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Abstract

Cortical spreading depression is a technique used to depolarize neurons. During focal or global ischemia,
cortical spreading depression-induced preconditioning can enhance tolerance of further injury. Howev-
er, the underlying mechanism for this phenomenon remains relatively unclear. To date, numerous issues
exist regarding the experimental model used to precondition the brain with cortical spreading depression,
such as the administration route, concentration of potassium chloride, induction time, duration of the
protection provided by the treatment, the regional distribution of the protective effect, and the types of
neurons responsible for the greater tolerance. In this review, we focus on the mechanisms underlying cor-
tical spreading depression-induced tolerance in the brain, considering excitatory neurotransmission and
metabolism, nitric oxide, genomic reprogramming, inflammation, neurotropic factors, and cellular stress
response. Specifically, we clarify the procedures and detailed information regarding cortical spreading de-
pression-induced preconditioning and build a foundation for more comprehensive investigations in the
field of neural regeneration and clinical application in the future.
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Introduction
Ischemic brain injuries that result from blood perfusion and
blood-flow reduction are a wide-spread cause of death and
disability worldwide (Burda et al., 2014; Zhao et al., 2014;
Weaver and Liu, 2015). Conditioning methods comprise the
most comprehensively studied strategies aimed at overcom-
ing these injuries. Preconditioning refers to procedures that
provide neuroprotection against the harmful effects of subse-
quent, prolonged, lethal ischemia. This process involves ap-
plying a detrimental stimulus close to the threshold of dam-
age to the brain (Ding et al., 2016). Endogenous protection
seems to rely on the degree of preconditioning. The sub-toxic
level stimuli used in preconditioning range from brief isch-
emic episodes and chemical stimulation to cortical spreading
depression (CSD) (Han et al., 2014; Kristensen and Ropcke,
2015). CSD comprises a non-physiological, global depolar-
ization of neurons and astrocytes that may be initiated in the
cortex of a normally perfused brain (Tang et al., 2014). The
propagation velocity of CSD is 2-5 mm/min and is followed
by remarkable increases in cerebral blood flow, oxygenation
of tissue, and metabolic rate. However, these changes are only
transient (Passaro et al., 2010; Rana et al., 2012).

Kobayashi et al. (1995) first demonstrated that CSD induced
ischemic tolerance in the hippocampal CA1 neurons of rats. To
date, several other studies of cortical neurons have replicated

these results and further characterized the protective effects of
CSD (Kobayashi et al., 1995; Matsushima et al., 1996). Exten-
sive animal studies of injury models suggest that the brain may
be preconditioned by CSD to resist acute injuries such as mid-
dle cerebral artery occlusion, two-vessel occlusion, three-vessel
occlusion, and oxygen-glucose deprivation (Taga et al., 1997;
Koroleva et al., 1998; Horiguchi et al., 2006). The concept of
utilizing CSD as a preconditioning method originated from in-
vestigations of minor cortical injury-induced tolerance against
ischemic insults (Sharp et al., 1990; Koroleva et al., 1998). CSD
is one way to transiently depolarize neurons (Taga et al., 1997;
Muramatsu et al., 2004). Several decades ago, CSD drew public
attention because of its relevance for multiple pathophysiolog-
ical processes such as subarachnoid hemorrhage (Seule et al.,
2015), amnesia (Maggioni et al., 2011), traumatic brain injury
(Hartings et al., 2014), cerebral hypoxia and stroke (Risher et
al., 2012; Bere et al., 2014), and the aura of migraine (Nozari et
al.,, 2010; Shyti et al., 2015).

Evidence indicates that CSD preconditioning is complex
and involves multiple effectors, such as metabolic inhi-
bition, a shift in neuronal excitatory/inhibitory balance,
changes in inflammatory flow, and stress-related protein
alterations (van Rensburg et al., 2009; Passaro et al., 2010).
However, the precise mechanism through which CSD precon-
ditioning induces tolerance is still unknown. Nevertheless,
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CSD preconditioning and ischemic preconditioning share
common features, and thus, substantial work regarding the
mechanism of CSD preconditioning was initially derived
from ischemic preconditioning.

