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Introduction

Acclimation to environmental stress involves a continuum of 
processes varying temporally in their appearance and duration. 
The process of heat acclimation is biphasic: during the initial phase 
(approximately 5 d) acute, temporary mechanisms compensate for 
perturbed cellular performance and heat dissipation mechanisms.1,2 
These are replaced by long lasting processes optimizing the 
physiological and metabolic state of the organism and enabling 
it to cope in new environments.1,3 An inseparable effect of heat 
acclimation is protection against hypoxic/ischemic stress via the 
cross-tolerance mechanism. Cross-tolerance is brought about by 
using the signaling pathways that were reprogrammed during heat 
acclimation to protect the animal from heat stress4 for protection 
against the novel stressor. Heat acclimation mediated ischemic 
tolerance has been substantiated in the heart.5

In the brain, the most sensitive cells to hypoxic/ischemic stress 
are the neurons of the CA1 hippocampal layer and those of layers 
3–6 of the frontal cortex.6 A massive glutamate discharge, which 
over-activates glutamate-gated ion channels7,8 is a major cause of 
death of these neurons following exposure to hypoxic/ischemic 
stress, and is mediated via calcium channel excitotoxicity, free 
radical formation, lactic acidosis and inhibition of protein 
synthesis.9,10 Although cell death starts two to three days after 
insult and may continue for several weeks, it is probably triggered 
by calcium influx via glutamate-gated channels in the first hours 
after the stress.11-13

The most important glutamate-gated ion channels that cause 
damage during and after the hypoxic insult are the N-methyl-
D-aspartate receptor (NMDA-R) and the α-amino-3-hydroxy-
5-methyl-4-isoazole-propionic acid receptor (AMPA-R).10 The 
NMDA-R has 3 gene families, each responsible for a group of 

*Correspondence to: Michal Horowitz; Email: m.horowitz@mail.huji.ac.il
Submitted: 06/02/2014; Revised: 06/21/2014; Accepted: 06/24/2014; Published Online: 07/01/2014
http://dx.doi.org/10.4161/temp.29719

The protective effect of heat acclimation  
from hypoxic damage in the brain involves 

changes in the expression of glutamate receptors
Assaf Yacobi1, Yael stern Bach2, and Michal horowitz1,* 

1Laboratory of environmental physiology; Faculty of Dental Medicine; The hebrew University; Jerusalem, Israel; 2Department of Biochemistry and Molecular Biology; IMRIc; 
The hebrew University; Jerusalem, Israel

Keywords: heat acclimation mediated cross-tolerance; brain hypoxia, NMDA receptors; AMPA receptors

Abbreviations: Ac2d, heat acclimation for 2 days; Ac30d, heat acclimation for 30d; C, control; AMPA-R, α-amino-3-hydroxy-5-
methyl-4-isoazole-propionic acid receptor; GluA2, subunit of the AMPA-R; NMDA-R, N-methyl-D-aspartate receptor ; GluN1, 

subunit of the NMDA-R; GluN2A, subunit of the NMDA-R; GluN2B, subunit of the NMDA-R; Hy, hypoxia

