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J Appl Physiol 120: 702-710, 2016. First published October 15, 2015;
doi:10.1152/japplphysiol.00552.2015.—Studying “phenotypic plasticity” involves
comparison of traits expressed in response to environmental fluctuations and aims
to understand tolerance and survival in new settings. Reversible phenotypic
changes that enable individuals to match their phenotype to environmental demands
throughout life can be artificially induced, i.e., acclimation or occur naturally, i.e.,
acclimatization. The onset and achievement of acclimatory homeostasis are deter-
mined by molecular programs that induce the acclimated transcriptome. In heat
acclimation, much evidence suggests that epigenetic mechanisms are powerful
players in these processes. Epigenetic mechanisms affect the accessibility of the
DNA to transcription factors, thereby regulating gene expression and controlling
the phenotype. The heat-acclimated phenotype confers cytoprotection against novel
stressors via cross-tolerance mechanisms, by attenuation of the initial damage
and/or by accelerating spontaneous recovery through the release of help signals.
This indispensable acclimatory feature has a memory and can be rapidly reestab-
lished after the loss of acclimation and the return to the physiological preacclimated
phenotype. The transcriptional landscape of the deacclimated phenotype includes
constitutive transcriptional activation of epigenetic bookmarks. Heat shock protein
(HSP) 70/HSP90/heat shock factor 1 memory protocol demonstrated constitutive
histone H4 acetylation on hsp70 and hsp90 promotors. Novel players in the heat
acclimation setup are poly(ADP-ribose)ribose polymerase 1 affecting chromatin
condensation, DNA linker histones from the histone H1 cluster, and transcription
factors associated with the P38 pathway. We suggest that these orchestrated
responses maintain euchromatin and proteostasis during deacclimation and predis-
pose to rapid reacclimation and cytoprotection. These mechanisms represent

within-life epigenetic adaptations and cytoprotective memory.

heat acclimation; cross-tolerance; epigenetic and cytoprotective memory

DEFINITION AND GOALS

HEAT ACCLIMATION OR ACCLIMATIZATION improves heat dissi-
pation and thermal tolerance and delays thermal injury, thereby
enhancing endurance to exposure to heat. Acclimatory plastic-
ity also manifests protection from nonthermal novel stressors.
This trait has a within-life adaptive memory involving chro-
matin remodeling and regulation of gene expression. The
primary goal of this review is to summarize recent insights into
the molecular programs that affect acclimatory plasticity. Tran-
scription factors underlying the acclimatory responses may
bind/activate not only pro- but also antisurvival pathways. The
research into the cross talk between conflicting signaling in
heat acclimation is still in its infancy. Given the data available,
we describe that, in acclimatory homeostasis, which presents a
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“compromised state,” the ratio of helpful to deleterious effects
favors the specific adaptagent. Future studies investigating this
dilemma are needed.

PHENOTYPIC PLASTICITY

The term phenotypic plasticity has been employed in many
biological fields, a widely accepted definition is “the capacity
of a single genotype to exhibit a range of phenotypes in
response to variation in the environment” (11). Evolutionary
biologists often use this definition, which encompasses genetic
contributions to plasticity. Another accepted meaning of phe-
notypic plasticity covers phenotypic responses to factors in the
environment (7, 59). Environmental physiologists focus on the
numerous outcomes noted in individuals in response to envi-
ronmental fluctuations. Many studies have quantified and com-
pared the mean values of traits in two or more environments to
understand tolerance and survival in the new setting. Revers-
ible phenotypic changes enable individuals to match their
phenotype to environmental demands throughout life. The
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outcome of these changes is called acclimation if artificially
induced or acclimatization when they occur in nature. Notably,
the genotype (or adaptive reserves) influences the magnitude of
the stimulus required to induce acclimation, and the ability to
acclimate is important in comparative studies (19, 49, 50).

Cells respond to extra- and intracellular signals by changing
gene expression patterns (25), and these processes play impor-
tant roles in acclimation. In other words, the long-term phys-
iological responses to acclimation are determined by the mo-
lecular programs that induce the acclimated transcriptome. For
example, the abundance or sensitivity of postsynaptic receptors
can be changed by differential transcription of receptor sub-
units. This affects organ responsiveness i.e., “(central com-
mand — peripheral organ) cross talk” and coordinates the
adaptive physiological responses (17, 19). Evidence is avail-
able that acclimatory networks control the rate/magnitude of
target gene activation, the timing of their activation, and, in
turn, the function of their executor proteins. The changes may
be transient or may become seemingly constitutive (memory
affect), with epigenetic mechanisms maintaining gene expres-
sion signatures in the absence of the original signal (25).

