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Abstract

Limited restoration of motor function occurs spontaneously during a plastic time window
after stroke. A deeper understanding of post-stroke plasticity is critical to devise more
effective pharmacological and rehabilitative treatments.

Here, | have characterized the spontaneous evolution after a photothrombotic lesion in
mice, both in terms of motor deficit and plasticity in the perilesional cortex. In generalized
motor tasks such as the Gridwalk and Schallert Cylinder test, motor deficits were stable for at
least 30 days after photothrombotic stroke in the Caudal Forelimb Area (CFA). The skilled
reaching test, performed once a week, showed a trend for spontaneous improvement over
time in the number of correct graspings. However, kinematic analysis, evaluated by means of
an innovative semi-automated tool, revealed a persistent alterations in grasping movements,
pointing to the development of compensatory strategies.

The perilesional cortex has been proposed as the area mediating functional recovery. |
found a reorganization of the motor maps in sensorimotor cortex around to the lesion.
Particularly, 1 observed a significant shrinkage of the forelimb area, in favour of hindlimb
representation using Intracortical Microstimulation (ICMS). Moreover, neuroanatomical
markers, previously characterized in the literature as “neuroplasticity brakes” (i.e.
Perineuronal nets, Parvalbumin- and Somatostatin-positive cells) spontaneously decrease
after stroke, suggesting an enhancement of the potential for plastic rearrangements.
Altogether these results, suggest a spontaneous attempt to reopen a critical period
characterized by sprouting and plasticity phenomena, that needs to be amplified and properly
guided for maximizing recovery.

The GABAergic system is one of the key modulators of plasticity in the brain, and its role
has been amply studied in relation to opening and closure of the “critical period” in sensory
cortices during development. To test whether reductions in GABAergic signalling were
causally involved in motor improvements, we treated animals during an early post-stroke
period with a benzodiazepine inverse agonist, which impairs GABA, receptor function. We
found that hampering GABA, signalling led to significant restoration of function in general
motor tests such as the gridwalk and the pellet reaching tasks, with no significant impact on
the kinematics of reaching movements. Improvements were persistent as they remained
detectable about three weeks after treatment.

Using electrophysiological recordings | found an electrical imbalance between the two
hemispheres. In particular, contralesional motor cortex was found to exert an enhanced

transcallosal inhibition over the spared, perilesional tissue. Silencing the healthy hemisphere



using cortical infusion of Botulinum Neurotoxin E, partially improved motor recovery in the
gridwalk test.

We then established a rehabilitation protocol that combined intensive and highly repeatable
exercise of the mouse forelimb with a robotic platform with reversible inactivation of the
healthy, contralesional motor cortex. We found that such treatment promoted recovery in
both Gridwalk and Schallert Cylinder tests and in end point measures during Skilled reaching
test. Remarkably, the combined therapy also restores pre-lesion movement patterns during
reaching movement, as evaluated by kinematic analysis. Furthermore, such rehabilitated
animals showed a more plastic perilesional cortex, with an additional significant decrease in

plasticity brakes.



Introduction

1. Stroke in Humans

1.1 General definitions

Stroke is the term to indicate a sudden cerebrovascular dysfunction leading to symptoms
related to focal deficits and/or global brain function and lasting more than 24 hours (Mackay
and Mensah, 2004).

Brain function, in fact, is strictly dependent on a constant supply of oxygen and glucose,
normally assured by blood circulation. A sudden block of such supply determines
suppression of neural function within 20-60 seconds, primarily due to interference with
synaptic functions (Hofmeijer and Van Putten, 2012). If the event is limited in time, blood
deprivation can cause only reversible damage but when the circulation is not promptly
restored, the damage becomes permanent (Krnjevic, 2008).

The insufficiency of blood supply to an organ is called ischemia, a term which indicates not
only a lack of oxygen (anoxia) and glucose but also a block of removal of potentially toxic

metabolites.
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Figure 1 Schematic representation of the two principal types of stroke. Hemorrhagic stroke (left) is caused
by a vessel rupture while ischemic stroke (right) is the consequence of blood vessel occlusion. Taken from
http://heart.arizona.edu/



When a brain ischemia is so prolonged to cause the death of neurons and other cells, it is
called cerebral infarction or ischemic stroke and it represents about 80% of strokes
(American Heart Association. Heart disease and stroke statistics).

There are also other subtypes of stroke as hemorrhagic stroke, that is due to a rupture of a
cerebral blood vessel (Figure 1), and Transient ischemic attack (TIA), a short duration event
(few minutes) that represents an important risk factor because in the 33% of cases it is
followed by ischemic stroke event.

However, ischemic stroke remains the most frequent and it represents the second single
most common cause of death in Europe, with almost 1.1 million deaths in Europe each year
(“World Heart Day: New European statistics released on heart disease and stroke,” n.d.,
European Heart Network, www.escardio.org) and up to now, an estimated 6.6 million
Americans 220 years of age have had a stroke (extrapolated to 2012 by use of NHANES
2009-2012 data); moreover, projections show that by 2030, an additional 3.4 million people

aged =18 years will have had a stroke (Mozaffarian et al., 2014).

1.2 The Ischemic Penumbra
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Figure 2. A representative drawing of a human ischemic brain. The ischemic core is colored in dark purple
while the surrounding light purple zone represents the penumbra. Taken from https://haudee2011.wordpress.com

An ischemic event is characterized, generally, by the presence of two main areas: a central
ischemic zone (Core) and a surrounding area known as ischemic penumbra (Figure 2). The
core is affected by severe ischemia, with largely decreased blood flow that results in lack of
nutrients and oxygen and, therefore, necrosis of neurons and glial cells.

Among the tissues normally perfused and those involved in the ischemic phenomenon,

however, there is usually the presence of a defined area, the penumbra, which is the subject
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of several studies, both clinically and in basic research. This phenomenon has been
described for the first time in 1981 by Astrup and refers to an area of brain tissue in which the
reduction of blood flow is severe enough to cause hypoxia and physiological deficits but not
SO severe to cause an irreversible arrest of cellular energy metabolism and subsequent
tissue necrosis (Paciaroni et al., 2009). It is, therefore, a zone not yet irreversibly damaged,
and thus a target for acute therapies (Fisher, 1997).

Studies on a mouse model of stroke induced by middle cerebral artery occlusion (MCAOQO)
followed by 2-photon imaging investigations in vivo, have shown that in the ischemic
penumbra reperfusion of tissues can lead to recovery of dendritic structures in neurons
damaged by ischemia (Murphy et al., 2008), even when ischemia lasts up to 60 minutes (Li
and Murphy, 2008). However the ischemic core does not show any recovery of dendritic
structures; the authors therefore suggest that, even if reperfusion could prevent cell death of
neurons in the core, there, the efficacy of synaptic transmission would be hopelessly
compromised.

The ischemic penumbra is, therefore, a very dynamic region. The tolerance of penumbra
tissues to ischemic damage, is closely linked to residual blood flow and duration of vascular
dysfunction: if it persists for an excessive period, the penumbra will lose its vitality. This
important fact has to be taken in great consideration because it creates a precise and
restricted time window for possible interventions of reperfusion over this zone. Therefore it is

essential to accurately identify the location and extent of penumbra.

1.3 Clinical outcome

If an ischemic insult occurs in the motor cortex, one or more body parts contralateral to the
infarct result impaired or paretic. The degree of the motor impairment depends on many
factors, such as the extent of the infarct, the identity of the damaged region and the
effectiveness of the initial neuroprotective interventions. In the first weeks after stroke, limited
spontaneous recovery can occur. About 26% of stroke survivors are able to carry on
everyday activities (Activity of Daily Living or ADLs, i.e. eating, drinking, walking, dressing,
bathing, cooking, writing) without any help, but another 26% is forced to shelter in a nursing
home (Carmichael, 2005). Impairments of upper and lower limbs, are particularly disabling as
they make very hard to have a sufficient degree of independence in ADLs.

To perform a better diagnosis and design the best therapy for each patient is important to
know with high precision the location and extension of the ischemic damage. For this

purpose many techniques have been developed in the last years.



1.4 Tools for neurological investigations
1.4.1 Brain imaging techniques

The modern diagnostic tests are able to show structure and functionality of the human brain
and are able to identify with high precision the affected area. Development and
improvements of modern imaging techniques such as Computerized Axial Tomography
(CAT) and Magnetic Resonance Imaging (MRI) have facilitated, in recent years, the
localization of bleeding even in small and restricted areas of affected tissue. The technique
originally used for the identification of the ischemic borders and identification of penumbra is
the "Positron Emission Tomography" (PET), which provides data on the cerebral blood flow
(CBF) and cerebral volume (CV). This technique is extremely accurate but also complex and
expensive, so often it cannot be applied in time for the patient. Today, many health centres
use magnetic resonance imaging (MRI) to study perfusion (Perfusion-Weighted or PW) and
diffusion phenomena (Diffusion-Weighted or DW). However, even this technique is rather
approximate because data are variable and not strictly quantitative; studies of PW / DW
Imaging, therefore, are only a first approach of the application of modern techniques of MRI
for the identification of ischemic penumbra and it is necessary to apply a more accurate
method of data acquisition (Fisher, 1997). Currently, the diagnostic method most widely used
on stroke patients is the Perfusion Computed Tomography (CT), which can be used not only
as a tool to distinguish between various types of stroke or between an ischemic phenomenon
and a brain tumour but also to study changes that characterize the ischemic area in the early
post-stroke period. In particular, the "Dynamic Perfusion CT" consists in the acquisition of
sequential images using a contrast medium previously administered to the patient, allowing
to estimate measures for CBF, CBV, and the mean transit time (MTT). A prolonged MTT and
increased CBV indicates that a brain region is compromised at hemodynamic level. Often
there are regions that show vasodilatation and recruitment of collateral vessels, meaning
they have preserved a certain level of self-regulation and are considered "Tissue at risk"
(Paciaroni et al., 2009).

The improvement of these techniques is critical to reduce as much as possible the time
interval that precedes the application of the treatment; in fact, one of the key elements for the

success of a clinical therapy in acute stroke, is the precise timing of the intervention.

1.4.2 Quantitative electroencephalography

In addition to imaging techniques, stroke diagnosis can be supported by measures of brain

electrical activity by Electroencephalography (EEG), Magnetoencephalography (MEG) and
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recording of evoked potentials. In many respects, the temporal resolution (milliseconds) of
these techniques is optimal for non-invasively capturing the precise timing of stroke-related
activity: changes in the electromagnetic field related to neuronal activity can be acquired over
a broad frequency spectrum and spectrally decomposed into distinct frequency bands. EEG
acquisition allows detecting the signal originating mainly from extracellular currents resulting
from the integration of excitatory and inhibitory post-synaptic signals in dendrites of cortical
pyramidal cells. Synaptic transmission impairments due to neuronal loss after ischemic
stroke generate electrical alterations in neural signals that could be detected by a
quantitative EEG (QEEG). After initial conflicting results (De Weerd et al., 1988) this
technique has been widely evaluated and adjusted and, in the last few years, it has shown a
good predictive potentiality for ischemic stroke pathophysiology (Murri et al., 1998; Luu et al.,
2001; Finnigan et al., 2004, 2007). In particular, very specific EEG abnormalities have been
detected after ischemic stroke at different time points from injury (Finnigan and van Putten,
2013). Such alterations seem to be also long lasting and detectable even in a chronic phase.
Quantitative EEG can detect changes in brain activity a thousand times faster than most
biochemical indices, and they are not measures of cell metabolism but the summation of
cortical postsynaptic potentials themselves.

Modern EEG and QEEG techniques are considered powerful and promising tools for
identification of synaptic alterations after stroke. One of the most relevant parameters that
have been seen to correlate with imaging outcomes is the power of EEG signal. This index
represent signal intensity and is very informative, especially if it is computed for specific
bands of frequency isolated by Fourier transform.

Various indexes using band power ratios or global power measures revealed by EEG have
been correlated with lesion volume (Zappasodi et al., 2007), stroke severity and evolution
(Finnigan et al., 2004), early treatment effects (i.e. injection of plasminogen tissue activator),

and functional outcomes (Sheorajpanday et al., 2011).
1.4.3 Evoked Potentials

Several recent studies have assessed also the potentialities of evoked potentials (EP) as a
useful, objective prognostic test in terms of predicting post-stroke functional recovery. The
evaluation of motor and sensory evoked potentials (MEP and SEP) allows, indeed,
assessing the integrities of cortico-spinal and somatosensory pathways (Tzvetanov et al.,
2005).

SEPs are recorded from the somatosensory cortex and consist of a series of waves that
reflect sequential activation of neural structures along the somatosensory pathways. SEPs
can be elicited by mechanical stimulation of sensory receptors or electrical stimulation of
peripheral nerves, which gives larger and more robust responses.
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MEPs recording are acquired at the muscular level and requires a safely, not invasive
stimulation of the brain cortex, specifically of the motor area. Transcranial magnetic
stimulation (TMS), developed by Barker et al. in 1985 (Barker et al., 1985), is a painless
(Merton and Morton, 1980), non-invasive technique that uses magnetic fields to stimulate
motor cortex. Nowadays, TMS is amply used to obtain information about the function of
motor pathways (Theodore, 2002; Bembenek et al., 2012). Parameters obtained from MEPs,
such as latency or amplitude, in the limb contralateral to the motor cortex stimulation have
been shown to represent good mirrors of the integrity and functionality of the corticomotor
pathway, as SEPs are for sensory motor system (Ziemann et al., 1999; Lai et al., 2015a).
These findings have encouraged several studies about the use of MEPs as an index of motor
function and recovery after stroke (Binkofski et al., 1996; Escudero et al., 1998; Stinear et al.,
2007).

Single-pulse MEPs have resulted useful in investigating the presence of movement
disorders; when the muscle is under contraction, in fact, a single TMS pulse in the
contralateral hemisphere results in an interruption of the electromyography signal for a short
time interval, called “silent period”. In hemiparetic post-stroke patients, the affected side can
show a longer silent-period when the infarct is located not in M1 (Classen et al., 1997), or a
shortened silent period, when the infarct involves M1 (Curra et al., 2002).

TMS delivered when muscle is in a rest condition, produces a MEP of different intensities
depending on the motor threshold (i.e. the lowest TMS intensity necessary to evoke the
MEP). After stroke, MEP is often not present, and it is related with a bad outcome. When
MEP is still visible (predicting a good outcome) the motor threshold increases in the affected
hemisphere, but it is decreased in the contralateral one (Curra et al., 2002; Pino et al., 2014),
suggesting an imbalance between hemispheres.

Paired-Pulse TMS evoked MEPs (Figure 1.3, B) have also been associated to motor
dysfunction. In this approach a conditioning stimulus is followed by a test stimulus that can
be given in the same hemisphere or in the contralateral one with different Inter Stimulus
intervals (ISls). The conditioning stimulus be delivered at higher or lower amplitude of the
motor threshold (i.e. the lowest TMS intensity necessary to evoke the MEP). After a
suprathreshold conditioning pulse there is a strong inhibition of responses to the test stimulus
(given in the same hemisphere) if the ISl is longer than 30 ms. The duration and extent of the
inhibitory effect depends on the intensity of stimulation (Wassermann et al., 1996). Since
stroke often induces plastic changes in motor cortical representation and alterations in neural
excitability not only in the affected hemisphere but also in the contralesional one (Cramer et
al., 1997; Cao et al.,, 1998), the study of interhemispheric connection with paired-pulse
protocol has been applied on post-stroke patients as an index of motor dysfunction
(Buchkremer-Ratzmann and Witte, 1997; Shimizu, 2002).
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Unfortunately, not all studies on humans, investigating the prognostic value of MEPs have
been successful and this can depend on the heterogeneous methodologies used (Barker et
al., 1985; Nascimbeni et al., 2005). Therefore, further investigation about electrophysiological
mechanisms underlying MEPs parameters modifications could be useful to validate this tool
as a guide for post-stroke motor diagnosis and rehabilitation.

2. Treatment Strategies in the acute phase

The improvement of the techniques mentioned above is essential to reduce as much as
possible the time interval that precedes the application of the treatment; one of the key
elements for the success of a clinical intervention in acute stroke, in fact, is the timeliness of
treatment. Treatment strategies vary depending on the type of stroke; stroke bleeding should
usually be treated with surgery aimed at repairing the damaged vessel while thrombotic
occlusions are dissolved through the activation of human tissue plasminogen activator
(recombinant tissue Plasminogen Activator or rt PA), a potent thrombolytic agent.

Currently, this is done within three hours from the ischemic episode, while, within six hours
of the attack, interventions of intra-arterial (IA) thrombolysis are usually performed. In fact, a
recent randomized trial by Berkhemer’s group demonstrated that in patients with acute
ischemic stroke functional recovery could be obtained with surgical intra-arterial treatment
when performed within 6 hours after stroke onset (Berkhemer et al., 2014). Continued
improvements in radiology and in the design of more effective tools, including clot retrievers
and stents, have allowed increasingly applicable interventions of intra-arterial recanalization,

allowing secure access to main intracranial blood vessels (Saletti et al., 2011).

2.3 Neuroprotective Treatments

Recently, new drug therapies have been developed to limit the neuronal damage in brain
areas affected by stroke.

Despite the above-mentioned actions of thrombolytic therapy, indeed, the percentage of
deaths and the development of disability following ischemic events remains very high.
Therefore, scientific research continues to focus on increasing the functional recovery
following ischemic attack. One of the approaches that have received much interest in this
field is the study of the neuroprotective factors. In particular, the potentiality of these
substances to preserve neurons affected by the ischemic event from an irreversible
functional damage is currently subject of study. This treatment could be particularly important

if applied to the tissues included in the ischemic penumbra that, although interested by the
13



hypoperfusion, are still potentially viable and subject to phenomena of structural and
functional recovery after reperfusion, as demonstrated in animal models (Murphy et al.,
2008). Also in this case, the timing of intervention is decisive because these tissues are
highly dynamic and always at high risk of apoptosis and tissue necrosis. In animal studies,
many of these substances have been applied to interfere with these adverse biochemical
changes. Preclinical studies indicate a period of at least 4 hours after onset of complete
ischemia in which many potentially viable neurons exist in the ischemic penumbra. In
humans, the time window may be longer, depending on the severity of the infarct.

The increase in knowledge on the complex pathophysiology of ischemic events has led to
the development of various neuroprotective strategies involving several agents. Neurotrophic
factors, anti-apoptotic agents, inhibitors of excitotoxicity, hyperpolarizing agents, anti-
inflammatory drugs and cytokine inhibitors are only some examples of neuroprotective
factors that have been tested in the last years. However, although many neuroprotective
agents have produced good results in animal models of stroke, the application on humans is
not free of risks and they are used, in some cases, as an attempt to save ischemic neurons
in the brain from irreversible injury (Green, 2004).

In its acute phase, the ischemic attack induces a great release of glutamate from neurons
and its increase in the extracellular environment determines, in still functionally active
neurons, an excessive increase of intracellular calcium, resulting in the activation of
apoptosis cascades (Lai et al., 2014). The role of an excessive release of glutamate in early
post-stroke damage has been demonstrated in various pre-clinical studies. The block of
vesicular release in excitatory neurons via application of Botulinum Neurotoxin E (BONT/E) in
animal models of hippocampal stroke, for example, reduces considerably the loss of
hippocampal pyramidal neurons in the 24 hours post-injury. These results lead to suppose
that the blockade of synaptic release can prevents neuronal death due to focal cerebral
ischemia (Antonucci et al., 2010).

So, one of the most common approaches related to neuroprotection is to reduce
phenomena of excitotoxicity in the damaged areas. For this, the effect of antagonists of N-
Methyl-D-aspartate (NMDA), glutamatergic receptor, responsible of the excessive entry of
calcium into cells, is subject of several studies. Moreover, the application of these
antagonists on animal models seems to be effective in reducing neuronal damage following
stroke (Davis et al.,, 2000). However, clinical studies have shown that some NMDA
antagonists are poorly tolerated and determine the occurrence of side effects such as
hypertension, sedation, hallucinations, until catatonia. Many of these trials have been
discontinued for lack of evidence about a satisfactory relationship between risks and benefits
(Lees, 1997).

14



Another, complementary, experimental approach to decrease excitotoxicity is to reinforce
the main inhibitory neurotransmitter in the central nervous system (CNS), the y-amino-butyric
acid (GABA). Pre-clinical studies using a GABA agonist, Clomethiazol, have demonstrated
its protective effect that is, however, strictly dependent on a prompt intervention, not later
than 1 hour after occlusion. However, in the clinical trial of acute stroke involving this
strategy, it has been possible to apply the treatment only 12 hours from the onset of
symptoms, so it is not surprising that these studies have had negative results (Ginsberg,
2008). Another clinical trial have tested the effect of diazepam (Valium), another GABA
agonist also able to inhibit the formation of nitric oxide (NO), within 12 hours after acute
ischemic stroke. The data collected in this study, however, did not confirm the effectiveness
of the drug in cases of acute ischemic stroke (Lodder et al., 2006). Conversely providing a
benzodiazepine inverse agonist immediately after the ischemia induction, determines an
increase of the lesion volume (Clarkson 2010).

Therapeutic hypothermia appears to be a promising technique for the treatment of ischemic
stroke whose effectiveness as a neuroprotective factor has already been established in
animal models of stroke but also of patients suffering from cardiac arrest (Shintani et al.,
2010). However, this therapeutic strategy is obviously quite complex to apply in humans. The
management of the patient must be highly accurate and sedation, tremor and intubation can
lead to adverse effects such as respiratory problems, arrhythmias and clotting disorders.
Thanks to recent advances in instrumentation and application techniques, this therapy may
become accessible to clinical application in the future (Ginsberg, 2008; Froehler and
Ovbiagele, 2010; Hong et al., 2014).

All these approaches might help to limit the functional deficit and to increase neuronal
survival but despite this, the full recovery is not assured and the consequences of stroke can
be severely disabling, anyway. In fact, even if a recovery of synaptic function can be
obtained in the ischemic penumbra following reperfusion, the areas that suffer the major
vascular damage (Core) does not show this kind of recovery (Li and Murphy, 2008). And
however, even if it were possible to facilitate the survival of the cell bodies of neurons in
spared tissues using neuroprotective factors, the functional recovery of the circuits might be
hindered by a lack of recovery of dendritic arborisation.

Therefore, complete recovery of the functionality of the brain areas involved in stroke is
quite difficult and trying to increase cell survival in the acute phase to limit neurodegeneration

in the penumbra could be not enough.
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3. Targeting neuroplasticity

In the long-term post stroke recovery, many studies concentrated on stimulation of
neuroplasticity, as functional recovery likely results from changes in structure and function of
undamaged neurons in the perilesional area and contralateral hemisphere. Plasticity can be
enhanced by physical rehabilitation but also by pharmacological treatments. As an example,
some drugs as erythropoietin, fluoxetine and neurotrophic factors have been successfully
tested on animals and are used to aid the post-stroke recovery of neural injuries, both
through neuroprotective and neuroplastic effects. However their systemic administration in

humans is often related to side effects (Saver, 2010).

