells are then activated by the context (the cage) to produce the memory of the shock and
activate a behavioural freezing in the mouse to the cage. Ablation or inactivation of the cells
in the engram, such as with diphtheria toxin®2, an inhibitory ion channel!3 or an inhibitory
DREADD (designer receptors exclusively activated by designer drugs)1°4155, destroys the
memory. By contrast, artificial activation, with optogenetics, of the cells of the engram
expresses the memory56:157. The memory engram has been thus experimentally shown to
be necessary and sufficient to store a memory because its cells can be mapped, inactivating
them eliminates the memory, and artificially activating the cells in the engram artificially
expresses the memory.

With respect to skilled motor movements, unlike episodic memory, evidence for a ‘motor
engram’ is less developed. Learning and execution of skilled movement is a result of
reproducible spatiotemporal activations encoded in coordinated cortical19 and subcortical
neurons!®8. The motor cortex is a driver of these actions and is dependent on the inputs
received from the motor thalamus®°. In the motor cortex, collections of neurons store the
patterns of limb movement. This stored limb movement in the mouse motor cortex relates
specifically to learned, skilled behaviours, such as reaching for a food pellet, and not routine
behaviours, such as licking or grooming6%, When neurons in motor cortex are artificially
inhibited at different epochs of a skilled reaching behaviour, performance on the task is
severely impaired or completely inhibited. The inhibition of neurons in a motor circuit
reveals that the motor program not only initiates skilled reach but also is important for the
distinct elements of the task, such as lifting, grabbing and retrieval, suggesting the continued
involvement of the motor engram from initiation to completion1€0. Similarly, inactivation of
these neurons does not block routine, non-skilled motor actions60. During motor learning,
as neuronal activity in the motor cortex is followed over time, acquisition of a skilled

task is developed through co-active networks of neurons that have a tight correlation to
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that movement pattern 110.111,113,161,162 These features of co-active networks of neurons
that emerge with motor learning and organize a specific motor behaviour suggest similar
principles between the motor system and episodic memory systems.

and compensation in the engram.

The well-known concept that “neurons that fire together wire together” applies to the
competition among neighbours to link into a memory engram. When CREB is expressed
in a neuron, there is an elevation in the excitability of that cell102.143.145 '\/jral-mediated
overexpression of Crebin random neurons in the lateral amygdala biases those cells to
allocate into a memory engram. The Creb-overexpressing neurons are more likely than
their neighbours to be activated by, and then out-compete, their neighbours to be part of a
functional network to store associations of incoming sensory stimulil®2. This competition
is specific, as these neurons do not form associations outside of the incoming input63,
Ablation or inactivation of the Creb-expressing neurons that have been allocated to a
memory knocks out the memory152,

Similar to associative learning, the preference for allocating function to neurons with higher
intrinsic excitability resulting from Crebinduction is present in skilled motor control193,
Creb overexpression in a small number of cortical neurons in the motor cortex biases a

task function to be allocated to these neurons, such that silencing the activity of these
neurons impairs task performancel03. Here, neurons with higher excitability from Creb
overexpression outcompete neighbouring neurons to form a circuit that underlies motor
control. Interestingly, this feature of preferential allocation based on CREB excitability

is not limited to a learned skilled behaviour such as handling a piece of pasta, but also
non-learned fine motor behaviour such as navigation on a wired grid193, Together, this
principle of allocation based on the excitability status of competing neighbouring neurons is
generalizable across engrams for associative learning and fine motor control.

In addition to neurons competing to be allocated into a memory engram, memory engrams
themselves can compensate to store incoming stimuli if there is dysfunction in the primary
circuit that might store that memory147:148.164 prolonged inhibition of cells normally
allocated into a memory engram when paired associations occur to an animal, can be
compensated by other groups of cells, to form an engram and store that memory. These
studies reveal a degree of flexibility in brain regions to allocate sets of neurons to a brain
function, to overcome local dysfunction in the primary area for memory storage.

