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Neuroprotection following prolonged exposure to high ambient temperatures (heat

acclimation HA) develops via altered molecular programs such as cross-tolerance Heat

Acclimation-Neuroprotection Cross-Tolerance (HANCT). The mechanisms underlying

cross-tolerance depend on enhanced “on-demand” protective pathways evolving during

acclimation. The protection achieved is long lasting and limits the need for de novo

recruitment of cytoprotective pathways upon exposure to novel stressors. Using mouse

and rat acclimated phenotypes, we will focus on the impact of heat acclimation

on Angiotensin II-AT2 receptors in neurogenesis and on HIF-1 as key mediators in

spontaneous recovery and HANCT after traumatic brain injury (TBI). The neuroprotective

consequences of heat acclimation on NMDA and AMPA receptors will be discussed using

the global hypoxia model. A behavioral-molecular link will be crystallized. The differences

between HANCT and consensus preconditioning will be reviewed.

Keywords: traumatic brain injury and neuroprotection, heat acclimation and cross tolerance, angiotensin AT2

receptor and neurogenesis, AKT-HIF-1 signaling, hypoxia, NMDA and AMPA receptors

Cross-tolerance

Cross-tolerance is the phenomenon whereby exposure to one stressor induces protection from a
novel stressor and such cross reinforcement raises the possibility of inducing protection to a stressor
without prior exposure to it (Horowitz et al., 2004). It is an important feature of many cellular
protective mechanisms and involves the plasticity of interactions of environmental-stressors at one
end of the spectrum, to drugs and pharmacological interactions at the other. In this review we will
focus on how adjustment to one environmental stressor limits damage caused by exposure to novel
stressors i.e., heat-acclimation mediated neuroprotection cross-tolerance (HANCT).

Heat Acclimation
Heat acclimation is the term used to describe the processes occurring when an organism is exposed
to environmental heat for a prolonged period. The changes at all levels of body organization lead
to a new homeostasis which is achieved by the reprogramming of gene expression.

Heat acclimation (Horowitz, 2014) is achieved by persistent exposure of an organism to
an ambient temperature above its normothermic range. Heat acclimation is a “within lifetime”
phenotypic adaptation involving adjustments at all levels of body organization to enhance thermo-
tolerance and heat endurance. The physiological criteria for the heat acclimated phenotype are
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reduced basal metabolic and heart rates as well as basal
body temperature, concurrent with lower temperature-threshold
of activation of the heat dissipation effectors. An important
additional criterion is delayed thermal injuries, due to an
elevated injury temperature threshold. Reprogramming of gene
expression and post-transcriptional regulatory mechanisms are
essential components of the acclimated phenotype. Major
molecular players in the induction of heat acclimation are the
Heat Shock Factor 1–Heat Shock Proteins (HSF1–HSPs) cascade
and hypoxia inducible transcription factor α (HIF-1α) and its
targets (Maloyan et al., 1999, 2005; Shein et al., 2005; Horowitz,
2010; Horowitz and Assadi, 2010). The 1 month needed to
induce acclimatory homeostasis augments HSP72 reserves and
leads to constitutive elevation of HIF-1α under normoxic
environmental conditions. This implies that in the acclimated
phenotype, cytoprotection can be accomplished without de novo
HSP synthesis or abolishment of HIF-1α degradation.

Classical preconditioning (cPC) is a cellular-molecular
protective mechanism evoked following exposure to a sub-lethal
stress. Initially rapid, transient salvage kinases are activated
followed by transcription and translation of cytoprotective
proteins. Protection from subsequent exposure to the same stress
lasts for 24–48 h.

In cPC, cytoproective molecular reserves are augmented via
subjection to intermittent short sub-lethal stresses (i.e., thermal,
ischemic, hypoxic), which confer protection to larger stressors,
mostly of the same type, when given within 24–48 h (Murry
et al., 1986; Obrenovitch, 2008; Thompson et al., 2013). Unlike
HA (Section Preconditioning vs. Heat Acclimation Mediated
Cross-tolerance below), the short-term sub-lethal stresses of
cPC are insufficient to confer long-term protection even though
stress-associated genes are immediate “on-demand” responders
[namely, induced by preconditioning (or adaptive processes)
and remain on “stand by”]. Gene chip bioinformatic analyses
of the acclimatome (Tetievsky et al., 2014) showed that heat
acclimation induces qualitative changes in molecules such as ion
channels, receptor properties and various metabolic pathways,
which can also be neuroprotective. In the frontal cortex and the
hippocampus, Yacobi et al. (2014) reported significant changes
in the properties of the N-methyl-D-aspartate receptor (MNDA-
R) and α-amino-3-hydroxy-5-methyl-4-isoazole-propionic acid
receptor (AMPA-R), while Schwimmer et al. (2006) provided
evidence of changes in cytokines and various pyrogenic
neuropeptides and neuropeptide receptors, as well as changes in
the angiotensin AT1 and AT2 receptor ratio. These phenotypic
changes were found to be neuroprotective, either by “preventive”
mechanisms, which attenuate the severity of the damage, or
by inducing spontaneous recovery via cytoprotective pathways
and are discussed below regarding traumatic brain injury (TBI)
and hypoxic stress. For details regarding HANCT following
hyperoxic insults the readers are referred to Arieli et al. (2003).

Preconditioning vs. Heat Acclimation Mediated
Cross-tolerance
cPC was first reported in 1986, when Murry et al. (1986)
discovered that intermittent brief sub-lethal ischemic episodes
protect the heart from a subsequent sustained ischemic insult.

That phenomenon, defined as “preconditioning” suggested
that in cardiac patients, the multiple episodes of angina
that often precede myocardial infarction actually delay cell
death after coronary occlusion allowing larger areas of the
myocardium to survive and function. Less than 10 years
later, this preconditioning effect became widely recognized in
brain research as a powerful cytoprotective tool and provided
an innovative approach for the development of protective
strategies (Obrenovitch, 2008). Preconditioning is a part of
the universal rapid cellular adaptive mechanisms induced by
many physiological and pharmacological stressors (e.g., hypoxia,
ischemia, heat stress, anesthetics).

In view of the large number of inducible stress genes
responding to heat exposure and/or heat acclimation (Horowitz
et al., 2004; Schwimmer et al., 2004; Horowitz, 2014) we
postulated that the induction of the consensus heat acclimation
players, HSH1-HSP cascade or HIF-1α and targets only is
unlikely to be sufficient to confer heat-acclimation-induced
cross-tolerance. Gene-cluster analysis of cDNA Atlas arrays of
genes representing homeostatic responses and stress-associated
genes in the heart (Horowitz et al., 2004), respectively, showed
a divergence between genes responding to heat stress and those
responding to ischemia/reperfusion insult. The data suggest that
“shared signaling cascades” are the underlying mechanism of
cross-tolerance by interacting with those involved in stress-specific
or organ specific responses.

