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Abstract

Any spinal cord injury carries the potential for persistent disability affecting motor, sensory and autonomic functions. To
prevent this outcome, it is highly desirable to block a chain of deleterious reactions developing in the spinal areas immedi-
ately around the primary lesion. Thus, early timing of pharmacological neuroprotection should be one major strategy whose
impact may be first studied with preclinical models. Using a simple in vitro model of the rat spinal cord it is possible to
mimic pathological processes like excitotoxicity that damages neurons because of excessive glutamate receptor activation
due to injury, or hypoxic/dysmetabolic insult that preferentially affects glia following vascular dysfunction. While ongoing
research is exploring the various components of pathways leading to cell death, current treatment principally relies on the
off-label use of riluzole (RLZ) or methylprednisolone sodium succinate (MPSS). The mechanism of action of these drugs
is diverse as RLZ targets mainly neurons and MPSS targets glia. Even when applied after a transient excitotoxic stimulus,
RLZ can provide effective prevention of secondary excitotoxic damage to premotoneurons, although not to motoneurons
that remain very vulnerable. This observation indicates persistent inability to express locomotor activity despite pharmaco-
logical treatment conferring some histological protection. MPSS can protect glia from dysmetabolic insult, yet it remains
poorly effective to prevent neuronal death. In summary, it appears that these pharmacological agents can produce delayed
protection for certain cell types only, and that their combined administration does not provide additional benefit. The search
should continue for better, mechanism-based neuroprotective agents.
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NASCIS National Acute Spinal Cord Injury Study
Trials

NMDA N-methyl-p-aspartic acid

nNOS Neuronal nitric oxide synthase

OLs Oligodendrocytes

PM Pathological medium

RISCIS Riluzole in Acute Spinal Cord Injury Study

RLZ Riluzole or rilutek

RNS Reactive nitrogen species

ROS Reactive oxygen species

SMI-32 Neurofilament H non-phosphorylated
antibody

SOD-1 Superoxide dismutase

STATS Activator transcription factor STAT

TBOA Threo-B-benzyloxyaspartate

TNF-a Tumor necrosis factor alpha

TRPM Transient receptor potential cation channel,
subfamily M

VWM Ventral white matter

WM White matter

Wsh Washout

5-HT 5-Hydroxytryptamine

Introduction

Spinal cord injury (SCI) is one of the most prominent
causes of chronic disability that affects a large number of
people worldwide [1, 2] with devastating consequences
such as physical, psychosocial and economic challenges not
only for the patients who often have to live with a lifelong
handicap, but also for their families and society at large.
SCI is not restricted to adult people only, because children
are frequently subjected to SCI that represents 1-2% of all
pediatric fractures and is associated with high mortality rate
[3]. Although some patients may show spontaneous (or par-
tial) recovery after injury, most have permanent symptoms
due to damage of the spinal cord that cannot currently be
repaired with success. For many years, SCI was considered
a disease that should not and cannot be treated, reflect-
ing the long-lasting belief about the catastrophic nature of
the injury and the lack of regenerative capacity of the spi-
nal cord. More recently, strong efforts have been made to
understand the pathophysiological changes underlying SCI
[4], with the goal of developing and/or applying a specific
strategy against neuronal damage. In the last few years the
principle “Time Is Spine” has become important because it
highlights the narrow time window between the initial cord
injury and the secondary endogenous processes that largely
amplify the anatomical/functional deficit: thus, there is a
time-constrained opportunity to apply treatment (pharmaco-
logical and/or non-pharmacological) with the aim of arrest-
ing damage progression [4—6]. This is a critical issue since

later attempts at repairing, rebuilding or replacing spinal
networks are difficult. From this point of view, drugs such as
riluzole (RLZ) and the synthetic corticosteroid methylpred-
nisolone sodium succinate (MPSS) have been proposed as
neuroprotective strategies to be administrated at the earliest
stage (first few h) after SCI with the objective of containing
and lessening the toxic environment generated in acute SCI,
and to provide neuroprotection [6—10]. This goal has not
been widely attained and their clinical use remains debat-
able. Thus, the purpose of the present review is to discuss
how a preclinical in vitro animal model of SCI developed
in our laboratory a few years ago may help to clarify the
basic mechanisms of SCI and provide further information
about future developments [11, 12]. Research with these
preparations may pinpoint certain pathological processes
targeted by RLZ or MPSS (or novel drugs to be devised in
the future) and outline new translational approaches. Our
review is meant to be a tribute to the research activity by
Elias Michaelis who has been prominent in the field of stud-
ies of excitatory amino acid transmitters and characterized
their receptors on synaptic membranes more than 30 years
ago with long lasting implications for modern day Neurosci-
ence [13].

Classification of SCI

The American Spinal Injury Association (ASIA) has estab-
lished a standardized method for assessing neurologic sta-
tus and classifying a spinal injury (International Standards
for Neurological Classification of SCI) [6]. SCI can be cat-
egorized as complete with total functional loss below the
lesion, or, more often, incomplete with a variable degree of
sensory-motor deficit. The SCI etiology can be traumatic
(traffic accidents, falls, violence, sports, work etc.) or non-
traumatic (vertebral stenosis, spondylosis, tumors, cardio-
vascular disorders, pathological fractures due to osteopo-
rosis, infective or iatrogenic diseases) [14, 15]. While the
non-traumatic injuries usually are incomplete and develop
more slowly than traumatic ones, the resulting symptoms
can be equally severe with eventual paralysis and sensory
deficit. After the initial damage, the SCI rapidly produces a
pathological avalanche phenomenon that magnifies the dis-
ability and extends the spinal neurodegeneration [14—16].
Eventually SCI reduces function because of loss of volun-
tary movements and sensory perception, and enhancement
of chronic pain and spasticity.

