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Abstract

Oxytocin (OT) and arginine-vasopressin (AVP) are involved in the regulation of complex social
behaviors across a wide range of taxa. Despite this, little is known about the neuroanatomy of the
OT and AVP systems in most non-human primates, and less in humans. The effects of OT and
AVP on social behavior, including aggression, mating, and parental behavior, may be mediated
primarily by the extensive connections of OT- and AVP-producing neurons located in the
hypothalamus with the basal forebrain and amygdala, as well as with the hypothalamus itself.
However, OT and AVP also influence social cognition, including effects on social recognition,
cooperation, communication, and in-group altruism, which suggests connectivity with cortical
structures. While OT and AVP V1a receptors have been demonstrated in the cortex of rodents and
primates, and intranasal administration of OT and AVP has been shown to modulate cortical
activity, there is to date little evidence that OT-and AVP-containing neurons project into the cortex.
Here, we demonstrate the existence of OT- and AVP-containing fibers in cortical regions relevant
to social cognition using immunohistochemistry in humans, chimpanzees, and rhesus macaques.
OT-immunoreactive fibers were found in the straight gyrus of the orbitofrontal cortex as well as
the anterior cingulate gyrus in human and chimpanzee brains, while no OT-immunoreactive fibers
were found in macaque cortex. AVP-immunoreactive fibers were observed in the anterior cingulate
gyrus in all species, as well as in the insular cortex in humans, and in a more restricted distribution
in chimpanzees. This is the first report of OT and AVP fibers in the cortex in human and non-
human primates. Our findings provide a potential mechanism by which OT and AVP might exert
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effects on brain regions far from their production site in the hypothalamus, as well as potential
species differences in the behavioral functions of these target regions.
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1 INTRODUCTION

Research in a wide range of taxa has revealed a significant role for the neuropeptides
oxytocin (OT) and arginine-vasopressin (AVP) in social cognition and behavior (Caldwell &
Albers, 2015; Johnson & Young, 2017). Many of these behaviors are species-specific and
reflect differences in the OT and AVP systems; the clearest example is the presence of OT
and AVP receptors in the reward system of pair-bonding vole species, and their absence in
these regions in non-pair-bonding but closely related species (Johnson & Young, 2017;
Young, Murphy Young & Hammaock, 2005). There is increasing evidence that OT and AVP
modulate social cognition and behavior in humans and non-human primates (Crockford,
Deschner, Ziegler & Wittig, 2014; Feldman, Monakhov, Freeman & Young, 2016) and that
disruptions of the OT and AVP systems in humans may be associated with disorders such as
autism, Williams syndrome, and schizophrenia (Dai et al., 2012; Guastella & Hickie, 2016;
Meyer-Lindenberg, Domes, Kirsch & Heinrichs, 2011; Zhang, Zhang, Han & Han, 2017).
However, there is limited knowledge of the neurobiology underlying the OT and AVP
systems in humans, or how these systems may vary among primates. Here, we used
immunohistochemistry to examine OT- and AVP-immunoreactive (ir) innervation of regions
of the cerebral cortex relevant to social cognition in humans, chimpanzees, and rhesus
macaques.

Intranasal administration of OT and AVP has been the primary source of information about
the effects of these peptides in humans. Although effects on behavior using this procedure
are varied and complex, several themes emerge. OT appears to facilitate social cognition and
social approach, depending on the context (Preckel, Scheele, Kendrick, Maier & Hurlemann,
2014; Scheele et al., 2012) and may play a role in social attachment (King, Walum, Inoue,
Eyrich & Young, 2016). OT also modulates amygdala reactivity to social stimuli, with
potential for anxiety reduction (Chen et al., 2016; Petrovic, Kalisch, Singer & Dolan, 2008).
The prosocial effects of OT may be context dependent and may depend on individual
characteristics as well as the group status (ingroup vs. outgroup) of an interaction partner
(De Dreu, 2012; Marsh et al., 2017). AVP effects are also context-dependent, as it can
promote pair-bonding behavior and cooperation (Brunnlieb et al., 2016; Rilling et al., 2014),
but can also increase reactivity to threat and enhance anxiety (Morales-Medina, Witchey &
Caldwell, 2016).

