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Abstract  Heat-shock proteins (HSPs) play an undisputed role for maintaining cellular functioning under environmental chal-
lenges and protein denaturing conditions. Compelling evidence points to an evolutionary important role of HSPs and a strict evo-
lutionary control of these proteins as a balance between benefits and costs. While there is a great potential for using HSP expres-
sion for detecting natural adaptation and exposure to stress in natural populations, some obstacles and key issues await investiga-
tion. From an ecological perspective these key issues needs to be resolved in order to fully appreciate the complex responses and 
adaptations to stress and to increase our understanding of HSPs and other molecular chaperones for stress adaptation and potential 
use as biomarkers. Here, the current knowledge and understanding of HSPs is reviewed and a number of key issues including the 
interpretation of elevated HSP levels, the complications of extrapolating between laboratory and field conditions, the effects of 
choice of traits and methodology and the larger intra-and extracellular networks of interactions that HSPs participate in are dis-
cussed [Current Zoology 56 (6): 703–713, 2010]. 
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1  Introduction 
All organisms are occasionally or regularly exposed 

to environmental conditions that challenge the physio-
logical functioning of the cells. When this effect be-
comes severe enough it can be considered as stressful 
and will require counter measures in order to maintain 
cellular homeostasis/homeodynamics and thus growth, 
reproduction and survival (see Selye, 1956; Grime, 
1979; Sibly and Calow, 1989; Hoffmann and Parsons, 
1991; Bijlsma and Loeschcke, 1997 for alternative defi-
nitions of stress). On exposure to high temperature cells 
will mount a strong physiological response, including 
the heat stress response and the expression of heat shock 
proteins (HSPs). In addition to heat, the stress response 
is also activated by a range of other environmental con-
ditions. HSPs and the associated stress response has 
been shown to be induced by cold and a range of other 
stresses including insecticides, heavy metals, desicca-
tion, diseases, parasites, inbreeding and habitat condi-
tion (see Sørensen et al., 2003, and references therein; 
Herring et al., 2009). Thus, the heat stress response is 
considered to be a fundamental component of the 
physiological response to stress. 

The different HSPs and their cellular functions have 

been reviewed in detail (see e.g. Parsell and Lindquist, 
1993; Feder and Hofmann, 1999; Pockley, 2003; Sun 
and MacRae, 2005). In many organisms Hsp70 is con-
sidered to be the major HSP family consisting of solely 
inducible, constitutive and inducible, and solely consti-
tutive proteins (heat shock cognates). HSPs are molecu-
lar chaperones, which are involved in “house-keeping” 
functions in the cell. These functions include the pre-
vention of aggregation of damaged proteins, folding and 
unfolding of proteins, transportation and general hand-    
ling of peptides and proteins and involvement in the 
degradation of misfolded or aggregated proteins. These 
functions are performed by constitutively expressed 
proteins during normal cellular conditions. Under in-
creasingly stressful condition, the need for repair and 
“house-keeping” is accelerated which is handled by the 
induction of additional, stress activated HSPs. Mounting 
the stress response is potentially costly. Costs are 
thought to arise by the shut down of normal cell func-
tions during the stress response, the extensive use of 
energy and the toxic effects of high HSP concentrations 
due to interference with normal cell function (Feder and 
Hofmann, 1999; Sørensen et al., 2003). However, the 
extent of the costs are probably minor under mild tem-
perature stress conditions (Sørensen et al., 2008). 
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The HSPs are characterized by being evolutionary 
conserved and to occur with high homology within and 
among all pro- and eukaryote organisms, indicating 
strong stabilizing evolution (Lindquist and Craig, 1988; 
Schlesinger, 1990). Due to the generality of the stress 
genes and responses among organisms and stress types, 
the heat shock genes have been suggested as obvious 
candidates for a major role in the protection of cells 
during or after thermal stress and thus a key component 
of adaptation to environmental conditions (thermal 
stress) and as well as biological markers for exposure to 
stressful conditions. This importance of HSPs for resis-
tance towards heat has been confirmed by several inves-
tigations (Lindquist and Craig, 1988; Parsell and 
Lindquist, 1993; Feder and Hofmann, 1999). 

