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Abstract

Human lifespan is positively correlated with childhood intelligence, as measured by psychometric (IQ) tests. The
strength of this correlation is similar to the negative effect that smoking has on the life course. This result suggests
that people who perform well on psychometric tests in childhood may remain healthier and live longer. The
correlation, however, is debated: is it caused exclusively by social-environmental factors or could it also have a
biological component? Biological traits of systems integrity that might result in correlations between brain function
and lifespan have been suggested but are not well-established, and it is questioned what useful knowledge can
come from understanding such mechanisms. In a recent study, we found a positive correlation between brain
function and longevity in honey bees. Honey bees are highly social, but relevant social-environmental factors that
contribute to cognition-survival correlations in humans are largely absent from insect colonies. Our results,
therefore, suggest a biological explanation for the correlation in the bee. Here, we argue that individual differences
in stress handling (coping) mechanisms, which both affect the bees’ performance in tests of brain function and
their survival could be a trait of systems integrity. Individual differences in coping are much studied in vertebrates,
and several species provide attractive models. Here, we discuss how pigs are an interesting model for studying
behavioural, physiological and molecular mechanisms that are recruited during stress and that can drive
correlations between health, cognition and longevity traits. By revealing biological factors that make individuals
susceptible to stress, it might be possible to alleviate health and longevity disparities in people.
Background
As the demography of many countries shifts toward a lar-
ger proportion of elderly people, it has become a priority
to understand how environmental factors and biological
mechanisms contribute to differences in longevity and
healthiness during aging [1-3]. This priority continues to
grow stronger with the increasing economic burden of
elder care on societies, and will increasingly demand that
attention be placed on how good health and brain func-
tion can be achieved in the older cohorts [2].
The quality of human health during mid-life and old

age differs between socioeconomic groups [1,4]. Low in-
come and low social status correlate with more illnesses
over the life course, disability during ageing, as well as
death at younger ages [4-7]. This association can be
explained by associations between socioeconomic status,
education, workload, behaviour, diet, body weight and
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lifetime exposures to stressful or damaging environmen-
tal conditions [4,6-10]. All of these factors also correlate
with childhood or young adult IQ that provides a unit of
measure for intelligence and brain function [4,9,11-14].
Environmental factors that influence both cognitive abi-
lity and health in a negative way, and therefore can cause
these traits to become correlated, include illnesses and
degenerative effects of privations such as nutritional
stress before or after birth [6,15]. High cognitive perform-
ance, reciprocally, correlates with positive educational and
occupational life outcomes that can benefit health and
longevity [6,12,16-18]. Cognition-survival correlations,
thereby, appear to be strongly mediated by environmental
factors.
Part of the covariance between cognitive test perfor-

mance (such as IQ scores) and lifespan, however, is not
well explained by environmental factors and may stem
from lesser-known biological influences that impact
people’s abilities to cope with lifetime events [19]. These
biological influences may be gene-mediated, but are not
limited to genetics: biological influences may be largely
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mediated by gene-environment interactions (for example
prenatal stress). System integrity refers to traits that are
part of the initial state of the system, and are suggested
to include ‘functional reserve capacity’, which is the
ability to maintain brain function during degenerative
processes, and ‘metabolic robustness’, which is the ability
to maintain metabolic stability despite induced meta-
bolic stress [3,6,20]. These and other aspects of system
integrity might explain some variation in successful age-
ing, and perhaps provide a basis for interventions that
can increase healthspan and longevity [21]. Thus far,
however, cognition-survival correlations are debated and
poorly understood [3,22,23]. In this paper we focus on
the potential importance of stress coping (the ability to
adapt to stressful situations) as a trait of system integrity,
and present two model animals that have complimentary
advantages for the study of system integrity.

Review
The honey bee: a model for systems integrity?
In research on ageing, animals are used to model
syndromes of human senescence with the hope that
results will facilitate new strategies to improve elderly
health and longevity [24]. For example, candidate lon-
gevity genes from the nematode Caenorhabditis elegans
were recently used to identify genes that influence vari-
ance in cognitive ability and age-related cognitive decline
in humans [25]. Another model with moderate complex-
ity is ageing plasticity in honey bees [26]. In honey bees,
variation in brain function and lifespan can be measured
individually, complex environmental factors such as so-
cial influences can be controlled, and the availability of
genome sequence with predicted genes and proteins [27]
facilitates molecular research [28,29]. The majority of
these experiments study ‘worker’ bees; an essentially ste-
rile female caste that represents the majority of individuals
in a honey bee colony. Worker bees are very amenable to
experimental handling (for example Figure 1), and many
aspects of their biology, including social environment and
Figure 1 Worker bee prepared for learning test. The bee holder is cust
memory retrieval, the straps are removed and the bee is released unharme
bee reveals learning by extending her tongue in a PER to the CS alone. CS
the far right in the image. CS, conditioned stimulus; PER, proboscis extensio
behaviours, workload, diet, learning, memory, communi-
cation, and ageing, can be manipulated with established
research tools [26].
We recently showed that a measure of brain function,

Pavlovian (associative) learning ability [30], is positively
correlated with metabolic stress resilience (the ability to
recover from a stressful event) in hyperoxia (80% O2, ex-
perimental paradigm for artificial ageing) measured as
survival capacity in worker bees [31] (Figure 2). We quan-
tified learning by training restrained worker bees to
pairings of a flower odour (the conditioned stimulus, CS)
and a sucrose reward (the unconditioned stimulus, US).
After six CS-US pairings, learning could be calculated on
a scale from zero to five: 0 = the bee fails to express a
learned behaviour; 1 = the bee shows learning one time;
2 = the bee shows learning twice, and so on up to 5 = the
bee learns the association in the first pairing, and shows
the learned response in all remaining five trials. Reward
learning is recorded when the bee extends her proboscis
(tongue) to the CS alone, before the US is presented [22].
This learning score correlated positively with the bees’
subsequent ability to survive a stressful solitary confine-
ment in the laboratory (Figure 2). Although similarities in
the performances of different animal species need not
reflect common functional principles [32], the relationship
between cognition and survival in the bee seems to resem-
ble the relationship between high IQ and longevity in
humans [31].
How can correlations between honey bee learning abi-

lity and survival be explained? Worker honey bees are
helper females that have no social hierarchy or differen-
tial status among them as long as a queen is present in
the colony [33]. Experience, workload, behaviour, diet
and environmental exposures to stress or damage can
differ between workers because of inter-individual
differences in age and social role, but these aspects were
controlled for in the experiment by using workers of
similar age and social task [31]. Behaviour, diet, stress
and damage are also factors that can influence the
om-made in Plexiglas; the bee is secured with straps. After learning or
d. In panel A, the bee rests between CS-US pairings. In panel B, the
is a flower odour (carnation) that is expelled from the syringe-tip to
n reflex; US, unconditioned stimulus.