A bioinformatics model of such a sequence of events, based
on yeast strains, was recently published, and the interested
reader is referred to Gitter et al. (13). Much evidence suggests
that epigenetic mechanisms are powerful players that enable
long-term phenotypic adaptation to transient signals without
changes in DNA sequences. One of the main epigenetic mech-
anisms employed is posttranslational modifications to histone
proteins, particularly histones H3 and H4, such as phosphory-
lation, acetylation, and mono-, di-, and tri-DNA methylation.
These epigenetic mechanisms affect the accessibility of the
DNA to transcription factors, thereby regulating gene expres-
sion. Studies on the role of these processes with respect to
within-life adaptation to environmental stress in mammals are
sparse, but more data are available regarding invertebrates and
vertebrate ectotherms acclimated to temperature and/or osmo-
larity (e.g., Refs. 60, 62). In heat-acclimating mammals,
Tetievsky and Horowitz (53) studied posttranslational modifi-
cations (acetylation, phosphorylation) in histone tails. Re-
cently, Alvaredo et al. (2) used hibernators to demonstrate that
genomic DNA methylation is dynamic across torpor-arousal
bouts during winter hibernation. In humans, studies on the
epigenetic involvement in reversible adaptive responses are
limited to exercise training. DNA methylation status in re-
sponse to acute and chronic exercises was assessed by Voisin
et al. (58). Analysis of the available data led the authors to
conclude that acute and chronic exercise affects DNA methyl-
ation levels significantly, in a tissue- and gene-specific manner.
Lindholm et al. (32) demonstrated that training alters DNA
methylation, along with other epigenetic changes in regulatory
enhancer regions. Macgee and Hargreaves (37) studied histone
modifications and the expression of metabolic genes in skeletal
muscle. Although noncoding RNAs (42) research is in its
infancy, they have been identified as integral components of
epigenetic control. For example, micro-RNAs (miRNAs), an
important class of small noncoding RNAs, seem to control
about one-half of the protein coding genes in mammals, mostly
by suppressing/silencing gene expression (26).

Our knowledge of the epigenetic control of gene expression
in processes associated with within-life adaptations, such as
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acclimation, is sparse and sometimes derived from in silico
studies. Here our discussion will be limited to heat acclimation.

PHENOTYPIC PLASTICITY: A FUNDAMENTAL OF HEAT
ACCLIMATION

When heat acclimation homeostasis has been achieved, the
increased endurance to heat stress stems primarily from a
leftward shift (decrease) in the body temperature threshold
(T-Tsh) for activation of heat dissipation effector organs and a
rightward shift (an increase) of T-Tsh for thermal injury,
thereby expanding the range of thermoregulatory control. The
evolvement of the acclimated phenotype is a continuum of
concerted, temporally changing processes at all levels of body
organization. An apparent acclimated state is already seen at
the onset of acclimation [short-term heat acclimation (STHA)];
however, acclimatory homeostasis is only achieved after long-
term acclimation (LTHA). Different physiological adjustments
are utilized during these phases. Examination of the profile of
[central command — peripheral organ cross talk] reveals a
transition from an early temporary inefficient state in which
apparent acclimation depends on increased activity in the
autonomic thermoregulatory control system, to efficient cellu-
lar performance. Physiological responses, such as central dis-
charge/peripheral heat dissipation-to-organ response ratio,
plasma volume and circulatory adjustments, or evaporative
cooling, suggest that heat acclimation is biphasic (17, 19).
Changes in transcript and encoded protein profiles of specific
genes, i.e., cardiac sarcoplasmic (SR) Ca’" turnover-related
genes, such as SERCA (SR Ca?*-ATPase) and phosphorylated
phospholamban and cardiac contractility, or voltage-gated ion
channels (9, 38, 45), match the biphasic physiological accli-
mation program. This confirms dynamic gene expression plas-
ticity throughout the phases of heat acclimation.