Searching scientific databases for heat shock protein 
yields yearly thousands of new papers. These studies 
have ensured that we have a thorough understanding of 
the structure of the hsp genes, their regulation, and the 
in vivo and in vitro roles for function and survival of 
organisms exposed to different benign and stressful 
conditions (see e.g. Parsell and Lindquist, 1993; Feder 
and Hofmann, 1999; Morimoto et al., 1999; Pockley, 
2003; Sørensen et al., 2003). With this in mind it is 
rather surprising how few of the many papers published 
each year that are related to evolutionary and ecological 
perspectives and roles for thermal adaptation. For many 
years the ecological and evolutionary importance of 
inducible HSPs for adaptation in natural populations 
was in most cases assumed and not tested directly. 
However, during the last ten years focus on ecological 
and evolutionary studies investigating the conditions for 
expression, benefits and costs of expression and role for 
different resistance traits and ultimately the role for 
natural adaptation has increased. While previous re-
views on HSPs often have focused on cellular and mo-
lecular aspects of responses and adaptation to stress 
(Lindquist, 1986; Morimoto et al., 1999; Pockley, 2003; 
Koorsloot et al., 2004) this paper will focus on the cur-
rent understanding of HSPs expression levels and the 
role of the stress response for detecting natural adapta-
tion and exposure to stress in natural populations. Fur-
thermore, the main obstacles for the advancement of 
this understanding and pinpointing of key areas and 
directions of future research will also be discussed. 

2  The role of HSPs for Adaptation 
Data on adaptive variation in thermal resistance in 

natural populations has accumulated and suggests that 
stressful conditions are selecting for adaptation in natu-

ral populations (Hoffmann et al., 2003). The improved 
acute heat resistance of organisms across the kingdoms 
after heat induction of HSP expression is undisputed 
(Feder and Hofmann, 1999; Basu et al., 2002; Sun et al., 
2002), and also include human cells (Fonager et al., 
2002). Laboratory studies show that very small amounts 
of induced HSPs can have effects on life history traits 
such as development, stress resistance, life span and 
fecundity (Rutherford and Lindquist, 1998; Sørensen 
and Loeschcke, 2001; Queitsch et al., 2002; Rutherford, 
2003). Adaptive changes in HSP expression over days 
(Nguyen et al., 1994; Ferguson et al., 1998) and over 
seasons (Fader et al., 1994; Hofmann and Somero, 1995; 
Pyza et al., 1997; Minier et al., 2000) also support the 
ecological significance of HSPs in natural populations. 
Therefore, HSPs are obvious candidates for playing a 
large role for adaptation in natural populations. How-
ever, while HSPs are very important for survival fol-
lowing heat shock under laboratory conditions, the eco-
logical relevance and adaptive importance under field 
conditions is less clear and only rarely directly investi-
gated (Dyer et al., 1993; Fader et al., 1994; Gehring and 
Wehner, 1995; Feder et al., 1997; Kelty and Lee, 1999). 
Some support for the importance of HSPs for adaptation 
comes from latitudinal or climatic clines, indicating that 
natural selection is acting on hsp variation. Although 
variation in the coding regions of the hsp genes is low, 
clinal variation in hsp DNA sequences or protein ex-
pression is known from e.g. Drosophila (Frydenberg et 
al., 2003; Hoffmann et al., 2003; Sarup et al., 2006), 
intertidal marine mollusks (Sagarin and Somero, 2006), 
fish (Hemmer-Hansen et al., 2007) and anurans 
(Sørensen et al., 2009b). 

Moving from sequence variation to variation in pro-
tein levels the pattern becomes less clear. In some cases 
clinal studies show seemingly simple and linear rela-
tionships between climate or geographical origin and 
HSP expression (Sørensen et al., 2005b). However, 
more often non-linear relationships are found or clinal 
variation is only found for some traits, in some studies, 
in one gender or life stage or under specific environ-
mental conditions (see e.g. Sørensen et al., 2005b; Sa-
garin and Somero, 2006; Sarup et al., 2006). Further-
more, conspecifics with overlapping distributions (thus, 
sharing climatic conditions) have been found to show 
different levels of thermal resistance and different ex-
pression patterns of HSPs (Stratman and Markow, 1998; 
Sagarin and Somero, 2006). Thus, the relationships be-
tween thermal adaptation and hsp DNA variation or 
HSP protein levels are not simple and straightforward. 
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Some of the factors causing this complexity and making 
ecological or evolutionary interpretation of HSPs levels 
difficult will be discussed below. 
2.1  Increased HSP levels: Capacity or need? 

