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ABSTRACT

This study tests for potential interactions betwegrate immunity, the steroid
hormones corticosterone (CORT) and progesteromkbady condition in female
Eastern fence lizard$gel oporus undulatus). Seasonal changes were investigated during
the active season and we tested for an affect@haur confinement on innate
immunity. Innate immunity was measured by an indlial’'s plasma bacterial killing
capacity, total circulating leukocyte counts, aiftedential circulating leukocyte
percentages. Baseline circulating blood or plasi@&T concentrations positively
correlated with percent monocytes but not the atherune measures. CORT increased
with confinement but failed to elicit a changenmnune function. We observed a
seasonal change in percent lymphocytes, which pleakide spring, percent heterophils,
which peaked in the summer, and ectoparasitic miteech peaked in late spring.
Overall, our predictions that baseline steroid hames would be immune suppressing

and that one-hour confinement would be immune etihgrwere not strongly supported.
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CHAPTER |
INTRODUCTION

Purpose of study

The immune system of an anir and theiradrenal stress respol are essential
components ofnaintaining homeosta: and survival. ie immune system can responc
a diversity of stimulfrom environmental, behavior:or physiological even
(Coe 2002), and aorganism’s ability to respond thesestimuli and sustain th
energetically costly functiorof the immune systeman also be influenc by numerous
factors (Demast al. 2012 such as reproductive stgteench and Moore 20C, body
condition (Bergeket al. 2005, steroid hormone concentraticand seas@l changes
(Saad and El Ridi 1988A survey of thecurrent literature shows a need for con
dependent and specispecific evaluations of interactions between imryyrsteroids
and measures of body condit (Bergeret al. 2005; Frenclet al. 2006; Robertet al.
2007; Butleret al 2009) The purpose of this study is to test iimieractions amoninnate
immunity, steroid hormones, stre and body condition in femakt&el oporus undulatus

during the active seasqhig. 1..

Stress
t \
Bod,
Reproduction < > Condit:;]on
v
Immunity

Figure l.Interactions among stress, reproduction, body ¢mmdiand immunity



Stress and immunity

Animals regularly face stressors and perturbatitbrsughout their lifetime that
can threaten fitness and survival. Common stressolsde predators, conspecific
interaction, and changing environmental or phygjmal conditions. An organism’s
response to the disruption of homeostasis is @asémsurvival (Sapolsky 2002).
Glucocorticoid release from the adrenal gland i$ plthe physiological response to
stress and can act by altering behavior (DeNardoSamervo 1994; Thakett al. 2009),
mobilizing energy stores, and suppressing functisash as growth and reproduction,
that are not necessary for immediate survival (Maord Jessop 2003). The acute, or
short term, glucocorticoid stress response is axsefpromoting survival through
maintaining homeostasis (Nelson and Demas 2004elergand Wingfield 2013). The
function of glucocorticoid release can have prejpagactions, which prepare an
organism for anticipated stressors, or modulatotgas, which mediate the response
once a stressor is presented (Sapodsigy. 2000). The function of the acute stress
response differs in comparison to that of chrotriess. Chronic stress can be difficult to
identify (Dickens and Romero 2013) but is generaligracterized by the prolonged
exposure to elevated circulating glucocorticoidsiol can have detrimental effects on
an organism (Sapolskg al. 2000; Nelson and Demas 2004).

Corticosterone (CORT) is the primary glucocorticwideptiles secreted in
response to stress (Wilson and Wingfield 1994)s8eal changes in CORT circulation
correlate with changes in immunity, often with thest robust immune activity found
when concentrations of CORT are the lowest (Sadd=hiRidi 1988). Elevated CORT

levels have been associated with a decrease indmdiition and several measures of



immune function (Bergeat al. 2005), including decreased circulating leukocyMerici

et al.1997), slower wound healing rate (Fremtlal. 2006), and a suppression of bacterial
killing capacity (Frenclet al. 2010). Glucocorticoids can have a pronouncedtiie
leukocyte profiles, often increasing heterophild decreasing lymphocytes, and a high
heterophil to lymphocyte ratio (H:L) often occunsdorrelation with high glucocorticoid
levels in several animal taxa (Dagsal. 2008).

Glucocorticoids, however, are not exclusively immsuppressive. Some studies
report immunoenhancing effects (Robettal. 2007), or no effect (Butleat al. 2009) of
increased CORT circulation, suggesting the need fmntext-dependent analysis of how
glucocorticoids interact with the immune systemoi$term stressors, and the increases
in plasma CORT concentrations that follow, aremftamune enhancing (Coe 2002;
Seddon and Klukowski 2012), while long-term stressmd CORT exposure tend to be
immune suppressing (Coe 2002; Martin 2009). In Ma&12009) review of stress and
immune function, the energy savings of down regudgtthe immune system are
discussed as being beneficial only over long permfdime. Immune suppression can be

a slow process requiring apoptosis, which is itesergetically expensive (Martin 2009).

Reproduction, body condition, and immunity

Many reptilian species, includirtggel oporus undulatus (Phillips and Klukowski
2008), have a peak in baseline glucocorticoid kdelring the breeding season (Wilson
and Wingfield 1994; Woodley and Moore 1999; Rom2062; Moore and Jessop 2003;
John-Alderet al. 2009). Reproductive state has been observedtteefunfluence

baseline CORT concentrations in female fence lzavith the highest levels found in



gravid individuals (M Klukowski, pers commlihe mass of reproductive tissues has
similarly been positively correlated with increaseORT (Wilson and Wingfield 1992).
By shifting energy allocation and mobilizing glueo€ORT can facilitate certain aspects
of reproductive behavior and physiology (Moore dedsop 2013). Elevated CORT
during reproduction could represent chronic stoess facilitating activity in which
elevated CORT helps mobilize glucose to meet ttense energetic demands of
reproduction. Moderate elevations of plasma CORfTfaailitate reproduction while

more extreme elevations of CORT are likely inhibit@Moore and Jessop 2003).