Figure 2 Panel A: a worker bee in a modified Eppendorf tube that we use in tests of survival capacity in hyperoxia. The lid has holes for
feeding and air exchange. The end of the tube is cut open and sealed with cotton to absorb faeces. Panel B: survival data for nurse bees
(caregivers) scored as poor learners (green line/bar, learning score = 0 to 3, n = 50) and as good learners (black line/bar, score = 5, n = 85). Nurse
bees were collected from four single-cohort colonies; tested over four weeks as independent replicates. Replicate did not influence the
proportion of bees surviving, but learning ability had a significant effect [31].
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sucrose responsiveness of worker bees and thereby their
motivation to perform well in Pavlovian learning tests
with sucrose reward. Motivation, however, did not covary
with longevity in our study and could not explain the
correlation of learning performance and the bees’ ability
to survive. It is, in other words, unlikely that socio-
environmental factors can account for the observed cor-
relation between learning ability and survival in worker
honey bees [31]. This conclusion suggests a biological
explanation.
Honey bee brain function, as measured by Pavlovian

learning ability, correlates with expression of specific
proteins in the brain [34]. In young individuals, learning
ability is related to proteins involved in neuronal
structure (actin-related protein), adenosine triphosphate
(ATP) consumption (vacuolar ATPase, adenylate kinase),
neuronal function and signaling (a fatty acid binding
protein), in addition to metabolism (aldo-keto reductase,
cytochrome P450 homolog). The actin-related protein is
more abundant in the brains of individuals that perform
well in the test, while the remaining proteins are more
abundant in individuals that perform poorly. These high
levels of metabolically important vacuolar ATPase, adeny-
late kinase, aldo-keto reductase and cytochrome P450 led
us to hypothesize that poor learning ability in honey bees,
prior to senescence, is partly explained by metabolic
changes in the brain [34]. Brain ageing in worker bees is
associated with a decline in signaling kinases (protein kin-
ase C), synaptic (synapsin) and neuronal growth-related
proteins (failed axon connections (fax), nervous wreck
(Nwk)) in addition to the fatty acid-binding protein that
was identified in younger individuals [35]. These results
led us to propose that honey bee brain senescence is partly
accounted for by changes that include signal transduction
deficiencies. Overall, these studies do not provide a
candidate mechanism for system integrity, but the possible
connections between metabolic changes in the brain, poor
learning ability, and reduced survival in honey bees might
lend some support to the idea that variation in metabolic
robustness plays a general role in correlations between
brain performance and longevity.
We obtained additional information by reversing age-

ing in worker bees [34]. It is possible to alter the trajec-
tory of honey bee senescence because the rate of worker
ageing is a function of social role [36,37]. During the ini-
tial weeks of life, worker bees tend to the nest and later
in life they forage outside for nectar, pollen and water
[38]. Nest bees age slowly, while foragers age rapidly
(reviewed by [39]), but senesced foragers can revert to
nest tasks if the social demography of the colony is
altered in such a way that there are too few young bees
in the nest [40]. After this task reversion, about 50% of
the previous foragers that are nursing improve brain
function [34]. This recovery correlates with changes in
the brain’s levels of proteins associated with structure
(tubulin alpha-3), stress response/cellular maintenance
processes (heat shock protein 8, peroxiredoxin 6), and
with neuronal function and signaling (a glutamate trans-
porter most similar to vertebrate excitatory amino acid
transporter 2, (EAAT2)) [34]. These data suggested to us
that recovery-related brain plasticity is connected to cel-
lular stress resilience, maintenance and repair processes
in honey bees. The study might provide examples of
functional reserve capacity as well as metabolic robust-
ness, but the lifespan implications of the bees’ recovery
are unknown because their longevity was not monitored
in the experiment.
At the level of behaviour and longevity, the effects of

laboratory handling and social isolation have been
investigated in honey bees. Laboratory handling results
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in life-shortening stress [41] and social isolation has
similar negative outcomes that include changes in hor-
monal axes and the brain [42,43]. These results indicate
that our cognition-survival experiment provided stressful
test conditions: a Pavlovian learning test in restraints,
and a survival test in social isolation. It is unclear how
stress affects honey bee learning ability in the laboratory,
but stress can depress the levels of dopamine and oc-
topamine in the bee brain and have a negative impact on
reward-seeking behaviour in free-flight experiments [44].
If we can assume that stress also reduces a bee’s learning
performance in the laboratory, and similarly reduces
survival in social isolation, then it is reasonable to ask
whether (co)variation between behavioural and mole-
cular mechanisms of coping with stress explains the
cognition-survival correlation that we observed [34].

Stress resilience as a proxy for systems integrity?
Stress resilience may thus be a mediating factor influen-
cing the relationship between longevity and brain function
(Figure 3). In the context of systems integrity, it is import-
ant to distinguish between acute and chronic stress, as
these may have different effects on health. Experiencing
immediate stress is usually helpful to the individual and
results in an adaptive behavioural and physiological re-
sponse for that situation, the so-called allostatic response.
The allostatic response is a physiological response to deal
with disturbances in the internal and external environ-
ment and return to allostasis, which is in mammals
accompanied by an activation of the sympathetic-adrenal
-medullary (SAM) and hypothalamic-pituitary-adrenal
(HPA) axes [45]. When the animal is repeatedly exposed
to immediate stressors, or when exposure to the immedi-
ate stressor continues and chronic stress is developed, the
body constantly has to deal with disruptors that require
an allostatic response, which results in an increase in
allostatic load (the cumulative damage that is caused by
Figure 3 Proposed relationship between stress-resilience, intelligence
domesticated pig as models for systems integrity research.
allostatic responses). This increase in allostatic load can
eventually lead to allostatic overload and to several stress-
related dysregulations of metabolism, immune function
and the brain that can detrimentally affect longevity [46].
Individual variation in stress resilience and its relation to
variation in health, behaviour and physiology has been a
topic of interest for several decades, in various contexts
and in various species. Some of these species may be a
complimentary animal model to the honey bee for re-
search on systems integrity.

