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Abstract

In the area of brain injury and neurodegenerative diseases, a plethora of experimental and clinical
evidence strongly indicates the promise of therapeutically exploiting the endogenous adaptive
system at various levels like triggers, mediators and the end-effectors to stimulate and mobilize
intrinsic protective capacities against brain injuries. It is believed that ischemic pre- or post-
conditioning are actually the strongest known interventions to stimulate the innate neuroprotective
mechanism to prevent or reverse neurodegenerative diseases including stoke and traumatic brain
injury. Recently, studies showed the effectiveness of ischemic per-conditioning in some organs.
Therefore the term ischemic conditioning, including all interventions applied pre-, per- and post-
ischemia, which spans therapeutic windows in 3 time periods, has recently been broadly accepted
by scientific communities. In addition, it is extensively acknowledged that ischemia-mediated
protection not only affects the neurons but also all the components of the neurovascular network
(consisting of neurons, glial cells, vascular endothelial cells, pericytes, smooth muscle cells, and
venule/veins). The concept of cerebroprotection has been widely used in place of neuroprotection.
Intensive studies on the cellular signaling pathways involved in ischemic conditioning have
improved the mechanistic understanding of tolerance to cerebral ischemia. This has added impetus
to exploration for potential pharmacologic mimetics, which could possibly induce and maximize
inherent protective capacities. However, most of these studies were performed in rodents, and the
efficacy of these mimetics remains to be evaluated in human patients. Several classical signaling
pathways involving apoptosis, inflammation, or oxidation have been elaborated in the past
decades. Newly characterized mechanisms are emerging with the advances in biotechnology and
conceptual renewal. In this review we are going to focus on those recently reported
methodological and mechanistic discoveries in the realm of ischemic conditioning. Due to the
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varied time differences of ischemic conditioning in different animal models and clinical trials, it is
important to define optimal timing to achieve the best conditioning induced neuroprotection. This
brings not only an opportunity in treatment of stroke, but challenges as well, as data is just
becoming available and the procedures are not yet optimized. The purpose of this review is to shed
light on exploiting these ischemic conditioning modalities to protect the cerebrovascular system
against diverse injuries and neurodegenerative disorders.

Keywords
innate cerebroprotection; stroke; ischemia; preconditioning; postconditioning; perconditioning

1 Introduction

Although great endeavor has been devoted to prevention and treatment of stroke, it still
remains the second leading cause of death worldwide and the third largest killer in the U.S.
(Go et al., 2013) Ischemic Stroke accounts for 85% of all strokes followed by hemorrhagic
stroke and transient ischemic attack (Go et al., 2013; Ovbiagele et al., 2013). Patients who
survive this unfortunate event, they oftentimes have to live with significant functional
limitations that greatly impair their day-to-day life. Stroke is also responsible for enormous
expenses in the health care system, accounting for indirect costs of US $ 73.7 billion in 2010
alone (Lloyd-Jones et al., 2010). A number of pharmacological treatments such as
mitochondria potassium channel openers, calcium channel blockers, anti-oxidative agents,
anti-inflammatory drugs, estrogens, progesterone, iron chelators, stem cells, etc. (Bi and
Song, 2011; Hao et al., 2014; Ma et al., 2012; Mangoni et al., 2010; Shao et al., 2012; Sun
and Feng, 2013; Tewari et al., 2014; Wali et al., 2014; Zhang et al., 2012) have shown
potential in animal stroke models, but most of these failed to function effectively (Bi and
Song, 2011; Wali et al., 2014), or caused unwanted side effects in human clinical practice.
Considering the unpredictability of the time of a stroke attack, it is of extreme importance to
find effective neuroprotective strategies to be delivered (Hahn et al., 2011) either before,
during, or after blood flow stoppage to the brain. This could not only decrease costs but also
increase the potential for positive health outcomes for patients across the world. With these
challenges in mind, new therapeutic and pharmacologic interventions are needed.

Endogenous neuroprotection is the brain’s own ability to mount a response to injury.
Naturally, brain cells try to reduce cell death and injury by recruiting its defenses (Huber et
al., 1999). Extensive evidence has shown that the brain is able to adapt to adverse events
such as cerebral ischemia, thereby improving cell endurance when faced with the possibility
of future damage (Huber et al., 1999; Riepe et al., 1997). The response of endogenous
neuroprotection pathways to counter cell injury and death depends on the strength of the
stimulus. This adaptation requires the institution of a harmonic response at all cell levels.
Beyond the limits of ischemic tolerance, cells may be doomed not to function anymore. It is
imperative to study and find mechanisms related to improving this response, allowing more
explicit opportunities for bridging bench research into bedside clinical trials (Bernaudin et
al., 1999).
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The idea of conditioning is to induce alternating periods of brief ischemia with reperfusion
pre, per and post the otherwise prolonged injurious ischemia to trigger endogenous
protective mechanisms. The term of ischemic conditioning was proposed to cover the three
kinds of ischemic conditioning strategies spanning the three therapeutic windows in
ischemic and reperfusion injury (IRI). Interventions during all 3 periods are currently being
studied on animal models and some have been applied in clinical trials. Mechanism studies
of neuroprotection induced by ischemic conditioning have the potential to be translated into
clinical studies. Further, this research could results in the exploration of new drugs that may
enhance cerebral auto defense against ischemia, which will ultimately benefit patients at risk
for stroke and related neurodegenerative disorders. In the present review, several typical
molecules and signaling pathways involved in protecting the brain against ischemic insults
will be recapitulated. New avenues discovered in recent years whereby the cerebrovascular
system manages to protect itself against ischemia will be highlighted.

2 Ischemic conditioning

2.1 Ischemic pre-conditioning (IPrC)

Ischemic pre-conditioning (IPrC) is the application of a brief non-lethal ischemia to cells/
tissues/organisms to activate their protective mechanisms (Meller and Simon, 2013) for later
injurious ischemia. IPrC is used to induce neuroprotection by delivering brief periods of
ischemia prior to major or prolonged ischemia and reperfusion. IPrC has proven thus far to
be one of the most effective infarct-limiting strategies available (Lehotsky et al., 2009).
Preconditioning is an innovative strategy for treatment of cerebral ischemia and continues to
gain interest in the medical community (Koch and Perez-Pinzon, 2013). The idea of IPrC
was first described in 1986 when a study done by Murry et al in a model of a rabbit heart,
found that induction of mild ischemia prior to a prolonged ischemia event made the organ
more tolerant to subsequent lethal ischemic insult (Murry et al., 1986). This has been
validated in many experimental disease settings (Bahjat et al., 2013). The type of
preconditioning Murry et al. describes is early preconditioning, which lasts anywhere from a
few minutes to several hours. There is another phase, the late phase, also known as delayed
preconditioning, that starts after 12 hours and lasts up to three days (Ramzy et al., 2006).
Distinct neuroprotective responses are elicited at specific time intervals. In the early phase,
neuroprotection is achieved by the release of endogenous factors, and is optimized if the
second insult is within a 1h period of the first insult (Perez-Pinzon et al., 1996; Perez-Pinzon
etal., 1997; Schurr et al., 1986). In the late phase, the activated endogenous pathways will
achieve maximal protection if the time interval is prolonged many days after the initial
preconditioning stimulus. Furthermore, it will result in a stronger, more longstanding
neuroprotection than the early phase (Kato et al., 1992a; Kato et al., 1992b) allowing the
cells to fight against ensuing ischemia (Narayanan et al., 2013).