When under chronic stress, decisions about endiayation must be confronted
(Nelson and Demas 2004), and an organism is fadbdowtential trade-offs between
maintenance, growth, reproduction, and immunitynf@set al. 2012). With a finite
amount of resources to be utilized, reproductioaywh, and immunity can encounter
difficulties in functioning optimally when stressincreased (Nelson and Demas 2004).
Reproduction, the stress response, and the imnystens are all crucial to an organism’s
fitness and survival, which presents a challengeherstanding how resources are
allocated to each of these energetically costlyess@ntial processes. The presence of
trade-offs has been identified between reproducimhimmunity (French and Moore
2008; Frenclet al. 2007a; Frenclet al. 2007b), growth and immunity (Uller and Olsen
2003), and activity level and growth (John-Aldeal. 2009) in reptiles. Studies have
also demonstrated that these compromises are nniawakgriy during the most energy-
intensive times (French and Mod@08; Ruizet al. 2011) or when food sources are
limited (Frenchet al. 2007b), suggesting that the interactions amorngistg stress, and

immunity are not always limited to this model okegy allocation as a trade-off. The



decision that animals make about resource allatainal expenditure is often dependent
upon their ecological context, including currentlgy stores and seasonal patterns of
energy fluctuation (Demaat al. 2012). One example includes reproduction of sesblon
breeding animals, which occurs in synchrony withremmeased availability of resources
and optimal environmental conditions (Nelson andhBg 2004). In contrast, when
resources become limited during winter months, gnex often expended on enhancing
the immune system and diverted away from reprodaodfNelson and Demas 2004).
Measures of body condition, such as length-adjustasis, plasma triglycerides,
and maximum girth, can provide valuable insighte Bn animal’s physiological
condition. When times of high energetic demanddased, glucocorticoids help meet
the demands by mobilizing glucose, potentially laomg measures of body condition and
reducing body fat, which can in turn impair immyniDemaset al. 2003). Body mass
residuals, a measure of body condition, have begatively correlated with both
baseline plasma CORT concentrations (Beegal. 2005) and experimentally elevated
plasma CORT concentrations (Hews and Baniki 20R8pr body condition has also
been associated with an increased acute CORT resgBergeet al. 2005). Elevated
plasma triglyceride levels may reflect either thebifization of stored energy that is

needed to support vitellogenesis, or recent feedatigity.

Seasonal changesin steroids and immunity
The immune system responds to many stimuli, inalgidiormones, that are not
stress related (Coe 2002). Among seasonally brgeiimals, seasonal changes in sex

hormone concentrations are widespread (Wingfehl. 1987; John-Aldeet al. 2009).



Changes in the immune system occur seasonally@gNeisd Demas 2004) and have
been associated with the annual fluctuation ofstesoid hormones (Casébal. 2001).

In reproductive males, correlations have been eksdbetween seasonally and
experimentally increased testosterone and immupgression, possibly through the
glucocorticoid increase that follows testosteroreease (Castet al. 2001; Klukowski
2011). Experimentally increased testosterone hsslaen found to suppress immune
function in both non-reproductive male and femadelsgs (Duffyet al.2000). In female
reptiles, a correlation has been observed betwexaased progesterone and decreased
innate immunity (Graharat al. 2011). The immune system is often suppressedglurin
reproduction (Saad and El Deeb 1990; Grakhah. 2011) and enhanced during the non-
breeding season (Coe 2002; Nelson and Demas 20B4dhges in immunity can also be
specific to certain reproductive stages that regjthie most amount of energy, as has been
demonstrated by a decrease in wound healing abilityng vitellogenesis for female tree
lizards (Urosaurus ornatus) (Frenchet al. 2008).

Adrenal hormones and sex hormones can duallyenfla the immune system and
seasonal changes occur in both steroid hormonesotiations and immunity (Coe
2002). One cause of seasonal change is photoperiddy length, which has significant
effects on multiple parameters of the immune sygteaison and Demas 1996; Gareta
al. 2010). Just as steroids can influence the immusiey the immune response can
influence steroid hormone secretion by activathmghypothalamic-pituitary-adrenal
(HPA) axis (Ashley and Wingfield 2012), possiblymt®diate the magnitude of immune

response and initiate sickness behavior (Coe 2002).



Sudy objectives

Two studies were conducted during the active seastemale fence lizards,
Sceloporus undulatus. In 2011, the study objectives were to determinmgeptotential
interactions between innate immunity, steroid hares and body condition and to
investigate the seasonal changes among these leari8lue to the energetic demands of
reproduction in female lizards, | predict a dowgulation of the immune system via
decreased circulating leukocytes and bacteriahgilkapacity that is associated with
increased steroid hormone concentrations and desntgaeasures of body condition.
Alternatively, immunosupression might only be evithe gravid females as indicated by
higher baseline CORT levels, lower progesteroneatgr length-adjusted mass, greater
maximum girth, and decreased triglyceride levelddiionally, an influence of season on
immunity and body condition would be expected dusdasonal changes in the
availability of resources as well as reproductithggiology and behavior. In addition to
the above objectives, the purpose of the 2012 sttadyto determine the effects of
restriction stress on innate immunity and the stéoid hormones play in modulating
innate immunity. Seasonal changes were not invagsiigin the 2012 study. Short-term
stressors have been reported to have immune emigagitects (Coe 2002; Seddon and
Klukowski 2012) and | predict a similar changennate immune function, observed as

an increase in circulating leukocytes levels antharease in bacterial killing capacity.



