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Understanding the pathophysiological changes triggered by an acute spinal cord injury is
a primary goal to prevent and treat chronic disability with a mechanism-based approach.
After the primary phase of rapid cell death at the injury site, secondary damage occurs
via autodestruction of unscathed tissue through complex cell-death mechanisms that
comprise caspase-dependent and caspase-independent pathways. To devise novel neu-
roprotective strategies to restore locomotion, it is, therefore, necessary to focus on the
death mechanisms of neurons and glia within spinal locomotor networks. To this end, the
availability of in vitro preparations of the rodent spinal cord capable of expressing locomotor-
like oscillatory patterns recorded electrophysiologically from motoneuron pools offers the
novel opportunity to correlate locomotor network function with molecular and histological
changes long after an acute experimental lesion. Distinct forms of damage to the in vitro
spinal cord, namely excitotoxic stimulation or severe metabolic perturbation (with oxidative
stress, hypoxia/aglycemia), can be applied with differential outcome in terms of cell types
and functional loss. In either case, cell death is a delayed phenomenon developing over
several hours. Neurons are more vulnerable to excitotoxicity and more resistant to meta-
bolic perturbation, while the opposite holds true for glia. Neurons mainly die because of
hyperactivation of poly(ADP-ribose) polymerase-1 (PARP-1) with subsequent DNA damage
and mitochondrial energy collapse. Conversely, glial cells die predominantly by apoptosis.
It is likely that early neuroprotection against acute spinal injury may require tailor-made
drugs targeted to specific cell-death processes of certain cell types within the locomotor
circuitry. Furthermore, comparison of network size and function before and after graded
injury provides an estimate of the minimal network membership to express the locomotor
program.

Keywords: motoneuron, isolated spinal cord, fictive locomotion, synaptic transmission, spinal cord injury,

organotypic cultures, apoptosis, parthanatos

INTRODUCTION
THE SCALE OF THE PROBLEM AND DAMAGE QUANTIFICATION
Spinal cord injury (SCI) usually produces lifelong, devastating
consequences and represents one of the most significant cause of
mortality and disability worldwide (Rossignol et al., 2007; van den
Berg et al., 2010). The mortality from acute SCI is between 48 and
79%, either at the time of the accident or on arrival at the hospital
(Sekhon and Fehlings, 2001). The annual incidence of the sur-
vivors after traumatic SCI is of 15–40 cases per million population
throughout the world, with an even higher incidence in devel-
oped countries (up to 53,4 per million; Sekhon and Fehlings, 2001;
Rowland et al., 2008). Recent clinical data indicate that, in addi-
tion to typical traumatic causes of SCI (motor vehicle accidents,
work accidents, community violence, recreational activities, war),
there is growing etiopathogenetic importance for non-traumatic
injuries (McKinley et al., 1999; van den Berg et al., 2010). The
exact number of the non-traumatic SCI is difficult to determine

because of their highly varied etiology, that implies different clini-
cal settings for treatment. Non-traumatic lesions account for about
30–50% of spinal cord disorders and constitute a major risk fac-
tor for medical complications during rehabilitation (Nair et al.,
2005). The most frequent causes of non-traumatic SCI are verte-
bral stenosis (54%; McKinley et al., 1999) and spine tumors (26%;
Nair et al., 2005), while other causes are vascular, inflammatory,
infective, degenerative, genetic, and metabolic diseases. Incidence
and demographics of traumatic and non-traumatic SCI are very
different: while traumatic SCI mostly occurs in young males (trau-
matic SCI is four times more common in men than in women),
gender distribution is more equal in non-traumatic SCIs that are
more often observed in the elderly (Sekhon and Fehlings, 2001). It
is noteworthy that most animal models for experimental SCI are
oriented to study SCI of traumatic origin.

No matter of its origin, the SCI can be complete, or more often
incomplete when a degree of sensory–motor function below the
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level of spinal cord trauma remains (Dzidic and Moslavac, 1997).
Non-traumatic SCIs are usually incomplete (McKinley et al., 1999;
van den Berg et al., 2010). Understanding the pathological evolu-
tion and the potential recovery is complicated by the frequent
assignment of patients with complete or incomplete deficits to
the same treatment group, and that few animal studies examined
the same pattern of injury encountered in man (Amar, 2007).
The complex mechanisms regarding the pathology of incomplete
lesions remain poorly understood because local ischemia with
associated metabolic dysfunction is technically difficult to repro-
duce in animal models without compromising other tissues and
organs and with the confounding influence of general anesthetics.

LESION AMPLIFICATION THROUGH SECONDARY DAMAGE: AN
AVALANCHE EFFECT
If the mantra for stroke treatment is “time is brain” (Hill and
Hachinski, 1998), it is most likely that “time is spinal cord” for
acute SCI as well. Thus, great effort has been made to under-
stand the pathophysiological changes underlying SCI in the hope
of developing neuroprotective strategies and preventing disabil-
ity. Despite its heterogeneous causes, SCI evolves into secondary
damage affecting apparently spared areas, magnifying the disabil-
ity and amplifying neurodegeneration (Rossignol et al., 2007). The
challenge is to clarify why and when such a damage occurs.

The early stage of secondary injury is thought to start with exci-
totoxic damage due to massive release of glutamate together with
a pathological cascade comprising nitric oxide, free oxygen radi-
cals, and metabolic dysfunction due to ischemia/hypoxia, energy
store collapse, acidosis, and edema triggered by loss of vascular
tone autoregulation (Dumont et al., 2001; Norenberg et al., 2004;
Amar, 2007). The secondary injury starts minutes after primary
insult and can lasts up to weeks after injury. Extracellular gluta-
mate levels are known to increase transiently within the first 3 h
after SCI, with a likely second wave of glutamate release 2–3 days
after injury (Park et al., 2004), probably due to delayed myelin
destruction that compromises nearby axon integrity.

The events of the secondary injury phase can be divided into
early and delayed stages (Rowland et al., 2008). The early phase
comprises vasogenic and cytotoxic edema, necrosis, excitotoxi-
city, early demyelination, and systemic events like hypotension
(2–48 h). Later, macrophage infiltration and initiation of glial scar
occur. Within 2 weeks/6 months, glial scarring continues together
with intraspinal cyst formation. Even later, profound pathological
changes affect spinal networks through Wallerian degeneration,
demyelination, aberrant plasticity with circuit rewiring leading to
dysfunction like chronic pain and spasticity (Rowland et al., 2008).

The molecular cell-death pathways of SCI (and their effectors)
remain largely elusive (Park et al., 2004). This condition makes
it difficult to identify the best time window for satisfactory treat-
ment of acute SCI with the aim of limiting (or even preventing)
secondary damage. Nonetheless, the consensus is that the time to
introduce effective neuroprotective strategies after SCI is short,
probably restricted to the first hours after injury (Fehlings et al.,
2001), in analogy with a similar situation for the brain (Hill and
Hachinski, 1998). Studies of brain and spinal injuries support the
theory that the central nervous system (CNS) responds to lesion
in an archetypal fashion, regardless of the insult, and that similar

pathological pathways and cell-death mechanisms may operate in
the brain and spinal cord (Amar, 2007).

