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Abstract

After cerebral ischemia, events like neural plasticity and tissue reorganization intervene in lesioned and non-lesioned
areas of the brain. These processes are tightly related to functional improvement and successful rehabilitation in
patients. Plastic remodeling in the brain is associated with limited spontaneous functional recovery in patients.
Improvement depends on the initial deficit, size, nature and localization of the infarction, together with the sex and
age of the patient, all of them affecting the favorable outcome of reorganization and repair of damaged areas. A better
understanding of cerebral plasticity is pivotal to design effective therapeutic strategies. Experimental models and clinical
studies have fueled the current understanding of the cellular and molecular processes responsible for plastic remodeling.
In this review, we describe the known mechanisms, in patients and animal models, underlying cerebral reorganization
and contributing to functional recovery after ischemic stroke. Ve also discuss the manipulations and therapies that can
stimulate neural plasticity. We finally explore a new topic in the field of ischemic stroke pathophysiology, namely the

brain-gut axis.
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Introduction

Recovery after cerebral ischemia has been attributed
to plasticity and reorganization in the brain, with
formation of new connections and undertaking of
the functions previously performed by the damaged
areas by different ipsilateral or contralateral regions.
These events are coordinated by cellular and molecular
mechanisms. The initial deficit, size, localization and
nature of the lesion are crucial elements regulating
these processes. Also, sex and age are predictive of
motor recovery.! Current understanding of the process-
es underlying cerebral plasticity and reorganization
provided the foundation to design therapeutic strate-
gies. Neuronal plasticity is normally associated with
axonal sprouting and formation of new synapses,
changes in synaptic strength and compensation by the
contralateral cortex. Several features of human stroke
are identifiable also in animal models. For example, the

activation patterns observed in humans by brain imag-
ing have also been identified in pre-clinical models after
focal ischemia.? In humans, as well as in rat® and non-
human primate* models of stroke, reorganization
of the motor areas occurs through the unmasking
of existing networks that were initially inhibited,
through excessive excitability, strengthening of existing
connections, dendritic and synaptic reinforcements,
neurogenesis and synaptogenesis triggered by vacant
synaptic sites.”® The time course of these mechanisms
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is spread over several months,” and includes four major
overlapping phases: 1/the inflammatory processes and
resolution of the injury, 2/diaschisis and secondary
remote lesions, 3/tissue repair, 4/compensation pro-
cesses (with expansion phenomenon first, and then
focalization of activity).®

In this review, we provide an extensive overview of the
mechanisms underlying remodeling processes after ische-
mic stroke (IS) in the brain, in animal models and
humans. Insights in current therapeutics, including behav-
ioral manipulation and strategies to stimulate neural plas-
ticity and functional recovery, are also covered. Finally,
we present a detailed analysis on the emerging role of the
bidirectional brain-gut axis in IS onset and outcomes.

Functional remodeling in stroke

Unmasking networks, synaptogenesis

In the context of homeostatic plasticity in IS, disinhi-
bition is considered one of the mechanisms that con-
tribute to brain reorganization, through the unmasking
of latent connections.” This perilesional reorganization
was observed in rat® and non-human primate models,*
and in patients'® (Figure 1). Reactivation of latent cir-
cuits has been demonstrated at the spinal level for the
phrenic nerves innervating the diaphragm.'' After the
unmasking, an increase in synaptogenesis is observed.
McNeal et al. showed the reorganization of spinal pro-
jections of secondary motor cortex (M2) in Rhesus
macaque (equivalent to supplementary motor area
(SMA) in humans) with partial lesion of the area of
the arm in the dorsolateral primary motor cortex
(M1)/premotor cortex (PMC).'? An increase in spinal
terminal projections from ipsilesional M2 occurred in
regions containing interneurons, flexor motor neurons,
and hand muscles in laminae VII and IX.'? Unmasking
networks and synaptogenesis period are coherent with
the optimal plasticity period after stroke (Figure 2). In
the first four weeks after injury, the processes promot-
ing growth are maximal, as shown in rat models of
lesion to the sensory cortex, for example, with a very
large turn-over of dendritic spines in perilesional areas
and synaptogenesis, hyperexcitability and lack of sen-
sory specificity. Between 4 and 8 weeks, the synaptic
connections are more specific and hindpaw neurons
sprout and connect to innervate the forepaw.'’ The
first month after stroke is therefore a particularly plas-
tic and critical period (Figure 2).

Diaschisis and secondary degenerations

In stroke, diaschisis is defined as the loss of function-
ality in brain regions distant from the primary lesion,
which is caused by the de-afferentiation in these
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Figure |. Three schematic patterns of cerebral reorganization
depending on lesion size or localization. Case n°l: Small brain
lesions are associated with minor motor deficits, caused by injury
to the primary motor cortex (MI) or corticospinal tract (CST).
Cortical reorganization occurs within ipsilesional (blue) or con-
tralesional (red) primary motor cortices. Case n°2: Medium
lesions affect larger areas of the brain, thus causing moderate
deficits. Reorganization relies either on perilesional direct motor
tracts that may be reinforced (pink) or contralesional areas.
Cortical origin of perilesional tracts possibly involved is indicated.
Some pathways have been evidenced in rodents. Case n°3: Large
lesions or lesions to specific brain areas, though not large in size,
may cause severe deficits because of their key localization. Tracts
from cortical areas that may be reinforced make relay onto motor
nuclei forming alternate motor tracts that are therefore indirect.
In each case, depending on severity and structural reserve,
mechanisms may involve redundancy or vicariance: unmasking of
existing redundant fibers, or short-distance and long-distance
dendritic sprouting at cortical, sub-cortical, pontine or spinal
levels, and takeover of novel functionalities by non-lesioned motor
areas. Assuming that recovery depends on a large neuronal net-
work, lesion size affects structural reserve, and being larger and
larger, decreases the number of relevant potential connections,
forces reorganization to take place in more distant cortical areas,
thus affecting level of recovery. CST: corticospinal tract; MI: pri-
mary motor cortex; SMA: supplementary motor area; PMd: dorsal
premotor cortex; PMv: ventral premotor cortex.



Cirillo et al.

Mechanisms

Eunctional recovery

Adaptative plasticity togenesis

@SRrouting \Pruning
peurogenesis
nforcement tion

learning

Response
|

wipmasking  jfexpansion eactivation

wdiaschisis perexc'tamhtv

wedema
sssetinrentatiof Grentatio
(gaecrosis AGdnantosis

1%t day 1%t month

Post-stroke

1% year

Figure 2. Pathophysiological events and mechanisms of plas-
ticity after stroke. Adaptive plasticity leading to good recovery is
major during the first month post-onset. Maladaptive plasticity,
when present and if untreated, may increase with time. Y-axis
indicates the response, in terms of functional recovery, associ-
ated with the level of plasticity (adaptive or maladaptive) after
stroke. The mechanisms underlying adaptive or maladaptive
plasticity are indicated in the gray bars.

regions, with consecutive hypostimulation. Additionally,
a substantial decrease in cellular metabolism, which can
be transient or persistent, in the latter case causing sec-
ondary lesions, is present in these regions.'' In animal
models of stroke, a lesion in the sensorimotor cortex
causes cell death resulting in pyknotic neurons in the
ventrolateral nuclei of the thalamus'* or in the nuclei
of basal ganglia in the contralesional hemisphere.'®
Nevertheless, thalamic neurodegeneration has not been
confirmed in non-human primate models (marmoset).'®
In humans, subcortical motor stroke causes reductions
in gray matter density distant to the lesion in the cere-
bral peduncles, substantia nigra, pons, cerebellum, thal-
amus, ipsilesional SMA, and PMC.""" Non-motor
areas, such as the contralesional temporal-occipital
region, medial frontal gyrus, and superior temporal
gyrus, as identified by magnetic resonance imaging
(MRI) (voxel based morphometry (VBM) analyses)'’
may also be affected.

Brain activation, and also contralesional premotor
activation, depends on the integrity of the corticospinal
tract (CST).? Histological analyses also showed the
presence of secondary demyelination of transcallosal
fibers in stroke patients after CST lesion,?! which cor-
relate with alteration of diffusion tensor imaging (DTI)
parameters and with less lateralized activation. A study
combining tractography and VBM shows secondary
degeneration following subcortical stroke in patients
with pure motor deficit. In these patients, structural
fiber integrity assessed by fractional anisotropy (FA)
was significantly decreased in the ipsilesional brainstem

and correlated with the Fugl-Meyer score of the hand/
wrist. Atrophy of the substantia nigra, medial frontal
gyrus, upper temporal gyrus, SMA, and contralesional
post-central gyrus has also been reported.'”

The efficiency of rehabilitating therapies after IS
seems to depend also on the integrity of distant white
or gray matter regions. Indeed, secondary degenera-
tions of gray matter in areas distant from the lesion
(cerebellum, SMA, PMC, and contralesional occipito-
temporal region) have been associated with reduced
efficacy of the constraint-induced movement therapy
(CIMT).*

Interhemispheric balance

Several studies on the relationships occurring between
the two M1 in IS have shown excessive excitability of
the unaffected hemisphere. As explained above, after IS
the non-paretic limb is predominantly used, and this
may in turn inhibit the affected hemisphere and
worsen motor deficits. Indeed, the transcallosal connec-
tions coupling the two hemispheres are mainly inhibi-
tory. In IS, the interhemispheric balance is disrupted.
In animal models, this balance is considered more
adaptive, but this feature is less clear in humans.
A number of neuromodulation protocols have aimed
to restore the interhemispheric balance. This can be
achieved by developing techniques that inhibit the
unaffected cortex’® or, on the opposite, stimulate
the damaged cortex.>* However, this approach is too
schematic, often restricted to patients with subcortical
lesion, and owns important limits, as highlighted by a
number of negative clinical trials.”® Di Pino et al. have
alternatively proposed “the bimodal balance-recovery
model” that includes a new parameter, the “structural
reserve,” by meaning of the neural pathways and con-
nections spared by the lesion and contributing to recov-
ery after 1S.?° This reserve seems to depend on the
integrity of the ipsilesional hemisphere and especially
of the motor areas and the CST, and can be evaluated
by the Predict Recovery Potential (PREP) algorithm of
Stinear.?” If the structural reserve is high, the prognosis
for recovery can be better predicted by the interhemi-
spheric balance model and the contralesional hemi-
sphere would be inhibited. Conversely, in the case of
a low ipsilesional structural reserve, recovery would
depend more on a vicariance model and the contrale-
sional hemisphere would not be inhibited. This could
help to better guide the choice of neuromodulation
protocols for each patient (personalized therapy)
(Figure 1).

For correctness, the time course of the cerebral reor-
ganization where contralesional M1 is transiently
hyperexcited before normalizing must be added to
this model. Inhibition in the subacute phase can then
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be beneficial.?! Thus, non-invasive stimulation by bilat-
eral transcranial direct current stimulation (tDCS:
stimulate ipsilesional M1 and inhibit contralesional
M1) may be beneficial for re-learning in chronic
patients.”® To summarize, the contralesional hemi-
sphere has a bivalent role depending on the level of
structural reserve, either contributing?' or being dele-
terious to the recovery after IS.%

Key fiber tracts

Motor tracts. The integrity of the M1 cortex is essential
for the recovery of functions such as hand dexterity, a
complex movement that requires a bi-hemispheric
working network, which instead results interrupted in
IS. Total destruction leads to chronic deficits in dexter-
ity, as observed in rodents.'* On the contrary, regard-
ing strength, animal models have shown that the
recovery after stroke is possible, albeit slow.'* The
PREP algorithm evaluates the prognosis for upper
limb motor recovery 12 weeks after an IS using clinical
data collected 72 h after injury.?’” This method includes
the measurement of shoulder abduction strength and
finger extension, electrophysiological data (i.e. presence
of a motor evoked potential (MEP) of the extensor
carpi radialis muscle on the paretic side two weeks
after IS), and the FA within the posterior limb of the
internal capsule, measured by DTI. In addition, two
meta-analyses showed that the FA of the CST and
the 24-72 h fiber ratio are both good predictors for
motor recovery. The first analysis was based on 15
studies (n=414 stroke patients)*® and the second on
n=117 patients.>’ Recent studies have also evaluated
the FA of alternative motor fibers, such as the cortico-
rubrospinal®® and the corticoreticulo-spinal® tracts,
which may act in synergy. Importantly, it seems that
adding other parameters like the volume of the caudate
nucleus gray matter, would improve prediction of
stroke recovery.’* So far, parameters obtained from
DTI assessing fiber remodeling remain potentially
interesting but yet less investigated in this context.

