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Oxytocin is a neuropeptide important for social behaviors such as maternal care and parent–infant bonding. It is believed that oxytocin
receptor signaling in the brain is critical for these behaviors, but it is unknown precisely when and where oxytocin receptors are expressed
or which neural circuits are directly sensitive to oxytocin. To overcome this challenge, we generated specific antibodies to the mouse
oxytocin receptor and examined receptor expression throughout the brain. We identified a distributed network of female mouse brain
regions for maternal behaviors that are especially enriched for oxytocin receptors, including the piriform cortex, the left auditory cortex,
and CA2 of the hippocampus. Electron microscopic analysis of the cerebral cortex revealed that oxytocin receptors were mainly expressed
at synapses, as well as on axons and glial processes. Functionally, oxytocin transiently reduced synaptic inhibition in multiple brain
regions and enabled long-term synaptic plasticity in the auditory cortex. Thus modulation of inhibition may be a general mechanism by
which oxytocin can act throughout the brain to regulate parental behaviors and social cognition.
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Introduction
Oxytocin is an evolutionarily conserved peptide that binds to a
G-protein-coupled receptor with a single isoform (Richard et al.,

1991; Kimura et al., 1992; Kubota et al., 1996; Gimpl and
Fahrenholz, 2001; Knobloch et al., 2012). Oxytocin is synthesized
and released from the supraoptic nucleus (SON) and the para-
ventricular nucleus (PVN) of the hypothalamus to produce a
number of physiological effects involved in mammalian social
behavior (Dulac et al., 2014; Rilling and Young, 2014). Lactation
and parturition are controlled by peripheral release of oxytocin
and oxytocin signaling within the CNS is important for behaviors
such as mating, pair bond formation, and child rearing (Pedersen
and Prange, 1979; McCarthy, 1990; Nishimori et al., 1996; Insel
and Young, 2001; Takayanagi et al., 2005; Bartz et al., 2011;
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Significance Statement

Oxytocin is an important peptide hormone involved in maternal behavior and social cognition, but it has been unclear what
elements of neural circuits express oxytocin receptors due to the paucity of suitable antibodies. Here, we developed new antibodies
to the mouse oxytocin receptor. Oxytocin receptors were found in discrete brain regions and at cortical synapses for modulating
excitatory-inhibitory balance and plasticity. These antibodies should be useful for future studies of oxytocin and social behavior.
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Wacker and Ludwig, 2012). It is believed that the forebrain dis-
tribution of oxytocin receptors is critical for social behaviors (In-
sel and Shapiro, 1992; Olazábal and Young, 2006), but the precise
expression pattern of oxytocin receptors and downstream conse-
quences of oxytocin receptor signaling remain unclear.

A significant barrier to physiological studies of oxytocin is the
lack of adequate oxytocin receptor antibodies suitable for immu-
nohistochemistry and electron microscopy. Previously, receptor
distribution was examined by RNA in situ hybridization or auto-
radiography using radioligands, revealing the general anatomical
areas believed to express oxytocin receptors (Elands et al., 1988;
Tribollet et al., 1989; Gutkowska et al., 1997; Insel and Young,
2001). However, autoradiography lacks cellular resolution and
synapse-type or cell-type specificities required for in-depth study
of neural circuits sensitive to oxytocin. More recently, transgenic
methods combined with viral expression systems have been used
to tag oxytocin receptors with fluorescent reporters such as GFP
(Nakajima et al., 2014) or the Venus variant of YFP (Yoshida et
al., 2009). These important studies have highlighted several regions
and cell types regulated by oxytocin, including somatostatin-positive
interneurons of prefrontal cortex involved in sexual behavior (Na-
kajima et al., 2014) and serotonergic neurons of the raphe nuclei that
control anxiety (Yoshida et al., 2009) and project to nucleus accum-
bens for social reward (Dölen et al., 2013). One caveat of these ap-
proaches is that transgene expression could interfere with the
endogenous expression profile (Harris et al., 2014), especially given
the large number of regulatory elements controlling transcription
and tissue-specific localization of the oxytocin receptor (Gimpl and
Fahrenholz, 2001).

Therefore, we aimed to develop specific antibodies for the
mouse oxytocin receptor. Commercially available antibodies to
the oxytocin receptor are not sufficiently sensitive nor specific
enough to detect cell-type expression (Yoshida et al., 2009). An
additional issue is the sequence similarity between the oxytocin
receptor and receptors for vasopressin, another peptide hormone
important for social behaviors (Dulac et al., 2014; Rilling and
Young, 2014). Therefore, we chose specific sequences in the
oxytocin receptor that differed significantly from vasopressin re-
ceptors. After purifying and validating these antibodies, we inves-
tigated where oxytocin receptors were found in the mouse brain
by examining receptor localization across different areas and also
in subcellular compartments (including excitatory and inhibi-
tory synapses) using electron microscopy.

Recently, we showed how oxytocin affects cortical circuits to
enable maternal behavior (Marlin et al., 2015). In particular, oxy-
tocin enables mice to recognize the behavioral significance of
infant distress vocalizations. Expression of maternal retrieval be-
havior is enhanced by oxytocin (Ehret, 1987; Koch and Ehret,
1989) and seems to require plasticity specifically within left audi-
tory cortex to reorganize excitatory and inhibitory inputs for
successful processing of pup distress calls (Marlin et al., 2015).
Therefore, we focused our analysis on receptor expression within
auditory cortex to determine the anatomical and physiological
basis of this functional specialization and to describe the elements
of cortical circuits sensitive to oxytocinergic modulation. We also
investigated whether there were general principles of oxytocin
receptor expression and function depending on sex, experience,
age, and subcellular location. Our results indicate that oxytocin
modulation is important for regulating excitatory–inhibitory
balance and plasticity in the auditory cortex and possibly
throughout the brain.

Materials and Methods
Production of oxytocin receptor antibodies. All procedures were approved
under New York University Institutional Animal Care and Use Commit-
tee protocols. Four custom peptides were synthesized based on the
mouse oxytocin receptor amino acid sequence: ELDLGSGVPPGAEGN-
LTAGPPRRNE (aa 12–36; OXTR-1) at the N terminus, EGS-
DAAGGAGRAALARVSSVKLISKAKI (aa 243–270; OXTR-2) in the
third intracellular loop, and CCSARYLKGSRPGETSISKK (aa 345–365;
OXTR-3) and KKSNSSTFVLSRCSSSQRSCSQPSSA (aa 363–388;
OXTR-4) at the C terminus. These target peptides were chosen based on
a high level of antigenicity using the Thermo Scientific Antigen Profiler.
BLAST analysis was performed to ensure the uniqueness of these sites in
the mouse proteome. The peptides were generated by AnaSpec with a
terminal cysteine added to each peptide to allow for conjugation to key-
hole limpet hemocyanin (KLH). KLH conjugation and injection into
rabbits was performed by the Pocono Rabbit Farm & Laboratory. Each
rabbit was injected with the respective peptide solution biweekly and a
small bleed was collected monthly. The resulting polyclonal antisera were
tested using dot and Western blot and immunohistochemistry before
being further purified using affinity chromatography.

The immune serum of each rabbit contains many antibodies; there-
fore, recovery of the oxytocin receptor antibodies was accomplished via
affinity purification. A peptide column was built for each of the four
different peptides. Then, 2.5 mg of peptide in 2 ml of PBS, pH 8.0, and 10
mg of high-quality bovine serum albumin (BSA; Sigma-Aldrich) were
mixed in a glass tube. A crosslinking agent, 3-maleimidobenzoic acid
N-hydroxysuccinimide ester (1.5 mg; Sigma-Aldrich) was dissolved in 50
�l of DMSO, added to the peptide-BSA solution, and stirred for 1 h to
allow for coupling. The optical density (OD) of the solution was exam-
ined at 280 nm. CNBr-activated Sepharose 4B beads (GE Healthcare)
were then suspended in 1 mM HCl and then washed with PBS to neutral-
ize the pH. The resin was mixed with the peptide/BSA solution and
incubated overnight at 4°C. The OD of this peptide–BSA mixture was
again examined at 280 nm to ensure �80% binding of the complex to the
column beads. The column was washed with PBS and 0.1 M Tris, pH 8.0,
before being washed extensively with sodium acetate (0.1 M) and NaCl in
TBS. The column was equilibrated with a 0.1% Tween 20 solution in
Tris-buffered saline (TBST), spun and filtered, and then incubated over-
night with column resin at 4°C. Sera flow-through was collected and
washed with 200 –300 ml of TBST. Glycine-HCl (4 –5 ml) was added to
the column for 10 min. Antibodies were then eluted into tubes with 40 �l
of 1 M Tris, pH 9.0, and 40 �l of 5 M NaCl for each milliliter of elute.
Protein concentration was measured via OD at 280 nm and a sample of
each fraction run on an SDS-PAGE gel stained with Coomassie Brilliant
Blue to assess presence of antibodies as a protein band for light (�25
kDa) and heavy chains (�50 kDa) of IgG. Further specificity testing was
done for each fraction via immunohistochemistry in wild-type and oxy-
tocin receptor knock-out brain sections.

Specificity of antibodies was further evaluated via Western blot anal-
ysis of HEK293 cells expressing an oxytocin receptor–Venus construct
(provided by L.J. Young, Emory University) and protein extracts from
mouse uterus and brain. Untransfected HEK293 cells, as well as tissues
from the oxytocin-receptor knock-out uterus and brain, were used as
controls in each Western blot analysis. The isolation of protein was done
using a lysis buffer consisting of 50 mM Tris, pH 8.0, 1% Nonidet P-40, 10
mM ethylenediaminetetraacetic acid, 0.1% Triton X-100, 0.1% SDS, 150
mM NaCl, and freshly added phosphatase and protease inhibitors
(Roche). Lysates were spun for 10 min (15,000 rpm) to pellet the nuclear
fraction and the protein content of the supernatant was assayed using
spectrophotometry. Next, 20 �g of protein from cell lysates and 50 –75
�g of protein from tissue lysates were separated by SDS-PAGE and trans-
ferred to PVDF membranes. Nonspecific antibody binding was blocked
by incubating blots with 5% milk in TBST buffer (20 mM Tris, 137 mM

NaCl, 0.1% Tween 20) or 3% BSA in TBST. Membranes were washed in
TBST buffer and incubated in oxytocin receptor antibody (1 �g/ml)
overnight at 4°C. The next morning, membranes were washed in TBST
and then incubated for 1 h at room temperature with horseradish
peroxidase-conjugated anti-rabbit secondary antibodies. The mem-
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branes were washed with TBST and then the signal was visualized with
enhanced chemiluminescence (GE Healthcare). Controls were done by
using preimmune sera and target peptide immunoblots to show specific-
ity of bands for the oxytocin receptor.

For immunohistochemical analysis with light microscopy, wild-type
or oxytocin receptor knock-out C57BL/6 mice were anesthetized via in-
traperitoneal injection (0.1 ml per 10 g) of a ketamine–xylazine mixture
containing 15 mg/ml ketamine and 5 mg/ml xylazine in 0.9% sodium
chloride solution. Mice were perfused intracardially with a solution of
heparin (1000 units/ml) and PBS to prevent clotting, followed by 40 ml
per mouse of freshly prepared 4% paraformaldehyde in 10 mM phos-
phate buffer. The brains were carefully removed and postfixed in 4%
paraformaldehyde for 2 h at 4°C and then cryoprotected overnight in
30% sucrose at 4°C. The brains were then embedded in a cryoprotectant
medium (Tissue Tek Optimal Cutting Temperature Medium; VWR) and
stored at �80°C until they were sectioned. Coronal 16 �m sections were
cut on a cryostat and collected on SuperFrost Plus glass slides (Fisher
Scientific). Sections were washed in PBS and blocked for 2–3 h at room
temperature in PBS containing 0.2% v/v Triton X-100 and 5% v/v nor-
mal donkey serum. The blocking solution was aspirated and the sections
were incubated with oxytocin receptor primary antibody diluted in block
to a concentration of 1 �g/ml. Sections were incubated for 2 d at 4°C in a
moist chamber. Sections were washed with PBS (3 � 15 min at room
temperature) in a staining jar and incubated for 1–2 h at room temper-
ature in Alexa Fluor-conjugated secondary antibodies diluted 1:500 in
PBS. Any unbound secondary antibody was washed with PBS (3 � 15
min at room temperature) and sections were incubated for 15 min at
room temperature with a DAPI solution (1:10,000 stock diluted in PBS)
for nuclear staining. After a final rinse, the slides were coverslipped using
fluoromount G (Southern Biotechnology Associates). The brains of
wild-type and knock-out animals were processed together to minimize
any confounding factors and parallel sections from knock-out animals
served as controls. As a control, omission of primary antibody eliminated
immunofluorescent labeling from that channel.