Aside from the local ischemic preconditioning, where periods of brief occlusions to blood
flow are made proximal to the brain in order to protect it from longer durations of ischemia,
remote ischemic preconditioning (RIPC) is defined as subjecting a remote non-vital and
more accessible organ, such as an arm or a leg, to an ischemic stress in order to protect a
distant vital organ from more extensive ischemia insults (Ates et al., 2002; Kitagawa et al.,
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1991). Evidence supporting its safety makes limb transient ischemia the preferred method of
inducing remote conditioning (Dezfulian et al., 2013). Evidently, remote activation of
protection overcomes some of the limitations of local preconditioning, but it still must be
delivered before the onset of ischemia. In turn, the application of local and remote IPrC in
the treatment of acute stroke is largely restricted due to the unpredictability of acute stroke
onset.

2.2 Ischemic per-conditioning (IPeC)

Ischemic per-conditioning (IPeC) results from application of brief periods of ischemia
during a prolonged ischemic insult to render the brain resistant to further otherwise injurious
ischemia. Remote ischemic per-conditioning is a type of IPeC, and is similar to remote
preconditioning in that it applies short periods of ischemia/reperfusion to a remote organ to
protect another vital organ from lethal ischemia. The only difference is that the intermittent
ischemia/reperfusion is done during major ischemia. A reduction in infarct size by remote
ischemia applied during transport of heart attack victims to the hospital before percutaneous
coronary interventions has been demonstrated by human studies on perconditioning (Vinten-
Johansen and Shi, 2011). In another study done by Hahn et al. remote ischemic conditioning
by transient limb ischemia was delivered in a rat transient middle cerebral artery occlusion
model of acute stroke. Compared with control, both pre- and per-conditioning significantly
reduced brain infarct size (Hahn et al., 2011). Considering the limitations of IPrC, IPeC was
proven to be a more facile, clinically relevant intervention to drive the innate
cerebroprotective mechanisms. Recently, the therapeutic potential of remote ischemic
perconditioning has also been tested in female rodents. This will strengthen the evidence for
safety and effectiveness in future human studies (Hoda et al., 2014). With this in mind, IPeC
is a relevant treatment option for stroke intervention, and this is especially true for remote
perconditioning during cerebral ischemia.

2.3 Ischemic Post-Conditioning (IPoC)

Ischemic post-conditioning (IPoC) induces neuroprotection by allowing short periods of
ischemia to occur at the time of reperfusion (Halkos et al., 2004). IPoC is defined as a novel
strategy that induces brief interruptions in blood flow in the early phases of reperfusion,
thereby protecting organs from ischemia/reperfusion injury (IRI) (Liu et al., 2007). The
effective neuroprotective strategies included improvements in disrupted cerebral blood flow
and prevention of cytochrome c translation. Other mechanisms were found in post-
conditioned mice, such as protein kinase Akt (Pignataro et al., 2008) and phospoinositide 3
kinase linked pathway activation (Rehni and Singh, 2007). In our group, remote limb
ischemic post-conditioning has been found to protect against neonatal hypoxic—ischemic
brain injury in rat pups via the opioid receptor/Akt pathway (Zhou et al., 2011). Questions
remain about the common pathways involved in all 3 forms of conditioning, and the nuances
that separate one form of conditioning from another, which leaves an opportunity for
continued study. Translating pre, per, and post-conditioning into clinical settings will require
the combination of basic science research and clinical testing (Vinten-Johansen and Shi,
2011).
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3 Mechanisms concerning ischemic conditioning

Ischemic conditioning induced neuroprotection has been shown to appear in numerous
forms, including but not limited to regulation of neurotrophin expression, strengthening the
neurovascular network decreasing inflammation and apoptosis, and also improving cerebral
metabolism, etc. (Dirnagl et al., 2003). Although these mechanisms vary greatly, they are
intertwined, with significant crosstalk among signaling pathways. Recent literature has
elucidated new pathways in neuroprotection, bringing hope to the possibility for translation
and for possible pharmacologic treatments.

3.1 Neurovascular network-based ischemic tolerance

Recently the concept of neurovascular unit (neurons, glial cells, vascular endothelial cells,
pericytes, smooth muscle cells) has been extended to include veins and venules and for that
reason we prefer to use the term neurovascular network. Based on having the structures of
the brain, not limited to neurons, as final beneficiaries from IPrC we will use the term
cerebroprotection during this review. It is accepted that protection of the Neurovascular
network primarily comes from maintaining the function of the blood brain barrier (BBB) as
it is the first structure to be injured after ischemic reperfusion injury (IRI) (del Zoppo and
Hallenbeck, 2000; del Zoppo and Mabuchi, 2003), and knowing that the injured state that
happens following cerebral ischemia represents an important element of BBB disruption,
keeping its integrity is one of the desirable end results after IPrC (Deng et al., 2014).
Strengthening this system seems to be the solution to not only protect neurons and cerebral
integrity, but also to improve functional outcomes after ischemic stroke.

3.1.1 Astrocytes-mediated ischemic tolerance—Astrocytes cover over 90% of the
cerebral surface (lgarashi et al., 1999; Janzer and Raff, 1987; Kondo et al., 1996; Willis et
al., 2004) and have an important role during the process of ischemia influencing the
mechanism of BBB protection. Reactive astrocytes are required for functional recovery after
stroke (Hayakawa et al., 2010) and indirectly contribute to post-ischemic angiogenesis, a
hypoxic induced event (Liu et al., 2014a), through production of vascular endothelial growth
factor (VEGF) (Zhang et al., 2002).

Astrocytes reside in the cerebral side of the BBB increasing its strength (Park et al., 2003;
Petty and Lo, 2002) even though their primary function is to restrict permeability of the
BBB, accounting for maintenance of the integrity of the NVU (lgarashi et al., 1999; Janzer
and Raff, 1987; Kondo et al., 1996; Willis et al., 2004) in the framework of ischemic stroke
(del Zoppo and Mabuchi, 2003; Lo et al., 2003). Astrocytes are activated in response to
preconditioning, and have an even greater activation during ischemia in preconditioned
brains (Bacigaluppi et al., 2010; Biron et al., 1999). This may be due in part to repression of
NF-kB-mediated transcription of inflammatory mediators (Biron et al., 1999). In addition,
astrocytes assist in ischemic resistance through free radical scavenging, glycogen storage
and erythropoietin production (Napoli and Neumann, 2009). Generation by preconditioned
astrocytes of anti-inflammatory cytokines such as IL-10, heat shock proteins (for example,
HSP27 and HSP32), and trophic factors such as TGF, BDNF, GDNF (glial cell-derived
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neurotrophic factor), and VEGF might also contribute to cerebroprotection (Zhang et al.,
2002).

3.1.2 Endothelial cells-mediated ischemic tolerance—Endothelial cells are of
paramount importance to the formation of the BBB. They are found connected to astrocytes
by integrins to keep the integrity of the of the neurovascular unit (Hayes et al., 2008).
Preconditioning increases microvessel formation thus decreasing reductions in blood flow
that normally happen to the brain after permanent stroke. In addition, it also reverses the
hypoperfusion that occurs early during reperfusion following global ischemia (Nakamura et
al., 2006). Chronic cerebral hypoperfusion is beyond the scope of this review and has been
shown to be associated with depressive like behaviors in rat model of permanent occlusion
of the bilateral common carotid arteries (Lee et al., 2014).