The pig: an unusual, but potentially useful model for
systems integrity
The pig, with its maximum life span of 27 years [47] is
not a very typical model animal in ageing research.
Papers that mention old pigs (usually the females, sows)
use age in a reproductive setting: a domesticated sow in
animal husbandry is labeled as old when her reproduct-
ive performance decreases, which is usually around the
fourth year of life [48]. Pigs have, however, showed their
merit as model animals for neurobiological, physiological
and behavioural research. The close resemblance be-
tween pigs and humans in terms of genes, brain and
physiology makes translation of research findings to
humans easier than findings from, for example, rodent
research [49-52]. Due to the practical and ethical issues
surrounding primate research, the pig has become a
more popular animal model, for example in the fields of
surgery, pediatric research and neuroscience see [51] for
review, [53].
Although not a typical model for ageing, the pig is an

interesting model for studying the relationship between
cognition, stress resilience and age-related parameters.
There is a large knowledge base regarding mechanisms
for coping with stress, acute and chronic stress physi-
ology, behaviour and cognition of pigs and a long history
in research, although a number of those studies were
and longevity, and the potential roles of the honey bee and the
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initiated with commercial goals in mind rather than
basic research.
Most of the knowledge on stress physiology and coping

with stressful situations has been gathered with animal
welfare and animal production in mind, starting in the
1980s. Intensification of animal husbandry in Europe, the
United States, Canada and Australia was at its highest,
and animal welfare in intensive husbandry became of inter-
est. The early research focused mostly on the optimization
of housing conditions to the needs of the animal for
example [54,55]. Growth and reproductive performance
were important parameters, but also the reduction of
behavioural problems (damaging of other animals and
stereotypies such as sham chewing) was of great interest.
This emphasis resulted in a number of studies that aimed
to identify causes of seemingly maladaptive stereotypic
behaviours that were thought to indicate a failure of coping
with the situation, for example [56,57]. One intriguing
insight from the experiments was that performing stereo-
typic behaviour seems to reduce stress in pigs performing
them, suggesting that performing stereotypic behaviours ac-
tually help pigs to cope with stress during the performance,
although the need for performing stereotypic behaviours
still indicates compromised welfare [58,59]. Not all pigs,
however, show stereotypic behaviour, implying individual
variation in stress resilience and in strategies for coping
with stress.
Indeed, different coping strategies have been identified

in the pig, which result in different behavioural and
physiological responses to both immediate and chronic
stressors although for critique see [60,61]. Variation in the
response to a stressor has been shown in a wide variety of
other species, including mammals, birds, reptiles and
insects, and has been described as coping styles, animal
temperament, behavioural syndromes and animal person-
ality [62], which typically is described in two different
classes: active versus passive, proactive versus reactive, shy
versus bold, and so on. The test used to identify different
coping styles in pigs is the back test, in which the (young)
pig is restrained on its back, which should elicit an anti-
predator response [63]. Some pigs will struggle and
vocalize (active coping style), while other pigs will remain
still and silent during the one-minute test (passive coping
style). This response to an immediate stressor (the re-
searcher posing as a predator) has been linked to variation
in aggressive and playful behaviours [64], fighting strategy
[65], immune response [66], cortisol response in novel
situations and restraint [67], heart rate [68], fat and energy
metabolism [69], vulnerability for developing gastric
lesions, stereotypic behaviour [68] and response to social
isolation [70]. The behavioural aspect of coping styles is
particularly visible during immediate stress or at the
beginning of the chronic stress, when the animals show
their strategy to cope with the stressor by trying to regain
control of the situation or by quickly adapting to the situ-
ation. Although animals of both coping styles may mount
a stress response in unfamiliar or risky situations, it is the
animals with an active coping style that adapt less quickly
to challenging environments and may have lower stress
resilience [67,71].
Coping style, as a correlate of stress resilience, is

implicated in variation in cognitive performance in pigs.
This may be due to a number of different factors. One
factor is the response to handling and to the test si-
tuation. If the animals are habituated to the test and
being handled, acute stress is less likely to affect learning
performance. Some cognitive performance tests, how-
ever, can elicit a stress response from the animal that
can affect their learning performance. Acute stress is
implicated in enhanced memory of the event occurring
during and after the stress while chronic stress is
implicated in reduced learning and memory [72]. In rats,
the animals that showed high levels of activity in a novel
environment (active coping style) showed a reduction in
cognitive performance after chronic stress, supporting
the hypothesis that variation in stress resilience is linked
to variation in cognitive performance, as is also seen in
honey bees [73]. Habituation to the test environment
and low-stress housing can reduce stress-induced vari-
ation in cognitive performance. This does, however, not
eliminate the coping style differences in cognitive per-
formance [74]. This is particularly true when the test
setup allows for different strategies of learning or
requires a certain amount of behavioural flexibility.

The pig toolbox: from testing cognitive performance to
interventions
An example of a learning test that requires behavioural
flexibility is given in Figure 4. The place-response test is
a simple test of association of a place with a reward
(panel A). Pigs will learn that one of two buckets is
baited on either the right or left side of the test arena.
After the association is successfully learned, the pig is
brought into the arena from the opposite entrance. If
the pig has learned the place of the baited bucket (place
learning) then it will visit the correct bucket. However, if
the pig has simply learned to turn in one direction after
entering the arena (response learning), it will visit the
unbaited bucket. Panel B shows that pigs with an active
coping style tend to show response learning more often
than pigs with a passive coping style. Differences in in-
formation use (attention to and memory of cues in the
environment), as well as behavioural flexibility may play
a role in these coping style differences. A similar coping
style difference was found in a T-shaped maze, where ac-
tive coping pigs had more difficulties learning to change
direction to find the baited bucket [75]. Other factors
that may be related to variation in performance in



