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Oxytocin (OXT) receptors (OXTRs) are prominently expressed in hippocampal CA2 and CA3 pyramidal neurons, but little is known about
its physiological function. As the functional necessity of hippocampal CA2 for social memory processing, we tested whether CA2 OXTRs
may contribute to long-term social recognition memory (SRM) formation. Here, we found that conditional deletion of Oxtr from fore-
brain (Oxtr �/�) or CA2/CA3a-restricted excitatory neurons in adult male mice impaired the persistence of long-term SRM but had no
effect on sociability and preference for social novelty. Conditional deletion of CA2/CA3a Oxtr showed no changes in anxiety-like behavior
assessed using the open-field, elevated plus maze and novelty-suppressed feeding tests. Application of a highly selective OXTR agonist
[Thr 4,Gly 7]-OXT to hippocampal slices resulted in an acute and lasting potentiation of excitatory synaptic responses in CA2 pyramidal
neurons that relied on N-methyl-D-aspartate receptor activation and calcium/calmodulin-dependent protein kinase II activity. In addi-
tion, Oxtr �/� mice displayed a defect in the induction of long-term potentiation, but not long-term depression, at the synapses between
the entorhinal cortex and CA2 pyramidal neurons. Furthermore, Oxtr deletion led to a reduced complexity of basal dendritic arbors of
CA2 pyramidal neurons, but caused no alteration in the density of apical dendritic spines. Considering that the methodologies we have
used to delete Oxtr do not rule out targeting the neighboring CA3a region, these findings suggest that OXTR signaling in the CA2/CA3a is
crucial for the persistence of long-term SRM.
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Introduction
The hippocampus is a crucial structure for the acquisition and
recall of episodic memory (Bird and Burgess, 2008). It comprises

three cornu ammonis (CA) subregions, including the CA1, CA2,
and CA3. Compared with the CA1 and CA3, the CA2 has not yet
been extensively investigated. Anatomically, CA2 pyramidal neu-
rons have morphology similar to those in the CA3 (Lorente de
Nó, 1934; Ishizuka et al., 1995), despite a lack of the specialized
thorny excrescences that are dendritic characteristic of CA3 py-
ramidal neurons. In addition, CA2 pyramidal neurons exhibit
unique connectivity with intra- and extra-hippocampal struc-
tures. Prominent glutamatergic inputs to CA2 pyramidal neu-
rons come from the dentate gyrus, CA3 pyramidal neurons and
the entorhinal cortex (EC; Kohara et al., 2014; Chevaleyre and
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Significance Statement

Oxytocin receptors (OXTRs) are abundantly expressed in hippocampal CA2 and CA3 regions, but there are little known about their
physiological function. Taking advantage of the conditional Oxtr knock-out mice, the present study highlights the importance of
OXTR signaling in the induction of long-term potentiation at the synapses between the entorhinal cortex and CA2 pyramidal
neurons and the persistence of long-term social recognition memory. Thus, OXTRs in the CA2/CA3a may provide a new target for
therapeutic approaches to the treatment of social cognition deficits, which are often observed in patients with neuropsychiatric
disorders.
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Piskorowski, 2016). Furthermore, CA2 pyramidal neurons re-
ceive afferent inputs from the septum, medium raphe nucleus,
basal nucleus of the amygdala, and hypothalamic paraventricular
and supramammillary nuclei (Haglund et al., 1984; Pikkarainen
et al., 1999; Cui et al., 2013; Zhang and Hernández, 2013; Cheva-
leyre and Piskorowski, 2016). Although little is known about its
functional properties and physiological roles, growing evidence
suggests that the CA2 is more than a passive transition region
between the CA1 and CA3. For instance, recent studies report
that the CA2 may mediate social recognition and play an impor-
tant role in social memory formation (Hitti and Siegelbaum,
2014; Stevenson and Caldwell, 2014; Smith et al., 2016), but its
mode of action remains unclear.

Oxytocin (OXT) is a nonapeptide hormone that is synthesized
and released from the supraoptic nucleus and paraventricular
nucleus (PVN) of the hypothalamus to regulate a wide range of
social (e.g., aggression, affiliation, bonding, and social recogni-
tion) and nonsocial behaviors (e.g., anxiety, stress, depression
and learning and memory; Neumann, 2008; Neumann and Land-
graf, 2008; Lee et al., 2009; Meyer-Lindenberg et al., 2011). OXT
exerts its biological effects by binding to specific OXT receptors
(OXTRs), the G-protein-coupled receptors that are coupled to
phospholipase C through G�q/11 (Gimpl and Fahrenholz, 2001).
OXTRs are widely expressed throughout the brain with especially
prominent expression in the hippocampus, amygdala, striatum,
suprachiasmatic nucleus, bed nucleus of stria terminalis, piri-
form cortex, auditory cortex, and brainstem (Buijs and Swaab,
1979; Sofroniew, 1983; Young and Gainer, 2003; Meyer-
Lindenberg et al., 2011; Grinevich et al., 2016; Mitre et al., 2016).
Intriguingly, OXTRs have a highly restricted pattern of distribu-
tion in the hippocampus, being predominantly expressed in py-
ramidal neurons within the CA2 and CA3 (Yoshida et al., 2009).
OXTR agonist has been shown to enhance synaptic transmission
at Schaffer collateral¡CA2 synapses (Pagani et al., 2015). More-
over, we have recently shown that OXT can stimulate hippocampal
neurogenesis via OXTRs expressed in CA3 pyramidal neurons (Lin
et al., 2017). Owen et al. (2013) have previously demonstrated that
OXT can enhance hippocampal spike transmission in CA1 pyrami-
dal neurons by increasing fast-spiking GABAergic interneuron ac-
tivity. Despite these findings, the physiological functions of CA2
OXTRs have not yet been clearly explained. Social recognition
memory (SRM), the ability of an individual to distinguish famil-
iar from novel conspecifics, is critical for display of appropriate
social behaviors (Insel and Fernald, 2004; Maroun and Wagner,
2016). Because long-term SRM formation is dependent on the
hippocampus (Kogan et al., 2000) and targeted activation of the
CA2 has been shown to enhance SRM (Smith et al., 2016), we
sought to evaluate the potential contribution of CA2 OXTRs to
long-term SRM formation. To this end, we have taken advantage
of Cre/loxP recombinase-based strategy to conditional deletion
of Oxtr in excitatory neurons of mouse CA2/CA3a. Using a com-
bination of genetic, behavioral, and electrophysiological strate-
gies, we provide direct evidence for the importance of CA2/CA3a
OXTRs in the persistence of long-term SRM.

Materials and Methods
Animals. Adult male C57BL/6 (10 –12 weeks), homozygous Oxtr-floxed
(Oxtr J/J; donating investigator: Dr. W. Scott Young 3rd, National Insti-
tute of Mental Health, National Institutes of Health, Bethesda, MD) and
calcium/calmodulin-dependent protein kinase II � (CaMKII�)-Cre trans-
genic mice were originally obtained from The Jackson Laboratory and
bred in our animal facility. Oxtr J/J mice were crossed with CaMKII�-
Cre mice to generate Oxtr conditional knock-out (Oxtr �/�) mice on

a C57BL/6 genetic background. The heterozygous OXTR-Venus
knock-in (Oxtr Venus�Neo/�) mice were generated as described previ-
ously (Yoshida et al., 2009). Mice were genotyped by a PCR-based
method using genomic DNA isolated from tail samples as previously
described (Huang et al., 2014). Mice were housed in groups of three
under a 12 h light/dark cycle in a humidity- and temperature-controlled
(25 � 1°C) rooms with ad libitum access to food and drinking water and
behavioral testing occurred during the light cycle. All experimental pro-
cedures were performed according to the National Institutes of Health
guidelines for the care and use of laboratory animals and in accordance
with protocol approval from the Institutional Animal Care and Use
Committee of National Cheng Kung University.

Construction and production of adeno-associated virus. Adeno-associated
virus (AAV) plasmids encoding a green fluorescent protein/Cre recom-
binase (Cre-GFP) fusion protein (plasmid 20781) or a GFP (AAV-GFP;
plasmid 49055) were obtained from Addgene. Plasmid DNA was amplified
purified and collected using a standard plasmid Maxiprep kit (Qiagen). The
purified plasmids were mixed into CaCl2 solution with the DNA plasmid
coding AAV capsid DJ serotype and cotransfected into HEK293T cells
using calcium phosphate precipitation methods as previously described
(Yang et al., 2012). Transfected cells were harvested at 72 h after trans-
fection and the virus was purified using the AAV purification mega kit
(Cell Biolabs). Viral titers were 5 � 10 12 particles/ml and stored in ali-
quots at �80°C until use.

Stereotaxic viral injection. Recombinant AAV-GFP or AAV-Cre-GFP
was injected bilaterally into dorsal CA2 region using standard stereotaxic
procedures. Under isoflurane (2–5%; Attane) anesthesia, concentrated
virus-stock solution was injected into the targeted sites (0.5 �l per site at
0.25 �l/min) by using a Hamilton syringe with a 34 gauge blunted-tip
needle. The stereotaxic coordinates used were as follows [measured from
bregma (in mm)]: anteroposterior �2.3, mediolateral �2.7, and dorso-
ventral �2.0 according to the description by Franklin and Paxinos
(2008). All injections were performed on 8-week-old mice and were
followed by a 3 week viral incubation period before starting the behav-
ioral experiments. At the end of the experiment, mice used in behavioral
tests were killed by perfusion and the injection sites were evaluated for
each animal. Only those mice with accurate injections in both sides of the
CA2 were included for analysis. To determine the OXT-containing pro-
jecting fibers from the PVN to the stratum lacunosum-moleculare (SLM)
of the CA2, AAV-Ubi-GFP (0.25 �l) was bilateral injected in the PVN
region [anteroposterior �0.58, mediolateral �0.2, dorsoventral �4.75
(mm)]. Three weeks later, brain sections were collected and stained with
anti-OXT antibody (1:500; Millipore, AB911; RRID:AB_2157629).

