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Steroid hormones alter neuroanatomy and aggression
independently in the tree lizard
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Abstract

Steroid hormones effect changes in both neuroanatomy and aggressive behavior in animals of various taxa. However, whether changes in
neuroanatomy directly underlie changes in aggression is unknown. We investigate this relationship among steroid hormones, neuroanatomy, and
aggression in a free-living vertebrate with a relatively simple nervous system, the tree lizard (Urosaurus ornatus). Weiss and Moore [1]
manipulated testosterone and progesterone levels in adult male tree lizards and found that both hormones facilitated aggressive behavior toward a
conspecific. In this study, we examined the brains of a subset of these animals to determine whether changes in limbic morphology were
associated with hormone-induced changes in aggressive behavior. Specifically, we tested the hypothesis that testosterone and/or progesterone
cause changes in neural morphology that are necessary for the expression of testosterone's effects on aggressive behavior. We found that both
hormones increased aggression; however, only testosterone induced changes in neuroanatomy. Testosterone increased the size of both the
amygdala and nucleus sphericus. However, we could detect no individual correlations between neuroanatomy and aggression levels suggesting
that the observed large-scale changes in neuroanatomy are not precisely reflective of changes in mechanisms underlying aggression.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Changes in steroid hormone levels are associatedwith changes
in aggression in a variety of taxa [2–6]. Various neuroanatomical
changes within brain regions known to regulate aggressive and
reproductive behaviors are also regulated by testosterone or its
metabolites [7–11]. However hormonal effects on the brain are
diverse and adult hormone levels are known to modulate
neuropeptide and neurotransmitter levels [12,13], receptor
abundance [14], enzymatic activity [15], neurogenesis and cell
survival [16], neuronal structure [17], and gross neural morphol-
ogy [18]. Yet, it is unclear which of these changes causally
underlie the observed changes in aggressive behavior.
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Gross neural morphology may be a measure of underlying
changes that facilitate behavioral change. Recent studies in a
variety of species have demonstrated that the volumes of
certain brain nuclei can change with season or circulating
steroid levels and are also associated with changes in
behavior. Usually higher testosterone levels (or levels of
androgenic and estrogenic metabolites) are associated with
larger brain nuclei [7,8]. These effects have been demonstrat-
ed most thoroughly in songbirds [19,20], but exist also in
mammals [11,21] and reptiles [22,23]. Larger brain regions
have been associated with increased song production in
songbirds [24] and reproductive behaviors in both mammals
[25,26] and birds [10,27]. However, other studies show
dissociations between brain structure and behavior [28,29],
and studies relating changes in neural structure to changes in
aggressive behavior are limited.

In this study, we focused on steroid-mediated changes in the
sizes of limbic brain nuclei in the tree lizard, Urosaurus
ornatus, in relation to aggressive behavior. Using lizards as a
model system provides benefits such as highly stereotyped and
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Table 1
Mean circulating steroid hormone levels (±1 S.E.) in male tree lizards, according
to treatment group

Treatment group

Castrate Sham Progesterone Testosterone

Progesterone (ng/ml) 0.78±0.16 1.29±0.22 388.66±63.15 2.17±0.50
Testosterone (ng/ml) 0.25±0.13 4.07±0.84 0.67±0.13 185.22±36.88

These values are from the subset of animals examined in the present study and
thus differ slightly from those in Weiss and Moore [1].
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easily quantifiable aggressive displays [30]. In addition, limbic
regions in reptiles comprise larger portions of their brains than
mammals and birds [31]. Tree lizards are small, free-living
iguanid lizards abundant in the deserts of southwestern North
America. Males can be divided into morphological phenotypes
(or morphs) that differ in dewlap (throat fan) coloration. Males
with a bicolored orange–blue dewlap have been shown, under
some circumstances, to be more aggressive and territorial than
males with a unicolored orange dewlap [1,32]. Ontogenetic
testosterone and progesterone levels affect morph differentia-
tion [33,34], but morphs do not differ in adult hormone levels
[32].

