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Abstract

Humans’ closest living relatives are bonobos (Pan paniscus) and chimpanzees (Pan troglodytes), yet these great ape species dif-
fer considerably from each other in terms of social behavior. Bonobos are more tolerant of conspecifics in competitive con-
texts and often use sexual behavior to mediate social interactions. Chimpanzees more frequently employ aggression during
conflicts and actively patrol territories between communities. Regulation of emotional responses is facilitated by the amyg-
dala, which also modulates social decision-making, memory and attention. Amygdala responsiveness is further regulated
by the neurotransmitter serotonin. We hypothesized that the amygdala of bonobos and chimpanzees would differ in its
neuroanatomical organization and serotonergic innervation. We measured volumes of regions and the length density of
serotonin transporter-containing axons in the whole amygdala and its lateral, basal, accessory basal and central nuclei.
Results showed that accessory basal nucleus volume was larger in chimpanzees than in bonobos. Of particular note, the
amygdala of bonobos had more than twice the density of serotonergic axons than chimpanzees, with the most pronounced
differences in the basal and central nuclei. These findings suggest that variation in serotonergic innervation of the amyg-
dala may contribute to mediating the remarkable differences in social behavior exhibited by bonobos and chimpanzees.
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Introduction anatomy and development (Goodall, 1986; Wrangham, 1993; de
Bonobos (Pan paniscus) and chimpanzees (Pan troglodytes) are the Waal, 1997; Priifer et al., 2012). However, bonobos and chimpan-
closest living relatives of humans, sharing over 98% DNA simi- zees are characterized by a very different constellation of social
larity with us. The bonobo and chimpanzee lineages diverged behaviors, both in the wild and captivity. Bonobos display toler-
from each other ~2 million years ago and, consequently, these ance and cooperation when interacting over limited food re-
species resemble one another in many aspects of genetics, sources (Wrangham, 1993; de Waal, 1997; Hare et al., 2007,
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Wobber et al., 2010b; Woods and Hare, 2011) and exhibit little
overt aggressive competition over mates or hostility among
neighboring communities (Wrangham, 1993). Bonobos mediate
stress through sexual interactions, which often occur face-to-
face (Wrangham, 1993; de Waal, 1997; Woods and Hare, 2011).
Chimpanzees, on the other hand, tend to display more aggres-
sive behaviors, with males in particular engaging in agonistic
encounters within and between groups (Goodall, 1986; Hare
et al,, 2007). Lethal inter-group aggression is significantly more
common among wild chimpanzees than bonobos (Wilson et al.,
2014). For example, parties comprised of mostly male chimpan-
zees have been observed to engage in patrols of the boundary of
their territories and to chase back or attack other chimpanzees
from neighboring groups (Goodall, 1986; Wrangham, 1999;
Watts et al., 2006; Wilson et al., 2014). Similar territorial patrol-
ling has not been reported in bonobos.

The amygdala is one of the principal areas of the brain that is
important in regulating social behavior through processing of
aversive emotional stimuli that elicit fear and anxiety (LeDoux,
1996). In non-human primates, amygdala lesions amplify aggres-
sive reactivity and lead to a decrease in sociality and dominance
rank position (Kling and Brothers, 1992; Fried et al., 1997; Adolphs,
1999). In humans, dysfunction of the amygdala is implicated in a
number of cognitive disorders that affect social behavior, such as
autism, schizophrenia and extreme chronic aggression (Reynolds,
1992; Adolphs, 1999; Davidson, 2000; Dalton et al., 2005; Meyer-
Lindenberg et al., 2006; Schumann and Amaral, 2006; Kennedy
and Adolphs, 2012; Markota et al., 2014). Individuals with amyg-
dala damage can recognize conditioned social signals but have
difficulty mapping stimuli to emotional categories (Adolphs, 1999;
Kennedy and Adolphs, 2012). Amygdala lesions in humans can
result in reduced sensitivity to social cues and poor reasoning
about interpersonal interactions, influencing the ability to judge
personal space violations, strangers’ approachability or trust-
worthiness and ‘theory of mind’ related to emotional state
(Adolphs et al., 1998; Stone et al., 2002, 2003; Kennedy et al., 2009).
These social impairments may reflect a more general involve-
ment of the amygdala in memory, decision-making, fear, envir-
onmental appraisal and tuning emotional responses to external
stimuli (Amaral et al., 1992; Davis, 1992; Rolls, 1992; Packard et al.,
1994; LeDoux, 1996; Adolphs, 1999).