In this review, we focus on the experimental evidence for
CSD preconditioning in the brain and systematically survey
the literature regarding its mechanism with a goal towards
developing paradigms for neuroprotection.

Experimental Evidence of CSD

Preconditioning

Experimental methods

The many models of CSD preconditioning are character-
ized by substantial inconsistencies in induction measures,
induction period, and experimental materials, which lack
standards. One goal of this review is to clarify the differences
in model development. Models for CSD preconditioning can
be established both in vivo and in vitro (Viggiano et al., 2008,
2014). Mice and rats are both suitable for CSD induction in
vivo (Pietrobon and Moskowitz, 2014), while brain slices are
commonly used for in vitro investigations (Gniel and Mar-
tin, 2013). Furthermore, cell cultures, such as those of rat
primary cortical neurons (Schock et al., 2007, 2008) and hip-
pocampal organotypic cultures (Kunkler et al., 2004), have
both been validated as experimental models for CSD-in-
duced preconditioning. Of these different approaches, rats
are the most similar to humans in cerebral vascular anatomy
and brain physiology.

Experimental induction of CSD is accomplished via apply-
ing potassium chloride (KCl) to the cortical surface (Somjen,
2001). It may also be induced via microinjection of KCI or
potassium acetate (Amemori and Bures, 1990) into the fron-
tal cortex (CSD hemisphere). Other methods include needle
prick (Taga et al., 1997), mechanical trauma (Mun-Bryce et
al., 2006), and electrical stimulation (Martens-Mantai et al.,
2014). Furthermore, to induce a prolonged period of CSD, KCI
may be applied via an osmotic pump (Yanamoto et al., 2000a).
However, systematic investigation has not been conducted to
determine whether the protective effects provided by CSD pre-
conditioning differ depending on the induction method. Mat-
sushima et al. (1998) and Yanamoto et al. (2004) suggested that
CSD may exert neuroprotective effects when KCl is applied
epidurally rather than intra-cortically. It could be concluded
that intra-cortical administration of KCl may cause injury to
the cortex, and could subsequently affect the results.

KCl concentration and time course of preconditioning

The literature regarding the best KCI concentration for CSD
preconditioning may cause confusion. Here, we summarize the
different KCl concentrations that have been tested and provide
guidance for selecting appropriate experimental methods. As
shown in Table 1, the concentration used to induce CSD waves
ranges from 0.5 M to 5 M, with 2 M KCI being the most com-
mon. A high concentration of KCI (5 M) has been reported to
cause tiny cortical lesions, and may influence the results (Mur-
amatsu et al., 2004). In contrast, low concentration of KCI, such
as 0.5 M, may not be sufficient for generating a significant bur-
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Table 1 Potassium chloride (KCl) concentration and induction time
in cortical spreading-depression (CSD) preconditioning

KCl (M) Study Induction time

0.5 Kawahara et al. (1999) 2 hours

Schock et al. (2008) 2 hours

Horiguchi et al. (2005a) 2 hours

Chow et al. (2002) 2 hours
1 Chazot et al. (2002) 10 episodes of CSD

Rana et al. (2012) 15 minutes

Viggiano et al. (2008) 15 minutes
2 Kobayashi et al. (1995) 2 hours

Kiss et al. (2004) 2 hours

Kariko et al. (1998) 2 hours

Rangel et al. (2001) 1, 5 or 25 episodes of CSD
3 Wiggins et al. (2003c) 0.5 hours

Shen and Gundlach (1999) 10 minutes

Kurkinen et al. (2001) 1 hour

Jander et al. (2001) 7 episodes of CSD

Yanamoto et al. (2000a) 24 hours, 48 hours, 2 hours
5 Schneeloch et al. (2004) 1 hour

Kawahara et al. (1995) 1 hour

den on ionic homeostasis in the extracellular environment, and
may therefore fail to induce CSD. So, our group has utilized 1
M KCl to induce CSD preconditioning.

