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ABSTRACT

Effects of testosterone on the spatial ecology, coloration, and brain regions in western
fence lizard, Sceloporus occidentalis

Rachel Catharine Wilson

An organism’s spatial ecology allows for access to essential resources such as
food, mates, and escape from predators. Home range size, or the total area an organism
inhabits, varies in relation to numerous factors including seasonality. During the breeding
season, home range size increases in males across taxa. In addition, males usually also
have larger home range sizes than females. This implicates testosterone (T) as a possible
mediator of this relationship. Indeed, T causes an increase in home range size of males in
numerous species of lizards. In addition to T causing an increase in home range size, it
also causes an increase in coloration, which is used as a signal to deter or elicit aggressive
behaviors in lizards. Potentially, contests are less common in natural settings than in the
lab due to this signaling despite increased frequency overlap of home ranges in males.
The larger the home range size of males, mediated through an increase in T, the more
overlap with conspecifics. With this increase in spatial demand, or home range size, there
is often a corresponding increase in spatially related brain regions. In reptiles, these brain
regions are the medial and dorsal cortices (MC and DC respectively). The increase in
cortical brain region size due to an increase in spatial demand may be mediated by an
increase in neurogenesis. Proliferation of neurons occurs along the ventricles and radiate
to numerous regions in the brain including the MC. With respect to the MC, immature
neurons, which express the protein doublecortin (DCX), migrate from the ventricles,
through the inner plexiform layer and are integrated into the cell layer. Because DCX is
only expressed in recently born, migrating neurons, it can be used to measure
neurogenesis. In mammals and birds, neurogenesis and growth of certain brain regions is
affected by steroid hormones, including T. Here we tested two hypotheses: (1) T affects
the home range size of Sceloporus occidentalis and (2) cortical brain region volumes are
related to home range size and/or T which is mediated through changes in rates of
neurogenesis. We surgically castrated individuals and implanted subjects with either a T-
filled implant or blank implant and then released them at their initial capture sites. In
addition to these castrated individuals, subjects not subjected to castration served as
unmanipulated controls. Home range size of individuals in the field was quantified using
a global positioning system (GPS) unit and later delineating those GPS points using
minimum convex polygons (MCPs). We predicted that (1) castrated, T-treated lizards and
unmanipulated control lizards would have larger home range sizes than castrated, control
lizards ¢ and (2) MC and DC cortices would be larger in volume and contain more DCX-
immunoreactive cells in the lizards with the highest circulating T levels and with the
largest home range sizes. We found that increased T caused an increase in the number of
blue abdominal scales. We found no differences in home range size relating to T.
Likewise, T did not affect MC volumes. However, we did observe a decrease in DC
volume with increasing plasma levels of T. Because T did not affect home range size, it
follows that we did not find an effect of T on MC volume. However, the significant result
of T causing a decrease in DC volume implies a possible trade off with regards to

v



energetics and the maintenance of brain region volumes as prior research indicates that T
in increases energy expenditure and decreases foraging efforts.

Keywords: reptile, spatial ecology, home range, neuroplasticity, testosterone
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INTRODUCTION: Spatial ecology and cortical brain regions

The spatial ecology of an organism allows for resource allocation, access to mates,
and escape from predators. The area an organism inhabits is referred to as the home range
(Sheldahl and Martins, 2000). Defending a subsection of an organism’s home range, or
territoriality is essential for individual survival and fitness to ensure access to numerous
ecological factors such as food, water, mates, and/or basking sites (Haenel et al., 2003a).
However, in cryptic species conspecific interactions may be difficult to observe or
quantify (Moore et al., 2009) and therefore it may be difficult to discern an organism’s
territory.

The plasticity of home range size depends on numerous environmental
parameters: habitat productivity (Kerr and Bull, 2006), population density (Trewhella et
al., 1988), and season (Sheldahl and Martins, 2000; Haenel et al., 2003a; Wone and
Beauchamp, 2003). Across numerous taxa, home range size increases with decreased
habitat productivity (Lashley et al., 2015; Schoepf et al., 2015; McClintic et al., 2014;
Morellet et al., 2014; van Beest et al., 2011; Whitaker et al., 2007; Kerr and Bull, 2006;
Herfindal et al., 2005; Relyea et al., 2000), decreased population density (Schoepf et al.,
2015; Whyte et al., 2013; Scoular et al., 2011; van Beest et al., 2011; Whitaker et al.,
2007; Dahle and Swenson, 2003; Trewhella et al., 1988), and during the breeding season
(Morellet et al., 2013; Whitaker et al., 2007; Perelberg et al., 2003; Wone and
Beauchamp, 2003; Krasinska et al., 2000; Okarma et al., 1998; Phillips et al., 1998).
Along with home range size increasing during the breeding season, males tend to have
larger home range sizes than female conspecifics (John-Alder et al., 2009; Abell, 1999;

Smith, 1995). This indicates testosterone (T) as a likely candidate to mediate this spatial



relationship as it also increases during the breeding season; indeed, in some lizard species,
T causes an increase in home range size (Uta stansburiana: DeNardo and Sinervo, 1994;
Sinervo et al., 2000; Sceloporus undulatus: Cox et al., 2005a; and John-Alder et al.,
2009). However, in Algerian sand lizards (Psammodromus algirus), T does not affect
home range size (Salvador et al., 1996).

In many animals, increased spatial demand results in increased growth of the
hippocampus, a brain region involved in processing spatial memory (Humans: Maguire et
al., 2006; Maguire et al., 2000; Rats: Drapeau et al., 2003; Roof and Havens, 1992; Birds:
LaDage et al., 2010; Hoshooley et al., 2006). For instance, in shiny cowbirds (Molothrus
bonariensis), females have enhanced spatial memory compared to male conspecifics
because they are the sole locators of broods to parasitize, and this is reflected in larger
hippocampus volumes in females (Reboreda et al., 1996). In reptiles, the medial and dorsal
cortices (MC and DC, respectively) are considered hippocampal homologues and
similarly display plasticity with regards to spatial ecology. In male Northern Pacific
rattlesnakes (Crotalus oreganus), short distance translocations caused increased home
range size and an increase in MC volume (Holding et al., 2012). In male side-blotched
lizards (Uta stainsburiana), non-territorial morphs had smaller DC volumes than morphs
holding larger territories (LaDage et al., 2009). Furthermore, territorial male side-
blotched lizards had a significantly higher instance of neurogenesis compared to non-
territorial males in large enclosures (LaDage et al., 2013). This relationship of increased
spatial demand resulting in increased growth of spatial related brain regions is likely due
to the necessity of remembering resource locations through encoding and integrating

memory (Fagan et al., 2013).



Brain morphology is regulated by physiological factors including energetics
(Fagan et al., 2013), glucocorticoids (Galea, 2008), and gonadal hormones (Mirescu and
Gould, 2006). One of the best-studied examples is the effect of T on the seasonal growth
of the brain regions involved with singing behavior in songbirds. T primarily controls the
increase in song control region volumes during the breeding season, although other
factors such as social context and photoperiod can affect growth independently
(Balthazart et al., 2010). Furthermore, in some regions, the increase in volume is
mediated through changes in neuron survival and neurogenesis. For example, T causes an
increase in cell proliferation (Barker et al., 2014), and a decrease in T decreases neuron
number (Thompson et al., 2007). However, brain region growth can be constrained by
energetics due to the necessity of molecular modification in order to store and integrate
memories (Fagan et al., 2013).

As T is responsible for numerous sexual dimorphisms, perhaps it is also
responsible for increased spatial navigation abilities in males (Clint et al., 2012). In
lizards (Sceloporus jarrovi), territoriality is a male specific trait displayed in response to
elevated levels of T during the breeding season (Moore, 1988). In U. stansburiana, males
with higher T levels had larger home range sizes (DeNardo and Sinervo, 1994; Sinervo et
al., 2000). Furthermore, territorial male U. stansburiana morphs have innately higher T
levels compared to non-territorial conspecifics (Sinervo et al., 2000). To further elucidate the
relationships between T, spatial memory, and neuroplasticity, I investigated the effect of
T on home range size and neuroplasticity of cortical brain regions in adult male

Sceloporus occidentalis.



1. CHAPTER 1: Effect of testosterone on home range size and coloration; and a
comparison of home range quantification techniques

1.1. Introduction

Spatial ecology is an important aspect of organismal biology as it allows for
resource availability, escape from predators, and access to mates to name a few. Some
aspects of spatial ecology, such as activity patterns and movements, have the ability to
elucidate organism’s behavior and ecology (Wone and Beauchamp, 2003). Home range is
defined as the space an organism utilizes in its daily activities whereas territory is defined
as the area an organism defends (Sheldahl and Martins, 2000). Territoriality is a behavior
displayed in order to defend food, water, mates, and/or basking sites (Haenel et al.,
2003a). Due to extensive and high variation in territorial behaviors and home range size,
lizards have been identified as model organisms for studying spatial ecology (Haenel et
al., 2003a).