CHAPTER Il

MATERIALS AND METHODS

Design and overview of project

To test for potential interactions between innatenunity, steroids, stress, and
body condition, adult female fence lizar@seloporus undulatus, were captured and bled
over the course of two field studies in 2011 antiZ20 he first year focused on testing
for possible associations between innate immuplgsma steroid hormone
concentrations, and measures of body conditiothdrsecond year, females were
additionally subjected to an acute restriction cwment) stress to test for effects on

innate immunity and plasma steroid concentration.

Animals and study site

Eastern fence lizardScel oporus undulatus, are widely distributed across
southern and eastern North America (Conant andrSdlB98).Scel oporus undulatus are
phrynosomatid lizards with a maximum snout-vengter(SVL) of 86 mm (Jones and
Droge 1980; Conant and Collins 1998). Adult malectelizards are territorial and
engage in courtship with females and aggressiveuwetters with other males (Haerel
al. 2003). Female eastern fence lizards reproducencmnisly during the late spring and
summer months with average clutch sizes of 7-12g(Fs®n and Brockman 1980; Parker
1994). Fence lizards prey on a diversity of artlgowith larger individuals ingesting

larger prey (Jamesa al. 1980; Parker 1994).



Adult female fence lizardeere collected at three sites in Middle TennesSk:
Rock Nature Preserve (35°51'N, 86°23'W), Cedarkaifanon State Forest (36°12'N,
86°19'W), and Barfield Crescent Park (35°77’'N, 86%). Each site had characteristics
consistent with a cedar glade environment: exptsegktone surrounded by dense
herbaceous growths and patches of cedar treesdkingere collected in close proximity

to the main hiking trails by noosing.

2011 Associations between steroids, condition, and immunity

In 2011, forty-one adult female lizards were captiand bled as quickly as
possible to test for potential associations betvwateroids, measures of body condition,
and innate immunity. All females were bled withim@ of capture (Mean: 137 sec;
Range: 60-180 sec). A blood smear was made indlte &nd females were measured
(see below) and then released at the capturel$ieeplasma concentration of
corticosterone and progesterone was determineeinzgme-linked immunosorbant assay
(ELISA). A bacterial killing assay, differentialu&ocyte counts, and total leukocyte
counts were conducted to measure innate immunitigeoindividual lizard. Body
condition measures included the plasma triglyceegels, maximum girth, and length-
corrected mass of an individual. To test for seakefiects on body condition, immunity,
steroids, and ectoparasites, individuals were divich four groups based on collection
date: early spring (May 25 - June 8; n = 14), fgeng (June 1324; n = 16), summer

(July 12- 13; n = 6), and fall (Sept.10 - 24; n = 5).
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2012 Effect of restriction stress

In 2012, twenty-four adult female lizards were dad into two treatment groups,
baseline or confined. Confined females were plagedcloth bag for 1 hour prior to
bleeding. Baseline females were bled within 3 nfinapture (Mean: 149 sec; Range: 60-
180 sec). Treatment group was assigned by altagpbtiseline and confined. Gravid
lizards
(n = 4) were equally divided between treatment grdopsccount for potential effects of
reproductive state on immunity and steroid hormlenels. Gravidity was determined by

palpation of eggs and visual inspection.

General lizard processing

All blood samples were collected between the hotigs30 and 13:30 to control
for potential circadian rhythms in hormone levélglyceride levels, and innate
immunity. All lizards that were bled weighed a nmmim of 7.5 g or had a snout vent
length (SVL) of at least 64 mm. Blood was collechenin the postorbital sinus in
heparinized microcapillary tubes. Immediately aételtecting a blood sample a blood
smear was made for each individual. Once colleditedhd samples were kept onice in a
cooler until they were centrifuged in the lab tdrast plasma which was stored at -80°C.

Each lizard was measured for weight (nearest }).4dngut-vent length (SVL)
(nearest 0.5 mm), tail length, maximum girth (seklWw) and ectoparasite load (ticks and
chiggers). Ectoparasites were visually countethénfield by use of a magnifying glass.
Mites were found primarily behind the ears on tide ®f the head and between the legs

and body of the lizard. Ticks were less frequefdlynd in the same locations.
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Measures of innate immunity
Bacterial killing assay

The bacterial killing assay measures the abilitg bbst to eliminate a pathogen,
providing an assessment of immune function (Lield Martin 2009, Demat al. 2011).
Following the protocol of S. French (pers comm) aeil and Martin (2009),
Escherichia coli was used as the pathogen (Microbiologics, ATCC3837o0 measure the
bacterial killing capacity of lizard plasma. Indifri30ul of lizard plasma (previously
diluted to 8.85 x in PBS) was mixed withubof E. coli (1 x 16/ml) on a 96-well plate
and incubated for 30 min at 37° C. After this kifistep, tryptic soy broth was added and
the initial absorbance read at 340 nm. After 1@8fhncubation at 37° C the final
absorbance was recorded. Bacterial killing capaeéy calculated as:
[1 — (mean abs. change of sample / mean abs. clodpgsitive control)] x 100

Negative controls (PBS and tryptic soy broth buEnooli) were run on each plate.