Conceptually, both heat acclimation mediated cross-tolerance
and cPC rely on transcriptional activation. However, in contrast
to cPC, heat acclimation for 2 days (when apparent acclimation
depends on neural activity and cPC is at its peak) impedes
tolerance to novel stressors despite the rapid adaptive responses,
and this is probably related to phosphorylation processes
(detailed in Assayag et al., 2012). Therefore it seems that heat
acclimation mediated cross-tolerance depends on long-term
translational processes, which establish reserves of cytoprotective
proteins (e.g., HSP72, Section Heat Acclimation above) and/or
adjust electron transfer and ROS production in the mitochondria
(Assayag et al., 2012). Therefore, cross-tolerance can only be
tested after acclimatory homeostasis has been achieved. Recent
studies from our laboratory (Treinin et al., 2003; Horowitz
and Alxander-Shani, 2015) demonstrated that (i) HSF1-HSP72
cascade (at least in the heart and in C. elegans) is regulated in a
HIF-1α independent manner and that (ii) HSP72 is essential but
insufficient to confer protection in ourmodels. It remains unclear
whether HIF-1α transcriptional activation alone is sufficient to
confer protection.

Traumatic Brain Injury

Epidemiology
TBI affecting about 10 million people worldwide every year, is
a leading cause of death and disability and is a major social,
economic and health problem (Maas et al., 2008). The World
Health Organization estimates that by the year 2020 TBI will
become amore common cause of death than other major diseases
(Zitnay, 2005). Themajority of TBI occurs among young children
(0–4 years) and in the 15–45 age group, and 75% of those affected
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are male (Bruns and Hauser, 2003; Rutland-Brown et al., 2006;
Tagliaferri et al., 2006; Maas et al., 2008). Causes of TBI differ
between the age groups. In young children and the elderly, falls
are the primary cause of head injury (Bruns and Hauser, 2003).
Young adults are more susceptible to TBI through road traffic
accidents, fights and contact sports (hockey, football, soccer)
(Finfer and Cohen, 2001; Mock et al., 2004). Recently attention
has been paid to military personnel suffering from TBI from blast
waves (Taber et al., 2006; Hampton, 2011). Almost half of the TBI
patients suffer from long-term disabilities such as neurological
disorders (e.g., epilepsy and sleep disorders), neurodegenerative
and psychiatric diseases, neuroendocrine disorders, and non-
neurological disorders (Masel and DeWitt, 2010). In spite of
extensive research no effective pharmacological intervention to
facilitate recovery after TBI has been found.

Early Harmful Events
The primary injury in TBI is due to mechanical forces on
the brain and is accompanied by shearing and tearing of
the tissues and blood vessels which trigger immediate and
long-term changes in ionic homeostasis, brain metabolism and
function. Following the mechanical impact, cellular/molecular
mechanisms are set in motion. Many of these mechanisms,
such as glutamate-induced excitotoxicity, impaired energy
metabolism, oxidative stress and inflammation, are harmful
and lead to neuronal cell death, tissue necrosis and functional
impairments (Miller, 1993; Werner and Engelhard, 2007; de
Lanerolle et al., 2015). Brain hypoxia is one of the most common
secondary insults occurring following severe TBI (Chesnut et al.,
1993; Jeremitsky et al., 2003). It can be initiated by TBI-induced
cerebral hypo-perfusion, or apnea and hypo-ventilation mostly
related to brainstem injury (McHugh et al., 2007). Yan et al.
(2011) used a combined model of diffused TBI and hypoxia
and showed that cerebral hypoxia exacerbates the secondary
brain damage following TBI. In their studies Yan et al. (2011)
demonstrated increased motor and behavioral deficits along with
greater production of pro-inflammatory cytokines and sustained
metabolic depression, when compared to TBI alone.

Among the early harmful events that contribute to the
pathogenesis of TBI is excessive production of reactive oxygen
species (ROS) and NO. The resulting reactive nitrogen species
are detected minutes to hours after the insult. Brain tissue is the
most vulnerable tissue to oxidative damage due to its high rate
of oxidative metabolic activity, intensive production of reactive
oxygen metabolites, and relatively low antioxidant capacity (for
review e.g., Chong et al., 2005). The brain also contains high
levels of transition metals, such as iron, which can catalyze
the production of highly toxic radicals via the metal-mediated
Haber–Weiss reaction (Halliwell and Gutteridge, 1989). In
order to cope with oxidative stress living cells have developed
several lines of defense, including antioxidative enzymes and low
molecular weight antioxidants.

Endogenous Neuroprotective Mechanisms
In parallel to the harmful cascades, TBI also induces endogenous
neuroprotective mechanisms. The ability of cells, tissues and
organisms to utilize adaptive self-protective mechanisms is

now well recognized in the post-injury phase. The final
outcome of TBI is determined by the balance between
injury and repair mechanisms (Neary, 2005). Numerous
studies have demonstrated the profound protective effect
of preconditioning by brief ischemic or thermal exposures
on the outcome of ischemic brain injury. The beneficial
consequences of such procedures have been demonstrated
in several in vitro (Liu et al., 2000) and in vivo models
(e.g., Dirnagl et al., 2003; Glantz et al., 2005; Blanco et al.,
2006).

As mentioned above, the functional outcome after
TBI depends on the balance between the deleterious and
protective mechanisms. Exposure to pre-conditioning stimuli
may either inhibit key pathways in harmful cascades or
activate key pathways in protective cascades. Identification
of these mechanisms may facilitate the design of novel
drugs that mimic the self-protective capacity of the
brain.

Molecular Mechanisms Underlying HA
Mediated Neuroprotection after
TBI-inherent Spontaneous Recovery
Pathways

The cross-tolerance that HA confers against TBI was investigated
extensively by combining HA model (Horowitz, 1976; Maloyan
et al., 2005; Tetievsky et al., 2008) with the closed head injury
experimental model of TBI (Chen et al., 1996; Flierl et al.,
2009). We found that functional recovery of HA rats and
mice was greater, with less brain tissue damage, compared
to non-HA control animals (Shohami et al., 1994a,b, 1997;
Shein et al., 2007). The natural healing processes after TBI
are poorly understood, therefore the enhancement of the
healing and significantly improved outcomes following TBI
after HA prompted us to explore the mechanisms by which
HA confers neuroprotection. The accelerated healing of the
injured brain in acclimated animals is unusual and provides
important information regarding key inherent neuroprotective
pathways.