In an ecological and evolutionary adaptive perspec-
tive HSPs are usually measured either under controlled 
laboratory conditions (common garden experiments) to 
compare populations or treatments or in individuals 
collected from the field, where expression levels are 
measured directly to estimate the amount of stress ex-
posure. In both cases it is important to have clear ex-
pectations to be able to interpret the measurements cor-
rectly and make sense of them. 

It is not always clear when the level of constitutive 
and inducible HSP expression should be interpreted as 
reflecting the capacity or ability to mount a strong de-
fense (i.e. as a benefit) or when it should be interpreted 
as reflecting the need to mount a strong response as the 
organisms is stressed (i.e. as a cost). In different species 
of Drosophila decreased Hsp70 expression after acute 
heat stress seems to be the evolutionary consequence if 
the lines are exposed to chronically stressful high tem-
perature conditions or originate from natural popula-
tions that inhabit warm environments (Sørensen et al., 
2003). The same pattern was found in invertebrates ex-
posed to continuous heavy metal stress (Köhler et al., 
2000). Desert lizards also show a similar pattern of adap-         
tation, with higher threshold for induction of Hsp70 
compared to a more northern species (Zatsepina et al., 
2000). Interestingly, these desert lizards had increased 
constitutive levels of Hsp70 suggesting that this stress 
protein might be important for adaptation to regularly 
high temperature experiences. The explanation might be 
that the benefits of mounting the stress response in 
populations frequently exposed to stress are outweighed 
by the costs. Thus, natural selection will favor other 
(and maybe more specific) means of adaptation over 
expression of HSPs, if these other options are evolu-
tionary available. Inducible HSPs might then only be 
used when the primary defenses are no longer able to 
prevent damage and other deleterious effects, and might 
be most important in connection to rare and unpredict-
able extreme stress events and not for continuous or 
frequent exposure. In addition all costs of stress de-
fenses mechanisms and adaptation will have to be 
traded off against life history traits. Thus, it is not only 
the use of different stress mechanisms that might evolve 
differently among species, but the outcome of stress 
adaptation will affect (and probably depend) on life his-
tory evolution as well. This is an important area which 

is poorly understood and which clearly need much fur-
ther investigation. 

An exception to the hypothesis that HSPs not are 
used for adaptation to generally extreme conditions 
might be found among species evolved to tolerate ex-
treme hot or cold environments. In several highly 
adapted species covering both invertebrates and verte-
brates, constitutive levels of HSPs have been found to 
be increased (Gehring and Wehner, 1995; Rinehart et al., 
2006; Evgen'ev et al., 2007). Thus, under extreme cir-
cumstances HSPs might be the evolutionary most fa-
vorable or even the only possible mean of adaptation, 
alone or in combination with other behavioral, physio-
logical or molecular mechanisms. High inducible HSP 
expression levels to stress might thus not reflect a cor-
responding high level of adaptation in most species, but 
rather that the organism is severely stressed.  
2.2  Extrapolating result from laboratory to field 
conditions 