PROTECTION OF LOCOMOTOR NETWORKS NEEDS UNDERSTANDING
NETWORK TOPOGRAPHY
Since paralysis (or paresis) is a hallmark of SCI, it is of particular
interest to direct neuroprotective strategies to the circuits respon-
sible for locomotion which is driven by intrinsic spinal networks,
collectively called central pattern generator (CPG; Grillner et al.,
1998; Heckmann et al., 2005; Kiehn, 2006; Boulenguez and Vinay,
2009). In vitro preparations of the spinal cord readily generate
electrically oscillatory cycles (recorded from ventral roots) which
possess all the hallmarks of locomotor patterns. Nonetheless, the
absence of limbs makes necessary to refer to this pattern as fic-
tive locomotion. Although the full membership of the locomotor
CPG remains unclear, mouse genetics have provided substantial
advances in the classification of propriospinal neurons involved in
locomotion (Kiehn, 2006; Brownstone and Wilson, 2008; Grillner
and Jessell, 2009; Ziskind-Conhaim et al., 2010).

Targeted neuroprotection might produce successful functional
outcome as long as the minimal number of neurons (or other
cells) essential for locomotor patterns would survive. In addition,
any investigation to repair or rebuild locomotor networks needs
reliable estimates of the minimal cell membership capable of pro-
ducing the locomotor pattern. Otherwise, it would be like trying to
rebuild a house damaged by a natural disaster without first calcu-
lating how many bricks and how much mortar should be ordered
and how much of these materials must be actually employed to
support the structure. It is essential to do a “quantitative survey”
of undamaged and damaged spinal locomotor networks to supply
precise information about the cells to which any neuroprotective
strategy should be aimed.

The present review will focus on the molecular mechanisms
involved in the death of cells comprising and controlling spinal
locomotor networks after acute experimental injury. To this end,
two in vitro animal SCI models have been used, namely the neona-
tal rat spinal cord preparation and rat organotypic slices (Taccola
et al., 2008, 2010; Mazzone et al., 2010). These models allow test-
ing novel experimental paradigms to mimic the consequences of
strong or weak lesions (including those of non-traumatic origin
or non-complete) taking as end point the functional activity of
locomotor networks in relation to surviving cells, and investigat-
ing the processes that led to cell loss. By combining new data
about cell-death mechanisms and neuronal networks involved in
the control of locomotion during or shortly after acute SCI, it
might be possible to provide proof-of-principle that neuroprotec-
tion is feasible and to design new therapeutic strategies to be tested
on animal models in vivo with the ultimate goal to combat the
consequences of SCI at the earliest possible stage. Furthermore,
detailed analysis of surviving cells might help to delineate the
minimal requirements (“network membership”) essential for the
locomotor program. This information might be useful in future if a
decision between rebuilding and replacing should ever be taken. Of
course, the long-term functional outcome after SCI depends not
only on the secondary lesion extent, but also on altered neuronal
excitability due to upregulation of the persistent sodium current
(Li and Bennett, 2003;ElBasiouny et al., 2010) that is important
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to control locomotor patterns (Tazerart et al., 2007; Zhong et al.,
2007; Ziskind-Conhaim et al., 2008), and to the changes in synap-
tic inhibition caused by derailed chloride transport (Boulenguez
et al., 2010). Both phenomena may contribute to the onset of spas-
ticity. Furthermore, changes in extracellular Mg2+ are important
to determine the functional outcome of the locomotor network
(Margaryan et al., 2009), a subject often neglected by previous
studies.

IN VITRO SPINAL CORD MODELS TO STUDY CELL-DEATH
MECHANISMS AFTER SCI
In addition to in vivo animal models of SCI (Onifer et al., 2007),
in vitro models (cell cultures, organotypic cultures, and isolated
spinal cord preparations) can supply useful data because they
simplify the complexity of in vivo SCI pathophysiology, and can
point to the identification of specific injury processes without
interference by general anesthesia or blood pressure changes.

Primary cultures from spinal cord tissue (Seybold and Abra-
hams, 2004; Taylor et al., 2007) have been used in a wide range of
experimental conditions, especially to reproduce in vitro excitotox-
icity (Vandenberghe et al., 1998; Van Den et al., 2000) and ischemia
(Kaushal and Schlichter, 2008). Nonetheless, these models suffer
from the intrinsic disadvantage of unknown influences caused by
the complex culturing media (Silani et al., 2000). Moreover, it is
also difficult to precisely control the cell microenvironment, espe-
cially important for axon growth and regeneration (Abu-Rub et al.,
2010). Likewise, acute slices of the spinal cord can be used for func-
tional studies even though they have limited viability in vitro, and
may pose barriers to drug diffusion (Lossi et al., 2009). In all these
cases it is impossible to ascertain if there had been any specific
damage to locomotor networks.

NEONATAL RAT SPINAL CORD PREPARATION
A novel model of in vitro SCI to investigate the rapid evolution
of early secondary damage takes, as outcome, the operation of
locomotor networks in relation to cell survival in the isolated
spinal cord of the neonatal rat (Taccola et al., 2008). Despite the
intrinsic limitation of this preparation (absence of immune sys-
tem responses, lack of vascular supply, neonatal age), this model
has the advantage of correlating the functional outcome of injury
(with >24 h monitoring of locomotor-like activity, termed fictive
locomotion) to the number, type, and topography of damaged or
dead cells. Thus, it becomes feasible to unveil damage mechanisms
because it does not introduce an “artificial neuroprotection” by
general anesthesia at the time of injury, yet it retains cellular con-
nections, networks, and activities, including fictive locomotion.
The use of a neonatal preparation can also shed light on the issue
of child spinal injury (Vitale et al., 2006;Achildi et al., 2007) charac-
terized by high mortality and prevalence of cervical location (Cirak
et al., 2004). The in vitro spinal cord model can be employed to
produce (and compare) distinct forms of pharmacological spinal
damage, namely strong excitotoxic stimulation presumed to arise
from a trauma-like condition, or severe metabolic perturbation.
These pathological events are believed to occur during the sec-
ondary phase of SCI (Park et al., 2004). Furthermore, the model
can be applied to flexible protocols that comprise non-traumatic
SCI, or incomplete SCI (Taccola et al., 2008, 2010; Kuzhandaivel

et al., 2010a,b). One important conclusion arising from these stud-
ies is the diversity of cell-death pathways involved in neuronal
and glial damage after SCI, as discussed in Sections “Apoptosis is
Responsible for Glial Cell Death after Hypoxic/Ischemic Pertur-
bation” and “Neuronal Cell Death after Excitotoxic Insult is Due
to Parthanatos.”