The amygdala is comprised of several distinct nuclear or cor-
tical structures (Price et al., 1987). The lateral, basal and acces-
sory basal nuclei of the amygdala are commonly referred to as
the basolateral or deep nuclei and grouped together due to their
strong neocortical interconnectivity (Price et al., 1987). The lat-
eral nucleus is the primary recipient of sensory cortical input
(Stefanacci and Amaral, 2002; LeDoux, 2007; Freese and Amaral,
2009), while the basal nucleus is the main source of amygdalo-
fugal projections to myriad brain structures (Amaral, 2003;
Freese and Amaral, 2009). The central nucleus provides the
major output to regions of the autonomic nervous system (Price
et al,, 1987) and can modulate these targets to initiate physio-
logical responses to threatening stimuli (LeDoux, 2007; Freese
and Amaral, 2009).

The serotonergic system also plays a key role in regulating
neuronal responses to social stimuli and the amygdala contains
a high density of serotonin (5-HT) receptors (Stuart et al., 1986;
Murphy et al.,, 1998; Lesch et al., 2012; Albert et al., 2014). Data
from a variety of mammalian species demonstrate that low lev-
els of serotonin (5-HT) in the cerebral spinal fluid and various
brain regions is associated with increased aggression, anxiety,
fearfulness and depression (Hassanain et al., 2003; Cervantes
and Delville, 2007, 2009; Jacobs et al., 2007; Meyer-Lindenberg
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et al., 2006; Wang et al., 2013; Markota, 2014). Pharmacological
manipulation of serotonin signal transduction in the amygdala
of rodents and primates produces changes in conditioned fear
and stress responses, and genetically modified expression of
molecules in the serotonin pathway in animal models have an
impact on the structural development, neurochemistry and
function of the amygdala (reviewed in Asan et al., 2013).
Furthermore, differential expression of the serotonin trans-
porter (SERT) has been linked to within-species variation in sen-
sitivity to social cues, vigilance to social threats, risk avoidance,
responsiveness to changes in reward contexts and mood
(Watson et al., 2009; Vallender et al., 2009). SERT is a mono-
amine protein located within axons and pre-synaptic terminals
and serves to terminate the action of 5-HT by uptake from the
synaptic cleft for recycling (Sur et al., 1996; Murphy et al., 1998;
Zhou et al., 1998). In humans and rhesus macaque monkeys, al-
lelic variants in the SERT-linked polymorphic region (5-HTTLPR)
have been shown to regulate the expression of the SERT gene
(SLC6A4) (Lesch et al., 1997). Notably, in a functional magnetic
resonance imaging (fMRI) study of humans, Hariri et al. (2002)
showed that individuals carrying one or two copies of the short
allele of 5-HTTLPR exhibited greater amygdala activity in re-
sponse to the presentation of images of angry or fearful facial
expressions compared with individuals homozygous for the
long allele variant.