A time course analyses of the global genomic response of
rats during acclimation provided insight into the principle
mechanisms involved in the development of the acclimated
phenotype. The genomic analyses substantiated that short-term
acclimation is a critical acclimatory checkpoint. The transcrip-
tome map of the hypothalamus (45) matches the increased ratio
of central discharge to effector organ response (Fig. 1A, bot-
tom), suggesting decreased organ efficiency at that acclimation
phase (STHA). The map shows a marked transient upregula-
tion in the transcript of genes encoding voltage-gated ion
channels, ion pumps, or transporters, as well as hormone or
transmitter receptors and cellular messengers, collectively im-
plying enhanced membrane depolarization, release of transmit-
ters, and neuronal excitability. The transient downregulation of
groups of genes participating in intracellular protein traffick-
ing, metabolism, or phosphorylation suggests perturbations in
cellular maintenance (45). The temporary nature of the
genomic response to short acclimation is pronounced in the
cardio-transcriptome. Significant upregulation of topoisomer-
ase II, and ERCCI1 (excision repair cross-complementation
group 1), all involved in maintenance of DNA integrity-
double-strand DNA repair/synthesis (22, 51, 52), support the
notion that double-strand DNA damage occurs at the onset of
acclimation. The up/downregulation of groups of transcripts
and epigenetic markers suggests that epigenetic mechanisms
are involved in the reprogramming gene expression at the onset
of heat acclimation. Among these altered transcripts, it is
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Fig. 1. Heat acclimation’s dynamic. A: the
physiological profile of heat acclimation. At
the onset of heat acclimation [short-term heat
acclimation (STHA)], the autonomic nervous
system compensates for impaired cellular
performance. Increased efficiency, a signa-
ture of long-term heat acclimation (LTHA),
diminishes the need for accelerated auto-
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nomic excitability. B: STHA is the “on
switch” of heat acclimation. Hierarchal clus-
tering of genes representing global genomic
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to phosphorylate histone H3, which tags for

histone H4 acetylation. Histone H4 is acety-
lated when acclimation homeostasis has been
achieved. HSF1 (heat shock factor 1) binds
to the heat shock elements (HSE) on the
promoters of the isp genes, initiating protein
transcription/translation. Acclimation tem-
perature (Ta) is 34°C. EO/AS, effector or-
gan-to-autonomic signal ratio; CREB, cAMP
response element-binding protein; TIP60, hi-
stone acetyltransferase (HAT)-interactive
protein; EC, excitation-contraction; HIF-1a,
hypoxia-inducible factor-la. [Adapted from
Horowitz (19) with permission and from
Tetievsky et al. (51-53).].

Cellular/molecular profiles

Protein level

important to note that the chromatin modifiers, such as histone
species from the H1 cluster (Histlhla; Histlhlb), linker his-
tones associated with nucleosomal spacing and chromatin con-
densation, are significantly downregulated. An additional sig-
nificant group of involved epigenetic markers is miRNAs
(Horowitz M, Tetievsky A, and Izik-Radom S, unpublished
observations) with upregulation of miRNA 297 (stress associ-
ated) and significant downregulation of miRNAs miR-1, miR-
133, and miR-206. Of relevance to our heat acclimation model
is the role of these miRs in the regulation of heat shock protein
(HSP) 70 expression. Decreased miR-1 and miR-206 promotes
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HSP70 synthesis (27, 29, 43), and these miRs also control
muscle mass. The concerted reprogramming of gene expres-
sion, based on the heart and the brain transcriptomes, in tandem
with the physiological data, leads us to conclude that STHA is
the “on switch "of acclimation (Fig. 1, A and B).

Recent publications regarding the role of gut permeability in
thermal tolerance raise the question of whether STHA disrupts
intestine permeability. When permeability is altered, LPS leaks
and proinflammatory cytokines are released, which may affect
the initiation of heat acclimation. LPS leakage has not been
studied during STHA; however, the rise in rectal temperature
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(Tye) at that phase (0.5-1°C) does not conform to the changes
seen in T,. due to LPS leakage. Lambert et al. (31) demon-
strated disruptions in intestinal permeability when T, is above
41°C. In the hypothalamus, a transient downregulation of
pyrogenic cytokines concomitantly with a decrease in T-Tsh
for heat dissipation effectors during STHA was found (45),
implying that LPS may not be involved. Furthermore, HSP72
levels, which may be elevated in response to LPS leakage,
were stable at this acclimation phase (35).