Leukocyte counts

Leukocyte counts were done on individual blood @mé¢hat had been prepared in
the field immediately after blood collection. Blosthears were air dried before storage
in the field, fixed in methanol the day collectadd stored until Giemsa staining (J.T.
Baker Co.) for 75 min at the end of each field seas

Differential leukocyte counts were done manualithva microscope at 600x and
1000x with oil immersion. A total of 150 leukocytesre counted and scored as
heterophils, basophils, eosinophils, lymphocytes, monocytes (Campbell and Ellis

2007). Monocytes were further identified as monstslamature monocytes, or
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developing monocytes. Heterophils were large, rateils, identified by the presence of
a dark staining, eccentrically located, multi-lobegtleus, and granulated cytoplasm.
Although infrequently observed, basophils were tdiex by a dark staining, highly
clustered mass of granules in the cytoplasm. Epsiewere similar in structure to
heterophils but differed in their staining of cyiagmic granules to an orange-red color.
Monocytes were easily identified by their size amparison to surrounding cells. The
shape was consistently round with a large, rouffdebnucleus. The nucleus of
developing monocytes resembled the lobes of hetdsoput lacked the granulated
cytoplasm. Monoblasts were scored as the largestranst round of the monocytes. The
distinction between monocytes, monoblasts, andldpiey monocytes was not used in
the statistical analysis. Lymphocytes were idesdifoy their relatively small size, dark
blue staining cytoplasm, and a large, purple stgimucleus. Lymphocytes were the only
leukocytes smaller than surrounding erythrocytes.

Total leukocytes were counted as the number dfdeytes per 1 x I0red blood
cells (RBC). Total leukocyte counts were completed00x using ImageJ

(http://rsb.info.nih.gov/i)f to count cells. The threshold adjustment featugalighted

the nucleus of each red blood cell and countechtimeber of red blood cells per image.
The threshold was adjusted low enough to excludleoleyte nuclei. Leukocytes were

then manually counted for each image to calcutstt teukocytes per 1 x 1®RBC.
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Plasma hormone assays

Baseline levels of two steroids known to influemoenunity, corticosterone and
progesterone, were measured via commercially dtailenzyme-linked immunosorbant
assay (ELISA) kits (Corticosterone EIA kit ADI-9@®7 and Progesterone ELISA kit
ADI-900-011, Enzo Life Sciences). For the progeasterand corticosterone ELISA,
lizard plasma was thawed at room temperature fon2@Qites and vortexed before
diluting with a stock steroid displacement reag&2R) and assay buffer. Plasma was
diluted 1:2 with SDR and 40 was added to 560l of the assay buffer for a total dilution
of 1:30. All plasma samples were assayed in duglifca corticosterone and
progesterone. A polyclonal antibody was used topmtitively bind to the hormone in
the standard (provided in kit) and the sample. rAdt@ hr incubation at room
temperature, excess reagents were washed off arslibistrate solution was added. Color
development was quantified on a microplate reatié®a nm. Hormone concentrations
(ng/mL) were determined by comparing the absorbaatiges of lizard samples to
known concentrations on a standard curve. Theassay coefficient of variation was
7.5% for CORT and 12.5% for progesterone. The astgay coefficient of variation was

14% for CORT and 18% for progesterone.

Estimators of body condition
Triglycerides assay

A commercially available enzyme kit was used t@suee plasma triglycerides
(reagent no. T7532, Point Scientific, Inc.). Plagnglycerides were quantitatively

determined through a series of enzymatic reactioraving lipase, glycerol kinase, and
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glycerol phosphate oxidase to produce a measupabtkiction of red-colored
guinoneimine dye. The intensity of the color depat@nt measured by absorbance in a
spectrophotometer (Spectronic Genesys 5, Fishentfot) at 500 nm is directly
proportional to the triglyceride concentration e tsample. Triglyceride concentrations
(mg/dL) were then calculated by comparison to@ceride standard. The intrassay

coefficient of variation was 6.4%.

Maximum girth and length-adjusted mass

A lizard’s maximum girth (nearest 0.1 mm) was nueed by laying each female
lizard on a flat surface, pressing lightly on tipenge, and sliding calipers (SPI model no.
314153) over the widest part of the mid-sectiomtlfGineasurements were taken when no
visual inflation of the body was observed. Lengtirected body mass was calculated as

the residuals from a linear regression of body noaissnout-vent length (SVL).

Satistical analyses

The Spearman’s rank correlation test was useeterchining associations
between immune parameters, steroid concentratmusmmeasures of body condition in
each year of the study. The Kruskal-Wallis one-W&yOVA on ranks was used in
determining the effect of season on immune parasieteeroid concentrations, measures
of body condition, and ectoparasitic mite loadgemale fence lizards in 2011. The
student’s t-test was used to compare mass, SMLgtdh, and length-adjusted mass
between control and confined females in 2012. Tdrgarametric Mann-Whitney Rank

Sum test was used to compare bacterial killing c&pdeukocyte counts, corticosterone,
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progesterone, and triglyceride concentrations ifined versus control females since

these variables did not fulfill the assumptionshef parametric test.
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CHAPTER IlI

RESULTS

Associations between steroid hormones and immune measures (2011)

Baseline plasma CORT concentrations were posytieetrelated with the percent
monocytesRs = 0.49,P = 0.0022n = 38, Fig. 2). There were no significant correlat
between baseline plasma CORT and the bacterialkitlapacity (%) of the plasma, or
total leukocyte counts per 10,000 RBC, or hetersgPb), or lymphocytes (%), or the
heterophil to lymphocyte ratid’(> 0.05 for each, Table 1). Plasma progesterone
concentrations were not significantly correlatethveiny of the immune measurésx

0.05 for each, Table 1).

45

Monocytes (%)

0 . .