In comparison to the laboratory situation, the field 
constitutes a mixture of (known and unknown) envi-
ronmental factors that are fluctuating unpredictably. 
Estimates of adaptation, stress factors experienced and 
responses to these factors (e.g. HSP expression) is usu-
ally performed in the laboratory by using correlates for 
traits assumed to be important in the field: however, the 
correlates might not always represent traits under selec-
tion in the field and are not always tested (Hoffmann et 
al., 2003). In the field less extreme thermal conditions 
are likely to occur frequently, and while these mild ex-
posures might not affect survival directly they might 
have important ecologically and evolutionary effects on 
mobility (Krebs and Thompson, 2006) and reproduction 
(Fasolo and Krebs, 2004; Sarup et al., 2004; Shreve et 
al., 2004; David et al., 2005; Jørgensen et al., 2006). 
Recent studies have underlined the disparity between 
results obtained from field and from laboratory investi-
gations of the same populations. Laboratory and field 
performance was compared in an attempt to link thermal 
performance and effects of thermal acclimation 
(Kristensen et al., 2008). Here benefits of cold acclima-
tion were detectable in both field and laboratory, while 
large costs of acclimation were detected under field 
conditions but not in the laboratory assays. Another 
study aimed at investigating the role of inducible HSPs 
for field performance using a similar set-up. Here, ge-
netically modified lines harboring a mutation that inac-
tivated the heat shock transcription factor (HSF) and 
thereby the inducible HSPs was compared to the res-
cued mutant and to wild type controls (Sørensen et al., 
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2009a). The main result was that while performing 
largely as expected in the laboratory standard thermal 
assays, both genetically modified lines performed ex-
tremely poorly under field conditions. Thus, even when 
care is taken to select and verify the traits investigated 
in order to reflect natural conditions, results from the 
laboratory can only in some cases and to some extent be 
extrapolated to natural field conditions. 

Even though it can be done (McMillan et al., 2005; 
Sagarin and Somero, 2006), interpreting results from 
measurements in field collected individuals can be 
problematic. This is because the natural environment 
potentially contains a mix of multiple acute and long 
term stress factors that can affect expression of the 
stress response. It is therefore important to attempt to 
verify whether the environmental factors assumed to 
contribute to the stress induction are actually responsi-
ble for the measured levels of HSPs. Another issue is to 
complement the investigations in order to link the ex-
pressed HSPs with the trait in question, i.e. does an in-
creased level of HSPs benefits the resistance towards 
the stress factor assumed to have induced HSP expres-
sion. The establishment of the link between HSP ex-
pression and phenotypic trait also needs to consider ef-
fects and ecological relevance of the measured age/life 
stage of the studied organism(s) as these might show 
specific changes and adaptation. If no such link exists 
the interpretation of HSP level will be affected. This 
puts forward demand for detailed knowledge of the 
ecology and natural conditions experienced by the study 
organism and can have large implications for the at-
tempted use of HSPs as biomarkers for stress in natural 
population (Iwama et al., 2004; Herring and Gawlik, 
2007), as well as for the understanding the role of HSPs 
for natural adaptation based on laboratory studies. 
2.3  Which traits to measure? 

When detecting or describing adaptation by the 
induction of HSPs the interpretation of the results  
should be based on whether the treatments or conditions  
are relevant for the stress experienced in the field by  
that organism. Therefore the selection of traits to  
measure as proxies for adaptation to the environment  
(e.g. tolerance or HSP levels) should be carefully  
selected, preferable based on in depth knowledge of the  
species ecology. In Drosophila acute heat shock survival  
is closely related to Hsp70 expression level (but see  
Jensen et al., 2009), but not closely related to natural  
adaptation (Hoffmann et al., 2003), while heat knock  
down resistance is associated with adaptation to high  
temperature but weakly associated with expression of  

HSPs (Hoffmann et al., 2003; Nielsen et al., 2005;  
Johnson et al., 2009). Intra-specific variation of heat  
tolerance and Hsp70 expression was recently investi- 
gated in great detail (Jensen et al., 2009). These authors  
concluded that Hsp70 expression and heat tolerance was  
weakly correlated in D. melanogaster flies. However,  
the study used different tolerance assays including acute  
heat survival, but also heat knock down that previously  
has been shown to be less dependent of Hsp70 expres- 
sion, thus affecting the expectation of the strength of the  
association (Nielsen et al., 2005). Thus, the connection  
between variation in HSP expression, variation in eco- 
logical relevant tolerance assays and life stage  
specificity require continued study.  

