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Although androgens are widely studied in the context of aggression, andro-
genic influences on prosocial behaviours have been less explored. We
examined testosterone’s (T) influence on prosocial and aggressive responses
in a positively valenced social context (interacting with a pairbond partner)
and a negatively valenced context (interacting with an intruder) in socially
monogamous Mongolian gerbils. T increased and decreased prosocial
responses in the same individuals towards a pairbond partner and an intru-
der, respectively, both within 30 min, but did not affect aggression. T also
had persistent effects on prosocial behaviour; males in which T initially
increased prosocial responses towards a partner continued to exhibit
elevated prosocial responses towards an intruder male days later until a
second T injection rapidly eliminated those responses. Thus, T surges can
rapidly match behaviour to current social context, as well as prime animals
for positive social interactions in the future. Neuroanatomically, T rapidly
increased hypothalamic oxytocin, but not vasopressin, cellular responses
during interactions with a partner. Together, our results indicate that T
can facilitate and inhibit prosocial behaviours depending on social context,
that it can influence prosocial responses across rapid and prolonged time
scales, and that it affects oxytocin signalling mechanisms that could mediate
its context-dependent behavioural influences.
1. Introduction
The ability to shift behaviour to rapidly adapt to dynamic social environments
is crucial for the survival and fitness of most organisms [1]. While there are sev-
eral mechanisms that contribute to an animal’s ability to shift social behaviour
in a context-dependent manner, there are two hormone systems in the brain that
are of particular interest—sex steroids and nonapeptides.

Sex steroids can be peripherally derived or produced in the brain andmay act
through genomic (transcription dependent) andnon-genomic (transcription inde-
pendent) mechanisms on neural circuits to modulate behaviour [2,3]. Rapid
effects of sex steroids via non-genomic mechanisms have most often been studied
in relation to sexual behaviour and social challenges [1,4,5]. Testosterone (T), in
particular, which often increases in response to sexual and/or aggressive stimuli
[6], can rapidly stimulate sexual and aggressive behaviours in males, though
many of those effects depend on the activation of oestrogen receptors following
its conversion to oestradiol in the brain [5,7,8]. Although human studies indicate
T can promote positive social responses in some contexts, particularly when such
responses can promote social status [9–11], T’s influence on nonsexual, prosocial
behaviours have not been clearly demonstrated in non-human animals. Further, it
has not been demonstrated in any species that T can promote and inhibit prosocial
responses in the same individual across different social contexts.

The nonapeptides (i.e. vasopressin (VP) and oxytocin (OT)) are evolutionarily
conserved peptides that play important roles in a variety of social behaviours
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ranging from affiliation to anxiety and aggression [12]. Nona-
peptides function in a multi-modal manner such that they
can modulate neural signalling in a diffusive, slow and
global manner, as well as through a targeted axonal, fast and
focal manner [13], the latter of which can allow for the
execution of rapid responses to external stimuli. The nonapep-
tide cell groups of the paraventricular nucleus of the
hypothalamus (PVN) represent the largest VP and OT neur-
onal populations in the brain and play prominent roles in
social regulation. Both cell groups send axonal projections
throughout the brain, as well as to the pituitary [14]. Because
OT can serve to facilitate the stress response as well as enhance
prosocial behaviour, it has been proposed that OT generally
serves to enhance social saliency and shift an animal’s attention
towards social cues [15]. This characteristic of OT signalling
suggests that this peptide may play a particularly important
role in the exhibition of context-appropriate behaviour.

Taken together, steroids and nonapeptides exhibit proper-
ties that can facilitate rapid effects on behaviour, and both
systems modulate social and aggressive behaviours. Whether
these two systems interact to produce context-appropriate be-
haviour is not well understood. Neurosteroid biosynthesis is
regulated by VP and OT in frogs and birds [16], and, conver-
sely, hypothalamic VP and OT release is modulated by
neurosteroids in rats [17]. Additionally, VP neuronal popu-
lations and receptor densities are sensitive to gonadal
steroids in rodents and humans [18–20]. However, if and
how these systems interact to rapidly modulate social
behaviour has not been determined.

