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a b s t r a c t
The study of immunity has become an important area of investigation for researchers in a wide range of
areas outside the traditional discipline of immunology. For the last several decades, psychoneuroimmunology (PNI) has strived to identify key interactions among the nervous, endocrine and immune systems
and behavior. More recently, the ﬁeld of ecological immunology (ecoimmunology) has been established
within the perspectives of ecology and evolutionary biology, sharing with PNI an appreciation of the environmental inﬂuences on immune function. The primary goal of ecoimmunology is to understand immune
function within a broadly integrative, organismal context, typically from an ultimate, evolutionary
perspective. To accomplish this ecoimmunology, like PNI, has become a broadly integrative ﬁeld of investigation, combining diverse approaches from evolution and ecology to endocrinology and neurobiology.
The disciplines of PNI and ecoimmunology, with their unique yet complementary perspectives and methodologies, have much to offer one another. Researchers in both ﬁelds, however, remain largely unaware
of each other’s ﬁndings despite attempts at integration. The goal of this review is to share with psychoneuroimmunologists and other mechanistically-oriented researchers some of the core concepts and
principles, as well as relevant recent ﬁndings, within ecoimmunology with the hope that this information
will prove relevant to their own research programs. More broadly, our goal is to attempt to integrate both
the proximate and ultimate perspectives offered by PNI and ecoimmunology respectively into a common
theoretical framework for understanding neuro-endocrine–immune interactions and behavior in a larger
ecological, evolutionary context.
Ó 2014 Elsevier Inc. All rights reserved.

1. What is ecoimmunology?
Immunology is clearly not just for immunologists anymore. The
immune system, once studied almost exclusively by ‘‘cardcarrying’’ immunologists, has become an important area of investigation for a considerably larger sphere of scientists, among them
animal physiologists, ecologists, and behavioral neuroscientists.
These researchers now employ a wealth of knowledge about the
immune system as a means for appreciating how environmental
factors drive changes in disease susceptibility, as well as understanding the neural and neuroendocrine mechanisms that mediate
these changes. As readers of this journal are well aware, seminal
studies in the 1980s demonstrating the conditioning of immune
responses, as well as the identiﬁcation of key interactions among
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psychological processes and the nervous, endocrine and immune
systems, gave birth to the ﬁeld of psychoneuroimmunology (PNI)
(Ader, 1981). More recently, a similar appreciation of the environmental inﬂuences (both biotic and abiotic) on immune system
function has occurred within the ﬁelds of ecology and evolutionary
biology, leading to the development of the ﬁeld of ecological
immunology (ecoimmunology) (Demas and Nelson, 2012; Folstad
and Karter, 1992; Sheldon and Verhulst, 1996). As with PNI, the
goal of ecoimmunology is to understand immune function within
a broadly integrative, organismal context, albeit from a more ultimate, evolutionary perspective. Much of ecoimmunology focuses
on interactions and trade-offs between immunity and other lifehistory traits, both within and across individuals, populations,
and species. Thus, a major goal of the ﬁeld is to understand the
extrinsic and intrinsic factors leading to changes in immune system function and how these changes contribute to disease susceptibility across a wide range of animal species (often, but not
exclusively, non-model systems). To accomplish this, ecoimmunology, like its older sibling PNI, has become a broadly integrative
ﬁeld of investigation, combining diverse approaches from evolu-
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tion, ecology and life history theory on the one hand, to endocrinology, neuroscience, molecular biology and behavior on the other.
Despite these two important ﬁelds of investigation, the majority
of research within each is still predominantly focused on only a
single level of analysis; whereas ecoimmunology traditionally
focuses on ultimate questions (e.g., evolution and ecology of parasites and their effects on life histories), PNI more often emphasizes
proximate questions (e.g., neural and endocrine factors that regulate stress, learning, immunity and disease). While there has been
some degree of overlap, as well as attempts at continuing synthesis, in recent years (e.g., ‘‘Psychoneuroimmunology meets Integrative Biology’’ symposium at the 2009 meeting of the Society for
Integrative and Comparative Biology), we have yet to bridge the
gap. In truth, many ecoimmunologists and psychoneuroimmunologists still remain all too ignorant of each other’s unique research
perspectives. Ecological and evolutionary forces, however, clearly
drive the evolution, development, and production of immune
responses, and in turn, physiological mechanisms serve as the critical mediators of these responses. We cannot afford to ignore
either aspect when attempting to develop a synthetic approach
to the study of environmental inﬂuences on immune function
and disease. Thus, while the evolutionary biologist Theodore Dobzhansky was most certainly correct when he stated that ‘‘nothing
makes sense except in the light of evolution’’ (Dobzhansky,
1973), an equally strong case can be made that ‘‘nothing makes
sense in biology without an understanding of the underlying
mechanisms’’ as well (Demas et al., 2012). Quite simply, the time
is ripe for us to bridge the gap between psychoneuroimmunology
and ecoimmunology.
