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Organismal stress, telomeres and life histories
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ABSTRACT

Most organisms, including ourselves, are exposed to environmental
stressors at various points during life, and responses to such
stressors have been optimised by evolution to give the best fithess
outcomes. It is expected that environmental change will substantially
increase long-term stress exposure in many animal groups in the
coming decades. A major challenge for biologists is to understand
and predict how this will influence individuals, populations and
ecosystems, and over what time scale such effects will occur. This
requires a multi-disciplinary approach, combining studies of
mechanisms with studies of fithess consequences for individuals and
their descendants. In this review, | discuss the positive and negative
fitness consequences of responses to stressful environments,
particularly during early life, and with an emphasis on studies in birds.
As many of the mechanisms underlying stress responses are highly
conserved across the vertebrate groups, the findings from these
studies have general applicability when interpreted in a life history
context. One important route that has recently been identified
whereby chronic stress exposure can affect health and longevity over
long time frames is via effects on telomere dynamics. Much of this
work has so far been done on humans, and is correlational in nature,
but studies on other taxa, and experimental work, are increasing. |
summarise the relevant aspects of vertebrate telomere biology and
critically appraise our current knowledge with a view to pointing out
important future research directions for our understanding of how
stress exposure influences life histories.
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Introduction
Most organisms are well adjusted for coping with predictable
environmental change, such as changes in day length, seasonal
changes in habitats or changes they encounter when traversing stable
migration routes (Wingfield, 2013). Unpredictable change, which
perturbs the homeostatic state of the individual, is generally more
difficult to deal with. It is likely to be very costly for organisms to
remain in a state of continual readiness to deal with events that
might never, or only infrequently, occur. To cope with this, they
have evolved ‘on—off” systems of stress responses that enable them
to respond rapidly and appropriately on encountering environmental
stressors, returning to homeostasis within the shortest time possible.
In vertebrates, this response to stressful events, such as the sudden
appearance of predators, rapid pursuit of prey, sudden inclement
weather or food shortage, involves activating a suite of molecular,
physiological and behavioural responses; these are highly conserved
across the vertebrate groups (Wingfield, 2003; Boonstra, 2004). A
key component of this system is the hypothalamic—pituitary—adrenal
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(HPA) axis, which controls the levels of stress hormones produced.
Baseline levels of these hormones maintain homeostatic energy
balance and regulate other aspects of normal physiological state
(McEwen and Wingfield, 2003; Schultner et al., 2013). When
confronted by a stressor, the activation of the HPA axis results in a
sharp increase in the glucocorticoid stress hormones from baseline
levels, occurring within minutes to hours (particularly corticosterone
and/or cortisol, depending to some extent on life history stage and
species). This mobilises energy reserves and switches the organism
to an ‘emergency state’ in which its physiology and behaviour
become geared to maximising its chances of surviving at the
expense of other activities; glucocorticoid levels then return to
baseline (Romero, 2004). While there will be costs associated with
high energy expenditure and temporary suspension of growth,
reproduction or body maintenance, the exposure to elevated
glucocorticoids that characterises this acute stress response is usually
short term. It provides an overall fitness benefit relative to what
would have pertained without the stress response (Wingfield, 2008).

Exposure to repeated or protracted stressful circumstances, from
which the organism is unable to escape, can induce a state of chronic
stress. The assumption that animals do not suffer chronic stress or
‘anxiety’ was encapsulated in 1785 by Robert Burns in the closing
lines of his poem ‘To a mouse’ (rendered here in an anglicised
version — his italics), in which he envies the mouse its presumed
lack of memory of past, or fear of future, events:

“Still thou are blessed compared with me!
The present only toucheth thee
But I backward cast my eye on prospects drear
And forward though I cannot see, I guess and fear.’

and supported more recently by Robert Sapolsky in his book Why
Zebras Don't Get Ulcers (Sapolsky, 2004). However, while there is
some debate over the occurrence of chronic stress in the wild
(Boonstra, 2013b), there is evidence that it can occur as a consequence
of predator or conspecific intimidation, high population density or
prolonged food shortage (Clinchy et al., 2013; Schultner et al., 2013;
Creel et al., 2013). This is an important issue, because it influences
our understanding of the range of circumstances for which animals
have evolved coping mechanisms that optimise fitness costs and
benefits. Under chronic stress, the overall exposure to glucocorticoids,
and other aspects of the stress response, is increased via protracted
elevation of baseline levels, heightened acute responses and/or slower
clearing of acute elevations (Sorensen et al., 2003; Boonstra, 2004;
Romero, 2004). This gives rise to a number of changes, including
cessation of growth and reproductive activities, and suppression of
immune function (Wingfield, 2003; McEwen and Wingfield, 2003).
Turning off these vital functions for a long period becomes very costly
indeed, and results in muscle wasting, suppression of cell growth and
tissue repair, increased cell death, greater susceptibility to infection
and accelerated ageing (Sapolsky, 2000). There is evidence that some
dampening of the HPA axis during chronic stress can occur, reducing
these pathological effects (Cyr et al., 2007).
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Exposure to protracted stressful circumstances might affect more
than one generation (Nestler, 2012). Early exposure, in ovo or in
utero, to elevated glucocorticoids of maternal origin is known to
have long-term effects on the HPA axis in birds and mammals, most
often heightening sensitivity to stressful events in later life and
thereby increasing overall glucocorticoid exposure; such heightened
sensitivity can also occur as a result of stress exposure in early post-
natal life (Boonstra, 2004; Wingfield, 2003; Seckl, 2004; Spencer et
al., 2009; Harris and Seckl, 2011). To understand why chronic or
exaggerated stress responses occur, the long-term negative
consequences induced by the responses need to be compared with
the fitness consequences of facing stressful environments without
elevating stress hormones, and not, as is often done, with animals in
the absence of both the stressor and the hormone exposure. It is the
balance of costs and benefits that matters, though we still understand
relatively little about benefits. Furthermore, selection will favour
early life benefits at the expense of late life costs. In evolutionary
terms, being chronically stressed is still likely to be better than being
dead. Furthermore, exposure to some degree of stress in early life
could have some positive consequences, and might tailor or even
improve the way organisms cope with later exposure to stressful
events.

In this review, I first discuss positive and negative fitness
consequences of environmental stress exposure, particularly during
early life, with an emphasis on studies in birds. The aim of many of
these studies is not to provide information for potential application
to humans, but rather to understand how animals cope with stressful
environments. Nonetheless, as many of the mechanisms are highly
conserved across the vertebrate groups, the findings do have general
applicability when interpreted in a life history context. However, it
is important to emphasise that understanding the biology of stress
matters not just in a biomedical context. It is expected that global
climate change, anthropogenic disturbance, environmental
degradation and pollution will substantially increase long-term stress
exposure in many animal groups in the coming decades (Wingfield,
2008). A major challenge for biologists is in understanding and
predicting how this will influence individuals, populations and
ecosystems, and over what time scale such effects will occur. This
requires a multi-disciplinary approach, combining studies of
mechanisms with studies of fitness consequences for individuals and
their descendants (Wingfield, 2008; Denver et al., 2009). One
important route that has recently been identified whereby chronic
stress exposure can affect health and longevity over long time
frames is via effects on telomere dynamics (Beery et al., 2012).
Much of this work has so far been carried out on humans, and is
correlational in nature, but an important link that is ‘too toxic to
ignore’ (Blackburn and Epel, 2012) is emerging. I therefore
summarise the relevant aspects of vertebrate telomere biology and
critically appraise our current knowledge with a view to pointing out
important future research directions for our understanding of how
stress exposure influences life histories.

