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Hello.


RECOVERY AFTER STROKE

Stroke is the first cause of handicap and long-term disability
 No recovery of upper limb motor function in 50 % patients

 No return to normal professional and personal life

e Recovery through brain and spinal plasticity
e Mechanisms not totally understood

e Main factor : Integrity of the corticospinal tract CST
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50% of patients do not recover their upper limb motor function which prevent their return to normal professional and personal life. Recovery occurs through brain and spinal plasticity but mechanisms are not totally understood.  A main factor is the integrity of long fibers such as the corticospinal tract for motricity


MECHANISMS of BRAIN PLASTICTY

* Axon repair

* Neurogenesis

* Unmasking of perilesional neurons and redundancy

e Spinal plasticity : sprouting

e Contralesional plasticity and Transhemispheric Sprouting
e Reinforcement of direct fibers

e Alternate motor tracts

* Uni-modal and cross-modal plasticity

e \icariance

= Stratification of patients in 3 groups depending on the lesion location

and level of deficit
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Through some examples, we will see some mechanisms of brain plasticity. It will go from small lesions to larger lesions. Then I will propose a stratification of patients in 3 groups depending on the location of the lesion and on the level of deficit



Axon repair in brain or spinal cord

CNS Trauma <<< Nogo-A and NgR1 Limit all Three Repair Mechanisms >>>
| |

Injured

Neuron

+ Injury Uninjured

neuron
Axonal Sprouting: Synaptic Plasticity:
Regeneration Rostral and Caudal Presynaptic and
per se Injured and Uninjured Postsynaptic
Schwab & Strittmatter, 2014 Current Opinion in Neurobiology

No efficacious treatment in humans : Anti-Myelin Associated Glycoprot (cramer, stroke 2017)
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The first mechanism is the repair of the axon in the brain or in the spinal cord. Indeed, we know now that after an injury, sometimes the axon is able to regenerate as you can see on the drawing here. If not, it can sprout rostrally to the lesion and make connections with an uninjured perilesional neuron. The third mechanism is synaptic plasticity that can be presysnaptic or postsynaptic.
However, these mechanisms are limited by local factors like myelin proteins and even if some treatments were found efficacious in animals , as far as I know, there is no efficacious treatment in humans today.


Neurogenesis

Stem cells

Perilesional neuronal replacement

Regeneration at the border
of the lesion

Long maturation

Less than 1% neurons are replaced (Magavi et al, Nature, 2000; Arvidsson et al, Nature Medecine, 2002)

Graft of stem cells in perilesional tissue is safe in stroke patients and holds great promise
(Kalladka et al., Lancet 2016; Steinberg et al., Stroke 2016)
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The second mechanism is neurogenesis. At the border of the ventricule, there is a niche of stem cells. These cells can migrate towards the lesion, differentiate and replace some perilesional neurons. But, the maturation is long and less than 1% of neurons will be replaced. So, neurogenesis may be efficacious for very small lesions.
One idea to enhance this mechanism is to graft more cells. Some clinical trials have demonstrated that the graft of stem cells in perilesional tissue is safe in stroke patients and holds great promise.


Unmasking of perilesional neurons

Small lesion of primary cortex or fibers, minor deficit

M1: primary motor cortex Shoulder
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Meanwhile we wait for cellular therapy, hopefully, we can benefit from other mechanisms of repair. One of them is the unmasking of perilesional neurons. Let’s take the example of a small lesion of the primary motor cortex or fibers leading to a minor deficit of the hand. It could be that the cortical area of the shoulder takes over the control of the hand.


Cortical plasticity

Functional Brain MR Imaging

Recruitment of an adjacent area

Shoulder

Activation for fingers

Fingers in shoulder area

Cramer et al., Exp Brain Res 2006
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Functional MRI can evidence an activation that is in the shoulder area when a patient moves his shoulder, here in the perilesional region. When the patient had recovered and when he moved his fingers, the activation was in the same place, in the shoulder area.


Unmasking of perilesional neurons

Shoulder

M1: primary motor cortex

Overlap of digit and shoulder cortical areas

Overlap of descending corticomotor fibers

Rathelot & Strick, PNAS 2006
Rathelot & Strick, PNAS 2009

Redundancy of CST fibers
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This can be explained because descending corticomotor fibers of the hand in blue overlap or are intermingled with those of the shoulder in green and the hand and shoulder cortical representation are not segregated but overlap. We called this phenomenum Redundancy . In case of a lesion of blue fibers, green fibers can be reactivated by the unmasking of perilesional neurons and the decrease of gabaergic interneuron firing.