ORGANOTYPIC CELL CULTURE AS RELIABLE IN VITRO MODEL TO
STUDY CELL DEATH
Organotypic cultures are an important tool to study developmen-
tal as well as chronic changes in network structure and function.
This technique originally established by Gahwiler (1981) for brain
culture slices, currently utilizes different tissue sources (embry-
onic, juvenile, or adult) (Spenger et al., 1991; Stoppini et al., 1991;
Streit et al., 1991; Noraberg, 2004; Livera et al., 2006; Lossi et al.,
2009). These studies have shown a clear correlation between in vivo
and in vitro development (Livera et al., 2006). The common char-
acteristic and the main advantage of the organotypic system is
the maintenance of the basic cytoarchitecture of the in vivo tissue,
retaining, for example, synaptic connectivity while supplying ready
experimental access to structure and function. Spinal cord organ-
otypic cultures are a good example of this approach (Spenger et al.,
1991; Streit et al., 1991) as they maintain the dorsal–ventral orien-
tation of spinal segments and fundamental properties of network
dynamics related to distinct spinal regions in a bidemensional
plane (see Figure 1A). Furthermore, they allow long-term studies
in which plastic changes in network properties can be explored in
relation to changes in the local environment (Sibilla and Ballerini,
2009), far in excess of the standard survival time of the rodent iso-
lated spinal cord. Thus, organotypic cultures of the spinal cord are
useful to investigate experimental neuronal lesions (Krassioukov
et al., 2002; Guzman-Lenis et al., 2009; Mazzone et al., 2010), even
though these cultures cannot generate locomotor-like patterns,
and cannot readily relate molecular changes to complex network
function.

EXCITOTOXICITY AND METABOLIC PERTURBATION DAMAGE
SPINAL LOCOMOTOR NETWORKS THROUGH DIFFERENT
CELL-DEATH PATHWAYS
DISTINCT CELL-DEATH PATHWAYS EMERGE AFTER EXPERIMENTAL SCI
Understanding the complexity of cell-death mechanisms after SCI
and their correct classification may be extremely important for
therapeutic implications (Galluzzi et al., 2007). Cell death repre-
sents a highly heterogeneous process that can follow the activa-
tion of diverse, sometimes overlapping, and not fully understood
biochemical cascades, manifesting with different morphological
features (Kroemer et al., 2009). The traditional classification of
cell death in apoptosis (programmed cell death dependent on cas-
pase activation) and necrosis (non-programmed cell death) is now
obsolete because necrosis can actually be programmed, apopto-
sis can occur even without caspase activation, and new types of
cell-death processes have been reported (Galluzzi et al., 2007). In
this review, the term apoptosis refers to a process with specific
cell morphology characterized by round shape, cytoplasmic and
nuclear condensation (pyknosis), DNA fragmentation, with mini-
mal modifications of organelles, and preservation of plasma mem-
brane until the final stage of destruction by phagocytes (Kerr et al.,
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FIGURE 1 | Neuronal damage induced by kainate on spinal cord

organotypic cultures is a PARP-1 dependent process. (A) View of
representative organotypic slice in which ventral, central, and dorsal regions,
outlined with a dotted line, can be identified for cell counting. (B) Plots
showing the percent of cells with pyknosis (left; filled squares) or percent of
neurons (NeuN-positive cells; right; filled diamonds), in the central region of
the slice, after 1 h application of various kainate (KA) concentrations. Data
were collected after 24 h kainate washout from at least three different
experiments, n = 4–12; **P < 0.01, ***P < 0.001 vs control (0 mM KA).

(C) Plot of the number of cells, in the central region, showing pyknosis at
various times points after kainate washout (0 h) at the concentration of
0.1 mM (gray diamonds) or 1 mM (filled squares). Data points before 0 time
refer to pyknosis in control values (21 ± 23 cells). Note emergence of
pyknosis at 4 h which is significantly (P = 0.0005) larger after 1 mM kainate.
Average data are from three experiments, each one of them run in duplicate.
(D) Histograms showing fold increase (with respect to control) in the number
of PAR positive nuclei at various times after washing out kainate (0.1 mM).
The data are from three experiments (n = 6); *P < 0.05, **P < 0.01 vs control.

1972; Kroemer et al., 2009). Activation of caspase, Apoptotic pro-
tease activating factor 1 (APAF-1), and of mitochondrial proteins
termed the Bcl-2, are frequent, yet not essential markers for apop-
tosis (Yuan et al., 2003). For the purpose of this review, apoptosis
will be identified only when shown to be caspase-dependent.

Extensive generation of poly-ADP-ribose (PAR) by hyperac-
tivation of the PARP-1 enzyme has recently been proposed as
a novel programmed cell death, termed “parthanatos” (Andrabi
et al., 2006, 2008). It is thought that, in the attempt to repair
strong DNA damage, PARP-1 catalyzes conversion of NAD+ to
PAR polymers with loss of intracellular ATP and consequent
energy depletion (Berger, 1985; Zhang et al., 1995). This mech-
anism may overload the energy handling process of mitochondria
(Virag et al., 1998) and release the apoptosis inducing factor (AIF),
a protein which enters into the nucleus to initiate lethal nuclear
condensation (Yu et al., 2002). Additionally, PAR directly stimu-
lates mitochondrial release of AIF to enhance the whole destructive
process (Andrabi et al., 2006). It is noteworthy that the term AIF
was first used when the cell-death process in which it was dis-
covered was called caspase-independent apoptosis (Susin et al.,
1999; Joza et al., 2009). Only later, it became clear that AIF was
an intracellular effector of PARP-1 hyperactivity and a mediator
of parthanatos (Yu et al., 2002; Joza et al., 2009). The traditional
usage of the term AIF should not, therefore, imply that classical
apoptosis is produced by this factor.

Necrosis is a process of cell death lacking the features of
apoptosis or autophagy, the latter characterized by lack of

chromatin condensation and by massive vacuolization of the
cytoplasm. Characteristic morphological aspects of necrosis are
cytoplasmic swelling, rupture of plasma membrane, swelling
of cytoplasmic organelles, and moderate chromatin conden-
sation (Galluzzi et al., 2007). Necrosis has been traditionally
implicated as an early mechanism of cell death after injury
(Golstein and Kroemer, 2007).

In in vivo and in vitro models of SCI, heterogenous cell-
death mechanisms have been reported for the loss of spinal cells
(Table A1 in Appendix). Because of the problems related to the
exact terminology and classification of different cell-death path-
ways (Kroemer et al., 2009), it is difficult to compare results from
different SCI studies and draw general conclusions. For example,
not infrequently TUNEL staining (detecting DNA fragmentation)
is taken as synonymous of apoptosis, even though DNA fragmen-
tation can be a caspase-independent phenomenon (Belmokhtar
et al., 2001; Zhang and Bhavnani, 2006) or cells can undergo
apoptotic death without significant DNA degradation (Widlak
and Garrard, 2009). Thus, results from different studies listed in
Table A1 in Appendix, rely on the identification of the cell-death
mechanism provided by the authors, as well as the assay to detect it.