Figure 4 Panel A: overview of the place-response test. Pigs approached buckets from one entrance during training, learning to find a baited
bucket. Pigs needed to find the treat in the baited bucket without investigating the empty bucket for five trials in a row before proceeding to
the test phase. In the test phase, the pig approached the buckets from the opposite site of the arena. If the pig had learned the place of the
baited bucket, it would go to the baited bucket; if it had learned to turn towards the right on entering (response), it would visit the empty
bucket. Panel B: Active pigs that were housed in a standard, stimulus-poor environment (barren, no substrates provided) from birth until testing
(eight weeks of age) showed response learning more often than passive pigs. Panel C: Active and passive pigs have similar strategies when they
have been housed in a stimulus-rich environment (enriched, more complex environment with substrates for exploration provided) from
birth onwards.
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cognitive testing are reward sensitivity and behavioural
inhibition [76,77], though those have not been explored
in detail in pigs.
Pigs can be used in different types of learning tasks,

which makes them very useful models for cognitive
testing. Pigs can be trained to operate levers, joysticks
handles and rotating wheels for operant conditioning.
Other learning paradigms that have been used in pigs
include classical conditioning, social recognition tasks,
spatial learning and memory tasks, and observational
learning tasks [78-80]. The above mentioned tests meas-
ure different aspects related to cognitive performance and
intelligence. The hole-board test, for example, tests both
reference memory (the place where the rewards can be
found) and working memory (the ability to temporary
store and manage information, such as which buckets
were already visited during the trial) [81]. Reference
memory and working memory seem to be two uncor-
related systems, and particularly working memory is
linked to general intelligence in humans [82]. While a
honey bee can solve computational problems that include
rule learning, non-elemental learning, delayed matching-
to-sample tasks, categorization and numerical processing
of numbers up to and including four, she is limited in the
type of cognitive performance tasks that can be used
compared to the pig reviewed by [83]. Thus, the pig can
be used as a model for a more in-detail testing of the link
between different aspects of memory and ‘intelligence’,
stress resilience and ageing-related parameters. Besides
learning tasks there are a range of neurobiological, stress-
physiological, metabolic and molecular tools available that
are highly relevant for this research. These tools include
in vivo PET-scans [84], non-invasive measurement of sal-
ivary stress hormones such as cortisol [85], measuring en-
ergy expenditure using indirect calorimetry in metabolic
chambers [71] and measuring biomarkers of ageing such
as oxidative stress and telomere length [86,87], which are
complimentary to the tools available in less complex
systems such as the honey bee. Finally, it is also possible
to control the environment in which the pig develops.
This can be done already before birth, by various behav-
ioural, dietary and reproductive interventions for example
[88-90], as well as after birth. This control of the environ-
ment allows for studying the effects of environmental
factors. For example, increased interactions with the
mother early in life (‘education’) resulted in a better ability
to cope with the stress associated with early weaning in
pigs in commercial husbandry, as well as in the ability to
cope with the switch from a high-quality environment to a
low-quality environment [91].
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Environmental factors may affect stress resilience
and cognitive performance, but whether interventions
targeting these environmental factors will also affect
longevity is unknown. An interesting model approach is
the use of environmental enrichment. Enriching the envi-
ronment by increasing space allowance, allowing for more
interactions with conspecifics or by providing enrichment
materials has profound effects on brain development,
brain ageing, cognitive performance and stress resilience
[92-95]. In the pig, environmental enrichment early in life
may reduce differences in behavioural flexibility and cog-
nitive performance between animals with different levels
of stress resilience, as seen in Figure 4C. Environmental
enrichment can be used as a model in pigs to investigate
links between cognitive performance, stress resilience and
health/longevity: do interventions that improve of one of
these factors also improve the other factors? If this is the
case, then one can ask the question how flexible the links
between the different factors are later in life, and whether
enrichment as a model intervention later in life can negate
the built-up allostatic load and the increased risk for
allostatic overload and dysregulations that can negatively
affect longevity. Understanding whether the different traits
of systems integrity are sensitive for interventions early
and later in life will be the first step in exploring options
for interventions that target human health and lifespan.

Human beings: evidence for the importance of stress
resilience in cognitive performance and longevity
So is there any evidence that stress resilience and the abil-
ity to cope with stress are implicated in the relationship
between intelligence and longevity in humans? Coping
style in the pig is a way of describing animal personality,
and is, like personality measures in other non-human
species, measured on one axis: the behavioural response
to a stressor. Human personality, on the other hand is typ-
ically a construct of multiple axes. Famous examples
include the Big Five, Myers-Briggs indicators and type A
or B personality [96-98]. When translating findings in ani-
mal research to humans it may be important to look
specifically at the behaviours measured when determining
animal personality and specific elements of the human
personality constructs. We speculate that some specific
elements of human personality that may be important in
the context of stress resilience and systems integrity are
hostility (type A personality), optimism, neuroticism (Big
Five, also measured as impatience and time-urgency in
Type A personality), openness (Big Five) and conscien-
tiousness (Big Five).
Although personality is not directly linked to measures

of IQ, there are indications that personality affects
performance in cognitive testing in humans. Anxiety
(measured in neuroticism) is an obvious candidate in the
context of systems integrity. Indeed, increased levels of
anxiety (and stress) tend to shift attention away from the
cognitive task and towards threat-related stimuli [99],
thereby reducing performance. Impulsivity and the lack
of behavioural inhibition (implicated in hostility) can also
interfere with performance in cognitive tasks, depending
on the nature of the task [100]. Conscientiousness and
openness are implicated in variation in cognitive perform-
ance as well, though the results are ambiguous and may
depend on the type of measurement or test [101-103].
There are, furthermore, indications that stress resilience

and personality characteristics are connected to longevity.
In general, psychological stress and metabolic stress are
implicated in increased cellular stress, reduced telomerase
activity and telomere shortening [104]. Psychological
stress can reduce immune function, thus increasing
susceptibility for disease [105]. It may thus pay off to be
less sensitive to stress, or to avoid stressful situations.
Some specific personality characteristics may affect the
sensitivity to stress and longevity. Hostility is positively
correlated to artery blockage [106], which in turn can
reduce longevity. Optimism is related to reduced longev-
ity [107], particularly early in life. A study in Tokyo
centenarians showed that type B personality was more
prevalent in centenarians than in 60-year-olds [108]. A
Japanese cohort study found positive relationships be-
tween conscientiousness, extravertedness, openness and
longevity [109]. These traits were found to be dominant
in the Tokyo centenarians as well [110]. In addition,
Georgia centenarians also showed low levels of neuroti-
cism [111]. Of course, part of the above mentioned
findings can be caused by differences in health behaviours,
particularly those related to conscientiousness, but it
would be worth revisiting these findings in the context of
systems integrity.