Spinal plasticity : sprouting

Lower limb

7 T)

® Week 4-8, synaptic connections more specific

4 Hindlimb neurons connect forelimb

Sprouting in
the spinal cord

Control Lesion in upper limb area

Force pinch -Dexterity

Winship & Murphy, J Neurosci 2008; Starkey et al., Brain 2014
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Plasticity does not occur only at the cortical level, but also at the spinal level. The cortical area of the ipsilesional lower limb may take over the control of the upper limb. This was evidenced in rodents, where the forelimb area was lesioned in the cortex. The little blue dots are the fibers innervating the motoneurons of the forelimb in a control animal. Below, you can see the area of the hindlimb in yellow. After the lesion here in red, the forelimb is weak and clumsy. Blue dots disappear. After few weeks, blue dots appear in the lower limb area in yellow and rodents recover some force and dexterity to catch some pellets. Meanwhile, corticospinal neurons of the hindlimb in red sprout at the cervical level in the spinal cord and form synapses to innervate the motoneurons of the forelimb. So hindlimb neurons connect forelimb.


Contralesional plasticity

M1: primary motor cortex
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Let’s stay on small lesion affecting the primary motor cortex. Another key mechanism may take place in the contralesional hemisphere. It will pass through the corpus callosum.


Central
sulcus

KEY MOTOR REGIONS

Voxel-based lesion-symptom mapping
VLSM

Bates et al., Nature Neurosci 2003
Diffusion Tensor Imaging

Regions where significant correlations LA THY. Premotor tracts

with motor deficit exist
Sensory tracts

N =41 patients
58,2 months post-stroke

Predictor of residual motor deficit in
chronic stroke :

lesion location at the intersection of

- the corona radiata and

- fibers from the corpus callosum.

Crossroad : CST — Corpus callosum

Lo et al., Neurolmage 2010
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This technique of MRI called voxel-based lesion-symptom mapping identifies regions where significant correlations with motor deficit exist. In 41 chronic stroke patients, Lo and coll. identified that a predictor of residual motor deficit was when the lesion was located at the intersection of the corona radiata and fibers from the corpus callosum. This crossroad here in blue seems to be more crucial than the CST region in the internal capsule. It may be that connections with the contralesional hemisphere is of importance.

Wu Stroke 2015 : 490 patients : mRS, NIHSS, left hemisphere ++
Boers Journal of NeuroInterventional Surgery 2018 : 1665 patients : volume correlates with mRS. 



Recruitment of cortical areas

Less CS damage More CS damage

M1: primary motor cortex I

Corticospinal tract integrity

Greater involvement of contralesional M1

\ i S e . .
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g 3 Grefkes & Fink, Lancet Neurol 2014
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Indeed, this image shows that fMRI cortical activation is restricted to the primary motor cortex in case of a small lesion of the corticospinal tract. However, when damage increases , the activation spreads in all directions and in particular in the controlesional primary motor cortex. The uncrossed corticospinal tract which is responsible for control of the proximal muscles is often evoked to explain contralesional activation. It may involved spinal sprouting in the ventral horn of the spinal cord towards the motoneurons of the hand. This sprouting would be activated by vacant synaptic sites. 



Transhemispheric Sprouting

in red nucleus, brain stem or spinal cord
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Hermann & Chopp, Lancet Neurol 2012
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The contralesional corticospinal tract could also be involved because sprouting has been evidenced in the corpus callosum, in the red nucleus, in the brain stem and the spinal cord and this transhemispheric sprouting could explain how the contralesional motor cortex takes over the function. After a brain lesion, you can see here sparse fibers crossing towards the ipsilesional side, and this sprouting can be enhanced by erythropoietin.

(Pour une bascule complète en controlesionel, This need a reprogrammation in the cortex with the prefrontal and premotor cortices. Pcu? Treserras 2009) et avec les boucles cortico-sous-corticales? Recovery complete impossible.


Evidence of contralesional hemisphere recruitement

Successful recovery after a first stroke
Paresis in both arms after a second stroke in the contralesional hemisphere
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Yamamoto et al., TNNP 2006
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In humans, I like this example of a successful involvement of the contralesional hemisphere in a patient who recovered well after a first stroke. Then he had a second stroke in the other hemisphere, but both arms were paralysed. This demonstrates that the contralesional hemisphere can lead to a good recovery.