Long-term heat acclimation (34 °c, 30d) alters the physiological responses and the metabolic state of organisms. It 
also improves ability to cope with hypoxic stress via a cross-tolerance mechanism. Within the brain, the hippocampal 
and frontal cortex neurons are the most sensitive to hypoxia and cell death is mainly caused by calcium influx via 
glutamate-gated ion channels, specifically NMDA and AMpA receptors. GluN1 subunit levels of NMDA-R correspond 
to NMDA-R levels. GluN2B/GluN2A subunit ratio is a qualitative index of channel activity; a higher ratio implies lower 
calcium permeability. The GluA2 subunit of AMpA-R controls channel permeability by inhibiting calcium penetration. 
here, in rats model we (i)used behavioral-assessment tests to evaluate heat acclimation mediated hypoxic (15’ 4.5 ± 
0.5% O2) neuroprotection, (ii) measured protein and transcript levels of NMDA-R and AMpA-R subunits before and after 
hypoxia in the hippocampus and the frontal cortex, to evaluate the role of ca2+ in neuro-protection/cross-tolerance. 
Behavioral tests confirmed hypoxic tolerance in long-term (30d) but not in short-term (2d) heat acclimated rats. hypoxic 
tolerance in the long-term acclimated phenotype was accompanied by a significant decrease in basal NMDA receptor 
GluN1 protein and an increase in its mRNA. The long-term acclimated rats also showed post ischemic increases in the 
GluN2B/GluN2A subunit ratio and GluA2 subunit of the AMpA receptor, supporting the hypothesis that reduced calcium 
permeability contributes to heat acclimation mediated hypoxia cross-tolerance. Abrupt post ischemic change in GluN2B/
GluN2A subunit ratio with no change in NMDA-R subunits transcript levels implies that post-translational processes are 
inseparable acclimatory cross-tolerance mechanism.
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subunits14: The GluN1 family - has one gene, GluN2 - has 4 
genes encoding GluN2A-D and GluN3 has 2 genes, GluN3A-B. 
The GluN1 subunit is in all NMDA-R assemblies, and is 
essential for its function.15-17 GluN1 can be used as a marker of 
the presence of the NMDA-R on the external cell surface.11 The 
GluN2A-D profiles of the receptors vary according to brain area 
and developmental stage.18 GluN2A and GluN2B are abundant 
in the hippocampus and frontal cortex, whereas GluN2C is 
mainly expressed in the cerebellum and GluN2D in subcortical 
regions.19,20 Channels composed of the GluN1/GluN2A 
combination have a permeability to calcium that is 4 times 
greater, a higher opening probability and a quicker return from a 
state of desensitization than those made with the GluN1/GluN2B 
subunits.21,22 Therefore, changes in GluN2B/GluN2A ratio infer 
a change in channel activity. When the GluN2B/GluN2A ratio 
is greater than 1, there is a lower channel opening probability 
and less calcium penetration. Notably, this index is only relevant 
in brain areas where the presence of other NMDA-R subunits is 
negligible. 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. 
Zhang et al.23 showed changes in GluN2A and GluN2B subunits 
in the adult rat hippocampus as early as 3 and 6 h after global 
hypoxia, and a decrease in channel function 24 h post stress.23,24 
AMPA-R, another glutamate-gated ion channel, plays a central 
role in synaptogenesis, synaptic plasticity and construction of 
neuronal networks. These channels enter and leave the synapse 
according to neuronal activity, and are important in determining 
synaptic strength and adaptation.25 Excessive activation of these 
receptors is considered critical for neuro-degeneration following 
a variety of insults including ischemia.26 AMPA-R have four 
subunits, GluA1–4, surrounding a central pore. These subunits 
are expressed differently throughout the nervous system.27,28 
Hippocampal and neocortical cells in adult mammals express 
GluA2 mRNA11,12 and have low calcium penetration,29 such 
that a minor reduction in GluA2 expression may have important 
physiological consequences.

AMPA-R plays a central role in delayed cell death following 
hypoxic/ischemic stress, and it is possible that blockade of these 
receptors within 24 h of the stress will prevent the delayed death 

of hippocampal CA1 cells.29 Transient global ischemia reduces 
the expression of GluA2 mRNA in hippocampal pyramidal cells 
as early as 12 h after the insult, reaching a 70% reduction at 
24 h.30-32 Moreover, these studies found significant reductions in 
GluA2 protein in the CA1 region of the hippocampus 24 h after 
ischemic insult, without a change in the expression of GluA1 
protein. These findings suggest a marked decrease in the GluA2 
subunit without a change in the presence of the receptor after 
hypoxia, coinciding with increased calcium permeability of the 
AMPA-R channels measured in cortical neuron cell cultures.30-32

Given the heat acclimation-ischemic/hypoxic cross-tolerance 
phenomenon in the heart, we hypothesized that heat acclimation 
also induces hypoxic tolerance in the brain. The aim of this 
investigation was 2-fold (i) to determine, using behavioral-
assessment tests, whether heat acclimation provides hypoxic-
neuroprotection, and if protected (ii) to measure the protein and 
transcript levels of NMDA-R subunits and the AMPA-R GluA2 
subunit before and after hypoxia in the hippocampus and the 
frontal cortex. The profile of these subunits may improve our 
understanding of cellular calcium management during insult and 
neuro-protection conferred by heat acclimation.

Results

Behavioral test
The response to transient hypoxic stress was assessed 

and Figure 1 shows clear behavioral effects: all exposed rats 
performed significantly worse than controls (C) (P < 0.0005). 
Following hypoxic stress, neurological function of the long-term 
heat acclimated group (HyAc30d) was significantly better than 
the non-acclimated control (HyC) and the short-term acclimated 
(HyAc2d) groups (4.96 ± 0.28 vs. 3.8 ± 0.48; P < 0.05 and 3.5 ± 
0.22; P < 0.005 respectively). The HyAc2d group had the lowest 
post hypoxic behavioral score (average 3.5 ± 0.22), indicating that 

Figure 1. clinical score. prolonged exposure to heat improves the ability 
to cope with hypoxic stress. The rats were examined 1 min after hypoxic 
stress. each bar presents M ± se, n = 12. hyc, hypoxic stress only; hyAc2d, 
hypoxic stress in rats acclimated for 2 d; hyAc30d, hypoxic stress in rats 
acclimated for 30 d; * P < 0.005 vs. c. $ P < 0.05 hyAc30d vs. hyc.

