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ARTICLE INFO ABSTRACT

Keywords: Animals have evolved flexible strategies that allow them to evaluate and respond to their social environment by
Anolis integrating the salience of external stimuli with internal physiological cues into adaptive behavioral responses. A
Lizard highly conserved social decision-making network (SDMN), consisting of interconnected social behavior and
Courtship mesolimbic reward networks, has been proposed to underlie such adaptive behaviors across all vertebrates,
egsg;f;zliin although our understanding of this system in reptiles is very limited. Here we measure neural activation across
Vasopressin the SDMN and associated regions in the male brown anole (Anolis sagrei), within both reproductive and agonistic
Mesotocin contexts, by quantifying the expression density of the immediate early gene product Fos. We then relate this
Oxytocin neural activity measure to social context, behavioral expression, and activation (as measured by colocalization
Catecholamines with Fos) of different phenotypes of ‘source’ node neurons that produce neurotransmitters and neuropeptides
Serotonin known to modulate SDMN ‘target’ node activity. Our results demonstrate that measures of neural activation

across the SDMN network are generally independent of specific behavioral output, although Fos induction in a
few select nodes of the social behavior network component of the SDMN does vary with social environment and
behavioral output. Under control conditions, the mesolimbic reward nodes of the SDMN actually correlate little
with the social behavior nodes, but the interconnectivity of these SDMN components increases dramatically
within a reproductive context. When relating behavioral output to specific source node activation profiles, we
found that catecholaminergic activation is associated with the frequency and intensity of reproductive behavior
output, as well as with aggression intensity. Finally, in terms of the effects of source node activation on SDMN
activity, we found that Ile®-oxytocin (mesotocin) populations correlate positively, while Ile>-vasopressin (va-
sotocin), catecholamine, and serotonin populations correlate negatively with SDMN activity. Taken together, our
findings present evidence for a highly dynamic SDMN in reptiles that is responsive to salient cues in a social
context-dependent manner.

1. Introduction

All animals encounter challenges (e.g., territorial intrusions; com-
petition for mates) as well as opportunities (e.g., finding a mate; as-
cending to social dominance) throughout their lives. Their behavioral
decisions in these situations fundamentally affect their chances of sur-
vival and reproduction (O'Connell and Hofmann, 2011a; Rittschof and
Robinson, 2016). O'Connell and Hofmann (2011b) proposed that a re-
latively conserved social decision-making network (SDMN; see Table 1
for list of abbreviations), consisting of overlapping social behavior and

mesolimbic reward system neural networks, underlies these decision-
making processes, allowing vertebrates to evaluate the salience and
valence of stimuli in relation to their life history. Changes in neural
activity at nodes within this network are associated with corresponding
changes in behavioral expression. This nodal activity is modulated by a
number of signaling molecules (e.g., nonapeptides, catecholamines,
indolamines, steroid hormones) that have been shown to regulate social
behaviors on an individual basis, and differently within different social
contexts (Crews, 2003; Goodson, 2005; Goodson and Kabelik, 2009;
Newman, 1999; O'Connell and Hofmann, 2012; Yang and Wilczynski,
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Table 1

List of abbreviations.

5-HT 5-hydroxytryptamine (serotonin)

Al11 midd dorsal midline A11 catecholaminergic neurons
A1l midv ventral midline A11 catecholaminergic neurons
AlCl catecholaminergic area A1/C1

LC/SC locus coeruleus/sub-coeruleus area

A8 A8 catecholaminergic area

AH anterior hypothalamus

AMYbI basolateral amygdala

AMYc cortical amygdala

AMYm medial amygdala

AOI area of interest

BNST bed nucleus of the stria terminalis

CN cochlear nucleus

DA dopamine

Epi epinephrine

flm medial longitudinal fasciculus

ir immunoreactive

LH lateral hypothalamus

LS lateral septum

NAc nucleus accumbens

NE norepinephrine

NST nucleus of the solitary tract

oT oxytocin

PAG periaqueductal (a.k.a., central) gray
PH-AH periventricular hypothalamus-anterior hypothalamus region
POA preoptic area

PVN paraventricular nucleus of the hypothalamus
RAi inferior raphe

RAic inferior raphe, caudal division

RAs superior raphe

RAsl superior raphe, lateral division

RAsm superior raphe, medial division

RSL reticular nucleus, lateral

RSM reticular nucleus, medial

SDMN social decision-making network

SN substantia nigra

SON supraoptic nucleus of the hypothalamus
TH tyrosine hydroxylase

TS torus semicircularis

VAA ventral anterior amygdala

VMH ventromedial nucleus of the hypothalamus
VMS ventromedial septum

VP vasopressin
VTA ventral tegmental area

2002). Furthermore, the functional connectivity of nodes within the
network can be influenced by social environment, at least partly via
signaling molecules — e.g., via the nonapeptide oxytocin during re-
productive opportunities (Johnson et al., 2016). However, much re-
mains unknown about how various other social environments, and
different signaling molecules originating from and targeting different
brain regions, affect neural activity across the multitude of nodes of the
SDMN. Even whether a functional SDMN is present across all vertebrate
groups has been questioned (Goodson and Kingsbury, 2013). We here
present evidence for a functional SDMN in reptiles, and examine neural
activity differences, as well as differences in functional connectivity to
and within this network, across and within Reproductive (including
courtship and intromission), Agonistic (relating to conflict), and Con-
trol (solitary, non-social) environments in the male brown anole lizard
(Anolis sagrei).