Conclusion
The concept of systems integrity and the potential role
of stress resilience in determining both cognitive per-
formance and longevity need to be explored further. A
recent paper [112] describes the prerequisites for
supporting evidence for system integrity. The first is that
there is a plausible marker trait for the latent trait of
systems integrity. We propose stress resilience as such a
trait. Second, the trait should be correlated with health
or longevity traits. This seems to be the case in the
honey bee, and there is epidemiological evidence for the
same phenomenon from humans, but a more experi-
mental approach should be designed to test the hypoth-
esis. Third, the different traits (such as intelligence and
stress coping) should be correlated, preferably early in
life. We showed some evidence for this association from
human studies, and an experimental approach in pigs
that also looks at the flexibility of the system. Testing
this in the bee is a logical next step. Finally, there should
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be covariance between the different traits in the effect
on health and longevity. Such information is missing for
stress resilience, but can be tested with help of the two
model animals proposed in this paper.
The honey bee and the pig each provide experimental

advantages that are different and complimentary. The
bee is a short-generation animal in which ageing can be
reversed, which makes it an ideal subject for longevity
studies in the context of systems integrity. Although the
pig lives much longer than a bee, it is also phylogenetic-
ally and physiologically closer to humans, and provides
an interesting model for further exploration of stress
physiology, cognition and longevity and of the effects of
interventions early and later in life. As the person’s aver-
age life has become more stressful in the past 30 years
[113], and the number of elderly people increases, the
question of how to get old successfully is one of interest
to everyone.

Competing interests
The authors declare that they have no competing interests.

Authors’ contribution
MO participated in the design and carrying out of the place response test
and drafted the manuscript. GVA participated in the design and carrying out
of the bee learning and survival tests and helped to draft the manuscript. All
authors read and approved the final manuscript.

Acknowledgements
This research was supported by the Research Council of Norway (project
180504) to GVA, and the Norwegian University of Life Sciences to MO. We
thank Liesbeth Bolhuis, Elske de Haas and Cindy Hoeks (Wageningen
University, the Netherlands) for the place response test data (NWO-STW
project 07722). We also thank two anonymous reviewers, Ian Deary, Bjørg
Egelandsdal, Daniel Münch and Liesbeth Bolhuis for their useful comments
on the manuscript.

Author details
1Department of Chemistry, Biotechnology and Food Science, Norwegian
University of Life Sciences, PO Box 5003, Aas N-1432, Norway. 2School of Life
Sciences, Arizona State University, PO Box 874501, Tempe, AZ 85287, USA.

Received: 9 August 2012 Accepted: 9 October 2012
Published: 7 January 2013

References
1. Barford A, Dorling D: The shape of the global causes of death. Int J Health

Geogr 2007, 6:48.
2. Flesner MK: Care of the elderly as a global nursing issue. Nurs Adm Q

2004, 28:67–72.
3. Deary I: Why do intelligent people live longer? Nature 2008, 456:175–176.
4. Jokela M, Elovainio M, Singh-Manoux A, Kivimaki M: IQ, socioeconomic

status, and early death: The US National Longitudinal Survey of Youth.
Psychosom Med 2009, 71:322–328.

5. Guerra RO, Alvarado BE, Zunzunegui MV: Life course, gender and ethnic
inequalities in functional disability in urban elderly populations. Aging
Clin Exp Res 2008, 20:53–61.

6. Whalley LJ, Deary IJ: Longitudinal cohort study of childhood IQ and
survival up to age 76. BMJ 2001, 322:e819.

7. Phillips AC, Carroll D, Thomas GN, Gale CR, Deary I, Batty GD: The influence
of multiple indices of socioeconomic disadvantage across the adult life
course on the metabolic syndrome: the Vietnam Experience Study.
Metabolism 2010, 59:1164–1171.

8. Rostad B, Schei B, Nilsen TI: Social inequalities in mortality in older
women cannot be explained by biological and health behavioural
factors - results from a Norwegian health survey (the HUNT Study).
Scand J Public Health 2009, 37:401–408.

9. Hart CL, Taylor MD, Smith GD, Whalley LJ, Starr JM, Hole DJ, Deary IJ:
Childhood IQ, social class, deprivation, and their relationships with
mortality and morbidity risk in later life: prospective observational study
linking the Scottish Mental Survey 1932 and the Midspan studies.
Psychosom Med 2003, 65:877–883.

10. Hagger-Johnson G, Mottus R, Craig LC, Starr JM, Deary IJ: Pathways from
childhood intelligence and socio-economic status to late-life
cardiovascular disease risk. Health Psychol 2012, 31:403–412.

11. Kuh D, Richards M, Hardy R, Butterworth S, Wadsworth ME: Childhood
cognitive ability and deaths up until middle age: a post-war birth cohort
study. Int J Epidemiol 2004, 33:408–413.

12. Martin LT, Kubzansky LD: Childhood cognitive performance and risk of
mortality: a prospective cohort study of gifted individuals. Am J Epidemiol
2005, 162:887–890.

13. Batty GD, Mortensen EL, Nybo Andersen AM, Osler M: Childhood intelligence in
relation to adult coronary heart disease and stroke risk: evidence from a
Danish birth cohort study. Paediatr Perinat Epidemiol 2005, 19:452–459.

14. Osler M, Andersen AM, Due P, Lund R, Damsgaard MT, Holstein BE:
Socioeconomic position in early life, birth weight, childhood cognitive
function, and adult mortality. A longitudinal study of Danish men born
in 1953. J Epidemiol Community Health 2003, 57:681–686.

15. Luciano M, Gow AJ, Harris SE, Hayward C, Allerhand M, Starr JM, Deary IJ:
Cognitive ability at age 11 and 70 years, information processing speed,
and APOE variation: the Lothian Birth Cohort 1936 study. Psychol Aging
2009, 24:129–138.

16. Batty GD, Wennerstad KM, Smith GD, Gunnell D, Deary IJ, Tynelius P,
Rasmussen F: IQ in early adulthood and mortality by middle age: cohort
study of 1 million Swedish men. Epidemiology 2009, 20:100–109.

17. Batty GD, Deary IJ, Macintyre S: Childhood IQ in relation to risk factors for
premature mortality in middle-aged persons: the Aberdeen Children of
the 1950s study. J Epidemiol Community Health 2007, 61:241–247.

18. Kanazawa S: IQ and the health of states. Biodemography Soc Biol 2008,
54:200–213.

19. Steinhauser M, Maier M, Hubner R: Cognitive control under stress: how
stress affects strategies of task-set reconfiguration. Psychol Sci 2007,
18:540–545.

20. Hall PA, Dubin JA, Crossley M, Holmqvist ME, D'Arcy C: Does executive
function explain the IQ-mortality association? Evidence from the
Canadian study on health and aging. Psychosom Med 2009, 71:196–204.

21. Whitley E, Gale CR, Deary IJ, Kivimaki M, Singh-Manoux A, Batty GD:
Influence of maternal and paternal IQ on offspring health and health
behaviours: Evidence for some trans-generational associations using the
1958 British birth cohort study. Eur Psychiatry 2012, in press.

