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ABSTRACT
Populations of free-living animals frequently encounter natural and human-driven
environmental variation that can affect their physiology and ultimately their long-term viability.
In some cases, animals can experience physiological manifestations of such variation long before
effects on more traditional population parameters are realized. One component of physiology
that is useful for ascertaining how animals cope with such variation is their stress level.
Chronically high stress levels can affect the performance of animals by reducing growth rates,
long-term survival or increasing disease vulnerability. With this in mind, my dissertation
research examines how natural and anthropogenic environmental variation affects stress levels in
vertebrates, using amphibians as model subjects. To assess stress levels, investigators
traditionally measure the concentration of stress hormones (corticosterone in birds, reptiles and
amphibians) in blood plasma of subjects, although this can be logistically difficult because of the
rapid response time of hormones and high volume of blood needed for the test. An alternative
approach capitalizes on the stress hormone’s effect on the host’s circulating white blood cells,
and in fact this cellular approach has advantages over direct hormone sampling because it is not

as time sensitive and requires much smaller blood samples. Although this cellular method is



gaining in popularity among wildlife researchers interested in quantifying stress, it has
encountered some resistance in the scientific literature, partly stemming from a poor
understanding of the relationship between stress hormones and blood cells. My thesis aimed to
address this information gap. Major findings included: 1) a literature review showing how stress
causes changes in numbers of circulating white blood cells such that the ratio of neutrophils to
lymphocytes (N:L ratio) rises and that this effect is conserved across all vertebrate taxa, 2)
experimental administration of stress hormone to salamanders causes a rise in N:L ratios, 3)
bringing wild salamanders into captivity causes increases in N:L ratios, 4) rearing salamanders
from eggs in crowded conditions causes high N:L ratios in surviving metamorphs, 5) infection
with chytridiomycosis can cause changes in blood cell counts that resemble effects of stress, and
6) that amphibians reared in captivity have similar responses to stress as do wild individuals,
which justifies the use of captive-rearing initiatives for amphibian conservation. The collective
projects in this thesis should not only serve to establish the hematological approach to measuring
stress for ecologists, but also to highlight the importance of considering the physiology of the
animal when drawing conclusions from research projects or when making decisions for

management and conservation of wildlife.
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CHAPTER 1
INTRODUCTION

Ecologists and wildlife researchers are becoming increasingly aware of the importance of
physiological approaches to assessing animal performance, with the most frequently-used metric
being the stress level of the animal (e.g. Groombridge et al. 2004, Romero 2004, Crespi and
Denver 2005, Blas et al. 2007) . When animals are stressed, it is a signal to the researcher that
the animal perceives a problem or a threat within its current environment, and this information is
highly useful for a variety of reasons, such as when gauging the quality of the habitat (Homan et
al. 2003) or for predicting future survival of populations (Romero and Wikelski 2001). There are
several ways to measure stress in animals. The conventional technique involves assessing the
level of stress hormones (usually corticosterone) in blood samples. However, since this hormone
rapidly rises when wild animals are captured (within two minutes, Romero and Reed 2005), it
can be logistically difficult to obtain blood samples within this time frame, especially if traps are
used and animals must be first extracted. Because of this limitation, certain other, indirect
metrics have emerged, that are not as time-sensitive. One recent one involves measuring the level
of stress hormone metabolites in the feces of animals (Franceschini et al. 2008), which is
obviously not influenced by the stress of capture or handling. Similarly, there are new techniques
to measure hormone metabolites in feathers of birds (Bortolotti et al. 2009). Another, which is
the subject of this thesis, is also an indirect measure of stress hormones, and involves counting
numbers of specific white blood cells in blood samples of animals. This approach capitalizes on

the effect of stress on neutrophils (or heterophils in birds and reptiles) and lymphocytes, such



that the ratio of the two cells (N:L ratio) is directly related to hormone levels. This thesis was
aimed at furthering our understanding of this ‘hematological stress index’ using amphibians as
model subjects, and at establishing the methodology to the scientific community.

I initially reviewed the effects of stress hormones on leukocytes across 150 scientific
studies from the biomedical, veterinary, ecological and physiological literature [Chapter 2],
which showed that stress hormones have a similar effect across all vertebrates, in that they cause
neutrophils (heterophils in birds and reptiles) to enter circulation and lymphocytes to leave. This
ultimately leads to an increase in the ratio of the two cell types which is directly correlated with
stress hormone levels over both short and long timescales. The relationship between stress
hormones and N/L ratios was next validated with a controlled laboratory experiment [Chapter 3].
Here, I captured wild salamanders and injected one group with a known dose of corticosterone,
and compared the white blood cell response of this group to a group injected with a sham, and to
a group that was sampled immediately after capture (control group). Results showed that N:L
ratios of the corticosterone group were higher than the control and sham treatment, and that a
reduction in eosinophils is associated with increased stress. This was followed by two
experiments showing how short-term captivity increases the ratio of neutrophils to lymphocytes
in wild, adult salamanders [Chapter 4], and how crowding during larval stages also leads to an
increase in N/L ratios of post-metamorphic salamanders [Chapter 5]. Results from these two
projects have implications for researchers using herpetofauna as study subjects, since both
scenarios (captivity and rearing larvae) were typical of herpetological research. I then examined
the effects of a well-known amphibian disease (chytridiomycosis) on the circulating white blood
cells of frog larvae [Chapter 6]. These larvae originated from a separate lab experiment in which

some individuals unintentionally became infected and others did not. I examined each group and



compared white blood cell counts of infected and non-infected individuals (infection was
presumed from mouthpart depigmentation). Results showed how the disease can cause signs
resembling the effects of stress, by lowering lymphocyte counts as well as eosinophils counts.
Finally, I conducted an experimental assessment of the effect of captive-rearing on amphibian
stress levels, which is an example of the utility of this approach in addressing real-world issues
of conservation concern [Chapter 7]. This project aimed to validate the use of captive-rearing
projects to help bolster declining amphibian populations, and involved comparing the
hematological stress levels of captive-reared animals to their wild counterparts. The idea was that
since reared amphibians are usually given food ad libidum and kept free of predators and
parasites, they may not have the ability to respond to real-world stressors when they are released
into the wild. Results showed that reared frog and salamander larvae had similar rises in N:L
ratios in response to standardized stressors as did wild individuals, which indicates that they in
fact, are capable of mounting appropriate stress responses.

I end the thesis with some concluding remarks [Chapter 8] that focus on the main
criticisms of this hematological approach. There are indeed several persistent critical comments
that come up in manuscript reviews and in discussion with certain colleagues, although these
comments are becoming fewer and fewer in recent months, hopefully because of the publication
of the chapters in this thesis. If that is the case, then it will have achieved one of my main goals,
which was to establish this technique within the scientific community. Moreover, it is my hope
that the combined projects in this thesis also serve to highlight the utility of a hematological

approach to measuring stress in wildlife management and conservation.
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Abstract

A growing number of ecologists are turning to the enumeration of white blood cells from
blood smears (leukocyte profiles) to assess stress in animals. There has been some inconsistency
and controversy in the ecological literature, however, regarding their interpretation. The
inconsistencies may stem partly from a lack of information regarding how stress affects
leukocytes in different taxa, and partly from a failure on the part of researchers in one discipline
to consult potentially informative literature from another. Here, we seek to address both issues
by reviewing the literature on the leukocyte response to stress, spanning the taxa of mammals
(including humans), birds, amphibians, reptiles and fish. We show that much of the early
literature points to a close link between leukocyte profiles and glucocorticoid levels. Specifically,
these hormones act to increase the number and percentage of neutrophils (heterophils in birds
and reptiles), while decreasing the number and percentage of lymphocytes. This phenomenon is
seen in all five vertebrate taxa in response to either natural stressors or exogenous administration
of stress hormones. For the ecologist, therefore, high ratios of heterophils or neutrophils to
lymphocytes (‘H:L’ or ‘N:L’ ratios) in blood samples reliably indicate high glucocorticoid
levels. Furthermore, this close relationship between stress hormones and N:L or H:L ratios needs
to be highlighted more prominently in hematological assessments of stress, since it aids the
interpretation of results. As with hormone assays, there are challenges to overcome in the use of
leukocytes profiles to assess levels of stress; however, there are also advantages to this approach,
and we outline each. Given the universal and consistent nature of the hematological response to
stress, plus the overwhelming evidence from the veterinary, biomedical and ecological literature
reviewed here, we conclude that this method can provide a reliable assessment of stress in all

vertebrate taxa.



At one time confined to veterinary practice, methods and techniques that advance the
understanding of physiological responses to the environment are now becoming commonplace in
ecological studies of wild animals. This development has led to the emergence of a new
discipline, coined ‘conservation physiology’ by Stevenson et al. (2005) and explored further by
Wikelski & Cooke (2006), who eloquently outlined the questions in conservation that can be
addressed using a variety of physiological approaches, especially those that focus on stress.
Indeed, stress in animals is clearly an important factor to consider when assessing their welfare
in both captive or wild settings. In recent reviews, Wikelski & Cooke (2006) and Romero (2004)
outlined a popular method of assessing physiological stress: the measurement of levels of adrenal
glucocorticoid hormones, such as corticosterone, in plasma. Measuring these hormones clearly
has many applications in ecology and has proven to be an invaluable tool. As with all methods,
however, there are drawbacks associated with it. For example, levels of plasma corticosterone
rise quickly immediately following capture of wild animals (Romero & Reed 2005), thus making
it difficult to obtain baseline measurements in field situations. We review here a complementary
method of physiological stress assessment that is becoming popular with ecologists, especially
those studying birds: the use of hematological parameters such as relative white blood cell
(WBC) counts made from blood smears. This approach may represent an alternate method for
measuring corticosterone because, as reviewed below, increases in glucocorticoid hormones
cause characteristic changes in the leukocyte component of the vertebrate immune system that
can be quantified and related to hormone levels. Moreover, the leukocyte approach offers certain
advantages over direct glucocorticoid measurement in that it does not require prohibitively rapid
sampling and is relatively inexpensive. Finally, the hematological response to stress is conserved

across taxonomic groups, ensuring that this approach to measuring stress can be applied to most



vertebrates, and that results obtained from one taxonomic group should be useful for making

predictions in others.

The white blood cell differential in vertebrates

We begin by outlining basic information about white blood cells across vertebrate taxa. Most
vertebrates have five types of WBCs: lymphocytes, neutrophils, eosinophils, basophils and
monocytes. The morphology of each cell type appears to be conserved across taxa, except in the
case of the neutrophil. In birds and reptiles, the neutrophil is replaced with the heterophil, which
performs the same immunological function (Hawkey & Dennett 1989, Jain 1993). In
amphibians, this cell type is occasionally referred to as a heterophil (e.g. Cabagna et al. 2005,
Forbes et al. 2006); however it appears more similar to a neutrophil (Fig. 2.1) (Thrall 2004) and
the majority of authors use that term (e.g. Bennett & Harbottle 1968, Rouf 1969, Wojtaszek &
Adamowicz 2003). Reptiles appear to have a sixth cell type, called an azurophil, which most
researchers group with monocytes (Hawkey & Dennett 1989, LeBlanc et al. 2000).

The immunological function of each of the WBC types has been reviewed extensively
elsewhere (Ellis 1977, Jain 1986, Maxwell 1987, Jain 1993, Maxwell & Robertson 1998, Thrall
2004). Briefly, neutrophils/heterophils and lymphocytes make up the majority (i.e. nearly 80%
combined) of WBCs in mammals (Jain 1993), birds (Rupley 1997), amphibians (Bennett et al.
1972, Cathers et al. 1997, Thrall 2004) and reptiles (Eliman 1997, Fisse et al. 2004, Werner
2007) (see also Table 2.1). Neutrophils/heterophils are the primary phagocytic leukocyte, and
proliferate in circulation in response to infections, inflammation and stress (Jain 1993, Campbell
1995, Rupley 1997, Harmon 1998, Thrall 2004). Lymphocytes are involved in a variety of

immunological functions such as immunoglobulin production and modulation of immune
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defense (Campbell 1996). The remaining 20% of the leukocytes represent a combination of
eosinophils, which play a role in the inflammation process (Jain 1993) and are associated with
defense against parasites (Maxwell 1987, Rupley 1997, Kiesecker 2002), monocytes, which are
long-lived phagocytic cells associated with defense against infections and bacteria (Campbell
1995, Davis et al. 2004) and basophils, the function of which is not clearly understood (Rupley
1997) but is thought to involve inflammation (Campbell 1995).

The relative proportions of each WBC type, usually obtained by light microscope
examination of 100 leukocytes in a stained blood smear, are what make up the leukocyte
‘profile’ (also called ‘complete blood count’, ‘leukocyte differential’ or ‘hemogram’) for any
animal. The baseline leukocyte profile varies considerably among the vertebrate taxa. In
mammals, for example, the most abundant WBC is the neutrophil, whereas in birds, lymphocytes
are usually the most common (see Table 2.1). Furthermore, within taxa there is much variation

among species.

Stress-induced changes in leukocyte profiles

Leukocyte profiles are particularly useful in the field of conservation physiology because they
are altered by stress and can be directly related to stress hormone levels. As Dhabhar et al.
(1996) pointed out, leukocyte profiles that deviated from normal parameters were routinely used
to indicate mammalian hormonal stress responses in the 1940s, before methods were available to
directly assess plasma glucocorticoids. Specifically, the changes brought on by stress or
glucocorticoid treatment are increases in numbers of neutrophils (neutrophilia) and decreases in
lymphocyte numbers (lymphopenia or lymphocytopenia). Moreover, since numbers of

neutrophils and lymphocytes are affected by stress in opposite directions, researchers have often
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considered the ratio of one to the other, i.e. the relative proportion of neutrophils to lymphocytes
(hereafter, ‘N:L’ ratio) in mammals and amphibians, and heterophils to lymphocytes (hereafter,
‘H:L’ ratio) in birds and reptiles, as a composite measure of the stress response. This ratio, as
read from standard blood smears made before and after a stressful event, is positively related to
the magnitude of the stressor and to circulating glucocorticoids (reviewed below). There is also
evidence that this ratio is influenced by diseases and infections (or the stress hormones produced
as a result of the infection), and we review this evidence later in the paper.

A long history of research on mammals indicates that exogenous treatment with stress
hormones (i.e. mimicking a physiological stress response) results in a marked alteration in
leukocyte counts within one to two hours (e.g. Dougherty & White 1944, Gordon 1955, Jain
1986, Dhabhar et al. 1995). This research, which has been conducted primarily in humans,
livestock and mammalian laboratory animals, has involved treatment with cortisol or synthetic
glucocorticoids, such as hydrocortisone, dexamethasone or prednisolone. These agents produce
neutrophilia or lymphopenia, or both, in cattle (Anderson et al. 1999), sows (Kranendonk et al.
2005), horses (Burguez et al. 1983), bottlenose dolphins (Reidarson & McBain 1999), rats (Cox
& Ford 1982), mice (Van Dijk et al. 1979), guinea pigs (Fauci 1975) and humans (e.g. Fauci &
Dale 1974, Dale et al. 1975). Similar research has been conducted using adrenocorticotropic
hormone (ACTH), which stimulates release of glucocorticoids from the adrenal glands.
Treatment with ACTH increases N:L ratio in boars (Bilandzi¢ et al. 2006) and horses (Rossdale
et al. 1982), probably via its effects on glucocorticoid secretion.

Long-term effects of glucocorticoid hormones on leukocyte populations are seen in
humans with chronic medical disorders; for example, Cushing’s syndrome is a disorder

characterized by chronically elevated levels of plasma cortisol. Not long after the link between
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stress hormones and leukocytes was discovered in the early 1940s, medical researchers found
that patients with this disorder had chronically elevated neutrophil counts and lower lymphocyte
counts compared to healthy individuals (de la Balze et al. 1946). Similarly, neutrophils are
elevated and lymphocytes depressed in humans with psychological disorders such as depression
and schizophrenia, which are characterized by chronically elevated plasma cortisol levels
(Kronfol et al. 1984). Chronically elevated glucocorticoids may therefore cause long-term
elevations in N:L ratios.

The mechanism underlying the effect of stress hormones on leukocyte profiles has been
well documented in biomedical studies of mammals (reviewed in Ottaway & Husband 1994,
Brenner et al. 1998). Stress-induced reductions in circulating lymphocyte numbers are not due to
large-scale destruction of cells, but rather to glucocorticoid-induced alterations in the
‘trafficking’, or redistribution, of lymphocytes from the blood to other body compartments
(Dhabhar 2002). In response to glucocorticoids, circulating lymphocytes adhere to the
endothelial cells that line the walls of blood vessels, and subsequently undergo transmigration
from circulation into other tissues, for example lymph nodes, spleen, bone marrow and skin,
where they are sequestered (Cohen 1972, Fauci 1975, Dhabhar 2002). This exodus of
lymphocytes from the blood causes a significant reduction in their circulating numbers. In
contrast, glucocorticoids also stimulate an influx of neutrophils into the blood from bone marrow
and attenuate the egress of neutrophils from the blood to other compartments (Bishop et al.
1968). These changes are thought to ensure that the different types of cells are routed to where
they are needed during the stress response (Dhabhar et al. 1994, Dhabhar et al. 1996). For the
ecologist seeking a tool to assess stress, they result in an increase in N:L or H:L ratio that is

proportional to the level of glucocorticoid release.
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Given the very clear effect of stress hormones on leukocyte profiles, it is not surprising
that increases in N:L ratios are observed in response to stressors. For example, this phenomenon
has been well studied in the context of transport stress in mammals, which has broad
ramifications across many fields, including veterinary medicine, biomedical research, agriculture
and wildlife management (reviewed in Obernier & Baldwin 2006). Transporting animals from,
for example, a vendor to a research laboratory, or from a farm to a slaughter house, causes a
hormonal stress response as well as changes in leukocyte profiles. The N:L ratio has been shown
to increase after transport in a variety of mammals including horses, goats, swine and cattle
(reviewed in Obernier & Baldwin 2006) as well as beagles (Frank et al. 2006), dolphins (Noda et
al. 2007) and rhinos (Kock et al. 1999). Other types of stressors also affect hematological
parameters of mammals; for example, N:L ratios increase after strenuous exercise in horses
(Cardinet et al. 1964, Rossdale et al. 1982) and humans (reviewed in Brenner et al. 1998), after
restraint stress in rhesus monkeys (Morrow-Tesch et al. 1993) and southern chamois (Lopez-
Olvera et al. 2007), and after transfer from the wild to captivity in brushtail possums (Baker et
al. 1998). These examples represent only a fraction of the large literature on the effects of a
variety of stressors on leukocyte profiles in a wide range of mammalian species, although we
point out that much of this literature has been published in biomedical or veterinary journals and
may not readily available to ecologists.

Although the early studies of stress-induced neutrophilia and lymphopenia were
conducted in mammals (e.g. Dougherty & White 1944, Gordon 1955), the phenomenon appears
to be universal across vertebrates, having been demonstrated not only in mammals but also in
birds, amphibians, reptiles and fish. The utility of the avian H:L ratio was first realized by

poultry researchers (Gross & Siegel 1983) and is now commonly used to assess the welfare of
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chickens under different rearing conditions (Altan et al. 2000, Davis et al. 2000, Elston et al.
2000, Onbasilar & Aksoy 2005, Nicol et al. 2006). Much of the early literature on this subject
has been reviewed by Maxwell (1993). Throughout this body of work, there are numerous cases
where the relationship between leukocytes and stress hormones is highlighted. For example,
Davis et al. (2000) showed how reduced feed leads to increases in both corticosterone and H:L
ratios in domestic chickens (Gallus gallus). Importantly, poultry researchers have also
discovered that natural variation in the H:L ratios of newly-hatched chicks can be used to assess
future susceptibility to diseases, with more susceptible individuals identifiable as chicks with
high ratios (Al-Murrani et al. 2002, Al-Murrani et al. 2006). This research, which has had a
measurable impact on the poultry husbandry industry, has laid the groundwork for using
leukocyte parameters to infer physiological stress in other avian species.

In recent years, ornithologists have capitalized on the findings in poultry and have
increasingly quantified H:L ratios in wild birds across a number of ecological settings. For
example, in passerines, H:L ratios increase in response to a wide variety of stressors, including
long-distance migration (Owen & Moore 2006), transport (Parga et al. 2001, Groombridge et al.
2004), parasitic infection (Davis et al. 2004, Lobato et al. 2005) and radioactive contamination
(Camplani et al. 1999). H:L ratios have also been associated with other measures of individual
health and quality; for example, high ratios (indicating high stress) are associated in pied
flycatcher (Ficedula hypoleuca) nestlings with reduced growth (Moreno et al. 2002), and low
ratios are associated with large song repertoires in song sparrows (Melospiza melodia) (Pfaff et
al. 2007). Low ratios in nestling pied flycatchers also positively predict their recruitment into the
adult population (Lobato et al. 2005). These are but a few examples of a growing body of

literature from the ornithological community, and because ornithologists report on leukocyte
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parameters more often than researchers in other fields, the body of relevant literature on avian
species is growing faster than any other.

A lesser-known, earlier body of literature clearly demonstrates that the stress-induced
leukocyte responses are also exhibited by amphibians. In a series of carefully conducted
laboratory experiments spanning three decades, Bennett and colleagues showed that the
proportion of neutrophils increases while the proportion of lymphocytes decreases in newts and
frogs after injection with hydrocortisone (Bennett & Alspaugh 1964, Bennett & Harbottle 1968,
Bennett et al. 1972), limb amputation (Bennett 1986), osmotic stress (Bennett & Johnson 1973)
and exposure to constant light (Bennett & Reap 1978). Increases in neutrophil numbers in
amphibians exposed to agricultural pesticides have also recently been recorded (Cabagna et al.
2005), while the authors recently found that increased N:L ratios are associated with the onset of
reproduction (Davis & Maerz 2008a) and with captivity (Davis & Maerz 2008b) in wild
salamanders.

