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Help-me signaling as a paradigm for inter-cellular
effects of pre- and post-conditioning in the brain after
stroke
Elga Esposito1, Wenlu Li1, Changhong Xing1, Eng H. Lo1

Ischemic pre-conditioning and post-conditioning have been identified as promising therapeutic
strategies for cerebral ischemia. They are based on endogenous mechanisms that the brain
uses to protect itself after an ischemic event. To date, the majority of studies are focused on the
acute protection of neurons per se. However, in the context of a damaged and recovering brain,
all cell types in the neurovascular unit should respond to a wide range of conditioning stimuli.
In this regard, the emerging concept of “help-me signaling” may be relevant, wherein injured
neurons release extracellular signals that shift glial and vascular cells into potentially beneficial
phenotypes. Is it possible that the beneficial effects of pre- and post-conditioning will be mediated
not only by intra-cellular mechanisms within neurons, but also by the non-cell autonomous
exchange of inter-cellular help-me signals between all cells in the entire neurovascular unit? In
this mini-review, we propose this idea and briefly survey representative examples of this potential
phenomenon, involving such molecules as chemokine (C-C) ligand 2, tumor necrosis factor alpha,
vascular endothelial growth factor, and extracellular microvesicles. The ability of pre- and postconditioning to regulate the network of help-me signals in damaged and recovering brain may
offer a useful conceptual framework for future hypothesis generation and testing.
Keywords: preconditioning, postconditioning, help-me signal, neurovascular unit,
neuroprotection, neurorepair, stroke
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Introduction: Promise and challenges of conditioning
medicine
During ischemic stroke the brain tries to react and protect itself.
However, when the insult is too severe or prolonged, these
endogenous attempts usually fail. Shorter, nonlethal insults have
been shown to be beneficial for their ability to produce factors
that can help the brain from a future (or even recent) insult.
Ischemic pre-conditioning is a neuroprotective mechanism
where a small, short, nonlethal insult is able to protect the
brain from a future, prolonged ischemic event. First identified
in the heart, by Murry et al. in 1986 (Murry et al. 1986), preconditioning has since proved to be effective in the brain as
well (Li et al., 2006; Kochet al., 2012). However, despite
the interesting neuroprotective effect of pre-conditioning,
translating this approach to the clinic is difficult because the
onset of an ischemic event often cannot be predicted. For this
reason, scientists have moved their attention to a more practical
approach, ischemic post-conditioning, which is a series of brief
non-injurious mechanical occlusions and reperfusions that may
protect the brain from a recent episode of harmful ischemia
(Zhao et al., 2006; Pignataro et al., 2008; Joo et al., 2013).
Both strategies are thought to recruit natural adaptive responses
that brain and other organs utilize to protect themselves from
various insults.
In spite of a relatively large collection of promising findings,
the use of cerebral ischemia as a stimulus for pre-conditioning
or post-conditioning is still difficult to apply in a clinical setting
(Pignataro et al., 2013). More recently, it has been suggested
that conditioning and tolerance may also be stimulated with
pharmacologic approaches or even by stimuli applied outside
the brain, i.e. remote conditioning.
Pharmacological pre- and post-conditioning are appealing
considering that most of the proposed agents are already used
in clinical practice, so they are safe and well studied (i.e.
opioids (Lim et al., 2004) and macrolide antibiotics (Koerner
et al., 2007)). This approach carries the promise of having
more direct clinical applicability. Moreover, animal studies of
various pharmacological agents have showed neuroprotective
effects similar to the ones extensively studied for ischemic
pre-conditioning (Gidday et al., 2012; Gidday 2010). Remote
ischemic pre- and post-conditioning, where the sublethal
stimulus is applied to a different organ from the one injured
(i.e. arm, leg etc.), have proven to be neuroprotective in both
humans and rodents (Koch et al., 2011; Pignataro et al., 2013;
Ren et al., 2015).
Multi-cellular effects of conditioning
To date, the majority of pre- and post-conditioning approaches
have been focused on the acute protection of neurons per
se. Mechanisms are mostly based on how the conditioning
stimulus triggers intracellular pathways within the neuron
that then serve to protect against future or recent insults.
However, in the context of the neurovascular unit, it is easy to
recognize that all conditioning stimuli should also affect nonneuronal cells from glial and vascular compartments. Stroke
affects not only neurons but all cells in the CNS including
endothelial cells, astrocytes, oligodendrocytes, microglia,
and the extracellular matrix. The balance between injury and
recovery will be mediated by the exchange of a wide range of
released factors (Maki et al., 2013). What is required now is a
rigorous understanding of how these factors can be released by
various conditioning stimuli in order to help the brain protect
itself. Hence, pre- and post-conditioning mechanisms may work
in part by regulating an integrated help-me signaling response
where specific factors are exchanged between different cells to
help the entire neurovascular unit to repair and remodel (Figure
1).