The Importance of Akt Signaling
HANCT confers prolong improved recovery after TBI persisting
for at least 6 weeks after injury. This is shown by enhanced
motor function, improved cognitive function and reduced edema
formation (Shein et al., 2005, 2007; Umschweif et al., 2010,
2013). In order to understand this protection we focused
here on Akt (also known as protein kinase B), a master-
regulator of pro-survival pathways in many tissues including
the brain. Akt activation is enhanced following HA. Moreover,
pharmacological inhibition of Akt phosphorylation abolished
the beneficial effects of HA in injured mice (Shein et al.,
2007), highlighting the importance of this factor in HANCT.
Akt activation attenuates the intrinsic apoptosis pathway, which
usually causes extensive cell death in neurons (Zhang et al., 2005).
Post-injury lesion volume was smaller in the HA group compared
with normothermic control mice, possibly due to inhibition of

Frontiers in Neuroscience | www.frontiersin.org 3 July 2015 | Volume 9 | Article 256

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Horowitz et al. Cross-tolerance, heat acclimation and neuroprotection

the intrinsic apoptosis pathway (Umschweif et al., 2010). Akt
promotes cellular survival and healing by direct regulation of a
variety cellular factors including hypoxia inducible factor 1 alpha
(HIF-1α).

HIF-1α—a Key Mediator of HA Mediated

Neuroprotection

HIF-1α is the regulatory subunit of the heterodimer HIF-1, a
well-known hypoxia induced transcription factor. This subunit
responds to many cellular events including hypoxia and is
induced by reduced cellular oxygen availability (Singh et al.,
2012). The active transcription factor recognizes and binds
to the hypoxia-response elements and activates transcription
of its target genes, allowing tissue adaptation to hypoxia and
ischemia. Secondary ischemia due to reduced oxygen delivery to
the injured tissue occurs following TBI; hence HIF-1 activation
shortly after TBI fights secondary ischemia and reduces tissue
loss. Interestingly, HIF-1α levels are high in HA mice and
remain elevated after injury (Shein et al., 2005; Umschweif et al.,
2013). The beneficial effect of elevated HIF-1α was lost after
inhibition of HIF-1 dimerization with acriflavine (Umschweif
et al., 2013). Acriflavine eliminated the spontaneous recovery
after TBI and in the first days after TBI no improvement in
motor ability was noted, confirming the role of HIF-1α in
mediating neuroprotection. Furthermore, in HA mice HIF-1
inhibition not only prevented the enhanced recovery compared
to normothermic mice, but motor ability deteriorated, lesion
volume was greater as was the death rate of the injured
mice (Umschweif et al., 2013). This highlights the importance
of HIF-1 in both spontaneous recovery and HANCT. The
molecular mechanisms underlying the contribution of HIF-1 to
HA mediated neuroprotection are yet to be elucidated, however,
there is an evidence that may illuminate events downstream to
HIF-1.

Among the cytoprotective and angiogenesis related genes
that are upregulated by active HIF-1 is vascular endothelial
growth factor (VEGF). VEGF has been described as a potent
inducer of neuroprotection and neurogenesis after TBI (Thau-
Zuchman et al., 2010, 2012). Therefore it is possible that some
of the beneficial effects of HIF-1 in HA mice may be due
to the upregulation of VEGF. HA increases VEGF levels and
these remain high after TBI. On the other hand, VEGF levels
are significantly attenuated following inhibition of HIF-1. It
is therefore reasonable to speculate that VEGF is one of the
downstream targets mediatingHIF-1 induced neuroprotection in
HA mice.

Another HIF-1 target gene that may facilitate this effect is
the glucose transporter 1 (GLUT1) which is abundant in the
brain. Similarly to VEGF, GLUT1 is upregulated inHA brains and
this effect is eliminated by HIF-1 inhibition (Umschweif et al.,
2013). GLUT1 induction following TBI potentially allows more
efficient glucose uptake by brain cells and may fight the energy
depletion that results from secondary ischemia. Notably, we
demonstrated that HA induces a significant concomitant increase
in the expression of nuclear HIF-1α and EpoR prior to and post
TBI suggesting the involvement of this pathway in HA-induced
neuroprotection (Shein et al., 2005).

Collectively, HIF-1 is a key mediator of HA mediated
neuroprotection and elevated HIF-1 levels contribute to the
improved outcome of acclimated animals after TBI.

Angiotensin Receptor Type 2: An Upstream
Regulator of Neuroprotection and Neurorepair in
Injured HA Mice
The crucial role of HIF-1 activation in HA mediated
neuroprotection has placed HIF-1 in the spotlight in the
search for a new drug target which will successfully mimic the
protective effects of HA on TBI. Pharmacological stabilization of
HIF-1 independent of cellular oxygen levels may occur following
activation of certain growth factor receptors such as insulin like
growth factor or epidermal growth-factor (PMID:13130303),
which are relevant in the fight against cancer. A different
upstream receptor activates HIF-1 in the brain, the angiotensin
receptor type 2 (AT2).

AT2 is abundant in the brain during development and under
stress (Dumont et al., 1999; Guimond and Gallo-Payet, 2012)
including after brain ischemia. It was also elevated in rats
following HA (Schwimmer et al., 2004). AT2 activation improves
the outcome following brain ischemia and reduces lesion volume
(McCarthy et al., 2009, 2012; Guimond and Gallo-Payet, 2012).
Taken together, these data promote the hypothesis that increased
AT2 levels in the HA phenotype facilitate neuroprotection
and improved TBI outcome. Interestingly, AT2 levels were
not elevated in HA mice; however, pharmacological blocking
of AT2 by a specific antagonist (PD123319) abolished the
beneficial effects of HA. HA was found to affect AT2 signaling
by increasing levels of another receptor which transactivates
AT2, the nerve growth factor receptor, TrkA. HA increased
levels of TrkA as well as its endogenous ligand, nerve growth
factor (NGF). These events, in combination with the induction
of brain derived neurotrophic factor (BDNF) and its receptor
TrkB seen in HA mice, may explain the extreme effects of AT2
blocking on TBI outcome. Since both NGF and BDNF increase
Akt phosphorylation and in turn activate HIF-1, blocking AT2
inhibits these signals which contribute to neuroprotection in
HA mice. Indeed, by blocking AT2 levels in HA mice the levels
of NGF and BDNF as well as HIF-1α levels were attenuated.
This may explain why the detrimental effects of AT2 blocking
were only noted in HA mice, and hardly affected the recovery
of control mice after injury. An interesting observation of AT2
blocking in HA mice is the effect on induced neurogenesis
seen in HA mice after TBI. HA not only led to TBI induced
cell proliferation, but also induced neurogenesis after injury, as
seen in the SVZ, the dentate gyrus and in the injury region.
These neuroregenerative events are orchestrated and triggered
by AT2 signaling—NGF, BDNF, and Akt and were eliminated by
blocking AT2, thus, supporting the notion of AT2 as modulator
of neurorepair (Umschweif et al., 2014a).

