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Introduction

Oxytocin (OT) is an evolutionarily ancient neuropep-
tide, produced in neurosecretory cells in the brain in lin-
eages from mammals to segmented worms [Tessmar-
Raible et al., 2007; Donaldson and Young, 2008]. OT has 
been implicated in a variety of social behaviors, including 
social recognition, learning and memory, and the modu-
lation of aggression, fear, and anxiety [Choleris et al., 
2004; Lee et al., 2009]. It has been well-studied for its role 
in mediating monogamous pair bonds in voles and finch-
es [Klatt and Goodson, 2013; Johnson and Young, 2015], 
same-sex social bonds in mammals [Beery and Zucker, 
2010; Crockford et al., 2013; Romero et al., 2014], and pa-
ternal care in mammals [Gordon et al., 2010] and cichlid 
fishes [O’Connell et al., 2012]. Interestingly, OT may alter 
social attention by suppressing vigilance toward threat-
ening social stimuli, which explains many of its observed 
prosocial effects [Ebitz et al., 2013; Ebitz and Platt, 2014]. 
In summary, OT appears to have a role in social habitua-
tion processes, particularly in mammals, whereby an in-
dividual decreases their response to a social stimulus after 
repeated exposure [Heyes, 1994].
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Abstract
Oxytocin (OT) mediates social habituation in rodent model 
systems, but its role in mediating this effect in other verte-
brates is unknown. We used males of the African cichlid fish, 
Astatotilapia burtoni, to investigate two aspects of isotocin 
(IT; an OT homolog) signaling in social habituation. First, we 
examined the expression of IT receptor 2 (ITR2) as well as 
two immediate early genes in brain regions implicated in 
social recognition. Next, we examined IT neuron activity us-
ing immunohistochemistry. Patterns of gene expression in 
homologs of the amygdala and hippocampus implicate IT 
signaling in these regions in social habituation to a territo-
rial neighbor. In the preoptic area, the expression of the ITR2 
subtype and IT neuron activity respond to the presence of a 
male, independent of familiarity. Our results implicate IT in 
mediating social habituation in a teleost.
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The habituation/dishabituation procedure has provid-
ed a wealth of information regarding the effects of OT and 
related signaling molecules on social habituation and rec-
ognition in rodent model systems [Gheusi et al., 1994; 
Choleris et al., 2006]. Importantly, behavioral ecologists 
have intensively studied a related phenomenon across 
species within the context of the “dear enemy” effect, 
whereby territorial individuals show reduced aggression 
to familiar neighbors [Temeles, 1994]. We consider social 
habituation to be the main process mediating reduced ag-
gressive behavior between neighboring conspecifics 
[Owen and Perrill, 1998; Bee and Gerhardt, 2001, re-
viewed in Peeke and Peeke, 1973]. Given that neighbors 
are not always in sight, discrimination between individu-
al conspecifics is necessary and can occur via individual 
recognition and/or based on location or situation. De-
spite the common occurrence of social habituation across 
species, surprisingly, the role of nonmammalian OT ho-
mologs in social habituation has not yet been examined. 
Interestingly, though the role of these nonapeptides in 
social behavior has been well documented, the specific 
effect of OT homologs on social behavior remains unclear 
[Godwin and Thompson, 2012]. Furthermore, little is 
known about the location(s) of action of OT homologs in 
the brain during social habituation processes.

Here, we use the highly social African cichlid fish, 
Astatotilapia burtoni, a model system in social neurosci-
ence [Hofmann, 2003; Fernald and Maruska, 2012], to 
test the hypothesis that the anamniote OT homolog (or-
tholog), isotocin (IT), plays a role in mediating social ha-
bituation. Territorial A. burtoni males aggressively de-
fend their spawning territory from other males, but they 
exhibit a robust dear enemy effect with their familiar 
neighbors via reduced aggression over time [Weitekamp 
and Hofmann, 2017]. In order to investigate the mecha-
nisms of social habituation, an important component of 
the dear enemy effect, we examined 2 forms of IT signal-
ing. In teleosts, IT is produced in the preoptic area (POA), 
and IT receptors (ITRs) are widely distributed through-
out the brain [Huffman et al., 2012]. We chose to examine 
the POA as well as the homologs of the amygdala (AMY) 
and hippocampus (HIP), as these regions contain ITRs 
[Huffman et al., 2012] and are known to mediate social 
cognition in mammals [Popik and van Ree, 1991; Adolphs, 
2010; Spreng and Mar, 2012], possibly also in teleosts 
[Demski, 2013]. Furthermore, their large relative size and 
location at the perimeter of the brain make them ame-
nable to molecular studies.