Post ischemic endothelium-dependent vasodilation is better preserved in the preconditioned
brain (Bastide et al., 2003). This is believed to result from the anti-inflammatory effects of
endothelially-derived nitric oxide, due to a preconditioning-induced Akt-dependent
phosphorylation of endothelial NOS (Hashiguchi et al., 2004, Furuya et al., 2005) that
enhances nitric oxide activity (Puisieux et al., 2000, Furuya et al., 2005). Studies have
indicated that post ischemia reductions in selectins and immunoglobulin adhesion molecules
expression may decrease infiltration through reduction of leukocyte—endothelial rolling and
adherence (Andjelkovic et al., 2003, Stenzel-Poore et al., 2003, Dhodda et al., 2004, Ding et
al., 2005).

Prior preconditioning may also activate neovascular responses through the activation of
endothelial NF-xB production and responsiveness to VEGF (Wick et al., 2002) and the
induction of distinct endothelial cell-specific anti-apoptotic response networks (Alavi et al.,
2003), increasing the cerebrovascular endothelium’s ability to cope with post ischemic
angiogenesis and microvascular remodeling.

3.1.3 Leukocytes-mediated ischemic tolerance—It is known that stimulation of
ICAM-1, P-Selectin and E-Selectin molecules assist in increasing the adherence of
leukocytes to the damaged vascular endothelium, thus obstructing microvessels and
contributing to the increase in leukocyte diapedesis and worsening infiltration. Ischemic
preconditioning reduces the expression of ICAM-1 (Ding et al., 2005), consequently
decreasing inflammation and improving cerebroprotection following ischemic reperfusion
injury. Ischemic preconditioning affects not only leukocyte-endothelial adhesion, but also
circulating leukocytes, as shown by transient suppression of the leukocyte genes encoding
adhesion, migration, chemotaxis, and cytokine synthesis after brief ischemia in the human
forearm (Konstantinov et al., 2004). In addition, blood monocytes show less activation after
ischemia in a preconditioned brain (Rosenzweig et al., 2004). VEGF produced by reactive
astrocytes is crucial for post-ischemic angiogenesis (Hong et al., 2004) and its action may
require neutrophil matrix metalloproteinases (MMPs), suggesting a link between
inflammatory cells and angiogenesis (Douen et al., 2000).

Exp Neurol. Author manuscript; available in PMC 2016 October 18.
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3.2 Subcellular organelles-based ischemic tolerance

Intracellular organelles including mitochondria, Golgi apparatus, and endoplasmic reticulum
have not only been shown to have cerebroprotective responses but also to develop ischemic
tolerance. All this may set a foundation for future treatment interventions that will aid in
stroke recovery and development of novel treatments and preventive mechanisms related to
neuronal apoptosis-related diseases.

3.2.1 Mitochondria-mediated cerebroprotection—Mitochondria have a role in
metabolic energy production and involvement in apoptosis, thus becoming important
regulators of neuronal cell life and death (Yuan and Yankner, 2000). Mitochondrial
dysfunction is considered to be one of the key events linking ischemic/recirculation insult
with neuronal cell death (Berridge et al., 2003). It is well known that a constant blood flow
to the brain is essential for delivering oxygen and glucose to neurons and stoppage of the
blood flow even for a short period of time may induce irreversible damage or death (Zemke
et al., 2004). There are two ATP-sensitive potassium channels (K* o1p channels): one
resides in the inner membrane of mitochondria, while the other is dispersed in the plasma
membranes. The mitochondrial K*o1p (MK*aTp) channel has been suggested as “ the key”
to ischemic preconditioning. It has been hypothesized that opening the mK* ao1p channels
may depolarize mitochondrial membrane potentials and promote an increase in the electron
transport chain rate and thus increase ATP production (Schultz et al., 1997). To prove that,
the use of 5-hydorxydecanoate (5-HD), an mK* 5o1p blocker, prevented brain ischemic
preconditioning induced cerebroprotection. Evidence shows that brain ischemic
preconditioning is influenced by the activation of mK*a1p. This has been confirmed by
observing a lack of preconditioning-induced protection afforded by adenosine and R-PIA
(an adenosine A1 receptor agonist) when K*a1p channels were blocked. Conversely,
induction of ischemic tolerance was promoted by K*ap channel opener (RP-52891,
aprikalim) (Auchampach et al., 1992). Another study, done by Perez-Pinzon and Born, using
transient infusion of the K*a1p channel antagonist sulfonylurea tolbutamide, demonstrated
block of brain ischemic preconditioning induced protection after forebrain ischemia,
whereas its promotion in hippocampal slices was achieved with pinacidil, a K* o1p channel
agonist (Perez-Pinzon and Born, 1999). The role of p53 translocation and mitochondrial
apoptosis will be discussed in the anti-death signaling pathway.

3.2.2 Endoplasmic reticulum-mediated cerebroprotection—In recent years a series
of studies have turned attention to the mRNA and protein levels of the ER stress genes after
ischemic/reperfusion damage (IR1) in both naive and preconditioned rats (Lehotsky et al.,
2009; Pavlikova et al., 2009; Urban et al., 2009). These experiments (Urban et al., 2009;
Lehotsky et al. 2009) indicate that time dependent differences in endoplasmic reticular gene
expression at both the mMRNA and protein levels are initiated by IRI and, furthermore, that
pre-ischemic treatment affects endoplasmic gene expression. Added to these experiments,
studies suggested not only that attenuation of endoplasmic reticulum (ER) response may be
related to IPrC but also that ischemic tolerance has effects on InsP3 receptor mediated Ca2*
signaling an important mediator in cerebroprotection (Bickler et al., 2009). Changes in gene
expression of key proteins provide an insight into ER stress pathways, suggesting that
enhancing recovery after stroke via these proteins could lead to future therapeutic
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interventions. Remote ischemic post conditioning also shows protection against ischemia-
reperfusion brain injury by attenuating ER stress response-induced apoptosis (Liu et al.,
2014b).

3.2.3 Golgi complex-mediated cerebroprotection—A metabolic pathway consisting
of endoplasmic reticulum, Golgi complex, secretory vesicles, plasma membrane, and
lysosomes is known as the secretory pathway (SP). The SP is involved in many functions
such as stress sensing, neuronal aging, transduction of apoptotic signals, etc. by sorting,
assembling and functionalizing the newly synthesized proteins (Maag et al., 2003;
Sepulveda et al., 2008). The Golgi system, making up part of the SP, has a dynamic store of
Ca?*, thereby playing a pivotal role in protein processing and quality control. The secretory
pathways Ca2*-ATPase (SPCASs) represent a subfamily of P-type ATPases and function as
ion pumps that supply the lumen of the Golgi with a high luminal Ca* concentration
requisite for the optimal activity of many enzymes and also post-translational processing and
trafficking of the newly formed proteins in the Golgi apparatus. There are 2 subtypes of
SPCA: SPCA1 and SPCA2. SPCAL1 has significant role in SPCA-facilitated transport of
Ca?* for calcium storage within the brain (Wootton et al., 2004).

Lehotsky et al. showed that SPCA activity is damaged by free radicals selectively in vitro
(Lehotsky et al., 2002a), and transient ischemia for 15 min induces considerable lipid and
protein oxidation in hippocampal membranes. At later stages after the ischemic insult,
protein oxidation depressed enzymatic activities of main antioxidant enzymes were
(Lehotsky et al., 2002b; Urikova et al., 2006). Thus, IRI-induced oxidative alterations may
disturb neuronal ion transport and further inhibit protein synthesis by damaging the SPCA1
activity (Burda et al., 2003; Lehotsky et al., 2002b; Lipton, 1999).