AT2 Activation after TBI Mimics the Beneficial Effects

of Long Term Heat Acclimation Prior to Injury

After revealing the role of AT2 signaling and identifying it as
an indispensable factor in HA-mediated neuroprotection, we
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examined whether these benefits could be mimicked by direct
activation of AT2 after TBI.

Using a specific AT2 agonist (CGP42112A), administered for 3
days following TBI we obtained an effect similar to that achieved
by HA. The recovery of motor function of the agonist treated
mice was somewhat delayed, beginning about 2 weeks after TBI
and significantly progressing over the next 3 weeks. Moreover,
cognitive function assessed by the ability of the injured mice
to recognize a novel object also improved in a dose dependent
manner. Lesion volume in the agonist treated mice was smaller
than that in the control group (Umschweif et al., 2014b). The
molecular mechanism underlying these effects was confirmed.
Neurotrophins (NGF, BDNF) and their downstream kinases—
Akt and Erk1/2 were induced by the AT2 agonist and blocking the
receptor inhibited these molecular effects. These early protective
events, occurring within 24 h of the injury, seem to set the
stage and probably initiated the neurorepair events seen for
weeks after injury. Early AT2 activation induced proliferation and
neurogenesis in the neurogenic niches. Interestingly, around the
injury site the elevated number of newborn neurons was at the
expense of newborn astrocytes (Umschweif et al., 2014b).

To date the molecular mechanisms which were found
to underlie the neuroprotective and healing effects of HA,
involve Akt, HIF-1, GLUT1, VEGF, NGF, BDNF, and Erk1/2.
Pharmacological activation of AT2 after injury partially mimics
the beneficial effects of pre-injury HA, and affects all these targets.

Hypoxia from Low PO2 Partial Pressure:
HA Mediated Neuroprotection via NMDA-R
and AMPA-R Remodeling-injury
“Prevention”

The most sensitive cells to hypoxic/ischemic stress are the
neurons of the cornus ammonis 1 (CA1) hippocampal layer and
those of layers 3–6 of the frontal cortex (Kirino et al., 1984).
Following exposure to hypoxic/ischemic stress there is a massive
glutamate discharge which over-activates glutamate-gated ion
channels (Choi, 1992; Doble, 1999) and kills these neurons. This
is mediated via NMDA-excitotoxicity, free radical formation,
lactic acidosis, and inhibition of protein synthesis (Gozal et al.,
1998; Lau and Tymianski, 2010). Cell death starts 2–3 days after
insult and may continue for several weeks. It is probably caused
by calcium influx via glutamate-gated channels during the first
hours after the stress (Bochet et al., 1994; Jonas et al., 1994; Osuga
and Hakim, 1994; Nadler et al., 1995; Kaur et al., 2012).

In contrast to the previous sections of this review where
the impact of heat acclimation on spontaneous recovery signals
induced post TBI were discussed, in this section we will describe
a hypoxia rat model, which is achieved by exposure of the animals
to a mixture of air and nitrogen adjusted to achieve 4.5 ± 0.5%
oxygen for 15min. We will focus on how HA causes hypoxic
tolerance via NMDA receptor remodeling. The involvement of
NMDA-R in the process of delayed cell death after hypoxic
stress is well-established, including its upregulation and increased
activity in the post-stress period.

Briefly, the NMDA-R is comprised of several subunits. The
GluN1 subunit is present in all NMDA-R assemblies; therefore
its levels are used as a marker of NMDA-R on the external cell
surface (Kutsuwada et al., 1992; Bochet et al., 1994; Monyer
et al., 1994). The GluN2 subunits are located on the external
cell membrane and GluN2A and GluN2B are abundant in the
hippocampus and frontal cortex, the regions most susceptible
to hypoxic stress (Chen et al., 1999; Erreger et al., 2005).
Ion channels made of the GluN1/GluN2A combination are
four times more permeable to calcium than GluN1/GluN2B.
Therefore, (in brain areas where the presence of other NMDA-
R subunits is negligible) when the GluN2B/GluN2A ratio is
greater than 1, there is a lower channel opening probability and
less calcium penetration. In congruence with clinical behavioral
tests demonstrating that heat acclimated rats are more able to
deal with hypoxia than non-acclimated rats, we showed: (i) that
the heat acclimated group had less NMDA-Rs than controls
under both basal and hypoxic conditions and (ii) an increased
GluN2B/GluN2A ratio in response to hypoxia, with controls
showing a reciprocal effect. Collectively, the data indicate that
the protective changes in the NMDA-R against hypoxia following
long-term heat acclimation are not only the result of quantitative
shifts, but qualitative changes in the sub-unit profile of the
receptor also occur. Similarly, AMPA-R, another important
glutamate-gated ion channels that causes cell damage during
hypoxia via alteration of the GluA2 subunit, is also remodeled
(Gorter et al., 1997; Carriedo et al., 1998). The HA group
responds to hypoxic insult with a significant increase in GluA2
protein levels in contrast to the rapid declines noted in controls.
The timing of this decrease, so soon after insult, implies that a
damaging rapid increase in inter-cellular calcium concentration
occurs in non-acclimated rats.

FIGURE 1 | The two pronged approach of heat acclimation mediated

neuroprotection: “prevention,” or injury attenuation, shown in our

hypoxia model via decreased Ca2+ permeability and “spontaneous

recovery” shown in the TBI model. In the latter, the role of AT2 angiotensin

receptors in neurogenesis and P-AKT-HIF-1 cascade are delineated.
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Translational Benefits of Heat Acclimation

Studying HANCT improves our understanding of natural,
intrinsic mechanisms of neuroprotection. This form of
conditioning enhances innate protective mechanisms and
enables the organism (or tissue) to combat future insults.
HANCT per se is impractical as a therapeutic modality as it
cannot be applied post-injury.

However the multiple spontaneous signals of recovery, which
are evoked by HANCT and minimize neuronal death, can be
translated into novel neuroprotective strategies. The inference
(i.e., in Section AT2 Activation after TBI Mimics the Beneficial
Effects of Long Term Heat Acclimation Prior to Injury above)
that pharmacological activation of AT2 (Umschweif et al.,
2014b) or treatment with erythropoietin (Shein et al., 2008) is
neuroprotective after TBI, stems from our studies on HANCT.