1. Small lesion of the primary cortex or fibers, minor deficit

2. Medium lesion, moderate deficit, perilesional direct
motor tracts

Contralesional Ipsilesional Secondary motor areas : Premotor, parietal cortex
Vicariance

(> M1 foot (rodent)

M1 hand

M1 face

SMA

PMd

PMyv

Parietal cortex
Prefrontal cortex
Cingulum

Ipsilesional Sll (rodent)

Lesioned FCS
——— Non lesioned tract
—  Reinforced tract

Cirillo et al., J Cereb Blood Flow 2019
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So now , we have seen the case of small lesions involving the primary motor cortex or its fibers. I have summarized in this review the cortical areas that have been evidenced to take over the control of a paretic hand. Reorganization can take place within the primary motor cortex in the ipsilesional and contralesional side.
However, the CST spreads anteriorly and posteriorly to the central sulcus in premotor and parietal regions. So in case of lesions exceeding the primary motor cortex, there are direct CS fibers remaining, and secondary motor regions can take over the motor function. These fibers may be reinforced in numbers or in force. However, since the secondary motor regions have now to behave like primary ones, they have to learn new motor programs. This is called vicariance. So the second main group concerns medium lesion, moderate deficit and perilesional motor tracts that are still direct to the spinal cord.


Selective Long-Term Reorganization of the
Corticospinal Projection From the Supplementary

Motor Cortex Following Recovery From Lateral Motor
Cortex Injury

David W. McNeal,” Warren G. Darling,” Jizhi Ge,' Kimberly S. Stilwel-Morecraft,’ Kathryn M. Solon,’
Stephanie M. Hynes,” Marc A. Pizzimenti,®* Diane L. Rotella,” Tyler Vanadurongvan,' and Robert ). Morecraft'*

J Comp Neurol 2010

Incomplete lesion of M1/dorsolateral PMC
in the depth of the central sulcus

Control

& Month Recovery 12 Month Recovery

Reinforcement of direct fibers from SMC
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For example, a lesion made in a monkey in the primary and premotor cortex that leads to hand deficit and recovery shows 6 and 12 months after the insult a reinforcement of fibers orginating from M2, the suplementary motor cortex that projects at the level of the spinal cord, onto the motoneurons of the hand. After recovery, subsequent injury of M2 led to reemergence of hand motor deficits. These findings suggest that spared supplementary motor cortex may serve as an important therapeutic target to enhance the motor recovery process.


3. Large lesion or key lesioned area, severe deficit,
alternate indirect motor tracts

Disynaptic connections

@ Ipsil Red Nucleus

® Substancia Nigra
Medullary Reticular N

(> Raphe N (rodent)

° Pedonculo-pontine nucleus

—— Non lesioned tract ® Cerebellum

— Reinforced tract © Propriospinal

Cirillo et al., J Cereb Blood Flow 2019
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Finally, the third group concerns patients with large lesions or a lesion focalised on a key area like the internal capsule or the crossroad with the corpus callosum that will destroy all direct monosynaptic corticospinal fibers. Then, brain reorganization will rely on alternative motor tracts that make a relay on deep nuclei like the red nucleus or the reticular formation, or on many other motor nuclei that have been evidenced. Thus, the connection to the spine is indirect and disynaptic.



Indirect pathway : the rubrospinal tract
from the primary motor cortex

Diffusion tensor MR imaging and tractography

Red nucleus

Reinforcement of
cortico-rubral
pathway

Thiel & Vahdat, Stroke 2015
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This is an example of the rubrospinal tract generated by tensor diffusion imaging. It descends from the primary motor cortex, makes a relay in the red nucleus and then a second neuron goes to the spine. You can see here on the images of a patient after a stroke that the corticorubral tract was reinforced after the lesion.


Indirect pathway : the rubrospinal tract
from the primary motor cortex

Treatment with
antibody
Nogo-A inhibitor

By

Corticospinal tract Rubrospinal tract

™

Rubrospinal fibers invade the ventral horn and synapse onto motoneurones.

Raineteau et al., Eur J Neurosci 2002
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And it is evidenced in rodents, in the spinal cord here on the right that the rubrospinal fibers invade the ventral horn and synapse onto the motoneurons as well as do corticospinal fibers here on the left.


Indirect pathway : the reticulospinal tract
from the premotor and parietal cortex

Diffusion Tensor

Imaging and
tractography
Group 2 Group 3
= n=8 n=13
Fiber number PT 04+03 l_%l 1.0+0.0
asymmetry scores PT+aMF 0.3+0.2 0.7+0.2 1.0+ 0.0
UE-FM 50.0 £ 10.6 33.6+12.0 | 15.9+8.8

Motor impairment

30 months post-stroke

Lindenberg et al., Neurology 2010
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This is the example of the reticulospinal pathway that originates mainly from premotor and parietal cortex. It passes posteriorly to the corticospinal tract in the brain stem, makes a relay on the reticular formation and ends on motoneurons. As evidenced by DTI, patients with remaining fibers in the corticospinal tract had good motor function 30 months post-stroke at the the upper limb fugl-meyer score. Those without CST relied on the posterior fibers, mainly the reticulo or rubrospinal pathways and those where both pathways were disrupted had a severe deficit.