Perusal of the older literature indicates that, after SCI, early
cell death is predominantly by necrosis, followed by a continuum
of necrotic and apoptotic mechanisms (Liu et al., 1997; Baptiste
and Fehlings, 2006). Later, different cell-death pathways have been
proposed to mediate excitotoxicity, including caspase-dependent
(Beattie et al., 2000; Yu et al., 2009) and caspase-independent
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pathways (Mandir et al., 2000; Yuan et al., 2003; Cho and Toledo-
Pereyra, 2008), or sharing characteristics of both apoptosis and
necrosis (Tan et al., 1998).

Parthanatos has recently been considered important for spinal
cord neuronal cell-death in vitro (Scott et al., 2004) and in vivo
(Genovese and Cuzzocrea, 2008; Wu et al., 2009) conditions. Fur-
thermore, cell-death mechanisms involving calpain (Ray et al.,
2003) or autophagy (Kanno et al., 2009) have been proposed to
cause cell death after SCI (Table A1 in Appendix).

The time-scale through which cell death occurs is important.
Even though axons and neurofilaments degrade as early as 15 min
after experimental SCI (Park et al., 2004), axonal degeneration is
a delayed process as loss of residual axonal tracts can continue
for weeks (Wallerian degeneration), together with slow decline
in impulse propagation of such fibers (Arvanian et al., 2009).
Programmed cell death of white matter glial cells (observed with
TUNEL staining) occurs in periodic waves with maximal intensity
in the white matter tracts 1 week after injury (Shuman et al., 1997;
Springer et al., 1999; Park et al., 2004). In contrast to oligodendro-
cyte cell loss, astrocytes survive and even proliferate after SCI by a
process termed “reactive astrogliosis” (Park et al., 2004). In adult
rats after traumatic SCI (Liu et al., 1997), TUNEL-positive glial
cells appear between 4 h and 14 days after injury, with maximum
presence within the lesion area at 24 h. Neuronal degeneration
is faster as TUNEL-positive neurons are seen 4–24 h after injury,
with a peak at 8 h. Motoneurons are particularly vulnerable to
calcium-dependent glutamate excitotoxicity, because they lack cer-
tain calcium binding proteins, such as calbindinin-D(28k) and
parvalbumin (Dekkers et al., 2004), and remain unprotected from
the consequences of calcium overload. In the rabbit spinal cord
most motoneurons survive for 2 days after ischemia, and then dis-
appear via apoptosis (Hayashi et al., 1998) and autophagy (Baba
et al., 2009) as result of co-activation of cell survival and cell-death
pathways (Sakurai et al., 2003).

DIFFERENT EXPERIMENTAL PARADIGMS TO MIMIC EXCITOTOXICITY
AND METABOLIC PERTURBATION
To clarify if excitotoxicity per se is sufficient to damage spinal net-
works responsible for locomotion and what is the contribution
of metabolic perturbations to spinal cord damage, distinct proto-
cols (based on the transient application of toxic solutions) have
been developed. In fact, if one wishes to mimic clinical settings,
it is necessary to consider that, after acute SCI, prompt hospi-
tal admission/treatment in intensive care involves correction of
metabolic deficits, administration of neuroprotective agents, cir-
culation support, and relief of any compressive lesion. In the best
circumstances, this approach implies a delay of about 1 h after the
primary injury (Rowland et al., 2008). Hence, recent experimen-
tal protocols were based on 1 h administration of a toxic solution
with follow-up under optimal metabolic conditions in vitro for the
subsequent 24 h. In this way, morphological and biochemical data
can be correlated with the electrophysiological activity of spinal
locomotor networks.

The protocol for excitotoxicity relies on kainate (Taccola et al.,
2008), a potent glutamate receptor agonist which is not subjected
to metabolic tissue destruction, and is not a substrate for gluta-
mate transporters (Coyle, 1987). The cellular effects of kainate

are mediated by a complex family of receptors, of which at least
six forms are currently known to be expressed by the CNS at pre
and postsynaptic level (Traynelis et al., 2010). In view of its strong
depolarizing action on neurons, kainate produces excitotoxicity
in a large range of animal models (Ben-Ari and Cossart, 2000)
also indirectly since it releases glutamate (and other neurotrans-
mitters) in addition to its direct excitatory effect. Thus, kainate
strongly and persistently depolarizes rat spinal neurons in vitro
(Taccola et al., 2008), and elicits a robust release of endogenous
glutamate as measured with electrochemical detection (Mazzone
and Nistri, 2011a), making it a suitable tool for evoking a sustained
excitotoxic insult.

Another protocol is based on a type of dysmetabolic lesion
evoked by a toxic solution (termed pathological medium; PM)
that comprises many deleterious substances and conditions (NO,
H2O2, low Mg2+, acidosis, aglycemia, hypoxia, edema) resembling
the ones occurring shortly after acute SCI (Taccola et al., 2008).

By distinct or combined application of such protocols, different
patterns of cell death and different changes in locomotor net-
work activities emerge (Taccola et al., 2008, 2010; Kuzhandaivel
et al., 2010a,2010b). Interestingly, there is a very narrow range of
kainate concentrations (1–10 μM) through which locomotor net-
work activity is still possible (albeit slower). Kainate (50 μM) is
already sufficient to induce an irreversible loss of fictive locomo-
tion even if spinal reflexes persist (Mazzone et al., 2010). These
data confirm, with an in vitro model, that reflex amplitude is a
poor predictor of locomotor function in line with clinical experi-
ence (Dietz et al., 1997; Hubli et al., 2010). The extent of neuronal
damage by kainate is poorly related to this drug concentration
as indicated by the occurrence of pyknosis and neuronal loss
following a wide range (1–1000 μM) of kainate concentrations
(Figure 1B). In fact, the main difference produced by changing
doses is the speed of neuronal loss (Figure 1C; Mazzone et al.,
2010): this observation may be important because it suggests that
any attempt to arrest damage should start as early as possible and
has a better outcome if the damage is treated when it is still lim-
ited. This notion is further supported by the demonstration that
kainate toxicity does not imply nearly global neuronal loss since
the number of surviving neurons is usually larger that the number
of dead ones (Taccola et al., 2008; Mazzone et al., 2010). Fur-
thermore, 24 h after kainate application, surviving networks are
metabolically competent (Mazzone et al., 2010), and functionally
active as they generate disinhibited bursting (although no fictive
locomotion; Taccola et al., 2008).