Tolerance can be achieved through two mechanistically
different processes, depending on whether the precondi-
tioning induction period is brief or prolonged. Brief pre-
conditioning refers to time course that ranges from several
minutes (Wiggins et al., 2003a; Schock et al., 2008) to several
hours (Kawahara et al., 1995, 1999), and is typically two
hours (Kobayashi et al., 1995; Kiss et al., 2004; Horiguchi et
al., 2005a, b). Prolonged preconditioning indicates a time
course lasting 1-2 days and is induced via an intracerebral
microinfusion of KCI for 24-48 hours (Yanamoto et al.,
2000a, b) (Table 1). The two types of preconditioning share
a common biochemical feature that initiates the signaling
cascades. The protection conferred by brief preconditioning
results from post-translational protein modifications and
does not last long (Horiguchi et al., 2005a). Prolonged pre-
conditioning, however, leads to delayed tolerance that is me-
diated by protein synthesis and can persist for several days
(Yanamoto et al., 2000a; Urbach et al., 2006).

Furthermore, although studies have used the number of
CSD episodes as a means of unifying the time course of CSD
preconditioning, they do not consider the total time of the
procedure. For example, Rangel et al. (2001) administered 1,
5, or 25 episodes of CSD to induce ischemic tolerance in the
cortex. The authors suggested that the CSD-induced tolerance
was probably dose-dependent. Other researchers have sub-
sequently confirmed this point. Jander et al. (2001) recorded
7 direct current deflections (approximately 100 minutes after
their application) with 3 M KCl on the cortex, whereas Chazot
et al. (2002) elicited 10 full consecutive recurrent CSDs. The
link between the number of CSD waves and the degree of
CSD-mediated tolerance still needs to be comprehensively in-
vestigated. Determining which type of method is best remains
difficult, because each approach has its own merits. However,
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our group tends to support the former approach, in which
CSD waves are induced in a defined time period, such as 2
hours, because the CSD waves are not separate from each oth-
er. Thus, a single CSD wave is not equal to each other in the
influence it exerts on ischemic tolerance.

The protective time window of CSD preconditioning

As demonstrated in multiple series of preconditioning stud-
ies, the protective effect of CSD preconditioning is transient
and does not last throughout life (Gong et al., 2014; Lee et
al,, 2015). Reports are inconsistent regarding the duration of
the protective time window provided by CSD precondition-
ing, ranging from several hours to several days. With brief
CSD preconditioning, Taga et al. (1997) showed that the
tolerance began after 1 day of CSD treatment and was still
significant after 7 days. However, tolerance level was not
investigated beyond this time point. Kobayashi et al. (1995)
and other scholars (Otori et al., 2003; Yanamoto et al.,
2004) supported the view that when CSD is induced 1 day
before an arterial occlusion, the protective effect can begin
in an earlier time window, such as 12 hours after the start of
CSD preconditioning (Matsushima et al., 1998). However,
Kawahara et al. (1995) found a tolerance effect 3 days after
CSD, but not after 1 or 7 days. Furthermore, when precon-
ditioning is prolonged to 24-48 hours of uninterrupted CSD
induction, the duration of neuroprotection is also prolonged.
A prolonged period of 48-hour CSD preconditioning can in-
duce a potent ischemic tolerance as long as 12-15 days, and
correspondingly reduce the infarct volume in ischemic brain
injury (Yanamoto et al., 2004). To our knowledge, no reports
have investigated longer periods.

