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Summary

1. Over the past decade, there has been a substantial increase in interest in the immune system and
therole it plays in the regulation of disease susceptibility, giving rise to the field of eco-immunology.
2. Eco-immunology aims to understand changes in host immune responses in the broader frame-
work of an organism’s evolutionary, ecological and life-history contexts.

3. The immune system, however, is complex and multifaceted and can be intimidating for the
nonimmunologist interested in incorporating immunological questions into their research. Which
immune responses should one measure and what is the biological significance of these measures?

4. The focus of this review is to describe a wide range of eco-immunology techniques, from the
simple to the sophisticated, with the goal of providing researchers with a range of options to
consider incorporating in their own research programs.

5. These techniques were chosen because they provide relatively straightforward, biologically
meaningful assessments of immune function, many of which can be performed across a range of
ecological contexts (i.e. field vs. laboratory) and in a wide range of vertebrate animals without
relying on species-specific reagents.

6. By incorporating assessments of immune function into their specific research questions, animal
ecologists will gain a more comprehensive understanding of organism—environment interactions.
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Introduction

It is becoming increasingly apparent that immune responses
play an important role in an organism’s physiological, bio-
chemical and behavioural responses to its environment and
thus have the potential to shape the evolution of life-history
strategies. ‘Immunocompetence’, an individual’s capacity to
mount an appropriate immune response following exposure
to a pathogen, is a critical aspect of disease resistance and
thus survival. Unfortunately, however, immunocompetence
is not an easy concept to operationally define, as specific
aspects of an immune response may be modulated differen-
tially to optimize disease resistance to specific pathogens
(McDade 2003; Pedersen & Fenton 2007). Within the past
decade alone, a greater appreciation of how changes in host
immunity can contribute to disease has developed among
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ecologists and evolutionary biologists alike, giving rise to the
field of ecological immunology (Sheldon & Verhulst 1996;
Lochmiller & Deerenberg 2000; Schmid-Hempel & Ebert
2003). The goal of eco-immunology is to understand immune
function as an adaptive response within the context of impor-
tant life-history traits across a wide range of organisms
(Sheldon & Verhulst 1996; Lochmiller & Deerenberg 2000;
Demas 2004; Martin, Weil & Nelson 2008b). Immunology, a
research area once studied almost exclusively by immuno-
logists using primarily laboratory and molecular-based
approaches, has become an important area of ultimate and
proximate investigation among environmentally oriented
biologists as a means for understanding changes in disease
susceptibility and resistance (French, Moore & Demas 2009;
Hawley & Altizer 2011). As the title of this review suggests,
the emerging field of eco-immunology has been traditionally
been dominated by studies utilizing measures of delayed-
type hypersensitivity (e.g. phytohaemagglutination-induced
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swelling responses), often as a singular measure of immunity.
While this assay has been informative and has an important
place in eco-immunology (see later), it is imperative for inves-
tigators to examine the immunity using a range of immune
techniques that assess diverse aspects of the immune
response to gain an accurate representation of an individual’s
‘immunocompetence’.

An astoundingly large number of immunological assays
have been developed to allow investigators to assess specific
aspects of immunity (i.e. innate, humoral and cell-mediated),
predominantly in model systems (e.g. mice) and often within
biomedical contexts. The wealth of available immune tech-
niques has generally been a boon to investigators and has
resulted in great strides in our understanding of environmen-
tal influences on immunity. However, it has also raised a sub-
stantial number of questions for the physiological ecologist
and evolutionary biologist interested in studying immune
responses as a proxy for individual fitness. Where does one
begin? For example, is there a single technique one can use
to assess overall immunity? If not, which set of techniques
should be employed to gain a reasonable understanding of
changes in immunity? What, if anything, does a lone immune
measure tell us about an animal’s fitness? Which techniques
will work in my species of interest? How difficult is the tech-
nique to develop for nontraditional species? Can I use these
techniques in the field or will I have to bring the animals into
the laboratory to use them? Will I need to recapture the same
animal repeatedly? These and other issues, while ultimately
addressable, can be sufficiently intimidating to prevent physi-
ological ecologists from incorporating eco-immunological
techniques in their research.

The goal of the present review is to provide a brief intro-
duction to a wide range of eco-immunology techniques
potentially available in the physiological ecologist’s toolkit as
well as a description of the strengths, limitations and basic
requirements of each technique. Some of these techniques
have been briefly reviewed previously, with particular
emphasis on avian eco-immunology (e.g. Salvante & Dufty
2006; Ardia & Schat 2008). Our goal is not to provide an
exhaustive list of all possible techniques, and there will assu-
redly be viable techniques that we were unable to cover or
perhaps even unaware of at the timing of this writing. Nor do
we attempt to provide complete, step-by-step protocols for
each of the techniques discussed. Rather, we have attempted
to provide the investigator with sufficient information on a
subset of well-established, commonly employed comparative
eco-immunology techniques with the goal of convincing
researchers that assessing immunity is not only possible but
can prove both useful and informative. For the novice eco-
immunologist who is interested but unsure of where to start
within the field, these techniques should help to point them in
the right direction. For the more experienced investigator
already engaged in eco-immunological research, it is hoped
that this review will expand their existing toolkit by providing
additional options for consideration. In both cases, our goal
is to provide researchers with a range of possible techniques
for their research programs to gain a more integrative,

comprehensive understanding of environment-immune
interactions.

Despite the diversity of techniques available, the specific
techniques we have included were chosen to address several
broad requirements: (i) they provide a range of options cov-
ering the major components of immunity (e.g. innate,
humoral and cell-mediated), (ii) they can be employed in non-
traditional systems without requiring expensive species-spe-
cific reagents and antibodies, (iii) they are generally amenable
to both field and laboratory studies, considering such issues
as the ability to recapture or euthanize individuals. Although
not all the techniques described in this review meet all the
aforementioned conditions, we strived to provide sufficient
breadth so that researchers interested in eco-immunology
would be able to integrate one or more of these techniques in
their own research programs. Before specific eco-immunol-
ogy techniques are discussed, however, it is important that
the reader have at least of working knowledge of the basics of
the vertebrate immune system, which is provided later.

Primer of the vertebrate immune system

Virtually all organisms are exposed to a wide range of poten-
tial pathogens within their environments. Because of this
fact, animals have evolved complex physiological responses,
central among them are innate and acquired (adaptive)
immunity, to resist or eliminate pathogens (Fig. 1) (Mueh-
lenbein 2010). In general, innate responses are relatively
rapid, nonspecific, germ line-encoded responses which serve
as the initial line of defence against invading pathogens. Such
defences include anatomical barriers (mucus membranes,
skin), resident flora (nonpathogenic bacteria), humoral fac-
tors (lysozyme, complement and other acute phase proteins)
and cellular responses [phagocytic cells like neutrophils,
monocytes and macrophages; inflammatory mediators pro-
duced by basophils, mast cells and eosinophils; and natural
killer (NK) cells]. The complement system includes enzymes
which function to eliminate micro-organisms by promoting
inflammatory responses, such as changes in local vascular
permeability and entry of immune cells into infection sites.
Complement also functions in the lysis of foreign cells
through the formation of membrane attack complexes, and
mediation of phagocytosis through the coating (opsoniza-
tion) of pathogens and infected cells (Carroll 1998). Comple-
ment is also important for stimulating acquired (adaptive)
immune responses (Dempsey et al. 1996). Acquired immune
responses are typically slower, pathogen-specific responses
that require activation and serve as additional line of defence.
In this case, effector mechanisms allow fast, secondary
responses during subsequent exposures. Collectively, the
immune system comprises a collection of specialized cells
whose integrated function is the differentiation of ‘self” from
‘non-self” and the elimination of foreign ‘non-self” substances
(Janeway et al. 2005), specifically those capable of damaging
the host (Matzinger 2002).

The tissues and structures of the immune system, referred
to as lymphoid organs, are connected to one another via a
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Fig. 1. Major immune mechanisms in vertebrates. Modified from Muehlenbein 2010.

type of circulatory system, the lymphatic system, which car-
ries lymphocyte-containing lymph (fluid) throughout the
body where these cells encounter a pathogen (Janeway et al.
2005). Among vertebrates, there are two main types of lym-
phoid organs — primary and secondary. Primary lymphoid
organs include the bursa of Fabricius in birds and bone mar-
row in mammals and other vertebrates. These tissues are the
source of stem cells, progenitor cells for all lymphoid tissues,
and where a specific subtype of lymphocytes, B cells, mature
(Janeway et al. 2005). The second primary lymphoid tissue is
the thymus. It is within the thymus that lymphoid cells that
have migrated from the bone marrow develop into a second
type of lymphocyte, T cells. In addition to these primary
lymphoid tissues, most vertebrates possess a host of second-
ary lymphoid tissues, including lymph nodes, spleen, appen-
dix, tonsils, and Peyer’s patches lining parts of the intestinal
tract, which further serve to identify, sequester and eliminate
pathogens via a host of immune responses (Janeway et al.
2005).