In motor control, compensation [G] has been observed in stroke recovery165:166, With loss
of the inherent motor engram from a stroke, a return of motor function can be a result of
true recovery of the previous motor activity and the pattern of integrated movements®2, or a
process of compensation, whereby alternative movement patterns are integrated into a motor
activity that is different from that of the normal, pre-stroke baseline67-171 Compensation
might be seen in a patient!87-169.172 or experimental animal®2-134 adopting more trunk and
shoulder use, for example, in an extended upper extremity reach task, rather than the distal
limb extension and selective wrist movement that would be normally used to execute the
task; or in the use of more proximal joints in the hand in a movement in grasp that is
produced after stroke than before stroke. A distinctive feature of this compensation process
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is that during spontaneous motor recovery, compensation evolves over time and develops
new strategies for movement. In other words, compensation is the development of new
motor control programs, even if these are not optimal for the particular motor task. As with
normal motor learning or movement control, compensation in motor control after stroke
probably involves ensembles of cells being allocated into a motor engram or motor neuronal
representation. This form of compensation is reflected at the behavioural level in the form
of suboptimal performance and is possibly a consequence of ineffective circuit selection.
These ineffective circuits that drive a compensatory instead of a recovered behaviour might
be in motor circuits in cortex ipsilateral to the affected limb (contralateral to the stroke)173,
or in different parts of sensorimotor areas of the surviving cortex on the side of the stroke,
as compared to movement-related neuronal networks in the normal pre-stroke condition’4,
These compensatory motor patterns result in more errors and greater energy consumption,
with poorer performance for skilled tasks. The development of compensation in motor
control after stroke is a common occurrence and suggests that motor engrams or motor
ensembles may compete for movement control, and that a partially damaged motor engram
can be compensated by an intact motor engram, just as occurs in memory. Put another way,
compensation involves neuronal allocation, and likely selection of co-active neurons into a
new circuit. The problem is that, in compensation, the new compensatory motor engram
often leads to maladaptive motor patterns that compromise movement quality.

Dendritic spine morphogenesis in engram formation.

Excitatory connections among engram cells are mediated through synaptic contacts on
dendritic spines149.151.175.176 'gynapses present on engram cells during learning are
preferentially stabilized. This same process is not limited to episodic memories. Motor
learning promotes stabilization of specific sets of dendritic spines in motor cortex76.
Selective silencing of newly formed spines created during learning erases task memory151,
providing further evidence of how engrams can be stabilized by means of their strengthened
synaptic contacts.

In disease, spine stabilization on memory engram cells is disturbed, and this process can be
reversed with artificial activation of the engram cells, such as with optical simulation150.177,
These data derive from mouse models of Alzheimer disease but have relevance to recovery
from stroke. Dendritic spines are lost in motor cortex after stroke37-39, even in cells distant
from the infarct38, and rehabilitation training alters activity patterns in motor cortex to
promote spine formation’8, Dendritic spine plasticity after stroke may be a potent target to
promote behavioural recovery and, as noted below, is likely to follow the rules of the engram
in neuronal allocation, competition and compensation.

Stroke and the recovery engram

Emerging evidence suggests that motor recovery from stroke may involve the allocation

of neurons into motor engrams with features of these four principles of the memory
engram field: allocation, competition, compensation and dendritic spine morphogenesis.
Motor recovery after stroke is enhanced when Creb is induced in a subset of neurons in the
motor cortex adjacent to the stroke sitel93, This recovery occurs even though the number of

Nat Rev Neurosci. Author manuscript; available in PMC 2023 November 04.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joy and Carmichael

Page 13

Creb-induced neurons is small (<16% of all motor cortical neurons) and spatially restricted
to a local area near the infarct193. Interestingly, this percentage of motor neurons with
Creb-induction that enhance motor recovery is similar to that of neuronal allocation into
memory engrams43-145_ The recovery after stroke mediated by a small number of cells
suggests that, as in memory formation, functional recovery after stroke may be controlled
through sparse coding of recovered movement control patterns (FIG. 3).