Fluorescent in situ hybridization. Fluorescent in situ hybridization
(FISH) was performed using RNAscope Multiplex Fluorescent Reagent
Kit 2.0 manufacturer’s instructions (Advanced Cell Diagnostics; RRID:
SCR_012481). Briefly, brain sections (16 �m) were fixed in 4% parafor-
maldehyde for 15 min and dehydrated through graded ethanol solutions
(50, 70, and 100%) for 5 min each. Sections were subjected to reagent
Pretreat 3 at 25°C for 30 min and then hybridized with probes at 40°C for
2 h in a humidified oven (ACD HybEZ Hybridization System). The
Oxtr-O1 probe (Catalog #454011) and the CaMKII� probe (Catalog
#445231) were used to target exon 3 of the Oxtr mRNA and CaMKII�
mRNA, respectively. After hybridization, brain sections were sequen-
tially applied with a series of probe signal amplification steps, rinsed with
ACD Wash Buffer twice for 2 min between each step and mounted with
VECTASHIELD antifade mounting medium (Vector Laboratories) con-
taining 4�,6-diamidino-2-phenylindole (DAPI; 1:5000; Sigma-Aldrich).

Slice preparations and electrophysiology. Hippocampal slices were pre-
pared as previously described (Yang et al., 2012). In brief, mice were
anesthetized with isoflurane and decapitated, and brains were rapidly
removed and placed in ice-cold sucrose cutting solution containing the
following (in mM): sucrose 234, KCl 2.5, CaCl2 0.5, MgCl2 7, NaHCO3 25,
NaH2PO4 1.25, and glucose 11 at pH 7.3–7.4 and equilibrated with 95%
O2-5% CO2. Slices (400 �m) were prepared using a vibrating microtome
(VT1200S; Leica) and transferred to a holding chamber of artificial CSF
(ACSF) containing the following [(in mM): NaCl 117, KCl 4.7, CaCl2 2.5,
MgCl2 1.2, NaHCO3 25, NaH2PO4 1.2, and glucose 11 at pH 7.3–7.4 and
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equilibrated with 95% O2-5% CO2] and maintained at room tempera-
ture for at least 1 h before use.

For recording, one slice was transferred to the recording chamber and
continually perfused with oxygenated ACSF at a flow rate of 2–3 ml/min
at 32.0 � 0.5°C. The extracellular field potential recordings were per-
formed using an Axoclamp-2B amplifier (Molecular Devices). Micro-
electrodes were pulled from microfiber-filled 1.0 mm capillary tubing on
a Brown-Flaming electrode puller (Sutter Instruments). The responses
were low-pass-filtered at 2 kHz, digitally sampled at 10 kHz, and analyzed
using pCLAMP software v8.0 (Molecular Devices; RRID:SCR_011323).
Postsynaptic responses were evoked in CA2 apical dendritic areas by
extracellular stimulation of EC inputs in the SLM of the CA1 at 0.033 Hz
with a concentric bipolar stimulation electrode as previously described
(Chafai et al., 2012). The stimulation strength was set to elicit response
for which the amplitude was 30 – 40% of the maximum spike-free re-
sponse. Field EPSPs (fEPSPs) were recorded with glass pipettes filled with
1 M NaCl (2–3 M� resistance) and the fEPSP slope was measured from
�20 –70% of the rising phase using a least-squares regression. Long-term
potentiation (LTP) was induced by high-frequency stimulation (HFS), at
the test pulse intensity, consisting of one or two 1 s trains of stimuli
separated by an intertrain interval of 20 s at 100 Hz. Long-term depres-
sion (LTD) was induced by low-frequency stimulation (LFS) delivered at
1 Hz for 15 min (900 pulses). The magnitudes of LTP and LTD were
averaged the responses recorded during the last 10 min of the recording
and normalized to 10 min of baseline before LTP or LTD induction.

Whole-cell patch-clamp recordings were made from visually identi-
fied pyramidal neurons in the CA2 region of hippocampal slices using an
Axopatch 200B amplifier (Molecular Devices). CA2 pyramidal neurons
were further confirmed by their specific intrinsic membrane properties
[e.g., the presence of a delay before the firing of the first spike (see Fig. 6A)
and the absence of a slow after-hyperpolarization in response to a sus-
tained depolarization; Chevaleyre and Siegelbaum, 2010]. Data acquisi-
tion and analysis were performed using a digitizer (Digidata 1440A) and
pCLAMP 9 software (Molecular Devices; RRID:SCR_011323). For mea-
surement of synaptically evoked EPSCs, a concentric bipolar stimulation
electrode was placed in the SLM of the CA1 (�200 �m from the CA2) to
stimulate EC inputs at 0.05 Hz and the superfusate routinely contained
gabazine (10 �M; Tocris Bioscience) to block GABAA receptor-mediated
inhibitory synaptic responses. EPSCs were recorded in voltage-clamp
mode at the holding potential of �73 mV. The composition of intracel-
lular solution was as follows (in mM): 135 KMeSO4, 5 KCl, 10 HEPES, 0.1
EGTA-Na, 2 NaCl, 5 ATP, 0.4 GTP, and 10 phosphocreatine at pH 7.2
and osmolarity 280 –290 mosM. Biocytin (0.5%; Sigma-Aldrich) was
routinely included in the intracellular solution to allow post hoc staining
of the recorded neurons. During LTP experiments, synaptically-evoked
EPSPs were obtained in current-clamp mode at a membrane potential of
�70 mV in the presence of the GABAA receptor antagonist gabazine
(10 �M; Tocris Bioscience) and GABAB receptor antagonist CGP55845 (2
�M; Tocris Bioscience). IPSCs were performed in voltage-clamp mode
with the cell held at 0 mV and in the presence of 6-cyano-7-nitro-
quinoxaline-2,3-dione (20 �M; Tocris Bioscience) and D-2-amino-5-
phosphonovaleric acid (APV, 50 �M; Tocris Bioscience) to eliminate
glutamate currents with an intracellular solution containing 135 CsMeSO4

instead of KMeSO4. LTD of IPSCs were induced by HFS, at the test pulse
intensity, consisting of two 1 s trains of stimuli separated by an intertrain
interval of 20 s at 100 Hz (Piskorowski and Chevaleyre, 2013). To assess
OXT-induced change in synaptic transmission, a highly selective OXTR
agonist [Thr 4,Gly 7]-OXT (0.1 �M; Sigma-Aldrich) was bath applied for
20 min and then washed out. Series resistance and input resistance were
monitored online throughout the whole-cell recording with a 5 mV de-
polarizing step given after every afferent stimulus and data were dis-
carded if access resistance changed by 	20%. Sample traces are averages
of 10 consecutive sweeps.

Three-chambered social approach assay. The three-chamber tests for
sociability, response to social novelty and SRM were performed as pre-
viously described (Moy et al., 2004) with minor modifications. The ap-
paratus was a rectangular, three-chambered box fabricated from clear
polycarbonate (60 � 40 � 22 cm). Dividing walls had retractable door-
ways that allowed access into each chamber. The assay consisted of three

testing sessions. On day 1, mice were initially allowed to explore the three
chambers freely for 10 min. After the habituation period, a male juvenile
mouse (stimulus), which had no prior contact with the subject mice, was
placed in a wire cage of left or right chamber (systemically alternated) and
an identical empty wire cage was placed in the other chamber. The sub-
ject mouse was placed in the middle chamber, and then the mouse was
allowed to freely explore all three chambers for 5 min (sociability test).
The time that the test subject spent investigating each chamber was mea-
sured. At the end of the 5 min sociability test, the subject mouse was again
gently guided to the center chamber while the empty wire cage was re-
placed with a novel unfamiliar male juvenile (4-week-old) mouse (Novel
1). The subject mouse again freely explored all three chambers for 5 min
to quantify social preference for a new stranger (social novelty test). The
subject mouse had a free choice between the first, already-investigated
mouse (familiar) and the novel unfamiliar mouse. The time spent in each
chamber was measured. After social novelty test, mice were returned to
their home cages. On days 2 or 8, 1 or 7-d long-term SRM was examined
in which the familiar mouse was placed in either the left or right chamber,
and a novel unfamiliar male juvenile mouse (Novel 2) was placed in the
cage of other chamber. The subject mouse again freely explored all three
chambers for 5 min. The subject mouse had a free choice between the
familiar mouse and the novel unfamiliar mouse for 5 min. The behavior
of the animals was videotaped, tracked and analyzed with the behavioral
tracking system EthoVision (Noldus; RRID:SCR_000441) under 70 Lux
lighting condition.