Quantification of OXTR-2� cells. Slides were examined and imaged
using a Carl Zeiss LSM 700 confocal microscope with four solid-state
lasers (405/444, 488, 555, 639 nm) and appropriate filter sets. For imag-
ing sections costained with multiple antibodies, short-pass 555 nm (Al-
exa Fluor 488), short-pass 640 nm (Alexa Fluor 555), and long-pass 640
nm (Alexa Fluor 647) photomultiplier tubes were used. The distribution
and number of immunoreactive cells in each section were determined by
taking images of wild-type and knock-out sections under the same laser
power output, pinhole aperture, and gain. Images from each brain area
were collected and saved for manual counts by two independent blinded
observers. Maximum intensity projections of image stacks are shown,
each representing at least six to eight distinct optical planes. Brain areas in
these sections were identified according to stereotaxic coordinates
(Franklin and Paxinos, 2007). In six animals, estrous state was first de-
termined by daily collection of vaginal secretions (Caligioni, 2009)
smeared onto a Superfrost Plus microscope slide. Estrous state was iden-
tified under a light microscope at 10� using the criteria of Byers et al.
(2012). Animals were then anesthetized, perfused, sectioned, and
stained. Quantification of OXTR-2� cells in these animals was per-
formed blind to estrous state.

Quantification of oxytocin receptor mRNA using real-time PCR. Acute
coronal slices of auditory cortex (350 �m thick) were prepared from
postnatal day 40 (P40)–P70 C57BL/6 virgin female mice with a vi-
bratome (Leica). Animals were deeply anesthetized with isoflurane and
decapitated. The brain was rapidly submerged in ice-cold dissection buf-
fer containing the following (in mM): 87 NaCl, 75 sucrose, 2 KCl, 1.25
CaCl2, 7 MgCl2, 25 NaHCO3, 1.3 ascorbic acid, and 10 dextrose. A
dissecting microscope was used to determine the location of auditory
cortex in each slice and a 1-mm-diameter microcurette was used to ob-
tain homologous punches of left and right auditory cortex, which were
then flash frozen in dry ice.

Total RNA was isolated using TRIzol reagent (Invitrogen) and quan-
tified using a NanoDrop spectrophotometer (Thermo Scientific). Equal
amounts of RNA for left and right samples were purified using a DNase I
digestion kit (Invitrogen) and reverse transcribed into cDNA using the

SuperScript III First-Strand Synthesis System (Invitrogen) in a Veriti 96
well thermal cycler (Applied Biosystems). Quantitative PCR was per-
formed using a mouse oxytocin receptor Taqman probe (Life Technol-
ogies, assay ID: Mm01182684_m1) and amplification was performed
using a Step One Plus Real-Time PCR System (Life Technologies). Con-
trols lacking random hexamers, reverse transcriptase, or oxytocin recep-
tor Taqman probe were run to verify the lack of contamination in the
preparation. qPCR assays were performed in triplicate per sample on
96-well plates. Left and right samples from the same animal were run on
the same plate and the ddCT method was used to determine the relative
oxytocin receptor transcript level with ribophorin assay (Life Technolo-
gies, assay ID: Mm00505837_m1) as endogenous controls (Livak and
Schmittgen, 2001). Oxytocin receptor mRNA levels of left and right au-
ditory cortex were compared by Student’s paired two-tailed t test because
the data passed Kolmogorov–Smirnov normality tests.

Quantification of oxytocinergic fiber densities. For viral injections, Oxt-
IRES-Cre animals were bred into a C57BL/6 background. Female mice
2– 4 months old were anesthetized with isoflurane (0.5–2.5%). A crani-
otomy was performed over the left PVN using stereotaxic coordinates
(from bregma in mm: 0.7 posterior, 0.25 lateral, 4 ventral) and pAAV5-
Ef1a-DIO-ChETA-EYFP (1–1.2 �l) was injected (0.1 �l/min). Animals
were given at least 2 weeks to recover and allowed for adequate expres-
sion of YFP and the ChETA variant of channelrhodopsin-2.

Perfusion and immunohistochemical processing of these animals
was conducted as described above. YFP-positive cells and their pro-
jections were detected via a chicken anti-GFP primary antibody (1:
1000; Abcam) and a goat anti-chicken Alexa Fluor 488 secondary
antibody. Confocal images were acquired with a Carl Zeiss LSM 700
confocal microscope and consisted of a z-stack that spanned the
thickness of the section. Maximum intensity projections of image
stacks are shown, each representing at least six to eight distinct optical
planes. YFP� cells and fibers were costained with an oxytocin peptide
antibody (MAB5296; Millipore).

For axon length measurements, YFP-positive axon segments in Oxt-
IRES-Cre animals were quantified with the NeuronJ plugin in ImageJ by
one blinded observer. Traces of the fibers and puncta were drawn over
each image of areas of interest analyzed for OXTR-2 expression, as well as
additional brain regions that revealed YFP-positive fibers. Fiber length
was normalized to area of the acquired image, which covered a specific
anatomic brain region.

Electron microscopy. Brains were collected from oxytocin receptor
knock-out and wild-type littermate mice at 6 –10 weeks of age (provided
by Richard W. Tsien and Katsuhiko Nishimori). Wild-type and knock-
out animals were processed in parallel to ensure equalized labeling con-
ditions. Mice were deeply anesthetized with urethane (34%, i.p., 0.1 cc
per 15 g body weight) and transcardially perfused with 20 ml of saline
containing heparin (4000 U/L) delivered using a peristaltic pump set at a
flow rate of 25 ml/min. Saline was followed without interruption with
250 ml of 4% formaldehyde in 0.1 M phosphate buffer (PB) at a flow rate
of 25 ml/min. The brains were promptly extracted and postfixed over-
night in 4% formaldehyde. Glutaraldehyde was omitted from the fixa-
tion at this stage to optimize preservation of antigenicity.

Free-floating coronal brain sections containing auditory cortex were
prepared the next day using a vibratome set to a thickness of 50 �m.
These sections were collected and stored in new plastic multiwell plates
(Corning) suspended in a solution of 0.01 M PB with 0.9% sodium chlo-
ride, pH 7.4, and containing 0.05% sodium azide for preservation (PBS-
azide). The sections were blocked for 30 min under constant agitation
with 1% bovine serum albumin in PBS-azide (BSA-PBS-Azide) and then
incubated for 40 h at 4°C in OXTR-2 diluted in BSA-PBS-Azide at the
following dilutions: 1:1000, 1:3500, or 1:5000 with or without preadsorp-
tion with 1 mg/ml control peptide. Sections were rinsed 3 times for 10
min in PBS-Azide to remove unbound antibodies and then incubated for
1 h at room temperature with horse anti-rabbit biotinylated antibody
diluted 1:200 in BSA-PBS-Azide. Sections were rinsed to remove un-
bound secondary antibody and then incubated for 30 min in the A�B
solution of the ABC Elite kit (Vector Laboratories). In parallel, 3,3�-
diaminobenzidine HCl (DAB; Sigma-Aldrich) solution was prepared by
dissolving 10 mg tablets in 44 ml of PBS. Once the sections were rinsed of
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A�B solution, DAB solution was activated by
adding 4 �l of 30% hydrogen peroxide per 44
ml of DAB solution. The activated product was
promptly added to the sections and the reac-
tion was stopped after 8 min by transferring the
sections to PBS and rinsing them repeatedly.
The sections were postfixed for 15 min in a 2%
glutaraldehyde in PBS solution, rinsed, and
then stored in PBS-Azide at 4°C.

Next, sections were processed for electron
microscopy by postfixing with 1% osmium te-
traoxide in 0.1 M PB for 1 h, dehydrating with
increasing concentrations of ethanol (up to
70% in water), and then incubating overnight
in 1% uranyl acetate diluted in 70% ethanol for
further preservation of the ultrastructure and
contrast enhancement of membranes. On the
next day, sections were further dehydrated by
increasing concentrations of ethanol up to
100%, rinsed in 100% acetone, and then infil-
trated with EPON 812 (EM Science). The sec-
tions were carefully placed between two Aclar
plastic sheets held flat by a lead weight on top of
the Aclar and cured at 60°C for 24 –36 h. The
flat-embedded sections were then reembedded
in EPON 812-filled Beem capsules and cured.
The position of the auditory cortex in each tis-
sue was visualized by light microscopy and
identified using landmarks such as the external
capsule and the hippocampal anatomy. The
embedded tissue was ultrathin sectioned at an
orientation tangential to the vibratome sec-
tions because that surface was maximally ex-
posed to the antibody. The ultrathin sections
were placed 400-mesh Formvar-coated nickel
grids.

Images were captured using a 1.2 megapixel
Hamamatsu CCD camera from AMT from the
JEOL 1200XL Electron Microscope. Experi-
menters were kept blind to the animal genotypes while capturing images
and quantifying the frequency of immunolabeled profiles. Care was
taken to capture images very close to the EPON–tissue interface in all
animals because these areas had maximal contact with antibody and
therefore immunoreactivity would be highest. Electron microscopic ex-
amination was performed on a total of four wild-type and four oxytocin
receptor knock-out mice. Two to four sections per animal were exam-
ined. Nonoverlapping micrographs (3.4 � 3.4 �m in area captured at a
magnification of 40,000�) were collected (36 –191 micrographs for wild-
type, 49 –168 micrographs for oxytocin receptor knock-outs). Within
each section, micrographs were serially collected in a systematic, contig-
uous manner such that, after collecting one micrograph, the adjoining
area was then imaged without any overlap. This procedure ensured that
micrographs were captured randomly, except for the constraint of imag-
ing as close as possible to the EPON-tissue interface, regardless of
whether an immunolabeled profile was present in the field. Profiles in
each micrograph were categorized by type (excitatory synapse, inhibitory
synapse, axon, dendritic shaft, dendritic spine, cell body, glia) and then
examined for localization of immunoreactivity (presynaptic, postsynap-
tic, intracellular, plasma membrane). Asymmetric synapses were identi-
fied by thick postsynaptic densities (PSDs) on a portion of membrane
adjacent to a vesicle-filled axon terminal and were presumably excit-
atory. Synapses were categorized as symmetric and inhibitory if they
lacked the thick PSDs (Peters et al., 1991). Axons of passage were recog-
nized by the presence of synaptic vesicles and lack of synaptic junction
within that micrograph. Dendritic shafts had microtubule arrays and
glial cells were identified by their irregular boundaries and absence of
microtubules (Peters et al., 1991). Binomial statistics were used to calcu-
late means and 95% confidence intervals as synapses and cytoplasm were
scored as being either labeled or unlabeled. Fisher’s exact t tests were used

to determine significant differences in immunolabeling between wild-
type and oxytocin receptor knock-out tissues. Cytoplasmic labeling
within axons, dendritic shafts, dendritic spines, and glia were normalized
to the total number of synapses examined (cytoplasmic labels per 100
synapses) to compare labeling across wild-type and knock-out brain
tissues.

Next-generation sequencing of total RNA. Frozen brains from six ani-
mals in each age group (three male, three female) were sectioned in the
coronal plane (rostral to caudal) on a sliding microtome and viewed
through a surgical microscope (Hackett et al., 2015). As areas targeted for
sampling became visible, they were extracted using a sterile tissue punch
or curette of a size appropriate to the brain region. Samples of auditory
cortex were obtained using a 0.5-mm-diameter punch with the ventral
edge beginning �1 mm dorsal to the rhinal fissure. Samples of MGB were
harvested with a curette after using a microdissecting scalpel to circum-
scribe its perimeter; the microdissection procedure was designed to ex-
clude the lateral geniculate nucleus and adjoining nuclei dorsal, medial,
and ventral to the MGB. The extreme rostral and caudal poles of the
MGB were largely excluded from these samples. Punches from homolo-
gous areas of both hemispheres were combined in sterile tube containing
400 �l of TRIzol, homogenized for 45 s using a mechanized sterile pestle,
flash frozen on dry ice, then stored at �80°C.

For each TRIzol lysate, 100 �l of Reagent Grade Chloroform
(Fisher Scientific, S25248) was added. The samples were centrifuged
for 3 min on a desktop centrifuge to fractionate the aqueous and
organic layers. After centrifugation, the resulting aqueous layer was
carefully removed and transferred to 2.0 ml tubes (Sarstedt, 72.694)
run on QIAsymphony using the QIAsymphony RNA Kit (Qiagen,
931636) and protocol RNA_CT_400_V7, which incorporates DNase
treatment. Before each run, the desk was UV irradiated using the

Figure 1. Design of oxytocin receptor antibodies. Aligned sequences of mouse oxytocin receptor and vasopressin V1a/V1b
receptors. The four epitope sequences (OXTR-1,2,3,4) chosen for antibody generation are highlighted in bold. *Amino acid identity
between oxytocin receptor and either V1a and/or V1b receptor; “:” or “.”, amino acid similarity between oxytocin receptor and
either V1a and/or V1b receptor (“:” represents similarity of �0.5 in the Gonnet-PAM 250 matrix).
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programmed cycle. The resulting RNA was eluted to 100 �l of RNase
TRIzol-free water and stored at �80°C in 2.0 ml Sarstedt tubes until
use. Samples were initially quantitated using a Qubit RNA assay.
Additional analyses of purity and the quantitation of total RNA were
performed using a NanoDrop spectrophotometer (Thermo Scien-
tific) and Agilent RNA 6000 Pico chip (Agilent) according to the
manufacturer’s protocol using the reagents, chips, and ladder pro-
vided in the kit.