In the present study, we first sought to determine the rapid
influences of T on prosocial behaviours across different social
contexts, including those in which prosocial behaviours are
most apparent and presumably adaptive (e.g. interacting with
a pairbond partner) and those in which antisocial/aggressive
behaviours are most apparent (e.g. a resident intruder). We
hypothesized that T would decrease prosocial behaviours
across contexts if its primary role is to promote antisocial/
aggressive responses, independent of the current social context.
However, if T promotes context-appropriate responses, be they
prosocial or antisocial/aggressive, we predicted it would
increaseprosocial responses towardsapartnerbutdecreasepro-
social behaviour, and increase aggression, towards a conspecific
intruder. Further, if any such influences depend on the acti-
vation of non-genomic mechanisms, those influences should
occur rapidly (within 30 min). We hypothesized that T would
influence PVN OT and/or VP cellular responses to those
social cues if steroid—nonapeptide interactions underlie any
such effects. To test these hypotheses,we used the sociallymon-
ogamous Mongolian gerbil (Meriones unguiculatus), a territorial
rodent inwhich adultmales and females form stable pair bonds
and share anest inburrowswitha few litters of offspring [21,22].
AlthoughMongolian gerbils are affiliative in reproductive con-
texts with mates and offspring, they exhibit aggression during
interactions with novel, same-sex individuals and reliably
attack an intruder [23–26], making it possible to examine
how T and neuropeptides may promote context-appropriate
behavioural responses.

2. Material and methods
(a) Animals
All Mongolian gerbils were obtained as young adults (postnatal
day (PND) 50–65) from Charles River Laboratories and tested
between PND 80–100. Gerbils become sexually mature by PND
60 [27]. Gerbils were group housed (2–4) with same-sex litter-
mates in standard rat polycarbonate cages (40.64 × 20.32 ×
20.32 cm) prior to the establishment of male-female pairs. All
cages were lined with Sani-Chips bedding and included nesting
material, chewing blocks and shepherd shacks. Animals were
able to obtain food and water ad libitum and were kept on a
14 L : 10 D cycle. Ambient temperatures were maintained at
24 ± 2°C. All procedures were approved by the Institutional
Animal Care and Use Committee of Emory University (protocol
202000131).

(b) Intraperitoneal injections
T (Steraloids) was dissolved in beta-cyclodextrin (Sigma Aldrich)
and diluted to 50ug kg−1 in sterile isotonic saline and injected
intraperitoneally (IP). T in beta-cyclodextrin quickly delivers T
to the bloodstream for rapid metabolization, resulting in circulat-
ing T that resembles natural T pulses [28,29]. We first validated
a dose of T that elevated plasma T within the range of values
previously reported in gerbils after pair bonding [30] (see the
electronic supplementary material, figure S1).

(c) Behavioural testing
Fourteen adult males were randomly assigned to either a saline
group or testosterone (T) group. We used a within-subjects
design and tested subjects in 2 pair interaction and 2 resident-
intruder tests. This allowed us to obtain baseline behaviour in
the absence of an acute T injection. Therefore, males in the
saline group received saline for both tests 1 and 2, whereas
males in the T group received saline for test 1 and T for test
2. We did not counterbalance treatment delivery to avoid poten-
tial carryover effects of an acute T injection through long-term
genomic mechanisms.

After assignment to the saline or T groups, male subjects and
14 females were moved from same-sex sibling housing into
single housing and primed for 1 day by having their future pair-
bond partner’s soiled bedding added to their cage. The day after
priming, males were moved into the females’ cages and pairs
were given 5 days to establish a pair bond. Gerbils that do not
accept pairing fight. Pairs were monitored for 48 h after pairing.
All pairs exhibited consistent huddling behaviour and no aggres-
sion within 48 h after pairing, and thus the pairing was
considered to be accepted. Pairs then underwent pair interaction
testing over a 3 day period. Gerbils are diurnally active and were
tested during the day [31]. On the first day, all male subjects
received an IP injection of saline and were then tested in a pair
interaction test. The next day pairs were not tested. The following
day, male subjects were re-tested in the pair interaction test after
receiving either saline or T. For the next 4 days, pairs were not
tested, serving as a washout period to avoid carryover effects
of T treatment. Males then underwent a resident-intruder test
over a 3 day period. Again, on the first day, all male subjects
received an IP injection of saline and were then tested in a resi-
dent-intruder test. The next day subjects were not tested. The
following day, male subjects were re-tested in the resident-
intruder test after receiving either saline or T. For the next
5 days, pairs were not tested, serving as a washout period to
avoid carryover effects of T treatment through potential genomic
mechanisms. Males were then tested in a pair interaction
immediate early gene (IEG) test and perfused for subsequent
histological analysis (figure 1) for a timeline of testing.