Cells of the immune system, called white blood cells
(WBCs), all derive from common embryonic haematopoietic
stem cells responsible for the production of most blood cell
types. Among these pluripotent stem cells, some cells will
undergo further development into lymphocytes, whereas oth-
ers will differentiate into polymorphonuclear leucocytes
(PMNs) or monocytes. Lymphocyte progenitor cells subse-
quently develop into B cells, T cells or NK cells. B cells pro-
duce antibodies that neutralize pathogens and their products,
block binding of parasites to host cells, induce complement
activation, promote cellular migration to sites of infection
and enhance phagocytosis, among other actions. T cells do
not produce antibodies; rather, they require direct contact
with an infected cell to eliminate it. T cells can be further
divided into different subtypes, including cytotoxic T cells
(killer T cells; Tc), T helper cells (Th) and suppressor or regu-

latory T cells (Treg). Cytotoxic T cells destroy infected host
cells by physical and chemical lysis, making T cells effective
at destroying intracellular pathogens (e.g. viruses). In con-
trast, helper T cells serve a complementary function by secret-
ing cytokines, glycoproteins that perform a variety of
functions such as regulation of cell growth and development
(Snapper 1996), as well as interacting with B cells to coordi-
nate the production of antibodies. Th cells are further differ-
entiated into several subtypes, most notably Thl and Th2,
depending on the specific patterns of cytokine production
and their associated functions (Mosmann & Coffman 1989).
Th-1 cytokines include, among others, interferon gamma
(IFNYy), tumour necrosis factor alpha and beta (TNF o, B),
and various interleukins (IL-1pB, IL-2, IL-3, IL-12, etc.).
These cytokines activate macrophages, neutrophils and NK
cells, mediate inflammatory responses and cellular immunity
(T cells), promote cytotoxicity towards tumour cells and
enhance chemotaxis of leucocytes (Kobayashi et al., 1989).
The Th-2, anti-inflammatory cytokines include many inter-
leukins (IL-4, IL-5, IL-10, etc.) that induce humoral immu-
nity and antibody production (B cells), eosinophil activation,
mast cell degranulation, goblet cell hyperplasia, mucin
production and intestinal mastocytosis (resulting in histamine
release). This cytokine phenotype is important for protection
against intestinal infections as well as the facilitation of aller-
gic reactions (Barrett ef al. 1988; Else & Finkelman 1998;
Dinarello 2000). Despite the fact that Th-1 and Th-2 cyto-
kines act antagonistically to one another, both are usually
present within the host at any given time, although during
infection one phenotype usually predominates.

Collectively, B and T cells coordinate an organism’s
acquired (adaptive) immune responses. NK cells, in contrast,
are part of an innate immune response, and nonspecifically
attack and lyse infected cells. Along with NK cells, PMNs
serve as part of the innate immune response. PMNs consist
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of three basic cell types: basophils, eosinophils and hetero-
phils (called neutrophils in humans). Heterophils serve as
phagocytes, targeting and killing cells that have been tagged
with antibodies and complement proteins. Basophils and
eosinophils also participate in innate immune responses, pri-
marily by secreting proteins such as toxins, prostaglandins
and histamine, as well as serving as antigen-presenting cells.
Lastly, monocytes develop into macrophages, which are
large leucocytes of the innate immune system that provide
nonspecific defence against pathogens by phagocytosing
pathogen-infected cells and activating B and T lymphocytes.
Macrophages, along with lymphocytes, are also responsible
for the production of cytokines (e.g. interleukins, tumour
necrosis factors and interferons), soluble signalling molecules
that coordinate a wide range of immunological and inflam-
matory responses to infection. Lastly, the body fluids of most
vertebrates possess a wide range of soluble factors consisting
of antimicrobial peptides (AMPs), lysozyme, complement
proteins, transferrin and lectins that serve as part of the
innate humoral immune response. As this section suggests,
the immune system is a complex, multifaceted system that
works in a coordinated fashion to destroy pathogens. Thus,
it must be emphasized that single measures of immunity are
rarely sufficient to capture the complexity of an immune
response.

Techniques in eco-immunology

We begin with a description of a simple assessment of gross
lymphoid organ mass. While measures of this sort are admit-
tedly crude and not very informative on their own, they have
historically provided investigators with an important ‘point
of entry’ into the discipline of eco-immunology. Thus, a brief
discussion of these techniques seems warranted. However, a
word of caution is necessary for interpreting this and other
descriptive measures (e.g. total cell counts). These assays,
while potentially useful for determining the physiological
state of an individual animal, do not provide information
regarding the functional aspects of an immune response (i.e.
how robust the response is). Thus, the remainder of the
review focuses on more functional assays with which to assess
specific aspects of immune responses (Table 1).

MORPHOLOGICAL AND HISTOLOGICAL MEASURES
Gross lymphoid tissue masses

Rationale. Historically, relative sizes of specific lymphoid tis-
sues such as the spleen, thymus, or bursa of Fabricius (birds)
have been assessed to provide initial information regarding
the health of the immune system (Riddle & Krizenecky 1931;
John 1994). As mentioned previously, while these measures
are not strongly diagnostic of functional immune responses
per se, they do provide an initial assessment of potential
immune changes and are easy to perform, especially for those
researchers who regularly assess morphological features of
their animals. An initial assessment of immunity may be

performed simply by removing and weighing specific gross
lymphoid tissues including the spleen, thymus or bursa of
Fabricius (birds) (Finge & Silverin 1985). More detailed his-
tological examinations may also be performed by preserving
the tissues for future sectioning to assess structural compo-
nents [e.g. amount of red (haemopoiesis) vs. white (immune)
pulp in the spleen) of the tissue.

Requirements. Assessment of lymphoid tissue masses is
easy to perform and only requires some basic surgical tools
to remove tissue and a sensitive scale to weigh organs. This
can be performed in the field or in the laboratory. Histologi-
cal examination will require tissue processing via a micro-
tome or cryostat and possibly staining with a common
histological dye (e.g. haematoxylin and eosin) within a labo-
ratory setting, but can be based on preserved samples taken
in the field.

Benefits. This technique provides a relatively quick and sim-
ple assessment that does not require performing any assays
and does not necessitate recapture of the animal. Results
from these analyses, while not necessarily diagnostic of
immune changes, can suggest whether further analyses with
more sophisticated analyses might be warranted.

Limitations. Morphological changes do not always correlate
with functional measures of immunity (e.g. a heavier spleen
does not necessarily correlate with ‘better’ immunity). In
fact, lymphoid tissues are often enlarged during infections
(Ali & Behnke 1985). These measures should be performed
only as an initial assessment of immunity and should always
be performed in conjunction with more informative mea-
sures such as those described later. Obviously, this technique
is a terminal measure requiring euthanasia of the study
animal.

Haematological measures

Rationale. Analyses of the composition and concentration
of the cellular components in blood have been frequently
employed by functional ecologists, primarily because of the
relative ease of use of these measures relative to other tech-
niques. The primary measures include red blood cell (RBC)
count, white blood cell (WBC) count, the classification of
white blood cells (WBC differential), and haematocrit
(packed cell volume). The most common haematological
measures employed in past eco-immunology work has been
basic WBC counts and various leucocyte ratios (e.g. hetero-
phil : lymphocyte) (Birkhead, Fletcher & Pellatt 1998; Ots,
Murumagi & Horak 1998; Moller & Petrie 2002; Nunn 2002;
Semple, Cowlishaw & Bennett 2002). Although such mea-
sures are still employed, they are usually performed now in
combination with other measures of innate and adaptive
immunity (Millet ez al. 2007; Lee et al. 2008).
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Requirements. Manual cell counting usually involves either
a thin smear or use of a haemocytometer. The stains of choice
are usually Giemsa, Wright, Wright-Giemsa, azure-eosin
and May-Griinwald. Several supplies are required, as is a
microscope, slides, coplin jar, drying rack and a haematologi-
cal atlas. Capillary blood samples can be used, as can venous
blood with an anticoagulant (e.g. EDTA). Multiple slides
should be observed from every subject organism, increasing
accuracy despite requiring more time. Thin smears should be
dried and fixed in anhydrous methanol. One simple method
involves counting one hundred adult WBCs and classifying
them by shape, cytoplasmic contents and colour as heteroph-
ils, basophils, eosinophils, monocytes or lymphocytes. When
a blood sample is added via capillary action, cells are counted
within a specific volume of fluid. Live cells can be differenti-
ated from dead cells using trypan blue, a diazo stain that
selectively colours dead cells blue.