Protective effects of CSD preconditioning on different
brain regions

The neuroprotective effects of CSD preconditioning are re-
gional, especially in the cortex (Otori et al., 2003). However,
the protection provided by CSD-induced tolerance in the
hippocampus is controversial. Taga et al. (1997) suggested that
CSD-induced ischemic depolarization could keep the cortical
neurons from suffering ischemic injury during an infarction
in the cortex, but not in subcortical regions or hippocampus.
Furthermore, the protective effects of CSD preconditioning
on subcortical areas such as the striatum are not dramatical-
ly different than those on the hippocampus. Kobayashi et al.
(1995) and other researchers (Plumier et al., 1997; Matsushima
et al., 1998) reported similar results using a combined method
that assessed neuronal necrosis in the CSD-treated ipsilateral
brain compared with the contralateral brain. Kiss et al. (2004)
confirmed that topical application of 2 M KClI to the cortical
surface (successive, unilateral CSDs), could lead to an ipsilat-
eral increase in kynurenate levels, and was considered a neuro-
protective effector predominantly in the frontal, parietal, and
occipital cortices, but not in other brain regions.

The protection conferred on different layers of the cortex
has been considered to be heterogeneous. The expression
of phosphor-5' adenosine monophosphate-activated pro-
tein kinase (p-AMPK) induced by CSD preconditioning is

mainly in the superficial cortical layers as determined by
immunohistochemical and immunofluorescence approaches
(Viggiano et al., 2014). Using a mouse neocortical brain-
slice model, Gniel and Martin (2013) showed that the neu-
roprotective effect observed after repeated episodes of CSD
preconditioning was lamina specific. Their results showed
that the effect of CSD-induced preconditioning lasted 15 to
30 minutes in layer V, while no neuroprotective effect was
observed in layer II/IIT pyramidal neurons.

Kawahara et al. (1999) and Plumier et al. (1997) have con-
firmed that CSD preconditioning also provides protection in
the hippocampus, however, they did not determine whether
the extent of this effect is the same as that in the cortex.

Protective effects of CSD preconditioning on different cell
types

It is commonly accepted that the adaptive response induced
by CSD preconditioning occurs preferentially in cortical
neurons (Taga et al., 1997). Kawahara et al. (1997) suggested
that CSD can protect neurons from severe ischemic injury
in both the hippocampus and the cortex. Another study has
indicated that an increase in phosphor-adenosine 5-mono-
phosphate-activated protein kinase a, a protective factor in
CSD preconditioning, was confined to neurons and was not
identified in astroglial cells (Viggiano et al., 2014).

The effect that CSD preconditioning has on astrocytes
remains controversial. The most important role of astro-
cytes is metabolizing and removing glutamate. The major
rate-limiting enzyme in metabolizing glutamate is glutamine
synthetase, which is primarily derived from astrocytes. Ad-
ditionally, it has been proved that two functions of reactive
astrocytes are to scavenge for glutamate and to protect corti-
cal neurons from ischemic infarction (Zou et al., 2010; Coo-
per, 2012). The expression of growth factor is strongly asso-
ciated with CSD-induced ischemic tolerance (Matsushima et
al., 1998). Furthermore, Kawahara et al. (1997) showed that
heat-shock protein 27 (HSP27) could be activated by CSD
preconditioning. Using immunohistochemical analyses,
Matsushima et al. (1998) showed that levels of the astrocyte
marker glial fibrillary acidic protein (GFAP) increased after
CSD preconditioning and peaked at 3 days. GFAP levels in
astrocytes have also been shown to increase relative to nor-
mal levels following CSD (Yanamoto et al., 2000a). Kawahara
et al. (1999) suggested that the resistance to ischemic injury
induced by CSD resulted from a glial cell activation, and may
indicate a new target for long-term protection of neurons.