22. Deary IJ, Johnson W, Starr JM: Are processing speed tasks biomarkers of
cognitive aging? Psychol Aging 2010, 25:219–228.

23. Gale CR, Deary IJ, Fowkes FG, Batty GD: Intelligence in early adulthood
and subclinical atherosclerosis in middle-aged men: the Vietnam
Experience Study. J Epidemiol Community Health 2012, 66:e13.

24. Slotkin TA, Cousins MM, Tate CA, Seidler FJ: Serotonergic cell signaling in
an animal model of aging and depression: olfactory bulbectomy elicits
different adaptations in brain regions of young adult vs aging rats.
Neuropsychopharmacology 2005, 30:52–57.

25. Lopez LM, Harris SE, Luciano M, Liewald D, Davies G, Gow AJ, Tenesa A,
Payton A, Ke X, Whalley LJ, Fox H, Haggerty P, Ollier W, Pickles A, Porteous
DJ, Horan MA, Pendleton N, Starr JM, Deary IJ: Evolutionary conserved
longevity genes and human cognitive abilities in elderly cohorts.
Eur J Hum Genet 2012, 20:341–347.

26. Münch D, Amdam GV: The curious case of aging plasticity in honey bees.
FEBS Lett 2010, 584:2496–2503.

27. Weinstock GM, Robinson GE, Gibbs RA, Weinstock GM, Robinson GE, Worley
KC, Evans JD, Maleszka R, Robertson HM, Weaver DB, Beye M, Bork P, Elsik
CG, Evans JD, Hartfelder K, Hunt GJ, Robertson HM, Robinson GE, Maleszka
R, Weinstock GM, Worley KC, Zdobnov EM, Hartfelder K, Amdam GV, Bitondi
MM, Collins AM, Cristino AS, Evans JD, Lattorff MG, Lobo CH: Insights into
social insects from the genome of the honeybee Apis mellifera.
Nature 2006, 443:931–949.

28. Amdam GV, Simões ZLP, Guidugli KR, Norberg K, Omholt SW: Disruption of
vitellogenin gene function in adult honeybees by intra-abdominal
injection of double-stranded RNA. BMC Biotechnol 2003, 3:1–8.



Oostindjer and Amdam Longevity & Healthspan 2013, 2:2 Page 9 of 10
http://www.longevityandhealthspan.com/content/2/1/2
29. Patel A, Fondrk MK, Kaftanoglu O, Emore C, Hunt G, Amdam GV: The
making of a queen: TOR pathway governs diphenic caste development.
PLoS One 2007, 6:e509.

30. Bitterman ME, Menzel R, Fietz A, Schäfer S: Classical conditioning of
proboscis extension in honeybees (Apis mellifera). J Comp Physiol 1983,
97:107–119.

31. Amdam GV, Fennern E, Baker N, Rascon B: Honeybee associative learning
performance and metabolic stress resilience are positively associated.
PLoS One 2010, 5:e9740.

32. Bitterman ME: The comparative analysis of learning. Science 1975,
188:699–709.

33. Winston ML: The biology of the honey bee. Cambridge MA: Harvard
University Press; 1987:296–302.

34. Baker N, Wolschin F, Amdam GV: Age-related learning deficits can be
reversible in honeybees Apis mellifera. Exp Gerontol 2012, 47:764–772.

35. Wolschin F, Munch D, Amdam GV: Structural and proteomic analyses
reveal regional brain differences during honeybee aging. (Translated
from English). J Exp Biol 2009, 212:4027–4032. in English.

36. Behrends A, Scheiner R, Baker N, Amdam GV: Cognitive aging is linked to
social role in honey bees (Apis mellifera). Exp Gerontol 2007, 42:1146–1153.

37. Scheiner R, Amdam GV: Impaired tactile learning is related to social role
in honeybees. J Exp Biol 2009, 212:994–1002.

38. Seeley TD: Adaptive significance of the age polyethism schedule in
honeybee colonies. Behav Ecol Sociobiol 1982, 11:287–293.

39. Amdam GV: Social context, stress, and plasticity of aging. Aging Cell 2011,
10:18–27.

40. Robinson GE, Page RE, Strambi C, Strambi A: Colony integration in honey
bees: mechanisms of behavioral reversion. Ethology 1992, 90:336–348.

41. Pankiw T, Page RE: Effect of pheromones, hormones, and handling on
sucrose response thresholds of honey bees (Apis mellifera L.). J Comp
Physiol A 2003, 189:675–684.

42. Maleszka J, Barron AB, Helliwell PG, Maleszka R: Effect of age, behaviour
and social environment on honey bee brain plasticity. J Comp Physiol A
Neuroethol Sens Neural Behav Physiol 2009, 195:733–740.

43. Huang Z-Y, Robinson GE: Honeybee colony integration: Worker-worker
interactions mediate hormonally regulated plasticity in division of labor.
Proc Natl Acad Sci USA 1992, 89:11726–11729.

44. Chen YL, Hung YS, Yang EC: Biogenic amine levels change in the brains
of stressed honeybees. Arch Insect Biochem Physiol 2008, 68:241–250.

45. Sapolsky RM, Romero LM, Munck AU: How do glucocorticoids influence
stress responses? Integrating permissive, suppressive, stimulatory, and
preparative actions. Endocr Rev 2000, 21:55–89.

46. Juster R-P, McEwen BS, Lupien SJ: Allostatic load biomarkers of chronic
stress and impact on health and cognition. Neurosci Biobehav R 2010,
35:2–16.

47. Ku HH, Brunk UT, Sohal RS: Relationship between mitochondrial
superoxide and hydrogen peroxide production and longevity of
mammalian species. Free Radical Bio Med 1993, 15:621–627.

48. Lucia T Jr, Dial GD, Marsh WE: Lifetime reproductive performance in
female pigs having distinct reasons for removal. Livest Prod Sci 2000,
63:213–222.

49. Hughes GC, Post MJ, Simons M, Annex BH: Translational physiology: porcine
models of human coronary artery disease: implications for preclinical trials of
therapeutic angiogenesis. J Appl Physiol 2003, 94:1689–1701.

50. Kirk AD: Crossing the bridge: large animal models in translational
transplantation research. Immunol Rev 2003, 196:176–196.

51. Clouard C, Meunier-Salaün M, Val-Laillet D: Food preferences and
aversions in human health and nutrition: how can pigs help the
biomedical research? Animal 2011, 1:1–19.