There is some evidence that the hematological response seen in mammals, birds and
amphibians also occurs in reptiles. Saad & El Ridi (1988) reported that 3—4 weeks of
hydrocortisone treatment caused a pronounced lymphopenia in ocellated skinks (Chalcides
ocellatus). Similarly, Morici et al. (1997) found that long-term treatment with corticosterone
elevated H:L ratios in juvenile alligators (Alligator mississippiensis). In the same species of
alligator, holding juveniles out of water with their jaws held closed caused a rapid rise in plasma
corticosterone, followed by a dramatic increase in H:L ratio (Lance & Elsey 1999). In a recent
study of box turtles (Terrapene c. carolina), H:L ratios were used to determine how individuals
responded to captivity in low- versus high-quality housing conditions (Case et al. 2005). In this

case, individuals housed in high-quality conditions (i.e. with mulched floors, shredded paper and
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a hide box) had lower H:L ratios than those housed in low-quality conditions (i.e. only
newspaper). Finally, Chen et al. (2007) recently showed that increases in rearing density caused
increases in H:L ratios in farm-raised soft-shelled turtles (Pelodiscus sinensis). These studies
suggest that H:L ratios can be used to assess glucocorticoid levels and stress in reptiles; however,
we point out that less work has been conducted in this taxon than in others.

The leukocyte response to stress has been well studied in fish despite some confusion in
the early literature over cell identification and nomenclature (Ellis 1977). Furthermore,
thrombocytes (the equivalent to mammalian platelets) have sometimes been included in early
investigations of ‘leukocyte differentials’ of fish (Saunders 1968), which makes comparison with
modern counts difficult because most authors do not routinely report these non-leukocytic cells
in differential counts (Thrall 2004). This trend has apparently continued in the ichthyology
community, with authors of recent hematological studies also reporting thrombocytes in
differential counts (e.g. Silveira-Coffigny et al. 2004). Nevertheless, neutrophils and
lymphocytes appear to be readily quantifiable in fish, and the same leukocyte responses to stress
and to exogenous glucocorticoid treatment (neutrophilia and lymphopenia) can be measured.
Ellsaesser & Clem (1986), Bly et al. (1990) and Harris & Bird (2000) provide excellent reviews
on these responses. In general, acute stress induces both neutrophilia and lymphopenia in fish
(e.g. Pulsford et al. 1994), although sometimes only lymphopenia is reported (Larsson et al.
1980), and these stress-induced changes have been shown repeatedly to be related to elevated
glucocorticoids. Neutrophilia, lymphopenia and increased N:L ratios are apparent after treatment
with either cortisol or hydrocortisone (Ellsaesser & Clem 1986, Wojtaszek et al. 2002).
Treatment with ACTH also induces neutrophilia and lymphopenia in fish (McLeay 1973). These

responses in fish are therefore identical to those seen in other vertebrate taxa.



17

Many ichthyologists have capitalized on the leukocyte stress response in fish as a tool for
understanding the physiological effects of exposure to heavy metals and other contaminants in a
wide range of species (e.g. Mishra & Srivastava 1979, Dick & Dixon 1985, Murad & Houston
1988, Dethloff et al. 1999, Witeska 2005). In fact, ichthyologists consider changes in the
differential leukocyte count to be one of the most sensitive indicators of acute stress in fish
(Wedemeyer et al. 1990). Thus, the size of the literature set on leukocyte responses to
environmental contaminants in fish is indeed large, and although it is too extensive to review
adequately here, we do highlight a selected subset of examples. A number of laboratory studies
have exposed fish to heavy metals such as lead (Witeska 2005), zinc (Mishra & Srivastava
1979), copper (Dick & Dixon 1985, Dethloff et al. 1999) or cadmium (Murad & Houston 1988),
and in each of these studies lymphopenia was reported, with neutrophilia reported in most
(neutrophils were not always counted). The exception is a study of Mozambique tilapia
(Oreochromis mossambicus) where exposure to copper resulted in the opposite pattern (Nussey
et al. 1995). Experimental exposure to polluted water (i.e. industrial effluent) resulted in
lymphopenia in flounders (Platichthys flesus) (Larsson et al. 1980). Finally, although not
necessarily related to environmental contaminants, fish have also been exposed other stressors,
including immersion in near-freezing water (Bennett & Gaudio Neville 1975), 24 hour light
(Valenzuela et al. 2008) and transport (Ellsaesser & Clem 1986). In all cases, lymphopenia and

neutrophilia ensued.

Advantages of leukocyte stress indicators
The researcher using plasma glucocorticoid levels to assess stress is generally interested in two

different measures: the baseline level prior to capture and handling, and the peak level during the
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stress response. Both of these measures provide information relevant to the stress physiology of
the animal. Whereas obtaining a blood sample during the peak phase of the stress response is
usually not a problem, quantification of baseline levels is more difficult because it requires the
collection of a blood sample within a few minutes of capture. The exact timing of the rise is not
known precisely in most species; however, the existing literature demonstrates that it typically
occurs within 5 min and can begin in as little as 2 min after capture in birds (Romero & Romero
2002, Romero & Reed 2005). Examples of two responses are compared in Fig. 2.2, which shows
the time course of the adrenal response to stress in skinks (taken from Langkilde & Shine 2006)
and in rats (taken from Muir & Pfister 1987). This rapid hormonal response means that a field
investigator wishing to take a baseline hormone sample from most any vertebrate needs to
monitor traps closely and must be very skilled at rapid blood collection. In fact, a recent study of
house sparrows (Passer domesticus) emphasizes this point (Lynn & Porter 2008). In this project,
the corticosterone stress response was found to begin as soon as individuals entered traps, even
though they did not exhibit prolonged escape behavior. For the researcher interested in
glucocorticoid hormones, this study indicates that traps cannot be left unattended, even for brief
periods.

Unlike the hormonal response to stress, the initial leukocyte response begins over a time
span of hours to days, depending on the taxon. To demonstrate this point for mammals, we have
reproduced two figures from an early study by Cardinet et al. (1964), who examined the short-
term effect of strenuous exercise on leukocytes of the horse (Fig. 2.3). In this simple but
effective study, a horse was taken across a 32-mile course over 8 hours and its blood was
sampled every two hours for leukocyte examination. The resulting counts were compared to

those made during a day with no exercise. Figure 2.3 shows how lymphocytes (A) remained
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lower than normal throughout the exercise, and then took 14 hours after the end of the exercise to
return to normal levels. Meanwhile, neutrophil numbers (B) increased throughout the exercise,
then gradually declined upon termination, but had not yet returned to the baseline level 14 hours
later. It is important here to point out that neutrophil counts were not appreciably elevated until 4
hours after the start of the exercise period. Similarly, Burguez et al. (1983) showed that
injections of cortisol did not significantly elevate N:L ratios until 2 hours after injection in foals
and 4 hours later in adult horses. In contrast to these studies on domestic mammals, more recent
work shows that the leukocyte response may occur on a more rapid time scale in wild mammals.
In a study of wild ungulates, neutrophil numbers were found to double, and lymphocytes reduced
by half, within one hour of capture (Lopez-Olvera et al. 2007). Even this time course, however,
is not so rapid that sampling becomes problematic.

Research with birds also demonstrates a relatively slow leukocyte response time that
makes obtaining baseline samples convenient. Davis (2005) found that H:L ratios do not increase
significantly within one hour of capture in house finches (Carpodacus mexicanus). To
demonstrate this idea graphically, we have reproduced a figure from that study as well as one
from another study (Lindstrom et al. 2005) in which corticosterone was measured after capture
in house finches (Fig. 2.4). In both studies, individuals were captured and sampled three times
over a period of one hour. Lindstrom et al. measured plasma corticosterone (Fig. 2.4A), whereas
Davis quantified H:L ratios using blood smears (Fig. 2.4B). Plasma corticosterone increased
dramatically within 30 min (Lindstrém et al. 2005), whereas H:L ratios did not increase
significantly throughout the hour (Davis 2005). In a separate set of individuals held for one hour

and sampled only once at 60 min, H:L ratios did not increase at all, indicating that the slight
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trend of increasing H:L ratios seen in Fig. 2.4B may have been caused by repeated sampling, not
the handling time per se.

The time lag associated with the leukocyte response to stress may be the longest in
ectothermic animals, perhaps owing to their temperature-dependent metabolism, which is slow at
low temperatures (Pough 1980). Bennett et al. (1972) found that experimental injections with
hydrocortisone did not alter leukocyte differentials in newts (i.e. no neutrophilia or lymphopenia
was observed) until 3 days later, whereas similar experiments with frogs showed that some
individuals responded within 12 hours, but others took 144 hours (Bennett & Harbottle 1968). If
this slow response is due to a slow metabolism, we might expect equally slow leukocyte
responses to stress in reptiles since their metabolism is also slow at low temperatures (Pough
1980). Similarly, the time course of the leukocyte response in fish is lengthy. The effects of
transport stress on peripheral blood neutrophil counts in channel catfish (Ictalurus punctatus)
were not detectable until 12 hours post-stress and peaked at 24 hours (Bly et al. 1990). Thus,
among ectotherms, the leukocyte response time appears to be much slower than that of
endothermic birds and mammals.

Few researchers have directly quantified the endogenous hormonal and leukocyte
responses with the intent of comparing their relative utility, with the exception of scientists
studying poultry. MacFarlane et al. (1989) measured the leukocyte (H:L ratio) and adrenal
hormone responses in chickens that were chronically exposed to a variety of stressors, including
beak trimming, air fouling, coccidiosis, heat stress, continuous noise and intermittent electric
shocks. These treatments initially caused the typical rises in both plasma corticosterone and H:L
ratios. After seven days, however, corticosterone was no longer elevated, suggesting acclimation

to the stressors (see Romero 2004). Interestingly, H:L ratios remained elevated, and this led the
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investigators to conclude that the leukocyte response to stress was more enduring and perhaps a
more reliable indicator of long-term stress than corticosterone sampling. Whether acclimation to
stressors occurs in two dissociable phases, one characterized by a reduction in the adrenal
response followed by another involving the leukocyte response, is a question that should be
explored by future research.

Besides allowing more time for researchers to obtain baseline samples, the use of
leukocyte profiles for assessing stress in vertebrates offers additional advantages. First, the
technique is relatively inexpensive, requiring only microscope slides, stain and a microscope.
Second, the blood sample required for a blood smear is very small. Corticosterone assays require
30—60 uL of blood, which is not easily taken (if to be done so non-destructively, at least) from
animals less than 15 g in weight (Washburn et al. 2002). In contrast, leukocyte profiles can be
obtained from blood samples as small as 5—-10 pL (A. K. Davis,personal observation), which in

theory means that smaller animals with lower blood volumes can be studied.

Predictive value of leukocyte profiles

One of the reasons for assessing stress in ecological settings is to detect early warning signals of
potential problems in vertebrate populations. For example, corticosterone levels have been used
to predict survival in populations of Galapagos marine iguanas (Amblyyrhynchus cristatus)
(Romero & Wikelski 2001). Leukocyte profiles also have predictive power, and some of the best
examples of this power come from human medical studies in which patients can be followed for
years after routine blood smears are made. Multiple studies report that low lymphocyte counts
(which the authors of these studies attribute to elevated glucocorticoids) reliably predict the risk

of mortality associated with a range of ailments, such as coronary artery disease (Ommen et al.
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1997), haemodialysis (Reddan et al. 2003), heart failure or myocardial infarction (Thomson et al.
1995, Ommen et al. 1998, Acanfora et al. 2001) and surgical implantation of defibrillators
(Ommen et al. 2002). The N:L ratio was found to be a good predictor of cardiovascular risk,
more so than high neutrophil counts or low lymphocyte counts (Horne et al. 2005). Other
examples of the predictive capacity of leukocyte stress parameters come from avian research.
High H:L ratios have been associated in birds with susceptibility to infection (Al-Murrani et al.
2002), slow growth rates (Moreno et al. 2002) and survival to the next breeding season (Lobato
et al. 2005, Kilgas et al. 2006). These associations make H:L ratios valuable for predicting future

problems in both populations and in individuals.

Interpreting changes in leukocyte profiles

Controversy surrounding the use of leukocyte profiles in ecology seems to center around the
perception that data collected on leukocyte parameters are difficult to interpret. As with any tool,
it is important to understand what leukocyte profiles can and cannot tell us. Although they can
give information about whether an individual may be subjected to more or less stress relative to
other individuals, the information obtained from one blood smear tells us little if anything about
the ability of that individual to mount an immune response. Researchers who attempt to tie
leukocyte profiles to immune function or fitness are faced with a dilemma: does heterophilia
indicate stress and illness (and therefore low fitness), or does it indicate a superior ability to
respond to infection (high fitness)? Does lymphopenia indicate an active stress response, or a
lack of parasites? Or does it indicate immunosuppression? This troubling paradox is illustrated in
the literature on plumage brightness and coloration in passerine birds. Saks et al. (2003) reported

a negative correlation between the brightness of the yellow feathers of greenfinches (Carduelis
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chloris) and heterophil count, and interpreted this result to mean that the brighter birds were in
better health because their heterophil counts were low. In contrast, Dufva & Allander (1995)
found the opposite relationship between yellow coloration and H:L ratios in great tits (Parus
major), and argued that heterophilia (high heterophil count), which in this case was associated
with bright coloration, indicated an “efficient immune response” and “superior immunity to
parasites.” Similarly, Figuerola et al. (1999) reported that yellow coloration correlated positively
to H:L ratio in cirl buntings (Emberiza cirlus), and suggested that the high ratios indicated an
“absence of parasites and infectious diseases and correspondingly better overall health.”
Although Dufva & Allander (1995) and Figuerola et al. (1999) considered alternative
explanations, they concluded that brighter coloration signals better health. If, however, H:L
ratios are related to stress, as we have reviewed here, the brighter birds in their studies were
actually experiencing more stress, and possibly greater rates of infection, than the duller ones.
We recently found that in northern cardinals (Cardinalis cardinalis), the more deeply saturated,
redder birds had higher H:L ratios than less colorful birds (Maney et al. 2008). Our result is
consistent with Dufva & Allander (1995) and Figuerola et al. (1999); however, we believe that
the saturated coloration is associated with greater stress, perhaps due to greater energy
expenditure on mate seeking and/or territory defense. This result is consistent with that reported
by (Mazerolle & Hobson 2002), who found that birds defending high quality territories (and
presumed to be most fit) had higher H:L ratios than those in lower quality territories. Note that
none of these H:L data give any information regarding ‘immunocompetence’ or
‘immunosuppression’ because the immune systems of these birds were not systematically
challenged by the researchers in the course of these studies. Leukocyte profiles inform only on

the relative proportions of WBC types that are currently circulating in blood. They do not
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indicate the numbers of heterophils or lymphocytes that are available in reserve in other body
compartments, or (without doing another smear after a stress paradigm) how many would be
released or redistributed in response to a stressor or infectious agent. Assessing leukocyte
profiles as described here is therefore not the same as measuring immune responses per se,
which can be more directly quantified using other methods.

A second important challenge in the interpretation of leukocyte profiles is that the
‘normal’ parameters for many species of wildlife are not known. Thus, ecologists are often faced
with the problem of trying to determine if the leukocyte differentials they obtained from blood
smears (i.e. the proportions of lymphocytes, neutrophils, etc.) differ from what normally occurs
in their study species. In the field of wildlife medicine, investigators attempt to address this issue
by reporting ‘reference’ hematological parameters (i.e. means and minimum and maximums) for
species that have not yet been examined hematologically, and these can include leukocyte
profiles, plasma chemistry values (Eliman 1997, Hrubec et al. 2000, Werner 2007) and
sometimes even red and white blood cell morphology (Martinez-Silvestre et al. 2005, Sacchi et
al. 2007). If the ecologist is fortunate enough to study an animal that has had leukocyte reference
values established, their task of interpreting the leukocyte profiles at hand is certainly made
easier. However, we point out that any set of hematological ‘reference’ values must be viewed
with one caveat in mind, which is that the animals examined in such studies usually come from
captive collections, or if wild-caught, from a single population, and as such their hematological
parameters may not necessarily be representative of the species as a whole. Therefore they
should be treated more as a starting place for future work than a set of absolutes. Furthermore,
reference values can vary among investigators because of differences in handling procedures

prior to sampling, or captive housing conditions (see Case et al. 2005), leading to cases where
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two or more groups of investigators report vastly different ‘reference’ hematological parameters
for the same species. In one such case, Cathers et al. (1997) reported leukocyte profiles of
American bullfrogs (Rana catesbeiana) with lymphocyte and neutrophil proportions of 63% and
22%, respectively. Meanwhile, Coppo et al. (2005) reported values of 27% and 61% for
lymphocytes and neutrophils, respectively, for the same species. This example highlights the
inherent difficulty in making comparisons of hematological parameters between investigators;
however, we point out that this problem can be overcome, at least in experimental scenarios, by
comparing leukocyte parameters from experimental groups of animals with those from non-
manipulated controls (e.g. Bennett & Johnson 1973, Davis & Maerz 2008b, Valenzuela et al.
2008).

A third challenge in the interpretation of leukocyte profiles is distinguishing stress
responses from those of inflammation or disease. Given that leukocytes make up the primary line
of defense in the innate immune system of vertebrates, it is not surprising that infection and
diseases cause alterations in their numbers. In fact, the effect of disease on leukocyte profiles is
similar to that of stress in that neutrophilia/heterophilia and lymphopenia are commonly
observed in all taxa. Indeed, it is well established that neutrophils/heterophils, being phagocytic,
proliferate in circulation to combat infections (Jain 1986, Latimer et al. 1988, Campbell 1996),
and the increase in this cell type alone can cause increases in N:L or H:L ratios during infections
(e.g. Davis et al. 2004). Therefore, interpreting changes in leukocyte profiles (i.e. attributing
them to stress vs. infection) can be problematic, especially if infection status is not known.
Indeed, the two factors are closely related: stress is known to lead to susceptibility to diseases
(e.g. Al-Murrani et al. 2002), and infections or diseases can cause increases in stress (e.g.

Lindstrom et al. 2005). The two may be dissociated, however, by looking at other hematological
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parameters. In addition to causing relative neutrophilia and lymphopenia, infections commonly
cause general increases in monocytes, which also phagocytize foreign particles and infections
(e.g. Jain 1986, Campbell 1996, Davis et al. 2004), and general increases in total WBC count
(Jain 1986, Latimer et al. 1988, Jain 1993, Thrall 2004). In addition, Jain (1986) reports that a
reduction in relative eosinophil numbers is more often a stress reaction than a response to disease
(discussed in detail later). Thus, by considering the relative number of both monocytes and
eosinophils, as well as the total leukocyte count (and see below), it may be possible to dissociate
the effects of infection from those of stressors. The identification of parameters associated solely
with one or the other that could be incorporated into standard hematological screenings

represents an area where more work is needed.

Other leukocyte stress indicators

Leukocytosis, or general increases in total WBC numbers, has been occasionally used as a
measure of stress (e.g. Ots et al. 1998), although using this parameter to infer stress is
problematic. First, WBC counts are inherently widely variable among individuals (Jain 1986).
Second, as is the case for H:L ratios in the plumage brightness literature, some authors have
attempted to connect this measure to immunocompetence, but there appears to be inconsistency
in the ecological literature regarding the definition of immunocompetency in terms of total white
blood cell counts. For example, Nunn et al. (2000) argued that higher ‘baseline’ counts indicate
stronger immune systems in animals, whereas Pap (2002) suggested the opposite. Forson &
Storfer (2006) found lower numbers of leukocytes in salamanders exposed to a herbicide
(compared to a control group), and interpreted this result as a suppression of the innate immune

system (implying that higher counts are the norm). Murad & Houston (1988) observed lowered
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leukocyte counts in fish exposed to cadmium, and Wedemeyer et al. (1990) state that lowered
WBC counts are an indication of acute stress in all fish. In fact, the effect of stress on WBC
counts in other animals seems only to add to the confusion. In house finches, capture followed by
1 hour of handling leads to decreases in total leukocytes (Davis 2005); transport of wild and
domestic birds also causes reductions in total leukocytes over 1 to 3 hours (Parga et al. 2001,
Scope et al. 2002). In the example of the exercised horse shown in Fig. 2.3, total leukocyte
numbers increased until the end of the exercise period (Cardinet et al. 1964). Early work by
Dougherty & White (1944) demonstrated that total leukocyte numbers dropped in mice and rats
after injection with ACTH, reaching a low at 9 hours post-injection and returning to normal
levels at 24 hours. Similar trends were seen in rats subjected to restraint for 2 hours (Dhabhar et
al. 1996). Injections of steroid hormones in horses, however, led to a doubling of total leukocytes
within 2 hours (Jain 1986).

Part of the problem with interpreting total leukocyte counts, especially in little-studied
species, is that prior information regarding the ‘normal’ range of leukocyte numbers in such
species, like information on leukocyte profiles (discussed previously), is rarely available.
Without this information one cannot know whether the counts obtained are ‘high’ or ‘low’. If the
normal range is known, as it is for humans and some domesticated animals, then higher than
normal white blood cell numbers are most commonly interpreted as a sign of inflammation (Jain
1986, Latimer et al. 1988, Ford 2002), which in itself is informative because of its prognostic
value. In fact, in the medical literature there is a growing body of evidence demonstrating that
high white blood cell counts are an important predictor of patient mortality from a variety of
ailments, including heart disease, stroke and diabetes (Do Lee et al. 2001, Ford 2002, Ha Jee et

al. 2005, Nufez et al. 2006). Interestingly, however, other medical researchers found that the



28

neutrophil-lymphocyte ratio was even more predictive of patient mortality than their total
leukocyte count (Horne et al. 2005)!