Even if acute heat shock survival is closely associ-
ated with HSP expression, using this trait (or Hsp70 
expression levels) would lead to incorrect conclusions 
regarding natural adaptation. However the “correct” 
trait to use is often not known and the precise conditions 
experienced by the organisms and thereby the selection 
pressure they are exposed to under natural conditions, 
are notoriously difficult to assess. Not only the type of 
trait selected as proxy for natural adaptation but also the 
exact methodological details might influence results. 
Critical thermal limits were investigated in two insect 
species, D. melanogaster and the invasive ant species 
Linepithema humile (Chown et al., 2009). Here, species 
specific effects of acclimation temperature and rates of 
temperature change (i.e. the exact method used to esti-
mate thermal limits) were found for mean tolerances 
and their variance estimates. Thus, methodological ap-
proach might not only compromise estimates of toler-
ances, but also estimates of heritable variation due to the 
effects on variation. Furthermore, different life stages 
might experience different conditions and selection 
pressures, and have different sensitivity and different 
mechanisms to achieve adaptation complicating things 
further (Hoffmann et al., 2003; Rinehart et al., 2006; 
Jensen et al., 2009). For smaller organisms measure-
ments are typically performed on whole body homoge-
nates and with increasing body size the separation into 
different tissues becomes easier. However, regardless of 
body size different tissues might show different sensi-
tivity and expression of genes and proteins, which can 
be expected to differ to a large extent (Lakhotia and 
Prasanth, 2002; Ayroles et al., 2009). When performing 
whole body measurements mainly signals from the lar-
ger tissues can be expected to be detected. Thus, impor-
tant signals from small and sensitive tissues (e.g. repro-
ductive tissue) might be overlooked. 
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While survival of acute heat shock is strongly con-
nected to HSPs, the role of the stress response for main-
taining fitness under natural conditions is less well un-
derstood. Our knowledge about the (tolerance) traits 
selected for in natural populations and the importance of 
different environmental factors needs to be improved. 
Only then can we expect to understand the roles of dif-
ferent stress response mechanisms and the evolutionary 
trade offs involved in adaptation to stressful environ-
ments. 
2.4  HSPs in the larger context of the cell 

Many studies show large responses of HSPs and the 
expression of HSPs has in many aspects become syn-
onymous with the heat stress response. However, in-
creased expression of inducible HSPs is one important 
part of the cellular stress response, which also includes 
e.g. other molecular chaperones, antioxidases, proteases 
and DNA repair systems. New ‘omics’ technology (e.g. 
transcriptomics, proteomics, metabolomics) already 
allow for the investigation of many genes, proteins or 
metabolites compared to what was earlier feasible or 
even possible. These investigations are becoming every 
day technologies and are generating vast amounts of 
data. So far these studies have shown that numerous 
genes potentially are responding to thermal perturba-
tions (e.g. Qin et al., 2005; Sørensen et al., 2005a, see 
figure 1). A large number of candidate genes (other than 
HSPs) and pathways that might be involved in adapta-
tion to environmental conditions have also been identi-
fied (Leemans et al., 2000; Morgan and Mackay, 2006; 
Nielsen et al., 2006; Sørensen et al., 2007; Matzkin and 
Markow, 2009). Thus, while HSPs might show some of 
the strongest responses in terms of fold changes (at least 
to acute heat stress) gene expression array and QTL 
studies show that many other genes potentially respond, 
and might respond on different time scales or in differ-
ent directions than the HSPs. Thus, HSPs are but one 
part which should be considered when looking at the 
responses to stress. 
2.5  Methodological approaches of measuring 
HSPs 

With increasing development in PCR and sequencing 
technology, more and more genes can be assayed by 
high through-put QPCR or array techniques. While lots 
of data can be produced these methods might overlook 
or overestimate the effects due to a disparity between 
gene and protein expression. While gene expression   
is easy to measure, the functional unit is in most cases 
an enzyme or protein. Gene and protein expression 
might differ due to different post transcriptional and 

 