The importance of non-cell autonomous mechanisms was
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recently demonstrated in a recent study showing that astrocytes
may be necessary for neuronal tolerance and conditioning
(Narayanan and Perez-Pinzon, 2017). During normal conditions,
lactate production rates are tightly controlled. During anoxia,
lactate production is increased in the brain. In the glycolytic
pathway, pyruvate is decarboxylated and oxidized, producing
acetyl coenzyme A and lactate. Narayanan and Perez-Pinzon
(2017) showed that after ischemic preconditioning, astrocytes
are able to transfer ischemic tolerance to neurons through the
exchange and transfer of soluble mediators, such as lactate.
Indeed, astrocytes may even transfer mitochondrial help-me
signals to vulnerable neurons during ischemia (Hayakawa
et al., 2016; Chou et al., 2017; Hayakawa et al., 2018).
Astrocytes have long been known to play a critical supporting
role for neuronal homeostasis. Perhaps it is not surprising that
astrocytes may also mediate beneficial effects of brain pre- and
post-conditioning.
In this mini-review, we propose the hypothesis that helpme signaling plays a vital role in non-cell autonomous modes
of conditioning and tolerance for the ischemic brain. We
briefly survey four representative examples of this potential
phenomenon, i.e. the exchange of chemokine (C-C) ligand
2 (CCL2), tumor necrosis factor alpha (TNFα), vascular
endothelial growth factor (VEGF), and extracellular vesicles,
and then discuss how pre- and post-conditioning may alter
the release of signals that can shift multiple cells in the
neurovascular unit into beneficial phenotypes for brain repair,
remodeling, and recovery.
Help-me signaling
Neurons can actively regulate other cell types. After stroke,
damaged neurons are typically known to release many
factors that shift glia into deleterious forms that worsen
neuroinflammation. For example, after ischemia, neurons
upregulate TNFα, which activates astrocytes and microglia into
damaging modes that amplify neuroinflammation. Damaged
neurons can also release molecules to stimulate or activate the
cells around them in response to tissue injury. Traditionally,
these molecules fall into broad categories of “find me” and “eat
me” signals (Grimsley and Ravichandran, 2003; Napoli and
Neumann, 2009). However, some of these extracellular signals
may also be beneficial, and are now recognized as “help-me”
signals that induce glia to adopt pro-recovery phenotypes. After
injury, neurons can release mediators such as growth factors,
chemokines, and cytokines that interact with receptors present
on microglia to switch them into beneficial modes (Xing and
Lo, 2017).
For example, it was reported that lipocalin-2 (LCN2), also
known as neutrophil-gelatinase-associated-lipocalin or 24p3,
a protein belonging to the lipocalin superfamily, is released
by injured neurons as a help-me “distress” signal. LCN2
activates microglia and astrocytes into potentially pro-recovery
phenotypes. LCN2-shifted astrocytes and microglia upregulate
pro-recovery factors such as glial fibrillary acidic protein, brain
derived neurotrophic factor, and interleukin-10. These LCN2shifted cells protect neurons against oxygen-glucose deprivation
and promote neuroplasticity (Xing et al., 2014). LCN2 may also
contribute to brain recovery by inducing angiogenesis (Wu et
al., 2015). Taken together, LCN2 may serve as a representative
example of a help-me distress signal that activates microglia
and astrocytes into potentially pro-recovery phenotypes.
Besides microglia, damaged neurons can also activate
endothelial cells, neural stem cells, and astrocytes, providing
neuroprotection and promoting neurogenesis and angiogenesis.
Kyritsis et al., (2012) showed in zebrafish brain that cysteinyl
leukotriene stimulates immune cells to release factors
responsible for neurogenesis (Kyritsis et al., 2012).
The basic premise of help-me signaling is based on the
Conditioning Medicine 2018 | www.conditionmed.org
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Figure 1. Schematic of pre and postconditioning and help-me
signaling. Conditioning stimulates neurons, microglia, and astrocytes,
altogether comprising the neurovascular unit, to release helpme signals that may shift glial and vascular cells into potentially
beneficial phenotypes.

release of signals from damaged-but-not-yet-dead neurons.
However, this concept can now be broadened to include the
overall idea of non-cell autonomous mechanisms within
the damaged and recovering brain. Besides neurons per se,
many other cells in the neurovascular unit may also exchange
extracellular mediators for neuroprotection and neurorecovery.
Importantly, many of these mediators may be biphasic in nature.
For example, VEGF can promote neural recovery by amplifying
angiogenesis, but it can also be damaging by worsening bloodbrain barrier leakage. So, it is extremely important to carefully
dissect the balance between deleterious and beneficial effects
of the neurovascular unit signaling, in order to maximize
and optimize these non-cell autonomous mechanisms for
neuroprotection and neurorecovery after ischemic stroke (Xing
and Lo, 2017).