The goal of these experiments was to identify neural 
correlates of social habituation by comparing territorial 

males that were either repeatedly exposed to another ter-
ritorial male (familiar neighbor; FN), repeatedly exposed 
to a social control (no neighbor; NN), or exposed to a 
novel territorial male (novel male; NM) (Fig. 1). Given 
that the study species, A. burtoni, is capable of individual 
recognition [Grosenick et al., 2007; Desjardins et al., 
2010], it seems likely that repeated exposure to another 
male results in familiarity. In the first experiment, we ex-
amined the gene expression of ITR2 (itr2) and 2 immedi-
ate early genes (IEGs) commonly used as markers of neu-
ronal activity, c-fos and egr-1 [Herdegen and Leah, 1998], 
in putative teleost homologs of the mammalian AMY, 
POA, and HIP [O’Connell and Hofmann, 2011]. We pre-
dicted that the FN treatment would result in an upregula-
tion of ITR in each brain region. In the second experi-
ment, we examined colocalization of IT with c-Fos in the 
POA, the primary source of IT in teleost fishes, to exam-
ine the role of IT neuron activation in social habituation, 
predicting there would be more IT neuron activity with 
the FN treatment.

Materials and Methods

Behavioral Paradigm
The original research reported here was performed under 

guidelines established by the Institutional Animal Care and Use 
Committee at the University of Texas at Austin, TX, USA. All fish 
were first maintained in naturalistic communities comprising 
adult females and territorial and nonterritorial males. The experi-
ments were performed in adjacent 35-L experimental tanks, sepa-
rated by an opaque divider. Each tank contained terracotta shards 
to serve as a bower for the focal male or a refuge for nonreproduc-
tive females. These females were taken from stable-community 
tanks shortly after spawning and after removing their brood, so as 
to provide a social environment of neutral valence for the males. 
A. burtoni females require approximately 3 weeks after spawning 
before again becoming gravid and, thus, attractive to males [Kidd 
et al., 2013].

For the FN and NM treatments, size-matched males (within 
1 mm of standard length) originating from separate community 
tanks were placed in adjacent tanks (Fig. 1). For NN, a male was 
placed in 1 tank while the adjacent tank contained an additional 
nonreproductive female and no males. The opaque divider re-
mained in place between the paired tanks for 1 week to allow the 
fish to acclimate to the experimental setup. Following the acclima-
tion period for the FN and NN treatments, we removed the opaque 
divider for 1 h twice daily, at 10: 00 and 15: 00 h, for 4 continuous 
days. For the NM, we removed the opaque divider only on day 4 
at 10: 00 h. Fish readily interact socially across the adjacent tanks 
[O’Connell et al., 2013].

Following 1 h of exposure on day 4, all males were killed by 
rapid cervical transection. Their brains were treated in 1 of 2 ways. 
For experiment 1, they were immediately embedded in OCT (Tis-
sue-Tek, Fisher Scientific, Pittsburgh, PA, USA), and frozen on dry 
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ice. For experiment 2, the brains were placed in chilled 4% para-
formaldehyde and fixed overnight at 4 ° C. They were then rinsed 
in 1× PBS and cryoprotected in 30% sucrose at 4 ° C overnight. Fi-
nally, they were embedded in OCT and frozen on dry ice. All brains 
were stored at –80 ° C until further processing.

The males in experiment 1 were older and (due to indetermi-
nate growth) larger (57.4 mm on average; range 52–63 mm) than 
in experiment 2 (50 mm on average; range 45–56 mm). In this spe-
cies, older males are less aggressive [Weitekamp et al., 2017]. How-
ever, because there were no differences within the groups for each 
experiment, the treatment group comparisons should not be af-
fected by size.

We recorded behavior on day 1 (FN only) and day 4 (FN and 
NM) immediately following the removal of the opaque divider. 
The behavior of the focal resident male was scored using JWatcher 
v1 [Blumstein and Daniel, 2007] for a 10-min duration 20 min af-
ter the removal of the divider. We quantified forward and lateral 
displays toward the adjacent male, as well as chases and reproduc-

tive displays toward the females. Forward and lateral displays were 
summed as “aggressive displays.” Female directed displays oc-
curred at a very low frequency, consistent across groups and, as 
such, were not examined further.

Experiment 1: Candidate Gene Expression
Quantitative PCR
Brains were sliced on a cryostat in the coronal plane at 300 µm. 

A 300-µm-diameter sample corer tool (Fine Science Tools, Foster 
City, CA, USA) was used to microdissect the Dm-3 (a subdivision 
of the medial zone of the dorsal telencephalon; putative AMY ho-
molog [O’Connell and Hofmann, 2011]), the POA, and the Dlv 
(the ventral subdivision of the lateral zone of the dorsal telenceph-
alon; putative HIP homolog [O’Connell and Hofmann, 2011]). For 
the POA, we aimed to consistently include the portion that con-
tains IT neurons, although adjacent regions were likely included 
as well. Two microdissected punches (left and right hemisphere) 
per region were taken and stored in DNA/RNA Shield (Zymo Re-

Days 1–3 Day 4

FN
N

N
N

M

Fig. 1. Experimental design. The visual bar-
rier separating adjacent tanks was removed 
on days 1–3 for the familiar neighbor (FN) 
and no neighbor (NN) treatments, allow-
ing males to habituate to a male and 3 non-
reproductive females, or to 4 nonreproduc-
tive females, respectively. For the novel 
male (NM) treatment, the divider re-
mained in place on days 1–3. On day 4, the 
dividers were removed for all treatment 
groups.