52. Larsen MO, Rolin B: Use of the Gottingen minipig as a model of diabetes,
with special focus on type 1 diabetes research. ILAR J 2004, 45:303–313.

53. Lind NM, Arnfred SM, Hemmingsen RP, Hansen AK, Jensen KH: The use of
pigs in neuroscience: modeling brain disorders. Neurosci Biobehav R 2007,
31:728–751.

54. Barnett J, Cronin G, Winfield C, Dewar A: The welfare of adult pigs: the
effects of five housing treatments on behaviour, plasma corticosteroids
and injuries. Appl Anim Behav Sci 1984, 12:209–232.

55. Barnett J, Hemsworth P, Winfield C, Fahy V: The effects of pregnancy and
parity number on behavioural and physiological responses related to
the welfare status of individual and group-housed pigs. Appl Anim Behav
Sci 1987, 17:229–243.
56. Appleby M, Lawrence A: Food restriction as a cause of stereotypic
behaviour in tethered gilts. Anim Prod 1987, 45:103–110.

57. Rushen JP: Stereotypies, aggression and the feeding schedules of
tethered sows. Appl Anim Behav Sci 1985, 14:137–147.

58. Schouten W, Wiegant V: Individual responses to acute and chronic stress
in pigs. Acta Physiol Scand Suppl 1997, 640:88–91.

59. Loijens LWS, Schouten WGP, Wiepkema PR, Wiegant VM: Brain opioid
receptor density relates to stereotypies in chronically stressed pigs.
Stress 1999, 3:17–26.

60. Jensen P, Rushen J, Forkman B: Behavioural strategies or just individual
variation in behaviour? - A lack of evidence for active and passive
piglets. Appl Anim Behav Sci 1995, 43:135–139.

61. Janczak AM, Pedersen LJ, Bakken M: Aggression, fearfulness and coping
styles in female pigs. Appl Anim Behav Sci 2003, 81:13–28.

62. Sih A, Bell A, Johnson JC: Behavioral syndromes: an ecological and
evolutionary overview. Trends Ecol Evol 2004, 19:372–378.

63. Hessing MJC, et al: Individual behavioural characteristics in pigs.
Appl Anim Behav Sci 1993, 37:285–295.

64. Bolhuis JE, Schouten WGP, Schrama JW, Wiegant VM: Behavioural development
of pigs with different coping characteristics in barren and substrate-enriched
housing conditions. Appl Anim Behav Sci 2005, 93:213–228.

65. Melotti L, Oostindjer M, Bolhuis JE, Held S, Mendl M: Coping personality
type and environmental enrichment affect aggression at weaning in
pigs. Appl Anim Behav Sci 2011, 133:144–153.

66. Bolhuis JE, Parmentier HK, Schouten WGP, Schrama JW, Wiegant VM: Effects
of housing and individual coping characteristics on immune responses
of pigs. Physiol Behav 2003, 79:289–296.

67. Geverink N, Schouten W, Gort G, Wiegant VM: Individual differences in
behavioral and physiological responses to restraint stress in pigs.
Physiol Behav 2002, 77:451–457.

68. Geverink NA, Schouten WGP, Gort G, Wiegant VM: Individual differences in
behaviour, physiology and pathology in breeding gilts housed in groups
or stalls. Appl Anim Behav Sci 2003, 81:29–41.

69. Van Erp-van der Kooij E, Kuijpers A, Schrama J, Ekkel E, Tielen M: Individual
behavioural characteristics in pigs and their impact on production.
Appl Anim Behav Sci 2000, 66:171–185.

70. Ruis MAW, te Brake JHA, Engel B, Buist WG, Blokhuis HJ, Koolhaas JM:
Adaptation to social isolation: acute and long-term stress responses of
growing gilts with different coping characteristics. Physiol Behav 2001,
73:541–551.

71. Geverink N, Heetkamp M, Schouten W, Wiegant V, Schrama J: Backtest type
and housing condition of pigs influence energy metabolism. J Anim Sci
2004, 82:1227–1233.

72. Shors TJ: Acute stress rapidly and persistently enhances memory
formation in the male rat. Neurobiol Learn Mem 2001, 75:10–29.

73. Touyarot K, Venero C, Sandi C: Spatial learning impairment induced by chronic
stress is related to individual differences in novelty reactivity: search for
neurobiological correlates. Psychoneuroendocrino 2004, 29:290–305.

74. Lind NM, Moustgaard A: Response to novelty correlates with learning rate
in a Go/No-go task in Gottingen minipigs. Neural Plast 2005, 12:341–345.

75. Bolhuis JE, Schouten WGP, Leeuw JA, Schrama JW, Wiegant VM: Individual
coping characteristics, rearing conditions and behavioural flexibility in
pigs. Behav Brain Res 2004, 152:351–360.

76. Coppens CM, de Boer SF, Koolhaas JM: Coping styles and behavioural
flexibility: towards underlying mechanisms. Philos T R Soc B 2010,
365:4021–4028.

77. Boksem MAS, Tops M, Wester AE, Meijman TF, Lorist MM: Error-related ERP
components and individual differences in punishment and reward
sensitivity. Brain Res 2006, 1101:92–101.

78. Gieling E, Nordquist R, van der Staay F: Assessing learning and memory in
pigs. Anim Cogn 2011, 14:151–173.

79. Siegford JM, Rucker G, Zanella AJ: Effects of pre-weaning exposure to a
maze on stress responses in pigs at weaning and on subsequent
performance in spatial and fear-related tests. Appl Anim Behav Sci 2008,
110:189–202.

80. Arts JWM, van der Staay FJ, Ekkel ED: Working and reference memory of
pigs in the spatial holeboard discrimination task. Behav Brain Res 2009,
205:303–306.

81. van der Staay FJ, van Nies J, Raaijmakers W: The effects of aging in rats on
working and reference memory performance in a spatial holeboard
discrimination task. Behav Neural Biol 1990, 53:356–370.



Oostindjer and Amdam Longevity & Healthspan 2013, 2:2 Page 10 of 10
http://www.longevityandhealthspan.com/content/2/1/2
82. Colom R, Abad FJ, Quiroga MÁ, Shih PC, Flores-Mendoza C: Working
memory and intelligence are highly related constructs, but why?
Intelligence 2008, 36:584–606.

83. Amdam GV: Social modulation of aging - mechanisms, ecology,
evolution. Annu Rev Entomol, . in press.

84. Clouard C, Jouhanneau M, Meunier-Salaün MC, Malbert CH, Val-Laillet D:
Exposures to conditioned flavours with different hedonic values induce
contrasted behavioural and brain responses in pigs. PLoS One 2012,
7:e37968.

