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Abstract

Despite thousands of neuroprotectants demonstrating promise in preclinical trials, a neuroprotective therapeutic has yet to be
approved for the treatment of acute brain injuries such as stroke or traumatic brain injury. Developing a more detailed under-
standing of models and populations demonstrating “neurological resilience” in spite of brain injury can give us important insights
into new translational therapies. Resilience is the process of active adaptation to a stressor. In the context of neuroprotection,
models of preconditioning and unique animal models of extreme physiology (such as hibernating species) reliably demonstrate
resilience in the laboratory setting. In the clinical setting, resilience is observed in young patients and can be found in those with
specific genetic polymorphisms. These important examples of resilience can help transform and extend the current neuroprotec-
tive framework from simply countering the injurious cascade into one that anticipates, monitors, and optimizes patients’ phys-
iological responses from the time of injury throughout the process of recovery. This review summarizes the underpinnings of key
adaptations common to models of resilience and how this understanding can be applied to new neuroprotective approaches.
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The promise of an acute neuroprotective strategy to minimize
brain injuries from stroke, anoxia, or trauma has tantalized
neurologists and neuroscientists alike for nearly a century.
Despite the plethora of preclinical studies supporting the neu-
roprotective actions of thousands of therapies, not a single
therapy has been approved for use as a neuroprotective agent
in patients with brain injuries such as acute ischemic stroke or
traumatic brain injury (TBI). Moreover, recent clinical trials
have failed to show benefit of mild hypothermia for TBI lead-
ing to revisions in the clinical use of the most broadly applied
neuroprotective treatment [1]. These translational research
and clinical trial challenges have left many in the field frus-
trated. However, they have led to important new guidelines
increasing the rigor of preclinical research methodologies and
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clinical trial design considerations [2—4]. These translational
failures have also shifted the focus of neuroprotection research
from agents acting on single pathways to broader approaches
modulating multiple pathways [5—7]. Outcomes for patients
with severe brain injuries are still extremely poor, and the
development of multifaceted approaches for neuroresilience
that support brain cell metabolic recovery, resolve post-
injury inflammation, and restore neural circuit functional in-
tegrity are long overdue.

Improved Outcomes Through Resilience
in Cells and Circuits

Resilience refers to the active process of adapting over time to
stressor conditions [8]. The ideal neuroprotective strategy not
only counters the molecular and biochemical events following
brain injury [9], but also stimulates the necessary adaptations
to the post-injury environment to allow for long-lasting neural
cell survival and the re-establishment of normal functional
connectivity. We review recent steps forward in our under-
standing of neuronal resilience, the pathophysiology of the
most common severe brain injuries, and discuss the next gen-
eration of potential therapeutic approaches to stimulate
neuroresilience in response to acute brain injuries.
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Pathways of Resilience: Lessons
from the Laboratory, Nature, and the Clinical
Realm

Harnessing the Innate Resilience of the Brain by Conditioning
Preconditioning refers to the ability of an exposure to a sub-
lethal cellular or organismal stress to induce cytoprotection or
survival to subsequent stressors. Preconditioning was first
studied with regard to cardioprotection, and has since been
studied extensively in numerous models of tissue injury in-
cluding stroke, hypoxic-ischemic brain injury, and TBI (for
review, see [10, 11]). Preconditioning is neuroprotective
in vitro and in vivo following exposure to numerous stimuli
including ischemia, hypothermia, and seizures [12—15]. In
addition, transient ischemia in peripheral organs like skeletal
muscle can induce remote preconditioning in the brain (for
review, see [16]). A robust body of evidence has demonstrated
that the adaptive pathways engaged by preconditioning differ
fundamentally from mechanisms that simply counter the inju-
ry, and demonstrate a genetic reprogramming of the cell’s
response to the injury. Pro-survival pathways are stimulated
in neurons, glia, microglia, endothelial, and peripheral im-
mune cells via paracrine and autocrine effectors responding
to preconditioning stimuli [10, 11]. Together, these adapta-
tions result in improved metabolic efficiency, preservation of
the blood-brain barrier, decreased excitotoxicity, induction of
anti-apoptotic genes, suppressed inflammation, and enhanced
regenerative mechanisms (see Fig. 1).

The effects of ischemic preconditioning on global regula-
tors of cellular stress response pathways such as transcription
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Fig. 1 Paracrine factors involved in the resilience pathways of innate and
preconditioning models of neuroprotection. Preconditioning and innate
ischemia tolerance are mediated by complex autocrine and paracrine
interactions between neurons, astrocytes, microglia, and endothelial
cells. Together, these interactions contribute to resilience by: decreasing
neuronal metabolic demands and apoptosis; improving astrocytic
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factors, protein kinases, or epigenetic modifiers are particular-
ly intriguing from a translational perspective, as these are ideal
neuroprotective agent candidates to effectively stimulate di-
verse and coordinated pro-survival pathways (see Fig. 2).
Hypoxia-inducible factor (HIF)-1«, a transcription factor reg-
ulating dozens of target genes such as vascular endothelial
growth factor (VEGF), erythropoietin (EPO), and nuclear-
encoded mitochondrial proteins like Cox (cytochrome ¢ oxi-
dase)-4, is one such candidate [17, 18]. Ischemic precondi-
tioning increases HIF 1 by decreasing prolyl-hydroxylase-2,
the constitutively active HIF1 o degradation enzyme [19]. By
regulating the transcription of VEGF and EPO, HIF1«x en-
hances oxygen delivery to tissues and stabilizes endothelial-
astrocytic interactions supporting BBB integrity. HIF1 x also
improves cellular metabolic efficiency and reduces reactive
oxygen species (ROS) by regulating the expression of specific
oxidative phosphorylation (OXPHOS) enzyme subunits and
stimulating mitochondrial autophagy (the regulated removal
of unnecessary or damaged cellular components) [17, 20-22].
Although HIF1«x clearly has beneficial action with regard to
recovery from ischemic injury, it mediates some detrimental
effects of hypoxia in a temporally dependent manner as well
[23]. This suggests that like many other effectors of precondi-
tioning, a complex interplay exists between its temporal and
cell type—specific expression in response to ischemia, which
will have to be carefully considered in translating therapies to
acute brain injuries.

Another key effector of preconditioning acting on numer-
ous cellular stress response pathways is protein kinase C
(PKC)-¢. PKCe is one of 12 known isozymes of the PKC
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glutamate handling and blood-brain barrier stabilization; and decreasing
microglial activation and promoting synaptogenesis and structural plas-
ticity. Abbreviations: BDNF: brain-derived neurotrophic factor; EPO:
erythropoietin; HIF: hypoxia-inducible factor; HO: heme oxygenase;
IL: interleukin; MMP: matrix metallopeptidase; TLR: toll-like receptor;
TNEF: tumor necrosis factor; VEGF: vascular endothelial growth factor



Resilience to Injury: A New Approach to Neuroprotection?