A further element of support in the concept of neuronal allocation in recovery is seen when
Creb-induced neurons are inactivated in the motor cortex193, Direct viral gene delivery

into the motor cortex near a stroke site, using a virus that delivers Creband an inhibitory
DREADD, allows overexpression of Creb in transduced neurons that can then be selectively
silenced when activating a DREADD through administration of its ligand. Inducing Creb
induces motor recovery. However, if neurons induced with Creb are then inhibited, the motor
deficit of the stroke reappears, and in fact is much worse. Once the Creb-induced neurons
escape from this inhibition, enhanced recovery returns. This indicates that Creb-induced
neurons influence motor circuits to enhance recovery and that recovery after stroke itself can
be turned on and off by inhibiting and releasing Creb-induced neurons. This effect is not
seen when this same DREADD inhibitory receptor is activated in neurons that have not been
first induced with Creb. This means that Creb induction in a neuron boosts its excitability
and allows it to outcompete its neighbours, enhancing this circuity to more fully control

the impaired forelimb after stroke. Neuronal allocation and competition in recovering motor
circuits are revealed as important principles through this study of the effects of Crebon
motor recovery193,

Memory engrams can compensate for dysfunction or inactivation of a brain area. Creb
induction in stroke also has an adaptive or compensatory effect if neighbouring brain regions
are damaged193. Stroke occurring in the somatosensory cortex alters the cortical mapping of
forelimbs and hindlimbs, specifically disrupting limb representation within the stroke area.
Spontaneous recovery occurs with a new representation in a more distant location over a
delayed period of time3133, When Crebis induced in the cortex adjacent to stroke, this
recovery of the lost limb representation occurs more quickly and in the cortex adjacent to
the original representationl93, Thus, motor circuits that are enhanced in their excitability
and function by Creb induction induce compensation in brain areas adjacent to the site

of an infarction, such that body map reorganization [G] occurs more quickly and in a
spatially more appropriate manner, possibly enhancing the integrated sensorimotor structure
of movement control after strokel”®. This aspect of compensation in a motor recovery circuit
parallels the compensation of memory engrams during memory formation and retrieval.

Stroke produces an increase in spine turnover in the adjacent cortex that undergoes recovery.
As measured by in vivo two-photon imaging, stroke causes either a loss of dendritic

spines and then a recovery in the weeks after stroke or an increase in the overall rate

of spine turnover3’. Motor training promotes spine stabilization in the motor cortex176

and rehabilitative training after stroke promotes stabilization of newly formed dendritic
spines!’8. Hence, similar to dendritic spine formation in engram cells during memory
storage, dendritic spine turnover and stabilization in specific motor cortical circuits plays

a role in recovery. This concept is strengthened in observations of the effect of molecular
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systems that play a role in both motor recovery and memory formation. Activation of CCR5
blocks CREB signalling and antagonizes memory formation19®. Blocking CCR5 after stroke
dramatically promotes recovery of motor function33. One of the mechanisms of action

of CCR5 blockade is to reduce dendritic spine loss in the early stages after stroke33, A
retention in spines suggests a retention in synaptic connectivity in the region, an overlap
with the mechanism of neuronal allocation and an underlying mechanism that leads to
improved motor performance. At the molecular level, retention would require a molecular
pathway that supports signalling of effector molecules at synaptic sites as a means to
stabilize synapses post-stroke. Such mechanisms have been described in the roles of CREB
in normal processes of learning as well as dual-leucine zipper kinase (DLK) signalling

at synapses!®0 in other injury systems. CCR5 knockdown induces upregulation of both
CREB and DLK proteins in the premotor cortex. These observations point to a phenomenon
whereby early recovery can be achieved by stabilizing molecular components for synaptic
signalling in the ipsilesional premotor cortex. A conceptual working model could be that
neurons with CCR5 knockdown are selectively integrated into a motor circuit by virtue of
increased CREB function.