Stress exposure and fitness

There is a large body of literature on what has been termed the
‘ecology’ of stress (Boonstra, 2013a). The HPA axis is recognised as
a major route through which the physiological and behavioural
responses of vertebrates to environmental challenges are orchestrated
in an effective and adaptive manner. The concept of animals entering
an ‘emergency life history stage’ when faced with stressful
circumstances has been particularly useful and influential (Wingfield,
2013), as have the concepts of allostasis and allostatic load, though
there has been some criticism of how these concepts have been
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interpreted (McEwen and Wingfield, 2003; Romero et al., 2009). In
simple terms, allostasis can be viewed as the processes that support a
return to homeostasis, such as secretion of appropriate levels of
hormones of the HPA system, catecholamines and cytokines, and their
resulting consequences. Allostatic load is the extent to which these
processes have to be activated, and so in very stressful circumstances,
the allostatic load will be high. The basic pattern is that a sudden
temporary stressor turns on the coping mechanisms, which are turned
off again when the stressful event is over and homeostasis restored.
The longer the stress lasts, however, or the higher the allostatic load,
the more long-term damage is likely to occur.

It is clear from studies across many taxa that stress exposure early
in life has fundamental effects on the phenotype (Cottrell and Seckl,
2009; Harris and Seckl, 2011), and, depending on the magnitude of
the stressor, these phenotypic changes can have positive and
negative consequences over varying time scales. Glucocorticoid
stress hormones, which can alter gene expression, play a vital role
in development, being particularly important for normal brain and
lung function; excess levels do, however, have a suite of adverse
effects (Harris and Seckl, 2011). As mentioned in the Introduction,
one important consequence of exposure to relatively high levels of
stress hormones both pre-natally and post-natally is that this can
permanently modify the sensitivity of the HPA axis itself. For
example, experimental exposure of chicken embryos to
experimentally increased corticosterone, the primary stress hormone
in birds, is associated with a slower decline in circulating levels
during the recovery phase (Fig. 1). Such in ovo exposure represents
a maternal (i.e. inter-generational) effect. The extent to which the
deposition of these hormones in eggs is adaptive is unclear; females
may simply be unable to avoid passing their own elevated stress
hormones to their offspring. Alternatively, they may strategically
deposit hormones in eggs in order to shape offspring phenotypes in
an adaptive manner, preparing their offspring to be better able to
cope with the adverse environmental circumstance that they are also
likely to encounter. This only works of course if there is a good
correlation between maternal and offspring environments.
Maintaining the acute stress response for longer could be adaptive
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Fig. 1. The effect of experimental manipulation of corticosterone levels
(within the natural range) in chicken eggs on the acute stress response
of the resulting chicks. Data are shown for the control group, a group given
a relatively small in ovo elevation of corticosterone (Low) and a group given a
relatively high in ovo elevation of corticosterone (High). The figure shows the
time course of plasma corticosterone (CORT) levels in response to an acute
handling stress. Adapted from Haussmann et al. (Haussmann et al., 2012).

>
(@2}
o
ie
m
®©
-
(=
()
£
o
(V)
o
X
L
Y
(@)
©
c
fum
>
o
=
()
e
|_



REVIEW The Journal of Experimental Biology (2014) doi:10.1242/jeb.090043
184
—— Control 10- A
161 ~ %~ CORTeq . I Control
141 ), _I"1 Experimental
4 - ~ - -
;I: 121 ! \‘\\~\‘ 0.9
E = ~—
o
= 0.8+
z
O 6
4 0.7+
2 4
0.6
0 5 10 15 20 25 30 35 I I I I I I I
0 200 400 600 800 1000 1200

Time since capture (min)

Fig. 2. Changes in plasma concentrations of corticosterone during
handling stress in 3 month old zebra finches whose early life
corticosterone levels had been manipulated for a short period during
post-natal growth. The group that had been exposed to higher levels of
corticosterone in early life (dashed line) showed a significantly heightened
response to the same stressor. Adapted from Spencer et al. (Spencer et al.,
2009).

in environments where stressful events are more frequent, but we do
not know whether this is so. Similar long-term increases in HPA
sensitivity have been found with early post-natal exposure to
increased levels of glucocorticoids in zebra finches Taeniopygia
guttata (Fig. 2). In this study, the glucocorticoid levels of young
chicks were increased by direct manipulation of hormone levels over
a 16 day period between days 12 and 28 post-hatching. When tested
again at 3 months of age, corticosterone levels in an acute stress
response increased at a faster rate and to a higher peak in the
manipulated group, and took longer to recover. In this case, the long-
term effect on the phenotype came about through a direct effect of
stressful environments on the chicks, rather than via effects of
stressful environments on their mothers. Such effects could come
about through routes such as early life ‘programming’ of the
glucocorticoid and endocannabinoid systems in the brain [see Senst
and Bains in this issue for details of this system (Senst and Bains,
2014)]. However, in other studies, for example in chickens, early life
stress resulted in a dampening of the stress response (Goerlich et al.,
2012), which has also been found in some other bird species and in
rodents (Marasco et al., 2012). In rodents and primates, pre-natal
stress exposure can elevate baseline glucocorticoid levels, though in
humans the opposite may occur (Harris and Seckl, 2011). A number
of different factors might be at play here such as the extent to which
domestication has selected for reduced stress sensitivity, the time
scale over which the effects are measured, the stage at which the
manipulation is carried out, the degree of precociality at birth or
hatching and aspects of the experimental protocol [see Marasco
(Marasco et al., 2012) for a discussion of these factors]. More
studies are needed in order to identify whether there are any
ecological or life history factors that are predictive of the effect of
early stress exposure on later stress responsiveness, and whether the
pre- and post-natal effects differ or interact (Marasco et al., 2012).
We also need more studies that investigate the potential benefits in
different environmental circumstances.

The negative consequences of early life stress exposure have been
investigated in most detail. It is clear that the long-term
consequences of increased early stress exposure can be severe, and
include impaired learning ability and poor health in later life (Harris
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Fig. 3. The effect of early life exposure of individuals and their breeding
partners on longevity. (A) Survival up to 3 years of age for zebra finches
that were experimentally exposed to elevated corticosterone levels for a

16 day period during early life (grey line) in comparison with the control group
(black line). There was no difference in survival of the birds as juveniles or
young adults, but the decrease in survival with age was significantly different
between the groups. (B) The survival of these birds in relation to their own
early life treatment and that of their breeding partner. The survival of control
birds is shown in black, with the solid line being that of control birds mated
with control birds, and the dotted line (third line down) being control birds
mated with birds that had received the elevated corticosterone in early life.
The survival of the treated birds is shown in grey, with the solid line
representing those whose mate was a control bird, and the dotted line
(bottom line) representing early stress birds mated with early stress birds.
Being mated with an early stress bird significantly accelerated age-related
mortality. There was again no significant difference between the sexes.
Adapted from Monaghan et al. (Monaghan et al., 2012).

and Seckl, 2011). In the case of the zebra finches in the above
experiment, those birds experimentally exposed to higher
corticosterone levels as chicks had increased rates of senescence and
much-reduced lifespans (Fig. 3A). Surprisingly, this reduced
longevity was also transmitted to their breeding partners (Monaghan
et al., 2012). Control birds that were paired with a stress-exposed
partner also had reduced longevity, and where both members of the
pair had experienced elevated stress hormones early in life, the
mortality rate of both was substantially higher; only 5% of control
birds that were mated to a control bird had died after 3 years,
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whereas over 40% of early stress treatment birds mated to an early
stress bird had died over the same period (Fig. 3B). Furthermore, the
negative effect of the partner’s treatment persisted even after the pair
members were no longer together. A notable feature of this
experiment is that the birds did not choose their own mates; mates
were allocated by the experimenter. It would be interesting to know
whether the outcome would have been different had the birds been
allowed to choose their own mates. Research on the effect of stress
in early life suggests that mate choice can influence mating success;
the song of male zebra finches that have been exposed to elevated
corticosterone in early life is less attractive to females (Spencer et
al., 2005). It is therefore possible that their low attractiveness is not
simply due to the potential poor performance of these males in
rearing young but also because of direct effects they can have on
partner health. The study on the effect of early stress exposure on
longevity in zebra finches (Monaghan et al., 2012) also shows that
it is not only early life stress exposure that matters; conditions
during adulthood, in this case the state of close conspecific
associates, can also take their toll.