Several of these behavioral and cognitive traits associated with OT and AVP—bonding,
disposition toward outgroup individuals, and anxiety—show remarkable diversity among
primate species. Humans differ from chimpanzees and rhesus macaques in their tendency to
form pair-bonds. Chimpanzees and rhesus macaques live in multi-male, multi-female
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societies in which individual animals mate with multiple members of the opposite sex.
Although the human mating system is characterized by flexibility and varies across cultures,
stable mating relationships are widespread across human societies (Quinlan & Quinlan,
2008), suggesting humans possess the biological substrates to facilitate pair-bonding to a
greater degree than chimpanzees or macaques. Chimpanzees are pronounced in their
xenophobia and territoriality (Furuichi & Thompson, 2007), and they commonly engage in
lethal aggression, while human societies show high variation in rates of intergroup and lethal
aggression (Fry & Soderberg, 2013).

Despite this behavioral variation, the neurobiology of the OT and AVP systems in human
and non-human primates is not well characterized. OT and AVP are produced in the
paraventricular, supraoptic, and suprachiasmatic (AVP only) hypothalamic nuclei in all
mammalian species studied, as well as a limited number of cell groups outside the
hypothalamus, which vary according to species (Kelly & Goodson, 2014; Ragen & Bales,
2013; Sofroniew, 1980). OT- and AVP-producing cells in the hypothalamus send dense fiber
projections through the median eminence into the posterior pituitary to be released into the
bloodstream. These hypothalamic cells can also affect the brain by volume transmission, or
by sending axonal fibers to distant regions for fast, targeted release (for reviews see Albers,
2015; Johnson & Young, 2017).

There is evidence that OT and AVP affect the activity of cortical regions in humans. For
example, OT can modulate insula and inferior frontal gyrus responses to infant crying in
women (Riem et al., 2011). Both OT and AVP have also been shown to modulate insula
activation of human subjects during a dyadic social interaction task (Feng et al., 2015).
Finally, OT can attenuate the effect of aversive conditioned responses to neutral faces,
associated with activity in the anterior cingulate gyrus and right medial temporal lobe
(Petrovic et al., 2008). It is unknown whether these effects are exerted through direct
modulation of cortical regions by OT and AVP, or indirectly through potential connections
within a larger brain network (Chini, Verhage & Grinevich 2017). To resolve this, it is
important to know whether OT-and AVP-producing cell groups send fiber projections to
cortical regions and whether receptors for the peptides are found there.

A few studies have demonstrated the presence of OT and AVP V1a receptors in non-human
primate cortex. AVP V1a receptors are present in various cortical regions in rhesus
macaques (Young, Toloczko, & Insel, 1999), titi monkeys (Freeman et al., 2014), and
common marmosets (Freeman & Young, 2016; Schorscher-Petcu, Dupre, & Tribollet, 2009).
OT receptors have been found in primary visual cortex in titi monkeys (Freeman et al.,
2014). Two studies suggest that OT and AVP receptors may be present in cortical regions in
humans: Loup, Tribollet, Dubois-Dauphin and Dreifuss (1991) reported AVP V1a receptors
in entorhinal cortex, and Boccia, Petrusz, Suzuki, Marson and Pedersen (2013) reported OT
receptors in anterior cingulate gyrus. Notably, these studies were conducted using disparate
methodologies and examined very few cortical regions. The use of pharmacologically
optimized methods to demonstrate OT and AVP V1a receptors in areas of the human
brainstem (Freeman, Smith, Goodman & Bales, 2016) offers potential for the full
elucidation of these receptors in the cortex and other forebrain regions.
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The presence of OT and AVP V1a receptors in primate cortex suggests that there are fiber
projections to the cortex from peptide-containing cell bodies. There is mixed evidence for
fiber projections within the cortex across mammalian species. OT fibers have been found in
the insula of rats (Knobloch et al., 2012) and AVP in the insula of mice (Rood & De Vries,
2011). However, no OT or AVP cortical fibers were found in the tree shrew, the closest
living relative of primates (Ni et al., 2014). In non-human primates, AVP fibers have been
found in the limbic cortical regions of crab-eating macaques, specifically the primary
olfactory (piriform) and entorhinal cortex, but not in neocortex, and no OT or AVP fibers
have been reported in the other species examined, which include rhesus macaques, Japanese
macaques, marmosets, and squirrel monkeys (see Ragen & Bales, 2013 for review). Previous
reports of OT and AVP fibers in humans have focused on a limited set of subcortical limbic
(Fliers, Guldenaar, van de Wal & Swaab, 1986) and brainstem (Sofroniew, 1980) regions, so
it is unknown whether any cortical regions are innervated by OT and AVP in humans.
Moreover, no previous study has attempted to identify OT or AVP fibers in great apes. In the
present study, we address these gaps by examining the distribution of OT- and AVP-
immunoreactive fibers in select cortical (including neocortical) regions of human,
chimpanzee, and rhesus macaque cortex.

