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Abstract

It is generally considered that brain takes advantage of neural plasticity processes in or-
der to modulate its response to different changes of internal and external environment.
These variety of stimuli can induce a relevant shaping and strength of neural connections,
influencing in a positive or negative manner the compensative response of the brain itself.
The ability of neural networks to modulate their connectivity and functions in response
of different stimuli usually decline proportionally to age, so that young neural system is
considered more plastic and malleable rather than older ones.

Modulation of neural plasticity after a brain insult might be one of the most encourag-
ing research and clinical approach to recover lost functions. For instance, rehabilitation
protocols after ischemic stroke lesions are mainly focused on the plastic reorganization of
altered connections through their active remodelling. In these cases, however, efficacy of
such induced plastic modulation strongly depends upon timing, location, and extension of
lesion, and also on both onset and duration of rehabilitative treatments. Moreover, plastic
changes induced by brain injuries occurring during the development of a specific cerebral
area seems to provoke a counterintuitive worsening of functions due to immaturity of these
neural connections. Understanding the structural and molecular mechanisms underlying
the "maladaptive" response of brain circuits can help to unveil and develop new therapeutic
and rehabilitative targets, in order to promote a significant preservation or recovery of lost
functions.

A paradigmatic example of developmental injury is the perinatal stroke, that is responsible

for more than 70% of moderate-to-severe hemiplegic cerebral palsy in children and occurs
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during the development of motor system. This process is characterized by an activity-
dependent competition between ipsilateral and contralateral corticospinal projections,
that evolves with the pruning of ipsilateral fibers and strengthening of contralateral ones.
Recent studies have suggested that unilateral ischemic lesion occurring at early age in
human favours a “maladaptive” strengthening of ipsilateral projections from the healthy
hemisphere (“contralesional reorganization”), causing a worse motor outcome. Investigating
the anatomical and molecular underpinnings of ischemic lesion timing effects on motor
outcome in well characterized animal models would be useful to understand how plasticity
mechanisms can promote or preclude motor recovery in an age-dependent manner.

Here I used the unilateral intracortical injection of the potent vasoconstrictor endothelin-
1 (ETh) in the left forelimb motor cortex of rat with perinatal (P14) or juvenile (P21) age.
These ages were chosen because they represent the higher and the final level, respectively,
of developmental corticospinal axons remodelling. In order to assess behavioural long-term
motor impairments induced by ischemic lesion, several general and fine motor tests were
performed when animals reach adult age. ET1 lesion results in a comparable tissue damage
both in P14 and P21 injured animals, but earlier lesioned rats show more prominent long
term motor impairments. Taking advantage of well characterized viral vectors acting as
anterograde tracers, I analysed, at the level of spinal cord, the anatomical alteration of
corticospinal tract components (ipsilateral and contralateral) and plastic remodelling in
terms of axonal sprouting from healthy side and their laminar distribution in the denervated
side of spinal cord. These data suggest that ET-1lesion dampens the normal development of
corticospinal tract with an age-dependent effect: indeed, the earlier the lesion (P14) occurs,
the more aberrant is sprouting of contralateral and ipsilateral components of CST onto
the denervated spinal cord, with an abnormal targeting of dorsal and ventral laminae of
denervated spinal cord. Interestingly, an early skilled training performed one week after
lesion is sufficient to modulate this form of maladaptive plasticity, inducing a reduction
of aberrant axonal sprouting coincident with a partial amelioration of long-term motor

outcome.



1 Introduction

In this introduction, [ will provide an overview of historical, molecular, and structural ele-
ments that characterize neural plasticity, with a particular focus on critical period regulation
in the paradigmatic model of visual system. Afterwards, I will describe in details anatomy
and development of motor system, in particular the corticospinal system. Moreover, I will
discuss differences between adult and perinatal ischemic stroke pathophysiology, that have
a fundamental influence on the correct choice of an appropriate treatment option. Finally,
[ will review recent works about the role of neural plasticity after an ischemic stroke in
terms of axonal sprouting, cortical remodelling, molecular factors involved and examples

of maladaptive plasticity processes.

11 Neural Plasticity

One of the leading features of the central nervous system (CNS) is neural plasticity, namely,
the intrinsic ability to morphologically and physiologically modify itself in response to
specific external stimuli, in particular during the developmental stage of life. Recalling both
cheerful and melancholy events of our life, learning the better way to kick a ball to score
a goal, or adapting our brain to new unexpected situations, all rely on neural plasticity.
In the 19th century Ramon Y Cayal used, for the first time, the term plasticity to identify
and characterize all the brain changes, induced by experience, that contribute to increase
the structural and molecular complexity of neural circuitries. Experience is translated
in patterns of electrical activity within neural circuits, and it is the pattern of electrical

activity which drives the different forms of functional and structural plasticity, through
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the spatially and temporally coordinated action of specific cellular and molecular factors.
Neural plasticity may involve changes in the efficacy of already existing synaptic contacts,
formation of new synaptic contacts or elimination of existing ones, large-scale changes in

dendritic or axonal arborization, adding new neurons to a circuit.
111 Historical overview

The precision of the Cajal “Neuron Doctrine” (1894), that argued the contiguity but not
continuity of neurons (in contrast with the “reticular theory” of Golgi), and the subsequent
definition of synapse as “special connections from one nerve cell to another that facilitated
the transmission of nervous impulses” [1] provided new inputs to better describe the process

of neural plasticity, that was initially defined as

“formation and multiplication of new synaptic junctions between the axon terminals

of one nerve cell and the soma (i.e. the body and the dendrites) of the other” [2].

In the following year, Donald Hebb postulated that:

“when an axon of cell A is near enough to excite a cell B and repeatedly or persistently
takes part in firing it, some growth process or metabolic change takes place in one or

both cells such that A’s efficiency, as one of the cells firing B, is increased” [3].

introducing the concept of synaptic plasticity, the major component of neural plasticity.
Hebb also introduced the idea that the pattern of electrical activity is important to induce
plastic changes in synaptic efficacy, and in particular the notion that the presence of a
correlated activity between pre- and postsynaptic neurons promotes the potentiation of
synaptic transmission; as a corollary, decorrelated activity promotes depression of synaptic
transmission. In Hebb’s statement, it is already present also the notion that synaptic plasticity
involves both functional and structural changes. Homosynaptic LTP at excitatory synapses
consists indeed of a prolonged increase in synaptic efficacy which involves both functional
and structural modifications of synaptic contacts and is induced by repeated bouts of

correlated pre- and postsynaptic activity. The temporal requirements for the pattern of
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pre- and postsynaptic activity has been now refined, since several studies have shown
how synaptic efficacy can be increased (long term potentiation, LTP) or decreased (long
term depression, LTD) according to the relative spike timing and firing rate of pre- and
postsynaptic neurons (spike-timing-dependent plasticity, STDP). Also, the level of previous
activity in the circuit affects the probability that a given change of activity in the same circuit
induces LTP rather than LTD (metaplasticity). Non-Hebbian forms of synaptic plasticity
have also been observed: for instance, monocular neurons in the visual cortex responding
exclusively to the deprived eye increase their responsiveness following MD, as if they were
trying to preserve their original drive. Therefore, in addition to plastic changes driven by
synapse-specific electrical activity which follow hebbian rules, there seem to be forms of
global feedback plasticity aimed at preserving neuronal total excitatory drive (homeostatic
plasticity). First evidence surprisingly demonstrated that depriving visual input from one eye
in mice increase the response of visual cortex from both eyes [4]. Interestingly, homeostatic
plasticity processes are also showed in humans, where a protocol similar to previous one
in mouse induce a paradoxical strengthening of activity from deprived eye [5]. Inhibitory
circuits regulation underlies such homeostatic plasticity, because the boost of perception
from deprived eye is correlated to a significant decrease of GABA concentration in the visual

cortex [6].

112 Molecular and structural elements of synaptic plasticity

Until now, the molecular mechanisms underlying the plasticity of neural circuits are not
completely understood and explored. Early studies, carried out by Eric Kandel using the
gastropod Aplysia as a model, demonstrated that phenomena of habituation and sensitization
after the execution of a simple gill-withdrawal reflex are mediated by plastic modifications
of synaptic transmission, through an increase of glutamate release (short-term plasticity) or
changing in gene expression (long-term plasticity). In mammals, the principal models for
synaptic plasticity are LTP and LTD. LTP and LTD have been observed in many brain areas,
both cortical and subcortical. The sequence of events leading to induction, expression, and

consolidation of long-term changes of the LTP and LTD type has been recently reviewed
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[7]. The first step, the trigger for induction of LTP and LTD at glutamatergic synapses
is, in most cases, dependent on the activation of glutamate N-methyl-D-aspartate receptors
(NMDARs), which have classically been thought of as coincidence detectors of pre- and
postsynaptic activity. The opening of NMDARs during the induction of LTP leads to calcium
entry that triggers a biochemical cascade involving intracellular kinases such as extracellular
signal regulated kinase (ERK), cAMP-dependent protein kinase (PKA), calcium-calmodulin kinase
type Il (¢CaMKII), the end product of which are the first, rapid post- and presynaptic
effects towards the expression of synaptic potentiation, which include potentiation of
the 2-amino-3-(3-hydroxy-s5-methyl-isoxazol-4-yl)propanoic acid (AMPA) receptor-mediated
excitatory postsynaptic currents (EPSC). On the contrary, LTD process is induced by a
small increase in intracellular [Ca**] that stimulates a phosphatase activity in the cell, with
a consequent internalization of AMPA receptors previously integrated in the plasmatic
membrane. Therefore, Ca** seems to be involved in a dual control of opposite plasticity
mechanisms, depending on a threshold of intracellular concentration increase [8] (figure 1.1).
One of the main important learning rule that seems to influence some types of experience-
dependent plasticity in vivo is the so-called spike timing-dependent plasticity (STDP), where the
plasticity is guided by the temporal sequence and interval between pre- and postsynaptic
activity. The classic STDP is characterized by a double interval action: when presynaptic
firing anticipates the postsynaptic one (interval o-20 ms) induce LTP (tLTP), whereas the
anticipation of the postsynaptic firing with respect to the presynaptic one (interval 0-20/50
ms) produce LTD (tLTD). In tLTP, NMDA receptors act as coincidence detector for pre-
and postsynaptic spiking; the short duration of the time window seems to be due to the
kinetics of Mg*™ [9]. For tLTD, the coincidence detector can change depending on different
synapses, but an important role is played by phospholipase C (PLC) in barrel cortex [10,
11], where its activation promoted by metabolic receptors of glutamate (mGluRs) increase
intracellular [Ca*™*] and activate several forward and reverse pathways [12, 13].

As introduced before, neural plasticity is exerted also in ways which do not follow the

canonical Hebbian learning rules, as in the case of homeostatic plasticity [14]. Neural plas-
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Figure 1.1. LTP and LTD: schematic of molecular mechanisms (modified from [7]).

ticity is exerted in several ways which do not follow the canonical Hebbian learning rules.
Whereas Hebbian plasticity is considered a positive feedback loop that leads to a continuous
strengthening of connections, there are other mechanisms that act as negative feedback
loops and are able to preserve a physiological set point level of cellular activity; this form of

plasticity is called homeostatic [14].
113 Critical periods

The plastic potential of CNS, in terms of susceptibility of the system to experience, is strongly
limited by age. In many brain areas and species, it is possible to pinpoint a time window,
called critical period, in which the plastic capability of a specific neural system is greatly
enhanced. The first description of the critical period existence was the filial imprinting
observed by Konrad Lorenz in the fledglings. This type of plasticity process underlies an
innate capacity to learn (the fledglings closely follow the recognized mother around) and its
critical window is very limited in time and well-defined; critical periods for many other

systems last for longer time and their boundaries are not always clearly identified.
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1.1.3.1  Sensory systems as models of critical period plasticity

The relevance of experience in the correct maturation of a neural system was confirmed by
numerous experiments, performed particularly in the visual system, a paradigmatic model
for studying plasticity. Early evidence showed that the deprivation of visual experience
from one eye (monocular deprivation, MD) in kittens alters the electrophysiological response
of primary visual cortical neurons in terms of rapid loss of responses to the deprived eye
and gain of influence of the non-deprived ones [15]. This type of plasticity was maximal
during a short period between four and eight weeks after birth in kittens, and then declined
gradually until three months after birth [16]. A critical period for ocular dominance (OD)
plasticity was also observed in other species such as monkeys [17], ferrets [18] and rodents
[19, 20]. Currently, a massive improvement of knowledge about critical period plasticity, in
terms of molecular and cellular mechanisms, was made possible thanks to mouse and rats
studies.

A great deal of effort was done in recent years to unveil the molecular mechanisms
underlying the opening and the closure of a critical period, using the visual system as a
model. This issue is crucial for brain repair, considering that the induction of plasticity
processes also in adults could promote the recovery from brain injuries. Hensch group
demonstrated for the first time the role of y-aminobutirric acid (GABA) inhibitory circuits
in the shaping and re-finement of the critical period in the visual cortex; mice with a
reduced expression of the 65-kD isoform of the GABA-synthesizing enzyme glutamic-acid
decarboxylase (GADG65) do not show an evident OD plasticity [21] until they are treated
with GABA agonists, such as diazepam [22]. Inhibitory circuit development in the visual
cortex is strictly dependent from growth factor action. For instance, mice overexpressing
Brain-Derived Neurotrophic Factor (BDNF) show a precocious development of intracortical
inhibition, a premature closure of OD critical period and a precocious development of visual
acuity [23). Similarly, Insulin-like Growth Factor 1 (IGF-1) can accelerate the development of
inhibitory innervation and the increase of visual acuity [24, 25] and reactivates OD plasticity

in adulthood [26], whereas the absence of the orthodenticle homeobox 2 transcription factor
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Figure 1.2. Time course of the critical period (CP) for ocular dominance (OD) plasticity in response
to monocular deprivation in rodents; OD plasticity is normalized to the CP peak’s level (modified
from [30]).

(Otx2), which regulates intracortical inhibition development, the critical period does not start
[27]. Interestingly, IGF-1 upregulates BDNF expression [28], suggesting that the interaction
of several pathways could be fundamental for a correct regulation of the critical period
onset (figure 1.2). These molecules mainly act on a specific subset of inhibitory GABA-ergic
cortical cells, characterized by a basket morphology and a positive immunoreactivity for
parvalbumin (PV™). For instance, Otx2 is transcribed and translated in the retin, a, but it is also
transported in an activity-dependent way to the visual cortex where control the maturation
of PV* interneurons [27], through the interaction with elements of the extracellular matrix
(ECM), the chondroitin sulphate proteoglycans (CSPGs), which are able to enwrap these neurons
forming dense structures sheathing the somata and proximal dendrites known as perineural
nets (PNNs) [29].

The closure of critical period seems to be guided by multiple mechanisms related in part
to the stabilization of the previously formed connections (figure 1.3). In this way, the ECM
covers a relevant role; indeed, first evidences demonstrate that the selective disruption of
PNNs enwrapping the PV* cells injecting of the enzyme chondroitinase-ABC (ChABC) in
the visual cortex, reactivates the OD plasticity in adult mice [31]. Moreover, knockout of

the cartilage link protein 1(Crtl1), an important factor for the development of PNNs, shows



Introduction 13

similar effects [32, 33]. Therefore, due to PNNs role in the development of PV™ interneurons
mediated by Otx2, ChABC treatment or Crtli deficiency may alter the function of PV*
interneurons through the depletion of Otx2. Hence, it was developed a new two-threshold
model for Otx2 action on the maturation of PV* interneurons, therefore on opening and
closing of critical period, where the visual experience controls the accumulation of Otx2
in PV™ cells, driving the onset of the critical period, and the subsequently formed PNNs
promote the accumulation of Otx2 that results in a defined maturation and stabilization of
circuits [27, 34, 35]. Other “stabilizing” factors whose depletion restore the OD plasticity in
adult animals are the receptors for myelin-associated growth inhibitors, Nogo-66 receptor
[36] and the Paired immunoglobin-like receptor B (Pir-B) [37, 38]. However, the closure of the
critical period also involves (epi)genetic transcription reprogramming and modifications
of neuromodulatory circuits (figure 1.3). In particular, it was demonstrated that a MD or
a brief visual stimulation during the critical period strongly upregulates cAMP responsive
element binding-protein (CREB) phosphorylation and CREB-dependent gene transcription
(39, 40], whereas the overexpression of a dominant-negative CREB in V1 blocks OD plasticity
[41]. Going upstream in the pathway, the regulation of CREB and CREB-dependent gene
transcription is highly mediated by epigenetic mechanisms, through covalent modifications
of histones or DNA, and action of microRNAs (miRNAs). In fact, applying drugs that inhibit
or reduce the histone deacetylation restores the OD plasticity potential after a MD and the
visual acuity in adult after a long-term MD [40, 42]; the specific ablation of histone deacetylase 2
(HDAC2) on PV* interneurons reduces inhibitory driving in the adult visual cortex, delaying
the closure of the critical period [43]. Moreover, DNA methylation of specific targets, such as
BDNF promoter and mir-132, expressed in dependence of visual stimulation fundamental for
OD plasticity [44, 45, is upregulated by a brief MD, and the inhibition of enzymes involved
in DNA methylation revert the effect of MD [46]. Finally, both the increase in serotonin
signalling, through treatments with the serotonin reuptake inhibitor fluoxetine, and the
disinhibition of cholinergic circuits, promote an improved plasticity potential of the visual

system [47, 48].
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Figure 1.3. Principal molecules involved in regulating the critical period. Abbreviations: BDNF,
brain-derived neurotropic factor; CBiR, cannabinoid receptor 1; Crtly, cartilage link protein 1; ECM,
extracellular matrix; HDAC, histone deacetylases; nAChR, nicotinic acetylcholine receptors; NCAM,
neural cell-adhesion molecule; OD, ocular dominance: PirB, paired immunoglobulin-like receptor
B; PSA, polysialic acid; PV, parvalbumin; tPA, tissue plasminogen activator (modified from [53)).

