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Social behavior is often described as a unified concept, but highly social (group-
living) species exhibit distinct social structures and may make different social decisions.
Prairie voles (Microtus ochrogaster) are socially monogamous rodents that often
reside in extended family groups, and exhibit robust preferences for familiar social
partners (same- and opposite-sex) during extended choice tests, although short-term
preferences are not known. Mice (Mus musculus) are gregarious and colonial, but
in brief laboratory tests of social preference they typically prefer social novelty. This
preference for novel vs. familiar peers may represent a species-specific difference in
social decision-making between mice and prairie voles. However, the tests used to
measure preferences in each species differ markedly in duration and degree of contact,
such that the behaviors cannot be directly compared. We assessed whether social
preferences for novelty or familiarity differed between mice and prairie voles of both
sexes when assessed with matching protocols: the sociability/social preference test
(SPT) typically used in mice (short, no direct contact), and the partner preference test
(PPT) used in voles (long, direct contact). A subset of voles also underwent a PPT
using barriers (long, no direct contact). In the short SPT, behavior did not differ between
species. In the longer test, pronounced partner preferences emerged in prairie voles,
but mice exhibited no social preferences and rarely huddled. No sex differences were
evident in either test. Direct physical contact was required for partner preferences in
huddling time in voles, but preference for the partner chamber was evident with or
without contact. Both prairie voles and mice are social, but they exhibit important
differences in the specificity and extent of their social behavior. While mice are often
used to study social approach and other behaviors, voles are a more suitable species
for the study of selective social relationships. Consideration of these differences will be
important for studies examining the neural mechanisms supporting different kinds of
peer social behavior.

Keywords: partner preference, social approach, prairie vole, mouse, social behavior, sociability, selective,
affiliation

INTRODUCTION

Social groups are a common feature of many species; life in such groups can be supported
by affiliative interactions among group members, as well as by lack of anti-social behaviors
such as aggression and territoriality. Not all social species prefer familiar social contacts
and repeated interactions, however. In rodents, selective affiliation between adults is often
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studied in voles: prairie voles are socially monogamous rodents
that show opposite-sex and same-sex preferences for a familiar
partner (i.e., partner preferences; Williams et al., 1992; DeVries
et al., 1997), and meadow voles live in winter social groups
and form enduring, selective partner preferences for adult peers
(Beery et al., 2008, 2009; Ondrasek et al., 2015). In contrast,
laboratory mice typically prefer novel individuals in brief tests
of social interaction (Moy et al., 2004). Because the behavioral
tests used in mice and voles differ markedly, it is unknown
whether these differences arise from differences in tests or
from species-specific differences in social behavior in mice and
voles.

Once passed over in favor of larger model organisms,
mice are now the most common laboratory mammal—by one
estimate accounting for 46% of mammalian research subjects
in physiology, up from 4% at the turn of the 20th century and
just 6%–10% in the 1980s before the advent of transgenic mouse
research (Beery and Zucker, 2011). Despite their popularity
as laboratory research models, some social behaviors are not
exhibited by mice and therefore cannot be studied in this species.
For example, mice are promiscuous breeders, and studies of
prairie voles, California mice and other monogamous species
have led to many insights about the formation of selective social
bonds for mates and how these vary across species (Carter et al.,
1995; Donaldson and Young, 2008; Turner et al., 2010; Johnson
and Young, 2015). Studying diverse species is also important
to determine the variety of pathways supporting behaviors, as
well as the generalizability or translatability of findings across
species (Donaldson, 2010; Phelps et al., 2010; Taborsky et al.,
2015).

Selective partner preferences may be another behavior mice
do not display and cannot be used to study. Alternatively,
differences in peer-directed social behavior between mice and
voles may be an artifact of different testing circumstances.
Social preferences in voles are most commonly assessed using
the partner preference test (PPT), while social investigation
and social interest in mice are most commonly assessed in
social interaction with a single novel individual (e.g., File
and Seth, 2003), social recognition/habituation tests (e.g.,
Choleris et al., 2003; Bielsky et al., 2004), or in the three-
chambered social approach/preference tests (e.g., Yang et al.,
2011).

The PPT was originally developed in the laboratory of
Dr. C. Sue Carter (Williams et al., 1992) and assesses the extent
of social contact and time in proximity to a partner relative
to a stranger. The PPT has been used extensively to assess
how different manipulations alter formation and maintenance
of preferences for a mate in monogamous prairie voles and to a
lesser degree in other monogamous species (Ahern et al., 2009;
Kingsbury and Goodson, 2014; Carp et al., 2016). The PPT is also
used to assess factors affecting social preferences for same-sex
peers in meadow voles (Beery and Zucker, 2010; Anacker et al.,
2016a,b), prairie voles (DeVries et al., 1997), and occasionally
other rodents (e.g., Triana-Del Rio et al., 2011). One study has
examined long-term social preferences of female mice during
an 18 h three-chambered social choice test with stimulus mice
housed behind wire mesh (Harrison et al., 2016).

The three-chambered sociability/social preference test (also
called the Crawley sociability test) was devised in 2004 as
a modification of the PPT and other social tests, specifically
oriented toward measuring social approach. It has been widely
used to assess both sociability and social preferences in mice
(Moy et al., 2004, 2007; Nadler et al., 2004; Schwartzer et al.,
2017), with similar tests used in rats (Smith et al., 2015, 2017).
To assess sociability, mice are typically given a choice between
a novel object (an empty wire pencil cup) and a social stimulus
(a pencil cup covering a novel mouse). In order to assess social
preference (herein referred to as the social preference test, SPT),
mice are presented with one novel and one familiar social
stimulus under the pencil cups. In this variant, males and females
of multiple mouse strains (including oxytocin null mutants)
preferred novel individuals (Moy et al., 2004; Crawley et al.,
2007).

There are important differences between the SPT and PPT.
Test durations are markedly different at 10 min and 3 h long,
respectively. Prior PPT studies have shown that in prairie voles,
preferences manifest by the end of the first hour and become
significant by the second and third hour, with no enhancement
from longer testing intervals (Williams et al., 1992). The PPT
also allows for extensive physical contact compared to the SPT.
Social stimulus animals in the PPT are tethered around the
neck, allowing contact with the focal individual, as well as free
movement throughout a portion of the chamber. Thus, social
proximity in the PPT refers to huddling time, whereas proximity
in the SPT indicates social investigation. Finally, familiar animals
in the SPT are typically only briefly familiarized with each other;
they are not individuals with which lasting relationships are likely
to have formed, reducing the likelihood of detecting preferences
based on such relationships. For these reasons, behavior may
differ in important ways between these assessments, obscuring
our understanding of species-specific differences in behavior.

MATERIALS AND METHODS

Animal Subjects
Prairie voles were bred locally and housed with a same-sex
cage-mate from weaning. Voles are photoperiodic and were
maintained on a 14:10 h light:dark cycle, consistent with summer
conditions. Twelve prairie voles (six male and six female) were
used as focal test subjects in the SPT, and 1 week later the PPT.

C57BL/6 and C57BL/10 mice were bred locally and were
maintained on a 12:12 light cycle. Mice were weaned into groups
of 2–4 and separated to pairs at least 1 week prior to testing.
Sixteen mice were used as focal test subjects (eight male and
eight female; half of each sex were C57BL/6 and half were
C57BL/10).

Additional individuals of matched species, sub-strain and sex
were used as social partners or strangers. Tests were conducted
at 6.3 ± 0.5 months of age (mean ± SEM). All procedures
adhered to recommendations in the Guide for the Care and
Use of Laboratory Animals published by the National Research
Council, and were approved by the Institutional Animal Care and
Use Committee at Smith College.
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FIGURE 1 | Social behavior differences between mice and prairie voles across test types. (A) Schematic version of the 10 min social preference test (SPT), and
(B) schematic of the 3 h partner preference test (PPT). Both tests were run with both species. (C,D) Time spent in the chamber occupied by the familiar partner, no
subject, or a stranger in the SPT (C) and PPT (D). (E,F) Time spent adjacent to the cup (investigation time) or the tethered subject (huddling time) across tests.
Different letters above the bars indicate groups significantly different in post hoc tests corrected for multiple comparisons.

Social Preference Tests
The social preference version of the three-chambered social
approach test was used to assess the inclination to seek
social novelty, modeled on Yang et al. (2011). A linear
apparatus (20 × 75 × 30 cm) was divided into three equal
compartments. Stimulus animals were placed under wire pencil
cups (Galaxy pencil holder, Spectrum Diversified) at each
end of the apparatus, while the center chamber remained
empty (Figure 1A). Two social stimuli were used: a familiar
same-sex social partner (the cage-mate) and a novel individual
of the same species, sex, and (if relevant) sub-strain as the
focal individual and partner. Positions of the familiar and
novel stimulus animals were alternated between tests. Familiar
individuals were cage-mates of the focal subject and thus even
more familiar than in the classic mouse test, as in novelty

preference tests in rats (Smith et al., 2015, 2017), and more
comparable to the familiar subjects in a PPT. Focal individuals
were acclimated to the center of the apparatus for 5 min prior
to test onset. Tests lasted 10 min and were video recorded for
analysis.

Partner Preference Tests
PPTs were conducted as described previously (Ahern et al., 2009;
Anacker et al., 2016a,b), using the same apparatuses as the SPT.
Familiar and novel social stimulus animals were tethered at
opposite ends of the apparatus (Figure 1B). Tethered animals
were acclimated to the chamber for 5 min before placement of
the focal animal in the center neutral chamber. Tethered subjects
are typically calm after this duration. Tests lasted 180 min and
were video recorded for analysis.
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A subset of voles (n = 6 males) received a second,
modified PPT conducted using pencil cups in place of
tethers. These ‘‘cup PPTs’’ were used to distinguish the
effects of test duration from the effects of access to full
physical contact. Prior research in our lab has shown
that voles tested in multiple PPTs exhibit equivalent
huddling over time and across tests (Beery et al.,
2009).

Data Analysis
Video recordings were scored using Intervole Timer v1.6
(Annaliese Beery) without knowledge of the partner and stranger
positions. Comparisons across species were conducted via
two-way analysis of variance (ANOVA) examining effects of
species (mouse/vole) and stimulus (partner/stranger) on time
adjacent to the stimulus. Post hoc tests (Tukey’s HSD) were used
to detect differences between all groups. Chamber times were
analyzed in the same manner. Although all possible pairs are
compared in thismethod, only 4/6 (adjacent) and 9/12 (chamber)
pairings are useful to interpret (e.g., Mouse partner chamber
vs. mouse center chamber is useful, but not mouse partner
chamber vs. vole center chamber). Partner preference in each
group was defined as significantly more time adjacent to the
partner than the stranger. Preference score was defined as relative
preference for the partner (time adjacent to the partner/time
adjacent to the partner+stranger). Preference scores and activity
within each test apparatus were compared using t-tests across
species.

Sexes and strains were used in equal numbers across
all conditions and thus pooled. We conducted sub-group
analyses to explore effects of sex and strain on behavioral
outcomes using t-tests between males and females of each
species and between C57BL/6 and C57BL/10 mice for each
outcome. No statistically significant sex or strain differences were
found.

Statistical analyses were performed in JMP 8.0 and GraphPad
Prism 7.0. Results were considered significant at p < 0.05, and all
tests were conducted two-tailed.

RESULTS

Species Differences in Social Behavior in
the Partner Preference Test
Mice and voles differed profoundly in their behavior in the
3 h PPT (Figures 1B,D,F). Prairie voles spent extensive time in
physical contact with their partner (mean 114 ± 12 min), in
contrast to mice (mean 5.9 ± 1.4 min). Two-way ANOVA of
huddling time showed significant effects of species (mouse/vole),
huddling target (partner/stranger), and their interaction (species:
F(1,52) = 77.28, p < 0.0001; huddling target: F(1,52) = 84.63,
p < 0.0001; interaction: F(1,52) = 93.59, p < 0.0001). Prairie
voles exhibited significant preferences for huddling with the
partner over the stranger (p < 0.0001, Figure 1F), and huddled
significantly more with their partners than did mice (p < 0.0001,
Tukey’s HSD). Mice did not exhibit significant preferences for

either the partner or stranger, and spent little time huddling with
either subject.

Two-way ANOVA of time spent in each chamber showed
significant effects of chamber type (partner/neutral/stranger),
and chamber interaction with species (chamber: F(2,78) = 83.78,
p < 0.0001; species: N.S.; interaction: F(2,78) = 123.4, p < 0.0001).
Mice spent significantly more time alone in the neutral chamber
than in the partner chamber or the stranger chamber (each
p < 0.05, Tukey’s HSD). Prairie voles spent significantly more
time in the partner chamber than did mice (p < 0.0001,
Tukey’s HSD), and more time in the chamber with their partner
than either the neutral or stranger chamber (each p < 0.0001,
Tukey’s HSD).

Partner Preference Expression Requires
Physical Contact
PPTs were compared to modified ‘‘cup PPTs’’ in six male
voles to determine whether differences in behavior in the SPT
and PPT are due to the difference in duration, difference
in physical contact, or both. Access to physical contact
strongly affected time in proximity to the partner (Figure 2A).
Two-way ANOVA showed a significant effect of test type
(PPT/cup PPT), stimulus subject (P/S), and interaction between
these factors on time adjacent to a stimulus vole (stimulus
subject: F(1,20) = 23.47, p < 0.0001; test type F(1,20) = 9.61,
p = 0.0056; interaction: F(1,20) = 12.82, p = 0.002). Partner
preferences were only evident in the standard PPT, and partner
huddling in the standard PPT was higher than all other
outcomes (Figure 2A; multiple comparisons using Tukey’s
HSD between all groups, groups with different letters differed
significantly).

In contrast, chamber times were equivalent across the
two test types (Figure 2B). Two-way ANOVA with chamber
(P/N/S) and test type (PPT/cup PPT), and their interaction as
factors, yielded a significant effect of chamber (F(2,30) = 77.06,
p < 0.0001) but no effect of test type or interaction between
test type and chamber time. Post hoc tests revealed that
time spent in the partner chamber was significantly higher
than other chamber times in both test types, and was
indistinguishable across test types (Tukey’s HSD between all
groups).

No Species Differences in Social Behavior
in the Social Preference Test
Behavior was more similar between mice and voles in the 10 min
SPT with pencil cups. On average, mice spent less time near
the partner than the stranger, while voles investigated both
subjects roughly equally, but the difference in preference scores
was not significant (0.36 ± 0.035 in mice vs. 0.51 ± 0.093 in
voles; t(26) = 2.06, p = 0.12). Focal animals of both species
spent more time in some chambers of the SPT than others
(Figures 1A,C,E), but there was no effect of species on the
distribution of chamber times (two-way ANOVA: effect of
chamber F(2,78) = 27.20, p < 0.0001, no effect of species
or interaction). Contact time with the wire cups enclosing
stimulus animals differed between species (two-way ANOVA:
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FIGURE 2 | Comparison of a standard PPT involving a tethered partner and
stranger to a modified test using wire pencil cups over the stimulus voles.
Both versions of the test lasted 3 h. (A) Time adjacent to the tethered stimulus
subject or pencil cup containing the subject. (B) Time in each chamber.
Chamber times were equivalent with and without direct contact, but partner
preferences in time spent adjacent to the partner were only found in the test
that allowed full contact. Letters indicate groups with significantly different
means. (C) Species comparisons of activity, defined as the number of entries
to the center chamber. Mice were significantly more active over the 3-h PPT
(∗∗∗p < 0.0001, t-test).

effect of species F(1,52) = 6.560, p = 0.013) but there were
no significant differences across species in groups matched on
stimulus identity (e.g., partner adjacent in mice vs. partner
adjacent in voles).

Activity
Mice were more active/exploratory than voles in the PPT, with
345 ± 35 vs. 78 ± 18 (mean ± SEM) crossings from a side
chamber to the center chamber (t(22) = −6.75, p < 0.0001,
Figure 2C). Mice also crossed into the center chamber more

often in the shorter SPT, but this difference was not significant
(27 ± 3 vs. 22 ± 3 crossings). There was no difference in activity
between voles tested in the regular PPT and the same voles tested
in the cup PPT.

DISCUSSION

Mice and voles exhibited pronounced differences in social
contact in the PPT, independent of sex and consistent with the
existence of strongly selective social preferences for familiar peers
in prairie voles (DeVries et al., 1997; Lee et al., unpublished data)
but not mice. Voles spent the majority of the test huddling with
their partner and over 90% of the test in occupied chambers.
Mice did not exhibit significant partner preferences, spent 56%
of the test in occupied chambers, and only 8% in social contact
with another mouse. In 18-h modified PPTs in wild female
mice using wire cage dividers, time in the social chambers
was close to 50%, as in the present study, although huddling
could not be measured (Harrison et al., 2016). Wild mice
also demonstrated more positive behaviors like grooming and
sniffing, and less negative social behaviors like fighting and
chasing, over the course of 3 days of observed cohabitation
(Harrison et al., 2016), and some nursing females form significant
associations with other specific females (Weidt et al., 2014).
Thus, mice can form relationships in specific circumstances,
although they do not exhibit the extensive social huddling and
social preference present in voles. Rats also appear to lack
preferences for familiar individuals (Schweinfurth et al., 2017).
These species-specific differences in social structure indicate the
use of different animal models for different social behaviors. In
particular, voles are more suitable for the study of selective social
relationships.

In the present study, different testing scenarios led to
important differences in conclusions about social behavior.
Both the duration of the test and the ability to engage in
social contact involved in the 3-h PPT shaped the outcomes
observed. The major differences between mice and prairie voles
in social preference and social contact time detected in long
tests of social behavior were not detected in the shorter SPT.
Differences between chamber times in the tests lacking physical
contact (SPT and cup PPT) in the same voles particularly
reinforce the importance of test duration for the expression
of partner preferences. While the SPT has proven valuable for
assessing sociability and investigation, it does not detect the
formation of social relationships. Comparison of the modified
‘‘cup’’ PPTs to standard PPTs demonstrates that the physical
contact permitted by the standard PPT was necessary for the
expression of partner preferences in time adjacent to the stimulus
animals. However, chamber times were similar across the cup
and standard PPTs, suggesting that chamber times in this
long test can illustrate social preference irrespective of contact.
These results are similar to findings in opposite-sex tests of
titi monkeys, who showed preferences for proximity to a social
partner but not increased contact with an enclosing barrier
(Carp et al., 2016).

In our study, the preference for social novelty in mice
in the SPT was not significant. Novelty preference may be
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more pronounced in juvenile mice tested at 6 weeks of age
(e.g., Moy et al., 2004), or greater familiarity with the familiar
mouse may reduce novelty preference.

As research on social behaviors and disorders grows,
mice are increasingly being used to study the hormones,
neurotransmitters, and genes involved in different social
behaviors, the roles of life experience, and sources of individual
variation (e.g., Ferguson et al., 2001; Choleris et al., 2003;
Curley et al., 2009; Dölen et al., 2013). As the present
study demonstrates, both test format and choice of species
impact social outcomes in such studies; long tests in socially
selective species such as prairie and meadow voles are
important for the study of specific relationships between
peers. The use of multiple species with distinct patterns of
social behavior should thus provide greater insight into the
substrates of peer relationships in diverse mammals including
humans.
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Recent translational studies using mice have contributed toward elucidating the neural,

genetic, and molecular basis of social communication deficits. Nevertheless, many

components of visual processes underlying mice sociality remain unresolved, including

perception of bodily-movement. Here, we aimed to reveal the visual sensitivity of mice

to information on bodily motion using biological motion displays depicted by simple

geometric dots. We introduced biological motions extracted from walking mice vs.

corresponding meaningless scrambled motions, in which the spatial configurations of

each path of dots were shuffled. The apparatus was a three-chambered box with an

opening between the chambers, and each side chamber had a monitor. We measured

the exploration time of mice within the apparatus during the test, with two types of

displays being presented. Mice spent more time in the chamber with the scrambled

motion displays, indicating that animals spontaneously discriminated stimuli, with the

scrambled motion being relatively novel. Furthermore, mice might have detected socially

familiar cues from the biological motion displays. Subsequent testing revealed that

additional mice showed no bias to the static versions of the stimuli used in the Movie

test. Thus, we confirmed that mice modulated their behavior by focusing on the motion

information of the stimuli, rather than the spatial configurations of each dot. Our findings

provide a new perspective on how visual processing contributes to underlying social

behavior in mice, potentially facilitating future translational studies of social deficits with

respect to genetic and neural bases.

Keywords: biological motion, social cognition, mice, comparative psychology, motion perception

INTRODUCTION

Over the last three decades, studies have elucidated human social cognition based on visual cues
produced by the eyes, face, and bodily-parts of other individuals, providing information about
emotions and intentions (Happé et al., 2017). Animal studies develop our knowledge about the
evolutionary and neural basis of cognition. Although rodents are one of the most accessible
laboratory animals, knowledge about visual processing for social cues, including bodily-movement,
remains limited.

The visual perception of motion related to social information is evolutionally fundamental
(Troje, 2013). Researchers interested in the social significance of motion information have focused
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on assessing how biological motion is perceived (BM; Johansson,
1973). BM displays are usually made by attaching light sources
on an actor’s body and recording their movements in a
dark environment. Motion is isolated from other sources of
information, like shape and color; however, the displays are
readily identified as depicting the actor’s bodily movement and
various actions (Troje, 2013). Some studies have shown that
perception of BM is strongly linked to social cognition in humans
(Pavlova, 2012). For instance, people with autism spectrum
disorders (ASD), characterized by social deficits, are less sensitive
to BM (Blake et al., 2003; Klin et al., 2009; Koldewyn et al., 2010).

Some studies of non-human animals have reported the ability
for individuals to discriminate BM from comparative displays
(cats: Blake, 1993; bottlenose dolphins: Herman et al., 1990).
Recent studies, however, have distinguished between the ability to
discriminate stimuli acquired through simple training and other
discriminative responses (Pavlova, 2012). Some species cannot
generalize their learning to novel BM displays (baboons; Parron
et al., 2007; rats: MacKinnon et al., 2010; pigeons: Dittrich et al.,
1998; Yamamoto et al., 2015; rhesus macaques: Vangeneugden
et al., 2010). The discrimination training employed in these
studies might induce a behavioral strategy in which the
animals use local movements of dots as a discriminative
cue.

In some cases, it seems reasonable to focus such natural
behavioral repertoires on the perception of social signals.
Studies of newly hatched domestic chicks employed imprinting
techniques and showed their innate sensitivity to BM stimuli
made from a video clip of a walking hen (Regolin et al., 2000;
Vallortigara et al., 2005; Vallortigara and Regolin, 2006). A study
of marmosets showed that they gaze longer at BM displays
than other control stimuli, including static, inverted, scrambled,
and rotated versions of the BM (Brown et al., 2010). Another
study, focusing on the gazing behavior of dogs, examined the
effect of oxytocin, which is a neuropeptide hormone implicated
in reproductive and social behaviors (Kovács et al., 2016). The
authors found that oxytocin enhanced differences in the gaze
distribution of dogs between BM and control stimuli. A study
of medaka fish showed that the BM stimuli induced shoaling
behavior (Nakayasu and Watanabe, 2014). Further evidence of
the social significance of BM was provided by a study with
neural recordings of monkeys (Oram and Perrett, 1994). When
viewing the BM display, the authors found that the anterior
superior temporal polysensory (STP) area was activated, a region
responsible for processing various socially relevant visual cues
(Allison et al., 2000).

Previous studies suggested that mice might perceive visual
cues, such as painful facial expressions, postures, or gestures
(Langford et al., 2006, 2010), and whole-body actions in
social contexts (Watanabe et al., 2016). Watanabe et al. (2016)
demonstrated that videos of mouse social behavior are visually
attractive to conspecifics, with animals staying longer in places
with particular video clips. Two studies on rodents examined
their acquired discrimination of BM displays by other species,
such as a walking hen and human (MacKinnon et al., 2010; Foley
et al., 2012). However, whether BM displays induce untrained
behaviors remain untested. It remains unclear whether the visual

preferences of mice are elicited by socially relevant motion
information other than visual properties, such as shape and color.

This study aimed to elucidate the processing of motion
information by mice using bodily actions as the core component
of social cognition. Spontaneous discrimination of BM displays
should be strictly linked to adaptive behavior. We examined
whether mice differentiate BM displays of walking mice from
control stimuli without any training (Movie test). The possibility
that animals respond to the local motion of each geometric
particle was examined by introducing scrambled motions as
control stimuli originating from BMs, by altering their global
appearance. In the subsequent tests, static versions of the BM
displays were presented to examine how motion information
contributes to behavioral modulation (Static image test).

MATERIALS AND METHODS

Subjects
Twenty-four male mice (Mus musculus) of C57BL/6N
were purchased from Charles River Laboratories, Japan.
Twelve mice were assigned to the movie test, and the remaining
individuals were used in the static image test. The mice used
in our study were 6∼9 weeks old. The mice were housed in
group cages, with four individuals per cage. The mice were
provided with food and water ad libitum. The housing room was
maintained at 23◦C on a 12 h light/dark cycle. Before the study,
the mice were not exposed to any of the experimental material in
this study.

All animal procedures were performed in accordance with
the institutional guideline for laboratory animals and approved
by the animal care committee of Research Institute of National
Rehabilitation Center for Persons with Disabilities (#28-AE1).

Apparatus
We focused on whether the subjects showed spontaneous
discriminative behaviors to the visual stimuli. We then developed
an experimental set up based on a three-chambered sociability
test apparatus for rodents (Moy et al., 2004). This is a
standardized testing protocol used to examine the behavioral
phenotype regarding the social communication capacity in a
strain. In this protocol, the time spent in the chamber with a
familiar or an unfamiliar conspecific of the subject is measured.
Naïve and wild-type mice generally tend to stay longer in
the chamber with any conspecific or with novel individuals
of conspecific (Moy et al., 2004). Mice modulate such place
preferences in the presence of real organisms and with the
appearance of video recorded conspecifics (Watanabe et al.,
2016). If mice are able to perceive BM, they would be expected
to spend a different amount of time in the chamber with BM
compared the chamber with the control stimuli, without any
learning.

The testing apparatus was a rectangular, three-chambered box
fabricated by O’Hara & Co., Japan. Each chamber was 20 cm
L × 40 cm W × 22 cm H. Dividing walls were made from
clear plexiglass, with small rectangular openings (5 cmW ×3 cm
H), allowing access into each chamber. The chambers of the
apparatus were cleaned using fresh paper chips with 70% ethanol
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before each trial. To present visual stimuli, a small LCD monitor
(5 inch HDMI LCD (B), 800 × 480 resolution, cocopar) covered
by a customized plastic case (5 cm L × 11 cmW× 15 cm H) was
mounted on the wall on the opposite side of each door in both the
left and right chambers. The top of the apparatus was an opening,
above which a web camera (HD Webcam C615, Logicool) and a
handy video camera (Everio GZ-E565, JVC) mounted above for
the online measurements of trajectories of mice and for offline
coding, respectively.

Stimuli
The sensitivity of mice to BM stimuli was tested using a binary
choice between a pair of point-light animations. The point-
light animations were composed of 6∼8 light points and were
displayed at a speed of 24 frames/s. We created the stimuli
employed in the current study using movie clips of real mice
(Figure 1, top). We collected movie clips in which the adult
male mice of C57BL/6N strain walk across the video camera’s
recording area. Scenes of mice walking were extracted from the
sources, and involved at least one stroke of moving legs of the
actor (14∼20 frames). The end frame of the scene was manually
defined by the experimenter. One stroke was defined as the
period of time from the movement of the limbs of the mouse
away from the floor in the first frame until the return of the limb
to the same location. Each scene was looped during presentation
by joining the last frame of the scene to the first frame. Three
scenes by three different actors were obtained. We then created
three stimulus sets for the Movie test involving both BM and
control movie clips (Set 1∼3), by using Adobe Flash CS6. White
colored point-lights were placed at key points on the body area
(tip of nose, root of an ear, hands of fore- and hind-limbs, root

of the tail, and the midpoint of the tail) of the actor mouse in
a scene, and dots occluded by a body part were not plotted on
that particular frame. Then, the view of the original scene was
replaced with a uniform dark background, with only the dots
remaining. These modified movie clips from each scene were
used as BM movies (Figure 1, left). To create control stimuli, the
locations of each light-point at the beginning of the movie clip
were shuffled, retaining entire motion path of each dot across the
frames (scrambled motion: SM; Figure 1, right). For Static image
test, the static stimuli were derived from the movie stimuli used
in the Movie test. We extracted the first frames of each movie clip
and introduced them as stimuli, and used three static pictures
from the BM and SM clips, respectively. Presentation number
and order of each stimulus was systematically controlled across
the mice during experiments (see Procedure).

These stimuli were displayed using a self-made script in
Matlab 2015a (Mathworks) with Psychtoolbox-3 (Brainard, 1997;
Pelli, 1997) on MacBook Pro (Apple). Each stimulus was fitted
within a 6.5 cm W × 4.5 cm H area on the monitor. The size of
each dot on the monitors was 0.1 cm diameter. Examples of BM
and SM movie clips are presented in the supplementary online
material (Videos S1, S2, respectively).

Procedure
The test mouse was first introduced to the middle chamber. At
the beginning of the habituation phase, the mouse was allowed
to explore the entire test box for 5min (Figure 2, left). The
subject was returned to the center of the chamber at the end
of this phase. Then, the doorways to the two side chambers
were obstructed by opaque plastic occlusions for approximately
1min (Figure 2, center). Then, the handy camera was turned

FIGURE 1 | Example of the stimuli used in the Movie test. The left images show two non-successive frames from a point-light animation sequence depicting normal

biological motion extracted from an original video clip (top). The right images show the corresponding frames from an animation containing the same dots undergoing

the same local motions, only with their initial start locations shuffled.
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FIGURE 2 | Apparatus and procedure. Mice were tested by using a three-chambered apparatus (Moy et al., 2004). Habituation phase (left): the subject moved

around freely for 5min to acclimate to the apparatus without any stimulus on the monitors. Occlusion phase (middle): the subject was placed in the central

compartment for 1min to prepare for subsequent testing. Test phase (right): the doors to the side compartments were opened and the mouse again freely moved for

10min. Mouse movement during the experiments was recorded by web camera, and the time spent in each compartment was calculated using tracking software.

on. Soon after that, a tracking software (ANY-maze version
4.75, Muromachi Kikai) and the presentation of the stimuli on
each monitor were started, and the occlusions were immediately
removed. One monitor presented the test stimulus, while the
other showed the control stimulus, simultaneously. The subject
was allowed to explore the entire test box for a 10min session
(Figure 2, right). During the 10min period, one stimulus set of
BM and SM was constantly presented. The amount of time spent
in the left and right chambers during the period was estimated by
the online tracking software and a human blind coder offline. An
entry was defined as the center of the body area in one chamber.
Each mouse experienced one trial of this testing per day, with a
total of six trials throughout the experiment (over 6 days).

The location of the stimulus type (left vs. right side chamber)
was systematically alternated between trials. The first chamber in
which a BMmovie was presented was counterbalanced across the
subjects. Three stimulus sets were presented twice during the 6
days, and the chambers displaying each stimulus were alternated
across days. Hence, the mouse was presented each movie clip
once in each side chamber. We assumed that this manipulation
would induce sufficient exploratory behavior by mice across
days, ensuring no chance of acquiring any association between
a specific stimulus and a stimulus type-dependent behavioral
modulation (Simon et al., 1994; Rubinstein et al., 1997). The
combination of the movie clips and the chambers where the
stimuli were presented differed across days for each subject, and
the order was counterbalanced across mice.

The procedure used in the Static image test was identical to
that in theMovie test, except thatmice were only tested for 2 days.
The number of times that the static versions of each stimulus were
presented was identical to those presented in the first 2 days of the
Movie test.

RESULTS

Movie Test
Figure 3A shows one representative result derived using the
tracking software. Over 10min, the mice did not remain in a

specific chamber, but moved in and out of the three chambers.
We calculated the average time spent in each chamber with BM
and SM stimuli across the days for each mouse (over 6 days,
Figure 3B). We found that mice spent longer in the chamber
with SM movies [paired t-test, t(11) = −5.44, p = 0.0002, effect
size: Cohen’s d = 2.72, 95% confidence interval: CI = [−78.11,
−33.11]]. This time difference between the stimulus conditions
indicates that visual stimuli, even those depicted by simple

moving dots, modulate mouse behavior in novel experimental
apparatus. We confirmed the time-course effect to elucidate
whether the subjects became habituated to the stimuli over
the course of the experiment. The proportion of time spent in
the BM chamber for the entire time spent in both chambers
was calculated (6 days, Figure 3C). One-way repeated measure

ANOVA revealed no main effect of days [F(3.64,40.07) = 1.58,
p = 0.20, effect size: η

2
p = 0.13], with no indication of long-

term habituation over time. The place preference in the chambers

with SM stimuli was, therefore, maintained throughout the 6
days. In addition, the difference between conditions was already
apparent in the first 2 days, in which each mouse experienced
the presentation of each stimulus condition in both the left and
right chambers [t(11) = −4.42, p = 0.001, d = 2.29, CI =

[−111.86, −37.54], Figure 4A]. Subsequent analysis for short-

term habituation within a session revealed that the proportion
of time spent in chambers with BM was stable for all minutes
during the first 2 days [no main effect of time in each session:
F(4.77,567.74) = 0.77, p= 0.57, η2p = 0.006]. A paired t test showed
a significant difference between two types of stimuli in the first
minute of the 2 days [t(11) = −3.20, p = 0.009, d = 1.65, CI =
[−22.90, −4.23]]. The time differences between conditions that
appeared in the early periods suggest that the behavioral bias of
mice was not formed by any type of learning, rather their innate
sensitivity to the stimuli.

Analyses for durations of residential behaviors demonstrated
that the movie clips modulated the time mice spent in each
chamber. This bias relied on the spontaneous responses of the
animals andwas stronglymaintained throughout the experiment.
Despite these clear differences, the occupancy time in the
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FIGURE 3 | Results of the time spent in the chambers with each stimulus in the Movie test. (A) One representative example of mouse locomotion for 10min in 1 day

estimated by automated video tracking software. Purple line indicates the trajectory, and orange rectangles represent each chamber area. (B) Average time spent in

each chamber over 6 days and individual plot of each mouse (N = 12). Gray dots and lines indicate the individual data, and horizontal bars colored blue and red show

the average time in each condition, respectively. The difference of the average time between Biological and Scramble movies was significant (***p < 0.001).

(C) Proportion of time spent in BM chamber across the 6 days (N = 12). Error bars represent the ±95% confidence interval of the mean.

chamber provided insufficient information about whether the
mice preferred to view the stimuli. Figure 4B shows a heat
map that was estimated from the average occupancy time across
the subjects. An example of the motion trajectory of a mouse
(Figure 3A) and the heat map indicated that the subjects spent
time in front of the monitors and in other areas, such as walls
and corners. As a result, we questioned whether the effect of bias
toward SM displays was true. Thus, we performed an additional
analysis to estimate the occupancy time in front of each monitor.
The visual acuity of mice is considered to be 0.5∼0.55 cycles per
degree (cpd) (Prusky et al., 2000; Prusky and Douglas, 2004).
We used stimuli formed of 0.1 cm diameter dots. We ensured
that each dot could be clearly viewed by mice from the midpoint
of the chamber (5 cm away from the monitor, 0.88 cpd). We
assumed that the distance was suited for the broad visual field
of mice to view the global appearance of each stimulus (180◦ for
monocular vision, and 40◦ for binocular vision; Dräger, 1978).
The region of interest (within an ∼5 cm diameter of the screens)
and the occupancy time of these regions were estimated based
on the frame-by-frame positions of mice coded by the software.
We used the trajectories from the first 2 days and the average
occupancy times across days for each subject in the statistical
analysis. Figure 4C shows the time spent in front of the monitors
with each condition. The occupancy time in front of the SM
movie clip was longer than that in front of the BM clip [t(11) =
−2.33, p = 0.04, d = −0.62, CI = [−16.01, −0.44]]. Even in the
area closer to the stimuli, mice remained longer in front of SM
than BM displays.

The possibility that our animals avoided BM displays rather
than preferred to approach SM stimuli remained. If the animals
tended to keep a distance fromBM clips, the time spent in front of
the monitors with BMs would be relatively shorter than the time
spent in front of the SM monitors. We analyzed the proportion

of time spent in front of the monitors during the entire time in
each chamber. There was, however, no difference between the
conditions [t(11) = −0.24, p = 0.82, d = −0.05, CI = [−2.68,
2.16]; Figure 4D]. Thus, the longer residency time in the SM
chambers was associated with a visual preference for the control
stimuli, rather than avoiding the BM chamber.

The location of mice was biased to the chamber with the SM
display, but whether the animals paid attention to either display
could not be determined. Previous studies reported attention-
based behavioral repertoires toward biological motion stimuli
in animals. Our tracking software was limited to detecting
mice attentional behaviors only; thus, further analysis with a
human blind-coder was required. First, the normal coding of the
time spent in each chamber during the first 2 days performed
by the human coder and the computer software were highly
correlated, indicating significant reliability of human coding [r
= 0.99, t(46) = 43.09, p < 2.2 × 10−16, CI = [0.98, 0.99]].
Next, the time that the mouse spent within 1 cm diameter of
the center of the LCD display’s bottom, and paid attention to
the monitor, was measured by the human coder. We measured
the attentional behaviors including approaches into the region of
interest and non-visual modalities, such as sniffing, touching, and
nose poking. There was no difference between the time invested
in attentional behaviors in front of the monitors during the entire
time in each chamber [t(11) = −0.38, p = 0.71, d = −0.15, CI
= [−5.13, 3.63]; Figure 5A]. We also found no difference in the
proportion of the time during the entire time in each chamber
[t(11) = 0.87, p= 0.40, d = 0.36, CI= [−1.32, 3.05]; Figure 5B]

Finally, we intended to determine the source of the
modulation of mice residency time. An earlier study has already
reported an orienting behavior toward non-socially relevant
stimulus such as scrambled bot movements, and its visual novelty
seemed to drive the behavior (Kovács et al., 2016). If the visual
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FIGURE 4 | Results of the time spent in the chambers with each movie

stimulus condition in the Movie test over 2 days (N = 12). (A) The difference

between Biological and Scramble movies was significant (***p < 0.001). (B) A

heat map of activity in the three-chambered apparatus during the test phases

was estimated by averaging the occupancy times across the days for each

mouse. (C) The time spent in front of the monitors. The difference between

Biological and Scramble movies was significant (*p < 0.05). (D) Percentage of

duration spent in front of the monitors during the entire time in each chamber.

Gray dots and lines indicate the individual data, and horizontal colored bars

show the averaged time in each condition, respectively.

novelty of the display induced the orienting behavior of our mice,
relatively greater preference for SM displays must be seen after
movie clips were changed to new ones. We, therefore, calculated
the ratio of time spent in front of displays (within about 5 cm
diameter of the screens) with BM movies to total sum of the
times spent in front of monitors with the 2 conditions for each
subject.We then examined difference between the averaged times
of the first pre- and post-change for stimulus set (Figure 6). The
proportion of time spent with BMmovies significantly decreased
after the stimulus set change [a paired t-test, t(11) = 2.66, p =

0.022, d= 1.15, CI= [0.04, 0.42]]. This indicates that the novelty
of each set of stimuli influenced the residency time of the mice,
and summing up, this novelty effect would be more obvious in
SM condition.

Static Image Test
The results of the Movie test demonstrated that the SM stimuli
visually attracted mice, as they remained nearby for longer. Thus,
the mice detected bodily-motion information of conspecifics

FIGURE 5 | Results of the time spent in front of each monitor including

attentional behaviors in the Movie test over 2days (N = 12). (A) The time spent

in front of the monitors. (B) Percentage of duration spent in front of the

monitors during the entire time in each chamber. Gray dots and lines indicate

the individual data, and horizontal colored bars show the averaged time in

each condition, respectively.

FIGURE 6 | Proportion of time spent in front of monitors with BM chamber

between pre- and post-change of stimulus sets in the Movie test (N = 12).

Light blue dots and lines indicates the individual data, and horizontal bars show

the averaged time. The difference between 2 days was significant (*p < 0.05).

from the BM displays, with the relative novelty of the SM
displays potentially eliciting greater interest. However, it was
still not known whether the motion information in the stimuli
worked, or whether the simple spatial coordination of point-
lights contributed in some way. The SM displays were obtained
by rearranging the initial locations of each dot in the BM stimuli.
If the special arrangements were relevant, static stimuli might
also extract the same behavioral biases. Thus, we analyzed the
responses of mice to static stimuli extracted from the movie
clips employed in the previous test. We examined whether the
discriminative behavior of mice relied on themotion information
of the stimuli. We conducted the Static image test for 2 days,
because the significant bias to SM stimuli was observed during
the early period in the Movie test. Figure 7A shows the average
time spent in each chamber with the static version of the BM
and SM across the days for each mouse. We found no difference
between stimulus condition [paired t-test, t(11) = 1.19, p = 0.26,
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FIGURE 7 | Results of the tests with the static picture stimuli in Static image

test over 2 days (N = 12). (A) Bars indicate the time spent in the chambers

with each type of static stimuli extracted from Biological and Scramble movies

of mice. (B) A heat map of activity in the three-chambered apparatus during

the test phases was estimated by averaging occupancy times across mice.

(C) Time spent in front of the monitors estimated by the software.

(D) Percentage of duration spent in front of the monitors during the entire time

in each chamber. Gray dots and lines indicate the individual data, and

horizontal colored bars show the averaged time in each condition, respectively.

d = 0.67, CI = [−35.76, 119.23]]. Figure 7B presents the
activity within the apparatus estimated from occupancy times.
By analyzing the occupancy time in front of the images within
5 cm, we found no difference between the two conditions [t(11) =
0.83, p = 0.43, d = 0.28, CI = [−10.94, 24.11], Figure 7C]. We
analyzed the proportion of time spent in front of the monitors
to the entire time in each chamber. There was also no difference
between the two conditions [t(11) = −0.30, p = 0.77, d =

−0.11, CI = [−8.90, 6.79]; Figure 7D]. Thus, the behavioral bias
obtained in the Movie test relied on the motion information
of the stimuli. This result indicated that mice preferred the SM
movie clips because of their integrated information, rather than
local cues, such as the spatial configurations of dots.

Finally, we aimed to validate the time spent occupying the
area within 1 cm of the monitors, which included the time spent
for attentional behaviors. The entire time spent in each chamber
during the first 2 days recorded by the human coder and the
computer were highly correlated [r = 0.998, t(46) = 102.87, p
< 2.2 × 10−16, CI = [0.996, 0.999]]. The significant reliability
of the human coding was again confirmed. The human coder

FIGURE 8 | Results of the time spent in front of each monitor, including

attentional behaviors, in the Static image test over 2 days (N = 12). (A) Time

spent in front of the monitors. (B) Percentage of duration spent in front of the

monitors during the entire time in each chamber. Gray dots and lines indicate

the individual data, and horizontal colored bars show the averaged time in

each condition.

then evaluated the amount of attention mice paid to the monitor.
As a result, we found no difference between the time spent for
attentional behaviors in front of the monitors [t(11) = 0.34, p =

0.74, d = 0.15, CI = [−4.997, 6.830]; Figure 8A]. There was no
difference between the proportion of residency time including
attentional behaviors in front of the monitors in each chamber
throughout the entire period [t(11) =−0.23, p= 0.83, d=−0.10,
CI= [−2.24, 1.82], Figure 8B].

DISCUSSION

The current study examined whether mice spontaneously
discriminate BMs depicted by multiple point-light dots from
a control stimulus. The Movie test revealed the animals have
longer residency time in chambers with SM displays, in which
the initial positions of the dots were shuffled but the original
pendulummovement was preserved. This bias disappeared when
we presented the static version of these stimuli. The results of the
two consecutive tests suggested that mice are able to differentiate
between the two types of stimuli by focusing on the entire
appearance of the movies, rather than local features. Therefore,
our results suggest that mice obtain bodily motion information,
which is considered as a crucial source of social cognition (Blake
and Shiffrar, 2007) from just the movie stimuli of point-light
displays.

Previous reports argued that rodents discriminate BMdisplays
from other stimuli; however, it is not known whether the animals
perceived moving dots in an integrated way to perform tasks
(MacKinnon et al., 2010; Foley et al., 2012). Non-human species
often fail to group each motion of dots as a single stimulus
(Dittrich et al., 1998; Yamamoto et al., 2015). Consequently, how
local features contribute to the performance of the animal should
be examined with care. The current study is the first to report that
discriminative behavior in rodents is not elicited by the individual
motion of dots nor their spatial configurations.
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Discrimination between two types of stimuli was observed
during exploratory behavior inMovie tests. Our data showed that
exploration over three chambers was common among the mice.
Hence, the mice had sufficient opportunity to view our stimuli
during exploratory behaviors. This tendency was common across
days, but the mice did not show any habituation for movie type-
driven in both long-term and short-term periods. The behavior
was not the result of avoiding BM displays. The bias toward SM
movie clips seemed stable over 6 days period because of relatively
greater visual interest in the stimuli than BM stimuli.

There could be some other possible reasons why we observed
the bias toward SM, i.e., the bias was not a result of the on-
display stimuli. One possibility is that an idiosyncratic movie
clip attracted the mice and led to apparent longer residency
time with SM. We thus, individually measured the residency
times with each movie clip over 6 days (Supplementary Data).
Comparisons between 2 stimulus types in each movie sets
showed a trend in which the residency time with SM was longer
than the other (Supplementary Figure 1). This suggests that the
bias to SM displays was not the effect of a particular movie
stimulus. Another concern is the possibility that our finding
was simply obtained by chance. If a residency time in another
area within the chambers, in which the monitors were not
visible, such as corners, is more suited to explain the present
result, it would be difficult to conclude that the visual perception
really contributed. We checked the residential behavior of mice
at corners of both sides of the chamber during the first 2
days. However, the bias toward SM was not due to the time
spent at corners (see more details in Supplementary Data and
Supplementary Figure 2).

Three-chambered test paradigms have been used in many
translational studies on social deficits in mice, such as autism-
spectrum disorders (ASD). Mice typically show preferences
for socially novel conspecifics over familiar ones (Moy et al.,
2004). The high reproducibility of these behavioral traits in
mice, along with their preference for social novelty, has been
repeatedly confirmed. This paradigm is broadly accepted by
studies assessing the sociability of mice (Silverman et al., 2010).
Considering the results of the current study, biological motion
information extracted from the same species was more familiar
to the subjects than scrambled motion information. Thus, the
biased orienting behavior might be explained by a general
preference for novel stimuli in mice. In actuality, an analysis
focusing on the effect of changing the set of stimuli revealed
that a visually novel set of movie clips modulated the residency
time of the mice. Novelty preferences were also detected when
examining BM perception in dogs (Kovács et al., 2016). Dogs
received an intranasal administration of oxytocin, which is a
neuropeptide hormone that is closely related to social cognition.
The authors showed that the dogs exhibited longer fixation to
scrambled motion displays than BM stimuli. They suggested that
the ability of dogs to perceive BM more easily might enhance
their visual attention to unfamiliar scrambled motions. The
point-light displays employed in the current study were novel to
the mice. Thus, our data support the concept that socially novel
signals elicit visual preferences inmice. Further study is necessary
to examine whether the familiarity-dependent orienting behavior

in mice is innate, or whether it is formed by daily observations of
other individuals.

Our results also indicated that the behavior of mice was
not elicited by learning the point-light displays, because the
bias appeared during the early period of the experiments.
Spontaneous discrimination of biological motion stimuli
suggests that individuals within a species use social information
to communicate with other individuals. Biological motion
stimuli often elicit orienting behaviors toward stimuli by humans
or non-human animals. Such behaviors include approaching
(Regolin et al., 2000; Vallortigara et al., 2005; Vallortigara
and Regolin, 2006; Miura and Matsushima, 2016), shoaling
(Nakayasu and Watanabe, 2014), and eye gazing (Simion et al.,
2008; Kéri and Benedek, 2009; Klin et al., 2009). Sensitivity to
body-movement contributes to non-verbal communications
(Pavlova, 2012), which optimize adaptive behavior for processing
signals produced by conspecifics. Our results confirm that mice
also exhibit spontaneous discrimination of BM by conspecifics,
supporting the concept that communication among animals
depends on the appearances of bodily-movement. In the present
study, our visual stimuli seemed insufficient to elicit any bias
in attentional behaviors regarding non-visual modality (e.g.,
sniffing), but were sufficient for inducing approaches toward SM.
This phenomenon might reflect modality-specific preferences to
visual motion stimuli in mice.