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f T
ex

as
 a

t A
us

tin
   

   
   

   
   

   
   

   
  

12
8.

83
.1

36
.2

13
 -

 4
/2

8/
20

17
 3

:5
6:

01
 P

M



Weitekamp/Solomon-Lane/Del Valle/
Triki/Nugent/Hofmann

Brain Behav Evol
DOI: 10.1159/000464098

4

search, Irvine, CA, USA) at –80 ° C until processing. To homoge-
nize tissue prior to RNA extraction, ZR BashingBeads (Zymo Re-
search) were added to samples suspended in DNA/RNA Shield, 
and the tubes were vortexed. To further lyse tissue, proteinase K 
digestion was done for 2 h at 55 ° C. Total RNA was extracted in 
accordance with the protocol for the Quick-RNA MicroPrep kit 
(Zymo Research). To prevent genomic DNA contamination, RNA 
samples were treated with DNase (Zymo Research) during the iso-
lation procedure. RNA was reverse-transcribed to cDNA using the 
GoScript reverse transcription system (Promega Corp., Madison, 
WI, USA).

qPCR was used to measure the mRNA levels of itr2, egr-1, and 
c-fos. Many teleosts [Ocampo Daza et al., 2012], including cichlids 
[O’Connor et al., 2015], have 2 ITRs, likely a result of a whole-ge-
nome duplication that occurred in the common ancestor of all ex-
tant teleosts [Meyer and Van de Peer, 2005]. As the presence of 2 
ITRs in cichlids was shown only recently, very little is known about 
their respective functions. Here, we examine ITR2, because its dis-
tribution has previously been characterized in the brain of A. bur-
toni [Huffman et al., 2012]. For each sample, target gene expres-
sion was measured in triplicate in the ViiATM 7 real-time PCR sys-
tem (Applied Biosystems, Foster City, CA, USA) using GoTaq 
qPCR master mix (Promega). Amplification efficiency for each 
primer pair was determined using standard curves made from se-
rial dilutions of cDNA. 

Experiment 2: IT Neuron Activity
Immunohistochemistry
Brains were sectioned (30 µm) on a cryostat and thaw mounted 

on Super Frost Plus slides (Fisher Scientific) into 4 series. Sections 
were incubated in a mix of 1: 1,000 guinea pig-anti-OT polyclonal 
antibody (Millipore, AB15704) and 1: 500 rabbit anti-c-Fos pri-
mary antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA, 
USA; cat. No. sc-253) in 1× PBS with 2% normal goat serum (NGS) 
and 0.3% Triton X-100 at room temperature overnight. Slides were 
washed twice in 1× PBS and then incubated in a mix of 1: 200 anti-
rabbit Texas Red (Invitrogen, T2767) and 1: 800 anti-guinea pig 
Alexa Fluor 488 (Invitrogen, A11073) in a 2% NGS and 0.3% Tri-
ton X-100 in 1× PBS solution. After rinsing, slides were cover-
slipped using Vectashield hardset mounting media with DAPI 
(Vector Laboratories). The specificity of both antibodies was con-
firmed previously [O’Connell et al., 2012, 2013; IT and c-Fos, re-
spectively].

Fluorescence Detection of c-Fos and IT
A fluorescence signal was detected using a Zeiss Axio Imager.

A1 microscope (×10) equipped with FITC and TRITC filters to al-
low visualization of the immunoreactivity of IT with the FITC 
channel and of c-Fos with the TRITC channel. Photographs were 
taken with a digital camera (AxioCam MRc, Zeiss; ×20) using the 
AxioVision (Zeiss) image acquisition and processing software. 
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Day 1 Day 4
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Fig. 2. Male-directed aggressive displays in 
the familiar neighbor (FN) and novel male 
(NM) treatment groups. In FN, aggressive 
displays toward the adjacent male are sig-
nificantly lower on day 4 than on day 1 
(lines show repeated measures; paired t 
test). Similarly, aggressive displays toward 
the adjacent male are significantly lower in 
FN (day 4) than in the NM group (the 
Welch t test). The no neighbor (NN) group 
is not included because there is no adjacent 
male and thus no male-directed aggression 
is displayed by the focal animal. n = 14 per 
group. The box plots show the median, and 
upper and lower quartiles, and range. Data 
from experiments 1 (qPCR; older males; 
filled circles, solid lines) and 2 (IHC; 
younger males; open circles, dashed lines) 
are indicated for clarity. * α = 0.05 indicates 
significance. 
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The observer was blinded to treatment. The number of neurons 
exhibiting colocalization of both IT and c-Fos in the POA was 
quantified by superimposing images generated by FITC and 
TRITC fluorescence filters. IT-positive neurons were visually 
identified by Alexa Fluor 488 staining in the cell bodies, and c-Fos-
positive neurons were visually identified by Texas Red staining in 
the nucleus. Double-labeled neurons were identified by toggling 
between the IT image and the merged image (IT and c-Fos). The 
total number of neurons positive for IT as well as the number of 
IT and c-Fos colocalized neurons was determined by averaging the 
data from all the sections containing IT neurons (approx. 2/indi-
vidual). The resulting data are presented as the proportion of IT 
neurons labeled with c-Fos.