Another approach to study the molecular mechanisms underlying neural plasticity is
the environmental enrichment (EE), conceived by Rosenzweig, Bennet and Diamond in the
‘60s, which consists in the rearing of large groups of animals in wide cages with numerous
toys, tubes and wheels of various colours and shapes used to promote sensorial stimula-
tion, exploration, motor exercise and sociability. EE can modulate the development of the
visual system in young rats, with an acceleration mediated by the upregulation of BDNF
[49] induced by improved maternal care [50]. Interestingly, EE exposure to adult animals
upregulates BDNF levels and reactivates OD plasticity [s1], with a crucial role of serotonin
circuits and activity-dependent acetylation of histone Hj [51, 52].

Visual cortical synaptic plasticity described above has historically represented a prototyp-
ical model for sensorial and also motor mechanisms of activity- and experience-dependent
plasticity. However, critical periods have been shown for every developing structure investi-
gated. For instance, in the primary somatosensory cortex (S1), the tactile experience mediated by
whiskers stimulation is anatomically represented by a one-to-one association of individual
whiskers with well-defined cell clusters, called barrels, in cortical layer 4 [54]. Trimming or
plucking a subset of whiskers causes S1 neurons to rapidly lose spiking responses to deprived

whiskers and to more slowly increase responses to spared whiskers, thus weakening and
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shrinking the representation of deprived whiskers and both strengthening and expanding
the representation of spared whiskers within the map of the so-called barrel cortex [55, 56]. In
contrast to the visual cortex plasticity, it is possible to identify at least three different critical
periods for barrel cortex: early postnatal, adolescent and adult. Early postnatal stage (Po-7)
is characterized by a strong degree of layer 4 plasticity, with thalamocortical afferents that
show a form of LTP which involves conversion of silent synapses to active synapses [57, 58].
This layer 4 plasticity rapidly decrease during adolescence age (1-2 months), where layer 2/3
plasticity, also present previously, is maintained. In adolescence, plasticity is characterised
by the potentiation of the spared whiskers or depression of the deprived ones. Depression
of deprived whiskers appears to be limited to the first 2 months of life and has not yet been
detected in older animals [56, 59]. However, potentiation of spared whiskers seems not to
show a critical period in layers 2/3 of the barrel cortex, and is present in adult animals (6
months of age) [56]. As expected, also auditory abilities could be shaped by experience in a
critical period-dependent manner. In fact, a continuous passive presentation of a single tone
during development increase its tonotopic representation area in the cortex, and earlier is
presented the tone, bigger will be this expansion [60]. Environmental noise (e.g. exposure at
moderate intensity white noise) or deafness leads to a delay, but not a complete arrest, in the
development and extends the sensitive period of experience dependent development of the
tonotopic organization [61]. More recently, experience dependent developmental plasticity

has been shown also for the motor system.

1.2 Motor system: development, anatomy and function

In mammals, execution and control of voluntary movements represent a fundamental evolu-
tionary advantage in locating food, finding mates and avoiding predators, and help animals
in the exploration of the environment. The motor system includes complex anatomical
structures (motor cortex, cerebellum, basal nuclei, spinal cord) and circuits interacting
themselves and with sensory inputs. In this section I will focus on the corticospinal tract

(CST), the principal descending pathway involved in voluntary and skilled movements, that
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starts from primary motor cortex (M1) and reaches its target on the spinal cord.
121 Anatomy of CST and spinal cord

In humans, approximately 40% of 1 million corticospinal (CS) axons originate from layer 5
of M1 (Brodman area 4), belonging to a subtype of subcerebral projecting cortical neurons
(corticospinal motor neurons, CSMN:s), also called pyramidal neurons, the biggest of the nervous
system. It is possible to map regions controlling individual part of the body in Mi; this map
is called, in humans, motor homunculus. Using both anatomical and intracortical stimulation
techniques it was possible to identify such “musunculus” or “ratunculus” also in rodents M,
that is identified in the fronto-medial cortex.

CST descend through the subcortical matter in the internal capsule, and the cerebral
peduncle in the midbrain. Passing the pons, CST forms characteristic protuberances in the
ventral part of medulla called medullar pyramids, that give to the CS projection the historical
name of pyramidal tract. In humans, most CS fibers cross the midline to the opposite side
at the level of the so-called pyramidal decussation, forming the contralateral CST. However,
approximately 10% of fibers do not cross the midline and descend ipsilaterally (ipsilateral
CST).

The spinal cord is the part of the CNS that controls voluntary muscles of limb and trunk,
and receives sensory information from the periphery. It is divided into 4 different segments
(cervical, thoracic, lumbar, and sacral), even separable into several levels (C1-C8, T1-T13,
Li-L6 and S1-S4 in rat), identified by the emergence of dorsal and ventral roots. Spinal
cord diameter is significantly enlarged in regions where limbs’ nerves (the brachial and
lumbosacral plexuses) appear, forming the so-called cervical and lumbar enlargements.
Coronal section of spinal cord reveals the characteristic organization in two principal
section, the external white matter that contains the myelinated sensory and motor fibers
surrounding the peculiar butterfly- or (depending on the level) H-shaped gray matter, which
includes neuronal cell bodies, axons, dendrites and glial elements. The dorsal parts of gray
matter are called dorsal horns, and the ventral parts ventral horns, whereas the central region,

which connects the dorsal and ventral horns, is called intermediate gray matter. Microscopic
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analysis of the gray matter shows a complex cytoarchitectonic structure studied by Rexed
in 1952 and 1954, who identified 10 different regions, or laminae [62]. Laminae 1-4 are located
in the dorsal horn, and receive inputs from cutaneous receptors. Lamina 5, the “neck” of the
dorsal horn, receive information from skin, muscles and viscera. Lamina 6, the most ventral
layer of dorsal horn, and lamina 7, that includes the intermediate gray matter and the dorsal
region of ventral horn, are involved in the regulation of posture and movement. In particular,
lamina 7 contains interneurons connected to the motoneurons; the functional distribution
of these interneurons is matched with the topographical distribution of motoneuron pools.
Neurons in lamina 8 seem to play a pivotal role in the coordination of motor activity, whereas
lamina 9 contains the a-motoneurons, which control the extrafusal fibers striated muscles
of the axial skeleton and the limbs, and the y-motoneurons, that innervate the intrafusal
fibers. The arms of gray matter divide the white matter into three columns: dorsal, lateral
and ventral. In rodents and many non-primate mammals, the most ventral part of the dorsal
column contains the contralateral component of CST (dorsal CST, dCST), whereas the medial
part of the ventral column is occupied by the ipsilateral component of CST (ventral CST,
vCST) [63] (figure 1.5). In primates and carnivores, almost all the CS fibers are primarily found

in the dorsal part of the lateral column, and a smaller tract in the ventral column.

1.2.2  Development of CST

CST is the last motor pathway to develop, and this process occur both prenatally and
postnatally, lasting through the first years of life in humans and the first 2-3 weeks in rodents
[66]. CST development consist of 4 major steps: a) differentiation of neuron precursors; b)
growth of CS axons to reach their targets on spinal cord; ¢) refinement of spinal circuits,
with axon myelination; d) development of cortical motor maps and skilled motor abilities.
While genetic factors principally guide the first two steps, the latter two strictly correlate

with activity-dependent processes.
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Figure 1.5. Scheme of a coronal section of the rat spinal cord with principal corticospinal descending
pathways. dCST, dorsal corticospinal tract; vCST, ventral corticospinal tract; dICST, dorsolateral
corticospinal tract (modified from [65]).
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1.2.21 Early development of CST

As described above, CSMNs are layer 5 cells mainly located in the primary motor cortex. In
rodents, CSMNss are generated between embryonic days (E) 11-17 in the subventricular zone
of the embryonic telencephalon [67]. During the subsequent radial migration, the neurons
undergo several morphological modifications, with the acquisition of bipolar shape and
axonal maturation. The specification and differentiation of CSMNis is a not really understood
process, however big steps were done in recent years to unveil the molecular determinants
of CSMNs development. The Fez family zinc finger 2 transcription factor (Fezf2), was recently
found to be required for the specification of all subcerebral projection neurons. The deletion
of Fezf2 provoke the total ablation of subcerebral projection neurons and of other projection
from the cerebral cortex to both spinal cord and brainstem; other cortical layers are less
(L6) or no (L2-3, Ly4) affected [68, 69]. Moreover, the ectopic expression of Fezfz in layer
2-3 post-mitotic cells is sufficient to promote the expression of CSMNs typical genetic
programme [70, 71].

Fezf2 seems to act like an upstream factor that regulate neural differentiation; in fact,
the deletion of the transcription factor Ctipz induce deficits in the fasciculation, outgrowth
and pathfinding of subcerebral projection axons and a decrease in the number of fibers
reaching the brainstem. Moreover, reduced expression of Ctip2 in Ctip2-heterozygous mice
results in abnormal developmental pruning of corticospinal axons [72]. Other transcription
factors involved in the target choice of subcerebral projection are Otx1, primarily expressed
in the corticotectal neurons of the primary visual cortex [73], and Soxs, which is required for
CSMNs generation in the appropriate temporal sequence [74, 75].

Once differentiated, CS axons must reach their target on spinal cord; for these neurons,
the problem is not so tricky, because the distance to travel is the longest of any neuron in
CNS. In general, axon guidance is mediated by the presence of different cues, mainly acting on
the axonal growth cone and located on specific substrates; some cues are actively attractive
and stimulate axon growth towards them, whereas others have an opposite effect, being

repulsive. A great number of molecules are involved in this pathfinding process, that includes
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the existence of many “check-point” stations. For instance, in the telencephalon, class 3
Semaphorins (Sema3A and Sema3C), through their repulsive effects, guide axons toward the
internal capsule [76]; here, Slit1 and 2 are implicating in the dorsoventral positioning of the
corticofugal axons [77]. In rodents, CS axons enter in the upper brainstem in E16, whereas at
birth (Po) they reach the rostral region of medulla, forming the above-mentioned medulla
pyramids. Here the fibers achieve an important choice, because the mayor part of them cross
the midline at the level of decussation and descend contralaterally. There are good evidences
that Netrin-1 signalling is involved in this process together with Uncs and DCC receptors [78],
expressed in CSMNs at the time when the CS fibers cross the hindbrain boundary in the
medulla and into the spinal cord [79]. In the absence of the Uncsc receptor, the CST splits
into two bundles; a more lateral one that descend in the lateral white matter of the spinal
cord, and a more medial bundle that turns dorsally, crosses the midline and is then deflected
laterally into the dorsal grey matter [79]. Similarly, a spontaneous recessive mutation of DCC
(DCCkanga/+) produce comparable deficits, with two altered bundles, one more lateral
and one more ventral [80]. Another important factor involved in CST decussation is the
cell-adhesion factor L1-CAM, expressed by CS axons, and its ligand CDz4, expressed in the
pyramidal decussation; Li-CAM knockout is responsible for an altered decussation of CS
axons, and the fibers do not continue beyond the cervical level [81]. The repulsive Ephrin
signalling is also involved in CS axons decussation, in particular the receptor EphA4 and its
ligand EphrinB3. EphA4 knockout mice decussate normally, but terminate bilaterally in the
spinal cord region [82]; moreover, the expression of EphrinB3 is fundamental to prevent the
recrossing of decussated fibers, favouring the unilateral motor control [83]. Interestingly,
EphrinB3/EphA4 forward signalling is involved in both descending and ascending, that
means sensory, axons in the spinal cord [84]. In rodents, pioneer axons of CST reach the
cervical level of spinal cord at day P2, the thoracic level at P4 and the lumbar enlargement
at Ps [85]; these fibers are followed by a several number of fasciculating axons, through the
interaction of the cell-adhesion molecule N-CAM [86]. Instead, in humans CS axons reach

caudal cervical levels at 24 weeks of fetal life, whereas they contact motor neurons and
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Figure 1.6. Scheme of CST development timeline in rodents. C, cervical spinal cord segment; CS,
corticospinal; dh, dorsal horn; E, embryonic day; L, lumbar spinal cord segment; latCST, lateral
corticospinal tract; T, thoracic spinal cord segment; vCST, ventral corticospinal tract; vh, ventral
horn; WM, white matter (modified from [88]).

interneurons of spinal cord by birth [87].
1.2.2.2 Late development of CST

When CS axons reach the spinal cord, fiber terminations do not show the pattern distri-
bution that we find in maturity. During development, CS fibers have a wide distribution
that is progressively refined through a process called pruning. In immature kittens (5 weeks
of age), CS fibers terminations are distributed bilaterally in the ventral horn and the inter-
mediate laminae [89]; starting from 7-8 weeks, such pattern is refined, with the pruning
of ipsilateral terminations and the strengthening of contralateral axons, that reach their
target on the deeper dorsal horn laminae and the upper ventral horn [89]. The question is
if the mechanisms underlying this refinement process are guided by genetic programmes
or by environmental and neural activity influences. In the last fifteen years, the Martin lab
answered this question using as experimental model the cat, in which CST development

matches reasonably well, in timing and features, the human one [90, 91]. To test the role of
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neural activity in shaping CS terminations, two different approaches were used, applied
during the critical period (5-7 weeks); the use restriction of forelimb through the injection
of botulinum toxin A (BTX) into a specific forelimb muscle [92] and the unilateral inactivation
of M1 activity using the intracortical injection of muscimol, a GABA-A receptor agonist
[93, 94] (figure 1.8). Both experimental interferences lead an aberrant pattern of CS axons
distribution in the depressed side, where fibers are not able to reach territories occupied
after a normal development, and have fewer branches and presynaptic boutons [94]; instead,
the contralateral healthy side shows an extensive contralateral projection and preserves
significant ipsilateral terminations in intermediate zone and dorsal horn. On the other hand,
the unilaterally activation of one side of spinal cord through an electrical stimulation carried
out during critical period promotes the maintenance of transient ipsilateral terminations,
that are normally contralateral, and a dorsal displacement of non stimulated axons [9s]. All
findings strongly confirm a model in which the CS termination patter is determined by
an activity-dependent competition between contralateral and ipsilateral axons, that induce,
in presence of a normal neural activity, the strengthening of the former and the pruning
of the latter. Interestingly, a bilateral CST inactivation induces a normal contralateral pat-
tern distribution of axons [93], indicating that it is not important the absolute level alone,
rather than the relative level of neural activity between the contralateral and ipsilateral
components.

The refinement of cortical motor maps is strictly connected with the development of CST.
Although development of motor control during this period likely depends on maturations of
multiple cognitive, sensory and motor system, the role of CST is also important. Movement
representation in Mi, that integrates premotor and subcortical control signal to obtain
output circuitry for controlling specific joints, is first detected at 7 weeks in the cat [96]. Prior
to this stage, microstimulation of motor cortex is not able to induce a reliable movement in
any muscle. In the following weeks, the developmental emergence of the map is characterized
by an increase in the percentage of active sites, the progressive increase in distal muscles

representations and a decrease in the current threshold [96], that suggest a strengthened
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Figure 1.7. CST trajectory in wild-type and mutated animals (modified from [79]).

activation of spinal motor circuits and synapses [97]. Transcranial magnetic stimulation
studies in humans exhibit a comparable reduction of intensity stimulation necessary to

elicit motor-evoked potentials until adolescence [87].

1.3 Ischemic stroke: from adult to newborn

Ischemic stroke is a cerebrovascular disorder that occurs during a temporary or permanent
interruption of blood flow in the brain caused by a thrombosis, an embolism or systemic
hypoperfusion. This interruption induces a tissue damage primarily due to aloss of energetic
and oxygen supply, which interfere with the normal cellular homeostasis. This pathology
is etiologically distinct from by hemorragic stroke, that on the contrary is provoked by the
rupture of a cerebral vessel.