In order to evaluate the effects of severe metabolic stress induced by IRI and/or IPrC on the
expression of SPCA1, the mRNA and protein levels of SPCA1 were analyzed (Lehotsky et
al., 2002b; Lehotsky et al., 2004). In these experiments, ischemic preconditioning had a
partial protective effect on SPCA activity. Ischemic insult after IPrC pretreatment initiates
only non-significant inhibition of Ca2*-ATPase activity compared to the preconditioned
control. After 1 and 3 h of reperfusion, the Ca2*-ATPase activity exceeded control levels
and reached it again after 24 h of reperfusion. However, the changes were not statistically
significant at any reperfusion time. The ability of a preconditioned brain to upregulate
defense mechanisms against oxidative stress during ischemia helps enable enzymatic
activity to return to it normal functioning (Danielisova et al., 2005; Gidday, 2006;
Obrenovitch, 2008). IPrC reduced oxidative changes induced by ischemia in the
hippocampal membranes in both the ischemic and reperfusion period, possibly due to
upregulation of antioxidant enzymes related to preconditioning (Danielisova et al., 2005;
Gidday, 2006; Obrenovitch, 2008).

3.3 Synaptic signaling-based ischemic tolerance

In the past several decades, excitotoxicity has been the center stage of stroke research (Lai et
al., 2014). It has also been identified as one of the first steps in the pathology of cerebral
ischemia (Choi et al., 1987). IPrC was found to ameliorate excitotoxicity by inhibiting
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glutamate release (Dave et al., 2005; Douen et al., 2000) increasing inhibitory
neurotransmitter gamma-aminobutyric acid (GABA) release (Douen et al., 2000) and
enhancing GABA presynaptic and postsynaptic activities, thus making neurons more
resistant to excitotoxic insult (DeFazio et al., 2009; Sommer et al., 2002; Sommer et al.,
1995). These findings suggest that IPrC promotes synaptic modifications that may preserve
synaptic function and enhance functional recovery following cerebral ischemia.

3.3.1 Excitatory Glutamate and NMDA receptors—GIlutamate is the major excitatory
neurotransmitter in the mammalian brain (Yokobori et al., 2013), and is responsible for
initiation of postsynaptic excitatory signaling through distinct ionotropic and metabotropic
glutamate receptors. The ionotropic glutamate receptors include the N-methyl-D-aspartic
acid (NMDA) receptor, the 2-amino-3-(3-hydroxy-5-methylisoxazol-4-yl) proprionate
receptor, and the kainate receptor subtypes (Kato et al., 1992b). Ca2* entry into the
postsynaptic neuron happens via NMDA receptor and this allows activation of Ca?*-
dependent enzymes and downstream signaling pathways, leading to changes synaptic
strength (Dingledine et al., 1999). Though glutamate kills neurons through the NMDA
receptor-mediated mechanism, mild NMDA receptor activation is involved in the
cerebroprotective mechanism of brain ischemic preconditioning (Gidday, 2006). Exposure
of cortical cell cultures to low levels of glutamate or NMDA to induce NMDA receptor
activation has a preconditioning effect (Lange-Asschenfeldt et al., 2004). One mechanism
underlying NMDA receptor-mediated brain ischemic preconditioning is the rapid adaptation
of voltage dependent calcium flux. Since hypoxia/ischemia induced neurodegeneration can
be triggered by cytoplasmic calcium overload, the NMDA receptor mediates rapid calcium
adaptation in preconditioning that may alleviate the cell damage caused by calcium
overload. Glutamate-independent Ca* and Na* overload mechanisms have also been
associated with neuronal ischemic cell death due to activation of mitochondrial dysfunction
and apoptosis among others. (Pignataro et al., 2014).

The other mechanism involves activation of NMDA receptors leading to the rapid release of
brain-derived neurotrophic factor (BDNF). Other key mediators which have been involved
in synaptic NMDA receptor-dependent neuroprotection include cyclic AMP responsive
element binding protein, phosphatidylinositol 3 (P13)-kinase, Akt and glycogen synthase
kinase 3 beta (GSK3p). These mediators can be induced only by low doses of NMDA via
the action potential-dependent route (Kato et al., 1992c; Raval et al., 2003). In addition,
glutamate transporter-1 (GLT-1), a predominant subtype of glutamate transporter, has an
important role in glutamate regulation. Its upregulation ameliorates brain damage. Ischemic
conditioning is responsible for its increase thereby providing further cerebroprotection.
Furthermore, exercise preconditioning was believed to be involved in upregulating this
transporter by involving different signaling pathways (Gong et al., 2012; Liu et al., 2011;
Wang et al., 2014). IPreC also induced cerebroprotection thought the stimulation of GLT-1
mediated by transcriptional activity of the nuclear receptor peroxisome proliferator-activated
receptor gamma (PPAR-y) (Romera et al., 2007). Action potential regulators such as voltage
activated potassium channels play a role in cerebroprotection against ischemic injury (Shah
and Aizenman, 2014) but their focus is beyond the scope of this review.
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3.3.2 Inhibitory GABA and GABA receptors—Gamma-aminobutyric acid (GABA) is
a well-known inhibitory neurotransmitter in the brain. GABAergic disinhibition has been
attributed to lesion progression because neuronal hyperexcitability associated with sustained
downregulation of GABA A receptors was found in peri-infarct regions. Recently, Dave et
al found that brain ischemic preconditioning promoted a robust release of GABA in rats
after lethal ischemia (Dave et al., 2005; Perez-Pinzon, 2007). They also observed that the
activity of glutamate decarboxylase (the rate-limiting enzyme in GABA synthesis in the
brain) was higher in the brain ischemic preconditioning group compared with controls and
ischemic groups. They further tested the hypothesis that GABA B receptor activation was
also cerebroprotective during ischemia or early reperfusion by using an in vitro model
(organotypic hippocampal slice culture). They found that administration of the GABA B
agonist baclofen during ischemia and the first hour of reperfusion provided significant
cerebroprotection. In addition, Sommer’s group has shown that ischemic tolerance in the
preconditioned gerbil hippocampus is associated with increased ligand binding to inhibitory
GABA-A receptors between 30 min and 48 h of recirculation (Sommer et al., 2003). In
summary, preconditioning can cause increased GABA release or increased GABA receptor
expression. The changes in both pre- and postsynaptic GABAergic transmission are likely to
contribute to a shift of the glutamate/GABA balance toward inhibition in the
preconditioning brain (Obrenovitch, 2008). A study conducted by Globus, et al. showed that
elevated glutamate levels during ischemia are not enough to incur ischemic damage. Glycine
and gamma-aminobutyric acid (GABA), which modulate glutamatergic activity, also played
a considerable role. Similar increases in glutamate, GABA, and glycine were observed in the
striatum and thalamus after ischemia. For that reason an ‘excitotoxic index’ as: [glutamate]
x [glycine]/[GABA] was created to quantitavely describe the composite magnitude of amino
acid neurotransmitter changes with ischemia (Globus et al., 1991).