459

Fig. 2 Schematic model of key cellular resilience pathways in innate and
preconditioning models of neuroprotection. Preconditioned or ischemia-
tolerant organisms like the Arctic ground squirrel possess increased levels
of (1) key transcription factors including NRF2, HIFla, CREB, and
NFKB which increase the expression of (2) numerous target genes coor-
dinating a protective response to (subsequent) ischemia. These transcrip-
tional responses decrease ischemia-induced (3) intracellular calcium via
sarcoendoplasmic reticulum calcium transport ATPase. Increased mito-
chondrial metabolic efficiency is also mediated by (4) SUMOylation and
(5) PKCe post-translational modifications which converge to (6) increase
ischemic ATP production and reduce ROS, resulting in cytoprotection.

family, which are multifunctional protein kinases that phos-
phorylate serine and threonine residues in many target pro-
teins. PKCe is rapidly activated by ischemia-induced in-
creases in intracellular calcium and diacylglycerol and is re-
quired for hypoxia preconditioning in hippocampal slices
[24]. PKCe functions to protect mitochondria from ischemia
by phosphorylating numerous other key regulators of cellular
energy homeostasis including Akt, MAPK, and AMPK. It is
also translocated to the mitochondria following precondition-
ing where it phosphorylates mitochondrial Karp channels,
which decreases mitochondrial ROS and apoptosis [25].
Interestingly, brain-derived neurotrophic factor (BDNF), a
major regulator of synaptic structure, function, and plasticity,
is also upregulated following preconditioning [26, 27] and
acts downstream of PKCe to induce neuroprotective changes
[28, 29].

Epigenetic modifications following preconditioning are al-
so critical to its neuroprotective effects (for review, see [30].
The small ubiquitin-like modifier (SUMO) family of proteins
are key post-translational modifications that affect gene ex-
pression by altering recruitment of histone deacetylases.
SUMOylation modulates protein function by affecting
proteasomal degradation or sites of interactions with other
proteins and substrates. SUMOylation is stimulated by
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Abbreviations: BDNF: brain-derived neurotrophic factor; Cox: cyto-
chrome c oxidase; CREB: cyclic AMP response element-binding protein;
EPO: erythropoietin; ER: endoplasmic reticulum; HIF: hypoxia-inducible
factor; HO: heme oxygenase; iNOS: inducible nitric oxide synthase;
MPTP: mitochondrial permeability transition pore; NFKB: nuclear factor
light-kappa-chain-enhancer of activated B cells; Nrf2: Nuclear factor ery-
throid 2-related factor 2; PKC: protein kinase C; ROS: reactive oxygen
species; SENP: sentrin-specific protease; SOD: supraoxide dismutase;
SUMO: small ubiquitin-like modifier; VEGF: vascular endothelial
growth factor

ischemia and ischemic preconditioning in vitro and in vivo
[31-35]. Conjugation of SUMO is rapid after ischemia and
key to its neuroprotective effects [36, 37]. Thousands of pro-
teins are targets of SUMOylation, and the specific subsets
mediating preconditioning and its protective effects are not
known [38]. However, global inhibitors of SUMO-specific
proteases (SENPs), which are responsible for de-
SUMOylation of proteins, facilitate neuroprotection [39].
Dynamic regulation of SUMOylation is also important in mi-
tochondrial dynamics, protein quality control, synaptogenesis,
and synaptic plasticity, suggesting multifaceted mechanisms
of its neuroprotective effects [40-42].

Ischemic preconditioning also improves recovery after
brain injuries by suppressing inflammatory responses.
Inflammatory mediators such as lipopolysaccharide, tumor
necrosis factor (TNF)-«, and interleukin-1 can induce precon-
ditioning independently of ischemic stimuli [43]. Toll-like re-
ceptor (TLR)-4 and other TLRs, which are highly expressed in
microglia, are also essential for ischemic preconditioning,
possibly via TNFo action [44—46]. Astrocytic-microglial
cross-talk may be particularly relevant to reducing microglial
activation and leukocyte infiltration after ischemic precondi-
tioning. Increased astrocytic heme oxygenase (HO)-1 and
interleukin-10 expression reduces microglial ROS and
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activation, while microglial cytokines help induce a neuropro-
tective astrocytic phenotype via downregulation of the
purinergic receptor P2Y'1 [47-49].

Clinical evidence of preconditioning for neuroprotection
has not been demonstrated prospectively; however, several
intriguing retrospective analyses demonstrate that stroke se-
verity is reduced in patients where stroke was preceded by
transient ischemic attack [50]. In addition to the paracrine
factors described above, clinical preconditioning may lead to
neuro-cardiovascular adaptations providing increased cerebral
blood flow such as cerebral vasodilation and increased cere-
bral perfusion pressure. Conditioning stimulates the release of
protective circulating chemokines, EPO, and other factors that
reduce neural damage and inflammation following ischemia

[11].

Resilient Adaptations of Hibernating Mammals Hibernation is
a survival strategy used by animals living in harsh environ-
ments characterized by a prolonged state of energy conserva-
tion. During hibernation in small mammals, there is a pro-
found reduction of metabolic rate and core temperature to
match the 90% reduction of cerebral perfusion [51].
Intriguingly, in Arctic ground squirrels (AGS) and many other
small mammal hibernators, late winter hibernation is
interrupted every 10-21 days by interbout arousal (IBA) epi-
sodes. During episodes of IBA, cerebral blood flow fluctuates
rapidly, yet AGS suffer no ischemic or reperfusion injuries
[52]. This phenotype is also recapitulated in vitro, as hippo-
campal slices from euthermic AGS demonstrate markedly im-
proved tolerance to oxygen glucose deprivation compared to
rat hippocampal slices [53]. Interestingly, this study demon-
strated that tolerance to oxygen glucose deprivation in AGS
occurs independent of hibernation season and persists in con-
ditions mimicking ischemia-reperfusion such as following de-
pletion of ATP, glutamate excitotoxicity, and acidosis. As in
hypoxia preconditioning, reduced release of ROS and reactive
nitrogen species in response to oxygen glucose deprivation are
key factors underlying reduced cell death in AGS [54]. While
the bioenergetic feats of AGS hibernation are notable, perhaps
even more astounding is the rapid dendritic regrowth and syn-
aptic rebuilding accompanying each IBA [55]. The molecular
underpinnings of this remarkable metabolic and structural
plasticity are a topic of active investigation. Recent studies
in hibernating ground squirrel neurons derived from induced
pluripotent stem cells have found significant adaptations in
cytoskeletal and lysosomal pathways governing responses to
hypothermia and cellular stresses [56]. Analysis of hibernat-
ing mammalian genomes has identified numerous adaptations
in pathways regulating intracellular calcium homeostasis,
OXPHOS machinery, and antioxidant defense systems [57].
Transcriptomic and proteomic studies have found that the
neural adaptations underlying hibernation parallel the adapta-
tions of preconditioning in many ways [30, 58]. These
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overlapping mechanisms include the ability to rapidly down-
regulate energy-consuming protein synthesis, ion channel per-
meability, inflammatory responses, oxidative stress, and cell
death pathways.