APOPTOSIS IS RESPONSIBLE FOR GLIAL CELL DEATH AFTER
HYPOXIC/ISCHEMIC PERTURBATION
Apoptosis is a physiological process of cell elimination during nor-
mal development of the gray and white matter of the spinal cord
(De Louw et al., 2002). After SCI, early neuronal cell death by
apoptosis at the injury site is infrequent (Shuman et al., 1997;
Emery et al., 1998; Li et al., 1999; Springer et al., 1999), because
this process is mainly responsible for the delayed death of the
oligodendrocytes locally (Li et al., 1999) and remotely (Li et al.,
1999; Springer et al., 1999). It is interesting that also in other
models of neurodegeneration, like in Alzheimer’s disease, status
epilepticus, or brain ischemia, apoptotic neuronal death is rare, as
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apoptosis mainly involves glial cells (microglia, oligodendroglia,
and astrocytes; Jellinger and Stadelmann, 2000; Shibata et al., 2000;
Narkilahti et al., 2003).

In the neonatal rat spinal cord in vitro, pyknosis appears in
neurons and, especially, in glia during first 24 h after hypoxic-
dysmetabolic perturbation (Figure 2). This readily observable
change in nuclear morphology is the result of chromatin con-
densation and can be either nucleolytic (with DNA fragmentation
typical of apoptosis) or anucleolytic (without DNA fragmentation;
see Burgoyne, 1999). As shown in Figure 2A, pyknosis is strongly
found in the ventro-lateral white matter reaching a peak after 4–8 h
from washout of PM application with low occurrence in other
areas. Pyknosis is preceded by DNA fragmentation shown, already
2 h later, as positivity to phospho-histone H2A.X (Figure 2B;
Widlak and Garrard, 2009; Kuzhandaivel et al., 2010a) and DNA
laddering (Figure 2C; Loo and Rillema, 1998). Caspase-3 medi-
ated apoptosis is largely detected during the following 24 h to reach
a peak of approximately 60% pyknotic cells in the ventro-lateral
white matter (Figure 2D). From a functional point of view, despite
strong lesion of white matter elements, locomotor networks retain
their activity even if the cycle period of locomotor patterns is
clearly slower (Taccola et al., 2008). Activation of locomotor

networks by dorsal afferent stimuli becomes, however, impossible
(Taccola et al., 2008): thus, in this condition, despite the retained
intrinsic ability to generate locomotor patterns, the continuous
sensory feedback required to support locomotion (Barbeau et al.,
1999) is lost. After PM treatment, morphological changes charac-
teristic of necrotic death (gain in cell volume, organelle swelling,
and disorganized dismantling of intracellular contents; Galluzzi
et al., 2007) have not been routinely observed.

NEURONAL CELL DEATH AFTER EXCITOTOXIC INSULT IS DUE
TO PARTHANATOS
In addition to the strong vulnerability of motoneurons (Mazzone
et al., 2010), Figure 3A shows that the largest cell death after kainate
is observed in the dorsal gray matter (which contains the high-
est density of kainate receptors; Tolle et al., 1993), leaving the
white matter mostly intact. This phenomenon is accompanied by
PARP-1 overexpression that peaks 8 h after washout of kainate
(Figure 3B) and release of AIF (Figure 3B).

The involvement of the PARP-1-dependent cell death after SCI
was thought to be triggered by overproduction of nitric oxide
and reactive oxygen species (Scott et al., 2004; Genovese et al.,
2005; Wu et al., 2007; Genovese and Cuzzocrea, 2008). A similar

FIGURE 2 | Hypoxic-dysmetabolic insult induces apoptosis in spinal cord

in vitro. (A) Histograms plot percent of pyknosis (with respect to global
number of DAPI positive cells) at various time points after washout (0 h) of
PM. For each time point n = 3 spinal cords. Inset shows the schematic
representation of the areas sampled for the cell count based on DAPI staining.
(B) Histograms demonstrating percent occurrence (with respect to global
DAPI stained cells) of γH2AX positive cells (n = 3) at different time points after
1 h of PM application. (C) Agarose gel electrophoresis of DNA samples from

control spinal cords (freshly dissected, lane 2), from sham spinal cords (kept
in vitro for 24 h in Krebs solution, lane 3), or PM treated spinal cords (1 h PM
treatment followed by 24 h recovery in Krebs solution, lane 4). Note DNA
laddering (due to internucleosomal DNA fragmentation) in the PM treated
sample only (n = 3 for each sample). Lane 1 shows DNA ladder marker (50 bp
steps). (D) Histograms indicate number of active caspase-3 positive cells in
the white matter of the PM treated spinal cords (average of six slices from
two spinal cords) at different time points after 1 h of PM application.
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FIGURE 3 | Kainate mediated excitotoxicity evokes PARP-1 dependent

cell death (Parthanatos) in spinal cord in vitro. (A) Histograms plot
percent occurrence of pyknosis detected at various time points after
washout (0 h) of kainate (1 mM; 1 h application; KA). Inset shows the
schematic representation of the areas sampled for the cell count based on
DAPI staining. For each time point n = 3 spinal cords. (B) Example of
Western immunoblotting of spinal cord samples obtained from sham (upper
panels) or kainate treated (lower panels) preparations, and tested with
PARP-1 or AIF specific antibody. In kainate treated spinal cords there is
increased PARP-1 immunoreactivity, with early appearance immediately
after kainate treatment (0 h) and rising up to 24 h after. AIF
immunoreactivity appears in the nuclear fraction 2 h after kainate
treatment. Nuclear loading assessed with TBP. (C) Histograms plot percent
of pyknosis occurrence detected in different spinal cord regions 24 h after
kainate treatment alone or followed by treatment with PARP-1 inhibitor PHE
(three different concentrations). PHE significantly reduces (**P < 0.01;
***P < 0.001) the number of pyknotic cells in a dose-dependent manner in
all four spinal cord regions. Pyknosis is normalized with respect to the total
number of DAPI sensitive cells. For each time point n = 3 spinal cords.

phenomenon has been proposed to occur after ischemic and trau-
matic brain injury (Eliasson et al., 1997; Endres et al., 1997;
Meli et al., 2003; David et al., 2009), including perinatal brain
injury (Hagberg et al., 2004). Although the morphology of neu-
ronal pyknosis after kainate is similar to the one detected in the
white matter after PM, all tests for apoptosis have been nega-
tive (TUNEL, phospho-histone H2A.X staining, DNA laddering,
and caspase-3; Kuzhandaivel et al., 2010b). Conversely, extensive
PAR immunoreactivity has been found in gray matter neurons
after kainate induced excitotoxicity to mediate translocation of
mitochondrial AIF to the nucleus and cell death (Figures 1D,3B;
Kuzhandaivel et al., 2010b). This effect becomes already apparent
immediately after kainate washout with AIF nuclear translocation
2 h later, and correlates with the time- and dose-dependent onset
of pyknosis (Mazzone et al., 2010).