Taken together, these pathologies are defined as stroke; ischemic stroke account for 87%
of total stroke events. It is estimated that each year in the USA stroke approximately afflicts
700’000 subjects, and currently there are 2 million of people that survived from stroke
event but are afflicted by several disabilities, are unable to work and represent an important
health cost (approximately, 62 billion dollars annually [99]). In Italy, stroke represent the
third cause of death after hearth ischemia and cancer (10-12% of annually total death are

caused by stroke), and the first cause of disability; moreover, 75% of stroke survivors are
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Figure 1.8. Activity-dependent refinement of corticospinal axon topography. Normally there are
overlapping CS terminations in the spinal cord at 1 month in the cat (left). These terminations are
refined into predominantly contralateral terminations after 2 months. After motor cortex inactivation
between weeks 5 and 7 through muscimol intracortical injections (right), the silenced axons (yellow)
failed to populate as much of the contralateral gray matter. In contrast, the active side (blue) has a
bilateral termination pattern. The ipsilateral axons are largely maintained transient terminations
(modified from [98]).

affected by some form of disability, and the half of this percentage lose its independence
(Italian Ministry of Health, [100]).

Contrary to widely held assumption, ischemic strokes occur in different ages; for instance,
perinatal strokes (figure 1.9), that occurs between the 20th week gestational age and the 28th
day after birth, is considered the second group for stroke incidence, after adult age stroke
group. It is estimated that the incidence of a perinatal stroke is 17-fold higher with respect
to any other pediatric epoch [101], and ranges between 1 in 2300 to 1 in 5000 births [101,
102]). This pathology produces a significant morbidity and severe long-term neurologic
and cognitive deficits, including epilepsy, language and visual defects, psychiatric disorders,
and represent the leading cause of hemiplegic cerebral palsy in children; approximately 90%
of affected children show this type of motor deficits [101, 102]. As result, a compromised
use of the arm and hand to reach, grasp, release, and manipulate objects is the main deficit
occurring after injury. The immediate and long-term effects of an ischemic insult are highly
different between adult and newborn age, because of the different susceptibility of specific

brain cells, blood brain barrier, inflammation and apoptosis. In order to differentiate and
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Figure 1.9. Perinatal stroke syndromes causing hemiplegic cerebral palsy. (A) Arterial perinatal
strokes (neonatal arterial ischemic stroke or arterial presumed perinatal ischemic stroke) (B) Periven-
tricular venous infarction results in isolated injury to the subcortical white matter. Both lesions
damage corticospinal tracts, leading to contralateral hemiplegic cerebral palsy (modified from [103)).

specify the treatments for these divergent pathologies, it is crucial to understand the distinct

pathophysiological mechanisms, diagnostic markers and long-term outcome.
1.3.1  Pathophysiology of ischemic stroke

Brain tissue is characterized by an elevated level of oxygen and glucose consumption, because
its metabolism is almost exclusively dependent on oxidative phosphorylation mechanisms.
This high energy level is fundamental for the maintenance of ionic gradients; it is estimated
that neuronal Na*/K* pump consumes 70% of energy supplied to the brain [104]. For this
reason, the primary event of an energy depletion is the sudden loss of membrane potential
with a strong depolarization that activates the voltage-dependent Ca™™ channels (figure
1.10). The intracellular increase of [Na*] and [Ca*™*] induce the passive influx of water and
a subsequent formation of intracellular oedemas. Membrane depolarization also leads to
neurotransmitter release; in particular, the excitatory neurotransmitter glutamate plays a
pivotal role in ischemic pathology, because the depolarization and the accumulation of
Na* into the cells induce the reversal of Na*/dependent glutamate transporters, located on
both pre- and postsynaptic membranes, with an increase of glutamate in the extracellular
space. This event generates a positive loop where glutamate excite nearby neurons, increas-
ing their depolarization level; this phenomenon is called excitotoxicity (figure 1.10). Both

ionotropic (NMDA, AMPA) and metabotropic (mGluRs) glutamate receptor are involved in
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the exacerbation of excitotoxicity. Pharmacological blockade of mGlui receptors induce
neuroprotection in both in vitro and in vivo models of ischemia [105], whereas blockade
of mGlus limit excitotoxicity by reducing NMDA receptor activation [106]. In contrast,
group II (mGluz and mGlu3) and III (mGlug, 6, 7, 8) of mGlu receptors are located in the
presynaptic terminals and mainly inhibit glutamate release; indeed, group II and II agonists
are neuroprotective by limiting the induction of excitotoxicity and increasing production
of neurotrophic factors from astrocytes, such as TGF-beta and NGF [105]. Intracellular
[Ca™] influx plays a crucial role in the generation of cellular damage, because activates
proteolytic enzymes that degrade cytoskeletal proteins, phospholipase-A2 (PLA2) and cyclooxy-
genase (COX) which generates free-radical species (Radical Oxygen Species, ROS). Moreover,
Ca** activates neuronal nitric oxide synthase (nNOS), with subsequent production of nitric
oxide (NO), which has a vasodilating effect on nearby endothelial cells but also combines
with superoxide (O3) to produce peroxynitrite (ONO3), a potent oxidant that promote tissue
damage. NO also overactivates poly(ADP-ribose) polymerase-1(PARP-1), a DNA repair enzyme
that in the ischemic milieu consumes high levels of NAD*, impairing NAD* dependent
processes such as glycolysis and mitochondrial respiration and leads to ATP deprivation,
energy failure and neuronal death [107]. Finally, NO-mediated activation of matrix metal-
loproteases (MMPs) leads to the degradation of collagen and laminins in the basal lamina
and disrupts the integrity of blood brain barrier (BBB). This event can cause parenchymal
hemorrage, vasogenic brain oedema and neutrophil infiltration into the brain [108]. (figure
1.10). Cytotoxic oedema is also generated by the astrocyte swelling mediated by the water
channels (acquaporin-4) present in the astrocyte end feet [109)].

The ischemic event induces different damages with respect to preserved blood flow entity.
The region where the blood flow is 20% below normal is called core and cells are rapidly killed
by lypolysis, proteolysis, cytoskeleton disruption and total energetic failure. The region
surrounding the core is called penumbra, where perfusion and bioenergetic metabolism is
partially preserved. In these penumbra regions, the high level of depolarization induces

a continuous release of K* and glutamate that spread through the brain and promote the
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Figure 1.10. Pathophysiology of stroke (modified from [110]).

depolarization of other cells in a positive-loop way; these recurrent spontaneous waves
are called peri-infarct depolarizations (PIDs), and are correlated with the volume of lesion;
effectively, drugs that reduce the number of depolarizations decrease infarct size [111].
Hours after the ischemic event, the increase in intracellular [Ca*™™] and [NO] mediates
long-term expression of pro-inflammatory and pro-apoptosis factors in the penumbra
region (figure 1.11). First of all, BBB disruption facilitates the infiltration of neutrophils and
lymphocytes, that causes damage through the release of ROS, proteolytic enzymes and
production of cytokines (IL-1, IL-6, TNF-alfa, TGF-beta) and chemokines (CINC, MCP-1).
In particular, IL-1 is involved in arachidonic acid release, recruitment and adhesion of
neutrophils (also promoted by TNF-alfa), enhancement of NMDA mediated excitotoxicity
and stimulation of NO synthesis [112]. In contrast, TGF-beta seems to play a neuroprotective
role in the pathogenesis of stroke; administration of TGF-beta blockers increase the volume
of excitotoxic lesion after focal cerebral ischemia [112]. Intracellular [Ca®™*] increase, ROS,
DNA damage and ionic imbalance are important triggers of apoptosis, starting from a severe
mitochondrial damage characterized by cytochrome c release from the outer membrane.
Cytochrome c release activates downstream caspases of the intrinsic pathway, whereas

the activation of specific death receptors (Fas/CDgs, TNFR1, TRAIL) promotes the extrinsic
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Figure 1.11. Putative cascade of damaging events in focal cerebral ischaemia (modified from [111)).

pathway; both pathways converge in the activation of effector caspases such as caspase 3 and

7, that cause cytoskeleton and DNA fragmentation [113].
1.3.2 Pathophysiology of perinatal ischemic stroke

Glutamate-dependent excitotoxicity represents the most common initial damage process
after an ischemic injury in the immature brain too; however, it is more excitable and pre-
disposed to oxidative stress with respect to the adult brain because of different glutamate
and NMDA receptor subunit expression [114, 115], interaction with downstream signalling
cascade [116], and different expression of several endogenous antioxidant enzymes [117].
Moreover, apoptosis is more readily activated in the immature brain, partly due to the high
expression of many of the key components of apoptotic pathways related to the normal
programmed neuronal death process during development. For this reason, apoptosis also
contributes, coupled with necrosis, as a pivotal neuronal death mechanism in the infarct
core after neonatal focal stroke [118]. However, it was demonstrated that caspase-3 deletion
exacerbates injury through the activation of caspase-3 independent and necrosis pathways,
suggesting that total elimination of caspase-3 can be detrimental rather than beneficial [119].
Inflammatory response also differs between adult and perinatal age, for example considering
the underdeveloped no classical complement activation in term infants as well as in rat pups
[120]. Moreover, deletion of inflammatory mediators, such as IL-1[121], is not neuroprotective
in immature brain, an effect opposite to that observed in adults. Finally, the role of BBB in
ischemic injury, but also physiological functions, in immature CNS are different from the

adult one [122]; in fact, BBB permeability in early postnatal age is lower than in adult (figure
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Figure 1.12. Events at the neurovascular interface after tMCAO in neonatal rats. In particular,
the neutrophil leakage (2 and 3) is lower than in adult brain; moreover, cell-cell communications
strongly differs in the newborn with respect to adult injury (4 to 9) (modified from [123]).

1.12). The BBB response after a perinatal ischemic injury is strongly influenced by this low
permeability: for instance, extravasation of albumin at 2 hours after reperfusion is increased
of 5 to 25-fold in rat adult injured brain but only of 2-fold in newborn [123]. Transcriptional
analysis of endothelial cells isolated from lesioned and non lesioned adult and immature an-
imals shows a higher expression of several tight junction and basal membrane components
in neonates [123]. Neutrophil infiltration, that is both cause and effect of BBB disruption in
adult ischemic injury, is negligible or limited in neonatal hypoxic-ischemic (HI) models [123,

124).

1.4 Animal models of focal ischemic stroke

It is widely accepted that research with animal models is crucial for developing and testing
new treatments. Animal research allows to better understand the cellular mechanisms that
underlie the organism’s response to brain injury in the short and long term, and correlates
it with specific behavioural and functional outcome induced by lesion. However, there
are drawbacks to this approach, starting from the assumption that all mammals display

the same cellular and physiological response to a specific injury, which is not always right.
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Hence, researchers should be careful not only on the development and choice of reliable
animal models, but also on the interpretation of experimental results. For ischemic stroke
these points have a pivotal role on the improvement of knowledge and in the potential

translational applications for promoting recovery of spared functions [125].
1.4.1 Focal stroke models in adult brain

Focal ischemic stroke models reproduce a condition of reduced energy supply that leads
to the formation of the characteristic central ischemic core, with extensive necrosis, sur-
rounded by the penumbra, a zone prone to plastic changes that promotes recovery [126].

The middle cerebral artery (MCA) is the most commonly affected blood vessel in human
occlusive/ischemic stroke [127] and it is the artery most commonly targeted in rodent
stroke models. The occlusion of MCA (MCAo) is a technique involving the transecting of
the external carotid artery (ECA), and the insertion of a coated suture through the internal
carotid artery to lodge in the junction of the anterior and middle cerebral arteries. The
duration of suture occlusion of the MCA in the rat can range from 30 to 120 minutes, or
permanent. Occlusion durations of go—120 minutes are required to achieve reproducible
tissue damage and result in very large infarcts that occupy much of the hemisphere. The
advantages are that this technique does not require craniotomy, produces focal occlusion
of a large cerebral artery as seen in human stroke and can be done in a high throughput
manner. Disadvantages include the possibility to induce a hypothalamic injury, which can
complicate the interpretation of histological and behavioural outcomes owing to impaired
motivation and temperature regulation. Moreover, transecting of the ECA renders the
muscles of mastication and swallow ischemic, producing difficulty in eating and weight loss
[128].

The distal occlusion of MCA, consisting of local blood electrocoagulation [129] produce a
permanent but more restricted damage to the cerebral hemisphere, avoiding the thalamic,
hypothalamic, hippocampal, and midbrain damage seen in suture-occlusion of the MCAo
of greater than 6o minutes. In this model, local collaterals from the anterior cerebral artery

provide a zone of reflow in medial frontal and parietal cortex.
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The occlusion of MCA can be also obtained through the production of an embolus. Micro-
or macrospheres injected into the internal carotid artery lodge in the middle cerebral artery
and produce an infarct of similar size and location as the permanent suture-occlusion of
the MCA, without hypothalamic damage. Clots can undergo spontaneous thrombolysis,
thereby causing multiple infarcts and high variability and mortality [126, 130].

Thromboembolism can be also induced injecting systemically a photosensitive dye (Rose
Bengal or erythrosine B) in combination with irradiation through the exposed or thinned
skull with light [131]. This technique, called photothrombosis, allows a precise stereotaxic
location and generates highly circumscribed ischemic cortical lesions. The advantages of
this model are the small size of the infarcts, the ability to place the infarct within distinct
functional subdivisions of cortex, and the minimal surgical manipulation of the animal. The
disadvantages of this model stem from the relatively little ischemic penumbra or region
of local collateral flow and reperfusion. Moreover, the simultaneous development of both
significant vasogenic and cytotoxic edema in MRI of photothrombotic stroke more closely
resembles traumatic brain injury models than focal stroke [132].

The endothelins (ET1-2-3) are vasoactive peptides composed by 21 amino acids that act on
two different G-coupled receptors (ETA and ETB). The physiological role of endothelins is
the maintenance of vascular tone, and are considered the most powerful vasoconstrictors
produced by human body. For this reason, they can be chosen for the localised vasoconstric-
tion of cerebral cortex or deeper regions. In particular, intracortical injection of endothelin-1
(ET1) adjacent to the proximal MCA [133] is widely used to induce focal lesion in rat cortex
[134]). Stereotaxic intracortical injection of ET1 induce a 60-92% blood flow reduction in
the territory of MCA [135]); the lesion induced is similar to MCAo but more variable, and
reperfusion occurs at a much slower rate [133, 134, 136]. Lesion size can be adjusted by varying
the concentration or volume of ET1 to achieve reproducible injury. ET-1 model was mainly
developed in rat, whereas in mice ET1 seems to have a much less potent effect for producing
an infarct [137]. However, it was recently developed a reproducible stroke model of ET1

intracortical injection in mice useful for long-term analysis and neural repair studies [138].
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1.4.2 Animal models of perinatal stroke

While several animal models of adult ischemic stroke have been developed so far, the
search for reliable developmental model found a great number of obstacles. In particular,
reliability of animal models, mainly rodents, to reflect ischemic stroke in the perinatal human
period depends on matching the appropriate age between human and rodent neonates by
correlating neuronal events that occur during maturation. These considerations represent
an area of conflict in the literature, because different authors claimed that human term
corresponds to either Py [139] or P8-14 of rodent age, depending upon different criteria, such
as white matter [140] or corticospinal system development [141] and EEG maturation [142].

The hypoxic-ischemic model (HI) was created by Rice and Vannucci in the 1981, and represent
the better characterized model useful to analyse the short-term molecular and behavioural
changes induced by an ischemic lesion in developmental age. In this model, rat pups (P7)
underwent unilateral common carotid artery ligation followed by exposure to systemic
hypoxia (8% oxygen) at a constant temperature of 37 °C. Brain damage, seen histologically,
was generally confined to the cerebral hemisphere ipsilateral to the arterial occlusion,
and consisted of selective neuronal death or infarction, depending on the duration of the
systemic hypoxia [143]. The drawback is that although the lesion is reproducible and bears
some resemblance to lesions observed in affected infants, the method for inducing it is
artificial [144].

Because of human perinatal ischemic strokes mainly affect the MCA [145, 146], models
developed for adult ischemic stroke were adapted to earlier ages. MCA temporary occlusion
in young animals was explored for the first time by [147], who performed this technique
in P14-P18 rats. 3 hours of occlusion are sufficient to induce a lesion that affect 40-50% of
the total hemisphere and may resemble human stroke. MCAo was also performed in Py
rats, where it is evident the disruption of CBF and cytotoxic oedema formation in MCA
territory and subsequent active microglia and astroglia infiltration after reperfusion [148].
However, this method produce an unacceptable high mortality rate, with only 21% of rats

survive more than 28 days [149], making difficult any long-term assessment of outcomes.
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Figure 1.13. MCAo models in rat and mice (modified from [153]).