Home range size varies in relation to several environmental factors: habitat
productivity (Kerr and Bull, 2006), population density (Trewhella et al., 1988), and
season (Sheldahl and Martins, 2000; Haenel et al., 2003a; Wone and Beauchamp, 2003).
Despite, other environmental determinants of home range size, generally home range
and/or territories sizes increase during the breeding season (Néstor et al., 2010; John-
Alder et al., 2009; Wone and Beauchamp, 2003; Baird et al., 2001). Male lizards with
larger home range sizes have more access to female conspecifics through increased home
range overlap (Haenel et al. 2003a; Abell, 1999; Smith, 1995) and increased overlap

frequency with females results in increased fitness of males through increased progeny



(John-Alder et al., 2009; Haenel et al. 2003a; Sinervo et al., 2000). However males that
defend larger territories also have lower survivorship (Sinervo et al., 2000).

Testosterone (T) is a sex steroid hormone that increases during the breeding
season (John-Alder et al., 2009). Generally, male lizards with higher testosterone (T)
levels have larger home range sizes (DeNardo and Sinervo, 1994; Sinervo et al., 2000;
Cox et al., 2005a; and John-Alder et al., 2009) and therefore appear to increase male
fitness since increased home range size increases frequency of home range overlap with
females. However, T also increases aggressive behaviors and may also mediate a
decrease in survivorship since defending larger territories results in lower survivorship.
Therefore, there are fitness related trade offs associated with T, as in most biological
paradigms.

In addition to increased home range size, T has other physiological effects. Male
lizards with elevated T levels display an increase in aggressive behaviors (Urosaurus
ornatus: Weiss and Moore, 2004; Paroedura picta: Golinski et al., 2014). Intrasexual
contests, however, are rarely seen in the field despite high home range overlap among
males (Haenel et al., 2003b). In the lab, coloration predicts contest winners: in male
brown anoles (Anolis sagrei), higher instances of UV, red, and orange coloration in the
dewlap predicted winners of contests (Steffen and Guyer, 2014). As coloration acts as a
signal to either deter or elicit aggressive behaviors (Lopez et al., 2004), perhaps contests
are avoided in the field due to the perception of coloration as a statement of status
(Thompson and Moore 1991). Indeed, escalation of aggressive behaviors is costly (Marler

and Moore, 1988 and 1989).



With regards to T and its effects on coloration, exogenous T treatment caused an
increase in black throat patch size and blue and black abdominal patch size in Sceloporus
undulatus (Cox et al., 2005b). Likewise, in Yarrow’s spiny lizards (S. jarrovii), castration
of juvenile males resulted in decreased hue and saturation of blue abdominal patches
(Cox et al., 2008). Presumably, males with higher T have more intense coloration,
deterring conspecifics from encroaching on their home range sizes and allowing increased
access to females thereby increasing fitness through increased progeny and avoiding
potentially costly intrasexual contests.

Despite a somewhat large body of evidence on closely related Sceloporus species,
to date, there doesn’t appear to be much literature investigating spatial ecology related
factors and their determinants in western fence lizards (S. occidentalis). Therefore, this
study consisted of methodological and physiological investigations regarding home range
size in adult male S. occidentalis. With regards to the methodology, we were interested in
determining the minimum number of sightings needed to accurately quantify home range
size. With regards to physiology, we were interested in the potential relationship among T,
home range size, and coloration. We hypothesized that testosterone affects home range
size and coloration. We predicted that increased testosterone would cause an increase in
home range size and an increase in the number of colored throat and abdominal scales on

an individual.



1.2. Materials and Methods

1.2.1. Field experiment procedures

Adult male S. occidentalis were captured by hand-held noose from two sites
located on the California Polytechnic State University San Luis Obispo campus.
Collecting permits were obtained through California Department Fish and Wildlife (permit
number SC-11933), and all procedures were approved by the Cal Poly Institutional Animal
Care and Use Committee (permit number #1406). Individuals were collected from two
differing sites. Anecdotally, site 1 had less of a slope, was dominated by mostly
grasslands with some shrub and tree vegetation, and faced southeast. Site 2 had much
more of a northeast facing slope and was dominated by mostly grasslands. Individuals
(n=14) from site one (35°19°15”N, 120°40°51”W) were captured and transported to
the lab over a three day period (April 7-9, 2014). Individuals (n=10) from site two
(35°18°49”N, 120°39°09”W) were captured from April 23-24, 2014. Prior to
transportation to the lab, individuals were uniquely marked by toe-clipping and color
coding on the dorsal caudal surface with paint pens for identification. Snout-vent length
(SVL;+0.1cm) and body mass (+0.1g) were measured to later determine body
condition. Initial blood samples were taken to measure circulating T levels. Blood
samples were collected in the field using heparinized microhematocrit tubes to rupture
the retro-orbital sinus. On average, blood samples were collected within 3+0.22min
(mean+standard error of the mean (SEM)) after capture. Blood samples were kept on ice
and several hours later transported to the lab, and centrifuged for five minutes at 10,000

rpm. Plasma was collected and stored at -80°C until processing. Twenty-one



individuals were captured, marked, and immediately released. These individuals
served as unmanipulated controls. Unfortunately we did not measure SVL, body mass,
or collect blood samples for these individuals and therefore cannot include them in the

repeated measures analysis of covariance (see below).

1.2.2. Surgical procedure

Bilateral castration surgeries occurred 4-36 hours after initial capture.
Individuals were subjected to deep anesthesia through inhalation of isoflurane. A bilateral 3-
to 5-mm incision was made through the integument and musculature through which the
testes were excised by gently teasing connective tissue away from the testes using forceps
(DeNardo and Licti, 1993). After removal of the testes, 12 individuals received a T-filled
implant and the remaining individuals (n=12) received a blank implant before suturing
the incision. Implants were Smm segments of Silastic diffusion tubing (Dow Corning,
Clarkesville, TN, U.S.A.: 1.47 inner diameter, 1.96 mm outer diameter), capped and
sealed with silicon caulking (Momentive Performance Materials Inc., Huntersville, NC,
U.S.A)), and filled with either three millimeters of crystalline testosterone propionate
(Sigma-Aldrich, St. Louis, MO, U.S.A.; T implant) or silicon caulking (blank implant).
After assembly, T implants weighted 16.05+0.016g while blank implants weighed
16.8+0.09¢g. Subjects were released back to their capture sites after one day to recover
from the surgery. After 7 weeks, individuals were recaptured and SVL, body mass,
and blood samples were retaken [n=4 individuals per group [T implanted, blank

implanted, and unmanipulated controls)].



1.2.3. Home range quantification

The location of each individual (N=45) was determined approximately every other
day by visual inspection of the general area where lizards were initially captured and
released. On average, lizards were sighted 12+0.9 times during the study. When a lizard
was sighted, the location of that lizard was taken using a TopCon GM2 global positioning
system (GPS) unit (Accuracy of + 1 meter; Topcon Positioning Systems Inc., Livermore,
Ca, USA). Home range was determined by delineation of these points using 95% and
100% minimum convex polygons (GIS MCP) with ARCGIS version 9.2 (ERSI, Redlands,
Ca, USA). We found that both the 95% and 100% GIS MCPs were identical and therefore
only report 100% GIS MCP values below. We were also interested in determining if and to
what extent measurement technique affects home range size estimates. Therefore, we
determined home range size using a second technique by photographing the location where
each subject was observed. After the time of recapture those photographs were used as
references to mark prior locations with flags. Distances between flags were measured
using a tape measure to determine segment lengths; angles between segments were
measured with a compass. These measurements were used to configure polygons, here
after referred to as manual HR measurements, in AutoCAD software (v. 2014, Autodesk,
Inc., San Rafael, Ca, USA). Manual HR measurements were taken a priori, and resulted
in some concave measurements. To determine the minimum of sightings needed to obtain
an accurate home range size, we randomly removed one GPS point at a time and then

delineated MCPs until only three GPS points were delineated using ARCGIS.



1.2 4. Quantification of ventral body coloration

Photographs of individuals (n=4 per group) were also taken at the time of
recapture using a Nikon D60 camera. Individuals were brought back to the lab and placed
under a stand holding the camera situated directly beneath artificial lighting to ensure
equal distance to the subject. We exhaustively counted the total number of blue and black

abdominal scales and blue chin scales using Adobe Photoshop CS5.

1.2.5. Radioimmunoassay

Radioimmunoassay (RIA) was performed to determine T levels in lizards prior to
surgical treatment and at recapture. All samples were analyzed in a single assay, and T
concentrations were assayed according to a previously established protocol (Moore,
1986; French et al., 2010). Briefly, 30% ethyl acetate/isooctane extractions were
performed then separated, dried, and resuspended in 10% ethyl acetate in isooctane.
Testosterone was separated from samples in a 20% elution of ethyl acetate/isooctane.
Samples were collected in vials, dried, and re-suspended in PBS buffer. A duplicate
aliquot of each sample was assayed for T levels. The intra-assay coefficient of variation

was 0.098%.