Given the importance of both the serotonergic system and
amygdala in orchestrating social behavior, this study sought
to compare bonobos and chimpanzees with respect to the vol-
ume of regions and serotonergic innervation in the whole
amygdala, as well as lateral, basal, accessory basal and central
nuclei. We used immunohistochemistry against the SERT pro-
tein to label serotonergic axons in post-mortem brains of bo-
nobos and chimpanzees. We adopted this experimental
approach because SERT is expressed at high levels in the ma-
jority of serotonergic afferents in the forebrain, including the
amygdala (Qian et al.,, 1995; Freedman and Shi, 2001; Asan
et al.,, 2013) and is more stable during the post-mortem period
than 5-HT (Verney et al., 2002). Considering the limited avail-
ability of biomaterials from these endangered species, this
strategy allowed us to investigate the anatomical distribution
of serotonergic innervation in brains that were obtained op-
portunistically at necropsy. In light of the variation in bonobo
and chimpanzee socio-affective behavior, we hypothesized
that amygdala nuclear size and serotonergic axon density
would differ between species. In particular, we predicted that
bonobos would exhibit greater serotonergic innervation of the
amygdala than chimpanzees.

Materials and methods

Sample, tissue preparation and immunohistochemistry

Brains were collected from apes following death unrelated to
this study. Chimpanzee brains (N=7) were obtained from the
Yerkes National Primate Research Center. Bonobo brains (N=7)
came from Milwaukee County Zoo (N=4), Jacksonville Zoo
(N=2) and the Ape Cognition and Conservation Initiative
(N=1). The apes were maintained in accordance with each in-
stitution’s animal care and use guidelines. Supplementary
Table S1 contains sex and age information for the sample. Left
hemispheres were used for all individuals. Within 14 h of each
subject’s death, the brain was removed and immersed in 10%
formalin. In most cases, the brain was transferred to 0.1 M phos-
phate buffered saline (PBS) with 0.1% sodium azide solution
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after 10-14 days and stored at 4°C. Temporal lobe blocks which
included the amygdala were cryoprotected by immersion in buf-
fered sucrose solutions up to 30%, embedded in TBS freezing
medium, frozen in a slurry of dry ice and isopentane and sec-
tioned at 40 um with a sliding microtome in the coronal plane,
with the exception of one chimpanzee brain that was sectioned
at 50 pm.

A one-in-ten series of free-floating sections were stained
with mouse monoclonal IgG; antibody against SERT (1: 100 000
dilution, MAB5618, EMD Millipore, Billerica, MA). Prior studies of
the neocortex in humans, chimpanzees and macaques
(Raghanti et al., 2008) have demonstrated the selectivity of this
antibody using immunohistochemistry on formalin-fixed tis-
sue. Furthermore, antibody specificity has been reported previ-
ously in Western blot studies, showing a molecular weight of
60-70 kDa (Ramsey and DeFelice, 2002; Serafeim et al., 2002).
Prior to immunostaining, sections were rinsed thoroughly in
PBS and pre-treated for antigen retrieval by incubation in 10 mM
sodium citrate buffer (pH 3.5) at 37°C in an oven for 30 min.
Sections were then rinsed and immersed in a solution of 2.5%
hydrogen peroxide in 75% methanol to eliminate endogenous
peroxidase activity. After rinsing again, sections were incubated
in solution containing PBS with 2% normal horse serum and
0.1% Triton X-100 detergent for 1h and then incubated in
primary antibody diluted in PBS for ~24h on a rotator at 4°C.
After rinsing in PBS, sections were incubated in biotinylated
anti-mouse IgG (1: 200 dilution, BA-2000, Vector Laboratories,
Burlingame, CA) and processed with the avidin-biotin-
peroxidase method using a Vectastain Elite ABC kit (pk-6100,
Vector Laboratories). Sections were rinsed again in PBS, fol-
lowed by a rinse in sodium acetate buffer. Immunoreactivity
was revealed using 3,3'-diaminobenzidine and nickel enhance-
ment according to a modification of the methods in Shu et al.
(1988) as described in Van der Gucht et al. (2001). When the pri-
mary antibody was excluded in control experiments, no immu-
nostaining was observed.