Five-trial social memory assay. The five-trial social test was performed
as previously described (Hitti and Siegelbaum, 2014). In brief, subject
mice were individually housed for 7 d before testing to establish territo-
rial dominance. On the day of testing, a CD-1 ovariectomized female
mouse was presented to the subject male mouse’s cage for four successive
1 min trials with a 10 min intertrial interval. On the fifth trial, a novel
CD-1 ovariectomized female mouse was presented and the duration of
social investigation was recorded.

Open-field test. For the open-field (OF) test, mice were individually
placed in the center of the test chamber and left to freely explore for 10
min under a dimmed illumination (�10 Lux). The test chamber con-
sisted of a square ground area (42 � 42 cm) surrounded by a 42-cm-high
wall set on a nonreflective white plastic base. The behavior of the animals
was videotaped, tracked, and analyzed with the behavioral tracking sys-
tem EthoVision. The activity was evaluated based on time spent in the
center zone and total distance traveled in the OF. The chamber was
thoroughly cleaned with 70% ethanol after each trial. The percentage of
time spent in the center zone is defined as the percentage of time for the
animals exploring the center 25% (21 � 21 cm) of the chamber.

Elevated plus maze. The elevated plus maze (EPM) test was performed
as previously described (Pellow et al., 1985). The plus-cross-shaped maze
was custom-made of black Plexiglas consisting of two open arms (25 �
5 � 0.5 cm) and two enclosed arms (25 � 5 � 16 cm) extending from a
central square platform (5 � 5 cm) mounted on a wooden base raised 50
cm above the floor. Animals were placed on the center square platform
facing an open arm and allowed to freely explore the maze for 5 min. The
apparatus was illuminated with dimmed light (�10 Lux). The behavior
of the animals was videotaped, tracked, and analyzed with the behavioral
tracking system EthoVision. The activity was evaluated based on the
percentage of time spent in the open versus closed arms. The apparatus
was thoroughly cleaned with 70% ethanol after each trial.

Novelty-suppressed feeding. The novelty suppressed feeding (NSF) test
was performed as previously described (Gross et al., 2002). In brief, food
was removed from the home cage 24 h before testing, whereas water
remained available ad libitum. The next day, mice were placed at the edge
of an OF (42 � 42 cm) with a small piece of chow in the center for 10 min.
The behavior of the animals was videotaped and analyzed with the be-
havioral tracking system EthoVision and the latency to begin chewing
food was measured.

Histology and quantification. Mice were deeply anesthetized with so-
dium pentobarbital (150 mg/kg, i.p.; Sigma-Aldrich) and transcardially
perfused with 4% paraformaldehyde (PFA; Sigma-Aldrich) in 0.1 M PBS,
pH 7.4. After the perfusion, brains were removed and continue to fix in
4% PFA for 24 h at 4°C and then transferred to the solution containing
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30% sucrose that immersed in 4°C for at least 48 h before slicing. Coronal
brain slices containing the hippocampus were sectioned to a 20 �m
thickness, washed with 0.3% Triton X-100, and then incubated for block-
ing with solution containing 3% goat serum in PBS. For quantitative
evaluation of neuronal numbers with Nissl staining, sections were
mounted directly on gelatin-coated glass slides and dried. The slides were
stained with 1.0% cresyl violet, dehydrated through a series of ethanol,
cleared, and coverslipped with Permount (Fisher Scientific). Nissl stain-
ing within the CA2 region was quantified in images from �1.5–2.5 mm
posterior to bregma every sixth coronal section captured at 200� mag-
nification and digitized with an Olympus BX51 microscope coupled to
an Olympus DP70 digital camera. All images were imported into NIH
ImageJ software for analysis.

Quantitative real-time PCR. Total RNA was isolated from hippocam-
pal CA1, CA2, and CA3 tissue lysates using a Tri Reagent kit (Molecular
Research Center) and treated with RNase-free DNase (RQ1, Promega) to
remove potential contamination by genomic DNA as previously de-
scribed (Lin et al., 2017). Total RNA (2 �g) from samples was reverse
transcribed using a SuperScript cDNA synthesis kit (Invitrogen). Quan-
titative real-time PCR (qRT-PCR) was performed on the Roche Light-
Cycler instrument (Roche Diagnostics: RRID:SCR_001326) using the
FastStart DNA Master SYBR Green I kit (Roche Applied Science) accord-
ing to the manufacturer’s instructions. The primers used in this experi-
ment for Oxtr were as follows: forward (5�-TTCTTCGTGCAGATGTG
GAG-3�) and reverse (5�-CCTTCAGGTACCGAGCAGAG-3�). The
PCRs were run for 40 cycles. Each amplification cycle included denatur-
ation at 95°C for 20 s, annealing at 58°C for 20 s, and extension at 72°C for
40 s. All reactions were repeated in duplicate and data were analyzed by
LightCycler quantification software to determine the threshold cycle
above background for each reaction. The relative transcript amount of

the gene of interest, which was calculated using standard curves of serial
RNA dilutions, was normalized to �-actin rRNA.

Golgi impregnation. Mice were deeply anesthetized with sodium pen-
tobarbital (150 mg/kg) and transcardially perfused with 0.1 M PBS and
then brains were removed and immersed in Golgi–Cox solution at room
temperature for 2 weeks. After transferred to a 30% sucrose solution for
48 h, 200-�m-thick coronal sections were prepared by use of a vibrating
microtome (VT1200S). The slices were subsequently alkalinized in
18.7% ammonia, fixed in Kodak Rapid Fix solution, dehydrated in alco-
hol, cleared with xylene, mounted onto gelatinized slides, and cover-
slipped under Permount (Fisher Scientific). Protrusion number was
determined blind to the treatment condition. At least five pyramidal
neurons from each animal (5 animals per group) were chosen for anal-
ysis. Images of dendritic protrusions were taken from the secondary
branches of the apical dendrites (30 – 80 �m from the soma) of CA2
pyramidal neurons by using the Olympus microscope equipped with a
100 � 1.25 NA oil-immersion objective. Multiple Z-stack images of neu-
rons from the CA2 region were collected with the aid of a computer-
assisted neuron tracing system (Neurolucida; MicroBrightField; RRID:
SCR_001775) and further reconstructed by using ImageJ software. The
numbers of protrusions were counted with 30 �m dendrite segments and
presented as the number of dendritic protrusions in 30 �m. According to
their morphology, protrusions were distinguished into four categories:
(1) mushroom-shaped spines with a short neck, (2) stubby spines with a
head but without a neck, (3) thin spines with a long neck and small heads,
and (4) filopodia with no detectable head as described previously (Tyler
and Pozzo-Miller, 2003; Wang et al., 2017).

Immunofluorescence. Oxtr Venus-Neo/� mice were deeply anesthetized
with sodium pentobarbital (150 mg/kg) and transcardially perfused with
4% PFA in 0.1 M PBS, pH 7.4. After the perfusion, brains and spinal cord

Figure 1. Conditional deletion of Oxtr in CA2 excitatory neurons of the mouse hippocampus. A, Doubled-labeled confocal immunofluorescent images showing the colocalization of OXTRs (green)
and CaMKII� (red) in the CA2 of the mouse hippocampus. Insets, High magnification of the boxed area. Scale bar, 10 �m. SO, Stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. B, PCR
screening of tail-derived genomic DNA for selection of Oxtr �/� mice. C, Dual-probe FISH images showing the expression of Oxtr mRNA and CaMKII� mRNA in the CA2 of WT and Oxtr �/� mice
(counterstained with DAPI, blue). Scale bar, 50 �m. Data were replicated in four mice. D, Representative photographs with cresyl violet staining of the CA2 showing that the number of pyramidal
neurons was not significantly affected by conditional deletion of Oxtr compared with age-matched WT mice. Group data showing the summary results from four mice of each group at 10 weeks old.
Scale bars: left, 10 �m; right, 200 �m. The total number of animal examined is indicated by n in parenthesis. Data represent the mean � standard error of the mean (SEM).
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were removed and continue to fix in 4% PFA for 24 h at 4°C and then
transferred to the solution containing 30% sucrose that immersed in 4°C
for at least 48 h before slicing. Coronal slices were sectioned to a 40 �m
thickness, washed with 0.3% Triton X-100, and then incubated for block-
ing with solution containing 3% goat serum in PBS. After blocking, the
sections were incubated with primary antibodies against CaMKII� (1:
500; Novas Biologicals, NB100-81830; RRID:AB_1145020) or striatum-
enriched protein-tyrosine phosphatase (STEP; also known as PTPN5,
1:500; Cell Signaling Technology, Catalog #4376; RRID:AB_1904101).
Finally, sections were washed with TBS-T (10 mM Tris-HCl, 150 mM

NaCl, and 0.025% Tween 20, pH 7.4) and then incubated with the sec-
ondary AlexaFluor 568 antibody (Life Technologies) for 2 h at room
temperature in blocking buffer. The immunostained sections were col-
lected on separate gelatin-subbed glass slides, rinsed extensively in PBS,
and mounted with ProLong Gold Antifade Reagent (Invitrogen). Fluo-
rescence images of neurons were obtained using an Olympus FluoView
FV1000 confocal microscope. All images were imported into NIH ImageJ
software for analysis.