The basic hypothesis being proposed here states that effects
of pre-conditioning and post-conditioning should involve
not only neurons per se, but also affect all cells in the entire
neurovascular unit. Hence, ischemic tolerance may be best
understood by investigating how these approaches modify the
regulation of help-me signals in the injured or diseased brain.
The spectrum of help-me signals can be large, comprising
cytokines, chemokines and growth factors (e.g. TNFα, CCL2,
VEGF to be discussed here) that are released from all cell types
from neuronal, glial and vascular compartments.
Chemokine (C-C motif) ligand 2 (CCL2)
The monocyte chemo-attractant protein1, MCP-1, also known
as CCL2 belongs to the chemokine family and it is responsible
for the chemo-attraction of monocytes, memory T-cells, and
natural killer cells. It is constitutively expressed in neurons
but also found in astrocytes, endothelium, and perivascular
microglia. It binds to the CCR2 receptor on monocytes,
activated T cells, and dendritic cells in the periphery, and it is
expressed on microglia, astrocytes, and neurons in the brain
(Conductier et al., 2010).
During stroke, CCL2 levels are increased in human blood
and CSF. In animal models of stroke it increases first rapidly
in neurons and later on in astrocytes. The role of CCL2
during stroke is still controversial. Some studies showed an
accumulation of neutrophils and macrophages due to the
overexpression of CCL2 with subsequent bigger ischemia
(Wang et al., 1995; Chen et al., 2003), other studies have shown
a neuroprotective effect of CCL2 with reduction of infarct
Conditioning Medicine 2018 | www.conditionmed.org
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size, improvement in neurological outcomes, and decrease in
inflammatory markers (Strecker et al., 2011). CCL2 may have a
dual role, having a detrimental effect during the acute phase of
stroke by recruiting leukocytes but a protective role during the
recovery phase i.e. blocking intracellular calcium increase with
subsequent glutamate accumulation.
In models of hypoxic and pharmacological pre-conditioning
(Wacker et al., 2012) significant cross talk was observed
between hypoxia-inducible factor and sphingosine kinase 2,
which together act to up-regulate CCL2 expression. Another
study has shown that hypoxia-induced upregulation of CCL2
is required for ischemic tolerance. To prove this concept,
CCL2-null mice were subjected to transient middle cerebral
artery occlusion (MCAo) and showed no protection after
ischemic pre-conditioning. Moreover, administration of a CCL2
immunoneutralizing antibody before ischemic pre-conditioning
induction completely blocked the development of ischemic
tolerance.
Another example of help-me signaling following preconditioning may be documented in peripheral nerve injury.
It has been shown that neuron–macrophage interactions may
activate macrophages into a pro-regenerative phenotype
and that CCL2 is a key mediator of the neuron–macrophage
interaction driving the pro-regenerative macrophage phenotype
(Kwon et al., 2015). Also using a selective CCR-2 chemokine
receptor antagonist attenuated the neuroprotective effect of both
ischemic pre-conditioning, as well as post-conditioning (Rehni
and Singh, 2012). However, other papers showed a reduction
of CCL2 after pre-conditioning. In a model of lung ischemiareperfusion injury, ischemic pre-conditioning significantly
reduced the expression of chemokines and cytokines, including
CCL2 (Rehni and Singh, 2012). In another paper, in pre- and
post-ischemic myocardium, sustained ligand-activated preconditioning was associated with transcriptional repression of
inflammation/immunity factors such as CCL2 (Ashton et al.,
2013).
Tumor necrosis factor alpha (TNFα)
TNFα is a cytokine with a central role in inflammatory
responses. Two main receptors bind TNFα in the brain, tumor
necrosis factor receptor (TNFR) 1 (TNFR1) and TNFR2.
TNFα binding to TNFR1 is mostly responsible for cell growth,
cell death, and inflammation, whereas TNFR2 activates
antiapoptotic and proinflammatory pathways (Aggarwal, 2003).
High levels of TNFα were found in plasma of both humans
and animal models after ischemia (Vila et al., 2000; Intiso
et al., 2004). In the brain, microglia is the main source for
TNFα even though TNFα immunoreactivity has been shown
to be present also in neurons, astrocytes, and endothelial cells
(Botchkina et al., 1997). Numerous studies have shown how
increases in TNFα after ischemia correlate with increases in the
infarction area, and that by blocking TNFα, infarct is reduced,
and outcomes are improved. However, some studies have also
suggested a neuroprotective effect for TNFα, i.e. by increasing
neurotrophic factors (Wilkins and Swerdlow, 2015).