While birds and mammals are well-researched in the field of be-
havioral neuroscience, reptiles remain relatively overlooked; in fact the
study of behavioral neuroscience in reptiles also lags that of amphi-
bians, fish, and invertebrates (Kabelik and Hofmann, this issue;
Taborsky et al., 2015). This lack of research on reptiles is a significant
problem for understanding the evolution and function of the vertebrate
SDMN, given reptiles' important position in vertebrate phylogeny. Ex-
amination of lizards is important for evolutionary comparisons among
amniotic vertebrates (mammals, birds, and reptiles). Mammals evolved
from reptile-like synapsids, while all other extant amniotes evolved
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from diapsids, with lizards and other squamates constituting the ma-
jority of the Lepidosauria, a separate group from the Archelosauria
(Archosauromorpha) which comprise birds, crocodiles, and likely also
turtles (Crawford et al., 2015).

By examining a small vertebrate brain (that of the brown anole li-
zard), and implementing immunofluorescent detection of chemoarchi-
tecture and a marker of neural activity (the production of the im-
mediate early gene product Fos), we here present an analysis of neural
activity at various source signaling molecule cell clusters (‘source’
nodes), as well as at ‘target” SDMN nodes that are regulated by the
neurotransmitters and neuropeptides originating from the source
nodes.

The target nodes examined in the present study primarily include
brain nuclei that have been specified as part of the SDMN (O'Connell
and Hofmann, 2011b) (Fig. 1). The nodes include components of the
social behavior network such as the preoptic area (POA), anterior hy-
pothalamus (AH), ventromedial nucleus of the hypothalamus (VMH)
and periaqueductal gray (PAG; a.k.a., central gray), as well parts of the
mesolimbic reward system such as the nucleus accumbens (NAc), the
basolateral amygdala (AMYb], often described in reptiles as the pos-
terior dorsal ventricular ridge but a presumed homologue of the
mammalian AMYbl, (Lanuza et al., 1998; Martinez-Garcia et al.,
2002)), and the ventral tegmental area (VTA). Examined brain regions
that are part of both networks include the lateral septum (LS) and the
bed nucleus of the stria terminalis (BNST)/medial amygdala (AMYm)
continuum. Additional regions examined within this study include the
ventromedial septum (VMS), which is a distinct septal region in lizard
brains that possesses strong connectivity with the AH as well as with the
BNST and parts of the amygdala (Font et al., 1997, 1998). We also
examine the cortical amygdala (AMYc, a.k.a., ventral anterior amyg-
dala, which is thought to be homologous to the mammalian anterior
and posterolateral cortical amygdala, Martinez-Garcia et al., 2002), and
the paraventricular nucleus of the hypothalamus (PVN; implicated in
stress responsiveness, Goodson and Kabelik, 2009; Goodson and
Kingsbury, 2013). Furthermore, we examined the substantia nigra (SN)
and the location of the A8 catecholamine population, both additional
dopaminergic midbrain sites that are part of the mesolimbic reward
system along with the VTA. We also examined activity in the torus
semicircularis (TS), as it is continuous with the PAG and possesses some
behavioral functions. Although parts of the TS are at least partly
homologous to the inferior colliculus (Butler and Hodos, 2005), and
thus likely possesses some auditory function, the TS also possesses other
roles that make it important for inclusion in the SDMN. For instance,
the TS is an intermediary relay area between the LS and the PAG (Font
et al., 1998). Sex steroid hormone receptors are also present in the TS of
anoles (Morrell et al., 1979), and electrical stimulation of the TS in the
green iguana (Iguana iguana) has been shown to elicit dewlap displays
(Distel, 1978). The TS regions sampled here have also been shown to
express substance P, as does the lateral PAG of mammals (Goodson and
Kingsbury, 2013), raising the possibility that these regions are also
partly homologous.

In the present study, the signaling molecules that were visualized
directly include the lizard vasopressin (VP; Ile®-vasopressin, a.k.a. Arg®-
vasotocin) and the lizard oxytocin (OT; Iles-oxytocin, a.k.a. mesotocin).
We use the terms vasopressin and oxytocin here, rather than vasotocin
and mesotocin, according to the example of Kelly and Goodson (2014),
to denote homology with the mammalian forms of the nonapeptides
from which they vary solely by one amino acid substitution; in mam-
mals, equivalent differences do not constitute deviations from this no-
menclature (e.g., Arg®-vasopressin and Lys®-vasopressin are both re-
ferred to as vasopressin, while Leu®-oxytocin and Pro®-oxytocin are
both referred to as oxytocin) (Albers, 2015; Lee et al., 2011). We also
directly examined neurons producing the indolamine serotonin (5-hy-
droxytryptamine, 5-HT). Furthermore, we examined neurons producing
the catecholamines dopamine (DA), norepinephrine (NE), and epi-
nephrine (Epi) by means of visualizing the rate-limiting enzyme in
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Fig. 1. A map of the examined SDMN (‘target’) nodes. A series of traced images of select forebrain (A-D) and midbrain (E-H) sections from an experimental brain in
this study depicts the target regions that were sampled for Fos-ir density. Relative to the rostral-caudal position of the first opening of the third ventricle within the
preoptic area, which we use as our zero coordinate, these sections come at: A, —0.4 mm; B, +0.1 mm; C, +0.6 mm; D, +1.3mm; E, +1.8 mm; F, +2.1 mm; G,
+2.3mm; H, +2.4 mm. The areas of interest (AOIs) within which sampling occurred are: 1, NAcc; 2, POA; 3-4, LS; 4, VMS; 5, BNST; 6, BNST-AMYm transition zone;
7, AMYm; 8, AMYc; 9, AMYbI; 10, AH; 11, PVN; 12, VMH; 13, TS; 14, PAG; 15, VTA; 16, SN; 17, A8. Scale bar represents 1 mm.