Conversely, in PM treated preparations, modest PARP-1 acti-
vation (without extensive PAR generation) occurs as this enzyme
is cleaved by active caspase-3 (Kuzhandaivel et al., 2010b). The
apparent resistance of glial cells to kainate induced excitotoxicity
has been already reported, for example, for the mature myelin basic
protein-expressing oligodendrocytes (Rosenberg et al., 2003).

Electrophysiological studies indicate that, once the kainate
concentration reaches 50 μM, fictive locomotor patterns are irre-
versibly lost within a few minutes from the start of the drug
application (Taccola et al., 2008; Mazzone et al., 2010). Part of
this functional loss is likely to be due to strong inactivation of
voltage-gated conductances of network neurons due to the sus-
tained depolarization. Nonetheless, network depolarization as well
as endogenous glutamate release (Mazzone et al., 2010; Mazzone
and Nistri, 2011a) subside at the end of kainate application, indi-
cating that lack of locomotor patterns is not a merely functional
deficit, but a structural damage of the spinal circuitry.

When PM and kainate are combined together, large-scale cell
death in the gray and white matter appears with pyknosis as the
primary morphological characteristic of damaged cells (Taccola
et al., 2008). This combined application has been shown to be use-
ful to produce focal lesions of the isolated spinal cord by restricting
the administration of the toxic solution to a small number of seg-
ments with transverse barriers and testing its consequences on
apparently unscathed segments (Taccola et al., 2010).

Figure 4 summarizes the principal cell-death pathways
observed to mediate glial damage by PM (Figure 4A) or neu-
ronal damage by kainate (Figure 4B). Apoptosis is the main
process responsible for dysmetabolic lesion of glia via initial DNA
damage, histone phosphorylation, and sequential activation of
caspases, a phenomenon reinforced by further caspase-3 acti-
vation through damaged mitochondria and release of APAF-1
(Figure 4A). On the other hand, activation of glutamate receptors
by kainate (Figure 4B) triggers through multiple processes includ-
ing sustained elevation in intracellular free Ca2+, DNA damage
which leads to hyperactivation of PARP-1, PAR production and
mitochondrial damage with release of AIF and further nuclear
damage.

The difference in targeted cell type and cell-death pathways
between metabolic dysfunction and excitotoxicity suggests the
need of specific tools to combat the consequences of lesion arising
from distinct causes.

Frontiers in Cellular Neuroscience www.frontiersin.org June 2011 | Volume 5 | Article 9 | 7

www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/
http://www.frontiersin.org/Cellular_Neuroscience/archive


Kuzhandaivel et al. Cell death after spinal injury

FIGURE 4 | Schematic representation of apoptosis or parthanatos

cell-death pathways. (A) Schematic representation demonstrating intrinsic
and extrinsic pathways of apoptosis. The intrinsic pathway is initiated from
within the cell usually in response to cellular signals resulting from DNA
damage, hypoxia, or other types of severe cell stress. These signals stimulate
proapoptotic proteins (e.g., Bax) in the mitochondrial membrane leading to
mitochondrial membrane permeabilization, that allows translocation of
cytochrome c from the mitochondrial intermembrane space to the cytosol.
Cytochrome c binds the adaptor apoptotic protease activating factor-1
(APAF-1), forming a large multiprotein structure known as the apoptosome.
The initiator caspase 9 is recruited into the apoptosome and activates the
downstream effector caspases 3. The extrinsic pathway begins outside the
cell through the activation of specific proapoptotic receptors on the cell
surface by specific molecules known as proapoptotic ligands. Such a ligand
binding induces receptor clustering and recruitment of the adaptor protein

Fas-associated death domain and the initiator caspases 8 as procaspases,
facilitating their autocatalytic processing and release into the cytoplasm
where they activate the effector caspases 3, thereby converging on the
intrinsic pathway. One of these pathways (or both) may operate in
determining death of glial cells in the spinal cord subjected to PM application
(dysmetabolic insult). (B) Schematic representation showing the parthanatos
pathway mediated by PARP-1 hyperactivation. Following excitotoxicity
(kainate and glutamate receptor overactivity), intracellular increase in free
Ca2+ activates downstream cascades leading to peroxynitrite formation. This
readily induces DNA damage, thereby activating PARP-1 that initiates the
synthesis of PAR. PAR interacts with the mitochondrial membrane to change
its membrane potential, thus allowing AIF translocation to the nucleus, a
process leading cell death. An additional lethal mechanism may originate from
excessive PARP-1 activation to deplete the NAD pool and cause severe ATP
starvation and cell energy failure with the outcome of cell death.

PHARMACOLOGICAL NEUROPROTECTION OF NETWORK
DAMAGE
In vitro models of SCI can be suitable for preclinical exploration of
neuroprotective drug activity. In fact, in terms of locomotor pat-
terns and cell numbers, neuroprotection with glutamate antago-
nists such as 6-cyano-7-nitroquinoxaline-2, 3-dione (CNQX) and
d-aminophosphonovalerate (APV) is possible against PM even
when these antagonists are applied after PM washout (Margaryan
et al., 2010). On the other hand, such antagonist administration
is ineffective against excitotoxicity when started after washout of
kainate, and poorly efficient when co-applied, as only a minority
of preparations show locomotor patterns 1 day later (Margaryan
et al., 2010). These data raise a number of interesting issues: over-
activation of glutamate receptors by PM is relatively limited (in
accordance with biochemical and morphological data for glial
damage) and can be contrasted by glutamate antagonists even
applied late. Thus, any excitotoxicity arising from the effects of

PM is likely subthreshold for substantial neuronal loss and is man-
ifested as a moderate dysfunction of spinal networks consequent
to metabolic distress, from which recovery is indeed possible.

Full-blown excitotoxicity due to direct stimulation of glu-
tamate receptors can be poorly arrested by glutamate antago-
nists because of their slow pharmacokinetics in comparison with
the speed of kainate effects (Margaryan et al., 2010). Further-
more, delayed application of antagonists cannot reverse damage
which is apparently induced by downstream mechanisms like
parthanatos and proceeds independently from glutamate receptor
activation (Kuzhandaivel et al., 2010b; Mazzone et al., 2010).
This realization suggests studies of neuroprotection targeted to
cell-death processes downstream of glutamate receptors.