The work presented here is directly related to a pair of studies.
First, Kabelik et al. [35] demonstrated seasonal changes in the
volumes of limbic brain nuclei in tree lizards, and although
testosterone levels were related to aggression levels, they were
insufficient to explain all observed changes in neuroanatomy.
Second,Weiss andMoore [1] conducted a hormone manipulation
study in tree lizards in which they demonstrated that both
increases in testosterone and progesterone levels induced in-
creases in aggressive behavior. Progesterone's role in the
facilitation of aggression is much less established although it
has been shown in other species to be involved in facilitating
female aggression [36–38] and infanticidal male behavior [39].
Our interest in progesterone stems from its ability to affect tree
lizard morph differentiation [33,34] and thereby potentially also
neural organization.

This present study uses the brains of male tree lizards from
Weiss andMoore [1] to examine the hypothesis that testosterone
and progesterone induce changes in morphology of limbic brain
nuclei that underlie the accompanying increases in aggressive
behavior.

2. Methods

All procedures described herein were approved by the
Arizona State University Institutional Animal Care and Use
Committee, and were in accordance with NIH guidelines for
the care and use of laboratory animals. Appropriate scientific
collecting permits were obtained from the Arizona Game and
Fish Department.

2.1. Subjects

The animals in this section are a subset of those whose
behaviors were initially examined by Weiss and Moore [1].
Here, we present results from analyses of the brains of 39 of
those animals. Unfortunately, due to equipment failure and
overheating during tissue embedding, the remaining brains
were damaged and not useable. We will briefly summarize the
original study here, while detailing the methodology for our
neural analyses.

Adult male tree lizards of both orange and orange–blue
morphs were collected June–August 2000. Animals were housed
in visual isolation in terraria (50×28×26) (l:w:h) divided in half
by an opaque partition. Water and food (vitamin and calcium
powdered crickets) were freely available.
2.2. Hormone manipulations

Surgeries were performed 07 July–11 August, 2000. Males
of each morph were randomly assigned to one of four treatment
groups: blank (castrate with empty implant, n=8), sham (testes
intact and no implant, n=12), progesterone (castrate with
progesterone implant, n=12), and testosterone (castrate with
testosterone implant, n=7). Bilateral castrations were per-
formed according to Moore [3] and silastic implants (i.d.
1.47 mm, o.d. 1.96 mm, total length 1 cm, and steroid packing
length of 2–3 mm) were then placed into the coelomic cavity of
the animal.

2.3. Behavioral testing

The responses of focal males to orange–blue stimulus males
were scored 22 days post-surgery. On the day before behavioral
testing, each focal male and a size-matched stimulus male were
placed into opposite ends of a partition-divided neutral test
arena similar to their standard housing tanks. After a day of
acclimation, the partition was removed and the lizards were
allowed to interact for 15 min. We recorded the latency to
display, the frequency of several displays (approaches, full-
shows (push-up displays accompanied by lateral compression
of the body and dewlap extension), chases, and bites), and
maximal display intensity (low = no display, approach, or push-
up without lateral compression of body; medium = fullshows
and fullshow holds; high = chases; maximal = bites), as in Weiss
and Moore [1].

2.4. Blood collection and hormone assays

Blood samples were taken from each focal male via the
orbital sinus, 6–7 days following the behavioral test. The delay
between testing and bleeding enabled hormone levels across
groups to return to baseline levels. However, since hormone
implants cause long-lasting increases in hormone levels,
manipulated hormone levels at the time of bleeding should be
similar to levels at the time of behavioral testing.

Blood samples were centrifuged within an hour of collection
and the plasma fraction was frozen at −10 °C until assayed.
Plasma samples were assayed for progesterone and testosterone
by radioimmunoassay following the methods of Moore [40].
Average testosterone and progesterone levels for the subset of
animals examined in this study are presented in Table 1.
Breeding season males normally have testosterone levels
around a mean of 40–60 ng/ml [32], though individuals with
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levels equivalent to those in this experiment are sometimes
seen. Therefore these testosterone values represent maximum
physiological levels. However, progesterone treatment resulted
in circulating progesterone levels about 100× greater than
normally found in males (unpublished data), although much
higher levels can be present in neonates [32]. Note that although
sham animals were not castrated, steroid hormone levels were
low in these animals. This may be the result of two factors. First,
this experiment was conducted near the end of the breeding
season (04 August–08 September). Second, animals brought
into the laboratory tend to have much lower testosterone levels
than free-living individuals [41].