Moreover, some studies have shown a protective mechanism
of pre-conditioning with TNFα. Accordingly, TNFα is increased
in patients with previous transient ischemic attacks. TNFα
pre-conditioning significantly reduced infarct volume and
inhibited microglial activation in a focal ischemia model
(Nawashiro et al., 1997) and was responsible for the reduction
in glutamate-induced Ca 2+ influx in hippocampal cultures
(Watters and O'Connor, 2011). Moreover, ischemic preconditioning up-regulated neuronal expression of TNFR1.
Other studies revealed that chronic low-level exposure to
TNFα, induced i.e. by exercise pre-conditioning, led to neuronal
tolerance to cytokines, promoted angiogenesis, and decreased
TNFα receptor expression, generating neuronal tolerance.
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Furthermore, hypothermic pre-conditioning has shown to be
responsible for TNFα increases in rat hippocampal cultures 24
hours after the pre-conditioning stimulus (Mitchell et al., 2011).
Although the TNF mechanisms are complex and likely to be
biphasic in nature, the majority of ischemic post-conditioning
studies have suggested a reduction in TNFα in brain compared
to controls (Hwang et al., 2017).
Vascular endothelial growth factor (VEGF)
VEGF is an important growth factor best known for promoting
the formation of new vessels in endothelial cells. In humans,
VEGF exists in 5 different forms, VEGF-A, VEGF-B, VEGF-C,
VEGF-D, and PIGF (the placenta growth factor). Three
different receptors VEGF receptor 1 (VEGFR-1), VEGFR-2,
VEGFR-3, belonging to the tyrosine kinase receptor family, can
bind differentially to VEGF peptides. VEGFR-2, also known as
Flk-1, binds VEGF-A, VEGF-C, and VEGF-D, and regulates
vascular permeability and angiogenesis. It is now well known
that VEGF, together with its effects on the vascular system,
plays also a crucial role in the nervous system (Zhang and
Chopp 2002).
Many studies have focused on the role of VEGF during
brain ischemia. After cerebral ischemia, VEGF levels increase,
peaking at 24 hours. These changes are responsible for
stimulating angiogenesis and modulating vascular permeability,
direct neuroprotection, and promoting neurogenesis (Ruiz
de Almodovar et al., 2009). In focal stroke models, VEGF
immunoreactivity can be increased in neurons, astrocytes,
blood cells, and microglia. VEGF is also known to regulate
neuroinflammation. It has been shown that VEGF can be
released by neural progenitor cells and can regulate microglia
function and activity (Mosher et al., 2012).
VEGF plays a role as mediator for help-me signaling between
different elements of the neurovascular unit and it is involved in
the neuroprotection achieved by pre-conditioning (Koch, et al.,
2014; Park et al., 2014). Both cell culture studies and animal
models have shown that after ischemic pre-conditioning, VEGF
mRNA and protein expression were increased (Bernaudin et
al., 2002; Li et al., 2017). The protective effects of VEGF were
also confirmed in studies using anti-VEGFR1/2 monoclonal
antibodies where tolerance was inhibited by blocking VEGF
signaling (Laudenbach et al., 2007). Besides neurons, other
cells can also release VEGF. For example, primary astrocyte
cultures release VEGF and are protected from oxidative stress
in response to the pre-conditioning stimulus (Chu et al., 2010).
In the context of conditioning medicine, VEGF can then be
exchanged as a help-me signal between multiple sources within
the entire neurovascular unit.
During pre-conditioning-induced neuroprotection, VEGF
is known to be increased (Park et al., 2014). As previously
mentioned, it has also been shown that neural progenitor cells
can release VEGF in order to regulate microglia function and
activity (Mosher et al., 2012). Recently, our laboratory showed
that a post-conditioning stimulus is able to increase VEGF
release around the peri-infarct area, and that the interaction
of VEGF with Flk-1 (VEGFR-2) on microglia activated these
cells into beneficial phenotypes (Esposito et al., 2018). In
this study, rats were subjected to 100 min of focal cerebral
ischemia, and then randomized into a control versus postconditioning group. As expected, 3 days after reperfusion,
infarct volumes were significantly smaller in animals treated
with post-conditioning, along with better neurologic outcomes.
Immunostaining showed that ischemic post-conditioning
increased the expression of VEGF in neurons within periinfarct regions. Correspondingly, VEGFR-2 was expressed on
Iba1-positive microglia/macrophages. Confocal microscopy
showed that after post-conditioning these cells were polarized
to a ramified morphology with higher expression of M2-like
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markers, both signs of a beneficial phenotype. Finally, treatment
with a Flk-1 inhibitor to block VEGF signaling annulled the
M2-like microglia polarization and negated the neuroprotection
after post-conditioning. Taken together, these findings may
be consistent with the role of VEGF as a “help-me signal”
being released from damaged-but-not-yet-dead neurons that
shifts microglia/macrophage into beneficial forms, altogether
providing a neuroprotective and neurorestorative milieu in the
brain (Esposito et al., 2018). Similar experiments can then be
envisaged to dissect other types of help-me signals that may be
affected by various modes of pre- and post-conditioning.
