
Remote Neurodegeneration: Multiple Actors for One Play

Maria Teresa Viscomi & Marco Molinari

Received: 25 October 2013 /Accepted: 24 December 2013 /Published online: 19 January 2014
# Springer Science+Business Media New York 2014

Abstract Remote neurodegeneration significantly influences
the clinical outcome in many central nervous system (CNS)
pathologies, such as stroke, multiple sclerosis, and traumatic
brain and spinal cord injuries. Because these processes devel-
op days or months after injury, they are accompanied by a
therapeutic window of opportunity. The complexity and clin-
ical significance of remote damage is prompting many groups
to examine the factors of remote degeneration. This research is
providing insights into key unanswered questions, opening
new avenues for innovative neuroprotective therapies. In this
review, we evaluate data from various remote degeneration
models to describe the complexity of the systems that are
involved and the importance of their interactions in reducing
damage and promoting recovery after brain lesions. Specifi-
cally, we recapitulate the current data on remote neuronal
degeneration, focusing on molecular and cellular events, as
studied in stroke and brain and spinal cord injury models.
Remote damage is a multifactorial phenomenon in which
many components become active in specific time frames.
Days, weeks, or months after injury onset, the interplay be-
tween key effectors differentially affects neuronal survival and
functional outcomes. In particular, we discuss apoptosis, in-
flammation, oxidative damage, and autophagy—all of which
mediate remote degeneration at specific times.We also review
current findings on the pharmacological manipulation of re-
mote degeneration mechanisms in reducing damage and sus-
taining outcomes. These novel treatments differ from those

that have been proposed to limit primary lesion site damage,
representing new perspectives on neuroprotection.
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Introduction

Since Broca’s assumption was first proposed, lesion mapping
and functional localization have become keystones in
interpreting brain function. Subsequently, localization theories
have been challenged by network approaches that have shifted
the study of structure-function correlations from strict cortical
localization—sometimes called a topological perspective—to
a more hodological, or network-based, approach [1]. Accord-
ing to the latter model, brain functions emerge from the flow
of information across networks rather than from the activity of
single cortical areas. The network-based approach emphasizes
that deficits are related to the local effects of damaged regions
and to the dysfunction of anatomically intact brain regions that
are connected functionally to the lesioned areas [2].

There is much debate over the nature of these remote
dysfunctions and how “anatomically intact” they are. Further-
more, the network model of brain injury highlights the poten-
tial of remote damage to act as a decisional node in functional
outcomes. The growing interest in remote changes has been
prompted primarily by neuroimaging evidence [3], but little
neurobiological data on the mechanisms of such remote
changes exist.

The development of functional neuroimaging techniques is
providing greater insight into the functional interactions be-
tween brain areas but little information on the underlying
cellular mechanisms. To examine the mechanisms that are
associated with remote changes, data from experimental
models must be considered [4]. In this review, we evaluate
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the findings from several remote degeneration models to
describe the complexity of the systems that are involved and
the significance of their interactions in mitigating damage and
promoting recovery after development of a brain lesion.

Specifically, in the present review, we address the follow-
ing aspects of remote damage:

& Remote damage and recovery;
& Animal models for remote central nervous system (CNS)

degeneration;
& Structural and functional changes;
& Inflammation;
& Apoptosis;
& Autophagy;
& Oxidative and nitrosative stress;
& Retrograde signaling;
& Purinergic system;
& Nitrergic system;
& Endocannabinoid system;
& Systems interactions in the remote damage;
& Therapeutic approaches: glucocorticoids, minocycline,

rapamycin, and cannabinoid-based drugs.

Remote Damage

Remote Cell Death Mechanisms

Remote cell death is a complex phenomenon, many aspects of
which are unknown. In contrast to chronic neurodegenerative
disorders, for which much effort has been made to character-
ize the molecular components of neuronal death, the study of
the effects and mechanisms of remote cell death damage is in
its infancy. A more expansive understanding of the mecha-
nisms and factors of remote cell death will help identify new
effective treatments for this deceitful aspect of brain damage.

Following damage, two events characterize a brain injury:
(1) immediate, or primary, damage that induces degeneration
and cell death directly and (2) delayed, or secondary, damage
that effects delayed degeneration and cell death through ac-
tive, independent mechanisms. Secondary neuronal degener-
ation entails destructive downstream events that can affect
cells that were unaffected or only marginally affected by the
initial damage [5]. Usually, the degree of secondary neuronal
damage is proportional to the extent of the initial injury—thus,
more extensive and longer-lasting primary insults result in
greater release of mediators of secondary degeneration.

The mechanisms of secondary degeneration are not limited
to the lesion site and can involve remote areas. Secondary
damage can occur next to an area that has experienced irre-
versible primary damage and distal areas that are functionally
related to the primary site of injury. This delayed phenomenon

has been termed “remote damage” [6] and can last for days,
weeks, or months.

Remote damage might result from an axonal damage or
from transneuronal effects. Transneuronal (or transsynaptic)
degeneration may spread along anatomical and functional
connections, and it can be either anterograde or retrograde,
indicating the direction of the degeneration relative to the
original site of damage [7].

Retrograde transneuronal degeneration is a form of degen-
eration involving neurons that are distal to the insult that lose
their projection target. It is also termed “dying backward.”
Conversely, anterograde transneuronal degeneration is a form
of degeneration caused by loss of inputs. It is also termed
“dying forward.” The mechanism of transsynaptic degenera-
tion has been described in humans in a number of CNS
diseases after focal damage in different brain circuits, includ-
ing the cerebellar [8, 9], visual [10, 11], and corticospinal [12]
systems.

Axotomized neurons progress through an orderly series of
morphological changes before eventually dying, creating a
window of opportunity during which death can be halted or
delayed by the appropriate interventions.

The severity of remote cell death is believed to be related to
several factors, including the type and extent of the primary
insult, the distance of axonal trauma in relation to the soma,
the type of connectivity, and the intrinsic vulnerability of the
circuits that are involved [13, 14], whether the soma resides in
the peripheral nervous system (PNS) or CNS, the animal
species, and age at the time of injury [15, 16].

Heterogeneous neuronal populations differ with regard to
their vulnerability, but disparities between apparently similar
cell populations are a significant aspect of phenotypic vari-
ability. Variability in the extent and progression of atrophy and
in intensity of degeneration after axotomy has been observed
in seemingly homogeneous neurons of the dorsal lateral ge-
niculate nucleus (dLGN) [17, 18] and inferior olive (IO) and
pontine (Pn) precerebellar nuclei [19].

The reasons for this variability remain unknown [20].
Nevertheless, the few findings on the differences in morpho-
logical and biochemical profiles and cell vulnerability have
been valuable in developing therapeutic interventions for spe-
cific neuronal systems and times [21].

Animal Models for Studying Remote Degeneration
in the CNS

Neurodegeneration has become an important topic in neuro-
science, and several animal models have been developed to
gain insight into the pathophysiology of neuronal degenera-
tion in acute insults (e.g., stroke, trauma) and chronic neuro-
degenerative diseases (e.g., amyotrophic lateral sclerosis,
Alzheimer's disease). Less attention in neurodegeneration
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has been paid to animal models of remote damage. In general,
remote damage studies have been based onmethods that apply
axotomy and target deprivation to examine the morphological,
biochemical, and ultrastructural changes that occur days to
months after injury in various brain circuits [14, 19, 22–26].

In this review, we will focus on three models—
hemicerebellectomy (HCb), spinal cord injury (SCI), and
occipital cortical ablation (OCA)—which are extremely use-
ful in studying the mechanisms and pharmacology of remote
cell death [4, 27–33].

The HCb Paradigm

The HCb paradigm has been used for over 50 years to study
the mechanisms of remote neuronal degeneration and their
significance in recovery after CNS injuries. HCb is the abla-
tion of half of the cerebellum and has been used widely by
many groups in behavioral, neurophysiological, and morpho-
logical studies [34]. The aim of HCb is to remove half of the
vermis with one cerebellar hemisphere, including the deep
cerebellar nuclei, and spare the vestibular nuclei and all sur-
rounding structures. This approach is simple, effects low
mortality, and has a high degree of reproducibility.