catecholamine synthesis, tyrosine hydroxylase (TH). Neural activity
within these signaling molecule-producing neurons, in relation to social
behavior context and behavioral expression in brown anoles, was pre-
viously examined separately by means of immunofluorescent colocali-
zation with Fos (Hartline et al., 2017; Kabelik et al., 2013, 2014;
Kabelik and Magruder, 2014). Fos is a robust marker of neural activity,
and its upregulation is induced both by large-scale neural depolariza-
tion and by non-action potential-coupled pathways such as calcium
influx due to receptor activation (Sabatier et al., 2003). In the present
study, we examine brain sections from these same male brown anoles,
but now focus primarily on target SDMN node activation, correlations
among the nodes, and how nodal activity and coordination is influ-
enced by source node activity and social context. Specifically, we ex-
pose A. sagrei males to either a conspecific female (Reproductive op-
portunity) or a conspecific male (Agonistic challenge) and contrast
these treatments to a solitary Control context. Importantly, the Control
context still exposes focal males to a novel environment, as in the ex-
perimental conditions, but there is no social stimulus present in this
novel environment. We predicted that target node activity within the
SDMN will generally increase in social versus asocial contexts, but the
opposite was found. We also expected and did find correlated activation
of select SDMN nodes with increased social behavior expression. Fur-
thermore, we predicted increased functional connectivity (correlated
activity) among SDMN nodes in social behavior contexts relative to the
Control condition, and found this true for the Reproductive context.
Finally, we expected source node activity to correlate in both positive
and negative directions with target node activity (depending on the
specific brain nucleus and signaling molecule examined), and we did
find such results, with oxytocin connections to the SDMN showing a
positive correlation while other regulatory molecules correlated nega-
tively to general SDMN activity.

180

2. Materials and methods
2.1. Subjects and treatment groups

Fifty-seven adult male brown anoles (Anolis sagrei) served as ex-
perimental subjects and were divided into treatment groups of Control
(no conspecific present, N = 12), Reproductive opportunity (female
conspecific present, N = 22), and Agonistic challenge (male conspecific
present, N = 23). Data obtained from these same animals regarding Fos
colocalization with various signaling molecules have previously been
reported (Hartline et al., 2017; Kabelik et al., 2013, 2014; Kabelik and
Magruder, 2014). Details about housing, behavioral trials, and tissue
processing have thus also been reported previously, but we report them
briefly here. All animals were obtained from a commercial supplier,
housed in glass terraria, and maintained under long-day (14L:10D)
conditions. Each terrarium was illuminated by a 40-W full-spectrum
fluorescent light suspended 20 cm above a wire-mesh terrarium lid, and
supplemental heat was supplied by means of a 60-W incandescent white
light bulb suspended 5 cm above the lid. Subjects were confirmed to be
in a breeding state by examination of testes after euthanasia for brain
harvesting. All procedures involving live animals were conducted ac-
cording to federal regulations and approved by the Institutional Animal
Care and Use Committee at Rhodes College.

2.2. Behavioral trials

Prior to the onset of behavioral trials, the experimental subjects
were housed for at least 72h in one half of a terrarium (30.5cm
H x 26cm W x 51 cm L), divided into two equal halves (measured
along the long edge) by an opaque partition. A focal male was always
housed in one terrarium half; the other half was either empty (Control
treatment), contained a female (male-female Reproductive opportunity
group), or contained a conspecific male that was smaller by one to
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Fig. 2. Neural activity differences at several SDMN nodes across behavioral
treatments. Mean Fos-ir density at a number of SDMN nodes differs across social
interaction treatments. In pairwise comparisons, subjects in Reproductive op-
portunities possessed a lower density of Fos-ir at all depicted nodes, while
subjects in Agonistic encounters also experienced lower Fos-ir densities in the
BNST-AMYm transition zone and the AMYbl. * represents nodes with overall
treatment effects at p < 0.05; * represents p = 0.053. Different letters above
bars denote groups differing at p < 0.05 in post hoc pairwise comparisons. The
Reproductive and Agonistic group measures within the VMS were marginally
different at p = 0.051.

2mm snout-vent length (male-male Agonistic challenge group). All
animals were kept in visual isolation from others. At the time of a trial,
the opaque divider was removed and a 14-min behavioral trial was run.
Behaviors were recorded from behind a blind. Behavioral frequency
was defined as the sum of engagement behaviors during a 14-min trial,
and included head-bob and push-up displays (with and without ex-
tension of the dewlap), chases and the consummatory behaviors of ei-
ther copulation (Reproductive opportunity trials) or biting (Agonistic
challenge trials). See Kabelik et al. (2013) for an ethogram describing
the recorded behaviors. At the end of the trial, the animals were se-
parated and maintained undisturbed until they were euthanized 90-min
from the start time of the behavior trial. This time period is both op-
timal for peak Fos induction, and sufficient to allow for Fos degradation
in instances of reduced Fos induction (Herdegen and Leah, 1998;
Hoffman et al., 1993).

2.3. Tissue processing & immunohistochemistry

Brains were removed and fixed by overnight submersion in 4%
paraformaldehyde in 0.1 M phosphate buffer at 4°C, followed by
cryoprotection with 30% sucrose in 0.1 M phosphate-buffered saline
(PBS). Following freezing, the brains were sectioned into two 50-pum
series. Immunohistochemistry was conducted as described in previous
publications (Hartline et al., 2017; Kabelik et al., 2013, 2014; Kabelik
and Magruder, 2014).