Figure  2. GluN1 hippocampus Vs. Frontal cortex. changes in GluN1 
subunit levels in enriched membranal lysates of the hippocampus and 
frontal cortex after each treatment are shown. No significant differences 
were found between the frontal cortex and the hippocampus. each 
bar represents M ± se, n = 8. c, controls; Ac2d, heat acclimation for 2 
d; Ac30d, heat acclimation for 30d; hyc, hypoxic stress only; hyAc2d, 
hypoxic stress in rats acclimated for 2 d; hyAc30d, hypoxic stress in rats 
acclimated for 30 d; * P < 0.05 vs. c; $ P < 0.05 - hyAc30d vs. hyc.
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there is no cross-tolerance after this stressful, short acclimation 
phase.

Protein expression
GluN1 Subunit
A resemblance between the GluN1 membrane protein profiles 

in the frontal cortex and the hippocampus was found in response 
to acclimation and hypoxic stress (Fig. 2). Hypoxic stress caused 
a significant rise in GluN1 levels in non-acclimated rats: Δ59 ± 
29% in the frontal cortex, and Δ63 ± 24% in the hippocampus 
(P < 0.05), compared with the untreated C group. The basal 
levels of the GluN1 subunit were significantly lower in the 
Ac30d rats than the C group (63 ± 13% and 35 ± 15% of the C 
levels, in the frontal cortex and the hippocampus respectively; 
P < 0.05). The GluN1 subunits levels in the HyAc30d group 
were higher than Ac30d, (by 40.6 ± 10% and 20.6 ± 10% in 
the frontal cortex and hippocampus, respectively). Yet, HyAc30d 
GluN1 levels were significantly lower than those of the untreated 
C rats (by 74 ± 10% and 76 ± 10% in the frontal cortex and 
hippocampus respectively; P < 0.05 in both cases). GluN1 levels 
following 2 d of acclimation were insignificantly different than 
the C rats. HyAc2d GluN1 levels were lower than HyC in both 
the hippocampus and frontal cortex (76 ± 21% and 71 ± 15%, 
respectively; P < 0.05).

Figure 3 shows the kinetics of GluN1 protein levels following 
hypoxia and highlights the differences between the C and the 
heat acclimated groups. The frontal cortex and hippocampus 
demonstrated similar profiles. In non-acclimated animals 
(Fig. 3A), GluN1 levels increased immediately after hypoxic 
stress in both the frontal cortex and the hippocampus (Δ26 ± 
12%, Δ20 ± 8%, respectively; P < 0.05), peaking at 4 h. At 
24h, a significant drop was noted (-25 ± 9% and -39 ± 15% in 
the frontal cortex and hippocampus, respectively; P < 0.05). In 
contrast, in the acclimated group (Fig. 3B), GluN1 levels in the 
frontal cortex and hippocampus were significantly lower than the 

C group (heat acclimation vs. C - basal: -56 ± 12%, -59 ± 9%, 
respectively; P < 0.05) and remained relatively stable around the 
mean over the recovery period (e.g., 4hr 74 ± 10%, 76 ± 10%; for 
the frontal cortex and the hippocampus, respectively (P < 0.05.

GluN2B/GluN2A Subunit Ratio
The GluN2B/GluN2A protein ratio may reflect changes in 

the calcium permeability of the NMDA-R channel. Subjection 
to hypoxia alone (HyC, Fig. 4) lead to a small, but significant 
reduction in the GluN2B/GluN2A ratio; 92% ± 7 and 84% 
± 10 of the basal ratio in the frontal cortex and hippocampus, 
respectively (P < 0.05). Interestingly, Ac30d alone significantly 
increased the GluN2B/GluN2A ratio in the frontal cortex 
(Δ22 ± 4% vs. C; P < 0.05) but not in the hippocampus. In 
the HyAc30d group, unlike the C and the Ac2d groups, both 
the frontal cortex and the hippocampus showed a significant 
increase in their GluN2B/GluN2A ratio (Δ25 ± 4% and Δ10 ± 
6%, respectively; P < 0.05).

Following hypoxia, the GluN2B/GluN2A ratio in the non-
acclimated group (Fig. 5A) dropped immediately in the frontal 
cortex and the hippocampus (by 7 ± 2% and 14% ± 3 respectively; 
P < 0.05). This difference remained over the 24h follow-up, 
except at 24h in the hippocampus. In the acclimated rats, the 
GluN2B/GluN2A subunit ratio was site specific (Fig. 5B). In 
the frontal cortex, acclimation per se, elevated the GluN2B/
GluN2A ratio (Δ15 ± 6% (P < 0.05). Hypoxic stress induced an 
immediate further elevation, peaking 4 h after the stress (Δ20 
± 7%, P < 0.05). This difference subsided 24 h after the stress. 
Ac30d hippocampus (Fig. 5B) showed a delayed but statistically 
significant GluN2B/GluN2A ratio elevation following hypoxic 
stress peaking 4 h after the stress (13 ± 6%, P < 0.05).