Fig. 1  Gene expression profile in Drosophila melanogaster, 
before and in a temporal series after a heat stress 
(Sørensen et al., 2005a) 
Three patterns of stress responsive genes were found. They were a) 
Early up-regulated genes. Here, the HSPs representing the classical 
heat shock response were found in addition to around 250 other genes. 
b) Early down-regulated genes. Around 500 genes, primarily genes 
involved in metabolism, responded to heat stress by immediately 
down-regulation. c) Late up-regulated genes. Around 225 genes 
started to become up-regulated four hours after the heat shock. At this 
time point most early responding genes had returned to near control 
levels. In total nearly 1000 genes were found to respond to the heat 
shock, with approximately equal number of down- and up-regulated 
genes (Figure from Sørensen et al., 2005a). 
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translational regulation, or due to different dynamics, 
e.g. on a temporal scale (Feder and Walser, 2005). An 
example of such a disparity was observed as a delayed 
response in protein compared to gene expression levels 
of Hsp70 in heat stressed springtails (Bahrndorff et al., 
2009) and in cold stressed insects (Koštál and Tolla-
rová-Borovanská, 2009). In both cases the mRNA levels 
peaked immediately after the treatment, while protein 
level peaked after the mRNA level had returned to near 
normal levels. The level of Hsp70 protein was closely 
related to heat tolerance while mRNA level were not 
(Bahrndorff et al., 2009). Caution is therefore needed 
when making inferences about mechanisms in transcrip-
tional studies as key genes may be overlooked, e.g. due 
to lack of temporal sampling (Heckmann et al., 2010) or 
due to post transcriptional and translational regulation 
(Feder and Walser, 2005). 

Given the disparity between measuring mRNA and 
protein levels it could be argued that the protein levels 
should always be the target of investigation. However, 
this is not always practically feasible or even possible 
for technical reasons. Protein measurements techniques 
like Western blotting and Enzyme-linked immunosor-
bent assays (ELISA) rely on the availability of antibod-
ies, which, for many species and classes of HSPs have 
not been commercially developed. mRNA techniques, 
like e.g. QPCR or microarrays, rely on sequence infor-
mation, which, with the technological development of 
sequence techniques (e.g. 4-5-4 sequencing) is more 
likely to be present or developed for the species in ques-
tion with relatively limited investment of time and 
money. Thus, mRNA can be representative of changes 
in expression and also relevant at the protein level in 
some circumstances. Especially acute exposure leading 
to upregulation of mRNA is likely to lead to similar (but 
probably temporally delayed) expression of proteins. 
The dynamics of long-term or chronic exposures, on the 
contrary, is less predictable and under these conditions 
the interpretation of mRNA levels should be made  
cautiously. 

Even, if antibodies are available, the technique 
should be validated before generating results. ELISA 
might be preferred over Western blotting as ELISA im-
mediate generates quantitative results and often allows 
for a higher through-put set-up. However, it is important 
to go through validation steps for both techniques. 
Western blotting has the advantage over ELISA that 
unspecific binding can be detected as additional bands 
and can be used to verify the expected size of detected 
bands. Thus, Western blotting should precede the use of 

a new antibody or a new species tested on ELISA. Fur-
thermore, as un-expected interactions might occur be-
tween antibody, target protein and the remaining cellu-
lar/extracellular matrix, optimally a linear relationship 
between signal and content of target protein should be 
established. Direct dilution of samples is not preferred 
as both target protein and all other proteins are diluted 
to the same extent. Samples spiked with additional lev-
els of purified target protein and/or mixtures of samples 
with high and low levels of target protein (e.g. stress 
induced and control samples) provide the best validation 
of both Western blotting and ELISA: showing that the 
signal of the assay represents the amount of target pro-
tein in the sample. Note that the linear relationship 
should not be assumed to be valid outside the concen-
trations tested. 

The next generation of protein quantification will al-
low large scale identification and quantification of pro-
teins and their post-translational modifications. However, 
the proteomics technology still needs some development 
in order to achieve coverage of large parts or the full 
proteome. Still, multiple protein measurements are pos-
sible and can solve some of the problems associated with 
single protein measurements. When developed further 
proteomics has the potential to be a strong tool for iden-
tifying candidate proteins for ecologically relevant traits, 
and increase our understanding of the role of these pro-
teins for adaptation to environmental conditions. 