The analysis of the reduced region of interest revealed that the
occupancy time was significantly longer for a viewing distance
within 5 cm (the midpoint of the left or right chamber) from
the screen with SM. In the present study, it was still unclear
whether the mice could distinguish each dot in our stimuli
because of their poor visual acuity. Each dot presented on
the monitor was 0.1 cm in diameter, which corresponded to
0.88 cpd when the mouse observed the stimuli at a distance
of 5 cm from the monitor. While the visual acuity of mice is
approximately 0.5 cpd (Prusky et al., 2000; Prusky and Douglas,
2004), it remains a possibility that the dots on the screen might
be viewed as blurry by the animals. Each stimulus (consisting
of 6∼8 dots) was spread over nearly the entirety of the screen
width of 6.5 cm, which was subtended at an angle of 66◦ on
the mouse retina. Previous studies employing a similar visual
angle of screen width reported neural activities of mice with a
fixed view point, by presenting visual stimuli of lower spatial
frequencies than that of the visual acuity of the mice (Niell and
Stryker, 2008, 2010). In our study, the mice could freely move
inside the apparatus and change their viewpoints and needed
only to infer the global form, rather than explicitly distinguishing
the individual dots. We therefore argue that our stimuli could
elicit a behavioral bias toward unfamiliar, non-biological motion
displays.

The results of our study do not enable us to determine
whether the mice modulated their behaviors depending on
physical and ecological contexts of BM. Our BM video clips
presented walking from a fixed viewpoint, such as on a
walker on treadmill. Although this type of movie allowed
us to retain the whole-body appearance of the point-light
walker, it might be physically unnatural for the mice. Many
previous studies have shown that non-human animals could
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perceive BM displays of a fixed viewpoint (chicks: Regolin
et al., 2000; Vallortigara et al., 2005; Vallortigara and Regolin,
2006, dogs: Kovács et al., 2016, primates: Oram and Perrett,
1994; Brown et al., 2010). These indicate that we could
assume BM perception by non-human animals based on a
treadmill-like walking action. Previous studies of rodents that
reported the capacity of their discriminative learning revealed
that the animals could differentiate these types of displays
from the controls (MacKinnon et al., 2010; Foley et al.,
2012).

Another concern is the possibility that our SM displays
exhibited other actions of mice. It was difficult to regard the
overall appearance of the SM displays as representing some other
meaningful bodily actions, because we randomly rearranged the
positions of each dot keeping the course of the motion trajectory.
Thus, there was limited possibility that actions resembling
those more commonly attractive than walking were randomly
generated in these control movie clips. To elucidate whether
our control stimuli were potentially meaningful, the relative
attractiveness of various biological motions must be tested. To
the best of our knowledge, it remains unknown whether non-
human animals modulate their responses toward various types
of BM depending on the bodily actions involved; addressing
this point is a hurdle in the understanding of the context-
dependent role of motion. To take this study forward, future
work should explore whether context-dependent motion stimuli,
such as physically and ecologically natural action repertoires
of the mouse, induce different behavioral reactions in the
animals.

What regions of the brain are involved in BM perception
in mice? To date, various human studies have elucidated the
key regions of the brain for perception. The posterior superior
temporal sulcus (pSTS) was reported as the representative brain
area and is thought to play an important role in social perception
(Allison et al., 2000; Grossman et al., 2000; Grossman and Blake,
2001, 2002; Peuskens et al., 2005; Saygin, 2007). Some part of
the fusiform gyrus and extrastriate cortex, which specifically
respond to human bodily shapes, also seem to be responsible
(Jokisch et al., 2005; Peelen et al., 2006). Furthermore, the
premotor area responds to self-generated bodily movement,
with observed bodily-motion produced by other individuals
being related to the brain region (Saygin, 2007). It is difficult
to identify most of the human brain regions that correspond
to those in mice at present. However, some possible brain
regions in mice might have similar perception to humans. A
previous study reported mice and rats could detect the coherent
motion of multiple point-light dots (Douglas et al., 2006). This
global motion perception, like BM perception, depends on the
spatiotemporal integration of moving dots in the visual system.
Another study showed that viewing coherently moving dots
induces the activation of both the frontal cortex and visual
cortex in mice, whereas incoherent motion only activates the
visual cortex (Han et al., 2017). The detection of unified motion
involved in BM might be associated with this region. The mouse
premotor area (M2) might share some homologous functions
with humans for motor execution. M2 is thought to be crucial
for goal-directed actions underlying motor planning (Gremel

and Costa, 2013). Recent studies have elucidated the mice brain
circuits with respect to social and emotional domains co-working
with behavioral responses induced by visual cues from other
organisms. The anterior cingulate cortex (ACC) and amygdala
have been identified with the representative responsible brain
regions to code affective or noxious signals from observed
individuals (Jeon et al., 2010; Burkett et al., 2016). These brain
activities also accompany the observation of itching behavior
(Yu et al., 2017). Studies using mice have suggested that the
brain circuit responsible for BM perception is found in the
pathway from visual cortex through to the frontal cortex, M2,
ACC, and amygdala. To examine this hypothesized circuit for
the BM perception of mice, socially and emotionally valuable
stimulus categories should be employed. A simple geometric
moving visual stimulus simulating a potential predator induces
the emotional behaviors of mice, such as freezing and flight
responses (De Franceschi et al., 2016). Therefore, viewing the
BM display made from potential predators might also activate
the brain, including the ACC and amygdala. We should verify
that the BM perception of mice reflects the visual system,
which detects structural information from observed motion in
the frontal cortex, and then engages it to motor planning in
M2, and emotional information processing in the ACC and
amygdala. Future studies targeting the brain circuits might
reveal the convergence of perception of bodily motion derived
from different brain structures acquired during the evolution of
different species.

Our data suggested the innate sensitivity of mice to bodily
motion information; however, this result must be carefully
considered by examining whether we can extend this finding
to social cognition. In humans, researchers have shown the
linkages between BM detection and social skills by analyzing
patients with social deficits (Blake and Shiffrar, 2007). A previous
study demonstrated the impaired BM discrimination of rats with
social deficits, such as an autism model (Foley et al., 2012).
The researchers employed a discrimination learning procedure,
not providing additional evidence of the impaired sensitivity
toward BM. In other words, additional experiments are required
to determine whether the behavioral bias toward SM displays
is impaired in mice with social deficits, such as the ASD
model.

Recent translational studies using mice have demonstrated
the neural and genetic basis of social deficits, such as ASD
(as reviewed by Provenzano et al., 2012). Mice are still
useful for studies of its visual domain, because transgenic
and knockout models of this disorder can be generated
easily (Pinto and Enroth-Cugell, 2000). Studies using ASD
model mice might be able to support the relationship
between their responses to BM and other social behaviors.
Aberrant sociality in mice is basically assessed by focusing
orienting behaviors toward other individuals. Although a
number of genetic mutations and interferences during early
neurodevelopment induce ASD-like abnormal behaviors, it
is not well known whether these alternations are associated
with domain-general sociability or modality-dependent social
behaviors. The results of this study provide a new approach
toward elucidating the neural and genetic basis of the entire
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social behavior of mice from the complex background cognitive
capacity.

CONCLUSION

The mice modulated their orienting behavior depending on the
BM displays showing a conspecific walking as depicted by simple
geometric dots. There, however, remains a possibility that our
control stimuli were not the best to test the perception of BM
in mice. In this study, we examined their responses toward
displays of walking-actions and of walking-actions with the initial
dot positions rearranged. Future study should test the action-
dependent attractiveness of BMs. To tackle the current topic is
expected to improve our knowledge of socially relevant visual
processing in the mammalian brain and might contribute to
therapeutic screening for social communication deficits derived
from altered visual recognition of bodily motion.
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Oxytocin Manipulation Alters Neural
Activity in Response to Social Stimuli
in Eusocial Naked Mole-Rats
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1 Department of Cell and Systems Biology, University of Toronto, Toronto, ON, Canada, 2 Department of Psychology,
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The social decision-making network (SDMN) is a conserved neural circuit that modulates
a range of social behaviors via context-specific patterns of activation that may be
controlled in part by oxytocinergic signaling. We have previously characterized oxytocin’s
(OT) influence on prosociality in the naked mole-rat, a eusocial mammalian species,
and its altered neural distribution between animals of differing social status. Here,
we asked two questions: (1) do patterns of activation in the SDMN vary by social
context and (2) is functional connectivity of the SDMN altered by OT manipulation?
Adult subordinate naked mole-rats were exposed to one of three types of stimuli
(three behavioral paradigms: familiar adult conspecific, unfamiliar adult conspecific, or
familiar pups) while manipulating OT (three manipulations: saline, OT, or OT antagonist).
Immediate early gene c-Fos activity was quantified using immunohistochemistry across
SDMN regions. Network analyses indicated that the SDMN is conserved in naked mole-
rats and functions in a context-dependent manner. Specific brain regions were recruited
with each behavioral paradigm suggesting a role for the nucleus accumbens in social
valence and sociosexual interaction, the prefrontal cortex in assessing/establishing
social dominance, and the hippocampus in pup recognition. Furthermore, while
OT manipulation was generally disruptive to coordinated neural activity, the specific
effects were context-dependent supporting the hypothesis that oxytocinergic signaling
promotes context appropriate social behaviors by modulating co-ordinated activity of
the SDMN.

Keywords: social decision-making network, oxytocin, naked mole-rat, eusociality, immediate early gene, social
behavior

Abbreviations: ACC, anterior cingulate cortex; AH, anterior hypothalamus; AntPVN, anterior paraventricular nucleus;
AON, anterior olfactory nucleus; BLA, basolateral amygdala; BNST, bed nucleus of the stria terminalis; CA1, cornu ammonis
1; CA2, cornu ammonis 2; CA3, cornu ammonis 3; Caudate, caudate putamen; CeA, central amygdala; CG, cingulate cortex;
dDG, dorsal dentate gyrus; IL, infralimbic cortex; LS, lateral septum; MeA, medial amygdala; MOB, main olfactory bulb;
MS, medial septum; NAcc, nucleus accumbens; PG, periaqueductal gray; PIC, piriform cortex; PO, pre-optic area;
PostPVN, posterior paraventricular nucleus; PrL, pre-limbic cortex; SON, supraoptic nucleus; Tu, olfactory tubercle; vDG,
ventral dentate gyrus; VMH, ventromedial hypothalamus; VP, ventral pallidum; VTA, ventral tegmental area.
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INTRODUCTION

The social decision-making network (SDMN) is a highly
conserved interconnected group of brain regions controlling
behaviors related to sex, social dominance, parenting, and
affiliation across vertebrates (O’Connell and Hofmann, 2011,
2012). Originally, the network was described by linking the
social behavior network (adjacent tegmentum, AH, BNST, MeA,
LS, PG, PO, and VMH) and the mesolimbic reward circuit
(BLA, BNST, caudate, hippocampus, LS, NAcc, VP, and VTA)
(Newman, 1999; O’Connell and Hofmann, 2011). A case can
also be made for affiliated nodes such as the olfactory regions
(AON, MOB, and Tu) and the medial prefrontal cortex (ACC,
CG, IL, and PrL) due to their role in social cognition (Brennan
and Kendrick, 2006; Tobin et al., 2010; Lee and Harris, 2013;
Nakajima et al., 2014; Bicks et al., 2015; Toor et al., 2015;
Oettl et al., 2016; Williamson et al., 2018). Collectively, these
regions interact to coordinate incoming social information with
context appropriate social responses. Indeed, context dependent
behavioral plasticity is likely attributed to changes in coordinated
neural activity between nodes of the network, rather than to
differential activity of individual brain regions per se (Goodson
and Kabelik, 2009; Teles et al., 2015; Johnson et al., 2016).

Function of the SDMN is influenced by oxytocin (OT).
OT is a neuropeptide implicated in both social (e.g., maternal
care, affiliation, and stress) and sexual (e.g., arousal, ejaculation,
and motivation) behaviors across vertebrate species (O’Connell
and Hofmann, 2012; Anacker and Beery, 2013). For example,
manipulation of OT signaling alters multiple social behaviors
including prosociality/aggression, social recognition, short-term
social memory, alloparenting, and pup care (Ferguson et al., 2000,
2001; Francis et al., 2000; Champagne et al., 2001; Consiglio et al.,
2005; Olazábal and Young, 2006a,b; Choleris et al., 2007; Beery
et al., 2008; Reddon et al., 2014; Chang et al., 2015). Furthermore,
variability in distribution patterns of OT receptors in SDMN
regions suggests that oxytocinergic signaling contributes to
species-specific adaptations in social behavior (reviewed in
Anacker and Beery, 2013). Finally, both central and site-
specific (NAcc) manipulation of OT receptor signaling disrupts
coordinated activity among SDMN regions (Johnson et al., 2016,
2017). Thus, OT is a key mechanism for sculpting social behavior
within and between species, prospectively through facilitating
context-specific changes in coordinated activity between nodes of
the SDMN.

The naked mole-rat (Heterocephalus glaber) exhibits the most
extreme form of sociality known in mammals: eusociality. These
small, approximately mouse-sized, rodents live in large colonies
of up to ∼300 animals with reproduction restricted to one
breeding female, the queen, and one to three males (Brett, 1991b;
Lacey and Sherman, 1991). The rest of the colony consists of
non-breeding subordinates of varying age, which are highly
social toward members of their own colony. In contrast, naked
mole-rats can be very xenophobic and highly aggressive toward
intruding members of another colony (Lacey and Sherman,
1991). Colony members engage in diverse behaviors such as
foraging and food-sharing, cooperative care of pups, vocal
communication, communal huddling, and colony maintenance

and defense (Withers and Jarvis, 1980; Jarvis, 1981; Brett,
1991a; Pepper et al., 1991). There is individual variability in
performance of these behaviors, resulting in stable yet plastic
task specialization (Jarvis, 1981; Lacey and Sherman, 1991;
Mooney et al., 2015b). Subordinates have been further split
into two subcastes: workers and soldiers, responsible for colony
maintenance and colony defense, respectively (Jarvis, 1981; Lacey
and Sherman, 1991; Mooney et al., 2015b).

The oxytocinergic system contributes to the remarkable
sociality found in naked mole-rats. Subordinates of both sexes
have more OT neurons than breeders in the PVN (Mooney
and Holmes, 2013) and peripheral administration of OT to
subordinates increases prosocial behaviors in-colony (huddling)
and during unfamiliar conspecific interaction tests (proximity,
investigation) (Mooney et al., 2014). Among subordinates,
workers have higher levels of c-Fos/OT immunoreactive neurons
than soldiers in the PVN, accompanied with lower levels of
aggression, further suggesting OT promotes prosocial behavior
in workers (Hathaway et al., 2016). Naked mole-rats also express
OT receptors in the SDMN. They have more OT receptors in
the CeA, MeA, BNST, and NAcc in comparison to solitary cape
mole-rats, suggesting that OT action in these regions is associated
with colonial living (Kalamatianos et al., 2010). Furthermore,
OT receptor density varies within naked mole-rats with breeding
males showing higher binding than breeding females in the NAcc
and males overall showing higher binding than females in the
MeA (Kalamatianos et al., 2010; Mooney et al., 2015a).

We hypothesize that OT signaling mediates coordinated
neural activity within nodes of the SDMN to promote context-
specific social behavior in naked mole-rats. To test this, we had
two experimental goals: (1) to determine if coordinated neural
activity in the SDMN varies according to social context and (2)
to examine if activity of SDMN regions is altered by central OT
manipulation. To achieve these goals, we exposed subordinate
naked mole-rats of both sexes to three unique social stimuli:
a familiar adult conspecific, an unfamiliar adult conspecific,
or 1-week-old pups from their home colony while treating
with either saline, OT, or an OT antagonist (OTA). Following
social exposure, we used immunohistochemistry to stain for the
immediate early gene c-Fos to assess activation of brain regions
in the SDMN. We predicted that coordinated c-Fos expression
within the SDMN regions would differ by social context, and
that manipulation of central OT receptor signaling would disrupt
these patterns of connectivity.

MATERIALS AND METHODS

Animals and Housing
A total of 75 adult subordinate naked mole-rats were used
(32 females and 43 males). Animals were considered adults
if they were both over 20 g in weight and over 1-year old.
Animals weighed between 22 and 60 g were housed on a 12:12
light/dark cycle at 28–30◦C and given ad libitum access to
sweet potato and a wet 19% protein mash (Harlan Laboratories,
Inc.). Animals lived in colonies comprised of large (45.75 cm
L × 24 cm W × 15.25 cm H) and small (30 cm L × 18 cm
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W × 13 cm H) polycarbonate cages connected by plastic tubes
(25 cm L × 5 cm D). Animals were collected from one of nine
colonies ranging in size from 19 to 49 individuals. All procedures
adhered to federal and institutional guidelines and were approved
by the University Animal Care Committee. A summary of the
experimental workflow is presented in Figure 1.

Intracerebroventricular Cannulation
Experimental animals were implanted with
intracerebroventricular cannulae targeting the lateral ventricle
as previously described (Mooney and Holmes, 2015). Briefly,
mole-rats were deeply anesthetized using isoflurane (induction:
3%, delivered at a rate of 1 L/min inhalation; maintenance:
2%, delivered at a rate of 1 L/min) and the surgical site was
cleaned and sterilized with 70% EtOH and then 10% iodine
solution (Betadine; repeated twice). Animals were positioned
in a stereotaxic instrument (BenchmarkTM, MyNeurolab.com,
St. Louis, MO, United States) and a 1.5 cm incision was made
on the top of the head. The skin and muscle were shifted to
reveal the skull, which was then cleaned with sterile saline and
dried. A small hole was drilled in the skull 0.9 mm lateral and
1 mm anterior to bregma on the right side of the animal and
a 22-gauge stainless-steel guide cannula with a 2 mm pedestal
(Plastics One, Roanoke, VA, United States) was lowered to 3 mm
below the top of the skull. Cyanoacrylate gel was applied to the
base of the pedestal to secure the guide cannula to the top of
the skull. A dummy cannula was inserted in the guide cannula
to prevent exposure, infection, or occlusion. The muscle was
then laid back on the skull around the cannula and the skin
was sutured together over the pedestal of the guide cannula.
A small dab of cyanoacrylate gel was placed on the outside of the
dummy cannula at the juncture where the pedestal of the guide
cannula and the cap of the dummy cannula meet. Ten minutes
prior to the completion of surgery, animals were injected with
ketoprofen (Anafen R©, Merial; 5 mg/kg BW). This injection was
also administered once a day for 3 days post-surgery. Animals
were placed on top of a heating pad in a cage with clean bedding
for 8 h for recovery before being returned to their home colonies.

Social Behavior Paradigms
Familiar Conspecific Interaction Tests
Twenty-one experimental animals (FAM; 9 females and 12 males)
were removed from their colony and individually placed in a clear
polycarbonate cage (L 43×W 22×H 21 cm) lined with corncob
bedding. After a 20-min habituation period, an adult conspecific
from the experimental animal’s home colony (same-sex pairing,
N = 12, opposite-sex pairing, N = 10; sex matching randomly
assigned) was placed in the cage in the corner farthest away
from each experimental animal’s current position. Each animal’s
behavior was recorded for 20 min with a Sony Handycam R©.
All animals were then returned to their home colony. Twenty-
four hours after the baseline test, animals were again removed
from their home colony and placed in a clear polycarbonate cage
for 10 min before receiving intracerebroventricular infusions of
either OT, an OTA, or saline. Seven animals received 0.25 µg
of OT (OT acetate salt hydrate or α-hypophamine, No. O6379;
Sigma), seven animals received 1 ng of the specific OTA
(d(CH2)51,Tyr(Me)2,Thr4,Orn8,des-Gly-NH29)-Vasotocin, No.
H-2908 BACHEM), and seven animals received 1 µl of the sterile
saline. These doses were chosen as they produce behavioral effects
in similarly sized mammals (Ferguson et al., 2000; Shahrokh
et al., 2010; Samuelsen and Meredith, 2011). For infusion, animals
were lightly anesthetized with isoflurane (2% delivered at a
rate of 1 L/min) and the dummy cannula was replaced with
an internal infusion cannula that sat 0.1 mm below the base
of the guide cannula. One microliter of the drug or saline
was infused via 500-µl Bas gas-tight syringes (MD-0050; Bio
Analytical Systems) connected to the internal cannula with PE50
tubing. Infusions were automated at a rate of 1 µl/min with a
Harvard infusion pump (Harvard Apparatus Inc. 22, Natick, MA,
United States). Animals were then removed from anesthesia and
recovered in ∼2–3 min. After 10 additional minutes, a novel
stimulus animal was introduced following the same procedure
as for the baseline test. Target behaviors for the baseline test
and the manipulation test (Table 1) were scored by an observer
blind to the experimental condition using Observer XT software
(Noldus).

FIGURE 1 | Timeline of the experimental workflow. Animals were implanted with a guide cannula and given 7 days for recovery. On the 8th day, animals were
exposed to either a familiar conspecific (n = 21), an unfamiliar conspecific (n = 30), or 3 pups from the same colony (n = 21). On the 9th day, animals were given an
infusion of saline, OT, or OTA, and again exposed to either a familiar conspecific (n = 7 per OT manipulation), unfamiliar conspecific (n = 10 per OT manipulation), or
3 pups from the same colony (n = 7 per OT manipulation). Brains were collected 90 min following exposure to stimuli and processed for c-Fos immunoreactivity.
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TABLE 1 | Behaviors of interest.

Behavior Description

Aggression Duration of physical attack on stimulus and stand-off
with stimulus with teeth barred

Anogenital investigation Duration of direct sniffing of the stimulus animal in
anogenital region (sexual behavior)

Investigation (flank/face) Duration of direct sniffing of the stimulus animal
(aggressive)

Pup carrying Duration of time with pup between the experimental
animal’s incisors

Pup investigation Duration of time with the experimental animal’s snout
directed toward pup but without pup in the animal’s
incisors

Aggression, anogenital investigation, and investigation (flank/face) were scored in
animals interacting with a familiar or unfamiliar conspecific. Pup carrying and pup
investigation were scored in animals interacting with pups.

Unfamiliar Conspecific Interaction Tests
Thirty experimental animals (UNFAM; 15 females and 15 males)
were used in this paradigm. All procedures and manipulations
were identical to the familiar conspecific paradigm described
above with the exception of the stimulus animal. In this case,
an adult conspecific from an unfamiliar colony was used as the
stimulus (same-sex pairing, N = 12, opposite-sex pairing, N = 10;
sex matching randomly assigned). Ten animals received OT, 10
animals received OTA, and 10 animals received sterile saline.

Pup Interaction Tests
Twenty-four experimental animals (PUP; 8 females and 16 males)
were used in this paradigm. Again, procedures and manipulations
were identical to the FAM paradigm with the exception of the
social stimulus. In this case, three pups (∼1 week old) from the
experimental animal’s home colony were placed in the cage in
the corner farthest away from each animal’s current position.
Eight animals received OT, nine animals received OTA, and seven
animals received sterile saline.

Tissue Collection and c-Fos
Immunohistochemistry
One hundred minutes after the start of each interaction test
(FAM, UNFAM, PUP) in which OT activity was manipulated,
animals were overdosed with avertin (400 mg/kg) and rapidly
decapitated. Brains were extracted and post-fixed in 4%
paraformaldehyde for 4 h before being transferred to sucrose
[30% in phosphate-buffered saline (PBS)] and stored for at least
24 h at 4◦C. Brains were sliced coronally at 30 µm into four
series on a freezing microtome. One series was stained for c-Fos
immunoreactivity. Tissue was washed for 15 min (3 × 5 min)
in PBS, followed by a 90-min incubation in blocking solution
at room temperature [4% NGS, 0.3% TritonX, 3% H2O2 (3%)
in PBS]. Tissue was then rinsed in PBS for 15 min (3 × 5 min)
and incubated in c-Fos primary antibody [1:1200 rabbit anti-
c-Fos polyclonal antibody (Santa Cruz Biotechnology) in PBS
with 4% NGS, 0.3% TritonX] at 4◦C for approximately 24 h.
Tissue was rinsed in PBS for 15 min (3 × 5 min) and then
incubated for 90 min at room temperature in a secondary

antibody solution [1:200 goat anti-rabbit (Vector Laboratories)
in PBS with 0.3% TritonX and 2% NGS]. Tissue was rinsed again
in PBS for 15 min (3 × 5 min) and then incubated at room
temperature for 90 min in avidin–biotin complex (ABC Elite,
Vector Laboratories). Sections were washed again for 15 min
(3 × 5 min) in PBS, and c-Fos was visualized using nickel-
enhanced 3-3′-diaminobenzidine (DAB) for 3 min [2% DAB
(1.25%), 0.2% H2O2 (3%), 0.24% NiCl (8%) in PBS]. Tissue was
then mounted onto slides coated in pig gelatin, dehydrated, and
coverslipped with Permount (Fisher Scientific). Experimental
groups were yoked across staining cohorts.

c-Fos Quantification
The number of c-Fos immunoreactive cells was counted using
either OpenCFU (Beta version 3.9.0) or ImageJ (Rasband, 2012;
Geissmann, 2013). For a given brain region, counts for all animals
were performed using the same program. As tissue tearing and
damage was more likely on the side of the brain ipsilateral to
the cannula implantation, counts were done unilaterally on the
side contralateral to the implantation. On OpenCFU, this was
done automatically with a threshold setting of 5 and a radius
setting of 5. Counts were verified by an observer blind to the
experimental condition for all sections. Areas counted using
OpenCFU were the AH, BLA, BNST, CeA, LS, MeA, MS, NAcc,
PG, PO, PVN, SON, and VMH. Using ImageJ, images were
converted to 8-bit, a threshold of 180–190 applied, and particles
larger than 10 pixels2 counted. Areas counted using ImageJ were
the ACC, AON, CA1, CA2, CA3, caudate, CG, dDG, IL, MOB,
PIC, PrL, Tu, vDG, VP, and VTA. For each region of interest, a
photomicrograph was taken on three consecutive slices of tissue
using a microscope mounted camera at 200× magnification.
The CA1, CA2, CA3, dDG, and vDG were taken at 400×
magnification to prevent counting other surrounding regions.
Photomicrographs contained the same area for all animals,
corresponding to the given region; all c-Fos labeled cells in the
photomicrograph were counted. The exceptions to this were the
BNST, which only had pictures taken from two consecutive slices
because only two sections reliably contained the BNST in each
series, and the PAG and VTA, which only had one slice counted
because more caudal sections were not collected during slicing.

Placement Confirmation
Before euthanizing animals, one saline-treated animal from each
behavioral paradigm was also infused with 1 µl of india ink
(10% v/v) in order to confirm that fluid was diffusing throughout
the brain. For all animals, tissue was examined to ensure that
the cannula clearly penetrated the lateral ventricle. Because we
could not definitively confirm penetration of the ventricles in two
FAM animals (one receiving saline and one receiving OTA), two
UNFAM animals (both receiving OT), and three PUP animals
(one receiving saline, one receiving OT, and one receiving OTA),
these animals were excluded from analyses. Final sample sizes are
reported in the section “Social behavior paradigms.”

Statistical Analyses
All statistical analyses were performed on raw counts of c-Fos
immunoreactive cells. First, a linear mixed-effects model was run
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using the nlme and lmerTest packages in R (R Development
Core Team, 2011; Kuznetsova et al., 2016; Pinheiro et al., 2016).
c-Fos immunoreactivity was the response variable and behavioral
paradigm, OT manipulation, brain region, and sex were predictor
variables, using animal ID and immunohistochemistry batch
as random effects. The linear mixed-effects model was used
to determine if any predictor variables could be collapsed for
the rest of the analyses; due to non-significant effects, sex
was dropped as a variable for subsequent analyses. We then
performed brain region-specific linear mixed-effects models with
c-Fos as the response variable, behavioral paradigm, and OT
manipulation as predictor variables, and batch as a random
effect, again using the nlme and lmerTest packages in R.
A Bonferroni correction was used to adjust for multiple testing
(30 tests = p-value set at 0.0017). Main effects reaching this
criterion (p < 0.0017) were followed with Tukey’s HSD post hoc
tests.

We next explored coordinated activity between brain regions
by examining correlations in c-Fos expression across all
brain regions measured for each behavioral paradigm-by-OT
manipulation group. The Hmisc package in R was used to
perform pair-wise Pearson correlations for all brain regions,
followed by visualization using the corrplot package (Wei and
Simko, 2016; Harrell, 2017). No thresholding was applied, but
significant correlations are marked by white asterisks on the
plots. To further explore the effect of behavioral paradigm and
OT manipulation on how c-Fos is expressed between regions,
networks were produced for each behavioral paradigm-by-OT
manipulation group. For the networks, correlation p-values were
corrected using the Benjamini–Hochberg procedure at a 5%
false-discovery rate. These correlations were then extracted and
plotted using Cytoscape (Shannon et al., 2003). Cytoscape’s built-
in Network Analyzer tool was used to plot node size according
to degree (how many edges correspond to a given node) and
edges according to correlation strength. On the networks, nodes
are clustered and color-coded based on anatomy and literature-
based functions into the following: olfactory (AON, MOB, PIC,
Tu), mPFC (ACC, CG, IL, PrL), social behavior network (AH,
BNST, LS, MS, PG, PO, VMH), amygdala (BLA, CeA, MeA),
reward (caudate, NAcc, VP, VTA), OT production (AntPVN,
PostPVN, SON), and hippocampal (CA1, CA2, CA3, dDG,
vDG).

Finally, to examine if OT manipulation affected behavior,
we tested two linear mixed-effects models as described
above. First, to test whether injection manipulation itself
affected behavior (because animals were anesthetized
for ICV injections), we modeled difference in behavior
duration between baseline and test day as the response
variable, treatment and sex as independent variables,
and animal ID as the random effect variable. Second,
to test whether behavior on the test day was altered by
OT manipulation, we modeled duration of behavior on
test day as the response variable, treatment and sex as
independent variables, and animal ID as the random effect
variable. Both models were repeated for each behavior
tested per behavioral paradigm and corrected for multiple
testing using the Bonferroni method (FAM/UNFAM: three

comparisons = p-value < 0.017; PUP: eight comparisons =
p-value < 0.0062).

Then, to determine if c-Fos expression is related to behavior,
we clustered brain regions using factor analysis to reduce
analyses performed: all saline-treated animals across paradigms
were included using the dimension reduction function in SPSS
(IBM Corp, 2016). Principal axis factoring with a Promax
rotation was used for the unsupervised clustering of brain
regions; four clusters (as listed in the section “Results”) were
produced. Next, for each paradigm (collapsed across OT
manipulation), a Pearson correlation between the summed c-Fos
counts for a given cluster and given behavior on test day
was performed. For FAM and UNFAM animals, duration of
anogenital investigation, face/flank investigation, and aggression
was scored. For PUP animals, duration of pup carrying
and pup interaction was scored. P-values were corrected for
multiple testing using the Bonferroni method (FAM/UNFAM:
12 comparisons = p-value < 0.0042; PUP: 8 comparisons =
p-value < 0.0062).

RESULTS

Brain Region-Specific Analyses Reveal
OT Manipulation and Paradigm Main
Effects
The LME including all brain regions revealed a significant main
effect of behavioral paradigm [F(2,57) = 4.8065, p = 0.0118],
OT manipulation [F(2,57) = 6.3197, p = 0.0033], and brain
region [F(29,1608) = 108.4381, p < 0.0001], but not sex
[F(1,57) = 1.0054, p = 0.3203]. Significant interactions
were detected for behavioral paradigm-by-brain region
[F(58,1608) = 4.7031, p < 0.0001] and OT manipulation-
by-brain region [F(58,1608) = 2.1290, p < 0.0001], but not for
sex-by-brain region [F(29,1608) = 0.3893, p = 0.9986].

For brain region-specific analyses, only results that were
statistically significant after correcting for multiple testing
(Bonferroni method) are reported here (p < 0.0017). All effects
with p < 0.05 are shown in Table 2 while raw data are available
in the Supplementary Table 1. A main effect of behavioral
paradigm [F(2,61) = 7.61, p = 0.0011; Figure 2A] revealed altered
c-Fos expression in the MOB, with PUP animals having higher
expression of c-Fos relative to UNFAM animals (p = 0.002). This
same pattern was seen in the Tu [F(2,61 = 10.9, p < 0.0001;
Figure 2B], with a significant difference between PUP and
UNFAM animals (p = 0.00012) and a trend between FAM and
UNFAM animals (p = 0.059). In the IL, a main effect of behavioral
paradigm [F(2,61) = 7.3, p = 0.0015; Figure 2C] revealed reduced
c-Fos in UNFAM animals relative to both FAM and PUP animals
whereas in the VP [F(2,63), p = 0.0002; Figure 2D], c-Fos
was higher in FAM animals relative to both UNFAM and PUP
groups. Main effects of OT manipulation revealed higher c-Fos
expression in OTA-treated animals relative to both saline- and
OT-treated animals in the PIC [F(2,63) = 6.9, p = 0.00167;
Figure 3A], ACC [F(2,61) = 7.4, p = 0.0014; Figure 3B], and PrL
[F(2,61) = 8.3, p = 0.000862; Figure 3C].
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TABLE 2 | Brain region-specific linear mixed effect model results listed by brain region with significance value (Sig) and direction of effect (Dir).

Region Main effect of behavioral paradigm Main effect of OT manipulation Behavioral paradigm-by-OT
manipulation interaction

AON Sig.
Dir.

F (2,61) = 3.55, p = 0.0346
PUP > UNFAM∗

MOB Sig.
Dir.

F (2,61) = 7.61, p = 0.0011
PUP > UNFAM∗

Tu Sig.
Dir.

F (2,61) = 10.95, p = 0.0001
FAM/PUP∗ > UNFAM

F (2,61) = 5.86, p = 0.005 OTA > Saline
OTA > OT∗

PIC Sig.
Dir.

F (2,63) = 6.94, p = 0.002
OTA > Saline/OT∗

ACC Sig.
Dir.

F (2,63) = 7.37, p = 0.001 OTA > Saline∗

IL Sig.
Dir.

F (2,61) = 7.29, p = 0.0015
FAM/PUP > UNFAM∗

F (2,61) = 5/64, p = 0.006
OTA > OT∗/Saline

PrL Sig.
Dir.

F (2,61) = 8.32, p = 0.0006
OTA > Saline/OT∗

F (2,61) = 2.63, p = 0.043 PUP Saline/FAM
OTA/PUP OTA/UNFAM OTA > UNFAM
Saline∗

CG Sig.
Dir.

F (4,58) = 4.38, p = 0.004 FAM
OT > UNFAM Saline FAM OT∗/UNFAM
OTA > PUP OTA

PO Sig.
Dir.

F (2,63) = 4.72, p = 0.012
FAM > UNFAM∗/PUP

AH Sig.
Dir.

F (2,63) = 3.87, p = 0.026
FAM > UNFAM∗/PUP

VMH Sig.
Dir.

F (2,63) = 6.41, p = 0.003
FAM > UNFAM∗/PUP

F (2,63) = 3.44, p = 0.038
OTA > OT∗/Saline

PG Sig.
Dir.

F (2,63) = 4.01, p = 0.023
FAM > UNFAM∗

F (2,63) = 4.70, p = 0.012
OTA > OT∗/Saline

BNST Sig.
Dir.

F (2,63) = 3.81, p = 0.027
FAM > UNFAM∗

LS
MS
AntPVN
PostPVN
SON Sig.

Dir.
F (2,63) = 6.67, p = 0.002
FAM > UNFAM∗/PUP∗

F (2,61) = 6.80, p = 0.002 OTA > Saline∗

OT > Saline
F (4,63) = 3.83, p = 0.008 FAM OT/FAM
OTA/PUP Saline/PUP OT/Saline/PUP
OTA/UNFAM OTA > UNFAM Saline∗

UNFAM OTA > UNFAM OT
MeA Sig.

Dir.
F (2,61) = 4.83, p = 0.011
OTA > Saline/OT∗

BLA Sig.
Dir.

F (2,63) = 3.55, p = 0.035 OTA > OT∗

CEA Sig.
Dir.

F (2,63) = 3.15, p = 0.050
FAM > UNFAM∗/PUP

F (2,63) = 3.53, p = 0.035
OTA > Saline∗/OT

Caudate
VP Sig.

Dir.
F (2,63) = 9.57, p = 0.0002
FAM > UNFAM/PUP∗

NAcc Sig.
Dir.

F (2,63) = 3.60, p = 0.033 OTA > OT/Saline

VTA
CA1
CA2
CA3
dDG
vDG Sig.

Dir.
F (2,57) = 3.42, p = 0.039
FAM > UNFAM∗

F (2,57) = 4.34, p = 0.018 OTA > OT∗ F (4,57) = 3.67, p = 0.010 PUP
Saline > PUP OT∗/UNFAM OT FAM
OT∗/FAM OTA∗/UNFAM OTA > PUP OT
FAM OTA > UNFAM OT∗

All main effects with p < 0.05 are shown; however, only those with p < 0.0017 are considered significant following Bonferroni multiple testing correction. Significant
post hoc effects (p < 0.05) are indicated with an asterisk (∗). AON, anterior olfactory nucleus; MOB, main olfactory bulb; Tu, olfactory tubercle; PIC, piriform cortex;
ACC, anterior cingulate cortex; IL, infralimbic cortex; PrL, pre-limbic cortex; CG, cingulate cortex; PO, pre-optic area; AH, anterior hypothalamus; VMH, ventromedial
hypothalamus; PG, periaqueductal gray; BNST, bed nucleus of the stria terminalis; LS, lateral septum; MS, medial septum; AntPVN, anterior paraventricular nucleus;
PostPVN, posterior paraventricular nucleus; SON, supraoptic nucleus; MeA, medial amygdala; BLA, basolateral amygdala; CeA, central amygdala; Caudate, caudate
putamen; VP, ventral pallidum; NAcc, nucleus accumbens; VTA, ventral tegmental area; CA1, cornu ammonis 1; CA2, cornu ammonis 2; CA3, cornu ammonis 3; dDG,
dorsal dentate gyrus; vDG, ventral dentate gyrus; UNFAM, animals exposed to unfamiliar conspecific; FAM, animals exposed to familiar conspecific; PUP, animals exposed
to pups; OT, oxytocin; OTA, oxytocin antagonist.
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FIGURE 2 | Number of c-Fos cells ± SEM in brain regions where expression significantly varied by behavioral paradigm. UNFAM animals had a significantly lower
number of c-Fos cells in the (A) MOB (main effect: p = 0.0011) relative to PUP (p = 0.002) but not FAM (p = 0.42), (B) Tu (main effect: p < 0.0001) relative to PUP
(p = 0.00012) and FAM (p = 0.059), and (C) IL (main effect: p = 0.0015) relative to FAM (p = 0.002) and PUP (p = 0.018). (D) FAM animals had a significantly higher
number of c-Fos cells in the VP (main effect: p = 0002) relative to UNFAM (p = 0.0003) and PUP (p = 0.006). Photomicrographs showing the reduced c-Fos
immunoreactivity in the IL of an UNFAM animal (E) compared to the IL of a (F) FAM animal. IL, infralimbic cortex; Tu, olfactory tubercle; VP, ventral pallidum; UNFAM,
animals exposed to an unfamiliar conspecific; FAM, animals exposed to a familiar conspecific.

Correlation Matrix Plots and Network
Visualization Reveal the Disruption of
SDMN Pathways by OT Manipulation
The correlation matrices were performed within each behavioral
paradigm-by-OT manipulation group (Figure 4). Regions
were clustered and color-coded based on literature and
known functional connections in order to better visualize
relationships between related regions. The plots demonstrate that
manipulation of OT signaling, either by OT or OTA treatment,
alters correlated activity among SDMN regions. In saline-treated
FAM animals (Figure 4A), significant correlations are largely

restricted to core social behavior network and reward-related
regions. While OT (Figure 4B) had modest effects on c-Fos
expression patterns, OTA (Figure 4C) caused a striking increase
in positive correlations between almost all brain regions. In
saline-treated UNFAM animals (Figure 4D), the SDMN-related
regions are active and positively correlated. Treatment with
OT (Figure 4E) or OTA (Figure 4F) disrupts these positive
correlations. The saline-treated PUP animals (Figure 4G)
are similar to UNFAM animals in that brain regions are
significantly, positively correlated to one another and this
pattern is disrupted by both OT (Figure 4H) and OTA
(Figure 4I).
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FIGURE 3 | Number of c-Fos cells ± SEM in brain regions where expression significantly varied by OT manipulation. OTA-treated animals had a significantly higher
number of c-Fos cells in the (A) PIC (p = 0.00167), (B) ACC (p = 0.0014), and (C) PrL (p = 0.000862). Photomicrographs showing the reduced c-Fos
immunoreactivity in the PIC of a (D) saline-treated animal compared to the PIC of an (E) OTA-treated animal. PIC, piriform cortex; ACC, anterior cingulate cortex;
PrL, pre-limbic cortex.

The networks, like the correlation matrices, are plotted
as behavioral paradigm-by-OT manipulation groups; however,
unlike the correlation plots only relationships that were
significant after applying Benjamini–Hochberg thresholding
were included in the networks (5% false discovery rate). The
networks confirm that OTA treatment alters correlated activity
across the SDMN for all paradigms: by increasing connections in
the FAM paradigm and disrupting connections in the UNFAM
and PUP paradigms. OT had similar effects as OTA in the
UNFAM and PUP paradigms. In the network for FAM saline-
treated animals (Figure 5A), the NAcc, PIC, amygdalar regions,
and some parts of the social behavior network are key nodes
with highly correlated co-expression. OTA (Figure 5C) results
in most all regions except the prefrontal cortex regions and
SON highly co-expressing, while OT (Figure 5B) results in a
more random expression pattern. In the network for UNFAM
saline-treated animals (Figure 5D), the SBN, prefrontal cortex,
amygdala, NAcc, SON, MOB, and dDG are important nodes.
Almost all edges are removed by OT (Figure 5E) treatment
while OTA (Figure 5F) activates hippocampal regions but
results in few correlations between other regions. Finally, in
the network for PUP saline-treated (Figure 5G), there is
high co-expression in most of the SBN, amygdala, reward-
related regions, PIC, AntPVN, and dDG. OT (Figure 5H)
and OTA (Figure 5I) treatment eliminated most of these
edges.

Factor Analysis Reveals Clusters of
Related Regions Reflecting Known
Patterns
There were no differences in behavior between baseline and
test day, indicating that ICV injection did not in and of itself
alter behavior. OT manipulation did not significantly affect
behavior on test day. A summary of these results can be found
in Supplementary Tables 1, 2. Factor analysis revealed four
clusters of brain regions (Table 3). Cluster 1 contains most
classic SDMN regions (AH, BNST, LS, MeA, MS, PG, PIC, PO,
VMH), cluster 2 is prefrontal cortex and OT production-related
regions (ACC, AntPVN, CG, IL, PostPVN, PrL, SON), cluster 3 is
hippocampal (CA1, CA2, CA3, dDG, MOB, vDG), and cluster 4
is olfactory (AON, Tu). Correlations between the summed counts
of c-Fos within each cluster and behaviors revealed no significant
relationships between any particular behavior and brain region
cluster.

DISCUSSION

In this study, we investigated the effects of OT manipulation
on coordinated activation of brain regions composing and
related to the SDMN. By quantifying c-Fos immunoreactive
cells following three different social paradigms, we demonstrated
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FIGURE 4 | Correlation matrices separated by behavioral paradigm and OT manipulation. Pair-wise Pearson correlations were calculated for c-Fos cell counts and
all correlations plotted. Statistically significant correlations are marked by a white asterisk. (A) Saline-treated FAM, (B) OT-treated FAM, (C) OTA-treated FAM, (D)
saline-treated UNFAM, (E) OT-treated UNFAM, (F) OTA-treated UNFAM, (G) saline-treated PUP, (H) OT-treated PUP, and (I) OTA-treated PUP. AON, anterior
olfactory nucleus; MOB, main olfactory bulb; Tu, olfactory tubercle; PIC, piriform cortex; ACC, anterior cingulate cortex; PrL, pre-limbic cortex; IL, infralimbic cortex;
CG, cingulate cortex; PO, pre-optic area; AH, anterior hypothalamus; VMH, ventromedial hypothalamus; PG, periaqueductal gray; BNST, bed nucleus of the stria
terminalis; LS, lateral septum; MS, medial septum; AntPVN, anterior paraventricular nucleus; PostPVN, posterior paraventricular nucleus; SON, supraoptic nucleus;
MeA, medial amygdala; BLA, basolateral amygdala; CeA, central amygdala; Caudate, caudate putamen; VP, ventral pallidum; NAcc, nucleus accumbens; VTA,
ventral tegmental area; CA1, cornu ammonis 1; CA2, cornu ammonis 2; CA3, cornu ammonis 3; dDG, dorsal dentate gyrus; vDG = ventral dentate gyrus.

that the SDMN is conserved in the highly social naked mole-
rat and that it functions in a context-dependent manner.
Furthermore, we report that OT manipulation, both via OT
and OTA, is generally disruptive to coordinated neural activity,
though specific effects are context-dependent. Finally, these data
suggest that while structures such as the medial prefrontal
cortex, hippocampus, and olfactory regions are important for
processing social stimuli, they are not direct members of the
SDMN.

By examining neural activity in SDMN regions following
different behavioral paradigms, we have demonstrated
that, perhaps not surprisingly, this network is functionally
conserved in naked mole-rats. This is consistent with previous
neurochemical analyses in SDMN regions in this species (Rosen
et al., 2007, 2008; O’Connell and Hofmann, 2012; Holmes
et al., 2013; Mooney et al., 2015a; Beery et al., 2016). Factor
analysis shows the examined brain regions from 4 clusters

(Table 3), the first of which includes all the SDMN brain
regions together except the hippocampus. The other three
clusters comprise anatomically and functionally related regions
(i.e., medial prefrontal cortex, hippocampus, and olfactory
regions, respectively). This pattern of clustering corroborates the
existence of a SDMN in the naked mole-rat, and further suggests
the other three clusters are perhaps related, but not directly a
part of the SDMN. Interestingly, the SDMN showed correlated
c-Fos immunoreactivity in the FAM saline-treated group. Given
the colony living of naked mole-rats, their baseline experience
is consistent interaction with multiple familiar conspecifics.
When Newman proposed the social behavior network, one
limitation was that without social stimuli, there is no baseline
activity for the associated regions (Newman, 1999; O’Connell
and Hofmann, 2011). In the case of eusocial naked mole-rats, it
is likely the SDMN is always active and integral for navigating
colony life.

Frontiers in Behavioral Neuroscience | www.frontiersin.org 9 November 2018 | Volume 12 | Article 27230

https://www.frontiersin.org/journals/behavioral-neuroscience/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


fnbeh-12-00272 November 17, 2018 Time: 16:32 # 10

Faykoo-Martinez et al. Oxytocin and Social Decision-Making

FIGURE 5 | Correlation networks separated by behavioral paradigm and OT manipulation. Pair-wise Pearson correlations were calculated for c-Fos cell counts with
multiple-testing corrected for using the Benjamini–Hochberg method with a false discovery rate of 5%. Brain regions are color-coded based on anatomically and
functionally similar groups (blue, reward; green, social behavior network; purple, amygdala; yellow, hippocampus; red, olfactory; pink, OT production cluster; and
gray, medial prefrontal cortex). Node size is a measure of degree (how many edges are connected to a given node). (A) Saline-treated FAM, (B) OT-treated FAM,
(C) OTA-treated FAM, (D) saline-treated UNFAM, (E) OT-treated UNFAM, (F) OTA-treated UNFAM, (G) saline-treated PUP, (H) OT-treated PUP, and (I) OTA-treated
PUP. AON, anterior olfactory nucleus; MOB, main olfactory bulb; Tu, olfactory tubercle; PIC, piriform cortex; ACC, anterior cingulate cortex; PrL, pre-limbic cortex; IL,
infralimbic cortex; CG, cingulate cortex; PO, pre-optic area; AH, anterior hypothalamus; VMH, ventromedial hypothalamus; PG, periaqueductal gray; BNST, bed
nucleus of the stria terminalis; LS, lateral septum; MS, medial septum; AntPVN, anterior paraventricular nucleus; PostPVN, posterior paraventricular nucleus; SON,
supraoptic nucleus; MeA, medial amygdala; BLA, basolateral amygdala; CeA, central amygdala; Caudate, caudate putamen; VP, ventral pallidum; NAcc, nucleus
accumbens; VTA, ventral tegmental area; CA1, cornu ammonis 1; CA2, cornu ammonis 2; CA3, cornu ammonis 3; dDG, dorsal dentate gyrus; vDG, ventral dentate
gyrus.