Pathobiology of SCI: Onset of Primary
and Secondary Injury

The pathophysiology of SCI is largely determined by two

critical phases divided into primary and secondary injury.
The traumatic primary injury is considered as the epicenter
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of the lesion that triggers all pathological sequelae, and com-
prises cell death, local severance of axons, and damage to
blood vessels with focal hemorrhage around the injury site.
This phase starts at the time of the trauma and lasts about
2 h, and it is a decisive determinant of injury severity and
future disability [17]. If the patient survives the primary
phase that, in the case of major trauma, is frequently asso-
ciated to multiple injuries with vascular collapse and res-
piratory depression, the secondary injury starts generating
a cascade of events lasting hours/days/weeks or, perhaps,
even months. These stages can be divided temporally into
multiple, sequential stages: immediate, the early acute, suba-
cute, intermediate and chronic phases [5, 17, 18]. Despite
its heterogeneous etiology, the first phase of SCI is charac-
terized by ongoing bleeding, peripheral inflammatory cell
infiltration, acidosis and edema due to loss of vascular tone
autoregulation and disruption of cerebrospinal fluid flow.
Additional contributors to this pathology are mechanisms
like an excitatory process mediated by excessive glutamate
release, generation of free oxygen radicals and metabolic
dysfunction [5, 17, 19], all phenomena that persist during
the secondary phase. Elias Michaelis made important contri-
butions to our understanding of the link between glutamate
receptor function, oxidative stress and neurodegeneration
[20]. Furthermore, Michaelis noted how not all cell death
induced by glutamate is necessarily the result of activation
of glutamate receptors as disruption of membrane transport
of cysteine, for instance, may aggravate the energy deficit
and mitochondrial dysfunction. In this scenario, astrocytes
are also activated to produce scar-associated compounds,
forming a glial scar with profound anatomo-pathological
consequences for spinal network connections.

Ischemia and Metabolic Perturbation Underlying
SCl

As indicated above, one of the first pathophysiological
changes occurring at the time of spinal injury is decreased
blood flow leading to rapid hypoxia and ischemia. Further-
more, vascular disruption, hemorrhage and metabolic dys-
function are generated around the ischemic area and make
the deleterious effects stronger. The normal flow of cere-
brospinal fluid is also depressed, thus contributing to tissue
compression and lesion. At this stage, the microcirculation
is damaged not only at the site of injury but also rostrally
and caudally. A vicious cycle is, therefore, initiated whereby
ischemia leads to hypoperfusion and subsequent reperfu-
sion, resulting in overproduction of reactive oxygen/nitro-
gen species (ROS/RNS). The onset of oxidative stress then
gives rise to oxidation of proteins, lipids and nucleic acids.
This process has also been linked to altered Ca’* homeo-
stasis, mitochondrial dysfunction, pro-apoptotic signaling
and glutamate-mediated excitotoxicity [17, 18]. The whole
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process reaches a peak with activation of cell death pathways
around the injury epicenter.

One Hallmark of Traumatic SCI: Excitotoxicity

One important component of the early phases of SCI is exci-
totoxicity, namely a process of neurotoxicity caused by high
levels of extracellular glutamate with subsequent overactiva-
tion of glutamatergic receptors at synaptic and extrasynaptic
sites, leading to run-away depolarization of neurons (and
glia) through a vast network [21-23]. Excitotoxicity has
also been linked to the pathogenesis of neurodegenerative
disorders like motor neuron disease (MND) which includes
Amyotrophic Lateral Sclerosis (ALS or Lou Gehrig’s dis-
ease) because motoneurons are very vulnerable to glutamate
excitotoxicity [24].

Excitotoxicity is a complex and multifactorial event trig-
gering neuronal cell death [17, 18]. It is possible to discern
various processes operating synergistically in this scenario:
thus, rise in extracellular glutamate is due not only to its
release from damaged cells (in which it is stored at high
concentration) but also from strongly depolarized neurons.
Glutamate, therefore, acts on ionotropic glutamate receptors
to elicit intense Na™ and Ca”" influx through NMDA, AMPA
and KA (N-methyl-p-aspartic acid; alpha-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid; kainate) receptors with
activation of intracellular deleterious pathways. Moreover,
the large cell depolarization generates more firing of action
potentials, further influx of Ca?*, and further release of
glutamate to extensively recruit downstream neurons. This
process is inadequately controlled by intrinsic inhibitory
circuits. The Ca®* overload is a primary actor (together
with disruption of other ion homeostasis) to evoke upregu-
lation of neuronal nitric oxide synthase (nNOS) and nitric
oxide production, mitochondrial dysfunction, energy store
collapse, ROS generation, release of lysosomal enzymes,
and imbalance of superoxide dismutase (SOD-1) activ-
ity. An additional contribution to excitotoxicity may come
from activation of the Ca’" permeable membrane receptors
TRPM2 and TRPM7 (TRPM, Transient receptor potential
cation channel, subfamily M) [25] that are largely expressed
in the spinal cord [26]. These receptors are stimulated by
intracellular ROS and allow persistent Ca>* influx with mini-
mal channel inactivation to aggravate the metabolic dysfunc-
tion at cell level.