A final leukocyte parameter to consider as a measure of stress is the eosinophil count.
Although not commonly cited in contemporary work, historic research on humans and mammals
demonstrated that glucocorticoid-induced stress leads to a reduction in eosinophil numbers (Hills
et al. 1948, Gordon 1955, Cardinet et al. 1964). This phenomenon is also listed as in indicator of
stress in veterinary haematology texts (Jain 1986, 1993). Oddly, this parameter is not routinely
reported in modern stress research, even in studies involving mammals (Dhabhar et al. 1995,
1996, Lopez-Olvera et al. 2007), although it has been reported in fish that were administered
cortisol (Wojtaszek et al. 2002). Within the amphibians, there is also some experimental
evidence that stress hormones reduce eosinophil numbers in amphibians (Belden & Kiesecker
2005), and that this reduction leads to reduced resistance to parasites. Since eosinophil numbers
may help distinguish leukocyte responses to stress from those caused by infection (Jain 1986),

this variable should be incorporated more often into hematological measurements.

Conclusions

Research conducted over the past several decades indicates that the quantification of
hematological parameters such as neutrophilia/heterophilia, lymphopenia, or H:L ratio (but not
total WBC counts), may be measured as a compliment to, or even in lieu of, the measurement of
adrenal hormones in the study of vertebrate stress responses. A large body of evidence
demonstrates that the adrenal and leukocyte responses to stress are tightly linked, and are similar
across vertebrate taxa. The leukocyte approach offers several advantages, such as a longer period

of time within which to obtain initial blood samples (especially in ectotherms), low cost and
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feasibility when working with small animals. Moreover, work currently being conducted in
humans and birds shows that leukocyte profiles can help predict an individual’s future
performance and viability. Regardless of the taxon under study, an understanding of any
animal’s leukocyte parameters and what they mean ultimately comes from immunology, a field
in which the majority of research is conducted in a biomedical context and published in
biomedical journals. As is the case with any physiological measure, ecologists must be aware of
and consider this body of research when designing their studies and interpreting their data
(Romero 2004). With that effort, along with an increasing understanding of how to apply
biomedical knowledge to novel species, hematological measures will no doubt become more
established in ecology. Considering all of the issues discussed here, we conclude that counts of
leukocytes can provide a reliable method in ecological research to study vertebrate responses to
stress, and this approach can be used to help ascertain the current and future welfare of study

subjects.
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Table 2.1 Comparison of leukocyte profiles (percentage of total leukocytes) across vertebrate taxa. For reptile species, azurophils, if

reported, were pooled with monocytes. Parameters from wild or control animals used if reported.

Taxon Species Lymphocyte Neutro/ Eosinophil  Basophil Monocyte Source
Heterophil

Mammals Dog (Canis lupus familiaris) 23.1 66.4 6.3 0.1 4.0 (Jain 1986)
Human (Homo sapien) 34.0 59.0 2-7 0.5 4.0 (Albritton 1952)
Horse (Equus caballus) 38.7 52.6 34 0.5 43 (Jain 1986)

Birds Chicken (Gallus gallus) 63.0 30.1 2.5 1.3 3.1 (Branton et al. 1997)
Great tit (Parus major) 68.5 19.6 5.6 5.6 1.0 (Hauptmanova et al. 2002)
Glaucous-winged gull (Larus glaucescens) 43.0 53.0 3.0 0.0 1.0 (Newman et al. 1997)

Amphibians Red-spotted newt (Notopthalmus viridescens)  63.5 243 6.2 32 2.8 (Bennett & Daigle 1983)
Bullfrog (Rana catesheiana) 62.9 22.0 8.9 2.5 0.6 (Cathers et al. 1997)
American toad (Bufo americanus) 20.0 68.0 3.3 7.4 1.5 (Forbes et al. 2006)

Fish North African catfish (Clarias gariepinus) 58.8 394 0.0 0.0 2.6 (Gabriel et al. 2004)
Channel catfish (Ictalurus punctatus) 43.0 3.5 0.0 0.0 1.6 (Ellsaesser & Clem 1986)
Tilapia (Oreochromis mossambicus) 69.5 7.8 1.3 0.0 21.5 (Nussey et al. 1995)

Reptiles Diamondback terrapin (Malaclemys terrapin)  17.7 74.6 1.1 1.6 6.1 (Werner 2007)

Russian tortoise (Agrionemys horsfieldi) 46.7 37.2 4.8 5.0 6.3 (Knotkova et al. 2002)
Inland bearded dragon (Pogona vitticeps) 59.0 27.0 0.0 9.0 5.0 (Eliman 1997)
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CHAPTER 2 FIGURES

2.1

2.2

23

24

Photomicrographs of amphibian (a) and mammalian (b) neutrophils, and avian (c) and

reptilian (d) heterophils.

Plasma corticosterone levels in (a) female water skinks (Eulamprus heatwoler)
reproduced from Langkilde & Shine (2006); and (b) rats (reproduced from Muir & Pfister
1987). Skinks were stressed by chasing for 30 seconds. Rats were subjected to restraint

stress and compared with a control group (no restraint).

Lymphocyte (a) and neutrophil (b) responses of a horse to exercise (Exercise day: a 32-
mile (51.5-km) track traversed over 8 hours; control day: no exercise). Blood samples
were collected at 2-h intervals throughout. Graphs reproduced from Cardinet et al.

(1964). Arrows indicate end of exercise.

Plasma corticosterone levels (a) and heterophil-lymphocyte ratios (b) in house finches
(Carpodacus mexicanus) held for 1 h and sampled at 3 min, 30 min and 60 min after
capture. Number of birds sampled is indicated in each column. (a) modified from
Lindstrom et al. (2005) and (b) from Davis (2005). Fourth column in lower chart (60*)

indicates average H : L ratios of birds held for 1 h and sampled once at time 60.
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CHAPTER 3

EFFECTS OF EXOGENOUS CORTICOSTERONE ON CIRCULATING LEUKOCYTES OF
A SALAMANDER (AMBYSTOMA TALPOIDEUM) WITH UNUSUALLY ABUNDANT

EOSINOPHILS'

'Davis, A K., and Maerz, J.C. 2010. International Journal of Zoology 2010.
DOI:10.1155/2010/735937. Reprinted here with permission of publisher.
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Abstract

When animals become stressed, their levels of glucocorticoid hormones increase, and
these hormones orchestrate a number of physiological changes to prepare the animal to deal with
the stress event, one of which is to cause certain white blood cells to move from tissues to
circulation or vice versa. The primary alteration is an increase in the abundance of circulating
neutrophils and a decrease in lymphocytes in circulation such that the ratio of these cells (N:L) is
related to the magnitude of the stress event. A lesser-known effect of glucocorticoids is also a
decrease the number of circulating eosinophils, although since eosinophils make up less than 5%
of white blood cells in most animals, this effect is often overlooked. Recent evidence indicates
that salamanders in the genus Ambystoma have unusually high numbers of circulating
eosinophils (over one third of all white blood cells), and as such, any effect of stress hormones
on circulating leukocytes (especially eosinophils) of these species should be especially
pronounced. We conducted an experiment to determine the effect of corticosterone
administration on counts (from blood smears) of neutrophils, lymphocytes and eosinophils in a
salamander in this genus, A. talpoideum. Forty-seven salamanders were captured and either
immediately sampled as reference animals (n=11), given a sham injection (n=8), or injected with
0.1cc of a 100pg/ml corticosterone solution (n=28). After 24 hours, average N:L ratios of sham
and corticosterone groups were 2.17 and 4.12, respectively, compared to 0.56 for reference
salamanders. However, absolute counts of neutrophils and lymphocytes showed that this effect
was driven by a reduction in lymphocytes, since neutrophil counts were statistically similar
across treatments. Importantly, relative and absolute numbers of eosinophils decreased in the

sham and corticosterone groups, confirming the sensitivity of this cell to stress in amphibians.
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Given the recent increase in the use of eosinophil counts to measure parasite susceptibility in
amphibians, these results should be considered when interpreting white blood cell data,

especially if amphibian subjects are exposed to potentially stressful conditions.

Introduction

In all vertebrates, acute stress-related increases in glucocorticoid hormones affect
multiple physiological systems in the body, such as increasing heart rate to speed delivery of
blood to tissues and promoting gluconeogenesis to increase energy reserves, actions which are
thought to promote survival during stress events (reviewed in Wingfield and Romero 2001).
Glucocorticoids also influence the numbers of circulating white blood cells. This effect has been
well-studied in many taxa including mammals (Rossdale et al. 1982, Dhabhar et al. 1996,
Anderson et al. 1999, Kim et al. 2005), amphibians (Bennett and Alspaugh 1964, Bennett and
Harbottle 1968, Bennett et al. 1972), reptiles (Wojtaszek 1993), fish (Bennett and Gaudio
Neville 1975, Wojtaszek et al. 2002) and birds (Gross and Siegel 1983, Moreno et al. 2002,
Davis 2005). In most cases, increases in glucocorticoid hormones leads to an increase in the
number of neutrophils (or heterophils in birds and reptiles) in circulation and a decrease in the
number of lymphocytes in circulation. The increase in neutrophil abundance occurs via a
combination of cell migration from tissues into circulation along with increased production from
hemopoeitic tissue and extension of cell lifespan, while lymphocytes are thought to migrate from
circulation into lymphoid tissue (Engler et al. 2004, Trottier et al. 2008). This process is thought
to temporarily redistribute important cell types to where they would be most needed during

particularly harsh or ‘stressful’ conditions (Dhabhar et al. 1994, Dhabhar et al. 1995, 1996).
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Since neutrophils are phagocytic and target foreign particles and microbes, their accumulation in
the bloodstream during stress events would allow them to be rapidly mobilized in response to
injuries or infections. The significance of the reduction in circulating lymphocytes, which are
responsible for cell-mediated immunity and cytokine responses (Thrall et al. 2006), is less clear.
Regardless of the reason however, this effect conveniently provides a way for animal ecologists
to use the ratio of neutrophils (or heterophils) to lymphocytes (N:L or H:L ratio) as an indirect
index of the level of plasma glucocorticoids in study animals (reviewed in Davis et al. 2008a),
since the ratio is positively related to the magnitude of the stress event (Gross and Siegel 1983).
There is a third white blood cell type that has been shown in some taxa to be sensitive to
hormones involved in the stress response — the eosinophil, although this effect is often
overlooked, perhaps because this cell comprises less than 5% of the circulating leukocyte
population in most species (Jain 1993, Thrall et al. 2006). The function of eosinophils in the
innate immune system has not been fully elucidated, but they are known to respond to metazoan
parasite infections (Jain 1993, Stockham and Scott 2002, Thrall et al. 2006), and in amphibians
they have a role in metamorphosis (Ussing and Rosenkilde 1995, Davis 2009b), although the
nature of this role is not known. With respect to their sensitivity to glucocorticoid hormones, the
majority of studies into this effect have focused only on mammalian subjects (e.g. McGarry
1977, Anderson et al. 1999, Noda et al. 2006). Nevertheless, these studies show that increases in
glucocorticoid hormones can often cause a reduction in circulating eosinophil numbers in
addition to the change in neutrophils and lymphocytes, although the reason for the reduction of
circulating eosinophils (termed ‘eosinopenia’ in veterinary and biomedical textbooks) is not
known. It is also not clear how prevalent this phenomenon is in the animal kingdom. The effects

of glucocorticoids on leukocytes of birds has been well-studied, especially by poultry researchers
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(e.g. Gross and Siegel 1983, McFarlane et al. 1989), but a review of the early literature on this
subject, covering 66 investigations into stress and leukocytes, made no mention of an effect on
circulating eosinophil numbers (Maxwell 1993). Furthermore, the early studies of the effects of
glucocorticoids on leukocytes of amphibians mostly opted not to report the effects on eosinophils
because of their low numbers in the frogs and newts studied (Bennett and Newell 1965, Bennett
and Reap 1978).

There is recent evidence that eosinophil numbers in certain amphibians can be affected
by glucocorticoid hormones, and in fact this susceptibility may even have serious consequences
for amphibian populations because of their role in the immune system. With their role in host
defense against metazoan parasites in mind, Belden and Kiesecker (2005) showed that
exogenous administration of a glucocorticoid hormone to larval amphibians (gray treefrogs, Hyla
versicolor) causes reductions in circulating eosinophil numbers which then leads to increases in
trematode parasite infections, which are thought by some to be responsible for the increasing
incidence of limb deformities reported in many populations (e.g. Johnson et al. 2006, Rajakaruna
et al. 2008). In addition, while not specifically examining effects of hormones, other work by
Kiesecker (2002) and Rohr et al. (2008) confirmed the link between eosinophil numbers and
trematode susceptibility by showing how amphibians (frog species in the genus Rana) exposed
to agrochemicals have reduced eosinophil production and abundance and are more susceptible to
trematode infection. We point out that while these studies highlight the importance of
eosinophils in the amphibian defense against these and other parasites, in each study above, the
species that were examined typically have less than 5% eosinophils in circulation (Davis 2009a).
Interestingly, a recent report showed that up to 50% of the circulating white blood cells in

salamanders within the genus Ambystoma are eosinophils (Davis and Durso 2009), which may be
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the highest of any species in the animal kingdom. While the reasons for this unusual abundance
of eosinophils are not clear, it would be of interest to know if and to what degree the eosinophils
of these animals are susceptible to hormones involved in the stress response, and how this
compares to that of neutrophils and lymphocytes.

Here we describe the results of an experiment designed to answer the question above,
using wild-caught, paedogenic mole salamanders, Ambystoma talpoideum (Fig. 3.1A), which are
common in ponds and wetlands in the southeastern United States. Eosinophils make up between
25% to 45% of the normal circulating white blood cell population in this species in the wild
(Davis and Maerz 2008a, b). In this experiment, exogenous corticosterone (cort) was
administered (via injection) to recently captured individuals and after a 24hr period their
circulating level of neutrophils, lymphocytes and eosinophils was compared to levels in
untreated (reference) individuals, and to those injected with a sham treatment. The results of this
study will be of importance to researchers who collect white blood cell data (especially
eosinophil counts) in these and other amphibians, and for further elucidating the range of effects

of glucocorticoids on animal physiology.

Methods

Experimental setup.- On August 12, 2008, we captured 47 paedogenic mole salamanders
from a single permanent pond in the Whitehall Experimental Forest at the University of Georgia
(Athens, GA). All salamanders were captured within 20 minutes, and transported to our lab (10
minutes away) in a container of pond water. In the lab, salamanders were haphazardly divided

into 3 groups: reference salamanders (n=11), which provided a baseline for hematological
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profiles, sham injected salamanders (n=8), and corticosterone injected salamanders (n=28). We
assigned more animals to the corticosterone injected treatment so we could evaluate the extent of
variation in leukocyte response to the stress hormone injection. The haphazard assignment of
salamanders did not result in biased body sizes within any treatment; the mean body mass of
each group was 2.31 (£ 0.25 SD), 2.17 (= 0.34 SD) and 2.09 (£ 0.32 SD) grams, for the
reference, sham and corticosterone groups, respectively, and these means were not significantly
different (one way ANOVA: F;,44=1.918, p=0.159).

The reference group was processed (described below) immediately to obtain control
leukocyte profiles. It is important to point out here that the effects of glucocorticoid hormones on
leukocytes of ectothermic animals take hours to manifest (reviewed in Davis et al. 2008a) such
that effects of capture, handling or transport are negligible for this group since all individuals
were processed within 1 hour of capture from the pond. The salamanders from the other two
groups were injected with their respective solutions (described below) then held for 24 hours in
40 L plastic containers (7-8 individuals per container) filled with 10 L of tap water treated with
Tetra AquaSafe water conditioner. Each container also had a layer of leaves (collected from the
pond) covering the bottom, to provide the salamanders with natural cover for hiding.

Processing the salamanders from all groups was the same and followed established
procedures (Davis and Maerz 2008a, b, 2009). For this, each individual was euthanized in a 2 %
MS-222 solution, and then weighed with an electronic balance. The animal was decapitated and
blood from the heart region was dripped onto a clean microscope slide and a standard blood
smear made. Finally, the carcass was dissected open and the sex assigned confirmed based on

inspection of the reproductive organs.
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Injection solutions.- Prior to collecting the salamanders, we prepared two solutions for
the experimental injections. The first was a sham solution of buffered saline. The second was a
solution of 100png/ml corticosterone (Sigma Aldrich) in buffered saline. Salamanders in both
injection groups received an intraperitoneal injection near the left hind leg of 0.1cc of the
designated treatment solution. This dosage of corticosterone is within the range commonly used
by other amphibian researchers who study the effects of stress; Moore and Miller (1984)
administered corticosterone doses ranging from 10 to 250ug/ml to sets of newts, and Burmeister
et al. (2001) administered between 100-400ng/ml of corticosterone to treefrogs. Treatment
animals were replaced into their container and left for 24 hours, which is the time required for
any glucocorticoid hormone-induced changes in leukocyte populations to occur in amphibians
(Bennett and Alspaugh 1964, Bennett and Newell 1965, Bennett and Harbottle 1968, Bennett et
al. 1972). All procedures (transport, sampling the pond animals, injections, etc.) up to this point
were completed within 1 hour of capture from the pond. After 24 hours, all salamanders in the
sham and corticosterone groups were processed in the same manner as the reference salamanders
the day before. We note that since we did not measure endogenous levels of corticosterone in
this experiment, we do not know for certain if and to what degree the final hormone level of the
corticosterone salamanders was greater than the sham and reference group. However, based on
results from prior work where similar hormone doses were administered to similarly-sized
amphibians and where endogenous levels were in fact measured (Burmeister et al. 2001), we
logically assume that the administration of corticosterone here acted to raise endogenous
corticosterone above resting levels, thereby mimicking a stress response in the target

salamanders.
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Leukocyte counting.- Procedures for reading salamander blood smears and counting
leukocytes were typical of those used by us in prior studies of birds (Davis et al. 2004, Davis
2005, Davis et al. 2008b) and amphibians (Davis and Maerz 2008a, b, Davis 2009b). Briefly,
dried blood smears were stained with giemsa, and then examined under 1000X with a standard
light microscope. The smear was scanned in a standard zig-zag pattern and fields of view with
even distributions of red blood cells were selected for counting. At this magnification and for this
species, the average number of erythrocytes per field was 32.2 £8.7SD (based on counts from 25
random fields; Davis, unpubl. data). All white blood cells were tallied in each field until at least
100 cells had been counted. Cells were identified as neutrophils, lymphocytes, eosinophils,
basophils and monocytes (Figs. 3.1B-G), following Thrall (2004), Turner (1988) and Hadji-
Azimi et al. (1987), although the focus here was on the first three cell types. The relative number
of each cell type was calculated (i.e. the percentage, based on the total number of white blood
cells counted), and we calculated the ratio of neutrophils to lymphocytes (N:L) for each
salamander based on the percentages of these cells (Davis 2005, Davis et al. 2008b, Davis and
Maerz 2008a, b). We also calculated the number of each cell per 10 fields of view to use as an
absolute estimate of the number of each cell type in circulation (Forson and Storfer 2006, Davis
et al. 2009).

Data Analysis.- We examined the effect of corticosterone on absolute numbers of
neutrophils, lymphocytes and eosinophils (all log-transformed +1) using ANCOVA, where the
cell count was the response variable, treatment (reference, sham or cort) and sex were the
categorical explanatory variables, and body mass was a continuous covariate, to account for any

possible size or ontogenetic-related effects on leukocyte profiles. Interaction terms were initially



63

included in the models, but removed if not significant. Analyses were conducted using Statistica

6.1 software (Statistica 2003).

Results

Relative cell counts.- Across all 47 individuals, the relative numbers of each white blood
cell type showed a profile typical of Ambystomatid salamanders, in that eosinophils made up
nearly a third of all white blood cells (Table 3.1, Davis and Durso 2009). While we did not
perform statistical analyses on relative cell counts (only absolute numbers were analyzed), it is
evident from Table 3.1 that the relative numbers of neutrophils, lymphocytes and eosinophils
differed visibly across treatments. The mean percentage of neutrophils increased from 21.3% in
the salamanders sampled within one hour of capture, to 44.8% in the sham injection group, and
54.9% in the corticosterone injection group. The mean percentage of lymphocytes decreased
from 40.5% in the reference animals to 17.7% and 17.2% in the experimental groups. The mean
percentage of eosinophils also decreased from 32% in the reference group to 27.5% in the sham
and 19.8% in the cort group. Interestingly, one salamander in the sham group appeared to have
an extremely atypical leukocyte profile, as 75.8% of its white blood cells were neutrophils and
only 4.2% were lymphocytes. There was nothing unusual about this individual noted during
processing that we can attribute to this deviation, such as an injury or missing appendages.
Nevertheless, these extreme values led to an especially high N:L ratio for this individual (18.0),
which was over two standard deviations above the mean for that group (2.17, Table 3.1). We
conducted subsequent analyses of absolute neutrophil and lymphocyte counts with and without

this individual so we could characterize the effect of this individual on subsequent inferences.
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Regarding the N:L ratios of the corticosterone group, there was considerable variation in N:L
ratios among salamanders. Of the 28 individuals receiving the single dose of corticosterone
(0.1cc of a 100png/ml concentration), N:L ratios varied from 0.13 to 11.0 and showed an
approximate normal distribution (Fig. 3.2).