3.1 General concepts

The term "plasticity" has been coined to include all those phenomena of change in the
organization of neural components of the CNS. Such changes are thought to be highly
involved in mechanisms of aging, adaptation to environment and learning. Moreover,
neuronal plastic phenomena are likely to be the basis of adaptive modifications in response
to anatomical or functional deficit or brain damage.

Several studies on both animals and humans have been conducted on this topic showing
that, during the entire lifespan of an individual, there is a constant turnover of synapses, as
shown by studies of two-photon microscopy in vivo (Holtmaat et al., 2005; Huber et al.,
2012).

New dendritic spines branch out and proliferate, and effectiveness of synaptic contacts is
modulated through a complex network of intracortical and intercortical connections changes
(Nudo, 2007). These changes are detectable on different levels, starting from molecular
mechanisms at the dendritic spines level continuing with axonal sprouting, involving, finally,
the entire neural networks. Through these mechanisms, responsiveness and connectivity of
each neuron is continuously modulated by processes of maturation, learning and experience.

In humans, the plastic potential of the brain is not constant throughout the individual life but
seems to continue after birth until 18-20 years. However, during life there are periods of
maximum plasticity, during which some crucial experiences reach the peak of their
effectiveness in promoting proper behavioural development (Mundkur, 2005). This time
window is called “critical period” and appears to be different in onset and duration and
fundamental for basic visual functions, language and social behaviour. The importance of
these periods has been extensively documented by the devastating effects of deprivation of
sensory or social experiences in children (Fagiolini and Leblanc, 2011) or in visual
deprivation in rodents and cats (Wiesel and Hubel, 1963; Gordon and Stryker, 1996). It has
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been extensively demonstrated in fact, that a short period of monocular deprivation during
the critical period, is sufficient to induce a chronical shift in the ocular dominance in the visual
cortex. Monocular deprivation have no effect if performed later in the adulthood. This
experimental paradigm has been widely used to study the critical period in particular
determining factor implicated in the opening and closure of this plastic window. In particular it
has been shown that many molecular factors such as serotonin, GABA and BDNF play an
important role in drawing the limits of the critical period (Baroncelli et al., 2010). These
findings could be of great interest, if used to reopen the critical period late in the adulthood or
after a brain lesion in order to potentiate the recovery.

However, even if at the end of this time window, the plastic capacity of the brain
progressively decreases, it does not disappear completely: in some cases, plastic events can
occur also in the adult brain if appropriately stimulated.

In fact, in the adult brain it is still possible to observe phenomena of structural plasticity
(Altman, 1962): axonal elongation and pre-/post synaptic modifications could be induced by
learning and experience or in response to injury (Gage, 2002).

Environmental enrichment, (including exercise and cognitive stimulation) and the action of
neurotrophic molecules (BDNF) have been demonstrated to elicit constructive effects on the
architecture of dendritic spines in the hippocampus (Berlucchi, 2011). In addition, several
studies, have shown that the maps of topographic motor, somatosensory, tonotopic and
retinotopic organization are subject to size and location changes induced by use
(physiological plasticity) or injury (pathological plasticity) during the entire life of the individual
(Nudo, 2006).

Despite the various mechanisms involved, the behavioural experience seems to be the
main modulator of cortical structure. For example, the execution of complex movements,
requires several repetitions in order to create motor modules in cortical networks. In these
modules, the joint activity of all the muscle involved is conceived as a single, fluent set
(Nudo, 2007).

3.2 Neuroplasticity after stroke

A structural brain damage inevitably causes a drastic alteration of the entire complex neural
network that characterizes the interested area. However, it has been widely demonstrated,
both in animal models and from neuroimaging and neurostimulation studies in humans, that
the cerebral cortex exhibits spontaneous phenomena of brain plasticity in response to
damage (Gerloff et al., 2006; Nudo, 2007). The destruction of neural networks, in fact,
usually stimulates a rewiring and a reorganization of the connections and this plastic
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environment is highly sensitive to the experience following the damage (Stroemer et al.,
1993; Li and Carmichael, 2006). Particularly such phenomena involve the perilesional tissue
and the surrounding brain areas of the injured hemisphere. Nevertheless, plastic phenomena
can interest also some portion of the contralateral hemisphere, subcortical and spinal

regions.

3.2.1 Neuroplasticity in the perilesional area

The motor cortex (as the sensory cortex) shows a topographical organization. It means that
it consists of a map of movement clustered for different body parts. These maps are quite
stable, but they can change after experience-dependent plasticity or brain injury.

Remapping of the motor cortical areas have been observed in stroke patients via either
functional Magnetic Resonance Imaging (fMRI) or Transcranial Magnetic Stimulation (TMS)
(Cicinelli et al., 1997, 2003; Traversa et al., 1997; Liepert et al., 1998; Rossini et al., 2001). In
animal models, reorganization of motor maps has been observed using intracortical
microstimulation (ICMS) (Nudo and Milliken, 1996; Nishibe et al., 2010) or optogenetic
techniques (Harrison et al., 2013).

Studies on primates have demonstrated that following an ischemic injury in the hand area
of M1 there is a significant reduction of hand representation if no rehabilitative training is
applied. However, if the monkey undergoes rehabilitative exercises, the area of the hand is
preserved; it is possible that the training, encouraging the re-acquisition of a degree of motor
skills in the injured limb, maintains the effectiveness of the projections of neurons spared to
motor neurons of the hand (Nudo, 2007). Other studies confirmed these results in primates
and rats (Nudo, 2013; Combs et al., 2015; Nishibe et al., 2015).

Moreover following ischemic injury in M1, secondary motor areas can survive and remain
functional and can contribute to the recovery. In fact, in the ventral Premotor area, which
receives most of the inputs from M1, not only neural loss was not detected but it was
observed phenomena of production and release of Vascular Endothelial Growth Factor
(VEGF), which has angiogenic properties and neuroprotective properties (Nudo, 2007). In
rodents, many studies on the location and extent of cortical sensory and motor maps, have
achieved a good level of knowledge about the anatomy and physiology of these functional
representations. These sensory and motor maps can then be used to determine the cellular
and anatomical reorganization and possible recovery following stroke (Carmichael, 2005)

Indeed, it is proven that after a small subtotal cortical lesion, peri-infarct areas could
actually vicariate lost or damaged functions (Murphy and Corbett, 2009; Dancause and
Nudo, 2011).
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However, little is known about the cellular mechanisms that lead to these network
reorganizations and regain of the lost motor function. It has been proposed that these
processes are use-dependent and involve sprouting of new connections as well as the
unmasking of pre-existing, normally subthreshold connectivity. The GABAergic system and
the extracellular matrix could have an important role in controlling these plastic phenomena.
For example, Perineuronal Nets (PNNs), specialized extracellular matrix structures made of
condensed chondroitin sulfate proteoglycans, have been correlated with brain plasticity and
repair, and preferentially surround the soma of GABAergic neurons, in particular fast-spiking
parvalbumin-positive interneurons (Fawcett, 2015). The role of PNNs has been extensively
investigated during the maturation of the visual system in relation to the opening and closure
of the critical period (Pizzorusso et al., 2002; Deidda et al., 2015). PNNs are thought to
stabilize mature connections and downregulate spine motility and functional plasticity.
Following CNS injury, the degradation of PNNs, by means of injections of the bacterial
enzyme chondroitinase ABC, promotes sensory-motor recovery (Bradbury et al., 2002;
Soleman et al., 2012; Gherardini et al., 2015).

The GABAergic system has also been studied in relation to the opening and closure of
early “critical periods” in sensory cortices (Hensch, 2005) and in post-stroke motor recovery.
Previous works showed that increasing GABAergic signalling after stroke is not effective at
improving motor performances (Madden et al., 2003), but rather produces a worsening of
recovered function in stroke patients (Lazar et al., 2010). In humans, a reduced GABAergic
inhibition is associated with functional recovery (Kim et al., 2014).

lonotropic GABA, receptors mainly mediate the inhibitory effect of GABA in the brain
(Farrant and Nusser, 2005; Fritschy and Panzanelli, 2014). GABA, receptors are composed
of different subunits and the resulting molecular assembly determines the localization and
biological action of the receptor. For instance, GABA, receptors enriched in a4, a5, a6 and &
subunits are mainly extrasynaptic where they mediate tonic actions of GABA, whereas those
enriched in a1, a2, a3 and y subunits are mainly located in the synaptic cleft and are involved
in phasic GABAergic signalling (Cherubini, 2012). However, this subdivision is not strict but it
is possible that some receptors subunits, such as alphal, may exert their role at both
synaptic and extrasynaptic level (Che Has et al., 2016). A general downregulation of GABA,
receptors has been found in peri-infarct areas following photothrombosis-induced lesions in
rats (Schiene et al., 1996). However, tonic GABAergic signalling appears to be increased in
the first two weeks after stroke. In fact, recordings from brain slices showed an increase in
GABAA-receptor mediated tonic inhibition in layer 2/3 pyramidal neurons. Experimental
reduction of this heightened inhibition using a benzodiazepine inverse agonist, produces
significant post-stroke improvements of forelimb function in several behavioral tasks, such as

the gridawalk and the Cylinder test. Consistently, transgenic mice lacking a5- or 8-GABA,
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receptors showed a lower functional deficit after stroke. (Clarkson et al., 2010; Lake et al.,
2015).

Stroke induces the production of various inhibitors of neural regeneration, sprouting and
plasticity, such as myelin components (Nogo-A, myelin-associated glycoprotein), and
guidance molecules (ephrins, semaphorins). The application of drugs able to neutralize the
effect of anti-plastic agents, such as Nogo-A antibodies has been seen to encourage axon
regeneration, sprouting and functional recovery in a variety of animal models of cortical and
spinal injuries (Freund et al., 2006; Garcia-Alias et al., 2009; Maier et al., 2009; Alilain et al.,
2011). Particularly, anti-Nogo-A antibodies treatment (for 2 weeks) delivered before motor
training in forelimb reaching (started 2 weeks after stroke) largely improve motor recovery. In
this study, a time-dependent effect has been reported, in fact, delivering anti-Nogo-A during
motor training is not effective to improve motor deficits (Wahl and Schwab, 2014).

Accordingly, sequential administration of epidermal growth factors, followed by
Environmental Enrichment and reaching training accelerates the recovery process in pellet
retrieval task (Jeffers et al., 2014).

After stroke, it has been reported a consistent change in terms of “sprouting markers”, for
example, GAP43, CAP23, c-Jun, classical axonal growth markers increase in the peri-infarct
region. On the other hand, ephrin-A5, chondroitin sulfate proteoglycans (CSPGs) and other
growth inhibitory genes, are expressed in proximity of the lesion and at later time points
(Carmichael et al., 2001, 2005),

However, even if such spontaneous plastic changes stimulate cortical reorganization, this is
insufficient to promote a full functional recovery (Liu and Rouiller, 1999; Frost et al., 2003;
Jang et al., 2003; Zemke et al., 2003; Dancause, 2006).

The incapacity of the CNS to spontaneously recover completely from a brain injury, fully
exploiting neuroplasticity, could be a protective mechanism: in fact, such regeneration,
sprouting and synaptic plasticity, could be also maladaptive if the connections are not re-
established in the adequate way and the complexity of the CNS of mammals makes it
extremely subject to this kind of errors (Eriksson et al., 1998). This is demonstrated by
clinical cases, where maladaptive plastic changes have been associated to the development

of serious diseases such as schizophrenia and neuropathy (Glenberg et al., 2010).

3.2.2 Neuroplasticity in contralesional hemisphere

Even in the contralateral hemisphere neuronal connections appear to be altered as a result

of cortical damage; it has been seen in adult rat, for example, that after a cortical lesion,
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thanks to axonal sprouting, the healthy hemisphere contacts both the ipsilateral and
contralateral (ipsilesional) striatum (Napieralski et al., 1996).

Moreover, human functional imaging studies on post-stroke patients, using PET and
functional MRI, have identified a role of the healthy hemisphere in recovery. In particular, the
reorganization process in the intact hemisphere seems to be important for vicariating the
impaired functions of damaged areas, thus promoting the processes of recovery after stroke
(Calautti and Baron, 2003). An enhanced activity in the contralesional hemisphere has been
reported in patients in the first 10 days post injury, followed by an increase in the ipsilesional
one (3-6 months). This sequential activtation was related to improvements in motor
performance (Marshall et al., 2000; Ward et al., 2003).

Similarly, in rodents, the activity of the contralesional hemisphere was enhanced
immediately after stroke (when the deficit was more pronounced) and was followed by
perilesional activation at later stages during the recovery phase (Dijkhuizen et al., 2001)

In the somatosensory cortex (SSC) it has been showed that after focal ischemia, basal
metabolism and field potentials after vibrotactile stimuli of the impaired limb, were transiently
increased as baseline activity and response-related activity in the healthy hemisphere after
somatosensory stimulation of the ipsilateral (impaired) forelimb (Takatsuru et al., 2009).
Other studies in SSC showed that the lesion induced changes in the contralesional cortex
sensory map, with an increase in dendritic branches of layer V pyramidal cells. These
changes appear to be increased if the animal is subjected to early exercises that increase
motor skills (Biernaskie et al., 2004; Gonzalez et al., 2004). Moreover, two-photon imaging in
vivo studies have highlighted phenomena of structural rearrangements of neurons in the
healthy hemisphere, both at the level of individual cells and of whole circuits. In particular, it
was highlighted a transient, localized increase in the turn-over of dendritic fungiform spines
(mushroom), usually very stable in a healthy brain, in a time period limited to one week post-
stroke (Takatsuru et al., 2009).

Pharmacological or electrically silencing of the healthy hemisphere after stroke improves
motor function in the late phase (Mansoori et al., 2014).

These results could indicate an involvement of the healthy hemisphere in functional
alterations following an injury in the contralateral one. However, whether the healthy
hemisphere has a positive or negative impact on the recovery is still controversial. In fact,
there are many evidence that in some cases the activity of the healthy hemisphere can
worsen motor recovery. For example, a recent QEEG study in stroke survivors showed that
the increase of contralesional hemisphere activity, during the acute phase, is related to
negative final outcome. In fact, the increase of the contralesional power associates to an

interhemispheric communication breakdown (Assenza et al., 2013).
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A possible hypothesis takes in consideration the lesion volume: when the lesion is
sufficiently small to allow the reorganization of spared adjacent motor areas, the
contralesional hemisphere activity would have a negative impact on the recovery;
conversely, when the lesion extent is so vast to involve most of motor areas, the healthy
hemisphere could be important to vicariate lost functions (Di Pino et al., 2014).

In keeping with this idea, acute inactivation of the healthy hemisphere (via injection of
lidocaine), induced different effects in ischemic rats, depending on the lesion size. Animals
with large lesions were dramatically affected by lidocaine administration as shown by a

worsening of the performance in a reaching task (Biernaskie et al., 2005).

3.2.3 Post-stroke alterations in inter-hemispheric activity

The interaction between the two brain hemispheres before and after stroke is a widely
investigated argument. The neural activity in the brain motor areas is functionally coupled
between the two hemispheres (Kinsbourne, 1974) and the lateralization of neural activity
during movements is likely to be related to interhemispheric inhibition between motor areas
exerted via transcallosal connections (Butefisch et al., 2008). After a cortical injury, the
subjects recovering from stroke showed changes in these interhemispheric influences
(Kobayashi and Pascual-Leone, 2003; Mohajerani et al., 2011) which are thought to be
caused by an imbalance in the mutual interhemispheric inhibition between the two motor
cortices (Murase et al., 2004) that could be an obstacle for motor recovery (Dancause et al.,
2015). In humans, many studies have been pursued by means of different techniques of
recording and analysis of fMRI data. In particular, fMRI recordings are very suitable for
measuring the connectivity because they use an indirect measure of the synchronization of
neural activity, i.e. BOLD signal. For this reason, this noninvasive technique provides the
mapping of wide brain regions (James et al., 2009). A second suitable technique for such
investigations is the multichannel EEG recording which is minimally invasive and allows for a
measurement of the functional connectivity of different and far cortical regions (Choi et al.,
2012). However to directly investigate the local neural activity, Local Field Potentials (LFPs)
are more suitable because they are generated by transmembrane current flow in ensembles
of neurons close to the site of electrode insertion (Kajikawa and Schroeder, 2011). Studies of
EEG coherence have shown that cortico-cortical connections appear weakened in the
impaired hemisphere after a capsular stroke even in well recovered chronic patients, but
resulted increased in the contralesional hemisphere suggesting a shift of cortical connectivity
towards this healthy one (Gerloff et al., 2006). This functional integration between the two
hemispheres could have as anatomical substrate the corpus callosum: a bundle of
transcallosal fibers connecting homologue areas in the two hemispheres (Wise et al., 1997).
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It has been proposed that after unilateral stroke, transcallosal connections could vehicle an
excessive inter-hemispheric inhibition so that the unaffected hemisphere takes advantage of
the other one. Despite the scarce knowledge about the mechanisms mediating these
phenomena, the involvement of transcallosal glutamatergic connections acting on pyramidal
tract neurons via GABAergic interneurons is widely accepted (Reis et al., 2008). The role of
the corpus callosum in inhibitory interhemispheric mechanisms have been strongly
demonstrated on humans through transcranial stimulation studies on patients with agenesis
of the callosum (Meyer et al., 1995).

Functional Magnetic Resonance Imaging (fMRI) studies have shown an increased
bihemispheric activation during movements of the affected limb in early post-stroke patients
(Loubinoux, 2003) and suggest persistent alterations in intracortical and transcallosal
connections, despite a good degree of functional recovery of patients (Nair et al., 2007). This
is probably due to a decrease of the ipsilesional neuronal activity and an increase of the
contralesional one (Murase et al., 2004; Fregni and Pascual-Leone, 2007); the imbalanced
activation of the healthy hemisphere causes an increased inhibitory transcallosal signal to
the affected one. Thus, as said above, the significance of contralesional activation during
execution of a motor task with the affected limb is still uncertain: it could represent an
epiphenomenon of recovery, an adaptive neuroplastic process or even a sign of maladaptive

modifications that might interfere with the recovery process.

Despite the results from all of these studies, the knowledge about changes in intracortical
connections following a focal ischemic injury is still very scarce. It is evident, however, that
after cortical infarction, the spared tissues of both hemisphere show reorganization
phenomena that could also be very consistent and may represent an adaptive mechanism to
facilitate recovery or lead to the development of aberrant connections. Understanding the
rules that guide these plastic phenomena represents a major challenge for research,
especially with the aim to find a way to drive these amazing plastic capacity of the cerebral
cortex toward the recovery following an ischemic injury. In clinical cases of CNS injury, in
fact, neuroplastic phenomena appear to be the neural substrate for spontaneous recovery
and a more complete knowledge about their mechanisms would probably promote new,

more effective rehabilitation approaches.
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4. Rehabilitative strategies

When the functional impairment after stroke remains even after the first pharmacological
interventions, rehabilitation remains the only effective weapon to increase motor outcomes of
patients.

Several studies have been conducted to test the effect of different rehabilitative strategies,
often leading to contradictory conclusions. However, a common finding is that the effects of
rehabilitation are higher and faster if it is applied in a precise time window after stroke. In
particular the maximum recovery has been seen in 80% of cases within 3 weeks and in 95%
within 9 weeks since the occurrence of stroke (Nakayama et al., 1994). Thus, timing is
essential for functional recovery, indeed many studies are focused on understanding the
“critical period” for post stroke plasticity. Ideally rehabilitation should start in conjunction with
the opening of this plasticity window.

Since the 90s, numerous clinical trials have been designed starting from therapies
developed in animal models, trying to re-scale them for human applications. In particular,
different types of rehabilitation strategies have been developed, aimed to obtain a certain
degree of motor control after stroke.

Post-stroke rehabilitation techniques must be precisely developed for the purpose of
helping patients to regain their independence in everyday activities.

Obviously, the rehabilitation is not able to cancel the effects of stroke but primarily aims to
increase strength and effectiveness of parts that were not affected by the damage and also
the confidence of patients with their deficits with which often must learn to live and allowing

the patient to be autonomous in his activities despite the effects of stroke.

Usually, stroke rehabilitation includes several physical activities, involving the affected body
parts, such as exercises that improve strength and coordination or damaged muscle and
regain ability of motion.

Over the years, the results of basic research and clinical trials have enriched the spectrum

of rehabilitation strategies.

4.1 Standard Rehabilitation

This definition is used to indicate a series of specific exercises, often aimed to give back
some degree of motor control to the patient by promoting correct movements and trying to
abolish anomalous ones. Some of these exercises are focused on neuromuscular

components remained intact to improve their functionality.
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Types of exercises and their intensity are not constant or standardized but are chosen case
by case, depending on the patient's medical history and status. In general, however, several
sessions, usually lasting about 30-60 minutes per day, are necessary in the early phase
following a stroke. The time dedicated to rehabilitation, however, tends to decrease with time
from injury. The amount of time that patients spend in rehabilitation depends primarily on the
degree of dysfunction but usually does not exceed 6 months. For ambulation dysfunction,
however, it was observed that, in case of mild or moderate paresis, a good recovery can be
obtained in 3 weeks while for severe paresis or paralysis of the lower limbs, functional
improvements can be seen at least in 6 weeks (Jgrgensen et al., 1995).

The degree of recovery, in general, tends to decrease with the increase of time from the
ischemic episode and to reach a plateau in about 6 months (Hendricks et al., 2002).
Nevertheless, even after completing the standard rehabilitation protocol, at least 50-60% of
patients continue to suffer from some degree of motor deficits (Hendricks et al., 2002) and
about 50% reaches only a partial level of independence in ADLs (Gresham GE, Duncan PW,
1995).

This data suggest the importance of research in searching for new and more effective
rehabilitation strategies, able to achieve better results.

4.2 Intensive Motor Rehabilitation

Intensity and repeatability of rehabilitative treatments seem to have a key role in recovery of
motor functions. Recent studies have shown that repetitive and focused treatments of the
upper limbs are effective even after more than a year from the ischemic attack, when the
patient is considered chronic (Barreca et al., 2003; Duncan et al., 2005). Moreover, the
increase of the intensity of motor therapy have been seen to improve the results in functional
recovery of the patients in many clinical cases (Kwakkel et al., 1997; Steultjens et al., 2003;
Teasell et al., 2003).

There are several approaches that provide intensive rehabilitation through increased
neuromuscular activity. The lower limbs seem to benefit from long-lasting progressive
aerobic exercises, resistance exercises and from a cyclic application of them. For the upper
limb, however, more fine therapies seem to be necessary to achieve such good results.
“Constraint-Induced Movement Therapy” (see below) and the “bilateral arm training”, are
both common applied techniques to increase motor outcomes through forced use of paretic
limb and the simultaneous use of both limbs, respectively (Taub et al., 1993; Schaechter,
2004, Stewart et al., 2006).
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However, it is still very tricky to demonstrate whether these intensive therapies are actually
more effective than others, or if the results are confined only to particular subgroups of
patients and are therefore not generalizable.