For mammalian studies, it is also possible to automate this
entire process by using either a haematology analyser or a
flow cytometer (see later), although both can be very expen-
sive. With the former, a lysing agent is added to the samples,
which haemolyses the RBCs. WBCs then pass single-file
through an electrified aperture. The cells are classified by type
as they impede electrical flow proportional to their size and
nuclear density. Other automated techniques include the use
of radio frequency conductance and fluorescent staining.
Nonmammalian vertebrates, however, possess nucleated
RBC, which makes the use of automated techniques difficult.
Although methods for measuring nucleated RBC are avail-
able and could be validated for these species (Tsuji et al.
1999), manual counts are typically necessary.

Benefits. One of the major benefits of haematological analy-
ses is that several types of information can be gathered from
a single sample, including WBC concentration and composi-
tion, and blood parasite infection and anaemia status, all
from only a few microlitres of blood. Haematological analy-
ses are relatively simple to conduct, although care and experi-
ence are required for them to be performed accurately
(techniques and species values/ranges reviewed in Weiss &
Wardrop, 2010). These methods also do not rely on specie-
specific reagents and thus can performed on most species,
assuming a blood sample can be obtained.

Limitations. A major shortcoming with haematological anal-
yses is that they represent only a simple, gross measure of
innate or constitutive immunity. WBCs can be elevated under
a number of conditions, including infection, injury and
allergy. This can make interpretation of WBC comparisons
between individuals, populations and species difficult. A
proper comparison would have to ensure that all animals are
subject to the same external and internal stressors, including
infection status. What if some animals have early-stage, sub-
clinical infections that results in elevated WBCs compared
with other animals in the same or different populations?
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Clearly, interpretation based on only a simple haematologi-
cal measure is difficult and serious (and possibly inappropri-
ate) assumptions may have to be made about the animals
being surveyed. A more appropriate use of haematological
measures would be to investigate changes in WBC profiles
before, during and after some challenge, such as an inoculum
[e.g. sheep red blood cells (SRBC)], vaccination or artificially
controlled infection in otherwise immunologically naive indi-
viduals (discussed later).

Flow cytometry

Rationale. By using the principles of light scattering, excita-
tion and the emission of fluorochrome molecules, flow cyto-
meters produce multiparameter data that can be used in the
simultaneous analysis of numerous properties of single cells.
Specifically, a suspension of cells is injected into a sheath
flow that passes through the apparatus as a sequence of sin-
gle cells across a light source (e.g. laser or mercury arc lamp).
At this intersection, the cellular scattering of light and the
emission of fluorescent probes are detected, which allows for
the analysis of molecular and physical characteristics (e.g.
size and granularity) (Robinson 2004; Sack, Tarnok & Rothe
2009). For example, lymphocytes, monocytes and granulo-
cytes can be differentiated by their respective forward and
sideward light scatter characteristics. For immunopheno-
typing purposes, it is common to use antibodies that recognize
specific cell surface receptors (Baumgarth & Roederer 2000).
In addition to immunophenotyping, specific staining with
fluorescent antibodies allows for the assessment of immuno-
logical, biochemical or functional properties of cells in a het-
erogeneous population (Robinson 2004). Finally, it is possible
to separate cells into specific populations based on a host of
specified variables. Thus, cell populations of interest can be
collected and used for further analysis (Herzenberg et al.
2002).

Requirements. To perform any of the methods described
previously, a flow cytometer and associated data analysis
software are required. In addition, all tissue and blood sam-
ples must be in a single cell suspension and the appropriate
labelled antibodies must be obtained. Finally, because flow
cytometry is a quantitative technology, calibration standards
are necessary.

Benefits. There are a few known technologies that can evalu-
ate such a diversity of parameters and cell characteristics on
such small samples over a short period of time. Flow cytome-
ters provide information on not only cell type, but also cell
functioning. Further, the ability to separate specific cell pop-
ulations through the process of cell sorting is unique and can
allow for further detailed analyses (Herzenberg et al. 2002).
Many different types of tissues can be used (e.g. lymph nodes,
spleen, liver and lung) (Alitheen, McClure & McCullagh
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2007; Martin et al. 2008a), and these methods have been vali-
dated in a variety of species including rodents, birds, reptiles
and invertebrates (Dhabhar et al. 1995; Cardenas, Jenkins &
Dankert 2000; Tella et al. 2008; Zimmerman et al. 2010).

Limitations. Flow cytometers are expensive instruments to
purchase and maintain, and require highly trained operators
(although many universities maintain core facilities). The
required reagents may also be costly, and species-specific
antibodies are often necessary. Additionally, automated cell
counting can be difficult and inaccurate in nonmammalian
species with nucleated RBC (see Hematological Measures
section). The methods require specifically processed samples
such that solid tissues have to be disaggregated and live cells
are necessary for many of the methods described earlier. This
makes use in the field difficult, unless the study site is in close
proximity to the laboratory and the necessary equipment is
readily available.

INNATE IMMUNITY

Antimicrobial peptides

Rationale. Antimicrobial peptides are a highly conserved
component of the innate immune response and are found
within nearly all types of organisms. These small molecular
weight proteins act as potent, broad-spectrum antibiotics
against Gram-negative and Gram-positive bacteria, myco-
bacteria, enveloped viruses and fungi (Zasloff 2002). AMPs
are usually positively charged and have both a hydrophilic
and hydrophobic side that facilitates solubility in aqueous
environments, as well as entry into lipid membranes. Once
the AMP enters the microbial membrane, it can kill the target
cell through a variety of mechanisms (Matsuzaki 1999; Shai
1999). In addition to the aforementioned actions, AMPs may
also function as immunomodulators by altering gene expres-
sion, inhibiting cytokine production and promoting wound
healing through receptor-dependent interactions (Bowdish
et al. 2005; Oudhoff et al. 2010). Although AMPs are found
in a variety of species, they are most often examined in anu-
rans (e.g. frogs and toads) as these organisms possess a highly
efficient defence system based on the secretion of bioactive
compounds through the skin (Rollins-Smith ez al. 2002;
Gibble, Rollins-Smith & Baer 2008; Rollins-Smith 2009;
Conlon & Sonnevend 2010). Specifically, AMPs are
produced in specialized granular glands in the skin and each
anuran species appears to produce its own unique set of
peptides against a diversity of organisms (Nicolas & Mor
1995; Rollins-Smith et al. 2002). As mentioned previously,
production of AMPs is an important means of host defence
in all eukaryotes; AMPs such as defensins have been exam-
ined in epithelial tissues and leucocytes from a variety of
different mammalian and avian species (see Ganz 2003).
Thus, by measuring AMPs, one could obtain an approxima-
tion of innate ‘first line of defence’ immune mechanisms in
additional species.

Requirements. To measure the efficacy in anurans, peptide
secretions can by induced by subcutaneous injections of nor-
epinephrine and quantified using a growth inhibition assay
(Gibble, Rollins-Smith & Baer 2008; Conlon & Sonnevend
2010). Alternatively, AMPs can be also obtained from skin
tissue samples (Rollins-Smith ez al. 2002). Briefly, the patho-
gen of interest in the appropriate growth media is plated in a
96-well flat bottom microtitre plate with or without addition
each peptide. Positive and negative controls are required and
growth is often determined at days 1-7 by measuring
increased optical density with an ELISA plate reader. The
minimal inhibitory concentration is defined as the lowest
concentration at which no growth is detectable. Individual
peptide components in the secretions can also be separated
using reversed-phase HPLC on octadecylsilyl-silica (C;g) col-
umns after partial purification on Sep-Pak C;g cartridges and
characterized structurally by automated Edman degradation
and mass spectrometry (Conlon & Sonnevend 2010).

Benefits. This functional growth inhibition assay is relatively
easy to perform and is useful in evaluating host resistance to
potentially lethal skin infections. No species-specific reagents
are necessary and although AMPs are generally evaluated in
anurans, the aforementioned methods could be adapted and
validated for additional species. Assessment of AMPs pro-
vides a powerful measure of the first lines of defence for many
organisms.

Limitations. More detailed analyses of individual AMP com-
ponents within skin secretions require specialized equipment
(e.g. mass spectrophotometer and HPLC) that is both expen-
sive and requires highly trained personnel to operate. Further,
little is known regarding concentrations of AMPs on the skin
of healthy, resting amphibians, and the mechanism of action
for only a limited number of peptides has been studies in
detail. Therefore, interpretation of results leading to general-
ized conclusions regarding immune responses may be
difficult.