2 METHODS

2.1 Specimens

All human tissue (three males, ages 28, 31, 54 years) was sourced from the Warren Alpert
Medical School at Brown University and the Lifespan Consortium, and research with this
material is approved under FAW00001230 by Lifespan’s IRB and 836-2005 by Emory’s
IRB. Brains were collected post-mortem and fixed by immersion in 10% formalin. All
chimpanzee (one male, age 43; 2 females, ages 23, 50 years) and rhesus macaque (three
males, ages 4, 25, 25; two females, ages 4, 20 years) tissue came from animals housed at
Yerkes National Primate Research Center (YNPRC), the brains being opportunistically
collected after animals died of natural causes or after euthanasia per veterinary order. All
procedures with macaques and chimpanzees were carried out in accordance with protocols
approved by the YNPRC and the Emory University Institutional Animal Care and Use
Committee (IACUC, approval # YER-2001206). Brain tissue was rinsed with phosphate-
buffered saline. Chimpanzee brains were separated into hemispheres, with one hemisphere
stored frozen at =80 °C, while the other was fixed; only the fixed tissue, prepared by
immersion in 10% neutral-buffered formalin, was used in this study. The macaque brains
were processed whole. Tissue was perfusion or immersion fixed in 10% neutral-buffered
formalin. After fixation, the human, chimpanzee, and macaque tissue was stored in an
ethylene-glycol-based cryopreserva-tive solution at —20 °C until use. Post-mortem intervals
for macaques and chimpanzees were <3 hr, and <48 hr for humans. Previous studies using
similarly prepared tissue have shown binding specificity using antibodies for
nonphosphorylated neurofilament protein (SMI-32), calbindin, and VGLUT2 (Bryant et al.,
2012; Preuss & Coleman, 2002).
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2.2 Regions investigated

Figure 1 depicts a lateral view of the regions sampled in each species. In every macaque,
both hemispheres were examined from the most rostral part of the striatum through the
posterior hippocampus, corresponding to Paxinos, Huang, and Toga (2000) atlas levels 24
through 96. Due to the much larger size of chimpanzee and, especially, human brains, select
cortical regions were examined in tissue blocks of one hemisphere spanning the most rostral
part of the striatum through the anterior hippocampus. These blocks included posterior
orbital, cingulate, and insular cortex, as well as portions of fronto-parietal and anterior
temporal cortex, and correspond to level 15 through 56 in the Ding et al. (2016) human atlas.
An additional, more anterior sample of human frontal cortex (level 10) was also examined.
In all three species, sections from the hypothalamus were also used as positive controls.

2.3 Tissue sectioning, antibodies, and immunohistochemistry

Fixed tissue was sectioned in the coronal plane at 40 um thickness using a freezing
microtome (Leica Biosystems, Wetzlar, Germany); blockface images were collected for
every second section using a camera mounted over the freezing stage. The sections were first
washed with phosphate-buffered saline (PBS) and then incubated in citrate buffer at 37.5 °C
for 30 min for antigen retrieval. Next, sections were washed with 3% peroxide in methanol
for 10 min to inactivate endogenous peroxidase. Sections were incubated for 1 hr in blocking
buffer containing PBS, 2% serum, and 0.2% Tween-20, then incubated overnight at 4 °C in
primary antibody at a dilution of 1:20,000. The next morning, sections were washed, then
incubated in secondary antibody for 1 hr followed by a solution of biotinylated peroxide plus
avidin (Vector ABC reagent). Sections were then reacted with diaminobenzi-dine (DAB)
solution using the Vector DAB peroxidase substrate kit (\ector Laboratories, Inc,
Burlingame, CA).