(d) Pair interaction test
Food and water were temporarily removed from the homecage.
Male subjects were then administered an IP injection of either
saline or T and were then immediately placed back in the
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Figure 1. Testing timeline. Male subjects were primed for pairbonding on
day 1. On day 6, subjects underwent the first pair interaction test in
which both groups received a saline injection. On day 8, subjects were
tested in a second pair interaction test after either a saline injection
(saline group) or a testosterone injection (T group). On day 13, subjects
underwent the first resident-intruder test in which both groups received a
saline injection. On day 15, subjects were tested in a second resident-intruder
test after either a saline injection (saline group) or a T injection (T group). On
day 21, subjects were perfused immediately after an IEG test where subjects
interacted with their pairbond partner.
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homecage with their pairbond partner. Pairs were video
recorded for 30 min and videos were scored for the time spent
engaging in prosocial (positive investigation, positive side-by-
side contact, huddling, allogrooming) and aggressive (chasing,
lunging, pinning, aggressive side-by-side contact) behaviours
using behavioural observation research interactive software
(BORIS; [32]). Behaviours for each functional category (i.e. proso-
cial or aggressive) were summed owing to low frequencies of
distinct behaviours for some animals because of natural variation
in behaviour. Behaviour was analysed in three 10 min intervals
for the 30 min pair interaction because previous studies have
found that IP T injections begin to influence behaviour around
20–30 min after injection and thus we hypothesized that any be-
havioural effects of the T injection would be observable in the
20–30 min post-injection period [33,34]. No aggressive behaviour
was observed in any pair interaction test, and thus no data on
aggression during the pair interaction tests is reported.

(e) Resident intruder test
Food and water were temporarily removed from the homecage.
Female partners were also temporarily removed from the homec-
age and placed in holding cages. Male subjects were then
administered an IP injection of either saline or T andwere immedi-
ately placed back in the homecage for 15 min. A novel, age-
matched, same-sex conspecific (i.e. an intruder) was then placed
into the male’s homecage and behaviour was video recorded for
15 min. Male intruders were group housed in same-sex sibling
groups and removed directly from their homecage; intruders
were allowed 3 h to rest before being used a second time as a
stimulus animal. A resident-intruder test was immediately termi-
nated if an injury occurred to any animal and veterinary care was
sought. A total of two resident-intruder tests were terminated
only on the second day of testing and only in animals in the T
group. Behavioural videos were scored for prosocial and aggres-
sive behaviour as described above. Because the resident-intruder
test was shorter than the pair interaction test, behaviour was ana-
lysed in three 5 min intervals for the 15 min test. Two hours after
the end of the resident-intruder test, female partners were
returned to the homecage. Pairs were monitored for 15 min for
aggression, none of which was observed.

( f ) Immediate early gene study design
Using the same animals from the tests described above, the IEG
study aimed to assess behavioural and neural responses of males
injected with saline or T during an interaction with their
pairbond partner. Subjects underwent a modified pair inter-
action test. The female partner was temporarily removed from
the homecage and placed in a holding cage. The male subject
then received an IP injection of either saline or T and was
immediately returned to the homecage. Ten minutes later,
female partners were returned to the homecage and the 90 min
IEG began. Females remained into the homecage with males
for 30 min and were allowed to freely interact. After 30 min,
females were removed and males remained in the homecage
for an additional 60 min prior to undergoing a perfusion. Pair
interactions were video recorded. Prosocial and aggressive beha-
viours were scored as described above in 10 min intervals for the
pair interaction. No aggressive behaviour was observed in any
pair, and thus no data on aggression during the IEG test is
reported.

(g) Histology and immunohistochemistry
At the end of the IEG test, male subjects were immediately eutha-
nized by isoflurane overdose and were transcardially perfused
with 0.1 M phosphate buffered saline (PBS) followed by 4% par-
aformaldehyde dissolved in 0.1 M borate buffer (pH 9.5). Brains
were extracted, post-fixed overnight in 4% paraformaldehyde
dissolved in 0.1 M borate buffer (pH 9.5) before cryoprotection
in 30% sucrose dissolved in PBS for 48 h. Brains were then
frozen in Tissue-Tek O.C.T. Compound and stored at −80°C.
Prior to immunohistochemical processing, brains were thawed
and sectioned coronally at 40 μm using a Leica cryostat, with
every third section being saved for use in the present study.
Female partners were euthanized; all females were pregnant at
the time of euthanasia. Postmortem analysis indicated that
fetuses for all female partners were between embryonic day
16–21, suggesting all pair-bonded couples became pregnant
within 1 week of pairing. Tissue sections were immunofluores-
cently stained for VP, OT, and Fos (the protein of the
immediate early gene cFos) as previously described [35] (see
the electronic supplementary material, figure S2). All females
were in late stages of pregnancy; this is consistent with the typi-
cal latency to copulation after initial pairing (i.e. typically within
2 days) and a gestation period of 21 days [36].