Our translational approach is supported by the interesting
similarities between the molecular neuroprotective mechanisms
invoked by moderate hypothermia as a therapy (Florian
et al., 2008; Dietrich and Bramlett, 2010; Joseph et al., 2012),
representing the reciprocal edge of thermal impacts and
neuroprotection. Moderate hypothermia reduces excitotoxicity
by decreasing extracellular glutamate levels, furthermore
apoptosis, inflammation, edema and infarct size are reduced and
motor function recovery improves. Similar protective pathways
are part of the neuroprotective repertoire conferred by heat

acclimation in mice (Shein et al., 2007; Umschweif et al., 2010)
and rats (Shohami et al., 1994a,b).

Concluding Remarks

In this review we discussed the neuroprotective properties of
phenotypic adaptations to prolonged exposure to environmental
heat (heat acclimation—HA) which occur via potentiation of
endogenous defense mechanisms. Damage is less severe e.g.
via remodeling of NMDA-R and AMPA-R subunit profiles or
by attenuating injury processes by recruiting augmented “on
demand” constitutive cytoprotective networks.

These are further modulated by dynamic components such
as AKT-HIF-1α cascade (Akt, HIF-1, GLUT1, VEGF, NGF,
BDNF, and Erk1/2). Our findings confirm the role of enhanced
antioxidative, antiapoptotic, and anti-inflammatory capacities
(Shein et al., 2007) in HA TBI mice. Upstream pharmacological
stabilization of the HIF-1 cascade, independent of cellular
oxygen levels, occurs via angiotensin receptor type 2 (AT2) was
described. Furthermore, AT2 receptor activation also induces
cell proliferation and neurogenesis after TBI, seen in the
SVZ, the dentate gyrus and in the injury region of HA
mice. Pharmacological activation of AT2 after injury partially
mimicked the beneficial effects of pre-injury HA. The HA
mediated neuroprotective features discussed are presented in
Figure 1.

References

Arieli, Y., Eynan, M., Gancz, H., Arieli, R., and Kashi, Y. (2003). Heat acclimation

prolongs the time to central nervous system oxygen toxicity in the rat:

possible involvement of HSP72. Brain Res. 962, 15–20. doi: 10.1016/S0006-

8993(02)03681-8

Assayag, M., Saada, A., Gerstenblith, G., Canaana, H., Shlomai, R., and Horowitz,

M. (2012). Mitochondrial performance in heat acclimation—a lesson from

ischemia/reperfusion and calcium overload insults in the heart. Am. J. Physiol.

Regul. Integr. Comp. Physiol. 303, R870–R881. doi: 10.1152/ajpregu.00155.2012

Blanco, M., Lizasoain, I., Sobrino, T., Vivancos, J., and Castillo, J. (2006). Ischemic

preconditioning: a novel target for neuroprotective therapy. Cerebrovasc. Dis.

21(Suppl. 2), 38–47. doi: 10.1159/000091702

Bochet, P., Audinat, E., Lambolez, B., Crepel, F., Rossier, J., Iino, M., et al. (1994).

Subunit composition at the single-cell level explains functional properties

of a glutamate-gated channel. Neuron 12, 383–388. doi: 10.1016/0896-

6273(94)90279-8

Bruns, J. Jr., and Hauser,W. A. (2003). The epidemiology of traumatic brain injury:

a review. Epilepsia 44(Suppl. 10), 2–10. doi: 10.1046/j.1528-1157.44.s10.3.x

Carriedo, S. G., Yin, H. Z., Sensi, S. L., and Weiss, J. H. (1998). Rapid Ca2+

entry through Ca2+-permeable AMPA/Kainate channels triggers marked

intracellular Ca2+ rises and consequent oxygen radical production. J Neurosci.

18, 7727–7738.

Chen, N., Luo, T., and Raymond, L. A. (1999). Subtype-dependence of NMDA

receptor channel open probability. J Neurosci. 19, 6844–6854.

Chen, Y., Constantini, S., Trembovler, V., Weinstock, M., and Shohami, E.

(1996). An experimental model of closed head injury in mice: pathophysiology,

histopathology and cognitive deficits. J. Neurotrauma 13, 557–568.

Chesnut, R. M., Marshall, L. F., Klauber, M. R., Blunt, B. A., Baldwin, N., Eisenberg,

H. A., et al. (1993). The role of secondary brain injury in determining outcome

from severe head injury. J. Trauma 34, 216–222.

Choi, D. W. (1992). Excitotoxic cell death. J. Neurobiol. 23, 1261–1276. doi:

10.1002/neu.480230915

Chong, Z. Z., Li, F., and Maiese, K. (2005). Oxidative stress in the brain: novel

cellular targets that govern survival during neurodegenerative disease. Prog.

Neurobiol. 75, 207–246. doi: 10.1016/j.pneurobio.2005.02.004

de Lanerolle, N. C., Kim, J. H., and Bandak, F. A. (2015). Neuropathology

of traumatic brain injury: comparison of penetrating, nonpenetrating direct

impact and explosive blast etiologies. Semin. Neurol. 35, 12–19. doi: 10.1055/s-

0035-1544240

Dietrich, W. D., and Bramlett, H. M. (2010). The Evidence for Hypothermia as

a neuroprotectant in traumatic brain injury. Neurotherapeutics 7, 43–50. doi:

10.1016/j.nurt.2009.10.015

Dirnagl, U., Simon, R. P., and Hallenbeck, J. M. (2003). Ischemic tolerance

and endogenous neuroprotection. Trends Neurosci. 26, 248–254. doi:

10.1016/S0166-2236(03)00071-7

Doble, A. (1999). The role of excitotoxicity in neurodegenerative disease:

implications for therapy. Pharmacol. Ther. 81, 163–221. doi: 10.1016/S0163-

7258(98)00042-4

Dumont, E. C., Rafrafi, S., Laforest, S., and Drolet, G. (1999). Involvement of

central angiotensin receptors in stress adaptation. Neuroscience 93, 877–884.

doi: 10.1016/S0306-4522(99)00206-7

Erreger, K., Dravid, S. M., Banke, T. G., Wyllie, D. J., and Traynelis, S. F.