Effects on absolute cell counts.- With the one outlier included, the initial ANCOVA
model examining factors influencing neutrophil abundance revealed no significant interaction
effects between treatment, sex or body mass (p>0.05 for all). In a model with main effects only,
there was no significant effect of treatment (F»4,=0.263, p=0.770), nor of sex (F; 4=2.734,
p=0.106), but an effect of body size (F; 4,=4.566, p=0.038). With the outlier excluded, there were
no significant interaction terms, and the main effects model showed similar results: there was no
effect of treatment (F,4,=0.760, p=0.474; Fig. 3.3A) or sex (F;41=2.411, p=0.128), but an effect
of body size (F; 41=5.038, p=0.030). The relationship between body size and neutrophil
abundance was positive, but weakly so (Pearson correlation, r=0.26, p=0.084). With the outlier
included, the model examining lymphocyte abundance showed no significant interaction terms
(p>0.05 for all), and the model with main effects only showed no significant variation between
sexes (F14,=3.277, p=0.077), but significant effects of treatment (F,4,=33.031, p<0.001) and
body size (F; 4,=4.459, p=0.041). The results were similar with the outlier excluded; the main
effects model showed significant effects of body size (F; 4,=4.429, p=0.041) and treatment
(F2.41=32.431, p<0.001). In the treatment effect, Tukey’s HSD tests showed that the sham and
cort groups had significantly lower numbers of lymphocytes than the reference group (p<0.001
for both), but they were not significantly different themselves (p=0.566; Fig. 3.3B). The effect of
body size on lymphocyte abundance was positive (Pearson correlation, r=0.37, p=0.012). Finally,

in the initial ANCOVA model examining variation in eosinophil abundance there was no support
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for inclusion of any interaction term (p>0.05 for all). In the main effects only model, there was
no variation between sexes (F; 4,=0.060, p=0.807), a weak trend with body size (F; 4,=3.612,
p=0.064), and importantly, a significant effect of treatment (F, 4,=3.536, p=0.038). Tukey’s HSD
tests showed that the sham-injected salamanders had statistically similar numbers of eosinophils
as did the reference salamanders (p=0.180), but cort-injected salamanders had significantly lower
numbers of eosinophils than did the reference individuals (p=0.005). The numbers of eosinophils
in corticosterone-injected salamanders were statistically similar to those of the sham-injected

salamanders (p=0.642; Fig. 3.3C).

Discussion

The results of this experiment demonstrated that both capture and administration of
exogenous corticosterone causes alterations in the leukocyte profile of paedogenic mole
salamanders. Consistent with studies of most other animal taxa (Davis et al. 2008a), the ratio of
neutrophils to lymphocytes reflected the different levels of stress in each treatment; the average
N:L ratio was higher among sham-injected salamanders than among reference salamanders
(presumably reflecting the natural rise in corticosterone after these activities), and higher still
among corticosterone injected salamanders than among sham and reference salamanders (Table
3.1). Interestingly though, comparing absolute numbers of both neutrophils and lymphocytes
showed that this trend was being driven largely by a decrease in circulating lymphocyte numbers
(Fig. 3.3B), while absolute neutrophil levels stayed more or less constant across treatments (Fig.
3.3A). In fact, the estimated count of lymphocytes decreased dramatically, from a mean of 3.1

cells per 10 microscope fields in the reference salamanders (i.e. before log-transformation) to 0.7
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in the sham and 0.5 in the cort groups, which is equivalent to an 84% drop overall in the
circulating numbers of this cell.

The numbers of circulating eosinophils in this amphibian species appeared to be
influenced by the stress treatments as well, although the only significant difference among
treatment groups was between the reference and corticosterone groups. Still, the average counts
of eosinophils dropped from a mean of 3.8 cells per 10 microscope fields in the reference group,
to 1.4 cells in the sham group and 0.8 cells in the corticosterone group (Fig. 3.3C). Thus, the
magnitude of the overall difference between the eosinophil counts in reference salamanders and
cort-injected salamanders was equivalent to a 79% drop in circulating numbers, which is of
similar magnitude as the drop in estimated lymphocyte numbers. Interestingly, since eosinophils
make up such a large proportion of the white blood cell population in this species, the large drop
in eosinophil numbers combined with the equally-large decrease in lymphocyte numbers no
doubt both contributed to the apparent increase in relative neutrophil numbers in the sham and
cort treatments (Table 3.1), when in fact the absolute numbers of this cell did not necessarily
increase (Fig. 2.3A). In this case, the fewer numbers of lymphocytes and eosinophils in these
treatments made neutrophils the most abundant cell type (Table 3.1), even though absolute
neutrophils numbers did not increase. Thus, future studies involving white blood cell counts in
this and other Ambystomatid species with abundant eosinophils should consider the impact of
the eosinophil numbers on the commonly-used neutrophil-lymphocyte ratio.

From an additional methodological standpoint, the sensitivity of eosinophils to variations
in stress hormones could be of utility to researchers who routinely collect white blood cell data,
in that it could aid in the interpretation of such data and help discriminate between a stress

response and an inflammation or disease response (Davis et al. 2008a). For example, since
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neutrophils (or heterophils in birds and reptiles) can increase in number in response to infection
(Jain 1993, Stockham and Scott 2002, Thrall et al. 2006) but also in response to general stress
(Davis et al. 2008a), interpreting high neutrophil counts in study subjects can be particularly
challenging. However, if the increased neutrophil count is seen along with reductions in
lymphocytes and/or eosinophils, a researcher could more easily interpret this to be a stress
response, consistent with increasing levels of glucocorticoid hormones. An example of this
challenge within amphibians is a recent study of the effects of the fungal disease,
chytridiomycosis, on leukocyte counts in frog larvae (Davis et al. 2009). Results of that study
indicated that infected larvae had increased neutrophil numbers in circulation, consistent with
either inflammation or stress. There was no change in lymphocyte numbers, but infected larvae
did have a significant reduction in circulating eosinophils, which based on the current results, is
consistent with increased stress in the infected group, as opposed to an inflammation response,
which is not usually associated with reductions in eosinophil counts (Jain 1993, Stockham and
Scott 2002, Thrall et al. 2006). Since infections can compromise mouthparts and therefore
feeding ability in anuran larvae (Rowe et al. 1996), it is possible that infection of this disease in
larvae leads to reductions in food intake, which is known to cause increases in glucocorticoid
hormones (Kubikova et al. 2001).

As a final point, our results indicate that the sensitivity of eosinophils to stress should be
kept in mind in studies where these cells are counted to serve as a measure of parasite
susceptibility, especially if the amphibians under study inhabit, or are reared under, potentially
stressful conditions or environments, such as could occur with exposure to pesticides and
agrochemicals (e.g. Kiesecker 2002, Rohr et al. 2008). In these studies, chemical exposure tends

to reduce eosinophil production or circulating abundance, and the assumption is that the
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chemicals caused the reduction (i.e. by impairing or ‘suppressing’ immune function). Results
from the current study indicate that an endogenous stress response to the chemicals, not the
chemicals per se, can cause the same result. In fact, given the unusual abundance of eosinophils
in Ambystomatid salamanders, the hormonally-induced reductions of both lymphocytes and
eosinophils (which combined make up at least 50% of the white blood cell population in these
amphibians) could even explain the reduction in total white blood cell numbers seen recently in
Ambystoma tigrinum salamanders after exposure to the herbicide, atrazine (Forson and Storfer
2006). Lastly, while not specifically addressing parasite susceptibility, field surveys by Raffel et
al. (2006) showed how counts of both lymphocytes and eosinophils in newts decreased with
decreasing water temperature, while there was little effect on neutrophil abundance. The idea
that stress could cause these patterns was dismissed in that paper, but the similarity of those
results to the current study may not be coincidental. In any case, these examples emphasize how
important it is that animal and wildlife researchers have a thorough understanding of the effects

of stress on leukocyte counts.
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Table 3.1. Summary of leukocyte differentials of salamanders (Ambystoma talpoideum) in all treatments in this study. Shown are the
average percentages (= 1 SD) of each cell type out of the total number of cells, as well as the average N:L ratio for each treatment

group. Reference animals were sampled within 1 hour of capture, sham and corticosterone groups sampled 24 hours after capture and

injection.

Leukocyte type
Salamander group N Neutrophils Lymphocytes Eosinophils Basophils Monocytes N:L
Reference 11 21.3(9.9) 40.5 (11.7) 32.0 (16.1) 4.9 (4.8) 1.3 (2.1) 0.56 (0.29)
Sham injected 8 44.8 (25.9) 17.7 (7.5) 27.5(24.2) 5.8 (6.0) 4.1 (3.0) 2.17 (1.66)

Corticosterone injected 28 54.9 (19.7) 17.2 (19.8) 19.8 (18.9) 4.3 (3.7) 3.8(3.1) 4.42 (2.67)
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CHAPTER 3 FIGURES

3.1

3.2.1

33

(A) Paedogenic mole salamander, Ambystoma talpoideum, and leukocytes typical of this
species after giemsa staining and at 1000X: (B) lymphocyte, (C) eosinophil with typical
rounded, orange-staining granules, (D) basophil with diffuse, purple-staining granules,
(E) monocyte, showing grey-blue cytoplasm with some vaculation, (F) normal neutrophil
with three nuclear lobes and pink-staining cytoplasm, and (G) a neutrophil with foamy

cytoplasm.

Distribution of neutrophil-lymphocyte ratios of all mole salamanders that received

intraperitoneal corticosterone injections (n=28).

Effects of sham injection and corticosterone (cort) injection on absolute estimates of
circulating neutrophil (A), lymphocyte (B) and eosinophil (C) abundance in mole
salamanders. Shown are the log-transformed mean (+ 1SE) abundance estimates for each
cell (i.e. numbers of cells per 10 fields of view). Letters above the bars indicate

statistically significant groups, based on Tukey’s HSD tests.
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CHAPTER 4

COMPARISON OF HEMATOLOGICAL STRESS INDICATORS IN RECENTLY
CAPTURED AND CAPTIVE PAEDOGENIC MOLE SALAMANDERS, AMBYSTOMA

TALPOIDEUM!

'Davis, A.K., and Maerz, J.C. 2008. Copeia 2008(3): 613-617. Reprinted here with permission of
publisher.
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Abstract

Measuring stress in animals is an important component of many research studies and it
has traditionally been performed via sampling levels of corticosterone in plasma. A secondary,
“hematological” approach used most commonly by researchers of birds, mammals and other taxa
involves evaluating leukocyte profiles from blood smears. Such research has shown that
leukocytes have a characteristic response to stress, although in amphibians this phenomenon is
not as well-studied. In general, stress can induce a rise in the ratio of neutrophils to lymphocytes.
We evaluated the hematological response of paedogenic mole salamanders (Ambystoma
talpoideum) to captivity stress, specifically focusing on this parameter, but also examining other
white blood cell types. Individuals captured in the wild and held in captivity for 10 days before
sampling had significantly more neutrophils, fewer lymphocytes and higher ratios of neutrophils
to lymphocytes than those captured from the same locations and sampled within one hour.
Captive individuals also had significantly higher numbers of eosinophils. These results are
consistent with hematological research in birds and other taxa and highlight the utility of this

approach for measuring stress in amphibians.

Introduction

The ability to identify physiological stress in animals is important in wildlife research,
both in field and laboratory settings. One of the main physiological responses to stressful stimuli
in vertebrates is an increase in the plasma levels of glucocorticoid hormones such as
corticosterone (Moore and Jessop, 2003; Romero, 2004). This response is characteristic of most

taxa including birds (Cockrem and Silverin, 2002), reptiles (Cash et al., 1997), mammals (Lopez-
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Olvera et al., 2007) and amphibians (Mosconi et al., 2006), and researchers commonly assess
plasma levels of these hormones to evaluate the degree of stress an animal is currently under.
One drawback to this technique is that the potential for rapid increases in corticosterone (i.e.
within minutes) following capture and handling (Romero and Romero, 2002) means that
researchers must obtain blood samples from the specimen immediately after capture to obtain
“baseline” hormone levels.

A secondary approach for assessing physiological stress is via the leukocyte component
of the immune system, specifically the relative numbers of white blood cells in circulation. In
general, release of stress hormones in vertebrates causes alterations of numbers of two of the five
leukocyte types; that is an increase in neutrophils and a decrease in lymphocytes (Jain, 1986,
1993; Dhabhar et al., 1994). The reason for these alterations is not clear, but since it occurs
predictably, detection of these alterations can be used by researchers to indirectly infer increases
in stress hormones. Moreover, using this approach to measuring stress offers certain benefits to
animal researchers, especially in field situations where it may be difficult to sample animals
quickly after capture. First, the proliferation of leukocytes in circulation operates on a slower
time scale than hormones such that hormone-induced changes in leukocyte numbers are not
observed (in birds) within one hour after capture (Davis, 2005), therefore any possible stress of
capture or handling is not reflected in initial (“baseline”) samples. A secondary advantage is the
relatively smaller amount of blood required for making a blood smear than for sampling
corticosterone in plasma (AKD, pers. obs.).

There is convincing evidence that stress-induced hematological alterations (i.e., increases
in neutrophils and decreases in lymphocytes) can be seen in nearly all vertebrates. The link

between stress hormones and leukocytes has been well-documented in mammals (Jain, 1986,
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1993; Dhabhar et al., 1994). In birds early work with poultry demonstrated how stress causes the
number of heterophils (the neutrophil equivalent in birds and reptiles) to increase while the
lymphocytes decrease (Gross and Siegel, 1983). The ratio of these cells has been increasingly
used among ornithologists to document the effects of various stressful conditions including
transport stress (Groombridge et al., 2004) and reproductive output (Moreno et al., 2002b).
Research with Eastern Box Turtles (Terrapene carolina carolina) also used this approach to
document stress (Case et al., 2005). Furthermore, a series of lab experiments beginning in the
1960s showed that amphibians appear to have the same response, in multiple stress-inducing
conditions such as limb amputation (Bennett, 1986), temperature extremes (Bennett and Daigle,
1983), osmotic stress (Bennett and Johnson, 1973), photoperiod stress (Bennett and Reap, 1978)
and direct administration of hydrocortisone (Bennett and Alspaugh, 1964; Bennett and Newell,
1965; Bennett and Harbottle, 1968). In all cases, the stressors caused increases in numbers of
neutrophils and decreases in lymphocyte numbers in circulation. Unfortunately, a thorough
review of more recent literature revealed that this early research has not been subsequently
followed, nor has this “hematological” stress assay been used in recent studies of amphibians.
The one exception is a recent study conducted by the authors of the current paper where
neutrophil-lymphocyte ratios of breeding male and female Mole Salamanders (Ambystoma
talpoideum) were used to assess sex-related differences in reproductive stress (Davis and Maerz,
in press).

Short-term captivity is known to induce a hormonal stress response in wild animals (Cash
et al., 1997; Mosconi et al., 2006). While this phenomenon is well-known, the effects of
captivity-induced stress on leukocyte profiles have rarely been examined, and thus far only in

birds (Ruiz et al., 2002). Similar research has not been conducted with amphibians, despite the
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fact that many studies of frogs or salamanders involve captive husbandry. In this study we
examined the hematological profile of a common amphibian species (Mole Salamander),
captured in the wild and brought into captivity for 10 days to test the hypothesis that captivity
induces a measurable hematological stress response, reflected specifically by increases in
neutrophils, decreases in lymphocytes or increases in neutrophil-lymphocyte ratios. We also
examined possible effects of stress on cell counts of the three other leukocyte types (eosinophils,
basophils and monocytes), although since these cells are not known to be affected by stress

(Thrall et al., 2004), we had no a priori reason for suspecting an effect of captivity on these cells.

Methods

Capturing salamanders.---We captured paedogenic Mole Salamanders on two days from
three permanent ponds located in the Warnell School of Forestry’s Whitehall Experimental
Forest in northeast Georgia in March 2007. On the first sampling day (March 15) we dipnetted
between five and six salamanders per pond (16 total), then placed them in plastic containers
filled with pond water, and transported them to a location 10 km away where they were placed in
a 40 L plastic container filled with aged well water. The container was placed in a semi-shaded
spot outside and a small amount of leaf litter was added to provide refugia within the container.
These individuals were left undisturbed until March 25 (10 days later), when they were hand-
captured and transported to the lab for processing as described below. On the second sampling
trip (March 20) we visited the same three ponds, captured 5-6 individuals per pond as before (16
total), but these individuals were immediately transported to the lab for processing. In this case,

all individuals were sampled within one hour of capture, including the transport time.
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Blood sampling and slide preparation.---In the lab each salamander was weighed then
killed via overdose of MS-222. A blood sample was then obtained by siphoning a small sample
of blood from the exposed heart region after decapitation with a microhematocrit tube following
Davis and Maerz (in press). A drop of the blood was then used to make a standard blood smear.

Smears were allowed to air-dry then were stained with Giemsa.

Leukocyte counting and data handling.---All slides were viewed with a standard light
microscope under 1000X (by only one of the authors), and at least 100 leukocytes were counted,
while keeping track of the number of fields of view examined following Davis and Maerz (in
press) and Davis et al. (2004). During the counting, slides were moved in increments of
approximately 1-2 mm (without the observer looking through the lens), in a standard zig-zag
pattern across the blood smear, so that all parts of the smear were eventually sampled. While the
observer did not view the slide during the incremental moves, if the field of view landed where
there was limited coverage of erythrocytes (i.e., less than 15), that field was not used. We
identified leukocytes as lymphocytes, neutrophils, eosinophils, basophils and monocytes
following Thrall (2004). Thrombocytes were observed throughout the smears but are not
considered leukocytes (Thrall et al., 2004) and therefore were not counted. When 100 leukocytes
were counted, we calculated the number of leukocytes per field of view, based on the number of
fields examined.

For each salamander we estimated the total number of leukocytes per 1000 red blood
cells by dividing the number of leukocytes per field of view by the average number of
erythrocytes per field of view (18 [standard deviation = 5], obtained from a subset of five fields
of view from each of 10 individuals) and multiplying by 1000. We then calculated the proportion

of all five leukocyte types, and estimated the relative numbers of each leukocyte type per 1000
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erythrocytes for each salamander by multiplying the cell proportion by the total number of
leukocytes per 1000 erythrocytes. Finally, we calculated the ratio of neutrophils to lymphocytes
using the proportions of each cell type following Davis and Maerz (in press) and Davis et al.
(2004). The ratios were arcsin squareroot transformed and numbers of leukocytes for each cell

type were log-transformed prior to analyses to meet assumptions of normality.

Data analysis.---We examined the possible effect of captivity while simultaneously
examining possible effects of body size using analysis-of-covariance with counts of each
leukocyte type (i.e., estimates of cell number per 1000 erythrocytes), as well as neutrophil-
lymphocyte ratios, included as dependent variables, and with treatment (recently captured or
captive) and body mass included as independent variables. In all, five analyses were performed
(one for each leukocyte type [except monocytes — see results], and one for neutrophil-
lymphocyte ratios). We did not include a pond variable since all three ponds were of similar size
and located within 50 m of each other and since a priori examination of possible differences in
all five leukocyte parameters among ponds revealed no significant variation (one-way ANOVA,
df=2, p>0.05 for all five parameters). All analyses-of-covariance were run once with an
interaction term between the two independent variables included in the model, but because there
was no significant effect of this term found in any analyses, it was removed from the model and

the analyses repeated with main effects only. All tests were performed using Statistica 6.0.

Results
Body size.---The size of the salamanders (i.e., body mass) was not significantly related to

the neutrophil-lymphocyte ratio, nor to counts of lymphocytes or neutrophils (Table 4.1).
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However, body mass significantly affected counts of eosinophils, and evaluation of parameter

estimates indicated this effect was positive such that larger salamanders had more eosinophils.

Effect of treatment.---The neutrophil-lymphocyte ratio was significantly higher in the
captive-stressed individuals than that of the recently captured (Table 4.1). In terms of captivity
effects on individual cell types, captive-stressed salamanders had significantly fewer
lymphocytes and significantly more neutrophils and eosinophils (Table 4.2) than recently
captured salamanders. There was no effect of captivity on numbers of basophils. Not enough

monocytes were counted for statistical tests.

Discussion

The hematological approach we used here demonstrated that regardless of body size,
captivity induced a general stress response in the paedogenic mole salamander. Specifically,
captivity caused the estimated numbers of neutrophils to increase and numbers of lymphocytes to
decrease, thus the ratio of neutrophils to lymphocytes of captive individuals was on average
twice as high as that of recently captured individuals. These results are consistent with prior
studies of other stress-inducing conditions on amphibian leukocyte parameters (Bennett and
Reap, 1978; Bennett and Daigle, 1983; Bennett, 1986), although we point out that the stress-
inducing stimulus involved in our study was considerably more benign than those previously
studied in amphibians, which included limb amputation and direct injection of stress hormones.
Indeed, in our study we did little more than capture wild salamanders and place them in a
standard mesocosm-type container filled with water, and they were then left undisturbed for 10

days. The hematological parameters we observed after this 10 day period, compared to non-
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captive individuals, indicated that even this relatively simple procedure induced a physiological
stress response in the salamanders.

While it is clear that both sets of salamanders we assessed differed in hematological
parameters (and we logically conclude that captivity caused this difference) we cannot
completely rule out the possibility that the five-day time difference between sampling the first set
(those later held captive for 10 days) and the second set, was the reason for the observed results,
and not necessarily any effect of stress. We consider this possibility unlikely though, since prior
collections of 10 non-breeding individuals made from one of these same ponds three months
earlier revealed similar leukocyte profiles and a statistically similar average neutrophil-
lymphocyte ratio to the recently captured individuals of this study (two-sample t-test, t=1.69,
df=24, p=0.103). Thus we argue that if the hematological stress parameters did not change over a
three month period in these ponds, it should not have changed over the five days examined here.

An aspect of this study that invokes further questions is why exactly the stress response
was elicited in the captive salamanders. We envision two possible explanations that could be
examined further in follow-up work. In the first, it may be that the stress of the initial capture and
removal from the natural surroundings caused an acute increase in plasma stress hormone (i.e.,
corticosterone) levels, which then lead to the alterations in leukocyte parameters, and these
alterations could have lasted for the duration of the experiment. Indeed, there is evidence that the
production of leukocytes in amphibian tissues and migration into circulation requires days (as
opposed to hours in mammals) to complete (Hightower, 1978). Alternatively, the stress of
captivity (whether from crowding, suboptimal conditions, etc.) may have elicited a more chronic

increase in stress hormones which then caused leukocyte alterations. Determining which of these
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scenarios is of greater importance should help amphibian researchers pinpoint commonly-used
procedures that are likely to cause stress.