3.3.3. Inhibitory adenosine and adenosine Al receptor—Adenosine is a
neuromodulator and vasomodulator that is normally released when ATP levels decline
(Ghiardi et al., 1999). Evidence showed adenosine is released after IPrC and initiates a
signaling pathway that promotes ischemic tolerance in brain via activation of Al receptors
(A1AR) (Lange-Asschenfeldt et al., 2004; Perez-Pinzon et al., 1996; Reshef et al., 1996).
Inhibition of synaptic activity is observed when adenosine binds to the ALAR (Perez-Pinzon
et al., 1996), which is believed to be the key receptor in the induction of ischemic tolerance.

Adenosine inhibits synaptic transmission, decreases K*- stimulated glutamate release, and
inhibits presynaptic calcium fluxes via adenosine ALAR. The response to calcium influx is
also important for the development of protection against ischemia, because calcium influx
has been linked to the production of reactive oxygen species and the initiation of a number
of signaling cascades leading to cell damage (Kristian and Siesjo, 1998). Many reports have
shown that preconditioning-induced cerebroprotection is dependent on adenosine Al
receptors. In rats, ischemic preconditioning increased adenosine Al receptor
immunoreactivity in the hippocampal CA1 region at days 1, 3, and 7 after preconditioning
induction, within the window of ischemic tolerance (Zhou et al., 2004). Some unspecific and
specific adenosine Al receptor antagonists abolished ischemic tolerance. Moreover, Liu et
al demonstrated that isoflurane-induced tolerance against focal cerebral ischemia in the rat
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middle cerebral artery occlusion (MCAQO) model was attenuated by adenosine Alreceptor
antagonists (Liu et al., 2006).

3.4 Protein degradation systems-based ischemic tolerance

The mechanisms involved in this section collaborate with either cell survival or cell death.
Three pathways show how these mechanisms relate to autophagy. Autophagy in neurons is
likely a fundamental step in brain reparation as it removes of toxic protein aggregates and
damaged organelles during the post ischemic phase (Luo et al., 2013) and its activation has
been indicated to contribute to tolerance towards an ischemic insult (Chen et al., 2014b).
The first two pathways are the ubiquitone-proteasome pathway and the lysosomal pathway;
both are related to protein degradation systems in mammalian cells. The final pathway
reviewed is the AMPK mediated pathway (5" adenosine monophosphate-activated protein
kinase).

3.4.1 The ubiquitin-proteasomal pathway—~Proteasomes consist of multiple protein
subunits and degraded cytosolic proteins along with misfolded proteins that failed quality
assurance in the ER (Wu et al., 2006). These proteins are identified by ER-specific E3
ligases that mediate polyubiquitination of the misfolded proteins on the cytosolic side of ER
and are lastly degraded by proteasomes (Chen et al., 2008). Degradation of Ubi-proteins is
ATP-dependent and these proteins act as signals to induce heat shock transcription factors to
stimulate expression of molecular chaperones (Voellmy, 2004) that will inhibit protein
accumulation. ATPases are the main cellular chaperones and facilitate protein folding
through several series of binding and release of unfolded protein substrates by hydrolysis of
ATP. Along with ischemia preconditioning, ubiquitin—proteasome pathway and molecular
chaperons can prevent protein aggregation in lethal ischemia (Liu et al., 2005).

The ubiquitin-proteasomal pathway has been studied in rat forebrain ischemia models and
transient cerebral ischemia followed by reperfusion. Hippocampal CA1 pyramidal neurons
that underwent ischemia followed by delayed neuronal death progressively accumulated
protein aggregates (Liu et al., 2009). The accumulation of unfolded proteins causes, through
signaling pathways, reaction from mitochondria, endoplasmic reticulum (ER) and
cytoplasm, thereby contributing to neuronal damage. At the same time, ubiquitin-
proteasome and chaperones work to counter protein agglomeration and facilitate protein
folding (Ghaemmaghami et al., 2003; Hebert and Molinari, 2007). Additionally, Liu et al.
demonstrated that IPrC greatly reduced protein aggregation in CA1 neurons after ischemia.
After IPrC, Ubiquitin-conjugated proteins were decreased and a reduction in free ubiquitin
depletion after brain ischemia was observed. Decreased aggregate -containing fractions of
HSP 70 and HSP 40 were reduced after IPrC (Liu et al., 2005).

3.4.2 Autophagy/Lysosomal Pathway—Autophagy and Lysosomal pathways have
been under the spotlight for several years. There are ongoing debates regarding autophagy
and neuronal death/survival despite studies reporting activation of autophagy after ischemia
(Adhami et al., 2006; Balduini et al., 2009; Carloni et al., 2008; Koike et al., 2008; Rami et
al., 2008) and after permanent middle cerebral artery occlusion (PMCAO)(Wen et al., 2008).
Autophagy is a conserved step participating in cellular energy controlled by degrading and

Exp Neurol. Author manuscript; available in PMC 2016 October 18.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 12

recycling its components, and has been proposed as a downstream target of AMPK (Jiang et
al., 2014).

Participation of autophagy in the pathogenesis of cerebral ischemia is debatable and
uncertain (Wei et al., 2012), though previous studies have pointed out AMPK’s ability to
provide cerebroprotection against ischemia in peripheral organs (Matsui et al., 2007; Nepal
and Park, 2013; Pauly et al., 2012; Wang et al., 2013a; Xie et al., 2011; Zaouali et al., 2013).
For instance, studies have shown an AMPK mediated pathway is associated with induction
of autophagy, thereby promoting reduction in infarct volume, cell apoptosis, and
neurological deficits caused by pMCAO (Jiang et al., 2014). This brings light to the
hypothesis that pre activation of autophagy through the AMPK pathway may provide
therapeutic cerebroprotection and prevent stroke. With this in mind, Jiang et al. found
AMPK mediated autophagy contributes to cerebroprotection after IPC. IPrC upregulated
HSP 70 is decreased by autophagy inhibition improving cerebroprotection. These studies
support the idea of strong relationships between autophagy and IPrC in cerebroprotection
against lethal ischemia (Sheng et al., 2010).

Jiang et al. demonstrated increased activation of p-AMKP/AMPK in rat brain led to
intensification of autophagy, and other studies showed activation of AMPK via metformin,
giving rise to enhanced autophagy in rat brain (Kariko et al., 2004). Furthermore, mTOR
inhibition by AMPK activation enhanced autophagy (Zheng and Zuo, 2003). ULK1
phosphorylation directed by AMPK could also augment autophagy (Zheng and Zuo, 2004).
No increment of autophagy was seen when AMPK was inhibited (Kariko et al., 2004).
These studies show activation of autophagy with AMPK through several signaling
pathways. Intracellular ATP and amino acids were renewed after IPrC induced autophagy,
degradation of proteins, lipids, and glycogen granules, thereby augmenting tolerance of
neurons to deadly ischemic exposure and providing cerebroprotection (Nakajima et al.,
2004). In addition, autophagy efficiently facilitates cellular energy production via removal
of dysfunctional mitochondria allowing efficient use of these substrates (Wick et al., 2002).
These findings further support the hypothesis that pre-activation of brain autophagy could
protect against subsequent permanent cerebral ischemia (Schultz et al., 1997; Zhang et al.,
2001).

Some studies show autophagy activation after strokes worsens neuronal injury (Wei et al.,
2013; Wen et al., 2008). Preconditioning poses a challenge in that massive stimulation of
autophagy may lead to excessive self-digestion while its activation can also lead to clearing
injured organelles and unfolded proteins. Others show autophagy pre activation increases
tolerance against ischemic insults (Sheng et al., 2012; Sheng et al., 2010). Activation of
autophagy by IPrC can decrease cell apoptosis by inhibiting overwhelming stress on the ER
and inflammatory responses following ischemia (Gao et al., 2013; Sheng et al., 2012). Some
studies suggest that deterioration of neurons occurs during the reperfusion phase after
induction of autophagy (Bu et al., 2014; Gao et al., 2012).