(2005). Subunit-specific gating controls rat NR1/NR2A andNR1/NR2BNMDA

channel kinetics and synaptic signalling profiles. J. Physiol. 563(Pt 2), 345–358.

doi: 10.1113/jphysiol.2004.080028

Finfer, S. R., and Cohen, J. (2001). Severe traumatic brain injury. Resuscitation 48,

77–90. doi: 10.1016/S0300-9572(00)00321-X

Flierl, M. A., Stahel, P. F., Beauchamp, K. M., Morgan, S. J., Smith, W. R., and

Shohami, E. (2009). A clinically relevant model of closed head injury. Nat.

Protoc. 4, 1328–1337. doi: 10.1038/nprot.2009.148

Florian, B., Vintilescu, R., Balseanu, A.T., Buga, A.M., Grisk, O.,Walker, L. C., et al.

(2008). Long-term hypothermia reduces infarct volume in aged rats after focal

ischemia. Neurosci. Lett. 438, 180–185. doi: 10.1016/j.neulet.2008.04.020

Glantz, L., Avramovich, A., Trembovler, V., Gurvitz, V., Kohen, R., Eidelman, L.

A., et al. (2005). Ischemic preconditioning increases antioxidants in the brain

Frontiers in Neuroscience | www.frontiersin.org 6 July 2015 | Volume 9 | Article 256

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Horowitz et al. Cross-tolerance, heat acclimation and neuroprotection

and peripheral organs after cerebral ischemia. Exp. Neurol. 192, 117–124. doi:

10.1016/j.expneurol.2004.11.012

Gorter, J. A., Petrozzino, J. J., Aronica, E. M., Rosenbaum, D. M., Opitz, T.,

Bennett, M. V., et al. (1997). Global ischemia induces downregulation of Glur2

mRNA and increases AMPA receptor-mediated Ca2+ influx in hippocampal

CA1 neurons of gerbil. J. Neurosci. 17, 6179–6188.

Gozal, E., Roussel, A. L., Holt, G. A., Gozal, L., Gozal, Y. M., Torres, J.

E., et al. (1998). Protein kinase C modulation of ventilatory response to

hypoxia in nucleus tractus solitarii of conscious rats. J. Appl. Physiol. 84,

1982–1990.

Guimond, M. O., and Gallo-Payet, N. (2012). How does angiotensin

AT(2) receptor activation help neuronal differentiation and improve

neuronal pathological situations? Front. Endocrinol. (Lausanne) 3:164.

doi: 10.3389/fendo.2012.00164

Halliwell, B., and Gutteridge, J. M. C. (1989). Free Radicals in Biology andMedicine.

Oxford: Clarendon Press; Oxford University Press.

Hampton, T. (2011). Traumatic brain injury a growing problem among troops

serving in today’s wars. JAMA 306, 477–479. doi: 10.1001/jama.2011.1092

Horowitz, M. (1976). Acclimatization of rats to moderate heat: body water

distribution and adaptability of the submaxillary salivary gland. Pflugers Arch.

366, 173–176. doi: 10.1007/BF00585874

Horowitz, M. (2010). Genomics and proteomics of heat acclimation. Front. Biosci.

2, 1068–1080. doi: 10.2741/S118

Horowitz, M. (2014). Heat acclimation, epigenetics, and cytoprotection memory.

Compr. Physiol. 4, 199–230, doi: 10.1002/cphy.c130025

Horowitz, M., and Alxander-Shani, R. (2015). “Is Hif-1α essential for heat

acclimation and cross-tolerance?” in Proceedings of Experimental Biology

(Boston, MA).

Horowitz, M., and Assadi, H. (2010). Heat acclimation-mediated cross-

tolerance in cardioprotection: do HSP70 and HIF-1alpha play a role?

Ann. N.Y. Acad. Sci. 1188, 199–206. doi: 10.1111/j.1749-6632.2009.

05101.x

Horowitz, M., Eli-Berchoer, L., Wapinski, I., Friedman, N., and Kodesh, E. (2004).

Stress-related genomic responses during the course of heat acclimation and

its association with ischemic-reperfusion cross-tolerance. J. Appl. Physiol. 97,

1496–1507. doi: 10.1152/japplphysiol.00306.2004

Jeremitsky, E., Omert, L., Dunham, C. M., Protetch, J., and Rodriguez, A.

(2003). Harbingers of poor outcome the day after severe brain injury:

hypothermia, hypoxia, and hypotension. J. Trauma 54, 312–319. doi:

10.1097/01.TA.0000037876.37236.D6

Jonas, P., Racca, C., Sakmann, B., Seeburg, P. H., and Monyer, H. (1994).

Differences in Ca2+ permeability of AMPA-type glutamate receptor channels in

neocortical neurons caused by differential GluR-B subunit expression. Neuron

12, 1281–1289. doi: 10.1016/0896-6273(94)90444-8

Joseph, C., Buga, A. M., Vintilescu, R., Balseanu, A.T., Moldovan, M., Junker,

H., et al. (2012). Prolonged gaseous hypothermia prevents the upregulation of

phagocytosis-specific protein annexin 1 and causes low-amplitude EEG activity

in the aged rat brain after cerebral ischemia. J. Cereb. Blood Flow Metab. 32,

1632–1642. doi: 10.1038/jcbfm.2012.65

Kaur, C., Sivakumar, V., Foulds, W. S., Luu, C. D., and Ling, E. A. (2012). Hypoxia-

induced activation of N-methyl-D-aspartate receptors causes retinal ganglion

cell death in the neonatal retina. J. Neuropathol. Exp. Neurol. 71, 330–347. doi:

10.1097/NEN.0b013e31824deb21

Kirino, T., Tamura, A., and Sano, K. (1984). Delayed neuronal death in the rat

hippocampus following transient forebrain ischemia. Acta Neuropathol. 64,

139–147. doi: 10.1007/BF00695577

Kutsuwada, T., Kashiwabuchi, N., Mori, H., Sakimura, K., Kushiya, E., Araki, K.,

et al. (1992). Molecular diversity of the NMDA receptor channel. Nature 358,

36–41. doi: 10.1038/358036a0

Lau, A., and Tymianski, M. (2010). Glutamate receptors, neurotoxicity and

neurodegeneration. Pflugers Arch. 460, 525–542. doi: 10.1007/s00424-010-

0809-1

Liu, J., Ginis, I., Spatz, M., and Hallenbeck, J. M. (2000). Hypoxic preconditioning

protects cultured neurons against hypoxic stress via TNF-alpha and ceramide.

Am. J. Physiol. Cell Physiol. 278, C144–C153.