2.5. Brain fixation and staining

Following bleeding, subjects were rapidly decapitated,
incisions were made into the skull to allow for penetration of
fixative, and the entire head was placed within 5% acrolein in
0.1 M sodium phosphate buffer for 120 min at room
temperature. The brains were then dissected out and dehydrated
via an alcohol dehydration series (15 min each at: 50%, 70%,
95%, 2×100% ethanol) followed by 1-h immersion in Hemo-
De clearing solution, and finally placement in a 60 °C oven, first
for 15 min within a 50:50 mixture of Hemo-De and paraffin,
and then 15 min within 100% paraffin. The paraffin was
allowed to cool and the paraffin blocks were trimmed. Sections
(10 μm thick) were cut on a microtome. The sections were
mounted onto gelatin-coated slides and dried on a slide-warmer.
The mounted sections were then rehydrated, Nissl-stained for
5 min using 0.5% Cresyl Violet dye, dehydrated, and cover-
slipped.
Fig. 1. The brain nuclei quantified in this study: habenula (HAB), lateral septum (LS
hypothalamic nucleus (VMH), and dorsolateral subdivision of ventromedial hypotha
et al. [35].
2.6. Image analyses

We captured digital brain images using a camera (Panasonic
GP-US502) through a 4× objective on a light microscope
(Olympus BX40), producing an image on screen similar to a
40× (ocular×objective) magnification as seen through the
microscope. These images were imported into an image analysis
program (Image-Pro Plus, version 4.0, Media Cybernetics,
Silver Springs MD). We kept all microscope, camera, and
computer settings constant across samples. We located brain
nuclei according to neural landmarks, as no stereotaxic atlas
exists for this species. However, our brain nuclei delineations
were determined by reference to other lizard atlases [42–45].
Furthermore, our delineations agree with other published
research involving lizard brain nuclei [e.g. 46,47,48]. Consis-
tency in orientation, start and end points, and extent of nuclei
were scrupulously ensured by comparison to landmarks. We
obtained neural measurements by manually outlining Nissl-
stained regions of dense cell clustering at every 100 μm. The
image analysis program generated area measurements based on
a conversion factor for the given magnification. Brain nuclei
were measured on both hemispheres (as in [35]) and an average
of all cross-sectional areas was determined. We conducted all
measurements blind to treatment group.

2.7. Brain nuclei

We measured the average cross-sectional area of seven brain
nuclei in this study (Fig. 1). For detailed descriptions of brain
nucleus localization, see Kabelik et al. [35]. Six of these nuclei
were chosen because of their previous implication in the control
), preoptic area (POA), nucleus sphericus (NS), amygdala (AMY), ventromedial
lamic nucleus (VMHs), as traced from captured images. Modified from Kabelik
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of aggression [49–52] and/or the presence of steroid receptors
[46–48,53]. The habenula (HAB) was chosen as a control
nucleus because it is easily quantifiable and devoid of steroid
receptors. We could not obtain accurate volumetric measure-
ments of these brain nuclei because the start and end points were
often difficult to determine without a sterotaxic atlas for this
species, especially in these thin 10-um sections. Therefore, we
only measured a set number of representative sections per brain
nucleus that we were confident were part of each nucleus. We
then averaged these cross-sectional area measures to generate an
average cross-sectional area measure for each brain nucleus.

2.7.1. Habenula
The HAB was chosen as an easily quantifiable control region

devoid of steroid receptors that we assumed would not be
affected by changes in circulating steroid hormone levels. The
tree lizard HAB, as in other species, is a very distinctive, darkly
Nissl-staining region found adjacent to the third ventricle at the
dorsal end of the diencephalon. We measured this nucleus
across two brain sections.

2.7.2. Lateral septum (LS)
Because the anterior end of the LS was difficult to

consistently determine, we measured the lateral septum across
four sections, near its posterior end, ending prior to the section
on which it became longer along its medial–lateral axis than its
dorsal–ventral axis.