Quantification of complement proteins

Rationale. The complement pathway is part of the innate
immune response and consists of a series of proteins present
in the plasma. Activation of the complement system initiates
an enzymatic cascade, which leads to bacterial cells lysis, the
formation of chemotactic peptides that attract immune cells,
and an increase in phagocytotic clearance of infected cells
(Kuby 1997). Complement can also increase the permeability
of vascular walls and cause inflammation (e.g. anaphylaxis).
Most complement proteins exist in the plasma as inactive pre-
cursors that cleave and activate each other via a proteolytic
cascade in response to three different mechanisms: the classi-
cal pathway, the alternative pathway and the lectin-induced
pathway (Dunkelberger & Song 2009). These three systems
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have divergent mechanisms by which they initiate the proteo-
Iytic cascade; however, they share most of their components
and all three converge in the creation of a C3 convertase. This
C3 convertase cleaves the C3 complement protein, leading
ultimately to the formation of the membrane attack complex
(MAC; C5b-9) and subsequent cell lysis. The classical path-
way is activated by the recognition of foreign antigens by
antibodies bound to the surface of cells. In contrast, the alter-
native and lectin-induced pathways are both antibody-inde-
pendent (Dunkelberger & Song 2009). To quantitatively
determine the levels of a complement component, commer-
cially available kits are often used (e.g. ELISA and EIA)
(Klos et al. 1988). To examine general complement activa-
tion via any pathway, the complement protein C3 and split
products of C3 (C3a and C3b) and C5 (C5a and C5b) are rec-
ommended for measurement. Split products can be used to
determine if activation has occurred because their increase
only occurs when complement enzymes are formed and
active. To evaluate the overall activity of the complement sys-
tem, the terminal complex SC5b-9 can be measured.

Requirements. Measurement of the complement compo-
nents cited earlier is usually accomplished via a commercially
available ELISA kit; however, similar results could be
obtained in the laboratory using appropriately validated
ELISA methods and species-specific labelled antibodies.
Appropriately processed serum samples, ELISA reagents,
positive and negative controls for all components measured,
and a plate reader are necessary.

Benefits. The assays described earlier are a quantitative way
to measure complement production and the activation of the
complement pathway. Additionally, multiple levels of the
pathway may be analysed based on the chosen components.
Complement components are involved in a variety of
immune responses and act as the major effectors of the
humoral immune response. Measurement of specific proteins
may also provide a more comprehensive picture of immunity.

Limitations. A number of limitations are inherent in assess-
ing complement activation via the methods described earlier.
Like many plasma proteins, complement components exhibit
a wide normal concentration range in vivo, thus making inter-
pretations of results difficult. In addition, the accuracy of the
detection methods can be variable. For example, some poly-
clonal antibodies used for ELISAs and other quantitative
tests may react with both native molecules and their respec-
tive split products. Such cross-reactivity may result in overes-
timation of the concentrations of the tested-for components
and hence should be taken into consideration when interpret-
ing the results. In addition, as these assays are usually
obtained from commercial suppliers, their use has been vali-
dated in a few species. Finally, as the complement system is
very labile, the manner in which specimens are collected and
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processed can influence the results of testing. The impact of
time, temperature and anticoagulants on the spontaneous
generation of complement activation has been previously
demonstrated (Mollnes, Garred & Bergseth 1988).

Haemolytic complement

Rationale. A haemolytic (CHsp) complement assay can be
used to qualitatively measure overall pathway integrity, cell
lysis and functional activity. The CHsq assay is based on a
haemolytic assay in which an immune complex is formed
on the surface of RBCs by antibodies that react with a cell
surface antigen (see De Waal et al. 1988; Sinclair & Lochm-
iller 2000; Greives et al. 2006). When complement is
activated by antigen-fixed antibodies on the cell surface, the
cell is lysed by the MAC and haemoglobin is released. The
formation of the MAC on the cell surface requires the
sequential actions of all components of the classical and
terminal pathways (i.e. final stages of complement activa-
tion common to both classical and alternate pathways)
(Dunkelberger & Song 2009). Any break or interruption in
the cascade will result in inactivation and decreased lysis.
By titration of a complement source (e.g. serum), such that
only a portion of the cells are lysed, the amount of active
complement can be calculated. In general, the greater the
amount of activated complement in serum, the greater the
amount of cell lysis will occur. For precise titrations of hae-
molytic complement, the dilution of serum that will lyse
50% of the indicator red cells is determined as the CHs,
(Mayer 1948). An alternative agglutination assay to measure
haemolytic complement has also been described by Matson,
Ricklefs & Klasing (2005). This alternative approach allows
the measurement of natural antibodies without the need of
an ELISA and also allows the measurement of comple-
ment-mediated lysis of cells. This method has been utilized
successfully in both avian and reptilian systems (Matson,
Ricklefs & Klasing 2005; Sparkman & Palacios 2009).

Requirements. Functional assays for complement should be
performed with serum that was frozen at —70 °C within an
hour after it was separated from the clot. In addition, refrig-
erated washed SRBC must be used within 30 days of prepa-
ration and cannot be frozen. Finally, rabbit anti-sheep red
blood cell antibodies are required along with a plate reader
that can measure absorbance at 405 nm.

Benefits. This functional assay is a relatively quick, inexpen-
sive and easy way to evaluate complement activity. No spe-
cies-specific reagents are necessary and the only piece of
specialized equipment used is the plate reader to measure
absorbance.

Limitations. Functional tests are often more sensitive than
measuring protein concentrations and have the advantage of

© 2011 The Authors. Journal of Animal Ecology © 2011 British Ecological Society, Journal of Animal Ecology



10 G.E. Demaset al.

measuring the native (active) components or pathways. How-
ever, unlike the quantitative tests mentioned previously,
functional tests for complement are qualitative in nature. In
the CHso assay, although overall complement activity is
examined, the activity of individual components cannot be
assessed. In addition, substances that weakly activate the
complement system may generate measurable local inflam-
matory responses (i.e. C3a) but are not ‘strong’ enough to ini-
tiate/reflect a significant change in whole complement
activity and cell lysis (i.e. entire classical pathway ending at
the MAC). As mentioned earlier, sample acquisition and
handling can influence the results (Mollnes, Garred &
Bergseth 1988). Finally, the arbitrary CHs, unit depends on
the conditions of the assay and is therefore laboratory-
specific. It is important to note that some anticoagulants (e.g.
heparin) can interfere with complement and should be
avoided (Mollnes, Garred & Bergseth 1988).

Natural Killer (NK) cell cytotoxicity

Rationale. Natural killer cells are an essential component of
the innate immune response and are the first line of defence
against many infectious agents in many vertebrates (Biron
et al. 1999). Human patients with impaired NK cell activity
often suffer from recurrent illness despite possessing a func-
tional adaptive immune response (Biron, Byron & Sullivan
1989; Orange Jordan 2002). NK cells can be derived from
either T- or non-T-cell lineages, sharing many functions
with cytotoxic T cells. (Long et al. 2001). However, unlike
cytotoxic T cells, NK cells are important in the initial innate
immune response, as they do not require specific antigen
presentation to initiate killing of certain cell lines (Janeway
et al. 2005). NK cells respond to the presence of non-self-
antigens and specific cytokines with the release of cytotoxic
granules inducing apoptosis in the target cell (Claus, Greil &
Watzl 2009) and the release of additional cytokines such as
IFNX or TNFa (Bryceson et al. 2006). The measurement of
NK cell cytotoxicity is useful for understanding a compo-
nent of the innate immune response to viral and neoplastic
antigens (Ferrandez & De la Fuente 1996; Biron et al.
1999). NK cell cytotoxicity assesses only the cytotoxic
function of NK cells and does not address their cytokine
releasing function.

Requirements. Natural killer cell cytotoxicity can be per-
formed on isolated mononuclear cells (for example see Fer-
randez & De la Fuente 1996; Muiioz et al. 2000) or on whole
blood (reviewed in Claus, Greil & Watzl 2009). Using whole
blood, rather than isolated mononuclear cells, has the advan-
tage of allowing crosstalk between NK cells and other com-
ponents of the immune system, such as dendritic cells and
cytokines (Bromelow et al. 1998), thus providing a more
holistic view of NK cell cytotoxicity (Claus, Greil & Watzl
2009). In the ‘gold standard’ assay, whole blood or isolated
mononuclear cells are incubated with radionuclide (typically

31Cr) labelled target cells for 4 h. As target cells are destroyed
by NK cells, they release chromium. Chromium release is
then quantified by measuring the gamma radiation emitted
by the radionuclide using a gamma counter (for an excellent
description of the process see Ferrandez & De la Fuente
1996).

This assay requires specialized equipment and an approved
radionuclide facility, including a gamma counter, but none of
the requirements are species specific. This method has been
used on a variety of wildlife species including ectothermic
vertebrates (Mufioz et al. 2000), marine mammals (De Guise
et al. 1997) and birds (Fowles, Fairbrother & Kerkvliet
1997). This assay can be performed on any sample collected
from an animal that contains NK cells. Historically, it has
been reported that the assay must be performed promptly
after sample collection. However, Claus, Greil & Watzl
(2009) found that there was no decrease in NK cell cytotox-
icity in whole blood incubated with cell growth media for
24 h prior to assessment when compared to NK cell cyto-
toxicity from whole blood assessed immediately after col-
lection.

Benefits. Assessing NK cell cytotoxicity quantifies an impor-
tant component of the initial immune response to many para-
sites, especially viruses (Biron et al. 1999). The described NK
cell assay is a simple, widely used assay that does not require
species-specific reagents.