Statistics
All statistical tests were performed using R v3.2.5. To demon-

strate that males habituate in their aggressive response in the FN 
treatment, we used the paired Student t test on aggressive behavior 
on days 1 and 4, for which there were videos (n = 14). To examine 
for differences in aggressive behavior between the FN and NM 
treatments on day 4, we used the Welch 2-sample t test (FN: n = 
15; NM: n = 14). In experiment 1, to determine the relative gene 
expression of each sample, the R package MCMC.qPCR was used 
[Matz et al., 2013]. This method is preferable to more traditional 
methods because it accounts for differences in efficiencies between 
genes. The package uses a Poisson-log normal generalized linear 
mixed model, based on raw cycle threshold values, to infer fold 
changes in target genes in response to fixed factors while account-
ing for random variation between replicates and samples. The 
model-fitting process employs a Bayesian Markov Chain Monte 
Carlo algorithm that can include control genes as priors. We in-
cluded the treatment group as a fixed factor and used the control 
gene 18S as a prior in the models to further account for variation 
in initial RNA levels. The disadvantage to this approach is that 
normalized expression values cannot be extracted. In order to in-
vestigate correlations between gene expression and behavior, we 
also analyzed the data using the 2−ΔΔCT method [Livak and Schmitt-
gen, 2001]. To examine associations between gene expression and 
behavior and IT neuron activity and behavior, we used linear re-
gression analysis. The data from experiment 2 were analyzed using 
the Kruskal-Wallis test, and the Dunn test was used for post hoc 
comparisons. To adjust for multiple-hypothesis testing, we used 
the procedure of Benjamini and Hochberg [1995].

Results

With the FN treatment, aggressive behavior was lower 
on day 4 than on day 1 (t = –5.93, p = 4.96 × 10–5). Simi-
larly, on day 4, aggressive behavior was lower with FN 
than with NM treatment (t = 3.31, p = 3.77 × 10–3) (Fig. 2).

Experiment 1: Candidate Gene Expression
In the Dm-3 (putative AMY homolog; Fig.  3), we 

found that itr2 was significantly higher with FN than with 
both NN (p = 2.64 × 10–4) and NM (p = 2.24 × 10–3) treat-
ment, but that egr-1 and c-fos expression did not differ 

across treatments. In the Dlv (putative HIP homolog), 
itr2 was significantly lower with NM than with both FN 
(p = 0.030) and NN (p = 0.016) treatment; c-fos was high-
er with NM than with both FN (p = 6.31 × 10–4) and NN 
(p = 6.89 × 10–5) treatment; egr-1 was significantly higher 
with NM than with NN (p = 0.042) treatment and border-
line significant with FN (p = 0.056) treatment. In the 
POA, itr2 was higher with NN than NM (p = 5.15 × 10–3) 
treatment but was similar with FN, NN, and NM treat-
ment; egr-1 was lower with NN than with both FN (p = 
0.012) and NM (p = 0.022) treatment; c-fos did not differ 
across treatments. Notably, itr2 expression appeared to 
be higher in the POA than in the other 2 regions. The re-
lationship between gene expression and aggressive be-
havior was nonsignificant in all 3 regions examined.

Experiment 2: IT Neuron Activity
There was a significant effect of treatment on the pro-

portion of Fos-positive IT neurons in the POA (Kruskal-
Wallis χ2 = 6.67, p = 0.036; Fig. 4a). The proportion of 
double-labeled neurons was higher with NN than with 
both FN (p = 0.021) and NM (p = 0.0267) treatment; FN 
and NM treatments did not differ (p = 0.40). There was a 
weak nonsignificant positive relationship between the 
proportion of double-labeled neurons and aggressive be-
havior (R2 = 0.224, p = 0.087; Fig. 4c).

Discussion

Social habituation is common across a wide range of 
taxa, yet the neural mechanisms underlying this behavior 
have not been investigated outside of the habituation/dis-
habituation paradigm in rodents [Choleris et al., 2006]. 
In this study, we examined 2 forms of IT signaling, to test 
the hypothesis that the anamniote homolog of OT serves 
a role in mediating social habituation, an important com-
ponent of the dear enemy effect [Peeke and Peeke, 1973]. 
We found evidence that itr2 in the Dm, the putative AMY 
homolog, may play an important role in social habitua-
tion in teleosts (Fig. 3a). These data are consistent with 
the role of OT in mammalian social habituation. In ro-
dents, the OT receptor in the medial AMY is critical for 
social recognition [Ferguson et al., 2001; Gur et al., 2014] 
and OT in the central AMY has anxiolytic effects [Bale et 
al., 2001]. In humans, the AMY is necessary for OT-facil-
itated socially reinforced learning [Hurlemann et al., 
2010]. Together, this suggests a conserved role for IT/OT 
acting in the AMY in behaviors involved in social habitu-
ation.
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Importantly, the homology relationships between 
amygdaloid nuclei in mammals and the corresponding 
pallial and subpallial regions in teleosts are still unclear 
[Maximino et al., 2013]. The tetrapod AMY itself has 
been notoriously difficult to classify as a coherent func-
tional unit [Swanson and Petrovich, 1998]. Lesions to the 
Dm in goldfish, as opposed to in the Dlv, suggest that this 
region is part of an emotional learning and memory sys-
tem, consistent with the mammalian AMY [Portavella et 