Energy failure can actually reverse the astroglial opera-
tion of excitatory amino acid transporters (EAAT) with fur-
ther non-vesicular glutamate release [17, 27, 28]. Finally,
glutamate released by damaged neurons can also activate
NMDA and non-NMDA (AMPA/KA) receptors on oligo-
dendrocytes with later damage to this type of cell and axonal
demyelination [29]. It should also be noted that extracel-
lular glutamate may also activate metabotropic glutamate
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receptors of various types to produce, via a negative feed-
back process, a degree of inhibition of excitotoxicity in vivo
and in vitro [30-32]. This phenomenon has not been amply
exploited to arrest acute SCI progression.

When the initial lesion has a non-traumatic origin, patho-
logical processes emerge more gradually to elicit neuronal
loss. The question then arises whether the cell death path-
ways are similar and affect the same cell types as trauma
does.

The Role of Neuroinflammation During SCI

As mentioned before, secondary injury to the spinal cord
causes death of local neurons and glia around the primary
lesion, and encompasses an array of complex perturbations
such as disruption of the blood-spinal cord barrier (BSB)
that enables the influx of vasoactive peptides, cytokines and
the infiltration of immune cells. These molecular events alter
electrolyte homeostasis and contribute to hypoxia, excito-
toxicity and neuroinflammatory responses which widen the
extent of secondary injury. In the central nervous system
(CNS) the spinal cord typically shows a prominent inflam-
matory response with greater vulnerability to secondary
mechanisms [17-19, 33].

Neuroinflammation results from activation of several cell
types, including microglia, endothelial cells, and infiltrating
immune cells (polymorphonuclear leucocytes, macrophages
and mast cells) together with a rapidly growing concentra-
tion of inflammatory cytokines (TNF-a, IL-1p and IL-6),
proteases and other cytotoxic factors. Neutrophils are the
first cell type recruited within a few hours, and their number
peaks at 1-3 days after injury. Microglia is activated by day
1, and macrophages up to day 5 post injury [17-19].

Former studies have shown conflicting results on the role
of anti-inflammatory or pro-inflammatory processes in the
outcome of SCI [17, 19, 33]. On the one hand, secretion of
high levels of TNF-a by macrophages, myeloid and other
neuronal cells activates the macrophage/microglia program
and increases release of ROS and RNS, thereby killing neu-
rons and oligodendrocytes and exacerbating injury [34]. In
support of this phenomenon it has been shown that intrath-
ecal infusion of IL-1 antagonists up to 72 h after rat SCI
decreases neuronal apoptosis [33, 34]. Furthermore, neu-
tralization of TNF-a reduces apoptosis and promotes func-
tional recovery [34]. On the other hand, TNF-a seems to
be critical for remyelination by facilitating proliferation of
oligodendrocytes [35].

At cellular level, depletion or inhibition of macrophages
and neutrophils seems to be beneficial for recovery after SCI
[36, 37], just like transplantation of the same cells or human
central nervous system-derived neural stem cell (hCNS-
SChns) to the injury site in the spinal cord [36-38]. Interac-
tion between microglia and astrocytes mediates formation of

the astroglia scar, a process thought to diminish the spread of
inflammation and lesion volume [39]. Parts of the glia scar
can protect the periphery of the injured area, and support
tissue regeneration [40]. Nevertheless, the glial scar has been
also suggested to inhibit axonal outgrowth, creating a physi-
cal barrier against axon regeneration following SCI [17, 33].

A novel molecular mechanism of neuroinflammation after
SClI is reported to be orchestrated by newly formed endothe-
lial cells located within the core of the injury, via expres-
sion of CD200 ligand (CD200L) and the CD200 receptor
(CD200R) [33]. CD200L (0X2) is a well conserved type-1
membrane glycoprotein that contains two immunoglobu-
lin superfamily domains. CD200L is widely expressed by
a variety of lymphoid and non-lymphoid cells including
endothelial, smooth muscle cells, neurons, astrocytes, and
oligodendrocytes cells. CD200R contains cytoplasmic tyros-
ine residue domains (that modulate inflammatory response
via interaction with CD200L) expressed in various cell
types, including mouse macrophages, dendritic cells, and
myeloid cells [41, 42].

Cohen and co-workers have reported that in physiologi-
cal conditions CD200L is found only in endothelial cells
of the mouse blood-cerebrospinal fluid barrier (BCSFB)
and in the spinal cord meninges (blood-leptomeningeal
barrier; BLMB), but not in the endothelium of the BSB.
Following SCI, however, the newly proliferating endothe-
lial cells located only at the epicenter of the lesion upregu-
late CD200L at different time points (days and weeks) after
injury, a timeframe that seems critical for repair. The direct
interaction between CD200L by the newly endothelial cells
and the CD200R of microglia and macrophages at the site
of lesion seems to be important to deliver an inhibitory sig-
nal to infiltrating macrophages and microglia [33, 41]. This
mechanism is proposed to dampen neuroinflammation and
to promote functional recovery after SCI [33, 41].