Maas, A. I., Stocchetti, N., and Bullock, R. (2008). Moderate and severe

traumatic brain injury in adults. Lancet Neurol. 7, 728–741. doi: 10.1016/S1474-

4422(08)70164-9

Maloyan, A., Eli-Berchoer, L., Semenza, G. L., Gerstenblith, G., Stern, M. D.,

and Horowitz, M. (2005). HIF-1α-targeted pathways are activated by heat

acclimation and contribute to acclimation-ischemic cross-tolerance in the

heart. Physiol. Genomics 23, 79–88. doi: 10.1152/physiolgenomics.00279.2004

Maloyan, A., Palmon, A., and Horowitz, M. (1999). Heat acclimation increases the

basal HSP72 level and alters its production dynamics during heat stress. Am. J.

Physiol. 276, R1506–R1515.

Masel, B. E., and DeWitt, D. S. (2010). Traumatic brain injury: a disease process,

not an event. J. Neurotrauma 27, 1529–1540. doi: 10.1089/neu.2010.1358

McCarthy, C. A., Vinh, A., Broughton, B. R., Sobey, C. G., Callaway, J. K., and

Widdop, R. E. (2012). Angiotensin II type 2 receptor stimulation initiated after

stroke causes neuroprotection in conscious rats. Hypertension 60, 1531–1537.

doi: 10.1161/HYPERTENSIONAHA.112.199646

McCarthy, C. A., Vinh, A., Callaway, J. K., and Widdop, R. E. (2009). Angiotensin

AT2 receptor stimulation causes neuroprotection in a conscious rat model of

stroke. Stroke 40, 1482–1489. doi: 10.1161/STROKEAHA.108.531509

McHugh, G. S., Engel, D. C., Butcher, I., Steyerberg, E. W., Lu, J., Mushkudiani,

N., et al. (2007). Prognostic value of secondary insults in traumatic brain

injury: results from the IMPACT study. J. Neurotrauma 24, 287–293. doi:

10.1089/neu.2006.0031

Miller, J. D. (1993). Head Injury. J. Neurol. Neurosurg. Pschiatry 56, 440–447. doi:

10.1136/jnnp.56.5.440

Mock, C., Quansah, R., Krishnan, R., Arreola-Risa, C., and Rivara, F. (2004).

Strengthening the prevention and care of injuries worldwide. Lancet 363,

2172–2179. doi: 10.1016/S0140-6736(04)16510-0

Monyer, H., Burnashev, N., Laurie, D. J., Sakmann, B., and Seeburg, P. H.

(1994). Developmental and regional expression in the rat brain and functional

properties of four NMDA receptors. Neuron 12, 529–540. doi: 10.1016/0896-

6273(94)90210-0

Murry, C. E., Jennings, R. B., and Reimer, K. A. (1986). Preconditioning with

ischemia: a delay of lethal cell injury in ischemic myocardium. Circulation 74,

1124–1136. doi: 10.1161/01.CIR.74.5.1124

Nadler, V., Biegon, A., Beit-Yannai, E., Adamchik, J., and Shohami, E. (1995).
45Ca accumulation in rat brain after closed head injury; attenuation by the

novel neuroprotective agent HU-211. Brain Res. 685, 1–11. doi: 10.1016/0006-

8993(95)00367-Y

Neary, J. T. (2005). Protein kinase signaling cascades in CNS trauma. IUBMB Life

57, 711–718. doi: 10.1080/15216540500319143

Obrenovitch, T. P. (2008). Molecular physiology of preconditioning-

induced brain tolerance to ischemia. Physiol. Rev. 88, 211–247. doi:

10.1152/physrev.00039.2006

Osuga, H., and Hakim, A. M. (1994). Relevance of interstitial glutamate to

selective vulnerability in focal cerebral ischemia. J. Cereb. Blood Flow Metab.

14, 343–347.

Rutland-Brown, W., Langlois, J. A., Thomas, K. E., and Xi, Y. L. (2006). Incidence

of traumatic brain injury in the United States, 2003. J. Head Trauma Rehabil.

21, 544–548. doi: 10.1097/00001199-200611000-00009

Schwimmer, H., Eli-Berchoer, L., and Horowitz, M. (2006). Acclimatory-phase

specificity of gene expression during the course of heat acclimation and

superimposed hypohydration in the rat hypothalamus. J. Appl. Physiol. 100,

1992–2003. doi: 10.1152/japplphysiol.00850.2005

Schwimmer, H., Gerstberger, R., and Horowitz, M. (2004). Heat acclimation

affects the neuromodulatory role of AngII and nitric oxide during

combined heat and hypohydration stress. Mol. Brain Res. 130, 95–108. doi:

10.1016/j.molbrainres.2004.07.011

Shein, N. A., Grigoriadis, N., Alexandrovich, A. G., Simeonidou, C., Spandou, E.,

Tsenter, J., et al. (2008). Differential neuroprotective properties of endogenous

and exogenous erythropoietin in a mouse model of traumatic brain injury.

J. Neurotrauma 25, 112–123. doi: 10.1089/neu.2007.0358

Shein, N. A., Horowitz, M., Alexandrovich, A. G., Tsenter, J., and Shohami,

E. (2005). Heat acclimation increases hypoxia-inducible factor 1[alpha] and

erythropoietin receptor expression: implication for neuroprotection after

closed head injury in mice. J. Cereb. Blood Flow Metab. 25, 1456–1465. doi:

10.1038/sj.jcbfm.9600142

Shein, N. A., Horowitz, M., and Shohami, E. (2007). Heat acclimation: a unique

model of physiologically mediated global preconditioning against traumatic

brain injury. Prog. Brain Res. 161, 353–363. doi: 10.1016/S0079-6123(06)

61025-X

Frontiers in Neuroscience | www.frontiersin.org 7 July 2015 | Volume 9 | Article 256

http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Horowitz et al. Cross-tolerance, heat acclimation and neuroprotection

Shohami, E., Beit-Yannai, E., Horowitz, M., and Kohen, R. (1997). Oxidative stress

in closed head injury: brain antioxidant capacity as an indicator of functional

outcome. J. Cereb. Blood Flow Metab. 17, 1007–1019. doi: 10.1097/00004647-

199710000-00002

Shohami, E., Novikov, M., and Horowitz, M. (1994a). Long term exposure to heat

protects against brain damage induced by closed head injury in the rat. Restor.

Neurol. Neurosci. 6, 107–112.

Shohami, E., Novikov, M., and Horowitz, M. (1994b). Long term exposure to heat

reduces edema formation after closed head injury in the rat. Acta Neurochir.

Suppl. (Wien) 60, 443–445. doi: 10.1007/978-3-7091-9334-1_121

Singh, N., Sharma, G., and Mishra, V. (2012). Hypoxia inducible factor-1: its

potential role in cerebral ischemia. Cell. Mol. Neurobiol. 32, 491–507.