Exchange of microvesicles
Microvesicles, also known as microparticles, are small
membrane vesicles in various mammalian cells types. They are
released into the microenvironment and specifically taken up
by other cells (Raposo and Stoorvogel, 2013; Colombo et al.,
2014). Since microvesicles contain a large amount of RNAs and
proteins, they have been increasingly recognized as important
intercellular messengers, capable of responding to a variety
of pathological conditions (Manuel et al., 2017; Martinez and
Andriantsitohaina, 2017, Wang et al., 2017; Raeven et al.,
2018), including ischemic stroke (Hayon et al., 2012; Xin et
al., 2013). In a permanent MCAo model in rats, administration
of platelet derived microvesicles via a biodegradable polymer
to the brain surface led to a dose dependent increase in cell
proliferation, neurogenesis, and angiogenesis at the infarct
boundary zone, and significantly improved behavioral deficits
(Hayon et al., 2012). In another study, systemic administration
of mesenchymal stromal cells-generated microvesicles
significantly improved neurite remodeling, neurogenesis,
angiogenesis, and functional recovery after 2 hours of transient
focal cerebral ischemia (Xin et al., 2013).
Recent studies have shown that microvesicles may be an
especially important help-me signal for remote conditioning.
Remote ischemic pre-conditioning markedly increased
microvesicles released from the heart (Jeanneteau et al., 2012;
Giricz et al., 2014). Microvesicles collected from coronary
perfusates of donor hearts, which were subjected to ischemic
pre-conditioning, exerted protective effects against ischemia/
reperfusion injury in recipient isolated hearts in rats (Giricz et
al., 2014). Moreover, treatment with ischemia pre-conditioningderived microvesicles significantly alleviated the activity of
caspase 3, and the expression of endoplasmic reticulum stress
markers, GRP78, CHOP and caspases (Shan et al., 2013; Liu et
al., 2018).
In a rat model of focal cerebral ischemia, microvesicles
extracted from healthy rats that underwent hindlimb ischemiareperfusion pre-conditioning were transfused into rats that had
undergone stroke without remote ischemia pre-conditioning.
The transfusion resulted in an increase in platelet-derived
microvesicles in blood and reduction in infarction area, albeit
to a lesser degree than remote ischemia pre-conditioning
itself (Shan et al., 2013). This was the first demonstration that
microvesicles are involved in the protective effect of remote
ischemia pre-conditioning in a rat stroke model. However,
some caution is warranted since it remains difficult to
correlate microvesicle transfusion effects with any significant
improvements at 24 hours or long-term.
Taken together, these studies highlight the importance of
microvesicles in local and distant cell-cell communication after
cerebral ischemia. Because microvesicles can travel widely
throughout the body and affect multiple systems simultaneously,
they may serve as logical cell-free therapeutic candidates that
are triggered by remote conditioning.
Conclusions
Pre- and post-conditioning have the potential to be clinically
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translated but many challenges still need to be overcome. A
better knowledge of the mechanisms behind the therapeutic
effects of conditioning is needed. For example, most studies in
the field are focused on acute protection of neurons, whereas
conditioning and tolerance will surely affect all cell types in the
entire neurovascular unit. Here, we propose the hypothesis that
effects of pre and post-conditioning should be investigated and
interpreted in the context of help-me signaling between neural,
glial, and vascular compartments in the brain. Further studies
are warranted to rigorously investigate how help-me signaling
is regulated in conditioning medicine.
Competing Interests
The authors declare they have no competing financial interest.
Acknowledgements
This work was supported in part by grants from NIH and the
Rappaport Foundation.
References
Aggarwal BB (2003).Signalling pathways of the TNF
superfamily: a double-edged sword. Nat Rev Immunol
3:745-756.
Ashton KJ, Tupicoff A, Williams-Pritchard G, Kiessling
CJ, See Hoe LE, Headrick JP, Peart JN (2013) Unique
transcriptional profile of sustained ligand-activated
preconditioning in pre- and post-ischemic myocardium.
PLoS One 8: e72278.
Bernaudin M, Nedelec AS, Divoux D, MacKenzie ET, Petit
E, Schumann-Bard P (2002) Normobaric hypoxia
induces tolerance to focal permanent cerebral ischemia
in association with an increased expression of hypoxiainducible factor-1 and its target genes, erythropoietin and
VEGF, in the adult mouse brain. J Cereb Blood Flow
Metab 22:393-403.
Botchkina GI, Meistrell ME, Botchkina IL, Tracey KJ (1997)
Expression of TNF and TNF receptors (p55 and p75)
in the rat brain after focal cerebral ischemia. Mol Med
3:765-781.