Cytoarchitecture

In each specimen, an adjacent 1: 10 series of sections through
the amygdala was Nissl-stained with 0.5% cresyl violet to reveal
cytoarchitecture. Prior to stereologic measurement of SERT-
immunoreactive (-ir) axons, Nissl-stained sections were used to
identify boundaries of four main nuclei, as described later.
Training and interrater reliability was performed between two
investigators (NB and CDS). All contours were drawn and meas-
urements were collected by CDS. As control regions, SERT-ir
axon density in three equidistantly spaced sections were also
measured within the anterior portion of the middle temporal
cortex (corresponding to Brodmann’s area 21), a region involved
in memory and auditory processing, as well as the head of the
caudate nucleus, which is associated with motor and cognitive
functions.

Our definitions of great ape amygdala cytoarchitecture have
been published in detail previously (Barger et al., 2007, 2012)
and are consistent with descriptions from humans and ma-
caque monkeys (Amaral and Bassett, 1989; Amaral et al., 1992;
Heimer et al., 1999; Barger et al., 2012) (Figure 1). Briefly, the an-
terior and posterior extents of the whole amygdala were
defined, respectively, as the first section containing the lateral
or basal nuclei and the last section containing the central nu-
cleus. The medial wall of the hemisphere forms the medial bor-
der of the amygdala throughout its anteroposterior extent.
Anteriorly, the lateral nucleus forms the lateral border of the
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amygdala, while the central nucleus or the intercalated nuclei
surrounding it form the lateral border in the most posterior sec-
tions. The lateral, basal and accessory basal nuclei are sepa-
rated from one another by two longitudinal association fiber
bundles (Price et al., 1987). Located medial to the lateral nucleus,
the basal nucleus, defined here to include the large-celled mag-
nocellular, intermediate and smaller-celled parvocellular div-
isions (Price et al., 1987), contains the largest neurons in the
amygdala and is easily distinguished. A small notch is visible at
the ventromedial boundary between the lateral and basal nu-
clei, further clarifying its location. The basal nucleus forms the
lateral border of the accessory basal nucleus, defined as includ-
ing the magnocellular, parvocellular and dense ventromedial
division (Price et al., 1987; Barger et al., 2012). It is separated
from the superficial nuclei comprising the medial surface of the
amygdala by an additional association fiber bundle. The central
nucleus is located dorsal to the accessory basal and basal nuclei
and appears more posteriorly. It is completely surrounded by
white matter and is often adjacent to the darkly staining and
dense intercalated nuclei, which help to further identify its
boundaries. It consists of two subnuclei, the lateral half being a
dense cluster of small cells and the medial half composed of
lighter-stained, less densely packed heterogeneous cells (Price
et al., 1987) (Figure 1).

Quantitative measurement of nucleus volumes and
SERT-ir axon density

Quantification of the volume of regions of interest and the
density of SERT-ir axons in the amygdala was performed using
a Zeiss Axioplan 2 photomicroscope (Zeiss, Thornwood, NY)
equipped with a Ludl XY motorized stage (Ludl Electronics,
Hawthorne, NY), Heidenhain z-axis encoder and an Optronics
MicroFire color video camera (Optronics, Golenta, CA) coupled
to a Dell PC workstation running Stereolnvestigator software
(MBF Bioscience, Williston, VT). A 1: 10 series including the en-
tire rostrocaudal extent of the amygdala was used for the ana-
lysis. In Stereolnvestigator, contours were drawn around each
of the regions in every section in which they appeared under 4x
magnification. The volume was calculated as the sum of con-
tour areas multiplied by section thickness. This volume was
then corrected for histological shrinkage in each brain by a cor-
rection factor that was determined based on the methods
described in Bauernfeind et al. (2013).