Language tracts. Voxel-based analyses have helped to
establish the localization of the structural damage
responsible for aphasic symptoms, dissociating seman-
tic and phonological processes and recognition versus
production in IS patients.>> The lesion load of the arcu-
ate fasciculus influences speech production, naming
and fluency, and predicts the severity of outcome
after injury. The Predicting Language Outcome and
Recovery After Stroke (PLORAS) study, conducted
on 270 stroke patients, identified the regions and the
main tracts that are fundamental to language produc-
tion and recovery.’®?” Corbetta et al., using a multi-
variate approach taking into account behavioral and

structural variability, confirmed the location of lan-
guage areas in stroke patients displaying deficits with
different modalities.*®

Homeostatic plasticity and Hebbian plasticity

The rules of post-lesion learning or re-learning can be
divided into two conceptual categories: 1/homeostatic
plasticity mechanisms, where neurons receive an appro-
priate amount of synaptic inputs and regulate their
activity relative to the network and 2/Hebbian plastic-
ity mechanisms, where synaptic strength is redistrib-
uted to promote the connection of neurons or
synchronous networks,” or conversely to diminish
non-functional aberrant circuits (Figure 2). Based on
these two mechanisms, two phenomena have been
described in animal models of stroke: the balance
between peri-lesional hypoexcitability and disinhibition
phenomena, and the changes in synaptic efficiency.
With respect to homeostatic plasticity, it has been
observed that at the periphery of the injury in a 0.2 mm
thick crown, activated astrocytes induce a decrease in
the uptake of the inhibitory neurotransmitter gamma-
aminobutyric acid (GABA) and this leads to an
increase in the GABAergic signaling and a hypoexcit-
ability of the pyramidal neurons adjacent to the
lesion.®** A therapeutic strategy aimed at counteract-
ing this inhibition seems promising and a Phase IIb
clinical trial with inverse agonists (NAMs, negative
allosteric modulators) targeting the alpha5 subunit of
the GABA 4 receptor is ongoing.*' In addition, the loss
of lateral connections after brain injury leads to hyper-
excitability of the surviving neurons, which can also
cause spontaneous transient synchronous activity
(0.1-1 Hz). This state of disinhibition creates a permis-
sive environment for synaptic sprouting, as shown in
rat models.*! The sprouting process in the brain is
mainly regulated by microglia. Homeostasis mecha-
nisms participate in the formation of new synapses to
restore the initial level of connections. The molecular
determinants of this plasticity are partially unraveled
and involve pro-inflammatory cytokines, chemokines,
signaling molecules, growth proteins, and growth fac-
tors*™**  (see Figure 3 for detailed factors).
Neurotransmitters and brain-derived neurotrophic
factor (BDNF) are, furthermore, involved in the over-
expression of glutamatergic o-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid (AMPA) receptors
that increase synaptic efficacy.’ Genetic polymorphism
of BDNF seems to alter motor function in stroke
patients,>* however, findings are discordant. At the
molecular level, learning and memory storage para-
digms are associated with changes in the expression
of stathmin, Rb3, growth-associated protein 43
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Figure 3. Mechanisms of regeneration after stroke. During the acute and the chronic phases after stroke, angiogenesis, neuro- and
gliogenesis need to be reestablished in the brain. Crucial mediators for angiogenesis are BDNF, VEGF, TGF-f, HIF and EPO. The
excess of ECM has to be digested by MMPs. VEGF and BDNF also participate in neurogenesis and gliogenesis starting from neuronal
and glia precursors in the neurogenic niches (i.e. the SVZ). Cell migration, differentiation and (trans)differentiation is triggered by
CXCLI2, Nestrin-1 and Neurod-1, in addition to VEGF and BDNF. To complete the regeneration process, factors like CK2, GAP-43,
LIF, KLF7, CNTF favor axonal regrowth. Netrin-1, SHH, Sox17, Axin2, ATP and cAMP are involved in myelination. Finally, synapto-
genesis is stimulated by IGF-1, TNF-a, CXCLI12, CCL2, VEGF, eNOS, BDNF, FGF, CAP, MARCKS, SPRRI. Control mechanisms to
avoid aberrant axonal growth that may inhibit regrowth include NogoA, Eph A4/AS5, CSPG, PTEN, SOC-3. BBB: blood-brain barrier;
BDNF: brain-derived neurotrophic factor; VEGF: vascular endothelial growth factor; TGF-f: transforming growth factor-beta; HIF:
hypoxia-inducible factor; EPO: erythropoietin; ECM: extracellular matrix; MMPs: metalloproteinases; SVZ: subventricular zone;
CXCLI2: C-X-C motif chemokine ligand 12; GAP-43: growth associated protein 43; LIF: leukemia inhibitory factor; KLF7: Kruppel-
like factor 7; CNTF: ciliary neurotrophic factor; SHH: sonic hedgehog signaling; ATP: adenosine triphosphate; cAMP: cyclic adenosine
monophosphate; IGF-1: insulin-like growth factor I; TNF-o: tumor necrosis factor-alpha; CCL2: C-C motif chemokine ligand 2; eNOS:
endothelial nitric oxide synthase; FGF: fibroblast growth factor; CAP: cortical cytoskeleton-associated protein; MARCKS: myris-
toylated alanine-rich C-kinase substrate; SPRRI: small proline repeat rich protein |; CSPG: chondroitin sulfate proteoglycans; PTEN:
phosphatase and tensin homolog; SOC-3: suppressor of cytokine signaling 3.

(GAP-43), and the Nogo signaling system. All path-
ways are involved in post-stroke recovery.

The principle of Hebb leads to learning by repetition
(temporal synaptic facilitation) or convergence (spatial
synaptic facilitation) contributing to strengthening (or,
conversely, weakening) of synaptic connections, also
called “spike-timing-dependent potentiation tLTP
(long-term potentiation) and depression tLTD (long-
term depression).”** This type of plasticity has been
demonstrated in humans by applying paired transcranial
magnetic stimulations (TMS) of the posterior SMA 6 ms
before that of M1. This results in an increase of the
corticospinal excitability for 30 min whereas a delay of
15 ms between the two stimulations decreased the excit-
ability.*> TMS stimulation and more particularly using
PAS protocols (Paired Associated Stimulation: cortical

stimulation coupled with peripheral electric stimula-
tion), imply processes similar to tLTP. The redundancy
mechanism involving the strengthening of existing con-
nections and synaptic enhancement is regulated by syn-
aptic efficiency changes.’ Post-stroke, activity-dependent
Hebbian-like synapse-based learning rules that could
reinforce new circuits are set up.** Models of neural
networks operating on homeostatic and Hebbian plas-
ticity and receiving kinematic data signals from six mus-
cular spindles of the arm as inputs show a return of the
discharge level into perilesional cells after virtual
injury. This is a sign of good recovery, whereas network
recovery was unsuccessful in the absence of
homeoplasticity.*’

Drugs such as selective serotonin reuptake inhibitors

(SSRI) shown to enhance motor recovery*® " induce
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M1 facilitations,”’ LTP-like facilitations after PAS
stimulations,’” and reduce the expression of inhibitory
interneurons in the PMC.” Given the post-lesional
increase in spinal projections of the raphe nucleus,** a
spinal contribution is likely in the improvement
observed after SSRI. Changes in plasticity may explain
the abnormalities in connectivity observed by imaging
in stroke patients. For example, a noradrenergic drug
increases the connectivity between M1 and SMA in
post-stroke patients.>

Structural remodeling in stroke

Axonal plasticity and regeneration, dendritic and
synaptic sprouting

In the adult central nervous system, the lesion of an
axonal end is rarely transformed into a growth cone,
rather it forms a retracted bulb.’® To survive an axot-
omy, an injured axon must quickly repair its ruptured
membrane. Rearrangements of the local cytoskeleton
often occur in the axonal end and sometimes form a
growth cone that may sprout. However, in order to
obtain substantial axonal regeneration, the cell body
must reactivate an axonal growth program that will
ensure the synthesis of the necessary materials, the
transport and assembly of the various components
along the axon and at the nerve ending. Axonal and
dendritic sprouting has been observed in animal
models at the cortical level in the perilesional and
contralesional hemisphere,””>® in the contralesional
subcortical regions,'® in the brainstem,’*>® and spinal
marrow.' 125460764 A study in macaque monkeys
reported ipsilesional projections that are either direct
or indirect because they produce new synapses with red
nucleus neurons, reticular formation, tecto- and vesti-
bulospinal tracts to enhance flexor control.®> ¢’
Dexterity may also rely on another indirect pathways
such as the propriospinal neurons®®®® (Figure 1). This
mechanism corresponds to a reorientation of a circuit
with the formation of an axonal detour.® The ipsile-
sional motor projections are increased after stroke
but this is not always correlated with a better motor
recovery.® On the other hand, adjacent cortical areas
may be able to take over the missing function.” In a rat
model of stroke, after M1 lesion in the area of the
forepaw, Starkey et al.®* demonstrated dendritic
sprouting and synaptogenesis of corticospinal neurons
from the hindpaw area at the cervical level, capable of
restoring the connection with the motor neurons of the
frontpaw. This new wiring was correlated with the level
of motor recovery of dexterity in animals. Another
detour was demonstrated in a study on ventral PMC
neurons of monkeys that formed connections with per-
ilesional M1 neurons.”' The axonal detour has also

been observed in rat models'' and in patients’? at the
cerebral (transcallosal fibers, red nucleus), pons, and
spinal level and may correspond to a “double-crossing”
with the take-over of motor functions by the contrale-
sional hemisphere.

Numerous imaging studies have shown the involve-
ment of the primary contralesional M1'* (Figure 1).
Since uncrossed direct spinal projections contribute
marginally to dexterity, it is likely that the contribution
of the contralesional hemisphere and of M1 in partic-
ular, passes through interhemispheric connections in
the corpus callosum. Nishimura et al.”* showed in the
Rhesus macaque that the pharmacological inactivation
of the contralesional M1 one week after the injury of
the CST prevented the motor recovery of the paretic
hand. Synaptic sprouting between the perilesional and
contralesional areas is triggered by synchronous neural
activities at very low frequencies of activation (0.1-
0.4 Hz).*' The set of re-connections revealed in rodents,
non-human primates, and patients is summarized in
Figure 1.8

After IS, intracellular machinery, gene expression,
and molecular signaling need to be reactivated.
The microenvironment of the lesion and perilesional
areas are preponderant, with the release by glial cells
of growth factors such as BDNF and vascular endo-
thelial growth factor (VEGF) necessary for axonal
regrowth, synaptogenesis and revascularization of the
tissue (Figure 3).”*

Numerous molecular mechanisms and a transcrip-
tome of neural regeneration have been described for
white matter lesions, particularly in the CST.''"*
Very recently, casein kinase (CK) 2 has been reported
to be involved in cell injury in white matter during IS,’®
suggesting the use of CK2 inhibitors, which are cur-
rently in phase I-II clinical trials for cancer therapy,
also in IS patients.”” Some factors, such as HIF, are
related to white matter angiogenesis. Others, such as
GAP43, transforming growth factor beta (TGF-p),
and transcription factor KLF7 (Kruppel-like factor),
are required for axonal survival and sprouting
(Figure 3).