GluA2 Subunit
The GluA2 subunit of AMPA-R is important in determining 

channel calcium permeability. We hypothesize that a decrease 
in the GluA2 subunit increases calcium influx after hypoxic 
stress, leading to more cytotoxic damage. Figure 6 shows that 

Figure 3. post-hypoxia GluN1 Kinetics. GluN1 subunit levels in (A) non-
acclimated and (B) heat-acclimated for 30d before and following hypoxic 
stress in the frontal cortex and the hippocampus. each data point repre-
sents M ± se, n = 8, * P < 0.05 vs. c group.

Figure  4. changes in the GluN2B/GluN2A ratio after short- and long-
term heat acclimation, with or without hypoxia in the frontal cortex and 
the hippocampus. each bar represents M ± se, n = 8. * P < 0.05 vs. the c 
group for both areas; # P < 0.05 hippocampus vs. frontal cortex within 
the same treatment group. For abbreviations see legend of Figure 2.
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there were no differences between the Ac30d and the C group at 
baseline, and the effect of heat acclimation only became apparent 
after insult: (i) GluA2 protein levels in the C group dropped 
in both areas, with a statistically significant difference in the 
frontal cortex (a decrease of 12 ± 8%; P < 0.05); (ii) the GluA2 
levels in the HyAc30d group rose in both the frontal cortex and 
hippocampus (Δ18 ± 7% and Δ9 ± 7% respectively; P < 0.05).

Ac2d GluA2 levels were slightly lower than controls. As in 
the Ac30d group, the effect of acclimation was readily apparent 
after hypoxia (HyAc2d), the GluA2 levels of the frontal cortex 
decreased to 82 ± 10%, and those of the hippocampus to 80 ± 
12% (P < 0.05 for both results).

mRNA expression
In order to assess the contribution of genomic translational 

processes to the phenotypic changes observed, mRNA levels were 
measured.

GluN1 mRNA
In the acclimated groups, GluN1 mRNA levels were 2.5–3 

times greater than the non-acclimated groups (Fig. 7A; P < 
0.05). Similarly to the GluN1 protein profile, there were no 
differences between mRNA levels in the frontal cortex and the 
hippocampus throughout the experiment. In both the frontal 
cortex and hippocampus (Fig. 7A), there was a significant rise 
in mRNA expression 4 h after the stress (Δ23 ± 9% and Δ19 ± 
6% in the frontal cortex and the hippocampus, respectively; P 
< 0.05), peaking at 8h. Notably, protein levels where highest 4 
h post injury (Figs. 7A vs. 3A) in the non-acclimated rats. No 
differences were detected in heat acclimated GluN1 mRNA 
in the frontal cortex and hippocampus following hypoxia 
(Fig. 7B). Collectively, we can conclude that there was a rapid 
significant increase in the GluN1 mRNA in the C group after 
hypoxia, whereas the acclimated group showed a small decline in 
transcription after the insult.

GluN2A and GluN2B mRNA

Following hypoxic stress in the non-acclimated group, 
mRNA levels of both subunits increased significantly at 4 and 
8h, returning to basal levels at 24 h (Table 1). At 4h, mRNA 
levels peaked in both subunits in both the frontal cortex and the 
hippocampus (P < 0.05), gradually returning to baseline levels at 
24h. Acclimated animals (Table 1) exhibited a similar gradual 
increase at 4h, peaking 8 h post insult (P < 0.05). Similarly to 
non-acclimated animals, (i) 24 h after the insult the mRNA 
levels of the subunits in the heat acclimated group returned to 
baseline; and (ii) no significant differences were found between 
the two subunits throughout the experiment (data not shown).

Discussion

This study demonstrates that long-term, but not short-term 
heat acclimation enhances neuroprotection from hypoxic insult. 
This protection is demonstrated by the results of a behavioral 
sensory-motor test. The neroprotected phenotype had a profound 
elevation in basal levels of the NMDA-R transcript and a 
decrease in receptor density. Following hypoxia an increase in the 
GluN2B/GluN2A subunit ratio, accompanied by an upregulation 
of the AMPA-R subunit GluA2, promote the assumption that 
the hypoxic-neuroprotection in the acclimated phenotype is 
associated with changes in the NMDA receptor subunits, perhaps 
affecting Ca2+ turnover. The differential post hypoxia response 
between the mRNA and protein levels of the receptors supports 
the hypothesis that post translational modifications in receptor 
trafficking play a role in cross-tolerance.

Cross-tolerance between heat acclimation and hypoxia: 
behavioral evidence

As a first step in our study, the protective effect of 
heat acclimation from hypoxic damage was demonstrated 
behaviorally. The Ac30 rats performed significantly better in the 

Figure  5. post-hypoxic GluN2B/GluN2A kinetics. changes in GluN2B/
GluN2A subunit ratio over time in (A) non-acclimated and (B) heat accli-
mated groups. each data point represents M ± se, n = 8. * P < 0.05 both 
areas vs. c, # P < 0.05 frontal cortex vs. matched basal. $ P < 0.05 frontal 
cortex vs. hippocampus within the same group.