(h) Neural quantification
Photomicrographs were obtained using a Zeiss AxioImager II
microscope (see the electronic supplemental materials for more
information). For PVN cell counts, we quantified the total
number of OT-immunoreactive (-ir) and VP-ir neurons and the
number of OT-ir and VP-ir neurons that expressed Fos-ir in the
PVN at rostral and caudal levels. A percentage of the number
of nonapeptide-ir neurons expressing Fos-ir was used to account
for individual differences in nonapeptide cell number. No signifi-
cant differences between rostral and caudal levels were observed,
so an average of the two levels was used for analyses.

(i) Statistical analysis
Behavioural data were analysed using repeated measures general
linear models (RM GLMs) and Mann-Whitney U-tests. Test
(baseline, test 1; manipulation, test 2) was used as a within-sub-
jects factor and group (saline; T) was used as a fixed factor. If T
rapidly affected the behavioural responses, we predicted there
would be a significant interaction between test and group, such
that responses would not change in animals given saline both
test days, but would increase (or decrease) in animals given T
for test 2. Three time intervals were analysed separately, per
the rationale above for the predicted time course for rapid,
non-genomic T effects; 0–10, 10–20, 20–30 min post injection for
the pair interaction test because previous studies have found
that IP T injections begin to influence behaviour around
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20–30 min after injection via non-genomic mechanisms [33,34].
Resident-intruder tests were limited to 15 min to avoid injury,
so they were broken down into three 5 min intervals. For consist-
ency of T effects on behaviour across behavioural tests, we also
combined the last two 5 min intervals for analysis because
together this period reflected 20–30 min post-injection when
rapid T effects are expected to occur. Analysis of behaviour in
the IEG test used an RM GLM with group as a fixed between-
subjects factor and time interval as a within-subjects factor;
because there can be only one behaviour test in an IEG design,
analysing the time intervals of the single test aimed to capture
increases or decreases in prosocial behaviour associated with a
T injection. All post-hoc pairwise comparisons were adjusted
using the Sidak correction. All data were analysed using SPSS
27 (IBM Analytics, USA) and graphs were made using PRISM 8
(GraphPad, USA).
.R.Soc.B
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3. Results
(a) Testosterone increases prosocial behaviour during a

pair interaction
An RM GLM with group as a fixed between-subject factor
and test (i.e. pair interaction test 1 or pair interaction test 2)
as a within-subjects factor revealed no main effects or signifi-
cant interactions for the 0–10 min and 10–20 min intervals (all
p > 0.40). However, as predicted we did find a significant
interaction of group X test for the 20–30 min interval
(F1,12 = 11.42; p < 0.01). Sidak-corrected post-hoc comparisons
showed that within the saline group prosocial behaviour
did not differ between tests 1 and 2 ( p = 0.94; figure 2a), but
within the T group prosocial behaviour was significantly
higher in test 2 following a T injection ( p < 0.01; figure 2b).
Further, prosocial behaviour for test 1 did not significantly
differ between the two groups when both groups had been
injected with saline ( p = 0.82; figure 2c), but did differ for
test 2, such that T-injected males spent significantly
more time engaging in prosocial behaviour compared to
saline-injected males ( p < 0.01; figure 2d ).
(b) Testosterone decreases prosocial behaviour in a
resident-intruder assay

An RMGLMwith group as a fixed between-subject factor and
test (i.e. resident-intruder test 1 or resident-intruder test 2) as a
within-subjects factor revealed no main effects or significant
interactions for the 0–5 min interval (all p > 0.08). However,
we did find a significant interaction of group X test for the
5–10 min (F1,10 = 20.58; p < 0.01) and 10–15 min (F1,10 = 6.17;
p = 0.03) intervals. For consistency in behavioural windows
examined across tests, we also analysed the last two intervals
combined to capture the 20–30 min time period post-injection,
which likewise yielded a significant interaction of group X test
(F1,10 = 13.19; p < 0.01). Sidak-corrected post-hoc comparisons
showed that within the saline group prosocial behaviour did
not differ between tests 1 and 2 (p = 0.74; figure 3a), but
within the T group prosocial behaviour was significantly
lower in test 2 following a T injection (p < 0.01; figure 3b).
Additionally, for test 1, T-injected males exhibited significantly
more prosocial behaviour than saline-injected males (p < 0.01;
figure 3c), whereas prosocial behaviour did not differ between
groups in test 2 (p = 0.64; figure 3d). Two subjects lack data for
test 2 because the stimulus animals sustained a minor injury
and the resident-intruder tests were immediately terminated
(datapoints are highlighted in red). Notably, testswere only ter-
minated for subjects in the T group for test 2. Because analyses
used a repeated-measures design, these two animals were
dropped from the analysis owing to a lack of data for test 2.