The overarching goal of this minireview is to share with psychoneuroimmunologists, as well as other, more mechanisticallyoriented researchers, recent ﬁndings and concepts within the
discipline of ecoimmunology that they may ﬁnd interesting, and
perhaps even relevant, to their own research programs. More
broadly, our goal is to attempt to integrate both the proximate
and ultimate perspectives into a common theoretical framework.
We do not pretend, however, to be able to accomplish this in a single review; continued progress towards a uniﬁed framework is
surely needed to guide future research endeavors towards a more
integrative, synthetic approach to the study of ‘‘Evo-Eco-PsychoNeuro-Immunology.’’

2. Why should psychoneuroimmunologists care about
ecoimmunology?
In general, ecologists are quite fond of exploring life-history
trade-offs; not surprisingly then, ecoimmunologists like exploring
how life-history traits (e.g., reproduction, growth, thermoregulation) speciﬁcally trade off with immunity. In fact, one of the main
targets for research in ecoimmunology has been to understand the
costs of immunity. ‘‘Costs’’, of course, can mean different things to
different people and unfortunately ecoimmunologists are not
always in agreement on what constitutes a cost of immunity.
One simple yet elegant categorization divides costs into ‘‘evolutionary costs’’, variation in the expression of a component of the
immune system that may simultaneously affect another ﬁtnessrelated trait (e.g. growth, reproduction), and ‘‘use costs’’, the costs
of maintenance and deployment of immune defenses, including
energetic costs (Schmid-Hempel, 2003). These latter costs may
contribute to energetic allocations (or re-allocations) to potentially
competing life history traits (Demas et al., 2012).
In this line of research, ecoimmunologists have learned that
analyzing data with respect to environmental context is critical for
interpreting the results of speciﬁc manipulations or treatments
on immune function. Below we highlight some of these critical

themes and ﬁndings within the ﬁeld of ecoimmunology that have
shaped experimental approaches, interpretation of results, and
appreciation of environmental context within the ﬁeld and will
hopefully transform our understanding of the immune system
across ﬁelds.
2.1. Studying animals under natural ﬁeld conditions
Ecoimmunologists generally study immunity within both laboratory and ﬁeld settings; however, it is the comparisons across
those environments that have highlighted the importance of taking
environmental context under consideration when interpreting
results, as the same experimental protocol can lead to different
conclusions in controlled versus natural environments (French
and Moore, 2008; French et al., 2009). For example, when healing
rates of experimentally-induced wounds are examined in reproductive and non-reproductive ornate tree lizards (Urosaurus ornatus) under both ﬁeld and laboratory conditions, paradoxical
ﬁndings are the result. In the ﬁeld, wound healing responses are
suppressed during vitellogenesis, an energetically costly reproductive stage in female lizards during which vitellogenin is produced
and deposited in follicles, supporting the idea of a trade-off
between reproduction and immune function (French and Moore,
2008). When this same relationship is explored in the laboratory,
however, no such difference is detectable. To test the idea that
resource availability serves as a key mediator between these
potential trade-offs, controlled laboratory experiments were conducted in which food resources were manipulated. The results
demonstrate that restricting resources in vitellogenic females suppresses wound healing, mimicking what was previously observed
under natural ﬁeld conditions (French et al., 2007). No such
suppression, however, is present in either ad lib-fed vitellogenic
animals or food-restricted non-reproductive females (French
et al., 2007). Therefore, the suppression is only detectable during
energetically costly reproductive stages, when resources are limiting, as is often the case within an organism’s natural environment.
In short, the trade-off is context-dependent. Similar ﬁndings can be
found in invertebrates as well (e.g., Moret and Schmid-Hempel,
2000) suggesting context-depend trade-offs exist throughout the
animal kingdom.
Furthermore, there is evidence from ecoimmunological studies
that immunity and the magnitude and type of trade-offs with
immunity can differ with season (Buehler et al., 2008; Nelson,
2004), life stage (Palacios et al., 2011), diet quality and availability
(Bourgeon et al., 2010; Lochmiller and Deerenberg, 2000; Ruiz
et al., 2010), social environment (Archie et al., 2012; Hawley
et al., 2006), and through interactions between or among these
and other factors (Hegemann et al., 2012; Love et al., 2008). Additionally, these immune costs and environmental contributions are
not limited to only non-human animals, as humans are subject to
similar inﬂuences on our immune systems (Muehlenbein, 2010).
This research, focused through an environmental lens, has opened
ecoimmunologists’ eyes to the context-dependent nature of immunity and has highlighted the necessity for considering the results of
immunological studies with regard to the inﬂuence of environmental factors.
2.2. Using natural variation among individuals
As opposed to more traditional, biomedically based immunological research, ecoimmunologists often search out patterns of
natural variation in immunity. Just as variation in the environment
can inﬂuence immunity, so too can variation in the genetics of individual organisms lead to differences in immunity. Ecoimmunologists are generally interested in natural variation in constitutive
and induced immune responses because this variation may have
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consequences for the survival and reproductive success of individuals (Pedersen and Babayan, 2011). For example, ecoimmunologists have discovered that antibody concentrations predict
overwinter survival in some populations (Graham et al., 2010;
Nussey et al., 2014; Raberg and Stjernman, 2003), highlighting
the inﬂuence of immune variation in population dynamics.