CSD was shown to induce the expression of neuronal
nitric oxide synthase (nNOS), and the double labeling of
nNOS and GFAP identified these nNOS-positive cells as as-
trocytes (Caggiano and Kraig, 1998). However, both neurons
and astrocytes are important for ischemic tolerance and may
work together via multiple mechanisms, as evidenced by
Matsushima et al. (1998) and other scholars (Wiggins et al.,
2003a; Viggiano et al., 2008). These molecular studies have
demonstrated that both neuronal and non-neuronal cells
(such as reactive astrocytes) increased the expressions of
presumed neuroprotective proteins following CSD precondi-
tioning (Wiggins et al., 2003a).
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Mechanism of CSD Preconditioning

Excitatory neurotransmission and metabolism

Changes excitatory neurotransmission and metabolic
down-regulation are primary mechanisms of CSD-inducted
ischemic tolerance in invertebrate species. Neuronal excitotox-
icity (Fiszman et al., 2010), such as that caused by glutamate, is
a significant source of the pathophysiology seen during isch-
emic injury. Ischemic tolerance induced by CSD may occur
through reduced glutamate release or through greater uptake
(Schock et al., 2007). This finding indicates that glutamate
mechanism is vital to ischemic tolerance induced by CSD. Exci-
totoxicity and excitatory pathways have been shown to become
suppressed through down-regulation of aminomethyl phos-
phonic acid (AMPA) and the N-methyl-D-aspartate (NMDA)
receptors during CSD preconditioning (Lindquist and Shuttle-
worth, 2014). The major AMPA and NMDA receptor subunits
in the mammalian cortex include GluR1 and GluR2 and NR1,
NR2A, and NR2B (Lussier et al., 2015). Chazot et al. (2002)
demonstrated that delayed changes in AMPA and a7 nicotinic
acetylcholine receptor protein expression may contribute to the
increased tolerance associated with CSD.

Extracellular glutamate is cleared primarily through excitato-
ry amino acid transporters (EAATs) that uptake glutamate in
the cortex.(Mulligan and Mindell, 2013). EAAT1 and EAAT?2
are astrocyte-derived (Gras et al., 2012; Fahlke et al., 2016),
whereas EAATS3 is primarily derived from neuron. Douen et al.
(2000) indicated that CSD preconditioning could affect levels
of EAAT1 and EAAT?2, but not NMDA receptors.

In the brain, adenosine triphosphate (ATP) acts as a sig-
naling molecule, and modifies cellular differentiation and
proliferation (Rodrigues et al., 2015). ATP also modulates
neuronal excitability and alters gene expression (Wang et al.,
2015). During CSD, the most prominent phenomenon is the
transient but substantial decrease in ATP levels caused by
increased metabolic activity essential for membrane potential
restoration (Burnstock and Knight, 2004). This leads to a dra-
matic release of ATP into the extracellular space, and subse-
quent activation of purinergic receptors, which are important
for ischemic tolerance in vivo (Schock et al., 2007) and in
vitro (Schock et al., 2008). Moreover, depolarization causes
ATP release into the extracellular medium. Several purinergic
receptors are purported to be involved in the induction of
ischemic tolerance. Among these, the P2Y receptor appears to
be the most important. At the same time, adenosine or gluta-
mate receptor activation is independent of ischemic tolerance
(Burnstock, 2004). CSD preconditioning is thought to modify
the expression of genes that reduce ATP use, thereby reducing
energy metabolism (Horiguchi et al., 2005b).