Briefly, series 1 brain sections were processed with 0.1 pg/ml rabbit
anti-Fos antibody (Santa Cruz Biotechnology), 0.2 ug/ml of guinea pig
anti-vasopressin antibody (Bachem), and 0.5 pg/ml sheep anti-tyrosine
hydroxylase antibody (Novus Biologicals). The sections were subse-
quently processed with donkey anti-rabbit secondary antibody con-
jugated to Alexa Fluor 488 at 6 ng/ml and donkey-anti-sheep secondary
antibody conjugated to Alexa Fluor 680 at 16 ug/ml (both from Life
Technologies), as well as donkey-anti guinea-pig secondary antibody
conjugated to DyLight 549 at 10 pg/ml (Jackson ImmunoResearch).
The series 2 brain sections were processed separately for rostral and
caudal portions of each brain. The rostral sections were processed with
1:2000 dilution of a custom rabbit polyclonal anti-oxytocin antibody
(VA 10, generously provided by Dr. Harold Gainer, NIH, Bethesda, USA,
(Altstein et al., 1988)), 20 ug/ml of mouse monoclonal anti-Fos anti-
body (Santa Cruz Biotechnology), and 0.1 ug/ml of guinea-pig poly-
clonal anti-CRF antibody (Bachem; the CRF was part of a separate
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study). The applied secondary antibodies were a 6 ug/ml dilution of
donkey anti-rabbit secondary antibody conjugated to Alexa Fluor 488
(Life Technologies), a 10 ug/ml dilution of donkey anti-mouse sec-
ondary antibody conjugated to Alexa Fluor 555 (Life Technologies), and
a 16 pg/ml dilution of donkey anti-guinea pig Alexa Fluor 647 (Jackson
ImmunoResearch). The caudal sections were processed with the same
anti-Fos and anti-CRF antibodies as the rostral sections, but now to-
gether with a 1:2000 dilution of goat anti-serotonin polyclonal antibody
(Immunostar) as the third primary antibody. The secondary antibodies
consisted of the same anti-mouse and anti-guinea pig antibodies as the
rostral sections, but now with a 6 ug/ml dilution of donkey anti-goat
Alexa Fluor 488 antibody (Life Technologies).

2.4. Microscopy and image analyses

An LSM 700 Confocal microscope and Zen 2010 software (Carl
Zeiss), using a 20 X objective, were used to capture z-stacks of photo-
micrographs at 5 pm intervals, in a grid that was later stitched together.
A maximum intensity projection created a two-dimensional image.
Individual colors were exported as separate layers using AxioVision 4.8
(Carl Zeiss), and these were stacked as overlaid monochromatic layers
in Photoshop (Adobe Systems). Layers in the stack could thus be toggled
on and off to determine signal colocalization. Analyses were conducted
by individuals blind to treatment groups.

2.4.1. Source nodes

A number of VP-immunoreactive (-ir), OT-ir, 5-HT-ir, and TH-ir
cells were quantified. Activated neurons were assessed as those ex-
hibiting colocalization with Fos-ir nuclei. Total numbers of cells were
not analyzed here because some sections within each series were
missing due to damage, and because some nuclei were only analyzed
across a set number of sections, while others were analyzed across their
full extent. Analyses of colocalization percentages in relation to treat-
ment group and behavioral intensity and frequency have already been
reported (Hartline et al., 2017; Kabelik et al., 2013, 2014; Kabelik and
Magruder, 2014); these source node colocalization measures are only
included in this study to determine correlations with target node ac-
tivity.

2.4.2. Target nodes

The target node analysis is new to this study and so we describe it
here in detail. Fos density throughout the SDMN was assessed by
overlaying area of interest (AOI) circles over one or more portions of
that brain region (see Fig. 2). These AOIs were of either 0.2, 0.3, or
0.5 mm in diameter, depending on the size and shape of the target node
in question. AOIs that contained only a few Fos-ir nuclei on average
were counted manually. For AOIs containing many Fos-ir nuclei, a
semi-automated analysis using the FIJI program (Schindelin et al.,
2012) with a custom script was used to quantify Fos nuclei at these
target sites; we describe this process as semi-automated because the
selection threshold was set by a user blind to treatment group, while the
program then automatically separated overlapping nuclei using a wa-
tershed split and counted nuclei that were within the correct size, cir-
cularity, and threshold parameters (see Supplementary Fig. 1). This
approach was validated by comparisons of manual counting and semi-
automated counting across four different AOIs and the mean Pearson's
correlation coefficient between the manual and semi-automated ap-
proaches was r = 0.90. Prior to statistical analysis, the total number of
Fos-ir nuclei per AOI was divided by AOI area to generate a standar-
dized measure of Fos-ir density across different AOI sizes, and values
from multiple AOI measurements were averaged for each target node.
The target node quantification was conducted bilaterally in the NAcc
and AMYm across 5 sequential sections, and in the POA and VMH
across 4 sections. The BNST, a zone at the intersection of the BNST and
AMY that we labelled BNST-AMYm, the AMYc, the AMYb], the AH, and
the VTA were each quantified bilaterally across 3 sections. The PVN
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was quantified bilaterally across 2 sections, while the SN and A8 region
were each quantified bilaterally across the single section where they
were most prominent. Quantification was conducted unilaterally in the
dorsal, ventral, and caudal LS across 10 sections (averaged together into
a single LS measurement), and the VMS across 8 sections. Four uni-
lateral AOIs per section of the TS were examined across its rostral
portion (along the length of the fourth ventricle - up to 4 sections), and
then dorsal and dorsolateral to the cerebral aqueduct (also up to 4
sections). Finally, unilateral measurements were made on up to four
sections of the PAG.