Although it may be easier to weed out or ignore natural variation
in immunity when addressing neuro-endocrine–immune interactions, it is important to keep in mind that variation in immunity
is the natural state. Ignoring sources of natural variation is, to an
ecoimmunologist’s way of thinking, akin to ‘‘throwing the baby
out with the bath water.’’ In a comparison of immune proﬁles of
wild caught mice and inbred (C57BL/6) mice, the wild caught mice
had greater inter-individual variability in many of the immune
indices as compared to the lab strain (Abolins et al., 2011). Sampling wild populations has not only revealed great variation in
immunity, but this sampling has also revealed substantial individual variation in endocrine responses and proﬁles (Williams, 2008).
This individual variation in immunity (and endocrine and neuroendocrine responses) will likely have profound impacts on an
animal’s response to a pathogen and its ability to survive an infection. Furthermore, human populations are genetically diverse and
variable, so examining natural variation in immune and neuroendocrine responses will undoubtedly provide us with a greater
understanding of factors inﬂuencing human health and disease
spread.
Along with this awareness of genetic diversity, ecoimmunologists also appreciate the role that behavioral variation can have in
inﬂuencing immunity and disease transmission. For example,
within populations, animals can vary greatly in their social rank
and dominance status, and these variations in rank and status can
inﬂuence resource access, contact with conspeciﬁcs, potential for
injury, and hormone proﬁles. These effects of rank and status can
then result in immune system modulation and changes in pathogen
exposure (Fairbanks and Hawley, 2012). Furthermore, behavior
itself can be one of the more important immune strategies an animal
can use, as simply avoiding pathogens allows an animal to beat an
infection before it can even begin. House ﬁnches (Carpodacus mexicanus) show individual variation in whether they avoid or do not
avoid a conspeciﬁc that is displaying experimentally-induced sickness behaviors, and this avoidance or lack of avoidance is related
to their acute phase responses. Speciﬁcally, avoiders show lower
levels of a major acute-phase protein than non-avoiders, suggesting
that avoiders may not have to invest as much in immune defenses
because they invest in their behavioral defenses (Zylberberg et al.,
2013). In contrast, male house ﬁnches actually preferentially feed
by conspeciﬁcs infected with Mycoplasma gallisepticum, whereas
females show no preference between infected and uninfected individuals (Bouwman and Hawley, 2010). These results suggest that
not only does avoidance behavior differ among individuals but that
these behaviors can be pathogen-dependent as well. Understanding
the relationships between behavioral variation and immunity is an
exciting ecoimmunological direction, and this research direction
will undoubtedly add an important component of context to our
understanding of environmental inﬂuences on the immune system.
2.3. Employing non-model organisms to assess patterns across
phylogenies
In general, most ecoimmunologists study non-model organisms
(e.g., not inbred, commercially available, or domesticated species)
in which congeneric antibodies and reagents do not exist or for
which tests that can measure speciﬁc immune cell types, proteins,
or signaling molecules are not readily available. The lack of species-speciﬁc tools has required ecoimmunologists to be resourceful
in developing their own assay ‘‘tool-kits’’ which can be shared
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among laboratories and generalized across species. It has also
garnered reasonable criticism, however, in that these tool-kits are
often restricted in scope and limited to simply what works. Some
of the more commonly used assays in the ecoimmunological ﬁeld
include ex vivo bacterial killing, delayed-type hypersensitivity
(e.g., phytohemagglutinin [PHA]), wound healing, and measures
of sickness in response to bacterial and viral mimetics (Demas
et al., 2011). Many of these measures assess multiple aspects of
the immune system simultaneously. By utilizing what ecoimmunologists call ‘‘integrative’’ measures of immunity (and what
immunologists may call ‘‘messy’’), researchers are able to explicitly
test inter-speciﬁc hypotheses within a study (Lee, 2006; Martin
et al., 2007; Tieleman et al., 2005) and perform cross-taxa metaanalyses to address long-standing evolutionary, behavioral, and
physiological questions within the ﬁeld (Boonekamp et al., 2008;
Hasselquist and Nilsson, 2012; Nunn et al., 2009; Roberts et al.,
2004). These comparative approaches have been valuable in the
ﬁeld of ecoimmunology because they have brought into question
long-standing assumptions (e.g., testosterone is immunosuppressive; Roberts et al., 2004) and have allowed researchers to reevaluate these hypotheses that may have important implications
for our understandings of how the immune system functions. One
key limitation, however, especially compared to more traditional
techniques employed within PNI, is that this same integrative
aspect of these measures precludes the identiﬁcation of the speciﬁc, individual immune parameters that contribute to the ﬁndings
reported in these studies. Despite these limitations, the current
ecoimmunological tool-kit is beginning to expand at an unprecedented rate, yielding new challenges to choosing techniques and
standardizing protocols across studies (Boughton et al., 2011;
Demas et al., 2011; Downs et al., 2014). The availability of powerful
new laboratory and ﬁeld technologies have increased dramatically
while, in turn, the costs have declined substantially in the past
decade alone, opening the potential for ecoimmunologists and
organismal biologists to explore physiological mechanisms driving
immune variation in their study systems (Downs et al., 2014).