Nitric oxide

Nitric oxide signaling has been comprehensively studied
with regards to its transmission between neurocytes and to
cell survival/toxic conditions in ischemic brain injury (Zheng
et al., 2016). Under certain conditions, nitric oxide is very
important in mediating neuroprotective effects. Numerous
studies have proven the crucial role of the nitric oxide-gener-
ating pathway in establishing resistance to cerebral ischemia
via other preconditioning methods, such as oxygen-glucose
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deprivation, and hypoxia (Arabian et al., 2015). However, the
role of nitric oxide in CSD preconditioning remains unclear.
CSD preconditioning could generate high levels of cortical
nitric oxide in a rapidly activated and chronically up-regu-
lated manner (Read et al., 1997). There are three types of ni-
tric oxide synthase (NOS) that act to synthesize nitric oxide
(Kolar and Nohejlova, 2014): neuronal NOS (nNOS), induc-
ible NOS (iNOS), and endothelial NOS (eNOS). Caggiano
and Kraig (1998) revealed a vital connection between nNOS
levels and the CSD-induced resistance against ischemic
injury in the brain. Furthermore, the identity of cells that
express NOS after cortical depression has spread is import-
ant, because the changes in intracellular environments are
heterogeneous and cell type-specific, and may control NOS
activity (Caggiano and Kraig, 1998). Viggiano et al. (2008)
performed time-course experiments in which CSD  selectively
increased the expression of some nNOS activity-related genes.
Wiggins et al. (2003a) suggested that both transcriptional
and translational changes occur after CSD preconditioning
with regards to nNOS adaptor proteins, and these changes
were able to modify nitric oxide levels and nNOS activity.
The nNOS adaptor proteins, including the carboxy-terminal
PDZ ligand of nNOS, protein inhibitor of nNOS, postsynaptic
density-95, manganese superoxide dismutase, and copper/
zinc-superoxide dismutase, have been proven to be related to
the ischemic tolerance following CSD.

Genomic reprogramming

CSD-induced ischemic tolerance is accompanied by many
changes in gene expression. Thus, the fundamental genomic
reprogramming of cells stimulated by CSD preconditioning
may confer the cytoprotective effect (Passaro et al., 2010;
Rana et al.,, 2012). Although it is unlikely that all of these
genes are of equal importance in the induction of ischemic
tolerance, many factors are involved in changing the brain to
a more tolerant phenotype (Tang et al., 2006).

CSD preconditioning-induced ischemic tolerance can
regulate genes involved in metabolic pathways (Douen et
al., 2000), inflammatory responses (Jander et al., 2001), ni-
tric oxide synthesis and metabolism (Passaro et al., 2010)
including NOS (Shen and Gundlach, 1999), stress response
(Dietrich et al., 2000; Rangel et al., 2001), neurotropic factors
(Kariko et al., 1998; Badisco et al., 2011), calcium-indepen-
dent protein kinase C (Koponen et al., 1999), mitogen-acti-
vated protein kinase phosphatase-1 (Herdegen et al., 1993),
junB, c-jun, and c-fos (Hermann et al., 1999). The CSD
preconditioning-induced genomic response represents the
complex interplay between different signaling pathways.
However, the molecular mechanisms remain unclear. CSD
preconditioning could induce specific alterations in gene ex-
pression rather than random changes.

Lysine methylation is also involved in the effects of CSD
preconditioning (Passaro et al., 2010). CSD preconditioning
was shown to regulate gene expression through epigenetic
modifications (Passaro et al., 2010), such as the induction
of histone H3 lysine 4 dimethylation and lysine 9 dimeth-
ylation of the H3 histone. The major characteristics of epi-
genetic modification are that it does not alter the total DNA
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sequence and it involves interdependent mechanisms, such
as histone modifications. The most prominent signature
of CSD-induced epigenetic modifications is heritable (van
der Maarel, 2008). Abnormal epigenetic modification could
be proposed as an indicator of various pathological states.
Equally likely however, is that epigenetic gene regulation
could be used therapeutically on specific targets (Kelly et al.,
2010). Epigenetic modifications of gene expression may be
influenced by CSD and may be a pivotal molecular mecha-
nism through which ischemic tolerance is induced by CSD
preconditioning (Kelly et al., 2010; Passaro et al., 2010).

Inflammatory mechanisms

Inflammatory responses are the most extensively studied
effects among all preconditioning models, including CSD
preconditioning. CSD imparts a certain degree of ischemic
tolerance to the brain and may have multiple effects on the
expression of inflammatory genes (Thompson and Hakim,
2005). CSD modifies components of the inflammatory cas-
cade, with some inflammatory mediators being detrimental
and others being beneficial to the progression of ischemic
injury (Thompson and Hakim, 2005).