The parallels between the memory engram and recovering circuits after stroke suggest the
principle of the motor recovery engram. This similarity highlights the principles of neuronal
allocation, competition, compensation and dendritic spine morphogenesis in recovering
motor circuits after stroke (FIG. 4). Further studies are required to define specific engrams
or a reproducibly identifiable set of motor neurons necessary and sufficient for recovery.
Moreover, memory engrams involve changes in interneuron function, such as parvalbumin
and somatostatin control of local inhibition!81:182 Reductions in parvalbumin interneuron
function occur after strokel83 and are apparent with recovery-enhancing drugs in animal
models of stroke (such as fluoxetinel84), and an interaction of local inhibitory signalling
with the allocation of sets of neurons into a recovering motor circuit is likely, but not

yet studied. Finally, motor recovery after stroke involves more than local circuits; it

also includes the recruitment of adjacent brain areas, and brainstem and spinal circuit
reorganization. It is possible that principles of a recovery motor engram mean co-active
neuronal networks that competitively associate and recover lost motor function across brain
regions.

Clinical translation

In line with the concepts of and evidence for learning, recovery and neuronal allocation
regulated by tonic GABA signalling, CREB and CCR5 in motor control and motor recovery,
pharmacological targeting of these pathways may be potential drug treatment strategies for
human stroke recovery. CCR5 is an attractive, druggable target, given that FDA-approved
CCRS5 antagonists are in clinical use for HIV treatment85. Moreover, humans who

carry a 32-base pair deletion in CCR5, rendering the receptor inactivel8, have better
cognitive outcomes after stroke than individuals without such a deletion33. Additionally,

in rodent models of stroke, treatment with the FDA-approved CCR5 antagonist maraviroc
(Selzentry®, Pfizer)187 produces functional motor recovery and promotes neural plasticity,
such as on dendritic spine preservation and axonal sprouting, as discussed above33, Finally,
maraviroc is effective in enhancing cognitive function in rodent models of traumatic brain
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injury, which shares a similar health burden as stroke33, has limited treatments and shares
similar pathological and neurophysiological principles during stroke and stroke recovery.

A clinical trial of maraviroc in stroke recovery is under way (NCT03172026)188, Trials of
tonic GABAAR inhibitors after stroke have also been planned or undertaken (NCT02928393
(REF.189) NCT02877615 (REF.199)). Studies that target CREB induction with selective
phosphodiesterase (PDE)1 inhibition (NCT02013310)192 may provide a pathway forward
in stroke, as these enzymes are selectively expressed in distinct regions of the brain, such

as the striatum, cortex or hippocampus. Recently, inhibition of PDE10a, which is selectively
expressed in the striatum, was shown to improve functional recovery in a mouse model

of stroke in the striatum1%4, with a new drug that has already passed a Phase I clinical
trial193. As noted above, fluoxetine may have a mechanism of action that increases the
excitatory/inhibitory ratio in the peri-infarct cortex,194 and has gone to clinical trials for
stroke recovery, with mixed results184195(BOX 1).

Although therapeutic feasibility is supported through pre-clinical findings, effective clinical
translation [G] requires factoring in important considerations for efficacy. The first
consideration is the timing of delivery. Targeting excitatory signalling in the acute phase
after a stroke exacerbates the stroke response owing to enhancement of excitotoxic
signalling pathways!7:20, In other words, targeting of a neural repair drug during the

cell death phase of stroke may lead to more cell death. The second consideration is the
appropriate measurement of outcomes in stroke recovery. ldeally, recovery in a clinical
trial of a neural repair therapeutic would track a biomarker of neural repair. Despite
intensive research, there is no such biomarker in brain imaging or serum. Instead, recovery
in a clinical trial of a neural repair therapeutic relies on behavioural measures. If the
behavioural measures are not sensitive to motor control or are influenced by compensation,
they will miss the effects on recovery (BOX 1). Nevertheless, insensitive behavioural
outcome measures have been applied to neural repair therapy [G] trials. This issue has
been extensively discussed!%.