Notwithstanding these recent data, it is clear that certain
processes of neuroinflammation remain poorly understood
and their ultimate function in the outcome after lesion is
complex, despite the fact that neuroinflammation is consid-
ered a key event to determine the severity of SCI. Indeed,
its multifaceted characteristics have led to the proposal that
it plays the role of a “double-edge sword” in SCI [17-19,
33, 34].

Experimental Excitotoxicity and Metabolic
Perturbation Damage Different Cell Types

In view of the role of glutamate in acute SCI, it has been
possible to set up experimental protocols to further inves-
tigate in vivo and/or in vitro the basic mechanisms of SCI
and potential neuroprotection. One useful approach devel-
oped in our laboratory consists in applying KA that is a
glutamate receptor agonist metabolically stable, not taken up
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via glutamate transporters, and 30- to 100-fold more potent
than glutamate itself [43]. It is noteworthy that in vivo injec-
tion of KA into the rat lumbar spinal cord closely replicates
the lesion induced by trauma to the same area [44]. Thus,
our in vitro animal model with KA application seems to
have heuristic value to explore the basic processes of SCI.
In particular, we have shown that KA per se is sufficient
to induce a severe excitotoxic insult yielding SCI models
in vitro: (i) the rat isolated spinal cord preparation and, (ii)
the rat organotypic spinal cord slice [11, 12, 45]. The in vitro
preparation of the rat spinal cord offers the advantage of sur-
vival for up to 24 h with efficient synaptic transmission and
locomotor network function monitored electrophysiologi-
cally from ventral roots that express the rhythmic, alternat-
ing oscillations underlying locomotion [46]. These patterns
are generated by specialized networks referred to as central
pattern generators (CPGs) located in the lower thoracic and
lumbar regions of the spinal cord [47]. The organotypic slice
is advantageous to study network changes over an extended
period of time in a structure preserving the basic architecture
of the spinal cord. In either preparation KA-evoked excito-
toxicity concerns early neuronal damage rather than glia.
Excitotoxicity is associated with death manifested by sub-
stantial pyknosis (nuclear chromatin condensation) which
is the strongest in the dorsal grey matter followed by the
ventral region [11, 12, 45, 46], because of the predominant
distribution of AMPA and NMDA receptors [48] and higher
neuronal density [49].

To mimic a non-traumatic SCI in vitro it is possible to
apply to the spinal cord a “pathological medium” that reca-
pitulates hypoxic/hypoglycemic conditions occurring dur-
ing a dysmetabolic lesion. This approach primarily damages
the white matter (glial cells) and the long-fiber tracts that
convey signals to and from brain neurons. Mature oligoden-
drocytes, that myelinate axons in the brain and spinal cord,
support axon function and provide trophic support to neu-
ronal somata [50], are very susceptible to cerebral ischemia,
hypoxia and aglycemia caused by impaired cerebrovascular
autoregulation [51]. For example, while mature myelin basic
protein (MBP)-expressing oligodendrocytes are described
as resistant to KA toxicity, hypoxia/ischemia applied to
rat pups (postnatal day 7) produces selective white matter
lesions and oligodendrocyte death [29, 52, 53]. In the iso-
lated spinal cord model, loss of locomotor network activity
induced by KA-excitotoxicity is a more severe deficit than
the depression of rhythmicity observed after hypoxic—dys-
metabolic insult that primarily targets interneurons and glia
(oligodendrocytes and astrocytes) with lower damage to
motoneurons [54-56].

An essential property of these in vitro animal models is
that cell death develops slowly during a few hours after KA
bath application (and washout). The predominant process
is neither necrosis nor apoptosis, rather a special type of
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non-apoptotic cell death termed parthanatos [57]. This pro-
cess is consequent to overactivation of DNA repairing enzy-
matic mechanisms with collateral hyperproduction of intra-
cellular toxic polymers that are the actual cause of cell death.
Since highly selective inhibitors of the parthanatos pathways
are currently lacking, it is not surprising that pharmacologi-
cal blockers currently available have limited efficacy on the
in vitro SCI models [58, 59]. Studies with organotypic slices
have shown that neuronal losses evoked by KA are com-
pleted after the first day following excitotoxicity [60] and
that endogenous stem cells do not replace lost neurons [61].

Pharmacological Neuroprotection by RLZ or MPSS
After Acute Experimental SCI

Many attempts have been made to preserve spinal gray and
white matter affected by SCI [62]. In this section we will
focus on two well-known neuroprotective drugs broadly
studied and even tested in large-scale clinical trials, namely
RLZ and MPSS. To gain insight into the mechanism of
action by these drugs, we will largely discuss data from
the experimental model of the rat isolated spinal cord that
provides a unique possibility to study the timecourse and
topography of the cellular and molecular changes during the
first 24 h after lesion [12, 55]. Furthermore, with this model
more than with in vivo preparations it is feasible to test dif-
ferent experimental paradigms to mimic the consequences
of moderate or severe lesions, and to explore the effects of
drugs and/or genetic manipulation.