The SDMN is thought to modulate behaviors necessary for
navigating varied social environments (O’Connell and Hofmann,
2011). The behavioral paradigm-specific patterns of neural
activity that we report support the hypothesis that coordinated
activation of brain regions within the SDMN is context-
dependent. Examination of the correlation matrices (Figure 4)
reveals that while saline-treated animals in all three behavioral
paradigms show coordinated activation of SDMN regions, the
network incorporates the medial prefrontal cortex regions in
UNFAM animals and hippocampal regions in PUP animals.
The medial prefrontal cortex has been implicated in social
approach, social ascent, facilitating aggressive behavior and
in establishing social rank in mice, hence activation could
be associated with need for assessing status and establishing

hierarchy between the two unfamiliar animals (Wang et al.,
2011; Takahashi et al., 2014; Lee et al., 2016; Williamson et al.,
2018). It is interesting to speculate that the coordinated activation
of hippocampal regions in PUP animals reflects learning of
new colony members and is consistent with the increase in
cell proliferation observed following pup exposure in prairie
voles and fatherhood in male California mice, both species
that exhibit biparental care (Ruscio et al., 2008; Hyer et al.,
2016). Alternatively, this could be related to spatial memory
required for returning pups to their nest as seen in female rats
(Kinsley et al., 1999). In addition to paradigm-specific patterns
of correlated activity, we also report paradigm-specific effects
on c-Fos expression in individual brain regions. For example,
the VP had significantly higher c-Fos immunoreactivity in FAM
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TABLE 3 | Factor analysis results following application of principal axis factoring to
saline-treated animals (collapsed across task), identifying four clusters of brain
regions.

Cluster Brain regions

Cluster 1 PIC, PO, AH, VMH, PG, BNST, LS, MS, MeA, BLA, CeA, Caudate,
VP, NAcc, VTA

Cluster 2 ACC, PrL, IL, CG, AntPVN, PostPVN, SON

Cluster 3 MOB, CA1, CA2, CA3, dDG, vDG

Cluster 4 AON, Tu

PIC, piriform cortex; PO, pre-optic area; AH, anterior hypothalamus; VMH,
ventromedial hypothalamus; PG, periaqueductal gray; BNST, bed nucleus of the
stria terminalis; LS, lateral septum; MS, medial septum; MeA, medial amygdala;
BLA, basolateral amygdala; CeA, central amygdala; Caudate, caudate putamen;
VP, ventral pallidum; NAcc, nucleus accumbens; VTA, ventral tegmental area;
ACC, anterior cingulate cortex; PrL, pre-limbic cortex; IL, infralimbic cortex; CG,
cingulate cortex; AntPVN, anterior paraventricular nucleus; PostPVN, posterior
paraventricular nucleus; SON, supraoptic nucleus; MOB, main olfactory bulb; CA1,
cornu ammonis 1; CA2, cornu ammonis 2; CA3, cornu ammonis 3; dDG, dorsal
dentate gyrus; vDG, Ventral dentate gyrus; AON, anterior olfactory nucleus; Tu,
olfactory tubercle.

animals (Figure 2C). This region is involved in formation of
social attachment in socially monogamous prairie voles (Lim
and Young, 2004; Barrett et al., 2013; Zheng et al., 2013).
In UNFAM animals, who are meeting a novel animal and
presumably assessing relative status, there was significantly
lower activation of the MOB, Tu, and IL (Figures 2A–C). The
olfactory system is essential to pair bonding in prairie voles
(Curtis et al., 2001), and, while naked mole-rat subordinates
are reproductively inactive, they are highly affiliative with
colony members. Naked mole-rats show preference for familiar
olfactory cues over unfamiliar ones (Toor et al., 2015), likely
contributing to in-colony social recognition and bonding.
Interestingly, the IL (in addition to the PrL) is also activated
in a shifting social environment in which social ascent is
possible, as in the case of removing an alpha male in a
mouse hierarchy (Williamson et al., 2018). Administration of a
histone deacetylase inhibitor to the IL increases stress behaviors
in a Syrian hamster model of social defeat (McCann et al.,
2017), further implicating the IL in social interactions involving
dominance.

The data reported here also support the hypothesis
that OT mediates coordinated neural activity within the
SDMN to promote context-specific social behavior. OTA
treatment altered coordinated c-Fos expression in all tasks but
while it increased connectivity in FAM animals, it reduced
connectivity in UNFAM and PUP animals (Figures 4, 5).
Brain region-specific analyses revealed that in all behavioral
paradigms, OTA significantly increased c-Fos expression
in the PIC, ACC, and PrL (Figure 3), suggesting these
regions are particularly sensitive to perturbations in OT
signaling. While examination of OT receptor distribution
in naked mole-rats did not evaluate anterior regions like
the ACC and PrL, subordinate NMRs have negligible OT
receptor binding in the PIC (Kalamatianos et al., 2010).
Thus, OTA could be acting elsewhere to indirectly influence
activity in these regions. Similar to OTA, we also found
evidence that OT treatment alters connectivity in the

SDMN with reduced coordinated activity in animals from
the UNFAM and PUP paradigms (Figure 5). This is not
necessarily surprising as exogenous OT is unlikely to reflect
endogenous levels and, furthermore, our central delivery
ensures OT would act at multiple targets, interfering with
“normal” OT signaling. Importantly, we cannot infer whether
more or fewer connections are optimal as we have yet to
directly relate coordinated activity to specific behaviors.
Rather, we can conclude that central OT manipulation
affects connectivity in the SDMN in various social contexts
and future studies will identify how specific regions are
involved.

Indeed, the NAcc is a likely hub modulating the role of
OT between other SDMN regions. OT acts in the NAcc to
modulate sociosexual interactions and mating in prairie voles
(Johnson et al., 2017): administration of an OT receptor
antagonist directly to the NAcc changes connectivity between
NAcc and other SDMN regions. The NAcc is also involved in
reproductive behavior and social dominance in naked mole-
rats. For example, OT receptor binding is higher in breeding
male NAcc compared to breeding females (Mooney et al.,
2015a) and expression of genes involved in social suppression
of reproduction (Kiss1, Npvf, Gpr147, Tac3r) varies by sex
and status (Faykoo-Martinez et al., 2018). The current data
demonstrate that the NAcc is a key node in all three behavioral
paradigms (Figure 5). In the FAM network for saline-treated
animals, NAcc coordinated activity is enhanced by OTA but
knocked out by OT treatment. In the UNFAM network for
saline-treated animals, the NAcc is the key active node out
of the mesolimbic reward circuit and is knocked out by
both OT and OTA. Finally, in the PUP network for saline-
treated animals, all mesolimbic reward circuit regions are
key nodes. This includes the NAcc, which is then knocked
out to varying extents by OT and OTA treatment. Given
its role in assigning valence to social stimuli, it will be
important to evaluate OT effects directly in the NAcc to
better understand how this region alters coordinated neural
activity, similar to Johnson et al. (2017), across different social
contexts.

We have taken a broad approach in our first attempt at
teasing apart function in the naked mole-rat SDMN. For this
reason, we did not break down groups by subcaste or focus
on a single sex for stimulus animal. Subordinates are pre-
pubertal, do not exhibit sex differences in behavior (Lacey
and Sherman, 1991), and take a week to begin demonstrating
behaviors characteristic of reproductive maturation (Margulis
et al., 1995; Clarke and Faulkes, 1997; Mooney et al.,
2015b; Swift-Gallant et al., 2015; Toor et al., 2015). Thus,
it is likely that the sex of stimulus animals would cause
a negligible effect given the very short period of removal
from colony. It, of course, also warrants mention that
our experimental design was likely insufficiently powered to
robustly examine OT manipulation by behavioral paradigm
interactions. Our sample size was limited by the challenges
of rearing naked mole-rats in captivity (taking 1 year to
reach adulthood coupled with unpredictable breeding). Low
statistical power might also explain why we did not detect any
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significant effects of OT manipulation on behavior or significant
relationships between c-Fos activity and behavior, though the
lack of behavioral results following central administration of
OT is not necessarily unexpected. While we have previously
shown that peripheral OT administration changes in-colony
behavior (e.g., time spent huddling) and proximity to novel
conspecifics, we did not measure in-colony behavior in the
current study and also used a different testing apparatus
for outpairing (single chamber vs. double chamber) (Mooney
et al., 2014). To address these limitations, we provide the
raw data in Supplementary Information with the hope
that future work by us and others will build on this
sample.

Here we report the first formal investigation of activation
of the SDMN in the highly social naked mole-rat. We have
demonstrated that coordinated neural activity within this
network and with related regions varies according to social
context, and that this coordinated activation is altered by
manipulation of the OT system. The pattern of connectivity
associated with each behavioral paradigm suggests a role for the
NAcc in social valence and sociosexual interaction, the mPFC in
assessing/establishing social dominance, and the hippocampus in
pup recognition.
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Across vertebrates, the use of multimodal (multiple sensory modalities) signals has
evolved to convey important information to receivers. Information content of multimodal
signals can be the same as or different from information in each unimodal signal,
and are classified as redundant or non-redundant, respectively, based on receivers’
behavioral responses. Despite the prevalence and importance of multimodal signaling
across taxa, relatively little is known about how and where these signals are processed
in the brains of receivers. We used the social African cichlid fish, Astatotilapia burtoni, to
investigate how sexually-relevant visual and chemosensory uni- and multimodal signals
from gravid (full of eggs) females influence behavior, brain activation patterns, and
physiology in dominant males. We presented both visual and chemosensory signals
either alone or together and found that males need sexually-relevant visual signals
to engage in stereotypical courtship behaviors such as body quivers, waggles, and
leads into spawning territories. However, the number of courtship behaviors was greater
when males were exposed to multimodal visual-chemosensory signals, compared to
either unimodal signal alone. When a female visual signal was absent, males increased
swimming and overall activity in response to female-conditioned water compared to
control water, suggesting that female-released chemosensory signals may stimulate
male searching behavior and motivation. Importantly, we also tested anosmic (olfactory
ablated) males to demonstrate that this behavior is primarily mediated by the olfactory
system rather than gustation. Using the immediate early gene cfos as a proxy for
neural activation, we also demonstrate differential activation in social and olfactory-
relevant brain regions of dominant males exposed to unimodal and multimodal visual-
chemosensory signals. We found at least one region that is preferentially activated by
reception of signals from each sense, as well as regions that exhibit an additive effect on
activation with multimodal visual-chemosensory stimulation. These data provide insight
on how multimodal signals are processed in the brain and integrated with internal
physiology of receivers to produce social behaviors, and lay the groundwork for future
studies on the evolution of sensory perception.

Keywords: behavior, brain, multimodal, olfaction, sensory, social decision-making network, teleost, vision
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INTRODUCTION

Across taxa, animals must constantly assess their environment
to make behavioral decisions. Signals sent via different sensory
modalities, such as visual, chemosensory, mechanosensory,
touch, and sound are often delivered together and reception of
this information by a receiver is integrated with the animal’s
own internal physiology to elicit context-dependent behaviors
(Bradbury and Vehrencamp, 2000). This use of multimodal
communication is prevalent across vertebrates, particularly
during reproduction, providing receivers with varying types
of information about the signaler such as breeding condition,
motivation, and fitness qualities. Despite the importance of
multimodal communication for survival and reproductive
success, our understanding of how different sensory signals are
processed in the brain of receivers to produce specific behavioral
outputs is limited (Partan and Marler, 2005; Ronald et al., 2012).

The use of visual-chemosensory multimodal communication
is widespread, with numerous examples from both invertebrate
and vertebrate taxa (Kotrschal, 2000; Isogai et al., 2011; Mori,
2014). While vision is often the dominant sense mediating
reproductive behaviors, chemosensory communication is also
commonly used across the animal kingdom. It is particularly
prevalent in fishes, where it functions in prey detection,
predator avoidance, and social communication (Hara, 1994;
Kotrschal, 2000). For example, females are often senders of
potent chemical signals that provide important information for
coordinating reproductive events, and in several fish species,
these chemosensory signals can induce robust reproductive
behavioral responses in male receivers (Stacey, 2011). However,
the neural links between multisensory inputs and receiver
behavioral output remains poorly understood (Ronald et al.,
2012; Partan, 2013). Further, the physiology and/or reproductive
state of receivers can influence how such sensory signals
are processed (Insel, 2010). Thus, examining communication
from a perspective that goes beyond behavioral responses to
include receiver physiology and neural processing mechanisms is
crucial for understanding the function and evolution of context-
dependent signaling.

We used the social African cichlid fish, Astatotilapia burtoni,
to investigate how visual and chemosensory signals alone and
in combination from reproductively-receptive females influence
the behavior, brain activation patterns, and hormonal responses
of dominant males. A. burtoni is ideally suited for this inquiry
because dominant males engage in elaborate, specific courtship
behaviors in the presence of receptive females that includes
sending information via multiple sensory channels (Maruska
and Fernald, 2018), and males alter their courtship efforts based
on distinguishing receptive from non-receptive females (Fernald
and Hirata, 1977). Importantly, both males and females actively
control urine release as a means of social communication in both
aggressive and reproductive contexts, providing evidence for
true chemosensory communication in this species (Maruska and
Fernald, 2012; Field and Maruska, 2017). During reproduction,
males increase urination in the presence of receptive females,
while receptive females also increase urine release towards
courting dominant males. Thus, while vision is the main sensory

modality for communication inA. burtoni, chemosensory signals
provide additional information for both males and females
to modify context-dependent social decisions (Maruska and
Fernald, 2012; Field and Maruska, 2017). How unimodal and
multimodal signals from these two senses influence male
behavior, physiology and brain activation patterns in socially-
relevant nuclei, however, remains unexplored in this and the
majority of fish species.

How relevant sensory and social information is integrated
with an animal’s own internal physiology to elicit context-specific
behaviors is a key goal of behavioral neuroscience (Insel, 2010).
The social decision making network (SDMN) is a collection
of highly conserved brain nuclei proposed as a framework for
examining where and how this information leads to adaptive
behaviors (Newman, 1999; O’Connell and Hofmann, 2011), but
it is increasingly clear that many other brain regions outside of
this network are also involved in social decisions. Our current
knowledge of how multimodal sensory signals are processed
in the brain of receivers to induce behavioral responses is
limited. By associating specific behavioral output with neural
activation patterns of receivers in response to unimodal and
multimodal signals, we can help bridge this knowledge gap
in social neuroscience. Further, little is known about where
sexually-relevant chemosensory signals are processed in the brain
above primary olfactory processing regions, especially in fishes
(Nikonov and Caprio, 2005; Yaksi et al., 2009; Yabuki et al.,
2016). Thus, by examining neural activation patterns in socially-
relevant brain regions as a complement to behavioral responses
in receivers, we can provide a framework to expand the current
knowledge of the neural substrates that link sensory inputs to
behavioral outputs.

To investigate how sexually-active males respond to unimodal
and multimodal visual-chemosensory reproductive signals, we
exposed dominant courting males to visual and chemosensory
signals from gravid females either alone or combined, and
recorded males’ behavioral and physiological responses. Further,
we used in situ hybridization for the immediate early gene cfos to
test for differences in neural activation of relevant brain nuclei in
males receiving unimodal and multimodal signals from receptive
females. This approach allows us to elucidate the brain regions
important for processing visual and chemosensory signals alone,
and those involved in integrating information from both sensory
channels when presented together in a naturalistic reproductive
context.

MATERIALS AND METHODS

Experimental Animals
Adult Astatotilapia burtoni (Günther, 1894) from a wild-caught
stock were kept in aquaria under water and lighting conditions
that are similar to their natural habitat in Lake Tanganyika,
Africa (28◦C; pH 8.0; 12 h light:12 h dark cycle). These fish were
bred in laboratories since original collection in the 1970s and
exhibit behaviors similar to those in wild populations (Fernald
and Hirata, 1977). Aquaria contained gravel-covered floors
and halved terra cotta pots to serve as shelters and spawning
territories. Fish were fed cichlid flakes (AquaDine, Healdsburg,
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CA, USA) daily and supplemented with brine shrimp twice
a week. All experiments were performed in accordance with
the recommendations and guidelines provided by the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals, 2011. The protocol was approved by the Institutional
Animal Care and Use Committee (IACUC) at Louisiana State
University, Baton Rouge, LA, USA.

Experimental Protocol
Dominant males (standard length (SL): 43.19 ± 2.19 mm
(mean ± SD)) were housed in aquaria in mixed broods prior
to being selected for experiments. Experiments were conducted
in 37.85 L aquaria that were divided into three equal sized
compartments (16.7 × 25.3 × 30.8 cm each) by clear, acrylic
barriers permanently sealed into the tank (Figure 1) and verified
to block transmission of water and chemosensory cues as in our
previous study (Field and Maruska, 2017). Each compartment
contained a layer of gravel at the bottom, an air stone,
and a territory/shelter (half terracotta pot). All experimental
compartments were drained, cleaned, and refilled between
experiments to ensure no cross-experiment contamination of
odorants. Prior to experiments, focal dominant males were
selected based on bright coloration and behaviors typical of
dominance such as defending territories and actively courting
females for at least three consecutive days. Males were then
moved to the center experimental compartment and allowed
to acclimate for 48 h while visually exposed to a community
consisting of one male (smaller than focal dominant male) and
three females in the right compartment while a movable black
opaque barrier visually blocked the empty left compartment. The
center experimental compartment contained the chemosensory
delivery tube throughout the entire acclimation period of the
focal male.

To examine responses of focal males to unimodal and
multimodal visual and chemosensory signals, we presented
visual and chemosensory stimuli in different combinations.
Visual signals were provided in the left compartment and
consisted of the presence of a gravid female or no fish (empty
compartment). Chemosensory signals were delivered through a
tube connected to a gravity feed bottle and consisted of 850 mL
of gravid female-conditioned water or 850 mL of reverse osmosis
(RO)-filtered water as a control (see below). The flow rate of the
chemosensory stimulus was tested the day before and morning
of experiments and was verified to be 0.325 ± 0.25 L/min. The
stimuli were presented in the following combinations (visual
in left compartment/chemosensory in center compartment):
(1) no fish/RO-filtered water (termed ‘‘control’’); (2) gravid
female/RO-filtered water (termed ‘‘vision only’’); (3) no
fish/female-conditioned water (termed ‘‘chemosensory only’’);
and (4) gravid female/female-conditioned water (termed ‘‘vision
and chemosensory’’). For clarity, Figure 1B outlines terminology
of the stimulus delivery used throughout this study.

To determine whether focal male responses were mediated by
olfaction or gustation (taste), we also tested anosmic (ablation
of olfactory sense) focal males in the same experimental
paradigm in the chemosensory only condition. Males (n = 3;
SL: 43.2 ± 0.70 mm; gonadosomatic index (GSI) > 0.70)

were rendered anosmic 2 days prior to behavioral experiments
by sedating and immobilizing the fish via gradual cooling in
ice-cold cichlid-system water and then bilaterally severing the
olfactory nerves between the olfactory epithelia and olfactory
bulbs. Anosmia was verified by lack of cfos expression in the
olfactory bulb and reduced cfos expression in the posterior
nucleus of the dorsal telencephalon (Dp), a forebrain region
important in olfactory processing. Three sham-handled males
were included to ensure effects in anosmic males were not due to
the handling procedure. Shammales had the tissue covering their
olfactory nerve cut as anosmicmales did, but without causing any
damage to the olfactory nerve. Incisions for both anosmic and
sham-handled fish were sealed with VetbondTM. For behavioral
testing, anosmic and sham males received only chemosensory
signals from gravid females (no visual signal). The behavior of
sham-handled males was verified as not different from intact
males exposed to the same sensory conditions (chemosensory
stimulus only).

Gravid (ripe with eggs) females (SL: 37.5 ± 2.1 mm,
GSI > 7.0) used as visual stimuli were selected the morning
of experiments prior to feeding based on the presence of a
distended abdomen due to the presence of large ova. GSI ([gonad
mass/(body mass-stomach mass)∗100]) and ovulation state of
females were verified after experiments. For female-conditioned
water used for chemosensory stimuli, four gravid females were
selected in the morning prior to feeding and placed in a bucket
with an air stone and allowed to soak in RO water for 5 h. All
solid materials (feces and/or algae) were removed from the water
before stimulus delivery. The control RO-filtered water stimulus
was also soaked for 5 h in an identical (but separate) bucket with
an air stone for 5 h to match handling of female-conditioned
water.

On the morning of experiments (08:30–09:30 a.m.), the focal
male and visual stimulus female (if present) were fed two flakes
of cichlid food, and the chemosensory stimuli were prepared.
Following the 5 h. soaking period (at 1:30–2:30 p.m.), the gravid
females (if present) were removed from the soaking bucket,
and the stimulus water was transferred into a gravity feed
bottle. The black barrier was simultaneously removed and placed
between the experimental and community compartments such
that the focal male was visually exposed to the left stimulus
compartment and visually blocked from the community on the
right. Experiments lasted 40 min from the start of chemosensory
stimulus delivery.

Behavioral Quantification
Focal male behaviors during the first 15 min of each experiment
were scored using BORIS software1. Only the first 15 min were
quantified because behaviors declined after this point and were
therefore not representative of the stimulus-evoked response of
the focal male. The male behaviors quantified were number
of courtship behaviors and time spent performing searching
behavior (increased swimming activity/arousal). Courtship
behaviors included body quivers, tail waggles, and leads towards
the shelter. Searching was defined by increased swimming speed

1http://www.boris.unito.it/
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FIGURE 1 | Experimental paradigm to examine behavioral responses and neural activation patterns in dominant male A. burtoni exposed to unimodal and
multimodal visual and chemosensory signals from females. (A) Focal males were acclimated to the center compartment with chemosensory stimulus delivery tube
present. A movable black barrier visually blocked the left visual stimulus compartment while allowing visual exposure to a fish community consisting of one male and
three females in the right compartment for 24–48 h before experiments. Immediately before experiments, the black barrier was moved to visually block the
community on the right and expose the left compartment. Visual signals were presented in the left compartment and chemosensory signals were simultaneously
delivered to the center compartment via a gravity-feed bottle at a controlled flow rate. (B) The combinations of visual and chemosensory stimuli presented to males
are shown with terminology used to describe each condition indicated below boxes: “Control” refers to no fish/reverse osmosis (RO)-filtered water, “Visual only”
refers to gravid female/RO-filtered water; “Chemosensory only” refers to no fish/gravid female-conditioned water, and “Visual and chemosensory” refers to gravid
female/gravid female-conditioned water.

with at least one change in direction in the water column (up or
down) that lasted at least 3 s. Bouts of searching were separated
by pauses in swimming that lasted at least 2 s.

Tissue Preparation
Focal males were collected after 40 min of stimulation, sedated
and immobilized in ice-cold cichlid-system water, and sacrificed
by rapid cervical transection. SL, body mass, stomach mass,

gonadmass andGSI were recorded. All dominant focalmales had
a GSI > 0.70 and visual stimulus females had a GSI > 7.0. Blood
was collected from the caudal vein and centrifuged at 8,000 rpm
for 10 min to isolate serum, and then stored at −80◦C. Brains
were removed and fixed overnight in 4% paraformaldehyde
(PFA) made in 1× PBS, rinsed overnight in 1× PBS, and
cryoprotected in 30% sucrose for 1–5 nights prior to sectioning
(all at 4◦C). Brains were embedded in OCT media (TissueTek),
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sectioned coronally at 20 µm with a cryostat, collected on
alternate charged slides (Superfrost Plus, VWR), dried overnight
at room temperature, and stored at−80◦C.

In situ Hybridization for cfos
To examine differences in neural activation in the brains
of behaving focal males, we performed colorimetric in situ
hybridization for the immediate early gene cfos using riboprobes
specific for A. burtoni cfosmRNA as previously described (Butler
and Maruska, 2016). We chose cfos as a marker for this study
because our focus was to examine which brain regions received
unimodal and multimodal visual-chemosensory inputs, rather
than the brain regions involved in the expression of behavioral
outputs. It was previously shown in zebrafish that cfos is an
ideal marker for determining neural activity associated with
processing perceptual stimuli from the social environment (Teles
et al., 2015). Briefly, slides of sectioned brains were rinsed at
room temperature in 1× PBS, fixed with 4% PFA, rinsed with
1× PBS, treated with proteinase K (10 µg/mL), rinsed with
1× PBS, fixed with 4% PFA, rinsed with 1× PBS followed by
milliQ water, treated with 0.25% acetic anhydride in 0.1 M
triethanolamine-HCL (pH 8.0), and rinsed with 1× PBS. Slides
were then incubated in warmed pre-hybridization buffer at
60–65◦C for 3 h. Subsequently, slides were then incubated
with warmed hybridization buffer containing cfos riboprobe at
60–65◦C for 12–16 h sealed with HybriSlip covers in sealed
humidified chambers. Then, at this same temperature, sections
were washed in 2× SSC in 50% formamide with 0.1% Tween-20,
followed by a 1:1 mixture of 2× SSC and maleic acid buffer with
0.1% Tween-20 (MABT). MABT washes were then performed
again at room temperature. Non-specific binding was blocked
with MABT with 2% bovine serum albumin (BSA) for 3 h
and then slides were incubated with alkaline phosphatase
(AP) anti-DIG fragments (Sigma Aldrich) overnight at 4◦C
in a sealed humidified chamber. Slides were then rinsed in
MABT at room temperature, incubated in AP buffer, and
then developed with nitro-blue tetrazolium/5-bromo-4-chloro-
3′-indolyphosphate (NBT/BCIP; Sigma Aldrich) substrate at
37◦C in darkness for 2–3 h. Slides were then rinsed in 1× PBS,
fixed in 4% PFA, washed in 1× PBS, and coverslipped with
aquamount aqueous mounting media (Fisher Scientific).

Quantification of cfos-Expressing Cells
To quantify differences in cfos staining in the brain, slides were
visualized on a Nikon Eclipse Ni microscope and photographed
with a color digital camera controlled by Nikon NIS-Elements
software. Brightfield and phase contrast were used to visualize
neuroanatomical markers and brain nuclei in relation to stained
cells. Quantifications were done by an observer blind to
experimental condition. cfos-positive cells were easily identifiable
by dark purple staining inside the cell with a clear, discernible
border. Final images were adjusted for levels, contrast, and
brightness in Adobe Illustrator CC v21.10. Neuroanatomical
structures were identified using a cresyl violet stained A. burtoni
reference brain and A. burtoni brain atlas. Stereotactic and
neuroanatomical markers were used to designate the borders and
rostro-caudal extent of each region to ensure consistency across

animals. The following socially-relevant regions of the brain
were quantified: ventral nucleus of the ventral telencephalon
(Vv), supracomissural nucleus of the ventral telencephalon (Vs),
dorsal part of the ventral telencephalon (Vd), granular zone of
lateral part of the dorsal telencephalon (Dl-g), fourth and fifth
subdivisions of central part of the dorsal telencephalon (Dc-4
and Dc-5), anterior tuberal nucleus (ATn), anterior part of the
periventricular preoptic area (nPPa). The posterior nucleus of
the dorsal telencephalon (Dp) was also quantified, as it is an
important olfactory processing region. Images were taken at the
highest magnification (10× or 20× objective) that encompassed
the entire area of interest. For 10× images (Vs, Dl-g, Dp and
ATn), nuclei borders were outlined with either 50 µm × 50 µm
gridlines (Dp, ATn) or 80 µm × 80 µm gridlines (Vs, Dl-g)
applied to each image. cfos-expressing cells in five randomly
chosen boxes per section were counted for Vs and Dl-g and
four randomly chosen boxes for Dp and ATn and cell density
calculated by dividing the number of cells within the boxes by
the total area of the boxes. For 20× images (Vv, Vd, nPPa,
Dc-4 and Dc-5), the same procedure was followed, except
nuclei borders were overlaid with 50 µm × 50 µm grid lines
and cfos-expressing cells were counted in three boxes. For all
regions, four consecutive sections were quantified for each region
and averaged together for a cell density value (#cells/µm2) of
that region for each animal. Alternate sections were used for
quantification so that adjacent 20 µm sections were separated
by 40 µm (and cell diameters are ∼<10–25 µm on average)
ensuring no double counting of cells. Density values were then
averaged across individuals exposed to the same sensory stimulus
conditions.

Steroid Hormone Assays
To test for differences in circulating sex-steroid hormones among
visual-chemosensory conditions, plasma 11-ketotestosterone
(11-KT) and estradiol (E2) were measured using Enzyme
ImmunoAssay (EIA) kits (Cayman Chemical Inc.), as previously
described and validated for A. burtoni (Maruska and Fernald,
2010b). For both steroids, 4.4 µl of plasma from each focal
male was extracted three times using 220 µl of ethyl ether and
evaporated under a fume hood prior to re-constitution in assay
buffer (1:50 dilution). Kit protocols were then strictly followed,
plates were read at 405 nm using a spectrophotometer microplate
reader and steroid concentrations determined based on standard
curves.

Statistical Analysis
Behavior and neural activation data were compared with
one-way ANOVAs. Focal male courtship and searching behavior
could not be normalized by transformation and were compared
with non-parametric Kruskal-Wallis (KW) one-way ANOVA on
Ranks with Dunn’s post hoc tests (α =0.05). Behavior and neural
activation in anosmic and intact males were compared using
student’s t-tests. To compare searching behavior in anosmic
and intact males, data were log-transformed to pass equal
variance. To test for differences in neural activation across
sensory stimulus conditions, the density of cfos expressing cells
in each brain nucleus was compared with parametric one-way
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ANOVA with SNK post hoc tests. Cell density data that could
not be transformed (one brain region only, Dc-5) were compared
with KW one-way ANOVA on Ranks with Dunn’s post hoc
test. Pearson correlation tests were used to test for relationships
among cfos-labeled cell densities across brain regions, and with
courtship and search behavior to generate co-activation heat
maps for each stimulus combination. Factor analyses were done
using principal component extractions with Eigenvalues >1 and
components plotted in rotated space (varimax rotation). For
discriminant function analysis (DFA), any missing values were
replaced with the group mean (Dc-5 only). Significant outliers
detected by Grubb’s test were removed prior to all comparisons
(Dc-5: one outlier removed from cfos quantification). Steroid
hormone levels were analyzed across stimulus condition for
intact and anosmic males using ANCOVA with body size as a
covariate. Statistical comparisons were performed in SigmaPlot
12.3 or SPSS 24.

RESULTS

Behavioral Response to Unimodal and
Multimodal Visual and Chemosensory
Signals
Focal males did not perform any courtship behaviors
(body quivers, tail waggles, leads to shelter) in control
and chemosensory only conditions (Figure 2A). In vision
only conditions, focal males performed more courtship
behaviors (0–9 total courtship behaviors) than both control
and chemosensory only conditions. However, the number of
courtship behaviors was significantly higher when focal males
received visual and chemosensory signals together (KW one-way
ANOVA on Ranks, H = 22.212, df = 3, P < 0.001; Dunn’s
P < 0.05; Figure 2A). Thus, dominant A. burtoni males must
see a receptive female to engage in specific courtship behaviors,
but courtship is enhanced when visual signals are paired with
chemosensory signals from females.

Searching behavior was observed in all focal males across
all stimulus conditions. Focal males spent significantly more
time searching in vision only, chemosensory only, and visual-
chemosensory conditions compared to controls, but searching
did not differ among the three non-control conditions (KW
one-way ANOVA on Ranks, H = 12.645, df = 3, P = 0.005;
Dunn’s P < 0.05; Figure 2B).

Neural Activation
Figure 3 shows representative low magnification cresyl violet-
stained transverse sections from A. burtoni with locations of
relevant regions quantified for neural activation (measured as
cfos cell density) in this study. Focal males exposed to unimodal
and multimodal visual and chemosensory signals from females
showed differential neural activation patterns in regions that
process sensory inputs andmediate social decisions. For example,
activation in Vv was significantly higher when a visual signal
was present regardless of whether or not a chemosensory signal
was present (one-way ANOVA F(3,20) = 8.516, P < 0.001; SNK
P < 0.05; Figure 4A). Activation in Vd also showed differences

FIGURE 2 | Visual and chemosensory signals from gravid females induce
distinct behaviors in dominant A. burtoni males. (A) Focal males require a
visual signal from females to engage in courtship behaviors, but visual signals
alone are sufficient to induce some courtship. Male courtship behaviors are
dramatically increased when both visual and chemosensory signals from
females are present. (B) Focal males spend more time searching when a
visual, chemosensory, or paired visual-chemosensory signal from females is
present compared to control conditions. Different letters indicate statistical
differences at P < 0.05 (Kruskal-Wallis (KW) one-way ANOVA on Ranks, SNK
post hoc). Box plots were used to represent data: solid line indicates the
median and dashed line indicates the mean. The box extends to the furthest
data points within the 25th and 75th percentile, and whiskers extend to the
10th and 90th percentile. Closed circles indicate data points outside the 5th
and 95th percentile. Sample sizes are shown in parentheses.

depending on stimuli, with greater neural activation when a
chemosensory signal was present whether or not a visual signal
was present (one-way ANOVA F(3,20) = 16.627, P < 0.001;
SNK P < 0.05; Figure 4B). Activation in Vs was higher in
the chemosensory only condition compared to the control,
but did not differ from the visual only condition. Further, Vs
activation was greater when multimodal visual-chemosensory
signals were presented compared to all other conditions
(one-way ANOVA F(3,20) = 11.262, P < 0.001; SNK P < 0.05;
Figure 4C). Activation in Dl-g in chemosensory only and visual-
chemosensory conditions was greater than that in controls, but
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the visual only condition did not differ from either of these or the
control condition (one-way ANOVA F(3,20) = 3.317, P = 0.041;
SNK P < 0.05; Figure 5A). Dp had greater activation when a
chemosensory stimulus was present, regardless of whether or
not a visual signal was present, compared to controls (one-way
ANOVA F(3,20) = 4.565, P = 0.014; SNK P < 0.05; Figure 5B).
For nPPa, activation was greater when visual or chemosensory
unimodal signals were present compared to the control. Further,
when visual and chemosensory signals were presented together
there was greater activation in nPPa compared to all other
conditions (one-way ANOVA F(3,20) = 41.205, P < 0.001;
SNK P < 0.05; Figure 5C). In ATn, activation was greater in
all stimulus conditions compared to the control, but stimulus
conditions did not differ from one another (one-way ANOVA
F(3,20) = 7.967, P = 0.001; SNK P < 0.05; Figure 5D). There
was a significant difference in activation in Dc-5 across sensory
stimulus conditions, but post hoc tests were unable to detect
differences (KW one-way ANOVA on Ranks, H = 9.778, df = 3,
P = 0.021, Dunn’s P > 0.05). No significant differences in
activation occurred among stimulus conditions in Dc-4 (one-way
ANOVA F(3,20) = 0.424, P = 0.738).

Behavior and Neural Activation in Anosmic
Males
We used anosmic males to test whether behavioral responses
were mediated by olfaction or taste. Anosmia was verified
in males by absence of cfos staining (no neural activation)
in the inner cellular layer of the olfactory bulb, indicating
no transmission of sensory information from the olfactory
epithelium to the olfactory bulb when the olfactory nerves were
severed (see Figure 6 for example cfos staining in the olfactory
bulb). Anosmic males presented with only chemosensory signals
from females (no visual signal) showed reduced cfos staining in
the ICL compared to intact males that received the same stimulus
(Figure 6A). Further, anosmic males spent less time searching
compared to intact focal males (student’s t-test, P = 0.002;
Figure 6B) and also had fewer cfos-stained cells in Vd (student’s
t-test, P = 0.039) and Vs (student’s t-test, P = 0.009) as well as
in Dp (a known olfactory processing region) compared to intact
focal males (student’s t-test, P = 0.003; Figures 6C–E).

Hormone Responses of Intact and
Anosmic Males
We measured circulating levels of 11-KT and E2 in intact
males exposed to uni- and multimodal visual and chemosensory
signals, and in anosmic males. There was no difference in
either hormone among males in any experimental group (11-KT:
ANCOVA F(5,22) = 1.203, P = 0.34; E2: ANCOVA F(6,19)= 1.892,
P = 0.135).

Correlations and Multivariate Analyses of
Brain Regions and Social Behaviors
To investigate functional connectivity of the examined brain
regions and how it relates to expression of social behaviors,
we created heat maps from Pearson correlation coefficients of
cfos cell density (Figure 7) and number of social behaviors

FIGURE 3 | Representative transverse sections from the A. burtoni brain
showing the locations of relevant nuclei quantified in this study. Cresyl
violet-stained sections are shown from rostral (A) to caudal (D) and nuclei are
outlined and labeled. Only the right half of the brain is shown for each, relevant
quantified regions are outlined in red, and inset shows the approximate
locations of each section on a sagittal brain. Scale bar = 250 µm.
Abbreviations: ac, anterior commissure; ATn, anterior tuberal nucleus; CP,
central posterior thalamic nucleus; CZ, central zone of tectum; Dc-1–5, central
part of the dorsal telencephalon, subdivisions 1–5; Dd-d, dorsal part of the
dorsal telencephalon, dorsal subdivision; Dd-v, dorsal part of the dorsal
telencephalon, ventral subdivision; Dl-g, granular zone of lateral zone of the
dorsal telencephalon; Dl-v2, ventral part of the lateral zone of the dorsal
telencephalon, subdivision 2; Dm-3, medial part of the dorsal telencephalon,
subdivision 3; Dp, posterior part of the dorsal telencephalon; DP, dorsal
posterior thalamic nucleus; E, entopeduncular nucleus; NDILl, lateral part of
the diffuse nucleus of the inferior lobe; NLTd, lateral tuberal nucleus, dorsal
part; NLTi, lateral tuberal nucleus, intermediate part; NLTv, lateral tuberal
nucleus, ventral part; nPPa, parvocellular preoptic nucleus, anterior part; NRL,
nucleus of the lateral recess; NT, nucleus taenia; ON, optic nerve; pc,
posterior commissure; PGm, medial preglomerular nucleus; PGZ,
periventricular gray zone of tectum; PPd, dorsal periventricular pretectal
nucleus; PPv, ventral periventricular pretectal nucleus; SWGZ, superficial gray
and white zone of tectum; TGN, tertiary gustatory nucleus; TL, torus
longitudinalis; TLa, nucleus of the torus lateralis; TPp, periventricular nucleus
of the posterior tuberculum; TS, torus semicircularis; Vc, central part of the
ventral telencephalon; Vd-c, dorsal part of the ventral telencephalon, caudal
subdivision; Vi, intermediate nucleus of the ventral telencephalon; Vl, lateral
part of the ventral telencephalon; VOT, ventral optic tract; Vs-l, lateral part of
the supracommissural nucleus of the ventral telencephalon; Vs-m, medial part
of the supracommissural nucleus of the ventral telencephalon; Vv, ventral part
of the ventral telencephalon.
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FIGURE 4 | Unimodal and multimodal visual and chemosensory signals from females elicit distinct neural activation patterns in ventral telencephalic brain regions of
dominant A. burtoni males. (A) Focal males show greater cfos expression in Vv when a visual signal is present, regardless of whether a chemosensory signal is
present or not. (B) There is greater cfos expression in Vd when a chemosensory signal is present, regardless of whether a visual signal is present or not. (C) Neural
activation in Vs is greater in the unimodal chemosensory signal condition compared to control, but it did not differ from the visual only condition. Activation in Vs was
also greater in visual-chemosensory compared to all other conditions. Photos show representative examples of cfos staining in each region for control conditions (1),
visual only (2), chemosensory only (3), and visual and chemosensory (4). Outlines demonstrate approximate quantified area for each region. Scale bars represent 100
µm. Schematics show a lateral view of the brain with the approximate location of each region. Different letters indicate statistical significance at P < 0.05 (one-way
ANOVA). See Figure 2 for box plot descriptions.

for each sensory condition (Figure 8). In control and visual
only conditions, there were no significant correlations between
any brain regions (Figures 7A,B). In the visual only condition,
courtship behavior positively correlated with activation in
nPPa and Vv (Figure 8). When only chemosensory signals
were present, negative correlations were observed between
activation in Vv and Dp as well as between nPPa and Dl-g
(Figure 7C). However, there was a positive correlation between
searching behavior and neural activation in both nPPa and Dl-g
(Figure 8A). When both visual and chemosensory signals were
present, Vv, Vs and nPPa were positively correlated with each
other (Figure 7D) and with courtship behaviors (Figure 8B).

Tables 1–4 show Pearson correlation coefficients and P values
for cfos cell densities among brain regions for each condition.
Tables 5, 6 show correlation coefficients and P values among
brain regions and behaviors in relevant conditions.

To examine whether patterns of neural activation could
correctly classify individual focal males into their respective
sensory stimulus condition, we performed canonical DFA and
principal component analysis (PCA) on neural activation data
for all investigated brain regions (Figure 9). DFA weights
variable inputs (activation of brain regions) and determines if
animals can be sorted into groups based on these variables, and
identifies which variables may contribute to this sorting. Our
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FIGURE 5 | Unimodal and multimodal visual and chemosensory signals from females elicit distinct neural activation patterns in dorsal telencephalic and
hypothalamic brain regions of dominant A. burtoni males. (A) In Dl-g, there is greater cfos expression in chemosensory only and visual-chemosensory conditions
compared to controls, with activation in vision only conditions not different from either of these conditions or controls. (B) There is higher cfos expression in Dp when
a chemosensory signal is present, regardless of whether a visual signal is present or not. (C) nPPa shows the greatest neural activation when both visual and
chemosensory signals from females are present. (D) In ATn, focal males show higher cfos expression in all visual-chemosensory sensory conditions compared to
controls. Photos show representative examples of cfos staining in each region for control conditions (1), visual only (2), chemosensory only (3), and visual and
chemosensory (4). Outlines demonstrate quantified area for each region. Scale bar in (A) represents 50 µm. Scale bars in (B–D) represent 100 µm. Schematics
show a lateral view of the brain with approximate location of each region. Different letters indicate statistical significance at P < 0.05 (one-way ANOVA). See Figure 2
for box plot descriptions.

DFA correctly classified 100% of animals into their respective
groups (control, vision only, chemosensory only, vision and
chemosensory; Figure 9A). Function 1 was driven positively by

nPPa and Dp and explained 67.6% of the variance. Function
2 was driven positively by Vd and Dc-5 but negatively by nPPa
and Vv, and accounted for 29.2% of the variance. Together
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FIGURE 6 | Anosmic dominant males show altered searching behavior and reduced cfos expression in known olfactory processing regions of the brain. (A) Anosmic
males show decreased cfos expression (purple staining) in the olfactory bulb compared to intact males. Arrows indicate inner cellular layer of the olfactory bulb. (B)
Anosmic males receiving only chemosensory signals from gravid females spend less time searching compared to intact males. Anosmic males also have reduced
neural activation (cfos cell density) in Vd (C), Vs (D) and Dp (E) compared to intact males receiving the same chemosensory only stimulus. Scale bars in (A) represent
100 µm. Different letters indicate statistical significance at P < 0.05. See Figure 2 for box plot descriptions.

functions 1 and 2 explained 96.8% of the variance and separated
males into the four sensory stimulus groups based on neural
activation patterns alone. PCA of cfos activation in examined
brain regions produced two significant components driving
variability in the data (Figure 9B; N = 24 animals; Kaiser-
Meyer-Olkin measure of sampling adequacy = 0.577; Bartlett’s
test of sphericity chi-squared = 101.693, df = 36, P < 0.001).
Component 1 accounted for 42.8% of variance and was strongly
weighted by ATn, Vv and nPPa. Component 2 accounted
for 17.982% of variance and was loaded by Dp and Vd.
Based on the regions driving each node, components 1 and
2 likely represent visual and chemosensory inputs, respectively.
A summary of differences in neural activation in each region
with each unimodal and multimodal sensory input (compared
to control conditions) is shown in the Venn diagram of
Figure 9C.

DISCUSSION

We investigated behavioral, physiological and neural responses
of dominant A. burtonimales to uni- and multimodal visual and
chemosensory signals from reproductively-receptive females.
Our results show that males need sexually-relevant visual
signals from females to engage in stereotypical courtship
behaviors such as body quivers, tail waggles, and leads into
the spawning territory. However, the number of courtship
behaviors was greater when males were simultaneously exposed
to visual and chemosensory signals from females, compared

to either sensory signal alone. When a female visual signal
was absent, males showed increased searching activity in
response to female-conditioned water compared to control
water, suggesting that these chemosensory signals may stimulate
male motivation. Importantly, we also tested anosmic (olfactory
ablated) males to demonstrate that this searching behavior
is primarily mediated by the olfactory system rather than
gustation. Using the immediate early gene cfos as a proxy
for neural activation, we also revealed that decision and
olfactory processing regions show differential activation when
dominant males are exposed to visual and chemosensory
signals together compared to exposure of either sensory signal
alone.

Behavioral and Physiological Responses
to Uni- and Multimodal Signals
By examining behavioral responses to both uni- and multimodal
visual-chemosensory signals, we show that male A. burtonimust
see a female to perform courtship behaviors, but courtship
is dramatically increased when chemosensory information is
also available. It is well known that animals across taxa
use multimodal signals for communication, particularly in
courtship and reproductive contexts (Darwin and Prodger,
1998). A multimodal signal often benefits the receiver by
allowing for better detection and localization of the signaler
(Hasson, 1989), reduced habituation of individual signals (Todt
and Fiebelkorn, 1980), and potential priming of one signal
by another (Partan and Marler, 2005). The classification of
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FIGURE 7 | Males exposed to unimodal and multimodal visual and chemosensory signals from gravid females show different co-activation patterns in the brain. Heat
maps of Pearson correlation coefficients (R = color scale) of cfos staining in brain nuclei in (A) control conditions; (B) unimodal visual only; (C) unimodal
chemosensory only; and (D) multimodal visual and chemosensory. Heat maps ordered based on hierarchical clustering of brain regions for each condition. See
Tables 1–4 for R and P values. Asterisks indicate significance at P < 0.05.

multimodal signals into two broad categories, redundant and
non-redundant, is based on the receiver’s response to each
unimodal component separately and the response to the
combined multimodal signal (Partan and Marler, 1999). In a
simplified description, redundant signals are those that ‘‘mean
the same thing’’ or result in the same response alone and
together, while non-redundant signals ‘‘carry multiple messages’’
or result in altered responses (Moller and Pomiankowski,
1993; Johnstone, 1996; Partan and Marler, 2005). Based on
these criteria, visual-chemosensory multimodal signals from
gravid A. burtoni females are non-redundant because males’
behavioral responses to each unimodal signal and to the
combined multimodal signal are all different, demonstrating
that they convey different information. Vision alone elicits

courtship behaviors while smell alone does not, however
smell alone does induce increased searching behavior. In
addition, dual visual-chemosensory signals result in increased
courtship behavior compared to visual only conditions, while
maintaining the searching behavior. This altered behavioral
response from a multimodal signal is called ‘‘modulation,’’ and
thus, visual-chemosensory signals in A. burtoni are classified as
non-redundant modulatory signals. The processing of signals
from multiple sensory modalities often results in responses
that are larger than the sum of responses from the individual
signals. This response profile, termed ‘‘super-additive response’’
is a generally common occurrence with even weak stimuli
resulting in strong super-additive responses (Stein and Stanford,
2008; Angelaki et al., 2009). Thus, males likely get arousal
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FIGURE 8 | Males exposed to unimodal and multimodal visual and
chemosensory signals from gravid females show different neural co-activation
patterns related to social behaviors. Heat maps of Pearson correlation
coefficients (R = color scale of Figure 6) of cfos staining in brain nuclei and
(A) searching behaviors across all sensory conditions, and (B) courtship
behaviors in unimodal visual only and multimodal visual and chemosensory
conditions. Control and unimodal chemosensory conditions are not included
in (B) because no courtship behaviors occurred in these conditions. See
Tables 5, 6 for R and P values. Asterisks indicate significance at P < 0.05.

and/or motivational information from chemosensory signals
and visual signals elicit the courtship behaviors. In a similar
study in A. burtoni, males exposed to the putative pheromone
17α-20β-dihydroprogesterone as a chemosensory signal showed
no difference in the number of courtship displays when
presented with and without a female visual signal (O’Connell
et al., 2013). However, we used female-conditioned water that
contains a ‘‘cocktail’’ of odorants as opposed to a single
putative pheromonal compound. Indeed, specific behavioral
and physiological responses to pheromones from conspecifics
are typically due to a particular combination of compounds
rather than a single odorant (Stacey, 2003; Derby and Sorensen,

2008). This mixed vs. single odorant application likely accounts
for the different responses, especially since the identity of the
pheromonal compounds released by A. burtoni are currently
unknown.