To better understand the potential influence of T on
prosocial behaviour in the resident-intruder assay, which
was complicated by the carryover effect of T that results in
starting group differences, we examined the progression of
prosocial behaviour within the resident-intruder test. Regard-
less of manipulation, prosocial behaviour exhibited by a
resident gerbil decreased during the resident-intruder test
over time, probably owing to the animal calibrating to the
experience of having an intruder in their homecage that is
not leaving their territory. We refer to this natural decrease
in prosocial behaviour within a test as a magnitude of
change. To determine whether the magnitude of the decrease
in prosocial behaviour within a test was different between test
1 and test 2, and therefore may have been enhanced by a T
injection, we compared the magnitude of the decrease, opera-
tionally defined as prosocial behaviour in the first 5 min of the
test minus the last 5 min of the test. We predicted the magni-
tude would be greatest for test 2 after T injections if T
hastened the decline; thus, even though animals that had pre-
viously been injected with T started with higher levels of
prosocial responses for test 1, when all animals were injected
with saline, the rate of decline would be faster during test 2,
after T injections. An RM GLM with group as a fixed factor
and difference score as a within-subjects factor revealed a sig-
nificant interaction of group X difference score (F1,10 = 5.34;
p = 0.04). As predicted, T groupmales exhibited a significantly
greater magnitude in the decrease in prosocial behaviour from
the beginning of the test to the end of the test in test 2 (i.e. after
a T injection) compared to test 1 ( p = 0.04; figure 3f ). The differ-
ence scores for test 1 and test 2 were not significantly different
for the saline groupmales ( p = 0.46; figure 3e). Therefore, there
was a greater magnitude of within-test change in prosocial
behaviour between test 1 and test 2 only for T group males.

An RM GLM revealed no main effects or significant
interactions for aggression at any 5 min interval, including
the last two 5 min intervals combined (all p > 0.07; electronic
supplementary material, figure S3).
(c) Testosterone increases paraventricular nucleus of the
hypothalamus oxytocin neural responses during a
pair interaction

A Mann-Whitney U-test revealed a significant difference
in PVN OT-Fos colocalization, with males that received a
T injection exhibiting a higher percentage of colocalized
cells compared to males that received a saline injection
(z =−2.24; p = 0.03; figure 4a). However, we observed no
significant difference between groups for PVN VP-Fos
colocalization (z =−0.19; p = 0.85; figure 4b).

Because an IEG test cannot include repeated tests of the
same subject to control for individual differences in behav-
iour, we compared time intervals from the interactions
within each subject to see if behaviour increased across the
time points in T-injected animals consistent with the time
course established in the first round of pair interaction test-
ing. An RM GLM with group as a fixed factor and time
interval as a within-subjects factor yielded a significant
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interaction of group X time interval (F1,12 = 8.68; p = 0.01).
Sidak-corrected post-hoc pairwise comparisons showed that
within the saline group prosocial behaviour did not differ
between the 10–20 min and 20–30 min post-injection time
intervals ( p = 0.24; figure 4c), however, within the T group
prosocial behaviour increased over time ( p = 0.01;
figure 4d ). We observed no between-group differences at
either time interval (all p > 0.31).
4. Discussion
Our findings demonstrate that T can, within 30 min, increase
prosocial behaviour in a positively valenced social context
(e.g. interacting with a pairbond partner). Further, those
effects persist over time, in what appears to be a carryover
effect, leading to initial elevations of prosocial responses
towards an intruder on subsequent tests. At that time, our
data suggest that T may again adjust social responses to the
new social context by rapidly decreasing prosocial beha-
viours, although the starting differences in prosociality at
the onset of those tests make that conclusion tentative (see
further discussion below). Thus, acute elevations of T can
rapidly increase and decrease prosocial responses, depending
on social context, through a presumed non-genomic mechan-
ism, as well as produce lasting increases, potentially through
genomic mechanisms and/or as a consequence of the initial
elevations of positive social interactions. We also found that
T rapidly increased prosocial behaviour within the same
time frame in the IEG test and that PVN OT neural responses,
but not VP responses, were greater in the T-injected animals
compared to the saline-injected animals. Together, these
results indicate that T can rapidly enhance context-appropri-
ate behaviour and may do so via influences on OT circuitry
that enhances attention to salient social cues. Further, T
primes animals for future social encounters that would
typically be expected based on current social contexts.