How do such long-term effects come about? Vertebrate stress
responses and ageing are closely inter-linked. Chronic stress is
associated with increased exposure to oxidative and other damage
and appears to accelerate the ageing process (Pardon and Rattray,
2008). In the case of the zebra finches in Fig. 3, there were no
survival differences evident amongst the groups until after the first
year of life; both survival prospects and the rate of ageing were then
affected. In investigating the effect of stressful environments on
longevity, it is important to take more account of the fact that higher
mortality rates do not necessarily mean accelerated senescence
(Monaghan et al., 2008). Variation in average age at death amongst
populations, species or experimental treatment groups can arise as a
consequence of differences in susceptibility to non-age-related
mortality factors such as predation or disease, or intrinsic changes
that alter overall vulnerability (sometimes called ‘frailty’). It is
possible that changes in cognitive abilities and decision-making
capabilities could reduce survival prospects. Exposure to chronic
stress might therefore elevate the risk of death at all ages. In other
words, the trend line of mortality rate against age might be shifted
in its elevation rather than its slope. This kind of effect has been
found in Drosophila: flies subjected to dietary restriction exhibit an
immediate drop in the risk of death, but the age-related increase in
mortality rate still proceeds at the same pace (Hulbert et al., 2004).
In contrast to the intense research effort devoted to studies of
senescence, such non-age-related effects have received relatively
little investigation outside of a medical context (Monaghan et al.,
2008; Inness and Metcalfe, 2008).

The above studies raise many questions. Why are some animals
particularly susceptible to long-term adverse consequences of early
stress exposure, and does the stage at which the exposure occurs
affect the outcome? A key question from an evolutionary
perspective is, if increased sensitivity arising from early stress
exposure is associated with long-term costs, why does it occur? As
mentioned above, appropriate studies of the potential benefits are
very limited, and the effect of different adult environments has been
little studied. The degree of stress exposure is also likely to be
important. Exposure to mild stressors can have beneficial effects
through what is termed hormesis (Costantini et al., 2010). This is a
situation where low levels of exposure to a particular stressor
produce a beneficial effect, even though at higher levels the effects
are detrimental. This is well known in the toxicological literature,
and is illustrated in Fig. 4A. A particularly interesting hormetic
effect is where early life exposure to a stressor appears to ‘prime’
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Fig. 4. The operation of hormetic effects. (A) The dose-dependent
response to a stressor that is characteristic of hormesis; exposure to low
levels of a stressor increases fitness, but higher levels have detrimental
effects. (B) This illustrates how exposure to low levels of a stressor can
improve the ability to cope with higher levels of exposure to the same
stressor in later life. This early life ‘priming’ of the response could increase
fitness at all levels of subsequent exposure by fithness amount A (solid, thick
line) or the early exposure may carry a cost (fitness amount B) that is evident
only if there is no further exposure to the stressor (dotted line; note that the
difference in the fitness levels of the two lines is only to avoid them being
superimposed. Also shown (dashed line) is the hormetic relationship
between exposure to different doses of the stressor in individuals that have
not experienced any exposure to low levels in early life. Adapted from
Costantini et al. (Costantini et al. 2010).

the system such that individuals exposed to higher levels of the same
stressor later in life are better able to cope (Fig. 4B). This ‘priming’
effect has been demonstrated experimentally in the zebra finch
(Costantini et al., 2012). Juvenile zebra finches exposed to a mild
heat stress were, in comparison with control birds that had no pre-
exposure, better able to cope with a higher heat stress in adult life,
as indicated by the level of oxidative stress that they experienced
(Fig. 5). This potentially beneficial effect of early stress exposure,
which is similar conceptually to what has been widely reported in
the immune system, has been little studied. Why should such
priming be necessary? It is possible that this is associated with the
costs of being able to mount an effective response, which are not
worth incurring unless the environment is one where the stressor is
likely to be experienced. In principle, hormetic effects could also
apply inter-generationally, where exposure to maternal stress
hormones results in a more effective response in offspring.
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Fig. 5. Level of oxidative stress experienced by zebra finches when
exposed to brief periods of heat stress in adulthood. Those birds that
had experienced mild heat stress in early life (ME-SA group) showed the
smallest change in average oxidative damage levels (mean + s.e.m.), which
were significantly higher in the birds that had no early life exposure (CE-SA
group) or experienced a higher level of heat stress in early life (HE-SA
group). There were no differences in oxidative damage levels amongst the
groups in the absence of heat stress in adulthood (CE-CA, ME-CA and HE-
CA groups). *P<0.05 and ***P<0.001. Adapted from Costantini et al.
(Costantini et al., 2012).

There are obvious links and similarities between hormesis and
early life programming, and also with the well-recognised type of
beneficial phenotypic adjustment, acclimation (Woods and Harrison,
2002). Early life programming could be considered as a type of
hormesis, with the phenotype being adjusted as a consequence of
mild exposure to stress in early life. The benefits are presumed to be
most evident where there is matching between early life and adult
environments, and more experimental testing of this is needed
(Monaghan, 2008). Acclimation is a direct effect of current
conditions; it tends to be studied in adult animals, is relatively rapid
and more reversible. Early life phenotypic adjustments might be
more permanent as a consequence of critical windows in
development. To what extent the underlying mechanisms involved
in these processes are similar is currently unclear, but there is
considerable potential for important experimental work
manipulating the timing and degree of the stressor, and the adult
environment.

Telomeres and longevity

An important route whereby stress exposure could have negative
effects on health much later in life, and affect longevity, is through
acceleration of telomere loss. Telomeres are repetitive, non-coding
sequences of DNA that occur at the ends of the linear chromosomes
of eukaryotes. In 2009, Elizabeth Blackburn, Carol Greider and Jack
Szostak were awarded the Nobel Prize in ‘Physiology or Medicine’
for discovering the fundamental processes whereby telomeres and
the enzyme telomerase maintain genome integrity. Telomeres allow
the DNA repair machinery to distinguish true chromosome ends
from double-stranded breaks, so that intact chromosomes do not get
joined together by mistake. Also, the DNA replication process is
such that the very end part of one of the strands is not completely
replicated, and, as a consequence of this ‘end replication problem’,
loss of important coding sequences during cell division needs to be
prevented. In a very wide range of taxa, both these negative effects
on the genome are prevented by telomeres, which mark
chromosome ends and protect them from degradation. The telomeric
DNA sequence is generally rich in guanine, and is a repeat of

usually six bases. The sequence is TTAGGG in all vertebrates
(Bodnar, 2009) and is similar in other eukaryotes (Gomes et al.,
2011). The consistency in their structure across eukaryotes suggests
that telomeres are an ancient, highly conserved and effective system
of genome protection (Epel et al., 2006; Gomes et al., 2011).
Telomeric DNA usually ends in a single-stranded ‘overhang’ of the
TTAGGG sequence that folds back on itself to form a structure
referred to as the ‘T-loop’. A minimum number of repeats is
necessary for proper folding to occur. In addition to protecting the
chromosome ends, telomeres also appear to be involved in
regulating chromosome segregation during both mitosis and meiosis
(Aubert and Lansdorp, 2008; Keefe, 2007).