RNAseq was performed by the Vanderbilt Technologies for Advanced
Genomics core (VANTAGE) as in Hackett et al. (2015). Total RNA was
isolated with the Aurum Total RNA Mini Kit (Bio-Rad). All samples were
quantified on the QuBit RNA assay. RNA quality was verified using an
Agilent Bioanalyzer. RNAseq data were obtained by first using the Ribo-
Zero Magnetic Gold Kit (Human/Mouse/Rat; Epicenter) to perform ri-
bosomal reduction on 1 �g of total RNA following the manufacturer’s
protocol. After ribosomal RNA (rRNA) depletion, samples were purified
using the Agencourt RNAClean XP Kit (Beckman Coulter) according to
the Epicenter protocol specifications. After purification, samples were
eluted in 11 �l of RNase-free water. Next, 1 �l of ribosomal depleted
samples was run on the Agilent RNA 6000 Pico Chip to confirm rRNA
removal. After confirmation of rRNA removal, 8.5 �l of rRNA-depleted
sample was input into the Illumina TruSeq Stranded RNA Sample Prep-
aration Kit for library preparation. Libraries were multiplexed 6 per lane
and sequenced on the HiSeq 2500 to obtain at least 30 million paired end
(2 � 50 bp) reads per sample.

RNAseq data went through multiple stages of quality control as rec-
ommended by Guo et al. (2014a). Raw data and alignment quality con-
trol were performed using QC3 (Guo et al., 2014b) and gene
quantification quality control was conducted using MultiRankSeq (Guo
et al., 2014c). Raw data were aligned with TopHat2 (Kim et al., 2013)
against the mouse mm10 reference genome and read counts per gene
were obtained using HTSeq (Anders et al., 2015). Normalized read

counts for OXTR were obtained by dividing
raw read counts against total read count in the
sample and multiplying by 10 6. Normalized
read counts were averaged over all samples for
each age (P7, P14, P21, adult) and brain region
(auditory cortex, auditory thalamus). ANOVA
with Tukey post hoc testing was used to screen
for significant differences in expression be-
tween ages for each brain area and gene.

In vitro electrophysiology. Acute slices of left
auditory cortex, piriform cortex, and PVN
were prepared from adult virgin female
C57BL/6 mice. Animals were deeply anesthe-
tized with a 1:1 ketamine/xylazine mixture and
decapitated. The brain was rapidly placed in
ice-cold dissection buffer containing the fol-
lowing (in mM): 87 NaCl, 75 sucrose, 2 KCl,
1.25 NaH2PO4, 0.5 CaCl2, 7 MgCl2, 25
NaHCO3, 1.3 ascorbic acid, and 10 dextrose,
bubbled with 95%/5% O2/CO2, pH 7.4. Slices
(300 – 400 �m thick) were prepared with a vi-
bratome (Leica), placed in warm dissection
buffer (33–35°C) for �30 min, and then trans-
ferred to a holding chamber containing artifi-
cial CSF (ACSF) at room temperature
containing the following (in mM): 124 NaCl,
2.5 KCl, 1.5 MgSO4, 1.25 NaH2PO4, 2.5 CaCl2,
and 26 NaHCO3,. Slices were kept at room
temperature (22–24°C) for �30 min before
use. For experiments, slices were transferred to
the recording chamber and perfused (2–2.5 ml
min �1) with oxygenated ACSF at 33°C.

Somatic whole-cell recordings were made
from layer 5 pyramidal cells in the auditory
cortex, layer 2–3 pyramidal cells in piriform
cortex, and PVN neurons from either wild-
type virgin female mice or virgin female Oxt-
IRES-Cre mice expressing ChETA in oxytocin

neurons. Recordings were performed in voltage-clamp or current-clamp
mode with a Multiclamp 700B amplifier (Molecular Devices) using IR-
DIC video microscopy (Olympus). Patch pipettes (3– 8 M	) were filled
with intracellular solution either for voltage-clamp recordings contain-
ing the following (in mM): 130 Cs-methanesulfonate, 1 QX-314, 4 TEA-
Cl, 0.5 BAPTA, 4 MgATP, 10 phosphocreatine, 10 HEPES, pH 7.2, or
current-clamp recordings containing the following (in mM): 135
K-gluconate, 5 NaCl, 10 HEPES, 5 MgATP, 10 phosphocreatine, and 0.3
GTP. For auditory cortical neurons, the mean series resistance (Rs) was
31.2 
 11.1 M	 (SD, SD) and the mean input resistance (Ri) was 157.3 

64.0 M	, determined by monitoring cells with hyperpolarizing pulses
(50 pA or 5 mV for 100 ms). For piriform neurons, Rs was 32.6 
 14.5
M	 and Ri was 149.3 
 67.1 M	. For PVN neurons, Rs was 26.0 
 12.6
M	 and Ri was 329.0 
 134.3 M	. Recordings were excluded from
analysis if Rs or Ri changed �30% compared with the baseline period.
Data were digitized at 10 kHz and analyzed with Clampfit 10 (Molecular
Devices). Focal extracellular stimulation (0.25 Hz stimulus rate) was
applied with either a bipolar theta glass or metal electrode (Grass, stim-
ulation strengths of 5–150 �A for 0.01–1.0 ms) located 100 –500 �m
from the recording electrode. To measure excitatory strength, EPSP ini-
tial slope (first 2 ms) or mean peak EPSC (2.5 ms window) was used for
current-clamp or voltage-clamp recordings, respectively; EPSP slope is
correlated with peak amplitude but less prone to contamination by poly-
synaptic activity (Staff and Spruston, 2003; Sweatt, 2009). EPSCs were
measured at hyperpolarized potentials (�70 to �85 mV). For inhibitory
currents, a larger window (5–15 ms) was used and IPSCs were measured
at depolarized potentials (�10 to �40 mV). For optogenetic stimulation,
blue light pulse trains were presented at 5 Hz for 3 min (473 nm wave-
length, 15 mA light intensity, 100 ms pulse width duration). Spontaneous
EPSCs and IPSCs in these recordings were detected with a template EPSC
or IPSC, respectively, and excluded unless the amplitude was �2 SDs

Figure 2. Validation of oxytocin receptor antibody OXTR-2. A, A selective antibody to mouse oxytocin receptor (OXTR-2). Left,
Dot blots of preimmune bleeds and three different amounts of OXTR-2 epitope sequence pure peptide. Note lack of immuoreac-
tivity in the preimmune bleeds. Right, immune bleeds show increasing amounts of immunoreactivity detected with larger
amounts of pure peptide. B, Immmunoblot of HEK cells expressing mouse oxytocin receptors (OTR) compared with control HEK cells
(C). Cells were lysed and immunoblotted with OXTR-2, showing selective detection in transfected receptor-expressing cells but not
untransfected control cells. Red boxes, Region around expected molecular weight of the oxytocin receptor (43 kDa). GAPDH,
loading controls. C, Immunofluorescence in HEK cells transfected with oxytocin receptor-IRES-Venus construct. Scale, 25 �m. D,
OXTR-2 immunostaining in uterus of wild-type (WT uterus) and knock-out animal (KO uterus) imaged at 40�. No staining was
detected in tissue from knock-out animals. Scale, 25 �m. E, OXTR-2 immunostaining in cortex of wild-type animals before and
after preadsorption with oxytocin receptor peptide imaged at 40�. No staining was detected in tissue from knock-out animals.
Scale bar, 100 �m.
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above baseline membrane noise level. The average of all spontaneous
event amplitudes and rates was computed (TTX was not included in the
bath for these measurements). To examine spike generation, some cells
were transiently depolarized by 5–20 mV prior to and during synaptic
stimulation; a fixed duration and amount of depolarization was used for
a given cell during baseline and postoxytocin measurements. Oxytocin,
gabazine (SR95531), DNQX, and APV were purchased from Sigma-
Aldrich. OTA was purchased from Bachem. All statistics and error bars
are reported as means 
 SEM and statistical significance was assessed
with paired two-tailed Student’s t tests.

In vivo electrophysiology. For in vivo electrophysiology, female mice
were anesthetized with isoflurane (0.5–2.5%). A small craniotomy was
performed over left auditory cortex with stereotaxic coordinates (from
bregma in mm: 2.9 posterior, 4.0 lateral). In vivo recordings were per-
formed in a sound-attenuating chamber. To ensure recordings or im-
plants were targeted to A1, we first recorded multiunit activity with
tungsten electrodes. A1 was mapped with pure tones (60 dB SPL, 2–79
kHz at 0.2–1 octave steps, 50 ms duration, 1–3 ms cosine on/off ramps)
delivered in a pseudorandom sequence at 0.5–1 Hz. After locating A1, in
vivo whole-cell current-clamp recordings were made from A1 neurons
with a Multiclamp 700B amplifier (Molecular Devices). Patch pipettes
(4 –9 M	) contained the following (in mM): 135 K-gluconate, 5 NaCl, 10
HEPES, 5 MgATP, 10 phosphocreatine, and 0.3 GTP, pH 7.3. Whole-cell
recordings from A1 neurons were obtained from cells located 420 – 800
�m below the pial surface. Data were filtered at 5 kHz, digitized at 20
kHz, and analyzed with Clampfit 10 (Molecular Devices). For in vivo
recordings of auditory cortical neurons, the mean Rs was 34.0 
 22.0 M	
(SD) and the mean Ri was 128.2 
 82.7 M	. Recordings were excluded
from analysis if Rs or Ri changed �30% compared with the baseline
period. For pairing tones with oxytocin, baseline responses to pure tones
were recorded for 5–20 min. A tone different from the best frequency was
then chosen and presented repetitively for 1–5 min at 0.5–1 Hz in the
presence of oxytocin (50 �M) applied topically via a perfusion system
directly over the craniotomy at a flow rate of 4 ml/min for a total of 3 min.
Afterward, oxytocin perfusion was ceased and saline was gently applied
to the cortical surface with a syringe. This topically applied oxytocin
might diffuse to recorded cells 420 – 800 �m below the pial surface or
may act at more superficially located synapses. All statistics and error bars
are reported as means 
 SEM and statistical significance was assessed
with paired two-tailed Student’s t tests.

Results
OXTR-2, a novel and specific antibody to the mouse
oxytocin receptor
To study the cellular distribution of the oxytocin G-protein-
coupled receptor in the brain, specific antibodies to the mouse
oxytocin receptor were required. We examined the sequence
of the mouse oxytocin receptor (Fig. 1) and selected four pep-
tide regions as immunogens based on previous data on anti-
genicity and the physical and topographical properties of
particular regions of the protein. Specifically, we identified
epitopes that were maximally different from corresponding
regions of the vasopressin V1a/V1b receptors. The affinity of
the oxytocin receptor for oxytocin is only 10-fold greater than
that for vasopressin (Postina et al., 1996), indicating that the
putative ligand-binding domain of the oxytocin receptor is not a
good candidate for generating specific antibodies. Correspondingly,
the areas of highest homology between oxytocin and vasopressin
receptors are located in the extracellular loops and the transmem-
brane helices, whereas the N terminus, C terminus, and the intracel-
lular loops are less conserved (Gimpl and Fahrenholz, 2001). These
differences provided a starting point for choice of epitopes that max-
imized differences between the oxytocin receptor and the vasopres-
sin V1a and V1b receptors. We prepared peptides called OXTR-1,
OXTR-2, OXTR-3, and OXTR-4 (Fig. 1) and used each for rabbit
immunization.

Our initial analysis indicated that all four antisera were posi-
tive. We then focused on OXTR-2, which had the highest sensi-
tivity of the four antibodies. First, we compared the immune and
preimmune sera by immunoblotting with different amounts of
pure target OXTR-2 peptide. No reactivity was observed in the
preimmune bleeds, but higher levels of reactivity were observed
with increasing amounts of OXTR-2 (Fig. 2A). We then used
HEK293T cells transfected with OXTR-IRES-Venus cDNA to ex-
press oxytocin receptors and the Venus YFP variant in the same
cells (Nagai et al., 2002; Yoshida et al., 2009). In Western blots
from oxytocin-receptor-expressing HEK cells, we observed a
protein band at 43 kDa that corresponded to the expected mo-
lecular weight of the mouse oxytocin receptor (Fig. 2B, “OTR”).
In contrast, that band was not present in untransfected control
cells (Fig. 2B, “C”). Oxytocin-receptor-expressing HEK cells were
also immunostained with OXTR-2 and cells were colabeled for
both OXTR-2 and Venus (Fig. 2C).