1.2.6. Data analysis

Analysis of variance (ANOVA) was utilized to determine if the three groups
differed in T levels. Body condition was determined by finding residuals after
regressing log transformed SVL and body mass. To determine if T affected body

condition, we ran a repeated measures ANOVA with group, time (body condition at
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the time of surgery and also at the time of recapture), and the interaction between
group and time as factors. We decided to run multiple regressions instead of analysis
of covariance to analyze the data because our T-treatment resulted in a wide variation
of T levels and our low recapture rate. We analyzed the effect of body mass
controlling for SVL using in all recaptured individuals. We analyzed the effect of T
on home range size using log-transformed GIS MCP as the response variable, log T
and the number of sightings as predictor variables and site as a cofactor. To determine
the minimum number of sightings needed to obtain an accurate home range size, we
ran a repeated measures ANOV A with number of points delineated, as a categorical
variable, and time as factors. A repeated measures ANOVA was ran to compare the
two home range size quantification techniques with measurement technique as the
factor. To determine if T treatment affected the number of colored scales, predictor
variables included log T, SVL, site, and log GIS MCP. All statistics were run in JMP
Pro 11 (SysStat software, Inc. Point Richmond, CA, USA). Any data not meeting test
assumptions were log or square root transformed. The number of blue abdominal
scales violated assumptions after attempting multiple transformations. Therefore, a
non-parametric test (Kruskal-Wallis test) was conducted to determine if group
affected the number of blue abdominal scales. All parameters are reported as means +

one standard error of the mean (SEM) unless otherwise noted.
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1.3. Results

1.3.1. Implant verification

Castration and implantation significantly affected T levels (Figure 1.1;
F,,,=10.08, p=0.005). Individuals with T implants had the highest levels of T,

followed by the control group, and then the castrated blank implanted group (p<0.05).

1.3.2. Body condition

Comparing T implanted and blank implanted individuals over the course of
the experiment, there was no effect of group, time, or group*time on body condition
(Figure 1.2; Group: F, ;=3.8, p=0.099; Time: F, (=0, p=1; Time*group: F, ;=0.44,
p=0.533). Comparing all recaptured lizards, snout-vent length positively correlated
with lizard mass (Figure 1.3; R’=0.75, F, ,=18.14, p=0.002). After controlling for
variation in SVL, the negative relationship between T and lizard weight approached

significance (Figure 1.4; F, ,=4.02, p=0.076).

1.3.3. Testosterone effect on home range size

T did not influence GIS MCP (Figure 1.5; F, ,=0.05, p=0.96). However, we
did observe variation in GIS MCP between sites, with males at site two exhibiting
larger home ranges compared to males at site one (Figure 1.6; F, ,=5.49, p=0.032).
Also, GIS MCPs increased with increasing number of GPS points (Figure 1.7;

F, ,=4.95, p=0.04).
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1.3 4. Ventral body coloration

The number of blue abdominal scales was affected by T treatment (Figure 1.8;
H,=9.07,p=0.011). T implanted individuals had significantly more blue abdominal
scales than blank implanted individuals (p<0.05). Control individuals did not
significantly differ from T or blank implanted individuals (p>0.05). T did not predict
the number of black abdominal scales or blue chin scales (Black abdominal: F, ,=0.31,

p=0.592; Blue chin: F, ;=1.02, p=0.365).

1.3.5. Home range measurements

There was a significant difference in the number of points delineated to
determine GIS MCPs (Figure 1.9; F,,=49.41, p<0.001). Post-hoc tests revealed the
minimum number of sightings needed to obtain an accurate home range size for S.
occidentalis was five points.

Manual MCP and GIS MCP measurements significantly differed from one
another (Figure 1.10, R*=0.85, F, ;,=11.00, p=0.0491). Log transformed GIS MCPs
were larger on average than log transformed manual MCP measurements (logGIS
MCP: 4.92+0.28m?; log manual MCP: 4.43+0.28 m?). These measurements were

highly correlated (R*=0.85).

1.4. Discussion

We did not find evidence to support that T affects home range size, but we
found evidence to support that T affects the physiology of western fence lizards. The

aim of this study was to determine the effect of ecologically relevant doses of T on
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home range size and coloration, however our treatment resulted in pharmacological
doses of T. Our implants were constructed following the methods of a previous
researcher who obtained ecologically relevant doses (Pollock et al., 2012).
Nevertheless, this dose could have impacted our lizards adversely and may disallow

our findings to be extrapolated to natural conditions.

1.4.1. Testosterone effect on home range size

We did not find evidence for a relationship between T and home range size,
which is inconsistent with prior research on other species of lizards (DeNardo and
Sinervo, 1994; Sinervo et al., 2000; Cox et al., 2005a; and John-Alder et al., 2009).
However, our results are consistent with previous research performed on S.
occidentalis (Pollock et al., unpublished). Our results provide further evidence that in
adult male western fence lizards, T does not affect home range size. It seems likely
that the T-home range relationship may be species specific as this relationship is not
present in Algerian sand lizards (Psammodromus algirus) either (Salvador et al.,
1996). Perhaps, home range size is constrained by another factor such as body
condition (discussed below) or resources. Shelter positively relates and food
availability negatively relates to home range size (Anderson et al., 2005; Fisher, 2000
respectively). If shelter, food availability, and access to females were all widely
dispersed, then our all lizards in the studied population, regardless of T would have to
cover larger areas of habitat in order to survive and reproduce.

Although we do not have evidence that T influences home range size in S.
occidentalis, T may influence other spatial ecological factors such as territory size

and/or movements. Castration reduces an individual’s ability to obtain territories in
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brown anoles (Tokarz, 1995). Because territory is defined as the space in which a
lizard defends its home range, we were unable to quantify territory size due to the
inability to differentiate between courtship and aggressive displays since we only
sexed the experimental males and no other conspecifics that were observed interacting
with marked males. However, T may not be the sole endocrine regulator of territorial
behaviors; treating S. jarrovi males with T in the non-breeding season did not rescue
territorial behaviors to the same extent as during the breeding season (Moore and
Marler, 1987). In addition, song sparrows (Melospiza melodia) displayed aggressive
behaviors towards intruders during the non-breeding season (Wingfield and Soma,
2002). Corticosterone (CORT) seems like a potential candidate involved in
territoriality as it increases in response to both the introduction of intruders (Hanley
and Stamps, 2002; Klukowski and Nelson, 1998) and in response to increased
aggression and winning contests in lizards (Knapp and Moore, 1995; Baird et al.,
2014). After an encounter, CORT increased one day and remained elevated until day
three in winners but not in losers (Knapp and Moore, 1995). However, in male
copperheads (Agkistrodon contortix), CORT increased more in losers compared to
winners one hour after staged fights (Schuett and Grober, 2000; Schuett et al., 1996).
Furthermore, CORT positively correlated with female S. undulatus home range
overlap (Haenel et al., 2003a). In male S. undulatus, plasma concentrations of CORT
and T peak during the breeding season (John-Alder et al., 2009). In Phrynosoma
cornutum, CORT levels tended to be higher during the breeding season (Wack et al.,
2007). In reptiles and amphibians, slight elevations in CORT appear to influence

reproduction behavior and/or physiology by mobilizing energy reserves (Moore and
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Jessop, 2003). Therefore, it seems possible that CORT affects spatial ecology in S.
occidentalis as spatial ecology in this species is related to reproduction. Unfortunately,
we neither controlled for nor measured CORT in our subjects. Investigating the effect
of the potential interaction between CORT and T on home range size would be an
interesting next step.

Other potential endocrine regulators of territorial behavior may include the
nonapeptides arginine vasopression (AVP) and mesotocin, the reptilian oxytocin
homolog. AVP populations in the brain were activated after males were exposed to
intrasexual agnostic behaviors (Kabelik et al., 2013). Mesotocin increased in response
to courtship frequency, but not agnostic behaviors (Kabelik et al., 2015). Therefore,
perhaps T initiates territorial behaviors and one or more of the above hormones
interact with T to influence territoriality after expose to social interactions with
conspecifics. Indeed, treatment of T in white-throated sparrows (Zonotrichia
albicollis) caused an increase in AVP receptor and decrease in oxytocin receptor
mRNA expression (Grozhik et al., 2014). As stated above, we neither controlled for
nor measured these nonapeptides in our subjects.