2.7.3. Preoptic area (POA)
We quantified the POA across three sections. At this point,

the nucleus became less spherical and the dorsal end began to
expand laterally. Although some lizard atlases treat this area as
one continuous region [44,45], our measures may have also
included small portions of both the bed nucleus of the stria
terminalis and suprachiasmatic nucleus, both of which are
continuous with the POA in this and several other reptilian
species [54]. Although these adjoining regions are small relative
to the area of the POA [42], their inclusion may add some
variation to our POA measures.

2.7.4. Nucleus sphericus (NS)
The NS is a very distinctive spherical vomeronasal nucleus

found in reptilian brains, associated with the amygdala and
thought to be equivalent to the posteromedial cortical amygdala
in mammals [55]. We quantified the NS across three sections
where it was seen as a complete oval on a brain section (prior to
its merging with the ventromedial wall of the dorsal ventricular
ridge).

2.7.5. Amygdala (AMY)
Amygdaloid nuclei cannot be consistently distinguished

from one another on Nissl-stained sections in this or related
species [44], and so the entire amygdaloid region excluding the
NS was measured as a whole and is referred to as AMY. This
region is also known as the posterior dorsal ventricular ridge
[56]. We measured the AMY across the same three brain
sections as the NS.
2.7.6. Ventromedial hypothalamic nucleus (VMH)
We measured the ventromedial hypothalamic nucleus

(VMH) across three sections where it was distinctly visible.
The anterior region of the VMH was identified as a small oval
clustering of cells on the ventral end of the diencephalon,
immediately posterior to the disappearance of the optic chiasm.
The VMH ended when the clustering of cells that defined its
borders disappeared along the edge of the third ventricle.

2.7.7. VMH dorsolateral subdivision (VMHs)
A region of the dorsolateral VMH that is particularly dense

in cells and steroid receptors [46,48,53] was also quantified
separately and termed the VMH dorsolateral subdivision. This
nucleus appears to be homologous with the lateral or
ventrolateral subdivision of the VMH in mammals and birds
[57–59], an area that shows activity during social stress [59,60].
This small nucleus was measured across a single section where
it was clearly distinguishable.

2.8. Whole brain size

To verify consistency of brain size across treatment groups,
we estimated average cross-sectional brain area by averag-
ing area measures of the entire brain section at the location of
three landmarks throughout the tree lizard forebrain: 1. the
anterior portion of the nucleus septalis impar [43], 2. the
anterior portion of the habenula, 3. the midpoint of the posterior
commisure.

2.9. Data analyses

Morph type and hormone treatment versus aggression
frequency and latency analyses were conducted by Analysis
of Variance (ANOVA), with LSMeans Student's t post hoc
analyses. Aggression frequency and latency data were log
transformed to meet assumptions of normality, although
figures display untransformed data. Morph type and hormone
treatment versus aggression intensity analyses were conducted
by ordinal logistic analysis. Brain nucleus comparisons were
conducted using Multivariate Analysis of Variance (MAN-
OVA) with hormone treatment or morph type as factors. If
Wilks' Lambda tests showed a significant multivariate effect,
individual one-way ANOVAs were performed for each
dependent variable (brain region). Post hoc analyses were
conducted with the LSMeans Student's t post hoc compar-
isons tests with αb0.05. Correlations between hormones and
brain nuclei measures, as well as between brain nuclei and
measures of aggressive behavior were conducted using
Spearman's rho, as were follow-up correlations of testoster-
one or progesterone versus aggression frequency. Animals
with ambiguous dewlap coloration were excluded from morph
comparisons, reducing the sample size of those analyses by
five. Due to tissue damage, the sample size for image analyses
of the SPH, AMY, VMH, and VMHs were reduced by one
progesterone-treated orange–blue male, and analyses of the
VMH and VMHs were reduced by one further sham-treated
orange male.