4.2.1 Constraint-Induced Movement Therapy (CIMT)

CIMT is a therapeutic strategy which forces the use of the affected side by tying the healthy
one. In this way the patient is obliged to use the impaired limb intensively and repetitively for
at least 2 weeks. This therapy was developed by Dr. Edward Taub (University of Alabama,
Birmingham) based on the observation that stroke survivors actually try to use the affected
side but are immediately discouraged by the inevitable failure (Taub et al., 1993). Other
studies on primates have shown that animals tend to avoid the use of the impaired limb even
if they are still able to move (Berlucchi, 2011). The limitation of voluntary movements of the
impaired limb, in fact, induces the animal to learn to use only the healthy limb, increasing
motor disability of the injured one (Taub et al., 2006). In rodents it has been seen that the
forced use of the compromised limb, imposed by specific training in skilled behavioral tests
like reaching task (where the animal have to grasp a piece of food with the impaired limb),
improves motor performances and promotes dendritic plasticity not only in the peri-infarct
zone but also in the corresponding areas of the contralateral hemisphere (Biernaskie and
Corbett, 2001a). Furthermore, the application of this treatment protocol seems to be more
effective when applied early after stroke (Biernaskie et al., 2004). Of note, studies on rats
demonstrated that the training of the non-paretic limb can worsen the motor performance of
the paretic one and that this effect depends on transcallosal projections (Allred et al., 2010).
CIMT have been tested on humans in several clinical trials and patients have obtained a
significant improve in many cases. Repeated use of specific neural pathways, or at least their
protection from misuse, can be, therefore, beneficial for motor recovery. It remains to assess
whether these effects can actually be attributed to brain plasticity related to learning, or they
should be attributed to other mechanisms such as phenomena due to neuromuscular
potentiation or production of neurotrophic factors (as BDNF) in an activity-dependent manner
(Berlucchi, 2011).

4.2.2 Restoration of interhemispheric balance after stroke

The effect of the Constraint Induced Movement Therapy could be due not only to an
enhancement of muscular strength of the impaired limb but also acting on the
interhemispheric connections between functional cortices of the two hemispheres at the

“central” level reestablishing the interhemispheric balance.
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Some rehabilitative techniques involving invasive brain stimulation of targeted cortical and
subcortical areas through epidural electrodes have been tested (Brown et al.,, 2003).
However, an increasing number of clinical trials continue to test new non-invasive techniques
to modulate neuronal activity thus promoting better functional recovery after stroke. These
include also the Transcranial Magnetic Stimulation (TMS) and Transcranial Direct Current
Stimulation (tDCS). The trials carried out have shown that in the tDCS, which involves the
application of weak electric currents (1-2 mA) to modulate neuronal activity, determined
detectable phenomena of neuro-rehabilitation (Nitsche et al., 2008).

TMS is a painless technique consisting in the passage of a strong brief electrical current
through an insulated wired coil placed on the skull thus generating a transient magnetic field
capable to induce electric currents in the cortex, aimed at modulating neuronal excitability at
the stimulated sites (Hummel and Cohen, 2006).

Both TMS and tDCS could modulate synaptic activity in the two opposite direction, in
inhibitory or excitatory. Anodal tDCS and High Frequency (>5 Hz) Repeated TMS (rTMS)
have an excitatory effect on the local cerebral cortex by depolarizing neurons, while cathodal

tDCS and Low Frequencies (1 Hz) rTMS cause neuronal hyperpolarization.

Affected

Non-invasive cortical stimulation

Increase activity in the affected hemisphere Decrease activity in the intact hemisphere

1% < ¢

Affected Affected

Figure 3. intervention strategies based on neuromodulation of inter-hemispheric activity using Non Invasive
Brain stimulation (NIBS) tecniques.

Whether the most effective strategy is enhancing activity in the ipsilesional hemisphere or
inhibiting the activity of the contralesional one is still subject of debate (Figure 3). Various
studies in stroke patients have demonstrated that dampening the unaffected hemisphere
decreases the interhemispheric inhibition to the affected one increasing its excitability, thus
promoting motor recovery in the paretic hand and plastic modifications of perilesional cortex
(Hummel and Cohen, 2006; Zimerman et al., 2012). However, not all the clinical trials

involving this intervention have resulted in good motor outcomes (Lotze et al., 2006; Seniow
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et al., 2012) and physiological mechanisms underlying the effect of these techniques are still
almost unknown. However, a recent study added anodal transcranial direct current
stimulation (tDCS) in the ipsilesional cortex to a 9-day motor rehabilitation protocol. They
found increased activity during movement of the affected hand in the ipsilesional motor and
premotor cortex after the treatment compared to patients that received sham stimulation
(Allman et al., 2016).

The potentialities of these techniques are numerous and the variability of their outcomes in
clinical practice could be the result of the lack of uniformity of the protocols applied or the
groups of patients recruited. Moreover, non-invasive brain stimulation techniques have the
great advantage to be easily used simultaneously with the robotic therapy to increase its

effectiveness by facilitating neuronal plasticity (Edwards et al., 2009) (see also below).

4.2.3 Technology-assisted physical activities

The continuous improvements in technologies and the successful cooperation of physics,
informatics and engineers with doctors and therapists, have led to the introduction of new
devices aimed to help and ameliorate the outcomes of rehabilitative strategies.

e Wireless technology, which monitors patient activity.

e Functional electrical stimulation, based on the use of electricity to induce
contraction in weakened muscles in order to re-educate them.

e Virtual reality, such as video games and visuo-motor tasks, where patients have to
interact with a simulated environment. It is an emerging, strategy that is becoming
more and more common and complex thanks to good patient response and to the
improvement of computer graphic.

e Robotic technology, a more complex rehabilitative technique that uses robotic
devices to assist impaired limbs while patient is performing repetitive exercises,
helping them regain strength and function (see below). The degree of complexity of
these devices is various and in continuous evolution. Moreover, their use can easily
be coupled with one or more of the techniques mentioned above.

Unfortunately, the effects of these strategies are quite variable and up to now, an official
guideline for post-stroke treatment does not exist. The main problem is that clinical trials
aimed at assessing their effects are often applied on chronic patients or small groups of
subjects, often involving people with different characteristics of brain lesion, medical history,
motor outcomes etc. Recruitment of patients is, indeed, quite complicated and the type of
interventions and investigations that is possible to apply on human patients is, obviously,
limited. However, basic science in recent years have provide more and more tools to model
human injuries, physical deficits and motor pathologies and have opened various pathways
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to better investigate physiological mechanisms underlying the effects of all these
rehabilitative strategies. With such knowledge, it will be possible to shed light on this complex
field and to define the best treatment to apply for each clinical case.

4.2.3 Robot-mediated rehabilitation

As mentioned before, the effectiveness of post-stroke rehabilitation techniques seems to be
strictly related to the duration and intensity of the therapy sessions. Timing, repeatability and
intensity of treatment are the key words to regain some motor function and to induce a
reorganization of neural circuits. This treatment results very complex, tiring (for both the
patient and the rehabilitator) and expensive (Posteraro et al., 2010). These are some of the
reasons which led the medical research to focus on the effects of using robotic instruments in
rehabilitation after damage of the nervous system. The robotic therapy is usually
administered by means of a mechatronic device that helps a patient to perform a specific
motor task.

The use of robotic devices for post-stroke rehabilitation therapy was firstly introduced in
1997 (Aisen et al., 1997). Since then, numerous works have been published on the use of
robotic devices to help provide rehabilitation therapy following neurologic injuries. The goal of
robotic therapy is to design and control robotic devices for rehabilitation exercise. There are
two main advantages of robotics for rehabilitation compared to traditional physiotherapy: (i)
provides an intensive and highly repeatable "dose" of the therapy and (ii) provides an
objective and quantitative assessment of the recovery of each patient, characterized by
different kinetic parameters and kinematic (e.g. the force exerted by the subject, the
smoothness of the movement, etc. that would be unachievable by humans (Prange et al.,
2006; Sicuri et al., 2014). A protocol of intensive rehabilitation is able to provide long-term
benefits in patients with moderate or severe damage, even years after the onset of a stroke
(Lo et al., 2010) and robotic devices seem to be particularly suitable for this purpose. In a
recent study, an exoskeleton robot that allows task-specific training in three dimensions has
been used on patients having motor impairment for more than 6 months and moderate-to-
severe arm paresis. They found that after 8 weeks of treatment, patients assigned to robotic
therapy had significantly greater improvements in motor function of the affected arm over the
course of the study as measured by Fugl-Meyer assessment (FMA-UE) than those assigned
to conventional therapy (Klamroth-Marganska et al., 2014).

Some studies on chronic or sub-acute patients survived from ischemic attack have shown
how the use of robotic therapy can actually improve the functionality of the upper limbs
thanks to an intensive treatment in both chronic and sub-acute post-stroke populations
(Volpe et al., 2000; Fasoli et al., 2003; Brewer et al., 2013; Poli et al., 2013) (Figure 4).
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In particular, it has been shown that this type of therapeutic approach is able to improve
muscle strength and motor coordination in patients with neurological deficits (Barreca et al.,
2003; Micera et al., 2005).

Moreover, data on the kinetics and kinematics collected from robotic tools can be useful for

implementing new markers of progression in motor recovery.

Figure 4. Some examples of upper-limb robots for rehabilitation. from left to right, and up to down,
Armeo™, RiceWrist, CADEN-7, BONES, WOTAS,

With robotic devices, in each session the patient can carry up 1000 voluntary finalized
movements in about 45 minutes; such amount of treatment would be physically very heavy
for a physiotherapist (Posteraro et al., 2009).

Furthermore, the direct interaction between the patient and the machine allows, according
to the performance of the patient himself, to adjust exercises in terms of degree of assistance
provided by the machine during the training (“assist as needed” approach).

Despite all these findings and potentialities, however, in literature there are not studies that
demonstrate without any doubts the efficacy and the actual benefits of these technologies,
especially considering their relatively high cost (Dickstein, 2008). It remains also unclear
what are the neural mechanisms underlying the possible improvement provided by this
therapeutic approach. Clearly, such information would be of great help to further improve the
effectiveness of the robotic therapy, allowing an approach "knowledge-based", with which the
rehabilitation protocols could be designed to facilitate those changes in the brain that

contribute most to an improvement of the motor functionality.
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4.3 Combined therapies

In the last few years, a considerable amount of knowledge has been generated by
biomedical research about the possible combination of robotic therapy for stroke
rehabilitation and pharmacological treatments to improve recovery. As described above,
plasticizing treatments have the potentiality to change the neuronal environment into a more
permissive terrain for remapping and synaptic adjustments. However, since results both in
clinical and basic science studies about the effective benefits of such spontaneous changes
on functional recovery are often controversial due to the fact the in some cases plasticity
could be unfavorable to recovery (Liu and Rouiller, 1999; Frost et al., 2003; Jang et al., 2003;
Zemke et al., 2003; Dancause, 2006). Thus it is important that every plasticizing treatment is
well targeted and guided appropriately to achieve the best functional outcome.

Thus, stimulation of plasticity by itself could not be sufficient to fully promote motor
recovery: rebuilding appropriate connections during sprouting phenomena should be guided
appropriately using training and exercise. Fawcett and collaborators, combined
Chondroitinase ABC treatment with focused or general motor exercise after spinal cord
injury. They found an improvement of manual dexterity when chondroitinase treatment,
inducing sprouting of corticospinal axons, was flanked by specific motor training (Garcia-
Alias et al., 2009). On the other hand, another study tested the efficacy of combining
transgenic deletion of Nogo66-receptor gene with physical exercise in a mouse model of
spinal cord injury. In this case, authors reports an efficacy of the two approaches but without
any synergistic effect after combination of them.(Harel et al., 2010). Other examples of
combinatorial strategies are reported in Starkey and Schwab, 2012; van den Brand et al.,
2012.

Interesting studies have been conducted on the effect of environmental enrichment in
rodent models of ischemic stroke in the sensorimotor cortex. It has been shown that the
simple exposure to enriched environmental conditions before or after the induction of
ischemic event does not appear to improve the motor function of the fingers and front limb
(Grabowski et al., 1993a). However, when environmental enrichment is coupled with forelimb
training in a skilled reaching task, it is able to promote the recovery of motor function and to
induce an increase in number, length and complexity of dendritic branches of pyramidal
neurons in the intact hemisphere, even if the treatment is applied after 15 days from stroke
(Biernaskie and Corbett, 2001a). When the same protocol, however, was repeated using
enriched rehabilitation at earlier stages, it was found a major improvement in motor
performance and in the increase of dendritic complexity in pyramidal cells of layer V, in the
cortex and striatum intact hemisphere, with respect to later treatment (30 days) (Biernaskie
et al., 2004).

31



It is confirmed, therefore, that the effectiveness of rehabilitation treatment, even if supported
by environmental enrichment or other therapeutic strategies, is strictly dependent on the time
window during which it is applied and not only on its intensity and duration (Johansson, 2000;
Kleim and Jones, 2008; Zhao et al., 2013).

Another possibility is to couple standard motor rehabilitation with neuromuscular plasticity.
Functional electrical stimulation (FES) is a commonly used therapy in addition to motor
exercise. It provide electrical activation of the muscles during the passive execution of a
movement. It has been shown that coupling FES during a cycling movement in post-stroke
hemiplegic patients, in addition to standard rehabilitation protocols, significantly improves

final motor outcome (Ferrante et al., 2008).

5. Compensation vs. True recovery

The main target of motor rehabilitation is to allow patients to recover the lost function.
Rehabilitation therapy trains the affected limb with specific exercises, with the aim of
improving also performance of the daily activities where the movement of the limb is needed
(i.e., generalization). For example, it is desirable that after a specific goal-directed grasping
rehabilitation in a stroke patient, the subject improves the capability in i.e. grasping a glass of
water. To evaluate the overall proficiency in this task, the end-point measure would be the
number of correctly grasped glasses. However, the motor strategy used to grasp the glass
could be changed after post-stroke rehabilitation, compared to the pre-stroke movement.
This phenomenon is called compensation (Zangwill, 1947; Kitago et al., 2013) and includes
all the changes in motor strategy involving relative joints timing- and spatial coordination. In
this context, kinematics is a potent tool to discriminate between post-stroke “true recovery”
and compensatory strategies, making it useful also in pre-clinical studies in order to
discriminate between maladaptive and adaptive recovery-driven neuroplasticity.

For example, skilled reaching kinematic analysis is an objective and quantitative tool for an
accurate evaluation of limb motor performance (Cirstea and Levin, 2000; Alt Murphy et al.,
2011). Skilled reaching is a spontaneous and widely conserved behavior in both humans and
other mammals. Animals could be easily trained to use their forelimbs to reach a piece of
food through a defined aperture and bring it to their mouth and such task could allow multiple
and highly repeatable measurements (Klein and Dunnett, 2012). That is why pre-clinical
research about post-stroke rehabilitation has shown great interest on rodent skilled reaching
models to shad light over mechanisms underlying functional impairments and true recovery

(Klein et al., 2012). Despite obvious differences from human motor strategies, rodents skilled
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reaching could be compared to humans in various kinetic and kinematic aspects (Sacrey et
al., 2009).

The analysis of limb movements in both pre-clinical and clinical studies could be done by
means of high-speed video recordings that allow to evaluate motor performances in terms of
end-point measurements and kinematic parameters.

For animal studies, the application of markers has been previously used on rats to
automatically track hindlimb movements (Dominici et al., 2012). For animal models of smaller
dimensions like mice, however, this approach is more challenging because of the limit in
reducing markers dimensions. In mouse studies, indeed, measures of kinematic parameters
has been extracted, until now, by means of video-based tracking (Alaverdashvili and
Whishaw, 2013), i.e. a frame-by-frame manual video analyses to reconstruct the position of
the mouse paws. Obviously, this method is very time consuming and not completely
objective (Farr and Whishaw, 2002; Klein et al., 2012).

Despite this, several studies have used kinematic analysis to quantify post-stroke
impairments in motor execution (Whishaw et al., 1991; Alaverdashvili and Whishaw, 2010)
and to identify functional recovery. Of note, these studies have identified various homologies
or rodents model with humans as the manifestation of compensatory movements, together
with the loss of smoothness in movement execution (Subramanian et al., 2010; Alt Murphy et
al., 2011; van Dokkum et al., 2014).

6. Animal models of stroke and motor function

rehabilitation

Several animal models have been developed in the recent years to evaluate possible
therapeutic approaches for the restoration of function following a focal ischemic insult in the
brain (Wittenberg, 2010).

Rodent models allow a coordinated electrophysiological, behavioral, biochemical, and
anatomical analysis of post stroke recovery. Mice, in particular, are largely used in this field
because of their convenience in terms of costs, reproducibility, manageability and the broad-
spectrum of investigations (Ginsberg and Busto, 1989). The highly variability of the
consequences of neurological dysfunction associated with stroke among different species
makes it difficult to find an animal model which reliably reproduces an episode of stroke
human, with all its consequences. Most of the experimental models that have been
developed mimic focal ischemia showing, as accurately as possible, phenomena that are
typical of a cortical ischemic event. The high levels of knowledge about their anatomy and

physiology, the relatively small size which facilitates the physiological and histological
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analysis, the low cost, the existence of similarities in movements of the limb in motor
components with humans (see above), the possibility to develop complex experimental
designs, hardly applicable in experiments on humans or non-human primates, make rodents
the most appealing model for research on stroke.

Moreover, despite the differences in the organization of cortical areas and in the distribution
of corticospinal neurons, intracortical connections between different areas of the
somatosensory cortex are very human-like. This makes the rodents a reasonably good
model for understanding the changes in the intracortical communications following a brain
injury (Nudo, 2007). Mice (Mus musculus), in particular, offer the possibility to carry out
various genetic manipulations. Their strong genetic homogeneity allows to make
standardized and reproducible modifications at the level of their DNA. The use of these
genetically engineered mice as models represents a very powerful tool to study the complex
phenomena that characterize the ischemic event. These mechanisms could be investigated
by selectively enabling or disabling one or more genes for possible genetic risk factors or
protective factors.

Using Knock-out mice is possible, therefore, to carry out studies aimed at identifying the
molecules involved in the pathophysiology of stroke and related neuronal events such as
neuroprotective phenomena, ischemic tolerance and ischemia-induced neurogenesis (Wang
et al., 2007). Moreover, such genetic manipulations could involve photo-activated proteins
linked to specific promoters (i.e. targeted to highly selective areas of the brain or even
neuronal populations) and able to induce or inhibit neuronal activity, making optogenetic
experiments possible. It must be specified that animal models that reproduce human stroke
have several limitations, some of which are difficult to overcome. The human clinical stroke is
often a result of a number of predisposing factors such as depression, diabetes, obesity and
circulatory problems (Nudo, 2007; Pearson-Fuhrhop et al., 2009) while in the animal models
reproduce only an ischemic insult in strictly controlled experimental conditions that cannot
reproduce the complexity and heterogeneity of a human stroke. In addition, the corticospinal
tract is very different in the two species. In mammals, this descending path from the layer V
of the motor cortex to the spinal motor neurons is the main motor output. Primates, however,
present a higher number of corticospinal neurons than the rodents. Moreover, in primates
fibers that cross to the contralateral side of the spinal cord prevail while in rodents the
ipsilateral component is greater and represents a potential compensatory pathway. For this
reason, rodents often show a better and faster recovery after injury than humans (Nudo,
2006). The possibility to control and standardize factors like age, location of lesion and its
extension is a great advantage in terms of experimental results but it also introduces a
difference from humans where all those aspects are often variable. The characteristics and

the consequences of ischemic damage itself could be different: in humans the extent of the
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damage in terms of extension and localization could be highly variable while in animal
models we can obtain extremely focused damages that are very useful to obtain specific
motor effects but create another difference from humans.

Regarding the recovery therapies, different approaches have been used so far in the two
species; in humans these almost always require the presence of a therapist that guides the
rehabilitation while in the animal model the recovery was based only on the execution of
some motor tasks, without a specific apparatus that assist it, and often representing both a

rehabilitation therapy and an output for the evaluation of the motor performance.

6.2 Middle cerebral artery occlusion (MCAO0)

Middle cerebral artery occlusion (MCA0) is one of the most widely used procedure to
induce cerebral stroke in rodents (Carmichael, 2005). It consists of the intra-arterial occlusion
of the middle cerebral artery. The occlusion can be permanent or transient: in the second
case reperfusion can usually occur after 60, 90 or 120 minuts. This approach creates an
unilateral stroke involving cortical and subcortical regions, but in the 12% of cases
subarachnoid hemorrhage is observed, reducing cerebral blod flow bilaterally (Schmid-
Elsaesser et al.,, 1998). MCAo0 lesions involve primarily striatum and overlying frontal,
parietal, temporal, and portions of occipital cortex, but also variable damage in the thalamus,
cervicomedullary junction, substantia nigra, and hypothalamus. The resulting deficit presents
different motor, sensory and cognitive features, quite variable among animals. The major
advantage of this technique is the fact that it mimics well what usually happens in humans.
For example, this model in characterized by a wide penumbra, making this model particularly

useful for neuroprotective studies (Cheng et al., 2004).

6.3 Endothelin-1

One of the most commonly used rodent models of stroke in the literature to cause focal
ischemic damage in motor and somatosensory cortex is the local application of Endothelin-1
(ET-1), a potent vasoconstrictor. ET-1 is a 21 amino acids peptide produced by the vascular
endothelium that binds to two receptor subtypes, ETA and ETB, both coupled to Gq proteins
and localized to the endothelium and smooth muscle of blood vessels. Their activation
causes the production of Inositol trisphosphate (IP3) and the resulting release of calcium
ions from the sarcoplasmic reticulum (SR). The latter leads to an increase in the contraction
of smooth muscles of the vessels thus inducing a vasoconstriction. Some of ETB receptors

located in the endothelium also stimulate the formation of nitric oxide (NO) which, in the
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absence of the activation of ETA and ETB of the smooth muscles of the vessels, produces
vasodilatation.