While we had no a priori expectations for how captivity would affect other leukocyte
parameters, we found that captivity induced an unexpected increase in numbers of eosinophils.
Eosinophil numbers have not previously been reported to change with stress in amphibians,
although there is evidence that eosinophils decrease in abundance following stressful stimuli in
mammals (Jain, 1986). This cell is thought to be involved in parasitism defense since general
increases occur in response to parasite infections (Thrall et al., 2004). Interestingly, this cell is
also the most abundant leukocyte in paedogenic ambystomatid salamanders (Ussing and
Rosenkilde, 1995; Davis and Maerz, in press). Following metamorphosis, the proportion of
eosinophils declines to less than 10% of leukocytes (Ussing and Rosenkilde, 1995). However,
the high proportions of eosinophils are likely not due to paedomorphism itself, since in the
obligate paedogenic hellbender (Cryptobranchus alleganiensis) eosinophils amount to 4.5% of
leukocytes in adults (Jerrett and Mays, 1973). Rosenkilde et al. (1995) suggested that the act of
metamorphosis partly serves to clear the animal of parasites which explains the dramatic drop in
numbers following (induced) metamorphosis, although since a thorough screening of parasites in
ambystomatid salamanders has not yet been performed, we can not be sure of this idea.

Our study demonstrates the utility of using hematological techniques to assess stress in
amphibians. Our results also have implications for a wide range of herpetological research, but
specifically for projects involving captive husbandry of amphibians. In such cases, researchers
must be aware that animals brought into captivity from wild sources become stressed, regardless
of the experimental conditions being explored. Moreover, stressed animals may not behave or

react in a manner typical of normal animals, although this point should be better studied in
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herpetofauna. We can make some inferences from work with other taxa. In birds, juveniles with
high heterophil-lymphocyte ratios grow more slowly to adulthood (Moreno et al., 2002a), and
adults with high ratios survive less well from year to year than those with low ratios (Kilgas et
al., 2006). Also in birds, individuals with high ratios have been shown to be more susceptible to
diseases than those with low ratios (Al-Murrani et al., 2002). Finally, and perhaps more related
to captive husbandry, the quality of the housing environment has been shown to be an important
predictor of hematological stress parameters in Box Turtles (Terrapene carolina) in captivity
(Case et al., 2005). These studies, as well as the present one, all highlight the importance of
knowing the conditions under which animals become stressed in research projects, and more
generally, the influence of stress on immune systems and life history patterns of all vertebrates,

including herpetofauna.
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Table 4.1. Summary of results of ANCOVAs examining effects of body size (mass) and
treatment (recently captured versus captive-stressed) on leukocyte parameters of paedogenic
mole salamanders. Counts of leukocyte types (estimated numbers per 1000rbcs) were used in

analyses of specific cell types. Not enough monocytes were counted to allow for statistical
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testing. In all tests, an interaction effect was initially included, but was non-significant (p>0.05)

in all cases and therefore removed.

Dependent Independent df MS F p

N-L ratio Wt 1 0.00 0.10 0.749
Treatment 1 0.52 28.97 0.000
Error 29 0.02

Lymphocytes Wt 1 0.01 0.11 0.739
Treatment 1 0.24 4.93 0.034
Error 29 0.05

Neutrophils Wt 1 0.02 0.53 0.474
Treatment 1 0.26 5.67 0.024
Error 29 0.05

Eosinophils Wit 1 0.89 5.33 0.028
Treatment 1 0.81 4.83 0.036
Error 29 0.17

Basophils Wt 1 0.15 3.40 0.076
Treatment 1 0.00 0.00 0.955
Error 29 0.04
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Table 4.2. Summary of leukocyte profiles (as % of all white blood cells or estimated number per 1000 red blood cells) of recently

captured (n=16) and captive-stressed (n=16) paedogenic mole salamanders. Shown are the means plus standard errors in parentheses.

Asterisks indicate significant differences between treatments from ANCOVA results in Table 1.

Recently Captured Captive-Stressed

% per1000rbc % per1000rbce
Lymphocytes 39.0 (5.3) 232 (2.8) 215 (3.5) 13.4*%  (1.1)
Neutrophils 57  (0.8) 3.8 (0.8) 8.6 (1.6) 52 (0.5)
Eosinophils 51.2 (5.8) 35,6 (6.2) 66.7 (5.4) 68.6* (13.5)
Basophils 39 (0.7 24 (0.5) 2.9 (0.5) 2.1 (0.4)
Monocytes 0.1  (0.1) 0.0 (0.0) 0.3 (0.1) 0.2 (0.1)
N-L Ratio 0.17  (0.03) 0.39** (0.03)

*%p<0.001, * p<0.05



CHAPTER 5

EFFECTS OF LARVAL DENSITY ON HEMATOLOGICAL STRESS INDICES IN

SALAMANDERS!

'Davis, A.K., and Maerz, J.C. 2009. Journal of Experimental Zoology Part A-Ecological
Genetics and Physiology 311A: 697-704. Reprinted here with permission of publisher.
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Abstract

In animals with complex life cycles, the quality of juvenile environments is important in
shaping the longer-term fitness of individuals. Larval density is a major factor governing quality
of larval environments in amphibians, with high densities leading to reduced growth rates,
smaller size at metamorphosis, and potentially long-lasting post-metamorphic effects. A little-
studied effect of larval density is its impact on physiological stress of post-metamorphic
individuals. We used a hematological approach, involving counts of specific white blood cells
types (neutrophils and lymphocytes) that covary with corticosterone, to estimate stress levels in
recently metamorphosed spotted salamanders (Ambystoma maculatum) that were reared in three
different larval densities in outdoor mesocosms. In replicated treatments consisting of 12, 25 or
50 larvae, survival was, as expected, lowest and size at metamorphosis smallest in the highest
density mesocosms. In addition, surviving salamanders from high density treatments had
significantly higher neutrophil to lymphocyte ratios, indicative of high levels of stress hormones
(corticosterone). This trend was not a result of density-related differences in body condition as
these did not vary with density. Further, estimated stress levels were similar regardless of
whether the salamanders metamorphosed early or late, suggesting that the density effect on stress
is long-lasting even once realized density has been reduced through mortality or early
metamorphosis. These results may be important in understanding amphibian population
dynamics, since research on other vertebrate taxa demonstrates that high hematological stress
indicators lead to reduced growth, survival, and increased disease susceptibility in vertebrate

animals.
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Introduction

In animal species with complex life cycles, it is important for zoologists to consider how
the fitness of any individual can be greatly influenced by its experiences in earlier life stages.
Amphibians are a prime example, since many species have aquatic larval stages which
eventually metamorphose into morphologically distinct terrestrial forms, and numerous examples
show how larval environments can influence the performance of post-metamorphic individuals
(e.g. Beck and Congdon, 2000; Gervasi and Foufopoulos, 2008; Scott, 1994; Scott et al., 2007,
Semlitsch et al., 1988; Werner, 1986). One of the most important factors that determines the
quality of larval environments in amphibians is the density of individuals (e.g. Loman, 2004;
Petranka, 1989; Semlitsch and Reichling, 1989; Wilbur, 1976), with high larval densities
invariably leading to a number of detrimental effects, such as reductions in larval growth or size
at metamorphosis (Altwegg and Reyer, 2003; Collins, 1979; Semlitsch and Caldwell, 1982;
Travis, 1984). Aside from these traditional measures of larval fitness, there is also growing
evidence that high larval density and/or food limitation also leads to increases in physiological
stress of amphibian larvae (Crespi and Denver, 2005; Glennemeier and Denver, 2002b; Hu et al.,
2008).

Physiological stress in amphibians, as with all vertebrates, is usually inferred when
increases in glucocorticoid hormones are detected (reviewed in Wingfield and Romero, 2001).
These hormones (corticosterone in amphibians, birds and reptiles) are released into the
bloodstream when animals perceive harmful stimuli, where they orchestrate a number of
physiological changes thought to promote survival. If the stimulus is short-term or ‘acute’ in
nature, such as being chased by a predator, a temporary increase in corticosterone occurs,

followed by a return to baseline levels within hours after escape (Langkilde and Shine, 2006).
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Alternatively, ‘chronic’ stressors such as high larval density in amphibians (which lasts for the
duration of the larval period and which the larvae cannot necessarily escape from), can lead to
chronically elevated baseline levels of glucocorticoid hormones in the larvae (Glennemeier and
Denver, 2002b). Chronic stress can be detrimental to animals if occurring over long time periods,
with known effects including suppression of immune activity (Kiank et al., 2006; Martin et al.,
2005) and even disruption of the aforementioned acute stress response (Hull et al., 2007).
Stress-related increases in corticosterone have an additional effect on circulating
leukocyte populations that is less well-known, but which conveniently provides researchers with
a way to indirectly assess chronic stress in vertebrates (reviewed in Davis et al., 2008). In all
vertebrates, there are five different types of white blood cells: neutrophils, lymphocytes,
eosinophils, basophils and monocytes (Jain, 1986), and stress-induced increases in
glucocorticoid hormones cause characteristic alterations in the circulating numbers of two of
these cell types. Specifically, increases in these hormones invariably lead to increases in the
number of neutrophils (or heterophils, the avian and reptilian equivalent) and decreases in
lymphocytes in the circulating blood (Bennett, 1986; Dhabhar et al., 1996; Gross and Siegel,
1983). The reason for these alterations in circulating cell numbers is thought to be so that the
cells are routed, or ‘redistributed’, to where they would be most needed during stressful events
(Dhabhar et al., 1996). Specifically, glucocorticoid hormones cause neutrophils, which are
phagocytic and attack foreign substances, to be released into the bloodstream from reserve banks
in tissues or on capillary walls, while they cause lymphocytes to emigrate from the blood into
tissues and simultaneously be retained from recirculation within the hemopoetic tissue (Dhabhar
et al., 1995). Other cell types appear to be less affected by stress hormones (Davis et al., 2008).

Thus for the researcher, the ratio of the numbers of neutrophils and lymphocytes detected from
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standard blood smears (the neutrophil-lymphocyte or ‘N/L’ ratio) can be effectively used to infer
levels of stress hormones, and in effect to estimate physiological stress (i.e. baseline levels) in
animals in a variety of natural or experimental settings (reviewed in Davis et al., 2008). Indeed,
recent work by the authors shows this hematological approach is useful for assessing chronic
stress in salamanders (Davis and Maerz, 2008a; Davis and Maerz, 2008b).

Unlike other vertebrates, amphibians must also contend with the stress of metamorphosis
in the transition from larval to adult form. During this transition, corticosterone is produced and
is involved in the reorganization of the amphibian immune system (Rollins-Smith et al., 1997).
Indeed, levels of this hormone show a general increase during metamorphic climax
(Glennemeier and Denver, 2002a; Krain and Denver, 2004). Curiously though, during this time
there is no corresponding increase in circulating neutrophil leukocytes as is seen during typical
stress responses (Davis, 2009; Rosenkilde et al., 1995), perhaps because of the changes occurring
in the immune system during the metamorphosis, or perhaps the metamorphosis-related stress
differs from the typical stress response in some manner. Regardless of the reason, for the
amphibian researcher this result means that neutrophil-lymphocyte ratios of amphibians taken
during the metamorphic period would not be unduly influenced by the ‘stress’ of metamorphosis.

The current study is aimed at elucidating the relationships between larval density, a
known stressor, and physiological stress levels of post-metamorphic amphibians. Specifically,
given the known effect of density on the quality of amphibian larval environments and stress of
larvae, we questioned if individuals survive this environment, do they then enter the terrestrial
world with elevated stress (i.e. after they finish metamorphosis)? Thus, our goal in this study was
to determine if larval density affects ‘baseline’ stress levels of recently metamorphosed spotted

salamanders (Ambystoma maculatum) as revealed by hematological stress indices (i.e.
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neutrophil-lymphocyte ratios). We reared salamander larvae at three densities to create
environments of varying quality which we compared neutrophil-lymphocyte ratios and
traditional measures of larval performance across: survival and time to metamorphosis, mass and

body condition.

Methods

Rearing Larvae — Fourteen egg masses of A. maculatum were gathered from natural,
ephemeral ponds near Athens, GA (33.88° latitude, -83.36° longitude) in February 2006 and
housed in separate containers until hatching. Within 3 days after hatching, larvae were
haphazardly assigned to one of 3 groups: three replicate groups of 12 larvae (low density
treatment), three groups of 25 (medium density), and three groups of 50 (high density), for a total
of 261 larvae. Nine non-permeable, plastic mesocosms (i.e. ‘cattle tanks’, with 1000 liter
capacity) were submerged halfway in an impounded, permanent pond in the Whitehall
Experimental Forest near Athens, GA. The pond was surrounded by mixed hardwood and
softwood trees, and contained no fish. The mesocosms were each filled with approximately 650
liters of filtered pond water and approximately 2 liters of leaf litter was placed in the bottom of
each. With this arrangement, the conditions in each mesocosm (i.e. diurnal and monthly water
and air temperatures) therefore mimicked those of the pond, except for the absence of aquatic
predators (i.e. turtles, bullfrogs, etc.) and other amphibian species. Moreover, mesocosms were
not covered so that natural colonization or oviposition by aerial insects would take place and

serve as a larval food resource (mesocosms were not supplemented with food during the
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experiment). This also made it possible for aquatic insect predators to colonize the mesocosms
(i.e. dragonfly larvae), though we did not observe any during the experiment.

Each mesocosm was randomly assigned to one of the 3 treatments (i.e. so that the
treatments were interspersed within the mesocosm array) and on March 29, larvae were added.
Since each mesocosm contained 650L of water, the realized larval density for each mesocosm
was therefore approximately 0.02 larvae/L, 0.04 larvae/L and 0.08larvae/L for the low, medium
and high densities, respectively. The realized low density used here is consistent with ‘low’
densities used in other work with larval salamanders (Metts et al., 2005), although the high
density we used is twice as high as in that study. However, Figiel and Semlitsch (1990) report
natural ranges for A. maculatum to be from 0.0002 to 0.08 larvae/L, and the high density used in
the current study is consistent with the upper end of this range.

After adding larvae, each mesocosm was checked weekly during the next two months.
Every two weeks, sets of larvae were haphazardly dipnetted in each mesocosm to monitor larval
development (larvae were visually inspected and immediately released back into mesocosms).
When we began to find larvae nearing metamorphosis, we switched from weekly to daily
monitoring, where we visually checked each mesocosm for individuals that had finished
metamorphosis (i.e. their gills had been resorbed). Metamorphosed individuals were dipnetted
from the mesocosm, placed in a plastic container with pond water, and transported immediately
to the lab. It is important to point out here that the hematological approach to estimating stress is
not as time-sensitive as direct corticosterone sampling (Davis et al., 2008), where animals must
be sampled within minutes of capture (Romero and Reed, 2005; Romero and Romero, 2002). In
fact, in amphibians the time for the hematological effect of corticosterone to occur is on the order

of hours to days (Bennett et al., 1972; Bennett and Newell, 1965), which means that any
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potential effects of capture, handling, or transport are minimal if blood is obtained the same day
of capture.

Processing Adults — Later in the day of capture, each individual was photographed from
above with a digital camera, weighed, then euthanized by overdose of MS-222. Immediately
after death, salamanders were decapitated and a heparinized microcapillary tube was used to
siphon blood from the exposed heart region following previously established procedures (Davis
and Maerz, 2008a; Davis and Maerz, 2008b). A drop of blood was placed on a clean microscope
slide, and a second slide was used to smear the blood on the first slide. All slides were air-dried,
then stained with giemsa. We were only able to obtain enough blood for a readable smear from
30 individuals, although there were enough individuals sampled in each mesocosm to obtain
mesocosm-averages (the unit of replication for analyses, below) for blood parameters. Further,
the individuals that were not sampled were evenly divided across treatments. Later, body length
measurements of all salamanders were obtained from their digital photos using image analysis
software following Davis and Maerz (2007). From these data and the body mass data, we created
a body condition score for each salamander by retaining the residuals of a linear regression of the
cubed-root of mass on body length.

Leukocyte Counting — Counting procedures generally followed Davis and Maerz (2008a;
2008b). All slides were viewed using a light microscope at 1000X magnification and the
numbers of all white blood cell types were recorded until at least 100 cells were counted or 150
fields of view were reached. Fields of view with low numbers of red blood cells were not
included. White blood cell types that we identified included neutrophils, lymphocytes,
eosinophils, basophils and monocytes, following Thrall (2004), Turner (1988) and Hadji-Azimi

et al. (1987), although the focus here was on neutrophils and lymphocytes. To ensure accurate
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counts, each slide was read twice (by AKD), blindly, and in non-consecutive order, and the
average of each leukocyte number was used thereafter. The proportions of each leukocyte type
were calculated based on the numbers of each type counted and the total number of all types. We
calculated the neutrophil-lymphocyte ratio based on their proportions and used the log (+1) of
this variable in the analyses.

Data Analysis — The effect of larval density on all parameters was examined using
multiple regression where the mesocosms were the replicates (experimental units), larval density
was the single explanatory variable (treated as a continuous variable), and the mean proportion
surviving (arcsine square-root transformed), mean development time, mean mass, mean body
condition score, and mean N/L ratio (log +1) of surviving salamanders from each mesocosm
were the multiple dependent variables. Levene’s tests showed all variables were homogeneous
across treatments (p<0.05 for all). This statistical approach, where the mesocosm mean is the
unit of replication, is highly appropriate to address our experimental objectives, since variations
in number of salamanders that survive in each mesocosm (which we expected) would not affect
the power of the analysis (since the number of mesocosms remained the same). Indeed, only the
sensitivity of the mesocosm mean would be affected by variation in the numbers of salamanders
sampled per mesocosm. Analyses were conducted using the Statistica 6.1 software package

(Statistica, 2003).

Results
A total of 52 salamanders survived the larval treatments and were measured in this

experiment, with 18, 21 and 13 individuals from low medium and high densities, respectively.



107

Counts of leukocytes from all salamanders for which blood samples were obtained (N=30) are
presented in Table 5.1, grouped according to initial larval density. There were 11 individuals
sampled in the low density treatment, 11 in the medium and 8 in the high density treatment.
While these parameters were not statistically examined (the experimental unit for analysis was
the mesocosm mean, below), they do show how the distributions of cell types within individuals
changed with larval density. In general, and considering all individuals, lymphocytes, neutrophils
and eosinophils were counted most often, and very few monocytes were seen, which is consistent
with prior research on related Ambystoma species (Davis and Durso, 2009; Davis and Maerz,
2008a; Davis and Maerz, 2008b). With regard to density, the average percentage of lymphocytes
declined with increasing density, from 32% to 24% and finally 18%, in the low, medium and
high densities, respectively, while the percentage of neutrophils increased from 18% in low
densities to 23% in the medium density and 50% of all leukocytes in high densities.

Regression analysis revealed that the overall effect of larval density created significant
variation in the parameters evaluated (Fs3=15.80, p=0.023). Consistent with the percentages
reported above, there was a significant positive relationship between larval density and
mesocosm-mean neutrophil-lymphocyte ratios (F,7=29.21, p=0.001; Fig. 5.1A). This
relationship was not driven by differences in body condition across densities, as this variable was
not significant (F, ;=0.13, p=0.730; Fig. 5.1B). Nor was the effect of larval density on N/L ratios
was not influenced by development time; using data from all individual salamanders, there was
no overall relationship between larval duration and N/L ratios (Pearson correlation, 1=0.22,
p=0.141; Fig. 5.2), nor was there a relationship when each density was considered separately
(p>0.2 for all). Thus, salamanders in the low density mesocosms emerged with low N/L ratios

regardless of whether they metamorphosed early or late in the experiment, and vice versa for the
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high density; salamanders in high larval densities emerged with high ratios indices regardless of
their larval duration.

There were effects of rearing density on other, conventional, parameters as well, which
support the idea that increasing density is stressful. There was a significant negative relationship
between larval density and survival (F, 7=37.40, p<0.001; Table 5.2), with the highest survival in
the low density treatments (averaging 50% across all 3 replicate mesocosms), 28% in the
medium density, and 8.7% in the high density treatments. In addition, weights of surviving
salamanders decreased with increasing larval densities (F; 7=43.05, p<0.001); salamanders from
the low density treatments weighed an average of 701.9mg, those from the medium density
treatments weighed 513.0mg, and high density individuals weighed 324.5mg on average (Table
5.2). There was no significant relationship between larval density and development time

(F1,7=2.46, p=0161)

Discussion

In this experiment, our three larval densities effectively created rearing environments that
varied in their quality as shown by two of the traditional measures of larval performance:
salamanders reared in the highest larval densities had the poorest survival and lowest masses at
metamorphosis compared with the lowest densities, which is consistent with many prior studies
(e.g. Altwegg and Reyer, 2003; Collins, 1979; Loman, 2004; Petranka, 1989; Semlitsch and
Caldwell, 1982; Werner, 1986; Wilbur, 1976). Importantly, we show here for the first time that
this variation in environmental quality also affects the stress levels of recently metamorphosed

salamanders that survive these ‘stressful’ conditions, as determined from neutrophil-lymphocyte
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ratios, which are known to reflect stress hormone levels in amphibians (Bennett, 1986; Bennett et
al., 1972; Bennett and Harbottle, 1968; Davis and Maerz, 2008a; Davis and Maerz, 2008b), birds
(Gross and Siegel, 1983) and other animals (reviewed in Davis et al., 2008). In the highest larval
density, those individuals that successfully survived had the highest proportion of neutrophils,
the lowest proportion of lymphocytes, and the highest N/L ratios (i.e. highest stress levels).
Further, it did not matter if they metamorphosed early or late in the experiment, the degree of
stress was the same after they emerged (Fig. 5.2).