Stereologic sampling was performed to measure length
density of SERT-ir axons in the whole amygdala as well as the
four nuclei. To determine the anatomical boundaries for SERT-ir
axon measurements, first we collected photomicrographs of ad-
jacent Nissl-stained sections in each specimen under 4x
magnification (Figure 1). The micrographs were used to out-
line anatomical boundaries according to the criteria as
described earlier. The contours were then opened in the
Stereolnvestigator software as an overlay while live video of the
corresponding SERT-ir section was viewed. The anatomical
boundaries drawn from cytoarchitecture were adjusted for scal-
ing and rotated as needed to match the SERT-stained sections
using landmarks external to the amygdala (i.e. the optic tract
and hypothalamus) (Figure 2). Spaceballs analysis was per-
formed under Koehler illumination using a 63x objective lens
(Zeiss Plan-Apochromat, N.A. 1.4). The radius of the probe was
10 pm, with a 1pm guard zone at the top of the section. Virtual
isotropic hemispheres sampled the tissue in a systematic ran-
dom fashion with the grid spacing optimized according to
nucleus size. The sampling design was implemented with the
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Fig. 1. Nissl-stained section of the amygdala in a bonobo, with contours of the whole amygdala, lateral (L), basal (B), accessory basal (AB) and central (C) nuclei drawn.

Scale bar =250 um.

Basal nucleus Central nuclei

Bonobo

Chimpanzee

Fig. 2. (A) SERT immunostaining in a chimpanzee with contours of the whole amygdala, lateral (L), basal (B), accessory basal (AB) and central (C) nuclei. Scale
bar =250 pm. (B) Comparison of SERT-ir axons in the basal and central nuclei of bonobo and chimpanzee. Scale bar =25 pm.



goal of obtaining 100 sampling sites per individual per meas-
ured area - lateral and basal nuclei were sampled with a
1000 x 1000 um grid, accessory basal with a 700 x 700 um grid
and central nucleus with a 600 x 600pm grid. Measurement
within the middle temporal cortex used the same parameters
on a 600 x 600 um grid. The sampling grid used for measure-
ments in the caudate nucleus ranged between 300 x 300 pm and
600 x 600 pm, depending on size of the region. Total axon dens-
ity was calculated as the total axon length over the planimetric
reference volume as obtained from the Stereolnvestigator soft-
ware (Raghanti et al., 2008). All numerical densities of axons
derived from these counts were corrected by the number-
weighted mean section thickness as described in Sherwood
et al. (2007).

Due to the relatively small sample sizes in this study, we
employed non-parametric analyses to compare the species.
Differences in overall brain size, amygdala and its nuclei vol-
umes, and SERT-ir axon density were examined using the
Mann-Whitney U test. As there was a significant difference in
brain size between species, we assessed variation in the volume
of amygdala regions with the Quade’s rank analysis of covari-
ance using total brain mass as a covariate. For the analysis of
amygdala volumes, one bonobo had to be removed from the
sample due to an incomplete anterior amygdala in the block
that was provided by the zoo for this research project. A differ-
ent bonobo was excluded from quantification of SERT-ir axon
density due to overfixation and lack of fiber staining. The bo-
nobo sample included a 5-year-old juvenile, so data were ini-
tially analyzed both with and without this individual. Results
did not differ by excluding this individual, therefore we report
results based on the full dataset. SPSS software v. 21 (Armonk,
NY) was used for all statistical analyses.
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Results

Chimpanzees had significantly larger overall brain masses than
bonobos in our sample (Mann-Whitney U test=2.108, P=0.038)
(Figure 3). Quade’s rank analysis controlling for brain mass as a
covariate revealed a trend for whole amygdala volume to be
relatively larger in chimpanzee than bonobos (Fy,11=3.95,
P =0.072; Figure 3). Among the four amygdala nuclei, after con-
trolling for brain mass there was a significant difference be-
tween species only for the accessory basal nucleus (F;,11=8.69,
P =0.013; Figure 3). The accessory basal nucleus in chimpanzees
(volume =0.1030 =+ 0.0116 yum?) was larger than in bonobos (vol-
ume =0.0566 + 0.0076 um?; Supplementary Table S2). No sex dif-
ferences were found in either species for brain mass or the
volumes of the amygdala and its nuclei.