The distribution of receptors suggests that the activity of ET-1 may cause a transient
vasodilation - for initial activation of endothelial receptors - and hypotension, followed by a
prolonged period of vasoconstriction and hypertension for ETA and ETB receptor activation
on the smooth muscles. If injected directly into the brain tissue, therefore, ET-1 is able to
reduce blood flow thus producing an extremely localized ischemic event (Kleim et al., 2007).
The reduction of the blood flow is very rapid but not immediate, and after a few hours from
the surgery reperfusion often occurs (Macrae et al., 1993). These effects make the model of
ischemic induction by injection of ET-1 one of the most representatives of human stroke.
Furthermore, the intracerebral injection of ET-1 produces a localized and dose-dependent
injury and rarely leads to the formation of edema (Kleim et al., 2007); this allows to target the
ischemic damage in a specific cortical or subcortical region, something difficult to achieve
using methods of physical occlusion of blood vessels such as the middle cerebral artery
occlusion (MCAOQO). However, the ET-1, its converting enzyme and both its receptor subtypes
are not found exclusively at the level of endothelial cells but also at the level of the cell
membrane of neurons and glial cells. This means that endothelin is able to activate a
cascade of receptor-mediated sighals between astrocytes and neurons that might interfere
with the interpretation of the ischemic outputs (Carmichael, 2005). Moreover, the
mechanisms of the interaction between ET-1 and its receptors are not completely understood
(Kleim et al., 2007)

6.4 Photothrombosis

Another ischemic model for rodents that has become more and more diffuse in the scientific
field is the phototrombotic stroke. Photothrombosis is a technique that allows to induce a
cortical infarct by means of systemic injection of a photosensitive dye and the subsequent
irradiation of a specific cortical area with a light beam (Watson et al., 1985). The most used
dye used for this purpose is the Rose Bengal that could be administered directly in the tail
vein or with an intraperitoneal injection. Rose Bengal has its peak of absorption in the green
part of the spectrum (560 nm) and the size of the infarct volume induced (with the same
concentration of the dye) could be adjusted by regulating the field aperture of the light source
(Wang et al., 2010). The illumination can be delivered directly from the skull, so that this
technique is not only quick, precise and reproducible but also minimally invasive. The local
activation of the dye induces the generation of singlet oxygen that leads to focal endothelial
damage and aggregation of platelets in all the brain vessels of the targeted area. The
coagulation cascade determines the occlusion of the small vessels but not the generation of
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a penumbra because of the rapid induction of edema and breakdown of the blood brain
barrier (Dietrich et al., 1986). The lack of penumbra could be disadvantageous for preclinical
studies of reperfusion or early interventions aimed at preserving the survival of the instable
tissue. On the contrary, for investigations involving cortical plasticity and remapping induced
by ischemic injury, restorative drugs and neuronal repair, phototrombotic ischemic model is
highly useful (Durukan and Tatlisumak, 2007). Based on the original protocol for rats
introduced by Watson et al. (1985), the phototrombotic model has been simplified and
adapted for mice by Schroeter et al. (2002). The main advantage introduced by this work is
the validation of irradiation parameters with a conventional cold white light source that

simplifies the application of this technique (Schroeter et al., 2002).
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Aim of the thesis

The aim of my PhD project was studying post-stroke functional plasticity in order to
implement innovative therapies, taking advantage of some robotic tools for the training and
assessment of the motor function, in a mouse model of stroke. | chose the photothrombotic
model because it is a non-invasive procedure and allows an high reproducibility among
animals, producing a well confined focal cortical stroke in the Caudal Forelimb Area.

The first part of the project regarded the assessment of the spontaneous evolution of the
post-stroke neuropathophysiology. Firstly, | characterized the post-stroke motor deficit both
in terms of general coordination (using Gridwalk and Schallert cylinder test) and during more
skilled task (Single pellet reaching task) evaluating the motor features during the
spontaneous recovery. Moreover, | implemented a semi-automatic system to extract the paw
trajectory during a skilled reaching movement, with the final goal to evaluate in a detailed and
objective way, the quality of the movement, therefore, distinguishing between true recovery
and compensation during the healing process in my model.

Then, | focused my attention on the neuroplastic changes occurring spontaneously, and
triggered by the ischemic lesion, in the perilesional area and in more distant cortical district in
the injured hemisphere. For this purpose, | used neuroanatomical investigations of the
perilesional tissue to evaluate changes in nhumber of inhibitory interneurons populations as
Somatostatin-, and Parvalbumin-positive cells, Perineuronal nets, and excitatory/inhibitory
synapses. | also used electrophysiological investigations (Intracortical Microstimulation) to
study the remapping of the injured motor and premotor cortex, taking into consideration also
guantitative parameters such as responsive area and activation threshold of forelimb,
hindlimb and tail maps.

The second part of the project concerned the implementation of novel therapeutic
treatments based on focused motor training and stimulating neuroplasticity. Briefly, |
modulated the GABA system using an inverse agonist of the GABA, receptor and evaluated
the effectiveness during motor recovery. | also used a different approach, reversibly inhibiting
the healthy hemisphere in the first weeks after stroke by means of Botulinum Neurotoxin
injections.

In parallel | set up and characterized a robotic platform for the rehabilitation of the mouse
forelimb, integrated with built-in sensors for an objective and quantitative feedback of the

mouse performance.
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| evaluated the effectiveness of all these strategies applied separately and then | combined
them in order to gauge synergic effect when more therapies were employed at the same
time.

Finally | started to explore the possibility to treat cortical stroke using transplants of in vitro

differentiated neurons, reporting here some preliminary results.
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Materials and Methods

Animals

All procedures were performed in compliance with the EU Council Directive 2010/63/EU on
the protection of animals used for scientific purposes, and were approved by the Italian
Ministry of Health. Every effort was made to minimize the number of animals used and their
suffering. Adult male and female C57BL/6J mice - 2-6 months old, 28 +5 g body weight -
were used for the main part of the project.

For optogenetic experiments, transgenic mice B6.Cg-Tg (Thyl-ChR2/EYFP) 18Cfng/J
(Jackson Laboratories, USA) were used (Lim et al., 2012).

All animals were housed in groups in standard cages with a 12-hour/12 hour light/dark
cycle, 20°C and 40% RH. When not trained or subjected to behavioural tests, animals had
food (Pellet Diet Standard, Mucedola S.r.l.) and water available ad libitum.

Photothrombotic lesion

The photothrombotic lesion was induced as previously described (Lai et al., 2015b). Briefly,
animals were anesthetized with Avertin (20ml/kg, 2,2,2 tribromoethanol 1.25%; Sigma-
Aldrich, USA) and placed in a stereotaxic apparatus. After a midline scalp incision, the bone
was carefully dried and cleaned. Rose Bengal (0.2 ml of a 10mg/ml solution in PBS; Sigma
Aldrich) was injected intraperitoneally. After 5 min, the brain was illuminated through the
intact skull for 15 min using a cold light source (ZEISS CL 6000) linked to a 20X objective
that was positioned 0.5 mm anterior and 1.75 mm lateral from Bregma (i.e. in
correspondence with the caudal forelimb area; Tennant et al. 2011; Vallone et al. 2016).
Sham animals underwent scalp incision and Rose Bengal injection but no light irradiation. At
the end of the surgery, the skin was sutured and mice were allowed to awaken from

anaesthesia.

ET-1 induced lesion

For the characterization of the robotic platform, the ischemic cortical lesion was induced by
intracortical delivery of Endothelin-1 (ET-1, Sigma, Italy). Mice were anesthetized with
Avertin, placed in a stereotaxic apparatus and body temperature was maintained at 37°C.
Injections were performed within the Caudal Forelimb Area (CFA) of the right hemisphere.
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The stereotaxic coordinates were defined according to the mouse atlas by Paxinos and
Franklin. | used 3 sites, where ET-1 (1 pg/ul in sterile saline, 200 nl per site) were injected, to
target the core of CFA. The coordinates for injection, all in mm and relative to bregma were:
(i) +0.5 antero-posterior, +1.7 medio-lateral; (ii) —0.25 antero-posterior, +1.7 medio-lateral;
(i) 0.0 antero-posterior, +1.25 medio-lateral. The solution was injected by means of heat-
pulled glass micropipettes (Harvard Apparatus, USA) at 700 ym cortical depth.

Motor tests

Gridwalk Test

Animals were allowed to walk freely for 5 minutes on an elevated grid (32 x 20 cm, with 11
X 11 mm-large openings) and the task was video-recorded. The video recordings were
analyzed off-line by means of a custom-designed Graphical User Interface implemented in
Matlab (Lai et al., 2015b) by an experimenter blinded to the experimental group. Correct
steps and foot-faults, i.e. steps not providing body support, with the foot falling into grid hole
were assessed and the percentage of foot faults for each limb was then calculated, as

previously described (Lai et al., 2015b).

Schallert Cylinder Test

Animals were placed in a Plexiglas cylinder (8 cm diameter, 15 cm height) and recorded for
5 minutes by a video-camera placed below the cylinder. Videos were analyzed frame by
frame and the spontaneous use of both forelimbs was assessed during exploration of the
walls, by counting the number of contacts performed by the paws of the animal. The
experimenter was blinded to the experimental group. For each wall exploration, the last paw
that left and the first paw that contacted the wall or the ground were assessed. In order to
quantify forelimb-use asymmetry displayed by the animal, an Asymmetry Index was

computed, according to Lai et al. (2015).

Skilled Reaching Test

The percentage of correct movements and the kinematic analysis of the whole reaching
movements were performed as previously described (Lai et al., 2015b). Briefly, animals (food

deprived for 15 hours) were placed in a testing chamber with transparent walls and trained to
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perform a skilled reaching task with their preferred paw, which had to pass through a small
frontal rectangular aperture (0.5 x 1.3 cm) to grasp and retrieve food pellets. The task was
recorded by a high frame-rate video camera (Hero 3, GO-Pro, USA), placed on the side of
the testing chamber thus allowing for a sagittal view of the animal.

The shaping phase consisted in 2 days of habituation, in which a few pellets were placed
inside the chamber. During the next phase, animals were trained daily until they reached 30
pellets in a single session (each lasting maximum 20 minutes). Animals were trained for a
couple of weeks until they reached a plateau in the performance. Animals that did not
reached a good performance (60% of correct grasping per session) were excluded from the
study. The baseline value was obtained using the average of the last 3 sessions prior to the
stroke. After the ischemic lesion animals were tested once a week without any additional
training sessions.

The number of correct (i.e., a reach and grasp movements ending with pellet eating) and
incorrect movements (i.e., when the mouse passed by the frontal window and reached the
pellet but missed it or dropped the pellet after grasping it) were manually assessed. Then the
percentage of incorrect grasping was calculated over the total attempts (i.e. total number of
times that the paw crossed the frontal window).

Open Field

Thirty minutes after DMCM treatment, animal were placed in a Plexiglass 60 cm x 60 cm
arena with a white background and black walls for 10 minutes. The position of the animal
during the test was automatically tracked using EthoVision XT (Noldus, Netherlands) and the

total distance travelled was computed at the end of each experimental session.

Kinematic analysis of the reaching movement

Setup

Mice were trained to perform a skilled reaching task in a testing chamber, TC (13.5x5x 9
cm) housed into an U-shaped plastic case (30 x 20 x 21 cm). The TC was made of black
plastic (Delrin®, Du Pont™ Wilmington, DE, USA) except for the frontal, bottom and lateral
sides, which were made of Plexiglas (5 x 4.7 x 5 cm). The front wall of the TC had a small
rectangular aperture (0.5 x 1.3 cm) 3 mm from the floor. During the task, the paw passed

through the aperture to reach for a food pellet, placed in a slot 8 mm distant from the
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aperture. Below the transparent floor, a 45°-tiited mirror (6 x 3.7 cm) enabled the

experimenter to view the animal from the bottom (Figure 1A).
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Figure 5. Experimental setup. (A) Schematic representation of the Apparatus, which consists of a cold-light
source (1), a digital video camera (2), a testing chamber (3), a photo-cell (4), a red LED (5) and a mirror (6). (B)
Snapshot of the Graphical User Interface for the off-line trajectory tracking. The left part allows for visualization of
both the recorded video and the reconstructed trajectory on the sagittal (x,y) and coronal (x,z) planes. The right
part allows the experimenter to select a specific trial, to navigate across frames, and to mark key features.

A photo-detector, placed on the top of the TC, was aligned with a photo-diode placed under
the slot containing the pellet, such that whenever the animal grasped the pellet, the photocell
switched a red LED (Feedback LED) on. Reaching and grasping movements were recorded
at 120 frames/s by a digital video camera (Hero 3, GO-Pro, San Mateo, CA, USA), placed on
a fixed support 13 cm from the TC. The camera was equipped with a macro lens (x10) and a
Blurfix adapter to correct optical distortions in the acquired images. Appropriate lighting
conditions were guaranteed by a cold-light source (CL 6000, ZEISS, Oberkochen, Germany).
Before testing, both the palm and the back of the forepaw were painted with a green non-
toxic dye (Stabilo Boss, Stabilo, Heroldsberg, Germany), which dried in a few minutes
(Figure 5B).

Algorithm and Interfaces for offline analysis

Reconstruction of paw trajectories was performed off-line by a semi-automated algorithm
based on color contrast analysis. The algorithm only required limited inputs from the
experimenter, who interacted via a Graphical User Interface (GUI, Figure 5B). Both the
tracking algorithm and the GUI were programmed in Matlab® (MathWorks, Natick, MA,
USA).

The tracking process consisted of three distinct phases. In phase (i), the algorithm

synchronized the recorded video and the photocell signal, which were acquired
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independently. Based on the switching times of the photocell, the video was segmented into
short clips, each of which demonstrated a grasping attempt by the mouse. To discard clips
not related to pellet grasping (e.g., the photocell switched because the experimenter was
handling the pellet), the algorithm checked for the presence of the pellet in its slot in selected
frames before each switch activation by asking the user to locate the pellet in the first frame
via the GUI.

Before extracting the paw trajectory, the algorithm asked the user to select a part of the
green area denoting the paw (Paw area) in a few (n<5) initial frames. The algorithm used
these pixels to define three average values (uy), and the corresponding confidence intervals
(gCls), of each RGB component of the green dye (k=1, red; k=2, green; k=3, blue), which
would be used in phase (i) to locate the paw in all of the subsequent frames.

In phase (ii), the x (antero-posterior), y (dorso-ventral) and z (medio-lateral) Cartesian
coordinates of paw position were automatically extracted from each frame of a grasping
attempt. Trajectories were composed of 321 points (i.e., they described a ~3s long paw
movement), and the central point (i=160) corresponded to the switching time of the photocell.
To extract paw position from a frame, the algorithm searched for green spots within the
image. The RGB color components of all of the pixels in the frame were compared with the
gCls, and the groups of pixels with color levels included in the gCls were selected as
possible regions of interest (pROI). In case of multiple pROIs, the algorithm looked for the
largest region with the most similar colors with respect to the Paw Area selected by the user.
A metric m assessing both spatial extent (Area) and color levels (dc,) was computed for
each pROI:

Area(pROI)
T e
The parameter dc, is defined as:

3 1 n
deor = Z abs <EZ Xik — Mk)
=1

k=1

and weights the difference between the RGB components of all n pixels in the pROI, Xy,
and the central values of the gCls, . The pROI with the largest value of m was chosen as
the best candidate among the pROIs, and the coordinates of its centroid were selected as
the new paw position. Although not used in the following analyses, the z-coordinate of the
paw could also be detected by applying a similar procedure to the plane (X, z). Once the paw
position was extracted for all 321 frames, a 3™ order Savitzky-Golay Filter was applied to
smooth the trajectory.

In phase (iii), the user had to perform a quick review of the extracted trajectories, and

assign them to three categories: exact, i.e., a reach and grasp movement ending with pellet
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eating; missed, if the mouse reached for the pellet but missed it or knocked the food away;

and fallen, if the animal dropped the pellet after grasping it.

Analysis of the movement
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Figure 6 Reaching trajectories and extracted kinematic parameters. (A) On the left, average trajectories
recorded before (blue) and after stroke (red) during two experimental sessions of the same mouse. On the right,
kinematic parameters extracted from the Cartesian components of the trajectories. The vertical sky blue line
symbolizes the position of the aperture the animal has to pass through to reach for pellets. (B) On the left,
average tangential velocity profiles measured before (blue) and after stroke (red). On the right, parameters
extracted from speed curve.

To ensure consistency, only trajectories from successful (exact) trials were considered.
Paw positions from non-informative video frames (i.e., those preceding the beginning of the
movement or following task completion) were automatically removed from the trajectory.

Based on previous studies on the kinematics of post-stroke upper limb movements in
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humans (Cirstea and Levin, 2000; Rohrer et al., 2002; Subramanian et al., 2010; Alt Murphy
et al., 2011, 2013; Hogan and Krebs, 2011; Panarese et al., 2012; van Dokkum et al., 2014),
several kinematic measures were computed to detect overall and local modifications of paw
movements before vs. after stroke (Figure 6).

Overall changes include variations in the length of the end-point trajectory (ArcLen), the
area enclosed by the curve (AUC), the average tangential velocity (Mean Speed) and the
movement smoothness, quantified by the number of peaks in the tangential velocity profile
(Smoothness).

Local curve modifications take into account changes in the maximum height reached by the
paw during the movement (Height), the curvature of the trajectory when the paw approaches
the pellet (CurvRadius), the fraction of the total trials during which a dragging movement
occurs (Dragging) and the duration of dragging (tDrag). Dragging was automatically detected
when the height of the paw during the retraction phase and upon crossing the aperture in the
front wall remained below a threshold, hT, for at least a fixed time period, tT. The threshold
hT was set at 3 mm from the floor of the testing chamber (i.e., corresponding with the bottom
side of the aperture in the wall), while tT was set as 2*tCA, where tCA was the mean time
required to retract the paw from the pellet slot to the aperture for each animal. This allowed
us to take into account the inter-individual variability in speed of the retraction movement.

Intracortical Microstimulation (ICMS)

Animals were anesthetized using a ketamine (100 mg/kg) and xylazine (10mg/kg) cocktail.
A stable level of anaesthesia was maintained delivering 1/10 of the starting dose every 30
minutes. Animals were placed in a stereotaxic apparatus, the skull was exposed and a
craniotomy (extending 3 mm and 4mm in the medio-lateral and antero-posterior direction,
respectively) was performed in the ipsilesional hemisphere.

The cortex was stimulated through a tungsten microelectrode (1 MQ, FHC, USA), inserted
slowly into the brain at 700 um depth for each stimulation point, following a grid with nodes
spaced 250 um. The ground electrode was placed under the skin of the neck. As reported in
Tennant et al., 2011, at each penetration site, a 40 ms train of 13 cathodic current pulses
(0.2 ms duty cycle) was delivered at 350 Hz from an electrically isolated, constant current
stimulator (World Precision Instruments Inc., USA) guided by an electronic board (National
Instruments Corp, USA). The amplitude of the pulses was increased from a minimum of 20
MA to a maximum of 60 pA (with steps of 10 pA). Movements of several body parts were
collected by a second experimenter, blinded to the stimulation coordinates in the grid. At the

end of the ICMS procedure, the animal was sacrificed and the brain dissected for histology.
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Data Analysis

Data collected during ICMS were analyzed through a custom made algorithm developed in
Matlab (Mathworks, USA).

The body part (BP) maps (e.g. the stimulation maps for contralateral forelimb, contralateral
hindlimb and tail) were obtained as follows. For each animal a matrix, with the same size of
the stimulation grid (240 elements), was created for each BP and different stimulation
current. Every element of the matrix indicates the presence/absence of the movement
referred to the specific BP. The matrices of the single animals were then averaged into a
mean map of 240 squares, each one depicted with a colorimetric index showing the
probability to evoke the BP movement (Probability of Activation — PA). For each j-th site

(i=1,..,NS, where NS is the number of stimulated sites) the PA was computed as follows:

/7 Na

where Ra; is the number of animals showing the BP movement following the stimulation of
the j-th site and Na is the total number of animals for each experimental group.

To improve the visual resolution, the matrix was 10-fold upsampled and Gaussian filtered.

Since the distance between adjacent sites was 250 um, the areas of 250 x 250 um? centred
at the each site were considered to calculate the Percentage of Responding Area (i.e.
percentage of stimulated area which elicits the BP movement, for a specific amplitude of
stimulation current) of the whole maps:

% of R ding A _ DX T (250 pm)” 100
= X
0 of Responding Area tal Area

where K is the number of responsive sites and Total Area is defined as NS x (250 um)?,
where NS is number of total stimulated sites.

For each animal, the Minimum Current Threshold was defined as the mean lowest current
amplitude needed to evoke a movement of a specific BP.

Multiple sites analysis was performed taking into consideration 3 BPs: the contralateral
forelimb, the contralateral hindlimb and the tail, since | observed a widespread activation of
these BPs after stroke. For each stimulation intensity, the analysis was performed by
clustering sites into 3 classes: (i) sites evoking movements of a single BP (i.e. only forelimb);
sites evoking movements of two (ii) or three (iii) BPs at the same time (i.e. forelimb, hindlimb
and tail).

| also quantified how each cortical site changes its forelimb preference after the ischemic
injury. | was interested in those sites that maximized the difference in forelimb activation

probability in sham and stroke animals, i.e. those sites that had a high (or low) probability to
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evoke a forelimb movement in the sham group and a low (or high) probability to elicit forelimb
movement after stroke. Thus, | defined a novel parameter, the Transition Index (TI), which
shows the sham-stroke difference in forelimb activation probability. In order to quantify the Tl
amplitude, which shows the extent of the sham-stroke change, the average probability
matrices of forelimb activation (fPA) and non-activation (nfPA) in sham and stroke groups
were computed with a stimulation current of 30 pA. The fPA matrix is the PA matrix (see
previous definition) computed with BP = {forelimb}, whereas nfPA is the PA matrix with BP =
{non-forelimb}. For each j-th site (j=1,..,N, where N=240), the amplitude of the Tl was defined

as an Euclidean distance:

Tl = \/ (4Peshamy 1) + (APisroke) 1)

where APgpam) j = (FPA; — nfPA)) for sham animals, whereas APyoke) j = (FPA; — NfPA;) for
stroke animals. Accordingly to this definition the Tl value is defined within a range of ++/2.
Since | focused only on sites that inverted their AP after stroke (i.e. APsham) and APpoke)
have different signs), | did not consider cases with APgnam) and AP syokey With the same sign,
thus arbitrarily setting the Tl of these sites to zero. In the other cases, the sign of Tl (sTI) that
shows the direction of the change, was assigned accordingly as follow: (i) when APham) >0
and APioke)<0 then sTI was defined positive (i.e. loss of forelimb movements); (i) when
AP pam) <0 and AP soe) >0 then sTI was defined negative (i.e. gain of forelimb).

Immunohistochemical analysis

At the end of the experiment, all animals were transcardially perfused with 4%
paraformaldehyde. Brains were cut using a sliding microtome (Leica, Germany) to obtain 50-
pm thick coronal sections that were used for immunostaining of NeuN (1:1,000, Millipore,
Germany), Perineuronal Nets (Wisteria floribunda agglutinin, WFA; 1:100, Sigma, USA),
Parvalbumin (1:300, Synaptic Systems, Germany), Somatostatin (1:400, Millipore,
Germany), MBP (1:500, Millipore, Germany), (1:800, Synaptic Systems, Germany), V-GluT1
(1:1,000, Synaptic Systems, Germany). The number of Perineuronal Nets, Parvalbumin- and
Somatostatin-positive neurons, was analyzed using a fluorescence microscope (Zeiss,
Germany) with a 10x objective, counting in a 200 um wide cortical column drawn at the
medial and lateral edge of the ischemic tissue by Stereo Investigator software (MBF
Bioscience, USA). MBP mean fluorescence was measured only in the lateral 200 pm wide
column. Images were acquired using a Zeiss Fluorescence microscope and the mean
fluorescence for each column was computed using Image J. Data are reported as number of

cells for each columns. For immunohistochemical analysis after the combined therapy
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(BONT/E + Robot) data from lateral and medial column were pooled together so results
indicates the number of cells for 400 um wide columns. For all these analyses three sections
per animal were analyzed.