Because of the crossed input-output cerebellar organiza-
tion, HCb damages the axons of all neurons of the contralat-
eral IO and Pn and deprives the contralateral cerebral cortex of
nearly all cerebellar input. Further, due to the projections of
deep cerebellar nuclei (DCN) to the IO, HCb damages the IO
due to axotomy and input deprivation. Thus, HCb is consid-
ered a mixed model of remote degeneration.

Based on the unilaterality of the lesion and the nearly
complete crossover of the cerebellar input-output organiza-
tion, it is possible to study an intact and a lesioned cerebellar
circuit in the same animal. This model allows one to examine
a damaged side and a spared, control side in the same ana-
tomical section—a patent advantage when morphological or
physiological comparisons are needed (Fig. 1).

HCb is performed primarily in rodents [35] and occasion-
ally in cats [36] and monkeys [37, 38]. This unilateral cere-
bellar lesion causes extensive and persistent (up to 2 months)
neuronal death of contralateral precerebellar nuclei [19, 26].
Notably, as in other remote damage models, not all degener-
ative phenomena develop simultaneously during this time. At
any given point, neurons exist in various degenerative states,
suggesting differences in neuronal sensitivity and time-
specific activation of several reactive/compensative mecha-
nisms. Different cellular and molecular phenomena are rele-
vant in specific time windows. A time window table for the
HCb model is reported in Table 1. The characteristics of these
time-locked activations are the key element for the successful
planning of neuroprotective strategies (see later).

In human pathologies, whereas degenerative cerebellar
diseases are usually bilateral, focal cerebellar lesions due to

stroke, bleeding, trauma, or surgery are often unilateral. Thus,
unilateral HCb is suitable for examining degeneration and
recovery clinically after development of a focal cerebellar
lesion. A characteristic degenerative phenomenon observed
postmortem [39] or antemortem by structural MRI [40, 41] is
the so-called hypertrophic olivary degeneration (HOD). HOD
occurs in the inferior olive as a consequence of a lesion within
the “Guillain and Mollaret triangle” (dento-rubro-olivary
pathway). HOD is a transsynaptic and delayed form of degen-
eration causing hypertrophy and subsequent degeneration of
the inferior olivary nucleus. It occurs unilaterally and ipsilat-
eral if the lesion is limited to the central tegmental tract and
unilaterally and contralateral if the lesion involves dentate
nucleus or superior cerebellar peduncle. If the lesion involves

Fig. 1 Schematic of the hemicerebellectomy (HCb) model. Due to the
crossed input-output organization of the cerebellar connections, unilateral
lesion of a cerebellar hemisphere induces axotomy and subsequent dam-
age of virtually all neurons of the contralateral (experimental side) IO and
Pn, with sparing of the IO and Pn neurons on the ipsilateral side (control
side). Thus, in the same section (lower part of the figure), both experi-
mental (damaged) and control (spared) neuronal populations can be
observed and compared. Note the easy comparison between neuronal
degeneration of the experimental side versus the control one. DCN deep
cerebellar nuclei, icp inferior cerebellar peduncle

370 Mol Neurobiol (2014) 50:368–389



both central tegmental tract and superior cerebellar peduncle,
bilateral HOD occurs.

The SCI Paradigm

Several models have been developed to study the mechanisms
of injury and recovery after SCI, the most common of which
are based on transection, compression, or contusion of the
spinal cord with complete or partial injury.

Partial hemisection is generally adopted to study regenera-
tion and supraspinal responses to injury. It typically damages
the cervical or thoracic cord. Lesions at the cervical level
involve the upper extremities, causing severe impairments,
whereas thoracic-level injuries impede only lower limb
function.

Hemisection is not debilitating, because it does not cause
the bladder, bowel, or respiratory dysfunction that is generally
observed after complete cord sectioning. Overall, cord dorsal
hemisection is simple and is associated with lowmortality and
simple postoperative care [42].

Dorsal hemisection injury damages multiple descending
spinal tracts including the corticospinal tract, the serotonergic
raphespinal tract, and the rubrospinal tract. Although studies
on axonal regeneration of these tracts after spinal cord
hemisection and different treatments are numerous [43–45],
the findings on the responses of the supraspinal remote
axotomized neurons are still scarce and the results obtained
are often contradictory. In this field, studies have been directed
mainly towards the fate of the rubrospinal (see later) and, to a
lesser extent, to corticospinal neurons [46–48], while the fate
of raphespinal neurons has been completely neglected.

Due to the nature of the present review, we will discuss
exclusively ofmorphological and structural changes occurring
in rubrospinal neurons after SCI.

The rat rubrospinal tract emerges from the magnocellular
section of the caudal red nucleus (RN), crosses over nearly
completely (99 %), and descends in the dorsolateral aspect of

the spinal cord [49]. This anatomical position renders sever-
ance of the entire rubrospinal tract by partial hemisection easy.
When performed at the cervical level, a dorsal hemisection
axotomizes nearly the entire contralateral neuronal population
of the magnocellular pars. This lesion results in severe shrink-
age, atrophy, and eventually death of rubrospinal neurons
[50–57].

The response of rubrospinal neurons to spinal hemisection,
particularly regarding neuronal death, has been studied exten-
sively, predominantly in rodents [33, 57–60] but also in opos-
sum [61] and primates [62]. Despite the consensus that neu-
ronal atrophy occurs after axotomy, rates of cell loss differ
between and within species [63]; thus, whether cells die or
merely became atrophic remains unknown [64].

High cervical unilateral hemisection injuries in humans
cause Brow-Sequard syndrome, which is characterized by
ipsilesional motor weakness or paralysis and loss of proprio-
ception with contralesional deficits in pain and temperature
sensation [65, 66]. Because these symptoms also develop after
cervical hemisection in rodents, this paradigm is considered a
sensitive and reliable method of evaluating forelimb motor
functions and supraspinal changes in humans after spinal
damage [67].

The OCA Paradigm

Cortical injuries, as occur in stroke and trauma, are common
clinical pathologies, and the consequent deficits are caused by
impairments to the area that is directly affected by trauma or
ischemia and from functional and morphological changes in
functionally connected cortical and subcortical areas [3]. One
of the most widely used models of cortical damage is on
occlusion of the middle cerebral artery (MCAO), which
mimics the most common clinical stroke. With regard to
remote damage, neuronal death, inflammation, and axonal
degeneration in the ipsilateral thalamus—specifically the

Table 1 Temporal summary of molecular and cellular events in precerebellar nuclei after hemicerebellectomy

Events 6 h 12 h 1 day 2 days 4 days 7 days 14 days 21 days 28 days 35 days 60 days

Mitochondrial damage (cyt c release) / + ++ +++ +++ +++ — — — — —

Autophagy / + ++ +++ +++ ++a — — — — —

Caspase-3 activation / / + ++ +++ +++a — — — — —

Neuronal death / / / + ++ +++ +++ +++ +++ +++ ++

Astrocytic and microglial activation / / / / / ++ ++ +++ ++ ++ ++

Cytochine production (IL-1β) / / / / / / +++ +++ +++ / /

CB2R induction / / / / + +++ — — — — —

nNOS induction / / / / / ++ ++ +++ ++ + +

iNOS induction / / / / / +++ — — — — —

+ light, ++ moderate, +++ strong, / no changes,— not investigated
a Data not published
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ventroposterior nucleus—and substantia nigra are observed in
the MCAO model [68, 69].

Despite the relevance of how it is affected by remote
damage, permanent MCAO is particularly suited for studying
reperfusion and cellular mechanisms in the core and penum-
bra areas—less so for examining mechanisms of remote dam-
age. The chief drawback in using MCAO to study remote
damage is the difficulty in providing reproducible lesions.
Many factors, such as temperature, physiological variables,
age, and sex, impact the reproducibility of cortical damage in
the MCAO model [70].