Several hibernating species have been studied in non-
hibernating conditions in models of ischemia in the laboratory.
In general, hibernating species survive hypoxia and ischemia
better than non-hibernating species [59]. This is related to
ischemic metabolic responses mirroring those hibernating an-
imals’ encounter upon entering hibernation as well as genetic
differences conferring innate ischemia tolerance [60].
Interestingly, hibernating species demonstrate elevated levels
of effectors of preconditioning including HIF1, inducible ni-
tric oxide synthase (iNOS), PKCe, SUMOylation, and antiox-
idants such as supraoxide dismutase (SOD) and HO1 [61-65].
Hibernating animals also exhibit numerous physiological ad-
aptations including the use of alternative fuels for cerebral
metabolism (ketones), elevated antioxidants, reduced inflam-
matory responses, and enhanced oxygen delivery [66].

Taken together, the research in this field demonstrates that
hibernating species are robust examples of ischemic tolerance.
This is underscored by endogenous cellular protection from
the metabolic stress of ischemia, dramatic flexibility in synap-
tic structure and function, and physiologic changes in metab-
olism and immune responses. Modern genomic and
metabolomic techniques are producing important insights into
the molecular and physiological underpinnings of this resil-
ience as well as how they could be applied to treating patients
with brain injuries. The failure of TBI and stroke neuroprotec-
tion trials focusing on single agents suggests that new ap-
proaches mimicking the coordinated cellular and physiologi-
cal responses of resilient species may lead to improved
outcomes.

The Resilience Within—Age and Genetic Variation Influence
Recovery from Brain Injury Clinicians are familiar with the
sometimes marked improvements young patients can make
following devastating brain injuries. This is in stark contrast
to the often-limited recovery observed in older patients. This
anecdotal experience is backed up by epidemiological evi-
dence, as the greatest improvements in early functional recov-
ery are age-related, with patients in early adolescence making
the best functional gains [67]. Preclinical studies in rodents
and pigs demonstrate greater lesions in aged animals after
controlled cortical impact (CCI; [68, 69]). Numerous studies
suggest that the pro-survival and recovery phenotype of young
animals is due to improved mitochondrial metabolism, de-
creased oxidative stress, enhanced BBB and neurovascular
integrity following injury, and a faster resolution of post-
injury inflammation [70-76]. Recovery from stroke in young
animals appears to be particularly accelerated due to decreased
microglial activation and systemic inflammation [77].
Interestingly, Ritzel and colleagues performed transplants of



Resilience to Injury: A New Approach to Neuroprotection?

461

young bone marrow in older mice and vice versa. They found
that bone marrow rejuvenation reduces the severity of acute
behavioral deficits after stroke, while bone marrow senes-
cence increases neutrophilic infiltration of infarcts. They also
examined human post-mortem stroke tissues and found that
age correlated with neutrophil counts, matrix metallopeptidase
(MMP)-9 expression, and the presence of microhemorrhages
[78].

Examining the effects of single nucleotide polymorphisms
(SNPs) on brain injury and recovery can also provide insights
into pathways of resilience. Although there are few high-
quality and sufficiently powered studies in this field, there
are small studies with intriguing findings in patients with
TBI and stroke that will require further validation. In the larg-
est genome-wide association study of stroke recovery with
6,165 patients, Soderholm and colleagues found only one sig-
nificant gene locus (rs1842681), which corresponds to an
intronic sequence thought to regulate the expression of a reg-
ulatory subunit of protein phosphatase 1 (PP1; [79]).
Although the specific function of this regulatory subunit is
not yet known, PP1 is part of pathway that plays a prominent
role in cellular responses to stress and preconditioning
[80—82]. Numerous SNPs have been associated with recovery
in TBI (for review [83, 84]. While larger studies are necessary
to validate many of the identified loci, there is a notable over-
lap with the resilience pathways described above including
genes involved in BBB and endothelial integrity (several cy-
tokines and aquaporin), metabolic function (3 mitochondrial
genes), and neurotrophic factors (BDNF).

Taken together, these investigations spanning the
bench-to-bedside continuum point to the importance of
metabolic efficiency, anti-apoptotic genes, BBB integrity,
immune responses, and synaptic plasticity/regeneration in
conferring resilience to brain injuries. These pathways
have been the focus of intense research, but additional
mechanistic and translational work remains to fully under-
stand the key interacting factors in these pathways, the
optimal treatment approaches, and the timing of treat-
ment. The above diverse examples of resilience provide
a blueprint for beginning to understanding which patient
variables require monitoring and titration in the design of
future neuroprotective strategies. In particular, as these
mechanisms co-exist in animal models of ischemic toler-
ance, multifunctional therapies targeting multiple resil-
ience pathways may be more likely to confer functional
benefits to patients. Below we discuss pathophysiological
insights and potential neuroresilience targets for TBI and
stroke. Although these two entities are the most common
brain injuries and have been extensively studied in pre-
clinical and clinical paradigms, the bioenergetic processes
underlying neural injury as well as the inflammatory and
repair processes accompanying recovery in these diseases
are also relevant to many other acute central nervous

system injuries including intracerebral hemorrhage, vaso-
spasm after subarachnoid hemorrhage, seizures, and spi-
nal cord injury.