Most of what we know about telomeres is from the biomedical
literature and based on in vitro studies of human or model organism
cells from the perspective of improving our understanding of how
telomere dysfunction causes disease. Telomeres generally get shorter
each time a cell divides. In the absence of restoration, a critical
length is eventually reached at which telomeres become
dysfunctional. At this point most cells cease to divide, and either die
or remain but with an altered secretory profile (Baird, 2008a). The
magnitude of telomere loss with each round of cell division is
greater than would be expected to occur simply as a consequence of
the end replication problem (Takai et al., 2003; Lansdorp, 2005).
Because telomeric DNA is much more susceptible to oxidative
damage than non-telomeric DNA, at least partly due to the high
guanine content and reduced repair capacity in the telomeric regions
(Gomes et al., 2010), redox balance in the cell is thought to be an
important factor influencing telomere loss rate (Passos et al., 2007;
Houben et al., 2008). A relatively high proportion of oxidative
damage occurs in the telomeric DNA, demonstrated in vivo and in
vitro, which will increase shortening rates (Shalev, 2012). While
most studies of the effects of oxidative damage on telomere loss are
in vitro (Richter and von Zglinicki, 2007), correlative and
experimental studies are beginning to demonstrate these effects in
vivo (Houben et al., 2008; Cattan et al., 2008).

A number of telomere restoration mechanisms are known to occur
(Capkova Frydrychova et al., 2008; Cenci, 2009), the most studied
and widespread being the action of the enzyme telomerase, which
can replace telomeric DNA. Telomerase levels are typically higher
in cells where more proliferative potential is needed, for example in
vertebrate embryonic and adult stem cells, the male germ line,
activated lymphocytes, basal cells of the epidermis, proliferative
endometrium and intestinal crypt cells (Gomes et al., 2011).
Telomerase activity is relatively low in mammalian mature oocytes
and early cleavage embryos; it increases from the blastoderm stage
but is then down-regulated in most somatic cells when embryonic
development is complete (Liu et al., 2007). While much less is
known about other vertebrate taxa, the pattern of telomerase activity
in the embryos of birds and mammals seems to be similar (Taylor
and Delany, 2000), with a down-regulation in most somatic cells.
There is evidence that inter-specific variation in somatic telomerase
activity might vary with lifespan in birds (Haussmann et al., 2007)
and body mass in mammals (Seluanov et al., 2007); however, there
are currently insufficient data for comprehensive comparative
analyses.

An important and interesting question, for which a comparative
approach is important, is why are telomeres not always restored if
the consequences of their attrition are so severe? The main cost
associated with telomere restoration is increased risk of tumour
formation. This is particularly important in long-lived species where
the number of cell divisions needed to accumulate the mutations
required for a cell to become malignant is sufficient (Rodriguez-
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Brenes et al., 2013). Amongst the higher vertebrates, short-lived
species often have long telomeres and somatic telomere restoration,
while long-lived species have shorter telomeres and little somatic
restoration. This supports the hypothesis that tumour protection is
important. However, this is clearly not the whole story as many
long-lived ectotherms have high telomerase activity in somatic
tissues (Gomes et al., 2010).

Studies of the inheritance of telomere length are also very limited,
based largely on parent—child correlations in humans from
measurement of white blood cell telomeres. Findings from the
human studies are inconsistent and estimates of heritability vary
widely, partly as a consequence of variable sample sizes, differences
in the ages at which parent and child telomere length are measured,
and the difficulty in accounting for maternal effects and shared
environments in the analyses (Gilley et al., 2008). The most reliable
data produce heritability estimates in the region of 45%, which
clearly indicates a considerable non-genetic component to the
inheritance pattern (Baird et al., 2006; Huda et al., 2007; Baird,
2008b; Fraga, 2009). While significant maternal— and paternal—child
telomere length correlations have been reported in humans, some
(but not all) studies also found an effect of parent age on offspring
telomere length; there is also some evidence in humans of a stronger
correlation between father and child than between mother and child
(Nordfjall et al., 2010). However, a highly significant mother—
offspring correlation was found when telomere lengths in mother
and child were measured at the time of parturition (Akkad et al.,
2006). Much may depend on what happens during early embryonic
life when telomere length is reset. In birds, studies are very limited,
but the correlation seems to be stronger between mothers and
offspring (Horn et al.,, 2011). We clearly need much more
investigation of the inheritance of telomere length based on a
pedigree that enables partitioning of the different sources of
variation, and the similarity between parents and offspring at
different life stages to be evaluated.

There are a large number of studies, mainly in humans, suggesting
that the consequences of relatively short telomere length are severe
(Aubert and Lansdorp, 2008; Kappei and Londofio-Vallejo, 2008).
Short telomeres have been linked to a wide variety of inherited
diseases, often, in the case of premature ageing syndromes, relating
to genetic defects in telomerase function. More common age-related
diseases, such as cancer and cardiovascular disease, have also been
linked to shortened telomere length (Aubert and Lansdorp, 2008).
Telomere length itself may be directly involved in organismal ageing
by effecting a decline in the number of functional cells with age;
telomere loss rate may also be indicative of more widespread levels
of oxidative damage. Even within stem cells, of great importance in
tissue maintenance and repair in adult multicellular organisms,
telomere loss occurs and seems to coincide with the loss of stem cell
function (Lansdorp, 2008; Rossi et al., 2008; Fraga, 2009). A
declining capacity to produce enough differentiated cells to maintain
tissue function is likely to be an important contributor to ageing
(Rossi et al., 2008; Flores et al., 2008). Several studies have found
that women have longer telomere lengths in white blood cells than
men of the same age, which concurs with their longer lifespan
(Kimura et al., 2008). Studies of the relationships between telomere
length and survival in humans have produced mixed results, with
some studies finding the expected relationship between short
telomere length and reduced life expectancy and others not. One
problem with these human studies is that they usually involve
people who are already old at the time of sampling [usually over
70 years and in some cases over 90 years (Cawthon et al., 2003;
Njajou et al., 2009; Cawthon, 2009)] and are therefore likely to be
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a biased subset of the population. However, in a within-pair analysis
of Swedish twins, with a greater than normal age range in such
studies (63-95 years), the twin with the shorter telomere length was
found to have three times the risk of death (Bakaysa et al., 2007).
There have been very few studies examining the relationship
between survival prospects and telomere dynamics in non-human
populations. Red blood cell telomere lengths have been linked to
subsequent survival in wild birds, with those individuals having the
shortest telomere length and/or highest loss rate having the lowest
survival prospects (Haussmann et al., 2005; Pauliny et al., 2006;
Bize et al., 2009; Salomons et al., 2009; Barrett et al., 2013). Recent
research on zebra finches has shown that early life telomere length
is the best predictor of longevity (Heidinger et al., 2012), with long-
lived individuals having relatively long telomeres at all
measurement points (Fig. 6). An important question therefore is:
what environmental factors influence early life telomere length, and,
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Fig. 6. Telomere length and lifespan relationships in a longitudinal
study of zebra finches. (A) The relationship between telomere length at

25 days (log-transformed relative telomere length: T/S ratio from g-PCR) and
subsequent lifespan in zebra finches. (B) The average telomere length of the
birds with the shortest (solid grey line), middle (dashed grey line) and longest
(dotted black line) lifespans at all the measurement points; the data show
that the long-lifespan birds had longer telomeres at all ages at which they
were measured. Adapted from Heidinger et al. (Heidinger et al., 2012).
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in the context of this review, does early life stress exposure affect
telomere dynamics?