We then examined OXTR-2 immunofluorescence in tissue
from wild-type versus oxytocin receptor knock-out mice (Nishi-
mori et al., 1996). Positive labeling was detected in wild-type
virgin female uterine tissue (Fig. 2D) and brain (Fig. 3). In con-
trast, no labeling was observed in oxytocin receptor knock-out
mice anywhere in the brain or other tissues such as uterus (Fig.

Figure 3. Expression of oxytocin receptors in virgin female mouse brain. A, Oxytocin receptor
immunostaining in PVN with OXTR-2 imaged at 20�. Red, OXTR-2; blue, DAPI. Scale bar, 100
�m. Top, Wild-type (wt). Bottom, Oxytocin receptor knock-out animal (KO). Immunostaining
with OXTR-2 did not detect receptors in oxytocin receptor knock-out animals. B, OXTR-2 immu-
nostaining in lateral septum of wild-type (top) and knock-out animal (bottom) imaged at 10�.
Scale bar, 150 �m. C, Left auditory cortex of wild-type (top) and knock-out animal (bottom)
imaged at 10�. Scale bar, 100 �m. D, Amygdala imaged at 20�. Scale bar, 100 �m. E,
Hippocampus imaged at 10�. Scale bar, 500 �m. F, Frontal cortex imaged at 20�. Scale bar,
150 �m. G, Olfactory bulb imaged at 10�. Scale bar, 150 �m. H, Median raphe nucleus
imaged at 20�. Scale bar, 150 �m.
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2D), hypothalamic PVN (Fig. 3A), lateral septum (Fig. 3B), and
neocortex (Fig. 3C). Finally, preadsorption of the OXTR-2 anti-
body with OXTR-2 pure peptide abolished the immunoreactivity
observed with antibody alone in wild-type cortex (Fig. 2E). These
experiments demonstrate that the OXTR-2 antibody is highly
specific for the mouse oxytocin receptor and that the antibody
binds to the target epitope sequence on the oxytocin receptor.

Oxytocin receptor expression in adult mouse brain
Next, we used OXTR-2 antibodies to examine the expression
patterns of oxytocin receptors in female virgin mice (Fig. 3) and
compared receptor expression to mother animals and males (Fig.
4). Oxytocin receptors were expressed at various cell densities
throughout the brain. We quantified expression levels in 29 dif-
ferent brain regions of experienced mother mice, pup-naive adult
virgin females, and adult males (Table 1), including hypothala-
mus (Fig. 3A), neocortical regions such as piriform and auditory
cortex (Fig. 3C), amygdala (Fig. 3D), subregions of the hip-

pocampus (Fig. 3E), frontal cortex (Fig. 3F), olfactory bulb (Fig.
3G), and the median raphe nucleus (Fig. 3H). These regions were
chosen based on their importance in social behavior (Yoshida et
al., 2009; Nakajima et al., 2014; Rilling and Young, 2014). Sche-
matics in Figure 4A summarize the mean percentages of
OXTR-2� cells in mothers, virgins, and males relative to total cell
counts for each area detected with DAPI nuclear stain, but it is
important to note that receptor expression in some brain areas
could be somewhat variable.

Our initial characterization showed that oxytocin receptors
were expressed throughout the brains of female and male mice to
varying degrees (Table 1) and the expression level was similar
across the estrous cycle in virgin female auditory cortex or PVN
(p � 0.4 between estrous and proestrous, Student’s unpaired
two-tailed t test, n � 3 animals in each state). Quantification of
oxytocin receptor expression revealed three obvious differences
in the patterns of expression in adult mice. First, piriform cortex
had more OXTR-2� cells in females than in males (Fig. 4B,

Figure 4. OXTR-2 expression profile in the brain. A, Schematics summarizing OXTR-2 expression in mothers, virgin females, and males. Shown are four anterior–posterior coronal sections (from
left: bregma 2.7 mm, interaural 6.5 mm; bregma 0.7 mm, interaural 4.5 mm; bregma �1.1 mm, interaural 2.7 mm; and bregma �2.3 mm, interaural 1.5 mm). Color indicates percentage of
DAPI-positive cells that were OXTR-2� per region. Brain regions identified and quantified in Table 1: auditory cortex (ACtx), anterior hypothalamus (AHP), basolateral amygdaloid nucleus (BL),
central amygdaloid nucleus (Ce), anterior olfactory nucleus (AO), bed nucleus of stria terminalis (BST), hippocampal areas CA1-CA3, dentate gyrus (DG), frontal association cortex (FrA), globus
pallidus (LGP), granular cell layer of the olfactory bulb (GrO), lateral hypothalamic area (LH), right lateral septum (LS), motor cortex (M1), nucleus accumbens core (NaC), piriform cortex (PCtx),
prelimbic cortex (PrL), paraventricular nucleus of hypothalamus (PVN), median raphe (RN), somatosensory cortex (S1), suprachiasmatic nucleus (SCN), supraoptic nucleus of hypothalamus (SON),
visual cortex (V1), and ventromedial hypothalamic nucleus (VMH). Gray areas may have expressed oxytocin receptors but were not quantified here. B, OXTR-2 immunostaining in piriform cortex of
female (left) and male (right) imaged at 10�. Note more OXTR-2� cells in females. Scale bar, 100 �m. C, OXTR-2 immunostaining of virgin female hippocampus imaged at 20�. Scale bar, 200
�m. D, OXTR-2 immunostaining in left auditory cortex (left) and right auditory cortex (right) of virgin female imaged at 20�. Note more staining in left auditory cortex. Scale bar, 100 �m.
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p � 0.03, ANOVA with Bonferroni correction for multiple com-
parisons). Piriform cortex is an olfactory area believed to be im-
portant for learned odor associations and several forms of social
behavior (Haberly and Bower, 1989; Richter et al., 2005; Cohen et
al., 2015). Second, hippocampal CA2 in females had more
OXTR-2� cells than in other regions of the hippocampal forma-
tion (Fig. 4C, p � 0.01). This hippocampal subregion is also
thought to be especially sensitive to peptidergic modulation
and involved in social memory formation (Hitti and Siegel-
baum, 2014; Pagani et al., 2015). Finally, left auditory cortex in
females had more OXTR-2� cells than in right auditory cortex
from the same females (Fig. 4D, p � 0.002, Student’s paired
two-tailed t test), although this lateralization was not observed
in males ( p � 0.9). Collectively, these areas represent a dis-
tributed network for social cognition related to mouse mater-
nal behavior, particularly in terms of auditory, olfactory, and
spatial memory.

These observations then led us to investigate whether cortical
receptor expression was lateralized more generally throughout
the temporal lobe in which the auditory cortex is located or per-
haps in other sensory systems as well. However, this was not the
case. Across animals, there was no clear left/right asymmetry of
OXTR-2 immunoreactivity in primary somatosensory barrel
cortex (p � 0.4) or visual cortex (p � 0.2), although it is impor-
tant to note that we did not test animals behaviorally to control
for paw preference or other forms of functional lateralization
(Biddle and Eales, 1996). We also did not detect significant left
lateralization within other temporal areas surrounding core au-
ditory cortex either dorsal (p � 0.1) or ventral (p � 0.7) from the
core regions. These findings indicate that, although oxytocin may
act throughout the brain, there are specific areas related to ma-

ternal behaviors that may be especially sensitive to oxytocinergic
modulation in female mice beyond the hypothalamus: hip-
pocampal CA2, piriform cortex, and left auditory cortex. Modu-
lation and plasticity in these areas may be especially important for
recognition of infant vocalizations, scents, and locations.

Oxytocinergic axonal projections
How do these patterns of oxytocin receptor expression relate to
axonal projections from oxytocin-releasing neurons of the PVN?
We examined oxytocinergic axons in oxytocin-IRES-Cre (Oxt-
IRES-Cre) mice (Irani et al., 2010; Wu et al., 2012) expressing YFP
specifically in PVN oxytocin neurons via stereotaxic injection of a
Cre-dependent adeno-associated virus (pAAV5-Ef1a-DIO-
ChETA-EYFP). We counted YFP� axon segments and putative
axon terminals in the same brain areas of different virgin female
mice examined for oxytocin receptor expression.

In general, there was little correspondence between the per-
centage of OXTR-2� cells and the density of YFP� axon seg-
ments and terminals in the cortex and throughout the rest of the
brain, although there was some interesting regional heterogene-
ity (Fig. 5). For example, sections of virgin female left auditory
cortex expressed more oxytocin receptors than visual cortex (Ta-
ble 1), but we observed a comparable number of oxytocinergic
fibers across different cortical areas of virgin female Oxt-IRES-
Cre mice (Fig. 5A–C, n � 7 animals, p � 0.3, ANOVA). We also
found that hippocampal CA1 and CA2 had substantially more
YFP� axons than CA3 and the dentate gyrus from the same
animals (Fig. 5D,E, p � 0.05). Over all brain regions examined,
however, there was not a significant correlation between OXTR-2
expression and oxytocinergic axon abundance (Fig. 5F, r: 0.32,
p � 0.1). As we previously reported in a smaller subset of animals

Table 1. Comparison of OXTR-2 labeling in adult mouse brain of mothers, virgin females, and males

Brain region Mothers Virgin females Males

ACtx left (auditory cortex) 20.8 
 3.5% 26.5 
 2.3% 18.9 
 2.1%
ACtx right (auditory cortex) 15.6 
 3.4% 20.6 
 3.0% 18.8 
 2.6%
AHP (anterior hypothalamus) 32.7 
 8.9% 28.6 
 9.8% 25.1 
 7.3%
BL (basolateral amygdaloid nucleus) 23.4 
 5.6% 34.4 
 5.8% 33.5 
 11.5%
Ce (central amygdaloid nucleus) 46.9 
 9.7% 49.2 
 6.6% 37.6 
 5.5%
AO (anterior olfactory nucleus) 55.2 
 3% 48.0 
 3.2% 34.8 
 11%
BST (bed nucleus of stria terminalis) 24.7 
 10% 42.2 
 7.2% 31.5 
 17.1%
CA1 (hippocampus) 32 
 3.7% 22.8 
 6.5% 44.5 
 9.6%
CA2 (hippocampus) 62.6 
 4.3% 52.8 
 5.9% 39.8 
 11.9%
CA3 (hippocampus) 33.3 
 3.6% 23.3 
 7.5% 38.6 
 16.3%
DG (dentate gyrus of hippocampus) 30.8 
 9.7% 20.8 
 5.6% 31.8 
 5.5%
FrA (frontal association cortex) 51.2 
 5% 42.4 
 11.6% 30.9 
 6.7%
LGP (globus pallidus) 9.5 
 3.5% 13 
 2.9% 10.2 
 2.6%
GrO (granular cell layer of the olfactory bulb) 45.3 
 4.2% 59.4 
 12.2% 34.2 
 13.3%
LH (lateral hypothalamic area) 25.5 
 4.1% 18.0 
 5.4% 26.5 
 19.4%
LS (right lateral septum) 37.3 
 6.7% 55.2 
 9.7% 40.1 
 7%
M1 (right motor cortex) 28.1 
 7% 20.4 
 0.8% 12.5 
 2.1%
NaC (nucleus accumbens core) 18.8 
 6.8% 20.4 
 6.5% 16.2 
 6.6%
PCtx (piriform cortex) 51.0 
 10.1% 44.8 
 7.5% 10.5 
 1.4%
PrL (prelimbic cortex) 60.8 
 9.7% 36.4 
 8.3% 37.9 
 13.2%
PVN (paraventricular nucleus of hypothalamus) 31.1 
 4.6% 33.1 
 8.7% 23.1 
 12.4%
RN (median raphe) 23.2 
 7.1% 17.9 
 3.4% 19.9 
 6.2%
S1 left (somatosensory cortex) 24.6 
 9.5% 24.9 
 5.7% 13.1 
 4.4%
S1 right (somatosensory cortex) 20.8 
 6.3% 22.4 
 5.2% 18.5 
 5.1%
SCN (suprachiasmatic nucleus) 61.8 
 6.7% 60.2 
 6.1% 64.9 
 4.8%
SON (supraoptic nucleus of hypothalamus) 57.1 
 4.1% 55.8 
 8.6% 35.4 
 19.8%
V1 left (visual cortex) 25.2 
 5.9% 18.4 
 6.4% 21.0 
 1.8%
V1 right (visual cortex) 30.5 
 5.9% 20.5 
 6.2% 16.0 
 3.2%
VMH (ventromedial hypothalamic nucleus) 42 
 11.8% 53.1 
 12.1% 44.3 
 8.1%

Listed are the percentages of the OXTR-2-labeled DAPI-positive cells (for all regions except auditory cortex: n � 4 for mothers and virgin females, n � 3 for males; for auditory cortex, n � 7 for mothers, n � 9 for virgin females, n � 5 for males).
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(Marlin et al., 2015), there was no obvious lateralization of axon
segments in left versus right virgin female auditory cortex (left
segments: 1.9 
 0.5 mm axon/mm 2 tissue; right segments: 1.5 

0.5 mm/mm 2, n � 7 mice, p � 0.1, Student’s paired two-tailed t
test).