The lack of an effect of larval duration on stress levels of post-metamorphic salamanders
deserves further comment, since it is somewhat counterintuitive to conventional ideas of density
effects. Specifically, the effects of high densities on individual fitness are thought to be more
pronounced early in development when many larvae are present, since as time goes on and larvae
metamorphose (or die from other factors), fewer individuals remain and competition for
resources is lessened, leading to ‘density-mediated compensation’ in growth or survival (Rohr et
al., 2006). Thus, one might initially expect later-emerging salamanders to have lower stress than
early emerging individuals. Since our results do not support this idea, we interpret this to mean
that either some other factor besides food resources or competition influences stress levels in
amphibians, or that the effect of the initial density on amphibian stress levels is long-lasting
among individuals.

The variation in stress indices we observed among densities did not appear to be caused
by variation in nutritional condition of salamanders, since surviving individuals did not vary
significantly in body condition across larval densities (Fig. 5.1B). In high density conditions
(especially early in development) there is considerable competition for food resources, which

usually leads to reductions in body size (e.g. Petranka, 1989; Steinwascher, 1979; Travis, 1984;



110

Wilbur, 1976), which we did see, but it is also possible that this increased competition leads to
increased aggression among larvae (Faragher and Jaeger, 1998; Reques and Tejedo, 1996;
Semlitsch and Reichling, 1989) and therefore higher stress levels. This idea has certainly been
shown before in leopard frog larvae, with higher densities and/or reduced food availability
leading to higher levels of corticosterone among individuals (Crespi and Denver, 2005;
Glennemeier and Denver, 2002b). Interestingly though, Rot-Nikcevic et al (2006) also
demonstrated that amphibian larvae can become stressed even if they simply perceive high
densities (i.e. in that case by the sight of larvae reflected in mirrors), when in fact the real density
is not high. It may well be then that it is not physical competition per se that leads to stress in
individuals, but merely the perception of it.

While we do not know how long the elevated stress in salamanders lasts after they leave
the aquatic environment, we can infer from studies of other taxa what the consequences would be
if it does persist. High ratios of neutrophils (or heterophils in birds) to lymphocytes is often
correlated with reduced growth (Moreno et al., 2002), survival (Kilgas et al., 2006), reproductive
success (Al-Murrani et al., 2006), and increased susceptibility to infections (Al-Murrani et al.,
2002). In amphibians, high stress hormone levels in adults lead to reductions in foraging success
(Watson et al., 2004) and increased susceptibility to trematode infections in larvae (Belden and
Kiesecker, 2005). Thus if the high hematological stress parameters we observed in recently
metamorphosed salamanders persist, some of these consequences could be realized in the long-
term. Interestingly, evidence that low-quality larval environments leads to reduced survival and
reproductive success in adult salamanders (Scott, 1994) is consistent with effects of chronic
stress. Moreover, recent work with anurans demonstrated that experimental exposure of tadpoles

to corticosterone lead to juvenile frogs with elevated corticosterone 2 months later (Hu et al.,
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2008). While these studies all point to the potential for stress to be long-lasting in amphibians,
longer-term studies of stress levels of marked individuals would be needed to more clearly
elucidate the temporal persistence of stress induced from larval environments.

Finally, besides the question of temporal persistence, our results engender further
questions regarding effects of other low-quality larval environments such as wetlands
contaminated with agricultural or industrial chemicals. Indeed, while the effects of such
chemicals on amphibians are currently being considered (e.g. Forson and Storfer, 2006; Rohr and
Crumrine, 2005), the possibility that such larval conditions could lead to stressed metamorphic
individuals has not yet been addressed. Given the results from the current study, we might expect
this to be true. In any case, our results at the very least show that physiological stress can be
considered one more example of the legacy that post-metamorphic amphibians carry over from

their larval environments.
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Table 5.1. Summary of leukocyte profiles of post-metamorphic spotted salamanders from all three densities. Shown are the average

percentage (SE in parentheses) of each leukocyte type for all salamanders for which blood samples were obtained (N=30) in each

density.

Density N Lymphocytes Neutrophils Eosinophils Basophils Monocytes
Low 11 3.7 (4.3) 18.1 (5.4) 255 (4.4 242 (5.1) 0.6 (0.2)
Medium 11 239 (2.7) 227 (4.3) 33.0 (6.0) 19.6 (3.2) 09 (0.4)
High 8 17.8  (2.5) 499 @4.1) 22.8 (5.9) 93 (24 0.2 (0.2)
All 30 251 (2.2) 28.2 (3.6) 275 (3.1 18.5 (2.5) 0.6 (0.2)
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Table 5.2. Summary of larval survival, duration and weights of surviving salamanders from all densities in this experiment. Values

shown are the grand means of each mesocosm mean, with standard errors in parentheses. Each mesocosm contained 650 liters of

water.

Initial Density N (mesocosms) Survival Larval Duration (d) Salamander Mass (mg)
12 3 50.0% (4.8 %) 713 (4.1 701.9 (63.7)

25 3 28.0% (6.9 %) 89.1 (44 513.0 (17.9)

50 3 87% (1.8%) 86.2 (4.8) 3245 (8.7)
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CHAPTER 5 FIGURES

5.1

52

Relationship between initial larval density and (A) mean neutrophil-lymphocyte
ratios (log-transformed) and (B) mean body condition scores (residuals from regression
of cubed-root of mass on body length) of surviving salamanders, using the mesocosm

mean as the unit of replication.

Neutrophil-lymphocyte ratios (log-transformed) of all salamanders in relation to their
larval development time. There was no overall relationship between larval duration and
N/L ratios (Pearson correlation, r=0.22, p=0.141), nor was there a relationship when each

density was considered separately (p>0.2 for all).
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CHAPTER 6

EFFECTS OF CHYTRIDIOMY COSIS ON CIRCULATING WHITE BLOOD CELL

DISTRIBUTIONS OF BULLFROG LARVAE (RANA CATESBEIANA)'

'Davis, A K., Keel, M.K., Ferreira, A., and Maerz, J.C. 2010. Comparative Clinical Pathology
19: 49-55. Reprinted here with permission of publisher.
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Abstract

Bullfrogs (Rana catesbeiana) are widely-believed to be non-clinical carriers of
Batrachochytrium dendrobatidis (Bd), the fungal pathogen that invades keratinized tissues of
amphibians and causes the disease, chytridiomycosis. Although most research on this disease
focuses on adults, larval anurans are also susceptible to infections in their keratinized
mouthparts, and this allows for visual diagnosis of the disease via the degree of mouthpart
depigmentation. When an unplanned outbreak of chytridiomycosis occurred in a set of captive
bullfrog tadpoles in our lab we conducted the current investigation into its effects on the non-
specific immune system (i.e. the leukocyte populations) of the tadpoles. We compared leukocyte
counts from blood smears of 27 tadpoles that had contracted the disease (evidenced by severe
mouthpart depigmentation and confirmed by histology) to those of 21 tadpoles that had little
depigmentation (i.e. with little evidence of the disease). Tadpoles with severe depigmentation
had significantly more neutrophils and less eosinophils than those with little depigmentation,
while numbers of lymphocytes, basophils and monocytes were not statistically different. That
there was any effect at all on circulating leukocyte numbers is surprising since leukocytes are
usually not seen migrating to sites of infection in tissue sections of amphibians infected with Bd,
and since most research points to this disease having little outward effect on bullfrogs. Since
monocyte numbers were unchanged, the leukocyte alterations were likely not due to a simple
inflammation response. It is possible that Bd infections elicit increases in glucocorticoid
hormones, which can cause increased numbers of circulating neutrophils and lower numbers of
eosinophils, although this is often accompanied by a reduction in lymphocyte numbers, which

we did not see. Further research is warranted to clarify if this effect is limited to this species.
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Introduction

Of the myriad of diseases affecting animal populations world-wide, none may be as well-
known as the amphibian disease, chytridiomycosis, which is caused by infection with the fungal
pathogen, Batrachochytrium dendrobatidis (Bd) and is widely-believed to be responsible for
massive population declines in tropical regions of the world (reviewed in Lips et al. 2005).
Moreover, there is now evidence that temperate populations are also susceptible to this pathogen
(Fellers et al. 2001, Muths et al. 2003, Green and Dodd 2007, Schlaepfer et al. 2007). However,
it has also recently become clear that not all amphibian species are affected by the pathogen
(Kriger and Hero 2006, Longcore et al. 2007), and that antimicrobial peptides in the skin of some
species can inhibit the growth of Bd (Rollins-Smith and Conlon 2005, Woodhams et al. 2007).
One well-known example of a species that appears unaffected by the disease is the American
bullfrog (Rana catesbeiana), which has native and introduced populations world-wide. In fact,
numerous researchers have speculated that bullfrogs may be non-clinical carriers, or ‘resevoirs’
of Bd, since the disease appears to have little effect on adults (Daszak et al. 2004, Hanselmann et
al. 2004, Garner et al. 2006, Green and Dodd 2007). Furthermore, it is also thought that Bd does
not negatively affect larval bullfrogs, since high numbers of infected larvae can be found in
ponds with apparently stable populations (Peterson et al. 2007). In other species, the effects of
Bd on anuran larvae have varied. Smith et al (2007) found no evidence of decreased growth in
Heleophryne natalensis and Strongylopus hymenopus larvae infected with Bd. However, Parris
and Cornelius (2004) showed that infections in larval stages cause increases in developmental
instability of Bufo fowleri and Hyla chrysoselis metamorphs. Collectively though, most evidence

points to few directly observable effects of Bd infections in anuran larvae, and especially
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bullfrogs. Missing from this body of work though, are investigations into the range of possible
physiological effects of Bd on anuran larvae.

One important physiological component that should be considered with infections is the
effect on animals’ immune systems. In particular, the non-specific immune system (i.e. the
leukocyte, or white blood cell population) of any animal is one of the primary lines of defense
against invading pathogens, and is made up of 5 different types of white blood cells, which each
perform different tasks in the immune process (Jain 1986, 1993). Thus, by assessing the relative
numbers of each cell type currently in circulation (i.e. the leukocyte profile of an animal), it is
possible to determine if this component of the immune system has been activated in study
subjects. For example, in most animals, infections cause increases in circulating numbers of
neutrophils (or heterophils in birds and reptiles), which are the primary phagocytic cells that
attack (i.e. engulf) foreign particles and organisms (Turner 1988, Jain 1993, Campbell 1995,
Davis et al. 2004). Similarly, monocytes are also phagocytic and can increase in circulation
during infections (Latimer et al. 1988, Davis et al. 2004, Thrall et al. 2006). Eosinophils are
involved in modulation of the immune response by secretions of chemical substances that
promote phagocytosis (Maxwell 1987, Rothenberg and Hogan 2006), though are not typically
found in higher numbers in circulation during infections. Finally, infections can also lead to a
general stress response, marked by increases in stress hormones (Lindstrom et al. 2005), and this
hormonal increase can in turn lead to reductions in circulating numbers of lymphocytes,
increases in numbers of neutrophils, and even reductions in eosinophils in some animals
(reviewed in Davis et al. 2008a).

The effects of Bd on leukocyte populations has rarely been examined in amphibians,

perhaps because histological sections of infected skin usually do not show leukocytes migrating
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to sites of tissue infection (Berger et al. 2005a), and it is therefore assumed that the leukocyte
response is minimal (Densmore and Green 2007). In the only study to examine this topic thus
far, Woodhams et al. (2007) examined circulating numbers of leukocytes in post-metamorphic
Litoria chloris and did find an effect of chytrid infection, but surprisingly, it was a reduced
number of neutrophils (and also eosinophils) in infected individuals, which is not consistent with
the classical immune response, per se, to a pathogen infection (typified by increased numbers of
phagocytic cells).

While conducting a laboratory experiment involving late-stage bullfrog tadpoles in the
summer of 2007, an outbreak of chytridiomycosis occurred in our captive population. While this
unplanned outbreak disrupted our original plans for the tadpoles, it fortuitously allowed us to
conduct an investigation into the effects of this disease on the leukocyte populations of bullfrog
tadpoles, and we present the results of this investigation here. We compared leukocyte
populations of tadpoles that had contracted the disease (based on visual assessment of mouthpart
depigmentation) to those that had not yet become infected. While we examined all white blood
cell types, we were particularly interested in numbers of neutrophils and monocytes, which when
elevated is a sign of immune activation. We also looked for evidence of increases in stress
hormones in the depigmented group, which would be primarily indicated by low numbers of
lymphocytes combined with high numbers of neutrophils (Davis and Maerz 2008b, a, Davis et

al. 2008a).
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Methods

Lab setup. — As part of the initial experiment we hand captured late-stage bullfrog
tadpoles from a local pond in Clarke County, GA in the spring of 2007 and brought them into
captivity, where they were housed in 38 L aquaria in a temperature-controlled room set to 23°C.
Thereafter they were fed ReptoMin turtle sticks ad libitum, and their water was changed weekly.
At the same time, bullfrog tadpoles from a separate site, where there were known cases of
chytridiomycosis, had also been captured and housed separately in the same room. At some
point, water or equipment from these groups was unintentionally mixed, and the tadpoles in the
initial set became exposed to the disease. When we discovered the outbreak in July 2007, we
ceased the initial experiment and removed the tadpoles (n=55) to conduct the present study.

Processing tadpoles. — Tadpoles were anesthetized via immersion in a solution of 5%
MS-222, then they were blotted dry, weighed, and their developmental stage was recorded
following Gosner (1960). Next we examined the tadpoles for evidence of chytridiomycosis.
Since Bd only attacks keratinized tissue of amphibians, the darkly-pigmented keratinized
mouthparts of tadpoles are where the infection is typically found, with infections usually leading
to depigmentation of the keratinized toothrows around the oral disc (Fig. 6.1). Because of this,
many investigators have relied on the degree of tadpole mouthpart depigmentation as a proxy for
infection with Bd (Fellers et al. 2001, Knapp and Morgan 2006, Symonds et al. 2007). We also
used this approach and visually assessed the degree of mouthpart depigmentation based on a
scoring system we devised that evaluated all keratinzed parts of the mouth (i.e. toothrows and
beak). In this system an observer (AKD) separately scored the beak, upper, and all three lower
toothrows of each tadpole on a 0 to 3 scale based on how much pigmentation was lost (3 being

nearly all depigmented). Then the 5 separate scores were summed for each individual so that
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each tadpole was assigned a single number that varied between 0 and 15, with 15 being the most
depigmented. To be conservative, we then collapsed these into 5 ‘mouth score’ groups: scores 0-
2, 3-5, 6-8,9-11, and 12-15, were groups 1 through 5, respectively. Finally, a blood sample was
obtained from each tadpole via heart puncture and a standard blood film made on a clean
microscope slide. Slides were air-dried and later stained with giemsa.

Histological examination.- As a check of the visual scoring method for diagnosing
chytridiomycosis and to further elucidate the infection in tissues, a random subset (n=18) of
tadpoles were preserved in formalin after processing and prepared for histological examination
of keratinized mouthparts. To prepare slides, 5-um-thick sections of paraffin-embedded tissues
were rehydrated through graded alcohol and stained with hematoxylin and eosin (H&E). These
tissue sections of mouthparts were examined by one observer (KK) and the degree of lesions was
subjectively scored on a 0-3 scale, based on severity of erosions and loss of denticles.

Comparison of both scoring schemes from the subset of 18 tadpoles showed that tadpoles
with visual mouthpart scores of 3 or higher were always assigned the maximum lesion score
histologically (Fig. 6.2), so we therefore considered all individuals from the larger tadpole set
with a 3 or more to be infected with chytridiomycosis (n=27). Those with a visual score of 2 in
the subset (n=7) appeared to have variable histological scores, so we did not include any
individuals with this visual score in our investigation. In general, tadpoles with the lowest visual
scores (category 1, n=21) also had low histological lesion scores (average of 1 for histological
scoring), though of the 9 tadpoles in this subset, 2 had evidence of light to moderate lesions in
tissue sections (i.e. lesion scores 1 and 2) and 2 tadpoles showed heavy lesions (score 3). Thus,
even though we observed very little depigmentation in the mouthparts of these two individuals,

there was clear evidence of Bd infections from the tissue sections. This means that in our visual
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scoring scheme for the entire set of tadpoles, we can not rule out the possibility that those with
no mouthpart depigmentation (i.e. score 1) had active infections. However, since the majority of
individuals in this category appeared free of infection, comparisons of the mean leukocyte
parameters of tadpoles in this category versus the unquestionably infected tadpoles (score 3 or
higher) are still valuable to help elucidate the effects of this disease.

Reading blood smears.- All slides were viewed with a standard light microscope under
1000X oil immersion, and leukocytes were counted (by AKD) following established procedures
in our lab (Davis et al. 2008b, Davis and Maerz 2008b, a, Davis 2009). Leukocytes were
identified as neutrophils, lymphocytes, eosinophils, basophils and monocytes, following Thrall et
al. (2004), Hadji-Azimi et al. (1987) and Turner (1988). All leukocytes were counted until at
least 100 leukocytes had been recorded, or when 150 fields of view had been examined. Only
fields of view with even distributions of red blood cells were used. Fields of view in this study
had an average of 30 red blood cells (+- 7, based on examination of 60 fields). The number of
each cell type counted was then transformed into the number counted per 10 fields of view for
analyses (which is equivalent to ~300 red blood cells).

Data analysis.- For each of the 5 cells types we log-transformed the number of cells per
10 fields of view to approximate normal distributions. To examine the effect of Bd infection on
numbers of each cell type we used a MANCOVA design, where the log-transformed abundance
of the cell type were the (5) response variables and infection was the fixed dichotomous
independent variable (i.e. mouthparts severely depigmented vs little depigmentation). Since
anuran white blood cell populations have recently been found to vary naturally throughout
tadpole development (Davis 2009), Gosner stage was included as a continuous covariate. The

analysis was conducted using Statistica 6.1 software (Statistica 2003).
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Results

Histological Observations.- Microscopic examination of the subset of tadpoles with
active infections in their mouthparts revealed erosion of the keratin layers and attenuation or
complete loss of denticles (Fig. 6.3). Fungal elements were only present in keratin and areas
lacking keratin did not have any active infection. Dermal infiltrates of lymphocytes were not
correlated with the presence of Bd and were present at a low level in all tadpoles regardless of
infection.

General Comparisons.- The mean Gosner stage of the 21 tadpoles with little mouthpart
depigmentation was 34, which was not significantly different from the average stage of the 27
tadpoles with severe mouthpart depigmentation (two-sample t-test, t=0.988, df=46, p=0.328).
There was also no difference in average mass of both groups (7.3g; two-sample t-test, t=1.67,
df=46, p=0.100).

Leukocyte differentials.- The relative numbers of each leukocyte type for both groups of
tadpoles are shown in Table 6.1. In general, tadpoles with severely depigmented mouthparts had
relatively more abundant neutrophils than those with little depigmentation (16% versus 8% of all
white blood cells). It is also interesting to compare the leukocyte profiles of the current study to
those reported previously for larval (Davis 2009) and adult bullfrogs (Cathers et al. 1997). In
general, there was concordance with most cells types (Table 6.1), though the relative number of
monocytes in all tadpoles in this study (mean = 6.9%) appeared to be greater than normal (<1%).

Statistical Results.- The overall MANCOVA that considered the effects of infection on
counts of all white blood cell types simultaneously showed the expected effect of Gosner stage
(F541=4.97, p=0.001), which is addressed in detail elsewhere (Davis 2009), but more

importantly, a significant overall effect of Bd infection on leukocyte numbers (Fs 4,=2.47,
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p=0.048). To understand which cell types were most affected by Bd infection, the effects of
infection on the abundance of individual cell types are presented graphically (Fig. 6.4), and we
report results from follow-up models that considered individual cell types (with the same
independent variables included). Lymphocyte numbers were unaffected by chytridiomycosis
(F145=0.013, p=0.908). The abundance of circulating neutrophils, however, significantly
increased in the severely depigmented tadpoles (F; 45s=6.38, p=0.015; Fig. 6.4). In contrast, the
numbers of circulating eosinophils tended to decrease with infection (F; 45=4.36, p=0.042; Fig.
6.4). Finally, there was no difference in numbers of basophils (F; 45=0.012, p=0.734) or

monocytes (F; 45=1.08, p=0.304) between infection groups (Fig. 6.4).

Discussion

The data from this study indicate that B. dendrobatidis infection in bullfrog larvae has an
effect on their non-specific immune system (i.e. the numbers of circulating white blood cells).
This effect is at least partly consistent with the reaction typical of most infections, which begins
with an increase in phagocytic neutrophils (Stockham and Scott 2002, Thrall et al. 2006). These
cells act to rid the blood of foreign bodies, including inert particles and microbial cells (Turner
1988). However, it is not clear what these cells are targeting in the chytrid infection, since most
histological investigations, including our own (Fig. 6.3), do not show neutrophils (or any other
leukocyte) migrating to the site of zoospore infection. To answer this question it is helpful to
understand the normal course of chytridiomycosis infection in amphibian skin. Infections are
typified by the presence of zoosporangia which live inside cells of the keratinized epidermal

tissue of the host (mouthparts for anuran tadpoles, skin in adults) (Berger et al. 2005b). The
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zoosporangia initially infect cells a few layers deep but eventually these cells move outward to
the skin surface. Multiple zoospores develop within zoosporangia and when mature are released
through discharge tubes which open to the surface of the animal. Importantly, this process has
been shown to result in a degree of host tissue damage; in heavily infected animals, many
epidermal cells become swollen, or necrotic, often with degenerate nuclei (Berger et al. 2005b).
While it has not been specifically examined thus far, this type of tissue damage is sure to lead to
cellular debris. It is therefore possible that the increase in numbers of circulating phagocytic
neutrophils we observed in infected bullfrog tadpoles is a response to this tissue damage and
cellular debris, not necessarily to the foci of infection per se. Berger et al. (2005b) also report
that chytrid infections can lead to opportunistic entry of bacteria through the zoosporangia
discharge tubes. These too would likely be targeted by neutrophils (Wright 2001).