Limitations. The major drawback of this technique is the
requirement for a gamma counter and an appropriate facility
in close proximity to a field site. This assay is also criticized
for measuring only lysed target cells, and not accounting for
NK cell concentration or the cytotoxic capacity of individual
NK cells (Claus, Greil & Watzl 2009).

Bactericidal (Bacterial Killing) assay

Rationale. The bactericidal or bacterial killing assay (BKA)
measures the capacity of fresh whole blood to kill bacteria ex
vivo (Tieleman et al. 2005; Millet et al. 2007). Generally,
whole blood is diluted in media, and a known number of live
bacteria (Escherichia coli ATCC#8739 is one of the most
commonly utilized strains) are added to this sample. After a
brief incubation period, samples are plated and incubated on
agar; bacterial colonies are counted following incubation and
compared to reference plates (bacteria grown without blood).
The degree of bacterial killing is then extrapolated from the
number of colonies present on each plate. Both thawed sam-
ples of frozen serum and plasma can be used instead of whole
blood, but it is best if these samples are used relatively soon
(e.g. hour or days) after collection. Recent work has shown
that repeated freeze-thaws and increased storage duration
(over 20 days) of plasma samples significantly reduce killing
ability (Liebl & Martin 2009). Also, bacterial killing ability
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varies substantially across species and contexts, so some pilot
work is almost always required to optimize dilutions of
serum/plasma and bacterial strain (Matson et al. 20006;
Buehler et al. 2008b; Rubenstein er al. 2008; Ruiz et al.
2010). More recently, a modified version of this assay has
been proposed that utilizes spectrophotometry for the
quantification of bacterial colonies that is reported to be
more reliable and requires smaller sample volumes (Liebl
& Martin 2009).

Requirements. The BKA is one of the simplest eco-immu-
nology assays and requires the least amount of specialized
equipment. While it is best to conduct the assay in sterile con-
ditions under a laminar flow hood, biologists have been able
to adapt this technique to the field by utilizing a relatively
aseptic enclosure to prevent contamination of the agar cul-
ture plates. In addition to the blood samples, agar-coated
plates (which can either be prepared in the laboratory or pur-
chased commercially), a bacterial strain and an incubator are
needed to conduct this assay. This assay is currently being
adapted for use with human saliva (Muehlenbein ez al.,
unpublished data), providing a much-needed noninvasive
method to assess variation in immune responses within and
between humans.

Benefits. This assay allows characterization of a functionally
relevant immune response that involves that action of phago-
cytes (e.g. macrophages, heterophils and thrombocytes),
opsonizing proteins (complement and acute phase proteins)
and natural antibodies (predominantly IgM and IgA),
depending on whether whole blood or serum is used. While
the E. coli ATCC#8739 strain is complement-dependent,
other strains can also be used that are complement-indepen-
dent or that vary in their reliance on phagocytic activity for
bacterial killing. Assessing responses to several strains allows
investigators to determine specific immune mechanisms (e.g.
complement and phagocytes) underlying experimental
effects. Because the BKA assesses the ability to eliminate an
actual pathogen, it provides a more functionally relevant
assessment of host immune function compared with assays
that assess isolated immune components or immune
responses to relatively artificial antigens or mitogens.

Limitations. As with other assays performed in culture, the
results of the BK A may not extrapolate to immune response
in vivo. Further, this assay requires maintaining bacteria-
coated culture plates under ascetic conditions in an incuba-
tor, which makes the assay itself difficult to perform in the
field, although some studies have been able to perform bac-
tericidal experiments in field laboratories using this or simi-
lar type assays (Tieleman et al. 2005; Buehler, Piersma &
Irene Tieleman 2008a). This difficulty, however, can be
eliminated if a laboratory facility is relatively close by to
the field site.

Macrophage phagocytic ability

Rationale. Macrophages are important cell signalling agents
that activate an appropriate immune response and are also
are potent effector cells of the innate immune response
(Kwiatkowska & Sobota 1999). Macrophages can attack
pathogens by releasing toxic compounds or by actively
ingesting and digesting a variety of pathogens using the pro-
cess of phagocytosis. After the antigen contacts and binds to
the macrophage cell membrane, the macrophage engulfs the
antigen in a phagosome (Janeway et al. 2005). This mem-
brane-bound phagosome then fuses with a lysozome and
becomes a mature phagolysosome, capable of destroying the
antigen (Vieira, Botelho & Grinstein 2002; Damiani & Co-
lombo 2003). Determining the phagocytic ability of macro-
phages is an excellent measure of a specific host innate
immune function that is important for the immediate killing
of numerous pathogens, from whole bacteria to virally
infected and injured host cells.

Requirements. The phagocytic assay requires that macro-
phages be isolated before adding a labelled antigen. Macro-
phages can be isolated from peritoneal fluids or whole blood
using standard peripheral blood mononuclear cell isolation
methods (Trust, Hooper & Fairbrother 1994; Fowles, Fair-
brother & Kerkvliet 1997), followed by allowing macrophag-
es to adhere to a surface and washing away the nonadherent
lymphocytes and immature monocytes (Patton et al. 2005;
Orsi et al. 2010). These isolated macrophages can then be
combined with a labelled antigen, such as stained yeast or
SRBC, and a microscope is used to count the number of
macrophages engulfing particles and/or the number of parti-
cles being engulfed (Fairbrother et al. 1994; Lahvis et al.
1995). This protocol requires the use of live macrophages and
must be performed with viable cells. This technique has been
successful with macrophages that were previously cryopre-
served (Grasman 2002).

Benefits. This technique provides a simple assessment of
macrophage phagocytic activity — an important mechanism
of the innate immune response. It requires very basic equip-
ment (e.g. centrifuge and microscope) and does not require
species-specific reagents or complex sampling, but rather can
be performed using whole blood or peritoneal fluid collected
from a variety of species (Grasman 2002).

Limitations. This technique must be performed promptly
after sample collection or cells must be promptly cryopre-
served to maintain cell viability. Unlike techniques that mea-
sure multiple aspects of immune function (for example
bactericidal ability of whole blood or serum), macrophage
phagocytic ability is a very specific measure of a particular
immune response and cannot be used on its own as a descrip-
tor of generalized immune function. In addition, this
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technique only measures one component of macrophage
function, phagocytic ability. The assay does not measure
other important functions of macrophages in the immune
system, including the release of cytokines and toxic com-
pounds or the activation of an appropriate acquired immune
response.

ACQUIRED IMMUNITY

Delayed-type hypersensitivity

Rationale. Delayed-type hypersensitivity (DTH) responses
are localized antigen-specific responses eliciting swelling and
redness at the site of antigen injection in immunized animals
(Dhabhar 1998). A classic example is the tuberculosis skin
screening test currently used in humans. DTH responses are
predominantly T-cell-mediated responses resulting in the
recruitment and activation of cytokines, macrophages, NK
cells and cytotoxic T cells. This initial response is followed
by the proliferation of T cells, which upon secondary expo-
sure will elicit a more robust response than the primary
response. It is important to clarify that many researchers in
the field do not sensitize their study animals prior to antigen
challenge and are therefore not measuring a DTH response
(unless the animal has some form of prior exposure to the
antigen). This initial priming is followed by a second injec-
tion at the same site ¢. 5-10 days later to stimulate the DTH
response. The exact timing of the second injection is depen-
dent on the antigen and study subject used both of which
will affect the speed of T-cell memory formation necessary
to mount a DTH response.

The most common antigens used to elicit DTH
responses are 2,4-dinitro-1-fluorobenzene (DNFB) (Dhab-
har 1998; Bilbo & Nelson 2003) and phytohaemagglutinin
(PHA), which act as a T-cell mitogen and are derived
from the red kidney bean (Phaseolus vulgaris) (Lee et al.
2006; Martin et al. 2006a). Less commonly used are key-
hole limpet haemocyanin (KLH) and heat-killed E. coli
bacteria (Smith et al. 2005; Martin, Hasselquist & Wikel-
ski 2006b). Because these antigens cause proliferation of
T cells to a localized area, the amount of swelling can be
measured and roughly equated to the strength of the
immune response.

Requirements. The most important requirement to mea-
sure the DTH swelling response is that the animal has a
consistently measureable surface, such as, a pinna, wing
web, fin or foot pad. Assessment of DTH is very straight-
forward and only requires a shaver for hair/feather
removal if necessary, an antigen of your choice (e.g. DNFB
and PHA), a syringe (wing-webs and foot pads) or acetone
(pinnae) for antigen delivery, and calipers or a constant-
loading dial micrometre to measure swelling. Because con-
stant-loading dial micrometres exert constant pressure at
the swelling site, they help to eliminate much of the user
error common in hand-held calipers. Swelling at the injec-

tion site is measured c¢. 12, 24 and 48 h postsecondary injec-
tion. The amount of swelling is roughly equal to the
strength of the cell-mediated immune response, and there-
fore more swelling is equivalent to a greater infiltration and
proliferation of macrophages and lymphocytes. Data are
presented as the change in thickness or swelling at the injec-
tion site; therefore a baseline or control thickness must be
measured. There are two different methods of control uti-
lized in DTH studies: first is assessing baseline, pre-antigen
size at the challenge site and the second is to have a second-
ary location to serve as a control throughout the study (i.e.
alternate wing and pinnae). Studies have demonstrated that
either way is valid (Martin ez al. 2006a).