2.5. Statistical analyses

The data for this study can be found at DOI https://doi.org/10.
6084/m9.figshare.6288974. Because some variables did not meet as-
sumptions of parametric analyses, nonparametric analyses were em-
ployed throughout this study. Comparisons of treatments and beha-
vioral intensity categories were conducted using Kruskal-Wallis tests,
with Mann-Whitney U tests used for post hoc pairwise comparisons.
Spearman's rho correlations were used for comparisons of continuous
variables.

We conducted Principal Component Analyses (PCA) on all the data
combined (results not shown). The first two principal components ex-
plained only ~37% of the total variation, which indicates that at least
the linear proportion of the variation in the data is distributed across
many dimensions. The result was similar when we conducted a PCA
that only included the Fos-ir densities. As a consequence, dimension
reduction does not separate the different treatment groups into obvious
clusters, which limits the utility of PCA for the present data set. Instead,
to discover and visualize the relationships between behavioral and
physiological measures and to generate hypotheses for future study, we
created clustered correlation matrices using the R package lattice.
Physiological measures included cell counts of overall Fos induction, as
well as the fraction of TH, nonapeptide, and 5-HT neurons that express
of Fos. Behavior data included frequency, latency, and intensity of ag-
gression and courtship displays. To obtain a complete data matrix, we
imputed missing values using the mean with the R package Hmisc
(Harrell, 2018). We then used the R package pvclust to generate p-
values for each cluster using multiscale bootstrap resampling (Suzuki
and Shimodaira, 2006). Clusters for which p < 0.05 are indicated by a
black square.

3. Results
3.1. Analysis of aggression and courtship behavior within treatments

We first examined the latency, frequency, and intensity of ag-
gressive (Agonistic challenge) and courtship (Reproductive opportu-
nity) displays (Supplementary Fig. 2). Because all three behavioral
measures were strongly correlated (see Spearman correlation coeffi-
cients and p-values in Supplementary Table 1), we used behavioral
frequencies as the sole measure in analyses correlating behaviors to Fos-
ir density measurements within various brain nuclei.

3.2. Between-treatment and within-treatment analyses of SDMN activity
(Fos-ir density)

Next, we examined Fos-ir densities in SDMN nodes of male brown
anoles across treatment groups. We found that Fos-ir densities were
significantly lower in several SDMN target nodes of individuals exposed
to a social encounter (Agonistic or Reproductive) than in the Control
treatment (Fig. 2). Specifically, this was the case with the LS
(x> =7.14, df = 2, p = 0.028), VMS (x> = 8.33, df = 2, p = 0.016),
AMYb1 (x? = 8.09, df = 2, p = 0.018), and marginally also for the
BNST-AMYm (X2 = 5.86, df = 2, p = 0.053). Post hoc pairwise com-
parisons revealed that in all of these analyses, the Reproductive
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Fig. 3. Neural activity at several SDMN nodes correlates with courtship beha-
vior frequency. Correlations between courtship behavior frequency (total oc-
currences of head bob, push up, dewlap extension, dewlap extension with push
up, chase, and copulate within a 14-min behavioral encounter with a female
conspecific) and Fos-ir density per mm? were significant at the BNST, BNST-
AMYm transition zone, AMYm, and TS. See text for statistical results.
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opportunity group exhibited lower Fos-ir densities than the Control
group; in the BNST-AMYm and AMYb], the Agonistic group also showed
lower Fos-ir densities than the Control group. Importantly, Fos-ir den-
sities did not differ between Reproductive and Agonistic encounter
treatments in most of these post hoc tests, except for a marginally sig-
nificant reduction of Fos-ir density in the VMS of Reproductive op-
portunity individuals compared to Agonistic challenge individuals
(p = 0.051). No treatment effects or trends were found for the other
target nodes (p > 0.09 for all). Fos-ir densities at all SDMN nodes are
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shown in Supplementary Fig. 3.

Fos-ir density was correlated with courtship behavior in several
SDMN nodes (Fig. 3). This was true for the BNST (r; = 0.57, N = 22,
p = 0.006), BNST-AMYm (rs = 0.56, N =22, p = 0.007), AMYm
(rs = 0.57, N = 22, p = 0.006), and TS (r; = 0.47, N = 22, p = 0.028).
Trends were also present for the NAcc (rs = 0.40, N = 22, p = 0.066)
and the POA (rs = 0.39, N = 22, p = 0.071). There were no significant
correlations or trends for any other target nuclei in relation to courtship
(p > 0.09 for all). For aggression, solely one negative trend between
aggression frequency (of any intensity) and Fos-ir density was present
in the NAcc (r = —0.38, N = 22, p = 0.074, data not shown), with no
other patterns present (p > 0.11 for all). All results of the correlation
analyses are shown in Supplementary Table 1.

3.3. Co-variance in SDMN neural activity patterns across treatments

We next hypothesized that the three different experimental treat-
ments would result in distinct neural activity patterns, as determined by
covariance analysis of Fos-ir densities across SDMN nodes. When ex-
amining the functional connectivity across the entire SDMN, we found
the mean (X) correlation to be much stronger within subjects in the
Reproductive opportunity (Xr; = 0.53) than within Control treatment
subjects (Xrs = 0.40). Aggression treatment, contrastingly, caused a
slight decrease in SDMN connectivity (Xrs = 0.33) relative to the
Control treatment.