We also examined male physiological responses to visual
and chemosensory uni- and multimodal signals by measuring
circulating 11-KT and E2 levels and found no difference across
any condition. Similarly, males exposed to reproductive contexts
in another study showed no difference in levels of 11-KT after
exposure to visual and chemical stimuli (O’Connell et al., 2013).
All males used in our study were highly dominant and territorial,
meaning sustained high levels of these circulating hormones.
The lack of context-specific stimulus-induced changes in our
experiment may be due to circulating levels already being at
or close to their physiological maximum (Parikh et al., 2006;
Maruska and Fernald, 2010a; Maruska et al., 2013b; Maruska,
2015).

Neural Activation in Response to Uni- and
Multimodal Visual-Chemosensory Signals
Receiver behavior determines the use of true multimodal
signaling in specific contexts (Partan and Marler, 2005), but
there is a lack of information on how and where unimodal
and multimodal signals are integrated in the brain to produce
such behaviors (Partan, 2013). Using in situ hybridization for
the IEG cfos, we examined neural activation patterns in social
and olfactory-relevant brain regions as a result of uni- and
multimodal signals. Some brain regions showed activation that
was dependent on only one signal. For example, there was greater
activation in Vv in males exposed to a visual signal from females,
regardless of the presence of a chemosensory signal, while greater
activation in Vd occurred in response to chemosensory signals
regardless of vision.

Vv (homologous in part to the external globus pallidus (dorsal
Vv) and mammalian septum (ventral Vv)) is well-known for
its role in reproduction and courtship behaviors (Satou et al.,
1984; Wullimann and Mueller, 2004; Ganz et al., 2012; Elliott
et al., 2017). Component 1 of our PCA was driven strongly

TABLE 1 | Pearson correlation coefficients of cfos staining in brain nuclei of A. burtoni males exposed to control conditions.

Dl-g nPPa ATn Dc-5 Dc-4 Vv Vs Vd

Dp R 0.703 0.176 −0.042 0.116 −0.090 0.233 0.073 −0.522
P 0.119 0.739 0.937 0.852 0.866 0.657 0.891 0.288

Dl-g R 0.310 0.278 −0.620 0.218 0.404 0.338 −0.033
P 0.550 0.594 0.265 0.678 0.428 0.512 0.950

nPPa R 0.743 −0.269 −0.496 0.318 0.578 0.330
P 0.901 0.662 0.317 0.539 0.230 0.523

ATn R −0.731 −0.553 0.237 0.060 0.053
P 0.160 0.255 0.651 0.911 0.920

Dc-5 R 0.406 0.255 0.234 −0.052
P 0.497 0.679 0.704 0.933

Dc-4 R 0.399 0.349 0.346
P 0.433 0.498 0.502

Vv R 0.522 0.080
P 0.288 0.880

Vs R 0.751
P 0.086

Data represent correlation coefficients (R) and P-values (P) from dominant males exposed to control conditions (N = 6). Data were used to create heat map in Figure 7A.
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TABLE 2 | Pearson correlation coefficients of cfos staining in brain nuclei of A. burtoni males exposed to sexually-relevant unimodal visual signals.

ATn Vd Vs Vv nPPa Dc-5 Dl-g Dp

Dc-4 R 0.243 0.360 −0.492 −0.037 −0.467 0.026 −0.543 −0.235
P 0.694 0.552 0.400 0.953 0.428 0.968 0.345 0.703

ATn R 0.419 −0.489 0.179 −0.101 −0.502 0.018 0.255
P 0.408 0.325 0.734 0.849 0.310 0.973 0.626

Vd R 0.504 0.282 −0.130 −0.582 −0.269 −0.455
P 0.308 0.588 0.805 0.225 0.606 0.364

Vs R 0.273 0.283 −0.223 −0.024 −0.573
P 0.601 0.586 0.671 0.964 0.235

Vv R 0.809 −0.375 −0.067 −0.523
P 0.051 0.463 0.899 0.287

nPPa R −0.319 0.399 −0.146
P 0.538 0.433 0.782

Dc-5 R −0.552 −0.214
P 0.256 0.684

Dl-g R 0.755
P 0.082

Data represent correlation coefficients (R) and P-values (P) from dominant males exposed to visual only conditions (N = 6). Data were used to create heat map in
Figure 7B.

by Vv activation demonstrating the importance of sexually-
relevant information to Vv. Neurons in Vv of the zebrafish
also pool inputs from diverse mitral cells in the olfactory bulbs
and respond more strongly to a mixture than to individual
components of an odorant, suggesting that olfactory processing
in this region may contribute to control of general behavioral or
physiological state (Yaksi et al., 2009). One explanation for why
there was not greater activation in Vv with chemosensory signals
is that olfactory bulb projections to the medial olfactory terminal
region (border of Vd and Vv; Sas et al., 1993), which contains
GABAergic cells (Maruska et al., 2017) may inhibit activation of
Vv cells, resulting in lower cfos cell density following exposure to
chemosensory signals. Here, visual exposure to females resulted
in greater activation in Vv, as well as an increased courtship
response in males. While recent evidence supports a division of
the Vv into dorsal and ventral regions with distinct homologs
(see above), we did not distinguish them in this study. The route
by which visual information may arrive at Vv in the cichlid is

unknown, but tracing studies in zebrafish show inputs to the
ventral telencephalon from visual centers such as preglomerular
nuclei and the preoptic area (Rink and Wullimann, 2004). Here
we provide additional evidence for the already well-documented
role of Vv in decisions related to sexual behaviors.

The mammalian homolog of the teleost Vd is somewhat
debated, but is considered in part to be the nucleus accumbens
and/or striatal formation (O’Connell and Hofmann, 2011; Ganz
et al., 2012; Elliott et al., 2017), both of which are involved
in reward behavior. In teleosts, Vd is important for arousal
(Forlano and Bass, 2011) and receives direct input from the
olfactory bulbs (Meek and Nieuwenhuys, 1998). We previously
showed that A. burtoni females have increased activation in
Vd following reproductive interactions in full contact settings
(when chemosensory signals were presumably released by males;
Maruska and Fernald, 2012; Field and Maruska, 2017). Here,
greater activation in Vd occurred when males were exposed to
female-conditioned water regardless of whether a visual signal

TABLE 3 | Pearson correlation coefficients of cfos staining in brain nuclei of A. burtoni males exposed to sexually-relevant unimodal chemosensory signals.

Dc-5 Dl-g Vs Vv Vd Dp ATn nPPa

Dc-4 R 0.635 0.435 0.609 0.107 0.016 −0.299 0.215 −0.655
P 0.175 0.271 0.200 0.841 0.976 0.564 0.682 0.158

Dc-5 R 0.506 0.526 0.168 0.111 −0.144 −0.290 −0.546
P 0.306 0.284 0.751 0.834 0.785 0.577 0.263

Dl-g R 0.733 0.422 0.578 −0.212 −0.033 −0.846
P 0.097 0.405 0.230 0.686 0.950 0.034

Vs R 0.723 0.026 −0.663 0.351 −0.554
P 0.104 0.961 0.151 0.495 0.254

Vv R −0.412 −0.921 0.075 −0.288
P 0.417 <0.01 0.990 0.580

Vd R 0.650 0.056 −0.375
P 0.162 0.916 0.464

Dp R −0.081 0.246
P 0.879 0.639

ATn R 0.267
P 0.609

Data represent correlation coefficients (R) and P-values (P) from dominant males exposed to chemosensory only conditions (N = 6). Data were used to create heat map
in Figure 7C. Bold indicates P < 0.05.
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TABLE 4 | Pearson correlation coefficients of cfos staining in brain nuclei of A. burtoni males exposed to sexually-relevant multimodal visual-chemosensory signals.

Dp Dc-5 Dc-4 Vd Dl-g Vs Vv nPPa

ATn R −0.625 0.200 −0.169 −0.252 −0.078 0.131 0.019 0.396
P 0.185 0.704 0.750 0.630 0.884 0.804 0.972 0.437

Dp R −0.173 −0.180 −0.081 −0.633 −0.648 −0.597 −0.752
P 0.743 0.733 0.879 0.177 0.164 0.211 0.085

Dc-5 R 0.777 −0.466 −0.111 0.034 −0.057 −0.007
P 0.69 0.352 0.835 0.949 0.915 0.989

Dc-4 R −0.040 0.012 0.122 0.262 0.036
P 0.940 0.981 0.819 0.616 0.946

Vd R 0.221 0.582 0.786 0.580
P 0.674 0.225 0.064 0.227

Dl-g R 0.757 0.621 0.618
P 0.081 0.188 0.191

Vs R 0.915 0.948
P 0.010 0.004

Vv R 0.892
P 0.017

Data represent correlation coefficients (R) and P-values (P) from dominant males exposed to dual visual-chemosensory signals from females (N = 6). Data were used to
create heat map in Figure 7D. Bold indicates P < 0.05.

was present or not, and there was reduced activation in anosmic
males. Further, activation in Vd was positively correlated with
searching behavior (indicator of motivation) in chemosensory
only conditions in intact males. Thus, our results further support
Vd in integrating sexually-relevant chemosensory signals that
stimulate arousal/motivation in males, similar to the nucleus
accumbens inmammals (Becker et al., 2001; Portillo and Paredes,
2004; Hosokawa and Chiba, 2005).

Dp (homologous to the mammalian primary olfactory cortex)
also showed increased activation when smell was present, and
reduced activation in anosmic males, confirming its role in
olfactory processing (Satou, 1990; Meek and Nieuwenhuys,
1998; Kermen et al., 2013). Further, component 2 of our
PCA was most strongly driven by activation in Dp. More
than just primary odor detection, Dp is implicated in odor

memory and deciphering quality of complex odor mixtures
(Yaksi et al., 2009;Mori, 2014). In zebrafish, Dp neurons establish
representations of complex odor objects, potentially for use
in the formation and recall of odor memories (Yaksi et al.,
2009). In Mozambique tilapia (Oreochromis mossambicus) gene
expression in Dp changes depending on the odorants, providing
information on social context of the odorant (i.e., from dominant
male, subordinate male, receptive female; Simões et al., 2015).
Investigation of which genes may be up- or down-regulated in
Dp of A. burtoni following stimulation with female-conditioned
water would provide further information on how sexually-
relevant olfactory information may be processed to produce
specific social behaviors.

Two regions we investigated showed an additive response
to multimodal visual-chemosensory signals: nPPa and Vs. This

TABLE 5 | Pearson correlation coefficients of cfos staining in brain nuclei and searching behavior of A. burtoni males exposed to control conditions and sexually-relevant
uni- and multimodal visual-chemosensory signals.

Control Vision only Chemosensory only Vision and chemosensory

Dp R 0.288 0.296 0.198 −0.324
P 0.580 0.569 0.708 0.531

Dc-5 R 0.048 −0.165 0.304 −0.338
P 0.939 0.755 0.558 0.513

Dc-4 R −0.362 −0.638 0.389 −0.210
P 0.481 0.247 0.445 0.690

ATn R −0.237 0.557 0.281 0.581
P 0.651 0.251 0.589 0.227

Vd R −0.918 0.124 0.850 0.425
P 0.01 0.815 0.032 0.401

Dl-g R −0.222 0.215 0.852 −0.297
P 0.673 0.682 0.031 0.568

Vs R −0.900 −0.143 0.527 0.052
P 0.014 0.786 0.282 0.922

Vv R −0.433 0.001 −0.005 0.265
P 0.391 0.998 0.993 0.612

nPPa R −0.537 0.117 −0.637 0.340
P 0.272 0.825 0.173 0.509

Data represent correlation coefficients (R) and P-values (P) from dominant males exposed to each sensory condition (N = 6 for each condition). Data were used to create
heat map in Figure 8A. Bold indicates P < 0.05.
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TABLE 6 | Pearson correlation coefficients of cfos staining in brain nuclei and
courtship behavior of A. burtoni males exposed to sexually-relevant unimodal
visual signals and multimodal visual-chemosensory signals.

Vision only Chemosensory only

Dp R −0.225 −0.717
P 0.668 0.109

Dc-5 R −0.305 0.267
P 0.556 0.609

Dc-4 R −0.298 0.433
P 0.627 0.391

ATn R 0.009 0.114
P 0.986 0.830

Vd R −0.090 0.493
P 0.866 0.321

Dl-g R 0.264 0.720
P 0.613 0.107

Vs R 0.180 0.941
P 0.733 0.005

Vv R 0.896 0.918
P 0.016 0.010

nPPa R 0.976 0.882
P <0.001 0.020

Data represent correlation coefficients (R) and P-values (P) from dominant males
exposed to visual only and dual visual-chemosensory signals (N = 6 for each
condition). Data were used to create heat map in Figure 8B. Bold indicates
P < 0.05.

response suggests integration of sexually-relevant visual and
chemosensory signals in these regions. nPPa is a sub-region of
the pre-optic area (POA) which is widely viewed as a core brain
center for reproduction and social behaviors across vertebrates
(Forlano and Bass, 2011). It also plays a major role as a
sensory integration center leading to motor and neuroendocrine
responses in a variety of social contexts, including aggression,
sexual arousal, and reproduction (Forlano and Bass, 2011).
Thus, greater activation in nPPa with either of the sexually-
relevant unimodal signals, and even greater activation with
paired visual-chemosensory signals may be expected, but future
studies that examine which neuronal phenotypes might be
activated in different sensory conditions should provide further
insights. Similarly, Vs (homologous to mammalian medial
amygdala) is involved in processing the salience of sensory
information (Gray, 1999; Newman, 1999), including sexually-
relevant chemosensory signals (Kyle and Peter, 1982) making it
essential for sexual motivation (reviewed in Forlano and Bass,
2011). Indeed, Vs is crucial for courtship and spawning in
males of several fish species (Kyle et al., 1982; Satou, 1990), and
receives visual, chemosensory, and acoustic information (Kyle
et al., 1982; Gray, 1999; Butler and Maruska, 2016). Further,
gene expression in developing zebrafish larvae identify Vs as
homologous to the central amygdala (Ganz et al., 2012). In
addition, Vs receives input from POA, Vd and Vv (Demski
and Northcutt, 1983; Meek and Nieuwenhuys, 1998), each of
which showed specific responses to uni- and multimodal visual-
chemosensory signals in A. burtoni. Vs also has reciprocal
connections with the olfactory bulbs (Demski and Northcutt,
1983; Forlano and Bass, 2011), and the greater activation
observed in chemosensory only conditions was eliminated in
anosmic males. Thus, the activation from multimodal visual-
chemosensory signaling we observed further support Vs in

processing sensory information that is important for courtship
behavior in A. burtonimales.

In contrast to nPPa and Vs, ATn and Dl-g showed greater
activation in response to at least one unimodal signal and the
multimodal signal compared to control, and these responses
were not different from one another. This suggests a broader
role in mediating visual and chemosensory stimuli. The precise
function of ATn (putative homolog in part of the mammalian
ventromedial hypothalamus (VMH)) in teleosts is currently
unknown, but this region has projections to POA, suggesting
involvement in social behavior (Meek and Nieuwenhuys, 1998).
In A. burtoni females, activation of ATn was increased following
aggressive interactions (Field and Maruska, 2017), which is also
observed in mammals (Kollack and Newman, 1992; Lin et al.,
2011; Field and Maruska, 2017). In A. burtoni males, ATn is
important in the transition between social statuses (Maruska
et al., 2013a), as well as processing mechanosensory signals from
lateral line stimulation during aggressive interactions (Butler
and Maruska, 2016), thus implicating ATn in a variety of
social behaviors. As well as mediating aggression, our data
indicate a role in reproductive contexts. Similarly, sexually
dimorphic neurons in the VMH of mice regulate both sexual
and aggressive behaviors in males (Yang et al., 2013). In the
current study, exposure to each reproductively-relevant sensory
condition resulted in a similar activation response compared to
control conditions, and component 1 of our PCA was driven
strongly by ATn. However, ATn may not be explicitly involved
in processing signals from specific sensory modalities, but rather
mediate a more general response in courtship and reproduction.
Examining neural activation with a different IEG, such as egr-1,
may better identify regions involved in particular behavioral
responses.

Dl-g showed greater activation in response to chemosensory
only and multimodal signals in comparison to control
conditions. Dl (putative homolog of the mammalian
hippocampus) is involved in learning and memory (Rodríguez
et al., 2002; Harvey-Girard et al., 2012; Elliott et al., 2017). In
A. burtoni females, Dl-g had greater activation in response
to social (reproductive and aggressive contexts) compared to
non-social conditions (Field and Maruska, 2017). The general
increase in cfos expression shown here may reflect a similar
response to general social stimulation. Activation in Dl-g was
positively correlated with searching behavior during exposure
to unimodal chemosensory signals, but there is not currently
any evidence to support Dl-g as an olfactory processing region.
However,A. burtonimales must be able to locate females in order
to spawn. In fact, males that successfully completed a spatial
learning task that allowed them to access females showed greater
activation in the Dl (Wood et al., 2011). Thus, correlation of
activation in Dl-g with searching behavior during chemosensory
only conditions may reflect some aspect of spatial cognition in
males motivated to locate females and their territory shelters for
spawning. Further, Dl has been implicated in pattern separation
and completion in teleosts, and functions in a very similar way
to the hippocampal circuits of mammals (Elliott et al., 2017).
However, further studies investigating activation of other Dl
sub-regions (in addition to Dl-g) are needed to better understand
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FIGURE 9 | A. burtoni males exposed to unimodal and multimodal visual
and chemosensory signals show distinct neural activation patterns.
(A) Discriminant function analysis (DFA) correctly classified 100% of focal
males into their respective sensory stimulus categories based on brain
activation patterns alone. Stars represent group centroids of focal males
exposed to control conditions (white), unimodal visual only (green), unimodal
chemosensory only (purple), and multimodal visual and chemosensory signals
(blue). (B) Principal component analysis (PCA) of cfos staining in
socially-relevant and sensory processing brain regions. (C) Venn diagram
summarizing neural activation in males exposed to unimodal visual only,
unimodal chemosensory only, and multimodal visual and chemosensory
signals from females. Brain regions that exhibited greater activation in at least
one of the sensory conditions compared to control conditions are shown.
Regions in overlapping circles indicate similar activation in each of the relevant
overlapping conditions. Asterisks indicate regions that showed greater
activation in the multimodal vision-chemosensory condition compared to the
other unimodal sensory conditions. Regions that showed no change in
activation compared to control conditions (Dc-4 and Dc-5) are not shown.

its involvement in social behavior and sensory processing, as well
as examination of visual and chemosensory inputs to Dl areas.

In addition to examining neural responses in individual
regions, we also performed Pearson correlations among brain
regions in response to uni- andmultimodal visual-chemosensory
signals to gain a better understanding of the functional
connectivity, if any, of these regions (Teles et al., 2015). In
control and visual only conditions, no significant correlations
were observed among any investigated brain nuclei. When only
chemosensory signals were present, however, there were negative
correlations between Dp and Vv, as well as between nPPa and
Dl-g. In response to multimodal signals, nPPa, Vv and Vs were
all positively correlated with each other. While true functional
connectivity of these regions could not be completely elucidated
(possibly due to low sample size of 6 for each condition), the
different neural activity patterns demonstrate unique responses
to sexually-relevant visual, chemosensory, and combined visual-
chemosensory signals in male receivers. Further, these regions
exhibit anatomical connectivity and have each been implicated
in courtship and reproductive displays (Demski and Northcutt,
1983; Meek and Nieuwenhuys, 1998; Forlano and Bass, 2011).

While our primary focus was to examine which brain
regions might be involved in reception and processing of visual-
chemosensory information, we also performed correlations of
cfos cell density in each region with searching and courtship
behaviors in male receivers. In control conditions, Vs and
Vd were both negatively correlated with searching behavior,
while in chemosensory only conditions Dl-g and Vd were
both positively correlated with searching behavior, suggesting
that chemosensory inputs may be driving a motivational
response in males. No correlations with searching behavior were
observed for any brain region in the vision only and visual-
chemosensory multimodal contexts. However, males perform
courtship behaviors during both of these conditions, and the
drive to engage in reproductive behaviors likely overpowers
searching. In other words, if a male can see a female he will
engage in courtship behavior rather than searching behavior.
It should also be noted that cfos expression is more associated
with the reception of sensory information, rather than specific
behavioral outputs (Teles et al., 2015). Although visual only
conditions resulted in no correlations between neural activation
and searching behavior, courtship behavior positively correlated
with activation in Vv and nPPa. While these regions both have
well-established roles in courtship, our data suggests that Vv and
nPPa are likely involved in processing visual signals, at a neural
level above the primary visual input centers, to produce specific
reproductive behaviors.

In multimodal conditions, activation in Vv, nPPa and Vs,
which all positively correlated with each other, also positively
correlated with courtship behavior. These regions are all parts
of the proposed SDMN (O’Connell and Hofmann, 2011); Vv
and Vs are shared between the social behavior network and
mesolimbic reward system that makes up the SDMN, and
nPPa is part of the social behavior network (Newman, 1999;
O’Connell and Hofmann, 2011). As such, all of these regions
have well-established involvement in reproductive and courtship
behavior in fishes (Demski and Knigge, 1971; Macey et al.,
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1974; Kyle and Peter, 1982; Kyle et al., 1982; Satou et al., 1984;
Satou, 1990). Further, we previously showed that A. burtoni
females had greater activation in these same regions during
reproductive contexts (Field and Maruska, 2017), demonstrating
similar functions in reproduction across sexes. Here, the
observed co-activation of these regions correlated with courtship
behavior of males provides evidence of integration of visual and
chemosensory information from gravid females that are vital to
reproductive success.

SUMMARY

All animals must constantly integrate information from their
environment with their own internal state to make important
behavioral decisions. While we previously knew that visual
and chemosensory signals were important for communication
between sexes in A. burtoni (Maruska and Fernald, 2012;
Field and Maruska, 2017), we show here that combined
visual and chemosensory signals result in higher levels of
male courtship behaviors, demonstrating a crucial role for
chemosensory signals in reproduction. The behavioral responses
in receiver males allow us to classify multimodal visual-
chemosensory signals as non-redundant modulatory signals
(Partan and Marler, 1999). By examining neural activation
patterns with the IEG cfos, we identify decision centers involved
in processing information from visual and chemosensory signals
alone and together at an integration level above primary
sensory processing. Vv and Vd, for example, both showed
differential activation driven by one sensory modality, while
ATn and Dl-g show greater activation in response to any
and all sensory inputs. nPPa and Vs, however, show greatest
activation with combined visual and chemosensory signals,
suggesting sensory integration for behavioral decisions. By
correlating neural activation in socially-relevant brain regions
with courtship behaviors, we also show that activation in Vv,
Vs and nPPa is associated with increased courtship behavior in
males receiving multimodal visual-chemosensory signals from
receptive females. Further, our DFA correctly classified 100% of
males receiving no sexually-relevant signals (control conditions),
visual signals only, chemosensory signals only, and multimodal

visual-chemosensory signals based on neural activation alone.
Thus, we demonstrate that multimodal visual-chemosensory
signals are fundamentally different from either signal alone.
These data provide insight on how different components of
multimodal sensory inputs are received in the social brain,
linked to essential behavioral outputs, and provide a framework
for future studies on the evolution of sensory perception and
multimodal signaling across species. This study, and others like
it, will collectively help to better establish brain homologies and
functional neural networks that shape context-dependent social
behaviors.
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Mate-copying is a form of social learning in which the mate-choice decision of an
individual (often a female) is influenced by the mate-choice of conspecifics. Drosophila
melanogaster females are known to perform such social learning, and in particular, to
mate-copy after a single observation of one conspecific female mating with a male of
one phenotype, while the other male phenotype is rejected. Here, we show that this form
of social learning is dependent on serotonin and dopamine. Using a pharmacological
approach, we reduced dopamine or serotonin synthesis in adult virgin females with
3-iodotyrosine (3-IY) and DL-para-chlorophenylalanine (PCPA), respectively, and then
tested their mate-copying performance. We found that, while control females without
drug treatment copied the choice of the demonstrator, drug-treated females with
reduced dopamine or serotonin chose randomly. To ensure the specificity of the drugs,
the direct precursors of the neurotransmitters, either the dopamine precursor L-3,4-
dihydroxyphenylalanine (L-DOPA) or the serotonin precursor 5-L-hydroxytryptophan
(5-HTP) were given together with the drug, (respectively 3-IY and PCPA) resulting in
a full rescue of the mate-copying defects. This indicates that dopamine and serotonin
are both required for mate-copying. These results give a first insight into the mechanistic
pathway underlying this form of social learning in D. melanogaster.

Keywords: fruit fly, mate choice, social learning, social memory, 3-iodotyrosine (3-IY), DL-para-
chlorophenylalanine (PCPA), L-3,4-dihydroxyphenylalanine (L-DOPA), 5-L-hydroxytryptophan (5-HTP)

INTRODUCTION

Many animal species from a vast array of taxa can learn from others (i.e., social learning),
particularly in the context of mate-choice (Avital and Jablonka, 2000; Danchin et al., 2004; Galef and
Laland, 2005). Such observational learning can lead to mate-copying (Pruett-Jones, 1992), when
females mate preferentially with a male showing similar characteristics as the male they saw being
chosen by another female (trait-based copying, Bowers et al., 2012).

In Drosophila melanogaster, females are able to perform mate-copying (Mery et al., 2009) after
watching only a single live demonstration of one female copulating with a male of a given phenotype
and one male of another phenotype being rejected (Dagaeff et al., 2016; Danchin et al., 2018; Nöbel
et al., 2018).

Despite some promising studies, research about the mechanisms of social learning in general
and observational social learning in particular are still at the beginning (Burke et al., 2010;
Debiec and Olsson, 2017; Kavaliers et al., 2017; Allsop et al., 2018). While social learning
mechanisms are poorly known in any organism, D. melanogaster with its mini yet highly
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structured brain (100,000 cells) is one of the most favorable
model species to dissect the neuronal processes of learning.
Mostly, studies focused on simple kinds of learning tasks, where
flies can learn from their own experience (non-social learning
task), that are easier to standardize and historically well studied,
like olfactory or visual associative learning (Quinn et al., 1974;
Vogt et al., 2014, 2016; Cognigni et al., 2018). Thus, while the
mechanisms of non-social learning in Drosophila are now well-
described, the neurotransmitters and neural structures involved
in observational social learning in Drosophila are unknown.

The formation of non-social associative memory requires
dopamine in D. melanogaster: during the olfactory or visual
learning process, it mediates aversive or appetitive unconditional
stimuli (Riemensperger et al., 2005, 2011; Aso et al., 2012;
Burke et al., 2012; Liu et al., 2012; Vogt et al., 2014), while
serotonin is required for aversive place memory (Sitaraman
et al., 2008), and for olfactory learning and memory (Johnson
et al., 2011; Lee et al., 2011). Based on the fact that visual
and olfactory learning share common neurotransmitters and
neural structures (Vogt et al., 2014), we hypothesized that our
model of observational social learning, mate-copying, involves
the same two neurotransmitters. To address this, we used a
pharmacological approach to reduce dopamine or serotonin
synthesis with specific inhibitors of the limiting-step-enzyme of
the synthetic pathway: 3-iodotyrosine (3-IY) inhibits tyrosine
hydroxylase that catalyzes L-DOPA formation from tyrosine,
and DL-para-chlorophenylalanine (PCPA) inhibits tryptophan
hydroxylase that catalyzes 5-HTP formation from tryptophan,
respectively. Young sexually mature virgin females were fed one
of these drugs and their mate-copy ability was tested after a single
demonstration. To ensure specificity of the drugs, we also had
two rescue treatments in which the female received the drug
(3-IY or PCPA) together with the immediate precursor of the
neurotransmitter (L-DOPA or 5-HTP, respectively), so that the
level of dopamine or serotonin was less reduced than with 3-IY
or PCPA alone.

MATERIALS AND METHODS

Fly Maintenance
Wild-type Canton-S flies were raised in 30 ml food vials
containing standard corn flour-yeast-agar medium. The room
was maintained at 25 ± 0.8◦C, 60 ± 3% humidity, with a
12 h:12 h light:dark cycle. Virgin flies were collected daily for the
experiments and sexed without anesthesia, by gentle aspiration
using a glass pipette, tubing and gauze. Flies were then kept
in single-sex groups in food vials until the experiment started.
As D. melanogaster females are reluctant to re-mate (Chapman
et al., 2003), each female was used only once as demonstrator or
observer.

Drug Treatment
The solutions were freshly prepared every week in vehicle
(sucrose 5% in mineral water Vittel R©) and 200 ml were poured on
a Kimwipe paper (1.5 cm × 3.5 cm) deposited in a 15 ml Falcon
tube. Nine 1-day-old virgin females were introduced in the tube

for the length of the treatment, at 18◦C, 12 h:12 h light:dark cycle.
To explore dopamine effect, flies were fed with 3-IY (10 mg/ml,
Sigma I8250) and/or L-DOPA (1 mg/ml, Sigma D9628) for
36–40 h (Bainton et al., 2000; Seugnet et al., 2008). To explore
serotonin effect, flies were fed with PCPA (10 mg/ml, Sigma
C6506) and/or 5-HTP (16 mg/ml, Sigma H9772) for 3 days, with
papers being changed once during the 3 days period (Dierick
and Greenspan, 2007; Plaçais et al., 2012). We used a high 5-
HTP concentration (30% more than in Dierick and Greenspan,
2007) to ensure rescued serotonin levels in PCPA-treated flies in
our conditions. This concentration did not affect mate-copying in
flies fed with 5-HTP (Figure 2). The treatment “vehicle” consisted
of vehicle solution given during 36–40 h or 3 days.

Mate-Copying Experiment
Flies were tested 3–4 days after eclosion. Experiments were
conducted in the same conditions as fly maintenance. We used
the same tubes set-up (double plastic tube (0.8 × 3 cm each)
separated by a thin glass partition) and the speed-learning
protocol as described in Dagaeff et al. (2016) except that mate-
choice tests were run either immediately to test learning, or 3 h
20 ± 15 min after the demonstration, a time when associative
memory in drosophila is composed of consolidated and labile
memories (Folkers et al., 1993), two memories with independent
pathways (Isabel et al., 2004; Scheunemann et al., 2012) so that
we could detect a learning and/or memory defect. Artificial male
phenotypes were obtained by randomly dusting them in green
or pink (neutral trait) using colored powders (green: Shannon
Luminous Materials, Inc., #B-731; red: BioQuip Products, Inc.,
#1162R). Demonstrations in tube set-ups showed a demonstrator
female choosing between the two male phenotypes while the
treated female could observe through a transparent partition.
After the end of the copulation of demonstrator flies, each
observer female was either directly tested or placed individually
in a food vial until the test. The mate-choice test then involved
two new virgin green and pink males placed in a tube with
the observer female. Time when courtship began (first wing
vibration) and color of the male, as well as time when copulation
started and color of the chosen male were recorded.

Mate-Copying Index
Observer females that chose the same male color as the
demonstrator for copulation (copied) were given a mate-copying
score of 1, and females that chose the opposite color were given
a score of 0. A mate-copying index (MCI) was calculated as
the mean mate-copying score per treatment. Samples in which
only one male courted the female before she initiated mating
were not used for the analysis of the mate-copying performance
because only when both males showed their interest the female
was unambiguously in a position of choice. Samples in which
no copulation occurred after 30 min were excluded from the
analyses.

Ethics Statement
Behavioral observations of D. melanogaster required no ethical
approval and complied with French laws regarding animal
welfare. We kept the number of flies used in this study as small as
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possible. We handled flies by gentle aspiration without anesthesia
to minimize damage and discomfort. After the experiments,
individuals were euthanized in a freezer.

Analyses
Mate-copying scores were analyzed with the R software 3.4.0
(R Core Team, 2017). For each treatment, the difference from
random choice was tested with a binomial test. For global
comparisons, mate-copying scores were analyzed in a generalized
linear mixed model (GLMM) with binary logistic regression
(package lme4, Bates et al., 2014). A random block effect
introduced into the models accounted for the non-independence
of observer flies from the same block of 6 demonstrations and
tests. The significance of fixed effects was tested using Wald chi-
square tests implemented in the ANOVA function of the car
package (Fox and Weisberg, 2011). Starting models included
treatment, air pressure at the time of the test, and its variation
within the 6 preceding hours, and interactions between these
effects. We used a backward selection approach using P-values,
removing the highest order interaction as soon as it was non-
significant. The final model was always chosen as the one with the
lowest Akaike Information Criteria (AIC, Akaike, 1969). Two-by-
two comparisons between treatments were done using post hoc
X2 tests.

RESULTS

PCPA and 3-IY Impair Learning or
Memory in Mate-Copying
We first tested whether females’ mate-copying performance was
affected after a PCPA or a 3-IY treatment. We analyzed the
mate-copying scores (Figure 1) and found that females fed
with the vehicle mate-copied, while females lacking serotonin
or dopamine did not. We then compared the three groups and
found a significant difference (GLMM, N = 241, X2 = 7.26,
P = 0.027), which we also found when comparing PCPA- or
3-IY-treated flies to the vehicle (Figure 1 and Supplementary
Table S1). Thus, PCPA and 3-IY impaired mate-copying in
these conditions. We also measured courtship duration in
each group and found no statistical difference between them
(Supplementary Figure S1).

Dopamine and Serotonin Are Both
Required for Learning in a Mate-Copying
Context
We then tested female mate-copying immediately after the
demonstration, in order to study learning capacities only, and
not memory retention. To ensure that the mate-copying defects
observed in Figure 1 depend on lacking dopamine or serotonin,
and not to a side-effect of the drug, we added four more
treatments: PCPA with 5-HTP, 5-HTP, 3-IY with L-DOPA
and L-DOPA. We measured mate-copying scores in all groups
(Figure 2) and found that all groups copied except PCPA and 3-
IY treated females. We compared mate-copying scores in the five
groups that copied and found no statistical difference (GLMM,

FIGURE 1 | Mate-copying index measured 3 h after the demonstration.
Numbers inside the bars represent the sample size. Dashed line indicates
random choice. Error bars: Agresti-Coull intervals. Just above bars: binomial
tests. Two-by-two comparisons: post hoc chi-square tests. Test between all
groups: GLMM.

FIGURE 2 | Mate-copying index measured immediately after the
demonstration. Flies received the following treatment (from left to right):
vehicle, PCPA, PCPA + 5-HTP, 5-HTP, 3-IY, 3-IY + L-DOPA, L-DOPA.
Numbers inside the bars represent the sample size. Dashed line indicates
random choice. Error bars: Agresti-Coull intervals. Just above bars: binomial
tests. Two-by-two comparisons: post hoc chi-square tests. Test between all
groups that copied: GLMM.

N = 345, X2 = 1.72, P = 0.79), indicating that 5-HTP and
L-DOPA given alone did not alter mate-copying ability, and
could rescue mate-copying in females treated with the inhibitor.
Additionally, we found a significant difference between inhibitor-
treated flies and flies fed with the vehicle or rescued flies (Figure 2
and Supplementary Table S2). Thus, flies lacking dopamine
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or serotonin are not able to learn a mate preference from the
demonstration.

DISCUSSION

We found that dopamine and serotonin are both required
in learning during mate-copying. Observer females lacking
these neurotransmitters were unable to learn the successful
male phenotype in the demonstration while control females
receiving the vehicle solution, females treated with 5-HTP or
L-DOPA, and females treated with the precursor together with
the inhibitor copied the choice of the demonstrator immediately
after the demonstration. This is in accordance with other
studies showing that dopamine and serotonin are required for
learning. In an olfactory learning task, dopamine is required
to mediate the unconditional stimulus after a single training
phase (Riemensperger et al., 2011; Aso et al., 2012; Burke et al.,
2012; Liu et al., 2012; Lin et al., 2014; Vogt et al., 2014).
Alterations in behavioral tracking were reported in flies lacking
dopamine (Andretic et al., 2005), but dopamine-deficient flies
were shown to have no alteration in visual perception and
display a normal electroretinogram (Riemensperger et al., 2011).
Thus, the defects we observed are not due to deficient vision,
although we cannot exclude attention deficiency in dopamine-
depleted flies. Serotonin is necessary to form place memory
(Sitaraman et al., 2008) and associative olfactory learning
memory (Johnson et al., 2011; Lee et al., 2011). Mate-copying
can be compared to associative learning with pairing between
a conditional and an unconditional stimulus (Avarguès-Weber
et al., 2015): the conditional stimulus would be the color of
the male copulating with the demonstrator female while the
unconditional reinforcing stimulus could be the observation of
the copulation. Under these circumstances, dopamine would
mediate the reinforcing stimulus. Our results provide one more
indication that the pathways underlying memory formation
are comparable for visual social information and for olfactory
information, and it was shown that both share mushroom body
circuits for memory consolidation (Vogt et al., 2014). Mate-
copying was also described in many vertebrates (Dugatkin and
Godin, 1993; White and Galef, 1999; Waynforth, 2007; Galef
et al., 2008), so the mechanistic results discovered in Drosophila
could be a starting point for such studies in vertebrates, as many
vertebrate pathways and genes have homologs in Drosophila.

We showed that dopamine and serotonin are both required
in mate-copying. This result paves the way for further studies of
the neural pathways underlying social observational learning in
D. melanogaster. The next step is now to dig into the role of each

of these neurotransmitters, by assessing the neural structures and
the receptors involved in this social learning task.
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STriatal-Enriched protein tyrosine Phosphatase (STEP) is a neural-specific protein that
opposes the development of synaptic strengthening and whose levels are altered
in several neurodegenerative and psychiatric disorders. Since STEP is expressed in
brain regions implicated in social behavior, namely the striatum, the CA2 region of
the hippocampus, cortex and amygdala, here we investigated whether social memory
and social patterns were altered in STEP knockout (KO) mice. Our data robustly
demonstrated that STEP KO mice presented specific social memory impairment as
indicated by the three-chamber sociability test, the social discrimination test, the 11-trial
habituation/dishabituation social recognition test, and the novel object recognition test
(NORT). This affectation was not related to deficiencies in the detection of social olfactory
cues, altered sociability or anxiety levels. However, STEP KO mice showed lower
exploratory activity, reduced interaction time with an intruder, less dominant behavior and
higher immobility time in the tail suspension test than controls, suggesting alterations in
motivation. Moreover, the extracellular levels of dopamine (DA), but not serotonin (5-HT),
were increased in the dorsal striatum of STEP KO mice. Overall, our results indicate
that STEP deficiency disrupts social memory and other social behaviors as well as DA
homeostasis in the dorsal striatum.

Keywords: social memory, social interaction, dominance, STEP KO mice, dopamine

INTRODUCTION

STriatal-Enriched protein tyrosine Phosphatase (STEP) is a neural-specific phosphatase that
opposes the development of synaptic strengthening through the regulation of multiple kinases
and glutamate receptor subunits critical for synaptic plasticity. It acts by dephosphorylating the
GluN2B and GluA2 regulatory subunits of NMDA and AMPA receptors, respectively, leading to
their internalization, and it promotes synaptic weakening by dephosphorylating the regulatory
tyrosine (Tyr) of ERK1/2, Fyn or Pyk2 kinases resulting in their inactivation (Goebel-Goody et al.,
2012a). Its dysregulation has been reported in several psychiatric and neurodegenerative diseases
(Goebel-Goody et al., 2012a; Karasawa and Lombroso, 2014), and preclinical reports indicate that
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genetic deletion or pharmacological inhibition of STEP improves
cognitive deficits in mouse models of Alzheimer’s disease (Zhang
et al., 2010; Xu et al., 2014), fragile X syndrome (Goebel-Goody
et al., 2012b; Chatterjee et al., 2018) and schizophrenia (Xu et al.,
2018), as well as age-related memory decline (Castonguay et al.,
2018).

STEP is highly expressed in the striatum and at lower levels
in the cortex, hippocampus, amygdala and other brain regions,
except in the cerebellum (Lombroso et al., 1991, 1993; Boulanger
et al., 1995). The striatum plays a role in the computation of
social behavior (van den Bos, 2015), being implicated in those
behaviors that occur in a social context, like social reward
behaviors and learning in social contexts (Báez-Mendoza and
Schultz, 2013). The amygdala works as a hub to modulate a
variety of brain networks that are important to normal social
cognition (Bickart et al., 2014), and the cortex participates in the
social reasoning (Bault et al., 2011). In the hippocampus, STEP
is enriched in the CA2 (Shinohara et al., 2012; Kohara et al.,
2014), a crucial region for socio-cognitive memory processing
(Hitti and Siegelbaum, 2014; Stevenson and Caldwell, 2014),
as well as for the modulation of further social patterns such
as aggressive behavior (Pagani et al., 2015). It was previously
reported that, like wild-type (WT) mice, STEP knockouts (KOs)
show preference for a novel than for a known mouse, which
was interpreted as mutant mice having intact social memory
(Venkitaramani et al., 2011). Contradictorily, in another work,
neither WT nor STEP KO mice spent more time exploring the
novel mouse compared to the familiar one in the three-chamber
sociability test (Goebel-Goody et al., 2012b) pointing at some
procedural artifact. Given these controversial results and STEP
expression profile, in the present work we sought to examine
the role of STEP in social memory and further social patterns
by thoroughly characterizing the social phenotype of STEP KO
mice.

MATERIALS AND METHODS

Animals
Six months old male (C57BL/6J background) STEP KO
(Venkitaramani et al., 2009) andWTmice were housed in groups
of 2–5 animals per cage, maintained under standard housing
conditions, 12 h light/dark schedule (lights on at 08:00 am)
with food and water ad libitum, 22 ± 2◦C room temperature
and 50%–70% humidity. Mice were habituated to handling and
given 1 h to habituate after transport to room before any tests
were conducted. Experimental procedures were approved by the
Local Ethical Committee of the University of Barcelona following
European (2010/63/UE) and Spanish (RD53/2013) regulations
for the care and use of laboratory animals. After behavioral
assessment mouse genotype was confirmed by Western blot
analysis (Supplementary Figure S1).

Behavioral Tests
Social memory and further social patterns were assessed by using
the behavioral battery described below. Moreover, non-social
memory abilities, sensorimotor and olfactory capabilities as well
as anxiety levels were also studied to analyze their possible

influence on social patterns. Two batches of animals were used,
and the experimental timeline of the tests, from less to more
aversive (McIlwain et al., 2001), is depicted in Supplementary
Figure S2. Animal behavior was videotaped and analyzed
using the SMART v3.0 software (Panlab, Barcelona, Spain).
When appropriate, the arenas were cleaned with 5% ethanol
between trials to remove any odor cues (Blázquez et al.,
2014).

Three-Chamber Sociability Test
Sociability and social memory were evaluated on a three-
chamber sociability test. Subjects were first habituated to the
empty apparatus, a three-chamber box consisting of three
interconnected lined compartments (DeVito et al., 2009) with
open doors, for 10min trial/day, for 3 days. Age and sex-matched
mice to be explored were also habituated for 3 days to be
caged in jails inside the apparatus. On the testing day, subject
mice were habituated to the central compartment with closed
doors for 5 min. After the habituation phase, subjects were
tested in the sociability task, and 20 min later the social
memory task was performed to evaluate preference for social
novelty. The sociability task consisted in giving the subject mice
the option to socialize with a conspecific mouse or explore
a mouse dummy located in opposite external compartments.
The social memory task performed 20 min later consisted in
presenting to subjects, in the opposite compartment respect to
the initial encounter, the known mouse (same as during the
sociability phase) and a stranger mouse in the other external
compartment. The trial tests lasted for 10 min and distance
traveled, number of entrances, time spent in each compartment
and time sniffing each cage were measured (DeVito et al.,
2009).

Social Discrimination Test
Social memory was evaluated in the social discrimination
test (Engelmann et al., 2011). Subjects were habituated to
be individually caged in standard clean cages for 2 h before
being tested. A mouse juvenile (C57BL/6J, 15–35 days old) was
introduced in the subject’s cage during a 4 min trial for the
sampling phase. After a 1 h inter-trial interval (ITI) a 4 min
choice phase was performed in which the previously encountered
juvenile was presented to the subject. After another 1 h ITI, a
new choice trial was performed in which a novel juvenile was
introduced into the subject’s cage. Interaction time (including
anogenital and nose-to-nose sniffing as well as allogrooming)
was evaluated, and the difference between time spent in social
interaction during the sample and the choice phases was scored.

11-Trial Habituation/Dishabituation Social
Recognition Test
Social memory was also assessed in the 11-trial
habituation/dishabituation social recognition test. Subject
male mice were habituated to a clean standard home cage
for 5 h before the test. Age-matched C57BL/6J females in
metestrus and diestrus estrous cycle were selected as stimulus
for the social memory test (see procedure below). Female A
and B belonged to different cages. The test consisted in a
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habituation phase where female A was presented to subject
male for 10 trials of 1 min each, and a 10 min ITI. In the 11th
trial, an unknown female B was presented to subject male
in the test phase. Interaction time (including anogenital and
nose-to-nose sniffing, as well as allogrooming) was evaluated
and the difference between time spent in social interaction
during the habituation phase and the test phase was scored
(Fergusson et al., 2000; Stevenson and Caldwell, 2014). Females
(n = 8) were vaginal washed with 25 µl PBS flushed 4–5 times
with a pipette tip introduced 1 mm in the vagina, until
getting a turbid solution. One drop of the smear was put
on a microscope slide, and once air dried it was stained by
submersion during 3 min in a 0.1% crystal violet solution
(Scharlau S.L., Spain), and rinsed twice during 1 min in distilled
water. This protocol was repeated daily during a week, and
only females in metestrus and diestrus were used as subject of
interest for tested males (Supplementary Figure S3; McLean
et al., 2012). Each female was presented just once a day to a
subject male.

Novel Object Recognition Test (NORT)
Hippocampal-dependent learning and memory was analyzed
using the novel object recognition test (NORT; Dere et al., 2007).
Mice were first habituated to the arena (square white box: 59 cm
lateral × 40 cm height) in the absence of objects, for 2 trials of
10 min duration with an ITI of 4 h. The second day, a training
session was performed during 10 min by presenting two similar
objects resembling eggs. After a 15min ITI the testing session was
performed, in which subjects were exposed for 5min to a familiar
(egg-like) and a new object (a plug). The object preference was
measured as the time exploring each object × 100/total time
exploring.

Olfactory Habituation/Dishabituation Test
Olfactory capabilities were assessed in the olfactory
habituation/dishabituation test to elucidate if mice were
able to smell and distinguish different social odors (Yang and
Crawley, 2009). Subjects were first habituated to be individually
housed in clean home cages 1 h before the experiment took place,
and a wire ball (tea container of 2 cm diameter) containing a
piece of cotton was introduced for a 30 min habituation. The test
consisted in sequential presentations of non-social odor (clean
bedding) and two different social odors that were obtained by
impregnating a piece of cotton with dirty bedding (7 days old,
from home cage of five male mice). Each odor was presented
for three consecutive 2 min duration trials. The ITI was 1 min,
the time needed to change the odor stimulus. Habituation was
defined as the progressive decrease in olfactory investigation
towards a repeated presentation of the same odor stimulus.
Dishabituation was defined by a reinstatement of sniffing when
a novel odor was presented. Time sniffing the wire ball was
scored.

Sensorimotor Battery
The sensorimotor capabilities were evaluated by a SHIRPA
standard task battery (Rogers et al., 1997) including motor
coordination and equilibrium assessed in the iron rod and in
the wire hanger tests, and prehensility and muscular strength

in the wire hanger test, as previously described (Blázquez et al.,
2014).

Nesting Behavior and Group Sleeping
Nesting behavior was assessed by using a protocol modified from
Deacon (2006). Group-housed mice were transferred to new
home cages with two pieces of soft paper for nesting, and nests
were assessed 24 h later on a rating scale of 1–5. Group sleeping
was scored 1 and individual sleeping was scored 0. Data was
analyzed by a Fisher’s test.

Corner Test
Neophobia or fearfulness to novelty was assessed in the corner
test. Subjects were individually introduced in the center of a
clean home cage (sides of 23 cm), and exploratory behavior was
assessed as the number of rearings and corners explored during
30 s (Blázquez et al., 2014).

Open Field
To assess exploratory activity influenced by fearfulness to a novel
environment, mice were individually placed in the center of
an open round arena located in the center of an illuminated
room. The open field apparatus was a white wooden arena of
38.5 cm diameter. Latency to initiate movement (initial freezing),
distance traveled in cm, number of rearings and defecation
boluses were measured in a single 5 min trial (Blázquez et al.,
2014).

Plus Maze
Anxiety levels were assessed in the plus maze. The apparatus
consisted of two opposing open arms (58 × 8 cm) crossed by two
opposing enclosed arms (58× 8× 12 cm), and an open 8× 8 cm
square in the center. The maze was made of black plexiglass,
and was elevated 50 cm above the floor. Mice were placed in the
center of the plus maze facing an enclosed arm and behavior was
measured during 5 min. The latency, number of entries, distance
traveled into the open and closed arms, and number of defecation
boluses were measured (Fernández-Teruel et al., 2002).