We found a significant effect of site on home range size. This was likely due
to the inherent ecological differences between sites. Although we didn’t quantify
habitat parameters, there were some apparent differences between sites. Facing
southeast, Site 1 had less of a slope and was dominated by mostly grasslands with
some shrub and tree vegetation. Site 2 had much more of a slope which faced
northeast and was dominated by mostly grasslands. Slope steepness, among many

other factors affects soil erosion (Morgan, 2001) which can lead to decreased

16



productivity (Pimentel and Kounang, 1998). Perhaps due to the decreased cline at site
1, soil is not eroded as quickly as site 2 resulting in higher habitat productivity at site
1. If it is the case that site 1 has higher productivity than site 2, our differences in
home range size between sites can be explained by differences in habitat productivity.
Decreased habitat productivity results in larger home range sizes in mammals
(Herfindal et al., 2005; Relyea et al., 2000). In lizards, Uta stansburiana residing at
higher latitudes have larger home range sizes (Scoular et al., 2011). Tinkle (1967)
hypothesized that lizards have larger home ranges at higher latitudes due to decreased

productivity.

1.4.2. Body condition

There seems to be evidence to suggest that T affects body condition, as T
trended to decrease body mass controlling for SVL at the time of recapture although
there were no differences in body condition between T implanted and blank implanted
at the time of surgery. In lizards, prior studies corroborate this relationship; T-
implanted male eastern fence and sand lizards lost body mass compared to control
individuals that gained body mass (S. undulatus: Klukoski and Nelson, 2001; Lacerta
agillis: Olsson et al., 2000). In juvenile male S. virgatus and female tree lizards
(Urosaurus ornatus), T caused a slower rate of growth, both in length and mass
(Abell, 1998; Hews and Moore, 1995 respectively). T caused a decreased body
condition in juvenile male Algerian sand lizards (Civantos, 2002), but not in the adult
male Algerian sand lizard (Salvador and Veiga, 2000). Likewise, in red-spotted garter
snakes (Thamnophis sirtalis concinnus) nor brown anoles, T did not correlate with

body condition (Moore et al., 2000; Tokarz et al., 1998 respectively).
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In lizards, T likely indirectly causes a decrease in body condition by
facilitating increased energy expenditure by increasing aggressiveness (John-Alder et
al., 2009; Civantos, 2002), patrolling (John-Alder et al., 2009), and/or distance
traveled between sightings (Olsson et al., 2015). Further, Marler et al. (1995) found
male S. jarrovi implanted with T had higher metabolic rates than controls in the field,
which was not due to differences in standard metabolic rate measured in the lab. They
proposed this increase in metabolic rate was due to increased activity of T implanted
individuals (Marler et al., 1995). In addition to this increase in energy expenditure, T
also caused decreased foraging behaviors in S. jarrovi (Maler and Moore, 1989). This
T dependent increase in energy expenditure and decrease in energy allocation likely
explains the decrease in body condition of our T implanted individuals.

If indeed our T implanted lizards had lower energy stores (as indicated by
decreased body condition), then the lack of a difference among groups in home range
sizes could be explained. Body condition positively correlates with numerous spatial
ecology factors. In an urban population of house sparrows (Passer domesticus),
nutritional condition correlated positively with home range size (Vangestel et al.,
2010). Heavier juvenile European roe deer (Capreolus capreolus) had a higher
probability of dispersing earlier and farther than lighter conspecifics (Debeffe et al.,
2012). In herring (Clupea harengus L.), body condition positively correlated with
farther spawning migration (Slotte, 1999). Since we saw an effect of T on body
condition, it may be the case that a lack of energy reserves constrained our T

implanted individuals’ home ranges.
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14.3. Coloration

We found that T affects coloration of S. occidentalis by increasing the number
of abdominal blue scales. This is consistent with other research that found T
positively affected ventral blue coloration in Sceloporus (S. undulatus: Cox et al.,
2005; S. jarrovii: Cox et al., 2008). However, variation in ventral coloration in the
abdominal region of adult male S. pyrocephalus was not explained by T (Calisi and
Hews, 2007). This may be due to the fact that in that particular species, females
express similar abdominal ventral coloration (Calisi and Hews, 2007). Therefore,
perhaps T doesn’t mediate this coloration because it isn’t a sexual dimorphic trait.

In numerous other species of lizards, coloration signals intrasexual messages
(Fresnillo et al., 2015; Baird et al., 2013; Lopez et al., 2004). For instance, adult
aggression was reduced towards juvenile spiny-footed lizards (Acanthodactylus
erthrurus) with red coloration (Fresnillo et al., 2015). In Iberian rock lizards (Lacerta
monticola), adult males intruders with a lower number of abdominal blue dots
received less aggressive behaviors than residents (Lépez et al., 2004). Likewise,
smaller adult Algerian sand lizards lacking nuptial coloration expressed in larger,
more dominant males received higher agnostic behaviors then when nuptial coloration
was experimentally added (Martin and Forsman, 1999). In S. undulatus, there is some
evidence to suggest that coloration may signal competitive capabilities to male
conspecifics (Langkilde and Boronow, 2010). It seems likely that coloration acts as an
intrasexual signal in S. occidentalis that discourages male conspecifics from

performing agnostic behaviors towards males with larger ventral blue patches.
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In other animals, coloration is positively related to body condition, which in
turn is related to an increase in overall fitness (Trigo and Mota, 2014; Castella et al.,
2013; Gawryszewski et al., 2012; Cuervo et al., 2009; Lépez et al., 2004; Barber et al.,
2000). Body condition relates to fitness through not only natural selection, but also
sexual selection, as female lizards appear to prefer males with higher body conditions.
In U. stansburiana, females preferred males with higher body condition regardless of
male-male contest outcomes (Huyghe et al., 2012). Further, female rock lizards
(Iberolacerta cyreni) tongue flicked more often when exposed to male femoral gland
secretions containing higher proportions of the lipid oleic acid (Martin and Lépez,
2010). Higher proportions of lipids present in femoral secretions correlate with body
condition in /. cyreni (Martin and Lépez, 2010) and Lacerta monticola (Lépez et al.,
2006). Female common lizards (Lacerta vivipara) first matings were with males with
higher body conditions than rejected males (Fitze et al., 2010). Finally, in a more
closely related species, female S. undulatus associated more with males in better
condition (Swierk et al., 2012). Despite brighter coloration, our T implanted
individuals also had lower body condition, which should signal a less fit male.
Perhaps we observed these two seemingly contradictory relationships because our T-
implanted lizards were displaying a dishonest signal. When survivorship chances
decreased, red nuptial coloration actually increased in three-spined sticklebacks
(Gasterosteus aculeatus; Candolin, 2000). If this relationship holds true across taxa,
our T-implanted individuals could have displayed a dishonest signal as elevated T

causes a marginally significant decrease in survivorship (John-Alder et al., 2009).
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1.4 4. Minimum number of points for home range measurement

We found that the minimum number of sightings needed to obtain an accurate
home range size for S. occidentalis was 5 sightings. However, as evident by the figure
graphing each lizard’s GIS MCP asymptote, there appears to be some individuals that
require more sightings. It is important to note, that the number of individuals with 14
and 15 sightings was four and three respectively. Therefore, the power associated
with MCPs with higher number of sightings could simply be too low to be
distinguished from smaller MCPs. Individuals with higher number of sightings also
had very high variance as one individual had a home range of 400.55 m*while
another only had a home range of 36.96 m”. This may suggest that individuals with
larger home range sizes simply require more points to obtain an accurate home range
size.

It is interesting to note that the three individuals with 15 sightings or more
belonged to the T implanted group. This observation could be a result of the positive
relationship between T and daily activity levels as evidenced in adult male S. jarrovi
(Klukowski et al., 2004) and juvenile male S. undulatus (Cox et al., 2005a). Elevating
T could have made our T implanted lizards more active and thereby more likely to be
observed. Investigating the effect of T on activity levels could be an interesting

avenue of spatial ecology research in western fence lizards.

1.4.5. Comparison of home range size quantification techniques

We found that MCPs measurement technique resulted in a significantly higher

home range measurement compared to a manual measurement of home range. This is
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most likely due to the inherent area calculations of MCPs. MCPs connect the
outermost data points convexly to calculate an area, with some enclosed data points
existing inside of the polygon. For our manual MCP measurement, we likely included
some of those inner data points in our formation of the polygon since measurements
were performed in the field without prior mapping out resulting in smaller home
range measurements. However, home range measurements from each technique were
highly positively correlated and T did not affect either measurement. Thus, both
measurement techniques resulted in similar conclusions, indicating the validity of
either measurement technique in future home range experiments for this particular

species.