Hypothalamic nuclei expressed the highest densities of oxyto-
cinergic fibers (including but not limited to the PVN and SON),

almost 10 times greater than the rest of the
brain (Fig. 5G, p � 0.001 for hypotha-
lamic regions compared with nonhypo-
thalamic regions). We observed what
appeared to be direct oxytocin fibers be-
tween PVN and SON (Fig. 5H). Using an
antibody to oxytocin peptide, we con-
firmed that these PVN cells and projec-
tions were oxytocinergic because they
were costained for oxytocin and YFP (Fig.
5I). Therefore, neural processing may be
coordinated in some manner between
these two nuclei by direct interactions me-
diated by oxytocin.

Subcellular localization of cortical
oxytocin receptor expression
We took advantage of the specificity of the
OXTR-2 antibody to examine the subcel-
lular localization of oxytocin receptors.
We used electron microscopy to examine
tissue sections of virgin female mice (Ne-
delescu et al., 2010; Waters et al., 2015),
sampling from the auditory cortex of both
wild-type and oxytocin receptor knock-
out animals to quantify the relative
amount of OXTR-2 labeling in various
subcellular compartments.

We observed OXTR-2 labeling through-
out cortical tissue sections at low to mod-
erate levels (Fig. 6). Oxytocin receptors
were found at putative excitatory syn-
apses, both at presynaptic terminals (Fig.
6A,F, p � 10�4, Fisher’s two-tailed exact
test) opposed to PSDs and also at PSDs
themselves (Fig. 6B,D,F, p � 10�4).
OXTR-2 labeling was also found at inhib-
itory synapses located both on dendritic
shafts and perisomatically (Fig. 6C,F, p �
0.01), as well as preterminal axon seg-
ments and glial cells (Fig. 6D,E,G, p �
10�4 for axonal labeling, p � 0.004 for
glial labeling). However, we did not detect
significant labeling within dendrites (Fig.
6G, p � 0.1). Inhibitory synapse expres-
sion is interesting given recent studies by
us (Marlin et al., 2015) and others (Owen
et al., 2013) showing that oxytocin modu-
lates GABAergic transmission in neocor-
tical and hippocampal circuits. Moreover,
oxytocin receptors are expressed predom-
inantly by cortical interneurons (Naka-
jima et al., 2014; Marlin et al., 2015).
These data suggest that oxytocin receptors
are poised at GABAergic synapses to con-
trol inhibitory transmission, perhaps by

multiple presynaptic and postsynaptic mechanisms.

Development of cortical and thalamic oxytocin
receptor expression
An interesting set of studies has recently examined oxytocin
modulation in the perinatal and postnatal rodent hippocampus,
demonstrating that oxytocin can reduce the efficacy of GABAer-

Figure 5. Oxytocinergic axonal projections from PVN. A, Section of virgin female left auditory cortex from Oxt-IRES-Cre animal
expressing YFP via AAV (pAAV-5Ef1a-DIO ChETA-EYFP) stereotaxically injected into left PVN immunostained with antibodies to YFP
and imaged at 10�. Green, YFP� axons; blue, DAPI. Scale bar, 200 �m. B, Section of virgin female barrel cortex imaged at 10�.
Scale bar, 200 �m. C, Section of virgin female primary visual cortex imaged at 10�. Scale bar, 200 �m. D, Section of virgin female
hippocampus imaged at 10�. White box indicates section shown in E. Scale bar, 200 �m. E, Magnification of CA2 from section
shown in D imaged at 20� showing higher number of axon segments in that area. Scale bar, 100 �m. F, Nonsignificant correlation
between percentages of OXTR-2� cells and axon segment densities across 26 brain regions (r � 0.32, p � 0.1). OXTR-2� cells
quantified in four wild-type virgin female mice; YFP� axon density quantified in seven Oxt-IRES-Cre virgin female mice infected
with Cre-inducible pAAV5-Ef1�:-DIO-ChETA-EYFP virus injected into PVN. G, Comparison of axon segment density in six hypotha-
lamic areas (Hypo) versus 20 nonhypothalamic brain areas (Nonhypo). Hypothalamic areas had significantly more YFP� axon
segments (hypothalamus had 933.1 
 120.9% YFP� axon segments compared with mean axon length in nonhypothalamic
regions, n � 7 virgin female mice, p � 0.001, Student’s unpaired two-tailed t test). Statistics and error bars are means 
 SEM.
**p � 0.01. H, Section of virgin female hypothalamus imaged at 10�. Scale bar, 400 �m. I, Magnification of PVN imaged at 20�
showing costaining with antibody to oxytocin peptide (red). Scale bar, 100 �m.
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gic transmission as either an inhibitory
(Owen et al., 2013) or excitatory (Tyzio et
al., 2006; Tyzio et al., 2014) neurotrans-
mitter. Therefore, we next investigated
whether oxytocin receptors were ex-
pressed in the female mouse auditory
thalamus and cortex at earlier ages and,
if so, whether there were differences in
the patterns of receptor expression early
in life compared with adulthood.

We noticed that the spatiotemporal
profile of OXTR-2� expression in the au-
ditory cortex differed over the first three
postnatal weeks compared with adult-
hood (Fig. 7A–C). We quantified OXTR-2
expression and mRNA levels in the left
and right medial geniculate body (the au-
ditory thalamus; Fig. 7D, top) and audi-
tory cortex (Fig. 7E, top). We observed
changes in the number of OXTR-2� cells
with age. Expression began relatively high
in the auditory thalamus during the first
postnatal week and declined thereafter in
a similar manner for both the left and
right hemispheres (Fig. 7D, top, p � 10�4,
ANOVA with Bonferroni correction for
multiple comparisons). This pattern of
protein expression was matched by a cor-
responding reduction in oxytocin recep-
tor mRNA as measured with RNAseq over
postnatal development after the high lev-
els in the first postnatal week (Fig. 7D,
bottom, p � 0.05).

A different pattern was observed in the
auditory cortex. Initially, expression and
mRNA levels were both low during the
first postnatal week, but then increased
abruptly at week two, decreasing thereaf-
ter to moderate levels in adults (Fig. 7E,
p � 10�4 for OXTR-2 expression, p �
0.03 for mRNA). The second and third
weeks are important stages for auditory
cortical development, with hearing onset
in rodents beginning around P10, the crit-
ical period for tonotopic map organiza-
tion occurring over the next few days, and
the development of excitatory–inhibitory
balance progressing into the end of the
third postnatal week (Dorrn et al., 2010;
Barkat et al., 2011; Froemke and Jones,
2011).

Oxytocin receptor expression is lat-
eralized in adult female mouse auditory
cortex (Marlin et al., 2015), with �30%
more cells expressing these receptors
within core auditory cortex (Fig. 4, Ta-
ble 1). We found that this asymmetrical
receptor expression was not present
early in life, but emerged in the third
postnatal week (Fig. 7F, top), even
though receptor expression was highest
overall during the second postnatal
week (Fig. 7E, top). To examine the bi-

Figure 6. Subcellular localization of oxytocin receptors. A, Oxytocin receptor immunoreactivity in the auditory cortex was
revealed using HRP-DAB as the immunolabel and antibody dilution of 1:3500. Presynaptic immunolabeling was detected on
axospinous asymmetric (presumably excitatory) synapses. The same axon formed another synapse below. At this portion of the
axon, the presynaptic side was unlabeled. Scale bar, 500 nm. B, Three other putative excitatory synapses, one synapse with
labeling over the PSD and two other unlabeled PSDs shown for comparison. Scale bar, 500 nm. C, Example of labeled inhibitory
terminal. Scale bar, 500 nm. D, Cytoplasmic immunolabeling observed in an axon. A labeled PSD is also apparent. Scale bar, 500
nm. E, Cytoplasmic immunolabeling observed in a glial process (putative astrocyte). Scale bar, 500 nm. F, Summary of synaptic
location of OXTR-2 in four wild-type (WT, filled bars) and four oxytocin receptor knock-out animals (KO, open bars). Significant
labeling was detected at putative excitatory presynaptic terminals (E pre, 6.3 
 2.2% WT synapses vs 1.4 
 1.2% KO synapses,
p � 10 �4, Fisher’s two-tailed exact test) and postsynaptic spines (E post, 22.0 
 3.4% WT synapses vs 3.7 
 1.7%
KO synapses, p � 10 �4), putative inhibitory synapses onto dendritic shafts (I pre dend, 11.8 
 5.2% WT synapses vs 4.4 
 3.1%
KO synapses, p � 0.008; I post dend, 9.3 
 4.9% WT synapses vs 2.2 
 2.5% KO synapses, p � 0.0008), and putative inhibitory
synapses onto cell bodies (I pre soma, 13.9 
 8.3% WT synapses vs 2.9 
 5.4% KO synapses, p � 0.006; I post soma, 15.7 
 8.3%
WT synapses vs 1.9 
 4.9% KO synapses, p � 0.0005). A total of 637 WT excitatory synapses, 706 KO excitatory synapses, 312 WT
inhibitory synapses, and 376 KO inhibitory synapses were examined. Statistics and error bars are means 
 95% binomial confi-
dence intervals. **p � 0.01. G, Summary of cytoplasmic location of OXTR-2 in wild-type and oxytocin receptor knock-out animals.
Labeled cytoplasmic segments were quantified relative to the total number of synapses counted (800 WT and 907 KO). Significant
labeling was detected in the cytoplasm of putative axon segments (15.0 
 2.7% WT vs 3.0 
 1.3% KO, p � 10 �4) and glial cells
(12.4 
 2.5% WT vs 7.7 
 1.9% KO, p � 0.004), but not dendrites (2.5 
 1.3% WT vs 1.5 
 1.0% KO, p � 0.1). Statistics and
error bars are means 
 95% binomial confidence intervals.
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ological basis of this asymmetry, we quantified oxytocin re-
ceptor mRNA transcript levels from left versus right female
adult auditory cortex. We observed a subtle but significant
difference in the amount of transcript between the left and
right hemispheres, with more oxytocin receptor mRNA on the
left side than on the right of individual animals (Fig. 7F, bot-
tom, p � 0.05, Student’s paired two-tailed t test). We did not
detect any oxytocin receptor mRNA in auditory cortex tissue
from oxytocin receptor knock-out mice (Fig. 7F, bottom,
“KO”). Therefore, the asymmetry in oxytocin receptors ap-
pears to be prepatterned and is likely driven by transcriptional
regulation or other genetic factors rather than posttransla-
tional mechanisms. These results also support a close coupling

between mRNA amount and protein
amount of oxytocin receptors in the
mouse brain across multiple areas and
ages.

We also noticed that oxytocin recep-
tor expression was lower in layer 4 com-
pared with superficial and deeper layers
(Fig. 7A–C). The number of cells ex-
pressing oxytocin receptors in layer 4
was significantly lower from receptor
expression in other layers at all ages, ex-
cept compared with layers 5– 6 in adult
animals (Fig. 8). During early postnatal
development, when thalamic levels are
high but layer 4 levels are low, oxytocin
might independently modulate tha-
lamic and intracortical circuits. There-
after, the oxytocin-receptor-expressing
cells might mature along a layer-specific
program, first in the superficial layers
and then in deep layers, before expres-
sion occurs or cells mature within
layer 4.

Modulation of synaptic responses
by oxytocin
What are the functional consequences
of oxytocin signaling in the CNS? We
investigated how oxytocin might modu-
late synaptic transmission in the adult
brain, specifically in three areas thought
to be important for social communica-
tion: left auditory cortex (Fig. 9A), piri-
form cortex (Fig. 9B), and PVN (Fig.
9C). We made whole-cell recordings in
brain slices of virgin female mice from
these regions. First, we measured IPSCs
in voltage-clamp mode at a depolarized
holding potential, monitoring inhibi-
tory synaptic responses evoked with
an extracellular stimulation electrode
placed near the recorded cell. After
monitoring baseline IPSCs for several
minutes, oxytocin was washed into the
bath for �5 min and responses mea-
sured during and after oxytocin
application.