Exposure to environmental stress not only affects 
genes (and thereby proteins) but also energy reserves, 
metabolites and membrane compositions (Ohtsu et al., 
1998; Koštál et al., 2003; Malmendal et al., 2006; 
Overgaard et al., 2006; Holmstrup et al., 2007). These 
changes are all likely to contribute to the responses and 
adaptations to environmental and especially thermal 
stress. It might be so that some mechanisms play a rela-
tively larger role for some organisms, for certain stress 
factors or under some conditions; however, this needs 
much more investigation before a clear pattern is likely 
to emerge. 
2.6  HSPs as components of an intracellular net-
work 

Traditionally, expression of HSPs has primarily been 
considered to cover a range of essential housekeeping 
and cytoprotective functions (Feder and Hofmann, 1999; 
Pockley, 2003). However, recent studies indicate that the 
functions of HSPs are much more diverse and that HSPs 
might function as immunoregulatory agents (Pockley, 
2003). Thus, HSPs seem to be part of a larger network of 
stress responsive and protective network that also in-
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clude hormonal and immune responses (Pockley, 2003; 
Collier et al., 2008). The question remains what the ex-
tracellular HSPs measured in the blood represents and 
what the relation between intra- and extracellular levels 
of HSPs are. For instance how are intra- and extracellular 
HSP concentrations associated with stress exposure, 
disease resistance or the general health or state of indi-
vidual organisms? Regardless of these open questions, 
the discovery that HSPs can be found in e.g. the blood 
gives an optimistic perspective for, especially, vertebrate 
biologists who wish to use measurements of HSPs in 
larger animals and in the field. These samples can be 
collected, repeatedly through time, and are relatively 
un-invasive. 

We can imagine two mechanisms by which HSPs can 
end up in the extracellular matrix of an organism. Either 
it can be present due to passive release from the cells, 
where proteins e.g. are leaked from necrotic cells. In this 
case extracellular HSP levels can be thought to represent 
the intracellular levels. Alternatively, HSPs are released 
into the circulation system by an active release mecha-
nisms (Asea, 2007; Collier et al., 2008). In this case 
extracellular HSP levels might not represent intracellular 
levels, and might have functions that are different from 
the intracellular functions. 

Some insight into the significance of HSPs in the 
blood of vertebrates has been reached. A number of HSPs 
in the circulatory system seem to have stimulatory effects 
on immune and inflammatory responses and may also 
have some regulatory effects on co-activated molecules 
(Pockley, 2003; Asea, 2007). The prevailing theory, 
supported by increased HSP levels in organisms affected 
by various diseases, suggests that HSPs originating from 
stressed or damaged cells serve as a danger signal sup-
posed to activate defenses, inclusive immune responses 
(see Asea, 2007 for review). Intriguingly, even potential 
danger or fear induced by presence of predators or 
predator cues can induce the production and release of 
HSPs suggesting that this response is not only a passive 
result of leaking from damaged cells (Fleshner et al., 
2004; Pauwels et al., 2005). 

Thus, although much is still to be investigated and 
understood in greater detail, blood levels generally seem 
to be relevant and the most easily and least invasive way 
to measure HSPs in larger animals and under field con-
ditions (Kristensen et al., 2004). However, the meas-
urements of blood levels do not necessarily give the same 
results as assaying tissue samples. Kristensen and 
Løvendahl (2006) measured Hsp72 in high temperature 
exposed blood and muscle samples of Jersey Bos taurus 

calves. They found large differences in the expression 
profile among the two types of measurement and only 
found a weak association between plasma and muscle 
samples. In the study of Kristensen and Løvendahl 
(2006), cellular Hsp72 levels were the appropriate indi-
cator of the heat stress and disruption of homeostasis. In 
fish, hypoxic conditions have been shown to induce 
Hsp70 production in some tissues and in the blood of 
juvenile Nile tilapia Oreochromis niloticus, while no 
change was detected in other types of tissues (Delaney 
and Klesius, 2004). The Hsp70 results reported in the 
mentioned examples above suggest that the cellular 
content often can be different from the blood levels. In 
insects whole animals are often investigated due to 
smaller size; however, this is mainly for practical reasons 
as the tissue specificity can be expected to be equally 
relevant for all organisms regardless of body size. An-
other perspective of HSPs measured in blood that might 
cause problems of interpretation is the fact that meas-
urements of HSPs from blood might include the expres-
sion of both extra-cellular network (measured in plasma) 
and intra-cellular production (measured in erythrocytes). 
The latter case is much more complex as the clot might 
contain HSPs from leukocytes as well and the status of 
immune system activation (Martinez-Padilla et al., 2004; 
Blanco et al., 2006). 