In summary, the physiological survival strategy of the
STHA phenotype is to massively increase heat dissipation. In
the autonomic nervous system, this is displayed by a marked
upregulation of the voltage-gated ion channels. Major stress
signatures are miRs involved with HSP72 induction downregu-
lation, as well as with activation of genes involved in the
maintenance of DNA integrity. Changes in epigenetic markers
can thus be considered as the “on switch” of acclimation,
initiating the subsequent adaptive processes. Similar principles
of dynamics in other species (e.g., Refs. 28, 62) suggest that
this adaptive principle may be evolutionarily conserved.

The genomic responses of the LTHA phenotype includes
enhanced stores of cytoprotective molecules in both the hypo-
thalamus and the heart [e.g., HSPs, hypoxia-inducible factor
(HIF)-1a, and the antioxidative glutathione S-transferase-p
subunit] in a tissue-specific manner. The acclimated transcrip-
tome of the heart demonstrates upregulation of genes encoding
ion channel subunits linked to the excitation-contraction (EC)
coupling cascade, Ca?>* binding/release features in the SR
reticulum, and genes linked to sarcomere organization, which
also affect Ca®>' sensitivity and ventricle elasticity. These
correlate with the physiological features of the acclimated
heart, including /) increased contractile efficiency, namely,
production of greater pressure with lower oxygen consump-
tion (achieved by changes in myosin isoform ratios and
qualitative changes in EC coupling); and 2) greater compli-
ance and venous return, which improves the ability to cope
with high thermal loads under sedentary and exercising
conditions (20, 24).

By examining the changes in specific acclimation indicators
(e.g., cardiovascular performance) during the phases of accli-
mation, we deepened our understanding of the molecular basis
of the observed physiological trait. Considering that /) a
profound feature of acclimatory homeostasis is the establish-
ment of enhanced HSP72 reserves (35); 2) heat stress induces
selective histone H4 acetylation and histone H3 phosphoryla-
tion (53, 54); and 3) gene chip hierarchal clustering shows that
hsps, Hsf1 (heat shock factor 1), and chromatin remodelers, are
included in related gene clusters (22), we established a HSP72/
HSP90 model to examine epigenetic processes throughout
acclimation (Fig. 1C). Our results showed histone H3serl0
phosphorylation during STHA and recruitment of histone
acetyltransferase TIP60 and histone H4 acetylation on the
promotors of HSP72 and HSP90 of the acclimated phenotype
(LTHA) (53). These processes remodeled chromatin to euchro-
matin (open chromatin), allowing the transcription factor HSF1
to bind to and initiate HSP translation. Evidence of the essen-
tial role of P-H3Ser10 in the induction of hsp70, without regard
to acetylation state, was provided by Labrador and Corces (30).
This supports the notion that P-H3Ser10 is needed to create a
recognition site for future acetylation (shown by the conserva-
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tion of arginine 164 in GCNS5). This is yet to be demonstrated
in our model.

An intriguing question is of course the upstream trigger for
heat acclimation. Key upstream “initiators” include transducers
of environmental stressors from the cell surface to the nucleus,
such as the mitogen-activated protein kinases. A network graph
structure analysis, as well as expression data, highlighted
interactions during and after acclimation and revealed that the
P38 MAPK [which activates the nuclear kinase mitogen- and
stress-activated protein kinase (MSK) (48)] is important in
acclimation and probably transmits environmental signals to
the cells. Ca?" overload and temperature, both players in our
model, activate this pathway. Therefore, we examined MSK
recruitment on HSP72 and HSP90 promoters and found sig-
nificant upregulation during STHA. Thus it seems that epige-
netic control of HSP cytoprotective reserves occurs in heat
acclimation. The profound reduction of miR-1 and miR-206
during STHA (as mentioned above) is another example of
epigenetic regulation of HSP70. Examination of the epigenetic
regulatory control of HSP reserves is useful as a prototype
acclimatory model. Furthermore, the variety of epigenetic
markers detected during STHA and LTHA infer that epigenetic
regulation of gene expression is well integrated in the accli-
mation repertoire and affects somatic memory formation, as
described below.