Traumatic Brain Injury

Traumatic brain injury is a major cause of death and disability
worldwide. In the USA alone, nearly 3 million people seek out
care for TBI yearly with direct medical costs estimated to be
over $11 billion [85]. In the USA and Europe, the greatest
incidence is in those <25 and > 65 years of age [86, 87]. A
key challenge in promoting neural resilience following TBI is
the heterogeneity in the mechanisms of injury and underlying
physiological and cellular processes accompanying the prima-
ry and secondary brain injuries. Primary injuries (hematomas,
contusions, axonal stretching) are caused by the kinetic energy
from external physical forces (blows, acceleration/decelera-
tion, and rotation) at the time of impact. Secondary injuries
can result from several physiological processes including in-
creased intracranial hypertension, hypotension, hypoxia,
hypo/hyperglycemia, hyperthermia, seizures, or cortical
spreading depressions and exacerbate the primary injury in
the acute and subacute period following the initial injury.
The cellular and molecular pathways underlying this myriad
of secondary injuries are complex, and include ischemia, cy-
totoxic and/or vasogenic brain edema, dysregulation of the
BBB, and dysfunctional autoregulatory responses [88].

Treatment Approach For patients with severe TBI, urgent
neurosurgical intervention is often required for management
of elevated intracranial pressure (ICP). After acute stabiliza-
tion, the central focus of TBI patient care is to limit secondary
brain injury by preserving cerebral blood flow to ischemic
tissue, reducing mass effect due to cytotoxic edema,
preventing seizure-related metabolic crises, and maintaining
physiological homeostasis with regard to cerebral perfusion
pressure (CPP), oxygenation, glucose levels, temperature,
and other physiologic variables as possible. Although the clin-
ical neurological examination remains the most important in-
dicator of patient recovery, in the Neuro-ICU setting, clini-
cians are increasingly incorporating a host of additional ad-
junctive neurological monitoring information to guide treat-
ments in real-time including pupillometry, ICP, cerebral per-
fusion pressure (CPP), brain tissue oxygenation, jugular ve-
nous oximetry, electroencephalogram (EEG), or cerebral mi-
crodialysis. Simultaneous use of several monitoring modali-
ties allows clinicians to cross-validate the need for and effect
of physiological therapies such as increasing CPP, decreasing
ICP, or improving oxygenation [89]. Given the amount of data
generated with multimodality monitoring, it is expected that
implementation of robust neuro-informatics and deep learning
algorithms will provide valuable new insights into patient-
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specific physiology underlying secondary injuries and greatly
assist the development of new therapeutic approaches [90,
91]. Indeed, clinical decision support algorithms based on
multimodality monitoring are being developed and the effica-
cy of some of these is being tested in clinical trials [92].

Recent Neuroprotectant Trials Over the last several decades, a
number of therapeutic strategies have been explored in TBI,
but no neuroprotective agent or treatment has been confirmed
in large randomized trials as being effective in the clinical
setting (for review, see [93]. Several high-profile trials have
recently been completed for the early administration of pro-
gesterone after TBI as well as the use of mild hypothermia.
Progesterone is highly efficacious in preclinical models of
TBI, showing benefit in many of the resilience pathways
outlined above [94]. It also demonstrated safety and possible
efficacy in two phase II human trials; however, it failed to
show benefit in larger phase III trials [95, 96]. The application
of systemic hypothermia is also supported by an extensive
preclinical literature. Its mechanisms are also multifaceted
and act upon key resilience pathways. However, several recent
notable trials of mild hypothermia and targeted temperature
management also found that induction of hypothermia to
33 °C either as a prophylactic strategy or in cases of elevated
ICP does not lead to improved outcomes after TBI [1, 97, 98].
The failure of these two highly studied neuroprotectants has
been the subject of numerous editorials, and overall reinforces
the importance of considering sex difference, patient comor-
bidities, and systemic complications in preclinical trials as
non-neurological complications were likely key factors in
the failure of both treatments to improve patient outcome
[99, 100]. For example, in ProTECT III, progesterone treat-
ment was associated with a significantly poorer outcome in
women and higher rates of non-neurological death.
Additionally, in the Eurotherm3235 trial of hypothermia in
patients with TBI and elevated ICP, treatment was associated
with an increased risk of death (hazard ratio 1.8), which may
have been related to an increased mortality effect of multiple
organ failure in hypothermia patients [101].

New Pathophysiological Insights
and Opportunities for Progress

The resilience framework suggests four interconnected but
distinct biological processes that are opportunities for inter-
vention in TBI, including (i) subacute intermittent metabolic
crises, (ii) BBB and neurovascular dysfunction, (iii) post-
injury inflammation, and (iv) loss of neural circuit integrity.
Anticipating and enhancing endogenous adaptations to these
deleterious pathways following TBI is key to improving func-
tional outcomes. These processes begin immediately after TBI
but peak and resolve at different time courses (Fig. 3). Further
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understanding the temporal interactions between key media-
tors of these pathways and neuroprotective treatments will be
critical for establishing robust neuroresilience therapies for
future clinical trials.

Metabolic Therapies Studies combining EEG obtained from
depth electrodes with cerebral microdialysis acutely after
brain injury have advanced the concept that TBI patients
are susceptible to metabolic “crises,” arising from region-
al ischemia, seizures, inflammation, or other injury-related
processes causing intrinsic neuronal metabolic dysfunc-
tion [105]. This is corroborated by animal studies finding
an acute rise in the demands of mitochondrial electron
transport following TBI [106], which results in the en-
hanced production of ROS. The metabolic failure and ac-
cumulation of ROS lead to mitochondrial damage and
subsequent neuronal apoptosis [107]. Mild hypothermia
has been widely used to reduce metabolic demands of
the brain; however, as discussed above, recent evidence
of significant systemic complications now precludes its
standard clinical use in favor of targeted temperature man-
agement to avoid fever [1]. Thus, the goal of the next
generation of neuronal metabolism-focused therapies is
reducing metabolic crises without systemic complications.
Although devices for selective brain cooling are under
development [108], identification of the molecular effec-
tors of hypothermia may be a way to deliver its neuropro-
tective effects while foregoing its systemic cardiovascular
and other complications. Numerous mediators of the ef-
fects of hypothermia have been identified including RNA-
binding motif protein-3 and PKC isoforms, but further
pharmacologic and preclinical development is necessary
before these therapies will be clinically viable [109].
Physiologic strategies other than hypothermia to reduce
metabolic crises will soon enter clinical trials, and include
optimizing brain tissue oxygenation monitoring to guide
clinical TBI care (BOOST3, phase III) and hyperbaric
oxygen treatment (HOBIT, phase II).