In each region, oxytocin consistently
reduced inhibition (Fig. 9D–F ), con-
firming and extending previous studies

in the auditory cortex and hippocampus (Owen et al., 2013;
Marlin et al., 2015). We used 1 �M oxytocin for recordings
from virgin female left auditory cortex (Fig. 9 A, D) and 5 �M

oxytocin for recordings from virgin female piriform cortex
(Fig. 9 B, E) or PVN (Fig. 9C,F ). These concentrations were
chosen based on measurements of dose–response relations for
each region, where 1–5 �M oxytocin led to the maximal
amount of disinhibition in auditory cortex (Fig. 9G). Higher
concentrations were required to reduce inhibition by a com-
parable degree in piriform cortex (Fig. 9H ) and PVN (Fig. 9I ),
with 5–10 �M oxytocin reducing inhibition by a similar level in
these two regions. Note that ACSF alone (0 �M oxytocin) did
not affect IPSC amplitudes (Fig. 9G–I ). Optogenetic release of

Figure 7. Development of auditory thalamocortical oxytocin receptor expression. A, OXTR-2 labeling in female left auditory
cortex of postnatal week 1 mouse. Note lower level of expression in layer 4 compared with other layers. Scale bar, 100 �m. B,
OXTR-2 labeling in female left auditory cortex of postnatal week 2 mouse. Scale bar, 100 �m. C, OXTR-2 labeling in female left
auditory cortex of postnatal week 3 mouse. Scale bar, 100 �m. D, Summary of OXTR-2-labeled cells (top) and OXTR mRNA
measured with RNAseq (bottom) at different postnatal weeks (Wk) in auditory thalamus. The first postnatal week had the highest
amount of thalamic OXTR-2 expression (n � 18 animals, 4 – 6 animals/age; p � 10 �4, ANOVA with Bonferroni correction for
multiple comparisons) and mRNA level (n � 11 animals, 2–3 animals/age; p � 0.05). Filled symbols, tissue from left hemisphere;
open symbols, right hemisphere. Red lines and error bars are means 
 SEM. E, Summary of OXTR-2-labeled cells (top) and OXTR
mRNA (bottom) at different ages in auditory cortex. The second and third postnatal weeks had the highest amount of cortical
OXTR-2 expression (n � 21 animals, 4 –7 animals/age; p � 10 �4) and mRNA level (n � 12 animals, 3 animals/age; p � 0.03).
F, Summary of oxytocin receptor lateralization in left versus right virgin female auditory cortex. Top, OXTR-2 expression is higher in
left auditory cortex than in right auditory cortex from the same animals during and after postnatal week 3 (n � 11 virgin females,
p � 0.0006, Student’s paired two-tailed t test), but not earlier during postnatal weeks 1–2 (n � 10 virgin females, p � 0.2).
Bottom, oxytocin receptor mRNA (measured with RT-PCR relative to ribophorin mRNA expression) is higher in left auditory cortex
than in right auditory cortex from the same adult virgin females (left auditory cortex expressed 112.4 
 5.4% mRNA as right
auditory cortex, n � 9, p � 0.04, Student’s paired two-tailed t test). Oxytocin receptor mRNA was not detected in oxytocin
receptor knock-out mice (KO, n � 3 virgin females). Statistics and error bars are means 
 SEM. *p � 0.05.
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endogenous oxytocin in slices from Oxt-IRES-Cre animals
also reduced IPSCs in each region in a comparable manner
(Fig. 10).

In contrast to the robust and reliable disinhibition produced
within 3– 6 min by pharmacological treatment (Figs. 9, 11A) or
optogenetic release of oxytocin (Figs. 10, 11A), excitatory re-
sponses onto the same cells were relatively unchanged during the
first 3– 6 min of the wash-in period (Fig. 11B). The disinhibitory
effect of oxytocin was blocked by coapplication of a specific oxy-
tocin receptor antagonist, OTA (1 �M, Fig. 11C), indicating that
these effects are mediated directly by oxytocin receptor activation
and not cross-reactivity of oxytocin peptide with other types of
receptors. In auditory cortex and PVN, the reduction of inhibi-
tion could be observed when excitatory synapses were blocked
with DNQX and APV (Fig. 11D). In contrast, blocking excitation
prevented oxytocinergic disinhibition in the piriform cortex (Fig.
11D), suggesting that the mechanism of oxytocin modulation
may be distinct in different brain areas, although the functional
consequences may be similar.

We also assessed whether oxytocin wash-in affected sponta-
neous, ongoing EPSCs and IPSCs in these three regions. Strik-
ingly, spontaneous rates of EPSCs and IPSCs were each increased
in auditory cortex, piriform cortex, and PVN, with spontaneous
inhibitory rates more than quadrupling in piriform cortex (Fig.
11E,F), similar to the effects of oxytocin receptor agonist appli-
cation in hippocampal slices (Owen et al., 2013). This increase in
spontaneous rate occurred in the absence of significant changes
to the mean spontaneous event amplitude (Fig. 11E,G). These
data suggest that, in the auditory cortex and PVN, reduction in
evoked inhibition might occur via presynaptic activation of oxy-
tocin receptors on inhibitory terminals that serve to decrease
GABAergic transmitter release, similar to the action of several
other neuromodulators in mouse cortex (Kruglikov and Rudy,
2008). However, in piriform cortex, excitatory cells and synapses
onto inhibitory cells might be affected by oxytocin, increasing
inhibitory tone and hyperpolarization to reduce excitatory drive
onto inhibitory cells.

Disinhibition can be effective for inducing long-term synaptic
modifications in the auditory cortex (Froemke, 2015). Recently,
we showed that oxytocin could transform responses in female
virgin auditory cortex, increasing the number of spikes evoked by
infant distress vocalizations (Marlin et al., 2015). To examine the
mechanisms and specificity of such cortical plasticity directly, we
recorded from auditory cortical neurons in brain slices (Fig. 12)
and in vivo (Fig. 13). Our goal was to determine whether oxytocin
modulation can help to induce long-term potentiation (LTP) of
synaptic input and increase spiking output. We also wondered
whether oxytocin modulation might only be specialized for mod-
ifying responses to pup calls and other kinds of vocalizations or if
oxytocin might more generally affect cortical responses to any
incoming stimulus.

Repetitive stimulation in the presence of oxytocin could
reliably potentiate excitatory synapses. A recording from vir-
gin female left auditory cortex in vitro is shown in Figure 12A.
Initially, this neuron almost never fired spikes in response to
synaptic stimulation. Although excitation was initially unaf-
fected, oxytocin wash-in (5 �M) led to a gradual increase in
EPSPs over 10 –20 min, which persisted long after oxytocin
washout. In parallel, this cell began firing action potentials,
eventually firing reliably on almost every trial. Similar effects
were obtained with optogenetic release of endogenous oxyto-
cin in slices made from Oxt-IRES-Cre animals virally express-
ing ChETA in oxytocin neurons. A recording is shown in
Figure 12B and the action of oxytocin on LTP induction and
increased spike firing probability for each recording is sum-
marized in Figure 12, E and F, respectively. To determine more
reliably whether LTP could influence spike generation, some
cells were transiently depolarized (5–20 mV) prior to and dur-
ing synaptic stimulation; a fixed duration and amount of de-
polarization was used for a given cell during baseline and
postoxytocin measurements.

It is likely that the initial increase in EPSP was due to reduced
inhibition, allowing the synaptic inputs to more effectively depo-
larize the postsynaptic cell. The maintained enhancement of
EPSP size, however, may be due to mechanisms of LTP or spike-
timing-dependent plasticity (STDP) triggered by repetitive
synaptic stimulation paired with reliable postsynaptic action
potential generation (D’amour and Froemke, 2015). Because
these mechanisms usually depend on activation of NMDA recep-
tors (Froemke, 2015), we made recordings in ACSF containing
the NMDA receptor antagonist APV (50 �M) before oxytocin
wash-in. APV fully blocked long-term changes in both EPSPs and
spike generation (Fig. 12C,E,F) produced by oxytocin. There-
fore, the long-term changes produced by a brief period of oxyto-
cin wash-in required NMDA receptors, strongly suggesting that
this enhancement of EPSP strength is a canonical form of LTP.

To determine whether disinhibition was sufficient to induce
LTP and increase spike firing, we used the GABAA antagonist
gabazine (0.1 �M). Transient gabazine wash-in was effective at
persistently enhancing EPSP slope and spike generation (Fig.
12D–F) in a similar manner as oxytocin wash-in. These data
support the hypothesis that a consequence of the disinhibitory
action of oxytocin modulation is to enable LTP induction, likely
by increasing synaptic strength from a subthreshold to a suprath-
reshold level and consequently inducing excitatory STDP
(D’amour and Froemke, 2015).

These results from brain slices suggest that oxytocin modula-
tion and plasticity may not simply be a special mechanism for
enhancing responses to ultrasonic pup vocalizations. Instead, any
sensory input might potentially be susceptible to oxytocin mod-

Figure 8. Laminar expression of OXTR-2 in auditory cortex. Shown is the percentage of
OXTR-2-labeled cells in auditory cortex at four different postnatal ages, in superficial layers 1–3,
in layer 4, and deep layers 5– 6. Layer 4 contains significantly fewer OXTR-2� cells (**p �
10 �4 compared with layers 1–3 and layers 5– 6, Fisher’s exact two-tailed t test corrected for
multiple comparisons), except compared with layers 5– 6 in adult animals (#p � 0.09).
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ulation. To test this hypothesis, we performed in vivo current-
clamp recordings (Fig. 13A), single-unit cell-attached recordings
(Fig. 13B), and multiunit extracellular recordings (Fig. 13C) from
virgin female mouse primary auditory cortex (A1). For each re-

cording type, we measured pure tone fre-
quency tuning before and after pairing a
specific tone with oxytocin for several
minutes. We observed long-lasting
changes to both synaptic and spiking re-
sponses of A1 neurons and multiunit en-
sembles to the paired tone for 10�
minutes after pairing regardless of the fre-
quency of the paired tone.

These data show conclusively that oxy-
tocin disinhibits cortical neurons directly,
boosting EPSP amplitude and converting
subthreshold responses into suprathresh-
old spiking responses. This leads to mech-
anisms of NMDA-receptor-dependent
plasticity that consolidate these en-
hancements and enable them to persist
in absence of further oxytocin action. In
this way, oxytocin might transiently in-
crease the salience of incoming sensory
input, enabling cortical circuits (and
other oxytocin-sensitive brain regions)
to form new memories of important so-
cial experiences.

Discussion
The distribution of oxytocin receptors
in the mouse brain determines which
components of neural circuits are di-
rectly sensitive to oxytocin modulation
and thus form an important network for
control of social behavior. Using a
novel, specific antibody to the mouse
oxytocin receptor OXTR-2, we found
that oxytocin receptors were widely ex-
pressed throughout the CNS and detect-
able in many brain areas. Previous
important studies using radiolabeled li-
gands and transgenic approaches have
detected receptors in high abundance in
certain brain regions, such as the PVN,
lateral septum, nucleus accumbens, ra-
phe nucleus, and amygdala (Elands et
al., 1988; Insel and Shapiro, 1992; Yo-
shida et al., 2009). OXTR-2 immunore-
activity revealed differential receptor
expression throughout the CNS. Impor-
tantly, no labeling with the antibody was
detected in tissue sections from oxyto-
cin receptor knock-out animals. We
were also able to validate the specificity
of our antibody using electron micros-
copy from wild-type and receptor
knock-out mice.

The goal of our study was to deter-
mine the major features of the oxytocin
circuitry in the mouse brain. We made
four intriguing observations. First, we
confirmed that oxytocin receptor ex-

pression was lateralized in the female mouse auditory cortex
(Marlin et al., 2015) and delineated the “zone of lateraliza-
tion” within the temporal lobe and over development. To ad-