In patients, axonal sprouting has been demonstrated
by its marker, GAP43, identified in peri-lesional tissue
after stroke.”® Nevertheless, this immunohistochemical
staining may lack specificity. It has been shown that the
CST, retinal ganglion cells, or dorsal root ganglion
neurons have sometimes different regulators and sig-
naling molecules. Thus, depending on the lesion, spe-
cific and targeted treatments need to be taken into
consideration.'"®!

Regrowth and axonal connections are limited by
the expression of glial growth inhibitory molecules
(Figure 3).%78% These are possible therapeutic targets
to enhance brain plasticity after IS. For example,
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chondroitinase ABC (ChABC) has been proposed for
its ability to digest chondroitin sulfate proteoglycans
(CSPG) and has been demonstrated to be effective
for motor skills recovery in a rat model of IS.®! Also
EphrinA4 plays an important role in the inhibition of
axonal outgrowth: blocking its downstream target
Rho-associated kinase (ROK) improved functional
recovery in a mouse model of stroke.®? Other
noxious mechanisms for axonal regrowth need to be
inhibited to improve functional recovery after stroke
(Figure 3).*° Zones that are permissive or inhibitory
for sprouting are spatially distinct. The glial scar con-
tains growth-promoting and growth-inhibitory mole-
cules, which are both upregulated, and is surrounded
by the growth-permissive zone.*

Other mediators participate in the recruitment, mat-
uration, and differentiation of oligodendrocyte progen-
itors. Stem cells and progenitor cells migrating from the
neurogenic niches secrete matrix metalloproteinases to
digest the components on their way to the target tissue
(Figure 3).%?

Since some mechanisms are common to ontogenesis,
some authors propose that regeneration in the brain
recapitulates development. However, the conditions
of the adult brain, especially after stroke, are different
from the developing tissue.*” The capability of axonal
regeneration following developmental mechanisms
decreases with age.®' Similarly, some mechanisms are
common to cancer; however, it is difficult to argue that
regeneration recapitulates cancer.*’ For example, tissue
regeneration does not happen in uncontrolled manner,
does not unbalance homeostasis, and most of newly-
formed cells die by apoptosis or senescence.

Unfortunately, in IS, the number of regenerated
fibers is very small and they elude detection by current
behavioral, imaging or electrophysiology tests.
Different therapies, factors and treatments have
increased axonal plasticity and synaptic sprouting
such as inosine, VEGF, erythropoietin (EPO), anti-
NOGO-antibody,*** electrical cortical or spinal stimu-
lation,®>% repetitive TMS or tDCS in stroke patients®’
coupled with physical therapy®** or, simply, physical
exercise.”® The evidence of axonal sprouting is reminis-
cent of that reported after theta burst stimulation
(“LTP-like” plasticity). A supranormal volume of
gray matter in the ipsilesional pre-central gyrus predicts
better recovery after cortical epidural stimulation in
stroke patients.’' Stimulations applied during the walk-
ing on a treadmill can help strengthen adaptive relay
circuits related to motor activity. The time window is
important since intensive training too early is harm-
ful.®>?> Conversely, plasticity of the contralesional
cortex can allow effective compensation with the non-
paretic hand but may aggravate the phenomenon of
“learned non-use” of the paretic limb.”?

Stem cells, angiogenesis, neurogenesis, gliogenesis,
myelination

At the end of the 90 s, adult neurogenesis in the brain
was discovered in animals and then humans.”® It occurs
mainly in the subventricular zone (SVZ), in the dentate
gyrus of the hippocampus and in other circumventric-
ular areas as observed in humans.”® SVZ stem cells
proliferate, then migrate through vessels and radial
glia towards the olfactory bulb and the ventromedial
prefrontal cortex, and differentiate into neuroblasts
and neurons (Figure 3).°*°7 In animals and humans,
after brain injury, neurogenesis is stimulated.”>*%%°
Tissue regeneration concerns lost neurons but also
structural and feeder cells, namely glial cells and ves-
sels. Neurogenesis is tightly coupled with angiogenesis
for the proliferation and migration stages leading to the
concept of the “Neurovascular niche.” Immature neu-
rons migrate along vessels to the lesion to differentiate.
The main migration regulatory factor is CXCLI12 that
attracts neuroblasts expressing the CXCR4 receptor to
the vessels. Endothelial BDNF also attracts neuro-
blasts and netrin-1 is required for oligodendroglial pro-
genitor migration to the corpus callosum (Figure 3).'%
Conditioned media from vascular cell cultures promote
neuronal differentiation, as does the basic helix-loop-
helix proneural transcription factor Neurodl. Post-
stroke angiogenesis has been observed in patients'?!-1%2
and mechanisms similar to how axonal growth cones
explore their surroundings have been described with tip
cells sensing guidance cues.'®® If BDNF stimulates neu-
rogenesis and plasticity, its therapeutic use is restricted
by its pharmacokinetic properties. BDNF is known to
bind the tropomyosin-related kinase B (TrkB) and p75
neurotrophin receptors (p75NTRs).'* Thus, targeting
TrkB has been suggested as effective therapeutic option
to promote angiogenesis and neurogenesis, by using
specific ligands administered in a specific time
window to favor functional recovery instead of
BDNF.'%

After IS, neurogenesis may arise also from astro-
cytes and pericytes'® (for review see Zhu et al.'®”).
Specifically, astrocytes in the striatum, after activation,
may generate neuroblasts, immature (after one week)
and mature (after two weeks) neurons in mouse models
of IS: this neurogenic program is regulated by Notch
signaling and boosted by VEGF.'%*1% Similarly, brain
pericytes may contribute to neurogenesis after ische-
mia/reperfusion injury in mice, as shown by the expres-
sion of nestine (for neural stem cells) and doublecortin
(for immature neurons).'"”

In rats, it has been shown that only 0.2% of newly
generated neurons survive.''" In addition, they remain
confined to the edge of the lesion and are ineffective in
replacing extensive neuronal tissue. One explanation is
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that the intralesional microenvironment is not condu-
cive to cell life. Nevertheless, other territories targeted
by neurogenesis, such as perilesional regions, could
influence functional recovery. Re-innervation of the
substantia nigra after secondary lesions has been
shown after intrastriatal grafts of neuronal cells.''?
Various factors promoting or, conversely, decreasing
myelination have been highlighted: exercise, enriched
environment or social isolation, and stress. In parallel,
an increase in gray matter demonstrated by MRI in the
hippocampus and bilateral sensorimotor cortex was
correlated with the improvement of the paretic limb
10 days after CIMT in chronic stroke patients.?
Finally, variations in genotype can influence regenera-
tion capacities (Val/ Met polymorphism, apolipoprotein
(Apo) E4), the expression of growth factors and the
response to different rehabilitating therapies.*

In conclusion, the regeneration of the injured tissue
is mainly a spontaneous process (Figure 2) and though
effective in repairing small lesions, it is not sufficient to
fill major lesions or to recover tissue integrity and
lost function.

Adaptive and maladaptive mechanisms

Maladaptive plasticity in the brain is defined as the
reorganization that limits recovery after IS. This phe-
nomenon is responsible for compensatory movements,
coordination deficits, syncinesis, spasticity, pain, dysto-
nia, and even epilepsy. When untreated, it gradually
worsens over time (Figure 2).8%!13 Between 15 and
40% of stroke patients suffer from disabling spastici-
ty.!" Increased muscle tone and reflexes can contribute
to disability, limit recovery and may affect the patient’s
daily mobility. In addition, chronic spasticity leads to
contractures and pain. Maladaptive plasticity has been
demonstrated in patients and in non-human primate
models of IS.7*!13115 Although commonly associated
with the contralesional hemisphere, it can also involve
aberrant connections in the ipsilesional hemisphere. On
the other hand, adaptive recovery after IS may depend
on the direct non-crossed CST in the contralesional
hemisphere, which is physiologically responsible for
proximal movements and trunk mobility, but also for
the posture of the hand.

In the case of severe deficits after IS, the compensa-
tory movements of the shoulder and trunk make it
possible to regain a degree of functionality. However,
although compensation allows the accomplishment of
the task in the short term, it may be associated with
reductions in movement ranges and pain sensation in
the long term. In addition, the use of the healthy upper
limb for motor substitution can cause the underuse of
the paretic limb, a phenomenon called “learning
of non-use,” with consequent reduction of the ability

to recover motor skills. In order to limit non-use,
CIMT can be offered to patients with moderate defi-
cits. From the molecular point of view, in rat models of
IS, training of the non-paretic limb leads to a reduction
in neural transcription factor synthesis, contrarily to
what happens when training of the paretic limb is
performed.

Inflammation and neuro-inflammation

The response after focal injury can be divided into
three major phases that overlap in time: 1/cell death
and inflammation, 2/cell proliferation for tissue
replacement and 3/tissue reconstitution.''® Cerebral
ischemia is followed by an inflammatory reaction in
the impacted tissue for several days and even months.
Inflammation is a process also involved in the expan-
sion of the lesion and neurological damage.'!” It is still
necessary in guarded proportions to clean the cell
debris and fight against the ongoing aggression.
Protected by the blood—brain barrier (BBB), the brain
has its own defense system and innate immunity. There
are two major phases of inflammation. The first one
mainly involves activated microglia, the brain’s macro-
phages that derive from the yolk sac. Microglia is one
of the four major types of cells in the brain with neu-
rons, astrocytes, and oligodendrocytes, the latter two
representing the macroglia. After injury, resident
microglia are immediately activated by increased extra-
cellular adenosine triphosphate (ATP) and loss of neu-
ronal contacts (Figure 4). Historically, two main
phenotypes of microglia were described: M1 and M2
microglia. However, this mere classification is nowa-
days disused and it is clear that during brain injury,
including IS, microglia may acquire diverse phenotypes
with overlapped gene expression and function, and
exert pro- and anti-inflammatory actions.''® In the
acute phase of IS (24 h), activated microglia in the
core of the lesion express markers as CD11b, CD45,
and CD68 and release pro-inflammatory mediators
(Figure 4). After this phase, microglia become activated
in the penumbral zone.'' Recently, using a rat model
of middle cerebral artery occlusion (MCAo), Boddaert
et al. have elucidated part of the mechanisms involved
in the pathways of microglia polarization after IS.'*°
The transcript analysis to study the expression of typical
signal receptors affecting microglia phenotype in the
perilesional area, identified CD8 signaling as an impor-
tant mechanism in IS, as confirmed also by in vitro
microglia stimulation.'”® Another newly described
factor is Sphingosine 1-phosphate receptor subtype 3
(S1P3), which seems specifically associated with micro-
glia activation and polarization through nuclear factor-
kappa B (NF-xB) signaling in IS."*! The activation of
microglia corresponds to transcriptional activation of
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Figure 4. Mechanisms of neuroinflammation after stroke. The first event happening is the BBB breakdown, together with neuronal
injury/death and gliosis consequent to hypoxia. Gliosis includes activation of astrocytes (astrogliosis) and of microglia, with a switch
from the anti-inflammatory to the pro-inflammatory phenotype. Gliosis is then characterized by the release of pro-inflammatory
molecules, such as TNF-o, IL1f, IL6, CCL2, MIP-1a, MMPs, DAMPs, ROS, HMGBI. Additionally, activated astrocytes and microglia,
together with fibroblasts and pericytes migrating from the meninges and the blood vessels, form a physical barrier called “glial scar”
that contains inflammation. BBB rupture leads to the infiltration of immune cells, namely monocytes, leukocytes and DCs, which also
release pro-inflammatory mediators (ROS, IFN-y, NO, VCAMI, ICAMI, SIP3). The amplified inflammatory scenario causes secondary
neurotoxic effects. In a later phase, Treg cells counteract CD4" T-cell cytotoxic effects, initiating the protective phase. This phase is
also characterized by the switch of microglia to the non-inflammatory phenotype and the release of TGF-f, which together with ILI0,
EPO, IGFI, ILI3, IL4 favors neuroprotection. BBB: blood-brain barrier; TNF-o: tumor necrosis factor-alpha; ILI f: interleukin- | beta;
IL6: interleukin-6; CCL2: C-C motif chemokine ligand 2; MIP-1a: macrophage inflammatory protein-1 alpha; MMPs: metalloprotei-
nases; DAMPs: damage-associated molecular patterns; DCs: dendritic cells; ROS: reactive oxygen species; HMGBI: high mobility
group box I; IFN-y: interferon gamma; NO: Nitric oxide; VCAMI: vascular cell adhesion protein I; ICAMI: intercellular adhesion
molecule I; SIP3: sphingosine |-phosphate receptor subtype 3; TGF-f: transforming growth factor-beta; IL10: interleukin-10; EPO:
erythropoietin; IGFI: insulin-like growth factor-1; ILI3: interleukin-13; IL4: interleukin-4.

