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Medicine, The MIND Institute, Sacramento, California

Abstract

Objectives: The serotonergic system is involved in the regulation of socio-emotional behavior
and heavily innervates the amygdala, a key structure of social brain circuitry. We quantified
serotonergic axon density of the four major nuclei of the amygdala in humans, and examined our
results in light of previously published data sets in chimpanzees and bonobos.

Materials and methods: Formalin-fixed postmortem tissue sections of the amygdala from six
humans were stained for serotonin transporter (SERT) utilizing immunohistochemistry. SERT-
immunoreactive (ir) axon fiber density in the lateral, basal, accessory basal, and central nuclei of
the amygdala was quantified using unbiased stereology. Nonparametric statistical analyses were
employed to examine differences in SERT-ir axon density between amygdaloid nuclei within
humans, as well as differences between humans and previously published data in chimpanzees and
bonobos.

Results: Humans displayed a unique pattern of serotonergic innervation of the amygdala, and
SERT-ir axon density was significantly greater in the central nucleus compared to the lateral
nucleus. SERT-ir axon density was significantly greater in humans compared to chimpanzees in
the basal, accessory basal, and central nuclei. SERT-ir axon density was greater in humans
compared to bonobos in the accessory basal and central nuclei.

Conclusions: The human pattern of SERT-ir axon distribution in the amygdala complements the
redistribution of neurons in the amygdala in human evolution. The present findings suggest that
differential serotonergic modulation of cognitive and autonomic pathways in the amygdala in
humans, bonobos, and chimpanzees may contribute to species-level differences in social behavior.
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INTRODUCTION

While social species are found across the animal kingdom, primates have particularly
complex social lives (Smuts, Cheney, Seyfarth, Wrangham, & Struhsaker, 1987; Strum,
2001). Such social complexity is mediated by neural substrates that simultaneously process
and evaluate external social stimuli and integrate this information with one’s own emotional
state in order to guide behavior and successfully navigate the social environment (Brothers
& Ring, 1992). The amygdala, a subcortical structure in the medial temporal lobe, has
significant bidirectional connectivity to temporal and orbitofrontal association cortices
involved in higher order cognitive processing, as well as direct projections to autonomic
centers in the brain, and is therefore well-situated to mediate the internal and external
environments (Barbas, Zikopoulos, & Timbie, 2011; Gallagher & Holland, 1994; Stefanacci
& Amaral, 2000, 2002). Functionally, the amygdala is thought to play a primary role in the
detection and categorization of emotionally salient environmental stimuli, as well as the
behavioral and physiological modulation of emotion, and is therefore considered a central
structure of social brain circuitry (Kling & Dunne, 1976).

Four distinct subdivisions of the amygdala—the lateral, basal, accessory basal, and central
nuclei—proportionally constitute the majority of the structure and can be distinguished from
each other based on cellular distribution, as well as connectivity to other brain areas, which
can be sorted into two somewhat distinct, but overlapping loops of the social brain network.
The lateral, basal, and accessory basal nuclei, collectively referred to as the “deep” or
“basolateral” nuclei, demonstrate significant bidirectional connectivity to orbitofrontal and
temporal cortical association areas, and are considered to be components of the “cognitive”
loop of the amygdala. In contrast, the central nucleus has little cortical connectivity, and
instead receives heavy projections from the basolateral nuclei and serves as the primary
output of the amygdala to regulatory regions in the brainstem and hypothalamus (Stefanacci
& Amaral, 2000, 2002), representing the autonomic/physiological loop of the amygdala.
Comparative postmortem studies in humans and nonhuman apes have demonstrated
differential changes in neuron number and volume of amygdala nuclei that suggest a
reorganization of the amygdala in humans that emphasized the cognitive loop (Barger et al.,
2012; Barger, Stefanacci, & Semendeferi, 2007), in line with predictions with the social
brain hypothesis of human brain evolution (Dunbar, 1998; Frith & Frith, 2010).