The V-GAT e V-GIuT1l signals were acquired using a confocal microscope (Leica,
Germany) with a 63x objective and a 2.5 digital zoom, in medial-superficial/deep and lateral-

superficial/deep regions in the perilesional tissue (Figure 7).

a Cell body markers b Presynaptic terminal markers

Medial
Column

Lateral

Figure 7 Location of counting boxes for the immunohistochemical analyses. (A) Cell-counting scheme for
PNNs, PV-+, SOM-+ cells and MBP signal, superimposed on a representative Nissl staining of a cortical section.
Two cortical columns (200um wide) adjacent to the lesion have been analyzed for each section. (B) Scheme for
the fluorescence analysis of the presynaptic terminal markers. Four regions has been taken into consideration:
Lateral-superficial layers (Lat Sup), Lateral-deep layers (Lat Deep), Medial-superficial layers (Med Sup) and
Medial-deep layers (Med Deep).

Three fields (95 um x 95 um) for each location were acquired (three sections per animal).
Acquired images were processed using Metamorph software (Molecular devices, USA) to
analyze the mean fluorescence in the entire image and in puncta rings regions by an
experimenter blinded to the group (Cerri et al., 2011; Restani et al., 2011; Deidda et al.,
2015). To minimize variations due to the different quality of the immunostaining in individual
mice/sections, fluorescence in perilesional areas was normalized to values calculated in
three reference fields taken in the basal cortices of each analyzed coronal section.

To evaluate the effect of BONT/E injected into the motor cortex, | stained cortical sections
with antibodies recognizing either the intact or BoNT/E-truncated forms of SNAP-25 (Caleo
et al., 2007; Antonucci et al., 2010). The analysis was performed 3 days after BONT/E
injections.

To quantify the lesion volume, 1 out of every 6 sections was stained with Hoechst 33258
(Sigma-Aldrich, USA). The ischemic region was contoured using a 10x objective and its area
measured. The lesion volume for each animal was calculated by summing up all damage
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areas and multiplying the number by section thickness and by 6 (the spacing factor). A total

infarction volume in mm? is given as the mean + standard error of all analyzed animals.

DMCM treatment

DMCM  (methyl-6,7-dimethoxy-4-ethyl-beta-carboline-3-carboxylate)  (Tocris,  United
Kingdom) was reconstituted in sterile water to obtain a concentration of 4 mg/ml. The DMCM
treatment started at day 3 post lesion and continued up to day 8. DMCM (1.5 mg/kg) was
delivered intraperitoneally under brief isoflurane anaesthesia twice a day, 10 hours apart.
Behavioural effects of this dose of DMCM were verified in naive mice by quantifying total

distance travelled in the open field 30 minutes after a single DMCM injection.

Optogenetic recordings

Sham and 30 days injured mice were anesthetized with an initial cocktail of ketamine (100
mg/kg, i.p.) and xylazine (10 mg/kg, i.p.) that was supplemented with additional doses to
maintain the plane of anesthesia. Each animal was then placed in a stereotaxic apparatus
and a midline incision was made to expose the skull and the sutures.

A 3 x 3 mm craniotomy centered at 2mm anterior and 1.2 mm lateral to Bregma
(corresponding to the RFA (Tennant et al., 2011; Vallone et al., 2016)) was performed in
both hemispheres of the anesthetized animal. The dura mater was left intact, and a recording
chamber of dental cement (lvoclar Vivadent Inc., New York, USA) was made to preserve and
moisten the tissue with saline or for local drugs application. The tip of the optic fiber was
positioned stereotactically over the dura mater of the RFA in one hemisphere.

Optogenetic stimulation was delivered by means of PlexBright Optogenetic Stimulation
System (Plexon Inc, USA) with a PlexBright LD-1 Single Channel LED Driver (Plexon Inc,
USA) and a 456 nm Table-top LED Module connected to a 200 yum Core 0.39 NA optic fiber
(Thorlabs Inc, USA). Stimulation parameters were commanded by a custom-made software
developed in Matlab (Matlab, Matworks) and a USB DAQ board (NI USB-6212 BNC,
National Instruments, USA).

Neuronal activity was recorded in the other hemisphere by means of 16 channels linear
probes (NeuroNexus, Michigan, USA), connected to the OmniPlex D Neural Data Acquisition
System (Plexon Inc, USA). Signals were acquired at 40.000 Hz and amplified 1K.

Quantification of the first negative and second peaks currents has been made by measuring
the amplitude of the peak-baseline amplitude for each component, using a custom-made

Matlab Interface. For all animals in each group, the quantification of the FP was performed in
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the 13" channel (=650um deep from the cortical surface) following stimulation with single

light pulses at 3 mW power.

Silencing of the healthy hemisphere with Botulinum

Neurotoxin

To validate the hypothesis that loss of the normal inter-hemispheric balance with an
excessive inhibition targeted by the healthy hemisphere over the perilesional tissue could
impair stroke recovery, | decided to test the effect of transient inhibition of the healthy
hemisphere, alone or in association with robotic therapy, on forelimb motor outcomes in our
mouse model of phototrombotic stroke.

Toxin injections were performed in the same surgical session of phototrombotic lesions;
after 15 minutes of illumination that caused the Rose Bengal activation, the dura mater of
animals was exposed in the non-injured hemisphere by means of a dental drill. | injected 500
nl of BONT/E (80 nM) or vehicle divided in 2 different injections of 250 nl at (i) +0.5
anteroposterior, +1.7 mediolateral and (ii) +0.4 anteroposterior, +1.7 mediolateral by means
of heat pulled glass micropipettes (Harvard Apparatus, Holliston, MA) at 700 um cortical
depth. After toxin infusion, the micropipette was left in place for at least 5 minutes. After
surgery, animals were sutured and treated with paracetamol (100 mg/kg) in drinking water for

4 post-operation days.

Western blotting

Brains were rapidly removed, and motor cortex were dissected and frozen on dry ice.
Proteins were extracted with lysis buffer (20 mM Tris-HCI, pH 7.45, 150 mM NaCl, 10 mM
EDTA, 0.1 mM Na3v04, 1 mM PMSF, 1 ug/ml leupeptin, 1 yg/ml aprotinin, 1% Triton X-100,
and 10% glycerol), and total concentration of the samples was assessed with a protein assay
kit (Bio-Rad) using a bovine serum albumin-based standard curve. Total proteins loaded per
lane were 15 g and were separated by electrophoresis and blotted; filters were blocked and
incubated overnight at 4°C with primary antibodies (anti-cleaved and anti-intact SNAP25 at
1:1000; Sternberger Monoclonals, Lutherville, MD). Filters were also probed with anti-a-
tubulin antibody (polyclonal, 1:15,000 dilution; Abcam) as an internal standard for protein
guantification. Blots were then rinsed [0.2% Tween 20 added to PBS (TPBS)], incubated with
secondary antibodies conjugated with infrared-emitting dyes (anti-rabbit IRDye 680LT at
1:30,000 or anti-rabbit 8B00CW at 1:20,000; Li-Cor Biosciences), washed in TPBS, and briefly
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rinsed in PBS. Filters were scanned using an Odyssey IR scanner (Li-Cor Biosciences), and

images were acquired with Image Studio software version 3.1 (Li-Cor Biosciences).

Robotic rehabilitation

The robotic platform

Our robotic system (dimensions 300 x 300 mm) was composed of a linear actuator (Micro
Cylinder RCL, IAl, Industrieroboter GmbH, Germany), a 6-axis load cell (Nano 17, ATI
Industrial Automation, Garner, NC, USA), a precision linear slide (IKO BWU 25-75), and a
custom-designed handle that was fastened to the mouse wrist (Fig. 1A). The handle was
composed of two hinged parts, an upper (UC) and a lower (LC) component, which had a
semicircular groove (1.15 mm radius) and one magnet stuck near the hinge to help in
maintaining the UC and LC juxtaposed. One extremity of the LC was screwed on the load
cell for lossless transfer of the forces to the sensor; the other end formed a support for the
animal wrist by allowing a comfortable fixing (i.e., no compression) without letting the
forepaw slide through.

During the task, the animal was kept in a U-shaped restrainer (interior dimensions 35 x 80 x
30 mm), and its head was fixated by means of a post cemented to the skull and connected to
a translation stage (Melles Griot 2493M). In each trial, the linear motor pushed the handle
and extended the mouse forelimb (passive phase); then, it quickly decoupled from the slide
and retracted, such that the animal had to voluntarily pull back the handle (active phase) to
move the slide. Mice pulling attempts resulted on handle displacements whenever the
applied force level overcame the static friction resisting to sliding movements (Fs = 20 mN). A
Hall effect position sensor (SS495A1, Honeywell International Inc.) and a tone generator
were included for detecting and signalling task initiation and completion. A peristaltic pump
(80204 Liquid Pump, Campden Instruments Ltd) was used for liquid reward (apple juice or
milk) delivery.

Custom-made standard circuitry for Nano17 signal conditioning was developed, achieving a
resolution of 2.5 mN RMS (Root Mean Square), in all directions and a bandwidth of 0-1.2
kHz. Force signals were acquired and digitized (16 bits) using a USB DAQ board (USB-
M6251, National Instruments Corp., USA). A Programmable Logic Controller (PLC) was used

to control the linear actuator (ACON-CG, IAl, Industrieroboter GmbH, Germany). A custom-
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made interface circuitry between the PLC and the DAQ board was developed, capable to
shift voltage levels and making communication between the two devices possible.

A linear encoder embedded in the actuator monitored the position of the handle during the
passive phase of the protocol. The repeatability of the system during this phase was
characterized by the Repeatability Standard Deviation (RSD) computed according to ASTM
International, 2009. The RSD is the RMS value of the standard deviation (SD) of position
signals acquired while imposing the same trajectory repeatedly. The RSD was calculated on
540 repetitions of the passive phase of the protocol performed by two different mice (270
repetitions per mice). The RSD was 0.085 mm on a range of 10 mm.

During the active phase of the protocol, the position of the handle was monitored with a
video camera (MVX3i, Canon). A black squared marker (5x5 mm) fixed to the linear slide
was used as a reference. The handle was rigid (Young Modulus = 2.5 GPa) and assembled
on the linear slide, such that the variation in position for the two components was basically
the same. Signals from the video camera were analyzed offline. The video was synchronized
with the force signal from the load cell. A custom made Matlab algorithm was used to extract
the position values from the recorded video frame by frame. To obtain speed values, a
conventional five-point method to compute the first derivative of the position in time was used
(Abramowitz and Stegun, 1964).

Head fixation surgery

Mice were anaesthetized with Avertin (2.5% W/V Tri-Br-Ethanol (Sigma, Italy) in 5% V/V
Tert-amyl alcohol in water; 0.02 ml/g) and placed in a stereotaxic apparatus. Using a
motorized micromanipulator (Sutter Instruments, USA), a metal post (length 8 mm, diameter
2 mm, weight 0.2 g) was placed on the occipital bone and fixed by means of dentistry cement
(Paladur, Pala, Germany).

Shaping and training on the platform

Mice were food-deprived for 16 + 1 h before testing on the robotic platform, which was
always performed at the same hour in the morning. At least two consecutive days were
devoted to habituate the animals to stay in the test chamber and to associate the reward,
provided at regular intervals, with a tone. Then, the animal’s wrist was positioned in the
handle and the following 2-3 days were needed to let the animal associate the reward with

the end of the retraction task.
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After the shaping phase, the animals were subjected every day to experimental sessions
within the robotic platform. An average of 15 trials per session were performed before the
animals become satiated by the liquid reward and lost their motivation, i.e., they stopped
licking the milk drop from the gavage needle.

The training protocol consisted of a passive and an active phase. During the first one the
actuator extended the mouse forelimb from the resting position (RP) to the maximum
extension position (MEP, 10 mm from RP). Then, the actuator was turned off and a tone (Ts1
= 0.50s) informed the mouse about the task initiation. During the active phase, the animal
performed the task by flexing the forelimb and pulling back the handle up to the RP. A
different tone (Ts2 = 1.00s) signaled task completion and the peristaltic pump automatically
supplied a liquid reward (10 pl milk) only when the handle reached the RP. Finally within a

fixed time delay (T2 = 5.00 s) the animal could drink the reward before starting a new cycle.

Cell transplants in adult mice

Mice were anesthetized with Avertin (20ml/kg, 2,2,2 tribromoethanol 1.25%; Sigma-Aldrich,
USA) and placed in a stereotaxic apparatus. Injections were performed within the right
hemisphere. The stereotaxic coordinates were defined according to the mouse atlas by
Paxinos and Franklin and previous intracortical mapping studies. For injections in normal
animals | targeted the motor cortex (+0.5mm antero-posterior, +1.75mm medio-lateral from
Bregma and 750um cortical depth), or the hippocampus (-2mm antero-posterior to bregma;
1.5mm lateral and 1.7mm from the cortical surface). For post-stroke injections | targeted the
core of the ischemic lesion (+0.5mm antero-posterior, +1.75mm medio-lateral from Bregma
and 750um cortical depth) and the perilesional area posterior to the stroke (-1.75mm antero-
posterior, +1.75mm medio-lateral from Bregma and 750um cortical depth).

100,000-150,000 cells/pl were injected per each site using a syringe pump (Legato™ 130,
KD Scientific, infusion speed: 0.5ul/min; total volume 1pl). At the end of the surgery, the skin

was sutured and mice were allowed to awaken from anaesthesia.

Statistical Analysis

All statistical tests were performed using SigmaPlot 11.0 (Systat Software Inc, USA). For
behavioural tests (gridwalk test, Schallert cylinder test, open field and skilled reaching test) a
Two Way Repeated Measures ANOVA was used followed by a Tukey's Test. To assess
variations between baseline and post-treatment values of the kinematic parameters, all

values were normalized to baseline and a Kruskal-Wallis test was used, followed by Tukey's
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post-hoc analysis. To compare performance on the robotic platform before and after vehicle
injections, the Mann-Whitney rank sum test was used.

For Immunohistochemical analysis t-test, One Way ANOVA was used followed by a Holm-
Sidak test, or ANOVA on ranks followed by Dunn’s test when the sample failed the normality
test. For intracortical microstimulation data a T-test was used. All statistical analyses were
performed on raw data (alpha value 0.05).
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Results

1. Deficits in forelimb function following stroke

| induced a focal injury in the caudal forelimb area (CFA) of the mouse motor cortex using
Rose Bengal-mediated photothrombosis (Lai et al., 2015b). The ischemic lesion was
confined to the targeted cortical area of the illuminated hemisphere. The histopathological
analysis was conducted 30 days after the ischemic injury and showed that the lesion volume
was 1.03+0.18 mm?®. Anteroposterior reconstruction of the lesion showed that the ischemic
damage remained confined into the CFA and did not involve the Rostral Forelimb Area
(between +1.5 and +2.25mm anterior to bregma suture) and the hindlimb representation
(between -0.75 and -1.25mm posterior to bregma) according to average maps obtained by
(Tennant et al., 2011) (Figure 1la). Coronal sections of the ischemic brains demonstrated a
complete loss of neurons in the core of the infarct, and well-defined boundaries that separate

the lesion from the healthy perilesional tissue (Figure 8b).

Figure 8. Stroke-induced neuronal damage. (a) anteroposterior reconstruction of the photothrombotic lesion
covering the CFA (b) Representative NeuN immunostaining of the phothrombotic lesion in a coronal brain section.
The boundaries of the ischemic region are clearly evident and the core of the lesion shows loss of NeuN staining.
Scale bar =200 pm.
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Figure 9 Stroke-associated motor deficits. Pre- and post-lesion performance of the stroke (red, n=11) and
sham (black, n=9) groups measured as the percentage of contralesional forelimb foot faults in the gridwalk task
(A) and the Asymmetry Index in the Schallert cylinder test (B). Note persistent motor deficits in the stroke mice.
The sham animals maintained a low proportion of foot faults and a balanced use of their forelimbs throughout the
testing period (A, B). Foot faults in contralesional hindlimb are not different from baseline (C). Data are mean +
SE. Two Way RM ANOVA followed by Tukey test, p<0.001 with respect to baseline.

To investigate the time-course of functional motor deficits, animals were tested on two
motor tasks (gridwalk, Schallert cylinder) before the injury (baseline) and up to 30 days after
the ischemic lesion (once a week starting from day 2). Figure 9A reports the percentage of
foot faults done with the contralesional forelimb in the gridwalk test. After the ischemic injury,
ischemic mice showed a significant and stable increase in foot faults as compared to sham-
treated animals. The Asymmetry Index evaluated with the Schallert cylinder test showed
increased reliance on the ipsilesional forelimb during exploration of the vertical walls in
ischemic mice throughout the testing period (Figure 9B). Consistent with the anatomical
localization of the lesion within the CFA, the contralesional hindlimb showed no significant
motor impairment, confirming that the hindlimb area is not affected by the stroke (Figure 9C;

for all these tests two way ANOVA followed by Tukey test was used).
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1.2 Skilled reaching test and kinematic parameters

In ischemic animals, the percentage of incorrect graspings (i.e. missed and fallen pellets)
significantly increased after injury (one way RM ANOVA, p<0.001). End point measure of this
test showed a motor deficit with a trend for spontaneous improvement over time, however
performance at 4 weeks post stroke was still significantly different from baseline (Figure 10).
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Figure 10. Post-stroke performance in the skilled reaching test. After stroke the performance in the skilled
reaching test significantly dropped (n=6). The percentage of incorrect graspings increased after stroke and
remained different to baseline with a trend for spontaneous improvement visible up to 30 days after stroke. Data
are mean = SE. One Way RM ANOVA followed by Tukey test, *, p<0.05; **, p<0.01; ***, p<0.001 with respect to
baseline.

These data are consistent with limited spontaneous functional restoration after injury (van
Meer et al., 2010; Starkey et al., 2012; Kerr et al., 2013; Lai et al., 2015b; Ng et al., 2015).

| was interested in determining whether this spontaneous improvement in performance was
due to compensation or restoration of pre-lesion movement patterns. Thus | conducted a
kinematic analysis to compare grasping trajectories before and after stroke. For this purpose
| used a semi-automated tool to extract the paw trajectory during the reaching movement (Lai
et al.,, 2015b). Animals were video-recorded during the skilled reaching task and then,
trajectories of successful graspings were extracted. Baseline values of each kinematic
parameter were computed based on pooled trajectories from the three sessions preceding
treatment (see Methods).

| found that these measures varied considerably among animals, likely reflecting inter-
individual differences in grasping strategies (Gholamrezaei and Whishaw, 2009; O’Bryant et

al., 2011). Because | was primarily interested in highlighting differences in performance of
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individual animals before vs. after stroke, | hereafter report values observed during post-

stroke sessions as changes with respect to baseline.
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Figure 11. Whole trajectory kinematic modifications. Variation of: (i) ArcLen, (ii) AUC, (iii) Mean Speed, and
(iv) Smoothness at 2, 9, 16, 23, and 30 days after treatment: stroke (red, n=6) or sham treatment (blue, n=5).
Values are normalized by subtracting baselines, and plotted as mean values + standard error. Kruskal-Wallis test
followed by Tukey: ***, p<0.001; **, p<0.01; *, p<0.05 and refers to baseline.

Various kinematic parameters detected differences in reaching performance before vs. after
stroke. For the ischemic group, all parameters computed during the first post-stroke session
showed significant differences from baseline (p<0.001; Figure 11 and Figure 12).

Movements performed by the ischemic group were longer (+8 mm, ArcLen), slower (-16
mm/s, Mean Speed), had an increased number of trajectory adjustments (+2.7 peaks,
Smoothness) and spanned a broader workspace (+22 mm?, AUC) than at baseline. When
looking at local trajectory modifications, both the reaching and the retraction phases of the
task were affected: reaching movements were higher (+0.9 mm, Height), and mice
approached the pellet with a larger curvature (+1.02 mm, CurvRadius) than at baseline.
Moreover, dragging after pellet grasping occurred more frequently (+66%, Dragging) and

lasted for a longer period of time (+0.48 s, tDrag) than at baseline.
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Figure 12. Local kinematic modifications. Variation of: (i) Height, (ii) CurvRadius, (iii) Dragging, and (iv) tDrag
at 2, 9, 16, 23, and 30 days after treatment: stroke (red, n=6) or sham injection (blue, n=5). Values are
normalized by subtracting baselines, and plotted as mean values + standard error. Asterisks correspond to the
following significance values: ***, p<0.001; **, p<0.01; *, p<0.05 and and refers to baseline.

For four parameters, AUC, ArcLen, CurvRadius and Height, differences with respect to
baseline values remained significant up to 30 days after lesion (p<0.001), while tDrag and
Dragging recovered to baseline after 3 and 4 weeks, respectively. Mean Speed and
Smoothness yielded less reliable outcomes on weeks 2-5 because differences from baseline
became comparable with intrinsic variations due to tracking precision.

Sham treatment did not significantly impact performance, and all of the parameter values
remained stable throughout the observation period, except for ArcLen and Height, which
showed small drifts at days 23 and 30 post-treatment (Figure 11 and Figure 12). Taken
together, these results reveal that stroke induces persistent (up to 30 days) kinematic
modifications on reaching movements, whereas reaching success shows a spontaneous
improvement (Figure 10). This suggests the application of compensatory strategies rather

than a restitution of the original movement patterns.

1.3 Plastic modifications of motor maps after injury

Intracortical microstimulation (ICMS) was used to investigate the spontaneous remapping of
motor areas, 30 days after the ischemic lesion. Specifically, | measured the extension and
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selectivity of the cortical representation of the affected forelimb in the intact areas
surrounding the infarct.

Forelimb motor maps from sham and stroke animals are compared in Figure 13a-c. In
control animals, the CFA is well defined and extends from approximately -1.0 mm posterior
up to 1.25 mm anterior to the bregma suture, consistent with previous reports (Tennant et al.,
2011). A second, smaller forelimb representation (Rostral Forelimb Area, RFA) is centred at
about 2.5 mm anterior to bregma (Figure 13a). This area displays a slightly higher current
threshold for evoking limb movements as compared to the CFA (RFA, 36.5+10.9 pA; CFA,
28.945.7 pA,; t-test, p = 0.08).

After injury, the area corresponding to the infarct (shaded region in Figure 13a, b) was no
longer effective in triggering forelimb movements. Areas anterior and posterior to the lesion
continued to evoke a forelimb response after stroke (Figure 13b). However, the quantitative
analysis, performed only in the healthy tissue (comprised between -0.75mm and -2mm and
between +1.5mm and +2.75mm from Bregma) indicated, a significant shrinkage of the
forelimb area in perilesional cortex of ischemic animals as compared to the corresponding
regions in controls. In fact, the percentage of responding area in peri-infarct cortex indicated
a reduced representation of the contralesional forelimb in ischemic mice (t-test, p=0.03)
(Figure 13c). The effect was evident and significant across a range of stimulation intensities
(20-40 pA; data not shown). It is also worth noting that the current threshold required for
eliciting a forelimb movement in perilesional areas significantly increased after stroke (Figure
14a; t-test, p=0.003).