As a delayed pharmacological approach becomes desir-
able to combat excitotoxicity, PARP-1 inhibitors like 6,5-
(H )phenanthridinone (PHE) and 2-(dimethylamino)-N -(5,6-
dihydro-6-oxophenanthridin-2yl) acetamide (PJ-34; Abdelkarim
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et al., 2001) have been tested (Nasrabady et al., 2011a,b;
Mazzone and Nistri, 2011b). As shown in Figure 3C, PHE
exerts histological neuroprotection, but it cannot preserve loco-
motor network function (Kuzhandaivel et al., 2010b; Nasrabady
et al., 2011a). PJ-34 (60 μM) applied 30 min after the start
of kainate administration and maintained for 24 h can pre-
serve spinal network histology with return of locomotor pat-
terns only when the excitotoxic stimulus is moderate (Nasrabady
et al., 2011b). Delayed application of PJ-34 in coincidence with
kainate washout consistently fails to generate neuroprotection
(Mazzone and Nistri, 2011b).

The poor outcome observed with PARP-1 inhibitors sug-
gests that, in addition (or alongside) to PARP-1 hyperactivation,
other cell-death mechanisms (for instance PARP-2; Moroni, 2008;
Moroni et al., 2009) have been triggered to evoke excitotoxicity.
Full elucidation of these mechanisms will be important to devise
more effective treatments. It is, however, possible that, after the
initial excitotoxic stimulus, spinal networks are structurally pro-
tected, yet functionally inhibited because of an unknown form
of downregulation of their motor output which might wane only
after days, namely a temporal target currently untestable with these
preparations.

In the attempt to circumvent this difficulty, it becomes impor-
tant to establish the number of surviving neurons and glia neces-
sary to express locomotor activity, because this information can be
a predictor of locomotor function and a target to be achieved for
neuroprotection. Whilst this objective is difficult to reach in vivo
because of the yet-undefined description of locomotor networks, it

seems feasible to calculate the minimal membership of the network
to support locomotor pattern expression in vitro.

MINIMAL NETWORK MEMBERSHIP FOR LOCOMOTOR
FUNCTION
The divergence between histological and functional outcome
of the experimentally induced SCI, implies a narrow border-
line between neuronal numbers compatible or not with fictive
locomotion (Margaryan et al., 2009, 2010; Nistri et al., 2010).
Hence, comparison of the immunohistochemical data from sham
preparations with those experimentally damaged and/or other-
wise protected (in functional terms) by CNQX plus APV, can be
exploited to formulate a preliminary estimate of the minimal net-
work membership required for expressing locomotor patterns in
the rat lumbar spinal cord.

The locomotor CPG related to the rodent hindlimbs is pri-
marily localized to the rostral lumbar segments L1–L3 (Cazalets
et al., 1992, 1995; Kjaerulff and Kiehn, 1996; Cowley and Schmidt,
1997; Kiehn et al., 2008), and comprises cells (on each side) in
the ventro-medial part of laminae VII, VIII, and IX, while dor-
sal horn regions appear to supply just modulatory inputs to the
CPG operation (Kiehn, 2006; Nistri et al., 2006; Taccola and Nistri,
2006). As exemplified in Figure 5A, in the neonatal rat spinal cord
the axial length of these segments is approximately 3 mm. Histo-
logical analysis requires, as a routine, circa 100 sections (30 μm
each) to be processed with NeuN (neuronal marker) or SMI-32
(motoneuronal marker) immunoreactivity (see right panels in
Figure 5A). Figure 5B shows an example of the ventro-medial

FIGURE 5 | Schematic representation of the locomotor networks in

rat neonatal spinal cord. (A) The main locomotor network for the rat
hindlimb is thought to be localized to spinal cord lumbar segments L1–L3.
In the neonatal animal, this region is about 3 mm long, from which
approximately 100 slices (each 30 μm thick) are obtained for experimental
purpose. Representative immuno-stainings with the neuronal marker
NeuN (green) and the motoneuronal marker SMI32 (red) are shown.

Scale bars = 100 μm. (B) The locomotor network zone is outlined in the
ventro-medial area of a 30 μm section from the upper lumbar region.
(C) Example of hemisected section comprising the location of locomotor
networks (laminae 7, 8, and 9 shown in red box of 350 × 350 μm)
used for counting of the number of neurons and motoneurons. DORS,
dorsal; CENT, central; VENT, ventral; dfu, dorsal funiculus; wm, white
matter.
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spinal gray matter area containing a fixed region of interest
(Figure 5C; 350 × 350 μm) for immunochemical determination
of neuronal numbers. Thus, on one side of a 30 μm section, there
are, on average, approximately 315 NeuN-positive neurons. Mul-
tiplying this value for the number of sections in three segments
will provide, for one side of the spinal cord, the value of ∼31,500
NeuN-positive cells, that becomes a total of 63,000 NeuN-positive
cells for both spinal sides. The number of motoneurons in the
same segments can be calculated as 3,600 bilaterally, starting from
18 SMI32 positive cells in one hemisection of 30 μm. These results
are consistent with previous measurements (3,500 motoneurons)
for the neonatal rat spinal cord obtained by Oppenheim (1986)
who did not find any postnatal fall in the number of such cells. It
is noteworthy that Tomlinson and Irving (1977) have reported
an average of 60,000 anterior horn cells in the whole human
lumbosacral spinal cord with no change from youth up to the
age of 60.

Applying the same analysis to the experiments with neuropro-
tection by CNQX and APV (Margaryan et al., 2010), it appears that
fictive locomotion could still be observed when 64% of NeuN-
positive cells are present and it is lost when the number falls to
45% in the ventro-medial area. Thus, the minimal membership
of ventral horn neurons necessary for fictive locomotion can be
estimated between 28,000 and 40,000 cells in the three segments.
As far as motoneurons are concerned, fictive locomotion is still
present when 88% motoneurons remain, and is absent with 68%.
Hence, the minimal number of motoneurons essential to express
fictive locomotion of the hindlimbs may be estimated between
2,370 and 3,050 in the three lumbar segments. Similar sugges-
tions on the membership size have been supplied by experiments
with changes in extracellular Mg2+ and its consequences on fic-
tive locomotion and ventral horn histology (Margaryan et al.,
2009). Conversely, experimental paradigms that induce extensive
white matter damage show that fictive locomotion can still be
expressed despite depressed reflex activity (Taccola et al., 2008;
Margaryan et al., 2009). Notwithstanding the approximate nature
of the current neuronal estimates, these numbers have a heuristic
value because they can supply a minimal target for future studies
aimed at rebuilding damaged networks or at constraining dam-
age. Once the network membership falls below such a threshold,
the surviving circuits (which are still metabolically viable; Maz-
zone et al., 2010) can produce disinhibited bursting (that is known
to be localized to the ventral horn quadrant; Bracci et al., 1996),

indicating that the basic connectivity necessary to express network
rhythmicity is still present.

It should be pointed out that these calculations cannot obvi-
ously reflect the rat physiological ability to walk, since the animal
functional activity as well as the electromyography of skeletal limb
muscles have not been measured. The present scheme suggests the
size of the locomotor network, but it does not address the precise
distribution of the locomotor CPG and the location of its intrin-
sic components like the neurons operating as the rhythm clock
or as pattern formation (McCrea and Rybak, 2008). Nevertheless,
these data indicate a cell number essential to express the locomo-
tor program: falling below the minimal membership cannot allow
generation of the locomotor patterns. Future studies are required
to clarify the role of various premotoneuron types identified on
the basis of their genetic markers (Kiehn, 2006; Grossmann et al.,
2010) in the network locomotor activity after lesion.