(a) Testosterone facilitates context-appropriate
behaviour

Most studies examining the role of T on social behaviour
examine anti-social behaviours associated with the Challenge
Hypothesis (i.e. rapid T responses facilitate aggressive
responses to a challenge) and the Biosocial Model of Status
(i.e. T advances social status by promoting aggression, lack
of empathy and selfishness) [37–40]. Although studies in
non-human animals overwhelmingly examine overt aggres-
sion, studies in humans typically do not, and instead
examine more nuanced aspects of social interactions or indir-
ect measures of aggression. Such human studies, which thus
move beyond simple measures of overt aggression, have
begun to suggest that T may not only promote aggressive
responses but also foster prosocial behaviours, particularly
when there is an advantage of gaining social status. For
example, recent studies have demonstrated that T increases
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Figure 3. Resident-intruder test. (a) Males in the saline group show no difference in prosocial behaviour from test 1 to test 2. (b) Males in the testosterone (T) group
show a decrease in prosocial behaviour from test 1 to test 2 after receiving a T injection. (c) For test 1, males in the T group were significantly more prosocial than males
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significantly greater in test 2 (post T-injection) in T group males. An asterisk indicates statistical significance (p < 0.05). (Online version in colour.)
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altruistic behaviour when being watched (the audience effect)
[11] and that higher T levels are associated with higher proso-
cial conformity after observing a peer act prosocially [9].
Similarly, higher T levels are associated with increased
ingroup cooperation during an intergroup competition [10].
Thus, T is not limited to the promotion of aggressive or anti-
social behaviours but can also promote prosocial or altruistic
behaviours in appropriate contexts, at least in humans.

We likewise found that T can increase prosocial beha-
viours during social interactions in a non-human animal.
Importantly, the prosocial behaviour towards gerbils’ part-
ners that was enhanced by T was not overtly sexual and
probably was not related to courtship because we did not
observe any copulations and pairbonds were already estab-
lished. Exogenous T can facilitate copulatory behaviour in
male gerbils within 15 min in appropriate contexts (i.e.
when a female is in oestrus) [41], but, in rodents mating typi-
cally does not occur when females are pregnant [42], and all
female partners in our study were pregnant at the time of
testing. Of course, it remains possible that courtship beha-
viours such as scent marking or ultrasonic vocalizations,
which our experiment was not designed to detect, were
exhibited and possibly enhanced by T. Regardless, and
further supporting our argument that T promoted nonsexual,
prosocial responses, we did not observe any mounting, lordo-
sis or male foot-stomping, which is exhibited when a female
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gerbil is sexually receptive [43]. Thus, the increase in proso-
cial behaviour observed probably reflected pair
maintenance behaviours critical for future reproductive suc-
cess. Mechanistically, T may do this by amplifying the
social cues used to assess social context and/or enhancing
the motivational state most appropriate for a given context,
in this case, strengthening an existing pairbond with a part-
ner. Indeed, studies have demonstrated that androgens can
rapidly enhance the reinforcing value of contextual stimuli
associated with social interactions [44,45]. Consistent with
the possibility that T can rapidly adjust internal states that
promote alternate behavioural responses in different social
contexts, T also appeared to rapidly decreased prosocial
responses towards an intruder in the same animals in
which it had previously increased prosocial responses
towards the partner, though we discuss the limitations for
that interpretation below. To our knowledge, this is the first
demonstration of pro- and anti-social effects of testosterone
in the same individuals tested in different social contexts.
Notably, although our measures of aggressive behaviour
were not quantitatively significant in the resident-intruder
test, tests that required early termination owing to intense
aggression only occurred in animals that had received a T
injection, suggesting that T may qualitatively enhance aggres-
sion in ways that were difficult to detect in our test paradigm.
Consistent with that possibility, T elevations have been found
to rapidly increase overt aggression and approach responses
to intruders that probably reflect increased territorial vigi-
lance in other species [46–48]. It may have been difficult to
detect T effects on aggression in our study because aggression
typically increases in monogamous male rodents when their
mate becomes pregnant [49], so levels of aggression, as cap-
tured by our dependent variables, may have already been
elevated in both groups of our animals, thereby making it dif-
ficult to detect extra elevations as a result of our exogenous T
administration. Indeed, the increased aggression during a
partner’s pregnancy may be caused by the increased levels
of endogenous T that occur in male gerbils at parturition
[50] and which presumably occurred in males in both
groups of animals in our experiment.