Benefits. This technique provides a relatively quick and
simple assessment that does not require performing any
assays. It can be performed readily in the laboratory or the
field, but does require recapture at specific points. Further,
there are no specific antibodies required, and so DTH can be
readily performed in nontraditional model systems.

Limitations. The largest limitation of this procedure is that
not all animals have a surface location conducive to measur-
ing swelling. The second major limitation is that DTH
requires repeated sampling of the animal at specific time
points which makes it difficult to perform on certain species
in the field. Therefore, the study animals must either be held
in the laboratory for a prolonged time or must be recaptured
at specific time points if researcher is truly measuring DTH,
and not simply primary responses. Individual hydration state
and body condition can greatly affect the swelling response
while not necessarily affecting immunity. Because of the rela-
tive ease of conducting DTH responses (e.g. PHA-induced
wing web swelling), this technique has historically dominated
the field of eco-immunology, (although additional measures
are beginning to be incorporated). However, most research-
ers only measure swelling and not specific cellular recruit-
ment at the site of swelling and therefore results have the
potential to be misleading or unclear. Therefore, referring to
DTH as ‘T-cell-mediated immunity’ or ‘cell-mediated immu-
nity’, as has been repeatedly performed in the field, is an over-
simplification.

In vitro lymphocyte proliferation

Rationale. When lymphocytes (either circulating or those
harvested from lymphoid tissues) are challenged with a path-
ogen, they undergo marked proliferation. An important way
to test the functional ability of lymphocytes to multiply in
response to a pathogen is to test their proliferative ability
under controlled conditions within the laboratory (Froebel
et al. 1999). Because all proliferating cells actively incorpo-
rate thymidine into their DNA, this can be used to determine
the degree of proliferation. By using a radioactively labelled
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form of thymidine, tritiated thymidine (3[H]thymidine), it is
possible to quantify the amount of *[H]thymidine as a mea-
sure of cell proliferation. Typically, a specific lymphoid tissue
(e.g. spleen) is removed from an animal, ground between
glass slides to liberate lymphocytes and then added to culture
media to maintain viable cells. *[H]thymidine is then added.
To stimulate proliferation, a variety of mitogens can be
employed which target specific lymphocyte subtypes. The
most commonly employed mitogens include conconavalin A
(Con A) and PHA which serve as T-cell mitogens, lipolysac-
charide (LPS) which stimulates B cells predominately, and
pokeweed mitogen which is a mixed B- and T-cell mitogen.
More recently, a rapid colorimetric assay has been developed
to determine proliferation based on the ability of the mito-
chondrial enzyme succinate-dehydrogenase to transform the
tetrazolium salt MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyl tetra-zolium bromide) into a blue-coloured MTT
formazan (Cory et al. 1991). Because the conversion of MTT
conversion only occurs in living cells, the amount of forma-
zan produced is proportional to the number of cells present
and thus serves as a measure of proliferation (Demas, Klein
& Nelson 1996). This method correlates well with *[H]thymi-
dine (Bounous, Campagnoli & Brown 1992) and has the ben-
efits of being rapid, cost-effective and does not require the
use of radioactive materials (Bounous, Campagnoli & Brown
1992). Several kits employing this technology are now com-
mercially available.

Requirements. In vitro cell proliferation can be performed
on whole blood (Palacios et al. 2007, 2009) or with liberated
cells from whole lymphoid tissues (e.g. splenocytes) (Demas,
Klein & Nelson 1996). Because this is an in vitro technique,
the assay requires maintaining cells in culture in a sterile envi-
ronment and typically requires the use of a laminar flow hood
while treating cells and a CO, incubator to maintain cells
during the proliferative process. While samples can be taken
under field or laboratory conditions, the assay itself is typi-
cally performed within a laboratory setting.

Benefits. Proliferation assays, like most in vitro assays, have
the important benefit of examining immune responses under
controlled conditions removed from other physiological
influences. By using different mitogens, or even presorting
cell types prior to the assay (e.g. via flow cytometry), one can
determine the ability of specific immune cell subtypes to pro-
liferate under very specific experimental conditions. Further,
these assays do not typically rely on species-specific reagents.
While some initial pilot work will be needed to optimize doses
to a specific species, this technique can be used with a wide
range of species and there can be no terminal measure with
the use of whole blood.

Limitations. While lymphocyte proliferation is an important
immune assay in the eco-immunologist’s toolkit, the need to

perform the assay under sterile (typically laboratory) condi-
tions can make this assay less attractive to the field biologist.
Furthermore, this technique is a less functional response in
that while immune cells may proliferate more or less under
certain experimental conditions, greater proliferation does
not necessarily mean greater ability to destroy pathogens.
As with any in vitro technique, one must be careful when
extrapolating responses seen in a dish to those that might be
demonstrated when using in vivo models, as these two
responses may differ because of differences in experimental
conditions. Also, this assay must be performed within c.
24 h of harvesting cells or taking blood samples and preser-
vation of viable cells in media is typically required. Unlike
other assays that rely on frozen samples if this assay is
performed on lymphocytes harvested fresh from lymphoid
tissues at necropsy, there is no opportunity to repeat the
assay if it fails the first time. This is less of an issue, however,
if whole blood is used.

HUMORAL IMMUNITY
Total Immunoglobulin (Ig) levels and antigenic challenge

Rationale. Antibodies are produced by B lymphocytes fol-
lowing exposure to an antigen and are only useful for elimi-
nating pathogens that are in the blood or the extra-cellular
matrices and spaces (Kuby 1997). In addition to antibodies
produced in response to an immune challenge, constitutive
(natural) antibodies provide a first line of defence against
pathogenic attack and may reflect a state of immunological
readiness (Greives et al. 2006; Lee et al. 2008). 1gG is the
most abundant antibody isotope in the blood and is responsi-
ble for coating micro-organisms so that macrophages and
neutrophils can recognize and destroy them. IgM on the
other hand has multiple functions including complement-
mediated lysis and the formation of antibody-antigen com-
plexes (Kuby 1997). The most common antigens used to elicit
antibody responses include KLH, diphtheria—tetanus toxin
and SRBC (Demas & Nelson 1996; Hanssen et al. 2004).
Additionally, animals can be challenged with an ecologically
relevant pathogen (i.e. pneumococcus and malaria) and dis-
ease-specific antibodies can be quantified. Following the anti-
genic challenge, blood samples are drawn at multiple time
points postinjection to measure specific immunoglobulins
(IgM and IgG titres are the most commonly measured
because of their high blood concentrations). For quantifica-
tion of both baseline constitutive antibody titres and anti-
body production in response to an antigenic challenge, an
ELISA can be used (Demas, DeVries & Nelson 1997b;
Drazen et al. 2000; Zysling & Demas 2007). Because SRBC
do not readily bind to ELISA plates, challenges using this
antigen will require an agglutination assay (Grasman 2010).

Requirements. Antigenic challenges require injection of the
chosen antigen and then (potentially) multiple sample points
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thereafter. Further, to measure immunological memory (sec-
ondary antibody responses) additional challenge points are
necessary (Martin et al. 2008a). As with other ELISA meth-
ods, species-specific labelled antibodies, appropriate ELISA
reagents, and a plate reader are necessary. Data are presented
as the per cent change when compared with a positive control
sample, yielding relative abundance of antibodies in samples
rather than absolute concentrations (Demas, Drazen &
Nelson 2003).

Benefits. Constitutive antibody measurements require only
one blood sample; thus, this method is compatible with field
studies and use on organisms with a low recapture rate. Anti-
genic challenge can be used to evaluate immunological mem-
ory and responses to a novel pathogen. Measurements of
antibodies against a relevant pathogen can result in ecologi-
cally relevant conclusions regarding disease resistance and
exposure. For both types of measurements, samples can be
frozen and stored until further analysis.

Limitations. For measurements of constitutive antibodies, it
is difficult to determine whether antibody titres reflect an
actual baseline measurement or whether levels are elevated
because of recent sickness or pathogen exposure. Antigenic
challenges require one or more injections and multiple blood
samples; thus, high recapture rates are required for use in the
field. As a result, antigenic challenges are best suited for labo-
ratory or captive studies. For both methods, species-specific
antibodies are required and the antibody response is
presented as the per cent change based on a positive control,
which can vary between assays and laboratories.