These issues are less pertinent to the OCA paradigm. OCA
is a surgical approach that is simple and highly reproducible
with regard to size and location, rendering it an appropriate
animal model for investigating secondary thalamic damage
[27, 71, 72]. OCA entails creating a unilateral, partial aspira-
tion lesion of the occipital cortex without damaging the un-
derlying corpus callosum and hippocampus. Because
geniculocortical projection neurons target highly focal regions
of the visual cortex with minimal collateralization, target
deprivation in this system induces rapid neuronal death in
the dLGN [22, 27, 73]. Notably, the OCA model differs from
HCb, effecting uniform remote damage with complete degen-
eration of dLGN neurons in few weeks [27, 71].

Remote thalamic damage is common in stroke and brain
trauma, the recovery from which is mediated by the thalamus,
based on its function in organizing and integrating sensorimo-
tor information [74]. Thus, thalamic mechanisms of remote
damagemust be examined, and the OCA paradigm is a simple
and reliable method of studying such mechanisms at the
cellular and molecular levels.

Remote Responses to Primary Injury

This section is focused on the principal responses to primary
injury occurring in the remote axotomized neurons. Notably,
many signaling cell pathways are activated after axonal injury,
differing significantly between brain structures and within
neuronal subsets in the same structure.

Retrograde Structural Changes

After axotomy, due to a distant focal brain injury, CNS neu-
rons undergo a series of cytological changes, such as chroma-
tolysis, reduction in basophilic cytoplasmic substances, nucle-
ar eccentricity, nuclear and nucleolar enlargement, swelling,
perikaryal shrinkage, and changes in contour [19, 56, 75].
Morphological changes are accompanied by damage to cellu-
lar components and biochemical changes, such as altered
RNA content and protein synthesis and DNA condensation
and fragmentation [23, 76]. These events are paralleled by
many ultrastructural changes: redistribution and subsequent

fragmentation of rough endoplasmic reticulum, dilatation and
vesiculation of the Golgi, aggregation and lamination of the
cytoskeleton, accumulation of mitochondria in the perikaryon,
chromatin condensation, and progressive cellular shrinkage
[22, 73, 77].

In contrast, little attention has been paid to the subsequent
axotomy-dependent structural changes in dendrites. In the
early stages after spinal hemisection, few morphological
changes develop in rubral dendrites—primarily the formation
of varicosities [78, 79]. Conversely, after OCA, gross changes
occur in dendritic arborization in dLGN neurons, associated
with neuronal loss. The latter finding raises the question of
whether the loss of dendritic arborization causes damage to
the soma or whether such damage affects alterations in den-
dritic morphology [17].

Functional Changes

As stated in “Introduction,” deficits after focal lesion highly
depend on changes in network functioning [1]. Functional
changes, as degenerative ones, are present both pre- and
postsynaptically and have been recently the object of increas-
ing attention by neuroscientists and clinicians. Changes in the
excitability level of different brain areas are considered a
critical point not only to understand postlesional deficits but
also for planning rehabilitation strategies and monitor recov-
ery. Interestingly, one of the models here analyzed, namely the
HCb one, has provided relevant data on the distant changes
induced by focal cerebellar lesion on cortical excitability [80,
81] and electrical modulation of the cerebello-cortical circuits
has been proven capable of improving recovery [82]. These
relationships among excitability changes, structural modifica-
tion, and recovery are further intrigued by genetic factors.
Different lines of research are converging in suggesting the
importance of genetic determinants for neuronal excitability
[83] as well as for predicting clinical outcome after brain
injury [84]. These aspects are beyond our scope and have
been recently the object of interesting reviews [84].

Inflammation

Inflammation has dual functions in the damaged brain, pro-
viding neuroprotection and having deleterious effects, de-
pending on the situation [85–88]. Glial cells—specifically
microglia and astrocytes—are the key mediators of the in-
flammatory response, secreting pro-inflammatory cytokines
and chemokines.

Inflammation in various acute and chronic pathologies of
the CNS is well established [86]. Inflammation has recently
been shown to exist distally to the primary site of damage [6].
In such areas of remote inflammation, resident glial cells
become activated several days after injury; this response in-
creases for 2–3 weeks and then wanes progressively [68, 88].
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As in primary lesion sites, glial activation, other than that
secondary to neuronal loss, influences remote degeneration
by producing toxic mediators, such as pro-inflammatory cy-
tokines, nitric oxide, glutamate, and free radicals [6]. In this
regard, at early times in the OCA paradigm (3–7 days), the
decline in dLGN neurons is accompanied by a mild increase
in reactive astrogliosis [71].

In SCI, axotomy activates microglial and astrocytic
cells in the RN [54, 78]. Notably, the astrocyte response
is transient, whereas the microglial reaction remains high
and continues for long periods. In this model, the rela-
tionships between glial activation and neuronal damage
have not been determined.

In the HCb model, remote activation of glial cells is
prolonged, lasting for several months after the lesion.
Microglial and astrocytic activation is evident by 7 days,
plateauing at 3 weeks, and despite decreasing in intensity, it
remains until 2 months after the injury [89].

In general, after brain or spinal injury, astrocytic activation
at the primary site of lesion, despite limiting axonal regener-
ation, is protective, reconstituting the BBB, preventing neuro-
nal degeneration, limiting the spread of damage, and favoring
the reuptake of excitotoxic glutamate [90–92]. Conversely,
under the same conditions, activated microglia are a source
of neurotoxic factors, including tumor necrosis factor alpha
(TNF-α), interleukin-1β (IL-1β), nitric oxide, and reactive
oxygen species (ROS), driving progressive neuronal damage
[93–95].

In remote damage, the scenario is quite different of that
observed in primary damage. Although microglia and as-
trocytes are activated in HCb, their functions differ. Where-
as modulation of microglial activation does not affect re-
mote degeneration, the inhibition of astroglia impedes re-
mote damage. In this model, astrocytes are the glial cells
that release hazardous factors—i.e., IL-1β [89] and induc-
ible nitric oxidase synthase (iNOS)-derived NO [96], which
accelerate remote degeneration [96]. There are notable dif-
ferences in glial reactions in the primary lesion, where pro-
inflammatory mediators and hazardous factors are secreted
primarily by microglia, not astrocytes. Thus, the two main
classes of glial cells differentially regulate brain damage—
locally and remotely [97, 98]. These results are consistent
with the large body of evidence that the beneficial and
harmful effects of glia are regulated, depending on context,
through complex inter- and intracellular signaling mecha-
nisms [91, 99].

In conclusion, inflammation is present in all models of
remote damage and is central to death/survival choices. Yet,
differences in models and between local and remote damage
render the generalization of mechanisms in the HCb paradigm
difficult. The significance of contextual factors in the regula-
tion of inflammation necessitates the determination of the
effects of inflammation on remote damage paradigms.

Apoptosis

Apoptosis is a structurally and biochemically organized form
of cell death that occurs through two major pathways: an
extrinsic death receptor pathway and an intrinsic mitochon-
drial pathway [100]. In the death receptor pathway, cell sur-
face receptors transmit apoptotic signals that are initiated by
specific ligands, such as caspase-8, activating other caspases
to orchestrate apoptosis. In the intrinsic mitochondrial path-
way, noxious stimuli target mitochondria directly or through
transduction by pro-apoptotic members of the Bcl-2 family,
such as Bax and Bak [100].

As the powerhouse of the cell, mitochondria have begun to
emerge as active components in cell death due to their asso-
ciation with apoptosis-related proteins [101–103]. Various key
events in apoptosis are centered around mitochondria, includ-
ing the release of apoptogenic factors (such as cytochrome c,
apoptosis- inducing factor, endonuclease G, and
Smac/DIABLO), changes in electron transport, loss of mito-
chondrial membrane potential, altered cellular redox states,
and participation of pro- and antiapoptotic Bcl-2 family pro-
teins [104–106].

Degeneration in many brain pathologies is primarily an
apoptotic process that mitochondria regulate (for a review,
see [101]). The significance of apoptotic mechanisms is also
being highlighted in remote damage. In the HCb model,
axotomy death signals, transported retrogradely to
precerebellar neurons, damage mitochondria, inducing mas-
sive amounts of cytochrome c (cyt c) to be released into the
cytoplasm [107, 108]. In turn, caspase-3-dependent apoptotic
signaling affects DNA fragmentation and cell death [108].