pro-inflammatory genes and synthesis of pro-
inflammatory cytokines (Figure 4). However, microglia
do exert a biphasic function, being beneficial by releas-
ing neuroprotective factors such as TGF-$.'*
Astrocytes are also involved in the second phase of
inflammation mediated by anti-inflammatory microglia,
by releasing neuroprotective factors such as EPO or
TGF-f (Figure 4).'"”* Activated microglia damage
blood vessels and participate in the destruction of the
BBB. Secreted pro-inflammatory cytokines induce the
expression of adhesion molecules intercellular adhesion
molecule-1 (ICAM1), vascular cell adhesion protein-1
(VCAMI1), P- and E-selectin allowing the interaction
between the endothelium and the hematopoietic
immune cells, particularly leucocytes.'** The latter infil-
trate the ischemic zone, mainly in peri-lesional area and

produce pro-inflammatory cytokines, thus aggravating
inflammation (Figure 4). This is the second type of
inflammation, in which also astrocytes are involved.'*
Microglia-derived cytokines and chemokines induce also
the recruitment of T cells that cross the BBB to reach the
site of injury.'* The detrimental role of T cells, more
than B cells,'**!*’ in the acute phase of stroke has been
described earlier by different authors,'?*!'** and widely
reviewed.’%131 T cell subsets have distinctive effects,
detrimental versus beneficial, during IS. In preclinical
models, the data on the dual mechanism of T cells
obtained in deficient or impaired models show that
Th2 and Thl responses oppositely affect infarct size,
aggravating or inhibiting it, respectively, targeting
inflammatory pathways.'? This has been directly corre-
lated with neuronal death.'*> Based on the evidence
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that, in patients, T cell invasion has been shown to per-
sist for years after IS,'*'** experimental models have
been used to evaluate chronic T cell invasion in the
ischemic brain and its significance. A recent study has
found a prolonged (at one month) activation of CD4™
and CD8" T cells in a transient MCAo model.'*
Proliferating T cells were found in the peri-infarct
area, close to reactive astrocytes, indicating that they
may play a role in the neural repair process after IS.
Focusing on remodeling after IS, more important is
the role of the T-reg subset, whose recruitment has
been associated with late, but not acute, phase at one
week, and has been identified as a cerebroprotective
mechanism (Figure 4)."*%'*7 Importantly, during the
sub-acute phase of IS, regulatory T-regs are essential
to counteract cytotoxic T-cell effects, which cause neu-
ronal death in the penumbra via interferon-gamma
(IFN-y) release (for review see Gauberti et al.'** and
Drieu et al."*"). Not only T-regs regulate neural recov-
ery; a recent study has shown their role in glial scar
formation during the chronic phase of stroke, via the
negative regulation of the interleukin-6 and STAT3
pathway in microglia and astrocytes.'>” The beneficial
effect of T-regs is also present during exogenous delivery
of bone marrow-derived stem cells (BMSCs), which is
neuroprotective after IS (for review see Vahidy et al.'*®).
Specifically, a minority population of T-regs existing
within the BMSCs serves as robust mediators of the
immunomodulatory and neuroprotective effect provided
by BMSC transplantation after 1S.'*

Inflammation after IS also involves neutrophils and
dendritic cells (DCs) that are not present in the healthy
brain (Figure 4). However, they can be found following
the rupture of the BBB and express surface molecules
indicating their active state. In general, neutrophils,
together with microglia/macrophages, account for the
phagocytosis of cellular debris and DCs initiate an
adaptive immune response ensuring specific protection
against the injury.'# 14

Inflammatory cell infiltration and astrocytosis last
about one month in rodents and 3 months or more in
IS patients. Lipid mediators such as lipoxins, marexins,
protectins, resolvins have been recently demonstrated
to be protective against inflammation at this stage.'*

Post-stroke inflammation plays a role in the induc-
tion of axonal regeneration processes, mainly via cyto-
kines ciliary neurotrophic factor (CNTF) and leukemia
inhibitory factor (LIF) (Figures 3 and 4). Compared to
the peripheral nervous system, the privileged immune
status of the brain and the absence of endogenous anti-
bodies cause a delay in the elimination of myelin and
axonal regeneration after injury.

Remote inflammation and additional amyloidosis. Imaging
with  ""C-PK11195 positron-emission tomography

(PET) radiotracer in stroke patients has shown that
remote inflammation and lesions are observed in the
de-afferented CST, and are not associated with recov-
ery."* Specifically, the study combined PET and DTI-
MRI to demonstrate differential temporal dynamics of
local and remote activated microglia, which were dif-
ferentially related to anterograde fiber tract damage.
This evidenced a relationship between microglial activ-
ity and fiber tract integrity in human subcortical stroke,
with different repercussions on clinical outcomes. By
evaluating the results from experimental and clinical
studies,'*® the same study explored the possible inter-
action between neurodegenerative inflammation and
vascular processes in determining cognitive decline
after IS. The results propose that both vascular (pres-
ence of amyloid deposits) and inflammatory (microglia
activation) events should be jointly assessed as predic-
tors of cognitive recovery, since they may differently
impact on patients’ outcome.'

Glial scar. In IS, in addition to the microglial reaction,
the astrocytes will also be activated and respond to this
aggression by forming, around the lesion, a physical
and chemical barrier called “glial scar” (Figure 4)."'
A small fraction of glial fibrillary acidic protein
(GFAP)-positive cells are however BrdU-negative,
indicating that the increase in the number of GFAP
positive cells is due to cell division and not to migra-
tion."* Villapol et al. showed that, three days after
injury, reactive astrocytes acquire a hypertrophic mor-
phology."” They also found the presence of astroglio-
sis extending from seven days to two months
after injury.

Other cell types come into play in the formation of
the peri-lesional scar. Perivascular or meningeal fibro-
blasts invade the core of the lesion and secrete type I or
IV collagen and components of the extracellular
matrix, thus causing the formation of a fibrotic scar
(Figure 4).'"*® From the first three to five days and
therefore in parallel with this process, the reactive
astrocytes will come around the lesion but will not go
to the heart of the lesion.'* The scar is also composed
of newly generated and elongated astrocytes.'*® This
dense area does not exceed half millimeter around the
edge of the lesion and no neuronal cell type is detected
within it. Glial scar formation is associated with the
overexpression of extracellular matrix inhibitors such
as proteoglycans (Figure 4), the concentration of which
increases with the closeness to the lesion core. This
intertwining between astrocytes and the secretion of
these molecules forms a barrier impervious to any
exchange. However, the glial scar is more elastic than
the parenchyma.'”! Expression levels of glial interme-
diate filaments (GFAP, vimentin) and extracellular
matrix components (laminin, collagen IV) correlate
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with tissue softening. This, therefore, creates an envi-
ronment that does not promote axonal growth and cel-
lular regeneration."” All of these processes have
disadvantages in preventing some of the tissue regener-
ation but this disadvantage may be an advantage as it
prevents the increase in lesion size, the expansion
of inflammation and the exaggerated demyelination
of perilesional axons.'?

The last category of glial cells, oligodendrocytes,
seem also to react in case of ischemic injury'>* but
their action is not yet well established because they
are more difficult to study.

Brain-gut axis in stroke

Bidirectional signaling occurs between the gut and the
brain in health and disease, the so called “brain-gut
axis” (for review see Mayer et al.'"> and Aziz and
Thompson'®). Anatomically, this communication
involves the CNS, the autonomic nervous system, the
enteric nervous system (ENS) and the hypothalamic
pituitary adrenal axis, and neuro-immuno-endocrine
mediators.”>” The signaling involves serotonin, acetyl-
choline, glutamate, GABA, short- and long-chain fatty
acids, histamine, catecholamines, hormones, cytokines,
glucocorticoids and nutrients. In neurological diseases,
the brain-gut axis appears altered, with consequences
on the onset, severity and outcomes of several disor-
ders."”® 12 During the last two decades, unexpected
but existing brain-gut axis has been described, and in
part characterized, also in stroke. The first evidence
appeared when observing the gastrointestinal (GI)
alterations occurring in stroke patients.'®® Beside the
top-down communication, a bottom-up signaling gut-
to-brain also exists and is mainly orchestrated by gut
commensal bacteria, the microbiota, and immune
system interactions, transmitted to the brain.
Microbiota-immune system interactions may affect
predisposition to and outcomes of IS.

In the following part of this review, we report the
current knowledge on the interaction between the brain
and components of the gut, microbiota, immune and
ENSs, in IS pathophysiology (Figure 5).

Gut microbiota and stroke

The attention of stroke researchers to the brain-gut axis
increased exponentially when it became clear that the
gut microbiota plays an important role in brain devel-
opment, physiology and pathology. During IS, com-
mensal bacteria undergo microbial imbalance, a
phenomenon known as “dysbiosis.” Dysbiosis has
been described, for example, in a large Chinese
cohort of stroke patients, after analysis of fecal samples
which were processed to extract bacterial DNA.'®*

From the technical point of view, advances in this
field have become possible thanks to methodological
improvements in gene amplicon sequencing and bioin-
formatics analyses. This study identified the depletion
of three main commensal bacteria in stroke patients:
Bacteroitedes, Firmicutes, and Proteobacteria, and
enrichment in opportunistic bacteria, such as
Enterobacter, Megasphaera, and Desulfovibrio. The find-
ings were confirmed in animal models of stroke, in
which brain ischemia, produced by MCAo, induced
changes in the intestinal microbiota composition,'®
with a different microbial composition 72 h after the
lesion, compared to sham mice, and a marked decrease
in the level of Prevotellaceae and increase in
Peptococcaceae. From these papers, it is evident that
the microbiota composition in stroke patients and
animal models is altered; however, the bacterial species
identified were different. This discrepancy highlights one
of the limits of research in this topic, the “man versus
mouse” question, which cannot be underestimated.

In the study by Houlden and coll., the change in
microbial profiling was associated with an increase in
noradrenaline level, but not in other neurotransmitters,
in the caecum of MCAo mice.'® This could be
explained by the observed increase in sympathetic
innervation in the caecum of stroke animals, confirm-
ing an alteration of the brain-gut axis. The link between
increased sympathetic innervation and dysbiosis in
stroke was identified in intestinal goblet cells, a special-
ized cell population which indirectly influences gut
microbiota by releasing noradrenaline. This finding
highlights the existence of a brain-to-microbiota axis
via the autonomic nervous system.