The density of SERT-ir axons in the amygdala of bonobos and
chimpanzees is shown in Supplementary Table S2. The whole
amygdala of bonobos contained a higher density of SERT-ir axons
(0.00521 +0.0019 um/pum® than in chimpanzees (0.00255
+0.0008 ym/pm®) (Mann-Whitney U test: Z=-2.86, P=0.004;
Figure 4). Among the four amygdala nuclei, there were significant
differences between species in the basal and central nuclei (Figure
4). The density of SERT-ir axons in the basal nucleus of bonobos
(0.00543 * 0.0013 pm/pm?) was nearly 2-fold greater than in chim-
panzees (0.00279 * 0.0003 pm/um?; Z = —3.00, P=0.003). The density
of SERT-ir section axons in the central nucleus was also signifi-
cantly greater in bonobos (0.00481 + 0.0010 um/um?) than in chim-
panzees (0.00288 =+ 0.0005 um/pm?; Z= —3.00, P = 0.003). The central
nucleus of bonobos was also the only region in which there were
any statistically significant sex differences (N=3 for each sex,
Mann-Whitney U test: Z=-1.964, P=0.05), with bonobo males
showing a higher density of SERT-ir axon fibers than bonobo
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Fig. 3. Comparison between bonobos and chimpanzees in overall brain mass (A), amygdala volume (B) and amygdala nuclei volumes (C). Asterisks indicate P < 0.05.

Error bars represent 95% confidence intervals.
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females. There were no differences in SERT-ir axon density be-
tween bonobos and chimpanzees in either the middle temporal
cortex (Mann-Whitney U-test: Z= —1.143, P=0.295) or the caudate
nucleus (Mann-Whitney U-test: Z= —0.429, P = 0.731; Figure 5).

Discussion

Given the variation in socio-affective behavior between bonobos
and chimpanzees, we tested the hypothesis that the amygdala
differs between species in its size and serotonergic innervation.
We found that there was approximately twice the density of
serotonergic axons in the bonobo amygdala compared with
chimpanzees, with the most significant differences in the cen-
tral and basal nuclei. In addition, the accessory basal nucleus
was larger in chimpanzees than in bonobos. The precise func-
tion of the accessory basal nucleus is unknown, but its
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Fig. 4. Comparison between bonobos and chimpanzees in SERT-ir axon density
in the whole amygdala (A) and amygdala nuclei (B). Asterisks indicate P < 0.05.
Error bars represent 95% confidence intervals.
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connectivity in primates appears to be widespread across mul-
tiple brain regions (Stefanacci and Amaral, 2002). Notably, dif-
ferences between bonobos and chimpanzees in serotonergic
axon density were exclusive to the amygdala, as the middle
temporal cortex and caudate nucleus did not show variation be-
tween species. Overall, these findings highlight the potential for
modifications of neuromodulatory systems within specific net-
works to serve as a substrate for evolutionary change in behav-
ior among closely related species.

Serotonergic innervation was significantly increased in the
basal and central nuclei of bonobos compared with chimpan-
zees, indicating that heightened modulation of outputs from
the amygdala may be especially relevant to the appearance of
differences in behavior between these species. The basal nu-
cleus is the largest amygdaloid nucleus in apes and it is import-
ant for integrating information, exchanging connections with
thalamic and hypothalamic nuclei and projecting to numerous
cortical territories (Ragsdale and Garybiel, 1991; Everitt and
Robbins, 1992; Phillips and LeDoux, 1992; LeDoux, 1997, 2007,
Stefanacci and Amaral, 2002; Amaral, 2003; Barger et al., 2007,
Euston et al., 2012; Cavallari et al., 2014). Functionally, the basal
nucleus has been shown to contribute to contextual aspects of
fear conditioning fundamental to environmental threat ap-
praisal (Calandreau et al., 2005). Integrated into the ‘social brain
circuit’ (Kling and Steklis, 1976; Brothers, 1990; Adolphs, 2010),
the basal nucleus shares strong reciprocal connections with the
orbitofrontal cortex, which contribute to appraisal of the emo-
tional context and significance of the environment (Barbas,
2007; Freese and Amaral, 2009). For example, disinhibition of
the basal nucleus has been shown to increase social avoidance
to a novel partner in rodents (Truitt et al., 2007). The central nu-
cleus is another major source of amygdala output. However, it
primarily modulates brain areas that are part of the sympa-
thetic autonomic nervous system, such as hypothalamic and
brainstem regions, rather than cortical territories (Freese and
Amaral, 2009). The central nucleus is involved in enacting
physiological responses to stimuli interpreted by the rest of the
amygdala through its connections with autonomic centers
(Amaral et al., 1992; Davis, 1992; Pitkdnen et al., 1997). Taken
together, these observations support a model of amygdala
function where species-specific variation in serotonergic in-
nervation may affect reactivity to the social environment
through modulation of major output nuclei that send projec-
tions to cortical and autonomic centers. Consequently, our find-
ings suggest that higher 5-HT levels in these amygdala regions
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Fig. 5. Comparisons between bonobos and chimpanzees in SERT-ir axon density in control regions, caudate nucleus (A) and middle temporal cortex (B). Error bars