Stressful environments and telomere loss

A number of environmental factors that are likely to produce chronic
stress have been linked to shorter telomere lengths in adults (Epel et
al., 2010; Haussmann and Marchetto, 2010), including
experimentally induced changes in growth rate, infection status and
social crowding in rodents (Jennings et al., 1999; Kotrschal et al.,
2007; Tarry-Adkins et al., 2008; Tarry-Adkins et al., 2009; [Imonen
et al., 2008), which are associated with shorter telomere lengths in
leucocytes; social crowding has also been found to be associated
with shorter leucocyte telomere length in chickens (Sohn et al.,
2012). How these effects occur remains unclear. They could be
mediated by several aspects of the stress response, such as
glucocorticoids, inflammatory responses and oxidative stress. Most
investigated so far are the links to glucocorticoids and oxidative
stress. A meta-analysis of studies where physiological stress has
been induced experimentally through glucocorticoid elevation shows
that this consistently produced an increase in oxidative stress
(Costantini et al., 2011). In vitro cellular studies suggest that cortisol
can accelerate telomere loss, so exposure to elevated glucocorticoids
could be an important candidate mechanism influencing telomere
loss in vivo (Choi et al., 2008). Research in women suggests that
higher secretion of cortisol in response to environmental stress is
associated with shorter leucocyte telomere length, but it is difficult
to separate cause and effect here as the study was correlational rather
than experimental (Tomiyama et al., 2012). There are a number of
potentially confounding factors that are difficult to avoid in human
studies as the investigators are not able to randomly allocate
individuals to different degrees of stress exposure. The most likely
route whereby stress affects telomere loss is via oxidative stress.
Studies on penguins Aptenodytes patagonicus suggest that high
oxidative stress in chicks that underwent catch-up growth was
associated with reduced red blood cell telomere length (Geiger et al.,
2012), while in dragon lizards Ctenophorus pictus high levels of
anti-oxidant defences appear to play a role in preventing or slowing
telomere loss (Ballen et al., 2012). In order to fully understand these
relationships, and to tease apart causal and confounding factors, we
need more carefully controlled experiments in which telomere loss
is studied within individuals exposed to different levels of oxidative
stress.

Much of the human work on the effects of chronic stress on
telomere dynamics has been done with adults. Recent studies do,
however, suggest that exposure to environmental stress in utero is
also associated with shorter telomere length. New-born babies
produced by women who suffered from environmentally induced
stress in pregnancy had shorter telomere lengths (Entringer et al.,
2013). While the authors of this study controlled statistically for
other potentially confounding factors, it is possible that it is not the
stress during pregnancy that causes the shorter telomere length, but
rather that a particular maternal phenotype is more likely to produce
babies with shorter telomeres, and to suffer stress in pregnancy;
indeed, such mothers may also be more likely to have partners with
short telomere length, which could be important if telomere length
has a strong paternal inheritance. However, the importance of stress
exposure during early development is further supported by
experimental studies on chickens, in which in ovo corticosterone
levels were manipulated in randomly allocated groups (Haussmann
et al., 2012). This was associated with a higher proportion of short
telomere lengths in red blood cells 25 days after hatching. In
addition, the chicks from the corticosterone-treated eggs showed

evidence of higher levels of oxidative stress (Haussmann et al.,
2012). Experimental studies that we have underway in the European
shag Phalacrocorax aristotelis suggest that exposure to stress during
carly post-natal growth also gives rise to shorter telomere lengths.
Importantly, these bird studies also demonstrate that the effects of
stress exposure are not confined to cells of the immune system.

Recent work, involving correlative studies in humans and
experimental work in rats, suggests that exposure to stressful
circumstances elevates telomerase in white blood cells, and that this
increase can take place very rapidly. In human subjects, an 18%
increase in telomerase was reported in leucocytes within 1 h of the
end of the stress exposure, and was linked to the measured increase
in cortisol (Epel et al., 2010). While this could help to mitigate the
effects of stress on immune function, or indeed be part of an
immune response to stress, it does not appear to be sufficient to
prevent the stress-exposed groups from having shorter telomeres.
Again, in these correlational studies, it is difficult to separate cause
and effect. However, in a recent experimental study on rats (Beery
et al., 2012), telomerase activity was found to be 54% higher in
stressed rats (exposed to a range for randomised acute stressors;
Fig. 7). The consequences of such telomerase elevation for longevity
remain to be investigated. The extent to which changes in
telomerase activity are involved in increased telomere loss outside
of the immune system is unclear, and this effect might be less
important in animals with low telomerase activity in most somatic
cells.

Conclusions and future directions

Organisms have evolved a suite of stress responses that enable them
to cope with adverse environmental conditions. These responses are
not without costs, and their repeated or long-term activation can
have negative effects on health and longevity. This does not mean,
however, that even the effects of chronic stress are devoid of any
fitness benefits; in fitness terms, organisms living in protracted
stressful circumstances might be even worse off in the absence of
the physiological state induced. Of course, non-adaptive effects may
occur where the organism finds itself placed in situations that are
outside of its evolved capacity to cope. As selection works on
overall lifetime reproductive stress, and thus reduced lifespan may
be compensated for by early onset of reproduction, this may be a
price worth paying if breeding success is higher than it would have
been without the phenotypic adjustments.
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Fig. 7. Telomerase activity in leucocytes measured in rats in control and
stressed treatment groups. Adapted from Beery et al. (Beery et al., 2012).
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We need to understand much more about these costs and benefits
associated with stress responses, and the time scales over which they
operate. Early life exposure to stress appears to produce particularly
long-term phenotypic changes, adjusting aspects of morphology,
physiology and behaviour to suit the conditions that appear to
prevail; important environmental factors involve changes in nutrition
levels, predator exposure, temperature, social conditions and
suchlike. We also need to know much more about the reversibility
or not of such physiological changes, their adaptive significance, the
level and duration of exposure required to induce them and how
context specific their effects on fitness are. We also need to know
the effect of varying levels of environmental stability on whether
such early life effects occur and what their consequences are; it does
not make sense to adjust the phenotype early in life to conditions
that are unlikely to be experienced thereafter. Understanding the
timing, nature and duration of critical periods in development or life
history stages at which the consequences are more profound, and/or
more permanent, and how these differ across taxa, is very important.
Because there is considerable inter-individual variation in responses
and in optimal outcomes, it is important that we have carefully
designed experiments to address these questions; confounding
variables need to be controlled if we are to effectively tease apart
the factors involved and identify adaptive effects. It is important too
that studies in the natural environment complement those in the
laboratory, and that experiments take account of the relevance of
particular stressors, and levels of exposure, to the species under
study. Inter-generational effects, and the routes whereby these might
be generated [see Saab and Mansuy in this issue (Saab and Mansuy,
2014)] are of great interest; here again, careful experimental design
that separates direct and indirect environmental and genetic effects
is extremely important. This is not a simple task, as when an
organism is exposed to stress during embryonic development, its
own germ line, and thereby its offspring, could be directly affected.

The consequences of stress exposure in adulthood, the
reversibility of its effects and whether the nature of the
consequences, and the fitness outcomes, differ from exposure in pre-
or early post-natal life also need further study. How adult stress
exposure levels interact with early life exposure and affect adult
resilience is a topic that has recently come to the fore and, again,
needs more experimental work. The study on the effect of the early
life stress exposure on telomere loss in breeding partners described
in this review emphasises that social as well as physical factors can
be very important, though the routes through which these operate
are likely to be complex.