INTEGRATED MEASURES

Cytokine profiles

Rationale. Cytokines are low molecular weight, biologically
active proteins that function as intercellular messengers at
very low concentrations (Janeway et al. 2005). Their actions
are typically mediated by cell surface receptors located on the
same (autocrine) or neighbouring cells (paracrine). The
effects of their presence may be stimulatory or inhibitory and
can include cell proliferation, activation or differentiation of
the target cell, often a cell involved in host immune defence
(Banks 2000). Cytokines are important in regulating the
immune response in many disease processes (Bienvenu ez al.
1998), as well as regulating immune responses of healthy ani-
mals. A single cytokine can affect a wide variety of cells and a
single cell can produce a wide variety of cytokines that may
be redundant in their activities (Banks 2000). However, spe-
cific cytokines can often be linked to specific immunological
responses, making them useful to measure when trying to
understand an immunological mechanism. For example,
measuring cytokines associated with a Thl response and

cytokines with a Th2 response has helped clarify the immu-
nological interactions seen with tuberculosis and macropara-
sites (Rook & Brunet 2005; Graham 2008).

Requirements. There are two types of cytokine assays: bio-
assays and immunoassays. Immunoassays have been used to
quantify the amount of cytokine in a bodily fluid or tissue.
This simple quantification can be performed by many tech-
niques (reviewed in Sachdeva & Asthana 2007), but is most
often performed by ELISA (Wadhwa & Thorpe 1998).
Newer technologies (e.g. Multiplex) allow a large number of
cytokines (20 or more) to be assessed simultaneously in a sin-
gle assay requiring small (50 pL) samples, but these assays
require specialized equipment and can be expensive. Both
assays require an antibody to the cytokine, which is species-
specific. However, as biologically active entities, cytokines
cannot be fully characterized by physiochemical methods
alone, so bioassays may also be performed (Meager 2006).
Bioassays quantify the potency of a cytokine using a cultured
cell line to assess the response of a target cell line to a given
quantity of cytokine (Meager 2006). Bioassays take a longer
time to perform, are less precise and are more technically
demanding then immunoassays (Banks 2000). Bioassays mea-
sure only the amount of biologically active cytokine and inter-
national standards exist for the assays (Sachdeva & Asthana
2007). These assays require tissue culture facilities and results
are often laboratory dependent (Thorpe et al. 1999).

Benefits. Immunoassays are relatively simple to standardize
and perform and can provide an excellent overview of
immune function when multiple cytokines are measured.
With the recent advent of microarray technology, it is becom-
ing possible to measure the cytokine milieu with one assay
(Sachdeva & Asthana 2007). Bioassays help to confront some
of the limitations of immunoassays (reviewed in Banks 2000)
and quantify the biological function(s) of the cytokine(s) of
interest.

Limitations. Immunoassays require species-specific and cyto-
kine-specific reagents, so the assay can be limited by commer-
cial availability. However, numerous antibodies exist and
many cross-react between species so this limitation can be
overcome. Bioassays require cell culture facilities and can be
challenging to standardize.

Wound healing

Rationale. Wound healing is a multifaceted measure of
immune function, used for many years in studies involving
stress, susceptibility to bacterial infection and interleukin
kinetics in laboratory animals (Padgett, Marucha & Sheridan
1998; Rojas et al. 2000, 2002; Mercado et al. 2002), and in
studies of stress seasonality in small mammals (Kinsey, Pren-
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dergast & Nelson 2003). Wound healing is a coordinated
immune response, including an initial inflammatory response
(Padgett, Marucha & Sheridan 1998; Rojas et al. 2002),
mobilization and proliferation of platelets, granulocytes,
cytokines, chemokines, fibroblasts and keratinocytes (Martin
1997; Padgett, Marucha & Sheridan 1998), all of which are
stress sensitive. Wound healing is also a biologically relevant
measure of immune function in most animals, which
frequently incur wounds in their natural habitat.

Requirements. Assessment of wound healing is easy to per-
form and only requires some basic surgical tools to create and
remove a skin biopsy, an anaesthetic, and a digital camera to
photograph the resulting wound site including a scale refer-
ence. The animal will need to be either anaesthetized (smaller
animals) or given a local anaesthetic such as lidocaine at the
wound site. Animals with either fur or feathers may need to
be shaved at the wound site prior to the biopsy procedure.
Once anaesthetized, the animal receives a sterile cutaneous
biopsy punch (e.g. Millitex). The biopsy size can be variable
and should be appropriate for the study animal. This proce-
dure can be performed in the field or in the laboratory.

The length of healing time should be based on initial pilot
studies that document the comprehensive healing profile for
the study animal (Padgett, Marucha & Sheridan 1998; Rojas
et al. 2000, 2002; French, Matt & Moore 2006). To photo-
graph the wounds, animals need to be secured in a uniform
fashion with a scale reference (e.g. metric ruler) for size mea-
surements. Digital images can be taken with either a digital
camera (in the field) or a camera attached to a light micro-
scope (in the laboratory). Images then can be analysed using
image analysis software such as Image Pro (http://
www.mediacy.com) or Image J (http://rsbweb.nih.gov/ij).
Image J analysis software is easily attainable via download
online and is free to all users. Measurements could poten-
tially be collected by hand; however, the measurement accu-
racy would not be as high as with image analysis because of
the small size of the wounds and wounds not healing in a
uniform manner.

Benefits. Wound healing is a coordinated measure of immu-
nity and thus a comprehensive immune response (Kiecolt-
Glaser et al. 1995; Epstein, Singer & Clark 1999). It is both
biologically and ecologically relevant to most animals. It can
be performed without specific reagents or antibodies, and so
can be performed in more nontraditional systems. Lastly, it
can be performed readily in the field (French & Moore 2008),
but is easier with territorial animals, because recapture at
specific time points is necessary to asses healing rate over time.

Limitations. Wound healing requires an initial pilot study to
determine the appropriate measurement time points in the
healing profile to assess healing rate for a given animal
model. This technique is not conducive for field use in some

model systems because animals must be recaptured and
wounds remeasured at specific time points. Like many other
immune measures, wound healing is highly stress sensitive
(French, Matt & Moore 2006), so results can be affected by
experimental context. Lastly, the procedure also requires a
minor surgery and anaesthetic, which usually require practice
and specific IACUC approval for use.

Fever/sickness responses

Rationale. The assessment of fever and/or sickness
responses is both a biologically relevant measure of immune
function and an integrated immune response. Sickness
responses generally include, but are not limited to fever, sick-
ness behaviour (lethargy and mild anorexia), cytokine pro-
duction and elevated glucocorticoid levels. The most
common agent used to induce immune activation and sick-
ness is LPS, a molecule present on the cells walls of Gram-
negative bacteria, which acts on toll-like receptors (TLR)
present on immune cells (specifically TLR4) and elicits an
inflammatory and pyrogenic (fever-inducing) response with-
out actually infecting the animal with an infectious agent.
Therefore, immunizing an animal with LPS mimics a bacte-
rial infection without actually getting the animal sick. When
animals are treated with LPS in controlled doses, immune
cells including macrophages, monocytes and Kupffer cells,
which all express TLR4 receptors, bind LPS and stimulate an
intracellular signalling cascade resulting in activation of tran-
scription factors such as nuclear factor kB and related kinas-
es (Mouihate er al. 2008). In addition, LPS activates the
complement cascade, resulting in the production of anaphy-
latoxin (C5a), which in turn activates cyclo-oxygenases
(COX-1, COX-2) and prostaglandins (PGs) (Mouihate et al.
2008). Approximately 30 min following LPS exposure, cells
of the innate immune systems synthesize and secrete a range
or pro-inflammatory cytokines, predominantly interleukin
(IL) 1B, IL-6, and tumour necrosis factor o (TNFo). The
experimental sickness is relatively short-term, as fever and
inflammation has usually abated within 24-48 h (Dantzer &
Kelley 2007); however, this response does require significant
energetic investment. There are also readily available chemi-
cal agents (e.g. polyinosinic:polycytidylic acid) that induce
viral-like responses via acting on TLR3.

Requirements. There are different ways to assess the fever
and sickness response. First, sickness responses can be mea-
sured using a thermometer to track body temperature (fever),
behaviour recording equipment to measure behavioural
changes over time, a thermal gradient if studying an ectother-
mic animal to allow for behavioural thermoregulation, and a
scale to monitor food intake over the course of the experi-
ment. Sickness behaviour includes lethargy, reduced food
intake, and elevated body temperature, all of which are
monitored regularly over the typical 48-h LPS sickness
response. All measures require a baseline, pre-sickness (i.c.,
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pre-injection) measure for comparison. Researchers can also
quantify cytokine profiles in response to sickness (see Cyto-
kine section), as well as other indirect responses that may also
change because of sickness response (e.g. leucocyte counts
and antibody titres) (Dantzer et al. 1999; Dantzer 2006;
Dantzer & Kelley 2007; Buehler ez al. 2009). There is also a
usual increase in circulating corticosterone in response to
LPS injection (Owen-Ashley ez al. 2006), which can be mea-
sured using either radioimmunoassay or an ELISA.