Fig. 3. Testosterone treatment increased average cross-sectional areas of the
nucleus sphericus (NS) and amygdala (AMY) within male tree lizards, relative
to late-season sham surgery males, or castrated males treated with a blank
implant or a progesterone-filled implant. HAB = habenula, LS = lateral septum,
POA = preoptic area, VMH = ventromedial hypothalamus, VMHs = dorsolateral
subdivision of the ventromedial hypothalamus. Bars represent 1 S.E. Sample
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3. Results

3.1. Hormone treatment and aggression

Although Weiss and Moore [1] demonstrated an effect of
testosterone and progesterone on aggression, and no morph
differences in behavior, we wanted to verify those results in the
subset of males examined in this study. We likewise found no
differences between morphs types in aggression frequency
(t=0.32, n=34, p=0.75), latency to display (t=1.69, n=34,
p=0.10), or intensity (χ2=0.00, n=34, p=1.00). In addition,
we found no effect of morph type on measures of average cross-
sectional brain nucleus areas (overall MANOVA: F(7,24)=
0.64, p=0.72; all one-way ANOVAs for individual brain areas:
pN0.05). We thus pooled morph type in all subsequent
analyses.
sizes per group are listed within parentheses within the legend. ⁎Denotes a
difference between groups at pb0.05 and lines over bars denote homogenous
groups. Morph types did not significantly differ in the volume of any brain
region. See text for statistics.

Fig. 2. (Top) Testosterone treatment increased the frequency of fullshow
displays by male tree lizards to male conspecifics relative to late-season sham
surgery males, or castrated males treated with a blank implant. Progesterone
treatment increased aggression frequency relative to castrated males treated with
a blank implant. (Middle) A marginal positive effect of testosterone treatment on
maximal aggression intensity was also observed. (Bottom) A non-significant
trend showing a negative effect of testosterone treatment on latency to attack
was consistent with data in Weiss and Moore [1]. Bars represent 1 S.E. Common
letters above the bars designate homogenous groups at α=0.05. See text for
statistics.
We found that testosterone treatment increased the frequency
of fullshow displays to a conspecific in relation to blank-treated or
sham males, while progesterone-treated males showed a greater
aggression frequency than blank-treated males (F(3,35)=5.49,
p=0.003, Fig. 2, top). An ordinal logistic model also showed
a marginal effect of hormone treatment on behavioral intensity
(χ2=7.51, n=39, p=0.057, Fig. 2, middle), which is in line
with the data in Weiss and Moore [1]. An analysis of latency
to display was non-significant due to high variance (F(3,35)=
2.17, p=0.11, Fig. 2, bottom, figure depicts untransformed
data), though the trend was also consistent with Weiss and
Moore [1].

3.2. Hormone treatment and brain morphometrics

As expected, there were no differences among treatment
groups in snout-vent length (F(3,35)=0.01, p=1.0), body mass
(F(3,35)=0.12, p=0.95), or our average cross-sectional brain
area (F(3,35)=2.617, p=0.067). Because average cross-sec-
tional brain area was near significance, we also conducted
analyses with this as a covariate and obtained similar results.

We detected a significant overall effect of hormone treatment
on brain nucleus sizes (F(21,78)=2.16, p=0.008; Fig. 3). One-
way ANOVAs showed that this relationship was significant for
the NS (F(3,34)=2.97, p=0.046) and AMY (F(3,34)=3.43,
p=0.028), but not any other brain nuclei (pN0.05 for all).
Post hoc analyses revealed that the NS and AMY are larger in
testosterone-treated animals than in any other group.

Because hormone levels differed substantially between
treatment groups, we also examined within-treatment correla-
tions between hormones and brain nucleus measures (Fig. 4).

We only examined sham or hormone-manipulated groups of
animals with non-minimal levels of testosterone (sham and
testosterone treatment) or progesterone (sham and progesterone
treatment). We found that testosterone level was significantly
correlated with the sizes of both the NS (rs=0.56, n=19,



Fig. 4. Scatterplots of Spearman's correlations between testosterone or progesterone level and brain nucleus sizes in sham surgery and hormone-treated male tree
lizards. Testosterone level was found to correlate with the average cross-sectional area of both the NS (top left) and AMY(bottom left). Contrarily, progesterone level
was not related to the size of either the NS (top right) or AMY (bottom right).