Similarly, in the OCA model, the death of LdGN neurons
follows the intrinsic mitochondrial pathway [29]. Axotomized
dLGN neurons present different signs of mitochondrial dam-
age and apoptotic activation, which manifest as somal mito-
chondria accumulation with nuclear sequestration and activa-
tion of p53, perikaryal accumulation of Bax, and activation of
caspase-3 [29].

These findings suggest that identifying, targeting, and ma-
nipulating mitochondrial dysfunction will help identify thera-
peutic targets for the treatment of remote cell death.

Autophagy

Autophagy is an intracellular catabolic process in which eu-
karyotic cells degrade their cytoplasm and organelles [109,
110]. In addition to being a homeostatic, nonlethal stress
response mechanism for recycling proteins to protect cells
from low nutrient supply, autophagy has a central function
in cell death mechanisms.

In mammals, autophagy is initiated by the activation of the
ULK1/2 complex (the mammalian homolog of yeast ATG1),
which is negatively regulated by mammalian target of
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rapamycin (mTOR) [111–113]. Autophagy begins with the
formation of double-membrane vesicles, which subsequently
engulf cytoplasmic components, including cytosolic proteins
and organelles, to become autophagosomes (APs). APs fuse
with lysosomes to form autolysosomes, in which components
are degraded by lysosomal hydrolases [114].

The dysregulation of autophagicmachinery is implicated in
several diseases, including neurodegeneration and cancer
[115–117].

The current consensus is that autophagy is a new compo-
nent that governs neuronal fate and mediates the pathogenesis
of chronic and acute neurological diseases [118, 119]. How-
ever, in contrast to chronic neurodegenerative disorders, for
which much effort has been made in characterizing the mo-
lecular participants and effects of autophagy, the study of
autophagy in acute brain damage is in its infancy. Regarding
brain damage, after TBI and SCI, a marked autophagic activ-
ity is observed at the primary site of damage (for a review, see
[118]), but few studies on autophagy in remote damage exist.

Recently, autophagy machinery has been implicated in
neuronal cell fate decisions in paradigms of remote damage
after corticovascular [120] and cerebellar [108] focal lesions.
In both models, early activation of autophagy is observed in
remote injured neurons. Specifically, LC3-1/2 lipidation and
Beclin 1 (Becn1) expression increase, and autophagosomal
vacuoles, secondary lysosomes, double-membrane structures,
and multilamellar bodies form, based on EM findings [108,
120].

In autophagy, whether the activation of autophagy is pro-
tective or detrimental is debated [118, 119], as it is in remote
damage models [108]. In HCb, the activation of autophagy
has been interpreted as a reactive response that protects neu-
rons by engulfing damaged mitochondria and thus neutraliz-
ing pro-apoptotic factors that favor internal homeostasis
[108]. Conversely, in the corticovascular model, such activa-
tion triggers the apoptotic cascade [120] and thus encourages
degeneration.

Although no conclusions can be drawn, based on the
paucity of data, these findings implicate autophagy as a
pathophysiological mechanism of remote damage, sug-
gesting that drugs that target autophagy will reduce
remote neurodegeneration.

Apoptosis and Autophagy

Autophagy and apoptosis are distinct processes with disparate
biochemical and morphological features, but the protein net-
works that control their regulation and execution are undoubt-
edly connected [121–124]. In recent years, much effort has
been directed toward determining the links between autopha-
gy and apoptosis [124].

Depending on the circumstance, autophagy prevents apo-
ptotic cell death or constitutes an alternative pathway of cell

death—a process known as autophagic cell death; in certain
cases, autophagic cell death and apoptosis occur in parallel
and share regulatory mechanisms [123, 124]. Autophagy and
apoptosis mediate remote cell death mechanisms, but their
relationship in this context has not been examined extensively.
HCb studies have linked the early stages of mitochondrial
dysfunction to apoptotic cell death, identifying the times
during which autophagy is active, and suggest that apoptosis
begins only if the cyt c that is released exceeds the clearance
by autophagy, indicating that autophagy is protective [109].
Also, data on the thalamus after corticovascular lesion impli-
cate the existence of autophagy-apoptosis crosstalk, which has
been interpreted to favor degeneration [120]. There is no
evidence of a causal link between autophagic activity and
the induction of apoptosis, necessitating ad hoc studies to
examine the communication between autophagy and
apoptosis.

Oxidative and Nitrosative Stress

The generation of ROS and oxidative damage is believed to
mediate the pathogenesis of neurodegenerative disorders. Fur-
ther, reactive nitrogen species (RNS), such as nitric oxide
(NO), also damages neurons (for a review, see [125]. Oxida-
tive stress results from an imbalance between ROS generation
and defense by antioxidants, which can induce the degrada-
tion of proteins, lipids, and nucleic acids [126], resulting in
cell death. However, whether oxidative stress causes neuro-
degeneration or is secondary to it is unknown [127].

Mitochondria are the major source of ROS, and mitochon-
drial dysfunction contributes to neuronal death. Mitochondria
contain enzymes to combat ROS production, converting su-
peroxide radicals into hydrogen peroxide with manganese
superoxide dismutase (MnSOD). In some circumstances,
however, this protective system fails, and ROS attacks poly-
unsaturated fatty acids in cell membranes, triggering free
radical chain reactions and membrane lipid peroxidation
(MLP), generating aldehydes [128].

NO is one of the most frequently studied trauma-generated
ROS. NO is a small and highly diffusible molecule that is
synthesized by three nitric oxidase synthase isoforms: neuro-
nal (nNOS), endothelial (eNOS), and inducible (iNOS). The
effects of NO are determined primarily by the active NOS
isoform and NO concentration [129]: low levels of NO that is
generated by nNOS or eNOS are associated with cell signal-
ing [130], whereas high levels of NO that is generated by
iNOS are associated with toxicity. The toxic effects of NO are
mediated primarily by peroxynitrite, a highly RNS that is
formed by a diffusion-controlled reaction between NO and
the ROS superoxide anion (for a review, see [131]).
Peroxynitrite interacts with proteins, lipids, and DNA through
oxidative reactions, propelling cells toward death [131].
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Oxidative and nitrosative stress mediates the patho-
genesis of chronic and acute neurological diseases (for a
review, see [132, 133]) and in remote damage, as shown
in the HCb [96], OCA [27, 28, 30], and SCI [133]
models. In the HCb paradigm, oxidative/nitrosative
stress results from a vicious cycle between neurons
and astrocytes (Fig. 2a). ROS that is released from
injured neurons triggers chronic activation of and in-
duces iNOS in astrocytes. iNOS-derived NO diffuses
to neurons and reacts with the superoxide in them to
form peroxynitrite. iNOS/NO that is synthesized by
activated astrocytes diffuses in high concentrations into
injured neurons, exacerbating the axotomy-induced mi-
tochondrial damage and leading to neuronal death. This
crosstalk establishes a perilous loop that accelerates
remote degeneration [96].

In the OCA model, apoptotic dLGN neurons accumulate
mitochondria, increase their intracellular Ca2+ levels, and
enhance their production of ROS, including superoxide and
NO, accompanied by greater formation of protein carbonyls,
nitration, and S-nitrosylation [28]. In this model, NO overpro-
duction is associated with nNOS activation in damaged neu-
rons, and nNOS-derived NO compromises neuronal bioener-
getics, inducing S-nitrosylation of mPTP proteins and
peroxynitrite formation. Peroxynitrite, in turn, activates
mitochondrial-dependent apoptosis and ultimately cell death
[29].

In SCI, oxidative stress is a potential mechanism of
axotomy-induced remote degeneration. After spinal cord
hemisection, oxidative stress neuronal death occurs in the
nucleus dorsalis (ND) but not the RN [133]. The constitutive
antioxidative potential of RN neurons, due to the presence of
MnSOD and Cu/Zn-SOD, has been implicated in shielding
RN neurons from oxidative damage [133].