Dark-Light Box
The dark-light box test is based on the ethologic preference
of rodents for dark places and aversion to illuminated spaces
(Blázquez et al., 2014). The apparatus consisted of two
compartments {black/dark: 13 × 14 × 27 cm; white/illuminated
[with a white light bulb (390 luxes)]: 16 × 14 × 27 cm}
separated by a wall with an opening (7 × 7 cm) that
connected both spaces. Latency to the first entry into the
white compartment, total number of entries and distance
traveled into the white compartment were measured in a 5 min
session.

Tail Suspension Test
The tail suspension test was used to evaluate behavioral despair
(Can et al., 2012; Ye et al., 2016) by measuring time in immobile
posture when mice were subjected to the short inescapable stress
of being suspended by their tail. The mouse tail was introduced
in a plastic cylinder (4 cm length × 1.3 cm diameter) to avoid
tail climbing, and tape was subjecting 1–2 cm of the tail tip,
suspending the mouse from the top of a white square plexiglass
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box (60 cm sides× 40 cm depth, one side open to see the mouse),
60 cm above the floor. Latency to immobility and immobility
time (none of the four paws moving) were measured during a
6 min trial.

Dominance Tube Test
Subjects were tested in a tube test for social dominance
assessment (Lijam et al., 1997; Spencer et al., 2005). A transparent
plexiglass 35 cm length × 3.5 cm diameter tube was used. After
training the animals to cross the tube the day before, two subjects
of different genotype were released simultaneously on opposite
sides of the tube for a maximum of 2 min encounter. The
match ended when one of the mice completely retreated from the
tube. The subject remaining in the tube was the winner, scoring
1 point, and the retreated subject was scored with 0 points. Each
mouse was matched in three trials with three different subjects of
the opposite genotype.

Resident-Intruder Test
Social interaction was evaluated in the resident-intruder test as
previously described (Lumley et al., 2000; Wood and Morton,
2015), with some modifications. The test had three steps:
habituation, barrier and interaction phases. For the habituation
phase, all mice but the ‘‘resident’’ were removed from their home
cage (23 cm sides, containing dirty bedding from a few days to
establish the territory). A wire net was introduced in the middle
of the home cage dividing it into two equal spaces. The subject
mouse was left for 5 min in one of the spaces to adapt to the
barrier. Time interacting with the barrier was measured. After
the habituation phase, an unknown C57BL/6J age-matched male
intruder mouse was introduced into the other space for 5 min.
Time interacting with the intruder in the presence of the barrier
was scored in this phase. Finally, the barrier was removed and
resident mouse could interact directly with the intruder. Time of
interaction was measured during a 5 min trial.

In vivo Microdialysis
Extracellular serotonin (5-HT) and dopamine (DA) levels were
measured by in vivo microdialysis as previously described
(Castañé et al., 2008). Briefly, one concentric dialysis probe
equipped with a Cuprophan membrane (1.5 mm long) was
implanted in the dorsal striatum of anesthetized mice (sodium
pentobarbital, 40 mg/kg, i.p.) at coordinates (in mm, from
bregma and skull): AP +0.5; L −1.7; DV −4.5 (Franklin
and Paxinos, 1997). Microdialysis experiments were performed
in freely moving mice 24 h (day 1) and 48 h (day 2)
after surgery. The artificial cerebrospinal fluid (aCSF) was
pumped at 1.65 µl/min, and dialysate samples were collected
every 20 min in microvials containing 5 µl of 10 mM
perchloric acid. Following an initial 30 min stabilization
period, six baseline samples were collected before local (reverse
dialysis) veratridine (50 µM) or nomifensine (1, 10 and
50 µM) administration on day 1 and day 2, respectively.
Veratridine (Tocris; Bristol, UK) was dissolved in dimethyl
sulfoxide 99.9% (Sigma-Aldrich, Tres Cantos, Spain) to 5 mM
(stock solution). Nomifensine maleate salt (Sigma-Aldrich) was
dissolved in aCSF to 1 mM (stock solution). Stock solutions
were stored at −20◦C until use, and working solutions of

veratridine and nomifensine were prepared by dilution in aCSF.
5-HT and DA concentration was analyzed by HPLC with
amperometric detection at +0.6 V and +0.7 V, respectively,
with a detection limit of 2 fmol/sample. Following sample
collection, mice were sacrificed and brains were removed,
sectioned and stained with neutral red to ensure proper probe
placement.

Western Blot Analysis
Western blot analysis was performed as previously described
(Saavedra et al., 2011). The primary antibodies used were:
anti-STEP (1:1,000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA), anti-DA D1 receptor (D1R; 1:500; Cell Signaling, Bevelly,
MA, USA) and anti-DA D2 receptor (D2R; 1:1,000, Frontier
Institute, Japan). Loading control was performed by reprobing
the membranes with an anti-α-tubulin antibody (1:50,000;
Sigma-Aldrich) for 15–20 min at room temperature. Then,
membranes were washed with Tris-buffered saline containing
0.1% Tween 20 (TBS-T), incubated for 1 h (15–20 min for
loading controls) at room temperature with the corresponding
horseradish peroxidase-conjugated secondary antibody (1:2,000;
Promega, Madison, WI, USA), and washed again with TBS-
T. Immunoreactive bands were visualized using the Western
Blotting Luminol Reagent (Santa Cruz Biotechnology, Santa
Cruz, CA, USA), and quantified by a computer-assisted
densitometer (Gel-Pro Analyzer, version 4, Media Cybernetics;
Warrendale, PA, USA).

Statistical Analysis
Data are presented as mean ± SEM. Behavioral data were
analyzed using the software SPSS Statistics 22, and biochemical
data using the GraphPad Prism (v. 5.01, GraphPad Software
Inc., San Diego, CA, USA). The statistical test applied in each
experiment is detailed in the text/figure legends. Statistical
significance was set at 95% confidence level.

RESULTS

STEP KO Mice Display Impaired Social
Memory
To evaluate the effect of genetic deletion of STEP on social
memory we first subjected WT and STEP KO mice to the three-
chamber sociability test. During the socialization phase, STEP
KO mice traveled less distance than WT mice (Student’s t-test,
WT: 3486.23 ± 135.69 cm and STEP KO: 3015.04 ± 111.69 cm,
t(1,21)= 2.653, p< 0.05), showing diminished levels of exploration
compared to controls. Moreover, although WT and STEP KO
mice spent more time exploring the mouse cage than the dummy
cage (intragenotype comparison, Student’s t-test, WT: t(1,16.64)=
5.79, p < 0.001; STEP KO: t(1,12.84) = 9.33, p < 0.001), indicating
comparable levels of sociability and similar time spent for
memory acquisition (Figure 1A), total exploration time of both
cages was lower in STEP KO mice compared to WT group (WT:
92.99 ± 7.64 s and STEP KO: 70.71 ± 3.48 s, Student’s t-test,
t(1,15.31) = 2.65, p < 0.05). When we analyzed social memory
20 min later, STEP KO mice showed reduced traveled distance
(WT: 3831.05 ± 95.78 cm, STEP KO: 2895.38 ± 143.81 cm,
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FIGURE 1 | Lack of STriatal-Enriched protein tyrosine Phosphatase (STEP) produces impairments in social memory. (A) Time exploring the mouse and dummy
cages during the socialization in the three-chamber sociability test in wild-type (WT) and STEP knockout (KO) mice. Two-way ANOVA was performed indicating
“genotype” and “cage” effect. ###p < 0.001, “cage” effect for each genotype (Student’s dependent t-test), ∗∗p < 0.005 “genotype” effect when analyzing the time
exploring the dummy cage. (B) Time exploring the known and the stranger mouse cages in the short-term memory evaluation of the three-chamber sociability test in
WT and STEP KO mice. Two-way ANOVA was performed indicating “genotype” and “cage” effect. ###p < 0.001, “cage” effect (Student’s dependent t-test),
∗∗∗p < 0.001 “genotype” effect when analyzing the time exploring the stranger mouse cage. (C) Time exploring the same juvenile in the first two trials, and a new
juvenile in the third trial of the direct interaction test in WT and STEP KO mice. +++p < 0.001, “trial” effect [repeated measures ANOVA (MANOVA)], ∗∗p < 0.005
“genotype” effect (Student’s independent t-test). (D) Time exploring the female A during the first 10 trials, and a new female B in the 11th trial of the 11-trial social
memory test in WT and STEP KO mice. +++p < 0.001, “trial” effect (repeated MANOVA), ∗∗∗p < 0.001 “genotype” effect (Student’s independent t-test). Results are
presented as mean ± SEM [n = 11–12 for (A,B); n = 9–10 for (C,D)]. (E) Percentage of time exploring each object during the training and testing phases of the novel
object recognition test (NORT). Results are represented as mean ± SEM (n = 10–12). “Genotype” effect n.s., ∗∗∗p < 0.001 “object” effect (two-way ANOVA).
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Student’s t-test, t(1,21) = 5.50, p < 0.001), and less exploration
of both cages (WT: 134.50 ± 8.62 s, STEP KO: 87.54 ± 8.24 s,
t(1,21) = 3.92, p < 0.001) compared to WT group. Importantly,
while WT mice displayed social memory and spent more
time exploring the ‘‘stranger’’ mouse than the ‘‘known’’ mouse
cage (Student’s t-test, t(1,22) = 4.46, p < 0.001), STEP KO
mice showed no preference for any mouse cage (Student’s
t-test, t(1,20) = 0.37, n.s.) pointing at social memory alterations
(Figure 1B).

To further characterize social memory performance of STEP
KO mice, we next used the social discrimination test. When the
same juvenile was presented in the second trial (A’), mice from
both genotypes showed a habituation effect (repeated measures
ANOVA (MANOVA) ‘‘trial’’: F(1,17)= 39.42, p < 0.001),
without differences between genotypes (repeated MANOVA
‘‘genotype × trial,’’ F(1,17) = 0.67, p = 0.42; ‘‘genotype,’’
F(1,17) = 0.34, p = 0.56; Figure 1C). In the third trial, when
a new juvenile (B) was presented to the subject mouse, STEP
KO mice explored the unknown mouse at similar levels as the
previous habituation trial, whereas control mice explored longer,
as during the first trial (Student’s t-test ‘‘genotype’’ effect, F(1,18)=
11.93, p < 0.005). Comparison between the first and the third
trial also showed differences between genotypes (ANOVA, WT:
9.95 ± 17.33 s, STEP KO: 65.99 ± 11.73 s, F(1,18) = 6.85,
p < 0.05) in the dishabituation, thus indicating social memory
alterations.

We also performed the 11-trial habituation/dishabituation
social recognition test. Both WT and STEP KO mice showed
similar habituation curves with decreasing exploration time
when female A was presented during 10 trials (repeated
MANOVA ‘‘2 ‘‘genotype’’ × 10 ‘‘trial’’’’: ‘‘trial’’ effect,
F(6.38,108.55)= 18.16, p < 0.001; ‘‘genotype’’ effect, F(1,17) = 0.391,
p = 0.54). However, when a new female was presented to the
subject mouse in the 11th trial there were differences between
genotypes (F(1,18)= 34.45, p < 0.001) since WT animals spent
significantly more time exploring the new female than in the
previous trials with the known one, which was not the case
for STEP KO mice (Figure 1D). Altogether, these results
showed that lack of STEP activity impairs social recognition
memory.

To determine whether STEP KO have a general recognition
memory deficit we evaluated their object recognition
memory using the NORT. In the first habituation the
traveled distance was similar in WT and STEP KO mice
(Student’s t-test, WT: 4178.57 ± 320.38 cm and STEP
KO: 3493.39 ± 215.42 cm, t(1,21) = 1.74, n.s.), while in the
second habituation STEP KO mice traveled less distance than
WT mice (Student’s t-test, WT: 2534.48 ± 119.92 cm and
STEP KO: 1638.02 ± 155.24 cm, t(1,21) = 4.61, p < 0.001).
No differences in object preference were found during the
training phase when two identical objects were presented
(ANOVA, ‘‘genotype’’ effect, F(1,21) = 1.11, n.s.; ‘‘object’’
effect, F(1,21) = 0.72, n.s.) although STEP KO mice explored
less time both objects than WT mice (Student’s t-test WT:
21.38 ± 3.32 s and STEP KO: 11.91 ± 2.78 s, t(1,21) = 2.16,
p < 0.05). Both genotypes explored longer the new object than
the known one in the testing phase (ANOVA, ‘‘genotype’’ effect,

F(1,20) = 2.58, n.s.; ‘‘object’’ effect, F(1,20)= 48.76, p < 0.001) and
there were no significant differences in time of exploration of
both objects (Student’s t-test WT: 30.35 ± 5.74 s and STEP KO:
16.72 ± 4.99 s, t(1,21) = 1.17, n.s.), indicating similar levels of
object recognition memory (Figure 1E).

STEP KO Mice Have Unaltered Olfactory
Function
Given that rodent social interactions largely depend on a
functional olfactory system (Ropartz, 1968; Matochik, 1988;
Popik et al., 1991), we asked whether STEP KO mice have
affectations in the olfactory function. To address this possibility,
WT and STEP KO mice were subjected to the olfactory
habituation/dishabituation test. Mice from both genotypes
showed habituation when each scent was presented during three
consecutive trials (repeated MANOVA 3 ‘‘trial’’ × 2 ‘‘genotype,’’
clean bedding: ‘‘trial’’ effect F(1,34)= 10.61, P < 0.001, ‘‘genotype’’
effect F(1,17) = 7.39, p < 0.05; social odor A: ‘‘trial’’ effect
F(1.38,23.50)= 50.65, p < 0.001; social odor B: ‘‘trial’’ effect
F(1.71,29.06)= 39.01, p < 0.001; Figure 2). There was also
dishabituation when a new scent was presented, without
differences between genotypes (Student’s t-test ‘‘trial 1 social
odor A—trial 3 clean bedding,’’ WT vs. STEP KO mice:
t(1,17) = 1.45, n.s.; ‘‘trial 1 social odor B—trial 3 social odor A,’’
WT vs. STEP KO mice: t(1,17) = 0.84, n.s.; Figure 2), thus
indicating that STEP KO mice have intact smell sense, and are
able to distinguish different social odors.

FIGURE 2 | STEP KO mice have normal olfactory function. Time exploring
three different scents including clean bedding and two different social odors
(social A and social B) in the olfactory habituation/dishabituation test. Results
from WT and STEP KO mice are presented as mean ± SEM (n = 9–10).
+++p < 0.001, “trial” effect, ∗p < 0.05 “genotype” effect (repeated MANOVA).
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Lack of STEP Has No Effect on
Sensorimotor Functions or Anxiety Levels
To know if the alterations found in social memory in STEP
KO mice may be in part influenced by sensorimotor alterations
and/or changes in anxiety levels, the animals were tested to assess
these phenotypes. STEP KO mice did not show alterations in
visual acuity, auditory reflex or escape reflex when assessed in
a SHIRPA battery (data not shown). Nesting behavior, group
sleeping, physical appearance, and absence of hind limb clasping
were similar in both genotypes. As represented in Table 1, STEP
KO mice did not show motor alterations in the wire hanger
test or in the iron rod test, but they explored fewer corners
than WT mice in the corner test. In line with the diminished
exploratory levels seen in the corner test, STEP KOmice traveled
less distance than WT mice in the open field (Supplementary
Figure S4), performing more grooming behavior, and presenting
more defecation boluses (Table 1). To assess possible alterations
in anxiety levels, mice were tested in the plus maze and dark-light
box. Data showed that both WT and STEP KO mice presented
similar levels of activity in the more aversive areas, the open arms
of the plus maze and the light compartment of the dark-light
box. Actually, STEP KO mice showed diminished latency to
enter the open arms of the plus maze compared to the control
group (Table 1), thus indicating that they do not present altered
anxiety levels. We also analyzed active vs. passive stress coping
using the tail suspension test. STEP KO mice presented reduced

FIGURE 3 | STEP KO mice present behavioral despair. (A) Latency to first
movement and (B) accumulated time of immobility in WT and STEP KO mice
in the tail suspension test. Results are represented as mean ± SEM
(n = 11–12). ∗p < 0.05, ∗∗p < 0.01 (Student’s independent t-test).

latency to immobility (t(1,17) = 3.26, Student’s t-test; Figure 3A),
and increased time of immobility (t(1,17) = 2.21, Student’s t-test;
Figure 3B), pointing at diminished levels of active stress coping.

STEP KO Mice Show Altered Social
Patterns
Since mice with a genetic deletion of STEP displayed social
memory impairment that could not be explained by the presence

TABLE 1 | Behavioral battery results when evaluating wild-type (WT) and STriatal-Enriched protein tyrosine Phosphatase knockout (STEP KO) mice (n = 11–12) in
sensorimotor, exploratory and anxiety tests.

WT STEP KO t(1,21) p<

Corner test
Number of corners 9.42 ± 0.89 6.00 ± 0.77 2.87 0.01
Number of rearings 1.25 ± 0.37 2.45 ± 0.45 2.07 n.s

Iron rod
Muscular strength (latency in s) 9.69 ± 1.59 10.46 ± 2.12 0.29 n.s.
Motor coordination (segments) 1.46 ± 0.61 0.54 ± 0.21 1.37 n.s.

Wire hanger test—60s
Muscular strength (latency in s) 12.05 ± 2.63 6.66 ± 1.40 1.76 n.s.
Motor coordination (segments) 2.00 ± 0.45 1.23 ± 0.45 1.21 n.s.

Open field
Distance (cm) 2185 ± 139.8 1374 ± 217.6 3.19 0.005
Number of groomings 1.42 ± 0.34 2.54 ± 0.39 2.20 0.05
Number of rearings 21.92 ± 2.16 17.27 ± 2.57 1.39 n.s.
Number of defecation boluses 0.58 ± 0.35 2.09 ± 0.47 2.56 0.05

Plus maze
Latency of entry in the open arms (s) 109.7 ± 36.75 21.64 ± 13.93 2.16 0.05
Number of entries in the open arms 3.17 ± 0.82 3.00 ± 0.36 0.18 n.s.
Distance in the open arms (cm) 112.6 ± 29.51 129.1 ± 16.66 0.47 n.s.
% time in the open arms (s) 7.46 ± 1.80 10.79 ± 2.08 −1.21 n.s.
% time in the enclosed arms (s) 78.10 ± 3.39 76.88 ± 2.65 0.28 n.s.
Time in the open arms (s) 22.39 ± 5.42 32.38 ± 6.26 −1.21 n.s.
Time in the enclosed arms (s) 234.30 ± 10.17 230.63 ± 7.97 0.28 n.s.
Number of entries in the open arms 3.16 ± 0.82 3.00 ± 0.35 0.18 n.s.
Number of entries in the enclosed arms 8.41 ± 1.24 7.91 ± 0.49 0.38 n.s.

Dark-light box
Latency of entry into the light compartment (s) 40.69 ± 15.42 60.67 ± 21.85 1.51 n.s.
Number of entrances into the light compartment 5.25 ± 0.69 4.36 ± 0.54 0.99 n.s.
Distance in the light compartment (cm) 258.1 ± 31.53 230.5 ± 32.07 0.61 n.s.
Time in the light compartment (s) 82.39 ± 13.75 46.39 ± 7.86 2.18 0.05

Results are presented as mean ± SEM. Data was analyzed by Student’s t-test. n.s., non significant.
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FIGURE 4 | STEP KO mice display altered social patterns. (A) Dominant and subordinate behavior of WT and STEP KO (n = 11–12) mice in the dominance tube
test. Results are presented as number of subjects presenting each phenotype. ∗p < 0.05 “genotype” effect (Fisher’s test). Time interacting with the barrier (B), with
the intruder behind the barrier (C) and directly with the intruder (D) during the resident-intruder test in WT and STEP KO mice. Results are presented as
mean ± SEM (n = 11–12). ∗p < 0.05 “genotype” effect (Student’s independent t-test).

of olfactory defects, alterations in sensorimotor functions or
increased anxiety levels, we next sought to analyze whether
social patterns were also affected. For that, we used the
dominance tube test and the resident-intruder test. Data
from the dominance tube test showed that the number of
animals with subordinate behavior was higher in STEP KO
mice group compared to controls (Figure 4A). The results
from the resident-intruder test indicated that STEP KO mice
showed more interest in interacting with the barrier than WT

mice during the habituation to the barrier (‘‘genotype’’ effect
t(1,21) = 7.31, p < 0.05; Figure 4B), but not when the intruder
was introduced in the home cage behind the barrier (‘‘genotype’’
effect t(1,21) = 2.86, n.s.; Figure 4C). Nevertheless, and in line
with the subordinate behavior observed in the dominance tube
test, when the barrier was removed STEP KO mice showed
reduced time of interaction with the intruder compared to
the WT group (‘‘genotype’’ effect t(1,21) = 6.44, p < 0.05;
Figure 4D).
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FIGURE 5 | Basal dopamine (DA) release in the dorsal striatum is increased in STEP KO mice. (A) Representative photomicrograph illustrating the location (arrows)
of the dialysis probe after staining with neutral red. (B) Effect of local perfusion of 50 µM veratridine (line) on 5-HT output in the dorsal striatum of WT and STEP KO
mice (two-way ANOVA, significant effect of time; ∗∗∗∗p < 0.001). (C) Effect of local perfusion of 50 µM veratridine (line) on DA output in the dorsal striatum of WT and
STEP KO mice (two-way ANOVA, significant effect of time; ∗∗∗p < 0.001). (D) Effect of local perfusion of 1, 10 and 50 µM nomifensine (line) on DA output in the
dorsal striatum of WT and STEP KO mice (two-way ANOVA, significant effect of time and time × genotype interaction; ∗∗∗p < 0.001). Values are expressed as mean
5-HT/DA concentration (fmols/fraction) ± SEM (n = 9–11 mice). (E) DA D1 receptor (D1R) and DA D2 receptor (D2R) levels were analyzed by Western blot of protein
extracts obtained from the striatum of WT and STEP KO mice. Representative immunoblots are shown. Values (obtained by densitometric analysis of Western blot
data) are expressed as percentage of WT mice and shown as mean ± SEM (n = 10–11). Data were analyzed by Student’s independent t-test. n.s., non significant.

STEP KO Mice Show Increased Basal DA
Release in the Dorsal Striatum
Finally, we wondered whether the changes found in social
behaviors were accompanied by alterations in neurotransmitter

levels in the striatum of STEP KOmice. To answer this question,
we implanted a dialysis probe in the dorsal striatum of freely
moving WT and STEP KO mice (Figure 5A) to perform in vivo
microdialysis, and determine extracellular 5-HT andDA levels by
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HPLC. Basal 5-HT levels (fmols/fraction) were 5.34± 0.51 inWT
(n = 11) and 4.67± 0.55 in STEPKOmice (n = 11; t(1,20) = 0.8933;
p = 0.3823), and basal 5-HT metabolite 5-hydroxyindoleacetic
acid (5-HIAA) levels (pmols/fraction) were 1.27 ± 0.18 in WT
(n = 11) and 1.27 ± 0.16 in STEP KO mice (n = 11; t(1,20) = 0;
p = 1.00). The analysis of the effect of local perfusion of the
depolarizing drug veratridine (50 µM) on 5-HT levels indicated
a significant effect of time (F(13,247) = 13.96; p < 0.0001), but no
genotype effect (F(1,19) = 0.6227; p = 0.4398) or time × genotype
interaction (F(13,247) = 0.3106; p = 0.9901; Figure 5B). Thus, both
basal levels and veratridine-induced release of 5-HT were similar
in the dorsal striatum of WT and STEP KO mice.

On the other hand, basal extracellular DA levels
(fmols/fraction) were 6.77 ± 1.00 in WT (n = 15) and
11.81 ± 2.76 in STEP KO mice (n = 13; t(1,26) = 2.326;
p < 0.05), and basal DA metabolite 3,4-dihydroxyphenylacetic
acid (DOPAC) values (pmols/fraction) were 1.22 ± 0.16 in
WT (n = 15) and 2.15 ± 0.25 in STEP KO mice (n = 13;
t(1,26) = 3.223; p < 0.01). Thus, STEP KO mice had significantly
increased basal extracellular concentrations of DA and DOPAC
in the dorsal striatum compared to WT mice. Perfusion of
veratridine (50 µM) increased DA output in the dorsal striatum
similarly in both genotypes. Thus, two-way ANOVA showed
a significant effect of time (F(10,190) = 33.44; p < 0.001), but
no genotype effect (F(1,19) = 0.657; n.s.) or time × genotype
interaction (F(10,190) = 0.670; n.s.; Figure 5C). The local
perfusion of the norepinephrine-DA reuptake inhibitor
nomifensine (1, 10 and 50 µM) in the dorsal striatum produced
an enhanced DA output in STEP KO mice compared to
WT mice. Two-way ANOVA showed a significant effect of
time (F(18,306) = 24.97; p < 0.001), a quasi-significant effect
of genotype (F(1,17) = 4.254; p = 0.054) and a significant
time × genotype interaction (F(18,306) = 2.929; p < 0.001,
Figure 5D), pointing at an increased release of DA in the STEP
KO mice compared to the WT group. However, STEP KO mice
did not show alterations in D1R or D2R striatal levels respect
to WT mice (D1R: t(1,19)= 0.83, n.s.; D2R: t(1,18) = 0.18, n.s.,
Figure 5E).

DISCUSSION

It has been reported that STEP KO mice show improved
cognitive performance in theMorris water maze and in the radial
arm maze (Venkitaramani et al., 2011) as well as increased fear
conditioning in the conditioning suppression food-motivated
instrumental performance test (Olausson et al., 2012). The
increased tyrosine phosphorylation of STEP substrates, and
downstream targets, in distinct brain regions likely provides a
potential molecular mechanism for those results (Venkitaramani
et al., 2009, 2011; Zhang et al., 2010; Olausson et al., 2012).
Indeed, based on previous works (Suzuki et al., 2011; Sinai et al.,
2012), it could be expected that STEP KO mice show improved
social memory. However, social memory and social behaviors
have been barely studied in this mouse model, and there are
also reports showing that alterations in the ERK pathway may
underlie altered social behavior (Satoh et al., 2011; Faridar et al.,
2014). In the present study, we focused on the social phenotype

of STEP KOmice, and we show that STEP deficient mice present
impaired social memory. Since WT and STEP KO mice showed
similar levels of sociability (present results; Venkitaramani et al.,
2011; Goebel-Goody et al., 2012b), and non-social hippocampal-
dependent learning and memory is intact or improved (present
results; Venkitaramani et al., 2011; Sukoff Rizzo et al., 2014;
Castonguay et al., 2018), our results indicate that STEP deficiency
specifically disturbs social memory.

In contrast to the present findings, a previous work reported
that STEP KO mice had intact social memory (Venkitaramani
et al., 2011). In that study, only a direct interaction test
was performed, a smaller group of animals was tested,
and data of social memory assessment was not provided
(Venkitaramani et al., 2011). However, and in accordance
with our results, these authors did report data of time spent
in social interaction pointing at intact sociability levels in
STEP KO mice. Strikingly, in another study, neither WT nor
STEP KO mice showed social memory in the three-chamber
sociability test (Goebel-Goody et al., 2012b). Probably, the lack
of social memory in WT mice was due to the stimulus mice
being from mixed genotypes. Indeed, it has been reported
that social communication is affected by genotype, since social
signaling from mice other than WT may elicit unusual social
behaviors in the subject mice (Wood and Morton, 2015). To
eliminate this confounding variable, in the present study all
the stimulus mice used to assess social memory were WT
animals.

As far as we have investigated, an impaired olfactory system
or altered anxiety levels in STEP KOmice are unlikely to underlie
the social memory deficits reported here. Indeed, STEP KO mice
behave like WT mice in the olfactory habituation/dishabituation
test, and no significant differences were observed in the plus
maze or the dark-light box tests compared to WT mice, as
previously described (Goebel-Goody et al., 2012b). In addition,
STEP KO mice spent significantly more time in the center of
the open field than WT mice, and did not display anxiety-
related phenotypes in the stress induced hyperthermia test
(Sukoff Rizzo et al., 2014).

The present results indicate that STEP KO mice consistently
show reduced exploratory activity in the open field, in the
socialization and test phases of the three-chamber sociability test,
and in the habituation phase of NORT. Although this finding
could have a confounding effect on the outcome in social tasks,
several results suggest that this was not the case. During the
socialization phase in the three-chamber sociability test, STEP
KO mice explored the mouse similarly to WT mice, indicating
similar levels of interest for social novelty as well as similar
time for social learning acquisition compared to WT mice. In
addition, the results obtained in the first trial of the social
discrimination test and the 11-trial habituation/dishabituation
test and their learning curves point to a similar interest and
similar time for acquisition of a new social stimulus in both
genotypes. Altogether, these results strengthen the idea that
altered locomotion in STEP KO mice is unlikely to influence
their outcome in social memory tests. In contrast to the present
findings, previous data documented that STEP KO mice do not
present alterations in spontaneous exploratory activity compared

Frontiers in Behavioral Neuroscience | www.frontiersin.org 10 January 2019 | Volume 12 | Article 31769

https://www.frontiersin.org/journals/behavioral-neuroscience
https://www.frontiersin.org
https://www.frontiersin.org/journals/behavioral-neuroscience#articles


Blázquez et al. STEP Deletion Alters Social Memory

to controls (Venkitaramani et al., 2011; Sukoff Rizzo et al., 2014;
Legastelois et al., 2015). Given that STEP KO mice have intact
motor capabilities (present results) and motor coordination
(Venkitaramani et al., 2011; Sukoff Rizzo et al., 2014), this
discrepancy might be explained by differences in methodological
procedures. In our study, we assessed exploratory activity
in a 5- and 10-min test, respectively, where a fear-to-novelty
component of the first minutes might be diminishing STEP KO
exploratory activity. In contrast, the previous studies evaluated
longer trials, and thus the initial fear-to-novelty effect is likely
diluted. In fact, it is noteworthy that the analysis of the initial
5–10 min in the open field reported in earlier studies suggests
that STEP KO mice present a trend toward reduced exploratory
activity respect to the control group (Venkitaramani et al.,
2011; Sukoff Rizzo et al., 2014; Legastelois et al., 2015). Further
supporting our hypothesis, the data of the corner test also
pointed at increased fear-to-novelty in STEP KO mice. In
agreement with our findings, it was reported that STEP deficient
mice were hypoactive in the social novelty phase of the three-
chamber test, where behavior is also evaluated in trials of 10 min
duration (Goebel-Goody et al., 2012b). Actually, in a mouse
model of fragile X syndrome, increased STEP levels promote
locomotor hyperactivity that can be prevented by genetic deletion
(Goebel-Goody et al., 2012b) or pharmacological inhibition of
STEP using TC-2153 (Chatterjee et al., 2018). Nevertheless,
no differences between STEP KO and WT group were found
in a 5 min trial in the open field, probably due to the wide
range of ages of the subjects (Goebel-Goody et al., 2012b).
Overall, altered locomotion in STEP KO mice does not seem
to play a major role in the social phenotype reported here,
and STEP KO mice showed intact social memory in the form
of habituation as indicated by the learning curves. However,
STEP KO mice did show a compromised performance in the
test phase. Nonetheless, we cannot rule out the contribution
of lack of dishabituation to a new stimulus in the absence
of STEP.

Neurotransmitters like 5-HT and DA are involved in the
brain circuitry related to social behaviors (Miczek et al.,
2002; Watanabe and Yamamoto, 2015; Lu et al., 2018).
The dorsal striatum plays a role in internally guided social
behavior, the ventral striatum regulates social behavior by
the integration of external social stimuli (Báez-Mendoza and
Schultz, 2013; van den Bos, 2015), and the balance of 5-HT
and DA levels determines the role of each striatal region
in social behaviors (van den Bos, 2015). Here, we reported
that extracellular levels of 5-HT in the dorsal striatum are
similar in both genotypes. However, we observed significantly
increased basal extracellular concentrations of DA, and higher
DA output in response to inhibition of DA reuptake in the
dorsal striatum of STEP KO mice, without alterations in
the total levels of D1R and D2R. The molecular mechanism
underlying this result is currently unknown, but it could
be related to the finding that phosphorylated Pyk2Tyr402, a
STEP substrate (Xu et al., 2012), has been implicated in DA
release in PC12 cells (Zhang et al., 2014, 2016). Moreover,
phosphorylation of synapsin I, which regulates the probability
of vesicle release (Cesca et al., 2010), was found to be increased

in STEP KO mice (Venkitaramani et al., 2011; Bosco et al.,
2018).

It has been shown that high levels of DA in the dorsal striatum
increase motivation, approach and reward behavior (Ikemoto
et al., 2015), and social motivation and reward behaviors include
those that happen in a social context (Báez-Mendoza and
Schultz, 2013). Surprisingly, our data suggest that STEP KO
present decreased interest/motivation as shown by the reduced
exploratory activity (as discussed above), diminished active
coping to stress in the tail suspension test, reduced exploration
of the intruder in the resident intruder test, as well as diminished
exploration of a new home cage in the corner test. Thus,
our findings suggest that STEP KO mice present decreased
motivation to cope with new environmental or social stimuli.
On the other hand, it has been reported that mouse models with
altered dopaminergic neural state also present social dominance
and aggressive behavior (Rodriguiz et al., 2004; Adamczyk et al.,
2012; McNamara et al., 2017). However, despite the presence
of higher DA levels in STEP KO mice, they presented reduced
dominance behavior in the dominance tube test and interacted
less time with the intruder mouse in the resident-intruder test.
Conversely, a previous study found that STEP KO and WT mice
retreat from the social dominance tube test at a similar frequency
(Goebel-Goody et al., 2012b), and the initial characterization
of STEP KO mice reported greater dominance behavior than
control mice scored based on holding down the other mouse
against the cage floor or cage wall (Venkitaramani et al., 2011).
It should be kept in mind that global genetic manipulation
of STEP levels may promote compensatory mechanisms or
developmental modifications. In fact, an acute pharmacological
inhibition of STEP after intraperitoneal injection of 10 mg/Kg
TC-2153 (Xu et al., 2014) in WT mice had no effect in most
parameters analyzed in the open field, light-dark box task or
three-chamber social test (Chatterjee et al., 2018). Moreover,
we cannot rule out the contribution of other brain regions and
neurotransmitters (van Erp and Miczek, 2000; Miczek et al.,
2002). For instance, glutamate release is also increased in STEP
deficient mice (Bosco et al., 2018), and it is known that glutamate
and DA neurotransmission modulate each other in the striatum
(Mora et al., 2008; Gardoni and Bellone, 2015).

In conclusion, the present results highlight that lack of
STEP activity impairs social memory in the absence of affected
olfactory function or altered anxiety levels, and produces changes
in social patterns accompanied by dysregulation of striatal DA
homeostasis.
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In the laboratory, long-term social recognition memory (SRM) in mice is highly
susceptible to proactive and retroactive interference. Here, we investigate the ability
of novel designed dopamine (DA) re-uptake inhibitors (rac-CE-123 and S-CE-123)
to block retroactive and proactive interference, respectively. Our data show that
administration of rac-CE-123 30 min before learning blocks retroactive interference
that has been experimentally induced at 3 h, but not at 6 h, post-learning. In
contrast, S-CE-123 treatment 30 min before learning blocked the induction of retroactive
interference at 6 h, but not 3 h, post-learning. Administration of S-CE-123 failed
to interfere with proactive interference at both 3 h and 6 h. Analysis of additional
behavioral parameters collected during the memory task implies that the effects of the
new DA re-uptake inhibitors on retroactive and proactive interference cannot easily be
explained by non-specific effects on the animals’ general social behavior. Furthermore,
we assessed the mechanisms of action of drugs using intracerebral in vivo-microdialysis
technique. The results revealed that administration of rac-CE-123 and S-CE-123 dose-
dependently increased DA release within the nucleus accumbens of freely behaving
mice. Thus, the data from the present study suggests that the DA re-uptake inhibitors
tested protect the consolidation of long-term social memory against interference for
defined durations after learning. In addition, the data implies that DA signaling in distinct
brain areas including the nucleus accumbens is involved in the consolidation of SRM in
laboratory mice.

Keywords: cognitive enhancement, social recognition memory, retroactive interference, aggression social
interaction, dopamine transport inhibitor, long-term memory

INTRODUCTION

Social recognition memory (SRM) is the ability to distinguish between familiar and unfamiliar
conspecific individuals (Thor and Holloway, 1982; Steckler et al., 1998). More than 100 years
ago, Müller and Pilzecker postulated that information acquired during learning require some
time to become long lasting memories and coined for this process the term ‘‘consolidation.’’
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The same authors have introduced the concept of retroactive
interference by determining that acquired information can
be ‘‘displaced’’ by the amnesic effect of subsequent newly
acquired information (Müller and Pilzecker, 1900). In
contrast to retroactive interference, proactive interference
is considered when the past learned event interferes with
the acquisition/consolidation/retrieval of new information
(Camats Perna and Engelmann, 2017).

Previous studies have shown that SRM is highly susceptible
to manipulations aimed at producing retroactive and proactive
interference (Dantzer et al., 1987; Engelmann, 2009). In the
course of these studies, it was shown that the nature and timing
of defined stimuli after and before learning, respectively, are
the prominent factors to determine whether interference occurs.
SRM experiments performed in mice demonstrated that after
learning, retroactive interference could be observed up to 15 h
and proactive interference can be observed up to 9 h. After
learning, protein synthesis required for consolidation of both
memory traces seems first to collide, then to compete, and
finally overwrite each other in a time-dependent manner. After
18 h, both ‘‘memory traces’’ seem to dissociate and consolidate
independently from each other (Engelmann, 2009).

The neuronal processing of stimuli acquired by defined
sensory modalities may cause interference in SRM. Experiments
investigating the basis for retroactive interference revealed that
exposure to stimuli activating audition, taction, vision and
olfaction up to 6 h after learning affect memory (Noack et al.,
2010; Perna et al., 2015). It was also shown that stimuli which
simultaneously activate different sensory modalities cause a
robust interference when compared to stimuli that activate
fewer sensory modalities: transient retrograde amnesia triggered
by 1% isoflurane was able to block retroactive interference
induced by an object stimulus, but had no effect when a
conspecific stimulus animal was used to produce interference
(Camats Perna and Engelmann, 2017). Thus, the manipulation
of interference phenomena in SRM may both help to develop
new pharmacological tools for the treatment of memory decline
(‘‘cognitive enhancers’’) and provide new insight in the neuronal
networks involved in the consolidation of this type of memory.

Modafinil is a wake-promoting drug which is used to treat
sleep apnea, narcolepsy and shift work sleep disorders (Battleday
and Brem, 2015; Kristofova et al., 2018). Recently, the synthesis
and test in different behavioral paradigms of modafinil analogue
5-((benzhydrylsulfinyl)methyl)-thiazole (CE-123; Kalaba et al.,
2017; Nikiforuk et al., 2017) was reported. CE-123 was
structurally modified by substituting the carboxyl-amide moiety
of modafinil with a heterocycle thiazole group attached to
position five which may provide a high metabolic stability of
CE-123. In vitro the racemate of CE-123 (rac-CE-123) blocks
the dopamine transporter (DAT) with high specificity and no
adverse side effects (Kalaba et al., 2017).

Pharmacokinetic studies showed that rac-CE-123 penetrates
the blood-brain barrier and reaches its site of action in the
brain within ∼30 min after intraperitoneal administration in
rats. Intraperitoneal administration of rac-CE-123 into Sprague-
Dawley rats enhanced the acquisition and retrieval of memory
in spatial hole-board task (Kristofova et al., 2018). It improved

working memory in the radial arm maze and seems to modulate
also the DA receptor in vivo (Kristofova et al., 2018). Further,
S-CE-123 has also proven to enhance the cognitive flexibility
without triggering unnecessary impulsive responding (Nikiforuk
et al., 2017).

The present study was designed to assess the impact of CE-123
on the phenomenon of memory interference in SRM. In addition
to the racemate, we used S-CE-123. The social discrimination
task was performed in mice, and two different time points after
the 1st sampling (3 and 6 h) were selected to evaluate possible
effects on retroactive or proactive interference during SRM
consolidation. Further, additional parameters were monitored
during the behavioral tests to allow a first identification of
possible behavioral side effects of the treatment that might have
affected the behavioral readout interpreted as ‘‘memory.’’

In addition, we used microdialysis to investigate the effects
of a single systemic administration of rac-CE-123 and S-CE-
123 on extracellular DA levels in the mouse nucleus accumbens.
Previous studies have shown that this brain area might be
involved in the correct processing of short-term SRM in rats
(Ploeger et al., 1991).

MATERIALS AND METHODS

Animals and Housing Conditions
For behavioral testing, adult male C57BL/6JOlaHsd mice
(Harlan-Winkelmann, Borchen, Germany) with an age group
of 9–16 weeks were used as experimental subjects. If not stated
otherwise, they were housed in groups of five per cage (size:
20 × 37 × 15 cm) for at least 1 week before starting the
experiments under standard laboratory conditions (temperature
22 ± 1◦C, humidity 60 ± 5% with a 12:12 h light-dark cycle
lights on: 07:00 h). Stimulus animals were C57BL/6JOlaHsd
mice of both sexes with an age of 25–35 days. For microdialysis
experiments, adult male C57BL/6J mice were used. These
animals were kept under similar conditions and experiments
starting at 08:00–08:30 h. All experimental manipulations
were approved by the Committee on Animal Health and
Care of the local governmental body (Regierungspräsidium,
Halle, registered and approved: 42502-2-1365 UniMD;
microdialysis procedures were approved by the Austrian
Animal Experimentation Ethics Board; Bundesministerium
für Wissenschaft Forschung und Wirtschaft, Kommission
für Tierversuchsangelegenheiten) and performed in strict
compliance with the EEC recommendations for the care and use
of laboratory animals (2010/63/EU).

Behavioral Procedure
The social discrimination test performed has been described in
detail in Engelmann et al. (2011). In brief, experimental subjects
were separated 2 h before starting the session by transferring
them to small cages with fresh bedding. The test procedure
consisted of two sampling sessions (4 min each) and one choice
session (4 min) performed in the adult’s cage under dimmed
lighting conditions (during the light phase, i.e., between 8:00 and
15:00 h). During the 1st sampling, a given stimulus animal was
exposed to the experimental subject and the behavior of the
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FIGURE 1 | Experimental protocol for testing the effects of the defined substances on interference in social recognition memory (SRM). (A) Subcutaneous (sc)
injection was performed 30 min before the 1st sampling to measure the impact of administered substances on retroactive interference during choice.
(B) Subcutaneous injection was performed 30 min before the 2nd sampling to measure the effect of administered compounds on proactive interference. The two
samplings were separated by a defined sampling interval (Si). Choice took place either 24 h after the 1st sampling, when testing retroactive interference (A), or 24 h
after the 2nd sampling when testing proactive interference (B).

latter was monitored by pressing the pre-set key on a laptop
by a trained observer unaware of the experimental subjects’
treatment. The stimulus animal was then removed and kept
individually in a new cage with food and water ad libitum.
As illustrated in Figure 1, after a defined sampling interval
(Si), a second, previously not encountered stimulus animal was
presented for 4 min to the experimental subject during the 2nd
sampling session. To measure retroactive interference, during
retrieval (choice), the stimulus animal encountered during the
1st sampling was presented to the experimental subject together
with a novel stimulus animal 24 h after the 1st sampling. To
measure the proactive interference, during the choice session, the
2nd sampled stimulus animal was presented to the adult together
with a novel stimulus animal. Significant longer investigation of
the novel stimulus animal compared to the already encountered
stimulus animal during choice was taken as evidence for an intact
recognition memory (Thor and Holloway, 1982; Engelmann
et al., 2011). Earlier studies revealed that the consolidation
of long-term SRM corresponds to two phases of anisomycin
sensitivity with a gap at 3 h after sampling (Richter et al., 2005).
We used both an Si of 3 h (in the gap) and 6 h (after the gap)
for our studies.

In addition to the investigation duration also the latency
between the introduction of the stimulus animal in the

experimental subject’s cage and the first approach of the
experimental subject towards the stimulus animal was
monitored. Also, the duration of aggressive and sexual behavior
of the experimental subject towards the given stimulus animal
during the 1st and 2nd sampling was monitored.

Drug Treatment
The following drugs were used in the present study: rac-CE-
123 = 5-((benzhydrylsulfinyl)methyl)-thiazole (Kristofova et al.,
2018) and S-CE-123 = S-5-((benzhydrylsulfinyl)methyl)thiazole
(Nikiforuk et al., 2017). The dosage of the drugs and the time
point of administration were selected according to previous
studies in which it was shown that 10 mg of the drugs
per kg body weight administered 30 min before testing
produces significant learning and memory effects without
causing detectable undesired side effects in rats (Nikiforuk et al.,
2017; Kristofova et al., 2018). The drugs were dissolved in 1%
DMSO and 3.3% Tween 80 diluted in 0.9% NaCl. The solution
contained 1 mg/ml and the dosage administered was 10 mg/kg
body weight for all drugs. Vehicle contained the solvent (1%
DMSO and 3.3% Tween 80 diluted in 0.9% NaCl) only. The
experiments were performed in a double-blind cross-over design.
Thus, all animals received both vehicle and the given drug in
a random order. The code was broken after the end of the
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behavioral experiments when the data was assigned to each
treatment conditions and finally analyzed.

For retroactive interference, vehicle or drugs were
administered subcutaneously (sc) 30 min before the 1st
sampling session (Figure 1A). For proactive interference, sc
administration was performed 30 min before the 2nd sampling
session (Figure 1B). The testing of the effects of S-CE-123 on
proactive vs. retroactive interference was incorporated to get
a first insight into the timing and possible interactions of
potentially DA signaling for early or late stabilization of an
SRM trace.

Microdialysis
For the preparation of the microdialysis experiment, mice
were anesthetized (5 mg/kg xylazine, 80 mg/kg ketamine, i.p.,
isoflurane) and placed in a stereotaxic frame (David Kopf
Instruments, Tujunga, CA, USA). A guide cannula (MAB
4.15.IC, Microbiotech, Stockholm, Sweden; o.d. 0.48 mm) was
implanted unilaterally 1 mm above the right nucleus accumbens
(A/P = +1.0 mm, L/M = +0.8 mm, D/V = −3.6 mm) according
to the mouse brain atlas by Franklin and Paxinos (2007) and
fixed to the skull with dental acrylic cement and two stainless
steel screws. Animals received buprenorphine (5 mg/kg, sc) and
an analgesic via the drinking water (Meloxicam, 5 mg/kg, for
3 days) for post-surgery care and were housed individually. The
evening before the microdialysis experiment, mice were shortly
anesthetized with isoflurane and a microdialysis probe (MAB
4.15.1, Microbiotech, Stockholm, Sweden) with a molecular
cutoff of 6 kDa (o.d. 0.2 mm, PES membrane 1 mm of
length) was inserted into the guide cannula of mice reaching
into the nucleus accumbens. The probe was connected to a
CMA/Microdialysis Syringe pump (CMA-4004) and constantly
superfused with sterile artificial cerebrospinal fluid (aCSF; NaCl
140 mM, KCl 3.0 mM, CaCl2 1.25 mM, MgCl2 1.0 mM and
Na2HPO4 1.2 mM and NaH2PO4 0.3 mM; pH 7.4) at a flow
rate of 0.5 µl/min. On the day of experiment, superperfusion
rate was set to 1.0 µl/min and after 2 h of equilibration
sequential microdialysis fractions were collected every 20 min
into ice-cooled microtubes containing 6 µL of an antioxidative
mixture (100 mM acetic acid, 0.27 mM Na2EDTA and 12.5 µM
ascorbic acid), vortexed and stored at −80◦C until further
analysis. After three baseline samples (collected from −60 to
0 min), vehicle or drugs (10 mg/kg, sc) were administered,
and six samples were collected. Subsequently, vehicle or drugs
were administered in a higher concentration (100 mg/kg, sc)
and another six microdialysates were collected. For the last
two dialysates aCSF containing 100 mM KCl was used as a
positive control to elicit local depolarization in order to confirm
the functionality of the system. At the end of the experiment,
mice were euthanized by an overdose of thiopental and brains
were removed for histological verification of the placement of
microdialysis probes. Data were only used from subjects with
correct probe displacement (see Figure 5A).