Fig. 5. Scatterplots of Spearman's correlations between (top) testosterone or
(bottom) progesterone level and frequency of fullshow displays.
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p=0.012) and AMY (rs=0.62, n=19, p=0.005). Sample sizes
within individual treatment groups are small, but Pearson's
correlations trends are similar to the combined data, with only
testosterone treatment by AMY size being significant (NS:
sham, r=0.42, n=12, p=0.17; testosterone, r=0.56, n=7,
p=0.19; AMY: sham, r=0.40, n=12, p=0.20; testosterone,
r=0.77, n=7, p=0.044). Progesterone level was not related to
either the size of the NS (rs=0.17, n=23, p=0.44) or AMY
(rs=−0.018, n=23, p=0.94), and within-group analyses were
all non-significant (pN0.05 for all). Within the sham treatment
group, some animals likely experienced seasonal declines in
hormone levels more recently than others, thus creating the
observed variation in brain measurements.

For comparison purposes, we also conducted similar
analyses between hormone level and aggression frequency
(Fig. 5). Testosterone level was correlated with aggression
frequency (rs =0.54, n=19, p=0.016), and progesterone
exhibited a marginally-significant trend in the same direction
(rs=0.39, n=24, p=0.059). However, as in the hormone to
brain comparisons, no within-group analyses were significant
(pN0.05 for all).

3.3. Brain nuclei and aggression

For these analyses, we again only examined groups of
animals with non-minimal levels of testosterone (sham and
testosterone treatment). We found no significant correlations
between either AMY or NS size and the number of bites at an
intruder, the number of fullshow displays to an intruder, or the



Table 2
Spearman's correlations of nucleus sphericus or amygdala size in male tree
lizards with frequency of bites, frequency of fullshows, or latency to display
(either within sham and testosterone (T) treatment groups, or across all males
regardless of treatment group)

Nucleus sphericus Amygdala

Sham and T
(n=19)

All males
(n=38)

Sham and T
(n=19)

All males
(n=38)

rs p rs p rs p rs p

# bites 0.31 0.19 0.25 0.13 0.25 0.30 0.23 0.16
# fullshows 0.30 0.21 0.24 0.15 0.32 0.18 0.26 0.11
Latency −0.27 0.27 −0.13 0.42 −0.30 0.20 −0.12 0.49
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latency to performing the first aggressive display (Table 2).
Weiss and Moore [1] had found all three of these behaviors to be
altered by testosterone treatment. To confirm this lack of a
correlation between brain nuclei and behavior, we repeated the
correlations, this time using animals across all treatment groups.
Even though testosterone treatment increased both aggression
and the size of brain nuclei, when examining animals across all
treatment groups, we found no individual-level correlations
between neuroanatomy and behavior (Table 2).

4. Discussion

This study demonstrated a positive relationship between the
steroid hormone testosterone and the sizes of limbic brain
nuclei, specifically the AMY and NS. Although both testoster-
one and progesterone have previously been shown to increase
aggression in male tree lizards [1,35], this study demonstrates
that only testosterone treatment and not progesterone treatment
concurrently alters the size of limbic brain nuclei. This finding
suggests that progesterone alters aggression independently of
morphological size changes of the examined limbic brain
nuclei. Although we found a positive effect of testosterone
treatment on AMYand NS size, as well as on aggression levels,
the size of these brain regions were not directly correlated with
measures of aggressive behavior to a conspecific. This finding,
taken together with other published literature demonstrating
dissociations between limbic nucleus structure and function,
suggests that the effects of testosterone on aggression also need
not involve the large-scale changes in neural structure observed
in the limbic system following increases in testosterone level.

4.1. Hormones and brain nuclei

Reptiles, with limbic regions comprising a larger portion of
their brains than those ofmammals and birds, present the prospect
of a simplified neural circuit regulating aggression, while still
sharing many neural characteristics with other vertebrates. In the
present study, subjects treated with testosterone for four weeks
had larger AMY and NS sizes than did blank, sham, or
progesterone-treated individuals. These results support a role
for testosterone in effecting changes in neuroanatomy [7,11,24].
The precise changes underlying these gross morphological
changes (e.g., larger soma sizes, more extensive dendritic con-
nectivity, a greater number of cells) are not clear and require
further investigation, but our results suggest the AMYand NS as
targets of such further research.