During ICMS, | also examined movements of other body parts such as the contralesional
hindlimb and tail. In normal animals, the hindlimb and tail representations are smaller than
the forelimb and occupy the caudal extent of primary motor cortex (Tennant et al., 2011).
Interestingly, | found that the proportion of sites mapping the contralesional hindlimb
increased in the perilesional cortex of ischemic mice, thus overrunning forelimb

representation (t-test, p=0.04) (Figure 13d-f).
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Figure 13 . Plasticity of motor maps after stroke. Average motor maps of sham (n=9) and ischemic animals
(n=6) obtained by the intracortical microstimulation (ICMS) technique following a grid of stimulation site of 250 um
(see coordinates from bregma). For each pixel in the maps, a color code indicates the probability (high — red; low
— blue) to elicit movement of a body part (contralateral forelimb in a, b; contralateral hindlimb in d, e; tail in g, h)
after stimulation with a train of cathodal pulses (current, 30 pA).The quantitative analysis was performed in
regions rostral and caudal to the infarct zone, which is indicated by the shaded areas (black dots indicate the
coordinates of the lesion). (c, f, i) Quantification of the percentage of perilesional motor areas eliciting forelimb (c),
hindlimb (f) and tail responses (i) in sham and stroke animals. After stroke, there is a significant decrease in the
cortical area that evokes forelimb responses (t-test, p<0.05), with a corresponding expansion of hindlimb motor
maps (t-test, p<0.05). Tail representations are not altered by the infarct (t-test, p =0.551). Data are mean + SE.
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Figure 14 Stroke increases the threshold current required to evoke forelimb movements. Minimum
current amplitude required to elicit movement of the contralateral forelimb (A) or hindlimb (B) in the sham (n=9)
and stroke group (n=6). The current threshold of the residual forelimb sites in perilesional areas were higher than
normal (t-test, p<0.01). A tendency for reduction was detected for the current intensities required to evoke
hindlimb movements, but this trend only approached statistical significance (t-test, p=0.148). Data are mean * SE.

There was also a non significant trend towards a post-stroke reduction in the current
threshold required for eliciting hindlimb movements in forelimb area (Figure 14b; t-test,
p=0.148). Expansion of the hindlimb map was evident and significant at various stimulation
currents (20-60 pA). In contrast, the overall dimensions of the tail map did not change
significantly in stroke vs. control mice (t-test, p=0.551) (Figure 13g-i).

Overall, these data indicate a significant reduction of the size of forelimb representations in
the intact perilesional tissue, with corresponding expansion and invasion of hindlimb maps. |
next investigated whether the functional selectivity of the perilesional tissue was affected in
stroke vs. control animals. Selectivity was quantified by counting the proportion of cortical
sites evoking movement of 1, 2 or 3 parts of the body (i.e., contralesional forelimb,
contralesional hindlimb and tail) using a 30 pA stimulation current. | found that the majority of
sites in normal animals evoke the movement of either 1 or 2 body parts, whereas very few
sites evoke simultaneous movements of forelimb, hindlimb, and tail (Figure 15a). The picture
was radically different in ischemic animals, where very few sites were specific for the forelimb
(t-test, p=0.011), and the majority of cortical locations drove movements of 2 or 3 body parts,
even at low current intensities (t-test, p=0.046; Figure 15a).
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Figure 15 Loss of movement selectivity following a cortical infarct. (a) Surface area eliciting movement of
forelimb (FL) alone, forelimb + hindlimb (HL) or tail (TL), or the three body parts together at a stimulation current
of 30 pA in sham (black, n=9) and ischemic animals (red, n=6). The quantitative analysis was performed in
regions rostral and caudal to the infarct (see Fig. 1). Following stroke, very few sites retain their selectivity for
forelimb movements, while most cortical locations elicit simultaneous movement of forelimb, hindlimb and tail (t-
test, p<0.05). Data are mean * SE. (b) Map of the Transition Index (TI; see Methods) showing for each pixel the
tendency to gain (blue) or lose (red) forelimb movement after stroke in my experimental sample. The colorimetric
index is defined within a range of +v2 (see Methods).

| also investigated whether specific locations in the perilesional cortex consistently lose or
gain forelimb preference following a cortical infarct. To this aim, | computed a “Transition
Index” (T1) (see Methods) that indicates with a colorimetric scale if each cortical site gains
(blue) or loses (red) forelimb movements after stroke (Figure 15b). Overall, a robust loss of
forelimb sites was evident both anterior and posterior to the infarct, with the exception of a
postero-medial area (blue) that appears to gain forelimb responses in stroke vs. sham mice
(Figure 15b).

1.4 Downregulation of GABAergic markers following stroke

| next used immunostaining to evaluate expression of markers of plasticity (Bavelier et al.,
2010; Deidda et al., 2015) in perilesional cortical areas. | performed staining for perineuronal
nets (PNNs), somatostatin and parvalbumin-positive (SOM- and PV-positive) inhibitory
interneurons, and glutamatergic and GABAergic terminals. Three groups of animals were
examined: a sham group with no injury, and ischemic animals at either 7 or 30 days post-

lesion.
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Figure 16 Location of counting boxes for the immunohistochemical analyses. (A) Cell-counting scheme
for PNNs, PV-+ and SOM-+ cells superimposed on a representative Nissl staining of a cortical section. Two
cortical columns (200um wide) adjacent to the lesion have been analyzed for each section. (B) Scheme for the
fluorescence analysis of the presynaptic terminal markers. Four regions has been taken into consideration:
Lateral-superficial layers (Lat Sup), Lateral-deep layers (Lat Deep), Medial-superficial layers (Med Sup) and
Medial-deep layers (Med Deep).

To ensure consistency among animals and lesions, | sampled well defined areas in the
perilesional region (see Figure 16). Specifically, the density of PNNs, PV- and SOM-positive
cells was determined in cortical columns (200 um wide) medial and lateral to the lesion, while
glutamatergic and GABAergic synaptic terminals were sampled in counting boxes located in
both superficial and deep layers of peri-infarct cortex (Figure 16). Homotopic regions of the
contralesional hemisphere were examined as well, but | did not detect any significant
changes in ischemic animals with respect to sham controls (data not shown).

The density of PNNs was assessed by staining cortical sections with Wisteria Floribunda
Agglutinin (WFA). PNNs enwrap specific sub-populations of neurons and are known to play a
key role in limiting adult plasticity (Soleman et al., 2012; Deidda et al., 2015; Gherardini et al.,
2015). | found that the density of PNNs remained unaltered at day 7 but consistently
decreased 30 days after stroke in cortical columns medial and lateral to the infarct (one way
ANOVA followed by Holm-Sidak test, medial and lateral, p<0.001; Figure 17).

Since PNNs mainly surround PV-positive cells (corresponding mainly to fast-spiking
inhibitory neurons), | then measured the density of this neural population. PV-positive cells
showed the same trend as PNNs, and were significantly downregulated 30 but not 7 days
after stroke (one way ANOVA, followed by Holm-Sidak medial p=0.027; lateral p=0.009;
Figure 18a).
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Figure 17 Reduced density of PNNs in peri-infarct areas. (a) Number of cells surrounded by PNNs in 200
um wide cortical columns, lateral (black bars) and medial (grey bars) to the ischemic lesion, 7 (n=5) and 30 days
post injury (n=8). Similar cortical regions were also sampled in controls (n=8). PNN density is significantly reduced
at 30 but not 7 days after stroke (one Way ANOVA, post hoc Holm-Sidak test, ***, p<0.001 and refers to sham).
Data are mean + SE. (b) Representative images acquired from coronal sections of the motor cortex from sham
and stroke mice at 7 and 30 days. Column width = 200 pm.

Another important class of inhibitory interneurons, namely SOM-positive cells, also showed
a consistent downregulation following injury. In this case, a statistically significant decrease
in cell density was already noted at day 7 (one way ANOVA, followed by Holm-Sidak test,
medial p=0.023; lateral p=0.017), and further progressed at day 30 (medial p=0.001, lateral
p=0.003; Figure 18b).
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Figure 18 Reduced density of GABAergic interneurons in peri-infarct areas. (a, b) Number of PV-positive
(a) and SOM-positive cells (b) in 200 um wide cortical columns, lateral (black bars) and medial (grey bars) to the
ischemic lesion, 7 (PV n=7; SOM n=6) and 30 days post injury (PV n=8; SOM n=4). Compared to controls (PV
n=7; SOM n=6), density of PV-+ neurons is significantly dampened at 30 days (one Way ANOVA, post hoc Holm-
Sidak test, p<0.05). SOM-+ cells are significantly reduced at 7 days and decrease further at 30 days. Data are
mean * SE. *, p<0.05; **, p<0.01 and refers to sham. (c, d) Representative low magnification images of PV (c)
and SOM immunostaining (d) in the motor cortex. Images were taken from sham animals and from the
perilesional areas of mice at 7 and 30 days post-infarct. Column width = 200 ym.

To study more precisely the excitation/inhibition ratio in perilesional cortex, | stained
sections for vesicular transporter markers that label inhibitory and excitatory terminals
impinging onto cortical neurons (Caleo et al.,, 2007; Vannini et al., 2015). Quantitative
analysis of the immunostaining for the Vesicular GABA Transporter (V-GAT) indicated that
the overall fluorescence of inhibitory terminals was unaffected at day 7, but robustly declined
at day 30. This reduction was noted in superficial and deep layers on both sides of the infarct
(one way ANOVA, followed by Holm-Sidak test, p<0.01 for all comparisons; Figure 19a, c). |
also quantified perisomatic staining by measuring the mean V-GAT fluorescence in “puncta
rings” surrounding cortical neurons (Di Cristo, 2007; Deidda et al., 2015). | detected a
decrease of fluorescence 30 days after stroke that was significant in superficial layers (one
way ANOVA, followed by Holm-Sidak test, medial p<0.01; lateral p<0.05; Figure 19b, c).
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Figure 19 Late reduction of V-GAT-positive inhibitory terminals in perilesional cortex. (a, b) Mean
fluorescence intensity of inhibitory, V-GAT-positive profiles in the neuropil (a) and in puncta rings surrounding the
soma of pyramidal neurons (b). Measures were taken in superficial (sup) and deep layers, medial and lateral to
the infarct. A consistent reduction in fluorescence is observed 30 but not 7 days after injury as compared to sham
controls (one way ANOVA followed by Holm-Sidak test, p<0.05). Data are mean + SE. *, p<0.05; **, p<0.01. (c)
Representative V-GAT immunoreactivity in the motor cortex of sham animals and in perilesional tissues (7 and 30
days after the infarct). Note decreased staining at 30 days. Number of animals is as follows: control n=5, stroke 7
days n=5, stroke 30 days n=4. Scale bar = 20 um.

To evaluate excitatory terminals, | quantified immunostaining for the Vesicular Glutamate
Transporter 1 (V-GIuT1) in lateral and medial perilesional cortex. | found no significant
changes in the mean V-GIuT1 fluorescence in the neuropil either at 7 or 30 days after stroke
(one way ANOVA, p>0.52 for all peri-infarct regions; Figure 20a-c). Similarly, the intensity of
perisomatic excitatory boutons showed no significant variation after stroke (p>0.63; Figure
20b-c).
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Figure 20. Quantitative analysis of V-GluT1l immunostaining. (a, b) Mean fluorescence intensity of
excitatory, V-GluT1-positive presynaptic structures in the neuropil (a) and in puncta rings surrounding the soma of
pyramidal neurons (b). Measures were taken in superficial (sup) and deep layers, medial and lateral to the infarct.
There is no significant variation in staining in stroke animals as compared to sham controls (one Way ANOVA,
followed by Holm-Sidak test, p>0.52). Data are mean + SE. (c) Representative V-GIuT1 staining in cortical
sections from sham controls and stroke mice, 7 and 30 days following injury. Number of animals is as follows:
control n=6, stroke 7days n=6, stroke 30 days n=5. Scale bar = 20 ym.

Overall, these data show a consistent downregulation of PNNs and several inhibitory
markers in the peri-infarct cortex 30 days after stroke. Conversely, | found no detectable
variation in V-GIuT1 expression, indicating an overall shift of the excitation/inhibition ratio in
favour of excitation. Increases in the excitation/inhibition balance are typically associated with
an enhanced potential for plasticity in the adult cortex (Hensch, 2005; Maya Vetencourt et al.,
2008; Harauzov et al., 2010), indicating their possible involvement in the spontaneous
functional improvements occurring within the first weeks after stroke (van Meer et al., 2010;
Starkey et al., 2012; Kerr et al., 2013; Lai et al., 2015b; Ng et al., 2015).
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2. Strategies to improve motor function after stroke

2.1 Interfering with GABAA, signalling

The post-stroke reduction of GABAergic markers prompted us to investigate the role of
GABA signalling in motor improvements. | decided to hamper GABA, mediated
neurotransmission during an early phase post-lesion (days 3-8) via systemic delivery of the
benzodiazepine inverse agonist DMCM. | initially established doses of DMCM (1.5 mg/kg)
that were well below those required to elicit epileptic seizures (Rago et al., 1988; Volke et al.,
2003; De Sarro et al.,, 2004), while at the same time impacting on GABA-mediated
transmission as judged by a reduced path length in the open field (Volke et al., 2003) (Figure
21).
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Figure 21. Effect of DMCM on exploratory activity in the open field. Total distance travelled by healthy
animals treated with either DMCM (1.5 mg/kg) (n=3) or vehicle (n=3). Measurements were taken before (black)
and after treatment (grey). DMCM produces a very significant reduction of locomotor activity (two way RM
ANOVA, followed by Holm-Sidak test, p<0.01) while vehicle had no significant impact (p=0.175).

Mice were treated with either DMCM or vehicle starting from day 3 after stroke and

following assessment of the initial deficit in the gridwalk task (Figure 22a).
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Figure 22. Long-lasting improvements in general motor outcome following DMCM treatment in stroke
mice. Data are shown as percentage of the initial deficit, i.e. the difference in the fraction of foot faults/incorrect
graspings between day 2 and baseline. Then, performances at day 9 and 30 have been normalized as a
percentage of the initial deficit. Statistical analysis was performed on raw data and differences refer to day 2. (a)
The number of foot faults in the gridwalk task decreases immediately after DMCM treatment and persists up to 30
days (two way RM ANOVA followed by Tukey test, p<0.05; n=10). Conversely, no significant improvements are
detected in controls (p>0.87; n=3). (b) Performance in the single-pellet retrieval task. The fraction of incorrect
graspings decreases after DMCM treatment, which rescues approximately 70% of the initial deficit 30 days post
lesion (two way RM ANOVA, followed by Tukey test, p<0.01). Data are mean + SE.*, p<0.05; **, p<0.01 and
refers to baseline.

Injections were made daily until day 8 and motor function was again assessed at day 9 (i.e.
immediately after treatment) and 30 (to probe persistence of the therapeutic effect). As
expected, vehicle-treated mice showed no improvements in motor function in the gridwalk
test. Importantly, a reduction in the number of foot faults was evident for DMCM-treated
animals at day 9 and persisted at day 30 (two way RM ANOVA followed by Tukey test, day
9, p=0.039; day 30, p=0.038; Figure 22a). | also assessed the impact of DMCM treatment on
skilled reaching (Lai et al., 2015b). The percentage of incorrect movements decreased at day
9 showing a trend for improvement in DMCM animals. This effect of DMCM became
significant at day 30 (two way RM ANOVA followed by Tukey test, p=0.007; Figure 22b).
Thus, performance in two motor tasks was consistently enhanced in the DMCM animals well
beyond the completion of the treatment. This effect was not due to a difference in the initial
deficit, since DMCM and vehicle groups had a comparable performance 2 days post lesion
(two way RM ANOVA p>0.095). | also quantified the number of total attempts made during
the tests (i.e. reaching attempts in the skilled reaching test and steps performed in the
gridwalk test) and | found no significant differences with respect to vehicle controls at 30
days post lesion (total steps made in the gridwalk test: DMCM 619.7+96.46; Veh 635+£19.22;
t-test p=0.932; total attempts in the skilled reaching test: DMCM 63.6+6; Veh 56+7; t-test
p=0.454).
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In a subset of the animals employed for the pellet grasping task, | performed a kinematic
analysis of reaching to address the issue of “true” recovery vs. compensation (Lai et al.,
2015b). | found that DMCM treatment did not significantly improve trajectory kinematics, as
they remained longer (ArcLen, Two way RM ANOVA, DMCM vs. vehicle, p=0.244; Figure
23a) and less smooth (i.e., with an increased number of trajectory adjustments; Two way RM
ANOVA, DMCM vs. vehicle, p=0.330; Figure 23b) as compared to baseline, pre-stroke
values. Overall, these data indicate that hampering GABA, signalling after stroke produces
significant and long-lasting improvements in motor function, but compensatory adjustments

appear to be required for task accomplishment.
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Figure 23. Kinematic analysis of pellet reaching indicates compensatory adjustments in DMCM-treated
stroke mice. Data are expressed as percentage of the initial deficit. Post-stroke variation in the length of the
whole trajectory (ArcLen; a) and in the smoothness of movement (b) during successful pellet retrievals in DMCM-
(n=3) and vehicle-treated stroke mice (n=3). No significant differences are detected between the two groups (two
way RM ANOVA, p>0.24).

2.2 Robotic rehabilitation: daily training in a retraction task promotes a specific

motor recovery not generalized to other motor functions.

To stimulate motor recovery, | subjected the animals to daily controlled, repeatable and
targeted exercises of forelimb retraction, guided by a robotic platform for mice, designed and
characterized in our laboratory (Spalletti et al., 2014). The platform is a one-degree-of-
freedom (DOF) robotic device that allows head-fixed mice to perform repeated sessions of
retraction of the preferred forelimb (Figure 24A). During each trial, the actuator extended the
forelimb and the animal was trained to pull back the handle in order to receive a liquid reward
on reaching the resting position (RP). Forces exerted during the task, time required for task
execution (t-target), and number of sub-movements were quantified for each trial (Figure
24B). Mice rapidly learned the retraction task, as shown by the consistent decrease in t-

target over training sessions (Figure 24C).
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Figure 24. Learning of the retraction task in the robotic platform. (A) Schematic of the robotic interface. It
consists of a peristaltic pump for reward delivery (1), mouse restrainer (2), linear actuator (3), micromanipulator
(4) for precise positioning of the mouse head, camera (5), handle (6), slide (7), load cell (8), gavage-feeding
needle (9), and head fixation system (10). A schematic of the handle is also shown: the upper and lower
components (respectively UC and LC), the 2 magnets (gray) and the semicircular groove (light gray). (B)
Representative example of a single retraction task (active phase) in the robotic platform. Blue dotted line, position
of the handle over time; green continuous line, force over time. S1 and S2, tones indicating begin and end task.
The offset of the force profile at S1 was because of the opposing force exerted by the animal during extension by
the actuator. Arrowheads indicate single sub-movements; note force peaks in correspondence of each sub-
movement. T-target was calculated as time S2 - time S1. Variation of t-target (C), and number of sub-movements
(D) over the training sessions. Data are mean + standard error.

In particular, a plateau was reached starting from the fifth session (Friedman test, p <
0.001, followed by Dunn's post hoc Method, p < 0.05). In parallel to the reduction of the t-
target, lobserved a significant increase of the mean force exerted by the mice (Friedman test,
p < 0.001, followed by Dunn's post hoc Method, p < 0.05). This was also accompanied by a
very consistent decrease in the number of sub-movements required to complete the task
(Friedman test, p < 0.001, followed by Dunn's post hoc Method, p < 0.05 Figure 24C). In
summary, these data show that mice can efficiently learn the retraction task and that forelimb
performance can be accurately quantified by the robotic platform.

I next investigated whether (i) the parameters measured by the robotic platform are
sensitive enough to detect deficits in performance after a localized cortical stroke and (ii)
post-lesion training is effective in restoring performance on the robotic platform to baseline,

pre-lesion values.
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After stroke, both the ischemic and sham groups performed the task for at least three
sessions (days 2, 4 and 6 following surgery). In the ischemic group the time required to
complete the retraction task was significantly increased after the infarct (Figure 25A,
"baseline” vs. "days 2-6" Dunn’s test, P<0.0001). On the other hand, sham surgery had no
statistically significant impact on performance (t-target pre- vs. post-injury, Mann Whitney
Test, p = 0.472, data not shown).

In addition, the ischemic lesion led to a significant reduction in the force exerted by the
forelimb contralateral to the cortical infarct (Figure 25B, "baseline” vs "days 2-6" Dunn’s test,
p <0.0001).

Importantly, execution of movement was impaired following stroke, as there was a
consistent increase in the number of sub-movements required to complete the task (Figure
25C; "baseline" vs "days 2-6" Dunn’s test, p = 0.0013). Moreover, the number of force peaks
(attempts) not resulting in a displacement of the handle, was significantly increased after
lesion (Figure 25D; "baseline" vs "days 2-6" Dunn’s test, p < 0.0001).

| continued the training of the ischemic group until day 14 post-lesion. | found a significant
reduction of t-target to levels (Figure 25A, third column) that were comparable to those
attained in the pre-lesion condition ("baseline” vs. "days 10-14", Dunn’s test, p > 0.95; "days
2-6" vs. "days 10-14", p < 0.0001)

Similar results were observed for the mean force values, which showed a substantial
increase during the course of post-stroke training (Figure 25B, "baseline" vs. "days 10-14",
Dunn’s test, p = 0.0516; "days 2-6" vs. "days 10-14", p < 0.0001).

Importantly, the number of both sub-movements and attempts were decreased after 14
days of post-lesion training and became comparable to pre-lesion values (sub-movements,
Figure 25C, "baseline" vs. "days 10-14", Dunn’s test, p = 0.0798; "days 2-6" vs. "days 10-
14", p < 0.0001; attempts, Fig. 3D, "baseline" vs. "days 10-14", Dunn’s test, p > 0.95; and
"days 2-6" vs. "days 10-14", p = 0.0002).

Altogether, these data indicate that the robotic platform provides sensitive measures to

probe deficits and recovery of forelimb function after a localized cortical infarct in mice.
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Figure 25 The robotic platform efficiently detects deficits and improvement of forelimb flexor
performance following stroke. T-target (A), mean force exerted (B), number of sub-movements (C), and
number of attempts (D) in baseline (pre-lesion) condition and either 2 to 6 days or 10 to 14 days after stroke. All
animals were tested every other day in the robotic platform. Note the return to pre-lesion values of all parameters
at the end of the training. Data are summarized by a box chart, in which the horizontal lines denote the 25th, 50th,
and 75th percentile values, and the error bars denote the 5th and 95th percentile values; the square indicates the
mean of the data set. ***P<0.001 (Friedman test, P<0.001, followed by Dunn’s post hoc test).