0 20 40 60 80 100 120
Corticosterone (ng/mL)

Figure 2. Relationship between baseline plasmécosterone concentration and circulating

monocytes (%) in femalBcel oporus undulatus (2011).
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Associations between measures of body condition and innate immune measures (2011)
Plasma triglyceride levels were positively correthtvith the percent
lymphocytes Rs = 0.39,P = 0.013,n = 39). Triglycerides were negatively correlated
with the heterophil: lymphocyte rati®¢ = -0.35,P =0.031,n = 39; Table 2). Plasma
triglycerides levels were not correlated with tilees immune parameters, though the
negative correlation with the percent monocytes@gghed significance (Table 2).
Maximum girth was positively correlated with theg@ant monocytesRs = 0.36,P =
0.027 n= 39; Table 2) but was not correlated with any othrenune measure$ (> 0.05
for each, Table 2). Length-adjusted mass was notleded with any immune measure

(P > 0.05 for each, Table 2).
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Associations between measures of body condition and steroid hormones (2011)

Plasma triglycerides levels were negatively catexl with plasma corticosterone
concentrationsRs = -0.38,P = 0.018,n = 39; Table 3) and positively correlated with
plasma progesterone concentratidRs=< 0.32,P = 0.049,n =39; Table 3). The other
potential associations between the steroids andgumes of body condition were not
significant though progesterone had a nearly dcamt negative correlation with

maximum girth Rs = -0.31P = 0.055n = 39; Table 3).

Effect of season (2011)

Plasma corticosterone leveld € 0.86,df = 3,P = 0.83) and progesterone levels
(H =1.86,df = 3,P = 0.60) did not differ significantly between seasoThere were no
significant effects of season on plasma triglycesi¢i = 4.91,df =3, P = 0.18), length-
adjusted massH(= 5.49,df = 3,P = 0.14), or girthid = 0.20,df = 3,P = 0.98).
Lymphocyte percentages were significantly affedtgdeason with a peak in median
values observed in early spring € 19.09,df = 3,P < 0.001; Fig. 3). Significant
seasonal changes in heterophil percentages ancathiols were observed with a peak in
median values in the summet € 20.97,df = 3,P = 0.001; Fig. 4; H:L ratioH = 19.89,
df = 3,P <0.001 ). Other immune measures did not diffenificantly between seasons
(monocytesH = 2.94,df = 3,P = 0.401; bacterial killing capacitid = 3.32,df = 3,P =
0.34; total leukocytedd = 3.91,df = 3,P = 0.27;). The number of ectoparasitic mites was
significantly affected by season with a peak obseéin late springH = 10.22,df = 3,P
=0.017; Fig. 5). Chiggers forming thick clusteeshimd the ears accounted for the

majority of ectoparasite counts.
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Table 3. Correlations between measures of bodyitoné&nd baseline steroid
hormones in femal&cel oporus undulatus (2011).

Length-adjusted mas Triglycerides Max girth
(9) (mg/dL) (mm)
ns (-) correlation ns
Corticosterone Rs =0.23 Rs=-0.38 Rs=0.19
(ng/mL) P=0.170 P=0.018 P=0.25
n=38 n =39 n=38
ns (+) correlation Nearly significant
Progesterone Rs =-0.073 Rs=0.32 Rs =-0.31
(ng/mL) P =0.66 P =0.049 P =0.055
n= 38 n =39 n=39




Lymphocytes (%)

Heterophils (%)

22

100
90 -
80 - T

70 - |

60 -
0 - ‘
40 A

30 A

20 ] J i i

13 16 6 5

10 ~

Early Spring Late Spring Summer Fall

Figure 3. Seasonal changes of circulating lymplexb) in femalécel oporus undulatus
(2011). The box plots indicate the median, upperlawer quartiles, and the range of values

observed. Sample sizes shown above bars.
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Figure 4. Seasonal changes of circulating hetel®g#i) in femaleSceloporus undulatus (2011).
The box plots indicate the median, upper and layuartiles, and the range of values observed.

Sample sizes shown above bars.
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Figure 5. Seasonal changes of ectoparasitic natgslon femal&cel oporus undulatus (2011).
The box plots indicate the median, upper and layuartiles, and the range of values observed.

Sample sizes shown above bars.

Effects of confinement stress on steroid hormones (2012)

Plasma CORT concentrations were significantly tgreia the females confined
for 1 hr than in the females bled immediately upapture (Mean CORT: confined 19.68
+ 3.76 (n = 12), baseline 8.09 £ 4.0« 12); Mann-Whitney Rank Sum TeBt= 0.004;
Fig. 6.). Plasma progesterone concentrations didliffer significantly between the
confined and baseline treatment groups (Mean ptegee: confined 0.39 £ 0.10 (n =

10), baseline 0.73 = 0.26 € 5); Mann-WhitneyP = 0.43; Fig. 7).
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immediately upon capture (baselin = 5) or after confinement for 1 hm € 10) in the 2012
study.
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Effects of confinement stress on innate immunity (2012)

The bacterial killing capacity of female fence hdglasma was not affected by
confinement stress (Mean % killed: confined 45.563#64 (= 12), baseline 52.28 +
12.7 f = 12); Mann-WhitneyP = 0.30). Total leukocyte counts were similarly
unaffected by confinement (Mean TLC: confined 34510.09 (= 12), baseline 43.12
+ 9.14 i = 12); Mann-Whitney = 0.34). The percent of circulating heterophils wlad
significantly differ between confined and baselireatment groups (Mean % heterophils:
confined 10.6 + 3.05n(= 12), baseline 16.65 + 2.8 € 12); Mann Whitney = 0.089;
Fig. 8) nor did the H:L ratio (Mean H:L: confined2@3 + 0.14 14 = 12), baseline 0.256 *
0.044 a = 12); Mann-Whitney = 0.089). Lymphocyte percentages did not differ
significantly between groups (Mean % lymphocytesifmed 73.67 £ 6.3n(= 12),
baseline 70.9 + 3.3& (= 12); Mann-Whitney = 0.23). Similarly, monocytes
percentages did not differ significantly betweea tileatment groups (Mean %
monocytes: confined 12.89 + 2.58< 12), baseline 12.28 + 1.86 € 12); Mann-

WhitneyP = 0.71).
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study.