Experimental design and statistical analysis
Experiment 1: conditional deletion of Oxtr from CA2 pyramidal neurons.
To examine the expression of OXTRs in hippocampal CA2 region, we

used Oxtr Venus-Neo/� mice, which express the Venus variant of yellow
fluorescent protein in OXTR-expressing cells (n 
 4; Fig. 1A). We used
the Cre-loxP recombination approach to conditionally delete Oxtr from
hippocampal excitatory neurons by crossing mice expressing CaMKII�-
Cre with Oxtr f/f mice. PCR and dual-probe FISH were used to confirm
the efficiency of Cre-loxP-mediated deletion of Oxtr mRNA from CaMKII�
mRNA-expressing CA2 pyramidal neurons (n 
 4 mice in each group;
Fig. 1 B, C). Cresyl violet staining was used to examine whether the total
number of CA2 pyramidal neurons was altered by conditional deletion of
Oxtr (n 
 4 mice in each group; Fig. 1D).

Experiments 2 and 3: conditional deletion of CA2/CA3a Oxtr impairs
the persistence of long-term SRM. To assess the role of CA2/CA3a
OXTRs in social behavior, we compared the performance of WT and
Oxtr �/� mice in a three-chamber test for sociability (n 
 20 mice in
each group; Fig. 2A), preference for social novelty (n 
 20 mice in
each group; Fig. 2B), 1-d long-term SRM (n 
 10 mice in each group;
Fig. 2C) and 7-d long-term SRM (n 
 10 mice in each group; Fig. 2D).
We also conducted a more stringent five-trial social memory assay to
examine the contribution of CA2/CA3a Oxtr to SRM (WT: n 
 9;
Oxtr �/�: n 
 7; Fig. 2E). The detailed information can be found in
Results describing Figure 2.

Figure 2. Conditional deletion of Oxtr in forebrain excitatory neurons leads to impair the persistence of long-term SRM. A, Top, Schematic diagram of the three-chamber sociability test. Bottom
left, Time spent in each side chamber containing the juvenile stimulus mouse or empty wire cage. Both WT and Oxtr �/� subject mice spent significantly more time interacting with the cage
containing the juvenile stimulus mouse than with the empty wire cage. Bottom right, difference scores (stimulus minus empty) were similar between WT and Oxtr �/� mice in the sociability test.
B, Top, Schematic diagram of the three-chamber social novelty test. Bottom left, Time spent in each side chamber containing a familiar mouse or a Novel 1 mouse, 10 min after the first exposure.
Both WT and Oxtr �/� subject mice spent significantly more time interacting with the cage containing the novel mouse than with the familiar mouse. Bottom right, Difference scores (Novel 1 minus
familiar) were similar between WT and Oxtr �/� mice in the social novelty test. C, Top, Schematic diagram of the three-chamber long-term SRM test. Bottom left, Time spent in each side chamber
containing a familiar mouse or a Novel 2 mouse, 1 d after the exposure. Both WT and Oxtr �/� subject mice spent significantly more time interacting with the cage containing the novel mouse than
with the familiar mouse. Bottom right, Difference scores (Novel 2 minus familiar) were similar between WT and Oxtr �/� mice in 1-d long-term SRM test. D, Top, Schematic diagram of the
three-chamber long-term SRM test. Bottom, Time spent in each side chamber containing a familiar mouse or a Novel 2 mouse, 7 d after the exposure. WT, but not Oxtr �/�, subject mice spent
significantly more time interacting with the cage containing the novel mouse than with the familiar mouse. Bottom right, Difference score (Novel 3 minus familiar) of Oxtr �/� mice was significantly
less than that of WT mice in 7-d long-term SRM test. E, Left, Schematic diagram of the 5-trial social memory assay. Right, Both WT and Oxtr �/� subject mice showed a similar decline in the
investigation time over trials one to four when they were repetitively presented the familiar ovariectomized female CD-1 mouse and increased in the investigation time on Trial 5 when they were
presented with a novel ovariectomized female CD-1 mouse. The total number of animal examined is indicated by n in parenthesis. Data represent the mean � SEM. **p � 0.01,
***p � 0.001.
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For Experiment 3, we used Oxtr f/f mice in combination with Cre
recombinase-mediated gene deletion in a localized fashion through bi-
lateral stereotaxic injections of AAV-GFP or AAV-Cre-GFP adenoviral
vectors targeting the CA2, under control of the CaMKII� promoter. The
successful transduction of AAV-Cre-GFP or AAV-GFP was confirmed
by costaining for the CA2-specific marker STEP (Fig. 3A). We compared
the performance of AAV-GFP and AAV-Cre-GFP mice in a three-chamber
test for sociability (n 
 12 mice in each group; Fig. 3B), preference for social
novelty (n 
 12 mice in each group; Fig. 3C), 1-d long-term SRM (n 
 6
mice in each group; Fig. 3D) and 7-d long-term SRM (n 
 6 mice in each
group; Fig. 3E). The detailed information can be found in Results describing
Figure 3.

Experiments 4: anxiety-like behavior was not affected by conditional de-
letion of CA2/CA3a Oxtr. We examined whether conditional deletion of
CA2/CA3a Oxtr may alter anxiety-like behavior. Oxtr f/f mice received
bilateral injection of AAV-GFP or AAV-Cre-GFP into the hippocampal
CA2 region. Three weeks after stereotaxic injection of AAV-GFP or AAV-
Cre-GFP, mice were subjected to behavioral test. Three behavioral para-
digms, including the OF, EPM, and NSF tests were used to evaluate
changes in anxiety-like behavior (n 
 10 mice in each group; Fig. 4A–E).

qRT-PCR analysis confirmed the loss of Oxtr mRNA expression in the
CA1, CA2, and CA3 regions 3 weeks after the stereotactic injection of
AAV-GFP or AAV-Cre-GFP (n 
 10 mice in each group; Fig. 4F ).

Experiments 5, 6, and 7: conditional deletion of CA2 Oxtr impairs
LTP. For Experiment 5, we examined whether the induction of LTP
and LTD in the CA2 was affected in Oxtr �/� mice (Fig. 5A). LTP was
induced by HFS, consisting of one (WT: n 
 7; Oxtr �/�: n 
 9; Fig.
5 B, D) or two 1 s trains of stimuli separated by an intertrain interval of
20 s at 100 Hz (WT: n 
 6; Oxtr �/�: n 
 9; Fig. 5C,D) and LTD was
induced by LFS delivered at 1 Hz for 15 min (WT: n 
 5; Oxtr �/�: n 

6; Fig. 5 E, F ) at the synapses between the entorhinal cortex and CA2
pyramidal neurons.

For Experiment 6, we examined whether OXT is directly involved in
the regulation of synaptic transmission in the CA2. EPSCs were evoked in
CA2 pyramidal neurons in response to stimulation of EC inputs (Fig.
6 A, B). WealsousedNMDAreceptor(NMDAR)antagonistAPV(50�M)and
CaMKII inhibitor KN93 (1 �M; Tocris Bioscience) to confirm that
[Thr 4,Gly 7]-OXT-induced synaptic potentiation in CA2 pyramidal neu-
rons relied on NMDAR activation and CaMKII activity (WT: n 
 8;
Oxtr �/�: n 
 8; KN93: n 
 6 naive mice; KN92: n 
 6 naive mice; APV:
n 
 6 naive mice; Fig. 6C,D).

Figure 3. Conditional deletion of CA2/CA3a Oxtr impairs the persistence of long-term SRM. A, Top, Schematic illustration of coronal sections illustrating the microinjection sites in the bilateral
CA2. Bottom, Representative photograph showing the expression of AAV-Cre-GFP (green) in the CA2 and immunolabeled with STEP (red) and DAPI (blue). Scale bar, 50 �m. The inset represents high
magnification of the boxed area. Scale bar, 20 �m. B, Top, Schematic diagram of the three-chamber sociability test. Bottom left, Time spent in each side chamber containing the juvenile stimulus
mouse or empty wire cage. Both AAV-GFP- and AAV-Cre-GFP-treated subject mice spent significantly more time interacting with the cage containing the juvenile stimulus mouse than with the
empty wire cage. Bottom right, Difference scores (stimulus minus empty) were similar between AAV-GFP and AAV-Cre-GFP mice in sociability test. C, Top, Schematic diagram of the three-chamber
social novelty test. Bottom, Time spent in each side chamber containing a familiar mouse or a Novel 1 mouse, 10 min after the first exposure. Both AAV-GFP- and AAV-Cre-GFP-treated subject mice
spent significantly more time interacting with the cage containing the novel mouse than with the familiar mouse. Bottom right, Difference scores (Novel 1 minus familiar) were similar between
AAV-GFP and AAV-Cre-GFP mice in social novelty test. D, Top, Schematic diagram of the three-chamber long-term SRM test. Bottom, Time spent in each side chamber containing a familiar mouse
or a Novel 2 mouse, 1 d after the exposure. Both AAV-GFP- and AAV-Cre-GFP-treated subject mice spent significantly more time interacting with the cage containing the novel mouse than with the
familiar mouse. Bottom right, Difference scores (Novel 2 minus familiar) were similar between AAV-GFP and AAV-Cre-GFP mice in 1-d long-term SRM test. E, Top, Schematic diagram of the
three-chamber long-term SRM test. Bottom, Time spent in each side chamber containing a familiar mouse or a Novel 2 mouse, 7 d after the exposure. AAV-GFP-, but not AAV-Cre-GFP-treated,
subject mice spent significantly more time interacting with the cage containing the novel mouse than with the familiar mouse. Bottom right, Difference score (Novel 3 minus familiar) of AAV-Cre-GFP
mice was significantly less than that of AAV-GFP mice in 7-d long-term SRM test. The total number of animal examined is indicated by n in parenthesis. Data represent the mean � SEM. *p � 0.05,
**p � 0.01, ***p � 0.001.
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For Experiment 7, we repeated LTP experiments by performing
whole-cell current-clamp recordings of CA2 pyramidal neurons (n 
 5
mice in each group; Fig. 7A). We also determined the effects of the
selective OXTR antagonist L-371257 (1 �M) on basal EPSC amplitude