Further, the development of multiplex technologies to quantify
gene expression has begun to enable quantiﬁcation of a wide range
(and large number) of cytokines, chemokines, and immunologically-relevant markers in very small quantities of a range of biological ﬂuids across any species with a sequenced genome. It will be
no surprise then, that as these technologies continue to develop
at an accelerated pace, the range of questions ecoimmunologists
hope to answer will expand concomitantly in new and exciting
directions (Downs et al., 2014).
2.4. Linking immunity to disease
Although many ecoimmunologists appreciate the underlying
immunological mechanisms that contribute to an immune
response, in general, ecoimmunologists are most concerned with
understanding ‘‘optimal immunity.’’ Ultimately, as ecoimmunologists (and psychoneuroimmunologists), we expect our research
to translate to understanding of and applications to disease states;
however, the results of our immune assays often do not directly
correlate with disease resistance (Adamo, 2004). Many ecoimmunologists have begun to integrate objectives from the ﬁeld of
disease ecology into their own research programs in order to
understand how environmental inﬂuences on immunity relate to
natural host–pathogen systems (Brock et al., 2014; Hawley and
Altizer, 2011). Continued pursuit of this integration will allow for
a more comprehensive understanding of the factors that contribute
to disease susceptibility and prevalence.
One exciting avenue of research in ecoimmunology that has
emerged from its integration with disease ecology has been to
understand how coinfection inﬂuences immune responses. Just
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as there is considerable natural variation in immunity among
organisms, there is also great variation in what an individual is
infected with at any given time. It is clear that an animal’s immune
system is not always engaged in just one ‘‘battle’’ with a pathogen
or parasite, and these coinfection scenarios can have strong
impacts on how the host’s immune system reacts (Budischak
et al., 2012; Ezenwa et al., 2010; Graham, 2008; Telfer et al.,
2010). Furthermore, these effects of coinfection with multiple
pathogens on the immune system may be different depending on
environmental characteristics at the time of sampling (Beechler
et al., 2012). In human populations, coinfection is generally more
common than uncommon (Petney and Andrews, 1998) and is often
associated with a reduction in host health and increased pathogen
abundance within individuals (Grifﬁths et al., 2011). Thus, coinfection may be the default, rather than the exception and is a ripe area
for research across all immune-related ﬁelds. Psychoneuroimmunologists have shown us that infection and immune activation
inﬂuence the neuro-endocrine system and vice versa. However, if
coinfection is standard, then we have a lot more to learn about
how these two systems interact and inﬂuence the dynamics of
multiple infections in natural systems (O’Neal, 2013). Undoubtedly, gaining an increased understanding of the environmental
and neuroendocrine factors that inﬂuence the immune dynamics
of coinfection could have great impacts on our understanding of
human and wildlife disease dynamics.
3. What can ecoimmunologists learn from PNI?
While the majority of the readers of Brain, Behavior and Immunity focus primarily on mechanistic approaches in their research, it
is only fair to acknowledge the need for ecoimmunologists to learn
from psychoneuroimmunologists as well. Integration, after all, is a
two-way street. While ecoimmunologists have typically done an
admirable job nesting the study of immune function and disease
ecology in an environmental, ecological context (Brock et al.,
2014; French et al., 2011; Hawley and Altizer, 2011), there remains
a need for the ﬁeld to look within the organism and more carefully
consider the role that physiological mechanisms play in mediating
environmental inﬂuences on immunity. All too often the brain (and
other relevant organs and tissues) is a ‘‘missing link’’ in ecoimmunology. Incorporating mechanistic approaches will allow for a
richer analysis in ecoimmunology (Fig. 1).
3.1. Contributions of PNI to ecoimmunology and disease ecology
As PNI has demonstrated, a deep knowledge of the mechanistic underpinnings of the immune system is critical to understanding the more large-scale patterns of disease, something that has
only recently begun to be appreciated within ecoimmunology.