14.6. Conclusions

Although this study showed that T does not affect home range size in S.
occidentalis, it would be worth investigating other spatial ecological factors such as
territory size and/or movements. T does have an effect on other physiological factors
such as body condition and ventral coloration. If females choose males based on
coloration, it appears T has the ability to mediate a dishonest signal, if T also

decreases body condition in S. occidentalis.
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2. CHAPTER 2: Effect of testosterone on brain regions in free-living western
fence lizards

2.1. Introduction

Spatial navigation is necessary for territoriality, mate choice, and acquisition of
food resources (Brennan et al., 1990; Shettleworth 1990; and Menzel et al., 2000). In
many vertebrate species, male animals tend to have superior spatial navigation abilities to
females (Clint et al., 2012). In mammals, the most studied clade, males often outperform
females in spatial memory testing (Humans: Woolley et al., 2010; Newhouse et al., 2007,
Driscoll et al., 2005; Astur et al., 1998; Moffat et al., 1998; Voles: Kavaliers et al., 1998;
Galea et al., 1995; Rats: Faraji et al., 2010; Saucier et al., 2008; Blokland et al., 2006). In
reptiles, the only study to date demonstrated differences between the sexes with regards
to spatial learning abilities in Eastern water skinks (Eulamprus qouyii). They found males
displayed better spatial learning capabilities compared to female conspecifics (Carazo et
al., 2014). This difference in spatial navigation capability is likely due to sexual
differences with regards to spatial ecology as males tend to have larger home range sizes
compared to female conspecifics (Ribeiro et al., 2009; Wone and Beauchamp, 2003;
Sheldahl and Martins, 2000; Melville and Swain, 1999).

With increased spatial navigation comes an increased demand for spatial memory,
resulting in the growth of brain regions involved with processing spatial memory
(Hoshooley et al., 2006; Maguire et al., 2006; Maguire et al., 2000). This increase in
volume of these brain regions, or the hippocampus in mammals and birds, is mediated, at
least in part, through increases in neurogenesis (Rats: Drapeau et al., 2003; Roof and

Havens, 1992; Birds: LaDage et al., 2010). In reptiles, the medial and dorsal cortices (MC
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and DC, respectively) are considered hippocampal homologues and similarly display
plasticity with regards to spatial ecology and territory or home range size (Holding et al.,
2012; LaDage et al., 2009; Roth et al, 2006. Male cottonmouth snakes (Agkistrodon
piscivorus) have larger MC compared to female conspecifics (Roth et al., 2006), presumably
due to a sexual dimorphism in spatial movements. In male Northern Pacific rattlesnakes
(Crotalus oreganus), short distance translocations caused increased home range size and
an increase in MC volume (Holding et al., 2012). In male side-blotched lizards (Uta
stainsburiana), non-territorial morphs had smaller DC volumes than morphs holding
larger territories (LaDage et al., 2009). Furthermore, territorial male side-blotched lizards
had a significantly higher density of doublecortin immunoreactive (DCX-ir) cells
compared to non-territorial males in large enclosures (LaDage et al., 2013). DCX is a
protein expressed in immature neurons and has been used as a proxy for neurogenesis
(Brown et al., 2003).

The ubiquity of adult neurogenesis across vertebrate taxa has been well
documented, but the distribution of proliferative regions and survivability of neurons
vary greatly (Hastings et al., 2000; Kaslin et al., 2008). Neurogenesis occurring in
the reptilian cortical brain regions is of particular interest to allow comparison of the
apparent ancestral trait of ventricular proliferation zones among taxa to the relatively
newly evolved hippocampal neurogenesis (Urban and Guillemot, 2014). In all major
reptilian taxa, neurons are born on the lateral ventricles (V) and migrate to numerous
regions of the brain (Figure 2.1). In the MC, neurons migrate through the inner
plexiform layer (IPL) and are integrated into the cell layer (CL); very few cells

migrate through the CL into the outer plexiform layer (OPL) (Figure 2.1; Gonélez —
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Granero et al., 2011; Pérez-Cafiellas et al., 1997). Although very little neurogenesis
occurs in the DC (Gondlez —Granero et al., 2011), gross morphological changes can
occur in this region (LaDage et al., 2009).

One major factor influencing neuroplasticity and neurogenesis is the steroid
hormone testosterone (T), which has been demonstrated in rodents (Carbone and Handa,
2013; Galea et al., 2008) and birds (Goodson et al., 2005). One of the best-studied
examples is the effect of T on the seasonal growth of the brain regions involved with
singing behavior in songbirds. T primarily controls the increase in song control region
volumes, although other factors such as social context and photoperiod can affect growth
independently (Balthazart et al., 2010). Furthermore, in some regions, the increase in
volume is mediated through changes in neuron survival and neurogenesis. For example, T
causes an increase in cell proliferation (Barker et al., 2014), and a decrease in T decreases
neuron number (Thompson et al., 2007).

As T is responsible for numerous sexual dimorphisms, perhaps it is also
responsible for increased spatial navigation abilities in males (Clint et al., 2012).
Generally in lizards, territoriality is a male specific trait displayed in response to elevated
levels of T (Moore, 1988). Further, T treatment of female Sprague-Dawley rats (Rattus
norvegicus) treated increased spatial navigation abilities (Roof and Havens, 1992).
However, exogenous T and estradiol increased spatial memory performance equally in
great tits (Parus major; Hodgson et al., 2008). In U. stansburiana, males with higher T
levels had larger home range sizes (DeNardo and Sinervo, 1994; Sinervo et al., 2000).
Furthermore, territorial male U. stansburiana morphs have innately higher T levels

compared to non-territorial conspecifics (Sinervo et al., 2000). Since T influences home
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range, we investigated the potential interaction between T and home range size on
cortical brain regions. We hypothesized that T influences MC and DC volumes, possibly
mediated through neurogenesis. We predicted that in response to increased T levels,
home range size would increase. With this increased demand of spatial memory, the MC
and DC volumes would also increase. Therefore we predicted that as T increases, MC and
DC volumes would also increase. Since we expect that T causes an increase in cortical
brain regions, we also expect to see an increase in neurogenesis, as quantified by an

increased density of DCX-ir cells in the MC of individuals with higher T levels.

2.2. Materials and Methods

2.2.1. Field experiment procedures

Adult male western fence lizards (Sceloporus occidentalis) were initially
captured by noose from two sites located on the California Polytechnic State
University San Luis Obispo campus. Collecting permits were obtained through California
Department Fish and Wildlife (permit number SC-11933), and all procedures were completed
with approval of the Cal Poly Institutional Animal Care and Use Committee (protocol #1406).
Individuals (n=14) from site one (35°19°15”N, 120°40°51”W) were captured and
transported to the lab for bilateral castrations over a three day period from April 7-9,
2014 (n=14). Individuals (n=10) located at site two (35°18’49”N, 120°39°09”W) were
captured from April 23-24, 2014 (n=10). Prior to transportation to the lab, all
individuals were uniquely marked by toe-clipping and color-coding on the dorsal caudal
surface with paint pens for future identification. In addition, snout vent length

(SVL;+0.1cm) and body mass (+0.1g), body mass, and initial blood samples were
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taken to measure circulating T levels. Blood samples were collected in the field using
heparinized microhematocrit tubes to rupture the retro-orbital sinus within five minutes
of being caught. On average, blood samples were collected within 3+0.22min
(mean+standard error of the mean (SEM)) after capture. Blood samples were kept on ice
and several hours later transported to the lab, and centrifuged for five minutes at 10,000
rpm. Plasma was collected and stored at -80°C until processing. Twenty-one
individuals were captured, marked, and immediately released. These individuals
served as unmanipulated controls. Unfortunately we did not measure SVL, body mass,
or collect blood samples for these individuals and therefore cannot include them in the

repeated measures analysis of covariance (see below).

2.2.2. Surgical procedure

Bilateral castration surgeries occurred four to thirty-six hours after initial
capture for both castration events. Individuals were subjected to deep anesthesia through
inhalation of isoflurane prior to bilateral castration. A bilateral 3- to 5-mm incision was
made through the integument and musculature on flank through which the testes were
excised by gently teasing connective tissue away from the testes (DeNardo and Licti, 1993).
Twelve of these individuals received a T-filled siliastic implant, and the remaining
received a blank implant (n=12) before suturing the incisions. Implants were made
from five millimeter segments of silastic diffusion tubing (Dow Corning, Clarkesville,
TN, U.S.A.: 1.47 inner diameter, 1.96 mm outer diameter), capped and sealed with
silicon caulking (Momentive Performance Materials Inc., Huntersville, NC, U.S.A.),

and filled with either three millimeters of crystalline testosterone propionate (Sigma-
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Aldrich, St. Louis, MO, U.S.A.; T implant) or silicon caulking (blank implant). After
assembly, T implants weighted 16.05+0.016g while blank implants weighed
16.8+0.09¢g. Subjects were released back to their capture sites after one day to recover

from the surgery.