Figure 9. Exogenous oxytocin reduces synaptic inhibition. A, Whole-cell voltage-clamp recording from layer 5 pyramidal
neuron of mouse auditory cortex (ACtx) in vitro. Top, Photomicrograph of experimental setup. Scale bar, 200 �m. Middle, IPSCs
evoked with extracellular stimulation. Oxytocin (1 �m) washed into the bath decreased IPSC amplitude (baseline: 262.7
 5.1 pA,
3– 6 min after start of wash-in: 209.9 
 7.8 pA, reduced to 79.9% of baseline). Statistics are means 
 SEM. Inset, Average IPSC
traces at baseline (black) and 3– 6 min after wash-in (red). Scale bar, 5 ms, 20 pA. Bottom, Ri and Rs for this experiment, which each
changed �10% from baseline during wash-in. B, Whole-cell voltage-clamp recording in piriform cortex (PCtx). Oxytocin (5 �M)
decreased IPSCs (baseline: 189.5 
 4.7 pA, 3– 6 min after wash-in: 129.9 
 4.1 pA, reduced to 68.6% of baseline). Photomicro-
graph scale bar, 200 �m; inset scale bar, 5 ms, 25 pA. Ri changed �5% and Rs changed �20% from baseline during wash-in. C,
Whole-cell voltage-clamp recording in PVN. Oxytocin (5 �M) decreased IPSCs (baseline: 159.0 
 4.6 pA, 3– 6 min after wash-in:
110.4 
 6.1 pA, reduced to 69.4% of baseline). Photomicrograph scale bar, 200 �m; inset scale bar, 15 ms, 50 pA. Ri and Rs each
changed �10% from baseline during wash-in. D, Oxytocin (1 �M) rapidly reduced IPSCs in auditory cortex within 3– 6 min
(decrease to 80.7 
 3.7% of baseline, n � 7, p � 0.003, Student’s paired two-tailed t test; decrease after 5–10 min: 76.4 
 1.9%
of baseline, p � 0.004). E, Oxytocin (5 �M) reduced IPSCs in piriform cortex within 3– 6 min (decrease to 74.7 
 4.5% of baseline,
n � 6, p � 0.004; decrease after 5–10 min: 65.0 
 0.9% of baseline, p � 10 �6). F, Oxytocin (5 �M) reduced IPSCs in PVN within
3– 6 min (decrease to 71.1 
 5.3% of baseline, n � 5, p � 0.02; decrease after 5–10 min: 58.5 
 1.1% of baseline, p � 10 �5).
G, Dose–response relationship for oxytocin and auditory cortex IPSCs. Oxytocin (1–5 �M) reduced IPSCs by a comparable level
( p � 0.7, ANOVA). Light red circles, Individual recordings; red line, sigmoidal fit (goodness-of-fit r 2 � 0.72, n � 25). H,
Dose–response relationship for oxytocin and piriform cortex IPSCs (goodness-of-fit r 2 � 0.88, n � 22). Oxytocin (5 and 10 �M)
reduced IPSCs by a comparable level ( p � 0.7, Student’s unpaired two-tailed t test). I, Dose–response relationship for oxytocin
and PVN IPSCs (goodness-of-fit r 2 � 0.81, n � 20). Oxytocin (5 and 10 �M) reduced IPSCs by a comparable level ( p � 0.9,
Student’s unpaired two-tailed t test).
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dress the lateralization of the receptor,
we also examined mRNA levels using
both qPCR and RNAseq and found that
the levels of transcript followed similar
patterns as oxytocin receptor protein
expression, both in the left and right
adult female auditory cortex, as well as
in the overall developmental profile in
auditory cortex and thalamus. The po-
tential mechanisms for this surprising
lateralization of both protein and tran-
script levels is unclear, but the oxytocin
receptor is under tremendous control
by various regulatory elements that pro-
vide potential for asymmetric expres-
sion (Gimpl and Fahrenholz, 2001).
This has been best described in C. el-
egans, in which extensive regulatory net-
works control asymmetric left/right
expression of receptor-type guanylyl cy-
clases in the ASE gustatory neurons and
G-protein-coupled receptors in AWC
olfactory neurons (Troemel et al., 1999;
Hobert, 2014). Because activity in left
auditory cortex is required for retrieval
of isolated pups by maternal mice (Mar-
lin et al., 2015), it is possible that there is
a computational advantage in this form
of clustered network organization for
rapidly processing complex and etho-
logically important social stimuli such
as infant distress calls for behavioral op-
eration. One clue to the mechanisms
underlying lateralized receptor expres-
sion might be the developmental time
course of receptor expression. Lateralization was only appar-
ent after the third postnatal week, which is particularly signif-
icant given that inhibitory responses begin to mature during
this period in the rodent auditory cortex (Dorrn et al., 2010).
It is possible that receptor lateralization might be part of a
maturational program for specific types of cortical interneurons,
including a subset of parvalbumin-positive and somatostatin-
positive inhibitory cells that predominantly express oxytocin recep-
tors (Nakajima et al., 2014; Marlin et al., 2015).

Second, CA2 and piriform cortex were especially enriched for
oxytocin receptors in females. Together with left auditory cortex,
these regions might form part of a distributed network for rodent
maternal behaviors. There are several behaviors required for suc-
cessful maternal care, which might be augmented or activated by
oxytocin release (Sanchez-Andrade and Kendrick, 2009; Dulac et
al., 2014; Rilling and Young, 2014). Beyond birthing and lacta-
tion, other maternal behaviors such as nest building, recognition
of pup odor, or detection and rescue of isolated pups might rely
on spatial, olfactory, and auditory memories enabled by oxytocin
modulation and plasticity within CA2, piriform cortex, and left
auditory cortex, as well as many other brain areas (Cui et al.,
2013; Dulac et al., 2014; Rilling and Young, 2014; Grinevich et al.,
2016). The abundance of oxytocin receptor expression in CA2 is
particularly significant given the finding that this region of the
hippocampus conveys signals to promote social interaction and
memory (Hitti and Siegelbaum, 2014). Oxytocin receptor ex-
pression in mouse auditory cortex or PVN did not seem to be
regulated by estrous. This may be a consequence of the rapid

estrous cycling in mice and is comparable to findings examining
radiolabeled oxytocin receptors in maternal rats (Insel, 1990) and
rabbits (Jimenez et al., 2015).

Third, we found that oxytocin receptor activation modulates
inhibitory transmission and controls long-term plasticity in vitro
and in vivo, even for stimuli that are not a priori “social.” We and
others have found that oxytocin acts as a disinhibitory neuro-
modulator throughout the brain, rapidly decreasing evoked in-
hibitory events in the mouse piriform cortex and PVN, in the
auditory cortex in vitro and in vivo (Marlin et al., 2015), and in
hippocampal neurons in vitro (Owen et al., 2013). Disinhibition
seems to be a general mechanism for modulating cortical circuits
(Kruglikov and Rudy, 2008; Froemke, 2015). Consistent with
this hypothesis, we previously found that oxytocin receptors
were expressed primarily by cortical interneurons, specifically
those that were parvalbumin-positive or somatostatin-positive
(Marlin et al., 2015). This is similar to a recent study in transgenic
mice in which somatostatin-positive inhibitory cells in mouse
frontal cortex were found to express oxytocin receptors (Naka-
jima et al., 2014). At the electron microscopic level, it appeared
that oxytocin receptors were located at excitatory and inhibitory
synapses (both presynaptic and postsynaptic), along axons, and
expressed by glial cells. Surprisingly, however, the predominant
effect of oxytocin modulation is to reduce inhibitory transmis-
sion without directly affecting excitation. This was apparent after
either pharmacological application of exogenous oxytocin or op-
togenetic release of endogenous oxytocin and was consistent
across different brain areas: auditory cortex, piriform cortex, and

Figure 10. Endogenous oxytocin reduces synaptic inhibition. A, Whole-cell voltage-clamp recording from layer 5 pyramidal
neuron of Oxt-IRES-Cre mouse auditory cortex (ACtx) in vitro. Optogenetic stimulation of oxytocin axons decreased IPSC amplitude
(baseline: 115.0 
 4.0 pA, 3– 6 min after start of optogenetic stimulation: 72.0 
 4.4 pA, reduced to 62.7% of baseline). Statistics
are means 
 SEM. Inset, Average IPSC traces at baseline (black) and 3– 6 min after start of optogenetic stimulation (blue). Scale
bar, 15 ms, 50 pA. B, Whole-cell voltage-clamp recording in piriform cortex (PCtx). Optogenetic stimulation decreased IPSCs
(baseline: 72.4 
 2.8 pA, 3– 6 min after optogenetic stimulation: 48.9 
 2.1 pA, reduced to 67.6% of baseline). Scale bar, 30 ms,
50 pA. C, Whole-cell voltage-clamp recording in PVN. Optogenetic stimulation decreased IPSCs (baseline: 232.8
9.1 pA, 3– 6 min
after optogenetic stimulation: 123.1 
 9.3 pA, reduced to 52.9% of baseline). Scale bar, 30 ms, 100 pA. D, Optogenetic stimulation
rapidly reduced IPSCs in auditory cortex within 3– 6 min (decrease to 72.8 
 1.8% of baseline, n � 6, p � 0.002, Student’s paired
two-tailed t test; decrease after 5–10 min: 56.5 
 9.0% of baseline, p � 0.002). E, Optogenetic stimulation reduced IPSCs in
piriform cortex (decrease to 64.8 
 4.1% of baseline, n � 5, p � 0.02; decrease after 5–10 min: 60.9 
 4.2% of baseline, p �
0.02). F, Optogenetic stimulation reduced IPSCs in PVN (decrease to 71.9
7.6% of baseline, n�4, p�0.04; decrease after 5–10
min: 67.7 
 6.7% of baseline, p � 0.02).
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PVN in the present and previous study
(Marlin et al., 2015) and also in the hip-
pocampus (Owen et al., 2013). The disin-
hibitory effects of oxytocin may be
triggered by oxytocin binding to recep-
tors at synaptic terminals of inhibitory
cells to reduce transmitter release or per-
haps by activating somatic or axonal re-
ceptors to temporarily silence these
neurons. In contrast to evoked IPSCs,
however, spontaneous IPSCs were en-
hanced by oxytocin; this is consistent
with previous findings in hippocampal
slices from Owen et al. (2013), who sug-
gested a mechanistic link among oxyto-
cinergic depolarization of fast-spiking
hippocampal interneurons, an increase
in spontaneous firing of these neurons,
subsequent increases in spontaneous
inhibitory transmission, and then a re-
duction in available transmitter for
evoked presynaptic spikes, ultimately
decreasing evoked IPSC amplitude onto
hippocampal pyramidal neurons. We
hypothesize that a similar mechanism
may occur in the cortex and PVN. Alter-
natively, the patterns of subcellular oxy-
tocin receptor expression (on both
presynaptic and postsynaptic sites)
might indicate that control of sponta-
neous and evoked inhibition are inde-
pendent and occur via distinct
mechanisms.

As a consequence of disinhibition,
when we made recordings using current-
clamp solution to measure EPSPs and
spikes, we found that EPSPs were poten-
tiated 10 –20 min after oxytocin wash-in
during and after increased spike firing
evoked by extracellular stimulation. We
hypothesize that this is a form of STDP in
the auditory cortex enabled by disinhibition
(D’amour and Froemke, 2015). In contrast,
STDP of EPSCs was not observed, likely be-
cause EPSCs were monitored using voltage-
clamp solution in which spikes were
blocked with QX-314. This dramatic in-
crease in evoked spikes in the auditory cor-
tex could serve as a potential mechanism for
enabling animals to detect, recognize, or en-
code the behavioral significance of vocaliza-
tions or other sounds associated with a
heightenedoxytocinergictone(whichmayre-
flect an important social context for such

Figure 11. Oxytocin modulation of evoked and spontaneous activity in auditory cortex. A, Oxytocin reduced evoked IPSCs within
3– 6 min (auditory cortex 1 �M oxytocin, decrease to 80.7
3.7% of baseline, n�7, p�0.003, Student’s paired two-tailed t test;
auditory cortex optogenetics, decrease to 72.8 
 1.8% of baseline, n � 6, p � 0.002; piriform cortex 5 �M oxytocin, decrease to
74.7 
 4.5% of baseline, n � 6, p � 0.004; piriform cortex optogenetics, decrease to 64.8 
 4.1% of baseline, n � 5, p � 0.02;
PVN 5 �M oxytocin, decrease to 71.1
5.3% of baseline, n �5, p �0.02; PVN optogenetics, decrease to 71.9
7.6% of baseline,
n � 4, p � 0.04). *p � 0.05; **p � 0.01. B, Oxytocin did not significantly affect evoked EPSCs in the first 3– 6 min (auditory cortex
1 �M oxytocin, 98.2 
 4.4% of baseline, p � 0.7, Student’s paired two-tailed t test; auditory cortex optogenetics, 90.5 
 10.9%
of baseline, p � 0.4; piriform cortex 5 �M oxytocin, 97.0 
 4.4% of baseline, p � 0.5; piriform cortex optogenetics, 103.5 

16.8% of baseline, p � 0.8; PVN 5 �M oxytocin, 104.5 
 13.6% of baseline, p � 0.7; PVN optogenetics, 80.4 
 10.7% of baseline,
p � 0.1). C, OTA (1 �M) prevented oxytocinergic reduction of IPSCs (auditory cortex 1 �M oxytocin, 107.4 
 5.9% of baseline, n �
4, p � 0.3; piriform cortex 5 �M oxytocin, 98.1 
 4.8% of baseline, n � 4, p � 0.7; PVN 5 �M oxytocin, 100.1 
 6.3% of baseline,
n � 3, p � 0.9). D, Oxytocin reduced IPSCs in DNQX/APV (25 and 50 �M) in auditory cortex and PVN but not piriform cortex
(auditory cortex 1 �M oxytocin, decrease to 73.1 
 5.3% of baseline, n � 8, p � 0.002; piriform cortex 5 �M oxytocin, 94.2 

2.8% of baseline, n � 5, p � 0.1; PVN 5 �M oxytocin, decrease to 86.9 
 2.2% of baseline, n � 5, p � 0.005). E, Example periods
of spontaneous activity before (black) and during oxytocin wash-in (red). Left, EPSCs and IPSCs from virgin female left auditory
cortex. Scale bar, 100 ms, 10 pA. Middle, Piriform cortex. Scale bar, 25 ms, 10 pA. Right, PVN. Scale bar, 100 ms, 10 pA. *Detected
events in each trace. F, Oxytocin increased spontaneous event frequency (auditory cortex 1 �M oxytocin, spontaneous EPSC
frequency increased to 133.1 
 10.3% of baseline, p � 0.04; auditory cortex spontaneous IPSC frequency increased to 169.5 

17.6% of baseline, p � 0.03; piriform cortex 5 �M oxytocin, spontaneous EPSC frequency increased to 151.3 
 19.1% of baseline,
p � 0.05; piriform cortex spontaneous IPSC frequency increased to 422.1 
 92.0% of baseline, p � 0.04; PVN 5 �M oxytocin,
spontaneous EPSC frequency increased to 124.8 
 2.8% of baseline, p � 0.004; PVN spontaneous IPSC frequency increased to
145.9 
 13.3% of baseline, p � 0.05). Filled bars, EPSCs; open bars, IPSCs. G, Oxytocin did not significantly affect spontaneous
event amplitude (auditory cortex 1 �M oxytocin, spontaneous EPSC amplitude was 96.4 
 2.3% of baseline, p � 0.1; auditory

4

cortex spontaneous IPSC amplitude was 107.7 
 8.2% of
baseline, p � 0.4; piriform cortex 5 �M oxytocin, spontaneous
EPSC amplitude was 93.2 
 3.3% of baseline, p � 0.05; piri-
form cortex spontaneous IPSC amplitude was 102.5
6.8% of
baseline, p � 0.7; PVN 5 �M oxytocin, spontaneous EPSC am-
plitude was 95.9 
 3.0% of baseline, p � 0.2; PVN spontane-
ous IPSC amplitude was 111.8 
 8.9% of baseline, p � 0.2).
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sounds). In this manner, disinhibition due to
oxytocin modulation may increase the sa-
lience of incoming auditory information, al-
lowing animals to rapidly learn the meaning
of pup calls (Marlin et al., 2015) or other arbi-
trarily complex sounds emitted by infants or
adults.