As in most other vertebrate species, the tree lizard limbic
system possesses numerous steroid receptors, including andro-
gen and estrogen receptors in the diencephalon and amygdala
region of the telencephalon, and progesterone receptors within
the diencephalon (unpublished results). These findings are
corroborated by other researchers who have demonstrated the
presence of androgen and estrogen receptors within the reptilian
limbic system [46,48,53,61], as well as presence of the enzyme
aromatase [62] in these regions.

Because of the presence of both androgen and estrogen
receptors within tree lizard limbic systems, it is possible that
testosterone's effects on the AMY and NS can be via either
androgenic or estrogenic pathways. Conversely, the lack of
progesterone receptors in these nuclei [53] is consistent with our
failure to detect an effect of this hormone on the size of the
AMY and NS.

In our parallel field study [35], we found changes in the size
of the POA, both with season and with male reproductive state
(reflective of long-term steroid hormone levels), suggesting an
effect of testosterone on this region. In the current study, we
only observed a non-significant trend, with testosterone-treated
animals seeming to possess a slightly larger POA than animals
in the other treatment groups. It is possible that low power in the
current study prevented us from detecting a difference in this
brain nucleus. Unlike the AMY and NS, the POA in reptiles
contains not only androgen and estrogen, but also progesterone
receptors [unpublished research; 48,53]. Despite this fact, no
effect of progesterone on POA size was observed, further
suggesting that progesterone does not alter brain nucleus sizes
as testosterone does.

The seasonal changes in AMY, NS, and POA volumes
observed by Kabelik et al. [35] were however only partly
explained by male reproductive state, suggesting the additional
involvement of seasonally varying factors other than steroid
levels. Females in that study also exhibited seasonal variation in
brain nuclei volumes, though these were completely indepen-
dent of steroid hormone levels. Other studies have also
demonstrated partial to complete independence of neural
plasticity and circulating testosterone levels [24,29,63,64].
Therefore, firm conclusions regarding the involvement of
steroid hormones in seasonal neural variation are sometimes
difficult to draw. The present study demonstrates that
testosterone treatment indeed causes increases of male limbic
brain nuclei and therefore suggests that this hormone plays at
least a partial role in regulating seasonal neural plasticity.

4.2. Aggression

Testosterone, and to a lesser degree progesterone, were both
found to increase the expression of aggressive behavior in the
study by Weiss and Moore [1]. We examined brains from a
portion of these animals for the current study, and the behavioral
data for these individuals are displayed in Fig. 2. Although the
sample sizes in this study are smaller than inWeiss andMoore [1],
the behavioral trend of this subgroup are the same, with



499D. Kabelik et al. / Physiology & Behavior 93 (2008) 492–501
testosterone and progesterone treatment both inducing significant
increases in aggressive display to a conspecific, though treatment
with testosterone showed more robust effects. It is also important
to point out that whereas the testosterone treatment resulted in
high but physiological circulating levels of this hormone,
progesterone treatment resulted in supraphysiological hormone
levels. Therefore, it is unclear whether the effects of progesterone
on aggression were via traditional progesterone pathways, or by
interacting with other signaling systems.

AMYand NS size differed among hormone treatment groups
similarly to how aggression differed among these groups. Both
aggression scores and brain nucleus sizes were greatest in the
testosterone treatment group and least in the blank-implant
group, seemingly supporting the hypothesis that increases in the
size of steroid sensitive limbic brain nuclei underlie increases in
aggression. However, these could also be coincidental changes,
both driven by hormone level but independent of one another.
Therefore, to examine the relationship between brain nucleus
sizes and aggression in more detail, we calculated correlations
between these variables (Table 2). None of these analyses
detected a direct relationship between structure size and
behavior on an individual level, even when examining animals
across all treatment groups. Such an analysis should be biased
toward finding a correlation since low-testosterone animals
have both lower aggression and smaller AMYand NS sizes than
high-testosterone animals. However, the brain nucleus sizes
also seemed affected by other unknown factors and thus no clear
correlations between structure size and function was present.