The Use of RLZ as Neuroprotective Agent

Extracellular levels of glutamate increase considerably and
transiently within 3 h after injury, with a second wave of
release 2-3 days later [63]. Thus, neuronal rescue should be
attempted as soon as possible [64]. For a long time, interven-
tions as surgery, intensive care management and rehabili-
tation were considered as the principal treatments for SCI
[5, 6]. Unfortunately, the effectiveness of these therapies
is limited and depends on the type of injury and how fast
they are applied. Other pharmacological neuroprotective
therapies have also emerged to inhibit steps in the second-
ary pathway after SCI. The current neuroprotective thera-
pies include 2-amino-6-(trifluoromethoxy)benzothiazole
(RLZ or Rilutek®; Fig. 1a), which also has an antinocicep-
tive and antispastic effect. This drug can be administrated
orally, is approved by the U.S. Food and Drug Administra-
tion (FDA), and is considered as a safe and well-tolerated
treatment for patients with ALS (National Institute for Clini-
cal Excellence, http://www.nice.org.uk) [10, 65, 66]. Thus,
RLZ has been shown to slow down symptom progression
and to extend survival for a few months in patients with
ALS, as well as to reduce the infarct volume, and to improve
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Fig.1 Chemical structure of Rilutek© or riluzole (RLZ), and its
molecular weight (MW) (a). Lower schemes illustrate experimental
protocols for SHAM or untreated spinal cords (b), and the potential
neuroprotection by RLZ. Application of RLZ (5 uM) for 24 h (c) or
3 h (d) after KA (0.1 mM) for 1 h. Spinal cord were always wash-
out (Wsh) after KA insult. In d the spinal cords were washed out
with Krebs solution after RLZ application and kept in vitro for 24 h.
The last strategy for neuroprotection (e) consisted in applying RLZ
(5 uM) together KA (for 1 h) followed by Wsh, RLZ alone for fur-
ther 3 h, Wsh and in vitro maintenance for the next 24 h (in Krebs
solution). After each treatment, the spinal cords were fixed and pro-
cessed for immunohistochemical analysis (b—e). Electrophysiological
recording was carried out throughout each experimental protocol (not
shown in the figure)

behavioral outcome after ischemic or traumatic brain injury
[28, 66].

The rationale for using RLZ after SCI stems from the
observations that neurons are exposed to a large influx of
Na' (via activated glutamate receptors and voltage gated
Na™® channels) that promotes influx of Ca®* (and Ca®*
release from intracellular organelles) to stimulate toxic cas-
cades. Thus, it seemed appropriate to use channel blockers
to avert secondary injury after SCI. In fact, Fehling’s group
demonstrated with electrophysiological experiments that
blocking Na™ channels with the local anesthetic QX-314
improved neurophysiological function in the isolated dorsal
column of adult rats after acute spinal cord axonal injury
[67]. RLZ is a Na* channel blocker with preferential affin-
ity for channels responsible for the persistent Nat current
supporting repeated spike discharges [68]. In addition, this
drug also facilitates uptake of glutamate [69] to lower the
extracellular concentration of this amino acid transmitter.
Consequently, inhibition of neuronal excitability ensues [65,
70]. Although the RLZ mechanism of action is complex and
largely depends on its plasma concentration, it remains the
only current treatment for motoneuron disease as “anti-glu-
tamatergic drug”. In a model of excitotoxicity applied to
brainstem motoneurons, Cifra et al. have shown that RLZ
counteracts the toxic effects caused by the glutamate uptake

blocker threo-fB-benzyloxyaspartate (TBOA) [69, 71]. Maz-
zone and Nistri have reported that, in the in vitro animal
model of KA-mediated excitotoxicity of organotypic spi-
nal cord cultures, RLZ blocks the early rise in extracellu-
lar glutamate (via Ca** dependent as well as independent
mechanisms). Delayed administration of RLZ can decrease
the number of dead neurons in central and dorsal regions,
not in the ventral horn [72]. Based on its mechanism, it
seems plausible that RLZ is a potential treatment to dimin-
ish neurological tissue destruction and to promote recovery
in animal SCI [73].

Delayed Neuroprotection by RLZ of Locomotor
Networks and Neurons After Acute Injury In Vitro