Much work in the natural environment, and in captivity, has
involved birds and the glucocorticoid stress responses. This needs
to be broadened to encompass other stress responses. The links
between telomeres, stress, oxidative balance and ageing are
currently of considerable interest, but because much of the work to
date has been done in humans, experimental studies are limited,
reducing our capacity to distinguish cause from effect. Studies in
mammals often involve telomere changes in cells of the immune
system, as the red blood cells do not contain DNA; mammalian
white blood cells often express telomerase, which appears to be up-
regulated to some degree during stress. Studies of effects on cells
other than immune cells are therefore also needed. In contrast, bird
studies of telomere dynamics generally use red blood cells, and
where effects in this branch of the haematopoietic system occur,
they suggest that the effects of stress on telomere loss are more
widespread and may involve progenitor cells.

Work of the type outlined in this review is very important if we
are to understand the consequences of environmental change for

64

individual life histories and for populations. More extreme
perturbations and fluctuation in conditions are occurring, which are
likely to decrease environmental similarity between life stages and
generations, and thereby render non-adaptive the coping strategies
that organisms have evolved to meet the challenge of environmental
variation.

Acknowledgements

Thanks to all participants in the symposium ‘Stress: Challenging Homeostasis’ for
very fruitful discussions, and to The Journal of Experimental Biology and The
Company of Biologists for organising the symposium. Thanks also to Britt
Heidinger, Art Woods and an anonymous referee for useful comments on a draft of
this paper.

Competing interests
The author declares no competing financial interests.

Funding
Thanks to the European Research Council (ERC) for funding.

References

Akkad, A., Hastings, R., Konje, J. C., Bell, S. C., Thurston, H. and Williams, B.
(2006). Telomere length in small-for-gestational-age babies. BJOG 113, 318-323.

Aubert, G. and Lansdorp, P. M. (2008). Telomeres and aging. Physiol. Rev. 88, 557-
579.

Baird, D. M. (2008a). Mechanisms of telomeric instability. Cytogenet. Genome Res.
122, 308-314.

Baird, D. M. (2008b). Telomeres II. Exp. Gerontol. 43, 15-19.

Baird, D. M., Britt-Compton, B., Rowson, J., Amso, N. N., Gregory, L. and Kipling,
D. (2006). Telomere instability in the male germline. Hum. Mol. Genet. 15, 45-51.

Bakaysa, S. L., Mucci, L. A., Slagboom, P. E., Boomsma, D. I., McClearn, G. E.,
Johansson, B. and Pedersen, N. L. (2007). Telomere length predicts survival
independent of genetic influences. Aging Cell 6, 769-774.

Ballen, C., Healey, M., Wilson, M., Tobler, M. and Olsson, M. (2012). Predictors of
telomere content in dragon lizards. Naturwissenschaften 99, 661-664.

Barrett, E. L., Burke, T. A., Hammers, M., Komdeur, J. and Richardson, D. S.
(2013). Telomere length and dynamics predict mortality in a wild longitudinal study.
Mol. Ecol. 22, 249-259.

Beery, A. K., Lin, J., Biddle, J. S., Francis, D. D., Blackburn, E. H. and Epel, E. S.
(2012). Chronic stress elevates telomerase activity in rats. Biol. Lett. 8, 1063-
1066.

Bize, P., Criscuolo, F., Metcalfe, N. B., Nasir, L. and Monaghan, P. (2009). Telomere
dynamics rather than age predict life expectancy in the wild. Proc. Biol. Sci. 276,
1679-1683.

Blackburn, E. H. and Epel, E. S. (2012). Telomeres and adversity: too toxic to ignore.
Nature 490, 169-171.

Bodnar, A. G. (2009). Marine invertebrates as models for aging research. Exp.
Gerontol. 44, 477-484.

Boonstra, R. (2004). Coping with changing northern environments: the role of the
stress axis in birds and mammals. Integr. Comp. Biol. 44, 95-108.

Boonstra, R. (2013a). Reality as the leading cause of stress: rethinking the impact of
chronic stress in nature. Funct. Ecol. 27, 11-23.

Boonstra, R. (2013b). The ecology of stress: a marriage of disciplines. Funct. Ecol. 27,
7-10.

Capkova Frydrychova, R., Biessmann, H. and Mason, J. M. (2008). Regulation of
telomere length in Drosophila. Cytogenet. Genome Res. 122, 356-364.

Cattan, V., Mercier, N., Gardner, J. P., Regnault, V., Labat, C., Méki-Jouppila, J.,
Nzietchueng, R., Benetos, A., Kimura, M., Aviv, A. et al. (2008). Chronic oxidative
stress induces a tissue-specific reduction in telomere length in CAST/Ei mice. Free
Radic. Biol. Med. 44, 1592-1598.

Cawthon, R. M. (2009). Telomere length measurement by a novel monochrome
multiplex quantitative PCR method. Nucleic Acids Res. 37, e21.

Cawthon, R. M., Smith, K. R., O’Brien, E., Sivatchenko, A. and Kerber, R. A.
(2003). Association between telomere length in blood and mortality in people aged
60 years or older. Lancet 361, 393-395.

Cenci, G. (2009). Drosophila cell cycle under arrest: uncapped telomeres plead guilty.
Cell Cycle 8, 990-995.

Choi, J., Fauce, S. R. and Effros, R. B. (2008). Reduced telomerase activity in human
T lymphocytes exposed to cortisol. Brain Behav. Immun. 22, 600-605.

Clinchy, M., Sheriff, M. J. and Zanette, L. Y. (2013). Predator-induced stress and the
ecology of fear. Funct. Ecol. 27, 56-65.

Costantini, D., Metcalfe, N. B. and Monaghan, P. (2010). Ecological processes in a
hormetic framework. Ecol. Lett. 13, 1435-1447.

Costantini, D., Marasco, V. and Moller, A. P. (2011). A meta-analysis of
glucocorticoids as modulators of oxidative stress in vertebrates. J. Comp. Physiol. B
181, 447-456.

Costantini, D., Monaghan, P. and Metcalfe, N. B. (2012). Early life experience primes
resistance to oxidative stress. J. Exp. Biol. 215, 2820-2826.

Cottrell, E. C. and Seckl, J. R. (2009). Prenatal stress, glucocorticoids and the
programming of adult disease. Front. Behav. Neurosci. 3, 19.

>
(@2}
o
ie
m
®©
-
(=
()
£
o
(V)
o
X
L
Y
(@)
©
c
fum
>
o
=
()
e
|_




REVIEW

The Journal of Experimental Biology (2014) doi:10.1242/jeb.090043

Creel, S., Dantzer, B., Goymann, W. and Rubenstein, D. R. (2013). The ecology of
stress: effects of the social environment. Funct. Ecol. 27, 66-80.

Cyr, N. E., Earle, K., Tam, C. and Romero, L. M. (2007). The effect of chronic
psychological stress on corticosterone, plasma metabolites, and immune
responsiveness in European starlings. Gen. Comp. Endocrinol. 154, 59-66.

Denver, R. J., Hopkins, P. M., McCormick, S. D., Propper, C. R., Riddiford, L.,
Sower, S. A. and Wingfield, J. C. (2009). Comparative endocrinology in the 21st
century. Integr. Comp. Biol. 49, 339-348.

Entringer, S., Epel, E. S., Lin, J., Buss, C., Shahbaba, B., Blackburn, E. H.,
Simhan, H. N. and Wadhwa, P. D. (2013). Maternal psychosocial stress during
pregnancy is associated with newborn leukocyte telomere length. Am. J. Obstet.
Gynecol. 208, 134.e1-134.e7.