Associations between steroid hormones and innate immunity (2012)
Neither plasma corticosterone nor progesterone w@relate with any immune

measures (Table 4).
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Associations between body condition and innate immunity (2012)
Length-adjusted mass was negatively correlated batterial killing capacityRs
=-0.51,P =0.013,n = 23; Fig. 9). Neither plasma triglycerides nor maxm girth were

associated with any immune measures (Table 5).

Associations between body condition and steroid hormones (2012)

Maximum girth was positively correlated with plaspw@ticosterone
concentrationsRs = 0.46,P = 0.035,n = 21). Neither plasma triglycerides nor length-
adjusted mass were correlated with plasma corgooisé or progesterone concentrations

(P > 0.05; Table 6).
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Table 6. Correlations between measures of bodyitoné&nd steroid hormones in
femaleScel oporus undulatus (2012). The confined and baseline treatment grbaps

been combined.

Length-adjusted mas Triglycerides Max girth
) (mg/dL) (mm)
ns ns (+) correlation
Corticosterone Rs = 0.312 Rs=-0.34 Rs=0.46
(ng/mL) P =0.145 P=0.15 P =0.034
n=23 n=19 n=21
ns ns ns
Progesterone Rs =-0.13 Rs=-0.29 Rs =0.25
(ng/mL) P=0.62 P=0.29 P=0.39
n=15 n=15 n=13
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CHAPTER IV

DISCUSSION

The evidence of CORT’s ability to suppress the imengystem varies between
studies (reviewed in Martin 2009) as some haveddDORT to suppress the immune
system (Moriciet al 1997; Bergekt al. 2005; Frenclet al. 2006; Frenclet al. 2010),
enhance the immune system (Robett@. 2007), or have shown CORT to have no
effect on the immune system (Butktral 2009). However, several studies of CORT’s
interactions with immune function have positivetyrelated either baseline or
experimentally increased CORT concentration witleerease in immunity (Bergetral.
2005; Frenclet al. 2006; Frenclet al. 2010). A similar result was expected for thigly,
but contrary to our initial hypothesis, the datawh little evidence that either baseline
CORT or stress-induced CORT were immunosuppressinZ012, CORT concentrations
were significantly increased during confinement tanfinement failed to elicit a change
in bacterial killing capacity, differential leuko®ycounts, total circulating leukocyte
counts, or H:L ratios. In 2011, female lizards weoé subjected to confinement but
baseline concentrations of CORT were tested favaasons with immune measures.
The baseline CORT concentrations were positivetyetated with monocytes
percentages but CORT was not correlated with anlgeobther immune measures. On
the whole, our results indicate little effect ofagute stressor or elevated CORT on
innate immunity in female fence lizards.

The stress of confinement has previously been faomacrease plasma CORT

concentrations and subsequently decrease some m@easummunity. In a study on
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restriction stress and cutaneous wound healinggareed male tree lizard&J(osaurus
ornatus) had higher CORT levels and a slower wound heabitg compared to lizards
that were not restricted (Frenehal. 2006). Unlike our study of acute stress, their 1 h
confinement was repeated daily for 21 days and ¢buastituted a chronic stress, which
could explain why we did not observe a similar dase in immunity. Confinement in
adult male and female Galapagos marine iguanaliedsn increased plasma CORT and
decreased bacterial killing capacity during the-bogeding season (Frenehal. 2010).

In male Galapagos marine iguanas, other typesedgssirs such as conspecific
interactions, changes in social status, and ilgaati CORT have been observed to elicit
an increase in plasma CORT concentration and aucart suppression of innate
immunity measured by a phytohemagglutinin (PHAhdkist (Bergeet al. 2005). In
contrast to these studies, bacterial killing caygoositively correlated with the length of
confinement in the amphibia@yyptobranchus alleganiensis (Hopkins and Durant 2011)
and another study on wall lizard2ofarcis melisellensis) found no relationship between
CORT and immunity (Huyghet al. 2009). In contrast to our results, a study of
restriction stress on the leukocyte profiles o&flined skinks Rlestiodon inexpectatus)
found a positive correlation between CORT and thHerdtio after a 1 hr confinement
(Seddon and Klukowski 2012). The differing enviramty season, location, sex, body
condition, and species studied could all contriltatthe differing results and explain the
insignificant associations between CORT and imnmeasures we observed since other
studies have found pronounced differences in imnfunetion associated with the
variables mentioned above (reviewed in KI2000). In our studies of female fence

lizards, exposure to natural stressors, eithereamuthronic, prior to capture could also
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affect both baseline CORT and the CORT responsengahkterpretations of results
difficult. For example, compared to uninfected induals, western fence lizards
(Sceloporus occidentalis) chronically stressed by malarial infection wevarid torelease
higher levels of CORT in response to confinementnf@p and Schall 1995). Another
potential confounding variable in our 2012 confirerstudy is that the body mass of
females confined for 1 hr was significantly higtigan the baseline group (Mean
confined mass = 12.2 g, mean baseline mass = 9®ggver, the overall magnitude of
the difference (2.9 g) was relatively small antiksly of little biological relevance.