Analysis of Dopamine
Dopamine was analyzed in 5 µl microdialysate fractions
by high-performance liquid chromatography (HPLC) with

electrochemical detection. The HPLC system consisted of
a Shimadzu (Kyoto, Japan) system controller (CBM-20A),
degassing unit (DGU-20A3R) and micro HPLC pump (LC-
20ADXR) operated at a flow rate of 55 µl/min. The mobile phase
consisted of 8% (v/v) methanol, 50 mM phosphoric acid, 50 mM
citric acid, 2.36 mM octane-sulfonic acid, 0.1 mM Na2EDTA
at a pH of 5.6. Samples were injected via a SIL-20ACXR
autosampler (Shimadzu, Japan) and separated on a C18 reversed-
phase column (NeuroSep 105; 50 mm × 1.0 mm i.d.; 3 µM
spherical particles; Antec, Zoeterwoude, Netherlands). The
HPLC system was coupled to the DECADE II electrochemical
detector (Antec SenCell, 2 mm glassy carbon working electrode,
Ag/AgCl reference electrode, Antec Zoeterwoude, Netherlands).
The column and detector cell were maintained at 35◦C by
a column oven as part of the electrochemical detector. The
applied potential was set to +460 mV vs. reference electrode
and was adjusted to a detection range of 100 pA/V with a
filter frequency setting of 0.01 Hz. Substance amounts which
yielded a detector signal corresponding to three times noise
level were considered at detection limit. This allowed for
the measurement of DA with a sensitivity of 0.25 fmol/5 µl
sample. Instrument control and data acquisition were carried
out by Lab Solution chromatography software (LabSolution
CS, Shimadzu, Japan). Calibration curves were constructed in
the range of 50 pM to 1 nM (0.25–5 fmol of DA injected)
and were consistently linear with correlation coefficients
higher than 0.999.

Statistics
Data are presented as mean + SEM. Statistical analysis of
the behavioral data was performed by GraphPad Prism 6.05
(GraphPad Software, San Diego, CA, USA). Data obtained from
the social discrimination experiments were analyzed using the
paired Student’s t-test. The additional behavioral parameters
(latency from the experimental subject to investigate the stimulus
animal after its introduction and duration of aggressive behavior)
were analyzed using one-way ANOVA. For the microdialysis
experiments, the DA content in each 20 min-microdialysate was
expressed as a relative value to themean content rates of the three
samples preceding the administration of the drug or vehicle.
Statistical analysis was carried out with Statistica Software v9
[StatSoft (Europe) GmbH, Hamburg, Germany] using two-way
ANOVA for repeated measures followed by Fisher’s test.
P < 0.05 was considered to be statistically significant.

RESULTS

Investigation durations measured during the 1st and 2nd
sampling are presented in Table 1. When tested under vehicle
conditions, in total two animals (for rac-CE-123 at a Si = 6 h)
had to be excluded from the analysis of the treatment conditions
because the investigation duration during the 1st or 2nd sampling
was <1 s and, thus, it is unreliable to assume that sufficient
information was acquired for a successful recognition and
interference, respectively. The data of the remaining animals
show that the average investigation duration during both
sampling sessions was sufficient to acquire the important
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TABLE 1 | Investigation durations (means + SEM) during the 1st and 2nd sampling of the animals presented in Figures 2–4.

Corresponding
Figure

Si (type of
interference)

Treatment 1st sampling 2nd sampling n

2A 3 h (retroactive) Vehicle 23.53 + 4.59 16.34 + 3.02 17
rac-CE-123 26.20 + 3.34 15.83 + 4.19 17

2B 6 h (retroactive) Vehicle 24.02 + 3.70 14.01 + 2.73 18
rac-CE-123 27.09 + 3.46 15.53 + 2.07 20

3A 3 h (retroactive) Vehicle 21.41 + 3.00 17.50 + 2.70 21
S-CE-123 27.79 + 2.56 17.12 + 2.40 21

3B 6 h (retroactive) Vehicle 26.04 + 3.82 28.68 + 4.82 21
S-CE-123 25.35 + 4.60 27.30 + 4.15 21

4 3 h (proactive) Vehicle 30.78 + 2.80 30.78 + 2.80 21
S-CE-123 34.17 + 4.50 28.37 + 4.38 21

It shows the investigation duration of experimental subjects towards presented stimulus animals during the 1st and 2nd sampling sessions of retroactive and proactive interference
experiments (see Figures 1–4). n = number of animals per group.

information essential to establish long-term SRM and to produce
an interference, respectively (Engelmann et al., 2011).

When retroactive interference was introduced at a Si = 3 h,
rac-CE-123-, but not vehicle-administered experimental subjects
showed significantly longer investigation durations towards the
novel stimulus animal than towards the 1st sampled stimulus
animal during choice (Figure 2A; paired Student’s t-test;
vehicle: t = 0.73, p = 0.475; drug: t = 4.02, p = 0.001).
At a Si of 6 h, rac-CE-123-treatment failed to significantly
affect the investigation durations during choice (Figure 2B;
paired Student’s t-test: t = 1.81, p = 0.087). However,
vehicle administered experimental subjects investigated the
novel stimulus animal significantly longer than the 1st sampled
stimulus animal during choice (Figure 2B; paired Student’s
t-test: t = 2.15, p = 0.047).

Neither administration of S-CE-123 nor that of vehicle caused
a significant difference in the investigation of the 1st sampled and
the novel stimulus animal during choice at a Si = 3 h (Figure 3A;
paired Student’s t-test; vehicle: t = 0.01, p = 0.993; drug: t = 0.21,
p = 0.838). If the same drug was administered at a Si = 6 h, during
the choice session experimental subjects investigated the novel
stimulus animal longer than the 1st sampled stimulus animal
(Figure 3B; paired Student’s t-test: t = 2.54, p = 0.020). Vehicle
treatment failed to affect significantly the investigation durations
(paired Student’s t-test: t = 1.57, p = 0.131).

When testing proactive interference and introduced at Si
of 3 h, neither vehicle (Figure 4; paired Student’s t-test:
t = 0.96, p = 0.348) nor S-CE-123 (Figure 4; paired Student’s
t-test: t = 1.11, p = 0.279) showed a significant difference in
investigation duration between 1st sampled stimulus animal and
novel stimulus animal during the choice session.

The data collected from the additional parameters monitored
during the behavioral testing are shown in Table 2. Using
Si = 3 h, no significant effects on any of the additional
behavioral parameters monitored were detected (via ANOVA),
independently upon the administered substance (vehicle or
drug). In contrast, ANOVA statistical test revealed a significant
effect on the latency to start investigating the stimulus
animal during the 2nd sampling at a Si = 6 h in case
of vehicle treatment only, for rac-CE-123 and its respective
vehicle treatment only. Subsequent analysis via Student’s
t-test failed to detect significant differences between the 1st

FIGURE 2 | Effect of subcutaneous injection of vehicle or rac-CE-123 on
retroactive interference at Si = 3 h (A) and 6 h (B) on social investigation.
Recognition memory was tested during choice by exposing the stimulus
animal presented during the 1st sampling (1st S) together with a novel
stimulus animal mouse 24 h after the 1st sampling. ∗p < 0.05 and
∗∗∗p < 0.01 paired Student’s t-test.

and 2nd sampling under a vehicle and the respective drug
treatment (data not shown). Thus, the differences detected via
ANOVA resulted from different values measured during the 1st
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FIGURE 3 | Effect of subcutaneous injection of vehicle or S-CE-123 on
retroactive interference at Si 3 = h (A) and 6 h (B) on social investigation.
Recognition memory was tested during choice by exposing the stimulus
animal presented during the 1st sampling (1st S) together with a novel
stimulus animal 24 h after the 1st sampling. ∗p < 0.05 paired Student’s t-test.

sampling vs. the 2nd sampling and did not reflect a specific
treatment effect.

A representative example of a correct placement of the
microdialysis probe in the nucelus accumbens is shown in
Figure 5A. DA levels in microdialysates reached stable baseline
values of 0.54± 0.08 fmol/5µl sample. No significant differences
in basal dialysate concentrations of DA between vehicle-treated
control group and drug treatment groups were found. Drug
treatment significantly affected DA levels over time at both the
low (drug× time interaction: F(16,120) = 1.949, p < 0.05) and high
doses (drug × time interaction: F(16,120) = 11.418, p < 0.001).
While vehicle treatment failed to alter the DA concentrations,
sc injections of both rac-CE-123 and S-CE-123 increased the
concentrations of DA in the microdialysates. Specifically, the
administration of 10 mg/kg of rac-CE-123 and S-CE-123 caused

FIGURE 4 | Effect of S-CE-123 on proactive interference at a Si 3 h.
Recognition memory of the experimental subjects treated with S-CE-123 was
tested during choice by exposing the stimulus animal presented during the
2nd sampling (2nd S) together with a novel stimulus animal.

a moderate increase in DA concentrations for at least 20 min and
40 min, respectively, and returned to baseline levels within the
subsequent 40–60 min (Figure 5B). The high dose (100 mg/kg)
of both rac-CE-123 and of S-CE-123 caused a maximum increase
in the DA concentration within 40 min (p < 0.01) after injections
and remained elevated throughout the whole sampling period
(Figure 5C).

DISCUSSION

The present study was designed to investigate the impact of
recently synthesized and potentially cognitive enhancing drugs
on retroactive and proactive interference of SRM. For this
purpose, mice injected sc with either rac-CE-123 or S-CE-
123 were tested in the social discrimination task. Treatment with
rac-CE-123 blocked the otherwise seen retroactive interference
at 3 h after the 1st sampling (Figure 2). However, if the Si
between both samplings was 6 h, both drugs failed to affect
retroactive interference (Figure 2). Surprisingly, when treated
with a vehicle at a Si = 6 h during the choice session, experimental
subjects explored the novel stimulus animal significantly longer
than the 1st sampled one (Figure 2B). At first glance, this may
indicate that the vehicle treatment has blocked interference.
The investigation duration during the 2nd sampling was similar
to the 1st sampling (Table 1) with the ANOVA detecting
an increased latency to investigate an increased aggression
(Table 2). A similar effect of vehicle treatment on investigation
durations during choice, however, is not observed in the
other groups tested in the present study (Figures 2, 3) and
numberous own unpublished observations with other drugs
including modafinil analogues applied under otherwise identical
conditions and solvent. Thus, we propose to consider this as an
extraordinary outliner, which, nevertheless, will be the focus of
further investigations.

With respect to the observed blockage of retroactive
interference, administration of rac-CE-123 seems to affect the
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TABLE 2 | Experimental subject’s latency to investigate and duration of aggressive behavior (means in seconds + SEM) towards the presented stimulus animal
measured during the 1st and 2nd sampling, respectively.

Si Parameter 1st sampling 2nd sampling ANOVA

Vehicle Drug Vehicle Drug

rac-CE-123 (retroactive)

3 h Latency 5.50 + 2.08 3.45 + 0.85 28.13 + 11.07 18.16 + 11.21 F(3,64) = 2.11; p = 0.11
Aggression 3.25 + 0.71 3.80 + 1.14 2.19 + 1.00 5.14 + 1.42 F(3,64) = 1.25; p = 0.30

6 h Latency 8.62 + 2.38 2.46 + 0.44 21.90 + 7.39 10.41 + 1.79 F(3,72) = 4.49; P < 0.01
Aggression 2.59 + 1.04 1.62 + 0.50 1.90 + 0.78 1.01 + 0.35 F(3,72) = 0.90; p = 0.44

S-CE-123 (retroactive)

3 h Latency 2.62 + 0.34 3.13 + 0.55 4.47 + 1.24 6.44 + 1.79 F(3,80) = 2.25; p = 0.09
Aggression 2.05 + 0.40 1.57 + 0.42 2.57 + 0.73 1.90 + 0.47 F(3,80) = 0.63; p = 0.63

6 h Latency 3.38 + 1.16 3.85 + 0.70 4.66 + 0.98 2.53 + 0.49 F(3,80) = 1.05; p = 0.38
Aggression 1.65 + 0.37 3.79 + 1.25 4.81 + 1.10 5.19 + 1.38 F(3,80) = 2.10; p = 0.11

S-CE-123 (proactive)

3 h Latency 4.05 + 1.07 5.03 + 1.85 3.48 + 0.71 4.60 + 1.23 F(3,80) = 0.27; p = 0.84
Aggression 2.30 + 0.72 1.96 + 0.54 4.32 + 0.69 4.96 + 1.13 F(3,80) = 2.92; p = 0.03

Experimental subjects were treated with either rac-CE-123 or S-CE-123 30 min before the 1st sampling (when testing retroactive interference) or the 2nd sampling (when testing
proactive interference) and subsequently tested as illustrated in Figures 1A,B). The ANOVA results refer to the values of the sample line.

FIGURE 5 | Microdialysis experiments. Coronal section diagrams modified from Franklin and Paxinos (2007) and a representative photomicrograph illustrating the
reconstructed tip of the probe placement and the track left by the microdialysis probe in the brain tissue, respectively in the nucleus accumbens (A). Effect of
subcutaneous injection of vehicle or a low dose (10 mg/kg, B) and high dose (100 mg/kg, C) of rac-CE-123 or S-CE-123 on DA levels in dialysates from the nucleus
accumbens of mice. Dopamine values in microdialysates are shown as changes in basal DA values, calculated as the mean of three consecutive samples
immediately preceding the drug or vehicle injection. Data are expressed as mean ± SEM. n = 6 per group; ∗∗p < 0.01 vs. respective value in the vehicle-treated
controls (two-way ANOVA followed by Fisher’s post hoc test).

information processing linked to the 1st sampling in a way
that it becomes insensitive to a potential interference impact
within <6 h after learning. It is well known that blocking
the DAT activity by psychostimulants prevents the re-uptake

of DA and increases the extra-synaptic concentration of DA
in the brain (Kuhar et al., 1991; Li et al., 1996). Indeed, our
microdialysis experiments revealed a significant increase of
extracellular DA levels in dialysates collected from the nucleus
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accumbens after sc administration of both rac-CE-123 and S-
CE-123. Both drugs increased the DA concentration in the
mcirodialysates in a dose- and time-dependent manner. Notably,
at the concentration of 10 mg/kg the maximal response occurred
within the first 20 min followed by a gradual decrease within
the next 1–2 h (Figure 5B). The drug-induced release profiles
suggest that increased DA levels are to be expected for at least
30–40 min after the sc injection and thus during sampling in
the social discrimination task. The data demonstrating a rapid
and long-lasting stimulatory effects of novel modafinil analogues
rac-CE-123 and S-CE-123 on extracellular DA levels in distinct
brain areas including the nucleus accumbens are in line with
previous microdialysis studies using modafinil and/or related
analogues (Loland et al., 2012; Mereu et al., 2017; Keighron
et al., 2019) acting as potential DAT inhibitors. Followed by DAT
inhibition, DA D1 receptors seem to be the key mediators in
the downstream signaling process (Kalaba et al., 2017) involved
in SRM. It is of note that, similar to previous findings, we
failed to observe additional effects of the drug treatment on
defined behavioral parameters. This speaks in favor of a specific
action on memory and not on other behaviorally relevant central
nervous processes.

Previous studies have shown that 30 min after a peripheral
injection of rac-CE-123, elevated DAT andDA receptor 1 protein
levels in CA1 and CA3 was produced in the hippocampus
(Kristofova et al., 2018). Based on these data, it is plausible
to state that rac-CE-123 temporarily (i.e., <6 h) protect the
memory trace against retroactive interference by manipulating
DA signaling in the brain. The action of the drugs cannot
easily be explained by an alteration of the general social
behavior of the experimental subjects (e.g., reduced interest
in the 2nd sampled juvenile or increased aggressive behavior
that may have covered reduced investigation) as the behavioral
parameters analyzed here failed to differ between vehicle and
drug treatment (Table 2). Research studies in rodents revealed
that consolidation of long-term SRM is supported by information
processing within defined brain areas including the olfactory
bulb, anterior olfactory nucleus, medial prefrontal cortex, medial
amygdala, basolateral amygdala, and different sub-regions of
the hippocampus (Richter et al., 2005; Hitti and Siegelbaum,
2014; Noack et al., 2015; Tanimizu et al., 2017; Lin et al., 2018).
Systemic and direct infusion of DA D1 receptor agonists either
into the frontal cortex or into the nucleus accumbens improved
short-term SRM in rats (Di Cara et al., 2007). Intra-insular
cortex administration of agonists for DA D1/D5 receptors, β-
adrenergic and serotonergic 5-HT1A receptors improved the
consolidation of SRM in rats (Cavalcante et al., 2017). Further,
the potentiation of CA3-CA1 hippocampal synapses facilitates
the consolidation of object recognition memory (Clarke et al.,
2010). Due to the route of administration used in our study
and the analysis of the DA levels in the nucleus accumbens
only, we cannot relate the interference blocking effect of the
tested drugs to an action within defined brain areas. Inspired
by the fact that we could—at least as a potential target—identify
the nucleus accumbens, further studies are in progress in
which we will analyze the impact of our drugs on distinct
areas in which the processing of information for SRM takes

place in more detail. Different lines of investigation suggested
a contribution of the dopaminergic system in distinct brain
regions beyond the nucleus accumbens to the generation of
short-term and long-term SRM of laboratory rats. Among them,
the hippocampus and striatum are likely to be interesting
brain areas (Garrido Zinn et al., 2016; Cavalcante et al., 2017)
in which an increased DA signaling might contribute to a
‘‘stabilization’’ of the ‘‘SRM trace’’ and therebymaking it resistant
against interference.

The enantiomer S-CE-123 was able to block retroactive
interference at a Si of 6 h (Figure 3B), but not at a Si of
3 h (Figure 3A). This indicates that S-CE-123 and rac-CE-
123 administered via the same route and dose may affect
differently the dopaminergic signaling relevant for SRM. This
could be due to a different profile of washin and washout of
the drugs targeting the brain tissue. Unpublished data show
that compared to rac-CE-123, S-CE-123 is detectable in a
∼5–10 times higher concentration in both liquor and brain
tissue after intraperitoneal administration in adult male rats. The
impression of a different duration of action of S- vs. rac-CE-
123 is—to some aspect—supported by the microdialysis data.
The release profile of the racemate at a dosage of 10 mg/kg differs
from that of the S-enatiomer by showing elevated DA levels at
the sample collected 20–40 min after treatment when rac-CE-
123 is already indistinguishable from baseline (Figure 5B). In
addition, a distinct action of the two drugs on different phases
of SRM consolidation might be hypothesized: previous studies
demonstrated two separate phases of sensitivity within the first
24 h after learning in paradigms testing SRM using the protein
synthesis blocker anisomycin. This resulted in the hypothesis
that the consolidation of long-term SRM requires two stages
of protein synthesis with a gap of sensitivity to anisomycin at
∼3 h after learning (Richter et al., 2005; Wanisch et al., 2008).
Thus, DA signaling might be involved in the consolidation of
SRM at both stages of anisomycin sensitivity. In this context,
the effects of S-CE-123 differ to that of rac-CE123 in blocking
the retroactive interference induced at 3 h vs. 6 h after the
1st sampling. Upon first view, this could result from a counter
regulatory mechanism of the S-enantiomer in the administered
racemate. However, such conclusions would be too premature
without further studies investigating possible differences in the
effects between the two CE-123 treatments including the analysis
of molecular mechanisms involved.

The results of the experiment in which we administered S-CE-
123 in the context with the induction of proactive interference
failed to provide a protective effect of this enantiomer for
a memory of the 2nd sampled stimulus animals (Figure 4).
This speaks in favor of a specific effect of this substance
on retroactive, but not proactive interference, and indicates
distinct neuronal procedures underlying both phenomena.
Previous studies suggested a time-depending interaction of two
subsequently initiated memory traces in SRM (Engelmann,
2009), the present data suggest that DA signaling might
be involved differently in the generation of retroactive and
proactive interference.

Taken together, the results of the present study, show
for the first time, that modafinil-derived drugs increasing
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extracellular DA in the nucleus accumbens and acting at
both the DAT and DA D1 receptor are able to make
SRM resistant against retroactive interference. The drug- and
time-dependent action suggests distinct action profiles of the
different drugs and provides insight into the mechanisms
underlying the consolidation of SRM which requires further
investigations. Further studies will focus on the cellular
mechanisms via which the modafinil analogues tested here
affect SRM. The molecular signatures linked to the blockade
of interference are likely to provide further insight into the
neurobiological basis of this type of learning and memory
in mammals.
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Foraging decisions of social animals occur in the context of social groups, and thus

may be subject to considerations of not only an individual’s nutritional state and nutrient

input, but those of the social group in which they live. In eusocial insects, which live

in colonies containing workers that forage for food that is mostly consumed by others,

foraging decisions that reflect colony needs may also be considered at both the colony

and individual level. If colony energy balance is perturbed, is the counteracting response

occurring on the group level (a change in division of labor) or on the individual level

(a change in individual foraging choices)? To address this, colony and individual level

foraging behaviors were observed in two species of eusocial bees: the highly social

honey bee Apis mellifera and the primitively eusocial bumble bee Bombus terrestris. After

manipulations of protein (P) and carbohydrate (C) stores in colonies of both species,

there were changes in multiple different behavioral responses including colony level

(number of foragers, allocation to nectar and pollen foraging, nutrient mass foraged)

and individual level (P and C concentration preference and loading during foraging).

These results suggest both honey bee and bumble bee colonies balance nutrient needs

through a combination of both colony level shifts in foraging allocation, as well as slight

modulation of individual nutrient preferences. This study also uncovered colony level

differences between the two bee species; honey bees balanced P intake while bumble

bees balanced C intake. These patterns may reflect differences in life history traits such

as perenniality and hoarding, traits that are developed in more highly social species.

Overall, this study highlights the importance of considering both group and individual

level behavioral responses in foraging decisions in social animals.

Keywords: Apis mellifera, Bombus terrestris, intake target, nutritional homeostasis, p:c ratio, pollen, nectar,

foraging

INTRODUCTION

What to eat? Where to forage, and for how long? Decision making in the context of food-searching
behavior can be a complex process, involvingmultiple sensorymodalities, specific forms of learning
and memory, and integration of multiple different sources of external environmental and internal
physiological information. Optimal foraging theory (OFT) makes predictions about the types of
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decisions individual animals make in order to minimize energy
expenditure and maximize their own nutrient intake, some of
which have been supported by studies in a variety of animal taxa
(Pyke, 1984; Sih and Christensen, 2001). However, OFT has been
heavily criticized for ignoring life history traits, because foraging
may occur in contexts outside of satisfying the immediate
needs of individuals, e.g., parental care and food hoarding
(Pierce and Ollason, 1987).

Foraging decisions take on an even greater level of complexity
in considering social animals, especially highly social species
in which inclusive fitness and group benefits are important
considerations (Galef and Giraldeau, 2001; Kay, 2002). Eusocial
insects, with a reproductive division of labor that includes a non-
reproducing worker caste such as ants and honey bees, represent
an extreme case in which foragers are often highly specialized
on food-collecting behavior (Wilson, 1971). However, this food
collection is often divorced from their own individual nutritional
needs, and collected food is often not directly consumed, but
instead shared to serve the nutritional needs of the colony. An
extreme example is the Myrmecocystus honey ant, in which a
specialized caste of individuals serves as living food receptacles
(Burgett and Young, 1974), storing huge amounts of sweet plant
secretions in their crops, but not consuming or digesting the vast
majority of this food to fuel their own physiological needs.

Eusocial insects evolved from solitary species in which
individuals needed to respond to their own internal physiological
cues in order to feed themselves to fuel personal reproductive
opportunities (Ament et al., 2010). During the evolution of
sociality, there must have also been a transition from foraging
decision making based on individual needs to decisions based on
needs of the social group (Behmer, 2009b; Boomsma and Gawne,
2018). Across the diversity of extant insect species found today,
there are highly eusocial species, in which colonies are very large
and individual workers rarely reproduce, as well as primitively
eusocial species, in which colonies are smaller and individual
workers retain some reproductive capacity (Wilson, 1971). Thus,
it may be possible to uncover differences in how social insects
with different forms of sociality balance individual vs. colony
level foraging decisions. If colony energy balance is perturbed,
is the counteracting response occurring on the group level (a
change in division of labor) or on the individual level (a change
in individual foraging choices)? And do these responses differ
in species with different levels of sociality? We aimed to address
this knowledge gap by studying behavioral responses of two bee
species with different forms of social organization.

Within the well-studied bee subfamily Apinae, Apis mellifera
honey bees are a classic example of a highly eusocial species with
task-specialized workers (Johnson, 2010), while Bombus terrestris
bumble bees have smaller colonies withmore behaviorally flexible
workers (Crall et al., 2018). A. mellifera live in perennial, food-
hoarding colonies consisting of tens of thousands of female
workers, most of which will never lay an egg during the course
of a normal colony cycle (Winston, 1991). Honey bee foragers
are known to be highly specialized on collecting pollen, nectar,
or non-food substances such as water or propolis (Page and
Fondrk, 1995). On the contrary, B. terrestris colonies are annual,
with small pollen and nectar stores, and as colonies decline in

autumn, workers engage in dominance contests and several will
lay unfertilized eggs (Goulson, 2010). Although larger workers
tend to forage, while smaller workers tend to care for brood,
individual foragers are not highly specialized as in honey bees
(Goulson et al., 2002; Crall et al., 2018). Furthermore, bumble
bees have only a relatively simple foraging communication
system compared to the honey bees’ sophisticated dance language
(Dornhaus and Chittka, 2001). Colony-level decision making,
such as colony allocation of foragers for pollen or for nectar,
have also been extensively studied in both honey bees and
bumble bees (Cartar, 1992; Seeley, 1995; Hagbery and Nieh, 2012;
Leonhardt and Blüthgen, 2012; Konzmann and Lunau, 2014;
Vaudo et al., 2014; Ruedenauer et al., 2015). Individual decision
making during foraging trips has also been extensively studied
in honey bees and bumble bees, providing important tests of
OFT predictions (Heinrich, 1983; Hodges, 1985;Wells andWells,
1986; Lihoreau et al., 2012; Katz and Naug, 2015). However, to
our knowledge, few studies have considered both individual and
colony level responses concurrently (Schulz et al., 1998).

As a guiding framework for this study, we utilized the
geometric framework for nutritional balancing of protein (P) and
carbohydrate (C) needs, as developed from studies in solitary
insects (Lee et al., 2002; Behmer, 2009a; Raubenheimer et al.,
2009). The geometric framework predicts that food choices for
key macronutrients such as P and Cwill scale geometrically along
an optimal ratio that supports individual reproductive fitness.
The geometric framework can also be extended to whole colonies
(Behmer, 2009b; Dussutour and Simpson, 2009; Lihoreau et al.,
2014). This study extends findings of P to C balancing of isolated
caged cohorts of honey bees (Altaye et al., 2010; Pirk et al., 2010;
Paoli et al., 2014a,b) and bumble bees (Stabler et al., 2015) to the
whole colony level.

We altered P and C inputs into colonies of both bee species
and examined how this affected (1) colony allocation of foragers
to P and C biased feeding stations, and (2) individual preferences
(as inferred by choice of and food loading at different feeding
stations) given a range of P and of C concentrations. We
hypothesized that both honey bees and bumble bees would adjust
colony division of labor and allocate more foragers to P and/or
C depending on colony needs. Individual preferences were
predicted to be skewed toward higher P and C concentrations
for foragers from colonies more severely deprived of P or
C, respectively, in order to address short-term colony needs
rather than long-term optimal foraging. We further predicted,
due to differences in level of sociality and food hoarding, that
bumble bees would show stronger individual foraging responses
to nutrient balance, whereas individual honey bee would be more
fixed in response to colony nutrient shifts.

MATERIALS AND METHODS

Honey Bee Colony Preparations
Twenty-four honey bee colonies (A. mellifera ligustica) were
standardized in nucleus hive boxes with∼5,000 workers, a brood
nest in 3 center frames and honey stores in 2 side frames (i.e.,
5 frames total). This colony size represented an active growth
phase of the colony life cycle (i.e., not senescing or reproducing)
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TABLE 1 | Experimental manipulations applied to colonies.

Colony (N) Protein manipulation Carbohydrate manipulation Colony signal

HB (8) Adding a pollen frame (P+) Removing a honey frame (C–) P surplus

HB (8) No manipulation (P) No manipulation (C) Baseline control

HB (8) Sealing off pollen stores and adding an empty frame (P−) Removing a honey frame (C–) P deficit

BB (8) Adding pollen patty (P+) No hive sucrose feeder (C) P surplus

BB (8) No pollen patty (P) No hive sucrose feeder (C) Baseline control

BB (8) No pollen patty (P) Adding hive sucrose feeder (C+) C surplus

Forage opportunities for both honey bees (HB) and bumble bees (BB) included a protein (P) gradient and a carbohydrate (C) gradient.

(Johnson, 2010). After standardization (October 9, 2014), all
colonies were relocated for a period of 3 weeks to a location
4.2 km away, to avoid bees drifting back to former hive locations
and restore balance between workers, brood, and stores.

One day preceding honey bee experiments, each colony was
randomly assigned one of three pollen treatments: pollen deficit
(P–), pollen control (P), or pollen surplus (P+). Eight colonies
were given an empty comb in the middle of the brood nest,
while any pollen cells in those colonies were sealed off using
molten wax (treatment P–). Sealing away pollen is alike a natural
sealing behavior by honey bees, called capping or entombing
(vanEngelsdorp et al., 2009). Eight colonies were controls, which
underwent no manipulation (treatment P). Eight other colonies
were manipulated by introducing a comb fully filled with pollen
in the middle of the brood nest (treatment P+). These pollen
combs had beenmade by filling pre-weighed empty drawn combs
with mixed pollen pellets. The pellets were compacted into the
cells by worker bees in a large colony for 1 day. Subsequently each
comb was reweighed (mean 581 g added pellets± 29.7 SE; n= 8),
and kept refrigerated until use.

In order to introduce either an empty comb (P–) or full comb
(P+) in the brood nest, one of the side combs with honey was
taken out. The honey removal was regarded as a manipulation
of the level of carbohydrate nutrition (treatment C–). Thus,
the design allowed assessing in-hive manipulation of both P
(levels: less, normal, and more) and C (levels: less and normal)
stores (Table 1).

Bumble Bee Colony Preparations
Twenty-four bumble bee colonies of European buff-tailed
bumble bees (B. terrestris) were obtained from a commercial
breeder (Biobee, Sde Eliyahu, Israel). They were prepared on
December 1st, and delivered December 3rd, 2014. This colony
size represented an active growth phase of the colony life cycle,
as no drones or gynes were being reared yet. The colonies
were killed after the experiment to minimize the chance of
pathogens spreading into native bee populations (Aizen et al.,
2018). Subsequent metrics were collected on colony workers,
brood and food (pollen and nectar) storage (Supplement 1).

Standard in-hive sucrose feeders (2 L; 50% w/v sucrose
solution) and in-hive pollen patties (50 g; 90% pollen with 10%
sucrose solution) were removed from eight bumble bee colony
boxes. These colonies were baseline control colonies that needed
to forage for both protein (P; pollen diet) and carbohydrate

(C; sucrose solution) according to a normal need (P:C ratio).
Eight additional colonies were left with their supplied in-hive
pollen patties (P+), but not sucrose feeders (C). An additional
eight colonies retained the in-hive sucrose feeders (C+) but
not the pollen patties (P). Thus, the design allowed for colony
manipulation of both P diet (levels: normal and more) and C diet
(levels: normal and more) (Table 1).

Honey Bee and Bumble Bee Colony
Manipulation Differences
Because the experiment involved two different bee taxa with
innate differences in pollen and nectar storage characteristics,
exactly parallel colony manipulations were not possible. Honey
bee colonies store a multi-day buffer of pollen within combs to
safeguard nurse bee provisioning. Nurse bees digest pollen to
produce a jelly to feed larvae (Wright et al., 2018). In contrast,
bumble bees collect pollen for prompt brood cell provisioning
as their larvae eat the pollen directly (Stabler et al., 2015). This
disparity is reflected by experimental manipulations to include
treatment levels of less, normal, and more in-hive P as treatments
for honey bees, whereas bumble bees only included treatment
levels normal and more in-hive P, because removing pollen
from bumble bee colonies was not feasible. Secondly, honey
bee colonies store large quantities of honey while bumble bees
maintain a relatively small number of honey pots. As compared
to honey bee combs, bumble bee honey pots are more difficult
to manipulate. Therefore, carbohydrate stores were manipulated
in honey bee colonies by removing a honey comb (C–) but in
bumble bee colonies by adding a sucrose feeder (C+), while a
baseline colony state (C) was present for both species (Table 1).
Colony treatments can be summarized as P+C–, PC, and P–C–
for honey bees, and P+C, PC, and PC+ for bumble bees.

Experimental Site and Setup
Experiments were conducted at the Joseph Marguleas
Experimental Farm of the Faculty of Agriculture, Food and
Environment at the Hebrew University of Jerusalem in Rehovot
(31◦54′16.02′′N, 34◦47′50.09′′E). Twenty-four tunnel cages of
2 × 3 × 2m (length × width × height) with a gauze cover of
1.3mm mesh were used. Every colony had access to a water
bucket with cork floats and a feeding arena consisting of two
platforms covered with 50× 50 cm white paper sheets, to present
each colony five pollen and five sucrose feeders. Spatial bias on
bee choice (e.g., due to the distance to the hive entrance or the
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direction of the sun) was countered using different permutations
of diet placement. In addition, spatial bias effects were mitigated
by turning feeding arenas 90◦, after recording bee visitation every
hour (see section Data on Bee Visits, Collected Diet Weights and
Overall Colony Activity).

Data Collection Days
Honey bee colonies were placed into the tents on November 4,
after sunset. After 4 days the experiment was ended, with a total
exposure to diet feeders per colony of 19:15 h, a mean 4:45 h per
day (November 5, 6, 7, and 8). The bumble bee colonies were
tested a month later, placed into the tents December 4, at sunset.
The bumble bee experiment was ended after 20 of 24 bumble
bee colonies had showed foraging activity at the feeding arena
(≥1 bee). The bumble bee colonies showed negligible activity
over the first 5 days (excluded), which included 2 days with rain
and cold temperatures. Exposure to diet feeders per bumble bee
colony during the following days was 26:00 h, a mean 5:15 h
per day (December 10, 11, 12, 13, and 14). The diurnal average
temperature was 2.8◦Cwarmer during the honey bee experiment,
as compared to the bumble bee experiment (Supplement 1; t
= 2.60, p = 0.04∗), yet the day-time high temperatures were
favorable for colonies to forage, and were not found to differ
between the honey bee and bumble bee trial (24.2◦C on average;
t = 2.02, df = 7, p= 0.08).

Sugar Solution Feeders
Colonies were housed in tunnels and were provided with feeders
(external to colonies) containing sugar solutions in five 1 L
square plastic containers, holding 400 g solution per feeder. Each
solution had a square bubble-wrap float on top as a platform
for bees to land and drink. Solutions were kept ad libitum
and refreshed every day or second day (closing feeders with
lids overnight). By dissolving sugar in water, five solutions
in a concentration gradient of 16.5, 18.5, 20.5, 22.5, 24.5%
(w/w) sucrose were made, verified by refractometry. This range
represented nectar concentrations at our apiary during the
month of November, being 20.7 % ± 1.6 SEM (n = 22 sampled
nectar foragers) (Tamar Drezner-Levy, unpublished data, 2003).

Pollen Powder Feeders
Colonies were provided with feeders (external to colonies)
containing 100 g pollen diet batches, offered in five 13 cm ∅ petri
dishes (20 g diet per dish). These amounts were refreshed every
day or second day (closing the dishes overnight), provided ad
libitum to assure there was no limitation on choice options. Each
diet contained 70% pulverized bee-collected pollen pellets mix
with a 30% mix of different tapioca to casein ratios (10:0, 9:1, 8:2,
7:3, or 6:4). Casein use is common formanipulating protein levels
in test diets (Pirk et al., 2010; Corby-Harris et al., 2018). Tapioca
flour was used as a filler to create dilutions of the casein protein
(Hendriksma and Shafir, 2016).

The three diet components (tapioca, casein, and pollen) were
mixed in a table top blender and the resulting diets were
passed through a honey-sieve and kept refrigerated until use.
The tapioca was purchased as alimentary flour (Duchan, Gan
Shmuel, Israel). The casein (C7078, Sigma, Missouri, USA) was

first pulverized in a ball grinder (Pulverisette 6, Fritsch GmbH,
Idar-Oberstein, Germany), applying 7 balls in 2 cycles of 3min at
300 rpm for batches of 80 g casein. The pollen had been collected
using traps on local honey bee hives during the year and kept
frozen at −20◦C. These mixed floral pollen pellets (5.9 kg) had
been homogenized with an industrial blender.

Protein Analyses of All Pollen Diets and
Dietary Components
To study colony macro-nutrient intake in the geometric
framework of nutrition, the absolute foraged amounts of protein
(P) and carbohydrate (C) were quantified. Dietary protein
concentrations were assessed by Kjeldahl nitrogen analysis (Foss
Tecator Kjeltec Auto Sampler System 1035 Analyzer, Hillerød,
Denmark). Samples of 200mg were oxidized by H2SO4 with
catalysts Se and CuSO4 at 400◦C. N-amines that had been
converted into (NH4)2SO4 were hereafter titrated with HCl to
indicate the quantity of nitrogen. The % crude protein (w/w)
was calculated as %N multiplied with a conversion factor of 6.25
(Roulston and Cane, 2000), or 6.38 for casein (Sigma product
specification sheet).

Separate diet batches weremade for the honey bee and bumble
bee trials, using the same pollen pellets mix, but using different
casein and tapioca batches, which may have accounted for the
slight differences (1.9% on average) in protein content. Final
pollen diets contained 17.3, 18.1, 19.9, 22.3, and 24.6% protein in
the honey bee trial, and 14.5 16.4, 19.0, 22.2, and 21.8% protein
in the bumble bee trial. All samples were measured in duplicate.

Data on Bee Visits, Collected Diet Weights,
and Overall Colony Activity
Bees collecting pollen or sucrose were counted bymeans of digital
photography at approximate hourly intervals. The amount of
collected diet was measured to the nearest 0.01 g pollen and 1 g
sucrose solution. All feeders were weighed before and after colony
exposure. Data from non-foraging colonies (0–2 total recorded
visits) indicated a daily mean 1.5% desiccation of pollen diet and
2.8% evaporation of sucrose solutions, for which forage weight
data at active colonies were corrected.

Absence of foraging was considered a proxy for colony
inactivity. Colonies were considered inactive if over the full
course of the experiment ≤7 foragers were counted on the
feeding arena. Colonies that were inactive for sucrose collection
(N = 12) had a mean 0.02± 0.01 SE sucrose foragers counted per
observation, and collected a mean 0.00 gh−1 ± 0.16 SE sucrose
solution, i.e., not significantly different from zero (one-sample t-
test; t = 0.0, p = 1.0). Colonies inactive in pollen collection (N
= 28) had a mean 0.09 ± 0.02 SE pollen foragers, and collected
mean 0.01 gh−1 ± 0.02 SE pollen diet, also not significantly
different from zero (one-sample t-test; t = 0.69, p= 0.49).

For all active colonies, relative collection of diet weight
was calculated by dividing the sum of collected weights per
concentration level, on the total weight collected. In addition,
an index of foraging load was calculated per concentration level,
by dividing the weight of diet collected per hour by the average
count of bees on the diet (unit: gh−1·bee−1). Assuming that
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the length of time a bee spent on a feeder is proportional to
the amount of food she collected and the probability of her
being captured in the photograph census, the loading indexes
are proxies to diet concentration-specific nectar crop loads and
corbicular pollen loads, respectively. Individual bee identities
were not recorded, however our data can still provide insights
into individual foraging decisions. Foragers could choose to
differentially spend their foraging time across different feeders,
thus their choice, the relative amounts of food removed, and
also the food loads may serve as proxies for individual bee
motivation regarding the different nutrient concentrations in the
offered diets.

P:C Ratio of Diet Uptake by Active Colonies
P:C ratios of colonies were calculated by dividing grams of
P uptake by C uptake. Inactive colonies were excluded (≤7
foragers or≤0 g diet collected). P intake was the sum of collected
pollen diet weights times the %P. The C intake of colonies was
the sum of collected pollen diet weights times the %C in the
pollen diet, plus the collected sucrose solution weights times
%C in the solution. We assumed pollen pellets to contain 50%
w/w C (Nicolson, 2011), which includes pollen starch (0–22%;
Roulston and Buchmann, 2000), pollen sugars (9.6%; Speranza
et al., 1997), and the nectar sugars added by foragers while
pelleting the pollen (Bertoncelj et al., 2018). Casein (product
specification sheet, Sigma) and tapioca flour (food label, Duchan)
were considered to contain 0 and 99.8%C, respectively. The five
pollen diets were thus calculated to contain 64.2, 61.3, 58.4, 55.5,
and 52.6%C, respectively.

Statistics
Analyses were performed with JMP 13.1 Pro statistical software.

Colony Activity
The number of active vs. inactive honey bee and bumble bee
colonies was compared by Fisher Exact Tests regarding pollen
foraging, sucrose foraging, and overall foraging activity (Table 1).

Bee Counts
Generalized Linear Models (GLM) were fitted by maximum
likelihood with an exponential distribution and reciprocal link
function, to analyze treatment effects on forager counts. Pollen
forager counts were analyzed on protein treatment effects (3
levels P–/P/P+ for honey bees; 2 levels P/P+ for bumble bees),
and nectar forager counts on carbohydrate treatment effects (2
levels C–/C for honey bees; 2 levels C/C+ for bumble bees).
Model fit was assessed by a Pearson χ

2 test for overdispersion.
Final p-value approximations were based on Wald tests.

Allocation of Foragers Among Diets, Treatments, and

Bee Types
The percentage pollen foragers on the total number of
foragers was taken as measure of relative forager allocation.
Allocation (arcsine square root transformed % data) as response
variable was analyzed by 1-way ANOVA, with treatment as
independent variable (3 levels), for honey bees and bumble
bees separately. Post-hoc comparisons were performed by
Tukey honest significant difference (HSD) tests. Relative forager

allocations of honey bee and bumble bee colonies were compared
under the PC treatment (i.e., in the baseline colonies) with bee
type as independent variable (2 levels).

P:C Ratio
The intake of protein and carbohydrate by colonies was
described, per treatment, as a P to C ratio. For the baseline
colonies (PC treatment), P:C ratios per colony were compared
among bee types (2 levels) with a 1-way ANOVA on ranks
(Kruskal–Wallis test). The non-baseline colony treatments
(2 levels) were compared for honey bees and bumble
bees separately.

Dose Response Effects on Diet Collection, and

Carrying Loads
Relative collected diet weights and forage load indices were
compared by ANCOVA, for honey bee and bumble bee
separately, with independent variables diet concentration
(continuous variable) and treatment (3 levels). Significant
interactions would indicate that concentration dependent
choices of bees differed due to colony manipulations. For the
baseline colonies (PC treatment), relative weights and load
indices were compared with the independent variables diet
concentration (continuous variable), and bee type (2 levels).
Here an interaction would show different choice responses
for honey bees and bumble bees, regarding dietary P or C
concentrations. Non-significant interactions (p ≥ 0.05) were
removed from models. As proportionalized data are on average
identical between groups (p= 1.0), the covariable (i.e., treatment
or bee type) was also removed from the model in cases in which
the interaction was not significant.

RESULTS

Honey Bee Colony Level Balancing the
Uptake of P and C
A total 5,149 honey bee visits to diets were recorded. Altogether,
honey bee colonies (N = 24) collected 493 g pollen diet
and 15.7 Kg sucrose solution (ratio 1:32). The colonies were
significantly more active with respect to sucrose collection as
compared to pollen collection (Fisher Exact p < 0.001). Counts
of pollen foragers indicated a difference by protein manipulation
(Figure 1A; N = 12, χ

2 = 13.1, df = 2, p = 0.001). Pollen
foragers were significantly more active under the P- treatment, as
compared to the treatments P (χ2 = 5.27, df = 1, p = 0.02) and
P+ (χ2 = 10.6, df = 1, p= 0.001). Counts of pollen foragers did
not differ between the P and P+ treated colonies (χ2 = 2.53, df =
1, p= 0.11). Nectar forager counts did not differ between colonies
depending on C treatment (comparing C vs. C–, Figure 1A; χ2 =

2.55, df = 1, p= 0.11).
Under conditions of pollen excess and carbohydrate reduction

(P+C–), honey bees shifted toward a C biased foraging division
of labor, with higher numbers of foragers for sucrose (Table 2).
Also, the relative forager allocation comparison indicated
treatment effects [Figure 1B; N = 24, F(2,21) = 4.33, p = 0.027],
with the lowest pollen forage counts in the P+ treatment. These
colonies showed a relatively high sucrose foraging allocation
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FIGURE 1 | Colony level effects of in-hive nutrient manipulations. Nectar forager (NF) counts and pollen forager (PF) counts are shown in (A) for honey bees (HB) and

in (D) for bumble bees (BB), under conditions of increased or decreased protein (P) or carbohydrate (C) food stores. Mean active colony values of forager counts ± SE

error bars are shown, with dotted diagonals indicating the mean forager number counted at baseline colonies. Statistical significance is indicated with an asterisk (∗).

Foraging allocation to nectar (N) and pollen (P) is shown in (B,E) (mean % values ± SE error bars) with significant treatment effects indicated by different lettering (post

hoc Tukey HSD). Colony level P:C ratios are indicated in (C,F) with dotted lines illustrating the mean Protein to Carbohydrate intake ± SE error bars per treatment.

Post hoc statistical significances are indicated with an asterisk (∗).

TABLE 2 | Active vs. inactive colony numbers.

Bee Treatment N N inactive/active N inactive/active N inactive/active

Overall Pollen diet

(n; gh−1)

Sucrose diet

(n; gh−1)

HB P+C– 8 0/8 6/2 (1.5; 0.05) 0/8 (22.0; 55.6)

HB PC 8 0/8 4/4 (4.4; 1.63) 0/8 (9.4; 22.4)

HB P–C– 8 0/8 2/6 (12.0; 3.27) 0/8 (10.5; 26.3)

HB 24 0/24 12/12 0/24

BB P+C 8 3/5 5/3 (0.5; 0.33) 3/5 (2.1; 9.1)

BB PC 8 2/6 5/3 (1.7; 0.90) 2/6 (1.9; 5.0)

BB PC+ 8 6/2 6/2 (1.1; 0.75) 7/1 (0.3; 1.4)

BB 24 11/13 16/8 12/12

For active honey bee (HB) and bumble bee (BB) colonies, mean numbers of foragers per

observation (n) and the collected diet weight in gram per h (gh−1 ) are given per treatment.

Treatment acronyms as defined in Table 1. Sums per species are shown in bold.

(Figure 1B; 97% nectar vs. 3% pollen foraging bouts, illustrated
by their remarkable 1/2080 P:C intake ratio (Figure 1C). For
the reverse treatment of pollen deprivation and carbohydrate
reduction (P–C–), honey bees shifted their task allocation to
collecting pollen (Table 2). Almost half the colony foraged for
pollen (Figure 1B; 46% pollen vs. 56% sucrose) with an overall
P to C intake shifted to 1:14 (Figure 1C). The P:C ratios of

the non-baseline treated honey bee colonies differed significantly
[P+C– vs. P–C+; F(1,14) = 8.09, p= 0.013].

Bumble Bee Colony Level Balancing the
Uptake of P and C
A total 714 bumble bee visits to diets were recorded. Altogether,
bumble bee colonies (N = 24) collected a total of 155 g pollen
diet and 2.0 Kg sucrose solution (ratio 1:13). For bumble bee
colonies, the activities for collecting sucrose and pollen did not
significantly differ (Table 2; N = 12 vs. N = 8, Fisher Exact p
= 0.38) (Table 2). Pollen forager counts indicated no difference
between the P and P+ manipulation (Figure 1D; N = 8, χ

2

= 3.56, df = 1, p = 0.06), yet nectar forager counts were
significantly lower in the C+ treatment compared to the C
treatment (Figure 1D; N = 12, χ2 = 8.32, df = 1, p= 0.004).

Bumble bee colonies (N = 13) showed significant treatment
effects on foraging allocation [Figure 1E; F(2,10) = 14.2, p =

0.001]. Notably, the PC+ treated colonies showed significantly
lower allocation of workers to the collection of sucrose, compared
to the other 2 treatments (Figure 1E; 9% foraging for sucrose
vs. 91% for pollen). The P+C colonies had the lowest P:C ratio,
i.e., 1:51, which contrasted the reverse treatment P+C, where
colonies had an intake of 1:5 PC+ ratio (Figure 1F). The P:C
ratios of the non-baseline colonies differed significantly from one
another [P+C vs. PC+; F(1,5) = 675.8, p < 0.001].
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FIGURE 2 | Honey bee and bumble bee preference during sucrose collection. With the sucrose diet carbohydrate concentration in percent on the x-axis, relative

sucrose collection by individual bees is shown as weight proportions on the y-axis (A–F), and sucrose loading on the y-axis (G–L). Trendlines indicate dose-response

significance per treatment, involving protein (P) and carbohydrate (C) manipulations, within honey bee colonies (left side) and bumble bee colonies (right side).