More studies and further development of these issues 
are clearly needed for future use of HSPs in vertebrates 
in order to clarify interpretation of HSP levels. These 
questions include if and when high or low cellular and 
blood levels of HSPs are associated with each other and 
with increased performance or adaption under field 
conditions. 

HSPs are also likely to play a role in connection to 
anoxia and hereby following oxidative stress, as oxida-
tive stress is a cellular consequence of stressful condi-
tions and anoxia is known to induce Hsp70 (Jedlicka et 
al., 1997). It can be hypothesized that a link exists be-
tween heat shock proteins and oxidative stress. It is un-
known to what degree the beneficial effects of HSPs are 
specific in connection to oxidative stress damages and 
to what degree HSPs maintain a general line of defense 
that is secondary to the more specific oxidative stress 
scavengers. However, HSPs and oxidative stress dam-
age does have specific interactions and does, under 
some circumstances, play a role in the protection against 
oxidative damages under some circumstances 
(Koorsloot et al., 2004; Kalmar and Greensmith, 2009; 
Rodgers et al., 2009). It has been suggested that oxida-
tive stress or oxidative limitations could be a principal 
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determinant of both high and low temperature thermal 
tolerance (Pörtner, 2001). However, while oxidative 
limitation might affect the maintenance of homeostasis 
or homeodynamics during long term, mildly stressful 
conditions, HSPs and other stress responses will proba-
bly be of major importance under more acute exposures 
to severe conditions. Thus, both factors might play roles 
for adaptation and tolerance in natural populations un-
der field conditions. 
2.7  HSPs as proxy for individual quality 

The role of HSPs and other cellular maintenance 
systems has been studied with respect to humans. This 
is because many human diseases are caused by protein 
folding problems potentially relating to molecular chap-
erones (reviewed in Gregersen et al., 2003). Individual 
variation in the strength or efficiency of response to 
protein folding challenges (either due to genetic disease 
or environmentally induced) has been shown to corre-
late with specific variation in the protein quality control 
system (Gregersen et al., 2003). Thus, individual quality 
is affected by a complex association and interaction 
between HSP expression, genotype and phenotype. 

In birds, some studies have established associations 
between the physiological condition, stress response and 
immuno- or infection status and resistance. Increased 
blood levels of Hsp60 were significantly associated with 
parasite infections in blue tit Parus caeruleus nestlings 
(Arriero et al., 2008). In pied flycatcher Ficedula 
hypoleuca females increased levels of Hsp60, but not 
Hsp70, were associated with lower humoral and 
cell-mediated immune responses. The authors suggest 
that the strength of the immune defense was traded-off 
against investments in protection from physiological 
stress through the induction of the stress response due to 
the costs of activating these systems. However, it is also 
possible that both mechanisms contribute to defense in a 
complementary fashion so that less of one mechanism is 
needed when the other mechanism is more active 
(Morales et al., 2006). 

3  Conclusions and Future Perspectives 
The HSPs are involved in intra- and extracellular re-

sponses to stress and have the potential to be developed 
into a key biomarker in ecological and evolutionary 
research for detecting natural adaptation and exposure 
to stress in natural populations. However, in order to 
achieve this some obstacles and key issues await inves-
tigation. These revolve around the interpretation of ele-
vated HSP levels, the complications of extrapolating 
between laboratory and field conditions, the choice of 

traits and methodology and the larger intra- and ex-
tracellular networks of interactions that HSPs participate 
in. Thus, measuring an array of responses, genes or pro-
teins are highly preferred to measurements and inter-
pretations based on single genes and proteins. The 
technological advancements that are, and will become, 
available gives us a good starting point for the investi-
gations that are needed to increase our knowledge and 
push forward our understanding of responses and adap-
tation to natural stressful conditions. 
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