These findings demonstrate that as in other neuropatholog-
ical conditions, mitochondrial dysfunction and oxidative
stress are critical factors in remote degeneration, which must
be considered when neuroprotection strategies are developed.
As discussed, many neuropathological mechanisms can be
active at a given time after a brain lesion, meriting the char-
acterization of shared aspects between pathological mecha-
nisms in examining neuroprotection.

The Retrograde Signaling After Axotomy

After brain damage, retrograde injury signals travelling
through the axon back to the cell body are essential to
allow injured neurons to initiate a proper response to
damage and to promote successful survival/regeneration
[134–136]. Different signaling mechanisms operate to
account for the variety of the retrograde responses oc-
curring after injury [134], all requiring the involvement
of sophisticated mechanisms that link signaling systems

with intracellular transport machineries [137]. Two tem-
poral phases characterize retrograde signaling: an early
phase, in which changes in ion fluxes are propagated
along the axon, and a delayed phase, in which the
injury signals are converted to a transcriptional response
[138]. The changes in ion fluxes, due to rupture of the
axonal membrane, can early signal to the soma [139].
These flux changes may have a crucial role in triggering
calpains [140] and other retrograde injury signaling,
such as the regulation of immediate-early genes, whose
activation plays a key role in regulating neuronal re-
sponse to axonal injury for axonal regeneration [141].
Interestingly, very recent data suggest that an early
calcium wave from the injured axon can elicit epigenet-
ic changes in the soma that controls neuronal axon
regeneration [142].

However, although there has been intense interest in the
mechanisms controlling ion flux in several neurodegenerative
diseases [143], few details of the mechanisms by which tran-
sient injury-induced ion flux waves are propagated through
the axons are available [139, 144].

The second delayed phase, in which the retrograde signal-
ing is conveyed to the cell body, is mediated by importin-
dependent signals [145] and by MAP kinase and associated
molecules [146]. Kinases are quintessential signaling mole-
cules, and the mitogen-activated protein kinase (MAPK) and
phosphatidylinositol-3 kinase (PI3K) are the key elements in
the axonal damage signaling and participate in the execution
of the cell body response program [147]. MAPK is a family of
serine/threonine protein kinases that transduce extracellular
stimuli into intracellular posttranslational and transcriptional
responses and includes extracellular signal-regulated protein
kinase (ERK1/2), p38, c-Jun N-terminal kinase/stress-
activated protein kinase (JNK/SAPK) [148]. Activation of
MAPKs and PI3K is considered a key retrograde signaling
with a substantial role in determining cell fate by posttransla-
tional modifications of target proteins and increase of gene
transcription [141].

In addition, axonal injury signaling reaches the nucleus
either by activation of transcription factors, including STAT3,
or by mRNA translation mechanisms [149]. In this regard,
axonal mRNA translation and de novo synthesis of proteins
such as importin-β and vimentin have been suggested as the
link between retrograde injury signaling and nuclear machinery
[134–136].

In conclusion, several classes of injury signals coexist in
the axotomized neuron and precise intracellular signal inte-
gration mechanisms ensure precise information flow to the
cell body on the nature of the damage. This complex infor-
mation flow is essential for correct cell body response to
axonal injury [134]. Understanding the regulation and inte-
gration of these pathways will be important challenges for
future research in the field.
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Fig. 2 Schematic of the positive interactions between endocannabinoid
and nitrergic systems (a) and of the negative interactions between
endocannabinoid and glucocorticoid systems (b) in axotomized neurons
after hemicerebellectomy (HCb). a Positive interactions: HCb leads to
marked upregulation of CB2 receptor and of neuronal nitric oxide synthase
(nNOS) in axotomized neurons with production of nitric oxide (NO) (red
arrows). Furthermore, HCb leads to persistent activation of astrocytes,
which release amounts of NO, via induction of inducible nitric oxide
synthase (iNOS) (red arrows). The high concentration of nitric oxide
(NO/iNOS-derived) readily diffuses to neurons and reacts in these cells
with the ROS produced from various sources (including mitochondria) to
form a more reactive oxidant peroxynitrite (ONOO–), which eventually
exacerbate the mitochondrial damage—already caused by HCb—with
consequent cytochrome c release (cyt c) and caspase-3 activation (casp-3)
that ultimately kills neurons by apoptosis (black arrows). However, the
exact intracellular pathways activated by iNOS (and nNOS) are not known
(on the left). In this scenario, pharmacological CB2 receptor stimulation
(blue and light-blue arrows), probably through the PI3K/Akt signaling,
restores the physiological redox state in injured neurons through different
mechanisms: (1) increasing nNOS expression and activity in neurons, (2)
reducing iNOS expression and activity in astrocytes, (3) attenuating

oxidative/nitrative stress in neurons, (4) increasing the levels of proteins
that mediate antioxidative (hsp70) and antiapoptotic (Bcl-2) mechanisms,
and (5) promoting cell survival. Thus, the neuroprotective effect of CB2
receptor stimulation relies on the interactions with the NO system particu-
larly controlling the nNOS-iNOS balance. b Negative interactions: in the
HCb model of axotomy, single stimulation of CB2 receptor or of gluco-
corticoid receptor (GR) displays neuroprotective effects that are abolished
by simultaneous stimulation of both receptors. The schema highlights
negative interaction mechanisms between CB2 receptor and GR stimula-
tions and shows the signaling pathways involved (on the left). GR activity is
regulated by the balance of two splicing variants: GRα and GRβ. (1) GRα
is part of an inactive heterocomplex—containing heat shock proteins hsp90
and hsp70—that becomes active after glucocorticoid (GC) binding and
dissociation from the other components of the GR heterocomplex. (2) Once
activated, GRα dimerizes, translocates to the nucleus, and activates the
transcriptional responses. Conversely, GRβ does not bind to GC but
functions as a dominant negative inhibitor of GRα-dependent or GRα-
independent transcriptional activity. (3) CB2 receptor stimulation increases
the expression of hsp70 and hsp90, impeding heterocomplex dissociation,
as well as the level of (4) GRβ, inhibiting the GRα-induced transcriptional
activity and GC neuroprotection (5)
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Compensatory and Reactive Responses to Axonal Injury

This section is focused on the reactive and compensative
mechanisms occurring in the remote axotomized neurons after
damage. Notably, many neurotransmitter systems are activat-
ed after axonal injury, differing significantly between brain
structures and within neuronal subsets in the same structure.

The Purinergic System

ATP is an important neurotransmitter in the peripheral and
CNS that is released from neurons and glial cells. Purinergic
receptors are subdivided into the P2X and P2Y subsets, based
on their mechanism of action and pharmacology [150]. ATP
can function as the sole transmitter or as a co-transmitter and
has a wide range of effects [151, 152] in health and many
human CNS pathologies, such as acute and chronic degener-
ation and inflammation [151]. Trauma and ischemia lead to a
massive release of ATP from various cells of the CNS. Para-
doxically, ATP signaling aggravates neuronal and glial dam-
age and contributes to neuroprotection [153].

Although the function of purinergic signaling in CNS
diseases has been studied frequently [154, 155], there is scant
evidence on its role in remote degeneration. In the HCb
model, Florenzano and colleagues [75] reported the time-
dependent upregulation of P2X1 and P2X2 in axotomized
neurons. Despite the lack of direct proof, this sustained ex-
pression and the absence of degenerative morphological fea-
tures in purinergic positive neurons suggest that purinergic
activation is pro-survival [75]. This hypothesis was con-
firmed, based on the association of purinergic activation and
NOS expression in neurons with enhanced survival [26].

In conclusion, little evidence exists regarding the involve-
ment of purinergic signaling in remote degeneration. Never-
theless, the extensive data on purinergic signaling in neurode-
generation and the specific, although scant, evidence in re-
mote degeneration indicates the purinergic system as a worthy
field in remote damage research.

The Nitrergic System

NO is generated by three NOS enzymes: eNOS and nNOS are
constitutive, are Ca2+-responsive, and control basal NO levels,
and iNOS is Ca2+-insensitive [156]. NO hasmany functions in
the nervous system, acting as a neurotransmitter,
neuromodulator, and vasodilator [157]. Recent studies have
provided considerable evidence on the function of NO in
many diseases, including Parkinson's disease, Alzheimer's
disease, amyotrophic lateral sclerosis (ALS), and stroke [129].