We also conducted similar analyses in a parallel field study
[35]. Whereas in the present study we used a neutral arena
paradigm to maximize aggression, the field study employed a
resident–intruder paradigm. However, as in this study, no
correlations were detected between brain nucleus sizes and levels
of aggressive behavior. Together, these results suggest that the
effects of testosterone on brain nuclei are at least somewhat
independent of testosterone's affects on aggressive behavior. It is
still possible that some changes in neural morphology are
necessary to achieve a change in aggression level, but these
changes may be of a much more limited magnitude than those
examined in these studies.

In order to allow hormone levels to return to baseline,
animals in the present study were not sacrificed until a week
following behavioral trials. It is thus possible that the aggres-
sive encounter itself may have had some influence on neural
morphology, perhaps even synergistically with the increased
hormone levels. However, because we found no direct corre-
lations between behavior and brain morphology, it seems that
any neural changes resulted primarily from changes in testos-
terone level. It is also possible that other factors induced
changes in neural structure during the week between behavioral
testing and tissue harvesting. However, we obtained parallel
results from our seasonal field study [35], during which animals
were bled and sacrificed immediately following a 3-min
behavioral trial. We did not find any associations between
brain nucleus sizes and behavior in that study either, suggesting
that the delay between behavioral and neural sampling was not
the reason for the lack of associations.
Similar dissociations between testosterone's effects on brain
morphology and on reproductive behavior were also observed
in whiptail lizards [23] and anoles [65]. On the other hand,
correlations between brain nucleus volumes and behavior are
often present in the songbird literature [24], though dissocia-
tions between song and song nucleus volumes have also been
detected [28]. Correlations between limbic brain nuclei and
reproductive behaviors have also been observed in rodents
[25,26] and birds [10,27]. Why structure–function relationships
between brain nucleus sizes and reproductive/aggressive
behaviors are observed under some but not other conditions is
unclear and requires further investigation.

The regulation of aggression by testosterone is complex and
within a species, regulation in one season may differ from
regulation in another season [66]. Regulation may also be species
specific and depend upon other hormone-related factors such as
the presence or absence of parental care. Although previous
research involving tree lizards had suggested that testosterone
must simply be present in sufficient concentration to surpass an
activational threshold for the full expression of aggressive
behaviors [67], aggression in this species may be even more
directly tied to immediate testosterone levels. In our field study
[35], we found that immediate measures of testosterone level
following a three-minute field behavioral encounter were more
closely related to aggressive display than long-term seasonal
differences in aggression. This suggests that very rapid changes in
neurochemistry may be involved in testosterone's regulation of
aggression, and such changes in neurochemistry must also be
considered in addition to any changes in neural structure.

4.3. Male morphs

In previous studies, male tree lizard morphs differed in
aggression level [32]. However, under the environmental
conditions of recent experiments, no such differences have
been observed [1,35], suggesting that differences between the
morphs may be more facultative than previously believed.
Likewise, we observed no neural differences between morphs in
this study, or in our recent field study [35]. Morphs do not differ
in adult hormone level and their behaviors seem to be organized
during development [32]. Hence, it is unclear whether the lack
of an observed morph difference in behavior, especially in our
sham surgery group, was due to late-season gonadal recrudes-
cence and laboratory housing, thus leading to lower than normal
testosterone levels in both morphs, or a natural change in this
population minimizing behavioral and potentially also neural
differences between morphs [1].

4.4. Conclusion

Past studies in various species have demonstrated that steroid
hormone levels alter both neural morphology and aggressive
behavior. A field study that we conducted in tree lizards showed
seasonal plasticity in limbic brain nucleus volumes, but did not
provide conclusive evidence for the involvement of steroid
hormones in this process. The current study demonstrated that
testosterone, but not progesterone, can alter the size of the AMY
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and NS. Therefore, testosterone level is also likely one of the
factors involved in mediating seasonal volumetric plasticity in
the brains of male tree lizards. We also conducted correlations
between AMYand NS size and levels of displayed aggression to
a conspecific. Even though testosterone-treated animals had the
largest AMY and NS sizes, and also the greatest aggression
levels, we were unable to detect individual correlations between
these variables. These results confirmed those of our field study
and suggest that testosterone has at least partly independent
effects on brain nucleus morphology and aggressive behavior,
though it alters these variables simultaneously.
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