HEAT ACCLIMATION CONFERS PROTECTION TO NOVEL
STRESSORS

An inseparable outcome of acclimation is the mechanism of
“cross-tolerance,” whereby exposure to one stressor induces
protection from a novel stressor. Such cross-reinforcement
raises the possibility of inducing protection to a stressor with-
out prior exposure to it. Protection from ischemic-reperfusion
injury in the heart, and from brain hyperoxia, as well as from
hypoxia and TBI (traumatic brain injury) have all been sub-
stantiated (3, 18, 47).

In contrast to classical preconditioning, where exposure to a
short sublethal stress renders protection for approximately 2
days (39), heat acclimation-mediated cross-tolerance (HACT)
confers protection for almost 3 wk. Sharing underlies cross-
tolerance: innate protective networks enhanced by heat accli-
mation are exploited by novel stressors, and stress-specific
signaling pathways evoked by the novel stressor work in
concert with generic (protective) pathways and provide cross-
tolerance. Hierarchal clustering by stress specificity (of sam-
ples from the hearts of acclimated animals, exposed to heat
stress or to ischemic-reperfusion injury and hybridized onto
cDNA atlas array of stress-associated genes) validated this
hypothesis. In the heart, the essential cluster for HACT in-
cludes the upregulation of cytoprotective molecules, e.g.,
HSPs, antioxidative, anti-apoptotic, HIF-1a (22, 33). This
allows a rapid protective response without the need for de
novo transcription/synthesis of these molecules following
exposure to a novel stress. The specific contribution of each
of these molecules to HACT is yet to be evaluated. Studies
from our laboratory (21, 55) demonstrated that /) the HSF1-
HSP72 cascade (at least in the heart and in C. elegans) is
regulated in a HIF-1a-independent manner; and 2) HSP72 is
essential but insufficient to confer protection in our models.
Preliminary experiments using cardiac ischemia imply that
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HIF-1a transcriptional activation (vs. HSP72) is the pre-
dominant player (21).

The buildup of cytoprotective reserves relies on transcrip-
tional activation progressively induced during the course of
acclimation. We found a paradox in STHA. The upregulation
of HSF1 binding to the heat shock element (HSE) (52), and
alteration of mitochondrial outer membrane integrity (i.e.,
maintenance of s delta membrane potential) (5), imply that
membranal adaptive responses have been activated. However,
STHA animals have lower tolerance (4, 61) to novel stressors
(5). This suggests that HACT depends on long-term tran-
scriptional/translational processes, which only establish cy-
toprotective protein reserves, or decrease ROS production in
complexes I and III once acclimatory homeostasis has been
achieved. This conclusion is further supported by the find-
ings that daily administration of (3-adrenergic blocker re-
stricts HSP72 induction without affecting parasympathetic
adjustments (18, 34), and that inhibition of HIF-la tran-
scriptional activation leads to loss of HACT, despite large
HSP72 reserves (21).

HACT is a prolonged response, involving adaptive, long-
lasting multiple tier networks, whereby intrinsic qualitative
features, such as protein levels, their rate of induction, or
isoform shifts, take place. Using the rat cardiac ischemia,
whole body hypoxia, whole body hyperoxia, and mice TBI as
models of immediate and long-term HACT responses, respec-
tively, it is clear that HACT employs two major protective
avenues, /) injury attenuation and 2) postinsult release of help
signals, which are enhanced in the acclimated phenotype.