Chen Y, Hallenbeck JM, Ruetzler C, Bol D, Thomas K, Berman
NE, Vogel SN (2003) Overexpression of monocyte
chemoattractant protein 1 in the brain exacerbates
ischemic brain injury and is associated with recruitment
of inflammatory cells. J Cereb Blood Flow Metab 23:748755.
Chou SH, Lan J, Esposito E, Ning M, Balaj L, Ji X, Lo EH,
Hayakawa K (2017) Extracellular Mitochondria in
Cerebrospinal Fluid and Neurological Recovery After
Subarachnoid Hemorrhage. Stroke 48:2231-2237.
Chu PW, Beart PM, Jones NM (2010) Preconditioning protects
against oxidative injury involving hypoxia-inducible
factor-1 and vascular endothelial growth factor in cultured
astrocytes. Eur J Pharmacol 633:24-32.
Colombo M, Raposo G, Thery C (2014) Biogenesis, secretion,
and intercellular interactions of exosomes and other
extracellular vesicles. Annu Rev Cell Dev Biol 30:255289.
Conductier G., Blondeau N, Guyon A, Nahon JL, Rovere
C (2010) The role of monocyte chemoattractant
protein MCP1/CCL2 in neuroinflammatory diseases. J
Neuroimmunol 224:93-100.
Esposito E, Hayakawa K, Ahn BJ, Chan SJ, Xing C, Liang AC,
Kim KW, Arai K, Lo EH (2018) Effects of ischemic postconditioning on neuronal VEGF regulation and microglial
polarization in a rat model of focal cerebral ischemia. J
Neurochem 146:160-172.
Gidday JM (2010) Pharmacologic preconditioning: translating
the promise. Transl Stroke Res 1:19-30.
Gidday JM, Perez-Pinzon MA, Zhang JH (2012) Innate
Conditioning Medicine 2018 | www.conditionmed.org

REVIEW ARTICLE
tolerance in the CNS : translational neuroprotection by
pre- and post-conditioning. New York, NY: Springer.
Giricz Z, Varga ZV, Baranyai T, Sipos P, Paloczi K, Kittel
A, Buzas EI, Ferdinandy P (2014) Cardioprotection
by remote ischemic preconditioning of the rat heart is
mediated by extracellular vesicles. J Mol Cell Cardiol
68:75-78.
Grimsley C, Ravichandran KS (2003) Cues for apoptotic
cell engulfment: eat-me, don't eat-me and come-get-me
signals. Trends Cell Biol 13:648-656.
Hayakawa K, Bruzzese M, Chou SH, Ning M, Ji X, Lo EH
(2018) Extracellular Mitochondria for Therapy and
Diagnosis in Acute Central Nervous System Injury. JAMA
Neurol 75:119-122.
Hayakawa K, Esposito E, Wang X, Terasaki Y, Liu Y, Xing
C, Ji X, Lo EH (2016) Transfer of mitochondria from
astrocytes to neurons after stroke. Nature 535:551-555.
Hayon Y, Dashevsky O, Shai E, Brill A, Varon D, Leker RR
(2012) Platelet microparticles induce angiogenesis and
neurogenesis after cerebral ischemia. Curr Neurovasc Res
9:185-192.
Hwang JW, Jeon YT, Lim YJ , Park HP (2017) Sevoflurane
Postconditioning-Induced Anti-Inflammation via
Inhibition of the Toll-Like Receptor-4/Nuclear Factor
Kappa B Pathway Contributes to Neuroprotection against
Transient Global Cerebral Ischemia in Rats. Int J Mol Sci
18:2347.
Intiso D, Zarrelli MM, Lagioia G, Di Rienzo F, Checchia
De Ambrosio C, Simone P, Tonali P, Cioffi Dagger RP
(2004) Tumor necrosis factor alpha serum levels and
inflammatory response in acute ischemic stroke patients.
Neurol Sci 24:390-396.
Jeanneteau J, Hibert P, Martinez MC, Tual-Chalot S, Tamareille
S, Furber A, Andriantsitohaina R, Prunier F (2012)
Microparticle release in remote ischemic conditioning
mechanism. Am J Physiol Heart Circ Physiol 303:H871877.
Joo SP, Xie W, Xiong X, Xu B, Zhao H (2013) Ischemic
postconditioning protects against focal cerebral ischemia
by inhibiting brain inflammation while attenuating
peripheral lymphopenia in mice. Neuroscience 243:149157.
Koch S, Della-Morte D, Dave KR, Sacco RL, Perez-Pinzon
MA (2014) Biomarkers for ischemic preconditioning:
finding the responders. J Cereb Blood Flow Metab
34:933-941.
Koch S, Katsnelson M, Dong C ,Perez-Pinzon M (2011)
Remote ischemic limb preconditioning after subarachnoid
hemorrhage: a phase Ib study of safety and feasibility.
Stroke 42:1387-1391.