Colony Level Differences Between Bee
Species
Large differences between and within bee species were observed
regarding colony activity (Table 2). Honey bee colonies were
more likely to be active than bumble bee colonies (overall
foraging 24 > 13 colonies, respectively, Fisher Exact p < 0.001;
sucrose foraging 24 > 12 colonies, respectively, Fisher Exact p
< 0.001; pollen foraging 12 ≈ 8 colonies, respectively, Fisher
Exact p = 0.38). At the colony level, honey bees but not bumble
bees balanced their pollen foraging in response to colony needs
and in contrast, bumble bees but not honey bees balanced
their sucrose foraging (Figures 1A,D). PC treatment (baseline
colonies) revealed that the allocation of 21.1% pollen foragers for
honey bee colonies (N = 8) did not differ from the 21.9% pollen
forager allocation for bumble bee colonies (N = 6) [central bars
Figures 1B,E; F(1,12) = 0.05, p = 0.83]. Both bee species baseline
colonies did not differ in their protein to carbohydrate intake
ratio, with P:C ratios of 1:28 vs. 1:17, respectively [Figures 1C,F;
F(1,11) = 0.09, p= 0.77].

Individual Honey Bee Responses to P and
C Nutrient Needs
Overall, honey bees collected 23 timesmore sucrose of the highest
concentration as compared to the lowest concentration (42.0 vs.
1.8%, respectively), demonstrating a highly significant preference
for higher C concentrations [Figures 2A–C, concentration;
F(1,109) = 205.5, p < 0.001]. Bees in the pollen supplemented
hives (P+C–) showed a less pronounced preference compared
to the other two treatments, namely 7 times more sucrose
solution collection of the highest concentration as compared
to the lowest concentration, with this difference illustrated by
a shallower slope [Figure 2A vs. Figure 2B,C; slope interaction
F(2,109) = 3.69, p = 0.028]. The sucrose forage loads were also

significantly higher when bees were visiting higher C feeders
[concentration; F(1,111) = 46.1, p < 0.001] (Figures 2G–I).
Foragers did not show a concentration dependent effect on
loading in response to colony P and C manipulations, i.e.,
similar slopes in the three treatment groups [Figures 2G–I; slope
interaction F(2,109) = 2.94, p = 0.057]. The loading of sucrose
solution was not affected by colony manipulations [treatment;
F(2,111) = 1.61, p= 0.20].

P concentration preference by honey bee foragers differed by
colony treatment [slope interaction; F(2,49) = 6.31, p= 0.004]. In
the PC and P–C– treated colonies, foragers preferred collecting
pollen diets with lower P (casein) content [Figures 3B,C; F(1,18)
= 64.2, p < 0.001 and F(1,23) = 77.47, p < 0.001, respectively].
This negative P preference was significantly stronger in the PC
treatment as compared to the P–C– treatment [slope interaction;
F(1,41) = 18.1, p < 0.001]. There was no indication of a negative
P preference in the P+C– colonies [Figure 3A; F(1,8) = 0.17,
p = 0.69]. In contrast, there was no effect of treatment on
pollen loading under different concentrations [Figures 3G–I;
slope interaction F(2,47) = 0.50, p = 0.61]. In general, pollen
loading by honey bees was not affected by protein concentration
[F(1,49) = 0.14, p = 0.71]. Pollen load did differ per P+C–
, PC, and P–C– treatment [F(2,49) = 7.56, p = 0.001], with
baseline colony foragers (PC Figure 3H) showing a higher
loading as compared to pollen supplemented colony foragers
(P+C– Figure 3G).

Individual Bumble Bee Responses to P and
C Nutrient Needs
Bumble bee foragers in the PC+ treatment did not favor high C
concentrations [Figure 2F; F(1,3) = 3.55, p = 0.16]. This was in
significant contrast [slope interaction; F(2,49) = 19.5, p < 0.001]
with foragers of P+C and PC treated colonies, which did

Frontiers in Ecology and Evolution | www.frontiersin.org 7 May 2019 | Volume 7 | Article 17789

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org
https://www.frontiersin.org/journals/ecology-and-evolution#articles


Hendriksma et al. Individual vs. Colony Foraging Decisions

FIGURE 3 | Honey bee and bumble bee preference during pollen collection. With the pollen diet protein concentration in percent on the x-axis, relative pollen

collection by individual bees is shown as weight proportions on the y-axis (A–F), and pollen loading on the y-axis (G–L). Trendlines indicate dose-response

significance per treatment, involving protein (P) and carbohydrate (C) manipulations, within honey bee colonies (left side) and bumble bee colonies (right side). The

striped trend lines indicate a significant dose-response for bumble bees in general, albeit this effect was insignificant for the treatment groups individually.

show a significant preference for higher sucrose concentrations
[Figure 2D,E; F(1,23) = 68.6, p < 0.001 and F(1,23) = 48.3,
p < 0.001, respectively] and collected proportionally 8 times
more sucrose of the highest concentration as compared to the
lowest concentration. Bumble bee foraging loads differed in C
dose-responses [slope interaction F(2,45) = 15.6, p < 0.001].
Under the PC treatment, foragers increased their crop loading
with higher C concentration [Figure 2K; F(1,21) = 7.56, p =

0.012], yet no such pattern was present at the P+C and PC+
treated colonies [Figures 2J,L; F(1,22) = 3.18, p = 0.09 and F(1,2)
= 2.87, p = 0.23, respectively]. Individuals collected lighter
loads under treatment PC, as compared to treatments P+C
and PC+ [Figures 2J–L; F(2,45) = 7.40, p = 0.002, post-hoc A B
A]. These data suggest the addition of pollen patties motivated
the bees to collect greater sucrose loads (Figure 2J), which
may relate to increased brood production activity, motivating a
higher fuel intake (Supplement 1). Notably, when giving sucrose
solution to bumble bees within their hive, foragers loaded
mostly at the least concentrated solution (i.e., 18.4 gh−1·visit−1),
suggesting the foragers may have shifted to water collection
behavior (Figure 2L).

Bumble bees, over all treatments considered, showed a

significant preference for collecting diets with lower protein

concentrations [Figures 3D–F; F(1,31) = 7.93, p = 0.008].

This preference, however, was not affected by colony P or
C manipulations [slope interaction; F(2,34) = 0.62, p = 0.54

and treatment F(2,34) = 0.00, p = 1.00]. There was also no
effect of treatment on forager pollen loads [Figures 3J–L, slope
interaction; F(2,31) = 0.59, p = 0.56]. Bumble bee pollen loading
was not affected by protein concentration [F(1,33) = 0.60,
p= 0.44], and forage loads did not differ in response to colony
P and C treatment [Figures 3J–L; F(2,33) = 0.25, p= 0.78].

Individual Response Differences Between
Bee Species
A direct comparison was made for honey bee and bumble bee
colonies only for the single treatment in which they experienced
the same condition, that of baseline treatment PC (Table 2). Both
species preferred to collect more sucrose solution of higher C
concentrations [Figures 2B,E; F(1,58) = 104.6, p < 0.001], and
this effect was similar between the species [slope interaction;
F(1,56) = 1.07, p = 0.31, and bee type F(2,34) = 0.00, p = 1.00].
Honey bee and bumble bee individuals increased loading with
higher sucrose concentrations [F(1,55) = 21.2, p< 0.001], with no
difference between species in their concentration response [slope
interaction; F(1,54) = 0.00, p= 0.96]. Bumble bee foragers showed
3x higher sucrose loading as compared to honey bee foragers [bee
type; F(1,55) = 27.2, p < 0.001].

Honey bee and bumble bee foragers both preferred collecting
pollen diets with lower protein concentration [Figures 3B,E;
F(1,31) = 41.9, p < 0.001], yet this preference was stronger
for honey bees as compared to bumble bees [Figures 3B,E,
slope interaction; F(1,31) = 24.0, p < 0.001]. There was also
3x higher pollen loading by bumble bee foragers as compared
to honey bee foragers [bee type; F(1,32) = 8.24, p = 0.007]. A
difference in protein dose-response on loading was not found
between the species [slope interaction; F(1,31) = 0.96, p=0.33],
and loading was not found affected by protein concentrations
[F(1,32) = 0.28, p= 0.60].

DISCUSSION

In this study, two very different eusocial bee species were
investigated (A. mellifera honey bees and B. terrestris bumble
bees) in responses to shifts in their colony carbohydrate and
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TABLE 3 | Summary of effects by treatment, diet concentration, bee species, and interactions.

Level Response Honey bees (HB) Bumble bees (BB) HB vs. BB

Colony Activity Sucrose > Pollen n.s.1 Overall1, Sucrose1

Bee counts P manipulation2 C manipulation3 N.A.

Allocation P+C– vs. P–C–4 P+C and PC vs. PC+5 n.s.6

P:C ratio P+C– vs. P–C–7 P+C vs. PC+8 n.s.9

Individual C choice C concentration10, Treatment interaction11 C concentration12, Treatment interaction13 C concentration14

C load C concentration15 C concentration16, Treatment17, Interaction18 C concentration19, Species20

P choice P concentration21, Treatment interaction22 P concentration23 P concentration24, Species

interaction25

P load Treatment26 n.s.27 Species28

1Table 2, 2Figure 1A, 3Figure 1D, 4Figure 1B, 5Figure 1E, 6Figures 1B,E, 7Figure 1C, 8Figure 1F, 9Figures 1C,F, 10Figures 2A,B,C, 11Figures 2A<B,C, 12Figures 2D,E,
13Figures 2D,E>F, 14Figure 2B,E, 15Figures 2G,H,I, 16Figure 2K, 17Figures 2J,L>K, 18Figures 2K>J,L, 19Figures 2H,K, 20Figures 2H<K, 21Figures 3B,C,
22Figures 3A<B,C, 23Figures 3D,E,F, 24Figures 3B,E, 25Figures 3B>E, 26Figures 3G<H, 27Figures 3J,K,L, 28Figures 3H<K. Significant effects are listed with numbers in

superscript referring to specific illustrations. Non-significant effects are indicated with “n.s.,” and “N.A.” indicates when comparisons were not possible. Treatment acronyms as defined

in Table 1.

protein stores. In the baseline P to C treatment, the ratio
of P to C foragers and P:C forage collected were strikingly
similar between the two species, with close to 80% C foraging
allocation (Figures 1B,E) and roughly comparable P:C ratios
collected (Figures 1C,F). Overall, the results support the original
hypothesis that both bee species would shift the division of labor
to counteract shifts in colony nutrient balance.

For example, both honey bee and bumble bee colonies with
perturbed P:C balance made adaptive shifts in the P:C ratio of the
collected forage (Figures 1C,F). Thus, the division of labor shifts
for both species had an impact on the actual mass nutrients taken
in by foragers. Overall, these data reveal that both species have
the ability to shift colony level foraging efforts to balance protein
and carbohydrate nutrient intake.

There were also some key differences between species in their
specific responses to colony energy balance (summarized in
Table 3). Both honey bee and bumble bee colonies shifted
the number of foragers and percent of foraging visits
(Figures 1A,B,D,E) in response to nutrient manipulations.
However, the shifts were significant only for P shifted treatments
in honey bees, and significant only for C shifted treatments in
bumble bees. These data suggest honey bees are more responsive
to P needs, whereas bumble bees are more responsive to C
needs. This is in agreement with the known high sensitivity of
honey bee colonies to colony pollen needs (Camazine, 1993),
and also in agreement with previously published carbohydrate
responses in three other bumble bee species (Cartar, 1992).
The different dynamics between bee species are consistent
with their different life histories. Perennial honey bee colonies,
which are keenly tuned toward hoarding large amounts of
honey needed for overwintering survival, are expected to
always allocate foragers to collect nectar, while more finely
modulating pollen collection in response to colony stores
and current brood needs (Keller et al., 2005). Annual bumble
bee colonies, which do not store large amounts of honey for
overwintering, should reduce allocation of nectar foragers once
sufficient carbohydrate stores have been reached, but always
allocate foragers to collect pollen to support maximum brood
production (Cartar, 1992).

In general, individual bee preferences were predicted to
be skewed toward higher nutrient concentrations during
foraging. In line with this prediction, foragers of both species
generally preferred the higher sucrose concentration feeders
(Figure 2, top row). An underlying key question was if foragers
changed in concentration preference under conditions of colony
deprivation as compared to satiation. Both bee species were
found to shift individual responses when colony nutrient levels
were manipulated. For honey bees, sucrose preference was
dampened in colonies supplemented with pollen. This shift
toward acceptance of lower concentrations may have been
caused by a sensory modulation depending on the nutritional
state of the individual bee (Figure 2A). However, a shift in pollen
vs. nectar forager allocation could also be the cause. It is likely
that among the observed 97% nectar collectors there were some
bees with a predisposition to collect pollen (Figure 1B). Pollen
foragers have lower sucrose sensitivity thresholds (Pankiw and
Page, 2000; Scheiner et al., 2001; Pankiw, 2003; Drezner-Levy
et al., 2009). Hence, the nutritional state of colonies could have
shifted forager allocation, and with that the average sensory
modality for sucrose preference.

Bumble bee foragers were also found to prefer higher sucrose
concentrations, with the exception of the sucrose supplemented
treatment (Figure 2F). Here, foragers showed a remarkable shift
in preference toward low sucrose concentrations. With an in-
hive feeder containing 50% w/v sucrose, foragers may have
shifted toward collecting forage with high water content, even in
the presence of supplemental water feeders at the experimental
arena (Figure S2).

Foragers of both species generally loaded with more sucrose
from higher concentration feeders (Figure 2, bottom row).
Load increase with sucrose concentration is consistent with the
findings of Núñez (1966) and the descriptive model of Varjú
and Núñez (1991), in which sucrose concentration is a main
determinant of crop loads. However, for honey bees, patterns of
loading in response to sucrose concentration did not differ across
colony nutrient balance treatments (Figures 2G–I). This suggests
that, despite changing colony needs, individual bees maintain
behaviors that optimize C energy intake (Schmid-Hempel et al.,
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1985; Kacelnik et al., 1986; Schmid-Hempel, 1987; Varjú and
Núñez, 1991; Afik and Shafir, 2007). In contrast to the honey
bee finding, bumble bees showed significant colony nutrient
treatment effects on mean sucrose loads (Figures 2J–L). Unlike
honey bee foragers which are all the same size, bumble bees
vary greatly in size within a colony (Figure S2), with foragers
being on average larger than nest bees (Goulson et al., 2002).
One explanation for why mean bumble bee crop loads were
significantly lower in the PC treatment (Figure 2K), as compared
to the other treatments, is that the total number of foragers was
greatest in the PC treatment. Because of a high forage demand
for both pollen and nectar (Figure 1D), this may have induced
additional recruitment of foragers, including the physically
smaller bumble bees. Another explanation is that nutritional
depletion caused mortality of forager bees (Supplement 1),
which may have (again) induced the recruitment of smaller
individuals with lower crop loads (Hagbery and Nieh, 2012). In
fact, whereas bumble bee foragers are biased toward the larger
individuals, when foragers are depleted by induced mortality, the
probability of nest bees to switch to foraging is independent of
their size (Crall et al., 2018).

Individual level responses to protein forage differed drastically
from those of carbohydrate forage. Although individual forager
preferences were predicted to be skewed toward higher P
nutrient concentrations, instead foragers showed an aversion
to high protein concentrations (Figure 3; top row). Why did
bees avoid higher protein concentration? The pollen content
(70%) was constant for all diets, thus the effect can be
attributed to the casein or tapioca in the diet. Either bees
found casein aversive, or bees were attracted to tapioca.
When tapioca is imbibed it may evoke preference because
the starch is hydrolyzed into sugar by α-amylase, an enzyme
produced in honey bee salivary glands (Wright et al., 2018).
The sweetness may subsequently act as a reward and evoke
preference. Fat content may be another explanation why bees
may have an aversion for casein. Technical grade casein
from bovine milk has some fat content (C7078, Sigma)
and Hendriksma and Shafir (2016; supplement within) found
higher dietary fat contents to negatively affect diet preference
of bees.

Despite the aversive nature of high protein concentrations,
honey bee foragers showed modulation of individual
responsiveness to protein based on colony nutrient balance.
In baseline colonies foragers showed the most pronounced
negative concentration preference, while foragers of pollen
supplemented colonies were relatively indiscriminate. This
suggests that satiated honey bees lost nutrient discrimination
and/or preference (Figure 3A).

Pollen loads (Figure 3 bottom row) were heavier for
the overall larger bumble bees relative to honey bees, as
also found under natural conditions (Minahan and Brunet,
2018). In honey bees, there was a significant treatment
effect, with pollen supplemented colonies showing reduced
loading compared to baseline. Thus, honey bees do appear
to modulate their P foraging responses in response to colony
energy balance shifts. Bumble bees showed less pronounced
aversion for pollen diet protein content, and there were no

significant treatment effects (Figures 3D–F), and the same
was true for pollen loading (Figures 3J,K,L). This suggests
that bumble bees are less responsive to dietary protein
concentration, and/or that they forage with a hardwired
preference baseline which is not affected by differential
colony needs.

It is important to note that observed shifts in individual-
level responses (Table 3) may not truly represent individuals
altering behavior; rather they may represent alterations in the
allocation of foragers that differ in size and/or in threshold
sensitivity to nutrient stimuli. Future experiments following
individual bees before and after colony nutrient shifts are
necessary to disentangle whether the observed differences
represent direct individual shifts vs. shifts in colony allocation
of individuals with differing nutrient preferences. In addition,
future study into individual and colony responses for colonies
in different phases of the colony life cycle would complement
current results, as forager responses may alter when colonies
prepare for reproduction or reach the end of the season
(Pankiw and Page, 1999; Johnson, 2010).

Returning to the original hypotheses, this study presents
evidence to support the hypothesis that both highly eusocial
and primitively eusocial bees balance colony nutrient needs
by shifting division of labor for foraging. Although bumble
bees are not as highly social as honey bees, the fact that they
have passed the “superorganism threshold” by some definitions
(because they have permanent morphological castes; Boomsma
and Gawne, 2018), indicates that colony-level decision making
is well developed even in “simpler” social insect societies. Based
on differences in the level of sociality between honey bees
and bumble bees, we also predicted stronger individual level
responses in bumble bees compared to honey bees. Contrary to
this prediction, we found evidence for shifts in individual level
nutrient responsiveness (especially with respect to carbohydrate
preference and loading) for both species. Instead of being related
to differences in sociality, differences between species in their
specific responses (summarized in Table 3) instead may be
related to differences in colony life history traits (such as level of
food hoarding, form of brood provisioning, etc.). Thus, we urge a
stronger consideration of life history traits such as parental care,
hoarding, and seasonality, in considerations of foraging decisions
and in the context of OFT.
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Juvenile Social Environments on the
Effects of Chronic Intranasal
Oxytocin in the Prairie Vole
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Interactions between social experiences at different stages of development (e.g., with
parents as juveniles and peers as subadults) can profoundly shape the expression of
social behavior. Rarely are the influences of more than one stage of developmental
sensitivity to social environment investigated simultaneously. Furthermore, oxytocin
(OT) has an extraordinary effect on a breadth of social behaviors, activationally or
organizationally. The use of intranasal OT (IN-OT) has become increasingly common
therapeutically in humans and scientifically in non-human experiments, however very
little attention has been paid to the potential developmental consequences on social
behavior that might result. We investigated the effects of early-life social environments
and the impact of chronic IN-OT on social behavior at different stages of development
in male prairie voles (Microtus ochrogaster). We raised animals under two conditions:
“socially enriched” (in which they were biparentally reared and then weaned into group
housing as subadults), or “socially limited” (in which they were reared by a single-mother,
and that were then weaned into social isolation). Males raised under each condition were
either administered daily doses of IN-OT or a saline control for 21 days from postnatal
day (PND) 21–42. During this time, we assessed the prosocial behavior subjects
demonstrated by evaluating juvenile affiliation (as subadults), alloparental care (as adults
no longer being exposed to IN-OT), and partner preference tests to assess tendencies
to form adult monogamous pairbonds. We found that “socially limited” males, exhibited
increased social contact in juvenile affiliation tests at PND 35 and 42. These males were
also more likely to form a partner preference than “socially enriched” males and formed
stronger partner preferences overall. IN-OT did not alter these behavioral effects. We
also found that “socially limited” males exhibited a distinct response to chronic IN-OT
treatment. When compared to all other treatment groups, “socially limited” males that
received IN-OT exhibited a greater amount of huddling behavior in the alloparental care
test. This effect was, in part, explained by an absence of attack behavior, found only in
these males. This study contributes to understanding the complex interactions between
the developmental social environment, oxytocin, and social behavior.

Keywords: intranasal oxytocin, early-life social experience, alloparental care, partner preference, prairie voles,
Microtus ochrogaster
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Prounis and Ophir Interactions Between IN-OT and Development

INTRODUCTION

Social environments can vary tremendously across stages of
development and profoundly shape the social behavior of
an individual (Tzanoulinou and Sandi, 2017). Oxytocin (OT)
is often implicated as a major regulator of social behavior
in human and non-human species, and as a mechanism
that shapes social development (Neumann, 2008; Rilling and
Young, 2014; Feldman, 2015a,b; Walum and Young, 2018).
Therefore, one way in which early-life social experience can
have long-term consequences on social behavior is through
developmental effects on the OT system. However, it remains
unclear how social experiences at different stages of development
impact adult behavior, and if and how social experience at
different developmental stages might interact. Furthermore, the
therapeutic use of OT for some children is becoming increasingly
common and it remains unclear how the exogenous delivery of
OTmight further alter the complex nature of social development.
In the current study, we briefly discuss each of these points
and ask to what extent juvenile (i.e., subadult) and adult social
behavior are altered by: (i) social environments experienced
during two stages of development; (ii) by the non-invasive
treatment of OT; and (iii) the potential interactions therein.

Specific features of social environments during critical
developmental periods of life, such as interactions with parents
or peers, could induce natural changes to the oxytocin system
by altering OT synthesis or release, and/or OT receptor (OTR)
density. Indeed, rats that receive higher amounts of maternal
care develop increased densities of OTR in important parts
of the brain that regulate social behavior, and they exhibit
higher maternal care as adults (Francis et al., 2000, 2002;
Champagne et al., 2001). On the other hand, rats experiencing
routine maternal separation express similar brain region-specific
increases or decreases of OTR and exhibit increases in anxiety
and aggression (Kalinichev et al., 2002; Veenema, 2009; Lukas
et al., 2010). In bi parental species, such as the mandarin vole
and prairie vole, removal of fathers from the family unit alters
OTR development and impairs social cognition (Cao et al., 2014;
Prounis et al., 2015), and this can also reduce alloparental care
and retard establishment of partner preferences (Ahern and
Young, 2009). Interestingly, evidence has indicated that male and
female prairie voles equally contribute to offspring care (Thomas
and Birney, 1979) and single mothers do not appear to modify
the amount of licking and grooming directed towards pups if
fathers are removed (Ahern and Young, 2009). Together, this
suggests that some of the OT-mediated behavioral effects on
developing offspring just discussed could be attributable to the
total reduction of care they received.

Social factors beyond the natal environment can also shape
the OT system and behavior during juvenile and adolescent
development. For example, male prairie voles that live in
a socially and spatially enriched environment after weaning
develop higher densities of OTR in many regions of the forebrain
(Prounis et al., 2018). Similarly, mice that were exposed to
high levels of early postnatal peer interactions later showed
enhanced adult affiliative behavior and greater OTR density
within the amygdala (Branchi et al., 2013). On the other hand,

social isolation as subadults (the life-stage between weaning and
adulthood) alters OTR receptor density (Prounis et al., 2015), and
promotes anxiety (Pan et al., 2009) and depressive-like behaviors
(Grippo et al., 2007b) in prairie voles.

Importantly, the impact of social environments during
perinatal and subadult stages of development can interact. The
quality of maternal care behavior received during perinatal
development and environmental enrichment during subadult
development interactively shape OTR expression and maternal
behavior in rats (Champagne and Meaney, 2007). Furthermore,
male prairie voles that are reared by a single-mother and then
later experience isolated housing, demonstrate increases in lateral
septum (LS) OTR and an impairment to social recognition
(Prounis et al., 2015). Taken together, the aforementioned
examples demonstrate that oxytocin is not only a key
regulator of social behavior, but it is highly sensitive to socio-
environmental influences, laying the groundwork to develop
a deeper understanding of how variable social environments
impact the development of social behavior.

Chronic exposure to chemical factors over development can
also impact social behavior in a developing animal (e.g., Trezza
et al., 2014; Davis et al., 2019). For instance, it is well-established
that administration of exogenous chemicals (even those with
endogenous sources) can compensatorily reduce ligand and/or
receptor expression, in turn impacting neural function and
behavior. OTRs are no different; persistently agonist-stimulated
OTRs will desensitize, internalize and downregulate (Gimpl and
Fahrenholz, 2001). Such phenomena raise important questions
about how chronic early-life administration of OT could affect
the neural development of animals, especially considering the
common practices of administering therapeutic drugs, including
OT, to children. Not surprisingly, exogenous manipulations of
OT during early development affect social behavior later in
life (Bales and Perkeybile, 2012). For example, intraperitoneal
(i.p.) exposure to OT on postnatal day (PND) 1 facilitates
adult male partner preference formation, whereas exposure to
an OT antagonist reduces alloparenting in males (Bales and
Carter, 2003; Bales et al., 2004). Moreover, i.p. injections of
OT in neonatal prairie voles lead to dose-specific changes in
alloparental care and attachment behaviors (Bales et al., 2007b).
Oxytocin i.p. injections reverse the effect of social isolation
on depressive-like behaviors (e.g., helplessness and anhedonia;
Grippo et al., 2009), but not anxiety (Grippo et al., 2012).

A recent body of research suggests that intranasal oxytocin
spray (IN-OT) provides a non-invasive exogenous means to alter
central levels of extracellular oxytocin in rodents (Neumann
et al., 2013). The development of this spray as a pharmacologic
treatment for an array of social disorders has generated great
excitement because OT effectively modulates social behavior
(DeMayo et al., 2017; but see Leng and Ludwig, 2016). Behavioral
studies in rodents suggest that IN-OT treatment can alter social
behavior. In prairie voles, for example, chronic IN-OT treatment
increases social contact with sibling cage-mates (Bales et al.,
2013), whereas medium and low doses (but not large doses)
of IN-OT impair partner preference behavior in males (Bales
et al., 2013), and such changes in behavior may be mediated
by the effects of IN-OT on OTR density (Guoynes et al., 2018).
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Although, the acute use of IN-OT appears to be quite safe
(DeMayo et al., 2017), few studies have investigated the potential
long-term developmental impacts of IN-OT on social behavior
(Bales and Perkeybile, 2012; but see Bales et al., 2013).

The circular nature of the potential for social environment to
impact the OT system and for the OT system to impact social
behavior (and thus the social environment) raises fundamental
questions about the developmental mechanisms that shape
adaptive behavioral repertories in adulthood. Moreover, because
the social environment during development is complex and
varies over time, interactions at different stages of development
might create combinatorial interactions on behavioral and brain
outcomes. We explored the dynamic interaction between early
post-natal social environment, subadult social environment, and
chronic dosing of extracellular OT via intranasal application
on the social behavior of prairie voles at various stages
of development. Several characteristics of prairie voles make
the species particularly useful for the study of interactions
between early social environments, social behavior, and the
administration of OT. First, prairie voles in nature experience a
wide variety of social experiences early in life, including single-
mother and bi-parental rearing, and communal rearing in which
older siblings alloparentally contribute to the care of younger
siblings (Getz et al., 1981). As discussed above, simulating these
social environments in the laboratory by removing fathers,
and/or housing post-weaned animals in isolation or in groups
alters the behavior in offspring (Grippo et al., 2007b; Ahern
and Young, 2009; Pan et al., 2009; Prounis et al., 2015).
Second, juvenile prairie voles in the lab readily engage in
spontaneous alloparental care (care behavior towards novel
unrelated pups; Roberts et al., 1998), and adult prairie voles form
social attachments to opposite sex conspecifics (i.e., ‘‘partner
preference behavior’’; Getz et al., 1981; Williams et al., 1992).
Last, these social behaviors are causally linked to OT function
in the brain (Liu and Wang, 2003; Olazábal and Young, 2006a;
Walum and Young, 2018).

In the current study, we hypothesized that the interaction
between perinatal social environments (single-mother reared or
bi parentally reared) and subadult social environments (isolated
housing or group housing) would result in distinct expression
of prosocial behavior during adolescence and adulthood.
Furthermore, we predicted that IN-OT would increase the
prosocial behavior of ‘‘socially limited’’ prairie voles (i.e., reared
by single-mothers, followed by social isolation) to a greater
extent than voles experiencing standard (and relatively enriched)
rearing. This prediction was based on a previous study that
showed ‘‘socially limited’’ voles exhibited higher densities of OTR
in regions of the brain implicated in prosocial behavior, including
the LS, prefrontal cortex (PFC), and basolateral amygdala (BLA;
Prounis et al., 2015).

MATERIALS AND METHODS

Animals and Early Life Manipulations
All subjects came from the first litter of breeding pairs created
specifically for this experiment. The breeders originated from
our colony of prairie voles, which were originally trapped in

Champaign County, IL, USA. Animals were housed in standard
polycarbonate rodent cages (29 × 18 × 13 cm) lined with
Sani-chip bedding and provided nesting material, and kept on
a 14:10 light-dark cycle. Animals were provided rodent chow
(Laboratory Rodent Diet 5001, LabDiet, St. Louis, MO, USA)
and water ad libitum. Ambient temperature was maintained at
20 ± 2◦C. All procedures were approved by the Institutional
Care andUse Committee of Cornell University (protocol number
2013-0102).

All breeding units created for this experiment had litters
culled to 3–5 pups. Male subjects were assigned to groups at
birth that exposed them to one of two different social experiences
across pre-weaning and post-weaning development. One group
of ‘‘socially enriched’’ males was first reared by both a mother
and father (i.e., a biparental family unit), and then group-housed
with a male sibling at weaning (PND 21; Figure 1). The second
group of ‘‘socially limited’’ males was reared by a single-mother
after the father was removed on PND 0 and then housed in
isolation at weaning (Figure 1). We use the terms ‘‘socially
enriched’’ and ‘‘socially limited’’ to label the treatments in an
overly simplistic way to convey that the social experiences we
created incorporated social opportunities with more or fewer
individuals, relative to each other. We do not intend for these
terms to convey preconceived notions of one condition being
‘‘better’’ or more adaptive than the other. We have previously
shown that these manipulations during both pre-weaning and
post-weaning produce group differences in OTR expression and
social cognition in male prairie voles (Prounis et al., 2015).

Intranasal Oxytocin Treatments
Between PND 21 and 42, subjects received daily intranasal
treatments of either saline or oxytocin (0.8 IU/kg) between
08:00 h and 12:00 h (Figure 1). This dose of chronic IN-OT
treatment impacts social behavior of male prairie voles and is
closely equivalent to a weight-adjusted dose commonly used
in human studies (Bales et al., 2013). We applied a total of
25 µl of saline or OT from a pipette tip around the nasal cavity
while the subject was scruffed and held belly-up, alternating
sides so that 12.5 µl was applied to each nostril and resulting
in inhalation of the solution. In total, four groups were created
corresponding with both early-life manipulation and intranasal
treatment: ‘‘socially enriched’’ + Saline, ‘‘socially enriched’’
+ OT, ‘‘socially limited’’ + Saline, ‘‘socially limited’’ + OT
(Figure 1). Subjects were weighed every week to determine
the effects of the different conditions on body size and
growth and to factor any mass differences into performance on
behavioral tests.

Behavioral Testing
Subjects performed a series of behavioral tests during and
after the period of intranasal treatment. These included four
juvenile affiliation tests, two alloparental care tests, and a partner
preference test (see below).

Juvenile Affiliation Test
Immediately after intranasal treatment on PND 22, 28,
35, and 42, subjects were placed in a standard-sized cage
(29 × 18 × 13 cm) for 30 min of acclimation prior to testing.
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FIGURE 1 | Timeline of social manipulations and intranasal treatment. Perinatal social manipulations occurred between postnatal day (PND) 0–20 and consisted of
presence or absence of the father. Subadult social manipulations occurred between PND 21 (weaning) through PND 42 and consisted of being group-housed with a
same-sex sibling or housed in isolation. During this period, intranasal saline, or intranasal oxytocin (IN-OT) was administered daily. Juvenile affiliation tests were
conducted during this period. Adulthood was defined as beginning at PND 43 and lasted through the end of behavioral testing (PND 60), during which time
alloparental care tests and partner preference tests were conducted.

After acclimation, unrelated and novel juvenile voles (between
PND 15 and 21) were placed on the opposite end of the cage
from the subject. We assessed the social contact time (defined
as all non-agonistic physical contact) between subjects and the
juvenile voles during the 10-min test. The timing of these
tests correspond with expected release of oxytocin in the brain
after intranasal treatment (Neumann et al., 2013). Thus, the
weekly juvenile affiliation tests were intended to examine the
immediate effects of IN-OT on prosocial behavior with a non-
threatening stimulus animal, while also testing for changes in
social responses over the weeks of chronic administration. The
final sample sizes analyzed for all four juvenile affiliation tests
were: ‘‘socially enriched’’ + Saline, N = 11; ‘‘socially enriched’’
+ OT, N = 10; ‘‘socially limited’’ + Saline, N = 12; ‘‘socially
limited’’ + OT, N = 12.

Alloparental Care Tests
On the day after the last intranasal treatment (PND 43), subjects
performed the first of two alloparental care tests. Subjects were

placed in a novel standard-sized cage (29 × 18 × 13 cm) to
acclimate for 30 min. After acclimation, two unrelated neonates
(between PND 2 and 5) were placed at the opposite end of
the cage from the subject. The amount of huddling behavior
and aggression was quantified during the 10-min test. Huddling
behavior was scored as the total time the subject was stationary
and completely covering at least one of the two stimulus pups
in the test. Aggression was scored as any lunges and biting
behavior. An experimenter watched the social interaction from
a close distance but out of sight of the voles to ensure that if
the subject behaved aggressively to the stimulus pup, the trial
could be terminated before the stimulus animal was harmed. A
second alloparental care test was implemented on PND 58, as
just described. This allowed us to determine behavioral effects
both immediately after and weeks after the period of chronic
intranasal treatment. This schedule also allowed us to examine
the effects of treatment on behavior at an age associated with
subadult peripubertal animals (∼PND 21–45) and adulthood
(∼PND > 45). There were two instances where the subject
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did not move from the corner of the cage at the start of the
video (one during the PND 43 test, and one during the PND
58 test); these recordings were excluded from analysis. The final
sample sizes analyzed for the PND 43 alloparental care test
were: ‘‘socially enriched’’ + Saline, N = 11; ‘‘socially enriched’’
+ OT, N = 10; ‘‘socially limited’’ + Saline, N = 12; ‘‘socially
limited’’ + OT, N = 11. The final sample sizes analyzed for the
PND 58 alloparental care test were: ‘‘socially enriched’’ + Saline,
N = 11; ‘‘socially enriched’’ + OT, N = 9; ‘‘socially limited’’ +
Saline, N = 12; ‘‘socially limited’’ + OT, N = 12.

Partner Preference Test
Last, on PND 60 subjects performed a partner preference test
after 24 h of cohabitation with a sexually receptive female
primed with dirty male bedding (Richmond and Stehn, 1976;
Carter et al., 1980; Dluzen et al., 1981). To prime the females,
urine-soaked bedding (taken from the cage of males that were
unrelated to both the male subject and the female) was placed
in the female’s home cage a day before animal pairing. The
24 h cohabitation time is sufficient to form partner preference
in male prairie voles (DeVries and Carter, 1999; Blocker and
Ophir, 2016). On the day of testing, we evaluated animals in the
‘‘partner preference test’’ followingWilliams et al. (1992). Briefly,
the female partner and the unfamiliar female were tethered
to opposite compartments of a three-compartment apparatus.
After 30 min of acclimation, the subject male was placed in
the unoccupied middle compartment from which it could freely
move between all three compartments of the apparatus. An
observer blind to treatment scored the amount of time the subject
spent in side-by-side contact with both the female partner and
with an unfamiliar sexually primed adult female over a 180-min
test period. These times were compared to determine the degree
of preference to cohabitate with the partner. Two recordings were
unable to be analyzed due to technical issues. The final sample
sizes analyzed for the partner preference test were: ‘‘socially
enriched’’ + Saline, N = 11; ‘‘socially enriched’’ + OT, N = 9;
‘‘socially limited’’ + Saline, N = 11; ‘‘socially limited’’ + OT,
N = 12.

Data Analysis
All behavioral data were collected usingNoldusObserver XT 14.0
(Noldus Information Technology Inc., Leesburg, VA, USA). For
the juvenile affiliation tests, we performed a two-factor ANOVA
to compare social contact time between groups according to
social manipulation and intranasal treatment, and we used Tukey
HSD tests to determine significant post hoc comparisons between
groups. The findings from our initial two-factor ANOVA
motivated us to perform a mixed factorial repeated measures
ANOVA to compare changes in social contact time over the
four timepoints between socially enriched and socially limited
males. Due to non-normal distribution of data for proportion
of huddling time in the alloparental care tests, we performed a
Kruskal–Wallis test to detect significant group differences, and
we used Dunn’s test for post hoc comparisons between groups.
We performed a Pearson’s chi-square test for independence to
compare the incidence of attack behavior in the alloparental
care tests. We included subjects that attacked pups in the

analysis of huddling time because we believe the attack behavior
fairly represents an absence of care behavior and is critical
to understanding group differences. Excluding subjects that
attacked the pups from analysis of the alloparental care test would
also severely reduce our sample size and result in a drastic loss of
statistical power. Paired t-tests compared the side-by-side contact
time with a partner female vs. an unfamiliar female for individual
groups in the partner preference test. A two-factor ANOVA
compared the preference score (contact with partner—contact
with unfamiliar female) according to social manipulation and
intranasal treatment, and TukeyHSD determined significant post
hoc comparisons between groups. We performed a Pearson’s
chi-square test for independence to compare the proportion of
subjects displaying a partner preference in the partner preference
test. Both chi-square tests (for the alloparental care test and the
partner preference test) were limited to analysis of main effects
(comparison based on social housing, or on intranasal treatment)
due to sample size constraints when comparing all four groups.
We considered an alpha ≤0.05 to be statistically significant for
all tests. We report all F and p-values rounded to the nearest
one-hundredth decimal place, except where p < 0.01, in which
case we report them as such.

RESULTS

Physical Development
No weight differences were found among males at PND 21
(ANOVA: F(1,41) = 1.00, p = 0.32), but ‘‘socially limited’’
males weighed less than ‘‘socially enriched’’ males at PND 28
(F(1,41) = 4.21, p = 0.05), PND 35 (F(1,41) = 4.82, p = 0.03),
and PND 42 (F(1,41) = 4.73, p = 0.04). Intranasal OT treatment
did not affect body mass at any stage of development. Post
hoc comparisons showed no significant difference in body mass
between any combination of the four groups (Tukey HSD: all
p’s > 0.18). Body mass did not correlate with any behavioral test
at the comparable age (see Supplementary Table S1).

Juvenile Affiliation Tests
Social rearing environment did not impact the amount of social
contact time with juveniles at PND 22 (ANOVA: F(1,41) = 1.10,
p = 0.30) and PND 28 (F(1,41) = 1.77, p = 0.19; Figure 2A).
However, we found a main effect of social environment for
tests performed on PND 35 (F(1,41) = 8.12, p < 0.01) and
PND 42 (F(1,41) = 5.86, p = 0.02), with ‘‘socially limited’’ males
having more social contact time than ‘‘socially enriched’’ males
(Figure 2A). There was no effect of intranasal treatment on
social contact with juveniles at any age (PND 22: F(1,41) < 0.01,
p = 0.98; PND 28: F(1,41) = 0.27, p = 0.60; PND 35: F(1,41) = 0.51,
p = 0.48; PND 42: F(1,41) = 0.22, p = 0.64). Likewise, there
were no significant interactions between social environment and
intranasal treatment at any age (PND 22: F(1,41) = 0.53, p = 0.47;
PND 28: F(1,41) = 0.20, p = 0.66; PND 35: F(1,41) = 0.02, p = 0.90;
PND 42: F(1,41) = 0.01, p = 0.92). Post hoc comparisons showed
no differences between any of the four groups (Tukey HSD: all
comparisons p > 0.08).

A mixed-effects ANOVA with a repeated measure for
the age of testing revealed a significant interaction between
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FIGURE 2 | (A) Mean (±SE) seconds (s) subjects spent in social contact with novel juvenile voles (aged PND 15–21) as a function of early-life social experience and
intranasal treatment on juvenile affiliation behavior in subadults. (B) Mean (±SE) seconds (s) subjects spent in social contact with novel juvenile voles (aged PND
15–21) as a function of only early-life social experience on juvenile affiliation behavior in subadults. OT, intranasal oxytocin treated animals; Saline, intranasal
saline-treated animals; PND, postnatal day. ∗ Indicates p < 0.05; ∗∗ indicates p < 0.01.

developmental time and social rearing environment on social
contact with juveniles (F(3,129) = 4.43, p < 0.01, Figure 2B).
Pairwise comparisons (with Bonferroni correction for multiple
comparisons) showed that ‘‘socially enriched’’ males significantly
reduced their social contact time with juveniles between PND
28 and PND 45 (p = 0.01, Figure 2B), whereas ‘‘socially limited’’
males increased their contact time with juveniles between
PND 28 and PND 35 (p = 0.04, Figure 2B) and displayed
comparable levels of juvenile contact between PND 28 and 45
(p = 0.99, Figure 2B).

Alloparental Care Tests
We found group differences in the proportion of time subjects
huddled with pups at PND 43 in the first alloparental care test
(Kruskal–Wallis: x2(3) = 8.91, p = 0.03). Post hoc comparisons
showed that ‘‘socially limited’’ + OT males spent more time
huddling than ‘‘socially limited’’ + Saline males (Dunn’s test:
p = 0.01), ‘‘socially enriched’’ + Saline males (p < 0.01), and
‘‘socially enriched’’ + OT males (p = 0.02; Figure 3). We found
nearly the same group difference in the PND 58 alloparental care
test (x2(3) = 10.60, p = 0.01), with post hoc comparisons showing
that ‘‘socially limited’’ +OTmales spentmore time huddling with
pups than ‘‘socially enriched’’ + Saline (p < 0.01), and ‘‘socially
enriched’’ + OT males (p < 0.01; Figure 3). A non-significant
trend suggested ‘‘socially limited’’ + OT males might also spend
more time huddling pups than ‘‘socially limited’’ + Saline males
at PND 58 (p = 0.06; Figure 3).

At PND 43, immediate attack of pups during the test resulted
in early termination of the test with zero proportion of time
spent huddling scored for a subset of ‘‘socially enriched’’ +
Saline males (N = 5, 45.5%), ‘‘socially enriched’’ + OT males
(N = 2, 20%) and ‘‘socially limited’’ + Saline males (N = 3,
25%). Similar incidents of attack behavior were found at PND 58
(‘‘socially enriched’’ + Saline: N = 4, 36.4%; ‘‘socially enriched’’
+ OT: N = 1, 11.1%; ‘‘socially limited’’ + S: N = 2, 16.7%).
At both PND 43 and PND 58, no ‘‘socially limited’’ + OT

males attacked the pups. When comparing groups according
to intranasal treatment, subjects receiving IN-OT (‘‘socially
limited’’ and ‘‘socially enriched’’ males combined) were less likely
to attack than subjects receiving saline (‘‘socially limited’’ and
‘‘socially enriched’’ males combined) at PND 43 (x2(1) = 3.99,
p = 0.05; Supplementary Table S2) and PND 58 (x2(1) = 3.73,
p = 0.05; Supplementary Table S3).

Partner Preference Test
Only ‘‘socially limited’’ + OT (t(11) = 3.89, p < 0.01) and ‘‘socially
limited’’ + Saline (t(10) = 2.53, p = 0.02) males demonstrated a
significant preference for the female partner based on side-by-
side contact time with each female in the partner preference
test (Figure 4A). Surprisingly, a preference for side-by-side
contact with the partner was not found for ‘‘socially enriched’’
+ Saline (t(10) = 0.48, p = 0.32) and ‘‘socially enriched’’ +
OT males (t(8) = 1.02, p = 0.17). Comparison of a partner
preference score (side-by-side time with partner − side-by-side
time with unfamiliar female/total side-by-side time) revealed
a main effect of social environment, with ‘‘socially limited’’
males having larger preference scores than ‘‘socially enriched’’
males (ANOVA: F(1,39) = 4.19, p = 0.05; Figure 4B). We
performed an additional analysis of group differences in partner
preference behavior by comparing the proportion of individuals
demonstrating a preference for the partner, defined as the
subject spending over 60% of total side-by-side contact with the
partner. According to this approach, ‘‘socially limited’’ subjects
(+OT and +Saline males combined) were more likely to form a
preference than ‘‘socially enriched’’ subjects (+OT and +Saline
males combined; chi-square test of independence: x2(1) = 3.74,
p = 0.05; Supplementary Table S4).

DISCUSSION

The combination of early social environment and IN-OT
had variable effects depending on the developmental stage
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FIGURE 3 | The effects of early-life social experience and intranasal treatment on huddling behavior in alloparental care tests at PND 43 and PND 58. Mean (±SE)
time subjects spent huddling over at least one of two unrelated neonates (aged PND 2–5) is presented. OT, intranasal oxytocin treated animals; Saline, intranasal
saline-treated animals. † Indicates p = 0.06; ∗ indicates p < 0.05; ∗∗ indicates p < 0.01.

and the social behavior being tested. The social manipulation
contrasted a relatively socially limited environment (no access
to fathers before weaning or siblings after weaning) with a
socially enriched environment (access to two parents and
then a sibling). We found that males reared in ‘‘socially
limited’’ environments engaged in more social contact with
juveniles when they were subadults (PND 35 and PND
42) when compared to males reared in ‘‘socially enriched’’
environments. Furthermore, whereas ‘‘socially limited’’ males
increased social contact with juveniles as they became older,
males reared in ‘‘socially enriched’’ environments reduced
social contact with juveniles as subadults. ‘‘Socially limited’’
males were also more likely to form a partner preference in
adulthood when compared to ‘‘socially enriched’’ males. Lastly,
chronic doses of IN-OT during post-weaning development
led to a high degree of alloparental care behavior in
‘‘socially limited’’ males. This result suggests an additive
or synergistic effect wherein a two-hit social deprivation

treatment during postnatal development and IN-OT treatment
promotes pro-social behavior in male prairie voles (see
Ebitz and Platt, 2014).

Our findings indicate that, regardless of intranasal OT
treatment, the combination of single-mother rearing during
perinatal stages and isolated housing during subadult stages
produced male prairie voles that: (i) engaged in more social
contact in peri-adolescence (Figure 2); and (ii) developed
stronger partner preferences in adulthood (Figure 4). Our
results contribute to the small but growing number of reports
that address the effects of perinatal and subadult social
environments on prairie vole development. For example, prairie
vole pups weigh more, open their eyes and grow hair sooner,
and begin eating solid food and exploring outside the nest
more rapidly when fathers were present (Wang and Novak,
1992, 1994), indicating that paternal care accelerates physical
development of prairie vole offspring in the lab. Indeed, our
data were consistent with this interpretation, showing that
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FIGURE 4 | The effects of early-life social experience and intranasal treatment on partner preference behavior. (A) Mean (±SE) side-by-side contact in seconds (s)
with the female partner (solid bars) and unfamiliar female (hatched bars). (B) Mean (±SE) partner preference score (time in seconds subjects spent in side-by-side
contact with partner—time spent in side-by-side contact with the unfamiliar female/total time in side-by-side contact). Color scheme follows Figures 2, 3. OT,
intranasal oxytocin treated animals; Saline, intranasal saline-treated animals. ∗ Indicates p < 0.05; ∗∗ indicates p < 0.01.