Figure 6. GluA2 - hippocampus Vs. Frontal cortex. changes in the GluA2 
subunit in enriched membranal lysates of the hippocampus and frontal 
cortex compared with the c group. each bar represents M ± se, n = 8. * 
P < 0.05 frontal cortex of hyc vs. c # P < 0.05 hyc vs. hyAc30d (for both 
areas); $ P < 0.05 both areas vs. c group. For abbreviations see legend of 
Figure 2.
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behavioral sensory-motor test, showing a superior ability to cope 
with hypoxia than non-acclimated rats. This finding matched 
our hypothesis that was based on heat acclimation mediated 
cross-tolerance mechanisms for traumatic brain injury33-35 and 
cardiac ischemia/reperfusion insults.36 Unlike long-term heat 
acclimation, exposure to the acclimating conditions for only 
2 d (Ac2d) does not achieve acclimatory homeostasis or cross-
tolerance. During short-term acclimation, the superimposition of 
an additional insult aggravates the stressed state that characterizes 
the commencement of acclimation. These results are congruent 
with our findings regarding cardioprotection.37,38

NMDA-R and hypoxia
Structural changes in glutamate receptors affect their calcium 

permeability. During hypoxic episodes there is a massive release 
of glutamate into the synaptic space activating glutamate-gated 
ion channels39; accelerating calcium entrance into cells; activating 
proteases and phospholipases that cause mitochondrial damage 
and free radical production that destroys the cell membrane. The 
culmination of these processes is cell death.40 Therefore, changes 
in the level or structure of the NMDA-R in the most hypoxia 
sensitive tissues, the frontal cortex and hippocampus, probably 
have a significant influence on the ability of these cells to survive 
hypoxic stress. Measurements of Ca2+ were beyond the scope 
of the current study. There were, however, significant changes 
in the GluN1, GluN2B/GluN2A ratio and AMPA-R GluA2 
subunits. The findings support the hypothesis that at least part 
of the neuroprotection noted behaviorally in the long-term 
acclimated phenotype is due to Ca2+ mediated events. In another 
brain injury model, Nadler et al. 41 used 45Ca and demonstrated 
that attenuation of Ca2+ fluxes through the NMDA receptor-
mediated calcium channels is protective. Below we will discuss 
a possible protective pathway as emerged from the current study.

Changes in GluN1—a quantitative marker of NMDA-R on 
the cell surface

The GluN1 subunit was used as a quantitative marker of 
surface NMDA-Rs. The long-term heat acclimated group had 
less NMDA-Rs than the control group before and after the 
hypoxic stress (Figs. 2 and 3). Likewise, the response of the long-
term heat acclimated group to hypoxia, in the hippocampus and 
the frontal cortex, was reciprocal to that of the non-acclimated 
rats (Fig. 2) as were the changes over time (Fig. 3). There 
were only mild fluctuations in HyAc30 receptor levels in the 
acclimated group, whereas the non-acclimated group showed 
continuous upregulation peaking at 4h post hypoxia. The latter 
profile resembles that reported by Zhang et al.23 We hypothesize 
that for a similar glutamate surge (caused by the hypoxic insult) 
there will be less calcium influx into the acclimated cells, thereby 
improving survival. The decrease in protein levels following 
heat acclimation is unique to NMDA-Rs, all other proteins 
studied in our laboratory with respect to cross-tolerance, both 
in the heart and the brain (e.g., HSP72, HIF 1α, erythropoietin, 
Glut135,42-44 Levi and Horowitz, unpublished) were upregulated 
by acclimation and by the stress conditions.

The response of the short-term heat acclimated group to 
hypoxia is complex (HyAc2d, Fig. 2). Receptor levels on the cell 
membrane before hypoxia were the same as the non-acclimated 

group after the insult, indicating that the tissue was already 
experiencing stress. This agrees with Schwimmer et al.34 where 
upregulation of genes encoding calcium channels was found in 
short-term heat acclimated rat brains (hypothalamus). Following 
the hypoxic insult there was a significant reduction in surface 
GluN1 levels in the 2d acclimated rats. Considering the poor 
results in the behavioral tests in this group and the pre-hypoxia 
GluN1 state, it is reasonable to suggest that a reduction in receptor 
levels alone does not improve function or enhance cytoprotection. 
Along this line, Assayag et al., 2010, 201237,38 substantiated 
that despite membrane adaptations found following short-term 
acclimation, the upregulation of many proteins following long-
term acclimation seems to be essential for heat acclimation 
mediated cross-tolerance.