Our interpretation that T rapidly decreased prosocial
responses towards the intruder must be considered cau-
tiously because of the carryover effects of T on prosocial
behaviour in the T group animals. T group males, who pre-
viously exhibited an increase in prosocial responses
following a T injection in the pair interaction test, exhibited
more prosocial behaviour than saline group males in the first
resident-intruder test. Thus, the rapid decrease in T group
males’ prosocial behaviour during the second resident-intru-
der test, after T injections, could have simply been the result
of increased experience in an agonistic context, but which
could not be observed in saline group animals because
they showed very little prosocial behaviour to begin with.
Indeed, in the first resident-intruder test when all subjects
received a saline injection, prosocial behaviour decreased
from the beginning of the resident-intruder towards the
end of the test in all animals, suggesting that experience
during the test provides context-relevant information and
may drive a decrease in prosocial behaviour. However, we
note that of the three animals in the saline group that
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began with appreciable amounts of prosocial responses on
the first resident-intruder test day, there was not a uniform
decrease on the subsequent test day like that observed in
all the T-injected animals. Further, and more convincingly,
when we compared the magnitude of the prosocial decline
during the first resident-intruder test with the magnitude
during the second resident-intruder test, we found that the
decrease in prosocial behaviour was significantly greater
on the second day in animals injected with T, but not in
those injected with saline. It is worth considering that the
two subjects in the T group that had their test 2 results
dropped because of extreme aggression also had very low
prosocial behaviour in test 1. This could have led to an over-
estimation of T’s inhibition of prosocial behaviour in test 2
because those animals would have not been able to show
a substantial decrease in prosocial behaviour. To address
this, we ran follow-up analyses in which we included the
two subjects and assigned either a score of 0 s prosocial be-
haviour during test 2 or a score identical to test 1 (5 and 6 s,
respectively). We chose these hypothetical scores because
neither animal exhibited any prosocial behaviour during
test 2 prior to the aggression that terminated the test.
Further, it is highly unlikely that a gerbil would exhibit pro-
social behaviour in a resident-intruder context following
intense aggression. These analyses still yielded significance
on all tests (see the electronic supplementary material,
figure S4), and thus it is unlikely that the exclusion of
these two subjects biased our findings that T decreased pro-
social behaviour during the resident-intruder test.
Nonetheless, future tests will still be necessary to verify
that T rapidly facilitates shifts from behaviours appropriate
to a previous social context towards responses that better
match the current context.

In our IEG study, we again found that T rapidly, from the
beginning to the end of the test period, increased prosocial
responses towards the partner, and that PVN OT neural
responses were greater in males that received a T injection
prior to the test compared to males that received a saline injec-
tion. A recent study demonstrated that PVN OT is recruited to
shift female focus to pups for mothers and novice female mice,
endowing the pup stimuli with enhanced saliency and
enabling social learning of maternal behaviour for the novice
females [51]. This study shows that PVN OT aids in social
transmission of context-appropriate behaviour, supporting
the social salience hypothesis of OT. Additionally, in male
mice, social exposure induces PVN OT neural activation
(assessed via two-photo calcium imaging), suggesting that
this cell group may act to convey information about social
salience; this study also demonstrated that chemogenetic acti-
vation of PVN OT increased social investigation [52]. In the
light of these studies, as well as evidence that neurosteroids
can modulate PVN VP and OT release in mammals [17], it is
possible that T rapidly induced context-appropriate social
responses in our study by activating OT cells that promote
attention to social saliency. However, a limitation of our
study is that we cannot know whether the higher PVN OT
neural responses in T group males were the result of T directly
increasing OT neural activity or a consequence of the increase
in prosocial behaviour caused by T. Future studies will aim to
disentangle this confound. Further, it is possible that T injec-
tions may have long-term effects on nonapeptide neural
functioning, and thus the group differences observed were
not owing to acute effects of T. This would still be an
interesting and novel finding revealing an interaction of
steroids and nonapeptides; future studies can be designed to
specifically probe this further.