Epel, E. S., Lin, J., Wilhelm, F. H., Wolkowitz, O. M., Cawthon, R., Adler, N. E.,
Dolbier, C., Mendes, W. B. and Blackburn, E. H. (2006). Cell aging in relation to
stress arousal and cardiovascular disease risk factors. Psychoneuroendocrinology
31, 277-287.

Epel, E. S., Lin, J., Dhabhar, F. S., Wolkowitz, O. M., Puterman, E., Karan, L. and
Blackburn, E. H. (2010). Dynamics of telomerase activity in response to acute
psychological stress. Brain Behav. Immun. 24, 531-539.

Flores, I., Canela, A., Vera, E., Tejera, A., Cotsarelis, G. and Blasco, M. A. (2008).
The longest telomeres: a general signature of adult stem cell compartments. Genes
Dev. 22, 654-667.

Fraga, M. F. (2009). Genetic and epigenetic regulation of aging. Curr. Opin. Immunol.
21, 446-453.

Geiger, S., Le Vaillant, M., Lebard, T., Reichert, S., Stier, A., LE Maho, Y. and
Criscuolo, F. (2012). Catching-up but telomere loss: half-opening the black box of
growth and ageing trade-off in wild king penguin chicks. Mol. Ecol. 21, 1500-1510.

Gilley, D., Herbert, B. S., Huda, N., Tanaka, H. and Reed, T. (2008). Factors
impacting human telomere homeostasis and age-related disease. Mech. Ageing
Dev. 129, 27-34.

Goerlich, V. C., Natt, D., Elfwing, M., Macdonald, B. and Jensen, P. (2012).
Transgenerational effects of early experience on behavioral, hormonal and gene
expression responses to acute stress in the precocial chicken. Horm. Behav. 61,
711-718.

Gomes, N. M., Shay, J. W. and Wright, W. E. (2010). Telomeres and telomerase. In
The Comparative Biology of Aging (ed. N. S. Wolf), pp. 227-258. New York, NY:
Springer.

Gomes, N. M., Ryder, O. A,, Houck, M. L., Charter, S. J., Walker, W., Forsyth, N. R.,
Austad, S. N., Venditti, C., Pagel, M., Shay, J. W. et al. (2011). Comparative
biology of mammalian telomeres: hypotheses on ancestral states and the roles of
telomeres in longevity determination. Aging Cell 10, 761-768.

Harris, A. and Seckl, J. (2011). Glucocorticoids, prenatal stress and the programming
of disease. Horm. Behav. 59, 279-289.

Haussmann, M. F. and Marchetto, N. M. (2010). Telomeres: Linking stress and
survival, ecology and evolution. Curr. Zool. 56, 703-713.

Haussmann, M. F., Winkler, D. W. and Vleck, C. M. (2005). Longer telomeres
associated with higher survival in birds. Biol. Lett. 1, 212-214.

Haussmann, M. F., Winkler, D. W., Huntington, C. E., Nisbet, I. C. T. and Vleck, C.
M. (2007). Telomerase activity is maintained throughout the lifespan of long-lived
birds. Exp. Gerontol. 42, 610-618.

Haussmann, M. F., Longenecker, A. S., Marchetto, N. M., Juliano, S. A. and
Bowden, R. M. (2012). Embryonic exposure to corticosterone modifies the juvenile
stress response, oxidative stress and telomere length. Proc. Biol. Sci. 279, 1447-
1456.

Heidinger, B. J., Blount, J. D., Boner, W., Griffiths, K., Metcalfe, N. B. and
Monaghan, P. (2012). Telomere length in early life predicts lifespan. Proc. Natl.
Acad. Sci. USA 109, 1743-1748.

Horn, T., Robertson, B. C., Will, M., Eason, D. K., Elliott, G. P. and Gemmell, N. J.
(2011). Inheritance of telomere length in a bird. PLoS ONE 6, e17199.

Houben, J. M. J., Moonen, H. J. J., van Schooten, F. J. and Hageman, G. J. (2008).
Telomere length assessment: biomarker of chronic oxidative stress? Free Radic.
Biol. Med. 44, 235-246.

Huda, N., Tanaka, H., Herbert, B. S., Reed, T. and Gilley, D. (2007). Shared
environmental factors associated with telomere length maintenance in elderly male
twins. Aging Cell 6, 709-713.

Hulbert, A. J., Clancy, D. J., Mair, W., Braeckman, B. P., Gems, D. and Partridge, L.
(2004). Metabolic rate is not reduced by dietary-restriction or by lowered insulin/IGF-
1 signalling and is not correlated with individual lifespan in Drosophila melanogaster.
Exp. Gerontol. 39, 1137-1143.

limonen, P., Kotrschal, A. and Penn, D. J. (2008). Telomere attrition due to infection.
PLoS ONE 3, e2143.

Inness, C. L. W. and Metcalfe, N. B. (2008). The impact of dietary restriction,
intermittent feeding and compensatory growth on reproductive investment and
lifespan in a short-lived fish. Proc. Biol. Sci. 275, 1703-1708.

Jennings, B. J., Ozanne, S. E., Dorling, M. W. and Hales, C. N. (1999). Early growth
determines longevity in male rats and may be related to telomere shortening in the
kidney. FEBS Lett. 448, 4-8.

Kappei, D. and Londofo-Vallejo, J. A. (2008). Telomere length inheritance and
aging. Mech. Ageing Dev. 129, 17-26.

Keefe, D. L., Liu, L. and Marquard, K. (2007). Telomeres and meiosis in health and
disease. Cell. Mol. Life Sci. 64, 115-116.

Kimura, M., Hjelmborg, J. V. B., Gardner, J. P., Bathum, L., Brimacombe, M., Lu, X.
B., Christiansen, L., Vaupel, J. W., Aviv, A. and Christensen, K. (2008). Telomere
length and mortality: a study of leukocytes in elderly Danish twins. Am. J. Epidemiol.
167, 799-806.

Kotrschal, A., llmonen, P. and Penn, D. J. (2007). Stress impacts telomere
dynamics. Biol. Lett. 3, 128-130.

Lansdorp, P. M. (2005). Major cutbacks at chromosome ends. Trends Biochem. Sci.
30, 388-395.

Lansdorp, P. M. (2008). Telomeres, stem cells, and hematology. Blood 111, 1759-
1766.

Liu, L., Bailey, S. M., Okuka, M., Mufioz, P,, Li, C., Zhou, L. J., Wu, C., Czerwiec, E.,
Sandler, L., Seyfang, A. et al. (2007). Telomere lengthening early in development.
Nat. Cell Biol. 9, 1436-1441.

Marasco, V., Robinson, J., Herzyk, P. and Spencer, K. A. (2012). Pre- and post-natal
stress in context: effects on the stress physiology in a precocial bird. J. Exp. Biol.
215, 3955-3964.

McEwen, B. S. and Wingfield, J. C. (2003). The concept of allostasis in biology and
biomedicine. Horm. Behav. 43, 2-15.

Monaghan, P. (2008). Early growth conditions, phenotypic development and
environmental change. Philos. Trans. R. Soc. B 363, 1635-1645.

Monaghan, P., Charmantier, A., Nussey, D. H. and Ricklefs, R. (2008). The
evolutionary ecology of senscence. Funct. Ecol. 22, 371-378.

Monaghan, P, Heidinger, B. J., D’Alba, L., Evans, N. P. and Spencer, K. A. (2012).
For better or worse: reduced adult lifespan following early-life stress is transmitted to
breeding partners. Proc. Biol. Sci. 279, 709-714.

Nestler, E. J. (2012). Epigenetics: stress makes its molecular mark. Nature 490, 171-
172.