The OT antibody (Millipore, Burlington, MA, MAB5296) was a mouse monoclonal
antibody made against OT conjugated to thyro-globulin. Specificity was tested by
competitive ELISA and no reactivity to AVP or vasotocin was found (Millipore technical
information datasheet). The AVP antibody (Peninsula Laboratories International, San Carlos,
CA, T-4563) was a rabbit polyclonal antibody made against a synthetic AVP peptide.
Specificity was tested with a no-primary control. Based on dilution tests, a concentration of
1:20,000 was found to be optimal for both the OT and AVP antibodies. In all three species, a
1:12 series of sections was labeled for OT, and an adjacent 1:12 series of sections labeled for
AVP. In addition, a 1:12 series of sections adjacent to AVP was stained for Nissl substance.
Stained sections were mounted on gelatin-coated slides, air-dried, and coverslipped.

2.4 Digital image capture and examination

Digital images of the stained sections were captured using an Aperio Digital Pathology Slide
Scanner (Leica Biosystems) and analyzed qualitatively for localization of cell bodies and
fibers. Imagery for each stained section was comprehensively examined at high
magnification on a computer screen by at least two investigators. Possible immunoreactive
(ir) fibers were flagged using Aperio’s ImageScope software and each flagged site evaluated
by multiple investigators. The images used in Figures 2—6 were extracted from the original
scans using ImageScope software.
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3 RESULTS

3.1 Fiber morphology and orientation

OT and/or vasopressin fibers were found in a set of cortical regions in each species (see
Table 1). In all three species, axonal fibers in the cortex showed morphology typical of those
found in the hypothalamus and other subcortical structures, characterized by large
varicosities that likely include en passant boutons (Figure 2). They are distinguishable from
blood vessels by their thin and beaded appearance. OT and AVP fibers were observed in all
cortical layers and showed no laminar preference. In deep cortical layers, a majority of fibers
were oriented radially (parallel to the columns of cerebral cortex), with some oriented
tangentially (perpendicular to the columns of cerebral cortex) or twisted in no obvious
configuration. In layer I, fibers were mainly oriented tangentially (Figure 3). OT and AVP
fibers were very sparse in every region in which they were observed.

3.2 Fiber distribution

3.3 Humans

Table 1 provides a summary of results.

OT-immunoreactive (OT-ir) fibers were found in the straight gyrus (also known as gyrus
rectus) and the ventral and subgenual anterior cingulate gyrus (Brodmann’s areas 24 and 25)
in human cortex (Figure 4). Notably, due to the much larger size of the human brain, it was
not feasible to examine the entire anterior cingulate gyrus, as we did in macaques and
chimpanzees. OT-ir fibers were not observed in the insula or primary olfactory cortex. In all
three human brains, immunoreactive AVP fibers were found in the insular cortex. These
fibers were found in agranular insula (regions of insula lacking the granule cells of layer 1V),
including frontoinsular cortex, as well as dysgranular insula (transition area between
agranular and more posterior granular insula). Fibers were observed in all layers of human
insular cortex. Sparse AVP-ir fibers were also found in the frontal operculum, primary
olfactory cortex, and the subgenual cingulate gyrus (Figure 4).

3.4 Chimpanzees

OT-ir cortical fibers were found in the straight gyrus in chimpanzee brains, as in human
brains. OT-ir fibers were also found in the chimpanzee ventral anterior cingulate gyrus,
subgenual cingulate gyrus, and superior frontal gyrus. There were no OT-ir fibers in the
insula in chimpanzee brains. AVP-ir fibers were found in the primary olfactory cortex, as
well as the subgenual cingulate gyrus, of chimpanzees. Additionally, solitary AVP-ir fibers
were found in agranular insular cortex in the chimpanzee (Figure 5). AVP-ir fibers were not
observed in granular insula, dysgranular insula, or the ventral anterior cingulate gyrus.