Changes in GluN2B/GluN2A ratio affect channel properties
To further understand the remodeling mechanisms involved 

in forming the heat acclimated phenotype, we examined changes 
in levels of the GluN2A and GluN2B subunits. Changes in 
the GluN2B/GluN2A subunit ratio enable us to understand 
the impact of each treatment. When the GluN2A subunit is 
present the channel is more permeable to calcium, has a higher 
opening probability and a faster recovery from desensitization.12 
The acclimated cells had an increased GluN2B/GluN2A ratio 
in response to hypoxia whereas the non-acclimated showed a 
profound drop (Fig. 4). This beneficial effect was more evident 
in the frontal cortex, with GluN2B/GluN2A peaking 4h post 
hypoxic insult, and remained elevated for 24 h post insult. 
Inability of non-acclimated rats to maintain higher GluN2B 
levels suggests a continuing difficulty of these rats to cope. The 
HyAC30 GluN2B/GluN2A ratio profile implies reduced calcium 
permeability and thus provides an additional explanation of heat 
acclimation mediated neuroprotection following hypoxic stress. 
This finding is in congruence with our knowledge regarding 

Figure 7. changes in GluN1 mRNA following hypoxic stress in (A) non-
acclimated and (B) acclimated groups. each data point represents M ± 
se, n = 8. # P < 0.05 frontal cortex and the hippocampus vs. c group.  
*P < 0.05 c vs. Ac30d (for both areas).
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enhanced cytoprotection and decreased calcium sensitivity in the 
heat acclimated cardio-phenotype.45

AMPA-R GluA2 subunit
The GluA2 subunit determines the calcium permeability 

of AMPA-R11 and plays a role in delaying cell death following 
hypoxic-ischemic insult.31 Cultures of cortical neurons subjected 
to hypoxic stress showed increased calcium permeability via 
NMDA-Rs and AMPA-Rs that led to free radical production and 
cell damage.30 In this investigation, hypoxia induced a significant 
decrease in GluA2 levels in the frontal cortex in non-acclimated 
rats. In contrast, the long-term-acclimated group responded to 
the insult with a significant increase in receptor protein levels. 
Given Gorter et al.,30 our results may mean that there is a rapid 
increase in inter-cellular calcium concentration, causing damage 
and promoting delayed cell death in the C animals. These results 
also support the positive influence of long-term heat acclimation 
on the ability of cells within the hippocampus and frontal 
cortex to reduce the calcium permeability of glutamate receptors 
in response to hypoxia. The changes in GluA2 in response to 
hypoxic stress in the hippocampus showed similar profile to that 
of the frontal cortex but were less intense. This is comparable 
with our findings regarding the GluN2B/GluN2A ratio, where 
the frontal cortex was also more affected than the hippocampus. 
These results correspond to the enhanced protection from 
hypoxia in the frontal cortex.

Basal GluA2 of short-term acclimated rats resembled that 
of C group. However, after the hypoxic insult this group had 
the greatest reduction in GluA2. This may highlight a greater 
sensitivity to hypoxic stress in short-term acclimated rats that 
may be caused by the increase in AMPA-R calcium permeability. 
These findings support our previous data,37,38 regarding the 
inability of short-term heat acclimated cells to survive following 
the superimposition of another stress.

Comparison between changes in mRNA and protein levels
To assess whether molecular processes play a role in cross-

tolerance mRNA levels of the NMDA-R subunits were 
measured. Our data show that changes in NMDA-R transcript 
developed during the acclimation, leading to 2.5–3 time higher 
basal GluN1 levels at all acclimatory phases (Fig. 7) but with 

no significant transcriptional changes post hypoxia. In contrast, 
non-acclimated rats showed a rapid increased transcription; 
which matched the significant increase in GluN1 protein levels. 
The continued rise in mRNA transcript levels in the latter may be 
evidence of cell damage and imminent cell death.30 The mRNA 
levels of GluN1 returned to basal levels 24 h after hypoxia, in 
agreement with Zhang et al.23

In the acclimated animals, the changes in the transcriptome-
proteome NMDA-R profile suggest that the sensitivity of the 
translational machinery has been modified. Given that GluNR1 
receptors of HyAc30 rats are upregulated, it is likely that GluNR1 
trafficking to the cell surface takes place. A similar mechanism of 
receptor upregulation was observed for angiotensin AT1 receptors 
in the hypothalamus of long-term heat acclimated rats.34

Both GluN2A and GluN2B mRNA responded in the same 
manner during the 24 h post ischemia (Table 1). Since major 
changes were found in the protein levels (Fig. 5A), it is likely 
that post-translational processes were taking place. Zhang et al. 23 
studied GluN2A and GluN2B mRNA levels in the hippocampus 
for 24 h after transient ischemic stress and showed that GluN2B 
mRNA was significantly elevated 3 h after stress and then 
returned to basal levels. Regarding GluN2A mRNA, Zhang el 
al. findings differ from our study - there was almost no response 
3 h after the stress. This apparent contradiction is probably due 
to differences between the insults and cell preparations. Similarly 
to GluN1 mRNA, the basal levels of acclimated GluN2A and 
GluN2B mRNA (Table 1) were significantly higher than the 
non-acclimated group, but showed a delayed increased (vs. non-
acclimated) after stress, suggesting two acclimatory response 
patterns - quantitative and qualitative.