Among the attenuating pathways are the fast-responding,
large cytoprotective reserves, which have been discussed
above. Of equal importance is the process of receptor remod-
eling, for which N-methyl-p-aspartate (NMDA) receptors
(principal excitatory amino acid receptor permeable to cal-
cium) are a model. Remodeling of the NMDA receptor subunit
ratio to decrease opening probability and a decrease in the
abundance of the receptor in the hippocampus and frontal
cortex of heat-acclimated rats has been shown (61). Following
exposure to hypoxic/ischemic stress, there is a massive gluta-
mate discharge. The activated NMDA receptors accelerate the
massive calcium influx, causing a calcium overload and oxi-
dative stress. The now overactivated NMDA receptors enable
the massive intracellular Ca®>" overload and the subsequent
activation of endonucleases and kinases to cause neuronal
death by necrosis or apoptosis (8, 10). The combination of
fewer NMDA receptors in acclimated rats (under both basal
and hypoxic conditions) and the increased receptor subunit
ratio favoring decreased channel opening probability (GIluN2B/
GluN2A) reduce the Ca®>* overload on hypoxia (36). The
nonacclimated phenotype shows a reciprocal effect. An addi-
tional avenue reducing Ca** flux via receptor remodeling is the
significant increase in the GluA2 subunit of the a-amino-3-
hydroxy-5-methyl-4-isoazole-propionic acid (AMPA) recep-
tors (AMPA receptor subunit) in acclimated animals. This
subunit has low calcium penetration; hence changes in its
expression have a major impact on Ca®>* permeability. Yacobi
et al. (61) reported a rapid decline in GIuA2 in controls, but
significant elevation in the acclimated ones. Heat acclimation-
mediated receptor remodeling was also noted in cardiac muscle
L-type Ca>* channels (24).

Epigenetics in Heat Acclimation Memory « Horowitz M.

In addition to injury attenuation, the employment of long-
term posttraumatic help signals in the spontaneous recovery
following TBI has been demonstrated. Recovery is determined
by the balance between injury and repair mechanisms (40). In
the heat-acclimated phenotype, AKT activation and enhanced
transcriptional activation of HIF-1a targets (VEGF, nitric ox-
ide, GLUT1) match the accelerated spontaneous recovery of
the injured brain (56). Angiotensin receptor 2, which is ele-
vated during heat acclimation, facilitates neurogenesis as well
as neuroprotection [for details, the reader is referred to Um-
schweif et al. (57)].

HEAT ACCLIMATION MEDIATED CYTOPROTECTIVE
MEMORY

Early sporadic physiological studies on heat acclimation, its
decay (DeAC) and reinduction (ReAC) showed that reinduc-
tion of heat acclimation after a period of DeAC is much faster
than the initial/original heat acclimation session (31). Various
authors (12, 41) predicted that the physiological heat-accli-
mated phenotype decays at a rate of a 1-day loss of acclima-
tized status for every 2 days spent without heat exposure.
Memory can be considered as a temporary regulator, and, once
activated by a strong signal (from common signaling mole-
cules), it remains “on” such that a second (weaker) signal is
able to produce a rapid response. It was only in 2008 that an
experimental model using rodents enabled examination of the
mechanisms involved in heat acclimation memory. We tested
physiological thermoregulatory central responses, EC cou-
pling, and cardiac mechanics in rats. We confirmed that accli-
mation is memorized and can be regained after a 2-mo period
of decline, by exposure to the original acclimating conditions
for 2 days (which is clearly much shorter than the 30 days
required to establish initial acclimatory homeostasis). Given
that HACT is an integral feature of the acclimated phenotype,
we expanded our memory protocol to explore whether cyto-
protection has a memory. We used infarct size following
cardiac ischemia-reperfusion insult, and the development of
rigor contracture during cardiomyocyte hypoxia as physiolog-
ical tests. Following LTHA, infarct size was significantly
smaller than in nonacclimated controls, returned to preaccli-
mation size following DeAC, and resumed the protected
LTHA phenotype upon ReAC. Similarly, time to rigor con-
tracture in the LTHA and the ReAC cardiomyocyte was mark-
edly longer than in controls and the DeAC phenotype (52).