While several comparative neuroanatomical studies in primates, including humans, have
targeted cellular distribution and volume of the major amygdaloid nuclei in order to
elucidate possible relationships between evolutionarily derived changes in neural substrates
and social behavior, (Barger et al., 2007, 2012; Barton & Aggleton, 2002; Stephan & Andy,
1977) little is known about the neuromodulatory systems which regulate neuronal activity of
the amygdala within social brain circuits. The serotonergic system is involved in the
suppression of emotional arousal through neuromodulation of limbic circuits (Soubrié,
1986), and the amygdala is a major serotonergic target (Azmitia & Gannon, 1986; Freedman
& Shi, 2001; O’Rourke & Fudge, 2006). Serotonin decays rapidly after death, and is
therefore difficult to examine in formalin-fixed human and ape postmortem tissue. However,
serotonin transporter (SERT), a protein involved in serotonin reuptake, remains relatively
stable in postmortem tissue (Asan, Steinke, & Lesch, 2013; Verney, Lebrand, & Gaspar,

Am J Phys Anthropol. Author manuscript; available in PMC 2021 February 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lew et al.

2|

Page 3

2002). SERT has virtually identical labeling patterns as serotonin, and given its stability is
most commonly used to examine the chemoarchitecture and anatomy of the serotonin
system in postmortem tissue (Asan et al., 2013; Austin, Whitehead, Edgar, Janosky, &
Lewis, 2002; Azmitia & Gannon, 1986; Azmitia & Nixon, 2008; Azmitia, Singh, &
Whitaker-Azmitia, 2011; Bauman & Amaral, 2005; Raghanti et al., 2008). A comparative
histological study by Stimpson et al. (2015) utilized an anti-SERT antibody to examine
serotonergic axon density of the four major subdivisions of the amygdala in the postmortem
brains of bonobos and chimpanzees, two closely related species that display profound
differences in social behavior (de Waal, 1995; Palagi, 2006; Parish, 1996; Parish & de Waal,
2000). Specifically, chimpanzees frequently respond to conflict with aggression (Parish & de
Waal, 2000), while bonobos more often engage in prosocial strategies such as sexual
interaction and play to mediate conflict (de Waal, 1995; Palagi, 2006; Parish, 1996).
Stimpson et al. (2015) observed significantly more serotonergic axons in the amygdala in
bonobos compared to chimpanzees as well as species differences in the regional distribution
of SERT-ir axon density across the amygdala, and hypothesized that this may contribute to
differential processing of social stimuli by the amygdala and could underlie their distinct
sociobehavioral differences.

The present study is the first quantitative stereological study to examine serotonergic
innervation of the major subdivisions of the amygdala in humans. Utilizing
immunohistochemistry and stereological counting methods, we quantified the density of
SERT-immunoreactive (SERT-ir) axons in the four major subdivisions of the human
amygdala—the lateral, basal, accessory basal, and central nuclei—in order to quantify
regional distribution of serotonergic axons within the amygdala in humans. Given the
significant reorganization of the amygdala in human evolution, which includes an expansion
of the lateral nucleus and reduction of the central nucleus (Barger et al., 2007, 2012); we
predicted that relative regional differences in serotonergic axon density across the human
amygdala would be the greatest between the lateral and central nuclei. We additionally
compared our human data set with the published data sets in chimpanzees and bonobos,
which utilized the same regions of interest and the same anti-SERT antibody and
stereological software as the present study (Stimpson et al., 2015). Given that the findings of
increased serotonergic axon density in bonobos compared to chimpanzees may be
attributable to differences in social behavior between the two species, we hypothesized that
humans, as “ultra-social” primates (Tomasello, 2014), would demonstrate greater
serotonergic innervation of the amygdala compared to chimpanzees and bonobos.

MATERIALS AND METHODS

Postmortem amygdala tissue was obtained from six neurotypical adult male and female
human subjects (Table 1). The amygdala from one hemisphere per subject was examined,
and determined to be sufficient for analysis, as no asymmetry in the human amygdala has
been observed in either postmortem histological or neuroimaging studies (Barger et al.,
2007; Brierley, Shaw, & David, 2002). For three subjects (Subjects 1, 3, and 6 in Table 1),
formalin-fixed whole tissue blocks containing the rostro-caudal extent of the amygdala were
obtained through the NIH NeuroBioBank. Tissue sections for the remaining three subjects
(Subjects 2, 4, and 5 in Table 1) were obtained from the laboratory of Cynthia Schumann
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(MIND Institute, UC Davis School of Medicine) and received as a 1-in-20 series of 50 um-
thick free-floating formalin-fixed frozen tissue sections spanning the rostro-caudal extent of
the amygdala.