3.5 Rhesus macaques

OT-ir fibers were not found in any cortical region in rhesus macaques. AVP-ir fibers were
found in the subgenual cingulate gyrus and primary olfactory cortex of rhesus macaques
(Figure 6). AVP-ir fibers were not observed in the insular cortex or ventral anterior cingulate
gyrus in this species.
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4 DISCUSSION

To our knowledge, this is the first report of OT- and AVP-ir fibers in the cortex in humans
and the first report of OT-ir fibers in the cortex in non-human primates. Previous studies of
human OT and AVP distribution of extra-hypothalamic projections have focused on non-
cortical limbic and brainstem regions. It is not clear whether those studies examined the
cortex and found no OT- or AVP-containing fibers or did not examine enough of the cortex
to observe them. Both are plausible, given that the fibers are very sparse in all species
examined here, consistent with the sparsity of OT innervation of rodent cortex (Knobloch et
al., 2012). Here, OT and/or AVP axonal projections into the cortex were found in multiple
non-isocortical regions in human, chimpanzee, and macaque brains. In addition, AVP fibers
were observed in isocortical (neocortical) areas of human cortex (Table 1). Isocortical
regions are comprised of six layers and are the most evolutionarily recent form of cortex.

OT- and AVP-ir cortical fibers in all three species were observed to have the same
morphological features as hypothalamic fibers. These axonal fibers appear beaded due to
varicosities (sites of neurotrans-mitter release). Release from varicosities of these fibers with
en passant boutons, rather than classic axo-dendritic synapses, could be the mechanism by
which OT and AVP modulate cortical activity (Grinevich & Charlet, 2017; Putnam, Young,
& Gothard, 2018), similar to serotonin and catecholamine innervation of the cortex. Axonal
release of a single vesicle of OT is estimated to be sufficient for 50% occupancy of OT
receptors within a 55 um radius (Chini et al., 2017). Thus even a limited number of
projections may be able to influence cortical activity.

In our samples, OT and AVP fibers were most commonly oriented radially (parallel to the
columns of cerebral cortex) in deep cortical layers and tangentially (perpendicular to cortical
columns) in layer I, but both orientations as well as fibers twisted in no particular
configuration were observed in all layers. While OT and AVP are produced in the
hypothalamus, in several species, receptors with known functional effects have been found
in brain regions that are likely too far from the hypothalamus to receive peptide through
passive diffusion (Chini et al., 2017; Freeman & Young, 2016). Our results suggest that OT-
and AVP-producing cells may be able to modulate cortical activity through targeted axonal
release. Due to the columnar organization of the cerebral cortex, the tangential orientation of
fibers traveling across these columns, particularly in layer I, could make peptide available to
the apical dendrites of pyramidal cells to an extent out of proportion to the relatively small
number of these peptidergic fibers. Further studies can be done tracing projections through
adjacent sections to clarify their exact path. Additionally, OT and AVP fibers could modulate
cortical activity via receptors not detectable in studies using autoradiography, such as those
expressed in presynaptic terminals, distal to their site of synthesis in the cell body (Délen,
Darvishzadeh, Huang & Malenka, 2013). For example, OT receptors are abundantly
expressed in the nucleus basalis of Meynert of nonhuman primates and humans, and this
region is known to send cholinergic projections to many cortical structures (Freeman &
Young, 2016). It is possible that OT receptors are transported to these distal projections and
expressed in axon terminals. Further research is needed to determine if this is a mechanism
by which OT and AVP innervation can modulate cortical activity. Regardless, the presence
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of axonal fibers may suggest the presence of receptors that are difficult to localize in
postmortem samples.

With respect to localization, OT-ir fibers were found in the straight gyrus (also called gyrus
rectus) within the medial orbitofrontal cortex in human and chimpanzee brains. The medial
orbitofrontal cortex generally is associated with decision-making and emotional regulation
(Bechara, Damasio & Damasio, 2000; Hsu & Price, 2007). The function of the straight
gyrus is not well understood, but it has been proposed as a site of sensory integration
(Passingham & Wise, 2012), and is known to have extensive connections to areas important
for motivation, reward, and emotion, including the amygdala, hippocampus, cingulate gyrus,
and insular cortex (Morecraft, Geula & Mesulam, 1992). Chimpanzees and rhesus macaques
show some differences in the reward value of social stimuli; for example, rhesus macaques
avoid direct eye gaze (Mendelson, Haith & Goldman-Rakic, 1982) while chimpanzees do
not (Leavens & Hopkins, 1998). It is possible that OT acts in this region to affect social
reward, though this interpretation is at the moment speculative.