2.2.3. Home range quantification

Location of each individual was determined approximately every other day. On
average, lizards were sighted 12+0.9 times during the study. When a lizard was sighted,
the location of that lizard was taken using a TopCon GM2 global positioning system
(GPS) unit. Home range was determined by delineation of these points using a 95% and
100% minimum convex polygons (MCP) using the software program ARCGIS version
9.2. We found that both the 95% and 100% MCPs were identical and therefore only report
100% MCPs. After 7 weeks, individuals were recaptured over a two-day period from June
10-11, 2014 (Control: n=4, Blank implant: n=4, T implant: n=4). Body mass, SVL, and
blood samples were immediately retaken at the site of recapture and then transported to

California Polytechnic State University San Luis Obispo for sacrifice.

2.2 4. Sacrifice and immunohistochemisty

Lizards were sacrificed four to thirty-six hours after re-capture. After the onset of
deep anesthesia by inhalation of isoflurane, each lizard was transcardially perfused with a
0.9% NaCl, 0.1% NaNO,, 0.1M phosphate buffer (PB) wash at 10 mL/min for five
minutes followed by 4% paraformaldehyde in 0.1M PB, with 0.1% NaNO, (PARA) for
five min. The skulls were cut to partially expose brain tissue and the specimen was stored

in PARA. After at least 1 h, the brains were fully dissected out and postfixed in PARA
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for 24 h. Brains were then transferred to a 0.1M PB solution for 24 hours prior to
embedding in 8% gelatin. The gelatin was allowed to set for 24 h at 4°C, after which the
gelatin-embedded brain was placed in PARA. After 24 h, PARA was poured off and the
gelatin encased brains were incubated in a 30% sucrose solution until they sank
(approximately 48 h) at which point they were placed in dry ice for flash freezing and
stored at -80°C until sectioning.

Brains were sectioned into four series of parallel coronal sections using a Bright
OTEF-5000 cryostat. One series (every fourth section) was directly mounted onto slides,
hydrated with mounting solution to flatten sections onto slides, allowed to dry, and
stained with cresyl violet. Sections were photographed with a Lecia EZ4 stereo
microscope at 20x and stored as digital images for measurement of total telencephalon,
MC, DC, and nucleus sphericus (NS) volumes. NS were measured because they have
previously been shown to increase with increasing plasma T levels (Kabelik et al., 2008)
and therefore would be a good region for comparison. Each brain region volume was
traced and the area calculated using Image J (National Institutes of Health, USA).
Summed areas were multiplied by section thickness and then by four (the number of
sections separating each section) to determine region volumes. The remaining series were
stored in cryoprotectant at -20°C.

In addition to cresyl violet staining, sections were subjecting to staining against
the antibody DCX. In S. occidentalis, DCX is expressed in neurons between two and six
weeks after birth (unpublished observations). Free-floating sections (every 8" section)
were stained via immunohistochemistry for DCX to quantify immature neurons. Sections

were washed with phosphate-buffered saline (PBS) three times for 5 min prior to
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blocking. Blocking occurred in a solution of 5% normal horse serum (Vector
Laboratories Inc.) and 0.5% H,O, in PBS plus 0.3% Triton X-100 (PBST) for one hour.
Immediately following blocking, sections were placed in a 1:4,000 anti-DCX (sc-8066,
Santa Cruz Biotechnology, Inc.) in PBST and left on a rotator table for 24 h at room
temperature, after which another series of three 5 min washing in PBST occurred.
Sections were then subjected to a one hour incubation in 1:100 biotinylated anti-goat
secondary antibody (BA-9500, Vector Laboratories Inc.) in PBST. Another series of
washes in PBST occurred, followed by incubation in avidin-biotin-perioxidase complex
(PK-6100, Vector Laboratories Inc.). Another series of washes in PBST followed, and
then sections were incubated in Vector SG Chromagen (SK-4700, Vector Laboratories
Inc.) for 5 min. Finally the sections were washed two times for 5 min in PBS, mounted
onto slides and coverslipped. DCX-immnuoreactive (DCX-ir) cells were exhaustively
counted in the IPL and CL of the MC using an Olympus BX-60 light microscope. To
prevent oversampling, cells were only counted when a clear nuclear void was present
(Figure 2.2). The density of DCX-ir cells in each sub-region of the MC was calculated by
dividing the cell count by the volume of each sub-region. DCX immunoreactivity was
extremely low in the DC (Gonélez-Granero et al., 2011), so cells were only counted in

the MC.

2.2.5. Radioimmunoassay

Radioimmunoassay (RIA) was performed to determine T levels in lizards prior to
surgical treatment and at re-capture for sacrifice. All samples were analyzed in a single
assay and T concentrations were assayed according to a previously established protocol

(Moore, 1986; French et al., 2010). Briefly, 30% ethyl acetate/isooctane extractions were
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performed then separated, dried, and resuspended in 10% ethyl acetate in isooctane.
Testosterone was separated from samples in a 20% elution of ethyl acetate/isooctane.
Samples were collected in vials, dried, and resuspended in PBS buffer. A duplicate
aliquot of each sample was assayed for T levels. The intra-assay coefficient of variation

was 0.098.

2.2.6. Data analysis

Data not meeting assumptions for parametric tests were log transformed. To
determine if T affected body condition, we ran a repeated measures analysis of
variance (ANOVA) with group, time, and the interaction between group and time as
factors. Body condition was determined by finding residuals after regressing log SVL
and body mass. We decided to run multiple regressions instead of analysis of
covariance to analysis the data due to treatment of T causing a wide spread of T levels.
We analyzed the effect of body mass controlling for SVL in all recaptured individuals.
To determine if T affected the volume of brain regions or density DCX-ir cells in the
MC, predictor variables included plasma T concentration, home range size, body
condition, and total telencephalon (TT) volumes, and site as a cofactor. For the DCX-
ir cells model, we included the same predictor variables, except we did not include
total telencephalon volume because we measured DCX-ir cells as a density
(cells/mm?), therefore brain size was not a relevant variable. We also included the
interaction between T and home range size. All analyses were run in JMP Pro 11
(SAS Institute, Inc.). Body condition, site and the interaction between T and home
range size were non-significant for all models; therefore we removed those variables

from all models.
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2.3. Results

2.3.1. Implant verification

Castration and implantation affected T levels (Figure 1.1; F,;,=10.08,
p=0.005). Individuals with T implants had the highest levels of T followed by the

control group and then the blank implanted group (p<0.05).

2.3.2. Body condition

Comparing T implanted and blank implanted individuals over the course of
the experiment, there was no effect of group, time, or group*time on body condition
(Figure 1.2; Group: F, ;=3.8, p=0.099; Time: F, (=0, p=1; Time*group: F, ;=0.44,
p=0.533). Comparing all recaptured lizards, snout-vent length positively correlated
with lizard mass (Figure 1.3; R’=0.75, F, ,=18.14, p=0.002). After controlling for
variation in SVL, the negative relationship between T and lizard weight approached

significance (Figure 1.4; F, ,=4.02, p=0.076).

2.3.3. Brain regions

As expected, with increasing TT volume, MC volume increased (Figure 2.3a;
F,6=39.49, p<0.001). However, there was no effect of T (Figure 2.4a; F, ;=1.57,
p=0.245) or home range (Figure 2.5a; F, ;=0.02, p=0.885) on MC volume.

As with the MC, DC volume increased with increasing TT volume (Figure
2.3b; F, (=31.46, p<0.001). DC volumes decreased with increasing T concentrations
(Figure 2.4b; F, ¢=5.41, p=0.048). Home range size did not affect DC volume (Figure

2.5b; F, =147, p=0.259).
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No variables significantly predicted the density of DCX-ir cells in the cell
layer (CL) or inner plexiform layer (IPL) of the MC (Figure 2.6; CL: F, ,=0.353,
p=0.712; IPL: F, =0.1, p=0.907).

As expected NS volume increased with TT volume (Figure 2.7a; F, ,=8.54,

p=0.017). Surprisingly, T did not affect NS volume (Figure 2.8b; F, ,=0.03, p=0.875).

2.4. Discussion

We did not find evidence to suggest that variation in MC volume or
neurogenesis is affected by short-term elevation of circulating T concentration or
relates to individual variation in home range size. However, DC volume is
significantly negatively affected by T. Our results are inconsistent with previous
research demonstrating that space use affects cortical brain volumes in lizards
(LaDage et al., 2009). We also did not find evidence that neurogenesis, or at least
immature neuron density, is affected by T or home range size, which is inconsistent
with prior research on side-blotched lizards (LaDage et al., 2013). Surprisingly, we
did not find evidence to suggest that T affects NS volume, which is not consistent

with prior research in lizards (Kabelik et al., 2008).