The use of alternative fuels to support ATP synthesis in the
subacute period following TBI is also an attractive target to
increase metabolic resilience. The use of substrates that drive
complex II metabolism (succinate dehydrogenase) has been
highlighted as a means of bypassing post-injury pyruvate de-
hydrogenase and complex I dysfunction [110]. An intriguing
“within-subjects” study of 9 patients with TBI receiving suc-
cinate via an intracranial microdialysis catheter found that its
administration compared to a preceding vehicle administra-
tion led to decreased glutamate and lactate:pyruvate ratio
[111]. Preclinical studies have found benefit in other fuels
such as acetyl L-carnitine, increased free fatty acids (via
fasting), and ketosis [112, 113]. A small pilot study of L-car-
nitine failed to show benefit in mortality for TBI patients;
however, there was a modest improvement in behavioral
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Fig. 3 Key cellular,
immunologic, and endogenous
repair mechanisms following
brain injury illustrate therapeutic
opportunities. A more detailed
characterization of the temporal
events accompanying specific
neural injuries such as TBI and
stroke will help guide the
development of more specific
neuroprotective therapies to
optimize recovery. Treatment
protocols based on biomarkers
related to the phase of the injury
and treatment response hold the
promise of maximizing recovery A
for individual patients. The
temporal events and figure panels
were derived and adapted from
prior works [102—104].
Abbreviations: ROS: reactive
oxygen species; CSD: cortical
spreading depression; PID: peri-
infarct depolarization; DAMP:
damage-associated molecular
pattern; CPP: cerebral perfusion
pressure
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outcomes [114]. Induction of ketosis has not yet been exam-
ined in clinical trials, but a safety and feasibility study is cur-
rently recruiting patients (KETI: NCT03982602).

A major consequence of ROS is mitochondrial damage,
which can then activate apoptotic pathways. Protecting mito-
chondria with antioxidant therapy such as PEG-conjugated
SOD and tirilazad [115, 116] has not proven successful in
prior TBI trials. While these first-generation therapies were
hypothesized to antagonize the free radicals produced by in-
jury, newer therapies act on transcription factors regulating the
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endogenous production of ROS such as Nrf2. This broader
and more potent mechanism may lead to a benefit, particularly
if coupled to other protective treatments [117]. Another more
recently studied mitochondrial adaptation found in hibernat-
ing species and preconditioning is enhanced autophagocytic
clearance of damaged mitochondria. Damaged mitochondria
increase ROS, and stimulating autophagocytic clearance of
mitochondria attenuates neuronal death and functional deficits
in an animal model of CCI [118]. Thus, drugs improving
autophagy efficiency may improve outcome after brain injury.
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Maintaining BBB and Neurovascular Integrity Ample evi-
dence in patients and animal models of TBI strongly impli-
cates the role of BBB integrity and stability in modulating
outcome after TBI [70, 119]. Disruption of the BBB, which
is composed of tightly connected endothelial cells, neurons,
astrocytes, and pericytes, displays a biphasic peak after TBL
The first occurs at 46 h after TBI, and the second is 2—-3 days
after injury [120]. These periods of increased BBB permeabil-
ity are mediated by inflammatory and immune activation, al-
though the mechanistic details are still poorly understood.
BBB disruption can persist for several months or even years
after TBI and may provide a mechanistic link between inci-
dent trauma and development of post-concussive symptoms,
post-traumatic epilepsy, or progression of neurodegeneration
[121]. Loss of BBB integrity following TBI allows for an
influx of toxic molecules including thrombin, fibrinogen,
and glutamate which further exacerbates neural injury [122].

Maintaining the BBB in animal models of TBI by stabiliz-
ing endothelial cell interactions or enhancing pericyte function
leads to improved outcomes [123]. Indeed emerging evidence
suggests that loss of pericyte function may be an important
factor not only in acute brain injury, but also in neurodegen-
erative disease where pericyte dysfunction impairs cerebral
blood flow and leads to metabolic stress and ultimately neu-
ronal death [124]. Interestingly, pericyte death during ische-
mic phenomena (such as cortical spreading depressions) leads
to microcirculatory constriction and further impairs blood
flow suggesting that targeting pericyte function and survival
could broadly reduce secondary neural injury and improve
neuronal survival [125]. While pericytes are not well studied
in innate or acquired models of ischemia tolerance, there is
emerging evidence of their vulnerability and compromised
function in aging, suggesting that pericytes may contribute
to resilience observed in younger patients [126].

Reducing Pathogenic Inflammation The TBI inflammatory
cascade is complex with multiple cellular events triggering
activation of microglia, recruitment of macrophages, and in-
filtration of leukocytes [102]. This immunologic mobilization
has both harmful and beneficial actions. M1 macrophage/
microglial polarization is responsible for pro-inflammatory
signaling that damages neurons and further exacerbates local
edema, while M2 macrophage/microglial polarization is criti-
cal to the resolution of injury and initiation of recovery [127].
Although macrophage/microglial polarization is beginning to
be understood as less of a dichotomy, numerous immune-
modulating agents are in early clinical trials and aiming to bias
M2 in hopes of resolving inflammation and stimulating recov-
ery. However, the heterogeneity of TBI and individual differ-
ences in immune responses, modulating post-injury inflam-
mation, may require new biomarkers to titrate patient-
specific therapies and this important area of research is still
in its infancy [103].
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Cell-based therapies including the use of mesenchymal
stem cells (MSCs) have important immune-dampening effects
following brain injury. Contrary to initial hypotheses, MSCs
and other stem cells appear to exert most of their beneficial
effects by modulating inflammation, improving the chemo-
kine and growth factor milieu, and enhancing neurogenesis
[128]. There is mixed evidence with regard to the ability of
transplanted stem cells to reach sites of neural injury, differ-
entiate into neurons or glia, and develop functionally impor-
tant connections [129]. However, there is ample evidence that
stem cells can suppress damage-promoting inflammatory me-
diators such as TNF«, CCL2, and other chemokines and
thereby reducing the detrimental effects of leukocytes, neutro-
phils, and microglia after TBI. Stem cells also stimulate en-
dogenous recovery mechanisms by providing trophic support
to surviving cells [130]. Given the predominantly anti-
inflammatory paracrine actions of MSCs and other stem cells,
investigators have begun to study the effects of MSC-derived
exosomes on recovery from TBI [131-133]. Exosomes are
small endosomal vesicles released by all cell types and contain
molecular cargoes including proteins, lipids, mRNAs, and
microRNAs. Exosomes have been shown to regulate a wide
variety of biological process including neuroinflammation.
Using stem cell-derived exosomes is an attractive alternative
to MSCs, as it would circumvent issues related to preserva-
tion, storage, transfer, and immunogenicity of stem cells.
Given these benefits and the initial preclinical data supporting
beneficial actions of MSC-derived exosomes, further follow-
up for the use of MSC-derived exosomes as an immune-
modulating therapy is merited.