The role of commensal bacteria in stroke pathophys-
iology became clear when researchers explored the rea-
sons of infections in patients, and surprisingly found
that stroke causes bacterial proliferation and translo-
cation of bacteria from the intestine to the blood,
spleen, liver, and lung, consequent to intestinal muco-
sal damage.'® However, the mechanism of bacterial
translocation is largely unknown and available techni-
ques cannot provide definitive answers. Possibly, aber-
rant neural-immune cross-talk is a contributing factor
(see paragraphs below). Mucosal damage in the intes-
tine may be responsible for increased exposure to and
translocation of bacteria and endotoxins observed in
stroke patients. Brain injury and the consequent alter-
ation of neuro-endocrine signaling play very important
roles in the regulation of intestinal barrier. For exam-
ple, in rat models of stroke induced by MCAo, it has
been shown that ischemic stress provokes intestinal
barrier disturbance, by means of edema, thickening
and shortening of the villi, and motility changes, prob-
ably due to altered ghrelin signaling in the gut.'®’
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Figure 5. Schematic representation of the brain-gut axis in healthy and stroke conditions. In physiological conditions (left side), the
communication between the brain and the gut occurs through the vagus nerve (part of the autonomic nervous system), the enteric
nervous system and its cells (glia and neurons), the epithelium and commensal bacteria (microbiota). In this situation, the regulation of
intestinal homeostasis and cerebroprotection are assured by bottom-up and top-down signaling, respectively. In stroke (middle and
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stroke causes alteration in microbiota content and composition. This correlates with immune/inflammatory responses in the brain,
through the interplay microbiota/immune system. Antibiotic treatment after stroke (post-stroke) causes impairment of the immune-
mediated (T-reg) neuroprotective response in the brain and facilitates opportunistic infections. On the other hand, in mice, antibiotic
treatment given before stroke induction (pre-stroke) revealed to worsen the outcome of the disease, with increased mortality and
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Confirmation of commensal bacterial translocation
in post-stroke infections was provided by Stanley.'®®
Using germ-free (GF) and specific pathogen free (SPF)
animals, the authors proved that post-stroke infections
from Escherichia coli likely originate from the host gut
microbiota and are not acquired from the environment,
since GF mice did not show positive cultivable bacteria,
compared to SPF mice. The results of the study were
corroborated by perspective observations in stroke
patients, in which commensal bacteria residing in the
intestinal tract were found in large amount (more than
70% of detected bacteria) into peripheral tissues, includ-
ing the lung, liver, and spleen.'®®

Gut microbiota exerts bidirectional communication
with its targets, modulating GI and brain functions by
the interplay with the immune, vascular, autonomic,
and ENS. In the last decade, pre-clinical studies
designed to unravel this communication have been
numerous, through the possibility to raise and keep
GF animals, a valid strategy to evaluate the impact
of gut microbiota on organ functions. However, GF
animals harbor confounding factors, somewhat far
from the human situation, such as immune deficiencies,
and altered brain physiology and anatomy. For this
reason, more appropriate studies have been conducted
in broad-spectrum antibiotic-treated animals, which,
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advantageously, recapitulate the situation in patients
undergoing antibiotic therapy to avoid infections con-
sequent to stroke. With this valuable approach, Winek
et al. demonstrated that gut microbiota exert protective
effects on survival after stroke in the MCAo mouse
model, protecting from the excessive mortality
observed between days 5 and 7 in antibiotic-
pretreated mice.'® However, the antibiotic pretreat-
ment (during eight weeks) did not affect the volume
of ischemic lesion in the brain. Additionally,
microbiota-depleted mice developed acute ulcerative
and necrotizing colitis and systemic immunodepression
when the antibiotic cocktail was stopped 72 h before
operation. The two findings seem linked, since the
altered systemic immunity after stroke may lead to
the breakdown of intestinal mucosal barrier and trans-
location of bacteria and their products, but direct evi-
dence is still missing. Intriguingly, these effects were
reversed by the continuous antibiotic treatment or col-
onization with the microbiota obtained from SPF ani-
mals before MCAo surgery. These findings open
interesting clinical questions on the importance of gut
microbiota for stroke outcome in antibiotic-treated
patients.

Going further in the evaluation of commensal bacte-
ria on stroke outcome and on the possibility to re-
colonize the intestine with “good” bacteria, Spychala
et al.'”" have recently reported an intriguing finding:
the “age of microbiota” is crucial in stroke, in the
sense that microbiota composition differs in young com-
pared to aged animals. Indeed, by performing MCAo in
young versus adult mice, the authors showed that the
two groups of animals had different stroke outcome, in
terms of mortality and severity. More intriguingly,
“youthful” flora seems to be protective when trans-
planted in aged mice, impacting on behavior and infarct
volume in the brain. Additionally, mechanistic evalua-
tion identified short chain fatty acids as possibly respon-
sible for this protective action. This is a complete study
revealing “top-down” and “bottom-up” signaling
between the brain and the gut in stroke and the first
one assessing and correlating behavioral evaluation
with microbiota features.

Intestinal immune system and stroke

IS is characterized by immune reaction, with the infil-
tration of intestinal lymphocytes into the brain,
appearing from hours to days, which aggravates
tissue injury. Concerning brain-to-gut communication,
stroke has differential effects on the cellularity of gut-
associated lymphoid tissue (GALT), the immune
system of the gut. The first investigation of this topic
demonstrated a significant reduction of T and B cell
counts in the GALT of mice after MCAo, while no

difference in the number of natural killer cells and mac-
rophages was detected.'”’ Additionally, no significant
changes in intraepithelial and /lamina propria lympho-
cytes subsets were observed. More recently, the explo-
ration of stroke’s consequences on intestinal
immunology and morphology have shown that the
number of T lymphocytes in the Peyer’s patches
increased, activating intestinal immunity, and that the
recruitment involved one specific chemokine,
CCL19." This mediator is indeed expressed in the
intestinal epithelium and involved in B and T lympho-
cyte recruitment. The link between stroke and intestinal
immune system seems to occur via the intermediation
of commensal microbiota, suggesting again that it is a
key player in regulating and influencing disease pro-
cesses in the brain. The first evidence of an existing
link between altered intestinal flora, immune system
and stroke outcome has been provided by Benakis, in
a well-designed and clear study where the authors
induced intestinal dysbiosis in mice undergoing
MCAOo, by the administration of antibiotics.'”® A neu-
roprotective effect was intriguingly found. The use of
amoxicillin/clavulanate to reduce the number of oppor-
tunistic bacteria in the microbiota in mice before induc-
ing stroke with the MCAo model, showed that infarct
volume in the brain was reduced, compared to mice
with normal or resistant microbiota. This was accom-
panied by better preserved sensorimotor functions in
the antibiotic-treated mice. Additionally, in showing
that intestinal T-regulatory and IL-17-positive
gamma-delta T cells (derived from the GALT), are
capable of migrating from the gut to the meninges
after stroke, the study demonstrated a tangible link
between altered flora and stroke outcome. Once in
the meninges, these cells secrete IL-17 and IL-10,
which exert neuroprotection by controlling the traffick-
ing of monocytes and neutrophils in the brain during
stroke. This was the first study revealing the existence
of a gut-to-brain axis in stroke. The results was con-
firmed by Singh in the same year.'™

The proof-of-concept that bacterial colonization
impacts on stroke outcome and post-stroke immune-
mediated neuroinflammation has been recently
provided by experiments performed in SPF, GF, and
colonized ex-GF mice.'” In this study, stroke outcome
was different in the three groups of animals, with
improved outcomes in ex-GF and SPF compared to
GF mice. More interestingly, by investigating the
effect of commensal flora in lymphocyte-deficient
mice, the authors demonstrated that a physiological
gut microbiota is required to generate an adequate
lymphocytes-driven immune reaction and to provide
consequent brain tissue protection. This finding
proves the importance of gut microbiota for cerebro-
protection in stroke.



16

Journal of Cerebral Blood Flow & Metabolism 40(1)

ENS and stroke

The brain is not the only nerve tissue in the body. The
so called “second brain” or “little brain,” which runs
along the intestine and is named ENS, is responsible
for the control of GI function, independently from the
brain.'’® After stroke, patients may suffer from intes-
tinal complications.'® This leads to hypothesize that
stroke evokes intestinal dysfunction by altering the
ENS, in a brain-to-gut axis direction. The communi-
cation would occur through molecules released by
cells in the brain (neurons and/or glia) and targeting
cells in the ENS. To date, only one group has con-
ducted two separate studies to evaluate the changes in
the ENS consequent to brain ischemia, in a model of
MCAo in mice.'””"'”® The intriguing evaluation has
revealed that three days only after MCAo there was
a loss of enteric neurons, both submucosal and myen-
teric, with a proximo-distal gradient (60% in the colon
and 40% in the ileum, compared to controls). In the
study, this phenomenon was correlated to galectin-3,
released by microglia in the brain during stroke and
involved in intestinal signaling. Indeed, galectin-3
knock-out mice did not show this feature. The data
were confirmed in vitro by exposing primary cultures
of myenteric neurons to exogenous galectin-3. In the
second study, the same authors went further in their
investigation by 1/evaluating the difference in enteric
neurons loss in focal versus global cerebral ischemia
and 2/deciphering the changes in the major subpopu-
lation of enteric neurons after stroke. The different
outcomes evidenced after focal or global ischemia
point a valuable attention on the different signaling
dependent on infarct volume in the brain. However,
changes in neuron subpopulations need more careful
examination. The method for counting enteric neu-
rons, as performed by the authors, is not the current
gold standard. Dissection of the plexus (submucosal
and myenteric) would have allowed a better appreci-
ation of abnormalities, from the number of neurons/
ganglia to the number of neurons/surface.'”'*® Along
the same observation, the appraisal of the changes in
neuronal subpopulation needs a more stringent meth-
odological approach. One additional doubt emerges
from the fact that the neuronal marker HuCD, used
to count neurons, appears homogeneously expressed
in the cell body, while it is now known that when
neurons are unhealthy the expression pattern does
change in favor of a nuclear staining.'”””'®" More
accurate evaluation is necessary to unravel the previ-
ously unrecognized link between stroke and ENS
abnormalities, which will help understand the intesti-
nal outcomes of pathophysiological processes after
stroke.

The brain-gut axis: A possible therapeutic target for
brain remodeling in stroke?

Data from last decade clearly evidence the involvement
of the brain-gut axis in neurological disorders, includ-
ing IS.'°"1%3 Commensal bacteria seem to play a role in
the pathogenesis, the course and the outcome of stroke
by modulating immune responses, as evidenced in pre-
clinical studies.'®®!”* In humans, the beneficial effects
of probiotics on the immune system have been convinc-
ingly demonstrated.'® Although the actual link
between microbiota, brain remodeling and the under-
lying mechanisms are yet to be characterized, the
manipulation of the gut microbiota appears as a prom-
ising future (co)-therapy in IS.

Conclusion

Through this review, it has been realized that under-
standing the mechanisms of neurological recovery from
stroke will permit to define therapeutic targets to assign
the right treatments to the right patients. Since cellular
and molecular mechanisms are often inaccessible in
humans, animal models and imaging methods will
help to understand, predict, and guide therapy.

Funding

The author(s) disclosed receipt of the following financial sup-
port for the research, authorship, and/or publication of this
article: CC is supported by the National Research Agency,
project Neuraxe/CEO7. IL is supported by the Structure
Fédérative de Recherche, Institut Des Sciences Du Cerveau
De Toulouse, Toulouse Mind and Brain Institute, Région
Midi-Pyrénées, Fondation Institut de France NRJ.

Declaration of conflicting interests

The author(s) declared the following potential conflicts of
interest with respect to the research, authorship, and/or pub-
lication of this article: JMO is consulting for Servier,
Medtronic, Astra Zeneca and speaker for Bristol Myers
Squibb, Pfizer.

References

1. Coupar F, Pollock A, Rowe P, et al. Predictors of upper
limb recovery after stroke: a systematic review and
meta-analysis. Clin Rehabil 2012; 26: 291-313.

2. van der Zijden JP, Bouts MJ, Wu O, et al. Manganese-
enhanced MRI of brain plasticity in relation to func-
tional recovery after experimental stroke. J Cereb
Blood Flow Metab 2008; 28: 832-840.

3. Thomas Carmichael S, Wei L, Rovainen CM, et al. New
patterns of intracortical projections after focal cortical
stroke. Neurobiol Dis 2001; 8: 910-922.