Interestingly, there was a dichotomy between the genotype
and the physiological phenotype following the loss of accli-
mation (DeAC). Gene chip analysis of stress-associated genes
detected that several gene clusters of the deacclimated tran-
scriptome maintained their acclimated profile throughout the
DeAC and ReAC phases. Therefore, it seems that a molecular
program prolongs the availability of features acquired by the
protected acclimated phenotype, enabling their rapid return
upon ReAC. Maintained transcriptionally activated states of
several chromatin remodelers (e.g., high-mobility group pro-
teins, DNA polymerase), together with activated hsf/ and
hsp70 genes implied that upstream epigenetic processes may
play a role in memory formation. Using the HSP70/HSP90
model (see above), we demonstrated that, following 1 mo of
acclimation decay, defined as a dormant memory phase (Fig.
2), acetyltransferase TIP60 and constitutively elevated acety-
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Fig. 2. Cues to the development of heat acclimation-mediated cytoprotective memory. During the decay of acclimation, the acclimated phenotype activates a
variety of signaling pathways in an attempt to maintain acclimatory proteostasis. Activated kinases (e.g., MAPK P38), epigenetic markers, including chromatin
modifiers, transcription factors, and microRNAs (51), are possibly among these mechanisms that then predispose rapid reinduction acclimation (ReAC). A:
HSP70/HSP/HSF1 memory model time and temperature scales. B: epigenetic mechanisms regulate induction and maintenance of HSP70 reserves. BI:
constitutive maintenance of euchromatin via histone H4 acetylation and HSF1 binding on the Asp70 promotor during decay acclimation (DeAC) predisposes to
rapid HSP reserve level and ReAC. B2: based on Tetievsky et al. (51) findings and Beneke (6), we hypothesized that poly(ADP-ribose)ribose polymerase 1
(PARP1) also plays a role in HSP72 accumulation. Inset: hierarchal clustering of affymetrix gene chip of the memory model. The profile of the clusters shows
constitutive up/downregulation throughout DeAC-ReAC. B3: hsp70 mRNA dynamics post-heat stress (at 41°C) and elevated hsp70 mRNA-to-HSP protein ratio
on DeAC and ReAC before (pre) and during (post) heat stress at peak mRNA levels. The elevated ratio favors proteostasis. £Denotes time of peak mRNA level.
Examples from hierarchal clustering of the rat genome showing continuous up/downregulation of transcript, including, e.g., chromatin modifiers, transcription
factors, and MAPK P38 targeting HSP27 during DeAC and ReAC (for details, see text). C, control; AC2d, 2-day acclimation; AC30, 30-day acclimation; De,
decay; Re, reinduction. [Adapted from Refs. 51-53.]
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lation of histone H4 are recruited at the HSE of hsp70 and
hsp90. HSF1-HSE binding is only noted in the Asp70 promoter.
Upon reacclimation, the HSP70 and HSP90 epigenome re-
turned to their acclimated state, and HACT resumed.

The constitutively acetylated histone H4 and the preserved
euchromatin state found throughout heat acclimation-DeAC-
ReAC seems to be a hallmark of heat acclimation mediated
cytoprotective memory in the HSP72-HSP90 prototype. Fur-
thermore, DeAC rats showed a significant increase in hsp and
atf3 mRNA levels compared with heat-acclimated animals and
had a greater mRNA-to-protein ratio of HSP72 and HSP90
(calculated from Ref. 35). This implies that constitutive remod-
eling of gene transcription to maintain proteostasis is involved
in cytoprotective memory formation (51-53). This conclusion
is also supported by the finding that, as acclimation declines,
eukaryotic translation initiation factor 2 subunit o (which
initiates translation when dephosphorylated) increases the
phosphorylated fraction of the kinase, i.e., delays protein trans-
lation. Concomitantly, hsp72 transcript levels are elevated,
despite stable HSP72 levels, suggesting HSP proteostasis (1).

THE DEACCLIMATED/REACCLIMATED TRANSCRIPTOME

Hierarchal clustering throughout “memory consolidation”
(STHA — LTHA), the “dormant memory” (DeAC) and ReAC
phases drew our attention to gene clusters that were only
transcriptionally active during DeAC and ReAC. Similar to our
stress gene associated array, the dichotomy between the mo-
lecular and the physiological characteristics of DeAC was
noted. A large number of transcripts assigned to these clusters
are epigenetic markers, such as chromatin modifiers and miR-
NAs. For detailed documentation, the reader is directed to
Tetievsky et al. (51, 52). In the following text, we will
highlight important epigenetic markers that have not previ-
ously been considered as players in our memory puzzle. /)
Histone species from the H1 cluster (e.g., Histlhla; Histlhlb)
were significantly downregulated. Eight of the detected his-
tones are linker histones, which bind to linker DNA (between
nucleosome cores), thereby participating in nucleosome spac-
ing, and, in turn, transcription factor accessibility, and gene
expression control. 2) PARPI [poly(ADP-ribose)ribose poly-
merase 1] is a structural protein used by eukaryotic organisms
to break through the chromatin barrier. When PARPI is enzy-
matically inactive, it prevents gene transcription. However,
when PARPI is modified and activated by environmental (and
developmental) signals, it not only modifies itself, it also alters
other chromatin-associated molecules, which loosen chromatin
and allow transcription.