Although the mechanism of NO-mediated neurodegeneration
is unknown, there are several hypotheses regarding it. The S-
nitrosylation of selected proteins, such as MMP-9, parkin, and
GAPDH, and the interaction between NO and superoxide and

the consequent formation of peroxynitrite have been hypothe-
sized to be critical mechanisms through which NO becomes
neurotoxic [129, 158]. In contrast, NO signaling is neuroprotec-
tive in certain contexts [129, 158]. NO has neuroprotective
effects through several mechanisms. The S-nitrosylation of pro-
teins, such as the NMDA receptor subunits NR1 and NR2 and
caspase-3; the stimulation of the sGC/cGMP/PKG system; and
the induction of Akt, heme oxygenase, and the Keap1/Nrf2/ARE
pathway have been proposed to be critical mechanisms through
which NO mediates neuroprotection [129, 158].

The protective and detrimental effects of NO have generated
interest in the nitrergic system with regard to remote damage.
Early studies have reported the induction of nNOS in injured
neurons in various axotomy models [19, 159–163]. Modulation
of the NO system—i.e., nNOS induction—has also been report-
ed in all of the remote cell death models that we have discussed:
OCA, SCI, andHCb. Nevertheless, the functional significance of
this induction differs between the OCA and HCb models.

In the OCA model, cortical lesions upregulate nNOS in
dLGN neurons but do not affect iNOS or eNOS expression.
The induction in nNOS is accompanied by the aberrant accu-
mulation of NO and superoxide and peroxynitrite formation,
favoring apoptosis of the dLGN. The function of nNOS
induction in life and death decisions has been confirmed by
genetic deletion of nNOS and pharmacological inhibition of
nNOS, both of which effect decreased remote death of the
dLGN [28].

nNOS and iNOS are the principal effectors in the HCb
model. HCb enhances nNOS expression in neurons and iNOS
in astrocytes, with no effects on endothelial eNOS levels.
Thus, after HCb, NO is produced by nNOS in axotomized
neurons and by iNOS in reactive astrocytes, but these cases
differ with regard to control mechanisms and rates of produc-
tion. nNOS production is regulated by changes in intracellular
calcium levels, whereas iNOS is selectively released and
calcium-independent. Further, NO/nNOS is transiently pro-
duced in low amounts (in the nanomolar range), but NO/iNOS
is synthesized continuously at higher rates (micromolar
range). Furthermore, the type of origin labels the NO physio-
logical effects. Whereas inhibition of nNOS activity negative-
ly affects neuronal survival, nitrative/oxidative stress, and
neurological improvement, inhibition of iNOS has the oppo-
site effect on these parameters. In the HCb model, iNOS-
derived NO from reactive astrocytes is cytotoxic, but neuronal
nNOS-derived NO is neuroprotective [96].

The dual behavior of NO is well established [158, 164], but
in remote damage paradigms, NO appears to be a multifaceted
molecule. Its effects differ between NOS isoforms and the
neuronal populations that are involved. NO/nNOS protects
precerebellar neurons after HCb but neurotoxic to the dLGN
after OCA. These findings add to the myriad factors that
influence the effects of NO [129], complicating the develop-
ment of neuroprotective drugs against the NO system further.
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Overall, the NO system is a significant factor in the intri-
cate network of intracellular signals that govern remotely
damaged areas, as evidenced by its complex interaction with
other systems. This aspect is expounded on in a separate
section.

The Endocannabinoid System

The endocannabinoid system (ECS) is a ubiquitous lipid
signaling system that has homeostatic functions. The ECS
comprises at least two receptors, cannabinoid receptor type-1
(CB1) and type-2 (CB2); their endogenous ligands, the
endocannabinoids (eCBs); and the proteins that mediate their
transport, synthesis, and degradation [165, 166]. On binding
to cannabinoid receptors, ECBs modulate neuronal, glial, and
endothelial cell function and regulate many processes, includ-
ing nociception, appetite, lipid metabolism, blood pressure,
cardiovascular modulation, mood, motor control, andmemory
[167–171]. The ECS is altered in various pathological events,
supporting that it is a compensatory and repair system in the
brain [172–174].

In response to CNS insults, the brain overproduces eCBs.
After TBI [175] and SCI [176], anandamide (AEA) and 2-
arachidonoylglycerol (2-AG) levels rise in the primary lesion
site. Specifically, AEA and 2-AG levels increase in the early
and late stages after damage, respectively.

In addition to the primary site of damage, dynamic changes
in the ECS occur in remote damage [89]. After HCb, canna-
binoid receptor expression modulates in axotomized
precerebellar nuclei. Notably, after such a lesion, when the
number of axotomized neurons declines to half of the
prelesional levels, de novo synthesis of CB2 receptor occurs
in approximately half of all surviving neurons [107].

Many studies have implicated CB2 receptor in the neuro-
protective activity of cannabinoids, which act primarily
through a series of glia-dependent anti-inflammatory process-
es [177]. In various paradigms, CB2 receptor is upregulated in
reactive microglial cells and astrocytes in primary lesion sites
in response to inflammatory stimuli [178, 179]. Emerging
research suggests that a CB2 receptor agonist is neuroprotec-
tive—an effect that has been attributed to immunomodulatory
effects that, through decreased macrophage and microglial
activation, indirectly protect neurons [178, 179].

In HCb-induced remote damage, the scenario is quite dif-
ferent. Although microglia and astrocytes become activated,
they do not express CB2 receptor, which is exclusive to
neurons [107]. In this model, treatment with a CB2 receptor
agonist protects neurons directly by activating PI3K/Akt sig-
naling, which prevents axotomy-dependent mitochondrial
failure. Mitochondrial protection decreases cytochrome c re-
lease into the cytosol, impeding the apoptotic cascade [107].
Thus, in the HCb paradigm, the primary function of CB2
receptor agonists is to protect neurons by inhibiting the

intrinsic mitochondrial apoptotic cascade, not to modulate
inflammation.

Collectively, these findings indicate that the ECS is an
endogenous protective system [180] and that its pharmaco-
logical modulation is a potential therapeutic approach in hu-
man brain diseases [181].

Interactions Between Systems

The physiopathology of many brain diseases involves many
systems that can operate independently, antagonistically, or
synergistically on cell populations. This pattern is also true for
remote damage. As discussed, ECBs; NO; purinergic systems;
and inflammatory, apoptotic, and autophagic mechanisms
interact to intervene in the pathophysiology of remote dam-
age—not in isolation. The study of these interactions remains
elementary, but several aspects have been addressed.

Interactions between the ECS and neurotransmitters have
been observed in several paradigms [182]. The interaction
between the endocannabinoid and nitrergic systems has been
documented in vitro and in vivo, wherein the activation of
CB1 and CB2 receptors stimulates and inhibits NO produc-
tion, differentially influencing the expression and activity of
NOS isoforms [183, 184]. Recently, Oddi and colleagues
reported ECS-NO interactions (Fig. 2a) in the HCb remote
damage paradigm [96], in which CB2 receptor stimulation
modulated NO production, altering the balance between
nNOS and iNOS in neurons. Specifically, selective CB2 re-
ceptor activation concomitantly augmented nNOS expression
in neurons and downregulated iNOS in astrocytes, improving
cellular and neurological outcomes. The effects of CB2 recep-
tor stimulation with simultaneous nNOS or iNOS inhibition
confirmed this interaction. Inhibition of nNOS, but not iNOS,
negates the neuroprotective effects of CB2 receptor stimula-
tion. Thus, CB2 receptor-mediated neuroprotection in HCb is
not a monosystemic phenomenon; it relies heavily on the NO
system, particularly on the nNOS-iNOS balance. Notably, the
balance between nNOS and iNOS is a critical pathophysio-
logical control mechanism in various brain pathologies [129].