al., 2004b, 2004a]. Based on other functional, chemical, 
anatomical, and hodological evidence, the Dm has been 
proposed specifically to be homologous to the mamma-
lian basolateral/lateral AMY [O’Connell and Hofmann, 
2011; Maximino et al., 2013]. These homologies are not 
exact, however. For example, there does not appear to be 
a medial AMY in teleosts [Maximino et al., 2013]. Here, 
we show that itr2 in the Dm responded to social habitua-
tion independent of olfactory input. This basolateral/lat-
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Fig. 3. a Transcript abundances of selected genes across treatment 
groups in Dm-3 (putative AMY homolog), POA, and Dlv (HIP 
homolog). The points are posterior means, the whiskers denote 
95% credible intervals. Letters denote homogeneous subgroups 
(α = 0.05). n = 8 per group. b Representative coronal slices from 

which brain regions were microdissected, including the Dlv, Dm-
3, and POA. Dm-3, medial zone of the dorsal telencephalon; Dlv, 
ventral part of the lateral zone of the dorsal telencephalon; POA, 
preoptic area. 
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eral AMY-like nucleus in teleosts may function similarly 
to the medial AMY in social recognition processes.

In the HIP homolog, we found that the IEG c-fos was 
higher after exposure to an NM than with FN and NN 
exposure, with egr-1 showing a similar pattern (Fig. 3a). 
IEGs may decrease with social habituation through re-
peated exposure to the NM stimulus. The IEGs serve im-
portant functions in learning and long-term memory 
[Tischmeyer and Grimm, 1999]. For example, mutant 
mice lacking egr-1 fail to exhibit late long-term potentia-
tion in the HIP and show impaired long-term memory, 
while the short-term memory remains intact [Jones et al., 
2001]. Consistent with our data, in a region of the audi-
tory telencephalon, the caudomedial neostriatum of the 
zebra finch (Taeniopygia guttata), egr-1 expression is in-
duced following the presentation of a novel song, but rap-
idly declines upon repeated exposure to the same song 
[Mello et al., 1995]. A similar pattern of egr-1 expression 
is observed in the HIP homolog in the weakly electric fish, 
Apteronotus leptorhynchus, when males are presented 
with signals from familiar conspecifics [Harvey-Girard et 
al., 2010]. We also found that itr2 expression in the HIP 
homolog decreased during exposure to an NM (Fig. 3a), 
which may interact with the IEG pathways in memory 
formation. It would be interesting to examine whether 

social habituation to an NM elicits different patterns of 
gene expression than with a less salient or nonsocial nov-
el stimulus, which our experiment did not explicitly test.

In the POA, we found that the FN and NM contexts 
elicited similar response patterns, both in terms of gene 
expression and IT neuron activity. This region appears to 
respond to the presence of a male, independent of behav-
ior or familiarity. Surprisingly, we found that a large ma-
jority of IT neurons are activated in all 3 social contexts 
(Fig. 4). In the NN condition, nearly 100% of the IT neu-
rons were c-Fos-positive. In contrast, in the FN and NM 
contexts, a small subset (approx. 15%) of these cells were 
inactive, suggesting that the presence of a male results in 
the inhibition of some of these neurons. Furthermore, ag-
gressive behavior did not correlate with IT neuron activ-
ity, suggesting that IT activity in the POA does not medi-
ate aggressive behavior per se, but rather reflects social 
context. Interestingly, IEG induction in the POA showed 
an opposite pattern to IT neuron activity, in that egr-1 
expression levels are higher in the presence of a male. The 
egr-1 mRNA may thus be part of ≥1 different functional 
pathways with different downstream targets, and is not 
involved in the cellular activation of IT neurons. Examin-
ing the change in expression of preoptic it mRNA in the 
social context studied here may contribute further insight 
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Fig. 4. Colocalization of IT and c-Fos in the POA. a The propor-
tion of colocalized IT neurons is higher in the NN (n = 7) than in 
the FN (n = 12) and NM (n = 9) groups. Letters denote homoge-
neous subgroups (α = 0.05; the Dunn test). The box plots show the 
median, upper and lower quartiles, and range. The circle shown in 
NN is an outlier. b Representative micrographs of IT (green cyto-
plasm; top), c-Fos (red nucleus; middle), and the merged image 

(bottom; ×40). The image is from the FN group and has been 
brightness enhanced. c There is a nonsignificant relationship (α = 
0.05) between the proportion of colocalized neurons and aggres-
sive behavior (light grey circles, FN; dark grey circles, NM). n = 7 
per group. FN, familiar neighbor; NM, novel male; NN, no neigh-
bor; POA, preoptic area.
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into the role of IT and the POA in mediating social ha-
bituation.