Conclusions

As clinical trials progress with drugs that enhance learning and memory, determining

the mechanisms through which recovery is manifested and appropriate considerations on
the timing, dosage and delivery of these agents will allow for better therapies. These
mechanisms include the excitability level of a neuron that leads to selection of that neuron
into a circuit of motor recovery—a motor recovery engram. In addition, recovery after stroke
is strongly influenced by neurorehabilitation and the behavioral activity of the recovering
circuits. More studies that pair motor behaviour with the underlying neural and molecular
changes in systems will allow us to define the role of neurorehabilitation in circuit plasticity
and recovery after stroke, and delineate adaptive from maladaptive circuit organizations.
Moreover, further studies on how circuit function is modulated with learning after injury in
a closed-loop system that employs feedback will give us better working models on how the
brain rewires in functionally meaningful ways.
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Stroke
Disease caused by the blockade or rupture of a blood vessel to the brain. Loss of blood flow
causes death of brain tissue, resulting in long-term neurological impairments.

Plasticity

Structural or functional changes (or both) within neurons that affect the connectivity of
neurons with each other in a network serving a function. Thses changes are usually in
response to a change in neuronal input or firing patterns induced by this input, such as
during learning or after injury.

Neuronal circuits
Neurons from either the same brain region or different regions that are connected to each
other via synapses to form networks that subserve different brain functions.

Neuronal excitability
Changes in the electrical properties of a neuron in response to a stimulus.

Neuronal allocation
The property by which neurons are selected to integrate into a circuit that stores information
on a particular stimulus.

Motor recovery
The return of a motor function where the initial motor patterns prior to injury or a stroke are
regained.

Peri-infarct
Brain tissue that borders the infarct.

Infarct
The site of tissue loss in the brain from a stroke..

Dendritic spines
Sub-micron protrusions on dendrites of a neuron that receive synaptic input as post-synaptic
elements in the synaptic connection.

Axonal sprouting

The growth and extension of a new axon and its connections. This may occur from an
injured or damaged axon, or through collateralization or extension from an existing axon.
The ability to grow new axons is nearly absent in the adult brain except after injury.

Critical period
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A time window during development or after a stroke marked by significant changes in
neuronal growth and connectivity shaped by sensory, motor and cognitive experiences.

Engram
A collection of neurons that fire together in response to a stimulus with higher connectivity
with each other and store the memory for that stimulus.

Map reorganization

Maps are gross anatomical and functional readouts from the activity of a population of
neurons that underlie or respond to movement or sensation. Maps can reorganize to take
a different spatial location or expand in original territory during learning or in response to
injury.

Molecular memory systems
A network of signalling molecules that underlie memory formation and learning normally
regulated by a key set of genes.

Clinical trandation

The transfer of an experimental paradigm identified in an animal or lab-based model
of disease to a clinical setting in which patients are treated based on these pre-clinical
experimental results.

Neural repair therapy

A therapeutic strategy that targets genes or signalling molecules underlying plasticity such
that stroke recovery can be induced through increased connectivity between relevant brain
regions to execute lost function. Neural repair therapies do not minimize cell death that
occurs in the initial phases of stroke, but rather utilize and enhance inherent plasticity
present in the later stages of stroke by manipulating specific genes, allowing for more
effective therapies and greater treatment accessibility to patients who do not qualify for clot
removal therapies.

Compensation (motor)

The return of a motor function using new movement patterns that allow complete or partial
execution of a task, often at the expense of higher energy demands and lower movement
quality.

Genetic modelsin stroke
The use of animal models where a specific gene is inactivated, or its functioning is reduced
or increased prior to stroke (usually at birth) or after a stroke.
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Box 1 |
Key issues in the translation of stroke repair therapies

The molecular and cellular concepts of stroke neural repair are poised to translate to

the clinic. However, the stroke field has been here before. The last time that a major
intellectual understanding of the brain mechanisms of stroke pathophysiology progressed
to the clinic, the ship really hit the reef. The failures in the field of stroke neuroprotection
occurred at both pre-clinical and clinical ends and have been reviewed extensively197.198,
These failures have poisoned the waters for pharmaceutical development in stroke for
many years. Unfortunately, the field of stroke neural repair is starting to make the same
mistakes. There are several areas of concern, and possible solutions, two of which are
highlighted here. There is time to right the ship.