OT-ir fibers were also found in regions of the anterior cingulate gyrus of chimpanzees and
humans. In both species, OT-ir fibers were present in the subgenual cingulate gyrus as well
as the ventral anterior cingulate. The ventral anterior cingulate gyrus is involved in assessing
emotional salience (Apps, Rushworth & Chang, 2016). Interestingly, OT receptors in the
anterior cingulate gyrus have been shown to mediate empathy-related consoling behavior in
prairie voles (Burkett et al., 2016). It may be that OT has a conserved role in this region in
detecting and responding to the emotional state of others.

AVP-ir fibers were observed in the paleocortical primary olfactory cortex and the subgenual
cingulate gyrus in all three species. While primates have evolved to depend highly on their
visual system for social communication, olfaction is the main social sense for most
mammals (Barton, Purvis, & Harvey, 1995). Nevertheless, within primates, aspects of
olfactory-related neuroanatomy correlate with social group size (Barton, 2006). The
presence of vasopressin fibers in the primary olfactory cortex of all three species is possibly
a conserved mammalian trait. AVP-ir fibers were also found in the subgenual cingulate
gyrus (Brodmann’s area 25), a non-isocortical region with high connectivity with the
hypothalamus, insula, and amygdala, all of which are involved in emotion processing (Phan,
Wager, Taylor & Liberzon, 2002).

The most numerous AVP-containing fibers were observed in the agranular and dysgranular
insula (including frontoinsular cortex) in humans. AVP fibers were also present in agranular
insula in chimpanzees. In humans, the insula has been implicated in empathy and
interoception (Craig, 2002; Singer & Lamm, 2009), and it has been proposed that the
agranular cortex of the anterior insula is uniquely enlarged in humans (Bauernfeind et al.,
2013; Nieuwenhuys, 2012). In one study, intranasal AVP increased empathic concern among
individuals who had experienced parental warmth (Tabak et al., 2015). It may be that
targeted release of AVP in the human insula contributes to the role of AVP in empathy.
Additionally, the frontoinsular cortex, as well as the anterior cingulate gyrus, contains Von
Economo neurons, large bipolar neurons present in humans, anthropoid primates, and other
large-brained mammals, including cetaceans and farm animals (Allman et al., 2011,
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Raghanti et al., 2015). Though the functional role of this class of neurons is not well
understood, they are known to be altered in some individuals with neuropsychiatric
conditions affecting social skills and emotional function (Butti, Santos, Uppal & Hof, 2013).
Although we did not observe direct contact between OT or AVP fibers and Von Economo
neurons, further research is needed to determine whether local OT or AVP release modulates
the activity of these neurons.

Among primates, there is evidence for human-specific modifications to the localization of
cortical axonal fibers in several neuromodulatory systems (Sousa, Meyer, Santpere, Gulden,
& Sestan, 2017); the OT and AVP systems appear to be no exception. However, while our
sample included individuals of both sexes in chimpanzees and rhesus macaques, our human
brain tissue was from males only. Sex differences in neurobiology and behavior have been
demonstrated for OT and AVP in rodents (Albers, 2015; Dumais & Veenema, 2016) and in
behavior after intranasal administration in humans (Feng et al., 2015; Rilling et al., 2014).
Further study is needed to determine whether target regions of OT and AVP projections in
humans may be different in females. Finally, due to the large size of the human brain, our
study focused on selected regions of cortex and did not include the entirety of sizable
regions such as the anterior cingulate gyrus. Future studies should investigate a greater
number of areas, such as the fusiform gyrus, superior temporal sulcus, and right
somatosensory cortex, which are involved in processing social information (Adolphs, 2001),
as well as more posterior and dorsal regions of anterior cingulate gyrus in humans. Our
results suggest that in primates, OT and AVP effects on cortical function and social
cognition may be mediated by direct cortical projections from the hypothalamus, and the
targets of these projections may be species-specific.
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FIGURE 1.
Mid-sagittal view of anatomical regions included in this analysis for (a), rhesus macaques,