Although inhibitory events were
consistently reduced in each of the three
brain regions examined here (auditory
cortex, piriform cortex, and PVN),
there may be important distinctions in
the mechanisms and details of oxyto-
cinergic modulation in different cir-
cuits. Although IPSCs were reduced by
oxytocin in auditory cortex and PVN
when excitatory receptors were
blocked, DNQX/APV prevented disin-
hibition in the piriform cortex. This
suggests that inhibitory events onto
piriform cortex cells were triggered di-
synaptically by stimulation of excitatory
inputs into interneurons. It is also pos-
sible that optogenetic stimulation of
oxytocinergic fibers leads to corelease of
other neurotransmitters or neuro-
modulators that regulate inhibition,
such as glutamate (Kendrick et al., 1988;
Richard et al., 1991). Furthermore, oxy-
tocin greatly increased the rate of spon-
taneous inhibition onto excitatory
piriform neurons, providing an alterna-
tive mechanism for oxytocinergic disin-
hibition. In the auditory cortex and
PVN, we hypothesize that oxytocin re-
ceptors on presynaptic inhibitory ter-
minals might directly decrease GABA
release, whereas in the piriform cortex,
oxytocin receptor activation might hy-
perpolarize excitatory cells, preventing
them from driving inhibitory cells. In-
hibitory events in piriform cortex and
PVN were also modulated at higher
concentrations of oxytocin than in the

Figure 12. Oxytocin enables cortical plasticity in vitro. A, Current-clamp recording from layer 5 pyramidal cell of virgin female
auditory cortex in vitro. Oxytocin (OT, 5 �m, red bar) washed into the bath gradually increased EPSP slope (baseline: 6.9 
 0.1
mV/msec, 10 –20 min after start of wash-in: 8.3 
 0.1 mV/msec, increased to 120.6% of baseline) and spiking probability (upper
raster plot, baseline: 4.0% of trials, 10 –20 min after wash-in: 96.3% of trials; cell was depolarized by 19 mV). Inset, Representative
traces before (gray) and�15 min after (red) oxytocin wash-in. Scale bar, 10 ms, 10 mV. Ri of this neuron was stable (mean Ri before
wash-in: 165.5 M	, mean Ri 10 –20 min after wash-in: 166.8 M	). B, Current-clamp recording from auditory cortex of virgin
female Oxt-IRES-Cre animal. Optogenetic release of oxytocin (Opto, blue bar) increased EPSP slope (baseline: 2.5 
 0.1 mV/msec,
10 –20 min after start of optogenetic stimulation: 3.5 
 0.05 mV/msec, increased to 141.6% of baseline) and spiking probability
(upper raster plot, baseline: 18.2% of trials, 10 –20 min after start of optogenetic stimulation: 48.7% of trials; cell was depolarized
by 19 mV). Inset, Representative traces before (gray) and �15 min after (blue) optogenetic stimulation. Scale bar, 10 ms, 10 mV.
Ri of this neuron was stable (mean Ri before: 92.4 M	, mean Ri 10 –20 min after: 88.9 M	). C, Current-clamp recording from layer
5 pyramidal cell of virgin female auditory cortex in vitro. Oxytocin wash-in (5 �m oxytocin, red bar) in the presence of APV (50 �m
APV, black bar) did not enhance EPSP slope (baseline: 6.6 
 0.1 mV/msec, 10 –20 min after wash-in: 5.5 
 0.1 mV/msec,
decreased to 83.1% of baseline) or spiking probability (upper raster plot, baseline: 20.8% of trials, 10 –20 min after wash-in: 10.0%
of trials; cell was depolarized by 12 mV). Inset, Representative traces before (gray) and �15 min after oxytocin wash-in in APV
(red). Scale bar, 20 ms, 5 mV. Ri of this neuron was stable (mean Ri before wash-in: 112.6 M	, mean Ri 10 –20 min after wash-in:
112.1 M	). D, Current-clamp recording from layer 5 pyramidal cell of virgin female auditory cortex in vitro. Gabazine (0.1 �m,
black bar) washed into the bath gradually increased EPSP slope (baseline: 4.8 
 0.1 mV/msec, 10 –20 min after start of wash-in:
6.8 
 0.1 mV/msec, increased to 145.5% of baseline) and spiking probability (upper raster plot, baseline: 6.3% of trials, 10 –20
min after wash-in: 100.0% of trials; cell was depolarized by 12 mV). Inset, Representative traces before (gray) and �15 min after
gabazine wash-in (black). Scale bar, 10 ms, 25 mV. Bottom, Ri of this neuron was stable (mean Ri before wash-in: 122.1 M	, mean
Ri 10 –20 min after wash-in: 108.9 M	). E, Oxytocin or gabazine enabled long-term plasticity of synaptic responses in vitro. Mean
change in EPSP slope after oxytocin wash-in (5 �M, mean increase to 117.7
7.2% of baseline, n �10, p �0.04; Student’s paired
two-tailed t test), optogenetic release of oxytocin (mean increase to 119.3 
 5.4% of baseline, n � 5, p � 0.03), oxytocin in APV
(5 �M oxytocin, 50 �M APV, 97.2 
 10.2% of baseline, n � 6, p � 0.7), or gabazine wash-in (0.1 �M, mean increase to

4

117.2 
 6.6% of baseline, n � 7, p � 0.05). *p � 0.05. F,
Oxytocin or gabazine enabled long-term enhancement of
spike firing in auditory cortex. Mean trial-by-trial spiking prob-
abilities before and 10 –20 min after oxytocin wash-in (Bef.,
spike probability per trial before oxytocin: 16.3 
 3.2%; Aft.,
spiking probability after oxytocin: 38.8 
 8.6%, n � 10, p �
0.05) before and 10 –20 min after optogenetic release of oxy-
tocin (spike probability per trial before optogenetic stimula-
tion: 21.8 
 5.7%, spiking probability after optogenetic
stimulation: 66.6 
 12.7%, n � 5, p � 0.03), before and
10 –20 min after oxytocin in APV (spiking probability before
oxytocin in APV: 15.5 
 2.0%, spiking probability after oxyto-
cin in APV: 14.7 
 7.8%, n � 6, p � 0.9), or before and
10 –20 min after gabazine wash-in (spike probability per trial
before gabazine: 12.2 
 3.4%, spiking probability after gaba-
zine: 85.4 
 8.5%, n � 7, p � 0.0002). Same recordings as in
E. *p � 0.05; **p � 0.01. Statistics and error bars are
means 
 SEM.
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auditory cortex. This higher concentration requirement may
be due to differences in effectors downstream of G-protein-
signaling mechanisms that link oxytocin receptor activation to
changes in transmitter release, such as those described by

Owen et al. (2013) in hippocampal
slices. Alternatively, the greater sensitiv-
ity to oxytocin of auditory cortical in-
hibitory events may be a consequence of
a lower baseline amount of oxytocin re-
lease and/or receptor desensitization in
auditory cortex compared with piriform
cortex and PVN.

Consistent with previous studies in
transgenic mice, glial cells were previ-
ously shown to express oxytocin recep-
tors in OXTR-Venus knock-in animals
(Yoshida et al., 2009). Glial expression
of oxytocin receptors is interesting be-
cause it may allow these cells to sense
ambient oxytocin peptide levels in CSF
or blood, enabling these cells to appro-
priately regulate release of oxytocin and
other neurohormones (Panatier, 2009;
Yoshida et al., 2009). Moreover, oxyto-
cin might directly stimulate hormone
release from astrocytes (Parent et al.,
2008). Further studies are required to
understand how glial oxytocin receptors
may be important regulators of social be-
haviors and neuroendocrine signaling.

Finally, we observed oxytocin-
releasing axons in many diverse regions in
transgenic animals expressing YFP only in
these cells. There was little relation be-
tween axonal distributions and oxytocin
receptor expression profiles, as observed
for some other transmitter systems
(Herkenham, 1987). This suggests that
the specificity of target structures for oxy-
tocin modulation is a purview of the post-
synaptic excitatory and inhibitory
neurons in these regions. Our study may
have been underpowered to see more
fine-grain differences in oxytocin recep-
tors or oxytocinergic axon branches
within individual circuits. However, this
indicates that oxytocin release may act
broadly as a classic volume-transmitted
neuromodulator across the CNS. Conso-
nant with these hypotheses, the dose–re-
sponse relations that we examined
indicate that inhibitory transmission is
less sensitive to low concentrations of
oxytocin in brain regions that express
oxytocin receptors more densely; this in-
cludes the PVN, which highly expressed
oxytocin receptors and had many YFP�
oxytocinergic axons. There appeared to be
extensive oxytocin-positive axon fibers
projecting within and between the PVN
and SON. This observation is especially
interesting given our electrophysiological
recordings from PVN neurons showing

that the PVN is rapidly disinhibited by oxytocin. This modula-
tion of inhibitory tone might help to coordinate excitability and
firing patterns across these two regions, ensuring a substantial
and homogeneous pattern of oxytocin release throughout the

Figure 13. Oxytocin enables cortical plasticity in vivo. A, Whole-cell current-clamp recordings in virgin female mice of synaptic
responses to pure tones before and after oxytocin pairing. Left, Averaged tone-evoked responses from an example whole-cell
recording of AI frequency tuning in vivo. After measuring baseline frequency tuning, topical application of oxytocin was paired with
14 kHz tones (arrow) and tuning curves measured 11–20 min afterward (gray dashed line, baseline responses to 14 kHz tones:
0.8 
 0.2 mV; black solid line, 11–20 min after pairing: 1.7 
 0.3 mV; increase of 214.4% from baseline, p � 0.03, Student’s
unpaired two-tailed t test). Inset, Example EPSPs evoked by paired 14 kHz tones before (gray) and 11–20 min after (black) pairing.
Scale bar, 1 mV, 50 ms. Right, Summary of EPSPs measured in current-clamp mode. Tone-evoked synaptic responses at the paired
frequency were increased after pairing (mean increase 11–20 min after pairing to 167.7 
 20.0% of baseline, n � 4 neurons, p �
0.05, Student’s paired two-tailed t test). B, Single-unit (cell-attached) recordings of spiking in virgin female left auditory cortex
before and after oxytocin pairing. Left, Average tone-evoked responses from cell-attached recording of frequency tuning before
and 11–20 min after oxytocin pairing with 39 kHz tones (gray dashed line, baseline responses to 39 kHz tones: 0.25 
 0.08
spikes/tone, 11–20 min after pairing: 0.75 
 0.19 spikes/tone, p � 0.03, Student’s unpaired two-tailed t test). Right, Summary
of single-unit recordings before and after pairing (before pairing: 0.05 
 0.03 spikes/tone, 11–20 min after pairing: 0.76 
 0.23
spikes/tone, n � 10 neurons, p � 0.02, Student’s paired two-tailed t test). C, Extracellular recordings of multiunit activity in vivo
before and after oxytocin pairing. Left, Average tone-evoked responses from multiunit recording before and 11–20 min after
pairing oxytocin with 16 kHz tones (gray dashed line, baseline responses to 16 kHz tones: 0.0 
 0.0 spikes/tone; black solid line,
11–20 min after pairing: 0.44 
 0.03 spikes/tone; p � 10 �4, Student’s unpaired two-tailed t test). Right, Summary of multiunit
recordings before and after pairing (before pairing: 0.50 
 0.39 spikes/tone, 11–20 min after pairing: 2.06 
 0.63 spikes/tone,
n � 7 recordings, p � 0.04, Student’s paired two-tailed t test).
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brain for multimodal control of information processing. It re-
mains to be determined precisely what types of sensory stimuli
and behavioral episodes (social or otherwise) activate these neu-
rons for central oxytocin release.
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