Tissue processing

Formalin-fixed tissue blocks were cryoprotected until saturated in a gradient of sucrose and
0.1 M phosphate buffer solutions (10, 20, 30%) in preparation for cutting. Tissue was frozen
with dry ice and cut along the coronal plane on a Leica SM sliding microtome. Tissue was
cut in either alternating 80 and 40 pum sections (Subjects 1, 3, and 6), or alternating 100 and
50 um sections (subjects 2, 4, and 5). A 1-in-10 series of either 80 or 100 um sections per
individual was immediately mounted and stained for Nissl substance, and the remaining
series were placed in cryoprotectant solution and stored in a —20° C freezer until use.

A 1-in-20 series of either 40 pm (Subjects 1, 3, and 6) or 50 um (Subjects 2, 4, and 5)
sections was selected from the frozen tissue to be stained with mouse monoclonal antibody
against SERT (MAB5618, EMD Millipore, Billerica, MA) for each subject. While serotonin
decays rapidly after death, serotonin transporter (SERT) remains relatively stable in
postmortem tissue (Verney et al., 2002). SERT removes serotonin from the synaptic cleft and
extracellular space, and is therefore responsible for the recycling of serotonin in the
presynaptic neuron, as well as the termination of serotonergic effects (Asan et al., 2013).
Although involved in re-uptake, SERT has virtually identical labeling patterns as serotonin,
and given its stability is most commonly used to examine the chemoarchitecture and
anatomy of the serotonin system in postmortem tissue (Asan et al., 2013; Austin et al., 2002;
Azmitia et al., 2011; Azmitia & Gannon, 1986; Azmitia & Nixon, 2008; Bauman & Amaral,
2005; Raghanti et al., 2008). Antibody specificity for mouse monoclonal antibody against
SERT has been demonstrated at 60-70 kDa (Ramsey & DeFelice, 2017; Serafeim et al.,
2002), and two previous studies to date (Raghanti et al., 2008; Stimpson et al., 2015) have
demonstrated the selectivity of the antibody used in this study in formalin-fixed human and
nonhuman primate neural tissue using a heat-based antigen retrieval immunohistochemical
staining protocol. An avidin-biotin peroxidase method for heavily fixed tissue (Raghanti et
al., 2008), was used, with slight modifications based on results of several pilot studies in our
laboratory. Free-floating sections were removed from cryoprotectant and rinsed in PBS, then
pretreated for antigen retrieval by incubation in a 0.05% citraconic acid solution and
submerged in a water bath set at 95°C for 1 hr. Sections were again rinsed with PBS and
incubated for 20 min in a 75% methanol, 2.5% hydrogen peroxide solution to quench
endogenous peroxidases. Sections were rinsed and incubated for 1 hr in a PBS dilution
buffer of 4% normal horse serum, 5% bovine serum albumin, and 0.6% Triton-X detergent,
rinsed again, then incubated in the primary antibody (1:10,000 dilution with PBS) for 3 days
on an orbital shaker (24 hr at room temperature, 48 hr at 4°C). After removal from primary
antibody, sections were rinsed and then incubated in biotinylated anti-mouse secondary
antibody (1:200 dilution, BA-2000, Vector Laboratories, Burlingame, CA) with 4% normal
horse serum and PBS for 1 hr. Sections were again rinsed and treated with an Avidin-Biotin
Peroxidase Complex kit (PK-4000, Vector Laboratories). A DAB Chromogen kit (SK-4100,
Vector Laboratories) was used to visualize immunoreactive SERT-positive fibers, and then
rinsed in PBS to halt the reaction. Before mounting, free-floating stained sections were
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chilled in the refrigerator for 24-48 hr to reduce the likelihood of tissue tears during
handling.