There is an alternative explanation for the rise in neutrophil abundance, and which might
also explain the decrease in eosinophils. Infections in animals can lead to chronically elevated
stress hormones (Lindstrom et al. 2005), either as a direct result of the infection, or perhaps in
this case, by the reduced capacity of the tadpoles to consume food (since infections damage
tadpole mouthparts). Stress hormones are well-known to cause alterations in the normal
distributions of white blood cells, and the primary cell affected is the neutrophil, which increases
when hormones increase (reviewed in Davis et al. 2008a). In most, but not all cases, this increase
is accompanied by a decrease in numbers of lymphocytes. These opposing effects are thought to
‘redistribute’ cells to where they would best be served in stressful situations (neutrophils in
circulation, lymphocytes migrate into tissues) (Dhabhar et al. 1996). In some animals, stress can
also cause a reduction in the numbers of circulating eosinophils (Jain 1986, Davis et al. 2008a),

which was indeed seen here. Importantly, eosinophils are the primary cell responsible for
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protections against metazoan parasites, and within amphibians, investigators have shown that
experimental reductions in eosinophil numbers by administration of corticosterone leads to
increased susceptibility to other biologically important pathogens such as trematodes (Belden
and Kiesecker 2005). Interestingly, in the only other investigation of the effects of
chytridiomycosis on amphibian white blood cells (adults in this case), a reduction in eosinophils
was also found (Woodhams et al. 2007). Thus, given the proven role of eosinophils in defending
against metazoan parasites, the combined evidence of this and the Woodhams et al. study
strongly suggest that Bd infections could lead to increased host susceptibility to metazoan
parasites.

In contrast to our study, Woodhams et al. (2007) observed reductions in neutrophil
counts, while here, there was a general increase. These opposing results could be because larvae
were examined here as opposed to later life stages in the Woodhams et al. study, or because
different anuran species were examined in the two studies. In fact, this last point brings up an
interesting question in itself; since chytridiomycosis does not appear to kill bullfrog tadpoles,
could the immune response we observed be one of the reasons why? Comparisons of infected
larvae of other amphibian species (such as those known to be susceptible to Bd) would no doubt
clarify this issue.

In summary, comparison of leukocyte populations in bullfrog tadpoles with and without
evidence of chytridiomycosis suggests the disease causes an alteration in the circulating
complement of leukocytes in this species. This result is surprising, both because of the fact that
Bd zoospores are not attacked by leukocytes, and given the otherwise benign effects
chytridiomycosis has on this species. Further study is warranted to determine if this effect is

limited to bullfrogs and if this response is what makes them resistant to this disease.
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Table 6.1. Relative numbers (percentages of all cells) of each white blood cell type in bullfrog tadpoles with and without evidence of

chytridiomycosis (i.e. mouthpart depigmentation). Means shown with standard deviations in parentheses.

Mouthparts % Lymphocytes % Neutrophils % Eosinophils % Basophils % Monocytes
Little depigmentation (n=21) 68.7 (11.6) 82 (7.1 2.5 (1.8) 4.1 (2.6) 82 (5.5)
Severe depigmentation (n=27) 57.4 (18.3) 16.3 (10.2) 1.3 (1.2) 29 (2.9 59 4.9
All 623 (16.6) 12.7 (9.8) 1.8 (1.6) 34 (2.8) 6.9 (5.2)
Larval Reference Values* 73.0  (12.3) 208 (12.8) 3.6 (3.4) 23 (2.1) 0.3 (0.9)
Adult Reference Values** 62.9 (15.0) 22.0 (15.2) 8.9 (6.1 2.5 (2.9) 0.6 (1.0)

* Data from Davis (2009) (Gosner stage 26-39)

** Data from Cathers et al. (1997).
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CHAPTER 6 FIGURES

6.1 Bullfrog tadpole with mouthparts enlarged. This specimen has little depigmentation in its

toothrows and beak.

6.2  Comparison of histological scoring of chytridiomycosis and visual assessment of
mouthparts from 18 tadpoles (see methods). Mean histological scores (which ranged from
0-3) shown with standard deviations. High visual scores indicate severe mouthpart

depigmentation.

6.3 Tissue section of mouthparts of a bullfrog larva infected with Batrachochytrium

dendrobatidis. Note the numerous empty zoosporangia (arrows).

6.4  Average number of circulating white blood cells of each type in tadpoles with little
mouthpart depigmentation (assumed to be not infected) and with severe depigmentation

(indicating chytridiomycosis infection). Whiskers represent 95% confidence intervals.



144

Figure 6.1
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Figure 6.3
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Figure 6.4
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CHAPTER 7

ARE AMPHIBIANS REARED FOR CONSERVATION INITIATIVES CAPABLE OF
MOUNTING A STRESS RESPONSE? AN EXPERIMENTAL ASSESSMENT USING

LEUKOCYTE DATA!

'Davis, A.K. and J.C. Maerz. To be submitted to Conservation Biology.
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Abstract

Global declines in amphibian populations have led to an increase in conservation
initiatives focused on rearing amphibians in captivity to release into the wild. While this is often
a logical course of action, there has been little work done to ascertain if captive-reared
amphibians are functionally equivalent to their wild counterparts. In particular, compared to
those in the wild, amphibians reared in captivity may develop in relatively stress-free
environments, since they are usually fed ad libidum, raised in the absence of predators and
pathogens and in controlled environments. If so, then are captive-reared individuals capable of
reacting to normal stressors? We addressed this question by rearing two non-threatened
amphibian species (Rana sphenocephala and Ambystoma opacum) from eggs and 10-day old
larvae through to late larval stages in artificial pond environments, then subjecting the animals to
a standard stress procedure. We performed the same procedure on wild-caught larvae of similar
developmental stages and from the same source pond as the reared larvae. For all individuals we
counted the number of two white blood cells, neutrophils and lymphocytes, from blood smears to
derive individual neutrophil:lymphocyte (N:L) ratios, which prior research demonstrates can
serve as an index of the level of corticosterone. Captive-reared R. sphenocephala and A. opacum
each showed a threefold increase in N:L ratios from baseline to stress-induced levels, which was
the same magnitude as wild individuals. Baseline and stress-induced N:L ratios of R.
sphenocephala were statistically similar to wild individuals, although those of reared A. opacum
were slightly higher than wild individuals. We conclude that captive-reared amphibian larvae are
indeed capable of mounting an appropriate stress response, but further work may be needed to

fine-tune rearing procedures of Ambystoma salamanders to minimize potential stressors.
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Introduction

One of the most important issues in animal conservation today is the global decline in
amphibian populations (e.g. Daszak et al., 1999; Kriger & Hero, 2009; Lips et al., 2005). While
the cause of these declines may be varied and complex (e.g. D'Amen & Bombi, 2009; Kerby et
al., 2009; Rohr et al., 2008), a common management response to these declines is to establish
captive colonies or captive-rearing and reintroduction initiatives to save or help bolster declining
populations (Gagliardo et al., 2010; Griffiths & Pavajeau, 2008). In such programs, eggs from
captive or wild amphibians are typically hatched in captivity and aquatic larvae are reared in
containers through to metamorphosis, to ultimately be released to the wild or replaced back into
the captive colony. While these actions are neccessary in the face of imminent population
failures, few have asked if the larvae reared in such circumstances are functionally similar to
their wild counterparts (but see Calisi & Bentley, 2009). Consider that when larvae are reared
from an early age in captivity, they are usually raised in artificial ponds, mesocosms, or ‘cattle
tanks’. Generally these are structurally simple environments with no other species competitors,
predators or pathogens present, and high quality food is readily available (usually ad libidum).
While this is intended to maximize survival, and to ultimately provide the greatest number of
metamorphosed animals, it must be remembered that these are all issues that wild larvae must
contend with on a daily basis throughout their development. In other words, compared to their
wild counterparts, captive-raised larvae are usually reared in relatively stress-free environments.
If so, then would they be capable of dealing with normal stressors when they are released back

into the wild? Put another way, do they develop normal physiological stress responses?
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Like all vertebrates, amphibians have a physiological reaction to stressful events that
develops at an early stage of life, and that begins with an increased production of glucocorticoid
hormones (corticosterone in amphibians) in the bloodstream (Moore & Jessop, 2003). This
hormone then orchestrates a cascade of events in the body that prepare the animal for coping
with the stressor (reviewed in Wingfield & Romero, 2001). One of these events is a temporary
redistribution of circulating leukocytes (white blood cells), which is thought to shunt certain cell
types to where they would most be needed during the stress period (Dhabhar et al., 1996;
Dhabhar et al., 1994). In this case, high levels of glucocorticoids cause an increase in the
proportion of neutrophils and a decrease in the proportion of lymphocytes in circulation, such
that the ratio of the two cells (neutrophil:lymphocyte, or N:L ratio) is positively associated with
the magnitude of the hormonal increase (reviewed in Davis et al., 2008b). For assessing the
impact of stressful events in vertebrates, the N:L ratio (or H:L ratio in reptiles and birds, as the
heterophil replaces the neutrophil in these animals), which is derived via cell counts from blood
smears, can be used as an alternative to direct measurement of plasma corticosterone (e.g. Polo-
Cavia et al., 2010), and it is especially useful for studying small amphibians, since less blood is
required and the time frame for obtaining baseline samples is on the order of hours for
ectotherms (Aguirre et al., 1995; Davis et al., 2008b). Previously, we have shown that N:L ratios
in amphibians increase when adults are brought into short-term captivity (Davis & Maerz,
2008a), when females are in reproductive status (Davis & Maerz, 2008b), when larvae are reared
in high densities (Davis & Maerz, 2009), and when exogenous corticosterone is directly injected
(Davis & Maerz, 2010). Collectively, these studies demonstrate the effectiveness of
neutrophil:lymphocyte ratios in gauging the level of stress incurred by amphibians in a variety of

contexts.



152

Here, we report the results of an experiment that utilizes this hematological approach to
measuring stress and that was designed to ask if captive-reared amphibians are able to mount a
stress response of equal magnitude as their wild-reared counterparts. Using two non-threatened
amphibian species from the southeastern United States, southern leopard frogs (Rana
sphenocephala) and marbled salamanders (Ambystoma opacum), we reared sets of larvae
through to a late developmental stage (in a manner typical of conservation initiatives) and
compared the magnitude of their baseline and stress-induced (i.e. after submitting the animals to
a standardized stressor) N:L ratios to those of wild individuals. The results of this experiment
should provide amphibian conservation practitioners with important information regarding the

ability of captive-reared amphibians to cope with real-world stressors.

Methods

Rearing amphibians.- On January 16, 2009, we collected (via dipnetting) 150+ A.
opacum larvae from an ephemeral pond near the University of Georgia campus in Athens, GA
(Fig. 7.1A). This pond had been dry for most of the prior year, and had filled after heavy rains
just two weeks prior to collecting these larvae (Davis, pers. 0bs.). Since females of this species
lay eggs on the bottom of dry ponds and eggs hatch when the pond fills (Conant & Collins, 1998;
Noble & Brady, 1933), we are confident that all collected larvae were approximately 10-14 days
old. Collected larvae were returned to the lab and placed in two 40L aquaria for temporary
storage. On January 24, the larvae were transferred to four 1000L UV-resistant polyethylene
aquaculture tanks (Fig. 7.1B) that had each been filled with 900L of dechlorinated tap water and

enough leaf litter to cover the bottom. Each bin received 25 larvae total, which based on prior
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work with Ambystoma salamanders, is a moderately-low stocking density and should result in
minimal crowding stress (Davis & Maerz, 2009). Moreover, prior study showed that higher
densities than this lead to extremely low survival in Ambystoma larvae (i.e. <10%, Davis &
Maerz, 2009). Bins were situated outdoors near our field lab, and were left uncovered.

On February 15, we collected 10+ clutches of R. sphenocephala eggs from the same pond
the salamander larvae were collected from. Collected eggs were brought to the lab, where they
were placed into aquaria filled with dechlorinated tap water (one clutch per aquarium) until
hatching. Hatching of all eggs was completed by February 22. On March 2, we selected 5 of the
most advanced clutches and haphazardly selected larvae, which were transferred to four
additional 1000L bins. As before, bins had been filled to 900L with dechlorinated tap water and a
layer of leaf litter covered their bottoms. Each bin received 24 larvae from each of the 5 clutches
(120 total larvae per bin).This higher density of leopard frog larvae was based on prior studies in
our lab that showed very high survival of this species (>80%) even at greater densities than this
(Maerz, unpubl data).

All rearing bins were monitored daily and food was added weekly. Food for larval frogs
consisted of Reptomin floating food sticks, in amounts proportional to the size of the larvae, and
always enough to ensure their supply did not run out over the week. In other words, their food
was provided ad libidum. Salamander larvae were fed zooplankton collected from nearby ponds
via a plankton net, and by the natural colonization of insects such as mosquitoes. As with frog
larvae, the amount of zooplankton provided was proportional to the size of the larvae, and we
aimed to ensure the larvae were never without food. In the meantime, larval frogs and

salamanders in the original pond were monitored weekly (via random dipnetting) to gauge their
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developmental progress. Here we were only interested in determining when larvae were large
enough to sample (below).

Sampling/Stress procedure.- On April 9, 50 larval A. opacum salamanders were collected
from the original pond. At this time, larvae were approximately 5-7cm in length and had fully-
formed gills (Fig. 7.2A). Larvae were immediately transported to the lab (10 minutes away).
There they were divided into two groups of 25. The first group was processed immediately,
which entailed euthanization via a 2% solution of neutral-buffered MS-222, weighing with an
electronic balance, and obtaining a blood sample following Davis and Maerz (2008a; 2008b;
2009). Standard blood films were made for each salamander. We considered the data from these
initial blood films to represent ‘baseline’ leukocyte data (see below), because the effects of
capture, handling and transport are negligible on N:L ratios since the time lag between stress-
induced glucocorticoid increase and subsequent leukocyte redistribution in amphibians and other
ectotherms is typically 24 hours (Aguirre et al., 1995; Bennett & Alspaugh, 1964; Bennett et al.,
1972; Bennett & Harbottle, 1968; Bennett & Newell, 1965), which leaves ample time for
obtaining initial, ‘baseline’ blood samples.

Salamander larvae from the second group were placed individually into 1L plastic
containers that had been filled with dechlorinated tap water (Fig. 7.2B). Then, each salamander
was gently agitated by hand for 1 minute, similar to the 30-second ‘chase’ procedure used in
Langkilde and Shine (2006) on captive skinks. Thereafter the salamanders were left undisturbed
for 24 hours, which is enough time to allow glucocorticoid-induced changes to leukocytes
(reviewed in Davis et al., 2008b). After this time they were removed and processed following the
procedure above. This group is hereafter referred to as the ‘stressed’ treatment. We point out

here that the salamander larvae in this group no doubt perceived the capture alone as stressful
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(Davis & Maerz, 2010) and as such it may not have been necessary to even perform the agitation
procedure. However, since the object here was to elucidate the leukocyte ‘stress’ response of
reared and wild larvae, we felt it necessary to ensure all larvae underwent an additional,
standardized, stressor besides capture. Finally, the entire process was repeated for a second batch
of 45 A. opacum larvae later that week, so that in the end, 95 wild salamander larvae were
examined (45 larvae in the baseline group, 50 in the stressed group).

At the time the wild salamander larvae were examined, larvae in the rearing bins were not
as developed, so we waited an additional 20 days for them to reach a similar size before we
sampled the captive-reared larvae. On that day, all surviving salamander larvae from the rearing
bins were removed and transported to the lab. There were 11, 20, 14, and 11 larvae from the four
bins (56 total), and the larvae from each bin were divided into the two treatment groups, so that
each bin was represented in both treatments (27 in the baseline group, 29 in the stressed group).
The first group was processed immediately while the second underwent the stress procedure
outlined above and processed 24 hours later.

On 19 April and 7 May, a total of 56 larval leopard frogs were collected from the same
pond and brought to the lab where similar procedures were performed. At this time, most larvae
were between Gosner (1960) stage 30-39. No larvae were beyond stage 39, so all were pre-
metamorphosis. Over the two sampling periods, 30 of these larvae were examined immediately
after arrival (i.e. for baseline samples), and 17 were subjected to the stress procedure (placement
into individual containers, agitation for 1 minute, sampling 24 hours later). From 20-25 April,
frog larvae from the rearing bins were collected for the same procedures. Since survival of
leopard frog larvae was much higher than Ambystoma larvae (survival was between 77-83% in

our four frog bins), we haphazardly selected 40 frog larvae from each bin for study. These larvae
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ranged in Gosner stage from 29 to 35. Upon arrival to the lab, each set of 40 was divided equally
into the two treatment groups and sampled accordingly. Certain larvae were processed but we
were not able to obtain sufficient blood for a film. In the end, a total of 63 frog larvae were
processed and sampled in the baseline group, while 74 were sampled in the stressed group.

Leukocyte counting.- Blood films from frog and salamander larvae were examined with a
standard light microscope under 1000X (oil), following procedures used previously (Davis,
2009a; Davis et al., 2004; Davis et al., 2008a). Only fields of view with relatively uniform cell
distributions were examined, and all leukocytes within each field were identified as neutrophils,
lymphocytes, eosinophils, basophils and monocytes following Hadji-Azimi et al. (1987) and
Thrall (2004). At least 100 leukocytes were counted for each individual, and from these data we
calculated the percentage of all cell types, although we focus here on neutrophils and
lymphocytes. Neutrophil:lymphocyte ratios for all individuals were calculated based on the
percentages of both cell types.

Data analyses.- Neutrophil:lymphocyte ratios were log-transformed (+1) to approximate
a normal distribution. There was a small degree of variation in N:L ratios of frog larvae among
bins, though this was not significant at the 0.05 level (one-way ANOVA, F3 133=2.3, p=0.080),
and there was no effect of bin on salamander N:L ratios (F35,=0.49, p=0.692). We therefore
pooled the data from all bins for salamanders and similarly for frogs in further analyses. Then, to
address the objective of this study (do captive-reared larvae differ in stress response from wild),
we examined transformed N:L ratios of salamanders and frogs using ANCOVA, where the larval
environment (reared or wild) and sample treatment (baseline or stressed) were categorical
explanatory variables, while body mass was a covariate. We also included all two-way

interaction terms in the initial models, and selected the final model that best described the data
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from all candidate models using AIC values. All analyses were conducted using Statistical 6.1

software (Statistica, 2003).

Results

The overall leukocyte profiles of A. opacum and R. sphenocephala differed considerably,
especially with respect to the relative abundance of circulating neutrophils and to a lesser extent,
circulating lymphocytes. Baseline data from wild-caught larval marbled salamanders showed an
average neutrophil percentage of 13.6% (+9.6% SD) and an average of 61.0% (+13.8% SD)
lymphocytes, which is within the range reported in most other amphibians (Davis & Durso,
2009). Meanwhile, the average percentage of neutrophils and lymphocytes in wild-caught,
unmanipulated, R. sphenocephala larvae was 5.2% (+ 4.5% SD) and 77.0% (x11.3% SD),
respectively. This especially-low abundance of neutrophils in leopard frog larvae, led to much
lower overall N:L ratios of larval leopard frogs than marbled salamanders.

The ANCOVA model that best described the variation in N:L ratios of larval marbled
salamanders (i.e. with the lowest AIC score) was one that contained the larval environment (wild
or reared), sample treatment (baseline or stressed) and their interaction, which was not
significant (Table 7.1A). Body size was not included in the final model. The final model showed
that regardless of rearing environment, salamanders that underwent the stress treatment had
significantly higher N:L ratios than the baseline group (Fig. 7.3A). Further, salamanders reared
in captivity had slightly, but significantly, higher N:L ratios than those from the wild (Table

7.1A, Fig. 7.3A).
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The model that best described the N:L ratio data for larval leopard frogs contained the
sample treatment (baseline or stressed) and body mass, but not rearing environment (Table
7.1B). Thus, there was no improvement in our ability to predict N:L ratios of leopard frog larvae
when the larval environment (wild or reared) was included in the final model. As we expected,
frog larvae subjected to the stress procedure had significantly higher N:L ratios than did those in
the baseline group (Fig. 7.3B). The effect of body mass was negative, such that larger individuals
tended to have lower N:L ratios, although this effects appeared to be driven mostly by the data
from the stress group (Fig. 7.4). In other words, larger larvae appeared to have a smaller

leukocyte response to the stress treatment than did smaller larvae.

Discussion

The results from this experiment show that the leukocyte response of captive-reared
leopard frog larvae to a stressor is equivalent to that of their wild counterparts. In other words,
captive-reared leopard frogs appeared capable of mounting a normal physiological stress
response, which for all vertebrates typically involves increases in the proportion of circulating
neutrophils and decreases in proportions of circulating lymphocytes (reviewed in Davis et al.,
2008b). We are confident in this result since both the wild-caught and captive-reared larvae were
of similar developmental stages, and both groups ultimately originated from the same pond. We
only examined one species of frog, so generalizing to all species is premature; however, if the
results can be generalized, this would speak to the suitability of conservation-related captive-
rearing initiatives for producing frogs that have normal physiological reactions to stressful

events.
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While tangential to the goals of this study, we also discovered a slight, but significant
negative relationship with body size and N:L ratio in leopard frog larvae (Fig. 7.4). Since we had
only intended to statistically control for possible effects of variation in body size, we did not
have any a priori predictions regarding the direction of the effect, if any. There is in fact, little
research into the relationship between body size and stress physiology in any animal, let alone
amphibians. Nevertheless, it appears that larger larvae had lower N:L ratios. Given that all larvae
hatched at roughly the same time (within a few days), this pattern may indicate a correlation
between rapid growth and lower circulating stress hormones as indicated by N:L ratios. Similar
relationships have been reported for nestling birds, where low ratios were associated with fast
growth (Moreno et al., 2002).