(b) Genomic and non-genomic testosterone actions on
behaviour

Rapid, non-genomic steroid effects on physiology and behav-
iour have been demonstrated for all major classes of steroids
[53,54]. The time course in our study (30 min) within which
T-enhanced prosocial behaviour during interactions with a
pairbond partner and decreased prosocial responses towards
a same-sex intruder is consistent with such a non-genomic
mechanism. On the other hand, the prolonged enhancement
of prosocial responses that T-injections during the first pair-
bond test produced on the first resident-intruder test 5 days
later, when those animals were only injected with saline, is
more consistent with a traditional, transcriptional regulatory
mechanism. Similarly, several studies have shown that andro-
gen elevations during social interactions can prime future
behaviour [47,55–57]. For example, California mice that win
a fight exhibit elevated levels of T and subsequently have
an enhanced ability to win future fights [57], an effect that
depends upon an interaction of the increased T and the
experience of winning the initial fight. We cannot yet say
whether the T injections prior to the initial pair interaction
test were solely responsible for the carryover effect on the
first day of the resident-intruder test, potentially via a tran-
scriptional regulatory mechanism, or whether, as for the
‘winner effect,’ the prolonged effect was the result of an inter-
action between the T elevations and the increased prosocial
interactions with their partners during the test. Indeed, T
can rapidly increase reinforcement mechanisms that result
in prolonged place preferences [45,58], so T could have
increased the rewarding aspects of the initial social inter-
actions in the partner interaction test and, as a result,
increased the tendency to act prosocially on the subsequent
resident-intruder test, at least initially. It also remains poss-
ible that it was simply the T-induced elevations of prosocial
responses themselves in the second pair interaction test that
produced the starting differences on the first day of the intru-
der test, in which case it would reflect a mechanism through
which T shapes future social behaviours indirectly by modi-
fying the immediate social experiences, which then induce
the lasting changes in behaviour. If T did play a direct role,
it would indicate that while rapid T mechanisms are critical
for matching behaviour to current social context, delayed,
presumably genomic mechanisms prime animals for future
interactions—in this case and presumably in natural contexts,
for future interactions with their pairbonded mate. However,
the carryover effect on prosociality in our study persisted
even in a resident-intruder test—an inherently different
social context than the pair interaction test and one that, in
nature, would be less likely to occur than would another
interaction with their mate. Yet, upon another injection of T
(i.e. resident-intruder test 2), prosocial behaviour rapidly
decreased, more quickly than it did during the first day of
the resident-intruder test when only saline was administered,
suggesting that rapid, non-genomic effects of T corrected a
priming error induced by presumed genomic effects of our
initial T-injections. Mechanisms that allow T to rapidly
adjust behaviour to match affiliative and agonistic contexts
are probably operative in nature given that pair bonding
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and aggressive interactions both increase levels of T in this
species [30]. Together, these findings suggest that acute fluc-
tuations of T, and perhaps other steroids, can promote flexible
behavioural responses by titrating genomic and non-genomic
mechanisms, allowing an animal to prepare for predicable
future interactions, yet with the ability to adjust rapidly
when less predictable social experiences occur. Future studies
aim to determine whether these effects depend on direct
androgen receptor activation oron oestrogen receptor activation
following its local conversion to oestradiol, and whether the
rapid and prolonged influences on prosocial responses depend
on the same or different receptor mechanisms.

Here we showed that T promotes prosocial, but not
overtly sexual behaviours in gerbils, contributing to a grow-
ing body of studies demonstrating that T can facilitate non-
aggressive/selfish behaviours that are not directly related to
sexual performance. Because T rapidly increased prosocial
behaviour with a pairbond partner but decreased prosocial
responses towards an intruder, our results also illustrate
how T can promote pro- and anti-social responses in the
same individuals, depending on social context and through
presumed non-genomic mechanisms. Additionally, we
show that T can prime future prosocial responses through
persistent, presumably non-genomic mechanisms, but that
this effect can be rapidly over-ridden by further elevations
of T in the new context, suggesting a balance of genomic
and non-genomic T-influences on behaviour. Finally, our
results suggest that T may interact with the OT system to
influence social behaviour and/or enhance social saliency.
Future causal studies will be needed to determine whether
a mechanism by which steroids modulate complex social
behaviour is via regulation of the nonapeptide system.
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