‘‘socially enriched’’ males weighed more than ‘‘socially limited’’
males shortly after weaning and throughout subadulthood.
Ahern and Young (2009) demonstrated that single-mother
reared males did not form partner preferences after 1 day
of cohabitation, instead, requiring a week of cohabitation
before a preference was formed. This study also found no
effect of rearing condition on alloparental care behavior in
males, although females without fathers were less alloparental
(Ahern and Young, 2009). Our results replicate this, finding
no main effect of single-mother rearing on alloparental care
in males (Figure 3). Surprisingly, our results in the partner
preference test were inconsistent with Ahern and Young (2009),
showing that single-mother reared males were more likely to
form a partner preference than bi-parentally reared males.
Similarly, unlike our study, Wang and Novak (1994) reported
that time engaged in allogrooming and play was lower in
males reared without fathers compared to those reared with
both parents.

We suspect that these inconsistencies between our study and
others could be attributable to elements of our experimental
design. These differences could include the impact of social
isolation at the subadult life stage (which was not investigated
in these other studies), the unintended consequences of the
necessary handling associated with the delivery of intranasal OT
or Saline, or the combination of manipulating social experience
at two important stages of development (see below).

First, several studies have found that pre-adult social isolation
leads to an increase in social interaction (Wongwitdecha and
Marsden, 1996; Pan et al., 2009; Gilles and Polston, 2017). For
example, compared to group-housed males, male prairie voles
that experience post-weaning social isolation prefer spending
time in a cage containing a tethered novel male over an
empty cage (Pan et al., 2009). Results such as these indicating
that developmentally isolated animals become more social are

consistent with our data in which ‘‘socially limited’’ animals
increased social contact (alloparental care) with juveniles at PND
35 and PND 42.

Second, it is worth considering the ways in which the
intranasal administration regimen might have impacted our
animals. The handling that our animals experienced was
extremely brief and they showed no observable evidence
of discomfort or distress following each dosing. However,
experimental scruffing of mothers increases maternal licking and
grooming (Bales et al., 2007a) and could induce sub-threshold
physiological reactions that cumulatively contribute to long-term
effects on brain and behavior development. For example, we
know that isolated male prairie voles have higher circulating
concentrations of OT in their plasma, and higher activity of
OT-reactive neurons in the paraventricular nucleus in response
to experiencing a resident-intruder test (Grippo et al., 2007a),
suggesting that social stress can induce endogenous release
of OT in animals predisposed to be OT-reactive. It is worth
noting that all of our animals experienced the same amount
of handling for intranasal delivery during the subadult period
(PND 21–45). However, if daily scruffing produced a subtler
but similar reaction to resident-intruder tests and isolated males
were more susceptible to this effect, then ‘‘socially limited’’
animals receiving IN-OT would have also experienced higher
doses of OT than we had planned. Thus, the synergistic
effects of experimental handling and early-life social experience,
with the exogenous delivery of OT could have produced
a heightened sensitivity to OT in ‘‘socially limited’’ + OT
males in a way that none of the other groups in our study
experienced. This might provide an explanation for the unique
alloparental behavior we observed among ‘‘socially limited’’
+ OT males. Interestingly, ‘‘socially limited’’ + OT males
exhibited care towards pups in every individual trial. In contrast,
approximately half of the control males (‘‘socially enriched’’
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+ Saline) attacked the pups during the trial. Our data also
show that IN-OT treatment reduced the likelihood of attack
behavior during the alloparental care test (Supplementary
Tables S2, S3). Thus, whether or not these effects are directly
attributable to the handling the animals received, the interactions
of complex early-life social experiences with OT exposure
(endogenously released, exogenously released, or both) clearly
produced an overarching prosocial (less-aggressive) phenotype
in males.

Finally, it is also possible that group housing has protective or
buffering effects on other developmental consequences resulting
from being reared without fathers. Although the behavioral
outcomes were quite different in how they interacted, we have
reported results indicating that subadult housing conditions
have the potential to alter the outcome of behavioral effects
established by the absence of fathers in the perinatal nest
(Prounis et al., 2015). Prounis et al. (2015) also found that
‘‘socially limited’’ reared males had greater expression of OTR
in some forebrain areas (see below) suggesting that the sequence
of single-mother rearing followed by social isolation produces
a distinct social and neural phenotype. Indeed, social stress
promotes prosocial behavior (e.g., adult social isolation, Perry
et al., 2016), and this relationship is believed to be mediated
by oxytocin (Taylor, 2006). We speculate that one outcome of
reduced social opportunities during both perinatal and subadult
stages might be increased motivation to seek social interaction
when opportunities arise, which might buffer against the stress
of social isolation. This unique combination of early social
experiences might also facilitate prosocial behaviors in adulthood
that resulted in the increased likelihood of pairbond formation
in ‘‘socially limited’’ males. These possibilities highlight the
importance of considering how social experiences at different life
stages might interact to alter and, in some cases, rescue or even
reverse behavioral phenotypes.

Because prairie voles reared in standard conditions typically
exhibit partner preferences, the relative lack of partner
preferences in ‘‘socially enriched’’ voles was unexpected (with
the issues discussed above notwithstanding). Interestingly, Bales
et al. (2013) demonstrated that standard reared male prairie voles
(i.e., ‘‘socially enriched’’) receiving IN-OT at the same dose that
we used, also failed to form bonds. In this respect, our results
complement and replicate this earlier result. And we note that
our ‘‘socially enriched’’ + Saline and ‘‘socially enriched’’ + OT
males also did not differ in juvenile affiliation or alloparental care
behavior, just as was reported in Bales et al. (2013). However,
this does not explain why our Saline treated ‘‘socially enriched’’
animals did not form bonds. ‘‘Typical’’ partner preference
behavior in prairie voles has been shown to be highly variable
(Vogel et al., 2018), and could be attributable to a number of
factors including, for example, whether or not the pair produced
fertilized embryos (Curtis, 2010). It is important to acknowledge
that approximately half of our ‘‘socially enriched’’ subjects
still exhibited a partner preference (Supplementary Table S4).
Unfortunately, we did not directly examine the fertilization
success of female-male pairs and it is possible that infertility
contributed to the failure to find consistent pairbonding in
this group.

Our study did not address the precise mechanism of
action promoting alloparental care in ‘‘socially limited’’ +
OT males, but previous research in prairie voles highlights
some potential places to explore. OTR in the nucleus
accumbens (NAc) is particularly high in juvenile prairie
voles and is correlated with alloparental care (Olazábal and
Young, 2006b), and mediates alloparental care (Olazábal
and Young, 2006a). Notably, chronic IN-OT (at the same
dose used in our study) has been reported to increase OTR
in NAc in female, but not male, prairie voles (Guoynes
et al., 2018). The effects of OT on OTR are notably dose-
specific; the same study found no effect with lower or
higher IN-OT doses (Guoynes et al., 2018). Furthermore,
persistent application of OT agonists causes reduction of
OTR via internalization (Gimpl and Fahrenholz, 2001).
Therefore, it is possible that the ‘‘medium’’ chronic dose we
used (and used by Bales et al., 2013; Guoynes et al., 2018)
exerted a classic inverted U effect on behaviors that was
high enough to alter behavior, but low enough to avoid
inducing OTR internalization, in which case behavioral
effects might have disappeared. Interestingly, the prosocial
effect on social affiliation (i.e., huddling) was observed after
IN-OT treatment had stopped, and this effect persisted for
approximately 2 weeks (PND 43 and 58). This long-lasting
effect of chronic IN-OT into adulthood may be due to the
combination of limited access to social interaction during
juvenile and subadult development, and the organizational
effects resulting from administration of exogenous OT during
subadult development. Ebitz and Platt (2014) provide a
compelling argument for why the effects of exogenous OT might
reduce the typical prioritization of social information at the
expense of other information or goals. This can occasionally
lead to counter intuitive but adaptive ways that prosociality
might, or might not, be expressed, and can be attributable
to how OT regulates the way the neural circuitry responsible
for social behavior accesses information about the social
environment. The administration of exogenous OT and
its interactions with early-life social experiences certainly
could have caused long-lasting organizational effects on
the endogenous OT system, observable later in adulthood
after IN-OT administration had stopped but modified and
enhanced prosocial behavior persisted. Such effects could
express themselves in the endogenous release patterns or
functioning of OT or other aspects of the neurochemistry in
the brain, leading to an altered prioritization of alloparental
care, pairbonding or both. Indeed, earlier studies demonstrate
the complex relationship between exogenous OT and behavior,
showing highly variable outcomes of alloparental care behavior
and partner preference behavior according to four different
doses of OT given i.p. shortly after birth in female prairie voles
(Bales et al., 2007b).

We previously showed that animals experiencing the same
rearing conditions as those in our ‘‘socially limited’’ group
exhibited significant increases of OTR in the LS, PFC,
septohippocampal nucleus (SHi), and BLA when compared to
control subjects (‘‘socially enriched’’; Prounis et al., 2015). With
the exception of the SHi, all of these structures are important
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nodes of the Social-Decision-Making Network (SDMN; see
O’Connell and Hofmann, 2011)—a network of structures
that integrates processing of social information with reward
circuitry to facilitate an animal’s ability to respond to and
prioritize social information in their natural world. Indeed,
OTR and vasopressin receptor expression, particularly within
the SDMN, are highly plastic and sensitive to environmental
and developmental forces (Prounis et al., 2018). Chronic IN-OT
may have further developmentally impacted mechanisms that
alter the social decision-making process. In this light, our
multifaceted manipulations of early-life social experience and
IN-OT exposure might have altered the way in which the SDMN,
and potentially OT’s function therein, processed social behavior.
Developmental effects on OTR or other factors that assert
functional influence over the SDMN could have altered function
of the SDMN globally, in effect, shifting animals’ valanced
prioritization of the social value of pups. This hypothesis could
explain why ‘‘socially limited’’ males reduced attack responses
towards pups and instead demonstrated greater huddling with
them. This could have been even further exaggerated as a result
of chronic IN-OT. For example, IN-OT doubles extracellular
levels of OT in the amygdala and hippocampus of rats (Neumann
et al., 2013). This potential combination of increased exogenous
OT and probable developmentally induced OTR upregulation
in the SDMN of ‘‘socially limited’’ + OT males provides a
plausible mechanism that could facilitate behavioral differences
in this group. We believe that a greater understanding of
complex brain phenotypes and the behaviors they generate can
be found in a deeper appreciation of the SDMN—a network
of structures that collectively regulate emergent properties of
social behavior.

Social behavior is dynamically shaped by interactions between
the early social environment and developing nonapeptide
systems. We altered both the social environment and the OT
system in developing prairie voles, and in doing so we identified
that responses to intranasally administered oxytocin can be
mediated by the degree of social opportunities experienced
in perinatal and subadult development. Our results have
translational application to exploring clinical use of IN-OT in
children, adolescent, and adult humans. The effects of IN-OT
on human behavior are remarkably inconsistent (Bartz et al.,
2011; Keech et al., 2018). This generates controversy ranging
from people who fear negative long-term effects of chronic
IN-OT application, to people who doubt there are any effects
at all (Young, 2013; Leng and Ludwig, 2016). We offer a
potential source of variable responses to IN-OT, highlighting
the shaping force of early-life social environments. Importantly,

future studies must continue to explore how early life social
environments across life stages interactively shape phenotypes.
As this foundation of knowledge grows we can begin to
form predictions about how physiological and neural systems
adaptively tune to these early environments. Future research
should test predictions of adaptive tuning by combining early-life
manipulations in the lab with fitness outcomes in ecologically
relevant and complex environments. Such efforts are likely to
reveal that, in the proper context, phenotypic outcomes of
socially limited contexts sometimes described as deprivation or
even pathological can have adaptive or positive outcomes.
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Social living animals have to adjust their behavior to rapid changes in the social
environment. It has been hypothesized that the expression of social behavior is better
explained by the activity pattern of a diffuse social decision-making network (SDMN)
in the brain than by the activity of a single brain region. In this study, we tested the
hypothesis that it is the assessment that individuals make of the outcome of the fights,
rather than the expression of aggressive behavior per se, that triggers changes in the
pattern of activation of the SDMN which are reflected in socially driven behavioral profiles
(e.g., dominant vs. subordinate specific behaviors). For this purpose, we manipulated
the perception of the outcome of an agonistic interaction in an African cichlid fish
(Oreochromis mossambicus) and assessed if either the perception of outcome or fighting
by itself was sufficient to trigger rapid changes in the activity of the SDMN. We have
used the expression of immediate early genes (c-fos and egr-1) as a proxy to measure
the neuronal activity in the brain. Fish fought their own image on a mirror for 15 min after
which they were allocated to one of three conditions for the two last minutes of the trial:
(1) they remained fighting the mirror image (no outcome treatment); (2) the mirror was
lifted and a dominant male that had just won a fight was presented behind a transparent
partition (perception of defeat treatment); and (3) the mirror was lifted and a subordinate
male that had just lost a fight was presented behind a transparent partition (perception
of victory treatment). Results show that these short-term social interactions elicit distinct
patterns in the SDMN and that the perception of the outcome was not a necessary
condition to trigger a SDMN response as evidenced in the second treatment (perception
of defeat treatment). We suggest that the mutual assessment of relative fighting behavior
drives these acute changes in the state of the SDMN.

Keywords: social decision making network, social competence, immediate early genes, androgens, challenge
hypothesis
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INTRODUCTION

Individuals from social species need to combine information
about the social environment they live in with information
about their internal state, such as previous social experience
and organismal condition, in order to adaptively optimize
their responses to changes in the social environment (Taborsky
and Oliveira, 2012). This ability to rapidly and adaptively
adjust behavior to daily social demands is known as social
competence and is thought to be accomplished through rapid
changes in the state of the neural network underlying social
behavior (Oliveira, 2012). Accordingly, consistent changes in
social behavior, such as adopting a dominant or subordinate
behavioral profile, are associated with distinct behavioral states
(that express different behavioral patterns) that are paralleled by
specific states of the social-decision making network (SDMN)
in the brain (Cardoso et al., 2015). The SDMN consists of an
evolutionarily conserved set of core brain nuclei that together
regulate the expression social behavior, such that the state
of the network better explains the behavioral output rather
than the activity of a single node per se (Goodson, 2005;
Newman, 1999; O’Connell and Hofmann, 2011b, 2012). All of
these brain nuclei are reciprocally interconnected with each
other, such that differential activation of the nodes creates
dynamic patterns responsible for multiple behaviors. Moreover,
the nodes of the SDMN have an extensive expression of
steroid neuropeptide and aminergic receptors, which allows
this network to be modulated by these hormones, probably
by altering the weight of its nodes or the strength of their
connectivity (Goodson, 2005; O’Connell et al., 2011; O’Connell
and Hofmann, 2011a; Oliveira, 2012). Thus, different behavioral
states should result from divergent transcriptomes of the
SDMN, and changes between states, such as acquiring or
losing social status should be associated with rapid changes
in patterns of gene expression in the SDMN. Given their fast
and transient response to changes in extra- and intra-cellular
environment and their effect as transcription factors, immediate
early genes (e.g., c-fos, egr-1) play a key role in orchestrating
transcriptomic responses to environmental changes. Thus, it
has been hypothesized that immediate early genes can be
the molecular first responders to perceived changes in the
social environment that trigger subsequent changes in the
neurogenomic state of the SDMN that allows the animal to
adjust its behavioral state accordingly (Cardoso et al., 2015).
Several studies have documented changes in immediate early
gene (IEG) expression across the SDMN associated with changes
in social behavior across different vertebrate taxa (e.g., Faykoo-
Martinez et al., 2018; Kabelik et al., 2018; O’Connell and
Hofmann, 2012), including teleost fish and also tilapia (e.g.,
Field and Maruska, 2017; Roleira et al., 2017; Teles et al.,
2015). In particular, changes in social status (i.e., ascending or
descending in a social hierarchy) have been associated with rapid
changes in IEG expression in the SDMN paralleled by changes
in social behavior (Maruska et al., 2013a,b; Teles et al., 2015;
Williamson et al., 2019).

In this study, we sought to understand what are the
key aspects of an agonistic interaction that trigger an IEG

response across the SDMN and concomitantly a socially driven
neuromolecular restructuring of this network. We reasoned
that in order to be adaptive such network restructuring
should match the post-fight social scenario anticipated by
the individual in face of the information collected during the
interaction. Therefore, the perception of the fight outcome
rather than the expression of aggressive behavior per se
should play a key role in triggering the SDMN IEG response
to an aggressive interaction. Here, we have tested if the
perception of the outcome of a single agonistic interaction in
an African cichlid fish (Mozambique tilapia, Oreochromis
mossambicus) is necessary to trigger an IEG response
across the SDMN or if fighting itself is sufficient to trigger
the response.

In order to manipulate the perception of fight outcome,
we took advantage of the fact that male Tilapia do not
recognize their own image in a mirror and fight aggressively
towards it (e.g., Oliveira et al., 2005; Teles et al., 2013).
Because in mirror fights the opponent’s behavior (i.e., mirror
image) always matches the behavior of the focal fish, there
is no information available to the participant regarding the
fight outcome. That is the males express aggressive behavior
without experiencing either a win or a defeat. Thus, an
IEG response triggered by a mirror fight would be driven
by the experience of fighting and not by the perception
of the interaction outcome (i.e., winning vs. losing). In
this study, we have used three fighting treatments. After a
mirror fighting phase that lasted 15 min focal males were
allocated to one of three conditions for the last 2 min
of the trial: (1) they remained fighting their mirror image
(no outcome treatment, where the mirror image remained
in both steps of the experiment; MM); (2) the mirror
was lifted and a dominant male that had just won a
fight was presented behind a transparent partition (opponent
becoming dominant treatment, where the mirror image became
dominant male; MD); and (3) the mirror was lifted and a
subordinate male that had just lost a fight was presented
behind a transparent partition (opponent becoming subordinate
treatment, where the mirror image became a subordinate
male; MS). Our prediction was that if the IEG response is
challenge dependent, then all three treatments would trigger
a similar IEG response; in contrast, if IEG responsiveness is
dependent on perceiving a win or a defeat, divergent IEG
responses across the SDMN are expected in the MD and
MS treatments in relation to the mirror fights treatment
(MM) where no information on outcome is available. Given
that socially-driven changes in the SDMN are expected to
produce integrated phenotypic responses, at the behavioral
and physiological (hormonal) levels, to the social environment
and that androgens have been described to respond to social
challenges (challenge hypothesis, Hirschenhauser and Oliveira,
2006; Wingfield et al., 1990), we have also characterized the
response of the hypothalamic-pituitary-gonadal (HPG) axis
to our experimental treatments by measuring the expression
of gonadotrophin-releasing hormone (gnrh1) in the preoptic
area and circulating androgen levels (testosterone, T, and
11-ketotestosterone, KT).
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MATERIALS AND METHODS

Animals and Housing
The Mozambique tilapia is a freshwater fish with a lek-breeding
system (Fryer and Iles, 1972). Males aggregate densely in mating
territories, where they dig and defend spawning pits and compete
for females (Oliveira and Almada, 1998). Males present two
distinct phenotypes, which can rapidly reverse due to changes in
the social environment (Oliveira and Almada, 1998). Dominant
males are usually larger, dark-colored, establish territories and
attract females. In contrast, subordinate males have a silver color
pattern similar to that of females, and fail to establish territories.

O. mossambicus fish from a stock held at ISPAwas used in this
study. Fish were maintained in stable social groups of four males
and five females per group, in glass tanks (120 × 40 × 50 cm,
240 L) with a fine gravel substrate. Tanks were supplied with a
double filtering system (sand and external biofilter; Eheim) and
constant aeration.Water quality wasmonitored on a weekly basis
for nitrite (0.2–0.5 ppm), ammonia (<0.5 ppm; Pallintest kit) and
pH (6.0–6.2). Fish were kept at a temperature of 26 ± 2◦C, a
12L:12D photoperiod, and fed with commercial cichlid sticks.
The social status of the males was monitored daily and territorial
males were identified by dark body coloration and digging of a
spawning pit on the substrate (Oliveira and Almada, 1996).

Experimental Procedure
The experimental setup consisted of two adjacent tanks (test
and demo tank) with an opaque partition between them. Twenty
territorial focal males (mean body mass± SEM: 81.63 g± 7.06 g)
were used in this experiment. Each focal male was isolated for
7 days in the test tank (30 × 50 × 25 cm). On day 6, plasma
was collected from the focal male to determine steroids baseline
levels. On the same day, a male fish was introduced in the demo
tank (30 ×70 × 40 cm), to allow it to adopt this tank as its
territory. On the day of the experiment (day 7), an intruder
male was introduced in the demo tank and both males were
allowed to interact for 30 min. This agonistic interaction was
accompanied by the experimenter and fight outcome was
assessed by live observation. Accordingly, after fight resolution,
winners continue to be aggressive and present a dark coloration
while losers only display submissive behavior and present a light
coloration. Thus, winners can be seen as clear/explicit dominant
males (recently gaining social status) and losers as clear
subordinate males (recently losing social status). Fifteen minutes
after the beginning of the social interaction in the demo tank, a
mirror was placed in the external wall of the test tank, adjacent to
the demo tank. The interaction between the mirror and the focal
male in the test tank was recorded for 15 min. At the end of the
mirror interaction, males in the demo tank were separated by an
opaque partition and the focal male in the test tank was allowed
to see for 2 min one of the following stimuli: (i) its own image
in the mirror (MM treatment, N = 8), or a real (opponent) male,
either; (ii) the dominant male of the demo tank (Mirror becomes
Dominant—MD treatment, N = 6); or (iii) the subordinate male
of the demo tank (Mirror becomes Subordinate—MS treatment,
N = 6; Figure 1). Fight outcome was manipulated by controlling
the order of introduction of each fish in the demo tank and their

size, so the male introduced first (in day 6) was always bigger
than the intruder and won all staged fights. Using this procedure,
we had no unsolved fights. Focal and opponent males were
sized matched and were selected from different family tanks
to control for familiarity effects. At the end of the experiment,
an opaque partition was placed between the tanks to prevent
the males from seeing each other and 20 min later a blood
sample was collected from the caudal vein under anesthesia
(MS-222, Pharmaq; 300–400 ppm). Blood sampling always took
less than 4 min from the induction of anesthesia to prevent
possible effects of handling stress on steroids levels (Foo and
Lam, 1993). Blood samples were centrifuged (10 min, 600 g) and
plasma was stored at−20◦C until further processing. After blood
sampling, the fish were returned to the anesthesia solution until
muscular and opercular movements stopped completely and
were then sacrificed by decapitation. The cranial fraction (brain
and part of the cranial bones) was embedded in mounting media
(OCT Compound, Tissue-Tek, Sakura) and frozen at −80◦C
during 15–30 min. Coronal sections were obtained at 150 µm
thickness using a cryostat (Microm HM 500 M) and collected on
previously cleaned slides (70% ethanol). Regions of interest were
microdissected under a steromicroscope (VWR SZB350OH) and
collected in 50µl of Qiazol lysis buffer (RNeasy Lipid TissueMini
Kit, Qiagen) with a modified 25G needle. Samples were stored
at −80◦C until RNA extraction. The following representative
nodes of the SDMN (O’Connell and Hofmann, 2011b) were
identified according to Teles et al. (2012): medial part of the
ventral subdivision of the ventral telencephalon (VVm; putative
homolog of the mammalian lateral septum), supracommissural
part of the ventral telencephalon (Vs; putative homolog of the
mammalian medial extended amygdala), anterior part of the
periventricular preoptic nucleus (PPa), nucleus anterior tuberis
(TA; putative homolog of the ventromedial hypothalamus) and
central gray (GC).

Behavioral Observations
The behavior of the focal male, either towards the mirror
or interacting with the opponent male, was analyzed using a
computerized multi-event recorder software (Observer, Noldus
technology, version 5). The behavior of the opponent male was
also analyzed with the same software (see Supplementary Figure
S1 for the descriptive statistics of focal and opponent behavioral
measures). The analysis was based on the ethogram repertoire
provided by Baerends and Baerends-Van Roon (1950). Relevant
behavioral patterns were identified to measure male aggressive
behavior (i.e., bites, displays, attacks).

Gene Expression Analysis
Primers were designed using National Center for Biotechnology
Information (NCBI) sequences for c-fos (accession
#GR607679.1), egr-1 (accession #AY493348.1), gnrh1
(accession #AB101665.1) and the housekeeping gene eef1A
(accession #AB075952.1). Primer3 software (Koressaar and
Remm, 2007; Untergasser et al., 2012) was used to design the
primers, which were commercially synthesized (Sigma-Aldrich,
Hamburg, German). Primers were tested with a cDNA pool in
a qRT-PCR, and PCR products were confirmed by sequencing.
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FIGURE 1 | Behavioral paradigm. (A) 3D diagram of the experimental setup. Test tank and demo tank were side-by-side and physically separated. (B) Schematic of
the experimental treatments. Focal fish interacted with a mirror for 15 min while two males were fighting in the adjacent compartment. Then, focal fish were allowed
to see for 2 min its own image in the mirror (MM treatment), a dominant male (Mirror becomes Dominant—MD treatment) or a subordinate male (Mirror becomes
Subordinate—MS treatment).

Amplification products were 106 pb for c-fos, 135 pb for egr-1,
127 pb for gnrh1 and 85 pb for eef1A. Primer dimer formation
was controlled with FastPCR v5.4 software (Kalendar et al.,
2017) and optimal annealing temperature was assessed for
maximal fluorescence (Supplementary Table S1). qRT- PCR
was performed using the Quantitative PCR System Stratagene
MX3000P. The reaction mix included Sybr Green (Fermentas,
#K0221), 400 nM of each primer and 1 µl of cDNA in a 25 µl
reaction volume. Cycling parameters were: (i) denaturation:
5 min at 95◦C; (ii) amplification and quantification: 40 cycles
(30 s at 95◦C, 30 s at primer-specific annealing temperature, 30 s
at 72◦C); and (iii) dissociation curve assessment (30 s at 95◦C,
30 s at 55◦C, 30 s at 95◦C). The dissociation curve was performed
to confirm a single melting curve proving the inexistence
of primer-dimer formation and/or plate contamination. All
samples were run in triplicate and controls with water instead
of DNA templates showed no amplification. PCR Miner
(Zhao and Fernald, 2005) was used to calculate reaction
efficiencies (E) and cycle thresholds (CT), based on the kinetics
of individual PCR reactions. c-fos, egr-1 and gnrh1 mRNA
levels normalized for housekeeping (HK) gene eef1A were
determined from the equation: (1+ EHK)CTHK /(1+ Egene)CTgene .
Mean values for eef1A did not differ between treatments, thus
confirming its suitability to be used as a reference gene in
this study.

Quantification of Steroids Levels
Free steroids (testosterone, T; and 11-ketotestosterone, KT)
were extracted from plasma samples by adding diethyl-ether
to the samples, centrifuging the mix (800 g, 5 min, 4◦C) and
freezing it (15 min, −80◦C) to separate the ether fraction
(containing the free steroid). This process was repeated twice.
The ether fraction was evaporated and the steroids were
re-suspended in phosphate buffer. Steroid concentrations were
measured by radioimmunoassay. The testosterone antibody
was from Research Diagnostics Incorporation (#WLI-T3003,
rabbit anti-testosterone) and the 11-ketotestosterone antibody
was kindly donated by D. E. Kime (the specificity table

was published in Kime and Manning, 1982). We used
a testosterone reactive marker from Amersham Biosciences
[(1, 2, 6, 7–3H) testosterone, #TRK402-250 µCi] and a titrated
11-ketotestosterone produced in-house from marked cortisol
(Kime and Manning, 1982). Inter-assay variabilities were 4.1%
and 8.9% for T and KT, respectively. Intra-assay variation
coefficients were 2.4% and 2.0% for T and 4.1% and 4.0% for KT.

Data Analysis
Outlier observations were identified and replaced by missing
values using a generalized extreme studentized deviate procedure
(e.g., Jain, 2010) with a p-value of 0.05 and a maximum number
of outliers set at 20% of the sample size. Behavioral variables
and gene expression levels were logarithmically transformed
[log10 (x + 1)] to meet parametric test assumptions. The
behavioral variables (for frequency and latency) were reduced
with Principal Component Analysis (PCA) using the variable
principle normalization method. Two principal components
(PC) were obtained that explain 86.3% of the variance and
that seem to represent different aspects of aggressive behavior:
‘‘overt aggression’’ and ‘‘aggressive motivation’’ (see ‘‘Results’’
section). The component scores of each case on each of
these PC were analyzed using separate Linear Mixed Models
(LMM) with Treatment (MM, MD, MS) as a fixed effect
and focal fish as a random effect. Post hoc tests were used
to test for differences between experimental treatments, with
p-values adjusted for the number of multiple comparisons
(Benjamini and Hochberg, 1995).

Separate LMMwere also used to check for differences between
treatments in IEG (c-fos, egr-1) expression in each sampled brain
area (GC, TA, Vs, VVm, PPa). Post hoc tests were used to test
for differences between experimental treatments, with p-values
adjusted for the number of multiple comparisons (Benjamini and
Hochberg, 1995).

Pearson correlations between IEG expression of each brain
area and between the behavioral principal component score were
used to examine the association between aggressive behavior and
gene expression. Pearson correlation matrices between each pair
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of brain nuclei for each IEG were used as a measure of functional
connectivity and tested using a Quadratic Assignment Procedure
(QAP) with 5,000 permutations. Since the null-hypothesis for
QAP states that there is a non-random association between
the tested matrices, a QAP with a non-significant p-value
indicates that there is no association between the treatment’s
IEG activational pattern. The p-values of the Pearson correlation
matrices were adjusted (Benjamini and Hochberg, 1995). The
brain patterns of IEG expression obtained for each experimental
treatment were tested on a network perspective, by measuring
density and centrality parameters (Makagon et al., 2012). Density
was used as a measure of the network cohesion, given by
the proportion of all possible connections that are present in
the network (Makagon et al., 2012). Differences in network
density between treatments were tested using a t-test (bootstrap
set to 5,000 sub-samples). As a measure of node centrality
we assessed eigenvector centrality, that takes into account
not only how well a node is connected to other nodes in
the network but also how well connected its relations are
(Makagon et al., 2012).

Variation in hormone levels (KT, T) was computed as
(Post-treatment levels) − (Baseline levels) for each individual.
To test for differences between the treatments we performed
unpaired t-tests. Pearson correlation analysis was used to
examine the relationship between gnrh1 gene expression and
IEG expression in the PPa. Pearson correlation analysis was
also used to examine the relationship between gnrh1 gene
expression in the PPa and androgen circulating levels. A
LMM was used to test for differences between treatments
in gnrh1 in the PPa area. Post hoc tests were used to
test for differences between experimental treatments, with
p-values adjusted for the number of multiple comparisons
(Benjamini and Hochberg, 1995).

Effect sizes were computed for post hoc tests (Cohen’s d).
Statistical analysis was performed using IBM SPSSr statistics

v.21, and R (R Core Team, 2015) with the following packages:
nlme (LMM), dplyr (t-tests), multcomp (post hoc comparisons),
Hmisc (correlations), ggplots (heatmaps). Characterization of
the SDMN network was obtained with UCINET version 6.653
(Borgatti et al., 2002). Brain nuclei representations of the SDMN
network were produced using a custom-made python script.
Degrees of freedom may vary between the analyses due to
missing values.

Ethics Statement
In this study, we have staged real opponent agonistic
interactions to obtain winner and loser animals, since the
use of video-playbacks in this species is inadequate (RO,
personal observation). However, we have kept sample sizes
to a minimum, and limited contests to a short duration.
No signs of physical injuries were observed during any
of the trials. Animal experimentation procedures were
conducted in accordance with the European Communities
Council Directive of 24 November 1986(86/609/EEC) and
were approved by the Portuguese Veterinary Authority
(Direcção Geral de Alimentação e Veterinária, Portugal;
permit # 0421/000/000/2013).

TABLE 1 | Principal component analysis (PCA) of behavioral variables.

Behavioral variables Component loading

PC1 PC2

Frequency of displays 0.793 −0.443
Frequency of bites 0.915 −0.161
Frequency of attacks 0.923 0.122
Latency to display −0.595 0.717
Latency to bite −0.887 −0.293
Latency to attack −0.896 −0.287
Eigenvalue 4.262 0.919
% of variance explained 71.03 15.32

RESULTS

Behavior
A PCA of the behavioral variables resulted in two PC that
together explained 86.3% of the variance in aggressive behavior
(Table 1). PC1 had a high loading (>0.9) of frequency of
bites and frequency of attacks, and hence it was interpreted
as ‘‘overt aggression.’’ The highest loading in PC2 was the
latency to display, and hence its symmetric was interpreted as
‘‘aggressive motivation.’’

There was an effect of the experimental treatment in ‘‘overt
aggression’’ (i.e., PC1 loadings; F(2,17) = 4.87, p = 0.02),
with focal fish assigned to the MS condition showing
significantly less overt aggression than those in the MM
and MD conditions (Figure 2A). In contrast there was no
effect of experimental treatment on ‘‘aggressive motivation’’
(PC2 loadings; F(2,17) = 0.50, p = 0.62; Figure 2B).

Immediate Early Gene Expression in the
Social Decision-Making Network (SDMN)
Significant differences between treatments were only detected for
c-fos in the TA area, specifically between the MM and the MS
treatments (Figure 3; Table 2). No other significant main effect
or post hoc comparison was detected for c-fos or egr-1.

No significant association between the correlation matrices
for c-fos and egr-1 expression in the brain areas of the SDMN
was detected using QAP, suggesting that all treatments showed
a distinct co-activation pattern for c-fos and egr-1 (Table 3,
Supplementary Figure S2). Thus, the pattern of functional
connectivity across the SDMN is specific for each treatment.
The density of the egr-1 network was significantly higher for
fish assigned to the MS treatment when compared to the MM
and MD treatments (MM vs. MS: t = 2.815, p = 0.005; MD vs.
MS: t = 2.061, p = 0.037; Table 4). The egr-1 network density
for MM and MD treatments was not significantly different
(MM vs. MD: t = 1.488, p = 0.137). We have not detected
significant differences between treatments for c-fos network
density (MM vs. MD: t = 1.861, p = 0.065; MM vs. MS:
t = 0.461, p = 0.607; MD vs. MS: t = 1.588, p = 0.125). The
eigenvector centrality measures suggest that GC is a central node
in the c-fos and egr-1 networks for fish in the MM and MS
treatments, but that it is a poorly connected node in the MD
treatment (Table 4). The eigenvector centrality measures show
that the MD and MS treatment networks are characterized by
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FIGURE 2 | Variation in the behavioral component scores obtained with the
Principal Component Analysis (PCA) for each experimental treatment. (A)
PC1 interpreted as “overt aggression”; and (B) PC2 interpreted as
“aggressive motivation.” ∗Significant difference for p < 0.05; ∗∗significant
difference for p < 0.01. Results are expressed as mean ± standard error of
the mean (SEM).

a high centrality of the PPa node for egr-1 (Table 4). Centrality
measures of the egr-1 network for fish in the MM treatment
show a high centrality for TA and a low centrality for PPa
(Table 4).

There were no significant correlations between c-fos or egr-1
expression in brain areas of the SDMN and aggressive behavior
(Figure 4).

Activity of the
Hypothalamic-Pituitary-Gonadal
(HPG) Axis
There were no significant correlations between the neuronal
activation of the PPa as measured by either c-fos or egr-1 and
the expression of gnrh1 in the PPa or circulating androgen levels
(c-fos: r = 0.170, p = 0.499, n = 18; egr-1: r = 0.107, p = 0.673,
n = 18). There were also no significant correlations between the
expression of gnrh1 in the PPa and circulating androgen levels
(KT: r = 0.276, p = 0.283, n = 17; T: r = 0.371, p = 0.143,
n = 17).

Furthermore, there were no differences between treatments
either in gnrh1 expression in the PPa (F(2,16) = 0.407, p = 0.672;
MM vs. MD: t(16) = 0.380, p = 0.704, d = 0.020; MM vs. MS:
t(16) = 0.903, p = 0.704, d = 0.053; MD vs. MS: t(16) = 0.447,
p = 0.704, d = 0.024), or in the androgen response to the
behavioral treatment (KT: MM vs. MD: t(12) =−0.644, p = 0.532,
d = 0.041; MM vs. MS: t(12) = −0.905, p = 0.383, d = 0.034;
MD vs. MS: t(10) = −0.441, p = 0.669, d = 0.006; T: MM
vs. MD: t(10)= −0.984, p = 0.348, d = 0.306; MM vs. MS:
t(11)= −0.377, p = 0.714, d = 0.034; MD vs. MS: t(9) = 0.978,
p = 0.353, d = 0.006; Figure 5).

DISCUSSION

Contrary to our predictions, fish assigned to the MM and
the MD treatments showed similar behavioral patterns, that
is, they equally fought aggressively their opponents, suggesting
that the focal fish of the MD condition did not interpret
a recently winning male as having a higher social status
than itself, i.e., fish did not perceive the MD interaction
as a defeat. In this context, it seems plausible that the
visual signal presented was insufficient per se to communicate
higher status, originating an agonistic interaction that, like
the MM, was also unsolved, either because of the short
interaction time allowed (only 2 min) or because of the
symmetry of the fight. A study in another cichlid fish has
shown that males previously interacting with a mirror have a
higher probability to win a fight than non-mirror stimulated
control individuals, probably because of an enhanced aggressive
motivation (Dijkstra et al., 2012). On the other hand, the
opponent fish had just won a fight, which is known to induce
motivational changes that lead to the winner effect (Oliveira
et al., 2009). Thus, it seems plausible that the behavior of the
MD opponent was paralleled by that of the focal fish due
to the heightened motivation of both contestants. In the case
of the MS treatment, the losing experience of the opponent
leads to a decrease in the willingness to engage in another
contest (Hsu et al., 2006). So, it is plausible that the focal
fish interpreted the interaction outcome as a win since they
performed aggressive displays towards the subordinate opponent
male first, which replied much later. Thus, due to a lack
of an aggressive motivation by the opponent the focal fish
did not further escalate its aggressive behavior (no attacks
or bites), hence avoiding extra energetic costs (Hsu et al.,
2011). Thus, at least for the MD condition, the experimental
treatment may not have effectively altered the focal fish’s
perception of the outcome, yet fish seem to constantly monitor
the social interaction and adjust their behavior according to
their internal state and to the behavior of their opponent.
The ability of fish to compare their behavior with the one
of the opponents and assess their competitive ability (mutual
assessment) has few support in the literature (Hsu et al.,
2011) but our data suggest its involvement. Of course, future
experiments are necessary to fully uncover the underlying
cognitive mechanisms.

In the present study, we showed that the pattern of
expression of immediate early genes across the SDMN responds
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FIGURE 3 | Expression of the immediate early genes (IEG) c-fos and egr-1 in several brain areas of the social decision-making network (SDMN). GC, central gray;
PPa, anterior part of the periventricular preoptic nucleus; TA, nucleus anterior tuberis; VVm, medial part of the ventral subdivision of the ventral telencephalon; Vs,
supracommissural nucleus of the ventral telencephalon. ∗Significant difference for p < 0.05. Results are expressed as mean ± standard error of the mean (SEM).

TABLE 2 | Effect of treatment on immediate early genes expression in social decision-making network (SDMN) areas.

Main effects MM vs. MD MM vs. MS MD vs. MS

Areas F p t p d t p d t p d

c-fos
VVm 0.816 0.462 0.550 0.583 0.031 0.820 0.583 0.050 1.268 0.583 0.086
Vs 0.821 0.458 1.004 0.473 0.072 1.170 0.473 0.061 0.160 0.873 0.008
TA 3.839 0.042 1.250 0.211 0.081 2.770 0.017 0.140 1.421 0.211 0.069
GC 0.426 0.663 0.910 0.363 0.091 0.319 0.750 0.017 0.591 0.555 0.036
PPa 0.970 0.400 1.027 0.457 0.047 1.277 0.457 0.119 0.286 0.775 0.016
egr-1
VVm 1.528 0.247 0.675 0.500 0.038 1.119 0.395 0.070 1.729 0.252 0.087
Vs 0.156 0.857 0.166 0.868 0.010 0.552 0.868 0.030 0.362 0.868 0.018
TA 1.176 0.333 0.808 0.419 0.040 0.831 0.419 0.057 0.1.533 0.376 0.074
GC 0.918 0.419 1.094 0.411 0.066 1.174 0.411 0.059 0.130 0.897 0.008
PPa 1.705 0.213 0.078 0.938 0.004 1.600 0.164 0.109 1.618 0.164 0.081

Main effects and post hoc comparisons between treatments. d: effect size estimate (Cohen’s d); Treatments: MM, Mirror-Mirror; MD, Mirror-Dominant; MS, Mirror-Subordinate; GC,
central gray; PPa, anterior part of the periventricular preoptic nucleus; TA, nucleus anterior tuberis; VVm, medial part of the ventral subdivision of the ventral telencephalon; Vs,
supracommissural nucleus of the ventral telencephalon; c-fos degrees of freedom for F-test: GC: (2, 12); PPa: (2, 16); TA: (2, 17); VVm: (2, 14); Vs: (2, 16); egr-1 degrees of freedom
for F-test: GC: (2, 16); PPa: (2, 16); TA: (2, 17); VVm: (2, 16); Vs: (2, 17); statistically significant values are in bold.

TABLE 3 | Association between the correlation matrices for immediate early
gene (IEG) expression in the brain areas of the SDMN.

MM MD

r p r p

c-fos MS −0.202 0.291 −0.119 0.409
MD 0.148 0.367

egr-1 MS −0.222 0.259 −0.134 0.501
MD −0.489 0.189

Quadratic assignment procedure (QAP) for c-fos and egr-1 co-activation matrices.
Treatments: MM, Mirror-Mirror; MD, Mirror-Dominant; MS, Mirror-Subordinate.

to acute changes in social interactions. Only 2 min of
exposure to different fight outcomes (i.e., MD vs. MS) of an
interaction that was already going on for 15 min was sufficient

to trigger different patterns of c-fos and egr-1 expression.
Given the pivotal role of these immediate early genes in
orchestrating integrated transcriptome changes (Clayton, 2000),
these short-term responses of c-fos and egr-1 to acute changes
in the perceived dynamics of the interaction suggest that the
neurogenomic state of the SDMN can change rapidly in response
to perceived social interactions.

Our results also confirm the hypothesis, that the expression
of social behavior is better explained by the overall pattern
of activation of the SDMN rather than by the activity of a
specific region in the brain (e.g., a specific node of the network;
Teles et al., 2015). Indeed, there were no significant correlations
between the expression of any of the immediate early genes
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TABLE 4 | Characterization of the SDMN for each experimental treatment using c-fos and egr-1 as reporters of neuronal activity.

c-fos egr-1

MM MD MS MM MD MS

Density 0.559 0.360 0.535 0.243 0.391 0.553
eigenvector GC 0.550 0.175 0.565 0.532 0.459 0.542

PPa 0.408 0.579 0.382 0.127 0.576 0.518
TA 0.455 0.264 0.398 0.644 0.374 0.380
VVm 0.456 0.523 0.375 0.454 0.188 0.444
Vs 0.342 0.538 0.486 0.282 0.532 0.310

Values reported correspond to network cohesion (density) and centrality (eigenvector) of each node of the network. Treatments: MM, Mirror-Mirror; MD, Mirror-Dominant; MS, Mirror-
Subordinate; GC, central gray; PPa, anterior part of the periventricular preoptic nucleus; TA, nucleus anterior tuberis; VVm, medial part of the ventral subdivision of the ventral
telencephalon; Vs, supracommissural nucleus of the ventral telencephalon.

FIGURE 4 | Representation of the state of the SDMN and the behavior for all the experimental treatments. Node size of each brain area indicates the activity level at
each network node using c-fos and egr-1 as reporters of neural activity. PC1 and PC2, component loadings obtained with the PCA of aggressive behavior were used
as behavioral network nodes, where the node size corresponds to the average of principal component scores within each treatment. Line thickness indicates the
strength of the connection between nodes (measured with Pearson correlation coefficients, r-value); green lines represent positive correlations; red lines represent
negative correlations. GC, central gray; PPa, anterior part of the periventricular preoptic nucleus; TA, nucleus anterior tuberis; VVm, medial part of the ventral
subdivision of the ventral telencephalon; Vs, supracommissural nucleus of the ventral telencephalon. PC1, first component loading interpreted as “overt aggression”;
PC2, second component loading interpreted as “aggressive motivation.” ∗∗Significant correlations after p-value adjustment for p < 0.01.

tested and the expression of aggressive behavior. In contrast,
the correlation matrices for the expression of each IEG across
the nodes of the SDMN, which capture the co-activation or
reciprocal inhibition between brain regions, were specific for
each experimental treatment. Moreover, only the expression of
c-fos in the TA was significantly different between experimental
treatments (i.e., MM and MS treatments). The TA is the putative
homolog of the ventromedial hypothalamus in mammals,
and its ventrolateral subdivision has been strongly associated

with aggression. For instance, pharmacogenetic inactivation
of this area in mice stops inter-male aggressive behavior
while optogenetic activation induces attacks towards females
or inanimate objects (Lin et al., 2011). Other study analyzed
the c-fos expression in the brain of subordinate hamsters
after a fight and detected elevated activation in several areas
including the lateral part of the ventromedial hypothalamus in
comparison with dominant males (Kollack-Walker et al., 1997).
In a recent review, Hashikawa et al. (2017) proposed the
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FIGURE 5 | Variation in androgen levels and expression of gnrh1 in the Ppa
of the focal fish for each experimental condition. (A) 11-Ketotestosterone (KT)
levels; (B) Testosterone (T) levels; (C) gnrh1 expression. Results are
expressed as mean ± standard error of the mean (SEM).

involvement of this particular sub-nucleus in the following
aspects of aggression: aggressive motivation, specifically that the
activation of this area heightens aggressive state (Falkner and
Lin, 2014); detection of aggressive signals, such as for example
olfactory cues (Falkner and Lin, 2014; Lin et al., 2011); and
in the start and execution of aggressive behavioral patterns
(Falkner and Lin, 2014). Our results only partially agree with
this research in mammals since we report an accentuated
expression of c-fos only in one of the two treatments (i.e., in
MM but not in MD) in which fish express high levels of
aggression and a decreased expression of this IEG when fish
see a subordinate male after interacting with a mirror (MS)
and consequently stop performing attacks and bites. In another
cichlid fish (the Burton’s mouthbrooder, Astatotilapia burtoni) it
has been demonstrated that males that were given an opportunity
to rise in social rank have higher expression of c-fos and egr-
1 in all the areas of the SDMN, including the TA, when
compared to stable males, either of a dominant or a subordinate
social status (Maruska et al., 2013b). On the other hand, a
social descending male has an increase of c-fos, and not egr-1,
expression in this area (Maruska et al., 2013a), corroborating its
involvement also in social status transitions, as observed in the
current study.

Moreover, a very interesting finding was that fish that
saw a subordinate male after fighting with a mirror (MS)
showed an increase in the density of the structure of

the SDMN, namely on the density of the egr-1 network,
when compared to the other treatments. This evidence
suggests that the perception of the fight outcome (which
only unequivocally occurred in this treatment) originated a
denser brain network, which is characterized by redundant
connections and hence a higher robustness to changes in
its nodes (i.e., it is less likely affected by the removal
of nodes at random (Makagon et al., 2012). Looking into
centrality measures obtained with the network analysis it
is possible to ascertain that the TA is a more central
area while the PPa is a less important node of the egr-1
network in the MM condition while in the MD and MS
conditions the reversed pattern is observed. These results
strengthen the idea of the main role of TA in status changes
and of the PPa as a link to the bodily changes (e.g.,
androgen response) that should accompany the changes in
brain state.

Androgens are known to respond to social interactions and
this response has been hypothesized to play an adaptive role
in the adjustment of aggressive behavior to the competitive
demands of the social environment (challenge hypothesis,
Hirschenhauser and Oliveira, 2006; Wingfield et al., 1990).
Therefore, in this study, we have also investigated how
androgens responded to the fighting assessment and how the
changes in activation of the PPa, where GnRH1 neurons that
control the HPG axis are located, were linked to a putative
androgen response. Surprisingly, we found no significant
changes in androgen levels in any of the treatments with
social challenges (MD, MS). Concomitantly, we also did not
find a change in the expression of gnrh1 in the PPa in
response to the MD or MS treatments, and there were
no correlations between gnrh1 expression and circulating
androgen levels. Moreover, there were no correlations between
the expression of any of the immediate early genes and
that of gnrh1, indicating that the observed activation of the
PPa in response to the experimental treatments does not
correspond to an activation of the HPG axis. These negative
results may result from the short time span of the staged
fights with the real opponents, and/or from the failure to
induce a perception of fight outcome in the case of the
MD treatment.

In summary, our results support the view that it is the
assessment that animals make of ongoing fights, and not the
perception of the outcome, which triggers rapid changes in gene
expression across the SDMN and that the TA is a key node in
this network.
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