Taber, K. H., Warden, D. L., and Hurley, R. A. (2006). Blast-related traumatic

brain injury: what is known? J. Neuropsychiatry Clin. Neurosci. 18, 141–145.

doi: 10.1176/jnp.2006.18.2.141

Tagliaferri, F., Compagnone, C., Korsic, M., Servadei, F., and Kraus, J. (2006).

A systematic review of brain injury epidemiology in Europe. Acta Neurochir.

(Wien) 148, 255–268.

Tetievsky, A., Assayag, M., Ben-Hamo, R., Efroni, S., Cohen, G., Abbas, A.,

et al. (2014). Heat acclimation memory: do the kinetics of the deacclimated

transcriptome predispose to rapid reacclimation and cytoprotection? J. Appl.

Physiol. 117, 1262–1277. doi: 10.1152/japplphysiol.00422.2014

Tetievsky, A., Cohen, O., Eli-Berchoer, L., Gerstenblith, G., Stern, M. D.,Wapinski,

I., et al. (2008). Physiological and molecular evidence of heat acclimation

memory: a lesson from thermal responses and ischemic cross-tolerance in the

heart. Physiol. Genomics 34, 78–87. doi: 10.1152/physiolgenomics.00215.2007

Thau-Zuchman, O., Shohami, E., Alexandrovich, A. G., and Leker, R. R. (2010).

Vascular endothelial growth factor increases neurogenesis after traumatic

brain injury. J. Cereb. Blood Flow Metab. 30, 1008–1016. doi: 10.1038/jcbfm.

2009.271

Thau-Zuchman, O., Shohami, E., Alexandrovich, A. G., and Leker, R. R. (2012).

Subacute treatment with vascular endothelial growth factor after traumatic

brain injury increases angiogenesis and gliogenesis.Neuroscience 202, 334–441.

doi: 10.1016/j.neuroscience.2011.11.071

Thompson, J., Dave, K., Young, J., and Perez-Pinzon, M. (2013). Ischemic

preconditioning alters the epigenetic profile of the brain from ischemic

intolerance to ischemic tolerance. Neurotherapeutics 10, 789–797. doi:

10.1007/s13311-013-0202-9

Treinin, M., Shliar, J., Jiang, H., Powell-Coffman, J. A., Bromberg, Z.,

and Horowitz, M. (2003). HIF-1 is required for heat acclimation in

the nematode Caenorhabditis elegans. Physiol. Genomics 14, 17–24. doi:

10.1152/physiolgenomics.00179.2002

Umschweif, G., Alexandrovich, A. G., Trembovler, V., Horowitz, M., and Shohami,

E. (2013). Hypoxia-inducible factor 1 is essential for spontaneous recovery

from traumatic brain injury and is a key mediator of heat acclimation

induced neuroprotection. J. Cereb. Blood Flow Metab. 33, 524–531. doi:

10.1038/jcbfm.2012.193

Umschweif, G., Liraz-Zaltsman, S., Shabashov, D., Alexandrovich, A. G.,

Trembovler, V., Horowitz, M., et al. (2014b). Angiotensin receptor type 2

activation induces neuroprotection and neurogenesis after traumatic brain

injury. Neurotherapeutics 11, 665–678. doi: 10.1007/s13311-014-0286-x

Umschweif, G., Shabashov, D., Alexandrovich, A. G., Trembovler, V., Horowitz,

M., and Shohami, E. (2014a). Neuroprotection after traumatic brain injury

in heat-acclimated mice involves induced neurogenesis and activation of

angiotensin receptor type 2 signaling. J. Cereb. Blood Flow Metab. 34,

1381–1390. doi: 10.1038/jcbfm.2014.93

Umschweif, G., Shein, N. A., Alexandrovich, A. G., Trembovler, V., Horowitz,

M., and Shohami, E. (2010). Heat acclimation provides sustained improvement

in functional recovery and attenuates apoptosis after traumatic brain injury.

J. Cereb. Blood Flow Metab. 30, 616–627. doi: 10.1038/jcbfm.2009.234

Werner, C., and Engelhard, K. (2007). Pathophysiology of traumatic brain injury.

Br. J. Anaesth. 99, 4–9. doi: 10.1093/bja/aem131

Yacobi, A., Stern Bach, Y., and Horowitz, M. (2014). The protective effect

of heat acclimation from hypoxic damage in the brain involves changes

in the expression of glutamate receptora. Temperature 1, 57–65. doi:

10.4161/temp.29719

Yan, E. B., Hellewell, S. C., Bellander, B. M., Agyapomaa, D. A., and Morganti-

Kossmann, M. C. (2011). Post-traumatic hypoxia exacerbates neurological

deficit, neuroinflammation and cerebral metabolism in rats with diffuse

traumatic brain injury. J. Neuroinflammation 8:147. doi: 10.1186/1742-2094-

8-147

Zhang, X., Chen, Y., Jenkins, L. W., Kochanek, P. M., and Clark, R. S.

(2005). Bench-to-bedside review: apoptosis/programmed cell death triggered

by traumatic brain injury. Crit. Care 9, 66–75. doi: 10.1186/cc2950

Zitnay, G. A. (2005). Lessons from national and international TBI societies and

funds like NBIRTT. Acta Neurochir. Suppl. 93, 131–133. doi: 10.1007/3-211-

27577-0_22

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2015 Horowitz, Umschweif, Yacobi and Shohami. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 8 July 2015 | Volume 9 | Article 256

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

	Molecular programs induced by heat acclimation confer neuroprotection against TBI and hypoxic insults via cross-tolerance mechanisms
	Cross-tolerance
	Heat Acclimation
	Preconditioning vs. Heat Acclimation Mediated Cross-tolerance

	Traumatic Brain Injury
	Epidemiology
	Early Harmful Events
	Endogenous Neuroprotective Mechanisms

	Molecular Mechanisms Underlying HA Mediated Neuroprotection after TBI-inherent Spontaneous Recovery Pathways
	The Importance of Akt Signaling
	HIF-1α—a Key Mediator of HA Mediated Neuroprotection

	Angiotensin Receptor Type 2: An Upstream Regulator of Neuroprotection and Neurorepair in Injured HA Mice
	AT2 Activation after TBI Mimics the Beneficial Effects of Long Term Heat Acclimation Prior to Injury


	Hypoxia from Low PO2 Partial Pressure: HA Mediated Neuroprotection via NMDA-R and AMPA-R Remodeling-injury ``Prevention''
	Translational Benefits of Heat Acclimation
	Concluding Remarks
	References