PARP1 also poly(ADP-ribosyl)ates ATPase-chromatin re-
modelers such as SWI/SNF observed in our cardiac model, and
loosens chromatin this way (14). PARP1 is dormant in the
Hsp70 promoter, and its activity is rapidly induced by TIP60,
either by the histone H2A switch, namely PARPI1 eviction/
HSF1 insertion, or by direct acetylation (6). Large TIP60
recruitment on the hsp70 promotor and HSF1 binding during
DeAC supports the notion of a similar scenario in our model,
and PARP1 may be an additional predisposing factor in cyto-
protective memory (Fig. 2B2). 3) The MAPK superfamily
responds to environmental stress more than other kinase fam-
ilies. Careful pathway analyses, taking into account significant
pathway checkpoints and target genes, revealed that the P38
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module is constitutively active during DeAC and ReAC (Fig.
2, inset) and plays a prominent role during these phases.
Interestingly, in congruence with the miRNA identified in our
analyses, 75% of these miRNA targets are connected to the P38
MAPK pathway [i.e., the transcription factors: cAMP response
element binding protein (also function as histone acetyltrans-
ferase), activating transcription factor, or c-jun/c-fos], thereby
highlighting the important role played by this pathway in our
model (51).

Our recent data indicate that the induction of transcription is
critical for memory formation associated with prolonged shifts
in environmental conditions. There is often a dichotomy be-
tween the levels of cellular mRNA and protein expression
and/or activity. Nevertheless, mRNA reacts to changes in the
environment affecting the executioner protein pathways. The
reproducibility of the results of several distinct bioinformatic
analyses supports the concept that DeAC is a phase-dependent
molecular program. The DeAC phase prolongs the availability
of molecular features acquired by the protected acclimated
phenotype, e.g., amplifies transcriptional responses critical to
the cellular fight for survival and facilitates the return of these
mechanisms upon ReAC. Stress induced transcriptional mem-
ory has been suggested regarding mental stress (23). Sailaja et
al. (44) reported “that chromatin structure and histone modifi-
cations are causally involved in ... transcriptional memory”
during cholinergic neurotransmission. Here we suggest that
transcriptional memory is a mode of adaptation to environmen-
tal challenges that are too persistent to be buffered by physi-
ological homeostatic mechanisms alone, yet are too short-lived
for the consolidation of genetic adaptations. The orchestrated
responses maintain euchromatin, i.e., a reprogrammed tran-
scriptome during DeAC, and are among the mechanisms that
enable rapid ReAC and cytoprotective memory.

FUTURE PERSPECTIVE

The acclimated phenotype reflects a situation of “compro-
mise.” The ratio of helpful regulatory features to deleterious
effects favors coping with fluctuating environments. Diverse
pathways and transcription factors underlying the acclimatory
responses can bind and activate the same genes. This activates
pro-/anti-survival pathways to maintain long-term homeosta-
sis. In heat acclimation, the examination of the “cross-over”
between conflicting signaling is still in its infancy. Shared
responses between fever and heat stress (16) draw our attention
to HSF1, a key regulator of HSPs. HSF1 upregulates HSPs but
also binds to several pyretic cytokines, which can affect heat
acclimation. Nevertheless, in the heat-acclimated TBI model,
acclimated mice show enhanced HSP72 reserves and an induc-
tion of anti-inflammatory cellular environment (46), despite
possible HSF1 binding to pyretic cytokines and inducible nitric
oxide synthase. Haddad and Horowitz (15) demonstrated in-
ducible nitric oxide synthase attenuation of splanchnic vaso-
constriction in tandem with peripheral vasodilation in heat-
stressed acclimated rats. This effect was abolished when NS-
nitro-L-arginine was administered. An additional interesting
conflict is posed by acclimation-induced HIF-1a upregulation,
which activates aquaporine-4 and VEGF (potentially increas-
ing blood-brain barrier permeability following TBI), yet there
is less edema formation in heat-acclimated rats and mice (56).
Taken together, it seems that, once acclimatory homeostasis is
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achieved, following exposure to a specific adapting trigger, the
ratio of helpful regulatory features vs. deleterious effects fa-
vors protection to the adaptagent. Future studies investigating
this dilemma are needed.
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