Conclusions and Future Perspectives

This study demonstrates that long- but not short-term heat 
acclimation confers hypoxia cross-tolerance. It is likely that 
transcriptional and translational processes leading to acclimatory 
homeostasis are required for the developed of this process. Since 
glutamate receptors are known to be involved in coping with 
hypoxia, we investigated the kinetics of their change in the most 

Table 1. GluN2A and GluN2B mRNA in non-acclimated and heat acclimated rats

Time
Hippocampus

GluN2A GluN2B
Frontal cortex

GluN2A GluN2B

Basal
Non-acclimated
heat acclimated

64.4 ± 5.7
71.0 ± 12.8

61.1 ± 3.5
83.5 ± 8.5#

55.7 ± 10.4
74.1 ± 1.8#

55.1 ± 9.7
88.6 ± 4.1#

4 h
Non-acclimated
heat acclimated

84.3 ± 0.8*
91.2 ± 10.9

69.7 ± 2.0*
86.8 ± 9.9#

95.1 ± 11.1*
77.1 ± 8.0

77.0 ± 9.9*
89.9 ± 13.9

8 h
Non-acclimated
heat acclimated

85.0 ± 3.6*
97.3 ± 2.8*#

80.8 ± 3.8*
92.0 ± 9.3#

66.2 ± 11.1*
120.0 ± 8.0*#

58.9 ± 7.9
109.4 ± 14.5*#

24 h
Non-acclimated
heat acclimated

57.8 ± 5.6
75.7 ± 6.3#

55.4 ± 7.0
78.4 ± 6#

55.7 ± 3.1
77.4 ± 6.2#

49.3 ± 1.9
75.0 ± 2.6#

*p < 0.05 vs. matched subunit levels under basal-non hypoxic conditions; #p < 0.05 vs. non-acclimated subunit levels following the same treatment ; No 
significant differences were found between frontal cortex and hippocampus for the same subunit.
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sensitive areas of the brain, the frontal cortex and hippocampus. 
These channels underwent extensive qualitative and quantitative 
changes during the acclimation, at both mRNA and protein 
levels, implying that a switch, potentially leading to decreased 
channel calcium permeability, contributes to the protective 
arsenal endowed by heat acclimation. However, while NMDA-R 
acclimatory level has established during the acclimation and 
was not affected profoundly by hypoxia both GluN2B/GluN2A 
subunits ratio and GluA2 of the long-term acclimated rats 
demonstrated beneficial abrupt post hypoxic beneficial response.

Can we bridge between the basic science reported here 
and applied sciences: One practical physiological approach is 
translation of heat acclimation cross-tolerance into training 
protocols that will lead to improved systemic functions for human 
benefits under challenging new environments. Translation of 
cross-adaptation (heat and exercise training36) was previously 
proved to be very successful. Along this line, White et al.,46 for 
example have suggested heat acclimation as a possible alternative 
for individuals as a means to maintain or improve performance 
during high altitude exposures. An intriguing translational 
approach is also the utilization of cross-tolerance to develop new 
therapeutic strategies in which concert of processes takes place; as 
in the case of the heat acclimated phenotype.

Materials and Methods

All experimental protocols were approved by the Ethics 
Committee for Animal Experimentation of The Hebrew 
University, Jerusalem, Israel. Male 3 wk old Rattus norvegicus 
(Sabra strain, albino var), initially weighing 80–90 g, were fed 
Ambar laboratory chow with food and water ad libitum. The 
animals were randomly assigned to heat acclimation and control 
normothermic groups. The normothermic group was subdivided 
into groups that received no treatment (C group), and those that 
were only subjected to hypoxia (HyC). Previous heat acclimation 
studies substantiated that the adaptive process biphasic.1 Hence, 
the heat acclimated rats were divided into short- and long-term 
acclimation groups: exposed to heat for 2 d (Ac2d) and 30 d 
(Ac30d), respectively. The acclimated rats either received no 
additional treatment or were subjected to hypoxic stress (HyAc2d 
and HyAc30d, respectively).

Experimental conditions
The C group was held at an ambient temperature of 24 ± 1 

°C; heat acclimation was attained by continuous exposure to 
34 ± 1 °C and 30- 40% relative humidity in a light-dark cycled 
room (12h: 12h) for 30 d (long-term acclimation), as previously 
described.44 For characterization of the effects of hypoxia on C 
and heat acclimated rats transient hypoxia was applied: each 
animal was placed in a hypoxic chamber for 15 min, where a 
continuously flowing mixture of air and nitrogen was adjusted 
to achieve 4.5 ± 0.5% oxygen. The oxygen concentration was 
monitored online, using the Oxygen Analyzer S-3A system. All 
exposures were conducted at the same time of the day, and the 
chamber was maintained at a normothermic temperature. Upon 
termination of treatment, the animals were allowed to recover 
for 0, 4, 8 and 24 h at room temperature and then sacrificed 

by cervical dislocation.33,47 The hippocampus and frontal cortex 
were quickly removed and stored at -70 °C until analysis.