We used hierarchical clustering on the correlation matrices of Fos-ir
densities and behavioral measures, and discovered characteristic ac-
tivity patterns for Reproductive, Agonistic, and Control treatments,
with numerous clusters strongly supported by bootstrap resampling
(Fig. 4). Importantly, across treatments, a shared core network
emerged, most robustly in the Agonistic treatment, but still clearly
visible in the other treatments as well. The network was not as robust
within the Reproductive context, but it was most highly intercorrelated
within this context. While the statistical support for some of the nodes
as part of this network varied across treatment, this core network was
characterized by synergistic Fos-ir densities in several nuclei of the
amygdala-bed nucleus of the stria terminalis-lateral septum region as
well as several hypothalamic regions. Interestingly, the activity of this
network did not correlate with any behavioral measures (although se-
lect individual nodes did correlate with behavior as indicated above).
Of note, the NAc was robustly recruited into this network only in the
Agonistic context, whereas the AMYbl was no longer participating
(Fig. 4A). Conversely, the PVN was robustly recruited only in the Re-
productive context (Fig. 4B). Finally, activity of OT neurons in the SON
and PVN became integrated into this core network only under social
(Reproductive and Agonistic) conditions.

3.4. Functional connectivity of signaling molecule source node activity (Fos
colocalization) with SDMN node activity (Fos density) and social behavior

The activity of neuron populations expressing signaling molecules —
the catecholamines, nonapeptides, and 5-HT - showed remarkable
differences across treatment groups. Differences in the activation of
catecholaminergic circuits are particularly striking. For example, TH-ir
cells in the VTA, RAs, RAi, and PH-AH formed a co-activation cluster in
the Agonistic treatment only, in tight correlation with aggression in-
tensity (Fig. 4A). In contrast, the involvement of catecholaminergic
signaling appeared to be much less dependent on the raphe nuclei in the
Reproductive treatment, where activation of TH-ir neurons in areas A8,
SN, VTA, AH, and PH-AH was strongly correlated with the frequency
and intensity of courtship displays (Fig. 4B). We observed much less co-
activation of catecholamine populations in the Control treatment
(Fig. 4C).

When we examined the involvement of nonapeptide neuron popu-
lations, we observed that the activity of OT neurons in the SON and
PVN was integrated into the core network, as described above, only

183

Hormones and Behavior 106 (2018) 178-188

under social (Reproductive and Agonistic) conditions (Fig. 4). In
striking contrast, the activity of the four VP neuron populations (in the
BNST, PVN, SON, and POA) appeared to be largely uncorrelated with
the activity of the core network or other source nodes (Fig. 4). 5-HT
activity appeared to co-vary negatively with the activity of the core
network in the Agonistic condition, but did not show any such corre-
lation, nor with any behavioral measures, in the Reproductive and
Control treatment conditions (Fig. 4).

Finally, we used hierarchical clustering on the correlation matrices
that combine source node and target node activities across all treat-
ments for each signaling molecule (Fig. 5). It is clear that the VP, 5-HT,
and TH populations cluster primarily with each other and separately
from the SDMN nodes. The one strong exception to this segregation is
the inclusion of the OT populations (both PVN and SON) within the
SDMN nodes. Furthermore, the catecholamines, VP, and 5-HT popula-
tions generally correlate negatively with SDMN activity.

4. Discussion

In the present study, we examined neural activation patterns across
the SDMN and associated regions in the male brown anole, Anolis sagrei,
within both Reproductive and Agonistic contexts. We then related this
neural activity measure to the activity (as determined by colocalization
with Fos) of different ‘source’ nodes that release neurotransmitters and
neuropeptides that can modulate SDMN ‘target’ node activity. Overall,
our results show that: (1) neural activity of a core network of SDMN
nodes varies across social conditions; however, although activity at
some nodes does correlate with behavioral output, in general the SDMN
network activity seems largely unrelated to specific behavioral outputs;
(2) functional connectivity of nodes within the SDMN varies across
social contexts (the greatest mean connectivity is present during the
Reproductive context, although a more robustly (though more weakly)
connected cluster of nodes is present in the Agonistic challenge treat-
ment); (3) the frequency and intensity of courtship and the intensity of
aggressive behaviors correlate with activation of various catecholami-
nergic cell clusters in the hypothalamus, midbrain, and hindbrain; and
(4) functional connectivity of source nodes to SDMN target nodes varies
across type of signaling molecule and social condition — in general,
activation of VP, catecholamines, and 5-HT are uncorrelated or nega-
tively correlated to SDMN activity while OT activation is positively
correlated to SDMN activity.

4.1. Between-treatment and within-treatment analyses of SDMN activity

When comparing SDMN activity across treatment groups, we sur-
prisingly found that Fos-ir density is lower at several nodes following
social encounter trials than in Control group subjects. These results
were especially true for the Reproductive opportunity treatment and
the LS, VMS, BNST-AMYm, and AMYbl—although the latter two nodes
also showed significantly lower activity levels in the Agonistic group
than Control group subjects. In contrast to these between-treatment
findings of lower SDMN activity during social encounters, within-group
analyses of Reproductive opportunity subjects instead revealed positive
correlations between the number of courtship behaviors performed and
Fos-ir densities, albeit in partly different nodes than those exhibiting
between-treatment effects (BNST, BNST-AMYm, AMYm, and TS). Two
potential explanations of these contrasting results seem possible.