Thus, disease susceptibility is driven as much by host resistance
and tolerance (Raberg et al., 2007) (which in turn are based on
host physiology), as it is on pathogen prevalence across environmental contexts. Complex interactions among several physiological systems can result in changes in disease transmission. One of
the key strengths of PNI is its focus on proximate control underlying neuroendocrine and immunological interactions, providing a
reasonably comprehensive understanding of these complex
mechanisms. It is often difﬁcult, however, to apply such ﬁndings
to natural populations, where environmental conditions, including energy availability, stressors, and pathogen abundance, are
not static across time or space. For example, we have demonstrated energetic trade-offs between immune function and other
energetically costly physiological and behavioral responses
(Demas et al., 2012). Manipulations that reduce total energy
stores, such as photoperiod-induced reductions in body mass in

seasonally breeding rodents (Drazen et al., 2001) or surgical
removal of adipose tissues (Demas et al., 2003), suppress speciﬁc
immune responses. These immune deﬁcits are often transient,
however, as immune function will return to normal if optimal
energy balance is restored (Demas et al., 2003). Interestingly, it
is not necessarily total energy availability per se, but signals of
current energy budget that appear to be the critical factor in
mediating energetic trade-offs with immunity (Demas, 2004).
The adipose tissue hormone leptin appears to be one such signal
that regulates immune responses. Experimental provisioning of
exogenous leptin, which provides a ‘‘false signal’’ of increased
energy availability, will restore immune function in animals with
suppressed immunity due to reduced energy stores (Demas and
Sakaria, 2005). Leptin is only one among many potential signaling
molecules that provide a biochemical signal of available energy
resources (e.g., Garcia et al., 2010), and therefore provides critical
information for animals to properly allocate resources among systems, especially in the face of changing physiological states and
external environmental conditions.
Another well-studied class of hormones involved in energy
regulation, and thus energetic trade-offs, are glucocorticoids (i.e.,
cortisol, corticosterone) which serve as a means for mobilizing glucose during times of increased energetic demands. Elevations in
these hormones are also highly correlated with environmental
stressors and are often used as a proxy for determining stress in
ecoimmunological studies. All too often, however, they are used
as the singular measure of stress in ecoimmunology. As psychoneuroimmunologists generally appreciate, the stress response represents a coordinated set of biological processes involving multiple
physiological systems. While glucocorticoids are clearly involved,
they are rarely synonymous with stress. Many other factors, including adrenal catecholamines, endorphins, neuropeptides, and the
sympathetic nervous system innervation of peripheral tissues, are
likely equally critical in regulating stress effects on immunity.
While the precise role of these signaling molecules in mediating
immune trade-offs may be easier to determine under constant lab
conditions where energy budgets are generally limitless, few
researchers actually bring such physiological analyses into the ﬁeld.
More work needs to be centered on understanding how various
alterations in physiological states affect immune function and thus
alter disease susceptibility in natural populations in the ﬁeld. For
example, much effort has been placed on understanding temporal
ﬂuctuations in disease transmission as a product of pathogen
abundance; however, environmentally-induced ﬂuctuations in
immune system maintenance and response can often be overlooked when trying to assess the causes of changes in disease
dynamics. Because disease transmission is very much a product
of both pathogen abundance and host resistance and physiology,
if we want to fully understand patterns of disease, we cannot
ignore the contributions of neuroendocrine–immune interactions
to disease susceptibility. Only by applying the lessons learned from
PNI can a comprehensive understanding of both the regulatory
biology underlying neuroendocrine–immune interactions and
how these relate to the prevalence and transmission of infectious
diseases within ecological context be fully achieved.
3.2. Contributions of PNI to life history theory
Connections between the neuroendocrine and immune systems
require a large number of specializations (e.g., signaling molecules
with cognate receptors in requisite tissues and cells, mechanisms
to transmit peripheral signals to the brain and across blood–brain
barriers) (Dantzer, 2004). It is unlikely that such an array of molecules and physiological mechanisms would evolve in animals
across phyla unless bi-directional communication between neuroendocrine and immune systems serves important adaptive
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Fig. 1. Graphic model displaying the respective research emphases within the ﬁelds of ecoimmunology and psychoneuroimmunology. PNI largely focuses on the interactions
of internal physiological systems, represented in the diagram by the traditional laboratory mouse. These systems include, but are not limited to, interactions among the
nervous, endocrine and immune systems and their concomitant signaling molecules (e.g., neurotransmitters, neurotropic factors, hormones and cytokines). Also nested
within the organism is genetic variability across individuals, which will vary considerably depending on whether the study system is a wild animal or an inbred model
organism. In either case, this variability (or lack thereof), has the potential to modify the interactions among the physiological systems. Morphological, physiological, and
behavioral outputs from such interactions are represented by the outer ‘‘skin’’ of the mouse, and include what are traditionally considered by ecoimmunologists as
phenotypic traits (e.g., reproduction, growth and development, thermoregulation, and behavior). Our hypothetical mouse is nested within a larger environmental context
(represented by the surrounding box). Within this context is included select examples from a nearly inﬁnite suite of environmental variables that can range from biotic and
abiotic factors, behavioral interactions with conspeciﬁcs, and the pathogen environment present in the animal’s environmental niche. These environmental factors often vary
across time (e.g., seasons, time of day) and space (geographic or population differences) and play an important role as ‘‘environmental input signals’’ to the organism. Lastly,
the areas of shading represent the areas of overlap, or lack of overlap, between PNI and ecoimmunology, and serve to highlight key areas where greater integration and
synthesis across the ﬁelds are needed.