2.2 | Data collection

All data were collected by CHL after establishing intra-rater reliability by replicating
quantitative results in a single subject three times with >95% concordance. Stereologic
sampling to determine length density of SERT-immunoreactive axons was conducted using
the Space Balls probe in the Stereoinvestigator software suite (MBF BioScience, Williston,
V/T) on a Dell workstation receiving live video feed from a Lumenera color video camera
(Ottawa, Ontario) attached to an Eclipse 80i microscope equipped with a Ludl MAC5000
stage (Hawthorn, NY) and a Heiden z-axis encoder (Plymouth, MN). Serotonergic axon
density was quantified separately in the lateral, basal, accessory basal, and central nuclei,
which are distinguished from each other by their connections with other brain areas, and
have distinct boundaries that are consistently identified across individuals (Schumann &
Amaral, 2005). For each SERT-ir stained section examined, boundaries of the amygdaloid
nuclei were first traced in Stereoinvestigator at 1x magnification, utilizing an adjacent Nissl-
stained section to ensure precision of boundaries as described in Lew et al. (2018) (Figure
1a). After boundaries were identified, the Space Balls probe was employed at X100
magnification (1.4 numerical aperture, oil lens). Using systematic random sampling
determined by a predefined grid size, Space Balls employs a virtual isotropic hemisphere
(probe parameters in the current study utilized a radius of 7 and a 1 um guard zone on the
top and bottom of the section) that the investigator toggles through the section on the z-axis,
marking the hemisphere each time an axon crosses the probe’s circumference. Different grid
sizes were used for each nucleus given the difference in nucleus size (1,000 x 1000 pm?
lateral nucleus, 900 x 900 pm? basal nucleus; 600 x 600 um? accessory basal nucleus; 400 x
400 um? central nucleus) so that an average of 150 sampling sites per nucleus was achieved.
Tissue thickness was measured at every third sampling site. Coefficient of error (m = 1) for
axon length estimates were between 0.03 and 0.08 for each region of interest in each human
subject, indicating that the parameters used were sufficient for accurate stereological
estimation. Total SERT-ir axon length density (from here on referred to as SERT-ir axon
density) was calculated by dividing the total axon length by the planimetric reference
volume calculated by the Stereoinvestigator software.

2.3 | Statistical analyses

Descriptive statistics were employed to obtain the mean, SD, and coefficient of variation for
each nucleus examined, and SERT-ir axon density data was additionally run through a
Grubbs’ test (p < .05) to detect possible outliers. Due to the small number of subjects,
nonparametric statistical tests were employed for all analyses. Spearman rank order
correlation tests were used to identify any age, sex, hemisphere, or postmortem interval
(PMI) effects on SERT-ir axon density. We utilized the Friedman test with Dunn’s test for
multiple comparisons to identify possible differences between the lateral, basal, accessory
basal, and central nuclei. We additionally compared the human data with the published data
sets in seven adult chimpanzees and six adult bonobos (Stimpson et al., 2015 Table S2)
utilizing the Kruskal-Wallis test with Dunn’s test for multiple comparisons. All data analysis
were performed using Prism v.8 statistical software (GraphPad Software, La Jolla, CA).
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3| RESULTS

Mean SERT-ir axon density in humans was the highest in the central nucleus (0.00656 +
0.00309 um/pm3), followed by the accessory basal nucleus (0.00572 + 0.00270 um/um3),
then the basal nucleus (0.00458 + 0.00182 um/um3) and the lowest in the lateral nucleus
(0.00368 + 0.00101 um/um3). Significant differences in SERT-ir axon density were found
between the lateral and central nuclei only (p=.0048, Z = 3.35; Figure 2; Table 2). The
mean group pattern was present in four of the six individuals, while the remaining two
individuals demonstrated very little difference in SERT-ir axon density across the four nuclei
examined (Figure 3). The coefficient of variation for mean SERT-ir axon density was high
across all four nuclei (lateral = 27.54%; basal = 39.71%; accessory basal = 47.14%; central
= 47.16%). No correlations were found between age, sex, hemisphere, or PMI and SERT-ir
axon density, and no outliers were identified. However, the single female subject (Subject
#3) demonstrated the highest SERT-ir axon density of all subjects in all four nuclei (Figure
2).