In order to better mimic clinical settings with experimental
models in vitro, investigating the question of how to reduce
damage and increase cell survival during secondary injury
requires the use of drugs to be administered after the lesion.
Hence, our group has tested the effect of delayed application
of RLZ on a model of KA-induced moderate excitotoxicity
in the rat isolated spinal cord. The neurotoxic action of KA
is routinely induced by a transient (1 h) application of this
agent to replicate the condition of an acute injury when 1 h
is often the shortest time for an acutely injured patient to be
admitted to intensive care with life support and stabilization
of critical parameters [38]. Figure 1b—e schematizes the pro-
tocols used for testing the effect of RLZ on KA-evoked exci-
totoxicity. In our model, KA-elicited damage is manifested
within the first 2-3 h and reaches an apparent steady state
24 h later (Fig. 1b) [58, 74]. While RLZ per se is not neuro-
toxic, its application at 5 uM concentration (corresponding
to the plasma therapeutic concentration) for 3 or 24 h after
KA (0.05 or 0.1 mM) induces partial neuroprotection in the
grey matter (Fig. 2a), although motoneurons remain vulner-
able to KA (Fig. 2b). The functional outcome for locomo-
tor network activity cannot be assessed 24 h later because
RLZ evokes long lasting depression of network excitability
(Fig. 2c, d) from which recovery is very slow [46]. Addition-
ally, we have also explored two other protocols (Fig. 1d, e)
based on former studies which had shown positive effects of
pre or co-application of RLZ on chemically-evoked neuronal
damage [75, 76]. Nevertheless, even with these protocols,
no additional benefit in terms of histological or functional
recovery has been observed [46]. In summary, even when
the excitotoxic insult is moderate, RLZ is not fully effec-
tive to prevent experimental neuronal loss. Perhaps RLZ
might confer functional benefit and neuroprotection at later
times, a notion that can only be tested with a longer surviv-
ing preparation, a difficult goal to achieve with the spinal
cord in vitro [46]. It has been suggested that a reasonable
time window for clinical trials would be 12 h post-injury,
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Fig.2 RLZ administration followed by KA insult partially neuropro-
tects neurons in gray matter. a Histograms of pyknosis occurrence
in different spinal cord regions. Inset shows spinal cord half section
with regions [dorsal, central, lateral and ventral white matter (LWM,
VWM)] used for cell counting based on DAPI-staining. Significant
tests are for 0.1 mM KA versus SHAM, and KA 0.1 mM/RLZ 5
uM versus KA 0.1 mM (¥*P<0.01, **P<0.001, ***P <0.05). Scale
bar=100 pum. On the right, representative micrographs of cell nuclei
stained with DAPI in the dorsal horn of SHAM (top), KA (0.1 mM;
middle) or KA (0.1 mM) followed by RLZ 5 (5 uM; bottom). Major
pyknosis is observed in the dorsal region after KA (0.1 mM) appli-
cation (middle), which is modestly reduced after treatment with 24 h
RLZ (5 pM; black arrows in bottom micrograph). Scale bar=50 pum.
b Histograms showing number of SMI-32 positive motoneurons
in ventral horn 24 h in SHAM, RLZ per se, KA (0.1 mM) alone or
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KA 0.1 mM/
RLZ 0.5 uM 24 h

Ilil

KA 0.1 mM

Ventral Ventral

KA 0.1 mMW/
RLZ 0.5 uM

Ventral

(d)

CTR
second day, 24 h RLZ

-

— l0.2mv

r'VR2

treated with RLZ (5 pM) after washout of KA (0.1 mM). Statisti-
cal difference is only observed when comparing KA 0.1 mM alone
versus SHAM (*P<0.01, n=6). Right panels depict representative
micrographs of SMI-32 positive motoneurons in ventral region for
SHAM (left), KA 0.1 mM (right) and KA 0.1 mM/RLZ 5 puM (bot-
tom). Scale bar=100 um. ¢ Alternating oscillations typical of fictive
locomotion induced by bath-applied NMDA (4 uM) and 5-HT (10
uM) are observed in control (CTR, left), and are absent after 24 h
RLZ (5 uM) application (right). d Example of cumulative depolari-
zation and oscillatory activity induced electrically by train of stimuli
applied to dorsal root (DR) in control (left) and its block after 24 h
RLZ 5 uM (right). Figures ¢, d are reprinted from Samano et al. [46].
A study of the potential neuroprotective effect of riluzole on locomo-
tor networks of the neonatal rat spinal cord in vitro damaged by exci-
totoxicity. Copyright (2012), with permission from Elsevier
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although it should be borne in mind that the pathological
changes of SCI peak approximately four times more rapidly
in animals (for example, rats) than in humans [10].

While Michaelis has delineated the concept of selective
vulnerability of certain brain neurons [77], the molecular
mechanisms making RLZ particularly ineffective on moto-
neurons [46, 72] remain elusive. The dorsal horn region is
better protected by RLZ despite its higher number of neurons
and larger density of glutamate receptors [45, 46]. Perhaps
excitotoxicity in the ventral horn develops with distinctive

PM/MPSS
10 uM

E ASTROCYTES

*kk
*%

Immunofluorescence
intensityof GFAP (AU)

°"SHAM MPSS
10 M 10uM

PM PM/MPSS

PM/MPSS

(though unclear) mechanisms insensitive to RLZ. Further-
more, even when RLZ inhibits KA-evoked glutamate release
[72], this drug might be unable to block the direct depolari-
zation of neurons by KA, a phenomenon likely to be intense
for motoneurons that are located in superficial laminae and
readily suffer from excessive depolarization [78].