Embolic occlusion of MCA was also implemented [148]; embolus measure was designed
according to rat’s size and the infarct induced occupy 51-56% of the ipsilateral hemisphere
[150]. Until now, phototrombotic models of perinatal stroke were used only in piglets, where
is possible to induce a gray and white matter injury with 7.1-12.3% infarction volume [151].
Recently, ET1 was injected into the striatal area of juvenile (P21) rat brain to induce a repro-
ducible focal lesion [152], but poor information are available about the long-term motor and

cognitive outcomes.

1.5  Treatments for perinatal ischemic stroke

The diagnosis of perinatal ischemic events can be very diffcult and delayed because the
initial symptoms are relatively nonspecific, including hypotonia, apnea, and focal seizures.
For this reason, long-term outcome can be highly variable, depending on the time when
the pathology is identified. The best treatment choice should take into account all of these
considerations, and the timing of therapy application can strongly influence the degree of
recovery. In general, for both adult and perinatal stroke events, there are at least two major

categories of therapies currently used and investigated in clinics [154]:
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. neuroprotective therapies, that are functional in the acute phase of pathology, acting on bio-

chemical and molecular events underlying the onset of ischemic event;

. neurorehabilitative therapies, that are functional in the chronic phase of pathology, acting on

the recovery of lost neuronal and motor functions.

Currently, several clinical trials are also being applied on safety and feasibility of neural

stem cells treatments.

1.5.1 Neuroprotective therapies

Currently, the only FDA approved treatment for ischemic stroke is the recombinant tissue
plasminogen activator (rtPA), which converts the plasminogen in plasmine, breaking down the
fibrin and subsequently the thrombotic clot [155]. rtPA is delivered through an intravenous
administration within 4.5 hours from ischemic event, despite some known collateral effects
such as cerebral oedemas and hemorrhages [156]. Although antithrombotic interventions
have neuroprotective potential that limits stroke volumes, in children affected by cerebral
palsy there are very limited data on safety and efficacy of thrombolytic treatment [157].

Hypothermia is one of the most promising strategies for the acute ischemic stroke. Several
models of ischemic stroke suggest that hypothermia confers neuroprotection through the
preservation of metabolic activity, the reduction of glutamate release, inflammatory and
apoptotic processes, and the maintenance and recovery of ionic gradients and physiological
pH [158-160]. The first clinical study suggests a potential treatment effect of therapeutic
hypothermia on perinatal stroke in terms of reduction of neonatal seizures [161]. However,
studies on animal models also suggest that hypothermia is more effective if applied within 6
hours after ischemic event [162], highlighting the crucial problem of delayed diagnosis in
perinatal stroke.

Other neuroprotective factors are also being explored in the context of neonatal brain
injury, such as growth factors, antioxidants and anti inflammatory therapy [163]. For instance,
treatment with erythropoietin (EPO) reduces the infarct volume [164], improves the neurogen-

esis in the SVZ and the behavioural motor outcome [165] in animal models. Interestingly, this
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amelioration is also present if EPO treatment starts after 1 week from lesion [166]; further-
more, delayed treatment with vascular endothelial growth factor (VEGF) promote endogenous
angiogenesis and ameliorates injury [167]. Instead, the antibiotic minocycline, a tetracycline
derivative that crosses the blood-brain barrier and has general anti-inflammatory action
[163], shows controversial effects on perinatal stroke, because in some models it seems to exert
a transient positive effect on infarct volume and accumulation of cytokines and chemokines
[168] but in another study, it is suggested a different effect of minocycline depending on the
rodent species chosen [169] Another anti-inflammatory agent is the Sildenafil, a cyclic GMP
phosphodiesterase inhibitor, that in a neonatal model of global ischemic stroke reduces the
number and the activation of microglia [170, 171].

Considering all the benefits and pitfalls of these treatments, it could be possible that a
combination of more than one neuroprotective agent or therapy may provide more long-
lasting neuroprotection, preserving the brain from severe injuries and enhancing repair and

regeneration processes [163].
152 Neural stem cells (NSCs) therapy

Neural stem cells (NSCs) therapy represent an exciting area of experimental and clinical
research, with multiple possibility of intervention yet unexplored. Stem cells are mainly
characterized by pluripotent or multipotent ability to develop in several cell types, depending
on external environments and signals. Endogenous NSCs are produced, also in the adults,
in the subventricular zone (SVZ), dentate gyrus of hippocampus and in the olfactory bulb.

It was demonstrated that brain ischemia induces an upregulation of endogenous NPCs
and sometimes differentiation into the predominant cell type of the injured region [172,
173]. Therapeutic approaches have focused on augmenting the brain’s normal endogenous
reaction to injury, through several neurotrophins, growth factors or hormones, including
GDNF, BDNF, G-CSF, IGF-1, or EPO [174-176]. Another research field is represented by the
delivery of exogenous NSCs, that can originate from immortalized cell lines, human neural
progenitor cells (NPCs), bone marrow-derived hematopoietic/endothelial progenitors and

stromal cells [177]. It was demonstrated that these cells are able to improve recovery in
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several models of stroke, even if it is necessary to reduce the risk of tumor formation [178].
Another intriguing stem cell type is represented by induced-pluripotent stem cells (iPSCs),
that derive from adult differentiated fibroblasts that can be easily reprogrammed [179]. One
of the main advantage is the possibility to generate patient-specific cell lines, minimizing
the risk of immune rejection after transplant. In a recent study, the cortical or striatal
transplantation of iPSCs in a rodent model of focal stroke effectively integrate in the circuit
and promote a significant recovery of motor functions [180]. The mechanism underlying
this recovery seems to be correlated to neurotrophic factor release and anti-inflammatory
effects rather than neuronal and circuit replacement. Currently, phase I/1I clinical studies
are implemented, suggesting a good level of safety and feasibility of direct intracerebral

transplantation of mesenchymal and bone marrow-derived stem cells [181, 182].
1.5.3 Neurorehabilitative interventions
1.5.3.1  Constraint-induced movement plasticity (CIMT)

This technique is a form of rehabilitation therapy that improves upper extremity function
through the forced constraint of the healthy limb and the contemporary training of the
affected one. Typically, CIMT involves immobilization of the unaffected arm in adult patients
with hemiparetic stroke or hemiparetic cerebral palsy for 9o% of waking hours while
engaging the affected limb in a range of everyday activities coupled with intensive (about
6 h a day) task-oriented training of the affected arm [183]. Simplified version of CIMT is
forced use therapy, which includes only immobilisation of the nonparetic arm to increase
the amount of use of the paretic limb [184]. It has been shown that receiving CIMT early
on (3—9 months post-stroke) will result in greater functional gains than receiving delayed
treatment (15-21 months post-stroke) [185].

CIMT induces cortical plasticity: TMS studies have demonstrated a significant expan-
sion of affected hand cortical representation in chronic hemiparetic patients after a CIM
treatment [186]. Multiple paediatric trials support the effectiveness CIMT in hemiparetic

cerebral palsy [103]. These studies likely include a high proportion of perinatal strokes, but
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their results, while encouraging, remain clouded by disease heterogeneity. Moreover, other
important limitations of constraint-induced movement therapy include a modestly invasive

nature, particularly for young children, and the exclusion of bimanual learning [103].
1.5.3.2  Electrophysiological stimulations

It is widely demonstrated that therapeutic approaches based on non-invasive brain stimula-
tion are powerful methods to modulate human brain function and to induce plastic changes
during post-stroke recovery. One of these therapy is represented by repetitive transcranial
magnetic stimulation ('TMS), used in wide research and clinical fields, including multiple
sclerosis, ALS, movement disorders and ischemic stroke. The method consists of a magnetic
coil placed near to the head of the subject; the coil produces trains of electromagnetic field
pulses that induce small current changes in the brain. High frequency trains (10 Hz) induce
the stimulation of motor cortex, whereas low-frequency repetitive transcranial magnetic
stimulation (1 Hz) inhibits the cerebral cortex [187, 188]. Instead, transcranial direct current
stimulation (tDCS) is a neuromodulatory technique that uses weak, direct electric currents
delivered through the scalp to the neuronal tissue to induce changes in cortical excitability
according to the parameters of stimulation. The procedure elicits focal reversible shifts
in cortical excitability depending on the polarity, strength, and duration of stimulation;
in particular, animal studies, also confirmed for humans [189], have established that anodal
stimulation seems to increase neuronal excitability and spontaneous firing rate by depolar-
izing resting membrane potentials, whereas cathodal stimulation hyperpolarizes membrane
potentials, leading to decreased neuronal firing rate and excitability [190]. tDCS is most
commonly applied at 1—2 mA for 5—20 minutes using saline-soaked sponge electrodes and
has been shown to have effects across various functions [191].

Although these two techniques can produce similar physiological and behavioural effects,
TMS and tDCS are believed to operate by different mechanisms [190]. In humans, rTMS
induce LTP-like and LTD-like plasticity effects in the neocortex, with significant changes in
motor evoked potential (MEP) amplitudes; pharmacological evidence suggest a pivotal role of

NMDA receptors [190]. Unlike rTMS, which is believed to induce action potentials in and
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around the stimulated neuronal tissue, tDCS is considered to have a modulatory effect on
cortical excitability [189)].

Currently, both rTMS and tDCS are also applied in presence of perinatal or pediatric
ischemic stroke [192]. The PLASTIC CHAMPS study [193] confirms safety, feasibility and
suggest consistent functional gains across groups. In contrast to adult ischemic stroke, in
case of perinatal event it is necessary to optimize the dosage; for instance, recent studies
suggest a tDCS protocol adapted for perinatal stroke characterized by a 10-minute reduced

current application (0.7 mA) [194].

1.6 Neural plasticity in the recovery after stroke

After a stroke event, the damaged circuits can undergo a relative small or great degree of
remapping and functional restoration, that leads to a spontaneous recovery of impaired
functions. These functional gains are mainly enclosed in a “critical period" window, that
occupies few months in humans and few weeks in rodents after injury [195, 196]. Commonly
used human and animal behavioural assessment protocols are not sensitive to distinguish, in
the improvement of performances, between “true” recovery (restoration of original pre-lesion
strategies), behavioural compensation (the restoration of function through alternative and
novel strategies) or a combination of both. For instance, detailed post-injury kinematic
analysis of rats reaching movements show that motor impairments are balanced by postural
adjustments that allow a partial recovery of pre-stroke motor performances [197]. More-
over, forelimb lift, pronation and supination remain altered despite significant success in
a skilled reaching task during a chronic phase after stroke injury, indicating the presence
of compensatory mechanisms [198]. In general, long-lasting rewiring of damaged local or
distant circuits represent a fundamental point of investigation in post-stroke recovery re-
search. However, it is yet unclear whether these plastic processes invest only a positive or
also a maladaptive role after a stroke event; in particular, the intrinsic characteristic of the
lesion, the timing of its onset and also the therapeutic intervention window, can influence in

different manners the ability to recovery of lost or altered neuronal functions [199, 200].



Introduction 39

1.6.1  Synaptic learning rules after ischemic stroke

The presence of activity-dependent processes and critical periods effects suggest strong
correspondence between stroke recovery and synapse-based learning rules that are involved
in wiring and refining of brain connections [201]. As described above (see paragraph 1.1.2), the
two main conceptual classes of synaptic plasticity mechanisms are the Hebbian and homeo-
static plasticity. While Hebbian rules have a pivotal role in producing activity-dependent
changes in synaptic strength in learning and memory [202], few evidences directly support
this role in stroke recovery. However, specific forms of use-dependent rehabilitative training
(such as reaching training for an impaired limb), based on typical Hebbian rules, can influ-
ence rewiring and functional outcome [203]. Also homeostatic plasticity may be involved
in recovery. Post-stroke neuronal hyperexcitability of peri-infarct zone, often resulting in
an increasing spontaneous activity, occurs within the first month after injury, and can be
linked to an attempt of circuit to upscale its connectivity level in a compensatory manner
[199]. In this way, also axonal sprouting and increase in dendritic spine production, events
highly correlated with the onset of stroke, may be considered as homeostatic processes
that help to return post-stroke synaptic activity to standard levels [199]. However, it could
be also possible that the system could take advantage from a reduction of activity, rather
than an hyperactivation. Clinical and experimental reports show that very early physical
therapy, in particular if too intensive, might be detrimental for stroke recovery [204, 205].
For this reason, it is worth considering all of these factors in the implementation of effective
rehabilitation protocols, and further studies are needed to unveil the role of homeostatic

and hebbian plasticity in different type of stroke injuries.
1.6.2  Molecular determinants of axonal sprouting

Brain injury, and in particular ischemic stroke, leads to a dramatic change in the molecular
expression programme of affected neurons, especially in those cells that survive lesion in
the peri-infarct region.

Axonal sprouting represents one of the principal responses caused by this new molecular
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pattern expression, and is triggered by several factors, including cytokines released by
astrocytes, microglia and infiltrated neutrophils [206, 207]. However, activated astrocytes
also block the axonal sprouting through the action of CSPGs or Ephrin-5 [126, 208]. These
events mainly involve the peri-infarct area, where classical axonal growth markers such as
GAP-43, CAP23 and the transcription factor c-Jun are expressed [126].

Peri-infarct regions release a great number of growth factors that promote axonal and
dendritic sprouting, including BMP7 [209], IGF-1 and TGF-beta signalling factors; in particu-
lar, GDF10 and Activin act through their respective cell surface receptors to the transcription
factor Smad 2/3 [210, 211, activating phosphatidilinositol- 3 (PI3) kinase gene systems and in-
hibiting both phosphatase and tensin homolog (PTEN) and suppressor of cytokine signalling
(SOCS3) action. PTEN is a well-known negative regulator of mammalian Target of Rapamycin
(mTOR) signalling, and its deletion is essential to increase the CSNs regenerative ability
after CNS lesion [212]. The involvement of PTEN and SOCS3 in axonal sprouting was also
demonstrated in other contexts in the adult, such as in optic nerve and spinal cord injury
[213-215]. Taken together, these data indicate that GDFio0 is an important molecular trigger
after stroke and activates parallel growth promotion cascades.

IGF-1, produced by microglia or delivered through intranasal pathway, is known to pro-
mote neurogenesis [216]. Unexpectedly, IGF1 delivery does not induce any significant change
in motor cortical connections above the normal degree of post-stroke axonal sprouting;
moreover, endogenous IGF-1 expression levels arise only after an adult ischemic stroke, but
not during young age [217].

In peri-infarct cortex, gene profile of axon sprouting neurons reveals the specific activa-
tion of growth factor, cytokines, cell surface receptor, cytoplasmatic cascade and transcrip-
tional and (epi)genetic modifications. The comparison between molecular profiling in young
and adult lesioned animals shows that only few genes are commonly regulated by stroke
in these two ages ([217], suggesting that the axonal transcriptome (also called “sproutome”)
could have a crucial role in the distinct response of an ischemic stroke in different ages.

Expression of genes involved in epigenetic DNA control, such as ATRX, is up-regulated
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Figure 1.14. Molecules associated with injury-, activity-, and experience-induced plasticity (modi-
fied from [208)).

in both young and adult sprouting neurons. Axonal sprouting neurons in the aged brain
paradoxically upregulate genes that block axonal growth, such as EphA4 and Lingo-1[217].
Lingo-1is part of the Nogo Receptor 1 (NgR1) signalling complex, which includes NgRi1/p7s
or TROY/Lingo-1 [218]. Blockade of NgRi signalling either directly by genetic knockout or
pharmacologically with a Lingo-1 antagonist, also causes more robust axonal sprouting after
stroke [217]. Finally, it has been shown that other molecules can restrict structural plasticity
after injury: for example, PirB and MHCI ligands limit axonal outgrowth in development

and regeneration after injury both in vitro and in vivo [38] (1.14).
1.6.3 Function of cortical remapping after an ischemic stroke

Recovery after small strokes mostly involve peri-infarct tissue remapping [219], whereas
in larger lesions similar function lesion can only be found in more distant sites, such as
premotor cortex or contralateral hemisphere [220, 221]. This contralateral axonal sprouting
has been reported in rodents and non-human primates after cortical lesions [222-224)
and is associated with remapping of motor representations of the ipsilateral limb in this
motor cortex. These findings suggest that the recovery of sensorimotor functions after
stroke and brain remapping involve changes in the temporal and spatial spread of sensory
information processing across local and distant sites. Recently, Muprhy and colleagues have
implemented novel optogenetic approaches for mapping motor maps in mice after stroke

[225-227]. Optogenetics represents an important technical progression in neuroscience that
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allows the selective activation or inhibition of neurons, in vivo, through genetical expressed
channels or pumps activated by light (for review, [228, 229]). For instance, it is possible to
express the cation light-activated channelrhodopsin-2 (ChR2) in layer V pyramidal neurons
using transgenic mice models; laser stimulations at specific blue wavelengths induce the
firing of these corticospinal neurons, that results in a clear movement of the contralateral
forelimb [230]. Using this approach, it was demonstrated that motor output is strongly
reduced in the area immediately adjacent to the lesion, counterbalanced by an increased
excitability of other peri-infarct areas, suggesting that surviving regions of cortex are able
to assume functions from stroke-damaged areas, although this is also correlated to an
alteration of motor maps [231]. The combination of optogenetics and voltage sensitive dyes
(VSDs) techniques allows the coupled cortical stimulation and imaging of activated areas,
in order to define a clear “connectome” pattern in physiological and pathological conditions
with high temporal resolution and large-scale recording of neural activity [232]. In rodents,
a unilateral phototrombotic stroke induces an alteration of the normal symmetry between
hemispheres, with a depression of activity that involve not only the lesioned but also the
healthy hemisphere after 1 week [233] (figure 1.15).