(n 
 4 naive mice; Fig. 7B) and LTP induced by a single HFS train at
EC¡CA2 synapses (n 
 4 naive mice; Fig. 7C). We tested the effect of
[Thr 4,Gly 7]-OXT (0.1 �M) on synaptically evoked IPSCs of CA2 pyra-
midal neurons (n 
 4 mice in each group; Fig. 7D). We also compared

Figure 4. CA2/CA3a Oxtr deletion does not affect anxiety-like behavior. A, B, Bar graph comparing the performance of AAV-GFP- and AAV-Cre-GFP-treated mice on the total distance traveled (A)
and the time spent in the center (B) in the OF test (open field [OF]). C, D, Bar graph comparing the performance of AAV-GFP- and AAV-Cre-GFP-treated mice on the percentage of time spent in the
open (C) and closed arms (D) in the elevated plus maze (EPM) test. E, Bar graph comparing the performance of AAV-GFP- and AAV-Cre-GFP-treated mice on the latency to eat in the novelty
suppressed feeding (NSF) test. F, Inset, Schematic of a hippocampal slice depicting the CA1, CA2, and CA3 hippocampal regions dissected for Oxtr mRNA analysis. Summary bar graphs showing
qRT-PCR of Oxtr mRNA in the CA1, CA2, and CA3 regions from AAV-GFP- and AAV-Cre-GFP-treated mice. Data represent the mean � SEM. ***p � 0.001.

Figure 5. Conditional deletion of CA2/CA3a Oxtr impairs the induction of LTP at EC¡CA2 synapses. A, Schematic of experimental setup showing stimulation electrode placed in the SLM to
stimulate EC inputs and field-potential recording electrode placed in the CA2 distal apical dendritic fields. B, Summary of experiments showing one train of 1 s HFS at 100 Hz induced LTP of fEPSPs
at EC¡CA2 synapses in slices from WT and Oxtr �/� mice. C, Summary of experiments showing two trains of 1 s HFS at 100 Hz induced LTP of fEPSPs at EC¡CA2 synapses in slices from WT and
Oxtr �/� mice. D, Summary bar graphs depicting levels of potentiation measured 50 – 60 min after one- or two-train of HFS at EC¡CA2 synapses in slices from WT and Oxtr �/� mice. E, Summary
graphs of LTD induced with a prolonged LFS (900 stimuli delivered at 1 Hz) at EC¡CA2 synapses in slices from WT and Oxtr �/� mice. F, Summary bar graphs depicting levels of depression measured
50 – 60 min after LFS at EC¡CA2 synapses in slices from WT and Oxtr �/� mice. Representative traces of fEPSPs were taken at the time indicated by number. Dashed lines show level of baseline.
The total number of animals examined is indicated by n in parenthesis. Data are represented as mean � SEM. **p � 0.01.
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the magnitude of LTD of IPSCs induced by two trains of 100 Hz HFS
delivered 20 s apart (n 
 5 mice in each group; Fig. 7E). We injected
AAV-Ubi-GFP into the PVN to confirm that OXT-containing fibers lo-
cate in the CA2 (n 
 4 naive mice; Fig. 7F ).

Experiments 8: conditional deletion of Oxtr alters dendritic morphology
of CA2 pyramidal neurons. To examine whether conditional deletion of
Oxtr may alter dendritic geometry and spine density, we used Golgi–Cox
staining to visualize individual CA2 pyramidal neurons in WT and
Oxtr �/� mice and analyzed the complexity of their dendritic trees (n 
 5
mice in each group; Fig. 8A–C). The density of dendritic spine was de-
tected on secondary and tertiary branches of apical dendrites of CA2
pyramidal neurons (n 
 5 mice in each group; 8 neurons from each
mouse; Fig. 8 D, E). The effect of conditional deletion of Oxtr in the
proportion of dendritic spine types was also examined (Fig. 8F ).

Statistical analysis. In this study, only adult male mice were used to
avoid variations due to hormonal fluctuations during the female estrous
cycle, which may influence behavioral and electrophysiological examina-
tions. In some behavioral (Fig. 2), electrophysiological (Figs. 5–7) and
neuronal morphological examinations (Fig. 8), age-matched Oxtr f/f

mice were used as the WT control group. In site-specific manipulation
experiments (Figs. 3, 4), Oxtr f/f mice receiving AAV-GFP injection were
used as the control group and Oxtr f/f mice receiving AAV-Cre-GFP in-
jection were used as the treatment group. All experiments were per-
formed on independent cohorts of mice. No statistical methods were
used to predetermine sample size, but our sample size choice was based
on our previous publications (Lin et al., 2012; Hsiao et al., 2016). Mice
were randomly assigned to viral injection experiments, and investigators
were blinded to the group allocation while performing cell number

counting, behavioral tests, morphological analysis, and electrophysio-
logical recordings. The data were expressed as mean � SEM. All statisti-
cal analyses were performed using the Prism 6 software package
(GraphPad Software; RRID:SCR_002798) or Statistical Package for So-
cial Sciences software (SPSS, v17.0). To compare the difference between
the means of two distributions, we first determined whether the distri-
butions of values were Gaussian using the Shapiro–Wilk test. For Gauss-
ian distributions, we calculated p values using paired or unpaired
Student’s t test, whereas for non-Gaussian distributions we used Mann–
Whitney U test. The average values of the slope of fEPSPs and the ampli-
tude of EPSCs, EPSPs, and IPSCs per time point were analyzed with the
Wilcoxon-signed rank test when compared within the same group. Be-
cause the distributions of LTP and LTD magnitudes were not Gaussian,
the Mann–Whitney U test was used to compare differences between two
independent groups. The significance of the difference between multiple
groups was calculated by two-way ANOVA followed by Bonferroni’s post
hoc analyses. The proportion of dendritic spine types was compared with
a � 2 test. No experimental data were missing or lost to statistical analysis.
Number of animals used is indicated by n. Electrophysiological values
across multiple slices or neurons from the same animal were averaged to
yield a single value for each animal. Probability values of p � 0.05 were
considered to represent significant differences.

Results
Conditional deletion of Oxtr from CA2 excitatory neurons
We first examined the expression of OXTRs in hippocampal CA2
region using Oxtr Venus-Neo/� mice that express the Venus variant

Figure 6. The selective OXTR agonist [Thr 4,Gly 7]-OXT induces a synaptic potentiation at EC¡CA2 synapses. A, Left, Representative confocal image of a biocytin-stained CA2 pyramidal cell. Scale
bar, 100 �m. Right, Single confocal attacks showing colocalization of biocytin (red) and STEP (green). Scale bar, 20 �m. Inset, Whole-cell patch-clamp recording from a CA2 pyramidal cell in
current-clamp mode showing the response to a positive step current injection (100 pA, 500 ms). Note that the late-onset firing was initiated by a slow depolarizing ramp. B, Bath application of
[Thr 4,Gly 7]-OXT (0.1 �M) for 20 min induced potentiation of EPSCs recorded in CA2 neurons from WT, but not Oxtr �/� mice. C, Summary of experiments showing [Thr 4,Gly 7]-OXT-induced synaptic
potentiation was blocked by pretreatment of the hippocampal slices with the NMDAR antagonist APV (50 �M) or the broad spectrum CaMKII inhibitor KN93 (1 �M), but not by not its inactive
structural analog KN92 (1 �M). D, Summary bar graphs depicting levels of potentiation measured 20 min after [Thr 4,Gly 7]-OXT treatment at EC¡CA2 synapses in slices from different pretreat-
ments. Representative traces of EPSCs were taken at the time indicated by number. Dashed lines show level of baseline. The total number of animals examined is indicated by n in parenthesis. Data
are represented as mean � SEM. ***p � 0.001.
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of yellow fluorescent protein in OXTR-expressing cells. Consis-
tent with previous findings (Yoshida et al., 2009; Lin et al., 2017),
our immunofluorescent staining data showed strong Venus
expression in the CA2 of Oxtr Venus-Neo/� mice. In addition, we
found that 	95% Venus-positive cells expressed CaMKII� im-
munoreactivity (Fig. 1A), indicating that OXTRs are predomi-
nantly expressed by excitatory pyramidal neurons in the CA2. To
examine directly the functional and behavioral relevance of OX-
TRs in CA2 pyramidal neurons, we used the Cre-loxP recombi-
nation approach to conditionally delete Oxtr from hippocampal
excitatory neurons by crossing mice expressing CaMKII�-Cre
with Oxtr f/f mice. PCR screening of mouse genomic tail DNA
confirmed heterozygous (Oxtr�/�) and homozygous Oxtr (Oxtr�/�)
conditional knock-out mice (Fig. 1B). In parallel, dual-probe

FISH revealed that the majority of Oxtr mRNA-positive cells were
CaMKII� mRNA-expressing cells and the number of Oxtr-
positive cells in the CA2 of Oxtr�/� mice was markedly reduced
compared with that of WT mice (Fig. 1C), confirming the effi-
ciency of Cre-loxP-mediated deletion of Oxtr. Histological eval-
uation with cresyl violet staining showed that Oxtr deletion did
not significantly affect the total number of neurons in the stratum
pyramidale of the CA2 compared with that of WT mice (t(6) 

1.02, p 
 0.35; unpaired Student’s t test; Fig. 1D).