Careful understanding of genetic modelsin stroke

Mouse genetics has advanced considerably and now allows us to model co-morbid
conditions (for example, hypertension and diabetes) in stroke, and to selectively study
specific molecular systems in stroke. If used improperly, they will lead to errors.
Constitutive knockout mouse models have a selected gene inactivated for the life of

the animal in all cell types. This leads to compensation from related gene systems,

and also produces its effects in all stages of stroke, early cell stages of cell death

and later stages of recovery. Both effects — compensation and the lack of temporal
control — prohibit inferences on that gene’s or it’s encoded protein’s effect on stroke
recovery. One example of this problem is provided by ephrin A5 signalling. When ephrin
A5 expression is selectively reduced only after stroke, there is a potent improvement

in axonal sprouting and recovery32. However, when the gene encoding ephrin A5 is
constitutively knocked out, there is no effect!®® on stroke recovery — probably owing

to compensation from other ephrins, as occurs with other axonal growth inhibitors2%°.
Knockout of other neural repair gene systems show profound differences on stroke
recovery, depending on whether it is done prior to, during or after stroke?1.202, Knockout
of a specific chemokine receptor gene produces compensation from related chemokine
receptor genes during development and in adulthood293. This means that a constitutive
knockout of, for example, the gene encoding C-C chemokine receptor 5 (CCR5) will lead
to a lifetime of opportunity for compensation by other signalling systems in mice. This
may be why studies in mice in which Ccr5is constitutively knocked out have produced a
confusing picture of enlarged294 or reduced?%° stroke size. When Ccr5is knocked down
after the initial stroke, stroke size is unaffected and recovery is enhanced3—indicating
the profound difference between a genetic manipulation that occurs indiscriminately
through all phases of stroke, versus a targeted genetic manipulation to only the phases

of stroke after the initial cell death. A misunderstanding of the role of genetic systems

in stroke recovery can influence clinical translation in drug design and development (for
example, in ephrin receptor antagonists2%6), in the rapid development of clinical trials
from a discovery study33 or even in the fundamental understanding of whether a specific
molecular system has a positive or negative effect on stroke initial damage versus stroke
recovery202,
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Clinical trial outcome measures

In pre-clinical stroke models, recovery is measured in specific domains of function,

such as sensory, motor, spatial and contextual memory areas. However, human stroke
recovery trials often default to large-scale behavioural overviews, often in the form of
disability scales, that are not sensitive to recovery in specific domains. These disability
scales in human recovery outcomes are not aligned with what was demonstrated in stroke
recovery trials in the pre-clinical models. Furthermore, these general overview scales lack
sensitivity to specific impairments in stroke and their change in stroke recovery. The
most potent example of this is the use of two disability scales in human stroke recovery
trials, the Modified Rankin Scale (mRS)2%7 and the Barthel Index2%8. There is a lack of
correlation of these two disability scales with more fine-grained measures of impairment
after stroke in humans209:210, and studies have shown that there may be poor recovery

by patient self-report yet seeming normalization of function according to the Barthel?11
or mRS?12, Disability scales measure global function, such as whether a person needs

an assistive device to walk or to use their arm, rather than the actual function of the

leg or the arm. Promising pre-clinical therapies, such as tonic GABA antagonists®®82 or
fluxetinel®4, the results for which have been replicated in independent labs, have been
associated with behavioural recovery according to more fine-grained impairment scales
in humans184 but they have shown no effects on disability in human trials with the more
global and less sensitive disability scales!95:213,
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Fig. 1|. Endogenous plasticity in sub-acute stroke.
Sagittal view of a mouse brain (centre) in which the site of a stroke is depicted by the white

area and the peri-infarct region is demarcated by a circle. The arrows point to molecular