Maintaining Functional Connectivity The plasticity in
regenerating functional synapses observed in hibernating an-
imals as well as relationship between functional outcome and
preserved resting-state connectivity in patients points to the
importance encouraging circuit-level resilience in TBI pa-
tients [134, 135]. Diffuse axonal injuries (DAIs) can lead to
large-scale changes in circuit connectivity [136]. New models
of brain circuit functional connectivity explain how DAI leads
to inefficient neural communication and potentially explains
the proportion of neurological deficits seen after DAI, which
is often out of proportion to imaging findings [136, 137].
Recent studies point to the role of tau, which is highly
expressed in axons, in mediating the pathological changes in
neural circuits following DAI [138]. Mechanical stress during
TBI has been shown to lead to axonal fractures, which con-
tributes to hyperphosphorylation and aggregation of tau, a
microtubule protein. Tau aggregation leads to a cascade of
cellular events resulting in axonal degeneration and cell death,
potentially linking changes in resting-state connectivity ob-
served in brain injuries to a pathophysiological mechanism.
Interestingly, in AGS and other hibernating animals, hyper-
phosphorylated tau formed during hibernation and rapidly and
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fully reversed upon arousal [139]. Although no clinical trials
have examined whether targeting tau can improve connectiv-
ity and outcome in TBI patients, antibodies directed towards
the pathogenic variant of tau are being developed to test this
hypothesis [140, 141].

Acute Ischemic Stroke

In 2017, there were approximately 795,000 ischemic strokes
in the USA, making it a leading cause of long-term disability
and the 5th leading cause of death nationwide [142]. The
yearly total costs associated with stroke are over $30 billion.
Fundamentally, one of the biggest challenges in ischemic
stroke care revolves around the concept of stopping the pro-
gression of vulnerable, yet salvageable ischemic tissue (i.e.,
the penumbra) from becoming permanently infarcted tissue
(i.e., the core). This makes time of the essence in treating
patients with strokes. Stroke outcomes are drastically im-
proved in those receiving acute stroke treatments and re-
establishing blood flow at early time points. Conversely, pa-
tients presenting later or with poor collateral circulation suffer
larger infarcts and worse outcomes [143].

Treatment Approach The treatment paradigm in acute ische-
mic stroke management is centered upon ensuring reperfusion
to the injured tissue, thereby, minimizing primary injury. The
prominent collateral circulation of the brain compensates in a
limited way for the reduced blood flow and can extend win-
dows of opportunity for treatment in some patients. The ische-
mic injury resulting from stroke triggers secondary injury and
immune pathways similar to TBI, and similar to TBI no mod-
ulators of these pathways have been approved for improving
recovery from stroke. The first stroke therapy, IV tissue plas-
minogen activator, was approved in 1995, and although sub-
sequent studies have expanded the treatment window
[144-146], despite only 30% of patients achieving successful
reperfusion, it remained the standard of care for 20 years
[147]. Since 2015, endovascular thrombectomy (EVT) has
revolutionized the treatment of acute stroke, as EVT in pa-
tients with large-vessel occlusions results in > 80% successful
reperfusion, and markedly improved clinical outcomes
[148—152]. In a pooled meta-analysis of 1,287 patients, 46%
of patients receiving mechanical embolectomy achieved func-
tional independence at 90 days, compared to 26.5% in the
control arm—a number needed to treat of only five [153].
The recent publications of DAWN and DEFUSE-III have fur-
ther expanded the treatment windows to as far as 24 h [154,
155]. Taken together, these trials advanced the notion that
given timely reperfusion, collateral circulation and other en-
dogenous compensatory mechanisms can often salvage the
ischemic penumbra from becoming infarcted.

Recent Neuroprotectant Trials There have been hundreds of
clinical trials of neuroprotectant agents in acute ischemic
stroke, but none have demonstrated efficacy in a large-scale
clinical trial. Numerous articles have been devoted to the
methodological shortcomings of these clinical trials and fail-
ures of translational science (for reviews, see [9, 156, 157].
However, it is worth highlighting that with the advent of EVT
and its high rate of recanalization, it is now possible to admin-
ister neuroprotectant therapy quickly and have it reach pen-
umbral tissues effectively as part of routine clinical treatment
with EVT. Thus, EVT has reignited enthusiasm for clinical
trials of neuroprotection in stroke patients [158, 159]. The
success of EVT also has important implications for research
in preclinical models of stroke. Previously, research steering
committees and investigators advocated for the use of perma-
nent middle cerebral artery occlusion (MCAO) models of
stroke given the historically low rates of recanalization for
most stroke patients; however, in the era of EVT, further pre-
clinical development of drugs utilizing the transient MCAO
model may yield more clinically translatable findings in a
population that stands to benefit from drug treatments [160,
161]. As such, although relatively few large clinical trials of
pharmacologic neuroprotective agents have been performed
in the last several years, the coming decade will bring many
new neuroprotection in stroke patients.

One of the most prominent and innovative recent
neuroprotectant trials engaged prehospital responders to de-
liver magnesium sulfate ultra early (FAST-MAG) in patients
with suspected stroke [162]. Magnesium is thought to exert its
neuroprotective effects by antagonizing NMDA signaling and
limiting excitotoxicity. Compelling preclinical data in stroke
and other models of brain injury also supports the use of
magnesium [163]. The FAST-MAG trial is unique because
first responders delivered treatment within a median time of
45 min from symptom onset, addressing concerns that early
neuroprotective trials had failed due to significant delays in
treatment times. Unfortunately, prehospital initiation of mag-
nesium sulfate did not improve disability outcomes or mortal-
ity at 90 days. Although magnesium therapy was not effective,
the trial was extremely instructive as an example of the capa-
bilities and limitations of delivering a neuroprotective agent in
the prehospital setting.

Clinically, induced or permissive hypertension is often uti-
lized to maintain higher cerebral perfusion pressures prior to
reperfusion in patients with stroke. Although the evidence for
this is poor [164], it was hypothesized that albumin may have
neuroprotective effects by acting as an expander of intravas-
cular volume to preserve penumbral blood flow. However, a
phase III study of albumin administration in acute stroke was
stopped early due to futility, as after 841 patients were enrolled
there was no difference in the percentage achieving a good
neurologic outcome at 90 days [165]. Patients receiving albu-
min were also more likely to experience pulmonary edema
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and intracranial hemorrhage. Given the successes of embolec-
tomy, revisiting prior failed agents such as magnesium and
albumin specifically in patients with large penumbral volumes
is of great interest.