Behavioral assessment of the impact of transient hypoxia
To assess the impact of the hypoxic stress on the various 

groups, a motor functional test used for ischemia33,47,48 was 
modified and applied. This test evaluates deficits in a battery 
of sensory-motor reflexes reflecting damage in the cortex and 
the hippocampus and are considered sensitive enough to detect 
recovery (spontaneous, as well as from medications.33 The 
sensory-motor deficit was evaluated within one minute of the 
hypoxic insult and neurological status was rated for:37 grasping 
reflex of the forepaws - 1 point for each forepaw;38 postural reflex 
2 points for symmetrical and strong forelimb extension when held 
by the tail while reaching for a distant object48 walking - 2 points 
for symmetric and stable walking;11 thorax twisting - 1 point for 
trying to get free itself when suspended by the tail;29 lateral push 
- 1 point for a steady and symmetrical response; and31 hanging - 2 
points for a strong firm grasp on a horizontal bar.49 The sum of 
these points is the neurological score out of 10, and a score of 9 or 
greater indicates that there is no functional deficit.

Cellular fractionation
To prepare enriched membrane lysates, the hippocampus and 

frontal cortex were homogenized in a buffered solution of 250mM 
Sucrose, 50mM Tris, 1mM PMSF, and protease inhibitor 1:100, 
titrated to a pH of 7.4.

The homogenate was centrifuged for 15 min at 3500 g, 4 °C. 
The supernatant went through a second centrifugation at 48 000 
g, 4 °C for 15 min, yielding an enriched membrane precipitate. 
Protein concentration was quantified using Bradford reagent 
(Bio-Rad Laboratories, Richmond, CA, USA).

Western blot analysis
Total protein (50μg per lane) was fractionated by 

electrophoresis on 9% or 12% polyacrylamide gels under 
denaturing conditions,43,44 transferred onto nitrocellulose 
membranes, blocked for 2h in phosphate-buffered saline (PBS) 
containing 5% dried skimmed milk powder, and then probed 
overnight at 4 °C with primary the antibody, diluted 1:1000. 
After repeated washings, the membranes were incubated at room 
temperature for 1h with horseradish peroxidase-conjugated goat 
anti-rabbit

IgG (Sigma) diluted 1:10 000. Each sample was run 3 times 
and the control sample was present in all runs and therefore used 
to normalize protein levels44). Polyclonal, (Chemicon) affinity 
purified to the specific subunit- GluN1, GluN2A, GluN2B or 
GluA2 primary antibodies were used. Specific antibody binding 
was detected using enhanced chemiluminescence (Amersham) 
and visualized by exposing an X-ray film to the membrane.44,50,51

The density of the scanned protein bands was calculated using 
Tina software (Raytest, Straubenhardt, Germany).

mRNA detection
Changes in mRNA transcripts were detected using semi-

quantitative RT-PCR performed as previously described.18 Briefly, 
total RNA was extracted from the brain tissue, using TRI-
REAGENT (Molecular Research Center, Inc., OH, USA). Total 
RNA (10μg) was reverse transcribed in a 50μl reaction mixture 
containing 0.5μg of oligo(dT)15 as primer, together with 400 U 
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of MMLV reverse transcriptase, according to the manufacturer’s 
instructions (USB, United States Biochemical, Cleveland, OH, 
USA). For the PCR, 5μl of the cDNA mixture was added to 
50μl of a master mix containing 200μM of dNTP, 100pM of 
primer, and 1.5 units of Vent polymerase (USB). We synthesized 
DNA oligonucleotide primers for GluN1, GluN2A and GluN2B 
subunits of NMDA-R. The oligonucleotide sequences were taken 
from the published literature49 and Clontech Laboratory, Palo Alto, 
Ca, USA. Sense and antisence sequences, respectively were: NR1: 
GGCACAGGCA GTTCACGAAC TCC; TAGATGCCCA 
CTTGCACCAG CTTG; NR2A: CCTCCCGGAG 
CATAAGCCTC AAGG; GTGTTTGTAA GGGTCCGAGG 
GAC NR2B: AGCTCCATTG ATGGGCTCTA TGACTG; 
GTTGCCCTCG ATGTTCCCAT AGGTG. β actin was used as 
a housekeeping gene as our protocols do not change its levels43,52. β 
ACTIN - sense: GAGACCTTCAA CAACCCAGCC, antisense: 
GGCCATCTCT TGCTCGAAGT C. The PCR products were 
resolved on 1.5% agarose gel, stained with ethidium bromide, 

and visualized under UV light. Band density was analyzed using 
TINA software (Raytest, Straubenhardt).

Statistical Analysis
For statistical analysis, one- and two-way ANOVA followed 

by post hoc (Tukey; Dunn’s) tests were used with commercially 
available computer software (Sigmastat, SPPS Inc.). Treatments 
were taken as the fixed effects, and the individual tissues were 
assumed to be random samples from the population. The data 
are expressed as means ± SEM; values of P < 0.05 were considered 
statistically significant.
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