Complicating the pathophysiology of remote damage, the
NO system does not interact solely with the ECS. In the HCb
model, NO and ATP also interact. nNOS and ionotropic
purinergic receptor expression is altered in neurons that survive
longer, suggesting a positive functional interaction between
NO and ATP [26, 185]. Notably, these neurons are the same
in which de novo expression of CB2 receptor is observed [96].
Thus, complex CB2/NO/ATP crosstalk might exist. Interac-
tions between systems are not always positive. Recently,
Bisicchia and colleagues [186] reported negative interactions
between CB2 receptor and glucocorticoid receptor alpha
(GRα) in HCb (Fig. 2b). In this model, concomitant activation
of CB2 receptor andGRαmitigated the neuroprotective effects
of the activation of either receptor alone. The recession of
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neuroprotection on simultaneous activation is driven by at least
two mechanisms: the GRα/GRβ ratio and GR heterocomplex
signaling [186]. After HCb and concomitant CB2 receptor and
GRα stimulation, GRβ is upregulated and the GRα/GRβ is
altered, inhibiting GRα-induced transcriptional activity. Fur-
ther, under the same conditions, hsp90 and hsp70 levels in-
crease significantly, impeding activation of the GR
heterocomplex and inducing glucocorticoid insensitivity
[187, 188].

These findings confirm that remote damage is the result of
complex pathophysiological mechanisms that involve interac-
tions between systems. These aspects are critical and must be
considered when exploring therapeutic options.

Therapeutic Approaches

Remote neuronal damage is a progressive event that continues
for months to years after the initial brain damage. This delay in
degeneration is significant in determining the overall clinical
outcome in many CNS pathologies, including SCI and TBI
[189, 190]. Because remote cell death mechanisms are long-
lasting, they are a suitable target for pharmacological inter-
vention. The availability of sophisticated neurochemical, his-
topathological, and molecular data on the basic mechanisms
of life-death decisions in remote damage has prompted the
development of several agents to improve functional recovery
by reducing remote damage. Remote damage is never an
isolate event and is always associated with some form of
primary damage, and the pathophysiology of degeneration
can differ between primary and remote lesions (see the “Re-
mote Cell Death Mechanisms” section). Thus, primary and
remote therapeutic approaches might differ. Data from remote
models indicate that degeneration mechanisms are time- and
context-dependent and are present in acute as well as chronic
degenerative diseases. As experience has shown, almost in all
CNS pathologies, it is very unlikely that a single therapy may
protect from degeneration. Each drug might be effective on a
pathway that would count only for a fraction of the overall
degenerative mechanisms. Combinatory approaches have to
be explored, and remote damage and its complexity have also
to be taken into account in planning therapeutic strategies. In
subsequent sections, we compare the neuroprotective efficacy
of pharmacological agents on SCI and TBI primary lesion
sites and remote damage to describe the complexity of these
therapeutic approaches.

Glucocorticoids

The use of anti-inflammatory compounds in CNS pathologies
is based on the rationale that reducing inflammation limits cell
death and improves recovery. Glucocorticoids are the most
frequently used anti-inflammatory drugs [191].

The effects of glucocorticoids are mediated by intra-
cellular glucocorticoid receptor (GR), which functions as
a hormone-activated transcription factor of target genes
[192]. GR has two splice variants, GRα and GRβ. GRα
resides in the cytoplasm as part of a complex that con-
tains heat shock proteins that translocates to the nucleus
on glucocorticoid binding [193]. Conversely, GRβ does
not bind to glucocorticoids but modulates their responses
by inhibiting GRα-induced transcriptional activity or
through novel, intrinsic, and GRα-independent transcrip-
tional activity [192, 193]. GRα is a critical factor in the
regulatory network, blocking several inflammatory path-
ways through genomic and nongenomic mechanisms
[194].

Methylprednisolone sodium succinate (MPSS) is the
most commonly used glucocorticoid in experimental and
clinical studies on neurological diseases. MPSS is used
in clinical practice to treat acute SCI, and a high-dose
regimen has become the standard, albeit debated, treat-
ment [195, 196]. In several in vivo SCI models, MPSS
treatment results in a long-lasting reduction in delayed
inflammatory processes, including free radical forma-
tion, tissue edema, inflammation, and apoptosis, at least
in the primary site of damage [197]. This evidence
suggests that the central mechanisms of MPSS-
mediated neuroprotection are linked to the inhibition of
inflammation. Nevertheless, several groups have failed
to report any effects of MPSS on functional outcomes
after SCI [198–200].

In TBI, glucocorticoids were originally introduced to re-
duce brain edema, but several studies have failed to demon-
strate any overall benefit [201]. Moreover, glucocorticoids
promote posttraumatic apoptosis in the hippocampus,
resulting in learning and memory deficits [202, 203].
Thus, glucocorticoid treatment is not considered an op-
tion for TBI [204].

Despite the conflicting findings regarding MPSS use
after traumatic brain and spinal cord injury, it has been
proposed to be efficacious in halting neuronal loss in a
paradigm of remote damage [89]. After HCb, MPSS
reduces inflammatory responses and remote neuronal
death in precerebellar nuclei. Notably, MPSS-mediated
protection lasts only as long as the treatment lasts—
when administration of MPSS is interrupted, microglial
and astrocyte responses and pro-inflammatory cytokines
reactivate, and neuronal death resumes at rates that are
comparable with those in untreated animals.

These studies demonstrate the complexity of inflam-
mation in the pathophysiology of delayed damage. The
future of MPSS as a neuroprotective agent relies on
defining the therapeutic window for its use with regard
to time (acute versus delayed) and location (primary
versus remote).
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Minocycline

Minocycline is a highly lipophilic, semisynthetic tetra-
cycline compound that crosses the blood-brain barrier
using various brain damage-related mechanisms and has
anti-inflammatory, antiapoptotic, and antioxidative ef-
fects [94, 205]. However, its primary neuroprotective
effect has been linked to the inhibition of microglial
activation and proliferation [206].

Minocycline has had neuroprotective effects in several
brain and spinal cord injury models. In rats, after SCI,
minocycline inhibits microglial cell activation [207] and oli-
godendrocytes apoptosis, reduces lesion size [208] in the
primary lesion site, and improves functional recovery [209].
In the same model, minocycline has longer and more effective
neuroprotection than MPSS [210].

Similar results have been observed after TBI. Minocycline
significantly reduces TBI-induced microglial activation, cere-
bral edema, and primary lesion size—effects that are associ-
ated with long-lasting improvements in neurological recovery
[211–213] and have been attributed to the capacity to inhibit
microglia/macrophage proliferation and activation [214].

However, the data on minocycline-induced neuropro-
tection are contradictory. Minocycline fails to halt neu-
ronal loss or improve functional recovery in animal
models [215–218]. Specifically, in MPTP primate and
mouse models of Parkinson disease, minocycline exac-
erbates MPTP-induced damage, despite inhibiting
microglial activation [215, 216].

The inability of minocycline to halt neuronal death
has also been demonstrated in a model of remote dam-
age [219]. In the HCb paradigm, consistent with its
anti-inflammatory properties, minocycline induces
marked and nearly total inhibition of microglial activa-
tion in precerebellar nuclei. Yet, minocycline fails to
effect neuroprotection of precerebellar axotomized neu-
rons. In general, the debate on minocycline role for
neuroprotection still awaits an answer [220]. As already
stated, dosage and delivery route, not to mention insult
type and species, are all factors that have to be carefully
analyzed [221, 222].

Rapamycin

Rapamycin is an immunosuppressant that inhibits mTOR, an
intracellular serine/threonine protein kinase that mediates
many processes, including cell growth and proliferation, pro-
tein synthesis, and autophagy [223]. Several studies have
implicated rapamycin as a neuroprotective agent [224]. In
neurodegenerative disease models, the principal mechanism
by which rapamycin is neuroprotective is the enhancement of
autophagic clearance of damaged organelles [225, 226].

After SCI, there is marked autophagic activity at the pri-
mary site of damage in rodents [227–230]. In this model,
overactivation of autophagy by rapamycin reduces tissue
damage, inflammation, and cell death at the lesion epicenter
and effects neurological recovery [229, 230]; conversely, in-
hibition of autophagy by 3-methyladenine (3-MA) signifi-
cantly increases the rate of apoptosis.