Compared to the Stimpson et al. (2015) ape data sets, mean SERT-ir axon density in humans
was greater than chimpanzees in all four amygdala nuclei examined (Figures 4 and 5),
reaching significance in the basal (p=.0421; Z = 2.46), accessory basal (p=.0023; Z =
3.36), and central (p=.0035; Z = 3.25). Mean SERT-ir axon density in humans was greater
than bonobos in the accessory basal and central nuclei, and slightly lower in the lateral and
basal nuclei, but no significant differences were observed (Table 3; Figures 4 and 5).

4| DISCUSSION

The present study quantitatively examined SERT-ir axon density in the major subdivisions of
the human amygdala. Our major finding was the regional distribution of mean SERT-ir axon
density across the four major subdivisions of the amygdala in humans (central>accessory
basal>basal>lateral; Figure 2). In line with our first hypothesis, regional differences in the
humans were the greatest between the central and lateral nuclei, reaching statistical
significance. This pattern of serotonergic innervation appears unique to humans (Figure 5)—
in bonobos, the highest and lowest SERT-ir densities were in the basal nucleus and accessory
basal nucleus, respectively, and in chimpanzees, SERT-ir axon density was relatively
homogenous across the four nuclei (Stimpson et al., 2015). As previously discussed, human/
nonhuman ape comparative studies in the amygdala have found the basolateral and central
nuclei to be differentially affected in humans compared to nonhuman apes, with humans
displaying a significant increase in volume and the number of neurons in the lateral nucleus,
the primary site of neocortical input into the amygdala, and a significant decrease in volume
and the number of neurons in the central nucleus, the primary site of amygdala projections
to subcortical autonomic centers (Barger et al., 2007, 2012). These findings suggest an
increased emphasis in excitatory input in the cognitive loop of the amygdala and a decreased
emphasis in excitatory input in the central nucleus of the amygdala in humans. While the
effects of serotonin on neuronal activity are complex, it appears to have a primarily
inhibitory effect on projection neurons in the amygdala (Rainnie, 1999, 2003; Stutzmann &
LeDoux, 1999). The present findings of a human-specific pattern of serotonergic innervation
in the amygdala, which includes significantly greater SERT-ir axon density in the central
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nucleus compared to the lateral nucleus, may reflect a shift in inhibitory modulation that
complements the redistribution of excitatory neurons in the amygdala in human evolution.

In addition to examining relative patterns of serotonergic distribution across the human
amygdala, we used nonparametric statistical analyses to quantitatively compare our findings
in the human amygdala with previously published data sets in chimpanzees and bonobos.
Our major finding was that mean SERT-ir axon density in the basal, accessory basal, and
central nuclei was significantly greater in humans compared to chimpanzees. Of all four
amygdala subdivisions examined, the accessory basal nucleus stood out as demonstrating the
greatest difference in humans compared to the two nonhuman ape species. The accessory
basal was the only nucleus in which we found a statistically significant difference between
humans and chimpanzees, but not bonobos and chimpanzees, and although the difference
between humans and bonaobos in this nucleus was not statistically significant, mean SERT-ir
axon density was ~2x greater in humans compared to bonobos (Figures 4 and 5). The
accessory basal nucleus is a major site of integration in the amygdala between information
from external sensory stimuli (via cortical projections from the lateral nucleus) on the one
hand, and information about the internal environment (via projections from the
hypothalamus) on the other hand (Allen, Saper, Hurley, & Cechetto, 1991; Pitkanen et al.,
1995). Additionally, the accessory basal nucleus projects heavily to the central nucleus,
providing input from the basolateral division of the amygdala (primarily implicated in
amygdala-cortical connections underlying cognitive processing) to autonomic circuitry
between the central nucleus of the amygdala and brainstem (Aggleton, Burton, &
Passingham, 1980; Carmichael & Price, 1995; Leichnetz & Astruc, 1976, 1977; Leichnetz,
Povlishock, & Astruc, 1976; Stefanacci & Amaral, 2000, 2002). The present findings of
greater serotonergic innervation in the accessory basal nucleus in humans suggest that an
increased emphasis on the modulation of amygdaloid circuitry between cognitive and
autonomic pathways by the serotonergic system may be an important human-specific
specialization.