Studies of the locomotor network size in man are few and pri-
marily obtained from post-mortem examination (Kaelan et al.,
1988), since even functional magnetic resonance imaging has pro-
vided scant evidence for a clear link between spinal lesions and
disability (Stankiewicz et al., 2009). From human observations
it emerges that transynaptic degeneration of ventral horn neu-
rons does not occur following complete corticospinal tract lesions
(Kaelan et al., 1988), and that locomotor activity was present
shortly before death of patients who at necroscopy examination
had fewer than 30,000 ventral horn neurons against an aver-
age control of approximately 60,000 for the whole lumbosacral
enlargement (Tomlinson and Irving, 1977). Less certain is the
number of interneurons making up the CPG network: nonethe-
less, this value is likely to be even larger because in most vertebrate
species the ratio of interneurons to motoneurons is 5:1 (Walløe
et al., 2011). These estimates do not provide a conclusive size of
the human locomotor network, but they do indicate the daunting
size that any reconstructive and repairing attempt to re-establish
locomotion after SCI must meet.
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APPENDIX

Table A1 | Characteristics of cell damage of in vivo and in vitro models of spinal injury.

SCI model Proposed cell-death

pathway

Cells involved References

Weight drop method – rat Apoptosis NA Katoh et al. (1996)

Compression injury – rat Apoptosis Glial cells Li et al. (1996)

Weight drop method – rat and

monkey

Apoptosis and necrosis Neurons and oligodendrocytes Crowe et al. (1997)

Weight drop method – rat Apoptosis Microglia and oligodendrocytes Shuman et al. (1997)

Weight drop method – rat Apoptosis Neurons and glia Liu et al. (1997)

Weight drop method – rat Apoptosis Neurons Lou et al. (1998)

Human Apoptosis Oligodendrocytes and astrocytes Emery et al. (1998)

Weight drop method – rat Apoptosis Astrocytes, microglia, and neurons Yong et al. (1998)

Ischemia model –rabbit Apoptosis Motoneuron Hayashi et al. (1998)

NSC 34 spinal cord cell line PARP-1 dependent cell death Cookson et al. (1998)

Complete transection – rat Apoptosis Oligodendrocytes Abe et al. (1999)

Weight drop method– rat Apoptosis Oligodendrocytes Li et al. (1999)

Weight drop method – rat Apoptosis Neurons and oligodendrocytes Springer et al. (1999)

Weight drop method – rat Apoptosis NA Ray et al. (1999)

Transection – rat Apoptosis Glia Saito et al. (2000)

Modified weight drop method –

mice

Apoptosis Neurons and glia Li et al. (2000a)

Ischemia model –rat Apoptosis and necrosis Neurons Lang-Lazdunski et al. (2000)

Ischemia model –mouse Apoptosis Neurons Matsushita et al. (2000)

Complete transection – rat Apoptosis Neurons Li et al. (2000b)

Mechanical crush – rat Apoptosis Neurons and oligodendrocytes Lee et al. (2000)

Weight drop method – rat Apoptosis Not reported Satake et al. (2000)

Dorsal cordotomy – rat Apoptosis Oligodendrocytes Warden et al. (2001)

Extradural clip compression model –

rat

Apoptosis Oligodendrocytes Casha et al. (2001)

Weight drop method – rat Apoptosis Neurons and glial cells Keane et al. (2001)

Weight drop method – rat Apoptosis Neurons and glia Zurita et al. (2002)

Compression injury – rat Apoptosis and necrosis Neurons, microglia, and

oligodendrocytes

Koda et al. (2002)

Ischemia model –rat Necrosis Neurons Sakamoto et al. (2003)

Weight drop method – mouse Apoptosis Neurons and oligodendrocytes Takagi et al. (2003)

Mechanical crush – rat Apoptosis Neurons and oligodendrocytes Yune et al. (2003)

Weight drop method – rat Apoptosis Neurons Wingrave et al. (2003)

Transection – chick Apoptosis Oligodendrocytes McBride et al. (2003)

Subdural infusion of kainic acid Apoptosis Oligodendrocytes Nottingham and Springer (2003)

Weight drop method – mouse Apoptosis Neurons, oligodendrocytes, and

astrocytes

Yoshino et al. (2004)

Spinal cord neuronal culture-Peroxy

nitrate addition

PARP-1 dependent cell death Scott et al. (2004)

Weight impactor probe – rat Calpain mediated cell death Neurons Arataki et al. (2005)

Application of vascular clips – rat PARP-1 dependent cell death NA Genovese et al. (2005)

Weight drop method – rat Apoptosis Neurons and oligodendrocytes Knoblach et al. (2005)

Weight drop method – rat Apoptosis Neurons, astrocytes, microglia, and

oligodendrocytes

Colak et al. (2005)

Weight drop method – rat Apoptosis Neurons Wang et al. (2005)

Traction – rat Apoptosis Neurons Liu et al. (2005)

Weight drop method – rat Necrosis and apoptosis Gray matter and white matter,

motoneurons

Barut et al. (2005)

Complete transection – rat Apoptosis Neurons, astrocytes, and microglia Wu et al. (2007)

(Continued)
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Table A1 | Continued

SCI model Proposed cell-death

pathway

Cells involved References

Compression using vertical

impounder– rat

Apoptosis Neurons and astrocytes Davis et al. (2007)

Glutamate administration – rat Apoptosis Neurons and oligodendrocytes Xu et al. (2008)

Drop tower method – rat Apoptosis Neurons and glia Dang et al. (2008)

Dorsal hemisection injury – rat Granzyme mediated cell

death

Neurons Chaitanya et al. (2009)

Fejota clip compression model,

spinal cord cultures – mouse

Fas-mediated apoptosis Neurons, microglia, and

oligodendrocytes

Yu et al. (2009)

Weight drop method – rat Calpain dependent cell death Neurons Colak et al. (2009)

Hemitransection – mouse Autophagy Neurons, astrocytes, and

oligodendrocytes

Kanno et al. (2009)

Ischemia/reperfusi on injury MEK/ERK mediated apoptosis Neurons and glial cells Lu et al. (2010)

Weight drop method – rat Apoptosis Neurons Torres et al. (2010)

Isolated spinal cord, kainate

administration – rat

PARP-1 dependent cell death Neurons Kuzhandaivel et al. (2010b)

Isolated spinal cord, metabolic

perturbation – rat

Apoptosis Oligodendrocytes and astrocytes Kuzhandaivel et al. (2010a)

NA, not available.
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