New Pathophysiological Insights and Opportunities
for Progress

Metabolic Therapies to Freeze the Penumbra The success of
mechanical reperfusion therapies in improving patient out-
comes has reinvigorated the neuroprotection field to search
for therapies capable of halting core infarct growth. A key
factor preventing greater numbers of stroke patients from be-
ing treated with and benefitting from EVT is the size of core
infarct at presentation. Patients with a large core infarct are not
eligible for EVT, and for every 10 cc increase in pre-treatment
core, the odds of a favorable outcome decrease by 20-30%
after embolectomy [166]. As such, neuroprotection strategies
designed to “freeze the penumbra” are highly likely to im-
prove treated patient outcome as well as increase the number
of patients that will qualify for reperfusion therapies.
Hypothermia has been well established as a cytoprotective
agent, with pleotropic effects on numerous protective path-
ways. In the acute phase, cooling decreases the accumulation
of excitotoxic glutamate, reduces lactate formation and cellu-
lar acidosis, preserves ATP, and reduces metabolic demand in
response to ischemia [109]. In the subacute phase, hypother-
mia has been shown to prevent apoptotic cell death, inhibit
inflammatory cell infiltration, limit the production of ROS,
and maintain BBB integrity. In ischemic stroke, impaired
blood flow leads to damage of the tight-junction proteins,
basement membranes, and astrocytes, making the BBB prone
to injury [167]. Upon reperfusion (i.e., after tPA or EVT),
injury can result in the form edema/hyperemia and hemor-
rhagic transformation. Hypothermia may help prevent such
damage by inhibiting the proteolytic activity of MMPs, limit-
ing the degradation of tight junctions, and ensuring the integ-
rity of the basement membrane [168]. The constellation of
these protective mechanisms translated into infarct volume
reductions of up to 40%, as seen in animal models with
MCADO [169]. Key findings from meta-analyses highlighted
the importance of inducing hypothermia early in the time
course of ischemia and targeting the lowest tolerable
temperatures—with the caveat of more adverse effects.
These preclinical studies ultimately led to the first clinical
trials investigating the safety of hypothermia in ischemic
stroke patients [170, 171], which demonstrated feasibility,
but with notable high rates of pneumonia. The application of
therapeutic hypothermia has since been applied to patients
receiving [V-tPA [172], but with limited benefit. To date, there
have been no randomized controlled trials demonstrating the
efficacy of hypothermia in ischemic stroke, and given the
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recent trials in TBI demonstrated a high rate of systemic com-
plications; it is likely that clinical trials will focus on selective
brain cooling rather than whole-body hypothermia. With the
advent of EVT, the notion of using hypothermia as an adjunc-
tive therapy to not only preserve penumbra, but also reduce
secondary injury from BBB breakdown is plausible and ap-
pealing. In a phase I study in 2013, intravascular cooling to a
targeted temperature of 33 °C was safely achieved in 20 pa-
tients immediately after successful reperfusion with mechani-
cal thrombectomy. Although limited by a small samples size,
patients exhibited lower rates of BBB breakdown and hemor-
rhagic transformation compared to historical controls [173]. A
similar study compared two cohorts from two separate cen-
ters, one that performed hypothermia after intra-arterial thera-
py and another that did not, and found reductions in edema
and hemorrhagic transformation among the targeted tempera-
ture group [174]. Selective intra-arterial cooling directly to the
ischemic bed after endovascular recanalization has also been
documented [175]. While conclusions cannot be drawn from
these small studies, it highlights the prospect of selective hy-
pothermia as an adjuvant tool in a new age of intra-arterial
therapies for stroke.

As with TBI, the formation ROS is a significant source of
cytotoxic injury in stroke as well [176]. Although triggered by
ischemia, the buildup of ROS and reactive nitrogen species is
facilitated by subsequent reperfusion, where ongoing oxygen
supply leads to the production of superoxide anions, hydrogen
peroxide, and nitric oxide [177]. These free radicals subse-
quently lead to a cascade of deleterious processes, including
BBB breakdown, vasogenic edema, and, eventually, cell
death. Measures to counteract the production of these oxida-
tive species has been explored in many early clinical stroke
trials, and as in TBI trials these were not effective despite
promising preclinical data [178, 179]. Edaravone is another
free radical scavenger that has been approved in Japan in the
treatment of ischemic strokes and postulated to reduce oxida-
tive damage to cellular membranes, thereby suppressing ede-
ma and extension of infarction [180]. A meta-analysis of three
trials involving 496 patients suggested a possible signal to-
wards marked neurological improvement, but was limited
small sample size [181].

Cortical spreading depression is also an important mediator
of secondary neural injury following stroke, and associated
with elevations in extracellular potassium and glutamate,
which precipitate metabolic crises and ultimately neuronal
injury [182]. In ischemic stroke models, studies have shown
spreading depolarizations in the penumbra—i.e., peri-infarct
depolarizations (PIDs)—as playing a key role in the eventual
transition to infarcted core [183]. Transcranial direct current
stimulation (tDCS) is now being explored as a therapeutic
technology, aimed at utilizing electrical currents to target is-
chemic neurons and inhibit spreading depolarizations. In ani-
mal models of MCAO, cathodal tDCS has been shown to
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reduce neuronal excitability and metabolic demand in ische-
mic tissue, thereby reducing infarct volumes by 30-37% [184,
185]. A phase Il clinical trial in Europe is now underway, with
cathodal tDCS being applied to patients for a duration of 6 h
after mechanical embolectomy [186].

Limiting Excitotoxicity Pharmacological approaches to neuro-
protection have in general addressed very specific pathways
and time points along the ischemic cascade [104]. Among the
more promising of newer single pathway agents are those
targeting excitotoxic mechanisms. Excitotoxic neuronal injury
is directly related to a surge in extracellular glutamate in is-
chemic cells. The accumulation of glutamate stimulates a
downstream reaction involving the influx of calcium ions
and activation of NMDA receptors, as well as other down-
stream targets (PTEN, DAPK1), ultimately resulting in cell
death [187]. Reduced excitotoxicity is a major mechanism of
resilience seen in ischemic preconditioning and animal
models with innate ischemic tolerance. Strategies to inhibit
glutamate-mediated neurotoxicity were the focal point of
many earlier clinical trials that failed to show benefit [188,
189] or demonstrated worse outcome [190, 191]. Newer more
specific pathways to disrupt glutamate excitotoxicity are being
actively investigated, such as NA-1, which limits
excitotoxicity by inhibiting the interaction between NMDA
receptors and the PSD95 scaffolding protein. NA-1 efficacy
is being explored in 2 clinical trials, one in the prehospital
setting and a second in the context of endovascular
thrombectomy where therapy can be delivered rapidly and
locally with minimal side effects [159].