4. Nudo RJ and Milliken GW. Reorganization of move-
ment representations in primary motor cortex following



Cirillo et al.

17

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

focal ischemic infarcts in adult squirrel monkeys.
J Neurophysiol 1996; 75: 2144-2149.

Murphy TH and Corbett D. Plasticity during
stroke recovery: from synapse to behaviour. Nat Rev
Neurosci 2009; 10: 861-872.

Hermann DM and Chopp M. Promoting brain remod-
elling and plasticity for stroke recovery: therapeutic
promise and potential pitfalls of clinical translation.
Lancet Neurol 2012; 11: 369-380.

Carmichael ST. The 3 Rs of stroke biology: radial, relayed,
and regenerative. Neurotherapeutics 2016; 13: 348-359.
Loubinoux I, Brihmat N, Castel-Lacanal E, et al.
Cerebral imaging of post-stroke plasticity and tissue
repair. Rev Neurol (Paris) 2017; 173: 577-583.

Chen R, Cohen LG and Hallett M. Nervous system
reorganization following injury. Neuroscience 2002;
111: 761-773.

Chollet F, Dipiero V, Wise RIS, et al. The functional
anatomy of motor recovery after stroke in humans: a
study with positron emission tomography. Ann Neurol
1991; 29: 63-71.

Chen M and Zheng B. Axon plasticity in the mamma-
lian central nervous system after injury. Trends Neurosci
2014; 37: 583-593.

McNeal DW, Darling WG, Ge J, et al. Selective long-
term reorganization of the corticospinal projection from
the supplementary motor cortex following recovery
from lateral motor cortex injury. J Comp Neurol 2010;
518: 586-621.

Winship IR and Murphy TH. In vivo calcium imaging
reveals functional rewiring of single somatosensory neu-
rons after stroke. J Neurosci 2008; 28: 6592-6606.
Vaysse L, Conchou F, Demain B, et al. Strength and
fine dexterity recovery profiles after a primary motor
cortex insult and effect of a neuronal cell graft. Behav
Neurosci 2015; 129: 423-434.

Napieralski JA, Butler AK and Chesselet MF.
Anatomical and functional evidence for lesion-specific
sprouting of corticostriatal input in the adult rat.
J Comp Neurol 1996; 373: 484-497.

Lipsanen A, Kalesnykas G, Pro-Sistiaga P, et al. Lack
of secondary pathology in the thalamus after focal cere-
bral ischemia in nonhuman primates. Exp Neurol 2013;
248: 224-227.

Cai J, Ji Q, Xin R, et al. Contralesional cortical struc-
tural reorganization contributes to motor recovery after
sub-cortical stroke: a longitudinal voxel-based mor-
phometry study. Front Hum Neurosci 2016; 10: 1-8.
Yu X, Yang L, Song R, et al. Changes in structure and
perfusion of grey matter tissues during recovery from
Ischaemic subcortical stroke: a longitudinal MRI
study. Eur J Neurosci 2017; 46: 2308-2314.

Yin D, Yan X, Fan M, et al. Secondary degeneration
detected by combining voxel-based morphometry and
tract-based spatial statistics in subcortical strokes with
different outcomes in hand function. Am J Neuroradiol
2013; 34: 1341-1347.

Lotze M, Beutling W, Loibl M, et al. Contralesional
motor cortex activation depends on ipsilesional

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

corticospinal tract integrity in well-recovered subcortical
stroke patients. Neurorehabil Neural Repair 2012; 26:
594-603.

Grefkes C and Fink GR. Connectivity-based
approaches in stroke and recovery of function. Lancet
Neurol 2014; 13: 206-216.

Gauthier LV, Taub E, Mark VW, et al. Atrophy of
spared gray matter tissue predicts poorer motor recov-
ery and rehabilitation response in chronic stroke. Stroke
2012; 43: 453-457.

Conchou F, Loubinoux I, Castel-Lacanal E, et al.
Neural substrates of low-frequency repetitive transcra-
nial magnetic stimulation during movement in healthy
subjects and acute stroke patients. A PET study. Hum
Brain Mapp 2009; 30: 2542-2557.

Sattler V, Acket B, Raposo N, et al. Anodal tDCS com-
bined with radial nerve stimulation promotes hand
motor recovery in the acute phase after ischemic
stroke. Neurorehabil Neural Repair 2015; 29: 743-754.
Dionisio A, Duarte IC, Patricio M, et al. The use of
repetitive  transcranial magnetic stimulation for
stroke rehabilitation: a systematic review. J Stroke
Cerebrovasc Dis 2018; 27: 1-31.

Di Pino G, Pellegrino G, Assenza G, et al. Modulation
of brain plasticity in stroke: a novel model for neuro-
rehabilitation. Nat Rev Neurol 2014; 10: 597-608.
Stinear CM, Barber PA, Petoe M, et al. The PREP algo-
rithm predicts potential for upper limb recovery after
stroke. Brain 2012; 135: 2527-2535.

Lefebvre S, Dricot L, Laloux P, et al. Neural substrates
underlying stimulation-enhanced motor skill learning
after stroke. Brain 2015; 138: 149-163.

Rehme AK, Eickhoff SB, Wang LE, et al. Dynamic
causal modeling of cortical activity from the acute to
the chronic stage after stroke. Neuroimage 2011; 55:
1147-1158.

Jin J-F, Guo Z-T, Zhang Y-P, et al. Prediction of motor
recovery after ischemic stroke using diffusion tensor
imaging: a meta-analysis. World J Emerg Med 2017,
88: 99-105.

Bigourdan A, Munsch F, Coupé P, et al. Early fiber
number ratio is a surrogate of corticospinal tract integ-
rity and predicts motor recovery after stroke. Stroke
2016; 47: 1053-1059.

Schulz R, Park E, Lee J, et al. Synergistic but indepen-
dent: the role of corticospinal and alternate motor fibers
for residual motor output after stroke. NeuroImage Clin
2017; 15: 118-124.

Jang SH, Chang CH, Lee J, et al. Functional role of the
corticoreticular pathway in chronic stroke patients.
Stroke 2013; 44: 1099-1104.

Yang M, Yang YR, Li HJ, et al. Combining diffusion
tensor imaging and gray matter volumetry to investigate
motor functioning in chronic stroke. PLoS One 2015;
10: e0125038.

Boyd LA, Hayward KS, Ward NS, et al. Biomarkers of
stroke recovery: consensus-based core recommendations
from the Stroke Recovery and Rehabilitation
Roundtable. Int J Stroke 2017; 12: 480-493.



Journal of Cerebral Blood Flow & Metabolism 40(1)

36

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

S1.

52.

Hope TMH, Seghier ML, Leff AP, et al. Predicting out-
come and recovery after stroke with lesions extracted
from MRI images. NeuroImage Clin 2013; 2: 424-433.
Price CJ. A review and synthesis of the first 20 years of
PET and fMRI studies of heard speech, spoken lan-
guage and reading. Neuroimage 2012; 62: 816-847.
Corbetta M, Ramsey L, Callejas A, et al. Common
behavioral clusters and subcortical anatomy in stroke.
Neuron 2015; 85: 927-941.

Clarkson AN, Huang BS, Macisaac SE, et al. Reducing
excessive GABA-mediated tonic inhibition promotes func-
tional recovery after stroke. Nature 2010; 468: 305-309.
Carmichael ST. Cellular and molecular mechanisms of
neural repair after stroke: making waves. Ann Neurol
2006; 59: 735-742.

Carmichael ST and Chesselet M-F. Synchronous neuro-
nal activity is a signal for axonal sprouting after cortical
lesions in the adult. J Neurosci 2002; 22: 6062—-6070.
Buga AM, Margaritescu C, Scholz CJ, et al.
Transcriptomics of post-stroke angiogenesis in the
aged brain. Front Aging Neurosci 2014; 6: 1-20.
Cramer SC and Procaccio V. Correlation between
genetic polymorphisms and stroke recovery: analysis
of the GAIN Americas and GAIN International
Studies. Eur J Neurol 2012; 19: 718-724.

Lu H, Park H and Poo M-M. Spike-timing-dependent
BDNEF secretion and synaptic plasticity. Philos Trans R
Soc Lond B Biol Sci 2013; 369: 20130132.

Arai N, Miiller-Dahlhaus F, Murakami T, et al. State-
dependent and timing-dependent bidirectional associa-
tive plasticity in the human SMA-MI1 network.
J Neurosci 2011; 31: 15376-15383.

Zatorre RJ, Fields RD and Johansen-Berg H. Plasticity
in gray and white: neuroimaging changes in brain struc-
ture during learning. Nat Neurosci 2012; 15: 528-536.
Bains AS and Schweighofer N. Time-sensitive reorgani-
zation of the somatosensory cortex poststroke depends
on interaction between Hebbian and homeoplasticity: a
simulation study. J Neurophysiol 2014; 112: 3240-3250.
Chollet F, Tardy J, Albucher J-F, et al. Fluoxetine for
motor recovery after acute ischaemic stroke (FLAME):
a randomised placebo-controlled trial. Lancet Neurol
2011; 10: 123-130.

Gu SC and Wang C De. Early selective serotonin reup-
take inhibitors for recovery after stroke: a meta-analysis
and trial sequential analysis. J Stroke Cerebrovasc Dis
2018; 27: 1178-1189.

Chollet F, Rigal J, Marque P, et al. Serotonin selective
reuptake inhibitors (SSRIs) and stroke. Curr Neurol
Neurosci Rep 2018; 18: 100.

Gerdelat-Mas A, Loubinoux I, Tombari D, et al.
Chronic administration of selective serotonin reuptake
inhibitor (SSRI) paroxetine modulates human motor
cortex excitability in healthy subjects. Neuroimage
2005; 27: 314-322.

Batsikadze G, Paulus W, Kuo M-F, et al. Effect of sero-
tonin on paired associative stimulation-induced plasticity
in the human motor cortex. Neuropsychopharmacology
2013; 38127: 2260-2267.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Ng KL, Gibson EM, Hubbard R, et al. Fluoxetine
maintains a state of heightened responsiveness to
motor training early after stroke in a mouse model.
Stroke 2015; 46: 2951-2960.

Bachmann LC, Lindau NT, Felder P, et al. Sprouting of
brainstem-spinal tracts in response to unilateral motor
cortex stroke in mice. J Neurosci 2014; 34: 3378-3389.
Wang LE, Fink GR, Diekhoff S, et al. Noradrenergic
enhancement improves motor network connectivity in
stroke patients. Ann Neurol 2011; 69: 375-388.

Hill CE, Beattie MS and Bresnahan JC. Degeneration
and sprouting of identified descending supraspinal
axons after contusive spinal cord injury in the rat. Exp
Neurol 2001; 171: 153-169.

Allred RP and Jones TA. Unilateral ischemic sensori-
motor cortical damage in female rats: forelimb
behavioral effects and dendritic structural plasticity in
the contralateral homotopic cortex. Exp Neurol 2004;
190: 433-445.

Jones TA. Motor compensation and its effects on neural
reorganization after stroke. Nat Rev Neurosci 2017; 18:
267-280.

Reitmeir R, Kilic E, Kilic;, et al. Post-acute delivery of
erythropoietin induces stroke recovery by promoting
perilesional tissue remodelling and contralesional pyra-
midal tract plasticity. Brain 2011; 134: 84-99.

Beaud ML, Rouiller EM, Bloch J, et al. Invasion of
lesion territory by regenerating fibers after spinal
cord injury in adult macaque monkeys. Neuroscience
2012; 227: 271-282.

Liu K, Tedeschi A, Park KK, et al. Neuronal intrinsic
mechanisms of axon regeneration. Annu Rev Neurosci
2011; 34: 131-152.