3.5 Classical anti-death signaling pathways

Although there are multiple key signaling pathways that mediate preconditioning, it is
plausible that significant cross-talk occurs among pro-survival kinases following IPrC.
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3.5.1 Anti-inflammation pathways—It is well known that inflammation leads to
secondary damage and further tissue injury in acute ischemia. Preconditioning heavily
influences cytokine and chemokine expression, suggesting they have an important role in
acute stroke. Downregulation of inflammation and reduction of the activation of neutrophils
and leucocyte endothelial interactions are included in the protective effects of ischemic
preconditioning (Castillo et al., 2003; Della-Morte et al., 2012). Pro-inflammatory cytokines
IL-1 and IL-6, modulators of the immune response, are downregulated and anti-
inflammatory factor IL-10 is upregulated (Petcu et al., 2008; Warzecha et al., 2007). Ohtsuki
et al. showed increased levels of IL-1 and 1 f after ischemic preconditioning in Mongolian
gerbils (Ohtsuki et al., 1996) and that possible mechanisms include the release of
arachidonic acid, enhancement of NMDA activation, and stimulation of nitric oxide
synthase. These findings are further supported by data showing the IL-1 receptor antagonist
blocked ischemic tolerance after preconditioning (Huang et al., 2006).

Another important cytokine in conferring ischemic tolerance is TNF-a (Castillo et al.,
2003), which has anti-inflammatory and cytoprotective effects through activation of NF-xB
and is expressed in the ischemic brain (Ginis et al., 2002). Nawashiro et al., studied the
effects of pretreatment with TNF-a administered intracisternally in mice, finding a
significant reduction in infarct size in mice pretreated with TNF-a after being subjected to
MCAO 48 hours later (Nawashiro et al., 1997). Liu et al., demonstrated that TNF-a
preconditioning induced tolerance to hypoxia, similar to the effects of hypoxia
preconditioning of rat cortical neurons (Liu et al., 2000). Administering TNF-a-neutralizing
antibody attenuated hypoxia preconditioning. Pre-treatment with TNF-a induces further
tolerance to TNF-a exposure thereby improving tolerance to ischemia. Inhibition of IFN-y
have also been shown to possibly provide neuroprotection, due to a decrease in the
recruitment of pro-inflammatory cells, preventing activation of microglia/macrophges in the
brain and improving neural cell survival (Seifert and Pennypacker, 2014). In addition, it has
been reported that microglial galectin 3 plays a potentially toxic role by promoting pro-
inflammatory cascades (Rabinovich and Toscano, 2009). Microglial activation in ischemic
injury has been correlated with increased galectin-3 level (Lalancette-Hebert et al., 2012;
Rotshenker, 2003) leading to the demise of hippocampal neurons (Satoh et al., 2011).
However, preconditioning strategies or hypothermia both result in the downregulation of
microglial galectin-3 and attenuate these deleterious events (Lalancette-Hebert et al., 2012;
Satoh et al., 2011). The main mechanism by which the brain benefits by protection from
ischemia is not well known, but astrocytes, microglia and leukocytes proliferation may play
a role according to recent studies and their investigation following cerebral ischemia is
warranted to improve understanding of the inflammatory response that follows brain injury,
thus benefiting the development of therapeutic targets for devastating conditions such as
stroke (Leng et al., 2014).

When discussing stimuli that promote brain ischemic tolerance it is worth mentioning
“ischemic cross-tolerance” which describes the tolerance to ischemia provided by non-
ischemic noxious insults through inducing genetic reprogramming or post-translational
changes. Many examples of such cross-tolerance have now been recognized (Dirnagl et al.,
2003; Gidday, 2006), among which, LPS, (Stenzel-Poore et al., 2007) NMDA, and TNF-a
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are well-documented. In addition, epileptic seizures can decrease subsequent seizure
induced neuronal damage (epileptic tolerance) and serve as another example of cross-
tolerance (Plamondon et al., 1999). These studies suggest that different stressful stimuli
other than ischemia itself can furnish ischemic tolerance. While the specific genes and
proteins involved in such processes may differ, the resulting effect appears to be the
reduction in cell death resulting from the exposure to a normally harmful stimulus.

Endogenous neuroprotection by preconditioning with a sublethal ischemic stimulus largely
depends on de novo expression of neuroprotective genes mediated by transcription factors
like HIF-1(hypoxia-inducible factor), and CREB (cAMP-response element binding protein)
(Mergenthaler and Dirnagl, 2011).

Ischemic conditioning acts on various targets to protect the brain. The release of locally or
remotely acting metabolites (e.g. adenosine) and activation of genetic and epigenetic
responses either directly through sensors (HIF-1) in complex signaling pathways, or via
neuronal pathways (e.g. activating the sympathetic nervous system or the hypothalamic—
pituitary axis) are stimulated by ischemic conditioning, leading to a complex cascade.
(Mergenthaler and Dirnagl, 2011)

HIF-1 is not the only transcription factor that contributes to IPC induced cerebroprotection.
Non-HIF transcription factors such as CREB and NFkB, among others, directly or indirectly
regulate hypoxia-responsive gene expression. CREB is a transcription factor activated in
response to intracelular calcium elevation, a process regulated by NMDA receptor activation
(Hu et al., 1999). The penumbral region of preconditioned rats have high amounts of
phosphorylated CREB (Nakajima et al., 2002), thus being associated with the NMDA
receptor preconditioning process.

3.5.2 Anti-apoptosis pathways—Besides the role of mK*ap channels, mitochondria
have also been linked to apoptosis. The level of pro-apoptotic proteins of bax, p53 and anti-
apoptotic protein of bcl-2, bel-xI are involved in apoptotic processes induced by ischemic
reperfusion injury. These proteins were analyzed by Western blot analysis in both cortical
and hippocampal mitochondria regions (Racay et al., 2009; Racay et al., 2007). In that
study, these proteins led to increase of p53 level in hippocampal mitochondria, with
significant differences after 3 h, 24 h, and 72 h of reperfusion. Also, ischemia-induced
translocation of p53 to mitochondria was completely abolished by IPrC since no significant
changes in mitochondrial p53 level were observed after preconditioned ischemia. Similar to
naive ischemia, the levels of both bax and bcl-xI were not affected by IPrC. In addition, the
study showed that IPrC was protective not only to ischemia-induced DNA fragmentation
and also to a number of positive Fluoro-Jade C staining cells. This indicates that IPrC
abolished almost completely both initiation and execution of mitochondrial apoptosis
induced by global brain ischemia in the vulnerable CA1 layer of rat hippocampus (Racay et
al., 2009; Racay et al., 2007). Thus, by acting at both levels, IPrC will protect from
ischemia-associated changes and preserve the integrity of mitochondrial membranes. In the
face of ischemic brain injury, IPrC may then provide neuronal survival by inhibiting
mitochondrial p53 pathway and also activating inhibition of p53 translocation to
mitochondria (Otani, 2008).
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3.5.3 Anti-oxidation pathways—Deadly hypoxic situations are restrained with the use
of transcription factors. The factor nuclear factor erythroid 2 related factor (Nrf2) senses
oxidative stress in the cells, and its targeted gene’s expression, which are involved in
maintaining the redox state of the cell, are increased in both rat and human astrocytes
following ischemia. They are glutathione and glutathione related enzyme (Bell et al., 2011).
In contrast, thioredoxin, an Nrf2 regulated protein involved in reducing oxidized thiol
groups in the cell is increased following hypoxic preconditioning and has been observed in
rat neocortex (Stroev et al., 2004) and hippocampus (Stroev et al., 2009). In addition,
transcription factor family of signal transducers and activators of transcription (STATS), are
also stimulated and confer cerebroprotection following IPrC through increments in
antioxidants (Kim et al., 2008; Lin et al., 2011; Perez-Pinzon et al., 2012). Therefore, a
strong cerebroprotective mechanism of IPrC may be seen through reduction of oxidative
stress through antioxidant expression.