Food availability has been observed to influencendividual's innate immunity,
especially as the energetic demands of reprodustimease (Ruigt al. 2011). The
bacterial killing capacity of female lizardScéloporus graciosus) has been observed to
decrease during times of high reproductive investrbat showed no decrease when
females were supplemented with food (Retial. 2011). Another study found that
female lizards\yrosaurus ornatus) were capable of maintaining both reproduction and
innate immune function, measured via wound healifgen they had unlimited access to
food but not when they were on a restricted die¢rfEhet al. 2007b). It is possible that
food availability could have influenced our studieslings and we may not have seen an
effect if 2012 was a year in which food resourceserespecially plentiful. Populations
can exhibit different levels of investment in imneuininction as environmental factors
change from year to year (Nelson and Demas 1986\ Istudy was repeated in a year
of food scarcity, we may have observed differeatiits.

The positive correlation between baseline CORTthagercent monocytes we

observed (Fig. 2) could be an example of the bedgting to acute stress by
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redistributing leukocytes or possibly indicativeabironic inflammation. Acute stressors
can be immune enhancing by mobilizing phagocytils ¢e make them more likely to
encounter invading pathogens. As circulating motexciave not been found to exhibit
significant seasonal changes in reptiles, theycslpi indicate phagocytic activity and
inflammation (Campbell and Ellis 2007). The 20lizdstdid not show any effect of
confinement on monocyte percentages despite tihdisant increase in CORT. This
may suggest that the increase in monocytes pegentzbserved in 2011 is a result of
long-term exposure to CORT or chronic inflammati@ne study on juvenile alligators
(Alligator mississippiensis) found experimentally elevated CORT to be coreslatith a
decrease in the percentages of circulating lympliescyosinophils, and basophils, but
not monocytes (Moricgt al. 1997). Further studies on of the effects of agetsus
chronic stressors on the percent monocytes areedeed

Based on the literature, we hypothesized thagatne correlation between
progesterone concentration and immunity would seoled (Saad and El Deeb 1990;
Cartledgeet al. 2005; Grahanet al. 2011). As with CORT, we saw little evidence to
support a role for progesterone in down-regulaiimigaunity. In both the 2011 and 2012
studies, progesterone was not correlated with battelling capacity, differential
leukocyte counts, total circulating leukocyte caymr H:L ratios. Pregnancy in lizards
have been correlate to a suppressed immune respbggkenic cells stimulated in vitro
to multiple mitogens@halcides ocellatus, Saad and El Deeb 1990) and to mediate a
decrease in capacity for bacterial lysis compapatbn-pregnant femalesgkistrodon
piscivorus, Grahamet al. 2011). Similarly, vitellogenesis has been foundigmificantly

decrease wound healing abilitylirosaurus ornatus (Frenchet al. 2008). Gestation has
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also been associated with an increase in circgidyimphocytes and a decrease in
heterophils in female skink&gernia whitii) (Cartledgeet al. 2005). In my study there
was no evidence for the ability of progesteronmteract with the immune system in
female fence lizards during their active seasocrelasing the sample size and measuring
additional variables such as reproductive statlasnpa estradiol concentrations, humoral
immunity, and cutaneous wound healing would bertleist and future studies in better
understanding the role progesterone and reproduptay in immune system regulation.

Plasma CORT and progesterone were not correlatieninale fence lizards in
either year of the study. This appears to be comdespite the role each can play in
modulating the immune system. Other studies haredmo correlation between
progesterone and CORT in female lizar@sdmidophorus sexlineatus, Grassman and
Hess 1992Scel oporus undulatus, Phillips and Klukowski 2008) and no difference in
CORT concentrations between pregnant and non-pn¢go&onmouth snakes
(Agkistrodon piscivorus, Grahamet al. 2011).

In general, body condition is believed to haverdluence on both baseline
(Bergeret al 2005) and stress-induced plasma CORT levels (He<Banikik 2013). A
few associations between steroid hormone concerisaind measures of body
condition were observed in this study. In femalectelizards, baseline CORT was
negatively correlated with levels of plasma trigdsides (2011) and post-confinement
CORT levels were positively correlated with maxtgif2012). Other studies have
specifically associated gravidity in female lizafdsosaurus ornatus; Woodley and
Moore 2002), and more broadly reproduction (Wilsod Wingfield 1994; Woodley and

Moore 1999; Romero 2002; Moore and Jessop 2008idhand Klukowski 2008; John-
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Alder et al. 2009), with elevated baseline CORT concentratibnsgitellogenic female
lizards, plasma triglycerides levels are elevatetpads are transported to and
incorporated into the developing eggs. Since thid kransport is completed in gravid
females, and since gravid females may feed leasjdyfemales have lower triglyceride
levels, thus, the negative correlation we obsebatd/een baseline plasma CORT
concentrations and plasma triglyceride concentnatis likely driven by gravid females.
| would predict females with the lowest triglycezgllevels to be gravid and thus exhibit
increased plasma CORT concentrations. High plasgigderide levels could also
indicate a surplus of energy stores, in which ¢hsee would be no need for elevated
CORT to mobilize stored energy. | found the relagioip between plasma progesterone
concentrations and triglycerides to be oppositiaab of baseline CORT concentrations
and triglycerides. Progesterone positively coreslatith triglycerides (2011) and had a
nearly significant negative correlation with maxtigi(2011)(Table 3). One study has
observed female lizard&J{osaurus ornatus) in earlier stages of reproduction, such as
vitellogenesis, to have elevated progesterone carat@®ns and decreased CORT
concentrations compared to gravid females, whicte ledevated levels of both CORT
and progesterone (Woodley and Moore 2002). Howeastier work on female fence
lizards in our lab also suggests that gravid femal®uld have elevated baseline CORT,
low progesterone, and elevated plasma triglyceraeentrations (M Klukowskpers
comm.).The increased plasma progesterone concentrationdserved could be
associated with vitellogenesis and subsequentiyatdd triglycerides as suggested