Wahl AS, Omlor W, Rubio JC, et al. Asynchronous ther-
apy restores motor control by rewiring of the rat cortico-
spinal tract after stroke. Science 2014; 344: 1250-1255.
Starkey ML, Bleul C, Zorner B, et al. Back seat driving:
hindlimb corticospinal neurons assume forelimb control
following ischaemic stroke. Brain 2012; 135: 3265-3281.
Lindau NT, Béanninger BJ, Gullo M, et al. Rewiring
of the corticospinal tract in the adult rat after
unilateral stroke and anti-Nogo-A therapy. Brain
2014; 137: 739-756.

Belhaj-Saif A and Cheney PD. Plasticity in the distribu-
tion of the red nucleus output to forearm muscles after
unilateral lesions of the pyramidal tract. J Neurophysiol
2000; 83: 3147-3153.

Zaaimi B, Edgley SA, Soteropoulos DS, et al. Changes
in descending motor pathway connectivity after
corticospinal tract lesion in macaque monkey. Brain
2012; 135: 2277-2289.

Lemon RN. Descending Pathways in Motor Control.
Annu Rev Neurosci 2008; 31: 195-218.

Kinoshita M, Matsui R, Kato S, et al. Genetic dissec-
tion of the circuit for hand dexterity in primates. Nature
2012; 487: 235-238.

Mazevet D, Meunier S, Pradat-Diehl P, et al. Changes in
propriospinally mediated excitation of upper limb moto-
neurons in stroke patients. Brain 2003; 126: 988—1000.



Cirillo et al.

19

70.

71.

72.

73.

74.

75.

76.

1.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Calautti C and Baron J-C. Functional neuroimaging
studies of motor recovery after stroke in adults. Stroke
2003; 34: 1553-1566.

Dancause N, Barbay S, Frost SB, et al. Extensive
cortical rewiring after brain injury. J Neurosci 2005;
25: 10167-10179.

Yamamoto S, Takasawa M, Kajiyama K, et al.
Deterioration of hemiparesis after recurrent stroke in
the unaffected hemisphere: three further cases with pos-
sible interpretation. Cerebrovasc Dis 2007; 23: 35-39.
Nishimura Y, Onoe H, Morichika Y, et al. Time-depen-
dent central compensatory mechanisms of finger dexter-
ity after spinal cord injury. Science 2007; 318: 1150—1155.
Kernie SG and Parent JM. Forebrain neurogenesis after
focal ishcmie and traumatic brain injury. Neurobiol Dis
2010; 37: 267-274.

Rosenzweig S and Carmichael ST. The axon-glia unit in
white matter stroke: mechanisms of damage and recov-
ery. Brain Res 2015;1623.

Kim GS, Jung JE, Niizuma K, et al. CK2 is a novel
negative regulator of NADPH oxidase and a neuropro-
tectant in mice after cerebral ischemia. J Neurosci 2009;
29: 14779-14789.

Bastian C, Quinn J, Tripathi A, et al. CK2 inhibition
confers functional protection to young and aging axons
against ischemia by differentially regulating the
CDKS and AKT signaling pathways. Neurobiol Dis
2019; 126: 47-61.

Ng SC, de la Monte SM, Conboy GL, et al. Cloning of
human GAP 43: growth association and ischemic resur-
gence. Neuron 1988; 1: 133-139.

Schwab ME and Strittmatter SM. Nogo limits neural
plasticity and recovery from injury. Curr Opin Neurobiol
2014; 27: 53-60.

Filous AR and Schwab JM. Determinants of axon
growth, plasticity, and regeneration in the context of
spinal cord injury. Am J Pathol 2018; 188: 53-62.
Gherardini L, Gennaro M and Pizzorusso T.
Perilesional treatment with chondroitinase ABC and
motor training promote functional recovery after
stroke in rats. Cereb Cortex 2015; 25: 202-212.
Lemmens R, Jaspers T, Robberecht W, et al. Modifying
expression of EphA4 and its downstream targets
improves functional recovery after stroke. Hum Mol
Genet 2013; 22: 2214-2220.

Lee S-R. Involvement of matrix metalloproteinase in
neuroblast cell migration from the subventricular zone
after stroke. J Neurosci 2006; 26: 3491-3495.
Raineteau O, Fouad K, Bareyre FM, et al
Reorganization of descending motor tracts in the rat
spinal cord. Eur J Neurosci 2002; 16: 1761-1771.
Carmel JB and Martin JH. Motor cortex electrical stim-
ulation augments sprouting of the corticospinal tract
and promotes recovery of motor function. Front Integr
Neurosci 2014; 8: 1-11.

Angeli CA, Edgerton VR, Gerasimenko YP, et al.
Altering spinal cord excitability enables voluntary
movements after chronic complete paralysis in
humans. Brain 2014; 137: 1394-1409.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Zheng X, Schlaug G and Bokde A. Structural white
matter changes in descending motor tracts correlate
with improvements in motor impairment after undergo-
ing a treatment course of tDCS and physical therapy.
Front Hum Neurosci 2015; 9: 229.

Lindenberg R, Zhu LL, Riiber T, et al. Predicting
functional motor potential in chronic stroke patients
using diffusion tensor imaging. Hum Brain Mapp 2012,
33: 1040-1051.

Demirtas-Tatlidede A, Alonso-Alonso M, Shetty RP,
et al. Long-term effects of contralesional rTMS in
severe stroke: safety, cortical excitability, and relation-
ship with transcallosal motor fibers. NeuroRehabilitation
2015; 36: 51-59.

Kolb B and Gibb R. Searching for the principles of
brain plasticity and behavior. Cortex 2014; 58: 251-260.
Nouri S and Cramer SC. Anatomy and physiology pre-
dict response to motor cortex stimulation after stroke.
Neurology 2011; 77: 1076-1083.

Coleman ER, Moudgal R, Lang K, et al. Early rehabil-
itation after stroke: a narrative review. Curr Atheroscler
Rep 2017; 19: 59.

Takeuchi N and Izumi SI. Maladaptive plasticity for
motor recovery after stroke: mechanisms and
approaches. Neural Plast 2012:359728.

Eriksson PS, Perfilieva E, Bjork-Eriksson T, et al.
Neurogenesis in the adult human hippocampus. Nat
Med 1998; 4: 1313-1317.

Sanin V, Heel3 C, Kretzschmar HA, et al. Recruitment
of neural precursor cells from circumventricular organs
of patients with cerebral ischaemia. Neuropathol Appl
Neurobiol 2013; 39: 510-518.

Lindvall O and Kokaia Z. Neurogenesis following
stroke affecting the adult brain. Cold Spring Harb
Perspect Biol 2015; 7: 1-20.

Sanai N, Nguyen T, Thrie RA, et al. Corridors of
migrating neurons in human brain and their decline
during infancy. Nature 2012; 478: 382-386.

Zhang RL, Gang ZZ and Chopp M. Brain-derived neu-
rotrophic factor signaling does not stimulate subventric-
ular zone neurogenesis in adult mice and rats.
Neuropharmacology 2008; 55: 345-352.

Jin K, Wang X, Xie L, et al. Evidence for stroke-
induced neurogenesis in the human brain. Proc Natl
Acad Sci USA 2006; 103: 13198-13202.

Koutsakis C and Kazanis I. How necessary is the vas-
culature in the life of neural stem and progenitor cells?
Evidence from evolution, development and the adult
nervous system. Front Cell Neurosci 2016; 10: 35.
Krupinski J, Issa R, Bujny T, et al. A putative role for
platelet-derived growth factor in angiogenesis and neu-
roprotection after ischemic stroke in humans. Stroke
1997; 28.

Slevin M, Kumar P, Gaffney J, et al. Can angiogenesis
be exploited to improve stroke outcome? Mechanisms
and therapeutic potential. Cl/in Sci 2006; 111: 171-183.
Carmeliet P and Jain RK. Molecular mechanisms
and clinical applications of angiogenesis. Nature 2011;
473: 298-307.



20

Journal of Cerebral Blood Flow & Metabolism 40(1)

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Reichardt LF. Neurotrophin-regulated signalling
pathways. Philos Trans R Soc B Biol Sci 2006; 361:
1545-1564.

Han J, Pollak J, Yang T, et al. Delayed administration
of a small molecule tropomyosin-related kinase B ligand
promotes recovery after hypoxic-ischemic stroke. Stroke
2012; 43: 1918-1924.

Magnusson JP, Goritz C, Tatarishvili J, et al. A latent
neurogenic program in astrocytes regulated by Notch
signaling in the mouse. Science 2014; 346: 237-241.
Zhu S-Z, Szeto V, Bao M-H, et al. Pharmacological
approaches promoting stem cell-based therapy follow-
ing ischemic stroke insults. Acta Pharmacol Sin 2018; 39:
695-712.

Duan C-L, Liu C-W, Shen S-W, et al. Striatal astrocytes
transdifferentiate into functional mature neurons fol-
lowing ischemic brain injury. Glia 2015; 63: 1660-1670.
Shen S-W, Duan C-L, Chen X-H, et al. Neurogenic
effect of VEGF is related to increase of astrocytes trans-
differentiation into new mature neurons in rat brains
after stroke. Neuropharmacology 2016; 108: 451-461.
Nakata M, Nakagomi T, Maeda M, et al. Induction of
perivascular neural stem cells and possible contribution
to neurogenesis following transient brain ischemia/
reperfusion injury. Transl Stroke Res 2017; 8: 131-143.
Arvidsson A, Collin T, Kirik D, et al. Neuronal replace-
ment from endogenous precursors in the adult brain
after stroke. Nat Med 2002; 8: 963-970.

Polentes J, Jendelova P, Cailleret M, et al. Human
induced pluripotent stem cells improve stroke outcome
and reduce secondary degeneration in the recipient
brain. Cell Transplant 2012; 21: 2587-2602.

Jang SH. Motor function-related maladaptive
plasticity in stroke: a review. NeuroRehabilitation 2013,
32: 311-316.

Lundstrom E, Terént A and Borg J. Prevalence of dis-
abling spasticity 1 year after first-ever stroke. Eur J
Neurol 2008; 15: 533-539.

Nudo RJ, Plautz EJ and Frost SB. Role of adaptive
plasticity in recovery of function after damage to
motor cortex. Muscle and Nerve 2001; 24: 1000-1019.
Burda JE and Sofroniew MV. Reactive gliosis and the
multicellular response to CNS damage and disease.
Neuron 2014; 81: 229-248.

Kunz A, Dirnagl U and Mergenthaler P. Acute patho-
physiological processes after ischaemic and traumatic
brain injury. Best Pract Res Clin Anaesthesiol 2010;
24: 495-509.

Zrzavy T, Machado-Santos J, Christine S, et al.
Dominant role of microglial and macrophage innate
immune responses in human ischemic infarcts. Brain
Pathol 2018; 28: 791-805.

Hu X, Li P, Guo Y, et al. Microglia/macrophage polar-
ization dynamics reveal novel mechanism of injury
expansion after focal cerebral ischemia. Stroke 2012;
43: 3063-3070.

Boddaert J, Bielen K, Jongers B, et al. CD8 signaling in
microglia/macrophage M1 polarization in a rat model
of cerebral ischemia. PLoS One 2018; 13: 1-18.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Gaire BP, Song MR and Choi JW. Sphingosine 1-phos-
phate receptor subtype 3 (S1P3) contributes to brain
injury after transient focal cerebral ischemia via modu-
lating microglial activation and their M1 polarization.
J Neuroinflammation 2018; 15: 1-14.

Ma Y, Wang J, Wang Y, et al. The biphasic function of
microglia in ischemic stroke. Prog Neurobiol 2017; 157:
247-272.

Cotrina ML, Lou N, Tome-Garcia J, et al. Direct com-
parison of microglial dynamics and inflammatory pro-
file in photothrombotic and arterial occlusion evoked
stroke. Neuroscience 2017; 343: 483-494.

Wang L, Halliday D, Johnson PM, et al. Expression of
complement regulatory proteins on human natural killer
cell subsets. Immunol Lett 2007; 112: 104-109.