Cytokines can regulate the prognosis of severe ischemic
brain damage. Cytokines are pleiotropic in combination
with other cytokines (Xu et al., 2011), however, their roles in
neuroprotection remain incompletely defined. Some authors
have characterized the magnitude, time course, and diversity
of cytokine responses to CSD (Jander et al., 2001). A phar-
macological study demonstrated that depending on the time
window and dosage, cytokines may also confer protection
against neuronal injury in vitro after CSD induction in the
rat brain (Jander et al., 2001).

In CSD preconditioning and other preconditioning
methods, the expression of cytokines partly represents the
physiological stress response, which is essential in ischemic
tolerance (Jander et al., 2001). Furthermore, levels of cyclo-
oxygenase-2 were shown to be related to CSD-induced isch-
emic tolerance (Horiguchi et al., 2006).

In general, a comprehensive understanding of inflamma-
tory processes influenced by CSD contributes to the recogni-
tion of novel targets for acute treatment of stroke (Thompson
and Hakim, 2005).

Neurotropic factors

Neurotrophic factors refer to polypeptides that promote cell
survival, growth, and differentiation through regulation of
molecular signals. CSD-induced ischemic tolerance could
provide long-lasting neuroprotection by activating glial cells
and up-regulating trophic factors (Kawahara et al., 1999).

The most commonly investigated trophic factor is brain-de-
rived neurotropic factor (BDNF). Substantial evidence has
confirmed that CSD preconditioning increases BDNF protein
(Kawahara et al., 1999; Rangel et al., 2001). BDNF was shown
as part of the mechanism underlying ischemic tolerance fol-
lowing preconditioning with repetitive CSD (Matsushima et
al,, 1998; Yanamoto et al., 2000b). Furthermore, changes in
BDNF expression as well as mRNA in distinct regions of the
cerebral cortex exhibited different characteristics.

Sight increases in BDNF levels were observed in the cor-
tex after 1 day and from days 3 to 7 days after CSD precon-
ditioning, while a delayed decrease in levels was observed
in the hippocampus independent of BDNF mRNA levels
(Kawahara et al., 1997). At the same time, BDNF-like protein
in cell nuclei were able to induce ischemic tolerance in the
brain (Yanamoto et al., 2000a, 2004). Other neurotropic fac-
tors include basic fibroblast growth factor, and GFAP. It has
been shown that up-regulation of the glial cell-marker GFAP
can induce long-term protection in the central nervous sys-
tem (Matsushima et al., 1998; Kawahara et al., 1999).

Cellular stress response

The unfolded protein response and the heat-shock response
are two primary stress targets which are defense reactions to
conditions associated with cytoplasmic or endoplasmic reticu-
lum dysfunction. These responses represent defensive reactions
to endoplasmic reticulum dysfunction. The ischemic tolerance
conferred by CSD preconditioning has been associated with
the unfolded protein response (Schneeloch et al., 2004).

HSPs are a set of highly conserved proteins which are up-
regulated by ischemic and oxidative injury or other kinds of
stresses. HSPs comprise a wide range of stress proteins that
increase the ability of cells to resist different kinds of stress,
including that produced by ischemia (Parsell and Lindquist,
1993). Thus, the expression of HSPs and related stress proteins
is an important mechanism by which tolerance against isch-
emia is induced, especially in CSD-induced preconditioning.
There are many types of HSPs, including HSP73, HSP72,
HSP70 and HSP27, which are extensively studied in CSD
preconditioning. Karikd et al. (1998) indicated that after CSD
induction, levels of HSP73 mRNA were elevated at 2 and 24
hours. Regarding HSP72, most studies indicate that CSD did
not increase hsp72 mRNA or HSP72 protein expression in
cortex (Amemori and Bures, 1990; Kariké et al., 1998; Mat-
sushima et al., 1998). However, Kobayashi et al. (1995) found
small increases in hsp72 mRNA levels following 25 episodes
of CSD, suggesting that a distinct threshold in the number
of CSDs exists for hsp72 induction. In contrast, Yanamoto et
al. (2000a) demonstrated that HSP70 did not participate in
the neuroprotective effect of CSD preconditioning. Hsp27
might be induced by cerebral focal/global ischemia (Kato et
al., 1995). Hsp27 might be expressed in astrocytes after cor-
tical application of potassium chloride (Plumier et al., 1997).
Moreover, hsp27 mRNA levels were elevated in astrocytes, and
peaked at 1 and 6 days after CSD. However, no hsp70 expres-
sion was found during CSD episodes (Yanamoto et al., 2000a).