functions. Thus, selection likely acts on the evolution of speciﬁc
physiological processes, which in turn, drive integrative immune
responses within individuals. Understanding these connections
from both physiological and evolutionary and comparative perspectives is necessary to make sense of the complexity of their
interactions. One of these complex interactions is that of stress
and immunity; stress can have both enhancing and suppressive
effects on immune responses that range across the scale from
adaptive, neutral, to maladaptive (Dhabhar, 2009). As ecoimmunologists gain a better understanding of the roles that these
neuro-endocrine factors involved in the stress response (e.g.,
glucocorticoids, catecholamines) play in immune modulation, we
may be able to better elucidate the consequences and evolutionary
signiﬁcance of these relationships to maximizing survival in a
stressful and pathogen-rich world. Crickets have emerged as one
‘‘model system’’ in which to address some of these relationships.
Research has already shown, through experimentally-induced
stress scenarios and manipulations of the invertebrate stressresponse neurohormone octopamine, that stress effects on immunity are not only mechanisms to shift resources toward or away
from the immune system (Adamo, 2014). Rather, octopamine and
other stress hormones released during these stressful events can
act to reconﬁgure the immune system. This reconﬁguring allows
for optimal immune functioning despite molecular resources being
shifted toward other physiological processes and reduces the
effects of immune-related oxidative damage on the host in these
already oxidative stress-ﬁlled stressful scenarios (Adamo, 2014).
Thus, integrating a psychoneuroimmunological perspective into
our studies of life history trade-offs and immunity will hopefully
allow us to look beyond the standard assumptions of our ﬁeld
(e.g., resource-based trade-offs cause immune suppression) and
appreciate other adaptive causes and mechanisms of immune
modulation in our future studies.

4. A return to wisdom
In the early 1930’s Walter Cannon, one of the most inﬂuential
American physiologists of modern times, developed the concept
of homeostasis (based on Claude Bernard’s early work on the
‘‘milieu interior’’). In Cannon’s own words ‘‘the organism which with
the aid of increased adrenal secretion can best muster its energies, call
forth sugar to supply the labouring muscles, lessen fatigue, and send
blood to the parts essential in the run or the ﬁght for life, is the most
likely to survive’’. Cannon referred to the idea that the body is
exquisitely adapted to respond to subtle, or often not-so-subtle,
changes in the environment in order to maintain homeostasis as
the ‘‘wisdom of the body.’’ A concept similar to Canon’s ‘‘canon,’’
that of allostasis and allostatic load, has been developed more
recently to capture the dynamic nature of homeostatic mechanisms (McEwen and Wingﬁeld, 2003). This idea of ‘‘constancy
through change’’ was, and continues to be, extremely important,
and one with relevance for both ecoimmunology and psychoneuroimmunology. For example, in the 1960s and 1970s Eugene Weinberg demonstrated the concept of iron withholding, whereby sick
organisms avoid ingesting foods rich in iron (Weinberg, 1974). Iron
is an essential nutrient for many bacteria and parasites to grow and
survive; as such, avoiding iron is an adaptive response by an organism to prevent ‘‘feeding the pathogen.’’ Further, a series of elegant
and groundbreaking studies by Matthew Kluger and colleagues
demonstrated the adaptive value of a fever response (Kluger
et al., 1975; Vaughn et al., 1974). His lab demonstrated that
ectothermic lizards that are unable to mount a physiological fever
response, will voluntarily leave a previously thermoneutral position and move to a warmer portion of a thermocline when injected
with bacteria (or the bacterial mimetic lipopolysaccharide [LPS]),
thus inducing ‘‘behavioral fever.’’ Sick lizards returned to the
original cooler location once sickness had passed. Further,
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bacterially-treated lizards prevented from inducing behavioral
fever results in near complete mortality in these individuals. Over
twenty-ﬁve years ago, based on the ﬁndings from these and other
studies like them, Benjamin Hart published a now classic paper
(Hart, 1988) re-couching the idea of sickness behavior from that
of a collection of non-speciﬁc, maladaptive byproducts of disease
to one of a coordinated set of adaptive responses that help an
organism effectively ﬁght off infection.
Sickness responses are characterized by fever (or hypothermia),
anorexia, cachexia, and reductions in social, pleasurable, and sexual behaviors. These responses can be displayed at varying intensities within and among individuals, and the adaptive nature of
these sickness responses is made clear by the context-dependent
nature of their magnitude. For instance, several seasonally breeding animals (e.g., Siberian hamsters (Phodopus sungorus), song
sparrows (Melospiza melodia), white-crowned sparrows (Zonotrichia leucophrys)) show variation in the intensity of their responses
to sickness-inducing LPS across seasons (Bilbo et al., 2002; OwenAshley et al., 2008, 2006; Owen-Ashley and Wingﬁeld, 2006).