Conditional deletion of CA2/CA3a Oxtr impairs the
persistence of long-term SRM
To assess the role of CA2 OXTRs in social behavior, we first
compared the performance of WT and Oxtr�/� mice in a three-

Figure 7. OXTRs are involved in regulating synaptic transmission and plasticity in the CA2. A, Summary of experiments showing one train of 1 s HFS at 100 Hz induced LTP of EPSPs at EC¡CA2
synapses in slices from WT and Oxtr �/� mice. B, Summary of experiments showing effect of L-371257 (1 �M) on EPSC amplitude at EC¡CA2 synapses in slices from naive mice. C, Summary of
experiments showing effect of L-371257 (1 �M) on the induction of LTP by one train of 1 s HFS at 100 Hz in slices from naive mice. D, Summary of experiments showing the effect of OXT (0.1 �M)
on evoked IPSCs in CA2 pyramidal neurons in slices from WT and Oxtr �/� mice. E, Summary of experiments showing two train of 1 s HFS at 100 Hz induced LTD of IPSCs in CA2 pyramidal neurons
in slices from WT and Oxtr �/� mice. F, A representative image showing the distribution of PVN projecting fibers in the SLM of the CA2. Sections were counterstained with DAPI (blue). Inset, OXT
neurons in the PVN were labeled with anti-OXT antibody (red) and infected with AAV-Ubi-GFP. Scale bars: 200 �m; inset, 100 �m. SP, Stratum pyramidale; SR, stratum radiatum; 3V, third ventricle.
Representative traces of EPSPs, EPSCs, or IPSCs were taken at the time indicated by number. Dashed lines show level of baseline. The total number of animals examined is indicated by n in
parenthesis. Data are represented as mean � SEM.
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chamber test for sociability, which examines the mouse’s prefer-
ence for a chamber containing an unfamiliar stimulus mouse in a
wire cage versus a chamber containing an identical empty wire
cage. We found no significant difference between WT and Oxtr�/�

mice in preference for the chamber containing the stimulus
mouse. Difference scores were similar between WT and Oxtr�/�

mice in sociability test (t(38) 
 0.14, p 
 0.89; unpaired Student’s
t test; Fig. 2A). The preference for social novelty was then deter-
mined by measuring the preference for a novel mouse compared
with the familiar stimulus mouse. As shown in Figure 2B,
Oxtr�/� mice showed a level of social novelty recognition com-
parable to that of WT mice. Difference scores were similar be-
tween WT and Oxtr�/� mice in social novelty test (t(38) 
 0.10,
p 
 0.92; unpaired Student’s t test). When mice were tested SRM
1 d after the training session (1-d long-term SRM), both WT and
Oxtr�/� mice revealed intact memory retention. They both dis-
played a significant and similar preference for spending more
time exploring the novel mouse than the familiar mouse. Differ-
ence scores were similar between WT and Oxtr�/� mice in 1-d
long-term SRM test (t(18) 
 0.35, p 
 0.73; unpaired Student’s t
test; Fig. 2C). In contrast, when tested SRM 7 d after the training
session (7-d long-term SRM), Oxtr�/� mice showed no signifi-
cant difference in the exploration time of the novel and familiar
mice (t(9) 
 0.57, p 
 0.59; paired Student’s t test), indicating the
degree of 7-d long-term SRM was impaired by Oxtr deletion. WT
mice, however, spent significantly more time exploring the novel
mouse than the familiar mouse (t(9) 
 6.77, p 
 0.0001; paired
Student’s t test). As a consequence, a statistically significant dif-
ference score was observed between WT and Oxtr�/� mice in the
degree of 7-d long-term SRM (t(18) 
 2.97, p 
 0.008; unpaired
Student’s t test; Fig. 2D). We also conducted a more stringent
five-trial social memory assay to examine the contribution of
CA2 OXTRs to SRM. In this assay, an ovariectomized stimulus

female was present to a resident male mouse for four successive
trials. On the fifth trial, a novel ovariectomized stimulus female
was introduced. Both WT and Oxtr�/� mice displayed normal
SRM, as demonstrated by a characteristic decline in the time
spent exploring a previously encountered female during the first
four trials and a full recovery following the introduction of a
novel female in the fifth trial. A two-way repeated-measure
ANOVA revealed no significant effect for the interaction between
genotype and test (F(4,56) 
 1.73, p 
 0.16; Fig. 2E).

Because Oxtr deletion in Oxtr�/� mice was not restricted to
the CA2, the loss of OXTR function in other hippocampal or
forebrain regions might also contribute to the observed defect in
the persistence of long-term SRM. To circumvent this limitation,
in a subset of experiments, we used Oxtr f/f mice in combination
with Cre recombinase-mediated gene deletion in a localized fash-
ion through bilateral stereotaxic injections of AAV-Cre-GFP or
control AAV-GFP adenoviral vectors targeting the CA2, under
the control of CaMKII� promoter that theoretically restricts ex-
pression to excitatory neurons. The successful transduction of
AAV-Cre-GFP or AAV-GFP was confirmed by costaining for the
CA2-specific marker STEP (Shinohara et al., 2012; Kohara et al.,
2014; Fig. 3A). AAV-GFP and AAV-Cre-GFP mice were then
subjected to the three-chamber social behavior test. Consistent
with the results from Oxtr�/� mice, AAV-Cre-GFP mice per-
formed similarly to AAV-GFP mice in the sociability (t(22) 
 0.43,
p 
 0.67; unpaired Student’s t test; Fig. 3B), social novelty recog-
nition (t(22) 
 0.96, p 
 0.35; unpaired Student’s t test; Fig. 3C)
and 1-d long-term SRM (t(10) 
 0.81, p 
 0.44; unpaired Stu-
dent’s t test; Fig. 3D). In 7-d long-term SRM test, we found that
AAV-Cre-GFP mice were unable to discriminate between the
novel and familiar mice (t(5) 
 0.56, p 
 0.60; paired Student’s t
test), whereas AAV-GFP mice were found to have more time
investigating the novel mouse than the familiar mouse (t(5) 


Figure 8. Effect of Oxtr deletion on dendritic morphology and spine density of pyramidal neurons in the hippocampal CA2 region. A, Representative camera lucida tracings of hippocampal CA2
pyramidal neurons from WT and Oxtr �/� mice. B, C, Sholl analysis of apical (B) basal (C) dendrites of CA2 pyramidal neurons from WT and Oxtr �/� mice. D, Representative images of the secondary
branch of apical dendrites of CA2 pyramidal neurons from WT and Oxtr �/� mice. E, Summary bar graphs depicting the density of protrusions in apical dendrites of CA2 pyramidal cells from WT and
Oxtr �/� mice. F, Representative images of labeled spines for analysis. Mushroom, filopodia, tine, and stubby spines are identified based on structural measures. There was no significant change in
dendritic spine type proportion in Oxtr �/� mice compared with WT mice. Data represent the mean � SEM. ***p � 0.001.
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2.68, p 
 0.04; paired Student’s t test). A statistically significant
difference was observed between AAV-Cre-GFP and AAV-GFP
mice in the degree of 7-d long-term SRM (t(10) 
 2.31, p 
 0.04;
unpaired Student’s t test; Fig. 3E). Because the methodologies we
have used to delete Oxtr do not rule out targeting the neighboring
CA3a region, these results suggest that CA2/CA3a Oxtr deletion
impairs the persistence of long-term SRM.

Conditional deletion of CA2/CA3a Oxtr does not affect
anxiety-like behavior
It has been shown that OXT can exert anxiolytic effects via
OXTRs expressed in serotonergic neurons in mice (Yoshida et al.,
2009). We thus examined whether CA2/CA3a Oxtr deletion may
alter anxiety-like behavior. Three widely used behavioral tests
(OF, EPM, and NSF) were used to evaluate changes in anxiety-
like behavior. In the OF test, no significant differences in total
distance traveled (t(18) 
 0.68, p 
 0.51; unpaired Student’s t test;
Fig. 4A) and percentage of time spent in the central zone of the
field (t(18) 
 0.11, p 
 0.91; unpaired Student’s t test; Fig. 4B)
were observed in AAV-Cre-GFP mice compared with AAV-GFP
mice. In the EPM test, AAV-Cre-GFP mice spent same amounts
of time in the open arms (t(18) 
 0.59, p 
 0.57; unpaired Stu-
dent’s t test; Fig. 4C) and the closed arms as AAV-GFP mice (t(18) 

0.60, p 
 0.56; unpaired Student’s t test; Fig. 4D). In addition,
AAV-Cre-GFP and AAV-GFP mice exhibited similar latency to
feeding in the NSF test (t(18) 
 0.24, p 
 0.82; unpaired Student’s
t test; Fig. 4E). To verify the efficiency and the spread of the viral
infection, Oxtr mRNA expression in hippocampal CA1, CA2, and
CA3 subregions were examined. qRT-PCR analysis confirmed
the specific loss of Oxtr mRNA expression in the CA2 (t(18) 

9.54, p � 0.001; unpaired Student’s t test), but not in surrounding
CA1 (t(18) 
 0.61, p 
 0.56; unpaired Student’s t test) and CA3
regions (t(18) 
 1.28, p 
 0.13; unpaired Student’s t test), 3 weeks
following the stereotactic injection of AAV-Cre-GFP (Fig. 4F).
These results suggest that anxiety-like behavior was not affected
by CA2/CA3a Oxtr deletion.