Moura Frontiers Neurol 2019, review



Functional connectivity
Synchronous activity
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e Changes in connectivity
correlate with recovery

 Normalization with
recovery

e Cross-modal plasticity

Liu et al., Frontiers Behav Neurosci 2016
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Of course, all these brain modifications need a reorganization at the level of cognitive areas that have an input on the descending motor command. This can be evidenced by MR functional connectivity which assesses synchronous brain activity when subjects in the scanner are in a resting state. We can see here that the functional connectivity strength of the sensorimotor cortex decreases after stroke compared to controls and then increases again with recovery. By the same time, the dorsolateral prefrontal cortex displays a higher connectivity density compared to controls and then return to normal with recovery. This means that brain reorganization post-stroke may need a higher cognitive control and that motor plasticity exceeds motor regions strictly speaking. This is called cross-modal plasticity.
Puig Stroke 2018



Cross-modal plasticity

Sensorimotor task

Lesions

24 patients
4 months post-stroke [IQR 3 months]

Severe to moderate deficits at Fugl-Meyer scale for the upper limb : [5-50] / 66

Functional connectivity during a wirst passive motor task

Brihmat et al., Brain Connectivity 2020
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This is another example of cross-modal plasticity but this time during the execution of a motor task and this was done by our group in Toulouse. The paretic wirst of 24 patients with severe to moderate deficits was passively moved in flexion and extension.


Cross-modal plasticity
Passive motor task
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Contralesional Sensorimotor cortex : Better upper limb FMS < less coupling

DLPFC or precuneus : Better upper limb FMS < more coupling

Better recovery is associated with synchronous connectivity between the premotor cortex
and the DLPFC or the precuneus

= Cross-modal connectivity Brihmat et al., Brain Connectivity 2020
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Then we took the ipsilesional premotor cortex as a seed for functional connectivity with the rest of the brain, during passive wrist mobilization. The FC between this region and the contralesional SMN was negatively correlated with residual motor function assessed by the Fugl-Meyer scale and patients with better upper limb score had less coupling. In the same time, functional connectivity with the prefrontal cortex and the precuneus was high in those patients with moderate deficits. So better recovery is associated with synchronous connectivity between these non-motor areas, which reveals cross-modal plasticity again.



Stratification of patients

1. Small lesion of the primary cortex or fibers, minor deficit

 Direct corticospinal fibers remaining, reorganization in M1

2. Medium lesion, moderate deficit, perilesional direct motor tracts

 No primary motor cortex fibers remaining, but direct corticospinal fibers

from secondary motor cortex spared

3. Key lesioned area, severe deficit, alternate indirect motor tracts

e All corticospinal fibers lesioned
Cirillo et al., J Cereb Blood Flow 2019
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So before proposing a personalized medecine, we propose a stratification of patients depending on the direct remaining corticospinal fibers. If enough are spared, patients will reorganized their connections within the primary motor cortex and will have a small deficit. If the primary motor cortex or its fibers are all lesioned but there are still direct corticospinal fibers from secondary motor cortex, the patients may recover and have a moderate deficit. However, if all direct fibers are lesioned, they will have to rely on deep motor nuclei and alternate motor tracts. If none are present, neurogenesis and axon growth may take a long time, unfortunately.


MOTOR RECOVERY AFTER STROKE

Plasticity

Uni-modal cross-modal

Personalized medecine ?

Adverse events

Adaptative plasticity /. Epilepsi
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To summarize, motor recovery after stroke depends on the size of the lesion but more precisely on the insult to the primary motor cortex and of the corticospinal tract first, and then to alternate motor fibers. The reserve of direct fibers is of primary importance. Moreover, recovery will depend on the integrity of sensitive tracts and a big lesion of these tracts will prevent recovery. Then brain plasticity occurs mainly within a modality or across modalities. The difficulty with imaging and personalized medecine is that we cannot on a single subject interpret easily images as adaptative plasticity or as maladaptative plasticity, thus a reorganization that supports recovery or one that prevents recovery. It’s easier for a group of patients where we can evidence correlations with the function.


RECOVERY AFTER STROKE

Incomplete Compensation
recovery

Restitution Good
recovery

Plasticity

e |Indirect fibers e Repair
e Vicariance e Redundancy
e Perilesional reorganization e Direct fibers

* Distant reorganization e Local reorganization
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Finally, adaptative plasticity will lead to the restitution of function and good recovery whereas a less efficient plasticity will lead to compensation and incomplete recovery.
Thank you for your attention.
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