Interestingly, OT has been implicated in several pro-
cesses underlying social habituation including social rec-
ognition, learning and memory, and the modulation of 
aggression, fear, and anxiety [Choleris et al., 2004]. It will 
be important to design studies that allow us to dissociate 
each of these individual processes in order to examine 
how the precise action of OT in the brain is coordinated 
to ultimately result in the adaptive response of the social 
habituation examined here. Furthermore, given that nat-
ural variation in OT receptor expression can influence 
behavior [Ophir et al., 2009], it would be interesting to 
examine whether the increase in ITR expression in re-
sponse to having an FN affects the behavioral response to 
other social stimuli. Similarly, as it appears that most tel
eosts have 2 ITRs, it will be interesting to investigate 
whether gene expression of the other receptor (ITR1) 
shares the same spatial and temporal dynamics in re-
sponse to social habituation. Lastly, the attenuation in ag-
gression toward familiar male partners as a consequence 
of social habituation likely sets the stage for cooperative 
interactions, such as through the formation of defense co-
alitions against conspecific intruders [Getty, 1987; Wei
tekamp and Hofmann, 2017]. The role of OT and its ho-
mologs in mediating these types of cooperative behavior 

should be examined, as OT has been implicated in coop-
eration between human individuals [De Dreu, 2012; Rill-
ing et al., 2012].

Acknowledgements

This work was supported by an NSF GRF and Graduate School 
Continuing Fellowship to C.A.W., a University Co-Op Under-
graduate Research Fellowship to P.V., and NSF grants IOS-
1354942 and IOS-1501704 to H.A.H., IOS-1601734 to H.A.H. and 
C.A.W., and by the NSF BEACON Center for Science and Tech-
nology.

Disclosure Statement

There were no conflicts of interest.

Author Contributions

C.A.W., B.M.N., and H.A.H. designed the experiments. C.A.W. 
and B.M.N. collected the brains for experiment 1. C.A.W. per-
formed qPCR. P.V. and T.K.S.-L. collected the brains for experi-
ment 2. Z.T. performed IHC and cell counting. C.A.W. analyzed 
the data. C.A.W. and H.A.H. wrote the paper with input from 
T.K.S.-L.

References

Adolphs R (2010): What does the amygdala con-
tribute to social cognition? Ann NY Acad Sci 
1191: 42–61.

Bale TL, Davis AM, Auger AP, Dorsa DM, Mc-
Carthy MM (2001): CNS region-specific oxy-
tocin receptor expression: importance in reg-
ulation of anxiety and sex behavior. J Neuro-
sci 21: 2546–2552.

Bee MA, Gerhardt HC (2001): Habituation as a 
mechanism of reduced aggression between 
neighboring territorial male bullfrogs (Rana 
catesbeiana). J Comp Psychol 115: 68–82.

Beery AK, Zucker I (2010): Oxytocin and same-
sex social behavior in female meadow voles. 
Neuroscience 169: 665–673.

Benjamini Y, Hochberg Y (1995): Controlling the 
false discovery rate: a practical and powerful 
approach to multiple testing.. J R Stat Soc B 7: 

289–300.
Blumstein DT, Daniel JC (2007): Quantifying Be-

havior the JWatcher Way. Sunderland, Sinau-
er Associates.

Choleris E, Kavaliers M, Pfaff DW (2004): Func-
tional genomics of social recognition. J Neu-
roendocrinol 16: 383–389.

Choleris E, Ogawa S, Kavaliers M, Gustafsson J-A, 
Korach KS, Muglia LJ, et al (2006): Involve-
ment of estrogen receptor alpha, beta and 
oxytocin in social discrimination: a detailed 
behavioral analysis with knockout female 
mice. Genes Brain Behav 5: 528–539.

Crockford C, Wittig RM, Langergraber K, Ziegler 
TE, Zuberbühler K, Deschner T (2013): Uri-
nary oxytocin and social bonding in related 
and unrelated wild chimpanzees. Proc Biol Sci 
280: 20122765.

De Dreu CKW (2012): Oxytocin modulates coop-
eration within and competition between 
groups: an integrative review and research 
agenda. Horm Behav 61: 419–428.

Demski LS (2013): The pallium and mind/behav-
ior relationships in teleost fishes. Brain Behav 
Evol 82: 31–44.

Desjardins JK, Klausner JQ, Fernald RD (2010): 
Female genomic response to mate informa-
tion. Proc Natl Acad Sci USA 107: 21176–
21180.

Donaldson ZR, Young LJ (2008): Oxytocin, vaso-
pressin, and the neurogenetics of sociality. 
Science 322: 900–904.

Ebitz RB, Platt ML (2014): An evolutionary per-
spective on the behavioral consequences of 
exogenous oxytocin application. Front Behav 
Neurosci 7: 225.