Conditional deletion of CA2/CA3a Oxtr impairs long-term
potentiation at EC¡CA2 synapses
A recent study reported that long-term SRM in rats is mediated
by OXT-dependent synaptic plasticity in the medial amygdala
(MeA; Gur et al., 2014). In addition, we and others reported
previously that OXT can enhance LTP at Schaffer collateral¡CA1 syn-
apses and improve long-lasting spatial memory function during
motherhood (Tomizawa et al., 2003; Lin et al., 2012). To explore
further the importance of CA2 OXTRs in long-term SRM forma-
tion, we then examined whether the induction of LTP and LTD in
the CA2 was affected in Oxtr�/� mice. Although CA2 pyramidal
neurons receive bilateral excitatory inputs from CA3 Schaffer
collateral on proximal apical dendrites and the EC on distal apical
dendrites, only the EC inputs to CA2 neurons have been shown to
be capable of undergoing a reliable LTP (Chevaleyre and Siegel-
baum, 2010; Chafai et al., 2012). We, therefore, focused on the
induction of LTP and LTD at EC¡CA2 synapses. Extracellular
fEPSPs were recorded in the SLM of the CA2 in response to
stimulation of EC synaptic inputs (Fig. 5A). In slices from WT
mice, a single train of HFS (100 Hz, 1 s) induced a robust LTP
(50 – 60 min after HFS: 52.4 � 6.4%), whereas a significantly
faster decay of LTP was observed in slices from Oxtr�/� mice
(50 – 60 min after HFS: 21.9 � 4.3%, p 
 0.001; Mann–Whitney
U test; Fig. 5B,D), suggesting that Oxtr deletion impairs the
maintenance of LTP. In contrast, we observed no significant dif-
ference between WT and Oxtr�/� mice in the induction of LTP

by a stronger tetanizing protocol, consisting of two trains of HFS
(50 – 60 min after HFS: WT mice, 58.2 � 4.4%; Oxtr�/� mice,
44.8 � 5.6%, p 
 0.31; Mann–Whitney U test; Fig. 5C,D). How-
ever, in slices from both WT and Oxtr�/� mice, no significant
LTD was observed after LFS (50 – 60 min after the end of LFS: WT
mice, 3.5 � 6.9%; Oxtr�/� mice, 12.8 � 5.3%, p 
 0.31; Mann–
Whitney U test; Fig. 5E,F).

We next examined whether OXT is directly involved in the
regulation of synaptic transmission in the CA2. CA2 pyramidal
neurons in slices from naive mice were targeted for recording,
filled with biocytin to allow post hoc reconstruction (Fig. 6A). In
these experiments, EPSCs were evoked in CA2 pyramidal neu-
rons in response to stimulation of the EC inputs. As shown in
Figure 6, B and D, bath application of the selective OXTR agonist
[Thr 4,Gly 7]-OXT (0.1 �M) for 20 min resulted in a slowly devel-
oping potentiation of EPSCs in slices from WT mice (28.4 �
4.1%), whereas [Thr 4,Gly 7]-OXT failed to change EPSCs in slices
from Oxtr�/� mice (2.3 � 3.9%, t(14) 
 4.56, p � 0.001; unpaired
Student’s t test). Looking for molecular mechanisms responsible
for [Thr 4,Gly 7]-OXT-induced synaptic potentiation, we focused
on the specific roles of NMDAR and CaMKII, which have been
shown to be activated after OXTR stimulation (Jurek et al., 2015;
Pagani et al., 2015; van den Burg et al., 2015). To this end, a
selective NMDAR antagonist APV and a broad spectrum
CaMKII inhibitor KN93 were used. We found that APV (50 �M)
prevented [Thr 4,Gly 7]-OXT-induced synaptic potentiation
(1.6 � 4.2%, t(12) 
 4.48, p � 0.001; unpaired Student’s t test). In
addition, pretreatment of the hippocampal slices with KN93 (1
�M; 8.4 � 3.6%, t(12) 
 3.52, p � 0.01; unpaired Student’s t test),
but not its inactive structural analog KN92 (1 �M; 30.5 �
3.4%, t(12) 
 0.38, p 
 0.71; unpaired Student’s t test), com-
pletely blocked [Thr 4,Gly 7]-OXT-induced synaptic potentiation
(Fig. 6C,D).

Because CA2 and CA3 dendrites comingle in the SLM of the
CA2, the extracellular field potential recordings may not selec-
tively monitor CA2 synaptic responses. We thus repeated the LTP
experiments in whole-cell current-clamp recordings of CA2 py-
ramidal neurons conducted in the presence of gabazine (10 �M)
and CGP55845 (2 �M) to block GABAergic inhibitory transmis-
sion. In slices from WT mice, a single train of HFS (100 Hz, 1 s)
induced a LTP of EPSPs (50 – 60 min after HFS: 34.3 � 7.1%),
whereas a significantly faster decay of LTP was observed in slices
from Oxtr�/� mice (50 – 60 min after HFS: 1.7 � 3.9%, p � 0.01;
Mann–Whitney U test; Fig. 7A), confirming that Oxtr deletion
impairs the maintenance of LTP. As removing OXTRs could also
lead to alterations in other receptors or signaling pathways, we
also examined whether acute blockade of OXTRs may block LTP
induction at EC¡CA2 synapses. We first checked the effect of the
selective OXTR antagonist L-371257 on basal synaptic transmis-
sion. As shown in Figure 7B, application of L-371257 (1 �M)
caused a significant 35.8 � 2.3% decrease in EPSC amplitude.
Furthermore, as we observed using Oxtr�/� mice, LTP of EPSP
was completely blocked in the presence of L-371257 (1 �M; 50 – 60
min after HFS: 3.1 � 5.6%, p � 0.001; Mann–Whitney U test;
Fig. 7C).

Because OXTRs are also often expressed by inhibitory neu-
rons (Yoshida et al., 2009; Owen et al., 2013; Lin et al., 2017), we
determined whether OXTRs control basal transmission and syn-
aptic plasticity at inhibitory synapses. We first measured the ef-
fect of OXT on IPSCs in CA2 pyramidal neurons. Application of
[Thr 4,Gly 7]-OXT (0.1 �M) significantly decreased the amplitude
of evoked IPSCs by 48.6 � 5.3% and 52.3 � 4.9%, in neurons
from WT and Oxtr�/� mice, respectively (t(6) 
 1.14, p 
 0.21;
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unpaired Student’s t test; Fig. 7D). Consistent with previous work
(Piskorowski and Chevaleyre, 2013), we found that a HFS trig-
gered a robust LTD of IPSC amplitude of CA2 pyramidal neu-
rons. There was no significant difference in the magnitude of
LTD between neurons obtained from WT (50 – 60 min after HFS:
54.3 � 4.9%) and Oxtr�/� mice (50 – 60 min after HFS: 53.1 �
5.2%, p 
 0.81; Mann–Whitney U test; Fig. 7E). These results
indicate that the regulatory effects of OXT on synaptic transmis-
sion and plasticity at inhibitory synapses were not affected by
conditional deletion of Oxtr from CA2 excitatory neurons.
Combined with viral tracing and immunostaining with anti-
OXT antibody, we confirmed that PVN neurons send their
OXT-containing projecting fibers directly to the SLM of the
CA2 (Fig. 7F ).

Conditional deletion of Oxtr reduces basal dendrite
complexity of CA2 pyramidal neurons
To examine whether Oxtr deletion may influence dendritic ge-
ometry and spine density, we used Golgi-Cox staining to visualize
individual CA2 pyramidal neurons in WT and Oxtr�/� mice
(Fig. 8A), and analyzed the complexity of their dendritic trees.
Sholl analysis of reconstructed CA2 pyramidal neurons revealed
that Oxtr deletion had no effect on the complexity of apical den-
drites (F(1, 1250) 
 2.39, p 
 0.12; two-way ANOVA; Fig. 8B) but
significantly decreased basal dendrite branching (F(1,764) 
 12.50,
p 
 0.0004; two-way ANOVA; Fig. 8C). No significant change in
the density of dendritic spine was detected on secondary and
tertiary branches of apical dendrites of CA2 pyramidal neurons in
Oxtr�/� mice compared with that of WT mice (t(8) 
 0.49, p 

0.64; unpaired Student’s t test; Fig. 8D,E). Additional analysis
revealed no significant alteration in the proportion of dendritic
spine types in Oxtr�/� mice compared with that of WT mice
(� 2 
 1.72, p 
 0.63; � 2 test; Fig. 8F).