In contrast to the accessory basal nucleus, SERT-ir axon density in the lateral nucleus was
similar in all three species, and was the only subdivision examined that did not demonstrate
a significant increase in SERT-ir axon density in humans compared to the chimpanzees
(Figures 4 and 5; Table 3). These findings are intriguing, as previous comparative studies
examining volume and neuron number of the same four nuclei of the amygdala assessed
here found that the human lateral nucleus was significantly larger and contained
significantly more neurons compared to the nonhuman apes, suggesting an expansion of the
lateral nucleus in human evolution (Barger et al., 2007, 2012). The lateral nucleus projects
heavily to the accessory basal nucleus (Pitkanen et al., 1995), so it is possible that increased
serotonergic neuromodulation in the accessory basal nucleus in humans represents a
compensatory mechanism for increased excitatory input from the lateral nucleus.

It is of interest that the relative distribution of mean SERT-ir axon density across the
amygdaloid nuclei is heterogeneous in humans and bonobos, but relatively homogenous in
chimpanzees (Figures 4 and 5), and that furthermore in quantitative terms, serotonergic
innervation of the amygdala is more similar in humans and bonobos than in bonobos and
chimpanzees. These findings lead to three major questions that will be further addressed in
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the sections below: (a) How might serotonergic innervation of the amygdala contribute to
differences in social behavior in these species?; (b) what was the pattern of serotonergic
innervation of the amygdala in last common ancestor of humans, chimpanzees, and
bonobos?; and (c) what is a potential genetic mechanism for differences in serotonergic
innervation of the amygdala between species?

4.1| Specializations of the serotonergic system may underlie differences in social

behavior

Studies in captive apes have demonstrated that bonobos are more cooperative and perform
better at social cognition tasks compared to chimpanzees (Hare, Melis, Woods, Hastings, &
Wrangham, 2007; Herrmann, Hare, Call, & Tomasello, 2010; Tan, Ariely, & Hare, 2017).
Along a similar vein, a study by Hermann and colleagues (2007) found that human children
out-perform captive chimpanzees in tasks utilizing social cognition, but not physical
cognition, leading some to suggest that social cognition represents a particularly important
human adaptation (Boyd & Richerson, 2009; Tomasello, 2014). A pertinent possible
explanation of these species differences in social behavior in relation to the amygdala and
the serotonergic system is the emotional reactivity hypothesis, as proposed by Hare and
Tomasello (2005)) and Hare et al. (2007)). These authors suggest that selective evolutionary
specialization occurred in the limbic system of prosocial species, leading to greater social
tolerance that reduced the constraints of rigid responses of fear and aggression in social
interactions, enabling more cooperative interaction for successful social problem solving.
The present findings of greater SERT-ir axon density and differential patterns of serotonergic
innervation within distinct subdivisions of the amygdala in humans and bonobos as
compared to chimpanzees may support greater behavioral flexibility in response to social
stimuli in these species. Specifically within humans, two findings suggest that the
serotonergic system may be specialized for reduced emotional reactivity and greater
behavioral control, which would facilitate highly complex social interactions. First is the
relative distribution of significantly more SERT-ir axons in the central nucleus compared to
the lateral nucleus within humans, which suggests increased serotonergic neuromodulation
of projections out of the amygdala, critical to physiological mechanisms contributing to
emotion and behavioral response. Second is the increase in SERT-ir axon density in the
accessory basal nucleus in humans compared to chimpanzees and bonobos, which, as a site
of integration of information from the neocortex and regulatory centers, may imply greater
integration of cognitive and autonomic circuitry.