2.4.1. Testosterone and neuroplasticity

Contrary to our predictions, in this experiment T negatively affected DC
volume and did not affect MC volume. Further, T did not affect neurogenesis in the
MC of these lizards. In numerous other studies in a variety of vertebrates, there is
significant evidence to suggest that T affects the morphology of brain regions

involved in regulating reproductive behaviors, generally by increasing neurogenesis
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within these regions or increasing the size of reproductive related brain regions. In
tree lizards, T caused an increase in amygdala and nucleus sphericus volumes
(Kabelik et al., 2008). It is well established that in songbirds, T increases the size of
the song control regions and neurogenesis in the HVC, a song related region in the
brain (Barker et al., 2014;, Balthazart et al., 2010; Dittrich et al., 2014; Rasika et al.,
1994). Moreover, T affects brain regions not directly related to reproduction, such as
the hippocampus, again generally increasing size or neurogenesis; for example, in
mammals, T and estradiol increase hippocampal neurogenesis (Galea et al., 2008) and
gonadectomy decreased cell proliferation in the dentate gyrus (Spritzer et al., 2011;
Wainwright et al., 2011). Castrated males with T replacement displayed higher cell
proliferation in one region of the subventricular zone than castrated males, but had
equal cell proliferation compared to sham operated males (Farinetti et al., 2015).
Spine synapse density in the dentate gyrus decreased in castrated males compared to
controls (Mendell et al., 2014). Androgen receptors in the hippocampus were also
influenced by T as castration decreased the number of immunoreactive androgen
receptors. In addition, injecting castrated males recused the overall number of
androgen receptors in the hippocampus (Xiao and Jordan, 2002).

However, T may have different effects on neuroplasticity depending on
seasonal or ontogenetic factors. In male house finches (Haemorhous mexicanus), T
treatment in the fall does not increase the size of the song control regions (Strand et
al., 2008). In adolescent male rhesus macaques (Macaca mulatta), gonadectomy
increases neuron survival and neurogenesis in the hippocampus (Allen et al., 2014). In

Japanese quail (Coturnix japonica), ontogeny affects the activity of aromatase and
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tyrosine hydroxylase in the preoptic area of the brain (Balthazart et al., 2000).
Although to date there are no studies investigating potential ontogenetic effects on the
reptilian brain, some studies found ontogenetic effects on behaviors, including
locomotion (Irschick et al., 2000), exploration (Bajer et al., 2015), and antipredation
tactics (Landova et al., 2013). This may suggest ontogenetic effects can occur in the
reptilian brain. As there seems to be ontogeny effects on behavior and neuroplasticity
in other species that exist beyond adulthood, potentially, the age of the adult lizards in
our study could be a confounding variable.

Another variable to consider is that lizards with elevated T may have also have
been in a more “stressed” condition. Male lizards with elevated T levels display an
increase in aggressive behaviors (Urosaurus ornatus: Weiss and Moore, 2004;
Paroedura picta: Golinski et al., 2014). Aggressive behaviors correlated with elevated
CORT levels in eastern water dragons, Physignathus lesueurii (Baird et al., 2014). In
mammals, elevated CORT decreases neurogenesis (Cameron and Gould, 1994;
McEwen 1996; Mirescu 2006). If these conditions hold true in S. occidentalis,
perhaps we saw a decrease in DC volumes of T implanted individuals due to elevated
and sustained levels of CORT in response to increased aggressive interactions
ultimately caused by our dose of T. Indeed, systematic administration of CORT
decreases brain-derived neurotrophic factor (BDNF), a growth factor positively
affecting neuronal development and survival, in the hippocampus of mammals (Suri
and Vaidya, 2013). Furthermore, CORT implants decreased HVC volume in male

song sparrows (Melospiza melodia; Newman et al., 2010).
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In light of the surprising lack of evidence for an effect of T on the NS and the
negative relationship between T and DC volume, it seems likely we inadvertently
introduced a confounding variable in our experimental design. The aim of this study
was to determine the effect of physiologically relevant doses of T on home range size
and neuroplasticity; however, our treatment elevated circulating T concentrations to
pharmacological levels. Our T implanted individuals averaged plasma T levels of
75.89+22.17 ng/mL while our control individuals had plasma T levels of 8.28+4.18
ng/mL. Another study on S. occidentalis reported T levels as 21.1+2.8 ng/mL
(Pollock et al., 2012). Other studies on Sceloporus report breeding T levels of 7.74+2.8
ng/mL in S. undulatus (Klukowski et al., 2001) and 46.4+5.9 ng/mL in S. yarrowii
(Cox et al., 2008). Our implants were constructed following the methods of a previous
researcher who obtained physiologically relevant doses (Pollock et al., 2012).
Nevertheless, the pharmacological doses that we achieved could have impacted our
lizards adversely. There seems to be evidence to suggest that T affects body condition
in our subjects, as T trended to decrease body mass controlling for SVL at the time of
recapture although there were no significant differences in body condition between T
implanted and blank implanted at the time of surgery. This trend is in line with
previous research suggesting T adversely affects body condition in S. undulatus that
were subjected to elevated T levels for approximately the same duration as our study
(Klukowski and Nelson, 2001) and also in numerous taxa (lizards: Olsson et al., 2000;
birds: Ziegenfus et al., 1991; frogs: Narayan et al., 2013; and humans: Traish, 2014).
In lizards, T likely indirectly causes a decrease in body condition by facilitating

increased energy expenditure by increasing aggressiveness (John-Alder et al., 2009;
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Civantos, 2002), patrolling (John-Alder et al., 2009), and/or distance traveled between
sightings (Olsson et al., 2015). Further, Marler et al. (1995) found male S. jarrovi
implanted with T had higher metabolic rates than controls in the field, which was not
due to differences in standard metabolic rate measured in the lab. They proposed this
increase in metabolic rate was due to increased activity of T implanted individuals
(Marler et al., 1995). In addition to this increase in energy expenditure, T also caused
decreased foraging behaviors in S. jarrovi (Maler and Moore, 1989). This T
dependent increase in energy expenditure and decrease in energy allocation likely
explains the possible decrease in body condition of our T implanted individuals. With
this decrease in body condition, perhaps individuals only have enough energy to
perform essential processes in the body which could explain our results if increasing
or even maintaining certain brain regions such as the DC volume is not considered an
essential processes with regards to increasing male fitness during the breeding season.
With pharmacological levels of T, it seems very likely that associated
metabolites such as dihydrotestosterone (DHT) and estradiol (E2) potentially
confounded our results as both affect neurogenesis in mammals and birds (Galea,
2008; Hidalgo et al., 1995). In male rats, T and E2, but not DHT increased cell
proliferation (Farinetti et al., 2015; Galea, 2008). In male rats, DHT increased cell
survival (Hamson et al., 2013; Galea, 2008). In female rodents, E2 initially increased
cell proliferation in the hippocampus, but then subsequently decreased cell
proliferation after 48 hours of exposure. However, after three days of E2 exposure,
neurogenesis was not affected (Galea, 2008). Adult female canaries had increased

adult neurogenesis in the HVC when exposed to E2 (Hidalgo et al., 1995). These lines
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of evidence certainly suggest that T metabolites affect neurogenesis, which we did not
account for. However, these studies employed ecologically relevant exogenous
hormone replacement. In light of our results, it seems likely that pharmacological
levels of T metabolites, which were probably present in our study, may affect
neurogenesis differently than ecologically relevant doses.

Pharmacological doses of T may affect neuroplasticity and/or neurogenesis
differently due to a decrease in body condition. In juvenile song sparrows, food
limitation prior to song learning caused smaller HVC volume (MacDonald et al.,
2006). Presumably, food-restricted individuals had lower body conditions and thus
had less energy available for increasing HVC volume compared to controls. Nestling
canaries infected with parasites also displayed a decrease in HVC volumes compared
to controls (Spencer et al., 2005). Parasitism correlates with a decrease in fat scores in
numerous species of birds (Garvin et al., 2006). This suggests that, at the very least in
juvenile birds, body condition has the potential to affect brain region volumes,
although this relationship must be tested empirically. This relationship as yet to be
tested in reptiles, but if it holds true in not only adult birds but also across taxa, we
potentially and inadvertently introduced body condition as a confounding variable

through pharmacological doses of T.

2.4.2. Spatial ecology and neuroplasticity

We did not find significant relationships between cortical brain regions and
home range size in S. occidentalis. However, in side-blotched lizards, this relationship
has been demonstrated and is mediated through an increase in neurogenesis in the MC

(LaDage et al., 2009; LaDage et al., 2013). The minimum number of sightings needed
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to obtain an accurate home range measurement is roughly five for this species (see
Chapter 1). Only one lizard of the 12 sacrificed lizards had fewer than 5 sightings, so
it seems unlikely that home ranges were underestimated.

Body condition may have shrouded this relationship. With decreased body
condition, individuals would likely be in a negative energy balance and therefore be
less likely to be able to maintain a larger home range size. Indeed body condition
correlates positively with dispersal distance in Roe deer (Capreolus capreolus)
(Debeffe et al., 2012), migratory distance in spawning herring (Clupea pallasii)
(Slotte, 1999), and home range size in urban house sparrows (Passer domesticus)
(Vangestel et al. 2008). The negative effect of T and body condition could explain the
lack of correlation of home range and cortical brain volume ranges. Perhaps our
lizards were constrained by a lack of energy availability, observed as decreased body
condition due to increased T, which inhibited attainment of a ‘maximum’ home range
size.