First, encountering a novel conspecific in the proximity of one's
territory may cause a general inhibition of SDMN activity during an
initial investigative stage in order to prevent inappropriate behavioral
output (e.g., to prevent courtship displays during an Agonistic chal-
lenge or aggressive displays during a Reproductive opportunity); the
disinhibition of SDMN nodes may then allow for behavioral expression
and thus account for the positive correlations between behavioral fre-
quencies and SDMN activity. In partial support of this notion, Kollack-
Walker and Newman (1995) found identical Fos-ir patterns in both
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Fig. 4. Hierarchically clustered covariance matrices correlating behavioral measures with Fos-ir density across the SDMN, separated by Agonistic (A), Reproductive
(B), and Control (C) treatments. Hierarchical clustering followed by permutation analysis reveals significant clusters (indicated by black boxes; p < 0.05). Forebrain
and midbrain clusters of nodes are found to be significantly related across all treatment groups, although the included nodes vary somewhat across treatments.
Importantly, the mean correlation across all SDMN nodes is greatest (Xr; = 0.53) within the Reproductive context relative to the Control treatment group

(Xrs = 0.40), and lowest in the Agonistic treatment group (Xrs; = 0.33).

dominant male hamsters that attacked conspecifics and subordinate
animals that performed defensive behaviors; the authors proposed that
the agonistic context itself activates a “hardwired” circuitry associated
with the context, and which may influence the probability of a behavior
to be exhibited, but is independent of the actual performance of that
behavior. These authors suggested that this general Fos-ir induction
may simply be related to turning-on fight-or-flight circuitry, or general
arousal. A similar general increase in Fos induction was also found in
both winning and losing zebrafish, Danio rerio, within agonistic chal-
lenges (Teles et al., 2015). In our study, it is possible that the observed
decrease in Fos-ir density at some SDMN nodes is due to a similar al-
teration to a general process, such as an initial inhibition of behavioral
circuitry during social situation assessment as described above; alter-
nately, the decrease in Fos expression observed in our study may be
simply due to a suppression of inhibitory interneurons at these nodes,
thus also leading to increased arousal or stimulation of stress circuitry.
Further characterization of the activated SDMN neurons is necessary to
distinguish among such possible explanations.

A second explanation for the contrasting directionality of results in
the between-treatment and within-treatment analyses is simply that
different nodes (other than the BNST-AMYm transition zone) were
found to be significant in the first versus the second of these analyses,
suggesting that different nodes have different types and valences of
connectivity associated with social behavior profiles. Thus, whereas
some nodes saw context-dependent decreases in Fos, others saw beha-
vior-related increases in Fos expression. This is already somewhat
predicted in models of the social behavior network whereby specific
nodes see increases in activity, while other nodes see decreases or a lack
of change in activity, within given social situations (Crews, 2003;
Goodson, 2005; Newman, 1999). Furthermore, some nodes may re-
spond in an all-or-none manner to a given social situation, while other
nodes may be more integrated with behavioral frequency or intensity
regulation, leading to further variability in functional connectivity
among regions.

4.2. Functional connectivity within the SDMN: target node Fos density
intercorrelations

Our X correlation comparison demonstrated that, globally, func-
tional connectivity within the SDMN increased during Reproductive
opportunities, relative to connectivity in Control group subjects.
Furthermore, this analysis indicated a decrease in X correlation among
SDMN nodes in Agonistic challenge subjects, relative to Control group
subjects. These results are in accordance with Johnson et al. (2016)
who found an increase in functional connectivity within a pair-bonding
network in male prairie voles (Microtus ochrogaster) following mating
relative to unmated control subjects. Our analyses similarly indicate
that Reproductive opportunities increase the functional connectivity
within social behavior regulating nodes, within an even greater array of
SDMN nodes than those investigated in the vole study. Furthermore,
our study examined subjects in an Agonistic challenge treatment, as
well as a Reproductive opportunity treatment. The inclusion of an ag-
gressive challenge treatment in our study was highly informative as it
demonstrated that the observed increase in SDMN functional con-
nectivity is specific for Reproductive opportunities and not social en-
counters of any type; in fact, our results suggest that Agonistic chal-
lenges slightly decrease connectivity of SDMN nodes, perhaps due to
the recruitment of only a subset of these nodes, whereby Reproductive
opportunities may recruit more of the network as a whole.

4.3. Functional connectivity of signaling molecule source nodes with SDMN
target nodes

Our analyses of connectivity between activity in signaling molecule-
producing neuron populations (source nodes) and activity in SDMN
(target) nodes suggests contrasting associations of the SDMN with OT
than with all other examined signaling molecules. We found that while
VP, catecholamine, and 5HT activity were generally inversely related to
SDMN activity, OT activity was positively related to network activity
and clustered significantly with SDMN nodes.