Immune Therapies to Reduce Post-stroke Inflammation
Reduced stroke-related inflammation is key mechanism
underlying preconditioning as well as improved out-
comes of younger stroke patients [11, 78].
Preconditioning to ischemia can be induced by immune
mediators such as TLR4 and TNFe, further reinforcing
the importance of these pathways in neuroresilience [45,
192]. The inflammatory response following stroke is an
important contributor to acute and even chronic clinical
pathology [193, 194]. Ischemic injury triggers an inflam-
matory cascade beginning with activation of microglia by
damage-associated molecules, which mobilizes peripheral
immune cells including neutrophils, monocytes, and lym-
phocytes into the injury site (see Fig. 3). Numerous reg-
ulators of macrophage and lymphocytic function can in-
fluence the duration and intensity of the immune re-
sponse [195], and despite a poor understanding of the
specifics of these interactions several early phase clinical
trials have been performed on drugs with indications for
other diseases including minocycline, interleukin-1 re-
ceptor antagonist (IL-1ra), fingolimod, and natalizumab.
Fingolimod, which limits the infiltration of lymphocytes

to the brain, has shown efficacy in two small single-
center open-label pilot studies [196, 197]. Another mul-
tiple sclerosis therapeutic preventing immune cell entry
into the brain, natalizumab, demonstrated mixed results
in a phase II trial [198]. It did not achieve its primary
end point of reducing infarct growth on MRI at day 5
compared to baseline; however, patients receiving
natalizumab did have significantly improved outcomes
at 30 days (although not significantly so at 90 days)
suggesting that further trials may be helpful in clarifying
its effect. Interleukin-1ra, which is used to treat autoim-
mune conditions such as rheumatoid arthritis, was also
investigated in a phase II study [199]. The study
achieved its end point of reducing serum concentrations
of inflammatory markers at day 3; however, the clinical
significance of this is unclear as IL-1ra treatment was not
associated with a change in clinical outcome.
Minocycline has received a great deal of attention in
the preclinical literature as a potent neuroprotectant with
multiple beneficial mechanisms of action including re-
ducing apoptosis, MMP expression, and risk of hemor-
rhage with tPA [200]. In two early phase II trials, it has
not shown efficacy, although an additional trial examin-
ing minocycline’s ability to reduce hemorrhagic transfor-
mation after tPA is still recruiting patients [201-203].
Remote ischemic conditioning (RIC) has undergone sever-
al clinical trials in myocardial infarction and stroke with thus
far mixed results. RIC can be relatively easily implemented
using blood pressure cuffs to create brief limb ischemia. It is
based on the premise that transient non-lethal ischemia of
muscle can protect the brain (or heart) from recent ischemic
injury, and may work by modulating inflammatory responses
at the site of the injury. In small patient pilot studies, 20 min of
forearm ischemia resulted in an increase in CD11b neutrophil
expression in circulating blood, while downregulating TLR
and TNF«x signaling genes as well as leukocyte adhesion
and chemotaxis genes [204, 205]. There have been mixed
results with regard to RIC in both the myocardial infarction
and stroke clinical literature and larger studies with carefully
selected patients and optimized RIC regimens are needed. In
the largest phase II trial of RIC in stroke (26 patients), encour-
aging results were demonstrated, as 4 cycles of RIC resulted in
an improved NIH stroke scale score at 90 days and signifi-
cantly increased plasma levels of heat-shock protein-27 [206].
Given the heterogeneity in brain injuries and immune re-
sponse, treatment of stroke and other brain injuries with
immune-modulating agents will require further refinement in
our understanding of detrimental inflammatory responses and
beneficial recovery-supporting immune responses. Agents
may be more effective when patients are selected for treatment
at specific times when patient-specific markers suggest im-
mune responses require modulation, rather than treating all
patients similarly. Given the often subacute and chronic

@ Springer



468

N.S. Singhal et al.

changes in immune responses observed after brain injury, ad-
ditional research is necessary to identify the optimal windows
of opportunity to provide pharmacologic treatments targeting
recovery and autoimmune phenomena as well [194].

Summary and Future Research Directions

Neuroprotection has been defined as a therapeutic strategy to
antagonize or slow the biochemical and molecular events
leading to irreversible ischemic injury [9]. Over the last de-
cade, our understanding of the scope and duration of the mo-
lecular, biochemical, and physiological events surrounding
brain injuries has broadened dramatically. We have gained
valuable insights into not only how brain injuries affect neu-
rons and glia locally, but also how injury modifies neuronal
circuits and immune responses to chronically alter patients’
behavior, cognitive functions, and even mood. As such, the
concept of neuroprotection can be strengthened by drawing
upon examples of neuroresilience from both the bench and the
bedside. Models of innate or induced ischemia tolerance and
clinical variability in brain injury recovery point to coordinat-
ed role of metabolic, inflammatory, and regenerative pathways
in optimizing functional outcomes. It is clear that simply
countering the injury cascade over time is not adequate, and
therapies broadly anticipating the necessary adaptations and
encouraging resilience should be the new standard. Achieving
clinically measurable resilience after brain injuries will require
concurrent or multifunctional therapeutic approaches acting
on multiple pathways delivered at optimal times to encourage
persistent brain cell recovery and restore the integrity of neural
circuits [93, 207, 208].

Despite massive scientific efforts in developing a neuropro-
tective agent or approach for TBI or stroke, clinical trials have
not yet yielded promising results. Therapeutic agents have to
tread a fine line between broadly affecting multiple resilience
pathways and risking detrimental systemic side effects, or
specifically modulating one pathway and compromising clin-
ical efficacy. The resilience framework is particularly helpful
from a translational perspective as it highlights the need for
further understanding the interaction between individualized
patient responses to injuries and treatments in order to opti-
mize functional outcomes. Identifying these therapeutic op-
portunities (i.e., a metabolic crisis or aberrant immune re-
sponse) for intervention in real time is a major goal of
multimodality neuromonitoring [89]. Over the next decade,
we are bound to see a new wave of individualized treatments
as translational aspects of novel biomarkers, brain imaging,
and machine-learning algorithms are coupled with emerging
therapeutics such as CRISPR-based gene and RNA editing
technologies and autologous stem cell delivery [209].
Additional technology development and clinical trials in these
exciting areas of neurocritical care will guide the next
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generation of neuroresilience therapies and greatly improve
the outcomes of patients suffering from brain injuries.

Required Author Forms Disclosure forms provided by the authors are
available with the online version of this article.
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