Discussion
Our study, for the first time, reveals the critical contribution of
CA2/CA3a OXTRs to the persistence of long-term SRM. We con-
firm that OXTRs are enriched in the CA2 of the mouse hip-
pocampus and show that pharmacological activation of OXTRs
produces synaptic potentiation through a mechanism dependent
on the NMDAR-mediated activation of CaMKII. Conditional
deletion of CA2/CA3a Oxtr leads to impaired LTP at EC¡CA2
synapses and produces a pronounced loss of the ability to create a
persistent form of long-term SRM, without affecting anxiety-like
behavior. As CA2 and CA3 pyramidal neurons are highly inter-
mingled at the border region (Hitti and Siegelbaum, 2014) and
OXTRs are also highly expressed in CA3 pyramidal neurons (Lin
et al., 2017), the methodologies we have used to delete Oxtr do
not rule out targeting the neighboring CA3a region. Although we
think that CA2 OXTRs may be most critical for the persistence of
long-term SRM, at this point this is conjecture that is not sup-
ported by direct experimental evidence.

Although previous studies have underscored the importance
of hippocampal CA2 neurons in SRM formation (Hitti and Sieg-
elbaum, 2014; Stevenson and Caldwell, 2014), they have focused
solely on the functional assessment, with only a few addressing its
mode of action. A recent study has shown that pharmacological
antagonism of the vasopressin (AVP) 1b receptors in the CA2
blocked the enhancement of SRM induced by optogenetic stim-
ulation of AVP projection neurons from the PVN, suggesting an
enhancing effect of AVP on social memory formation (Smith et
al., 2016). Here, we extend these findings by demonstrating that
mice lacking CA2/CA3a OXTRs have a defect in the persistence of

long-term SRM. Consistent with previous work (Kogan et al.,
2000), we show that adult C57BL/6 mice can form robust long-
term SRM for juvenile conspecifics and this memory can be
maintained for at least 7 d. Our findings that memory retention
was unaffected at 1 d after training but significantly impaired at
7 d after training in mice lacking CA2/CA3a Oxtr suggest that
OXTR signaling is specifically critical for the persistence of long-
term SRM. These results imply the existence of a CA2/CA3a
OXTR-dependent information processing phase to specifically
transform a rapidly decaying memory trace into a persistent form
of long-term SRM. Although the exact mechanisms that trigger
this OXTR-dependent phase remain to be elucidated, one possibility
is that, during training, a OXTR-induced gene transcription and de
novo protein synthesis process that may last for several hours or even
days is switched on and then to ensure memory persistence. Of note,
previous studies showed that brain-derived neurotrophic factor
(BDNF) can induce a late postacquisition phase in the hippocampus
essential for persistence of long-term memory storage (Bekinsch-
tein et al., 2007, 2008; Nakayama et al., 2015). Therefore, it is
possible that the molecular mechanism by which OXTRs pro-
mote persistence of long-term SRM is associated with increased
BDNF protein levels. This assertion is also supported by a study
showing that intranasal administration of OXT can increase hip-
pocampal BDNF levels in rats subjected to chronic restraint stress
(Dayi et al., 2015). Furthermore, the impact of OXTR signaling
on long-term SRM is not limited to hippocampal CA2/CA3a
region. A recent study has shown that the accessory olfactory bulb
(AOB)-MeA pathway also contributes to OXT’s regulation of
long-term SRM in rats (Gur et al., 2014), suggesting that multiple
discrete brain regions are involved in OXT-mediated regulation
of long-term SRM.

OXT has been shown to modulate synaptic plasticity in mul-
tiple brain regions. We and others have previously demonstrated
that OXT can enhance LTP at hippocampal Schaffer collateral¡
CA1 synapses (Tomizawa et al., 2003; Lin et al., 2012) and AOB
mitral cell¡granule cell synapses (Fang et al., 2008). Treatment
of brain slices with OXT was observed to convert LTD into LTP in
the infralimbic medial prefrontal cortex (Ninan, 2011). In addi-
tion, OXT was shown to facilitate LTD induction in the AOB-
MeA pathway (Gur et al., 2014). Here, we extend these findings
by demonstrating that OXTR signaling is necessary for LTP in-
duction at EC¡CA2 synapses. Because the role of OXTR signal-
ing in LTP was not affected by blocking GABAergic inhibition, it
is unlikely that OXT exerts its effect on LTP through a disinhibi-
tory mechanism to drive firing in CA2 pyramidal neurons. We
further confirm that OXT agonist can induce synaptic potentia-
tion at EC¡CA2 synapses. Using the pharmacological inhibitors
and Oxtr�/� mice, we indicate that OXT agonist-induced synap-
tic potentiation relies on the activation of OXTRs and is depen-
dent on NMDAR and CaMKII activity. Our data support a model
in which the activation of OXTRs leads to increased intracellular
Ca 2� concentration ([Ca 2�]i) and thereby activates CaMKII,
which promotes AMPA receptor recruitment at synapses to sup-
port synaptic potentiation. Furthermore, NMDARs may act
synergistically with the [Ca 2�]i rise in mediating this synaptic
potentiation. Interestingly, activation of NMDARs and
CaMKII were also described in AVP agonist-induced synaptic
potentiation at Schaffer collateral¡CA2 synapses (Pagani et al.,
2015). Based on our Venus immunoreactivity assay, OXTRs ap-
pear to be mainly expressed in the stratum pyramidale and stra-
tum oriens. This raises an interesting question about how
receptors located on the soma and basal dendrites of pyramidal
neurons can control plasticity of distal inputs far away from the

Lin et al. • CA2/CA3a OXTRs Contribute to Long-Term SRM J. Neurosci., January 31, 2018 • 38(5):1218 –1231 • 1229



receptor location? Although the precise mechanism remains un-
clear, a possible explanation is that OXTRs may transmit signals
from the soma to distal dendrites through intracellular second
messenger systems following receptor activation. Additional
studies are needed to clarify this issue.

Our analysis of neuronal morphology reveals a significant de-
crease in basal dendrite complexity of CA2 pyramidal neurons in
Oxtr�/� mice, suggesting a compartmentalized regulation of
OXTR signaling on neuronal morphology. This finding seems to
contrast with a recent study showing that deletion of Oxtr in the
hippocampus promotes dendrite overgrowth in CA1 and CA3
pyramidal neurons (Ripamonti et al., 2017). The reason for this
discrepancy is unclear but could be related to the fact that CA2
pyramidal neurons have distinct anatomical or molecular fea-
tures compared with CA1 and CA3 pyramidal neurons (Ishizuka
et al., 1995; Dudek et al., 2016). In analogy, we did not observe a
significant change in the density of apical dendritic spines of CA2
pyramidal neurons in Oxtr�/� mice, whereas Ripamonti et al.
(2017) reported that Oxtr deletion increases the density of filop-
odia and filopodia-like protrusions along the apical dendrites of
CA1 pyramidal neurons. Although it is reasonable to speculate
that changes in dendritic arborization may lead to altered neuro-
nal signaling and function, the link between the decrease in basal
dendrites and the effects of OXTRs on synaptic plasticity and
long-term SRM remains to be further elucidated. It remains un-
clear why the complexity of basal dendrites is more prominently
affected by Oxtr deletion than apical dendrites in Oxtr�/� mice.
Because basal dendrites of CA2 pyramidal neurons receive dense
inputs from CA3 neurons (Dudek et al., 2016) and OXTRs are
highly expressed in CA3 pyramidal neurons (Lin et al., 2017), it is
plausible that higher responsiveness of basal dendrites of CA2
pyramidal neurons in response to Oxtr deletion is partially due
to the concomitant loss of stimulating effect that comes from
OXTR-expressing CA3 pyramidal neurons.

Consistent with the idea that long-term memory storage relies
on LTP induction (Mayford et al., 2012; Takeuchi et al., 2013),
our results demonstrated a strong correlation between hip-
pocampal CA2 LTP and long-term SRM formation. Our obser-
vations that Oxtr deletion impairs the maintenance of LTP at
EC¡CA2 synapses and the persistence of long-term SRM sup-
port the notion that the excitatory inputs from the EC to CA2
pyramidal neurons are crucial for hippocampal function and
memory formation (Hitti and Siegelbaum, 2014; Dudek et al.,
2016). Indeed, it has been proposed that CA2 pyramidal neurons
form the nexus of a powerful disynaptic circuit linking EC input
with CA1 output to mediate key aspects of hippocampal function
(Chevaleyre and Siegelbaum, 2010). Therefore, it is likely that
activation of OXTRs promotes the EC inputs to CA2 pyramidal
neurons to undergo LTP that enhances the excitatory drive of hip-
pocampal circuit for creating persistent long-term SRM traces.

Whereas numerous studies have demonstrated that endoge-
nous OXT has anxiolytic actions (Mantella et al., 2003; Crawley et
al., 2007; Yoshida et al., 2009; Neumann and Slattery, 2016), the
results reported here show no significant alterations in anxiety-
like behavior in mice with conditionally deleted CA2/CA3a Oxtr,
as evidenced by measuring performance in the OF, EPM, and
NSF, suggesting that the CA2/CA3a may not be critically involved
in the regulation of anxiety-like behavior by OXT. In this context,
it has been previously proposed that OXT exerts its anxiolytic
effects via OXTRs expressed in serotonergic neurons of the raphe
nuclei (Yoshida et al., 2009).

In conclusion, our results reveal a pivotal role for the CA2/
CA3a in long-term SRM formation and suggest a mechanism by

which OXTR activity induces synaptic potentiation to promote
the persistence of long-term memory storage. These findings
provide important insights into the importance of CA2/CA3a
OXTR signaling in regulating the persistence of long-term SRM
and suggest a new target for therapeutic approaches to the treat-
ment of social cognition deficits, often observed in patients with
neuropsychiatric disorders.
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