Next, | was interested in evaluating whether the effect of the training could be generalized
to other forelimb tasks. To this aim, 6 mice were first pre-habituated to be restrained on the
robotic platform and to receive the liquid reward; moreover, baseline performances in
Schallert and Gridwalk tests were recorded. Then the phototrombotic ischemic lesion was
induced in the CFA and a metal post for head restraining was cemented over the skull. The
acute effect of the lesion was evaluated 2 days after surgery with Schallert and Gridwalk
tests while the daily robotic training started from day 5. The progression of the forelimb
function was assessed once a week at day 9, 16, 23 and 30 post-lesion. | found that the
improvement in the performance in the specific task on the platform was not generalized to
other forelimb task, as demonstrated by the lack of recovery in Schallert and Gridwalk tests
(Figure 26).
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Figure 26. Motor deficit after rehabilitation on the robotic platform. After daily robotic platform rehabilitation
(blue), animals showed a similar performance as control stroke animals (red) both in the Gridwalk (A) and in the
Schallert Cylinder test. Data are mean + SE. *, p<0.05; **, p<0.01; ***, p<0.001 and refers to baseline (Two Way
RM ANOVA followed by Tukey test).

2.3 Re-establishing the balance between the hemispheres

In order to define possible changes in interhemispheric interactions between the two
homotopic motor cortices after stroke, | focused on the spared ipsilesional and the
contralesional Rostral Forelimb Areas (RFAS).

| used optogenetic stimulation in Thyl-ChR2 transgenic mice to record Local Field
Potentials (LFPs) in RFA of chronic ischemic (30 days post lesion) and sham animals after
1ms of light stimulation in the contralateral homotopic area. Recordings were performed by
means of 16 channel linear multielectrodes spanning all cortical layers. A schematic of the
experimental protocol is shown in Figure 27A. In stroke animals | also switched the
configuration and recorded the evoked response in the healthy RFA following stimulation of
the contralateral, perilesional cortex. A representative FP recorded in layer V of the
ipsilesional and contralesional RFA after single pulse stimulation in the other hemisphere in
an ischemic animal is represented in Figure 27B (red and blue traces) and compared to a
control animal (black trace). | identified two main components of the evoked FP: (i) an early
negative component, peaking between 17 and 26 ms after stimulation (corresponding to a
current sink) and (i) a later positive component, peaking between 40 and 60 ms
(corresponding to a source, i.e. outward, likely hyperpolarizing currents). The early negative-
going FP likely reflects reduced direct transcallosal excitation, while the late positive
component may be due to transcallosal, disynaptic inhibition of target neurons via local

GABAergic cells. Both components were abolished by topical application over the cortex of
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CNQX, a blocker of glutamatergic transmission, indicating the post-synaptic origin of the

recorded FP.
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Figure 27. Optogenetic recordings in RFA after stroke. Schematic representation of the experimental setup
for optogenetic recordings (A). Transgenic mice expressing Thyl-ChR2 (selectively pyramidal neurons were
activated by the blue light) were used. The optic fiber was placed on the healthy RFA and the multichannel
electrode in the perilesional RFA (or vice versa). (B) Representative field potential recorded in the ischemic RFA
(blue line), healthy RFA (red line) of a healthy animal (black). Note the similarity between the red and black line
(from a control animal).

The quantitative analysis revealed a clear asymmetry of interhemispheric communication in

stroke animals. In particular, the negative and positive component were always lower and

higher, respectively, in the healthy RFA than in the perilesional RFA of individual stroke mice

(Figure 28; Paired t-test, negative component p=0.013 and positive component p=0.003).
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Figure 28. Quantitative analysis of the negative and positive components. Pre-post stroke differences in
the amplitude of the early negative component (A, differences between baseline and the negative peak, see box
on the left) and in the late positive component (B, basline - positive peak). Data are mean + SE. *, p<0.05; **,
p<0.01 and refers to baseline (Paired t-test).
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These results can be interpreted as evidence of reduced excitation and enhanced inhibition
through the transcallosal pathway from the intact to the stroke hemisphere, highlighting
directional differences in the interhemispheric coupling of the two homotopic Premotor
cortices after stroke.

On the basis of these results, | tried two different rehabilitative strategies to restore the
correct interhemispheric balance: (i) transient inactivation of the contralesional motor cortex,
(i) a combination of healthy hemisphere silencing and robotic rehabilitation. All the statistical
analyses were referred to the baseline pre-lesion values of each group; data of the sham

group and spontaneous stroke group are also reported for comparison.

2.4 BONT/E injection: the inhibition of the healthy hemisphere partially

improves motor outcomes after stroke.

Based on my electrophysiological data and previous data from the literature (Vallone et al.,
2016) | attempted to rebalance interhemispheric connectivity after stroke. To this aim, |
performed a focused inactivation of the forelimb motor cortex in the hemisphere contralateral
to the ischemic lesion by means of intracortical injections of the synaptic blocker Botulinum
Neurotoxin E (BONT/E). This neurotoxin is known to block the excitatory neurotransmission
by cleaving the protein SNAP-25, a main component of the SNARE complex that is

fundamental for neurotransmitter release and synaptic transmission.

sham 2 dpi 5 dpi 10dpi 21 dpi contra

Intact
SNAP 25
cleaved
SNAP 25

Figure 29. Time course of BONT enzymatic effect in the cortex. Western blotting showing the duration of
BONTI/E effects. BONT/E activity was evaluated via expression of the intact and BoNT/E-truncated SNAP-25. |
detected SNAP-25 cleavage up to 10 days post injection.

| first verified the effectiveness and the feasibility of this technique for my aim. Specifically |
characterized the time course of BONT/E action in the motor cortex by Western Blot analysis.
| injected a group (n=5) of animals with the toxin in the CFA and | collected tissues from the
injection site at different time from surgery. As controls, | collected also samples from motor

cortex contralateral from the injection site and from the visual cortices. Western blotting
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results are reported in Figure 29 and show that BONT/E is active for at least 10 days after
injection, as shown by persistence of cleaved SNAP-25.

To evaluate the spread of toxin activity in the motor cortex, | injected a group of 5 mice with
BoNT/E in the left CFA and | sacrificed animals 2 days post injection (when the activity of the
toxin reaches its peak). | used 50 um-thick brain slices for immunostaining of intact and
cleaved SNAP-25 (Figure 30A, C, D and B, E, F, respectively). | found that SNAP-25
cleavage was evident along all the cortical layers and spanned the entire CFA. The RFA was
less involved as | found low expression of cleaved SNAP-25 at its posterior border (+1.5mm

from Bregma; data not shown).

Figure 30. Representative micrographs of the BoNT/E injection site. immunofluorescence staining for intact
(A) and cleaved SNAP-25 (B). Magnification of the injection site showed the nearly total absence of intact SNAP-
25 (C) whereas the cleaved SNAP-25 signal is consistent (E). Conversely, in the peri-injection site there is a
conspicuous amount of intact SNAP-25 (D), but no signal from cleaved SNAP-25 (F).

In order to assess the effect of inactivation of the contralesional hemisphere, a group (n=5)
of animals subjected to phototrombosis were also intracortically injected, in the same
surgery, with BoNT/E. | assessed motor performances of these animals once a week with
behavioural tests up to 30 days post lesion. As shown in Figure 31A and B, the injection of

BoNT/E appears to have an effect on the motor outcomes both in Schallert Cylinder Test and
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in the Gridwalk test but it is not sufficient for inducing a complete recovery. In particular, in
the Gridwalk Test, | found a robust deficit at day 9 followed by a slight improvement over time
(Figure 31A). However, performance remained significantly worse than baseline at day 30
(two way RM ANOVA followed by Tukey test, Day 2 p<0.001; Day 30 P=0.017).

In the Schallert Cylinder test, the deficit measured at day 2 in BoNT/E-treated animals was
lower than in controls (Figure 31B). Since the Schallert cylinder test measures the
asymmetry in forelimb use, this acute effect may be due to the synaptic silencing of the
contralesional cortex (with an impact on ipsilesional forelimb). However, over time the deficit
in performance caught up with that measured in stroke controls and was significantly
different from baseline (two way RM ANOVA followed by Tukey test, Day 9 P=0.024, Day 16
P=0.002, Day 23 and 30 P<0.001).
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Figure 31. Performance in the general motor tests after BONT/E injection in the contralesional CFA. After
BONT/E injection (blue line) there is a small improvement in the performance in the gridwalk test (A) respect to the
spontaneous recovery (red line), that however remains statistically different from the baseline performance at 30
days post lesion. Moreover in the Schallert cylinder the use of the contralesional forelimb after BoNT/E injection
(red) reflects the performance in the spontaneous time course (blue). Data are mean + SE. *, p<0.05; **, p<0.01,;
*** p<0.001 and refers to baseline (Two Way RM ANOVA followed by Tukey test).

2.5 Combined neurorehabilitation: robotic training combined with transient

inactivation of contralesional hemisphere enhances motor recovery.

| decided to combine BoNT/E injection with daily robotic rehabilitation in the mechatronic
platform. Motor improvements of the BoNT+Robot group (n=6) were evaluated with Schallert
and Gridwalk tests once a week up to day 30. Moreover, in order to have a more specific
measure of forelimb motor performance for the different groups, animals were also trained in
the Skilled Reaching Test and kinematic analysis was also performed.

In Figure 32A and B, motor performances in the Gridwalk and the Schallert Cylinder Tests

are reported: in both cases, a significant improvement was found, especially at day 30 post
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lesion. In the Gridwalk, motor recovery started from day 16 post lesion, when error
percentage with the impaired limb normalizes to baseline values, and remains steady up to
day 30 (two way RM ANOVA followed by Tukey test, Day 16 P=0.067, Day 23 p=0.160 and
30 P=0.079). In the Schallert Cylinder test, the asymmetry index turns to be not different from
baseline value at day 30 post lesion (two way RM ANOVA followed by Tukey test, p = 0.182).
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Figure 32. Combined treatment significantly improved motor recovery. Combining the inhibition of the
healthy hemisphere with daily robotic rehabilitation significantly improved the post-stroke recovery in all tests
used: in the Gridwalk test (A) from day 16 there is no significant difference to baseline values. In the Schallert
Cylinder test (B) there is an early improvement and 30 days post stroke the performance is not different to
baseline. Moreover, in the skilled reaching test (C) the percentage of incorrect graspings normalized after day 16.
Data are mean * SE. *, p<0.05; **, p<0.01; *** p<0.001 and refers to baseline (Two Way RM ANOVA followed by
Tukey test).

Interestingly, also the success rate in the Skilled Reaching Test, measured as the endpoint
analysis of errors percentage, shows a marked improvement for the combined treatment
group (Figure 32). In fact, while the spontaneous recovery is not sufficient to bring values
back to baseline performance, the BoNT+Robot group improves starting from day 9 and from
day 16 the motor outcome results undistinguishable from the baseline (two way RM ANOVA
followed by Tukey test, Day 2 p=0.010; Day 9 p=0.027, Day 16 p=0.550, Day 23 p=0.901,
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Day 30 p=0.989). More importantly, the motor recovery detected by generalized motor tests
is reflected also by several parameters of reaching kinematic analysis, showed in Figure 33.
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Figure 33. Kinematic analysis during the reaching movement after combined treatment. The kinematic
analysis of the reaching showed that after combined therapy movement patterns returned similar to the pre-lesion
conditions, especially at 30 days post-stroke as showed by the ArcLen (A), the Mean Speed (C) and the
Smoothness (D). The Area under the Curve (AUC) remains significantly different from baseline at 30 days post-
stroke, however a strong impact on the recovery is clearly visible (B). Data are mean + SE. *, p<0.05; **, p<0.01;
*** p<0.001 and refers to baseline (One Way RM ANOVA followed by Tukey test).

In particular, the length of the movement improves at day 23 and completely recovers at
day 30 post lesion while a positive trend is reported for the width of the trajectory (Figure
33A and B, one way RM ANOVA followed by Tukey test, ArcLen 23days p =0.022; 30days
p=0.064; AUC 30days p=0.001). Of note, a significant restoration of pre-lesion values is also
reported for the speed profile and for the smoothness of the reaching movement (Figure 33C
and D, one way RM ANOVA followed by Tukey test, MeanSpeed 16days p=0.059; 23days
p=0.998; 30days p=0.987; Smoothness 23days p=0.004; 30days p=0.099) (see Methods).
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Altogether, these kinematic data are clear in indicating a substantial restoration of pre-
lesion movement patterns in stroke animals subjected to combined robotic training and

silencing of the healthy hemisphere.

2.6 Plasticity markers: combined treatment reduces the expression of

“plasticity brakes” in the perilesional tissue

In order to identify possible mechanisms of the recovery induced by the combined
treatment, | performed an immunohistochemical analysis looking for differences in the
expression of plasticity markers between the spontaneous and the rehabilitated group. |
counted the number of Parvalbumin- and Somatostatin-positive inhibitory interneurons in the
perilesional tissue lateral and medial to the lesion in a group of stroke animals with and
without rehabilitation and in a control group at 30 days post-surgery. | followed the same
scheme depicted in Figure 16 and then | pooled the values in a global perilesional measure.
| found that the density of PV+ cells spontaneously decreased after stroke with respect to
sham condition (t-test p<0.001). However, the BoNT+Robot treatment further accentuates
this decline and the number of PV+ cells resulted to be significantly lower with respect to
spontaneous condition (Figure 34A, B; t-test; p=0.045). The same trend was found for
another important class of inhibitory interneurons, which is the SOM+ population. The
number of these cells is significantly lower after stroke with respect to sham (t-test; p<0.001)
but in the rehabilitated group is further diminished (Figure 34C, D; t-test; p=0.014).

Another important marker of the re-opening of cortical plasticity in the adult tissue is the
myelin basic protein (MBP), which is one of the major components of the myelin sheath
formed by oligodendrocytes (Bartholdi and Schwab, 1998; Kim et al., 2009). | compared
MBP expression between spontaneous and BoNT+Robot group in 200 um wide columns
close to the lesion, 30 days after injury. | found a significant decrease in the protein
expression in the rehabilitated group (Figure 34E, F; t-test; p=0.045), thus indicating a more

plastic state of the perilesional tissue in the rehabilitated group.
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Figure 34. Plasticity markers after combined treatment. the number of Parvalbumin—positive cells decreased
with rehabilitation (A) as shown by representative micrographs of the counting region (B, rehab n=6, spont n=8).
Also the number of Somatostatin-positive cells in the perilesional tissue decreased after combined therapy (C and
D, rehab n=6, spont n=4). The mean fluorescence of MBP staining indicated that the rehabilitated animals (n=4)
have less MBP in the perilesional cortex with respect to non-rehabilitated group (n=3)(E and F). Data are mean +
SE. (t-test *, p<0.05).
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3. Preliminary results: transplant of mouse embryonic stem

cells (MESC) into the ischemic cortex

3.1 mESC in vitro differentiation protocol

Several groups have attempted transplant of stem cells in stroke to replace lost neurons
and stimulate plasticity of spared pathways. | have collaborated with the laboratory of
Federico Cremisi, which established a novel three steps protocol for the differentiation in a
Chemically Defined Minimum Medium (CDMM) of mouse embryonic stem cells (mESC) into
neurons of cortical identity (Figure 35A).
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Figure 35. inhibition of the autologous Wnt and BMP signalling in differentiating mESC. Inhibiting Wnt
and BMP pathways in a chemically defined medium (A) promotes the expression of the anterior forebrain marker
FoxG1, the early telencephalic marker Emx2 (F) and the markers of cortical cell subtypes Tbrl, Ctip2 and Satb2
(B, G). Moreover, Wnt- and BMP-inhibited cells downregulate the expression of the more posterior neuronal
markers Otx2 and Enl (F). Finally, at later stages of differentiation mature neural markers Map2 (D) and NeuN
(E) are highly expressed in differentiated cells.
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They found that the inhibition of the endogenous WNT and BMP signaling for 11 days
promotes the expression of telencephalic and cortical genes, such as FoxG1l and Emx2,
while it represses more posterior mesencephalic genes, such as Otx2 and Enl (Figure 35F).
After 13 days of differentiation in vitro (DIV) these cells express the early cortical markers
Tbrl and Ctip2 (Figure 35B-C) at a higher level compared to control (Figure 35G).

Prox1, Wnt8b and Emx2 are highly expressed in the embryonic hippocampus compared to
the surrounding cortical areas as shown by the specific expression of these three markers in
the medial pallium embryonic after in situ hybridization experiments in E15.5 mice embryos
(from Allen Brain Atlas and Fotaki et al., 2010, Figure 36B).
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Figure 36. Hippocampal and isocortical differentiation. Layout of the differentiation protocol of mESC in
isocrtical- and hippocampal-like neurons (A). Prox1, Wnt8b and Emx2 in situ hybridization from embryonic mouse
show the expression in the developing hippocampal regions nctx = neocortex; Hem = cortical hem; ChP = choroid
plexus; trp = telencephalic roof plate (B). (C) Expression analysis of embryonic hippocampal markers Emx2,
Prox1 and Wnt8b in isocortical-like (WiBi treated) and in hippocampal-like (Wibi and Chir treated) mESC-derived
neurons and E16 embryonic brain via RT-PCR.

The dorso-medial region of the telencephalon has a fundamental role as signaling center in
cortical development. In fact, along the dorsal telencephalic midline there is a high
expression of BMPs and WNTs (Hebert et al., 2002; Shimogori et al., 2004), which are
required for the hippocampal field specification (Lee et al., 2000; Yoshida et al., 2006).
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Accordingly, the double inhibition of WNT and BMP signaling for the first 9 days of mESC
differentiation, followed by activation of canonical WNT signaling with a Wnt agonist
CHIR99021 (3uM, DBA) between DIV9 and DIV16 increase the expression of the embryonic
hippocampal markers Prox1, Emx2 and Wnt8b (Figure 36A, C).

In conclusion, they were able to manipulate WNT and BMP signalling pathways in vitro in
order to obtain isocortical and hippocampal neurons.

3.2 mESC derived neurons integrate and send projections in the adult brain,
especially after stroke

In order to track transplanted cells in the host brain, cortical and hippocampal ESC-derived
neurons were labelled with lentiviral vectors carrying membrane-bound forms of GFP and
mCherry, respectively, which allowed to visualize long distance projections (see below). In
order to evaluate survival and behavior of the cells in vivo, hippocampal (HIP) and isocortical
(CRT) cells were pooled and transplanted into the motor cortex and hippocampus of adult
mice (Figure 37). After two weeks | performed neuroanatomical analysis of the grafted cells
and their projections.

In vitro differentation | .
|

Day 0 Day 16 Day 30
In vivo grafting in Projection analysis
hippocampusor

cortex

Figure 37. In vivo transplantation protocol. After 16 days of differentiation in vitro cells were differentially
labelled with GFP (isocortical) and mCherry (hippocampal) and grafted into the motor cortex and hippocampus of
healthy adult mice.

When the graft was centered in the dentate gyrus of the hippocampus, | found an extended
projection pattern of HIP cells (red) mainly to hippocampal structures and to anterior brain
areas. Conversely, cortical cells (green) showed a very poor arborisation that remained

confined to the injection site (Figure 38).
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Figure 38. Projection pattern of hippocampal- and isocortical-like cells grafted in the hippocampus.
Anteroposterior reconstruction of fibers elongated from hippocampal- (red) and isocortical-like (green) cells after
double transplant in the dentate gyrus of hippocampus. The yellow spot represents the transplant composed by
both green and red cells.

As in the previoous case, after grafting into the motor cortex, HIP neurons (red in Figure
39) sent very long projections from the injection site showing a preference for the agranular
cortex, hippocampus and white matter. Conversely CRT grafted neurons (green) extended

very short projections that remained in proximity of the transplant core.
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Figure 39 Projection pattern of hippocampal- and isocortical-like cells grafted in the cortex.
Anteroposterior reconstruction of fibers elongated from hippocamapal- (red) and isocortical-like (green) cells after
double transplant in the motor cortex. The yellow spot represents the transplant composed by both green and red
cells.

Since | were interested in studying the behavior of mESC-derived cells in the ischemic
brain, | grafted cortical and hippocampal cells at 3 days post-injury in the ischemic core and
in the perilesional area and after 2 weeks | studied their projection patterns. HIP cells still
elongated fibers in many cortical areas as in the healthy brain. Surprisingly, the projection
patterns of CRT cells (green) grafted after stroke, are really different compared to the
previous graftings in healthy animals. Indeed, | documented robust neurite extension from
CRT cells both in the cortex surrounding the transplant and in other subcortical regions

involved in the motor pathways such as the Internal Capsule (IC) (Figure 40).
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Figure 40. Projections after transplant of HIP and CRT cells in the host ischemic brain. After grafting cells
in the perilesional cortex of the ischemic brain (B) CRT neurons extended many projections compared to graftings
in healthy animals (A). Green fibers reached very long targets and extensively targeted the peri-injection site up to
the Entorhinal Cortex together with red fibers (C) but only green fibers reached motor subcortical structure such
as the Internal Capsule — IC (D).

Altogether, these data indicate that isocortical-like cells extend projections only when
stimulated by the ischemic brain environment. | am currently investigating whether transplant

of these cells may modulate functional recovery after stroke.
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Discussion

Kinematic characterization of post-stroke reaching impairments

To objectively evaluate the effectiveness of a rehabilitative therapy, the training-induced
motor improvement should be also detectable in other motor paradigms non-directly related
to the exercised task. Concerning animal models, in the literature a battery of motor tests for
rodents have been characterized and generally accepted for evaluating post-stroke forelimb
motor function (Brooks and Dunnett, 2009). One of the most used motor tests is the Skilled
Reaching Task: animals are trained to reach food pellets with their forepaw and bring them
the mouth. The percentage of correct/incorrect grasps (including fallen pellets) is a relevant
end-point measure for the assessment of the forelimb function during post-stroke recovery
(Alaverdashvili & Whishaw, 2010; Klein et al., 2012; Moon et al., 2009; Whishaw et al.,
2008). To better distinguish between “true recovery” and compensation, kinematics could
provide useful information about the reaching movement strategy by means of the study of
the paw trajectory. This kinematic approach has been already used in some reports, but the
evaluation phase was always made manually by the experimenter, thus possibly introducing
experimenter’s bias and dramatically increasing the time required for analysis (Alaverdashvili
& Whishaw, 2013; Braun et al., 2012).

Here, for the first time, kinematic impairments of mouse reaching movements have been
quantitatively described by a set of measures computed from paw trajectories, instead of a
time-consuming manual frame-by-frame video analysis. These findings demonstrate that in
the mouse model, key kinematic measures are sensitive to detect differences in performance
before vs. after stroke.

After stroke, reaching success by the forepaw contralateral to the lesion was impaired and
partly recovered over the 4 postsurgical weeks (Figure 10). The photothrombotic lesion also
caused distinct changes in forelimb preference (Schallert Cylinder), and important deficits in
sensory-motor coordination (Gridwalk test) remaining defective up to 30 days after surgery.
This is consistent with previous works on mice (Farr and Whishaw, 2002; O’Bryant et al.,
2011) (Figure 9). It is worth noting that in my experiments, mice performed the grasping task
only once a week, thus it is unlikely that such modest training be sufficient to achieve
significant recovery in generalized motor tasks. Indeed, an intensive training regimen is
necessary to produce functional gains that extend to dissimilar, untrained tasks. For

example, in rats with spinal cord lesions, daily training in the single pellet grasping task leads
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to a small but detectable improvement in performance on the horizontal ladder test
(Gholamrezaei and Whishaw, 2009).