4.2 | Serotonergic innervation of the amygdala in the last common ancestor

Given the close phylogenetic relationship of humans, chimpanzees, and bonobos, the
comparisons of these three species alone cannot support a hypothesis about the SERT-ir
expression in the amygdala of the last common ancestor (LCA), or when changes in SERT-ir
expression occurred. Very few studies have examined the serotonergic system in the primate
brain, and no study to date has quantified SERT-ir axon density in the postmortem monkey
brain. Only two studies in the literature are of some relevance. The first study examined the
relative distribution of serotonin (5-HT) axons across the amygdaloid nuclei in three
perfused macaque brains (Bauman & Amaral, 2005). While 5-HT and SERT are different
biomarkers, studies in perfused animal brains have found both to display virtually identical
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labeling patterns (Asan et al., 2013), so these findings of relative distribution across the
amygdala may be comparable to the present study. However, Bauman and Amaral (2005)
found 5-HT axon density to be the highest in the central nucleus, intermediate in the lateral
and basal nuclei, and the lowest in the accessory basal nucleus in macaques, a distribution
pattern dissimilar to humans, chimpanzees, and bonobos. The second possibly relevant
publication is a comparative study of SERT-ir axon density in the cortex in humans,
chimpanzees, and macaques, which found that the ratio of SERT-ir axon density to neuron
density was significantly increased in the infragranular layers of the prefrontal cortex in
humans and chimpanzees compared to macaques (Raghanti et al., 2008). However, unlike
the present study, no significant differences were found between humans and chimpanzees
(Raghanti et al., 2008), suggesting that changes to the serotonergic system in the amygdala
and the prefrontal cortex may have occurred at different time points in primate evolution. A
future study, which includes a more extensive comparative examination of SERT-ir axon
density in the postmortem amygdaloid nuclei of macaques as well as other apes is needed, as
the current available evidence is insufficient to make predictions about when changes in
serotonergic innervation of the amygdala occurred in primate evolution.

Differences in SERT-ir expression may be linked to allelic variation of SERT

precursor gene

While it is unclear when changes in serotonergic innervation of the amygdala occurred, the
genetic mechanism underlying the observed species differences in serotonergic innervation
of the amygdala may be associated with species-specific differences in transcriptional
variation of the gene SLC6A4, which codes for SERT (Heils et al., 1996). A repeat-length
polymorphism in the promoter region of the SLC6A4 gives rise to either a long (5-
HTTLPR-I) or short (5-HTTLPR-s) variant of the allele that results in differential expression
and function of SERT (Heils et al., 1996). This allelic variation has been linked to individual
variation in amygdala reactivity to socially aversive stimuli in humans (Bertolino et al.,
2005; Caspi, Ahmad, Holmes, Rudolf, & Terrie, 2010; Hariri, Mattay, Tessitore, &
Kolachana, 2002; Pezawas et al., 2005), and species-specific differences have been observed
in number of repeat elements in this allele in humans and nonhuman primates (Inoue-
Murayama et al., 2000; Lesch et al., 1997). A future study examining SERT-ir axon density
as well as 5-HTTLPR genotype of each subject would offer a powerful approach for
understanding the relationship between these common polymorphisms and variability of
SERT expression, both between and within species.

Postmortem studies are limited by sample size and opportunistic sampling based on tissue
availability, as brain tissue, human and ape alike, is a scarce resource. While the mean
pattern of SERT-ir axon density was present in most individuals, individual variation in
SERT-ir axon density values in the human subjects was substantial (Figure 3), which may
have had an effect on results. The high coefficient of variation is at least partially driven by
the single female subject included in the study (Subject #3), which had the highest SERT-ir
axon density values of all subjects in all four nuclei (Figure 3). No previous studies have
examined sex differences in serotonergic innervation, so it is unclear whether the high
serotonergic density of this subject is associated with sex differences, or whether another
variable such as sepsis as a cause of death, which is associated with neuropathological
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changes including neurotransmitter imbalance (Stubbs, Yamamoto, & Menon, 2013), may
be implicated.