Clinical trials with RLZ have been conducted in phase I/
IIa for patients with SCI between 2010 and 2011 [10], and
have shown that RLZ induces some neurological improve-
ment and has a well-defined safety profile in patients with
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«Fig.3 Chemical structure of SOLU-MEDROL® (Pfizer) or Meth-
ylprednisolone Sodium Succinate (MPSS) and its molecular weight
(MW). b Percentage of pyknosis in the regions shown in the spinal
cord half section (dorsal, central, ventral, white matter, lateral and
ventral white matter (WM, LWM, VWM)) in SHAM, MPSS (10
uM) alone, pathological medium (PM) or MPSS (10 uM) after PM.
Scale bar=100 um. MPSS per se is not toxic, while there is signifi-
cant increase in pyknotic nuclei of white matter in samples exposed
to PM alone versus SHAM preparations (*P <0.05 and **P<0.01).
For those samples treated with PM followed by 24 h MPSS, signif-
icant decrease in pyknosis is found in WM zones versus PM alone
(**%P<0.001). On the right, the white arrows show in the micro-
graphs representative examples of spinal cord preparations in the
region VWM (SHAM, top panel, with minimal pyknosis), treated
with PM showing abundant pyknosis in VWM (middle panel), and
with PM/MPSS (10 uM) showing lower pyknosis in the same area
(bottom panel). ¢ Examples of confocal images of GFAP positive fib-
ers (green) together with DAPI staining (red pseudocolor to improve
contrast) in a section of VWM in SHAM, PM (alone for 1 h), or 24 h
MPSS after PM application. White arrows show in SHAM large
GFAP signal and few pyknotic nuclei, while in PM samples there is
large loss of GFAP-positive fibers with abundant pyknosis, whereas
PM/MPSS 10 uM treatment induces some recovery of immunofluo-
rescence intensity to GFAP-stained fibers although pyknosis remains
abundant. Scale bar=100 pm. The plot represents the intensity of
fluorescence from GFAP positive fibers for each condition (expressed
as arbitrary units, AU). Data are significantly different in WM areas
between PM versus SHAM and PM/MPSS 10 uM versus PM alone
(***P<0.001, **P<0.01). d Representative records of cumulative
depolarization of SHAM, PM, and PM/MPSS 10 uM treated prepa-
rations. e No significant improvement was found by MPSS (10 uM)
administration for 24 h. Figures d, e are reprinted from Sdmano et al.
[56]. A study of methylprednisolone neuroprotection against acute
injury to the rat spinal cord in vitro. Copyright (2016), with permis-
sion from Elsevier. (Color figure online)

relatively few (and not serious) adverse effects. However,
there is still the need to extend these clinical data. In fact,
the international multi-center clinical trial named “Riluzole
in Acute Spinal Cord Injury Study” (RISCIS) is currently
at phase II/III with the aim of continuing the evaluation of
the efficacy and safety of RLZ in patients with acute SCI.
The study started in August 2013 and the estimated study
completion date is December 2018 (https://clinicaltrials.gov/
ct2/show/results/NCT01597518) [79, 80].

Use of MPSS as Neuroprotective Compound

The current scenario of new cases of SCI is gradually chang-
ing as trauma is no more the principal cause. Thus, the non-
traumatic cases of SCI have increased, including those due
to spinal cord ischemia (without fractures) which usually
are incomplete. In comparison to traumatic SCI, there is
relatively little research on non-traumatic SCI epidemiology.
While this condition was thought to be rare in children, it
is now recognized as a cause of paediatric paraplegia [81].
Hence, the proposal of studying neonatal spinal cord prepa-
rations is not too remote from what occurs in clinical con-
ditions. Nowadays a significant proportion of individuals
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admitted to rehabilitation are patients with non-traumatic
SCI [14, 15]. For a long time, steroid therapy based on meth-
ylprednisolone sodium succinate (MPSS) (Fig. 3a) has been
applied as the “first approach protector” against ALS and
acute SCI [82, 83]. Curiously, even though MPSS has been
widely used clinically because its potent anti-inflammatory,
antioxidant and anti-lipoperoxidation properties, it has not
yet received FDA approval [84, 85]. The rationale for using
MPSS in acute SCI was based on the destructive processes
affecting the white matter as consequence of ischemia and
lipoperoxidation [86]. In fact, experimental studies of labo-
ratory animals have shown beneficial actions by MPSS after
acute SCI, especially for white matter oligodendrocytes and
with early delivery of this drug [87—89]. Due to promising
initial reports from experimental studies, multicenter clinical
trials, referred to as National Acute Spinal Cord Injury Study
Trials (NASCIS I, IT and IIT) were developed as summarized
in large scale reviews [90, 91]. After the publication of these
trials, the use of MPSS generated significant controversy
because the moderate neurological improvement was often
coupled to important side effects such as serious infective
disease [92]. To date, the clinical and scientific communi-
ties remain divided over the use of this drug as the main
treatment: nevertheless, MPSS is still used and, at times,
considered as “standard of care” for acute SCI [86].

MPSS Preferentially Protects Glial Cells of the White
Matter After Acute Spinal Injury