Oxidative stress also affects oxidation of DNA, and depending on the extent of the damage,
stress will incite pro-apoptotic pathways. Recruitment of DNA repair enzyme poly (ADP-
ribose) polymerase-1 (PARP-1) consumes NAD* and ATP cellular stores (Lavignon et al.,
1992; Li et al., 2006). B-polymerase-mediated and apurinic/apyrimidinic endonuclease-
mediated base excision repair (BER) is also increased following IPrC in rats and improves
ischemic tolerance (Li et al., 2006). Therefore, finding possible therapy aimed at increasing
DNA repair ability after oxidative stress could provide cerebroprotection (Narayanan et al.,
2013).

4 Clinical considerations

4.1 Naturally occurring ischemic preconditioning

Naturally occurring ischemic preconditioning is ischemic tolerance achieved through the
natural course of some diseases. Data has shown a decrease in severity of stroke or
myocardial infarction when preceded by transient ischemic attack or angina. This was
supported with measurement and analysis of creatine kinase, infarct size on imaging,
development of malignant arrhythmia, mortality and neurologic disability (Abete et al.,
1997; Castillo et al., 2003; Lorgis et al., 2012; Moncayo et al., 2000; Wegener et al., 2004).
Also, patients with peripheral vascular disease (PVD) and sleep apnea (through repetitive
hypoxic crises) may have experienced naturally occurring ischemic preconditioning
(Connolly et al., 2013; Koch et al., 2007). PVD patients had better functional outcomes and
smaller stroke volumes according to an observational study. Cerebroprotection was felt to be
the result of chronic limb ischemia (Connolly et al., 2013). The mechanisms involved in
ischemic conditioning have been derived primarily from IPrC research. IPeC and IPoC have
less studies available in the literature and for that reason are not as well known as IPrC.

4.2 Application limitations

4.2.1 Limitations from narrow safety margin of preconditioning—The central
principle of preconditioning when faced with ischemic injury is balance: to have an
inducible dose high enough to produce an effect, but at a subthreshold level that will not
cause damage. Among the possible limitations that may interfere with preconditioning using
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RIPC are changes in intensity, duration, and frequency of specific stimulus, as these are
variables that will determine the outcomes from the intervention. According to Dirnagl et
al., there are no clear limits between the acquisition of ischemic tolerance and cellular
apoptosis/necrosis (Dirnagl et al., 2009). For this reason, the therapeutic advantage of IPrC
in clinical practice may be limited by narrow safety margins (Durukan and Tatlisumak,
2010).

4.2.2 Limitations from animal models—The translation of rodent models to the
clinical setting has limitations. Studies show that rodents lack similar brain architecture and
that their white matter and grey matter ratios are different from humans (Oberheim et al.,
2006). Not only that, but the typical age of rodents used in IPrC studies does not parallel the
age of typical patients in need of IPrC therapy (Quinn, 2005). This creates a problem as
studies show that aging decreases the capacity to induce IPrC (He et al., 2005). Some
evidence suggests that ischemic tolerance is less likely achieved in the aged heart and brain.
In animal studies, transient ischemia leads to a different gene expression in older animals
when compared with younger animals (Della-Morte et al., 2012). Rodent models also used a
consistent, controlled ischemic insult; however, stroke oftentimes happens oftentimes
without immediate notice in humans (Koch et al., 2012). Faced with these challenges, there
is a need not only to better investigate IPrC related mechanisms to increase comprehension
of a specific method or emulation of IPrC to facilitate clinical translation (Narayanan et al.,
2013), but also to decode IPrC related cerebroprotection that converts animal models closer
to real clinical scenarios as implied by the Stroke Therapy Academic Industry Roundtable
criteria (STAIR) (Fisher et al., 2009).

4.3 Clinical trials and indications of preconditioning

With thousands of entries into MEDLINE 1948 to present, the combination of
“preconditioning” and “brain” have preclinical studies as the bulk of reports (Koch, 2013).
In order for the rodent preclinical model to have clinical applicability, it first has to be
translated to fit into a clinical context. With that in mind, remote ischemic preconditioning
(RIPC) could give hope to the idea of successful clinical translation. RIPC involves cycles
of temporary occlusion and restoration of blood flow in a forelimb far removed from the
desired site of protection (Narayanan et al., 2013). Due to its relative simplicity and
perceived safety, clinical trials have previously applied this concept by using blood pressure
cuffs to cause temporary occlusion and reestablishment of blood flow in arms or thighs of
patients, translating the RIPC model (Kharbanda et al., 2002) and allowing the pursuit of
efficacy using this approach in clinical medicine (Keep et al., 2014). This model was also
translated by promoting inflation of inter-arterial balloons with deflation just prior to
coronary angioplasty or coronary artery bypass procedures, simulating IPrC cytoprotection.
RIPC has caused no harm in critically ill patients with subarachnoid hemorrhage (Koch et
al., 2011), thereby further supporting this model as a safe and practicable preventive strategy
(Narayanan et al., 2013).

Patients subjected to lengthy or invasive surgeries (with possible ischemia as an outcome),
might not only have improved outcomes after ischemic preconditioning treatment, but IPrC
also serves as ischemic and inflammatory shields in those with chronic conditions such as
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metabolic syndrome, cardiovascular and cerebrovascular disease, or those at risk for
recurrent ischemic attacks (Narayanan et al., 2013). In addition, pharmacological
preconditioning with nitroglycerine (Jneid et al., 2005), and anesthetic-PC (Frassdorf et al.,
2009) have also been tested in clinical trials to protect the heart from cardio vascular
interventions with high risk of cardiac ischemic event. Results are promising and give hope
that clinical trials of PC can be applied to cerebroprotection in high risk situations once this
avenue of PC is proven safe (Durukan and Tatlisumak, 2010).

With RIPC being the most likely therapeutic intervention in acute stroke, its timing is a
fundamental determinant in acquiring the desired protections. Various timing regiments
including cycle times, duration, and PC starting time (Lin et al., 2011; Murry et al., 1986;
Narayanan et al., 2013; Ramzy et al., 2006) have been extensively studied in animal models,
but are still far from translational applicability. This is due in part to the differences between
human and animal models. For this reason, more research is necessary to better understand
optimal approaches for future interventions. In addition, the various PC interventions differ
in specific timing and duration, and this is further complicated by the course of the stroke
and differences in gender, age, and comorbidities. In spite of all these challenges, different
timing of preconditioning can still be used for cerebroprotection for elective brain surgeries.