Koch S, Sacco RL, Perez-Pinzon MA (2012) Preconditioning
the brain: moving on to the next frontier of
neurotherapeutics. Stroke 43:1455-1457.
Koerner IP,Gatting M, Noppens R, Kempski O, Brambrink
AM (2007) Induction of cerebral ischemic tolerance
by erythromycin preconditioning reprograms the
transcriptional response to ischemia and suppresses
inflammation. Anesthesiology 106:538-547.
Kwon MJ, Shin HY, Cui Y, Kim H, Thi AH, Choi JY, Kim EY,
Hwang DH, Kim BG (2015) CCL2 Mediates NeuronMacrophage Interactions to Drive Proregenerative
Macrophage Activation Following Preconditioning Injury.
J Neurosci 35:15934-15947.
Kyritsis N, Kizil C, Zocher S, Kroehne V, Kaslin J,
Freudenreich D, Iltzsche A, Brand M (2012) Acute
inflammation initiates the regenerative response in the
adult zebrafish brain. Science 338:1353-1356.
Laudenbach V, Fontaine RH, Medja F, Carmeliet P, Hicklin
341

REVIEW ARTICLE
DJ, Gallego J, Leroux P, Marret S, Gressens P (2007)
Neonatal hypoxic preconditioning involves vascular
endothelial growth factor. Neurobiol Dis 26:243-252.
Li S, Hafeez A, Noorulla F, Geng X, Shao G, Ren C, Lu
G, Zhao H, Ding Y, Ji X (2017) Preconditioning in
neuroprotection: From hypoxia to ischemia. Prog
Neurobiol 157:79-91.
Li, W , Luo Y, Zhang F, Signore AP, Gobbel GT, Simon RP,
Chen J (2006) Ischemic preconditioning in the rat brain
enhances the repair of endogenous oxidative DNA damage
by activating the base-excision repair pathway. J Cereb
Blood Flow Metab 26:181-198.
Lim Y, Zheng JS, Zuo Z (2004) Morphine preconditions
Purkinje cells against cell death under in vitro simulated
ischemia-reperfusion conditions. Anesthesiology 100:562568.
Liu M, Wang Y, Zhu Q, Zhao J, Wang Y, Shang M, Liu M, Wu
Y, Song J, Liu Y (2018) Protective effects of circulating
microvesicles derived from ischemic preconditioning
on myocardial ischemia/reperfusion injury in rats by
inhibiting endoplasmic reticulum stress. Apoptosis
23:436-448.
Maki T, Hayakawa K, Pham LD, Xing C, Lo EH, Arai K (2013)
Biphasic mechanisms of neurovascular unit injury and
protection in CNS diseases. CNS Neurol Disord Drug
Targets 12:302-315.
Manuel G, Johnson ET, Liu D (2017) Therapeutic angiogenesis
of exosomes for ischemic stroke. Int J Physiol
Pathophysiol Pharmacol 9:188-191.
Martinez MC, Andriantsitohaina R (2017) Extracellular Vesicles
in Metabolic Syndrome. Circ Res 120:1674-1686.
Mitchell HM, White DM, Domowicz MS, Kraig RP (2011)
Cold pre-conditioning neuroprotection depends on TNFalpha and is enhanced by blockade of interleukin-11. J
Neurochem 117:187-196.
Mosher KI, Andres RH, Fukuhara T, Bieri G, HasegawaMoriyama M, He Y, Guzman R, Wyss-Coray T (2012)
Neural progenitor cells regulate microglia functions and
activity. Nat Neurosci 15:1485-1487.
Murry CE, Jennings RB, Reimer KA (1986) Preconditioning
with ischemia: a delay of lethal cell injury in ischemic
myocardium. Circulation 74:1124-1136.
Napoli I, Neumann H (2009) Microglial clearance function in
health and disease. Neuroscience 158:1030-1038.
N a r a y a n a n S V, P e r e z - P i n z o n M A ( 2 0 1 7 ) I s c h e m i c
preconditioning treatment of astrocytes transfers ischemic
tolerance to neurons. Cond Med 1:2-8.
Nawashiro H, Tasaki K, Ruetzler CA, Hallenbeck JM (1997)
TNF-alpha pretreatment induces protective effects against
focal cerebral ischemia in mice. J Cereb Blood Flow
Metab 17:483-490.
Park YS, Cho JH, Kim IH, Cho GS, Cho JH, Park JH, Ahn JH,
Chen BH, Shin BN, Shin MC, Tae HJ, Cho YS, Lee YL,
Kim YM, Won MH, Lee JC (2014) Effects of ischemic
preconditioning on VEGF and pFlk-1 immunoreactivities
in the gerbil ischemic hippocampus after transient cerebral
ischemia. J Neurol Sci 347:179-187.