Whereas rapamycin is neuroprotective in SCI models, the
results are conflicting in TBI models. Enhancement of autoph-
agy by rapamycin [231] and its inhibition by 3-MA [232]
increase neuronal survival, reduce lesion volume, and im-
prove functional recovery in TBI models.

Despite the effort that has been made in determining
the contribution of autophagy in neurodegenerative dis-
orders, the first attempt to understand its function in
remote damage paradigms has only recently been made
[108]. Enhancement of autophagy by rapamycin is as-
sociated with greater neuronal survival and functional
recovery in the HCb remote damage model (Fig. 3).
Further, increased neuronal death and worse functional
recovery have been observed after HCb in a genetically
autophagy-impaired mouse strain [108].

Autophagy is a modulatory mechanism that maintains cel-
lular homeostasis by controlling the state of intracellular waste.
Dysregulation of this mechanism influences the life-death fate
in various pathophysiological conditions. Data on autophagy
mechanisms from animal models of TBI and SCI are guiding
the development of autophagy-based neuroprotective drugs.
Further, that autophagy is critical in affecting remote damage
has drawn greater interest in such activity.

Cannabinoid-Based Drugs

Cannabinoids are a class of compounds that activate CB1 and
CB2 receptors with great potency and selectivity. Cannabi-
noids include the endocannabinoids (produced endogenous-
ly), phytocannabinoids (produced by cannabis and other
plants), and synthetic cannabinoids (manufactured industrial-
ly). The most extensively studied phytocannabinoids are the
major psychoactive plant-derived Δ9-tetrahydrocannabinol
(THC) and cannabidiol (CBD), the latter of which has no
psychoactive effects. In recent years, many synthetic canna-
binoids and cannabis analogs that selectively activate CB1
and CB2 have become available [233, 234].

The neuroprotective activity of cannabinoids is based pri-
marily on the reduction of hypothermia, excitotoxicity, in-
flammation, and oxidative stress [174, 235], supporting the
hypothesis that endocannabinoids constitute a new family of
lipid mediators that form part of the brain's compensatory
repair mechanism [236]. This evidence has studies to deter-
mine the potential of cannabinoids as therapeutic agents in
acute and chronic neurological diseases [21, 172, 237–239].
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Fig. 3 Schematic of autophagy activation in remote damage. Axonal
damage induces retrograde signaling toward the cell body (1) provoking
mitochondrial damage (2). Mitochondrial damage, in turn, triggers au-
tophagy machinery (3). Autophagy activation follows distinct stages,
including (A) vesicle nucleation (formation of phagophore), (B) vesicle
elongation (autophagosome formation), (C) vesicle completion (the edges
of the phagophore fuse to form the autophagosome), and (D) vesicle

degradation: fusion of the autophagosome with a lysosome to form an
autophagolysosome where cytosolic components are degraded. Autoph-
agy by engulfing suffering mitochondria (4) reduces the release of pro-
apoptotic factors (cytochrome c release) and thus has a neuroprotective
function (5) as confirmed by the protective action of rapamycin treatment
(three asterisks)
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Mounting in vivo findings have demonstrated the neuro-
protective function of cannabinoids after TBI and SCI. After
TBI, synthetic 2-AG reduces brain edema, infarct volume,
inflammation, and BBB permeability and improves functional
recovery [175]. The neuroprotective effects of 2-AG are me-
diated primarily by CB1 receptor signaling pathways that
entail the inhibition of intracellular inflammatory signaling
cascades [240] and rise in endogenous antioxidant levels
[241].

Similarly, treatment with 2-AG protects against expansion
of the lesion and white matter damage at the primary lesion
site after SCI [242]. This early activity is not transient and is
maintained for more than 4 weeks after injury, mediated
presumably by CB1 receptor [242].

Although CB1 receptor has been considered the only re-
ceptor that mediates neuroprotection by cannabinoids, recent
evidence has demonstrated that it involves CB2 receptor as
well [177, 179–181]. Administration of a CB2 receptor ago-
nist attenuates BBB disruption, cerebral edema, macrophage/
microglial activation, and neuronal degeneration and pro-
motes functional recovery after TBI [243, 244]. Further, after
SCI, both CB1 and CB2 receptors promote neuroprotection
by reducing excitotoxicity, calcium influx, inflammation, and
oxidative stress at the primary lesion site [242, 245]. Positive
effects on neurological recovery, lesion size, inflammatory
indices, edema, and cell death have been reported after selec-
tive CB2 receptor treatment in SCI models [242, 245].

As discussed, CB2 receptor is activated in remote damage
models, and stimulation of CB2 receptors has neuroprotective
effects [107]. In the HCb model, selective CB2 receptor
stimulation by JWH-015 protects neurons and improves neu-
rological outcomes, whereas inhibition of CB2 receptor neg-
atively influences cell survival and neurological outcomes.

CB2 receptor-related neuroprotective mechanisms act pri-
marily through a series of glia-dependent anti-inflammatory
processes in many neurodegeneration models [177]. Canna-
binoid receptors trigger phosphorylation cascades that involve
mitogen-activated protein kinases (including ERK1/2, JNK,
and p38) and PI3K/Akt signaling [246, 247], through which
they have their positive effects.

In remote damage, the mechanism through which CB2
receptor mediates neuroprotection differs. In the HCb mod-
el, consistent with the exclusively neuronal expression of
CB2 receptor , CB2 receptor-mediated neuroprotection acts
directly on neurons, inhibiting mitochondrial damage and
the subsequent release of cytochrome c through a
PI3K/Akt-dependent pathway [107].

These findings highlight the potential use of CB2 receptor-
related drugs in glia- and neuron-dependent degeneration.
Regarding the use of neuroprotective CB2 receptor-based
drugs in several diseases for which steroids are routinely
given, one must consider the negative interaction between
cannabinoids and glucocorticoids in combining CB2 receptor
and GR drugs.

Fig. 4 Schematic of the
molecules so far characterized in
the hemicerebellectomy (HCb)
model playing a key role in
determining death/survival fate of
axotomized neurons. Survival
molecules (right side):
upregulation of neuronal nitric
oxide synthase (nNOS),
cannabinoid receptor type 2
(CB2R), and purinergic receptor
X1, X2 (P2X1, 2) and Beclin 1
and LC3II conversion—these
latter two as markers of
autophagic machinery—promote
neuronal survival. Death
molecules (left side): cytochrome
c release (cyt c), caspase-3
activation (casp-3), inducible
nitric oxide synthase (iNOS)
upregulation, and IL-1β and
reactive oxygen species (ROS)
production cause neuronal death
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Concluding Remarks

The significance of remote cell death in neurological disorders
became evident several decades ago, and its importance in
clinical outcomes is now well established. The characteriza-
tion of the factors in remote cell death mechanisms has just
begun and has yielded significant findings. Overall, remote
damage is not simply repetition of the same pathogenic mech-
anisms occurring at the primary lesion sites on a smaller scale.
Differences in neuronal and glial function, patterns of receptor
activation, and sensitivity to treatments have been observed.
Notably, many factors of remote damage players have been
identified, including inflammatory, excitotoxic, apoptotic, au-
tophagic, and oxidative mechanisms—a list that is likely to
grow (Fig. 4).

The complexity of mechanisms of remote damage models
allows us the opportunity to examine the functional interac-
tions between factors and systems in vivo, which is particu-
larly important, considering the negative interactions between
potential neuroprotective agents. Targeting a single mecha-
nism might be insufficient, because successful neuroprotec-
tion might be achieved by the associations between drugs that
act at multiple levels. Recent successful combinatorial ap-
proaches of minocycline with drugs with complementary
mechanisms of action clearly support this idea [220, 221].
Targeting more than one pathway appears the most effective
therapeutic strategy. In particular, considering the number
and complexity of the systems involved, this would be the
right choice for supporting neuroprotection in remote dam-
age. The search for interactions and combinatory thera-
py has already begun, demonstrating CB2 receptor-NOS
and CB2 receptor-GR interactions in the HCb model.
Although our knowledge of remote damage mechanisms
remains poor, there is much potential in meeting the
increasing demand for effective neuroprotective thera-
peutic agents.
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