and cellular hallmarks of the peri-infarct region, including changes in gene expression. Here,
these changes are denoted as a heatmap schematic in which the magnitudes of the changes
in gene expression are visualized as differently coloured modules. New molecular programs
support structural connectivity such as strengthening of connections through the growth and
turnover of new spines, which are post-synaptic protrusions on dendrites, and the growth

of new axons, depicted as blue fibres that sprout from the peri-infarct cortex and travel to
intact motor, somatosensory and contralateral cortices. Changes in structural connectivity
may underlie re-organization of functional motor (blue) and somatosensory (green) limb
representations that re-appear at new locations several weeks after a stroke.
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a Development b Stroke recovery
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Fig. 2 |. Parallels between windows of plasticity in development and stroke.
The critical period in development and the sensitive period in stroke share molecular and

connectional principles. a | Visual experience during the critical period shapes neuronal
connectivity. Temporary deprivation of visual experience, only during the critical period,
by unilateral eye closure (depicted by the cross on one eye), can cause a decrease in the
responsiveness of neurons (dotted neurons in green) to a visual stimulus across different
layers of the visual cortex pertaining to the closed eye. Here, during this window, neural
connectivity is amenable to plastic changes and shaped by visual experience. b | After a
stroke, a similar window of plasticity exists. Stroke impairs motor function such as in the
ability of a stroke-induced mouse to locomote on a grid or in skilled reaching of a food
pellet with the impaired limb (depicted as blue forelimbs). The sub-acute phase of stroke is
marked by a sensitive period similar to the critical period in development in which turnover
of dendritic spines in the peri-infarct cortex and the sprouting of new axons (green axons
on neurons) provide a neural substrate for functional reorganization of limb representations
(not shown). These endogenous mechanisms are associated with spontaneous incomplete
recovery of motor function, in which the impaired limb gains limited ability or compensates
to perform a motor task. ¢ | The opening and closing of the critical window during
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development and the sensitive period in stroke as it progresses from acute to chronic are
regulated by similar molecular mechanisms, such as changes in excitatory to inhibitory
GABA signalling and the maturation of peri-neuronal nets (PNNSs).
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Fig. 3|. Storage of memory in co-active neuronal networks, or engrams.
The figure shows the stages of engram formation that store a fear memory or motor memory.

a | Engram formation begins with active searching for neurons that are co-active during a
behavioural event. From this pool of neurons with similar spatiotemporal activation patterns,
neurons with higher cAMP-binding response element (CREB) expression (red circles) are
selected to form an engram. The connections within an engram are further strengthened
through their dendritic spines that carry post-synaptic information. b | This part shows

a collection of neurons in the hippocampus, with those showing CREB expression (red
circles) storing a fear memory by associating foot shock with a tone. The fear memory can
be recalled by reproducing the tone in the absence of shock and leads to freezing behaviour.
The process of recall involves reactivating the memory engram associated with the foot
shock. c| This part shows a similar engram in the motor cortex, which stores a motor skill as
the motor task is being learnt. The learned function is allocated to a sparse and specific set of
neurons initially selected from a large network.
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Fig. 4 |. Recovery engram in stroke.
A conceptual model of the engram in stroke recovery. Top left panel: stroke induces a loss

of neural connectivity, disrupting the engram that encodes a motor behaviour and, hence,
causing a motor impairment. Note that the level of functional impairment is depicted by

the colour of the mouse forelimb, ranging from blue (no function) to shades of red (partial
recovery) and grey (normal movement). Bottom left panel: endogenous plasticity during the
critical period provides a new neural substrate where lost function is partially allocated to a
sub-set of neurons (red circles) in a motor circuit. Inefficient allocation leads to spontaneous
partial recovery or compensation of motor function. Right panels: increasing the excitability
threshold of neurons in peri-infarct by increasing cAMP-binding response element (CREB)
expression captures excitable and efficient neurons to allocate into a functional motor circuit
for complete motor recovery. CREB-C-C chemokine receptor 5 (CCR5)—dual-leucine zipper
kinase (DLK) signalling, which can mediate allocation, may be a target in developing drugs
for stroke recovery.
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