Ischemic strokes also induce strong modifications in the dendritic plasticity, in terms of
formation and retraction of dendritic spines. The onset of this remodelling is fast; in fact, a
series of in vivo studies demonstrated dynamic changes to dendrites in layer 1 during the
onset of ischemic depolarization [234-236], that generally occurs upon first 2 minutes from
ischemic event [234]. After stroke, there is initially a net loss of dendritic spines in peri-infarct
cortex within 24 h after photothrombotic stroke [237, 238] and in the first week after middle
cerebral artery occlusion [239]. Interestingly, dendritic remodelling occurs in regions with
a normal blood flow [239], indicating that spine loss is mostly due to neuronal network
damage from loss of axonal connections and not due to partial ischemia in peri-infarct

regions.
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Figure 1.15. Network diagrams of connectivity changes over time reveal interhemispheric asym-
metries after phototrombotic stroke. It was used optogenetic stimulation of multiple sites on the
brain coupled with voltage-sensitive dye (VSD) relative responses. Left, connectivity map in sham
animals. Center, connectivity map in lesioned animals after 1 week post-stroke; note the strong inter-
hemispheric asymmetry and general depression of neural activity. Right, after 8 weeks post-stroke
the network diagram appears to be returning toward sham levels (modified from [233]).

1.6.4 Experimental modulation of structural plasticity after stroke

Both positive and negative effectors can modulate the plastic response of the post-stroke
brain. Moreover, the combinatorial approach of coupled pharmacological plasticizing treat-
ment and physical rehabilitation protocols are widely studied in experimental research.
Pioneer studies from Schwab’s laboratory investigated the role of the blocking of No-
goA inhibitory activity on axonal sprouting through the injection of specific antibodies
(anti-NogoA, [240-242] or inosine 243, 244) or both treatments coupled with environmental
enrichment [245], showing a positive effect of cortical and subcortical sprouting on be-
havioural motor outcome. More recently, it was demonstrated that intrathecal injection of
anti-NogoA after focal stroke in adults promote a rewiring of the CST in terms of augmented
sprouting of fibers from the intact hemisphere into the denervated side of the spinal cord
[223] (1.16). In another pivotal study, anti-NogoA treatment was coupled with an intensive
physical rehabilitation training. When physical rehabilitation follows the pharmacologi-
cal treatment (sequential protocol), there is a dramatic and progressive recovery of motor
function, accomplished by a strong and well directed sprouting at spinal cord level from
healthy to denervated side. Interestingly, if these treatments are applied together (parallel

protocol) the recovery is significantly slower, with misdirected sprouting at spinal cord



Introduction 44

Control Stroke + Anti-Nogo-A

Reinnervation by sprouting
corticospinal fibers

| ¥

Crossed corticospinal
projections

cFl 1 |
s2

Figure 1.16. Anti-NogoA treatment promotes functional sprouting of fibers originating from
healthy hemisphere to the denervated side of spinal cord (modified from [223)).

level, even if the overall sprouting level is higher with respect to sequential control [246] (1.17).
Other studies confirm that genetic deletion of Nogo-A, or Nogo-A antagonism coupled with
motor training leads to enhanced recovery from stroke [241, 247]. These findings suggest the
importance of intervention timing and reinforce the role of physical rehabilitation in the
stabilization of circuits modified by plasticity processes.

Several studies have been focused on the role of PNNs in stroke recovery and the plastic
effect induced by their remodelling. As described above, ChABC is an enzyme that digest the
side chains of CSPGs that form the PNNs surrounding PV™ inhibitory neurons, modifying
visual cortex plasticity (see paragraph 1.1.3.1). In a similar way, intraspinal injection of ChABC
after a focal ischemic stroke in elderly rats effectively remove CSPGs from the extracellular
matrix, promoting the sprouting of the contralesional CST and recovery of motor function
[248]. ChABC is also effective in peri-infarct area, where, in combination with a skilled
motor training, induces an amelioration of motor outcome after a focal stroke through a

counterbalance of the excitatory inputs [249].
1.6.5 Maladaptive plasticity

As shortly described above, ischemic stroke events can spontaneously induce molecular and
structural changes in neural circuits, and clinicians can take advantage of these process to

drive the appropriate therapy for the treatment of this pathology. However, neural plasticity
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Figure 1.17. CST sprouting after unilateral stroke depends on timing of rehabilitative and pharma-
cological training. Left, sprouting patterns of ipsilateral fibers to the denervated side of spinal cord in
animals with different rehabilitative protocol. Note the substantial increase in axonal projections
when behavioural activity is manipulated at the same time as axonal growth is pharmacologically
stimulated. Right, scheme of the spinal cord gray matter, included laminae. Red columns indicate
simultaneous Nogo blockade and behavioural activity; blue columns indicate first Nogo blockade
then behavioural activity. When Nogo is blocked and skilled reach training implemented simulta-
neously, there is axonal sprouting throughout the spinal cord gray matter, including to non-motor
areas (modified from [246)).

does not only exerts a positive effect in the improvement of motor recovery, on the contrary
can lead to adverse outcomes; this aberrant form of neural plasticity, called maladaptive
plasticity, characterizes in particular developmental injuries, where the affected corticospinal
tract does not assume a primary role in movement control in the first few months after
birth [91], and as a consequence, an abnormal bilateral pattern of innervation is established
(figure 1.18). Several studies have reported its involvement in alteration and limitation of
motor function after stroke. First, the implementation of compensatory motor strategies
is a crucial trigger for the alteration of motor functions; for instance, the dominant use of
the healthy side (i.e. the nonparetic limb) induces the phenomenon of learned non-use of the
paretic limb, which limits the capacity for subsequent gains in motor function of the paretic
limb [250].

Animportant role in maladaptive plasticity process after stroke is carried out by ipsilateral
projection from the healthy hemisphere. In hemiplegic children, the abnormal persistence of
ipsilateral corticospinal projections, that normally withdraw during postnatal development
through activity-dependent processes (see paragraph 1.2.2.2), is associated with a poor motor

recovery [251, 252]. These clinical evidences contrast the Kennard principle, that states how

the physiological outcome after a brain lesion is negatively correlated with age; in particu-
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Figure 1.18. Developmental plastic motor organization after perinatal stroke. Control of the weak
right hand (W) often relies on both contralateral corticospinal pathways from the left (lesioned)
primary motor cortex (LMC) and ipsilateral projections from the unlesioned right primary motor
cortex (RMC, dashed line). These two inputs compete to establish synapses. The relative balance
of control determines motor outcome, with contralateral control associated with better function
(modified from [103)).

lar, Kennard described better outcomes in younger primates after unilateral motor cortex
lesions [253]. Despite it appears counterintuitive that activity driven maintenance of ipsi-
lateral projections from the non-infarcted hemisphere is not associated with preservation
of function, several studies confirm this hypothesis. For instance, Eyre et al. demonstrated
that children affected by unilateral perinatal stroke loss MEPs responses from TMS stimula-
tion of lesioned cortex, whereas the same stimulation in children with bilateral perinatal
stroke does not reduce MEPs amplitude [254]; these results clearly resemble experimental
data from cats described above (see paragraph 1.2.2.2). All of these data suggest a vicious
circle of maladaptive activity-dependent competition, where the less competitive spared
corticospinal projections provokes the gain of ipsilateral axons activity, with reciprocal

influences from these competitions [255].
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1.7 Aim of the thesis

Developmental stroke (perinatal or pediatric) represents a rare cerebrovascular disorder and
a frequent cause of hemiplegia in children. Despite the high plastic potential of developing
brain, a unilateral ischemic lesion at early stage of development deeply affects the normal
functional refinement of motor pathways. Strengthening of CST ipsilateral projections
from the healthy hemisphere (otherwise pruned with normal development) in favor of the
contralateral ones has been pointed at the cornerstone of maladaptive plasticity mecha-
nism after developmental injury. The occurrence of this “maladaptive plasticity” could be
responsible for driving the long term functional outcome towards a moderate or severe
motor impairments. Studies in rodent might effectively help detection of axonal sprouting,
and may reveal to which degree injury affects axonal terminal fields and shed light on the
molecular and anatomical basis of this maladaptive phenomenon. In this study, I investi-
gated the anatomical underpinnings of ischemic lesion timing effects on motor outcome
to understand how plasticity mechanisms can promote or preclude motor recovery in an

age-dependent manner.

The aims of the thesis are:

. Characterization of rat models of focal ischemic stroke during the development of cor-
ticospinal tract, through the intracortical injection of endothelin-1 (ET-1) at P14 and P21
pre-weaning ages;

. Analysis of structural modifications, in terms of axonal sprouting and laminar distribution
onto the denervated side of spinal cord, induced by lesion at different ages, taking advantage
from AAV-GFP anterograde tracer injected in rat pups;

. Studying the effects of an early activity-dependent modulation, by means a skilled mo-

tor learning paradigm in P14 injured animals, on corticospinal structural plasticity and

functional recovery after a developmental ischemic lesion.



2 Materials and Methods

21 Experimental design

All procedures were performed in accordance with the Italian Ministry of Health guidelines
for care and maintenance of laboratory animals (law 116/92) and in strict compliance with
the European Communities Council Directive 86/609/EEC.

Long Evans rats from P1 until to Péo of both sexes were used. Animals were housed with
a 12 h/12 h light/dark cycle with food and water ad libitum access. After weaning at Pzo,
animals were reared in a standard environment (3 rats in 30 cm x 40 cm x 20 cm laboratory
cages). During Montoya Staircase test, rats were fed 20 g of Purina® rat chow once a day
after the daily tests [256] in addition to the food pellets they obtained while performing
the test (Bio-Serv” dustless precision pellets product Fooz1). The weight of the rats was
maintained at about 9o-100% of their expected body weight. All behavioural and anatomical

analysis were performed in a blinded fashion.

2.2 Injection of viral tracer into rat pups

AAV1-hSynap-eGFP-WPRE-bGH (titre 10'! copies/ml, Addgene®) was used as anterograde
tracer of CST, because it was demonstrated a strong tropism for CSMNs of these serotype
and promoter [257]. P1-3 rat pups were taken from their cages and anesthetized through
hypothermia, covering them under approximately 6 cm of crushed ice for a duration of 1
min/g of body weight. Once anesthetized, pups were positioned and blocked on an adapted

stereotaxic apparatus (Cunningham, Stoelting Co.°) previously cooled with dry ice. An head
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Figure 2.1. (A) and (B). Experimental design for behavioural and anatomical assessment of ET-1 or
saline intracortical injections in P14 and P21 animals, respectively. (C) and (D). P14 and P21 animals,
respectively, performed an early training protocol 1 week after lesion.
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skin incision through the midline was made, and 4 holes were produced through a modified
30-gauge needle at specific stereotaxic coordinates for somatosensory right cortex (with
respect to Bregma: 1) 1.5 mm ML : 0.7 mm AP; 2) 1 mm ML : 0.3 mm AP; 3) 1 mm ML: 0.0
mm AP; 4) 2 mm ML : 0.5 mm AP). A previously pulled glass micropipette was filled with 1
¢l of AAV solution and was connected to a pneumatic ejection pump (PDES-02TX, npi®).
The micropipette was held perpendicular to the skull surface and slowly inserted on each
injection site, at a depth of 0.5 mm. Once the pipette was in place, 0.25 ul/site of viral solution
was gradually injected into each hole (pressure 1 bar, time of pressure 0.3-4 ms). At the end
of each injection, the micropipette was left in place for 2 minutes to allow the viral vector
diffusion from the injection site. After the injections were completed, pups were placed
under a heating lamp until they regained normal colour and resume both breathing and

movements. Finally, injected animals were transferred to the home cage with their mothers.

2.3 Induction of ischemic lesion in P14 or P21 rats

ET-1 unilateral intracortical injection was used to induce a focal ischemic lesion in the
forelimb area of primary motor cortex (fM1) in P14 or P21 rats, with a protocol modified
from [249]. Prior to surgery, animals were anesthetized globally through intraperitoneal
injection of avertin (200 mg/Kg) and locally through a subcutaneous injection of lidocaine
(100 mg/Kg) under the scalp. The head was then blocked on a stereotaxic frame using adapted
ear bars. Body temperature was monitored and maintained at 37 °C with a homothermic
blanket (Harvard Apparatus Ltd®, UK). To perform unilateral lesions in the left hemisphere,
we performed an incision to the scalp and displaced the periosteum to reveal anatomical
landmarks on the skull. The 2 sites of injection were identified in correspondence to the left
fM1 (with respect to Bregma: 1) 1.5 mm ML : 0.0 mm AP; 2) 1.5 mm ML : 0.5 mm AP) [258], and
the skull was gently drilled cooling the area with sterile saline. A previously pulled glass
micropipette was filled with 2 ul of ET-1 solution (Sigma-Aldrich®, 120 pmol/ul in sterile
saline) for experimental groups, and 2 ul of vehicle for control groups, and connected to

a manual pump. The micropipette was held perpendicular to the skull surface and slowly
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inserted on each injection site, at a depth of 0.5 mm for P14 and 0.7 mm for P21 animals. Once
the micropipette was in place, 1 ul/site of ET-1 solution or vehicle was gradually injected
into each hole. ET-1 was delivered at a rate of 0.5 ul/min with a 2-minute interval before
retracting the micropipette from the tissue. Immediately after surgery animals were given
local antibiotic (Aureomicina® 3% cream) on the surgical suture and analgesic (Tachipirina®
gocce, 10 mg/kg) administered in drinking water. Animals were kept under a heating lamp
until they recovered from anaesthesia. P14 animals returned to their mothers in the home

cage.

2.4 Behavioural assessment of motor function and motor training

All behavioural tests were carried out by an operator blind to group membership of the
animals. Animal motor profiles, including locomotion analysis and evaluation of muscles
strength were assessed the day before injury, P20, and at adult age, P5s9. Reaching skills were
assessed from P6o.

Vertical ladder test allows the assessment of motor coordination (figure 2.2A). Animals
were encouraged to climb a vertical ladder of 100 cm length with 1 cm distance between
rungs [259]. Three trials per animals were video recorded and analysed offline. Average time
taken to climb the full vertical ladder length was quantified.

Grip strength test allows a reliable measure of forelimb muscle strength (figure 2.2B).
Animals were placed over a base plate, in front of a trapeze-shaped grasping bar. Animals
were lifted over the base plate by the tail so that their forepaws were allowed to grasp
onto the steel grip of and gently pulled backward by the tail until the grip was released.
Three trials were performed for each animal with a 1-minute resting period between trials.
Muscular strength was assessed by sensing the peak amount of force that was required
to make animals release their grip, conveyed in grams (Ugo Basile® Grip-Strength meter).
Forelimbs grip strength was measured as average tension force of the three trials per animal.

Gait analysis was performed to assess animals’ locomotor pattern and forelimb posture

during walking (figure 2.2C). Limb rotation and inter-limb coordination were considered
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the most descriptive parameters [260, 261]. The fore and hind paws were painted with inks
of different colours (red the former and black the latter) and rats were encouraged to walk
in a straight line along a 100 cm long runway over absorbent paper (10 cm width) toward
home cage. Since this task is aimed at assessing the rat spontaneous walking pattern, no
training was required before baseline recording. Footprint patterns were then digitalized
and analysed using MetaMorph® software (Molecular Devices®, USA). Limb rotation score
was estimated by the angle formed by the intersection of the line through the print of the
third digit and the central pad (the print representing the metatarsophalangeal joint) and the
line through the metatarsophalangeal print parallel to the walking direction, was used as an
indication of limb rotation. Inter-limb coordination was measured as the distance between
the central pads of the forelimb and hind limb on each side of the body. Three trials for
each animal were performed and a series of at least 10 sequential steps printed in the same
session was used to determine the mean values of each measurement.