Rodent skilled reaching represents an ideal translational model and a powerful tool to
generalize preclinical research to clinical conditions. In this work, kinematics of successful
reaching movements was analyzed by a semi-automated tool that proved to be accurate,
precise and robust. More interestingly, it allowed for a significant reduction of the total
computational time required by a manual operator to perform a similar analysis. Impairments
in kinematics of reaching movements were previously assessed in a mouse model of stroke
(Farr and Whishaw, 2002; Klein et al., 2012), but only qualitatively and manually evaluated
by an operator. Although that protocol allows for a more detailed analysis of reaching
movement patterns, including digits flexion or extension, it is severely limited by inter-rater
variability and by the need for time consuming frame-by-frame video analyses. On the other
hand, the approach presented in this study is independent from operator's expertise and
provides objective and prompt measures of kinematic impairments. These are desirable
features, especially for studies envisaging multiple combined recording (and analysis) of
kinematics and neurophysiological signals, or for rehabilitation protocols requiring continuous
monitoring of performance to trigger appropriate modifications to foster motor improvement.

Several parameters were computed from the recorded trajectories, designed to describe
both global and local features of the reaching movement. The kinematic analysis showed
that, after stroke, mice displayed abnormal forepaw movements (Figure 11 and Figure 12).
Compared to baseline, mice tended to move the paw higher before pellet grasping, and
approached the pellet with a distorted curvature. Moreover, the whole movements were
significantly longer, slower, irregular, and spanned a broader workspace. Finally, when
retracting the paw towards the mouth to eat the pellet, dragging occurred more frequently
and for a prolonged time interval. When compared to human studies (Cirstea and Levin,
2000; Rohrer et al., 2002; Subramanian et al., 2010; Alt Murphy et al., 2011, 2013; Panarese
et al.,, 2012; Krebs et al.,, 2014; van Dokkum et al., 2014), important similarities were
observed in the trajectories of the two species, summarized by the parameters ArcLen, Mean
Speed and Smoothness: post-stroke reaching movements are longer, slower, and more
segmented. No comparison, however, was possible on the other parameters, which have
never - to my knowledge of the literature - investigated in humans. Nevertheless, they
represent potentially interesting biomarkers of post-stroke impairment and deserve to be
tested in future rehabilitation protocols for human subjects.

Thus, my results emphasizes the utility of the mouse model and the kinematic analysis as
means to examine post-stroke functional impairments and, potentially, track motor

improvements due to treatment effects that may ultimately generalize to patient populations.
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Neuroplasticity changes after stroke

Understanding cellular mechanisms governing post-stroke cortical plasticity is critical to
develop novel and more effective pharmacological therapies to improve outcome in stroke
survivors.

| focused my analysis on peri-infarct regions since evidence in patients and animal models
indicates that spared areas surrounding the lesion significantly contribute to functional
recovery (Li et al., 2010; Starkey et al., 2012; Clarkson et al., 2013; Harrison et al., 2013;
Grefkes and Ward, 2014). In ICMS experiments, | observed a reduction in the number of
cortical sites that elicited movements of the lesioned forelimb 30 days after stroke. This was
accompanied by a corresponding expansion of the hindlimb motor map, that in healthy
animals is centered posterior to the CFA (Kleim et al., 1998; Pronichev and Lenkov, 1998).
My results are consistent with previous reports indicating shrinkage of the cortical
representation of affected forelimb in favour of other body parts (Castro-Alamancos and
Borrel, 1995; Nudo and Milliken, 1996). These motor map reorganizations are reminiscent of
activity-dependent competition in sensory cortices (Restani et al.,, 2009; Nahmani and
Turrigiano, 2014; Deidda et al., 2015).

The current threshold to evoke movements also changed after stroke. Overall, a higher
current intensity was required to evoke a forelimb movement post-stroke, while hindlimb
movements were elicited with a slightly reduced current. In keeping with my results, previous
studies in humans and rodents have shown an inverse correlation between the current
threshold and the size of the motor map (Marconi et al., 2011; Young et al., 2011). Young
and colleagues (2011) correlated GABAergic neurotransmission with cortical map properties,
so that a shift in the balance between excitation and inhibition influenced both movement
thresholds and map size. It has also been suggested that inhibitory neurotransmission is
responsible for the stability and sharpening of motor and sensory maps (Hensch and Stryker,
2004; Foeller et al., 2005; Nudo, 2013). Specifically, local reduction of intracortical inhibition
allows the unmasking of subthreshold inputs and the consequent expansion of adjacent
motor maps (Jacobs and Donoghue, 1991). In this context, a reduction of GABAergic
inhibition might allow plasticity of spared areas and pathways following stroke. Indeed, my
neuroanatomical analyses revealed a significant reduction of two major populations of
GABAergic cortical interneurons after the infarct. Somatostatin-containing interneurons
represent a low-threshold inhibitory population involved in cortical plasticity (Cardin, 2012;
Gentet et al., 2012; Stryker, 2014) whereas parvalbumin-positive fast-spiking interneurons
play important roles in control of network firing due to their perisomatic synapses onto
pyramidal cells (Di Cristo, 2007). My immunohistochemical data do not allow to distinguish

between cell death of interneurons and down-regulation of the expression of their markers,
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which are however potentially related to an impairment in the normal physiology of these
cells. Reduction of GABAergic neurotransmission was confirmed by analysis of the number
of V-GAT-positive inhibitory presynaptic terminals in the perilesional cortex, 30 but not 7 days
after stroke. In order to quantify V-GAT- and V-GIuT1-positive terminals in a more reliable
way, | used a normalization method using a reference field for each analysed section (see
methods) with the advantage of maintaining spatial information (compared to other
guantification method e.g Western blotting). A reduced inhibitory tone is in keeping with the
observation of a loss of selectivity in the motor maps, with a dramatic enhancement of the
number of sites evoking simultaneous movement of different body parts, and a
corresponding reduction in the percentage of cortical area evoking specific and unique
movements (see Figure 15a). It is important to note that while synaptic GABA may be
reduced, elevated tonic GABA currents have been clearly demonstrated after stroke
(Clarkson et al., 2010).

Overall, my data point to a consistent downregulation of GABAergic markers that is initially
detectable 7 days after stroke and becomes more widespread one month post-stroke,
coupled with a reduction of PNNs. The role of the GABAergic system and PNNs in functional
recovery after stroke has been suggested by previous reports. It has been shown that daily
motor rehabilitation in stroke mice triggers an improvement of grasping abilities, which is
associated with a reduction in parvalbumin, calretinin, and calbindin expression in the
agranular cortex adjacent to the infarct in the first week after stroke (Zeiler et al., 2013).
Similarly, removing PNNs from the perilesional tissue can be beneficial for motor recovery
after injury (Soleman et al., 2012; Gherardini et al., 2015). Thus, the release of specific
“neuroplasticity brakes” (such as GABAergic neurotransmission and PNNs) from the
perilesional areas may trigger the reopening of a sensitive period for cortical remodelling that
allows network reorganization and potentially some restoration of function. This interpretation
fits well with the finding that, despite a global shrinkage of the affected forelimb
representation, specific postero-medial sites of the motor cortex appear to gain forelimb
responsiveness after stroke (blue “hot spots” in Figure 15b). This finding may indicate an
initial attempt of the motor network to relocalize lost motor functions. Interestingly, Starkey et
al. (2012) observed that in stroke rats with good functional outcome, neurons within the
hindlimb motor cortex (posterior to the lesion site) acquire the ability of triggering forelimb
movements, pointing to compensatory take-over by peri-lesional areas.

Several studies have reported a decreased intracortical inhibition in stroke patients (Liepert
et al., 2000; Blicher et al., 2009). After unilateral stroke, Rossini and colleagues found a
reduction of intracortical inhibition in the affected hemisphere and normal inhibitory levels in
the contralesional one (Cicinelli et al.,, 2003). Kim et al. (2014) reported reduced GABA,

receptor availability in the primary motor cortex of stroke patients and these changes in
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GABA receptor availability were significantly related to motor recovery. Altogether, these
data are consistent with the view that a reduction of the inhibitory tone generally facilitates
the reinstatement of plasticity in the adult cortex (e.g. Harauzov et al., 2010).

Downregulating the GABAergic system to stimulate recovery

Based on these premises, | downregulated GABAergic signalling early after stroke in order
to boost such spontaneous plastic phenomena. Increasing GABA signalling in post stroke
patients and rodent models does not improve motor function (Madden et al., 2003). Rather,
administering a benzodiazepine after rehabilitation leads to an acute loss of the regained
function (Lazar et al., 2002, 2010). Finally, lowering tonic GABAergic inhibition improves
motor recovery after stroke (Clarkson et al., 2010; Lake et al., 2015). Here, | targeted
GABAergic signalling by using the benzodiazepine inverse agonist DMCM, which reduces
inhibitory currents by binding predominantly to synaptic GABA, receptor subunits (DMCM
binding affinity a1 > a2 = a3 > a5; Luddens & Wisden, 1991). It should be noted, however,
that some drugs with an effect al-mediated of the GABA, receptor (usually synaptic) may
also act extrasynaptically (Che Has et al., 2016). DMCM has been previously used to
modulate plasticity in the visual cortex (Hensch and Stryker, 2004). My results show a
significant improvement in behavioural readouts immediately after the treatment, i.e. day 9
post-stroke, which was maintained in the follow-up period up to 30 days after stroke.
Improvements were seen both in general motor coordination and in skilled forelimb use, as
shown by the gridwalk and pellet grasping task, respectively. Improvements were not due to
the anxiogenic properties of the drug (Volke et al., 2003), as the motor performance was
maintained or even enhanced at 30 days after termination of the treatment (see Figure 22).

| chose to administer DMCM during an early post-stroke phase (day 3 - day 8)
corresponding to the period of maximal susceptibility to therapeutic interventions (Zeiler and
Krakauer, 2013). Reducing GABA neurotransmission too early can have a detrimental effect
on lesion size and motor outcome (Clarkson et al., 2010). Indeed, the inhibitory system is
believed to dampen excitotoxic phenomena in the acute phase, thus limiting the extent of
damage. On the other hand, previous studies have shown that an early therapeutic
intervention appears to be critical for the motor outcome (Biernaskie et al., 2004; Ng et al.,
2015). These data suggest the existence of a “critical period” during which intervention
strategies are more effective. These post-stroke events are reminiscent of the sensitive
periods in developing sensory cortices, determined by an optimal level of GABA, signalling
(Hensch, 2005). In animal models, expression of GABA, receptor subunits shows a complex

layer- and time-specific regulation after stroke. GABA, receptors generally decrease in
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perilesional cortical areas (Neumann-Haefelin et al., 1998; Redecker et al., 2002; Jolkkonen
et al., 2003; Kharlamov et al., 2008; Schmidt et al., 2012). One exception is a recent study by
Hiu et al., (2016) who reported a transient increase in al receptor in layer V after stroke. In
this context, it is possible that both increasing and reducing GABA, signalling (via zolpidem
and picrotoxin/DMCM, respectively; Hiu et al., 2016 ; Clarkson et al., 2010 ; present data)
results in a significant gain of forelimb function after stroke, possibly by restoring an optimal
excitation/inhibition balance in specific cortical microcircuits (Hensch 2005). Whether DMCM
acts at the level of the perilesional cortex, contralesional hemisphere or subcortical structures
remains to be addressed. Overall, downregulation of GABA, signalling during an early post-
stroke period appears to leave a persistent trace on post-stroke networks that translate into a
long-lasting motor improvement.

Altogether, my data highlight a coordinated remodelling of GABAergic inhibitory networks
that play an important role in post-stroke behavioural gains. Pharmacological therapies
impacting on GABAergic signalling may accelerate and improve such spontaneous plastic
adjustments resulting in significant, even if not complete, restoration of motor function. In
fact, DMCM treatment was effective to improve general motor and skilled task but not the
kinematics of reaching movements, possibly because of the lack of a specific rehabilitation
that guides the re-establishment or pre-lesion motor patterns. It is possible that an
appropriate combination of reduced GABAergic signalling and motor training leads to
synergic effects resulting in a more complete post-stroke motor recovery (Wahl and Schwab,
2014). In keeping with this idea, recent studies have reported an additive or synergic effect of
motor rehabilitation with plasticizing treatments, e.g. treatment with chondroitinase ABC was
potentiated by task specific rehabilitation in spinalized rats (Garcia-Alias et al., 2009). In this
context our group recently introduced a robotic platform that allows animals to perform
repeated controlled sessions of forelimb retraction and represents a promising tool for

intensive and specific forepaw motor training (Spalletti et al., 2014).

Effects of robotic training and healthy hemisphere silencing on

functional recovery

Previous studies reported that, not only the spared perilesional tissue but also the
contralateral hemisphere is involved in functional changes after an ischemic insult in primary
motor area. In fact, even if it is widely accepted that the healthy hemisphere plays a role in
functional recovery, it is still not clear if it has an adaptive or maladaptive role. Previous
findings showed that inhibition of the unaffected hemisphere decreases the interhemispheric
inhibition toward the injured one and promotes motor recovery (Hummel and Cohen, 2006;
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Zimerman et al., 2012). This effect was particularly evident in the case of small cortical
lesions (Pino et al., 2014). To investigate this point, | transiently inhibited the contralesional
CFA during the first two weeks post lesion (or at least up to 10 days, see Figure 29). | used
Botulinum Neurotoxin E (BoNT/E) to reversibly block the excitatory neurotransmission by
cleaving a main component of the SNARE complex thus impairing neurotransmitter release
and synaptic transmission. | infused BONT/E in the contralesional hemisphere at the same
coordinates of the ischemic lesion and in the same surgery. This treatment partially improved
general motor outcome in the gridwalk test (Figure 31A), but did not increase the
spontaneous use of the impaired forelimb (Schallert Cylinder test, Figure 31B). Thus, this
treatment alone is not able to guarantee stable, long-lasting recovery. It is possible that
silencing the contralesional motor area favours plastic events in the perilesional tissue and
enhance cortical reorganization, thus opening the way for a functional recovery, that
however, needs to be appropriately guided. Consistently, even after DMCM treatment the
kinematic analysis failed to demonstrate a return to pre-lesion movement patterns. Thus, a
plasticizing treatment alone may increase success in completing a task (i.e. end points), but
if not guided by rehabilitation, the motor improvements appear to be associated with the
development of compensatory strategies.

To supply motor training in my project, | used an innovative robotic platform as a
rehabilitative device to restore motor function. To make the rehabilitative protocol more
similar to human patients situation, the robotic treatment was applied in the sub-acute and
not in the acute phase. Repetitive training on the robotic platform (from day 5 up to 30 post-
injury, once a day, 5 days per week) was not sufficient to improve motor outcome in both
Gridwalk and Schallert Cylinder test. It has been reported that physical exercise is able to
induce activity dependent plasticity and to model neural circuits both in normal conditions
and after a brain injury (Griesbach et al., 2004; Vaynman and Gomez-Pinilla, 2005; Ding et
al., 2006). However, most of the studies that assessed the effect of motor training, especially
in animal models, had the problem of circularity, i.e. the same skilled motor test was used
both as a rehabilitative treatment and to quantify motor performance. On this aspect my
findings are in accordance with literature since | found that motor training alone, despite
ameliorating performances in the specific task used for rehabilitation (Figure 25), is not
effective enough to extend motor improvements to other motor tasks (Figure 26).

Finally I coupled the previous plasticizing treatment (BoNT/E cortical infusion) with a daily
rehabilitative training 5 days a week for 30 days post lesion after a first assessment of
forelimb motor deficit in classical behavioral tests and in the kinematic parameters during the
skilled reaching. The results of these experiments showed an improvement in general motor
function in Gridwalk and Schallert Cylinder test that in both cases showed a final

performance not different from baseline (Figure 32A, B). Of note, the motor improvement
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interested also skilled forelimb abilities in the reaching test, not only in terms of end-point
measures (Figure 32C) but, more importantly, in terms of kinematic features (Figure 33). In
fact, a highly significant improvement was detected in the Mean Speed and smoothness of
the reaching movement. However, not all the kinematic parameters were improved by the
treatment: in fact, the reaching trajectory continued to be slightly higher and to cover a wider
space compared to baseline performances.

These results are in keeping with the idea that a combination of motor training and
“plasticizing” treatment can provide an additional synergic therapeutic effect. In fact, it is
known from other animal studies that exposure to Environmental Enrichment (EE) improves
cognitive skills, induces marked increase in synapse number and in dendritic branching and
that after an ischemic injury could lead to an improvement in several sensorimotor tasks
(Hebb, 1949; Diamond et al., 1976; Johansson and Ohlsson, 1996; Kleim et al., 1996).
However, more specific investigations have demonstrated that for recovery of proximal and
distal forelimb function, the exposure to enriched conditions was not effective (Grabowski et
al., 1993b) while the combination of EE with skilled reaching training effectively improved
forelimb motor performances and increased dendritic arborization complexity in the healthy
hemisphere (Biernaskie and Corbett, 2001b). Moreover, combining the delivery of anti-Nogo-
A antibodies, with motor training in forelimb reaching strongly improved motor recovery
(Wahl and Schwab, 2014) Specifically, the authors reported a time-dependent effect in the
coupling of these two approaches, in fact, the best recovery has been obtained when
administration of anti-Nogo-A antibody precedes motor training (Wahl and Schwab, 2014).

Another example of sequential administration of different therapies shows that intracerebral
delivery of epidermal growth factors, followed by EE and training accelerates the recovery
process in pellet retrieval — a recovery which is already complete 4 weeks from stroke
(Jeffers et al., 2014). In a similar way, rehabilitation has been administered in combination
with perturbation of ephrin-A5 signalling and CSPGs degradation (Hill et al., 2012; Overman
et al., 2012; Gherardini et al., 2015).

Many of the published studies found a reorganization of the neural tissue together with
sprouting phenomena. Consistently | found a decrease in “plasticity brakes” in the
perilesional area after the combined treatment. This decrease was evident also in the
spontaneous, untreated stroke group, suggesting an attempt to allow motor recovery.
Interestingly, after combined treatment the extent of this decrease is even more evident with
respect to non-rehabilitated animals (see Figure 34). Overall, these data indicate that the
increased recovery is accompanied by modulation of well-known plasticity markers, such as
GABAergic neurotransmission and myelin. Thus the combined treatment renders the
perilesional environment more plastic and optimizes motor recovery driven by focused motor

training.
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Cell-based therapy for ischemic stroke

A different approach for brain repair is the use of neurons grafted in the host brain with the
idea to reconstruct the lost circuitry. It is possible to transplant different type of cells, using
different delivery systems. Initial studies in this field have used immature neurons or neuron
precursors of embryonic or fetal origin. For example immature dopaminergic neurons,
deriving from ventral midbrain during fetal development, and grafted in the striatum,
ameliorate symptoms in Parkinson disease in animal models (Herman and Abrous, 1994)
and patients (Kordower et al., 1998). However these cells have the drawbacks to be difficultly
reachable for ethical and technical reasons.

More accessible cells are Mesenchymal stem cells (MSCs), that can be taken from bone
marrow, placenta and umbilical cord blood, and they usually have a really low immunogenic
effect. These have been used for stroke treatment after either direct injection in the brain
parenchyma or in the blood circulation (Eckert et al., 2013; Zhang and Chopp, 2013). It is
likely that their beneficial effect is based on a trophic support mechanism instead of a cell
replacement process. In fact, delivery of MSCs medium is sufficient to have a similar
therapeutic effect in stroke recovery (Eckert et al., 2013). The neurotrophic effect of stem
cells has been proved also in clinical trials where the product of an immortalized cell line has
been stereotaxically injected in the brain parenchyma of stroke patients (Kalladka et al.,
2016).

The use of Induced pluripotent cells (iPSCs) for cell grafting is very desirable because of
the advantage of autologous transplant, avoiding immune rejection problems. Moreover, they
are easily accessible, since they can be reprogrammed starting from fibroblasts, using a
cocktail of viral vectors that target specific master genes in keeping pluripotency. In a recent
study, iPSCs have been transplanted in the striatum and cortex of stroke rodents, inducing
an improved recovery in the reaching task (Tatarishvili et al., 2014). However, the use of
vectors limits so far, the large-scale use of these cells in clinical trials because of their
tumorigenic potentiality.

In my thesis | reported some preliminary results regarding the grafts of in vitro differentiated
mouse stem cells (MESCs) in normal and ischemic animals. The group of Federico Cremisi
(Scuola Normale Superiore, Pisa) set up a novel differentiation protocol in order to obtain two
different cell types resembling, in terms of expressed markers, hippocampal and cortical
neurons. | found that cells grafted in the brain of adult mice survive and integrate in the host
tissue, extending even long projections from the injection site (in the case of hippocampal
cells) when transplanted both at the cortical and hippocampal level. Specifically, when
grafted into the dentate gyrus of the hippocampus, hippocampal cells direct they projections

towards the CA3 subfield, following the normal course of the mossy fiber pathway and

98



densely arborize within the CA3 stratum radiatum (Figure 38). Concerning the cortical cells,
they survive in the host tissue, but do not send projections around. In fact, quite short and
few green protrusions are detectable in the tissue immediately around the transplant core
(Figure 38 and Figure 39). This difference could be due to intrinsic molecular features
characterizing these two different populations. It is possible that hippocampal cells, since
they look like cell of the dentate gyrus, a zone with an high intrinsic neurogenic potential, are
more prone to extend projections and make new connections in a healthy and structured
neural circuitry. Conversely, cortical cells seem less able to weave new connections in a pre-
existing intact and functional network.

Interestingly, if the same cells are transplanted in stroke animals, the resulting scenario
appears different. In fact, while hippocampal cells showed a similar behavior in respect to
transplants in healthy animals, cortical cells showed a really different projections pattern, now
extending long protrusions reaching lateral cortical regions and subcortical structures. In
particular | found fibers from cortical, but not hippocampal, cells within the Internal Capsule
region, suggesting integration of cortical cells in the motor pathway (Figure 40). In
accordance with these results, Vanderhaeghen and collaborators, found that pluripotent
stem-cell-derived neurons re-establish damaged pathways including long-range, reciprocal
axonal projections and synaptic connections with targets of the damaged cortex, after a
lesion of the adult mouse visual cortex. Moreover the success of the integration after the
transplant depends on the state of the tissue, in fact if the same cell are grafted in a healthy
visual cortex, no axonal projections were observed except in the immediate vicinity of the
graft (Michelsen et al., 2015).

An attractive hypothesis is that in vitro differentiated cortical neurons are sensitive to
inflammatory molecules that in some way trigger their ability to protrude long-distant
projections. In keeping with this idea, reactive gliosis results to be important for motor
recovery (Hayakawa et al., 2010). It is possible that a bridge connects inflammatory
processes with the induction of a “growth-promoting zone” in the vicinity of the infarct

characterized by a facilitating context for axonal sprouting (Carmichael et al., 2005).
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