Ebitz RB, Watson KK, Platt ML (2013): Oxytocin 
blunts social vigilance in the rhesus macaque. 
Proc Natl Acad Sci USA 110: 11630–11635.

Ferguson JN, Aldag JM, Insel TR, Young LJ 
(2001): Oxytocin in the medial amygdala is 
essential for social recognition in the mouse. 
J Neurosci 21: 8278–8285.

Fernald RD, Maruska KP (2012): Social informa-
tion changes the brain. Proc Natl Acad Sci 
USA 109: 17194–17199.

Getty T (1987): Dear enemies and the prisoner’s 
dilemma: why should territorial neighbors 
form defensive coalitions? Integr Comp Biol 
27: 327–336.

Gheusi G, Bluthé R-M, Goodall G, Dantzer R 
(1994): Social and individual recognition in 
rodents: methodological aspects and neuro-
biological bases. Behav Processes 33: 59–87.

Godwin J, Thompson R (2012): Nonapeptides 
and social behavior in fishes. Horm Behav 61: 

230–238.

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f T
ex

as
 a

t A
us

tin
   

   
   

   
   

   
   

   
  

12
8.

83
.1

36
.2

13
 -

 4
/2

8/
20

17
 3

:5
6:

01
 P

M



Isotocin in Social Habituation Brain Behav Evol
DOI: 10.1159/000464098

9

Gordon I, Zagoory-Sharon O, Leckman JF, Feld-
man R (2010): Prolactin, oxytocin, and the de-
velopment of paternal behavior across the 
first six months of fatherhood. Horm Behav 
58: 513–518.

Grosenick L, Clement TS, Fernald RD (2007): 
Fish can infer social rank by observation 
alone. Nature 445: 429–432.

Gur R, Tendler A, Wagner S (2014): Long-term 
social recognition memory is mediated by 
oxytocin-dependent synaptic plasticity in the 
medial amygdala. Biol Psychiatry 76: 377–386.

Harvey-Girard E, Tweedle J, Ironstone J, Cuddy 
M, Ellis W, Maler L (2010): Long-term recog-
nition memory of individual conspecifics is 
associated with telencephalic expression of 
Egr-1 in the electric fish Apteronotus lepto-
rhynchus. J Comp Neurol 518: 2666–2692.

Herdegen T, Leah JD (1998): Inducible and con-
stitutive transcription factors in the mamma-
lian nervous system: control of gene expres-
sion by Jun, Fos and Krox, and CREB/ATF 
proteins. Brain Res Rev 28: 370–490.

Heyes CM (1994): Social learning in animals: cat-
egories and mechanisms. Biol Rev 69: 207–
231.

Hofmann HA (2003): Functional genomics of 
neural and behavioral plasticity. J Neurobiol 
54: 272–282.

Huffman LS, O’Connell LA, Kenkel CD, Kline RJ, 
Khan IA, Hofmann HA (2012): Distribution 
of nonapeptide systems in the forebrain of an 
African cichlid fish, Astatotilapia burtoni. J 
Chem Neuroanat 44: 86–97.

Hurlemann R, Patin A, Onur OA, Cohen MX, 
Baumgartner T, Metzler S, et al. (2010): Oxy-
tocin enhances amygdala-dependent, socially 
reinforced learning and emotional empathy 
in humans. J Neurosci 30: 4999–5007.

Johnson ZV, Young LJ (2015): Neurobiological 
mechanisms of social attachment and pair 
bonding. Curr Opin Behav Sci 3: 38–44.

Jones MW, Errington ML, French PJ, Fine A, Bliss 
TV, Garel S, et al (2001): A requirement for 
the immediate early gene Zif268 in the expres-
sion of late LTP and long-term memories. Nat 
Neurosci 4: 289–296.

Kidd MR, Dijkstra PD, Alcott C, Lavee D, Ma J, 
O’Connell LA, et al (2013): Prostaglandin F2α 
facilitates female mating behavior based on 
male performance. Behav Ecol Sociobiol 67: 

1307–1315.
Klatt JD, Goodson JL (2013): Oxytocin-like re-

ceptors mediate pair bonding in a socially 
monogamous songbird. Proc Biol Sci 280: 

20122396.

Lee H-J, Macbeth AH, Pagani JH, Young WS 
(2009): Oxytocin: the great facilitator of life. 
Prog Neurobiol 88: 127–151.

Livak KJ, Schmittgen TD (2001): Analysis of rela-
tive gene expression data using real-time 
quantitative PCR and the 2ΔΔCT method. 
Methods 25: 402–408.

Matz MV, Wright RM, Scott JG (2013): No con-
trol genes required: Bayesian analysis of qRT-
PCR data. PLoS One 8:e71448.

Maximino C, Lima MG, Oliveira KRM, Batista E 
de JO, Herculano AM (2013): “Limbic asso-
ciative” and “autonomic” amygdala in tele-
osts: a review of the evidence. J Chem Neuro-
anat 48–49: 1–13.