To assess long lasting reaching and grasping impairments, animals were trained for 7
days from P60 in Montoya Staircase skilled reaching task [262] (figure 2.2D). The Staircase
apparatus consists of seven steps located to the left and right of the animal, where pellets
can only be obtained by the respective left and right forelimbs (three pellets/step). Animals
were handled every day for 3 days before the onset of the experiment while let familiarizing
with the staircase box and were food restricted in their home cage from 1 week before the
experimental recordings. After habituation, rats were trained to remove and eat as many
food pellets as possible from the staircase (Bio-Serv® dustless precision pellets product
Foo21). Two parameters were measured: 1) number of pellets retrieved and eaten; 2) number
of step reached on each side of the staircase during the task. Animals were trained to reach
for pellets once/day for 15 minutes.

To investigate the effects of a specific early motor training in skilled reaching on motor
outcome and CST axon plastic remodelling, a group of animals treated with ET-1 at P14
or P21 were trained once/day for 7 days in the Staircase apparatus starting 1 week after

lesion induction. Afterwards the effect of this specific early training on general movement
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Figure 2.2. Behavioural motor battery. (A) Vertical ladder test. (B) Grip test. (C) Gait test. (D) Montoya
Staircase test.

performance and on reaching capability was assessed up to adulthood, from P59, and the
results were compared with those of control groups consisting of untrained P14 and P21

ET-1or saline injected animals.

2.5 Histology and lesion volume measurement

After behavioural assessment, animals were deeply anhaestetized with chloralium hydrate
(10%) and transcardially perfused with PBS (pH 7.4) followed by paraformaldehyde 4% (PFA)
0.1 M phosphate buffer. Both brain and spinal cord was extracted and post-fixed in the same
fixative overnight at 4 °C, then immersed in a dehydrating solution of sucrose 30% and
sodium azide 0.05% for at least 3 days. Dehydrated tissues were embedded with Tissue-Tek”
OCT", snap-frozen in —80 °C cooled isopentane, and 50 um coronal sections of brain and
cervical spinal cord were cut with a cryostat (Leica®).

To allow a reliable measure of the lesion volume, coronal slices of entire motor cortex were
collected; 1 out of 2 slices were then stained with propidium iodide (5 #/ml, Sigma-Aldrich®

. . . . ® .
and later mounted and cover slipped. Images were acquired with Leica™ fluorescence micro-
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scope and lesion area was measured using the MetaMorph® software (Molecular Devices®,
USA). The lesion volume was calculated by computing individual lesion areas multiplied by
the interslice distance.

1out of 10 slices of medullar pyramids (at the level of caudal cerebellum) were also collected
and mounted. Cervical spinal cord was sectioned from Cs to T1 levels; a total number of 4

sections/level were obtained, collecting 1 out of 6-8 consecutive slices.

2.6 Analysis of axonal sprouting at spinal cord level

For analysis of GFP" axonal sprouting from labelled dorsal CST (dCST) and ventral CST
(vCST), spinal cord slices were analysed online through a fluorescence microscope (Leica®),
magnification 20x, using the software Stereo Investigator (MBF Bioscience ©). At least
3 sections per level were measured for each rat. For all slices, GFP signal was detected
without immunohistochemistry procedures. GFP" axonal fibers originating from labelled
dCST and reaching contralateral denervated spinal cord were counted as fibers crossing
the spinal cord midline (M) and branching through 4 different distance lines (D1-4), with
each line 100 um apart. GFP™ axonal fibers originating from labelled vCST and reaching
ipsilateral denervated spinal cord were counted as fibers crossing the boundary between
white-gray matter of the medial part of ventral horn [246]. dCST and vCST fiber sprouting
were expressed as the number of GFP™ axons in the spinal cord divided by the number of
GFP* fibers counted in the medullar pyramids.

To measure the fluorescence integrated density of dCST and vCST, 10x magnification
images were acquired at a fluorescence microscope (Zeiss®) and analysed with Image]
software. For each animal, at least 3 sections per level were analysed, and both time exposure
and fluorescence intensity were maintained constant in order to reduce the variability due
to different transduction efficiency. Integrated density values were divided by the number
of GFP™ fibers counted in the medullar pyramids.

To normalize axonal sprouting and fluorescence analysis for viral transduction efficiency,

the total number of GFP labelled corticospinal axons were counted on at least 3 coronal
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sections of medullar pyramids. Images were acquired at a fluorescence microscope coupled
with the structural illumination system ApoTome (Zeiss®). ApoTome setup provides an axial
resolution in the z-axis that is comparable to that achieved by confocal microscope [263]. To
quantify the total number of GFP labelled corticospinal axons, 63x magnification images of
two regions of interest (ROI) in the medullar pyramid were acquired and then extrapolated
to the total area of pyramid per slice, measured from sx magnification images. Acquired
images were analysed offline using the dedicated software Imaris (Bitmap®). GFP* axons
were detected as “spots’, with a minimum diameter settled on 1 ym and a double "quality”
filter (intensity at the center of the spot in the channel the spot was detected) optimized to

include only reliable axons.

2.7 Laminar pattern distribution of sprouted axons

Z-stack images of 3 C6-C8 spinal cord sections per animal were obtained using ApoTome
module (Zeiss®), with a magnification of 10x. Images were acquired both in brightfield and
in green channel fluorescence, in order to recognize anatomical landmarks of spinal cord
gray matter.

The analysis of laminar pattern distribution of GFP* sprouted axons was performed
using a custom-made MATLAB® script, based on mathematical morphology theory (figure
2.3). Briefly, 15 square ROIs (129x129 um ) per section were selected on standardized positions
located using brightfield cues, in order to sample all spinal cord laminae (figure 2.3A). ROIs 1
to 5 identify dorsal sensory laminae (1 to 6), ROIs 6 to 10 the intermediate lamina 7 and ROIs u1
to 15 the ventral, motor laminae 8 and 9 (figure 2.3B). The algorithm acts on ROIs, through
background subtraction, application of sharpen filter and binarization. Sharpen radius
(size of the region around the edge pixels that is affected by sharpening) was maintained
constant (15), whereas sharpen amount (strength of the sharpening effect) ranges from o.1to 3,
depending on imaging quality. Using the MATLAB® functions bwmorph and strel several
morphological operations that operate on detected objects ("remove", "bridge", "thicken’,

‘close") were applied (figure 2.3C1 and 2). To perform branchpoints and endpoints computa-
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tions the image is further skeletonized and shrinked, using the same function bwmorph. It is
possible to calculate the number of objects per ROI and to extrapolate different parameters
from these objects, such as number of branchpoints and endpoints, complexity (sum of
branchpoints and endpoints per object), area (total number of pixel per object), perimeter,
length (the number of pixel of the major axis of an ellipse containing the object), orientation
(angle between X axis and the major axis of an ellipse containing the object), fluorescence

intensity. Laminar pattern distribution is measured as "axonal complexity index":

Axonal Complexity Index = N, * C,

where N, is the mean number of detected axons per laminae (normalized for the number of

GFP* axons in medullar pyramids) and C, is the mean axonal complexity per laminae.

2.8  Statistical analysis

All data are presented as mean + standard error of the mean (SEM), except for anatomical
analysis of ET1-P21 TRAINING group, presented only as mean because represents pre-
liminary data from 2 animals. n denotes numerosity of indicated group. Significant level
was settled as 0.05. Lesion volume between injured groups, general motor behaviour, in-
tegrated density measures, sprouting from vCST and laminar distribution were analysed
using Two-Way ANOVA. Factors considered are lesion (saline or ET1 injection) and age
(P14 or P21), or training (with or without) and age. Normality assumption was validated
using Shapiro-Walk test; when rejected, data were transformed on ranks and then anal-
ysed with the appropriate statistic test. Number of GFP* axons on medullar pyramids
was analysed through non-parametric Kruskal-Wallis test. Behavioural data of Montoya
Staircase test and axonal sprouting from dCST were analysed using Two-Way repeated
measure ANOVA, with number of days and sequential distances, respectively, as within-
subject factors. Post-hoc multiple comparison using Holm-Sidak test was performed, when

appropriate. SigmaPlot®12.0 was used to perform the analysis.
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Figure 2.3. ROIs selection and position for complexity analysis of sprouted axons. Coronal
section of a denervated C8 spinal cord in fluorescence (A) and brightfield (B) acquisition modes from a
SAL-P14 animal. In (B) is also indicated the standardized position of ROIs for MATLAB® analysis: red
squares sample dorsal laminae (1 to 6), blue squares samples intermediate lamina (7) and green squares
sample ventral laminae (8-9). Scale bar: 250 pm. (C1) Morphological imaging processing and operations
carried out on a typical sampling ROI (C2) using MATLAB® function bwmorph for the detection
of axonal morphology. First, sharpen filter and thresholding were applied in order to minimize
signal-to-noise ratio, then “remove” operator sets interior pixels as o, thus leaving only pixels on
the boundary. “Bridge” and “thicken” operators allow the connection of neighbouring unconnected
pixels and add pixels to the exterior of objects, respectively. Using the function strel it is possible
to create structural elements of a specific shape, in this case lines on different orientation (o°, 30°,
60°, 90°). Finally, typical morphological operators such as opening (dilation followed by an erosion)
and closing (erosion followed by a dilation) refine detected objects for an optimal skeletonization
and extrapolation of desired parameters. For further information, see MATLAB® documentation
(https://it. mathworks.com/help/matlab/) for bwmorph and strel functions.



3 Results

3.1 ETiintracortical injections in fM1 of P14 and P21 animals provoke similar

focal ischemic lesions

ET1 (120 pmol/ul, 1 ul/site) was intracortically delivered in left fM1 of P14 or P21 rats pre-
viously injected with AAV1-GFP when pups. Once adults, fM1 slices were stained with
propidium iodide (PI) in order to observe tissue integrity. Ischemic lesion appeared as
multiple black spots of loss tissue diffused for all cortex depth (figure 3.1). There was not
statistical significance between lesion volumes in ET1-P14 and ET1-P21 injured animals, with
or without lesion (Two-Way ANOVA, factor treatment x age F; 19=0.892, p=0.359), indicating
that ET1 injection produces the same tissue loss degree in both ages, and that training do
not have neuroprotective effect on the lesion volume. Saline injected animals do not exhibit

any or few sign of damaged tissue (data not shown).

3.2 ETilesion induces different general motor deficit in P14 and P21 rats

Long-term general motor performance after an ischemic lesion was assessed through both
general and motor task in young-adult rats (P59-P68). General movements were analysed
through vertical ladder, grip and gait test at P59, whereas skilled abilities of lesioned fore-
limb were verified using Montoya Staircase test, applied for 7 days starting from Pé6o (see

paragraph 2.1).
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Figure 3.1. ET1 induces an equal focal lesion in P14 and P21 rats. (A) Coronal section of M1
cortex with a unilateral ischemic lesion through ET-1 intracortical injection, stained with propidium
iodide (PI). Scale bar: soo yum. CC: corpus callosum. (B) Lesion volume. Two-Way ANOVA, factor
treatment x age p=0.359. ET1-P14 n=7; ET1-P14 TRAINING n=5; ET1-P21 n=6; ET1-P14 TRAINING
n=2.

3.21  ETilesion produces an age-independent deficit on climbing a vertical ladder and

on muscle strength

To assess long-term motor coordination deficits after ischemic lesion, we used vertical ladder
test. In this task, ET1-P14 (n=11) and ET1-P21 (n=5) animals showed a significant increase
in the time of climbing a vertical ladder, with respect to relative controls injected with
saline (n=10 and n=8, Two-Way ANOVA, factor treatment F; 34=48.367, p<0.001; post-hoc
Holm-Sidak test p<o.001) (figure 3.2A). However, early lesion did not induce a worse outcome
(Two-Way ANOVA, factor age F; 34=0.242, p=0.626), indicating that the same focal lesion
induced at different ages affects motor coordination at the same degree. Similarly, ET1
lesion induced long-term deficit in forelimb muscle strength. ET1-P14 (n=8) and ET1-P21
(n=9) animals showed a significant decrease in the forelimb muscle strength, with respect
to relative controls injected with saline (n=11 and n=7, Two-Way ANOVA, factor treatment
F1,41=48.541 p<o.001, post-hoc Holm-Sidak test p<o.oo1) (figure 3.2B). However, there was
only a slightly non significant tendency for reduced strength in ET1-P14 lesioned animals
with respect to ET1-P21 group (Two-Way ANOVA, factor age p=0.112), indicating that the
same focal ischemic lesion induced at different ages affects forelimb muscle strength in a

similar degree.
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Figure 3.2. ET-1lesion induces an age-independent deficit on climbing a vertical ladder and
on muscle strength. (A) Vertical ladder test. Two-Way ANOVA, factor treatment p<0.05, post-
hoc Holm-Sidak. (B) Grip test. Two-Way ANOVA, factor treatment p<o.001, post-hoc Holm-Sidak.
Asterisks denote significance between groups: *** p<0.001.

3.2.2  ETi1lesion produces an age-dependent abduction of lesioned forelimb and

walking alterations

To examine long-term locomotor alteration after ischemic injury, two gait parameters
were analysed. Animals were encouraged to walk in a straight platform over absorbent
paper, with paws differentially inked (figure 3.3A). In this test, ET1-P14 (n=9) and ET1-P21
(n=9) rats showed a significant abduction of the lesioned (contralateral) forelimb, with
respect to relative controls injected with saline (n=11 and n=7, Two-Way ANOVA, factor
treatment F; 35=38,721, p<0.001; post-hoc Holm-Sidak test p<o.oo1). Moreover, ET1-P14 ani-
mals exhibited a strong tendency, despite non significant, for a greater abduction of injured
forelimb compared to ET1-P21 group (Two-Way ANOVA on ranks, factor age x treatment
F1,35=3.845, p=0.059; figure 3.3B, right). ET1-P14 lesion also affected the interlimb coordina-
tion between injured forelimb and hindlimb of the same side (Two-Way ANOVA, factor
treatment F; 35=12.500, p=0.001, post-hoc Holm-Sidak ET1-P14 vs SAL-P14, p<0.001). This
alteration was not present in ET1-P21 lesioned animals (factor treatment x age F; 35=11.158,
p=0.002; figure 3.3C, right). Both analysis did not show any alteration in healthy (ipsilateral)
forelimb (figure 3.3B and C, left). Taken together, these data suggest that a focal ischemic
lesion induced at different ages strongly alters locomotion in an age-dependent manner,

because it is mainly affected in P14 injured animals.
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Figure 3.3. ET1lesion produces an age-dependent abduction of lesioned forelimb and walk-
ing alterations. (A) Typical example of inked paws from a ET1-P14 animal. Red inks indicate fore-
limbs, black inks indicate hindlimbs. (B) Forelimb rotation. Two-Way ANOVA for affected forelimb,
factor treatment p<0.001, factor treatment x age p=0.059, post-hoc Holm-Sidak. (C) Interlimb coordi-
nation. Two-Way ANOVA for affected side, factor treatment p=0.001, factor treatment x age p<o.01,
post-hoc Holm-Sidak. Asterisks denote significance between groups: *** p<o.oo1.

3.3 ET1-Pi4 lesion provokes long term fine motor deficit, particularly in grasping

abilities, and a delayed learning of task.

Long-term fine motor abilities after ischemic injury induced in P14 or P21 rats were assessed
through the Montoya Staircase test, applied for 7 days from P60 in order to compare grasping,
reaching and motor learning skills in different age lesion models. Grasping abilities were
measured as the number of eaten pellets, whereas forelimb extension as the number of step
reached. P14 and P21lesion produced a general decrease in grasping performance of lesioned
forelimb compared to relative controls (Two-Way repeated measure ANOVA, factor group
x age F3 377=6.503, p<0.001; figure 3.4A). Moreover, P14 lesion induced a stronger long-term
impairment comparing to P21 injury (Two-Way repeated measure ANOVA, post-hoc Holm-
Sidak ET1-P21vs ET1-P14 p=0.021), whereas no statistical difference is showed between saline
injected controls. Considering only the mean value of eaten pellets in last 3 days (where
learning curves reach plateau levels), ET1-P14 and ET1-P21 groups exhibited a significant
deficit in grasping abilities with respect to controls; in addition, the earlier lesion group

showed a significant worse outcome compared to the later one (Two-Way ANOVA, factor
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treatment x age F; 54=6.279, p=0.015, post-hoc Holm-Sidak p=0.006; figure 3.4B). Learning
curves analysis indicated that ET1-P21 and control groups are able to learn the motor task
starting from 2nd or 3rd day of behavioural test, except for ET1-P14 group, which started
to significantly increase the number of eaten pellets only in the 5th day of task (Two-Way
Repeated Measure ANOVA, factor days Fg_377=66.622, p<o.001, post-hoc Holm-Sidak) (figure
3.4A).