(b), chimpanzees, and (c), humans. Regions inside the rectangles represent the blocks
examined in each species. Important target regions are labeled. See Figures 4—6 for a coronal
view including insular regions not visible in a mid-sagittal view
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FIGURE 2.
Morphology of AVP-ir fibers in the cortex closely resemble those in the hypothalamus. (a)

Labeled hypothalamic cell bodies and fibers in the human supraoptic nucleus. (b) Cortical
fibers in human insula. (c) Cortical fibers in chimpanzee insula. (d) Cortical fibers in
macaque subgenual cingulate gyrus. OT and AVP fibers in all species showed the same
morphological features. Roman numerals indicate cortical layers. Scale bar = 100 um
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FIGURE 3.
AVP-ir fibers in the human insula. Nissl sections are shown at lower magnification. AVP

fibers are shown at higher magnification, enhanced for contrast, and brightness with Aperio
ImageScope software. (a) Radially oriented fibers in cortical layer Il. (b) Fibers in the
human insula oriented tangentially in cortical layer 1. (c) A radial fiber that appears to end
with tangential branches in cortical layer I. Scale bar = 100 pm
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FIGURE 4.
Nissl section illustrating a selection of regions where OT and AVP fibers were found in

human cortex. The midline is to the left; the dashed line at the dorsal edge indicates where
the section was cut through the corpus callosum, internal capsule, and superior parts of
frontal cortex. Tissue with OT fibers are marked by letters within circles; letters within
rectangles represent AVP fibers. a—h) High magnification view of OT and AVP fibers.
Letters on section view correspond to histology panels. Fiber images are from nearby
sections (within 1 mm). FI, frontoinsular cortex; AON, olfactory nucleus; SG, straight gyrus;
Cd, caudate. Scale bar = 100 pm
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FIGURE 5.
Nissl section illustrating a selection of regions where OT and AVP fibers were found in

chimpanzee cortex. Tissue with OT fibers are marked by letters within circles; letters within
rectangles represent AVP fibers. a—e) High magnification view of OT and AVP fibers.
Letters on section view correspond to histology panels. Fiber images are from nearby
sections (within 1 mm). FI, frontoinsular cortex; AON, olfactory nucleus; SG, straight gyrus;
Cd, caudate. Scale bar = 100 pm
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FIGURE 6.
Nissl section illustrating a selection of regions where AVP fibers were found in macaque

cortex. Letters within rectangles represent AVP fibers. a,b) High magnification view of AVP
fibers. Letters on section view correspond to histology panels. Fiber images are from nearby
sections (within 1 mm). AON, olfactory nucleus; Cd, caudate. Scale bar = 100 um
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TABLE 1
Summary of results
Rhesusmacaque Chimpanzee Human
OXYTOCIN
Paleocortex
Anterior olfactory nucleus
Primary olfactory cortex
Periallocortex
Agranular insula [%] (%] (]
Proisocortex
Dysgranular insula [%] (%] (]
Straight gyrus of orbitofrontal cortex (%] + +
Ventral anterior cingulate gyrus (Area 24) [%] + +
Subgenual anterior cingulate gyrus (Area 25) @ + +
Isocortex
Frontal operculum (4] 1]
Frontal pole NE NE [%]
VASOPRESSIN
Paleocortex
Anterior olfactory nucleus + + +
Primary olfactory cortex + + +
Periallocortex
Agranular insula [%] + +
Proisocortex
Dysgranular insula [%] @ +
Straight gyrus of orbitofrontal cortex (%] + +
Ventral anterior cingulate gyrus (Area 24) [%] (%] [%]
Subgenual anterior cingulate gyrus (Area 25) + + +
Isocortex
Frontal operculum (4] 1] +
Frontal pole NE NE [%]

A plus sign indicates fibers observed in that region. A @ indicates no fibers were found in our sampling. NE indicates that the region was not

examined in that species.
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