Results concerning N:L ratios of larval marbled salamanders differed somewhat from
those of frog larvae, and in an unexpected direction. Our analysis of these data suggest that
although the captive-reared larvae appeared capable of mounting a stress response of a similar
magnitude as their wild-reared counterparts (i.e. their average N:L ratios increased threefold
from the baseline to the stress group, as did the wild group), their overall N:L ratios were
slightly, but significantly higher, not lower, than those from the wild. This was especially
pronounced in the baseline group (Fig. 7.3A). In fact, comparison of only baseline N:L ratios of
captive-reared versus wild salamander larvae showed a significant difference (two-sample t-test,
t=3.21, df=70, p=0.002), but a similar comparison of stress-induced N:L ratios showed no
significant difference (t=0.83, df=77, p=0.408). Thus, rather than being ‘less stressed’ in the
presumably benign rearing environment, captive-reared salamander larvae had higher resting

stress levels than normal.
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Interestingly, this is not the first case of higher-than-normal resting stress levels found in
mesocosm-reared Ambystoma salamanders. In a recent study examining the effects of larval
density on A. maculatum, we found that even in the lowest density used in the experiment (12
larvae initially in 1000L bins), salamanders emerged with an average resting N:L ratio of 0.57,
which is nearly twice as high as typical ratios of wild-caught Ambystoma salamanders, which
tend to be close to 0.30 (Davis, 2009b). Furthermore, while there are no published comparisons
of actual corticosterone level differences between reared and wild salamanders, a recent doctoral
project did address this using A. jeffersonianum (Chambers, 2009). In this case, late-stage,
mesocosm-reared larvae were found to have moderately elevated resting corticosterone levels
compared to wild larvae. Meanwhile, stress-induced levels in both groups were equivalent (and
much higher), consistent with the present study.

Apparently, there is something about the captive-rearing environment that larval
Ambystoma salamanders perceive as ‘mildly stressful’. One possibility is that due to their
carnivorous feeding behavior, they are simply aggressive in nature toward each other in
captivity. Support for this idea comes from an earlier study examining effects of rearing density
on rates of tail and appendage injuries of A. talpoideum (Semlitsch & Reichling, 1989). Even in
the lowest density used in that study, at least 20% of larvae had injuries caused by other larvae,
and the authors noted considerable rates of intraspecific predation and cannabalism. Indeed, even
in our experiment, we initially placed 25 larvae into each bin (100 total), but after nearly 4
months, only 56 were left. It is possible that some of these larvae were cannibalized by other
larvae. It may be that when in captivity and when there are few other stimuli present, these
salamanders act aggressively toward each other, but in the wild, where there is a greater variety

of stimuli and prey items, they do not. Whatever the reason, this is an issue that must be
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considered in conservation-related initiatives involving rearing of similar species, especially
those that are carnivorous and might display some degree of intraspecific aggression.

Despite the mildly-increased basal stress level of the captive-reared salamanders, it is
important to remember that their response to stress (i.e. the difference between the basal and
stress-induced N:L ratios) was of equal magnitude as their wild counterparts, which was the
original question in this study. Thus, both species examined here appeared to show ‘normal’
physiological reactions to stress when reared in captivity, which supports the use of captive-
rearing for conservation initiatives. However, we do suggest that future research efforts should
be aimed at identifying factors that help to minimize stress levels during larval rearing,
especially for species that may naturally be aggressive. Given the increasing reliance on captive-
rearing and captive-breeding programs to protect declining or endangered amphibian species,

this issue should be given a high priority.
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Table 7.1. Final ANCOVA models explaining variation in neutrophil:lymphocyte ratios
(response variable) of larval marbled salamanders and southern leopard frogs examined in this
study. Models shown reflect those with the lowest AIC values of all candidate models (see

methods).

A. Marbled Salamanders

Explanatory Variable df MS F p
Baseline/Stressed 1 1.32 71.55  0.0000
Reared/Wild 1 0.08 4.50 0.0356
1%2 1 0.01 0.46 0.5008
Error 147 0.02

Total 150

B. Leopard Frogs

Explanatory Variable df MS F p
Baseline/Stressed 1 0.06 33.03 0.0000
Wt 1 0.01 4.69 0.0316
Error 181 0.00

Total 183
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CHAPTER 7 FIGURES

7.1

7.2

7.3

7.4

Ephemeral pond in northeast Georgia where larval Ambystoma opacum and Rana
sphenocephala were collected (A) and 1000L UV-resistant polyethylene aquaculture

tanks used to raise larvae (B).

Photograph of a marbled salamander larva collected from the study pond in mid-April
2009 (left) and stress procedure setup (right). Salamanders were gently agitated by hand
for 1 minute after placement into individual containers, then sampled 24 hours later to

determine neutrophil:lymphocyte ratios.

Average neutrophil:lymphocyte ratios of reared and wild larval marbled salamanders (A)
and southern leopard frogs (B), examined either immediately after capture (‘Baseline’) or
24hours after stress procedure (‘Stressed’; see methods). Error bars represent 95%

confidence intervals.

Relationship between body mass and neutrophil:lymphocyte ratios in larval southern

leopard frogs in this study, in both the baseline and stressed groups.
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Figure 7.1
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Figure 7.2
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Figure 7.3
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Figure 7.4
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CHAPTER 8
CONCLUDING REMARKS

One of the overarching goals of this entire body of work has been to solidify and
establish the concept and methodology of ‘hematological stress markers’ in the scientific
community. This goal was set early by the author and his advisor, primarily in response to many
reviewer comments of initial manuscripts and grants, as well as several critical discussions with
colleagues. It is the author’s hope that this thesis, as well as several related projects that were
completed during his doctoral program, accomplished that goal, and in fact, parts of this work
(such as the experimental administration of stress hormone — Chapter 3) were directly in
response to these critiques. However, it should be pointed out that certain chapters in this thesis,
along with the related manuscripts not appearing here (Davis and Maerz 2008, Davis 2009,
Davis and Durso 2009, Davis and Milanovich 2010), still encountered resistance during the
review stage (some were rejected from initial journals), and the author still occasionally receives
some critical comments about this line of research despite the publication of these chapters and
other manuscripts, although thankfully, these comments are now becoming fewer. Because of the
persistent nature of these criticisms, however, and the fact that they all appear to revolve around
similar themes, it is worthwhile to discuss these themes here.

There appear to be two main groups of individuals who remain resistant to using N:L or
H:L ratios to index levels of stress in animals. The first appear to be ecologists who either still
favor the use of direct hormone assays, despite their extreme time-sensitivity, or who do not

work on stress-related questions, and know only of the conventional, direct measurement,
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approach. For example, the larval density paper (Chapter 5) was initially rejected by Canadian
Journal of Zoology with the following reviewer comments:

“This paper by Davis and Maerz describes experiments that tested the hypothesis that crowding
in salamanders leads to alterations in the immune system as measured by changes in blood
neutrophil:lymphocyte ratios. The authors assume that such changes are caused by elevations in
stress hormones, although this was not directly tested.”

“The authors do not provide support that elevated plasma stress hormone concentrations played
a role in this high mortality or the altered N:L ratios. It is also not explained why in the medium
density treatment, if so-called 'stress levels' were higher than the low density treatment, that this
is not reflected in the N:L ratio. Whether elevated corticosterone was cause or consequence (if
there was indeed elevations in corticosterone) was not tested.” This issue of ‘validation” was one
of the most frequent criticisms of this entire body of work (not just Chapter 5), appearing in
many manuscript and grant proposal reviews. Usually, the reviewer was unaware (or skeptical)
that stress could be measured by any other means than by direct sampling of hormones in blood,
and they wanted to know if this ‘new’ technique has been ‘validated’ using controlled
experiments. [ was constantly frustrated by this comment, since | was aware of numerous studies
(although some were older) that had indeed done this, and I also knew that this technique is
frequently used by modern ornithologists who do not present ‘validation’ data with every
manuscript written that uses H:L ratios. This ultimately led to the review paper (Chapter 2)
where these many studies were highlighted, although these comments still persisted somewhat
after that paper was published. To further address this problem, I also created a website (see the
Appendix of this thesis) where these numerous validation studies (38 so far) are listed online,

and I frequently tell reviewers to view it (usually in response to comments about ‘validation’).
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And, the experimental administration of corticosterone (Chapter 3) was also in response to these
criticisms. Furthermore, this paper went through several overhauls in an attempt to make it
novel, since this idea had been experimentally tested so often before(!). That is why it was finally
accepted after its focus was shifted to the eosinophil and the effects of stress hormones on that
cell, rather than the N:L ratio per se. In fact, one reviewer of that paper actually wrote *“I find it
hard to argue that we need yet another study demonstrating that stressed vertebrates have a shift
in the N:L ratio.” Thus, I am pleased to see that at least there has been Some momentum gained
on this issue of validation.

The other group that remains critical of this research tend to be veterinarians, no doubt
because the utilization of white blood cell counts here is similar to that used in veterinary health-
screenings of animals. The comments from this group generally fall into three categories, the
first of which is criticizing the lack of ‘total white blood cell counts’ in the projects where
relative cells counts were obtained, like those in this thesis (although estimated absolute counts
were obtained in all chapters). This is exemplified by the following response to a related paper
that the author initially submitted to a veterinary journal, Journal of Zoo and Wildlife Medicine
(which was later successfully submitted to Herpetologica - Davis and Durso 2009): “Two of the
three reviewers found the lack of total white blood cell counts made this article unusable in
clinical medicine. Additionally, the term absolute counts is misused throughout the article.
Absolute counts are measured in cells per microliter and require that the relative count (%) be
multiplied by the WBC counts to produce an absolute differential cell count. This is what is
typically medically used.”” For some reason, the veterinarians I speak to and communicate with
seem adamant that all hematological investigations MUST use this total white blood cell

technique and no other. This may stem from the idea that by doing so one can compare results
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from one study/species to another on a cells-per-volume basis. Or it is because only the volume
of cells per liter is useful in clinical settings, which was pointed out by reviewer above, who
made multiple references to clinical medicine. Perhaps this last statement is the most poignant
and highlights the major difference between taking white blood cell data from blood smears, as
was done in this thesis, and conducting veterinary-type health screenings of animals. In the
former, the data on cell counts is estimated (which is all that is necessary for this work), and in
the latter, it is absolute.

The second category of criticisms by veterinarians relates to the issue of statistical
inference. These involve questions about sampling animals, such as the comment from the same
paper above (Davis and Durso 2009): ““How do the investigators avoid bias in sampling?
Perhaps all frogs caught were ill?”” This seems like an issue that could be raised for all studies
everywhere that involve capturing wild animals, not just those conducted in this thesis. While the
criticism is valid (it may indeed be possible that all animals captured were sick, although
unlikely), I would argue that this is why statistics must be used to evaluate patterns in data, and
that inferences be drawn on comparisons of means between treatment groups. Another comment
from veterinarians is ““How can you use H:L ratios to tell if a single bird is stressed?”” The
answer to this is you cannot, nor has it ever been advocated in the studies by the author. Again,
all of the studies in this thesis and in this entire line of research rely on comparisons of the mean
N:L ratios across groups of animals.

The last criticism by veterinarians of this line of research is the idea that other things
besides stress hormones can cause changes to neutrophil or lymphocyte levels in circulation,
such as infections or diseases. This is indeed a valid point, and it is well-known that infections

and inflammation cause increases in the phagocytic cells — heterophils and monocytes (Latimer
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et al. 1988, Jain 1993, Davis et al. 2004, Thrall et al. 2006), and an infected animal would no
doubt have an increased H:L ratio. However, it is also true that infections can cause increases in
stress hormones, either as a result of the infection itself (i.e. to stimulate the immune system) or
the symptoms of the infection (Lindstrom et al. 2005). This was seen in Chapter 6, where results
showed that infections with chytridiomycosis alters counts of white blood cells in anuran
tadpoles a manner similar (although not entirely) to that of stress. This can be taken to mean that
the tadpoles were stressed because the chytrid infection damaged their mouthparts and they
could not eat properly (the argument we preferred), or that the infection caused alterations to the
host immune system and redistributed the cells to fight the infection. Clearly, the two processes
(infection and stress) are tightly linked — everyone knows that when humans get stressed they
tend to get sick — so it is indeed difficult to separate out the effects of infection from the effects
of stress in the studied conducted here, and it is possible that some animals sampled for the
current work were fighting unseen infections which altered their cell counts. However, once
again, this issue is really a statistical one. By sampling groups of animals, and basing all
conclusions on comparisons of mean N:L ratios between treatment groups (which was done in all
projects here), the effect of a few animals having infections would only cause increased variation
within the treatment groups.

A final area of recurring contention (or perhaps frustration?) with this collective work is
the difficulty faced in convincing colleagues that it has conservation applications. This fact is
emphasized by the recent rejection (an editor’s decision to decline to review) of Chapter 7 from
Animal Conservation (and later Conservation Biology). The editor’s comments stated “The
Editors are particularly looking for rigorous quantitative studies of an empirical or theoretical

nature, which may relate to populations, species or communities and their conservation. | have
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enjoyed reading your paper, but I do not feel that it meets with the criteria required by the
Editors.” This casual and perhaps indifferent (or maybe ignorant?) attitude towards this paper,
which clearly DOES have conservation importance to amphibians, is one that is taken by many
and underscores the work that still remains to convince these individuals otherwise. This may be
an issue that is faced by many of my colleagues with aspects of their own research, although it
does at times seem like an uphill battle for this line of research. It is, however, encouraging to
see several recent studies and review articles now in print that highlight the importance of stress
physiology in animal conservation in general (Reeder and Kramer 2005, Rodl et al. 2007,
Franceschini et al. 2008, Busch and Hayward 2009). With these publications becoming more
frequent, and with more and more ecologists considering the importance of stress physiology in
their work, the emerging field of ‘conservation physiology’ (Wikelski and Cooke 2006) may

soon become commonplace and a rewarding field of study.
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APPENDIX
Listing of published and unpublished leukocyte profiles of amphibian species. Data shown here
are also presented in an online resource created by the author, the ‘Wildlife Leukocytes
Website’, www.wildlifehematology.uga.edu. This website contains information for researchers
who are interested in using, or are just beginning to use, hematological techniques in their work.
Users can learn how to make blood smears, identify white blood cells and view blood cell data
from birds, amphibians and reptiles. In addition, there is a table listing the publications on the

effects of stress on leukocytes of vertebrates.

Screenshot:

www.wildlifehematology.uga.edu
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The table below lists the leukocyte profiles (percentage of cells) for amphibians from published and unpublished sources. The mean
percentage of each cell type (lymphocytes, neutrophils, eosinophils, basophils and monocytes) is given, along with the
neutrophil/lymphocyte ratio, which is useful to gauge the stress level of the animals (see review paper in further reading page).

Reference range of N/L ratios is shown below table. If the study was an experiment, only the values from control animals is listed.

References are listed below the table.

Species Status* Lymph Eosin Source

Hyla versicolor Adult 11 W 83.3 9.4 2.6 3.2 1.4 0.13 Davis, unpubl. data
Osteopilus septentrionalis Adult 7 C 63.6 24.6 6.2 15 4.2 0.39 Robert Huran's Study
Acris c. crepitans Adult 79 W 68.3 22.4 1.6 5.0 2.7 0.33 Davis and Durso 2009
Rana catesbeiana Adult 14 C 62.9 22.0 8.9 2.5 0.6 0.35 Cathers et al. 1997
Rana catesbeiana Adult 302 C 26.8 60.9 5.8 3.5 2.9 2.27 Coppo et al. 2005

Rana catesbeiana Larvae 40 W 73.0 23.8 3.6 2.3 0.3 0.33 Davis 2009

Rana catesbeiana Adult 7 w 67.4 8.8 11.6 105 1.8 0.13 Davis 2009

Rana pipiens Adult 50 C 53.4 26.5 7.3 4.4 11.0 0.50 Rouf 1969

Rana pipiens Adult 18 C 55.4 11.3 10.1 19.2 41 0.20 Maniero and Carey 1997
Rana pipiens Adult 14 C 25.4 61.8 7.0 1.8 5.2 2.43 Bennett and Alspaugh 1964
Rana pipiens Adult 93 U 64.5 20.7 8.0 6.7 0.0 0.32 Kaplan 1952




183

Rana sphenocephala Adult 69 C 63.6 13.8 4.2 124 59 0.22 Davis, unpubl. data
Rana sphenocephala Adult 61 C 60.7 23.9 20 9.9 3.5 0.39 Davis, unpubl. data
Rana esculenta Adult  * U 75.2 171 5.7 1.9 0.0 0.23 Jordan 1938
Rana esculenta Adult 136 W 57.6 15.2 14.4 124 05 0.26 Romanova and Romanova 2003
Rana clamitans Adult 35 W 66.0 16.0 17.0 1.0 1.0 0.24 Shutler et al 2009
Bufo arenarum Adult 12 C 60.9 27.3 3.7 3.8 1.7 0.45 Chiesa et al. 2006
Bufo arenarum Adult 24 W 64.0 20.9 13.7 0.0 1.3 0.33 Cabagna et al. 2005
Bufo americanus Adult 27 W 20.0 68.0 3.3 7.4 15 3.40 Forbes et al. 2006
Bufo americanus Adult 50 W 75.9 7.0 5.9 105 0.6 0.09 Davis and DeVore, unpubl. data
Bufo alvarius Adult  * wW 37.0 48.0 9.0 1.0 5.0 1.30 Cannon and Cannon 1979
Bufo fowleri Adult 6 w 72.3 8.5 8.5 9.8 0.8 0.12 Davis unpubl. data
Bufo vulgaris Adult * U 73.0 18.3 1.3 6.7 0.0 0.25 Jordan 1938
Bombina bombina Adult 31 W 51.6 25.0 3.9 7.6 12.6 0.48 Wojtaszek and Adamowicz 2003
Glyphogloossus molossus Adult 18 W 41.6 26.3 11 8.3 22.7 0.63 Ponsen et al. 2008
Xenopus laevis Adult 10 C 30.1 26.5 1.2 405 1.6 0.88 Hadji-Azimi et al. 1987
Cryptobranchus
alleganiensis Adult 9 W 66.5 20.7 4.0 0.0 9.3 0.31 Jerrett and Mays 1973
Cryptobranchus
Adult 18 w 60.7 25.9 4.9 0.0 84 0.43 Jerrett and Mays 1973

alleganiensis
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Cryptobranchus .

o Adult 22 W 37.5 43.5 14.0 4.2 0.1 1.16 Solis et al. 2007
alleganiensis
Cryptobranchus .

o Adult 11 W 35.5 42.5 185 3.2 0.2 1.20 Solis et al. 2007
alleganiensis
Cryptobranchus .

o Adult 31 W 49.5 33.0 115 5.1 0.8 0.67 Solis et al. 2007
alleganiensis
Cryptobranchus .

o Adult 14 W 48.0 36.5 3.3 11.4 0.9 0.76 Solis et al. 2007
alleganiensis
Notophthalmus viridescens  Adult 120 C 63.5 24.3 6.2 3.2 2.8 0.38 Bennett and Daigle 1983
Notophthalmus viridescens  Adult 13 C 55.6 37.6 1.8 0.8 4.2 0.68 Bennett and Johnson 1973
Notophthalmus viridescens  Adult 70 W 68.2 23.5 0.9 2.2 5.2 0.34 Davis and Erickson, unpubl. data
Taricha granulose Adult 13 C 88.0 7.0 2.0 1.0 1.0 0.08 Friedmann 1970
Triton cristatus Adult  * U 42.9 52.2 3.7 1.2 0.0 1.22 Jordan 1938
Cynops pyrrhogaster Adult 23 C 3.0 28.0 4.0 57.0 6.0 9.33 Pfeiffer et al. 1990
Plethodon cinereus Adult 63 W 65.0 21.7 3.6 8.8 0.8 0.33 Davis and Milanovich 2010
Plethodon cinereus Adult 25 W 59.6 35.9 15 2.1 1.0 0.60 Davis unpubl. data
Eurycea cirrigera Adult 5 w 70.9 19.3 1.0 2.9 5.9 0.27 Davis and Milanovich 2010
Eurycea wilderae Adult 11 W 68.7 22.3 15 5.0 2.4 0.32 Davis and Milanovich 2010
Ambystoma maculatum Adult 1 C 51.1 19.6 19.6 9.8 0.0 0.38 Davis, unpubl. data
Ambystoma maculatum Adult 10 C 31.7 18.1 255 242 0.6 0.57 Davis & Maerz In Press
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Ambystoma maculatum Larvae 4 C 51.7 141 26.9 6.8 0.6 0.27 Davis, unpubl. data
Ambystoma tigrinum Adult 1 C 46.5 14.0 23.3 16.3 0.0 0.30 Davis, unpubl. data
Ambystoma mexicanum Adult 7 C 20.1 21.7 52.0 4.9 1.0 1.08 Ussing and Rosenkilde 1995
Ambystoma mexicanum Adult 15 C 59.0 135 225 4.0 1.0 0.23 Deparis and Beetschen 1967
Ambystoma talpoideum Adult 34 W 415 12.7 45.7 0.0 0.2 0.31 Davis & Maerz 2008a
Ambystoma talpoideum Adult 16 W 39.0 5.7 51.2 3.9 0.1 0.15 Davis & Maerz 2008b
Ambystoma talpoideum Larvae 45 W 52.1 16.7 22.0 8.5 0.7 0.32 Davis, unpubl. data
Ambystoma opacum Larvae 45 w 61.0 13.6 8.5 158 1.0 0.22 Davis, unpubl. data

*Status: W= Wild, C=Captive, U=Unknown
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