above.
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Females in relatively poor body condition woulddx@ected to be
immunosuppressed, but | found that BKA was negbtigerrelated with length-adjusted
mass in 2012. In other words, females that weidhednost for their SVL, tended to
have plasma with relatively weak bacterial killicgpacity. This may again indicate that
gravid females, which would tend to have the latgegth-adjusted mass, are
immunosuppressed. Plasma triglyceride concentratigre positively correlated with
the percent lymphocytes (2011) and negatively tated with the H:L ratio in the 2011
study. One possible explanation for this wouldheg females with large energy stores
are able to invest more heavily in humoral immupaty indicated by the elevated
lymphocyte percentages. Also gravid females, exgoett have low triglyceride levels,
may be immunosupressed. Max girth was positivetyetated with monocytes
percentages (2011) and to the extent that max igiarindicate gravidity, monocytes
may play some role in preparing for ovipositionisTimay also explain the positive
association found between baseline CORT and treepemonocytes (Fig. 2), if the
females with the higher baseline CORT tended tgrbeid.

An influence of season on immunity and body conditivas anticipated as
reproductive status, behavior, and the availabdftyesources and energetic investments
change during an animal’s active season (Coe 200B8pn and Demas 2004n effect
of season was observed for lymphocyte percentagesh peaked in the spring (May
25-June 8, Fig 3), and heterophil percentages,wieaked in July (Fig. 4). The innate
immune response is energetically expensive anégagehin energy investment into this
component of the immune system could represenaiagehin the availability of

resources and energy stores available to femaelkz such as environmental or
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reproductive status changes. Adrenal hormonesenti@mones concentrations, which
fluctuate with season, can also influence the fonabdf the immune system causing a
similar change in immune response with season 200&). Though in the current study
| failed to detect significant seasonal changesitimer baseline CORT or progesterone.
Studies have found pronounced differences in thmune function of vertebrates across
the year, with daily photoperiod having a stronitugnce on the strength of the immune
system by acting as a seasonal cue (reviewed soNelnd Demas 1996; Garetaal.
2010). A general trend that begins to emerge amstrdjes of seasonally breeding
animals is that, compared to long photo period dslysrt photo period days tend to cue
an enhancement of immune function to compensatafancreased amount of pathogens
or stressors that are anticipated to be encoun{dleldon and Demas 1996). Many of
these studies investigate annual changes, howayestudy looked more specifically
within the parameters of the active season of féimaeeds, which could provide evidence
for the changes in resource allocation associatddreproductive status. The seasonal
shift we observed in percent lymphocytes and pefeeterophils could be associated
with the specific functions of these leukocytestdfiephils are one of the primary
phagocytic cells in reptiles which act by rapidlghilizing to the site of infection to
engulf and kill pathogens, playing a strong rolénilemmation and the hosts non-
specific defense (Campbell and Ellis 2007; Genoeeak 2013). Unlike heterophils,
lymphocytes can provide a longer and more focusspanse to specific antigens
(Parham 2009), although they have been reportednre cases to have phagocytic
activity in some reptilesTfachemys scripta, Zimmermanet al. 2010) suggesting a

heavier reliance on innate immunity over adaptaenunity. The seasonal shift in
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leukocytes | observed could be due to a chandeeitype or abundance of pathogens
and stressors this population is encountering.n&reiase in percent lymphocytes might
indicate that the innate immune cells have beemdwemed, as is often the case in an
active infection (Parham 2009), and as the dailyt@beriod increases with season the
peak in heterophils may represent a decreased depes on the expensive humoral
immune response possibly to facilitate reproductiover the course of the active season
no significant seasonal changes were observed batthe other measures of immunity,
steroid hormone concentrations, or measures of bodgition. Although seasonal
influences on innate immune function were obseridzhtifying the proximate
mechanisms will require further investigation.

Ectoparasitic mites were found to have a peak undance during late spring
(Fig. 5). Similar seasonal changes in the abundaheetoparasites, with a peak during
June-August, have previously been observed in imatle and femal&cel oporus
undulatus (Klukowski 2004). Ectoparasitism tends to increaseestosterone, activity,
and home-range area increasé&adoporus undulatus (John-Alderet al. 2009). The
changes in ectoparasitic mite abundance observéehwale fence lizards could indicate
a time of increased activity and movement amongoapctive female lizards or simply
that mites are most abundant in the environmenhguate June. A study on male wall
lizards Podarcis melisellensis) found a seasonal peak in ectoparasite mitesglurin
September, the end of their active season, ancdakserved a positive relationship
between an increased parasite load and swellingsponse to phytohaemagglutinin
injection (Huygheet al. 2010). While | did not find any associations besawectoparasite

mite loads and either BKA or leukocytes, investiggpotential correlations between



41

ectoparasite mite loads and other aspects of intsnaauld provide valuable insights for
future studies.

Overall, my prediction that baseline steroid hore®would be correlated with a
decrease in immunity was not strongly supporteahil&ily, our prediction that an acute
stressor, such as 1 hr of confinement, would cansenhancement of innate immune
function was also not strongly supported. The ¢ftéseason on the measurements of
immune function was somewhat supported by the ahanfpukocyte profiles but ideally
the remaining measures of immunity would have alsmwn distinct differences
throughout the season. Several factors could hifeeted my results including the small
sample size, measuring only a few parameters atenimmunity, yearly variation in
food resources, and an uneven distribution of ferbally weight between baseline and
confined treatment groups in 2012. Looking to tierfe, this study could be expanded to
include additional measures of both innate and hmahammmunity, a more robust sample
size, identification of female reproductive stataisg quantification of plasma estradiol
concentrations in female lizards to better undacsthe interactions between steroids,

reproduction, and immunity.
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