The connectivity between source and target nodes also differed
across treatment groups. OT activity clustered significantly with several
BSNT nodes in the Agonistic context, and although non-significantly,
even more strongly within the Reproduction context. In contrast,
Control context animals showed OT connectivity solely with the VTA
and PVN of the SDMN. No other source node phenotype showed strong
positive connectivity with the SDMN. Instead, in the Agonistic context,
there were strongly negative associations between catecholamines, VP,
and 5HT with the SDMN. These associations were weakly negative to
neutral within the Reproduction context, and highly variable within the
Control context. These differences in connectivity may be due to al-
terations in neural activity at either the source nodes, target nodes, or
both. The changes in target node activation are described above. The
changes in source node activity have already been described in previous
publications from our lab that examined brain tissues from these same
subjects. As a summary, we have demonstrated increased VP-Fos and
TH-Fos colocalization at a number of source nodes in the context of
Reproductive and Agonistic challenges, as well as in a correlated
manner with displayed courtship and aggressive behavior measures
(Kabelik et al., 2013, 2014). OT-Fos colocalization also correlated po-
sitively with displayed courtship but not aggressive behaviors, but no
effects of social treatment assignment were seen on OT-Fos colocali-
zation (Kabelik and Magruder, 2014). In contrast to the activity in-
creases described above, we generally observed decreased 5HT-Fos
colocalization following both Reproductive and Agonistic treatments,
relative to Control subjects, as well as negative correlations between 5-
HT-Fos colocalization and measures of behavioral frequency and in-
tensity (Hartline et al., 2017). Therefore, VP, OT, catecholamine, and
5HT release may all serve to regulate neural activity and connectivity
within the SDMN.

The regulation of SDMN nodal activity and connectivity by hor-
monal and neurochemical signaling molecules is to be expected and we
can therefore infer that at least some of the target node activity is at-
tributable to our source node activity measures, despite these being
correlational relationships (Crews, 2003; Goodson, 2005; Goodson and
Kabelik, 2009; Newman, 1999; O'Connell and Hofmann, 2012; Yang
and Wilczynski, 2002). For instance, previous research has directly
demonstrated that OT can alter functional connectivity within a pair-
bonding neural network that partly overlaps with the SDMN (Johnson
et al., 2016). Future examination of these systems through pharmaco-
logical manipulations will allow us to establish causality of the various
source node molecules on SDMN activity.

Neuropeptides such as OT and VP can have especially widespread
effects on neural networks since they are often released via dendritic,
axonal, and somatic release from large magnocellular neurons that
were once thought to solely innervate the pituitary (Morris and Pow,
1991). This may be illustrated by the clustering of OT with the SDMN in
the present study, suggesting widespread OT release and modulation of
SDMN activity. On contrast, VP shows strong negative correlations to
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Fig. 5. Hierarchically clustered covariance matrices correlating source node populations with Fos-ir density across the SDMN (all three treatment groups combined),
with data for (A) catecholamines, (B) nonapeptides, and (C) 5-HT shown separately. Hierarchical clustering followed by permutation analysis reveals significant

clusters (indicated by black boxes; p < 0.05).

the SDMN activity and may thus suggest that VP may suppress SDMN
activity. Despite great dilution due to extra-synaptic release, neuro-
peptides possess a long half-life and their receptors bind these ligands
with high affinity, thus maintaining effectiveness of such signaling
systems (Ludwig and Leng, 2006). Unlike traditional neurotransmitters
that are released at synapses, neuropeptides diffusing through the
central nervous system often act as neuromodulators that can exert
subtle effects, such as the priming of secretory vesicles at release sites
rather than their immediate release (Ludwig and Leng, 2006). Such
priming (or similar mechanisms) may further explain differences in
functional connectivity across social conditions. For instance, in some
cases, release of the same signaling molecule is elevated in different
social conditions, e.g., VP activation was increased at multiple source
nodes in these same subjects within both Reproductive and Agonistic
challenges (Kabelik et al., 2013); however, encountering an opposite-
sex versus same-sex conspecific will likely cause differential activity in
neurons that may all be similarly primed by vasopressin, thereby gen-
erating different connectivity patterns.

4.4. Connectivity of the social behavior and mesolimbic reward networks

Within our study, the majority of regions showing Fos induction
differences between social environments and across levels of behavioral
expression were nodes of the social behavior network (LS, BNST, BNST-
AMYm transition region, AMYm), and those integrated primarily with
this network due to their connections (VMS, TS). The lone exception to
this pattern was the AMYbl, a component of the mesolimbic reward
network with strong connections to the NAcc and VTA, and with known
social behavior functions in reptiles (O'Connell and Hofmann, 2011b).
Despite this relative lack of Fos induction within mesolimbic reward
nodes in association with social context and behavioral expression,
more cryptic changes within this network were detected when ex-
amining functional connectivity. The main finding in this regard is the
presence of much stronger connectivity of the entire SDMN (including
social behavior network nuclei and mesolimbic regions) during social
behavior trials than during nonsocial Control conditions. Such an in-
crease in forebrain connectivity to multiple mesolimbic regions strongly
supports the notion of a functional SDMN in brown anole lizards.

4.5. The reptilian SDMN

Goodson and Kingsbury (2013) noted that the SDMN homologies
proposed by O'Connell and Hofmann (2011b) were insufficiently sup-
ported for non-mammalian and non-avian vertebrates: “A second
challenge in the extension of the SDM[N] model to non-mammalian
taxa is that social behavior functions are unknown for the vast majority
of SDM[N] components in non-mammalian taxa.” Although some of the
homologies that we present in the introduction are indeed putative,
others are supported by many lines of functional, hodological, and
chemoarchitectural evidence. We argue that the present results, espe-
cially when combined with limbic system involvement findings docu-
mented in Kabelik et al. (2014), provide support for a similar SDMN
within reptiles as is present in other amniotes. Further evidence for an
intact SDMN within non-mammalian and non-avian vertebrates comes
from Teles et al. (2015), who demonstrate correlated immediate early
gene induction across SDMN nodes within zebrafish, and these corre-
lations were also found to vary with social context. Therefore, we argue
that a functional SDMN is present within all vertebrate groups.
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