In order to understand how and why these animals may be modulating their sickness responses across seasons, we can compare
across studies and ﬁnd that there is no consistent season in which
animals display a weak or strong sickness response (suggesting
that seasonal photoperiodic cues or reproductive status may not
be driving this variation). Rather, only one pattern persists across
all studies—the expression of sickness responses is attenuated in
the season in which these organisms have the lowest energy
reserves. In addition, individual variation in body mass is a strong
predictor of individual variation in sickness response in whitecrowned sparrows and Siberian hamsters. In both of these species,
there is a negative correlation between initial body mass and percent change in body mass in response to LPS across all seasons,
such that animals with greater initial body mass exhibit greater
mass loss in response to LPS-induced sickness (Owen-Ashley
et al., 2006; Carlton and Demas, unpublished data). These results
are not particularly surprising when one considers the substantial
energetic costs that come from mounting a fever or actively avoiding eating. These patterns suggest that animals may modulate sickness based upon their energy limitations, such that the magnitude
of a sickness display is constrained by a minimum body mass that
an animal can reach before it risks not being able to recover and
survive (Ashley and Wingﬁeld, 2012).
The beauty of adopting a comparative approach, while also
examining individual variation, to determine a potential cause of
variation in sickness responses is that we can then use our hypotheses to generate experiments to determine the neuro-endocrine
mechanisms that may mediate this diversity in responses
(Carlton et al., 2012). The value of this ecoimmunological approach
to psychoneuroimmunological studies (and vice versa) becomes
apparent when we consider that these same patterns emerge in
biomedical models. For instance, diet induced obese (DIO) Wistar
rats show more intense LPS-induced sickness responses as compared to lean controls (Pohl et al., 2014, 2009). This result on its
own suggests that obesity exacerbates sickness response symptoms, which can be interpreted as a potential obesity-induced
dysregulation of the inﬂammatory response. When looking across
individuals ranging in all weight indices from lean to obese, however, there are strong positive correlations between body weight
and both the length of time it takes for an animal to recover from
LPS-induced sickness and the total number of sickness symptoms
an animal displays (Pohl et al., 2014). In contrast to the previous
results, these correlations suggest that the sickness responses of
these lean and obese rats may be functioning in the same manner
and utilizing the same mechanisms as the birds and hamsters
mentioned earlier. Mounting an appropriate sickness response will
always be a balance of killing the pathogen while not killing

oneself by losing too much energy in the process. There is no reason to think that, even in our more biomedical systems, these
adaptive immunological ‘‘strategies’’ no longer function or exist.
In addition to the role of energetics in immunity, investigations
into the effects of social interactions on immunity are another
research aim that spans across the psychoneuroimmunological
and ecoimmunological disciplines. For example, psychoneuroimmunologists often turn to a well-established laboratory based
social defeat paradigm (i.e., a staged ‘‘resident-intruder’’ interaction where a conﬂict occurs between a generally smaller ‘‘intruder’’
animal and a larger ‘‘resident’’ animal; the intruder is placed into
and remains in the home cage of the resident until the intruder
submits in defeat; this defeat is generally accompanied by
increased hypothalamic–pituitary–adrenocorticol (HPA) axis activation (Huhman et al., 1990)) in order to determine the effects of
this social stressor on immune function (Bartolomucci, 2007).
Ecoimmunologists may investigate the effects of resource-driven
aggression and subsequent social dominance shifts within natural
or experimentally-formed groups in order to address this same aim
(Fairbanks and Hawley, 2012). Although we may use different
names in reference to our behavioral paradigms, we are all ultimately examining the same stressor that is ubiquitous across much
of the animal kingdom.
Research into how and why social interactions inﬂuence immunity may be one aim in which we can start to integrate across these
two disciplines. There is considerable evidence that social defeat
often suppresses humoral immunity (Bartolomucci, 2007), but
integrating an ecoimmunological approach to this paradigm may
increase our understanding of both the proximate mechanisms
underlying this immune modulation and the functional consequences of this suppression to disease resistance. For example,
the effects of social defeat on immunity may vary across individuals and be highly context-dependent. As such, house ﬁnches that
are allowed to form dominance hierarchies in ﬂocks and then
experimentally separated into two ﬂocks—one that contains all
the dominant individuals from previous ﬂocks, one that contains
all the subordinate individuals from previous ﬂocks—exhibited different effects of social status change on immunity (Hawley, 2006).
Only the previously dominant individuals showed corresponding
reductions in humoral immunity as their social status decreased
in their new ﬂock, while there was no relation between humoral
immunity and change in social status in the subordinate ﬂock
(Hawley, 2006). Examining the hormonal and immunological characteristics of the birds throughout these shifts in social status may
allow us to detect individual behavioral predictors and physiological correlates of these changes in immunity. These ﬁndings could
shed light on neuroendocrine and immune factors that contribute
to this commonly observed phenomena of social defeat-induced
suppression of humoral immunity.