Perhaps T may not mediate the relationship between spatial ecology and
related regions of the brain. Despite mammals displaying ubiquitous spatial memory
sexual dimorphisms, evidenced through differences in hippocampus volumes, this
relationship remains a bit more equivocal in other taxa. In great tits, brown-headed
cowbirds (Molothrus ater), and shiny cowbirds (Molothrus bonariensis), females
have enhanced spatial memory compared to male conspecifics, and this is reflected in
larger hippocampus volumes in females (Brodin and Urhan, 2015; Guigueno et al.,
2014; Reboreda et al., 1996). However, in rufous hummingbirds (Selasphorus rufus)

and other species of cowbirds, no sexual dimorphism in hippocampus volume exists
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(Reboreda et al., 1996 and Healy and Hurly, 1995). In shiny cowbirds, females are the
sole locators of broods to parasitize; whereas in other cowbird species, either both
parents or just the male searches for potential broods to parasitize. This suggests that
spatial demand, regardless of sex steroid hormones, is the main facilitator of
neuroplasticity in spatial related brain regions. With the lack of difference in home
range sizes in our lizards, it follows that there would be no difference in their cortical
volumes or neurogenesis.
24.3. Conclusions

In conclusion, T negatively affects the DC, potentially mediated through a
decrease in body condition. Perhaps T did not affect MC to the same extent as the DC
due to the MC displaying less intrinsic plasticity; in side-blotched lizards, the MC
does not display plasticity to spatial demands (LaDage et al., 2009; LaDage et al.,
2013). In S. occidentalis, T - at least at pharmacological doses - does not appear to
modulate the positive correlation between home range and DC observed in other
lizard species. However, one major caveat with our study was the low sample size
across groups. It may be the case that this system does adhere to previous research
with regards to spatial demand increasing spatial related regions in the brain, but
perhaps we were unable to discern this difference due to low statistical power.
Although not in the direction we predicted, this evidence does support the hypothesis
that T influences neuroanatomy. However, this influence is not mediated through an
effect on neurogenesis. It seems plausible that T influences other parameters, such as

body condition, which in turn may affect behavior and neuroplasticity.
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Figure 1.1. Testosterone (T) levels (ng/mL) plotted as mean + SEM values of adult
male Sceloporus occidentalis. Bl=blank implanted individuals, C=unmanipulated
controls, and T=T implanted individuals. n=4 per group. Different lettering indicates
significant differences (p<0.05).
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Figure 1.2. Body condition (mean +SEM) of testosterone (T) and blank implanted
(Bl) individuals of adult male Sceloporus occidentalis. Body condition was determined
by calculating the residual after regressing log transformed snout-vent length and log
transformed body mass. There were no significant differences between groups, time
periods, or the interaction between group and time period .n=4 per group.
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Figure 1.3. Relationship between snout-vent length (SVL) and body mass of
recaptured individuals of adult male Sceloporus occidentalis. Triangles represent
blank implanted individuals, squares represent unmanipulated controls, and circles
represent testosterone-implanted subjects. SVL significantly correlated with body mass

(p=0.002). n=4 per group.
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Figure 1.4. Relationship between testosterone (T) and body mass controlling for
snout-vent length (SVL) of adult male Sceloporus occidentalis. Triangles represent
blank implanted individuals, squares represent unmanipulated controls, and circles
represent testosterone-implanted subjects. Controlling for body mass, T trended to cause
a non-significant decrease in SVL (P=0.076). n=4 per group.
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Figure 1.5. Mean minimum convex polygons (MCP; m’+ 1 SEM) of adult male
Sceloporus occidentalis. Triangles represent blank implanted individuals, squares
represent unmanipulated controls, and circles represent testosterone-implanted subjects. T
did not affect log MCP (p=0.96). n=4 per group.
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Figure 1.6. Mean log transformed minimum convex polygons (MCP; m’+SEM) of
adult male Sceloporus occidentalis. Different lettering indicates significance (p=0.032).
n= 6 per site.
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Figure 1.7. Relationship between the number of points used to delineate minimum
convex polygon (MCP) and logMCP (m?®) of adult male Sceloporus occidentalis.
Triangles represent blank implanted individuals (n=8), squares represent unmanipulated
controls (n=7), and circles represent testosterone implanted subjects (n=7). The number
of points delineated significantly affected log MCP (p=0.04).
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Figure 1.8. Mean number of blue abdominal scales (count+SEM) of adult male
Sceloporus occidentalis. Bl=blank implanted individuals, C=unmanipulated controls, and
T= testosterone-implanted individuals. n=4 per group. T-implanted individuals had a
higher number of blue abdominal badges (p<0.05). Different lettering indicates
significance.
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Figure 1.9. Change in minimum convex polygons (MCPs) relative to the number of
spatial observation points used to delineate the MCP of adult male Sceloporus
occidentalis. Each line represents a different individual (n = 8) who’s MCP was
calculated by randomly removing one GPS point. Lines are plotted using an exponential
rise to maximum function. The minimum number of sightings required to identify an
accurate MCP estimate was determined by using a repeated measures ANOV A with
points delineated as a categorical variable. Post-hoc tests revealed that five sightings was
significantly different from other sightings (p<0.05).

64



B manual MCP
6 | — GISMCP
N’; I
= T l
kS
w2
&4
=
s
Q
=
S
= 2
on
2
0 T . ;

Bl C T

Figure 1.10. Comparison of home range size (m’+SEM) measurement techniques of
adult male Sceloporus occidentalis. Manual minimum convex polygons (MCPs)
measurements included marking locations with flags via photography and measuring
distances between flags with a tape measure and compass. Geographic information
system (GIS) MCPs were measured by delineating polygons in ArcGIS 9.2. There were
no differences in group home range sizes. However, manual MCPs significantly differed
from GIS MCPs (p=0.049). Bl=blank implanted individuals, C=unmanipulated controls,
and T= testosterone-implanted individuals. n=4 per group.
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Figure 2.1. Cresyl violet stained section through the telencephalon of an adult male
Sceloporus occidentalis (20x). Medial cortex (MC), dorsal cortex (DC), ventricle (V),
inner plexiform layer (IPL), cell layer (CL), and outer plexiform layer (OPL).
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Figure 2.2. Doublecortin-immunoreactive (DCX-ir) cells in the medial cortex (MC;
200x) of adult male Sceloporus occidentalis. Arrow indicates a cell expressing DCX.
Inner plexiform layer (IPL), cell layer (CL), and outer plexiform layer (OPL).
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Figure 2.3. Model residuals of all variables in the model excluding plasma
testosterone (T) concentration (ng/mL) for the medial cortex (A) and dorsal cortex
(B) of adult male Sceloporus occidentalis. Variables included total telencephalon
volume, home range. n=12.
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Figure 2.4. Relationship between total telencephalon volumes (TT; mm®) excluding
the region of interest and the medial cortex (MC; A) and dorsal cortex (DC; B) of

adult male Sceloporus occidentalis. Both MC and DC increased with increasing TT
(p<0.001 and p<0.001 respectively). n=12.
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Figure 2.5. Relationship between plasma testosterone (T) concentration (ng/mL) and
the medial cortex (MC; A) and dorsal cortex (DC; B) controlling for size of total

telencephalon (TT) of adult male Sceloporus occidentalis. n=12. T affect DC, but not
MC (p=0.245 and p=0.048 respectively).
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Figure 2.6. Relationship between home range size calculated as minimum convex
polygon (MCP) and the medial cortex (MC; A) and dorsal cortex (DC; B),
controlling for size of total telencephalon (TT) of adult male Sceloporus occidentalis.
Residuals were calculated using the distance to the trendline in the above figure (2.9)
Bl=blank implanted individuals, C=unmanipulated controls, and T=testosterone
implanted individuals. n=12. Log MCP did not correlate with either MC or DC (p=0.885
and p=0.259 respectively).
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Figure 2.7. Relationship between plasma testosterone (T) concentration (ng/mL) and
model residuals of the density of doublecortin-immunoreactive (DCX-ir;
count/mm’+SEM) cells in the cell layer (CL; A) and inner plexiform layer (IPL; B)
of adult male Sceloporus occidentalis. Variables included minimum complex polygon
and body condition. n=12. T did not affect DCX-ir cells in either the CL or IPL (p=0.712
and p=0.907 respectively).
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Figure 2.8. Relationship between total telencephalon volume (TT; mm®) excluding
the nucleus sphericus (NS) and the NS (A) and the effect of plasma testosterone (T)
concentration (ng/mL) on NS volume controlling for TT (B) of adult male
Sceloporus occidentalis. n=12. As TT increased, NS increased (p=0.017). T did not
affect NS volume (p=0.875).
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