Mello C, Nottebohm F, Clayton D (1995): Repeat-
ed exposure to one song leads to a rapid and 
persistent decline in an immediate early 
gene’s response to that song in zebra finch tel-
encephalon. J Neurosci 15: 6919–6925.

Meyer A, Van de Peer Y (2005): From 2R to 3R: 
evidence for a fish-specific genome duplica-
tion (FSGD). BioEssays 27: 937–945.

Ocampo Daza D, Lewicka M, Larhammar D 
(2012): The oxytocin/vasopressin receptor 
family has at least five members in the gna-
thostome lineage, inclucing two distinct V2 
subtypes. Gen Comp Endocrinol 175: 135–
143.

O’Connell LA, Hofmann HA (2011): The verte-
brate mesolimbic reward system and social 
behavior network: a comparative synthesis. J 
Comp Neurol 519: 3599–3639.

O’Connell LA, Matthews BJ, Hofmann HA 
(2012): Isotocin regulates paternal care in a 
monogamous cichlid fish. Horm Behav 61: 

725–733.
O’Connell LA, Rigney MM, Dykstra DW, Hof-

mann HA (2013): Neuroendocrine mecha-
nisms underlying sensory integration of so-
cial signals. J Neuroendocrinol 25: 644–654.

O’Connor CM, Marsh-Rollo SE, Ghio SC, 
Balshine S, Aubin-Horth N (2015): Is there 
convergence in the molecular pathways un-
derlying the repeated evolution of sociality in 
African cichlids? Horm Behav 75: 160–168.

Ophir AG, Zheng D-J, Eans S, Phelps SM (2009): 
Social investigation in a memory task relates 
to natural variation in septal expression of 
oxytocin receptor and vasopressin receptor 1a 
in prairie voles (Microtus ochrogaster). Behav 
Neurosci 123: 979–991.

Owen PC, Perrill SA (1998): Habituation in the 
green frog, Rana clamitans. Behav Ecol Socio-
biol 44: 209–213.

Peeke HV, Peeke SC (1973): Habituation in fish 
with special reference to intraspecific aggres-
sive behavior; in Peeke HV, Herz MJ (eds): 
Habituation. New York, Academic Press, pp 
59–83.

Popik P, van Ree JM (1991): Oxytocin but not va-
sopressin facilities social recognition follow-
ing injection into the medial preoptic area of 
the rat brain. Eur Neuropsychopharmacol 1: 

555–560.
Portavella M, Torres B, Salas C (2004a): Avoid-

ance response in goldfish: emotional and tem-
poral involvement of medial and lateral telen-
cephalic pallium. J Neurosci 24: 2335–2342.

Portavella M, Torres B, Salas C, Papini MR 
(2004b): Lesions of the medial pallium, but 
not of the lateral pallium, disrupt spaced-trial 
avoidance learning in goldfish (Carassius au-
ratus). Neurosci Lett 362:75–78.

Rilling JK, DeMarco AC, Hackett PD, Thompson 
R, Ditzen B, Patel R, et al (2012): Effects of 
intranasal oxytocin and vasopressin on coop-
erative behavior and associated brain activity 
in men. Psychoneuroendocrinology 37: 447–
461.

Romero T, Nagasawa M, Mogi K, Hasegawa T, 
Kikusui T (2014): Oxytocin promotes social 
bonding in dogs. Proc Natl Acad Sci USA 111: 

9085–9090.
Spreng RN, Mar RA (2012): I remember you: a 

role for memory in social cognition and the 
functional neuroanatomy of their interaction. 
Brain Res 1428: 43–50.

Swanson LW, Petrovich GD (1998): What is the 
amygdala? Trends Neurosci 21: 323–331.

Temeles EJ (1994): The role of neighbours in ter-
ritorial systems: when are they “dear ene-
mies”? Anim Behav 47: 339–350.

Tessmar-Raible K, Raible F, Christodoulou F, 
Guy K, Rembold M, Hausen H, et al (2007): 
Conserved sensory-neurosecretory cell types 
in annelid and fish forebrain: insights into hy-
pothalamus evolution. Cell 129: 1389–1400.

Tischmeyer W, Grimm R (1999): Activation of 
immediate early genes and memory forma-
tion. Cell Mol Life Sci 55: 564–574.

Weitekamp CA, Hofmann HA (2017): Neuromo-
lecular correlates of cooperation and conflict 
during territory defense in a cichlid fish. 
Horm Behav 89: 145–156.

Weitekamp CA, Nguyen J, Hofmann HA (2017): 
Social context affects behavior, preoptic area 
gene expression, and response to D2 receptor 
manipulation during territorial defense in a 
cichlid fish. Genes Brain Behav, in press.

D
ow

nl
oa

de
d 

by
: 

U
ni

ve
rs

ity
 o

f T
ex

as
 a

t A
us

tin
   

   
   

   
   

   
   

   
  

12
8.

83
.1

36
.2

13
 -

 4
/2

8/
20

17
 3

:5
6:

01
 P

M