Czigner A, Mihaly A, Farkas O, et al. Kinetics of the
cellular immune response following closed head injury.
Acta Neurochir (Wien) 2007; 149: 281-289.
Schuhmann MK, Langhauser F, Kraft P, et al. B cells do
not have a major pathophysiologic role in acute ischemic
stroke in mice. J Neuroinflammation 2017; 14: 112.
Seifert HA, Vandenbark AA and Offner H. Regulatory
B cells in experimental stroke. Immunology 2018; 154:
169-177.

Kleinschnitz C, Schwab N, Kraft P, et al. Early detri-
mental T-cell effects in experimental cerebral ischemia
are neither related to adaptive immunity nor thrombus
formation. Blood 2010; 115: 3835-3842.

Yilmaz G, Arumugam TV, Stokes KY, et al. Role of T
lymphocytes and interferon-gamma in ischemic stroke.
Circulation 2006; 113: 2105-2112.

Gauberti M, De Lizarrondo SM and Vivien D. The
“inflammatory penumbra” in ischemic stroke: from clin-
ical data to experimental evidence. Eur Stroke J 2016; 1:
20-27.

Drieu A, Levard D, Vivien D, et al. Anti-inflammatory
treatments for stroke: from bench to bedside. Ther Adv
Neurol Disord 2018.

Gu L, Xiong X, Zhang H, et al. Distinctive effects of T
cell subsets in neuronal injury induced by cocultured
splenocytes in vitro and by in vivo stroke in mice.
Stroke 2012; 43: 1941-1946.

Yilmaz A, Fuchs T, Dietel B, et al. Transient decrease in
circulating dendritic cell precursors after acute stroke:
potential recruitment into the brain. Clin Sci 2010; 118:
147-157.

Iadecola C and Anrather J. The immunology of
stroke: from mechanisms to translation. Nat Med
2011; 17: 796-808.

Xie L, Li W, Hersh J, et al. Experimental ischemic stroke
induces long-term T cell activation in the brain. Journal
of Cerebral Blood Flow and Metabolism. Epub ahead of
print 10 August 2018. DOI: 10.1177/0271678X18792372.
Liesz A, Suri-Payer E, Veltkamp C, et al. Regulatory T
cells are key cerebroprotective immunomodulators in
acute experimental stroke. Nat Med 2009; 15: 192—-199.
Ito M, Komai K, Mise-Omata S, et al. Brain regulatory
T cells suppress astrogliosis and potentiate neurological
recovery. Nature 2019; 565: 246-250.



Cirillo et al.

21

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

148.

149.

150.

151.

152.

Vahidy FS, Rahbar MH, Zhu H, et al. Systematic
review and meta-analysis of bone marrow-derived
mononuclear cells in animal models of ischemic
stroke. Stroke 2016; 47: 1632-1639.

Neal EG, Acosta SA, Kaneko Y, et al. Regulatory T-
cells within bone marrow-derived stem cells actively
confer immunomodulatory and neuroprotective effects
against stroke. J Cereb Blood Flow Metab 2018; 39:
1750-1758.

Matsuo Y, Onodera H, Shiga Y, et al. Correlation
between myeloperoxidase-quantified neutrophil accu-
mulation and ischemic brain injury in the rat. Effects of
neutrophil depletion. Stroke 1994; 25: 1469-1475.
Strecker J-K, Schmidt A, Schabitz W-R, et al.
Neutrophil granulocytes in cerebral ischemia -
Evolution from killers to key players. Neurochem Int
2017; 107: 117-126.

Kostulas N, Li H-L, Xiao B-G, et al. Dendritic
cells are present in ischemic brain after permanent
middle cerebral artery occlusion in the rat. Stroke
2002; 33: 1129-1134.

Yin P, Wei Y, Wang X, et al. Roles of specialized pro-
resolving lipid mediators in cerebral ischemia reperfu-
sion injury. Front Neurol 2018; 9.

Thiel A, Radlinska BA, Paquette C, et al. The temporal
dynamics of poststroke neuroinflammation: a longitu-
dinal diffusion tensor imaging — guided PET study with
11 C-PK11195 in acute subcortical stroke. J Nucl Med
2010; 51: 1404-1413.

Thiel A, Cechetto DF, Heiss W-D, et al. Amyloid
burden, neuroinflammation, and links to cognitive
decline after ischemic stroke. Stroke 2014; 45:
2825-2829.

Hampton DW, Seitz A, Chen P, et al. Altered CNS
response to injury in the MRL/MpJ mouse.
Neuroscience 2004; 127: 821-832.

Villapol S, Byrnes KR and Symes AJ. Temporal dynam-
ics of cerebral blood flow, cortical damage, apoptosis,
astrocyte-vasculature interaction and astrogliosis in the
pericontusional region after traumatic brain injury.
Front Neurol 2014; 5: 82.

Soderblom C, Luo X, Blumenthal E, et al. Perivascular
fibroblasts form the fibrotic scar after contusive spinal
cord injury. J Neurosci 2013; 33: 13882—13887.
Kawano H, Kimura-Kuroda J, Komuta Y, et al. Role
of the lesion scar in the response to damage and repair
of the central nervous system. Cell Tissue Res 2012; 349:
169-180.

Wanner IB, Anderson MA, Song B, et al. Glial
scar borders are formed by newly proliferated, elongat-
ed astrocytes that interact to corral inflammatory and
fibrotic cells via STAT3-dependent mechanisms after
spinal cord injury. J Neurosci 2013; 33: 12870-12886.
Moeendarbary E, Weber IP, Sheridan GK, et al. The
soft mechanical signature of glial scars in the central
nervous system. Nat Commun 2017; 8: 1-11.

Fitch MT and Silver J. CNS injury, glial scars, and
inflammation: inhibitory extracellular matrices and
regeneration failure. Exp Neurol 2008; 209: 294-301.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Anderson MA, Burda JE, Ren Y, et al. Astrocyte scar
formation aids central nervous system axon regenera-
tion. Nature 2016; 000: 1-20.

De Biase LM, Nishiyama A and Bergles DE.
Excitability and synaptic communication within the oli-
godendrocyte lineage. J Neurosci 2010; 30: 3600-3611.
Mayer EA, Tillisch K and Gupta A. Gut/brain axis and
the microbiota. J Clin Invest 2015; 125: 926-938.

Aziz Q and Thompson DG. Brain-gut axis in health
and disease. Gastroenterology 1998; 114: 559-578.
http://www.ncbi.nlm.nih.gov/pubmed/9496948.

Rhee SH, Pothoulakis C and Mayer EA. Principles and
clinical implications of the brain—gut—enteric microbiota
axis. Nat Rev Gastroenterol Hepatol 2009; 6: 306-314.
Dinan TG and Cryan JF. The microbiome-gut-brain
axis in health and disease. Gastroenterol Clin North
Am 2017; 46: 77-89.

Pellegrini C, Antonioli L, Colucci R, et al. Interplay
among gut microbiota, intestinal mucosal barrier
and enteric neuro-immune system: a common path
to neurodegenerative diseases? Acta Neuropathol 2018;
136: 345-361.

Quigley EMM. Microbiota-brain-gut axis and neurode-
generative diseases. Curr Neurol Neurosci Rep 2017; 17:
94.

Stefano GB, Pilonis N, Ptacek R, et al. Gut,
Microbiome, and brain regulatory axis: relevance to
neurodegenerative and psychiatric disorders. Cell Mol
Neurobiol 2018; 38: 1197-1206.

Sundman MH, Chen N, Subbian V, et al. The bidirec-
tional gut-brain-microbiota axis as a potential nexus
between traumatic brain injury, inflammation, and dis-
ease. Brain Behav Immun 2017; 66: 31-44.

Schaller BJ, Graf R and Jacobs AH. Pathophysiological
changes of the gastrointestinal tract in ischemic stroke.
Am J Gastroenterol 2006; 101: 1655-1665.

Yin J, Liao S-X, He Y, et al. Dysbiosis of gut micro-
biota with reduced trimethylamine-N-oxide level in
patients with large-artery atherosclerotic stroke or tran-
sient ischemic attack. J Am Heart Assoc 2015; 4.
Houlden A, Goldrick M, Brough D, et al. Brain injury
induces specific changes in the caecal microbiota of mice
via altered autonomic activity and mucoprotein produc-
tion. Brain Behav Immun 2016; 57: 10-20.

Tascilar N, Irkorucu O, Tascilar O, et al. Bacterial
translocation in experimental stroke: what happens to
the gut barrier? Bratisl Lek Listy 2010; 111: 194-199.
Xu X, Zhu Y and Chuai J. Changes in serum ghrelin
and small intestinal motility in rats with ischemic stroke.
Anat Rec (Hoboken) 2012; 295: 307-312.

Stanley D, Mason LJ, Mackin KE, et al. Translocation
and dissemination of commensal bacteria in post-stroke
infection. Nat Med 2016; 22: 1277-1284.

Winek K, Engel O, Koduah P, et al. Depletion of cul-
tivatable gut microbiota by broad-spectrum antibiotic
pretreatment worsens outcome after murine stroke.
Stroke 2016; 47: 1354-1363.

Spychala MS, Venna VR, Jandzinski M, et al. Age-
related changes in the gut microbiota influence systemic


http://www.ncbi.nlm.nih.gov/pubmed/9496948

22

Journal of Cerebral Blood Flow & Metabolism 40(1)

171.

172.

173.

174.

175.

176.

inflammation and stroke outcome. Ann Neurol 2018; 84:
23-36.

Schulte-Herbriiggen O, Quarcoo D, Meisel A, et al.
Differential affection of intestinal immune cell populations
after cerebral ischemia in mice. Neuroimmunomodulation
2009; 16: 213-218.

Liu Y, Luo S, Kou L, et al. Ischemic stroke damages the
intestinal mucosa and induces alteration of the intestinal
Iymphocytes and CCL19 mRNA in rats. Neurosci Lett
2017; 658: 165-170.

Benakis C, Brea D, Caballero S, et al. Commensal
microbiota affects ischemic stroke outcome by regulat-
ing intestinal yo T cells. Nat Med 2016; 22: 516-523.
Singh V, Roth S, Llovera G, et al. Microbiota dysbiosis
controls the neuroinflammatory response after stroke.
J Neurosci 2016; 36: 7428-7440.

Singh V, Sadler R, Heindl S, et al. The gut microbiome
primes a cerebroprotective immune response after
stroke. J Cereb Blood Flow Metab 2018; 38: 1293-1298.
Furness JB. The enteric nervous system and neuro-
gastroenterology. Nat Rev Gastroenterol Hepatol 2012; 9:
286-294.

177.

178.

179.

180.

181.

182.

Cheng X, Boza-Serrano A, Turesson MF, et al.
Galectin-3 causes enteric neuronal loss in mice after
left sided permanent middle cerebral artery occlusion,
a model of stroke. Sci Rep 2016; 6: 32893.

Cheng X, Svensson M, Yang Y, et al. Focal, but not
global, cerebral ischaemia causes loss of myenteric neu-
rons and upregulation of vasoactive intestinal peptide in
mouse ileum. Int J Exp Pathol 2018; 99: 38-45.

Cirillo C, Tack J and Vanden Berghe P. Nerve activity
recordings in routine human intestinal biopsies. Gut
2013; 62: 227-235.

Desmet A-S, Cirillo C and Vanden Berghe P. Distinct
subcellular localization of the neuronal marker HuC/D
reveals hypoxia-induced damage in enteric neurons.
Neurogastroenterol Motil 2014; 26: 1131-1143.

Cirillo C, Bessissow T, Desmet A-S, et al. Evidence
for neuronal and structural changes in submucous
ganglia of patients with functional dyspepsia. Am J
Gastroenterol 2015; 110: 1205-1215.

Yousefi B, Eslami M, Ghasemian A, et al. Probiotics
importance and their immunomodulatory properties.
J Cell Physiol 2019; 234: 8008-8018.