Pignataro G, Esposito E, Sirabella R, Vinciguerra A, Cuomo
O, Di Renzo G, Annunziato L (2013) nNOS and p-ERK
involvement in the neuroprotection exerted by remote
postconditioning in rats subjected to transient middle
cerebral artery occlusion. Neurobiol Dis 54:105-114.
Pignataro G, Meller R, Inoue K, Ordonez AN, Ashle, MD,
Xiong Z, Gala R, Simon RP (2008). In vivo and in vitro
characterization of a novel neuroprotective strategy for
stroke: ischemic postconditioning. J Cereb Blood Flow
Metab 28:232-241.
Raeven P, Zipperle J, Drechsler S (2018) Extracellular Vesicles
342

Conditioning Medicine | 2018,

1(7):337-342

as Markers and Mediators in Sepsis. Theranostics 8:33483365.
Raposo G, Stoorvogel W (2013) Extracellular vesicles:
exosomes, microvesicles, and friends. J Cell Biol 200:373383.
Rehni AK, Singh TG (2012) Involvement of CCR-2 chemokine
receptor activation in ischemic preconditioning and
postconditioning of brain in mice. Cytokine 60:83-89.
Ren C, Wang P, Wang B, Li N, Li W, Zhang C, Jin K, Ji
X(2015) Limb remote ischemic per-conditioning in
combination with post-conditioning reduces brain damage
and promotes neuroglobin expression in the rat brain after
ischemic stroke. Restor Neurol Neurosci 33:369-379.
Ruiz de Almodovar C, Lambrechts D, Mazzone M, Carmeliet
P (2009) Role and therapeutic potential of VEGF in the
nervous system. Physiol Rev 89:607-648.
Shan LY., Li JZ, Zu LY, Niu CG, Ferro A, Zhang YD, Zheng
LM, Ji Y (2013) Platelet-derived microparticles are
implicated in remote ischemia conditioning in a rat model
of cerebral infarction. CNS Neurosci Ther 19:917-925.
Strecker JK, Minnerup J, Gess, B, Ringelstein EB, Schabitz
WR , Schilling M (2011) Monocyte chemoattractant
protein-1-deficiency impairs the expression of IL-6, IL1beta and G-CSF after transient focal ischemia in mice.
PLoS One 6:e25863.
Vila N, Castillo J, Davalos A, Chamorro A (2000)
Proinflammatory cytokines and early neurological
worsening in ischemic stroke Stroke 31:2325-2329.
Wacker BK, Perfater JL, Gidday JM (2012) Hypoxic
preconditioning induces stroke tolerance in mice via a
cascading HIF, sphingosine kinase, and CCL2 signaling
pathway. J Neurochem 123:954-962.
Wang J, Sun X, Zhao J, Yang Y, Cai X, Xu J , Cao P (2017)
Exosomes: A Novel Strategy for Treatment and Prevention
of Diseases. Front Pharmacol 8:300.
Wang X, Yue TL, Barone FC,Feuerstein GZ (1995) Monocyte
chemoattractant protein-1 messenger RNA expression in
rat ischemic cortex Stroke 26:661-665; discussion 665666.
Watters O, O'Connor JJ (2011) A role for tumor necrosis
factor-alpha in ischemia and ischemic preconditioning. J
Neuroinflammation 8:87.
Wilkins HM, Swerdlow RH (2015) TNFalpha in cerebral
ischemia: another stroke against you? J Neurochem
132:369-372.
Wu L, Du Y, Lok J, Lo EH, Xing C (2015) Lipocalin-2
enhances angiogenesis in rat brain endothelial cells via
reactive oxygen species and iron-dependent mechanisms.
J Neurochem 132:622-628.
Xin H, Y. Li Y, Cui Y, Yang JJ, Zhang ZG, Chopp M (2013)
Systemic administration of exosomes released from
mesenchymal stromal cells promote functional recovery
and neurovascular plasticity after stroke in rats. J Cereb
Blood Flow Metab 33:1711-1715.
Xing C, Lo EH (2017) Help-me signaling: Non-cell autonomous
mechanisms of neuroprotection and neurorecovery. Prog
Neurobiol 152:181-199.
Xing C, Wang, X, Cheng C, Montaner J, Mandeville E, Leung
W, van Leyen K, Lok J, Wang X, Lo EH (2014) Neuronal
production of lipocalin-2 as a help-me signal for glial
activation. Stroke 45:2085-2092.
Zhang Z, Chopp M (2002) Vascular endothelial growth factor
and angiopoietins in focal cerebral ischemia. Trends
Cardiovasc Med 12:62-66.
Zhao H, Sapolsky RM, Steinberg GK(2006) Interrupting
reperfusion as a stroke therapy: ischemic postconditioning
reduces infarct size after focal ischemia in rats. J Cereb
Blood Flow Metab 26:1114-1121.
Conditioning Medicine 2018 | www.conditionmed.org