Benefits. This immune measure is an integrated immune
response, including behaviour, without actually infecting the
animal. The response is also rapid and certain endpoints such
as behaviour and fever responses are relatively simple to mea-
sure. Some studies, involving avian species, have been con-
ducted on free-living animals in the field (Owen-Ashley &
Wingfield 2006; Owen-Ashley et al. 2006).

Limitations. Behaviour and sickness responses usually
require repeated observations and handling of the study ani-
mals at specific time points, including baseline, which is usu-
ally only conducive to a laboratory setting. However, a few
studies have successfully utilized radiotelemetry to reduce or
eliminate the need for recapture (Hetem ez al. 2008; Adelman
et al. 2010). There is large variability in LPS potency, even
within the same lot, making it difficult to calculate the appro-
priate dose. Additionally, there is also high individual varia-
tion in response to LPS, and variation according to season,
pregnancy state and prior exposure (Prendergast et al. 2004;
Owen-Ashley & Wingfield 2006; Owen-Ashley et al. 2006;
Tsang, Fewell & Moore 2006; Hodyl et al. 2010). For
example, studies have repeatedly shown that pregnant ani-
mals show hypothermic rather than pyrogenic responses to
LPS in both laboratory rats and Siberian hamsters (Fofie &
Fewell 2003; Wei, Li & Zhou 2007; French, SS, Chester,
EM, & Demas, GE, unpublished data).

Infectious disease models

Rationale. Arguably, one of the more powerful study designs
in eco-immunology is to artificially expose immunologically
naive animals to a well-characterized infectious organism (of
known inoculum) and measure correlated changes in
immune function and life-history traits during infection and
after convalescence. Of course, such a design may be best sui-
ted for controlled laboratory conditions, and is not feasible
in some species like humans. That said, various model sys-
tems have been successfully employed, including the cocci-
dian Caryospora in Eurasian kestrels (Falco tinnunculus)
(Lemus, Vergara & Fargallo 2010), the nematode Tricho-
strongylus in lambs (Wagland et al. 1984), the bacterium Bor-
relia in black-legged kittiwake (Rissa tridactyla) (Staszewski
et al. 2007) and Plasmodium in several species (Benten ez al.
1997; Eisen & DeNardo 2000), to name a few.

All of the above-mentioned immunological tests can be
employed under these circumstances, including multiple
WBC and immunoglobulin analyses throughout infection.
Importantly, disease-specific antibody titres may be deter-
mined. Furthermore, measurements can be made after initial
exposure (in naive animals) and after subsequent exposures
to assess adaptive immune functions.

When it is not feasible to infect an animal, an alternative
study design may be to utilize a vaccine so as to induce an acti-
vated immune response (Staszewski & Boulinier 2004). Such
a design has been employed using a variety of species, includ-
ing the pied flycatcher (Ficedula hypoleuca), pheasant (Phasi-
anus colchicus) and the blue tit (Parus caeruleus), all exposed
to the diphtheria—tetanus vaccine (Svensson et al. 1998; Ilmo-
nen, Taarna & Hasselquist 2000; Ohlsson et al. 2002). Simi-
larly, the Newcastle disease virus has been used in the collared
flycatcher (Ficedula albicollis) and the barn swallow (Hirundo
rustica) (Nordling et al. 1998; Saino et al. 2002). Porcine
respiratory and reproductive syndrome has been used in
pigs (Spurlock et al. 1997), and yellow fever and typhoid
vaccines in humans (Gandra & Scrimshaw 1961; Cooper
et al. 1992).

Requirements. The basic requirements for this type of study
are intensive, simply because one’s animal population must
be of a known infection/immune status, and because animals
must be re-sampled (before, during, and after infection). In
addition to all of the above-mentioned requirements for the
immune assays of choice, one must often maintain one’s own
source of infectious agent, whether that be source animals or
mosquitoes infected with malaria, or other forms of inocula.
Animals should be free of infection and immunologically
naive prior to inoculation, which may require special patho-
gen-free colonies of laboratory animals or antimicrobial
treatment of wild species. Furthermore, one’s choice of host-
pathogen system should be species-specific and ecologically
relevant. That is, one should consider using a pathogenic
organism or vaccine that induces a significant immune
response in the model organism of choice.

Benefits. A study design which utilizes these methodologies
is certainly in a better position to assess actual causality
rather than simple correlations between immune activation
and variation in different life-history traits or other endpoint
criteria. Furthermore, trade-offs involving immunity may
only be evident during immune activation in model organ-
isms (Muehlenbein & Bribiescas 2005).

Limitations. The limitations of this study design are obvious:
intensive repeated monitoring of well-characterized model
species, using choice infectious organisms or vaccine para-
digms. Such experimental designs may not be logistically or
ethically feasible with certain host organisms, particularly
humans.
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Conclusions and additional ecological
considerations

Regardless of which eco-immunology techniques are
employed (Table 1), experimental context is paramount to
the interpretation of immunological data. Immune responses
are not fixed in nature; they are instead highly variable
depending on context. The predominant factors to consider
when measuring immunity are season, reproductive state,
sex, energy/nutrient balance, individual stress and current/
prior infection status. Perhaps most significant, immune
responses require substantial energy to occur. As a result, an
organism’s energy balance can greatly alter their immuno-
competence. For example, mounting an antibody response in
house mice significantly elevated metabolic rate (Demas et al.
1997a). Limiting food or even specific nutrients can also inhi-
bit innate and cell-mediated immune responses and lympha-
tic tissue mass (Glick ef al. 1983; Lochmiller, Vestey & Jon
1993; Alonso-Alvarez & Tella 2001; French, DeNardo &
Moore 2007). Many potential factors can influence individ-
ual energy balance, including but not limited to seasonal
energy availability (Nelson & Demas 1996, 2004; Deerenberg
et al. 1997; Nelson 2004; Owen-Ashley & Wingfield 2006),
and reproductive state (Saad 1989; Deerenberg et al. 1997,
Nordling et al. 1998; Moreno, Sanz & Arriero 1999; Olsson
et al. 2000; Drazen, Trasy & Nelson 2003; Hanssen, Folstad
& Erikstad 2003; French, DeNardo & Moore 2007).

Current or prior exposure to pathogens and parasites is
also integral to the ability of an organism to mount an
immune response. For example, an animal currently battling
an infection would likely show elevated antibody titres and
circulating leucocytes and this response could be mistaken
for an elevated response to a concurrent experimental chal-
lenge being assessed. Prior exposure can also produce immu-
nological memory, allowing previously exposed animals to
produce more robust responses than previously unexposed
animals. Conversely, recent or current exposure to infection
may limit energy available to additional experimental
immune challenges, rendering the animal immunocompro-
mised. Although not all factors can be controlled within a
study, they should be considered when interpreting immuno-
logical data. For example, testing for current infection status
via baseline antibody titres and screening for parasite infec-
tions could greatly improve the interpretation of an animal’s
immunological responses (see earlier sections for specific
techniques). Additionally, choosing the appropriate immu-
nological approach is critical to a successful study.

The most basic, but perhaps most overlooked question in
eco-immunology studies is ‘which technique is right for my
research’? Feasibility for a particular experimental design or
study species dictates which techniques are viable. However,
the question of relevancy to the experimental question and
species being studied are often overlooked in eco-immunol-
ogy studies. A practical first step is to investigate your organ-
ism’s natural history. Is there a high incidence of a particular
pathogen in the system? Is there high parasite prevalence in
the organism’s habitat? Is the organism frequently wounded

defending mates or a territory? These factors help establish
whether an innate, cell-mediated, or humoral response for
example is more important and ecologically relevant to the
organism. The question of biological/ecological relevancy is
particularly important now that current evidence has identi-
fied physiological trade-offs occurring within the immune
system (Zysling, Garst & Demas 2009). This evidence sug-
gests that organisms are likely energetically ‘favouring’ par-
ticular immune responses that are most relevant to that
organism and its environment. Therefore, examining isolated
immune components such as PHA, although still informa-
tive, do not provide a comprehensive measure of the immune
system and should not be interpreted as such.

The goal of this review was to provide a basic overview of
some of the techniques available to eco-immunologists; we
hope it has served its purpose. Before employing any new
technique, however, it is highly recommended that investiga-
tors obtain published protocols specific to the technique of
interest, as well as consult with relevant experts (e.g. immu-
nologists, microbiologists and parasitologists). A modest
amount of initial pilot work will allow researchers to maxi-
mize the utility of specific methodologies, tailoring them to
one’s specific experimental needs. More importantly, doing
so will likely minimize the potential for serious problems with
the techniques after the data are collected. In conclusion, we
hope researchers will consider incorporating some of these
techniques described here in their own research programs; by
doing so, eco-immunologists will gain a more integrative,
comprehensive understanding of environment-immune
interactions.
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