Other factors

There are several other aspects concerning CSD-induced
tolerance. The expression of fos or tissue plasminogen activa-
tor may be associated with ischemic tolerance (Kariko et al.,
1998). Clusterin, also known as sulfated glycoprotein-2 and
apolipoprotein J, is a major secretory glycoprotein participat-
ing in neuronal tolerance (Wilson and Easterbrook-Smith,
2000; Wiggins et al., 2003b). Furthermore, several protein ki-
nases involved in all aspects of molecular biology, cellular me-
tabolism, and signal transduction, have been associated with
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CSD preconditioning, including protein kinase C (Kurkinen
et al., 2001), adenosine 5'-monophosphate-activated protein
kinase (Viggiano et al., 2014), and mitogen-activated protein
kinase (Chow et al., 2002).

Clinical Translation of CSD Preconditioning
As an extensively researched animal model for inducing
ischemic tolerance (Shpargel et al., 2008), CSD precondition-
ing is also faced with problems transforming basic research
into clinical treatments, an issue for other preconditioning
methods as well, such as ischemic preconditioning and
hyperbaric oxygen preconditioning. Although numerous
studies have clearly indicated the neuroprotective effects of
the preconditioning method, translation into clinical usage
is still disappointing. In actuality, we cannot use the same
direct means in human cortex as is used in experimental
methods with animals. Studies regarding the precondition-
ing effects of CSD could broaden our insights into its neuro-
protective aspects because of the resemblance between CSD
waves and peri-infarct depolarizations (Gorji, 2001; Ayata
and Lauritzen, 2015). CSD is more suitable for investigating
the pathological and physiological evolution of ischemic
penumbra and therefore seeking new therapeutic targets for
neurovascular disease treatment. Lately, the potential of CSD
for clinical translation has become more and more feasible
(Kramer et al., 2016). Meanwhile, the electrophysiological
characteristics of CSD waves have drawn much attention
of clinical researchers. Depolarization/depression-induced
electrocorticogram fluctuations are being recorded more
and more often and used as biomarkers during neurocritical
care monitoring neurosurgical operations, and may provide
a diagnostic measure that summarizes metabolic failure and
excitotoxic injury (Hartings et al., 2016).

Conclusions

CSD preconditioning may represent a powerful approach to
investigate neuroprotection for cerebral ischemia. Moderate
concentrations of KCl, such as 1-2 M, are most suitable for
inducing CSD preconditioning, and a time-quantified, rather
than number-quantified, induction period is more reason-
able. Furthermore, the protective effect of CSD precondi-
tioning does not last long, ranging from several minutes to a
maximum of one month. Moreover, CSD-induced tolerance
predominately occurs in the cortex (where it is lamina-spe-
cific), with some tolerance in the hippocampus and subcor-
tical regions. Neurons and astrocytes are both important for
inducing the preconditioning effect.

As a result of its similarity with peri-infarct depolarization,
which exhibits prolonged direct current shifts and causes
progressive recruitment of the penumbra into the infarct
core, a comprehensive understanding of the methodology
and mechanism of CSD preconditioning will facilitate thera-
peutic strategies for acute ischemic events. Improved overall
understanding of CSD preconditioning should facilitate the
identification of inherent correlations between CSD and
peri-infarct depolarization, and may prevent or at least re-
duce neuronal damage.
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