represent 95% confidence intervals.
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of bonobos compared with chimpanzees lead to relatively lower
neuronal excitability in response to emotionally arousing stim-
uli and reduced activation of targets that control the sympa-
thetic nervous system (Asan et al., 2013).

Affective responses to social stimuli, which are dependent on
amygdala signaling, characterize major differences in behavior
observed between bonobos and chimpanzees (Hare et al., 2007,
Rilling et al., 2012). Bonobos tend to exhibit more cautious tem-
peraments (Herrmann et al., 2010), decreased risk preference
(Heilbronner et al.,, 2008), reduced ‘emotional reactivity’ (Hare
et al., 2007) and better performance on ‘theory of mind’ tasks that
require attention to social cues (Herrmann et al., 2010). In contrast,
chimpanzees show a greater preference for novel objects and indi-
viduals (Herrmann et al, 2011), more tolerance of risk
(Heilbronner et al., 2008) and tend to display more aggressive be-
haviors (Goodall, 1986; Hare et al., 2007). Differential serotonergic
innervation in the basal nucleus might contribute to variation in
social and environmental appraisal of threats and vigilance.
Concomitantly, the observed interspecific differences in seroto-
nergic axon density in the central nucleus may modulate emo-
tional arousal through autonomic channels. In this regard, it is
notable that the central nucleus of male bonobos contained not
only significantly more serotonergic axons than chimpanzees but
also than bonobo females, whereas no sexual dimorphism was
evident in the serotonergic innervation of the amygdala in chim-
panzees. Although these results are based on relatively small sex-
specific sample sizes, we speculate that inhibiting aggressive re-
activity may provide benefits to bonobo males in a social context
where males and females are co-dominant. This is consistent
with data demonstrating that male bonobos show a rise in cortisol
prior to food competition with a dominant individual, whereas in
the same dyadic food contests, chimpanzee males exhibit an an-
ticipatory increase in testosterone (Wobber et al., 2010a). This indi-
cates that there are physiological differences between bonobo and
chimpanzee males in their appraisal of competition, with bonobos
exhibiting a passive coping style, which is correlated with more
pronounced stress, during episodes of social uncertainty.

Bonobos are reported to engage in socio-sexual activity at a
greater rate than chimpanzees (Woods and Hare, 2011).
Together with dopamine and reproductive hormones, 5-HT
neurotransmission in the amygdala has been shown to regulate
sexual behavior (Angoa-Pérez and Kuhn, 2015). However, it is
difficult to define the precise role of serotonergic innervation in
the increased sexuality of bonobos. In human patients and ro-
dent models, treatment with selective serotonin reuptake in-
hibitors, which act by increasing synaptically available 5-HT, is
associated with male sexual dysfunction but no change in sex-
ual motivation (i.e. libido) has been demonstrated (Barrett et al.,
2006; Angoa-Pérez and Kuhn, 2015). The role of 5-HT in regulat-
ing sexual behavior in primates is known mostly from pharma-
cological manipulation of 5-HT neurotransmission, with both
facultative and inhibitory responses observed depending on the
receptor subtype that is activated (Barrett et al, 2006).
Additionally, bonobos engage in socio-sexual behavior for a var-
iety of non-reproductive purposes, such as reconciliation after
an aggressive encounter, bonding between females and reliev-
ing tension during social feeding (Woods and Hare, 2011).