Our reports with the in vitro SCI preparation have shown
that a pathological medium (PM; containing free radicals
and hypoxic/aglycemic conditions) preferentially damages
white matter and slows down fictive locomotion [11, 46,
54-56]. These results have led us to explore whether any
neuroprotection by MPSS might be dependent on the type
of SCI and be differentially effective on white or gray matter.
Our experimental protocols have employed moderate excito-
toxicity (through KA application) or PM damage (mimick-
ing the dysmetabolic perturbations occurring after a vascular
dysfunction) [46, 64]. Thus, we have found that MPSS per
se (6—10 uM for 24 h: concentration based on published
clinical guidelines [93]) has no toxic effects on spinal cord
preparations. Starting 1 h after PM, continuous application
of MPSS is associated with significantly lower number of
pyknotic nuclei, and a larger number of surviving astrocytes
and oligodendrocytes in the ventrolateral region of the white
matter, despite a substantial number of dead cells (Fig. 3b,
¢). Although dorsal root stimulus trains can still elicit cuamu-
lative depolarization of premotoneurons and motoneurons,
this response remains virtually free from alternating oscil-
lations expressed by lumbar locomotor networks (Fig. 3d,
e). It is noteworthy that both concentrations of MPSS (6
or 10 pM; 24 h) are equi-effective, suggesting that the full
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Fig.4 Schematic diagram summarizing the main mechanisms exerted
by RLZ or MPSS against noxious processes (glutamate excitotoxicity,
hypoxia, ischemia, etc) when spinal cord tissue reacts to the primary
injury. Since secondary injury is an important target for drug therapy,
multiple, beneficial effects (a—d) could be induced by low micromo-
lar concentrations of RLZ (5 pM) treatment, particularly to neurons
of the spinal gray. RLZ may increase neuronal and glial (astrocytic)
glutamate uptake (a), as well as block presynaptic release of gluta-
mate from hyperactive synapses, thus reducing further excessive
release of glutamate (b). These processes contribute to limit gluta-
mate binding to its different ionotropic (NMDAr, AMPAr and KAIN-
ATEr) and metabotropic receptors (mGluR). Persistent activation of
ionotropic receptors overloads neuron with Ca®*, triggering in turn
excitotoxic cell death pathways. Since RLZ can block persistent Nat
currents (c), it diminishes the long-lasting firing of action potentials
by neurons, dampens neuronal excitability and cell death in certain

effect had been attained. After KA (0.1 mM; 1 h), MPSS (6
or 10 uM) application does not stop gray matter pyknosis
and does not allow recovery in locomotor network function.

AMPAr -.

Oligodendrocyte
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.- Voltage-gated
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areas (d). MPSS induces glial cell-selective protection (astrocytes and
oligodendrocytes) in the white matter. In astrocytes MPSS can limit
ROS production (e), membrane lipoperoxidation (f), and apoptotic
cell death (g) after injury. In oligodendrocytes (OLs) MPSS reverses
apoptotic processes via activation of glucocorticoid receptors (GR)
(h). Down-regulation of bcl-,; (an important anti-apoptotic regulator,
and splicing isoform of bcl-x gene) (i), activation of caspase-3 (j) and
DNA laddering can all be attenuated by MPSS in OLs [87]. The anti-
apoptotic effects of MPSS can be also exerted through binding of GR
to STATS (a transcription factor from the family of signal transducers
and activators of STAT), which in turn modulates bcl-x gene expres-
sion (k) [88]. MPSS can also protects OLs against excitotoxicity via
interaction with HIF-1o/Epo (hypoxic inducing factor lo/neuropro-
tective cytokine erythropoietin) (1) [89]. The red crosses represent
noxious effects counteracted by RLZ in neurons or by MPSS in glial
cells (astrocytes and oligodendrocytes)

In particular, motoneurons, which are highly vulnerable to
KA, cannot be rescued with 24 h MPSS treatment [46, 56].

These data accord with previous in vivo and in vitro stud-
ies of the rat SCI indicating that MPSS can reduce loss of
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glia even though the functional gain remains questionable
[87-89]. Nonetheless, many issues remain unanswered, for
example: (i) are glial cells within the gray or white matter
differentially sensitive to lesion? (ii) what are the mecha-
nisms underlying the action of MPSS against acute SCI?
and (iii) what factors are important to direct the action of
MPSS to white matter glial cells rather than gray matter
neurons? It is of interest that prospective studies of longterm
neurological recovery after SCI have shown no systematic
improvement in motor scores of acute SCI patients after a
MPSS bolus [94] although conscious patients with acute SCI
at hospital admission favor administration of MPPS even for
allegedly minor neurological improvement [95].

Conclusions and Future Directions

Different approaches have been probed in a large range of
experimental models in vitro and in vivo to generate new
pharmacological strategies potentially transferable from
bench to bedside. Although early therapeutic interventions to
avoid chronicity and to promote repair and/or recovery after
SCI have been widely explored, less focus has been directed
to find out pharmacological treatments preferential to neu-
rons or glial cells. Figure 4 summarizes current information
concerning the molecular targets involved in the effects of
RLZ (a—d) or MPSS (e-1).

These results lead us to ask what is the best choice of
clinically-available drugs, namely RLZ or MPSS? The
answer may probably depend on the type, circumstances
and severity of the lesion. It might be even worth consider-
ing the possibility of combining these drugs to attack dif-
ferent pathophysiological aspects and to provide improved
neuroprotection to the spinal tissue. However, it is also
essential to evaluate the potential side effects exerted by
these compounds, and their synergy. Although we did not
test the effects of combination of RLZ and MPSS on our
in vitro acute SCI preparation, another report indicates no
additional benefit or dramatic neuroprotection in gray and/
or white matter [96].

To date, most pharmacological strategies have been based
on the concept of blocking the effects of glutamate on net-
work excitability. In principle, however, it should be feasi-
ble to dampen excitation by enhancing intrinsic inhibitory
mechanisms. In this sense, recent results showing depression
of neuronal excitability and neuroprotection by facilitating
the operation of leak K* currents with volatile anesthetics
[97] or GABA-mediated synaptic inhibition with i.v. anes-
thetics like propofol [98] are encouraging.
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