We can also gain insights into how social defeat may be modulating immunity by embracing a ‘‘whole organism approach’’ and
determining whether the effects of social defeat on immunity
may be adaptive based upon the changes that are observed in other
socially-sensitive aspects of phenotype after the defeat. For example, in Syrian hamsters (Mesocricetus auratus), both a single social
defeat, as well as repeated exposure, suppresses humoral immunity (Jasnow et al., 2001), but repeated social defeat also results
in increased food intake, body mass, and adiposity in this species
(Foster et al., 2006). Although these two phenomena have not been
examined together in this species, an ecoimmunological approach
may allow this kind of integration. Before concluding that both of
these effects are maladaptive for the animal (i.e., immunosuppression and obesity), we could take an ecoimmunological approach to
determine if suppressed immunity and increased food intake are
beneﬁcial to the animal’s survival or potential for future reproductive success. For example, if social defeat reﬂects a loss of access to
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food resources in these animals in their natural setting, then it
would be very practical for a defeated animal to eat any food that
is readily available and to slow down its metabolism to store
energy. Additionally, if survival is at stake, an animal may not want
to allocate resources to maintaining humoral immunity but may
want to shift allocation to its immediate immune defenses. For
example, Siberian hamsters that are socially defeated show
reduced humoral immunity but actually show increased innate
immunity (Chester et al., 2010). This result not only highlights
how measuring multiple arms of the immune system can change
the interpretation of a study, but it also truly illustrates the
‘‘wisdom of the body.’’ The immediate risks of a social defeat are
likely to come from exposed wounds or bites, while pathogen
exposure may be a later consequence. Thus, in this context, allocation to innate immunity may be incredibly important, while
humoral immunity may not be a priority. Furthermore, an organism is not just an immune system and social defeat ‘‘stress’’ may
inﬂuence the redistribution of resources to other more immediately important physiological and behavioral processes than
humoral immunity (Segerstrom, 2010). From this standpoint,
decreases in humoral immunity are no longer a negative response
to social defeat but a wise strategy for extending survival after this
defeat.
4.1. Cytokines: they’re not just for sickness anymore
More recent evidence within PNI has suggested an important
adaptive role for pro-inﬂammatory cytokines in mediating normal
species-typical behavior. While increases in cytokine production
are most often associated with adverse conditions such as neuroinﬂammation (e.g., ‘‘cytokine storm’’), recent ﬁndings require us to
revise this view (Williamson et al., 2011). Speciﬁcally, neonatally-infected and control rats were treated in adulthood with
LPS or saline (control) 24 h prior to a learning task (fear conditioning involving an initial period of context exploration followed by
foot shock) or a control task involving foot shock only without context exploration (Williamson et al., 2011). In adult rats from the
neonatal control condition, interleukin (IL)-1b protein expression
is modestly (but signiﬁcantly) elevated, but only in the learning
condition, whereas context exploration has no effect on cytokine
expression. Interestingly, neonatally-infected rats challenged with
LPS in adulthood display exaggerated IL-1b levels in response to
learning. In a follow-up study, rats displaying exaggerated cytokine
responses showed reduced learning and memory on a fear conditioning test. Taken together, these ﬁndings suggest that a modest
increase in cytokine production, rather than being maladaptive,
is critical to learning; exaggerated cytokine responses, in contrast,
can inhibit learning and memory, suggesting there exists an
‘‘optimal’’ level of cytokine production (Bilbo and Schwarz, 2012).
In our opinion, this conclusion would not have been reached purely
within the context of disease; rather, these ﬁndings represent an
adaptive response to a novel environmental context.
Unfortunately, in the modern era dominated by translational
science, Cannon’s Canon has been largely replaced by a ‘‘disease
dictum’’ in which we focus our research efforts on studying how
and why the body fails during disease states. In this light, metabolism has been replaced with metabolic syndrome, sickness
behaviors with neuroinﬂammation, and normal healthy genomes
have been co-opted by ‘‘the gene(s) for diseases x, y and z.’’ Canon’s
‘‘wisdom of the body’’, the idea that the normal day-to-day
responses of our bodies to environmental challenges are healthy,
adaptive responses that only occasionally go awry (leading to disease), has been largely supplanted by a biology of disease. Thus,
perhaps one of the most important lessons from ecoimmunology
is the need for a ‘‘return to wisdom.’’ That is, by understanding
the basic biology of naturally occurring ﬂuctuations in immunity
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in relatively healthy animals (under either ﬁeld or laboratory
conditions) we have the potential to make real and substantial
contributions to our understanding of the role of environmental
inﬂuences on the immune system. In doing so, we will be able to
view ﬂuctuations in immune status as adaptive responses rather
than deleterious consequences (although not denying the potential
for disease). This basic approach to studying the immune system
has been, and will continue to be, an extremely productive strategy
with which to complement more applied, biomedical approaches
using disease models. Careful consideration of context, from both
proximate and ultimate perspectives, will allow us to develop a
common theoretical framework for understanding neuroendocrine–immune interactions and behavior within a larger
ecological and evolutionary context.
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