4.4 Future directions

4.4.1 From ischemic conditioning toward pharmacological conditioning—
Mechanical and pharmacologic preconditioning are two currently available methods of
preconditioning. Translating mechanical preconditioning into a clinical context is
challenging due to the difficulty in foreseeing the onset of an ischemic event. Even with its
predictability, applying short term mechanical preconditioning is improbable before cerebral
ischemia. For that reason, there are limits to utilization of mechanical preconditioning
(Narayanan et al., 2013). This emphasizes the need to discover pharmacologic agents to
induce preconditioning and better elucidation of its underlying mechanisms, allowing better
translation from mechanical to pharmacologic preconditioning in the clinical settings (Keep
etal., 2014; Tang et al., 2011).

Numerous triggers have been identified as being able to elicit and reproduce the effects of
ischemic preconditioning. It is a challenge to decide the optimal approach to induce
pathways critical for preconditioning and the best choice of medications and their
administration. Perhaps the use of a pharmacologic agent that can activate pathways critical
for IPrC induced cerebroprotection would be more clinically applicable. A study has shown
the contribution of Sirtuin 1(SIRT1, a class 111 NAD*-dependent histone deacetylase) to
mediate delayed IPrC-induced neuroprotection (Della-Morte et al., 2009). Therefore, a
potent activator of SIRT1such as the polyphenol resveratrol could represent a potential
therapy for cerebral ischemia, since resveratrol is safe in humans (Johnson et al., 2011).
However, mechanistic clarification is lacking for the use of resveratrol preceding IPrC. In
addition, SIRT1 deserves more studies regarding its role in the promotion of neuronal
survival and its activities on either lowering energy demand or increasing energy supply
(Petegnief and Planas, 2013).
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Another example is the use of isoflurane, a fast induction anesthetic, that mimics IPrC by
activation of mK* o1p channels (Tanaka et al., 2003). Thus, brief patient exposures to
isoflurane prior to invasive surgery could serve as another clinical use of IPrC.

4.4.2 Development of Biomarkers—Development of a biomarker will assure that a
particular treatment induces the desired biologic activity and the final clinical effect. In
addition, it is also thought to be paramount in translation of basic IPrC from the laboratory
to the clinical setting (Koch, 2010; Koch and Perez-Pinzon, 2013). Development of specific
biomarkers would help specify the magnitude of response and the best preconditioning
stimulus in patients which would help in dose selection in the layout of phase 1l clinical
trials (Koch et al., 2014). So developing easily measurable end points of biologic activity to
facilitate the translational success of novel neuroprotective therapies has been a
recommendation of the 2010 National Heart Blood and Lung Institute (NHBL) Workshop
on cardioprotection and the STAIR (Stroke Therapy Academic Industry Roundtable) on
cerebroprotection (Fisher et al., 2009; Schwartz Longacre et al., 2011). In 2013, Wang
reviewed the applicability of these consensuses and proposed paying special attention to
safety and dosages of PC treatments, meticulously testing for a match of pre-clinical models
to the human condition, and lastly, attention to the timing of both the initiation and
discontinuation of the PC stimulus relative to the injury ictus (Wang et al., 2013b).

4.4.2.1 Serum biomarkers: The characterization of a systemic state of ischemic tolerance is
the objective of biomarker development for preconditioning. Serum biomarkers are of
particular interest given their historical use in clinical medicine. Animal studies have also
shown widespread effects of preconditioning on the expression of platelet aggregates, tissue
plasminogen activator(tPA), tPA inhibitor, and D-dimer involved in hemostasis and
fibrinolysis, supporting that proteins involved in the coagulation cascade can be potential
biomarkers of the preconditioning response (Koch et al., 2014). Even more, they are readily
available and can be serially separated. A recent study of remote ischemic preconditioning
in healthy volunteers undergoing repetitive cycles of arm preconditioning found that a
global proteomic response was stimulated in the serum, in that proteins involved in
hemostasis were altered, further supporting the study of biomarkers (Hepponstall et al.,
2012).

Most of the clinical work in assessing a human preconditioning response has involved the
immune and inflammatory systems. Of interest is that a positive TNF-a/IL-6 ratio has been
proposed as a marker for ischemic tolerance in humans. A study of 283 patients found that
those who had a transient ischemic attack prior to their first ischemic stroke had a reduced
infarct size on CT scan and improved functional outcomes at 3 months. They showed
immunomodulatory effects of ischemic preconditioning, leading to the hypothesis that the
state of cerebroprotection is remarkably associated with elevated levels of TNF-a/IL-6 ratio
(Castillo et al., 2003). Lin et al. also added to the clinical scenario by showing the
postoperative rise in malondialdehyde, I1L-6 and IL-8 within 24 hours after orthopedic
surgery in patients after leg preconditioning.

4.4.2.1 Imaging biomarkers: Aside from serum analysis, the preconditioning response has
also been evaluated through blood flow, perfusion imaging, and vasomotor testing.
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Improved blood flow in the target organ during and after ischemia is among the physiologic
effects of IPrC. Zhao et al. demonstrated in animal models of focal cerebral ischemia that
preconditioning improves blood flow in the ischemic penumbra when compared to animals
not preconditioned (Zhao and Nowak, 2006). In addition to that, improvements in blood
flow/cerebral perfusion have also been shown by single photon emission computed
tomography and transcranial Doppler with repetitive bilateral arm preconditioning for
secondary prevention of stroke inpatients with intracranial stenosis (Meng et al., 2012). Also
a study of remote ischemic limb preconditioning in patients with subarachnoid hemorrhage
using transcranial Doppler and cerebral microdialysis, showed the correlation of cell
membrane preservation and the reduction in the lactate/pyruvate ratio and glycerol to
transcranial Doppler measured cerebral hemodynamics (Gonzalez et al., 2013). This opens
an avenue to monitor metabolic responses to preconditioning in some critically ill patients
requiring invasive monitoring for clinical purposes (Koch et al., 2014).

5. Conclusion

As reviewed above, the challenges of translating basic science research to the bed side will
require intensive study and cooperation among researchers, in order to discover more
mechanisms associated with cerebroprotection. As mentioned in the abstract, ischemic pre-
conditioning stimulates the innate neuroprotective mechanism to prevent or reverse
neurodegenerative diseases including stoke and traumatic brain injury. In TBI, pre-
conditioning is linked to reduction in primary and secondary brain damage and reduction of
necrosis-mediated damage associated with the glutaminergic system. For those reasons, the
challenges and intensive work to study, research, and translate the topic will pay off in the
future (Yokobori et al., 2013).

Collaboration will also be necessary to achieve these goals and for the development of
serum and imaging biomarkers that will enable monitoring the body’s response to a
conditioning stimulus and also identify differences among individuals, animal models and
rat strains, as these differences may help understand genetic contributions to injury (Kunze
et al., 2014), thus decreasing the factors limiting possibilities of translating per-conditioning
ischemia to clinical practice. In addition, research must continue in order to develop more
pharmacological agents mimicking ischemic preconditioning and to further delineate the
human genetic and proteomic responses to preconditioning. With all the above combined,
we hope to answer questions on how to design a better conditioning strategy to demonstrate
the influence of such a strategy on the prevention of neurodegenerative disorders, such as
the functions of ion channels in regulation of neuronal regenerative activities (Chen et al.,
2014a), improvements in outcomes of stroke patients, and to show a way to address other
questions that may come up as new evidences arise in the literature. It is certain that a great
amount of work is needed to clarify questions existing up to this date. Despite that, with all
that has been done so far we can say that there is a promising light at the end of the tunnel to
improve the life of millions of people around the world.
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Synaptic signaling based ischemic tolerance
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Figure 5.
Conditioner induced cerebroprotection at different levels
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