Similarly, P14 and P21 lesion induced an overall reduction in reaching and extension abili-
ties of lesioned forelimb compared to relative controls (Two-Way repeated measure ANOVA,
factor group x age F3 377=5.198, p<0.001, post-hoc Holm-Sidak; figure 3.5A). In addition, P14
lesion induced a significant stronger long-term impairment compared to P21 injury (Two-
Way repeated measure ANOVA, post-hoc Holm-Sidak ET1-P21 vs ET1-P14 p=0.041), whereas
no difference is showed between saline injected controls. However, plateau level of mea-
sured step reached (as a mean of last 3 days of task) did not highlight a significant difference
between ET1-P14 and ET1-P21 (Two-Way ANOVA, factor treatment x age p=0.279), whose
performances are in any case significantly worst respect to controls (Two-Way ANOVA,
factor treatment p<o.oo1; figure 3.5B). As assessed for grasping analysis, learning curves
indicated that all groups are able to learn the reaching motor task starting from 2nd or 3rd
day of behavioural test, except for ET1-P14 group, which started to significantly increase the
number of step reached only in the 6th day of task (Two-Way Repeated Measure ANOVA,
factor days Fg 377=93.544, p<0.001, post-hoc Holm-Sidak; figure 3.5A).

Taken together, these data suggest a worse long-term motor performance exhibited
by ET1-P14 lesioned animals compared to ET1-P21 in reaching and, particularly, grasping

abilities, with a significant delay on motor learning.

3.4 AAV1-GFP is well expressed in fM1and all CST

In order to anterogradely trace pyramidal neurons of uninjured side, rat pups were intracor-
tically injected with AAV1-GFP viral vector. The injection resulted in the wide transduction

of M1 cells, counterstained with propidium iodide (PI; figure 3.6A and B). It was previously
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Figure 3.4. Montoya Staircase test: number of eaten pellets with lesioned forelimb. (A) Num-
ber of eaten pellets along 7 days of task. Two-Way repeated measure ANOVA, factor group x days
p<o.001. Multiple comparison between days were performed through post-hoc Holm-Sidak test.
Arrows indicate the day in which animal performances are significantly improved with respect to the
first day of test: ET1-P14: 5 vs 1 * p<0.05; ET1-P21: 3 vs 1 *** p<o.001; SAL-P14 2 vs 1 ** p<0.01; SAL-P21:
3 vs 1 *** p<o.oo1. Multiple comparison within days were performed through post-hoc Holm-Sidak
test: * denote comparison between ET1-P14 and ET1-P21; $ denote comparison between ET1-P14 and
SAL-P14; & denote significance between ET1-P21 and SAL-P21. (B) Mean number of eaten pellets as a
mean of last 3 days values. Two-Way ANOVA: factor treatment p<o0.001, factor age p>0,169, factor
treatment x age p=0.015. Multiple comparisons were performed through post-hoc Holm-Sidak test.
Asterisks denote significance between indicated groups: * p<0.0s, *** p<o0.001. SAL-P14 n=15; ET1-P14
n=13; SAL-P21 n=12; ET1-P21 n=16.
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Figure 3.5. Montoya Staircase test: number of step reached with lesioned forelimb. (A) Num-
ber of step along 7 days of task. Two-Way repeated measure ANOVA, factor treatment X age p<0.00L
Multiple comparison between days were performed through post-hoc Holm-Sidak test. Arrows
indicate the day in which animal performances are significantly improved with respect to the first
day of test: ET1-P14: 6 vs 1 * p<0.05; ET1-P21: 3 vs 1 ** p<o.01; SAL-P14 2 vs 1 *** p<o.001; SAL-P21: 3
vs 1 *** p<o.oo1. Multiple comparison within days were performed through post-hoc Holm-Sidak
test. * denote comparison between ET1-P14 and ET1-P21; $ denote comparison between ET1-P14 and
SAL-P14; & denote significance between ET1-P21 and SAL-P21. (B) Mean number of eaten pellets as a
mean of last 3 days values. Two-Way ANOVA: factor treatment p<o0.001, factor age p=0,014, factor
treatment x age p=0.279. Multiple comparison were performed through post-hoc Holm-Sidak test.
Asterisks denote significance between indicated groups: *** p<o.oo1. SAL-P14 n=15; ET1-P14 n=13;
SAL-P21 n=12; ET1-P21 n=16.
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demonstrated that the viral vector used in this work has a high tropism for CSMNs and a
very low tropism for astrocytes [257].

GFP* signal was detected in all uninjured corticospinal tract, including medullar pyra-
mids (figure 3.6C and D), where it is possible to count GFP* descending axons in coronal
slices (figure 3.6E). Number of GFP* axons counted in labelled medullar pyramid were
similar between groups (Kruskal-Wallis test, p=0.48s; figure 3.6E). Moreover, GFP signal was
clearly evident at cervical spinal cord level (figure 3.7), where all components of uninjured
CST are labelled: the contralateral dorsal CST (dCST), located in the most ventral part of
dorsal funiculus, and the ipsilateral ventral CST (vCST), located in the medial part of the

ventral funiculus.

3.5 P14 and Pz1ischemic lesion alter the normal pattern of CS fibers in cervical

spinal cord

To evaluate if early ischemic lesions provoke an alteration of normal CST pattern, fluo-
rescence integrated density of dCST and vCST was extrapolated from coronal sections
of cervical (C6-C8) spinal cord of P14 and P21 lesioned animals and respective controls
(figure 3.8A). C6-C8 segments are chosen because mainly receive inputs from fM1 and their
motoneuronal pools are connected with forelimb muscles [264].

As expected, no significant differences on fluorescence integrated density were detected
in dCST (figure 3.8B), confirming that animals receive a similar strong amount of viral vector.
Instead, vCST fluorescence intensity of ET1-P14 and ET1-P21 was significantly higher with
respect to control groups (Two-Way ANOVA, factor treatment F; 50=5.023, p=0.039, post-
hoc Holm-Sidak; figure 3.8C), even if no differences were detected between lesioned rats.
This data suggests that both P14 and P21 ischemic lesion induce an alteration of normal CST
development, in terms of more prominent ipsilateral ventral tract, that should be normally

pruned and reduced.
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GFP+ pyramidal axons

Figure 3.6. AAV1-GFP viral vector label injected motor cortex and pyramidal tract. (A) Coro-
nal section of motor cortex characterized by a clear ischemic lesion in the left cortex (*) and a strong
GFP labelling of cortical deep layers. Scale bar, 500 um. (B) 20X magnification of GFP labelled cortex.
Scale bars: 50 um. (C) Coronal section of caudal medulla oblongata with a strong GFP labelling of
left medullar pyramid. Scale bar: 1 mm. (D) and (E) sX and 63X magnifications of labelled medullar
pyramid. Green puncta are identified as GFP* axons. Scale bars: 100 yum and 50 um, respectively. (F)
Number of GFP* pyramidal axons in different groups does not significantly change. SAL-P14 n=5,
ET1-P14 n=6, SAL-P21 n=4, ET1-P21 n=6, ET1-P14 TRAINING n=5, ET1-P21 TRAINING n=2.

Figure 3.7. AAV1-GFP viral vector labelling of contralateral dorsal CST (dCST) and ipsilat-
eral ventral CST (vCST). Coronal section of spinal cord stained with PI. Note the ventral part of
dorsal funiculus (dCST) and the medial part of ventral funiculus (vCST) labelled with GFP. Scale bar,

500 Um.
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3.6 P14 ischemic lesion induces abnormal sprouting from both dCST and vCST to

the denervated side of spinal cord

To test the presence of anatomical correlates of worse motor outcome exhibited by ET1-Pi4
animals, the number of sprouted GFP* axon fibers from uninjured dCST to the denervated
side of spinal cord was counted on midline (M) and on different distanced (D1-4) (figure
3.9A, left). Ischemic lesion induced a significant increase in spontaneous axonal sprouting
from dCST to the denervated side of spinal cord (Two-Way repeated ANOVA, factor group
x distance F3 194=2.606, p<0.001); interestingly, ET1-P14 rats showed a significant greater
number of sprouting axons compared to ET1-P21 animals, in particular at D2 and D3 distances
(Two-Way repeated measure ANOVA, post-hoc Holm-Sidak) (figure 3.9B).

To check the effect of ischemic lesion in the axonal sprouting originating from vCST, the
number of GFP* fibers crossing the border between white and gray matter in the ventral
horn of spinal cord was counted (figure 3.9A, right). Similarly to dCST sprouting, ischemic
lesion per se induced structural plasticity from vCST (Two-Way ANOVA, factor treatment
F120=30.051, p<0.001); such plasticity was significantly enhanced in ET1-P14 rats with respect
to ET1-P21 animals (Two-Way ANOVA, factor treatment x age F; 20=4.548, p<0.05) (figure
3.9C).

Taken together, these data shows, only for P14 lesioned animals, the coincidence of worse
motor outcome and increased axonal sprouting from both dCST and vCST to denervated

spinal cord.

3.7 P14 ischemic lesion alters the laminar distribution of sprouted axons in the

denervated side of spinal cord

In order to better understand where axonal sprouting induced by ischemic lesion in ET1-P14
rats is mainly directed, it was implemented a semi-automated analysis of axonal distribution
on different spinal cord laminae. This technique uses custom-made MATLAB® algorithm

based on mathematical morphology theory. Selection of specific ROIs (figure 2.3) with
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Figure 3.8. Fluorescence integrated density of dCST and vCST. (A) Representative images of
dCST (left) and vCST (right) from animals of different groups. Scale bar: 200 ym. (B) Fluorescence
integrated density of dCST. No differences were evident between groups. (C) Fluorescence integrated
density of vCST. ET1 lesioned groups showed a significant increase in fluorescence intensity with
respect to relative controls (Two-Way ANOVA, factor treatment * p<0.05). SAL-P14 n=5; ET1-P14 n=6;
SAL-P21 n=4; ET1-P21 n=6.
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Figure 3.9. dCST and vCST axonal sprouting induced by ischemic lesion. (A) Representative
images of denervated side of spinal cord. Sprouted axons from dorsal labelled CST are counted at
100 um of distance (D1-4) from midline (M). Sprouted axons from ventral labelled CST are counted
on the boundary between white and gray matter on the ventral horn. Scale bars, from left to right:
100 um, 20 um, 100 um. (B) dCST axonal sprouting. ET1-P14 animals show more axonal sprouting
from GFP labelled dCST compared to ET1-P21 rats. Two-Way repeated measure ANOVA, factor
group x distance p<o.o0o1. Multiple comparison within distance were performed through post-hoc
Holm-Sidak test. Asterisks indicates significance between groups: * p<0.05, ** p<o.01, *** p<0.001. (C)
vCST axonal sprouting. ET1-P14 animals showed a greater degree of axons crossing white-gray matter
border and originating from GFP labelled vCST compared to ET1-P21 rats. Two-way ANOVA, factor
treatment x age p<0.001, post-hoc Holm-Sidak. Asterisks indicates significance between groups: *
P<0.05, *¥* p<0.01, *** p<0.001. SAL-P14 n=5; ET1-P14 n=6; SAL-P21 n=4; ET1-P21 n=6.



Results 70

a precise distribution into the gray matter (dorsal, intermediate and ventral) allows the
detection of sprouted axons in different regions of the denervated spinal cord (figure 3.10A).
Laminar pattern distribution is measured as “axonal complexity index", where the mean
number of detected axons in a specific lamina (normalized for the number of GFP™ axons in
medullar pyramids) was multiplied by the mean axonal complexity (number of branchpoints
and endpoints of axons) of the same lamina (see 2.7). Evaluation of axonal laminar distribution
can be crucial to understand if spontaneous sprouted axons reaches typical CST targets,
mainly localized on intermediate laminae, or other off-targets, located in dorsal or ventral
laminae (see paragraph 2.7).

On dorsal laminae, ET1-P14 rats exhibited an increased axonal sprouting complexity
compared to relative control and ET1-P21 lesioned animals (Two-Way ANOVA on ranks for
dorsal laminae, factor treatment x age, F; 20=10.016, p<0.01, post-hoc Holm-Sidak; figure
3.10C). The same effect was also present on ventral laminae (Two-Way ANOVA on ranks
for ventral laminae, factor treatment x age, F; 20=8.686, p<o.o1, post-hoc Holm-Sidak; fig-
ure 3.10E). Moreover, axonal complexity in ET1-P14 animals was significantly increased
compared to control also in intermediate lamina, without effects between lesioned groups
(Two-Way ANOVA on ranks for intermediate lamina, factor treatment x age, F; 20=4.479,
p<o0.05, post-hoc Holm-Sidak; figure 3.10D). Interestingly, ET1-P21 animals’ axonal complexity
did not change compared to relative controls.

Taken together, these results suggest that a P14 focal ischemic lesion leads to an increased
axonal sprouting and complexity from the uninjured to the denervated side of spinal cord,
which is spontaneously misdirected to sensorial dorsal targets rather that intermediate or
ventral motor targets. This "maladaptive" structural plasticity occurs in coincidence with a
worse motor outcome compared to animals lesioned at P21, that do not exhibit the same

altered spontaneous axonal sprouting.
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Figure 3.10. P14 ischemic lesion alters the laminar distribution of sprouted axons in the
denervated side of spinal cord. (A) Micrographs (40x magnification) showing different sprouting
patterns of GFP+ fibers from the contralesional cortex towards dorsal (left), intermediate (middle)
and ventral (right) zones of the denervated cervical spinal cord (C7) in different groups. Scale bars, 50
um. (B-D) Axonal Complexity Index. ET1-P14 animals exhibits a stronger axonal complexity in dorsal
and ventral laminae compared to control and ET1-P21 animals. (C) Two-Way ANOVA on ranks for
dorsal laminae, factor treatment x age p<o.01, post-hoc Holm-Sidak. (D) Two-Way ANOVA on ranks
for intermediate lamina, factor treatment x age p<0.05, post-hoc Holm-Sidak. (E) Two-Way ANOVA
on ranks for ventral laminae, factor treatment x age p<o.o1, post-hoc Holm-Sidak. Asterisks indicates
significance between groups: * p<0.05, ** p<o0.01, *** p<0.001. SAL-P14 n=5; ET1-P14 n=6; SAL-P21
n=4; ET1-P21 n=6.
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3.8 Early training partially ameliorates general and skilled long-term motor

abilities in P14 and P21 lesioned animals

To investigate whether an early activity-dependent modulation of CST plasticity might
correct the maladaptive contralesional rewiring observed after P14 lesion, P14 and P21
lesioned rats were administered at P21 and P28, respectively, with a skilled motor training
(using Montoya Staircase test) twice/day till the plateau level of learning was achieved
(see paragraphz.1). To understand whether the effects of training were long-lasting, motor
assessment was performed in adult Psg rats. To verify whether this training exerts specific
effects on trained ability or more general improvement in motor performance, we used
the same battery of tests previously described in untrained rats. The analysis was done
comparing P14 and P21 lesioned groups that have performed or not the early training.

Motor training produced an age-independent amelioration of motor coordination, mea-
sured through vertical ladder test, and forelimb muscle strength (Two-Way ANOVA, factor
training Fy 37=13.122 and F; 37=20.823, p<0.001; figure 3.11A and B). Moreover, the specific
alteration in interlimb coordination on the affected side exhibited by P14 lesioned animals
is reverted if they perform the low-intensity early training described before (Two-Way
ANOVA, factor training x age F; 31=9.061, p<o.o1; figure 3.11C). No statistical differences
were detected in the affected forelimb rotation (Two-Way ANOVA, factor training p>0.05,
data not shown).

Motor training ameliorated grasping abilities for both P14 and P21 lesioned animals.
In particular, ET1-P14 trained animals reached the performances of ET1-P21 non-trained
rats, with a significant improvement respecting to ET1-P14 non-trained animals (Two-Way
repeated measure ANOVA, factor age F3 334=8.576, p<0.001, post-hoc Holm-Sidak between
groups ET1-P14 TRAINING vs ET1-P21, p=310, ET1-P14 vs ET1-P14 TRAINING, p<o.05; figure
3.1D). Moreover, early motor training also exerted an effect on P21 lesioned animals, that
improved their performances with respect to ET1-P21 lesioned only (Two-Way repeated

measure ANOVA, ET1-P21 vs ET1-P21 TRAINING, p<0.05). In contrast, early low-intensity
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training did not ameliorate reaching abilities in ET1-P14 animals, but exerted its positive
effect only on ET1-P21 injured rats (Two-Way repeated measure ANOVA, factor group x days
F3.234=1.802, p<0.05, post-hoc Holm-Sidak between groups ET1-P21 TRAINING vs ET1-Pzi,

p<o0.05 in all days except for day 1; figure 3.11E).