85. Oostindjer M, Bolhuis JE, Simon K, van den Brand H, Kemp B: Perinatal
flavour learning and adaptation to being weaned: all the pig needs is
smell. PLoS One 2011, 6:e25318.

86. Rush JWE, Turk JR, Laughlin MH: Exercise training regulates SOD-1 and
oxidative stress in porcine aortic endothelium. Am J Physiol - Heart C
2003, 284:H1378–H1387.

87. Fradiani PA, Ascenzioni F, Lavitrano M, Donini P: Telomeres and
telomerase activity in pig tissues. Biochimie 2004, 86:7–12.

88. Oostindjer M, Bolhuis JE, van den Brand H, Kemp B: Prenatal flavor
exposure affects flavor recognition and stress-related behavior of piglets.
Chem Sens 2009, 34:775–787.

89. Athorn RZ, Stott P, Bouwman EG, Ashman R, O’Leary S, Nottle M, Langendijk
P: Direct ovarian–uterine transfer of progesterone increases embryo
survival in gilts. Reprod Fert Develop 2011, 23:921–928.

90. Sandercock DA, Gibson IF, Rutherford KM, Donald RD, Lawrence AB, Brash
HM, Scott EM, Nolan AM: The impact of prenatal stress on basal
nociception and evoked responses to tail-docking and inflammatory
challenge in juvenile pigs. Physiol Behav 2011, 104:728–737.

91. Oostindjer M, van den Brand H, Kemp B, Bolhuis JE: Effects of
environmental enrichment and loose housing of lactating sows on
piglet behaviour before and after weaning. Appl Anim Behav Sci 2011,
134:31–41.

92. Kempermann G, Gast D, Gage FH: Neuroplasticity in old age: sustained
fivefold induction of hippocampal neurogenesis by long-term
environmental enrichment. Ann Neurol 2002, 52:135–143.

93. Mora F, Segovia G, Del Arco A: Aging, plasticity and environmental
enrichment: structural changes and neurotransmitter dynamics in
several areas of the brain. Brain Res Rev 2007, 55:78–88.

94. Jankowsky JL, Melnikova T, Fadale DJ, Xu GM, Slunt HH, Gonzales V, Younkin
LH, Younkin SG, Borchelt DR, Savonenko AV: Environmental enrichment
mitigates cognitive deficits in a mouse model of Alzheimer's disease.
J Neurosci 2005, 25:5217–5224.

95. Moncek F, Duncko R, Johansson B, Jezova D: Effect of environmental
enrichment on stress related systems in rats. J Neuroendocrinol 2004,
16:423–431.

96. Myers IB: McCaulley MH, Most R: Manual: a guide to the development and use
of the Myers-Briggs Type Indicator. Palo Alto, CA: Consulting Psychologists
Press; 1985.

97. Costa PT Jr, McCrae RR: Personality disorders and the five-factor model of
personality. J Pers Disord 1990, 4:362–371.

98. Jenkins CD, Rosenman RH, Friedman M: Development of an objective
psychological test for the determination of the coronary-prone behavior
pattern in employed men. J Chron Dis 1967, 20:371–379.

99. Eysenck MW, Derakshan N, Santos R, Calvo MG: Anxiety and cognitive
performance: attentional control theory. Emotion 2007, 7:336–353.

100. Revelle W: Personality and motivation: sources of inefficiency in
cognitive performance. J Res Pers 1987, 21:436–452.

101. Furnham A, Chamorro-Premuzic T, McDougall F: Personality, cognitive
ability, and beliefs about intelligence as predictors of academic
performance. Learn Individ Differ 2002, 14:47–64.

102. Lepine JA, Colquitt JA, Erez A: Adaptability to changing task contexts:
effects of general cognitive ability, conscientiousness, and openness to
experience. Pers Psychol 2000, 53:563–593.

103. O’Connor MC, Paunonen SV: Big Five personality predictors of post-
secondary academic performance. Pers Indiv Differ 2007, 43:971–990.

104. Epel ES: Psychological and metabolic stress: a recipe for accelerated
cellular aging. Hormones (Athens) 2009, 8:7–22.

105. Segerstrom SC, Miller GE: Psychological stress and the human immune
system: a meta-analytic study of 30 years of inquiry. Psychol Bull 2004,
130:601–630.

106. Suinn RM: The terrible twos - anger and anxiety: hazardous to your
health. Am Psychol 2001, 56:27–36.
107. Friedman HS, Tucker JS, Tomlinson-Keasy C, Schwartz JE, Wingard DL, Criqui
MH: Does childhood personality predict longevity? J Pers Soc Psychol
1993, 65:176–185.

108. Shimonaka Y, Nakazato K, Homma A: Personality, longevity, and successful
aging among Tokyo metropolitan centenarians. Int J Aging Hum Dev
1996, 42:173–187.

109. Iwasa H, Masui Y, Gondo Y, Inagaki H, Kawaai C, Suzuki T: Personality and
all-cause mortality among older adults dwelling in a Japanese
community: a five-year population-based prospective cohort study.
Am J Geriat Psychiat 2008, 16:399–405.

110. Masui Y, Gondo Y, Inagaki H, Hirose N: Do personality characteristics
predict longevity? Findings from the Tokyo Centenarian Study. Age 2006,
28:353–361.

111. Martin P, da Rosa G, Siegler I, Davey A, MacDonald M, Poon LW: Personality
and longevity: findings from the Georgia Centenarian Study. Age 2006,
28:343–352.

112. Deary IJ: Looking for 'systems integrity' in cognitive epidemiology.
Gerontology, . in press.

113. Cohen S, Janicki-Deverts D: Who's stressed? Distributions of psychological
stress in the United States in probability samples from 1983, 2006, and
2009. J Appl Soc Psychol 2012, 42:1320–1334.

doi:10.1186/2046-2395-2-2
Cite this article as: Oostindjer and Amdam: Systems integrity in health
and aging - an animal model approach. Longevity & Healthspan 2013 2:2.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Review
	The honey bee: a model for systems integrity?
	Stress resilience as a proxy for systems integrity?
	The pig: an unusual, but potentially useful model for systems integrity
	The pig toolbox: from testing cognitive performance to interventions
	Human beings: evidence for the importance of stress resilience in cognitive performance and longevity

	Conclusion
	Competing interests
	Authors’ contribution
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