Variation related to the serotonergic system has been shown
to influence the regulation of social behaviors as well as amygdala
function in other species. For example, the brains of foxes and rats
selectively bred for reduced impulsive aggression exhibited ele-
vated levels of serotonin and tryptophan hydroxylase (an enzyme
involved in serotonin synthesis) relative to unselected populations
(reviewed in Hare et al.,, 2012). Polymorphisms of the SERT gene
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5-HTTLPR are associated with anxiety, depression and aggression
in humans and macaque monkeys (Lesch et al.,, 1997; Pezawas
et al,, 2005; Wendland et al., 2005) as well as vulnerability to
neuropsychiatric disorders (Sgeby et al., 2005; Wendland et al,,
2005; Jedema et al., 2010). Individuals carrying a variant of the
polymorphism with a shorter repeat sequence have been found to
be more exploratory, but also more hesitant when making deci-
sions in reward tasks, potentially an adaptive behavioral strategy
during conditions of social and environmental unpredictability
(Lesch et al., 1996; Heils et al., 1997; Greenberg et al., 2000; Barr
et al,, 2005). Congruent with this idea, more tolerant species of ma-
caque monkeys, for which social interactions are more predict-
able, carry a single allele of 5-HTTLPR, whereas species of
macaques with a more despotic, hierarchical social structure dis-
play an additional short variant (Wendland et al., 2005). In the
brain, the short allelic variant has been linked to heightened
amygdala response to social threats such as angry faces, reduced
amygdala volume, reduced anterior cingulate cortex volume and
functional decoupling of these two structures (Hariri et al., 2002;
Pezawas et al., 2005). Although these studies suggest a link be-
tween serotonergic innervation in the amygdala and adaptive so-
cial behaviors, the neural correlates of 5-HT system gene
polymorphisms in primates remain poorly understood. Of rele-
vance to our findings, it is notable that the 5-HTTLPR gene has
been sequenced in only a very small number of bonobo and chim-
panzee individuals to date (Dobson and Brent, 2013). Current data
indicates that there are polymorphisms in the number of repeat
elements (between 18 and 20) in 5-HTTLPR sequences (Lesch et al.
1997; Inoue Murayam et al., 2000) but it is uncertain if these differ
in their frequency between bonobos and chimpanzees. Given that
our results show such striking differences in the phenotype of
serotonergic innervation in the amygdala, we predict that further
genetic analyses will reveal species-specific variability in the fre-
quencies of 5-HTTLPR alleles or in other serotonergic system
genes, such as HTR1A, HTR1B and TPH2.

Other recent studies have also identified differences be-
tween bonobos and chimpanzees in the neural systems that
regulate social and emotional processing, including variation
in the amygdala. Notably, chimpanzees were shown to have a
greater number of neurons in the central nucleus of the amyg-
dala than bonobos and also larger numbers of neurons in the
basal nucleus than predicted by allometric scaling across the
great apes (Barger et al,, 2012). Furthermore, diffusion tensor
imaging demonstrated that, in bonobos compared with chim-
panzees, the pathways connecting the amygdala with other
brain regions were expanded and voxel-based morphometry
showed relatively enlarged volume of the anterior cingulate
cortex and dorsal portions of the amygdala (Rilling et al.,
2012). Additionally, differences in the volume and asymmetry
of insular cortex and striatum have also been observed be-
tween the species (Hopkins et al.,, 2009; Bauernfeind et al,,
2013). Taken together with our results, it is evident that des-
pite the close relatedness of bonobos and chimpanzees, evolu-
tion has shaped the distinctive morphology, connectivity and
molecular biology of the brain in each lineage to construct
species-specific networks for emotional responses and social
interactions.
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