Njajou, O. T., Hsueh, W. C., Blackburn, E. H., Newman, A. B., Wu, S. H., Li, R. L.,
Simonsick, E. M., Harris, T. M., Cummings, S. R., Cawthon, R. M. and for the
Health ABC study (2009). Association between telomere length, specific causes of
death, and years of healthy life in health, aging, and body composition, a population-
based cohort study. J. Gerontol. A Biol. Sci. Med. Sci. 64A, 860-864.

Nordfjall, K., Svenson, U., Norrback, K. F., Adolfsson, R. and Roos, G. (2010).
Large-scale parent-child comparison confirms a strong paternal influence on
telomere length. Eur. J. Hum. Genet. 18, 385-389.

Pardon, M. C. and Rattray, I. (2008). What do we know about the long-term
consequences of stress on ageing and the progression of age-related
neurodegenerative disorders? Neurosci. Biobehav. Rev. 32, 1103-1120.

Passos, J. F., Saretzki, G. and von Zglinicki, T. (2007). DNA damage in telomeres
and mitochondria during cellular senescence: is there a connection? Nucleic Acids
Res. 35, 7505-7513.

Pauliny, A., Wagner, R. H., Augustin, J., Szép, T. and Blomqvist, D. (2006). Age-
independent telomere length predicts fitness in two bird species. Mol. Ecol. 15,
1681-1687.

Richter, T. and von Zglinicki, T. (2007). A continuous correlation between oxidative
stress and telomere shortening in fibroblasts. Exp. Gerontol. 42, 1039-1042.

Rodriguez-Brenes, |. A., Wodarz, D. and Komarova, N. L. (2013). Minimizing the
risk of cancer: tissue architecture and cellular replication limits. J. R. Soc. Interface
10, 20130410.

Romero, L. M. (2004). Physiological stress in ecology: lessons from biomedical
research. Trends Ecol. Evol. 19, 249-255.

Romero, L. M., Dickens, M. J. and Cyr, N. E. (2009). The reactive scope model — a
new model integrating homeostasis, allostasis, and stress. Horm. Behav. 55, 375-
389.

Rossi, D. J., Jamieson, C. H. M. and Weissman, I. L. (2008). Stems cells and the
pathways to aging and cancer. Cell 132, 681-696.

Saab, B. J. and Mansuy, I. M. (2014). Neurobiological disease etiology and
inheritance: an epigenetic perspective. J. Exp. Biol. 217, 94-101.

Salomons, H. M., Mulder, G. A., van de Zande, L., Haussmann, M. F., Linskens, M.
H. K. and Verhulst, S. (2009). Telomere shortening and survival in free-living
corvids. Proc. Biol. Sci. 276, 3157-3165.

Sapolsky, R. M. (2000). Stress hormones: good and bad. Neurobiol. Dis. 7, 540-542.

Sapolsky, R. M. (2004). Organismal stress and telomeric aging: an unexpected
connection. Proc. Natl. Acad. Sci. USA 101, 17323-17324.

Schultner, J., Kitaysky, A. S., Welcker, J. and Hatch, S. (2013). Fat or lean:
adjustment of endogenous energy stores to predictable and unpredictable changes
in allostatic load. Funct. Ecol. 27, 45-55.

Seckl, J. R. (2004). Prenatal glucocorticoids and long-term programming. Eur. J.
Endocrinol. 151 Suppl., U49-U62.

Seluanov, A., Chen, Z. X,, Hine, C., Sasahara, T. H. C., Ribeiro, A. A. C. M,,
Catania, K. C., Presgraves, D. C. and Gorbunova, V. (2007). Telomerase activity
coevolves with body mass not lifespan. Aging Cell 6, 45-52.

Senst, L. and Bains, J. (2014). Neuromodulators, stress and plasticity: a role for
endocannabinoid signaling. J. Exp. Biol. 217, 102-108.

Shaley, I. (2012). Early life stress and telomere length: investigating the connection
and possible mechanisms: a critical survey of the evidence base, research
methodology and basic biology. Bioessays 34, 943-952.

Sohn, S. H., Subramani, V. K., Moon, Y. S. and Jang, I. S. (2012). Telomeric DNA
quantity, DNA damage, and heat shock protein gene expression as physiological
stress markers in chickens. Poult. Sci. 91, 829-836.

Sorensen, J. G., Kristensen, T. N. and Loeschcke, V. (2003). The evolutionary and
ecological role of heat shock proteins. Ecol. Lett. 6, 1025-1037.

Spencer, K. A., Wimpenny, J. H., Buchanan, K. L., Lovell, P. G., Goldsmith, A. R.
and Catchpole, C. K. (2005). Developmental stress affects the attractiveness of
male song and female choice in the zebra finch (Taeniopygia guttata). Behav. Ecol.
Sociobiol. 58, 423-428.

Spencer, K. A., Evans, N. P. and Monaghan, P. (2009). Postnatal stress in birds: a
novel model of glucocorticoid programming of the hypothalamic—pituitary—adrenal
axis. Endocrinology 150, 1931-1934.

65

>
(@2}
o
ie
m
®©
-
(=
()
£
o
(V)
o
X
L
Y
(@)
©
c
fum
>
o
=
()
e
|_



REVIEW

The Journal of Experimental Biology (2014) doi:10.1242/jeb.090043

Takai, H., Smogorzewska, A. and de Lange, T. (2003). DNA damage foci at
dysfunctional telomeres. Curr. Biol. 13, 1549-1556.

Tarry-Adkins, J. L., Martin-Gronert, M. S., Chen, J. H., Cripps, R. L. and Ozanne,
S. E. (2008). Maternal diet influences DNA damage, aortic telomere length,
oxidative stress, and antioxidant defense capacity in rats. FASEB J. 22, 2037-
2044.

Tarry-Adkins, J. L., Chen, J. H., Smith, N. S., Jones, R. H., Cherif, H. and Ozanne,
S. E. (2009). Poor maternal nutrition followed by accelerated postnatal growth leads
to telomere shortening and increased markers of cell senescence in rat islets.
FASEB J. 23, 1521-1528.

Taylor, H. A. and Delany, M. E. (2000). Ontogeny of telomerase in chicken: impact of
downregulation on pre- and postnatal telomere length in vivo. Dev. Growth Differ. 42,
613-621.

66

Tomiyama, A. J., O'Donovan, A., Lin, J., Puterman, E., Lazaro, A., Chan, J.,
Dhabhar, F. S., Wolkowitz, O., Kirschbaum, C., Blackburn, E. et al. (2012). Does
cellular aging relate to patterns of allostasis? An examination of basal and stress
reactive HPA axis activity and telomere length. Physiol. Behav. 106, 40-45.

Wingfield, J. C. (2003). Control of behavioural strategies for capricious environments.
Anim. Behav. 66, 807-815.

Wingfield, J. C. (2008). Comparative endocrinology, environment and global change.
Gen. Comp. Endocrinol. 157, 207-216.

Wingfield, J. C. (2013). Ecological processes and the ecology of stress: the impacts of
abiotic environmental factors. Funct. Ecol. 27, 37-44.

Woods, H. A. and Harrison, J. F. (2002). Interpreting rejections of the beneficial
acclimation hypothesis: when is physiological plasticity adaptive? Evolution 56,
1863-1866.

>
(@2}
o
ie
m
®©
-
(=
()
£
o
(V)
o
X
L
Y
(@)
©
c
fum
>
()
=
()
e
|_




	Introduction
	Stress exposure and fitness
	Fig./1. The
	Fig./2. Changes
	Fig./3. The
	Fig./4. The
	Telomeres and longevity
	Fig./5. Level
	Fig./6. Telomere
	Stressful environments and telomere loss
	Conclusions and future directions
	Fig./7. Telomerase