3.9 Early training restores normal anatomical CST features, sprouting pattern

and laminar distribution in P14 lesioned animals: preliminary data

To verify the effects of early training on structural maladaptive plasticity processes occurred
in the spinal cord after a perinatal lesion, we performed the same anatomical analysis on
fluorescence integrated density of CST components, sprouting from healthy dCST and
vCST to the denervated side of spinal cord and laminar distribution of sprouted axons onto
denervated grey matter, described above. The analysis was done comparing P14 and P21
lesioned groups that have performed or not the early training.

Fluorescence integrated density analysis indicated no significant differences in dCST
anatomy (figure 3.12A), whereas vCST fluorescence intensity of ET1-P1i4 TRAINING and
ET1-P21 TRAINING were significantly lower with respect to lesioned only groups (Two-Way
ANOVA, factor treatment F; 13=4.836, p=0.044, post-hoc Holm-Sidak; figure 3.12B), despite
no difference was detected between trained rats.

Counts of axonal sprouting from dCST revealed that early training reduced spontaneous
axonal sprouting after a perinatal (P14) ischemic lesion, compared to P14 lesioned group
only (Two-Way repeated measure ANOVA, factor group x distance F; 94=3.840, p<0.001;
multiple comparison ET1-Pi4 TRAINING vs ET1-P14 p=0.031); this effect is not present
comparing ET1-P14 TRAINING and ET1-P21 animals (Two-Way repeated measure ANOVA,
multiple comparison p>0.05; figure 3.12C). Moreover, counts of axonal sprouting from vCST
revealed that early training reduced spontaneous axonal sprouting after a perinatal (P14)
ischemic lesion, compared to P14 lesioned group only (Two-Way ANOVA, factor age x
training F 13=6.799, p=0.020; multiple comparison ET1-P14 TRAINING vs ET1-P14 p<o.001,

figure 3.12D).
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Figure 3.11. Behavioural motor ameliorations promoted by early training in P14 and P21
lesioned animals. (A) Grip test. Two-Way ANOVA, factor training *** p<o.oo1. ET1-Pi4, n=15; ET1-
P14 TRAINING, n=5; ET1-P21, n=9; ET1-P21 TRAINING, n=9. (B) Vertical ladder test. Two-Way
ANOVA, factor training *** p<o.oo1. ET1-P14, n=11; ET1-P14 TRAINING, n=5; ET1-P21, n=9; ET1-
P21 TRAINING, n=9. (C) Interlimb coordination. For contralateral forelimb, Two-Way ANOVA,
factor training x age p<o.o1, post-hoc Holm-Sidak, * p<o.0s, *** p<o.oo1. No statistical differences
were detected in ipsilateral forelimb. ET1-Pi4, n=9; ET1-P14 TRAINING, n=5; ET1-P21, n=9; ET1-P21
TRAINING, n=9. (D) Number of eaten pellets with affected forelimb along 7 days of task. Two-Way
repeated measure ANOVA, factor age p<o0.001, factor training p<0.001, interaction p=0.071. Overall
multiple comparison for factor group were performed through post-hoc Holm-Sidak test: ET1-P21
TRAINING vs ET1-P14 ***p<o.001, ET1-P21 TRAINING vs ET1-P21 *p<o.05, ET1-P14 TRAINING
vs ET1-P14 *p<o0.05, ET1-P21 vs ET1-P14 *p<o0.05. (E) Number of step reached with affected forelimb
along 7 days of task. Two-Way repeated measure ANOVA, factor group x days p<o.05. Multiple
comparison within days were performed through post-hoc Holm-Sidak test. $ denote comparison
between ET1-P14 and ET1-P21; # denote comparison between ET1-P14 and ET1-P21 TRAINING; &
denote significance between ET1-P21and ET1-P21 TRAINING; § denote significance between ET1-P14
TRAINING and ET1-P21 TRAINING. For Montoya Staircase test, ET1-P14, n=13; ET1-P14 TRAINING,
n=5; ET1-P21, n=16; ET1-P21 TRAINING, n=9.
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Finally, axonal complexity was also evaluated for lesioned animals treated with early
training protocol, compared to lesioned only animals. In ET1-P14 rats, early training pro-
moted a significant reduction of complexity and axonal branching in dorsal (Two-Way
ANOVA, factor age x training F; 13=7.404, p<0.05), intermediate (Two-Way ANOVA, factor
age X training F; ;3=5.134, p<0.05) and ventral (Two-Way ANOVA, factor age x training
F1.18=9.850, p<o.01) laminae; on the contrary, training did not influence ET1-P21 animals
axonal complexity and branching.

Overall, these anatomical data, although preliminaries, strongly confirm the idea that
maladaptive plasticity mechanism, influencing a poor motor outcome after a focal perinatal

ischemic injury, can be positively modulated through an early specific low-intensity training.
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(A) Fluorescence integrated density of dCST. No differences were evident between groups. (B)
Fluorescence integrated density of vCST. Trained lesioned groups showed a significant decrease in
fluorescence intensity with respect to lesioned only groups. Two-Way ANOVA, factor treatment
*p<0.05. (C) dCST axonal sprouting. ET1-P14 TRAINING animals show a lower degree of axonal
sprouting from GFP labelled dCST compared to ET1-P14 lesioned only rats. Two-Way repeated
measure ANOVA, factor group x distance p<o.001, post-hoc Holm-Sidak. (D) vCST axonal sprouting.
ETi1-P14 TRAINING animals show a lower degree of axonal sprouting from GFP labelled vCST
compared to ET1-P14 lesioned only rats. Two-Way ANOVA, factor age x treatment p<0.05, post-hoc
Holm-Sidak. Asterisks indicates significance between groups: * p<0.0s, ** p<o.01, *** p<o.001. ET1-P14
n=6; ET1-P14 TRAINING n=6; ET1-P21 n=6; ET1-P14 TRAINING n=2.
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Figure 3.13. Early training effects on laminar distribution of sprouted axons. Axonal Com-
plexity Index. ET1-P14 TRAINING animals shows a decreased axonal complexity and branching in
dorsal, intermediate and ventral laminae compared to P14 lesioned only animals. Two-Way ANOVA:
for dorsal laminae, factor age x training p=0.016; for intermediate laminae factor, age x training
p=0.039; for ventral laminae, factor age x training p=0.007. Post-hoc Holm-Sidak. Asterisks indicates
significance between groups: * p<0.05, ***p<0.001. ET1-P14 n=6; ET1-P14 TRAINING n=6; ET1-P21
n=5; ET1-P14 TRAINING n=2.



4 Discussion

In this study, we produced two rat models of perinatal and juvenile focal ischemic stroke,
through intracortical injections of ET1in M1 of P14 or P21 aged rats, respectively. ET1 lesion
resulted in a comparable degree of tissue damage between P14 and P21 injured animals.
However, ET1-P14 rats showed more prominent long term motor impairments, on both
general walking and skilled reaching abilities. Moreover, in coincidence with a poorer motor
outcome, ET1-P14 lesion produced an aberrant axonal sprouting from both contralateral
(dorsal) and ipsilateral (ventral) components of healthy CST onto the denervated spinal cord.
These fibers display an altered laminar distribution into the spinal cord gray matter. Such
maladaptive plasticity can be reverted if animals undergo an early skilled reaching training
protocol; indeed, ET1-P14 rats showed a better motor outcome coupled with a significant

reduction of aberrant sprouting and laminar distribution following early training.

ET-1perinatal and juvenile models of ischemic stroke

Histological analysis show that ET1ischemic lesion are closely similar between experimental
groups, without any difference dependent on age of lesion. The strongest advantage of ET1
is the production of a reliable focal ischemic lesion, restricted to the forelimb area of motor
cortex [134, 249]. The available models of perinatal and juvenile stroke, mostly based on
global ischemia or global ischemia-anoxia [143, 151, 152, 265], lack the ability to recapitulate
those fine features, such as consequential activation of plastic remodelling and functional
compensation, that characterize focal stroke occurrence in children. For example, in a

recent paper where an ischemic stroke model induced through permanent unilateral carotid
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ligation was performed in P12 mice, the lesion affects a wide cerebral area, including both
cortical and subcortical regions and determines a general spectrum of neurological deficits
[266]. On the contrary, the model used in our work provokes a specific ischemic tissue

damage that provides a well-defined impairment on forelimb motor outcome.

ET1-P14 lesion induces a long-term poorer general and skilled motor outcome

General motor performances, assessed at adult age, were significantly affected in both
models of early stroke we developed. In particular, we found that both P14 and P21 injured
animals display an overall decrease of forelimb strength, significant difficulties to climb a
vertical ladder and the abduction of lesioned forelimb. Interestingly, P14 injured animals
exhibit an increased deficit in forelimb-hindlimb coordination, that is not found in P21
lesioned animals. Interlimb coordination is a locomotor pattern strictly dependent on the
interplay between motor cortex, cerebellum and central pattern generators (CPGs) located
in the brainstem and spinal cord [267]. Previous studies suggest that different adult CNS
injury models [268-270] found conflicting results for locomotor abilities damage after lesion,
so that the presence of locomotor deficits resulted controversial and not well-defined. It
could be conceivable that an early lesion, even if focal, can permanently alter the normal
locomotion pattern because of its action during a critical period for the development and
implementation of correct locomotor abilities.

With the same logic, we expected skilled motor abilities to be affected for the forelimb
contralateral to the lesion. Indeed, long-term skilled reaching task revealed a significant
deficit for both models, and in particular for ET1-P14 lesioned animals. These data strongly
suggest the presence of maladaptive plasticity processes acting mainly after a perinatal lesion,
and also confirm the strong specificity of ischemic injury induced. Moreover, this procedure
of perinatal lesion induction may be potentially used to study mechanisms underlying
the onset and the evolution of motor deficits and to design and test treatments aimed at

promoting recovery after perinatal injury.
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Validation of viral anterograde tracing

In this work, we took advantages of a well characterized adeno-associated virus tracer, with
an high tropism and specificity for CSMNs [257], to finely assess the presence of sprouting
of CST axons in the spinal cord. The number of labelled axons, used to normalized all
anatomical measures, was counted on coronal section of medulla oblongata, at the level
of the pyramids. In general, estimations of pyramidal axons number ranged from ~7o-
80.000 [271, 272] to ~100-150.000 [273], depending on visualization methods (light or electron
microscopy, respectively). Recently, great attention was payed to the use of viral anterograde
tracing in substitution of typical biotinylated dyes; in particular, there were used HIV-GFP
lentivectors [274], AAV-8 [275] and AAV-2 [276], with axons number ranging from 1000 to
4000. Serotype 1 seems to be more effective in the trasduction of CSMNs compared to
AAV2, AAVS and also lentiviral vectors [257]. Concurrently with a more sensitive acquisition
method, this is consistent with the high number of pyramidal axons that we are able to label

and detect.

Aberrant CST anatomy and sprouting after a perinatal ischemic lesion

In most mammals, included primates and rodents, two main pathways compose CST, one
of these crosses the midline and reaches contralateral spinal cord targets, whereas the
other one do not cross the midline and reaches ipsilateral spinal cord targets. In rodents,
these components are respectively called dorsal and ventral CST (dCST, vCST), referring to
the location in the spinal cord white matter. vCST represent the minor component, in a
percentage ranging between 2 and 5% in rodents [144, 277, 278] and 8-18% in humans of total
CST [66]. Fluorescence intensity analysis on P14 and P21 lesioned animals reveals a significant
alteration of CST anatomy, with an increase of ipsilateral, vCST component, and that early
training preserve the correct CST pattern. Our fluorescence measures do not replicate the
percentage of dCST and vCST distribution present in the literature, probably because GFP
fluorescence measure produce a signal scattering that alter the analysis. Another reason

might be the presence of a third minor component of CST, the dorsolateral one (dICST) that
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we do not consider in these analyses because of the difficulty of a reliable detection.
Axonal sprouting of survived neurons has been described as the principle plastic mecha-
nism serving spontaneous [279] and treatment-induced recovery after stroke [240, 244, 246,
248, 280] that leads to the rewiring of denervated hubs at various levels of motor pathways.
However, this structural plasticity can also exert a maladaptive role in worsening motor
functions; clinical evidences suggest, in hemiplegic children after a perinatal stroke, that
sprouting of ipsilateral projection from non-infarcted cortex compete with healthy survived
corticospinal projections, providing a poorer motor outcome [254]). In accordance with these
data, we found, in our model of ET1-P14 ischemic lesion, a spontaneous exacerbated axonal
sprouting to the denervated spinal cord and an increased miss-targeting of sprouted axons

in more dorsal or ventral regions.

Possible molecular mechanisms of maladaptive plasticity

It could be conceivable that a cortical unilateral lesion induced at this age alters the excita-
tion/inhibition balance between hemispheres but also at spinal cord level, enhancing the
activity of healthy CST and reducing the activity of the denervated one [281]. Recent efforts
were done to identify molecular factors involved in the differentiation and development
of CSMNs, both in prenatal and postnatal age [72]. The identification of molecular factors
inducing specific axonal sprouting after a perinatal lesion can be crucial to better understand
the underlying mechanism and to conceive new treatment approaches. Despite mechanisms
of this maladaptive process is unclear, there are various examples of factors involved in
adaptive or maladaptive sprouting induced in different injury models. For instance, it is
known that co-deletion of PTEN (phosphatase and tensin homolog) and SOCS3 (suppressor of
cytokine signalling 3) induces an increase of axonal sprouting in animals with a unilateral
pyramidotomy, with a restoration of motor functions [282]. In contrast, in a spinal cord
injury model, augmented sprouting induced by an overexpression of the transcription factor
Sox11 worsen functional motor outcome [283] without any evident alteration in synaptogen-

esis or axonal laminar distribution [284]. Until now, we cannot confirm that sprouted axons
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after a perinatal injury form functional synapses in the denervated spinal cord. However,
laminar distribution analysis might suggest that a perinatal lesion results in an altered con-
nectivity with off-target dorsal and ventral regions; therefore, maladaptive plasticity can be
also related to a mistaken or aberrant connections of sprouted axons with propriospinal
neurons [28s] or sensory excitatory interneurons (ROR«, [286]) mainly located in the dorsal
gray matter of spinal cord. Moreover, failure of synaptogenesis or mis-targeting of axonal
sprouting are not the only mechanisms that can be involved in maladaptive plasticity [284].

Searching for one or more molecular factors involved in maladaptive plasticity processes,
we can speculate, on the basis of our results, on the characteristics that these factors should
have: 1) expression profile of this factor(s) should deeply change between P14 and P21 age,
because of the specific presence of maladaptive plasticity in the earlier age [72]; 2) expression
or function of this factor(s) should be strictly dependent on neural activity, because of the
reduction of maladaptive plasticity process after a low-intensity motor training; 3) factor(s)
involved in maladaptive plasticity might interact in a different manner with spinal cord
ECM (extracellular matrix), or in general with the external environment characteristic of the

spinal cord and CST postnatal development [88].

Effects of early training after a perinatal ischemic lesion

Early training (performed one week after lesion in both P14 and P21 injury models) reduces
the exacerbated sprouting and, in general, all the abnormal features of CST exhibited as
a consequence of a perinatal (P14) lesion, with a slight improvement of motor functions.
Training has also positive effects on P21 lesioned animals, despite the absence of a significant
reduction of sprouting. This result is consistent with other works where a skilled motor
training improves performances on reaching abilities without any effect on axonal sprout-
ing at the level of spinal cord [287, 288]. Moreover, in our perinatal ischemic model, early
training promotes only a partial motor recovery, suggesting in any case the importance of
rehabilitation timing for a functional rescue [289]. To better understand the optimal timing

of internvention, it might be interesting to compare the effects of a late training with respect
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to an earlier one in a perinatal ischemic injury model [290]. It could be also conceivable
that treatments including pharmacological or cell based therapies in combination with
an optimized motor rehabilitation protocol [246, 249, 291] can further increase recovery of

functions.

Conclusions

Spontaneous plasticity of corticospinal tract after an ischemic injury can exert a double-
face effect, depending on lesion timing. This work demonstrates how an ischemic stroke at
perinatal age strongly interferes with CST development with a consequent poorer long-term
motor impairment, compared to a juvenile injury. Harnessing post-stroke neural plasticity
via motor training can promote a significant recovery of motor function that is coupled
to a reduction of induced aberrant sprouting. This study gives a proof-of-principle about
the crucial role of an early intervention after perinatal ischemic stroke on the prevention
of altered structural plasticity maturation. Future works should be directed on a better
understanding of the mechanisms underlying this maladaptive plasticity process, in order
to implement more effective therapeutic strategies aimed at regaining or preserving motor

functions.
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