Small sample size and opportunistic sampling may also have had an effect on comparisons
between species. Both the human data set and the ape data sets in Stimpson et al. (2015)
were similar in size (six humans, seven chimpanzees, six bonobos), and ape and human
subjects, although all adults, were not matched for age, sex, or hemisphere, so the possible
effects of these variables on the results cannot be ruled out. Another limitation of this study,
particularly regarding the direct comparisons of SERT-ir axon density values in the humans
and apes, is the possibility of differential shrinkage of human and ape tissue during
processing and immunohistochemical staining. This variable cannot be corrected in
quantitative measures of length, including measures used to calculate SERT-ir axon density
(MBF Bioscience Stereo Investigator User Guide V9; West, 2018). Additionally, the present
human study and the Stimpson et al. (2015) study were conducted by different research
groups, so inter-rater reliability was not established between our human data set and the
published ape data sets. However, both studies utilized the same anatomical boundaries and
anti-SERT antibody, similar antigen retrieval and immunohistochemical staining methods,
and the same stereological probe (Spaceballs, MBF BioScience) to quantify serotonergic
axon density, which significantly enhances the accuracy of quantification and limits
subjective aspects of data collection (West, 2018). Furthermore, the possibility of differential
shrinkage and inter-rater differences in quantitative measures between the human and ape
data sets does not affect the differences observed in relative distribution of SERT-ir axons
within the amygdala in humans compared to the apes.

The present study is the first to quantitatively examine serotonergic innervation in the human
postmortem amygdala. We found regional differences within humans that are the greatest
between the central and lateral nuclei of the amygdala, which have undergone significant
volumetric and neuronal redistribution in human evolution, suggesting a complementary
redistribution of the serotonergic system. Additionally, differences in serotonergic axon
density in humans, chimpanzees, and bonobos may be evidence of evolutionary shifts in
serotonergic neuromodulation of cognitive and autonomic amygdala circuits that may
underlie differences in emotional reactivity, cognitive control of behavior, and social
tolerance. Future studies examining species-level differences in other neuromodulators such
as glutamate, which may interact with the serotonergic system to regulate amygdala activity
(Tran, Lasher, Young, & Keele, 2013), or the distribution of specific neuromodulatory cell
subtypes, can deepen our understanding of the ways in which the chemoarchitecture of the
amygdala may underlie variation in social responses, and additionally, the ways in which
these systems may have been altered in great ape and human evolution.
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FIGURE 1.
(a) Boundaries of the lateral (L), basal (B), accessory basal (AB) and central (C) nuclei of

the amygdala; (b) SERT-ir axons of each nucleus at x60 magnification
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FIGURE 2.
Mean SERT-ir axon density and standard deviation (error bars; um/um3) in the lateral, basal,

accessory basal, and central nuclei of the human amygdala. Asterisks indicate significant
differences between nuclei. **p < .005
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FIGURE 4.
Mean SERT-ir axon density and standard deviation (error bars; pm/um3) in humans

alongside previously published data in chimpanzees and bonobos (Stimpson et al., 2015).
Asterisks indicate significant differences between species. *p < .05; **p < .005. 2Data set
obtained from Stimpson et al., 2015
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FIGURE 5.
Pattern of mean SERT-ir axon density in micrometers (um/um3) across the four nuclei of the

amygdala in each species.
@Data set obtained from Stimpson et al., 2015
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Statistical results (p-values and Z-scores) of the Friedman test with Dunn’s test for multiple comparisons of
each nucleus compared to each nucleus in the humans

Comparison p-value Z-score
Lateral vs. basal >0.9999  1.342
Lateral vs. accessory basal 0.0834  2.460
Lateral vs. central 0.0048% 3.354
Basal vs. accessory basal >0.9999 1.118
Basal vs. central 0.2650  2.012
Accessory basal vs. central >0.9999  0.8944

a., .. .. N
Statistically significant value.
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Statistical results (p-values and Z-scores) of the Kruskal-Wallis test with Dunn’s test for multiple comparisons

between humans and bonobos and chimpanzees in each nucleus

Comparison p-value Z-score
Humans vs. chimpanzees
Lateral >0.9999 0.8670
Basal 0.0421% 2.456
Accessory basal 0002317 3.361
Central 0.0035b 3.247
Humans vs. bonobos
Lateral 0.9892  0.9747
Basal 0.9892 0.9747
Accessory basal 02434  1.744
Central >0.9999 0.4104

a., .. . N
Statistically significant value.

bp—value of less than 0.005.
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