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Abstract 39 

Oxytocin (OXT) receptors (OXTRs) are prominently expressed in hippocampal CA2 40 

and CA3 pyramidal neurons, but little is known about its physiological function.  As 41 

the functional necessity of hippocampal CA2 for social memory processing, we tested 42 

whether CA2 OXTRs may contribute to long-term social recognition memory (SRM) 43 

formation.  Here, we found that conditional deletion of Oxtr from forebrain (Oxtr-/-) 44 

or CA2/CA3a-restricted excitatory neurons in adult male mice impaired the 45 

persistence of long-term SRM but had no effect on sociability and preference for 46 

social novelty.  Conditional deletion of CA2/CA3a Oxtr showed no changes in 47 

anxiety-like behavior assessed using the open field, elevated plus maze and 48 

novelty-suppressed feeding tests.  Application of a highly selective OXTR agonist 49 

[Thr4,Gly7]-OXT to hippocampal slices resulted in an acute and lasting potentiation of 50 

excitatory synaptic responses in CA2 pyramidal neurons that relied on 51 

N-methyl-D-aspartate receptor activation and calcium/calmodulin-dependent protein 52 

kinase II activity.  In addition, Oxtr-/- mice displayed a defect in the induction of 53 

long-term potentiation, but not long-term depression, at the synapses between the 54 

entorhinal cortex and CA2 pyramidal neurons.  Furthermore, Oxtr deletion led to a 55 

reduced complexity of basal dendritic arbors of CA2 pyramidal neurons, but caused 56 

no alteration in the density of apical dendritic spines.  Considering that the 57 

methodologies we have used to delete Oxtr do not rule out targeting the neighboring 58 

CA3a region, these findings suggest that OXTR signaling in the CA2/CA3a is crucial 59 

for the persistence of long-term SRM.   60 

  61 
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Significance Statement 62 

Oxytocin receptors (OXTRs) are abundantly expressed in hippocampal CA2 and CA3 63 

regions, but there are little known about their physiological function.  Taking 64 

advantage of the conditional Oxtr knockout mice, the present study highlights the 65 

importance of OXTR signaling in the induction of long-term potentiation at the 66 

synapses between the entorhinal cortex and CA2 pyramidal neurons and the 67 

persistence of long-term social recognition memory.  Thus, OXTRs in the 68 

CA2/CA3a may provide a new target for therapeutic approaches to the treatment of 69 

social cognition deficits, which are often observed in patients with neuropsychiatric 70 

disorders. 71 

  72 
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Introduction 73 

The hippocampus is a crucial structure for the acquisition and recall of episodic 74 

memory (Bird and Burgess, 2008).  It comprises three cornu ammonis (CA) 75 

subregions, including the CA1, CA2 and CA3.  Compared to the CA1 and CA3, the 76 

CA2 has not yet been extensively investigated.  Anatomically, CA2 pyramidal 77 

neurons have morphology similar to those in the CA3 (Lorente de Nó, 1934; Ishizuka 78 

et al., 1995), despite a lack of the specialized thorny excrescences that are dendritic 79 

characteristic of CA3 pyramidal neurons.  In addition, CA2 pyramidal neurons 80 

exhibit unique connectivity with intra- and extra-hippocampal structures.  Prominent 81 

glutamatergic inputs to CA2 pyramidal neurons come from the dentate gyrus, CA3 82 

pyramidal neurons and the entorhinal cortex (EC) (Kohara et al., 2014; Chevaleyre 83 

and Piskorowski, 2016).  Furthermore, CA2 pyramidal neurons receive afferent 84 

inputs from the septum, medium raphe nucleus, basal nucleus of the amygdala and 85 

hypothalamic paraventricular and supramammillary nuclei (Haglund et al., 1984; 86 

Pikkarainen et al., 1999; Cui et al., 2013; Zhang and Hernández, 2013; Chevaleyre 87 

and Piskorowski, 2016).  While little is known about its functional properties and 88 

physiological roles, growing evidence suggests that the CA2 is more than a passive 89 

transition region between the CA1 and CA3.  For instance, recent studies report that 90 

the CA2 may mediate social recognition and play an important role in social memory 91 

formation (Hitti and Siegelbaum, 2014; Stevenson and Caldwell, 2014; Smith et al., 92 

2016), but its mode of action remains unclear.   93 

Oxytocin (OXT) is a nonapeptide hormone that is synthesized and released from 94 

the supraoptic nucleus and paraventricular nucleus (PVN) of the hypothalamus to 95 

regulate a wide range of social (e.g., aggression, affiliation, bonding and social 96 

recognition) and nonsocial behaviors (e.g., anxiety, stress, depression and learning 97 
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and memory) (Neumann, 2008; Neumann and Landgraf, 2008; Lee et al., 2009; 98 

Meyer-Lindenberg et al., 2011).  OXT exerts its biological effects by binding to 99 

specific OXT receptors (OXTRs), the G protein-coupled receptors that are coupled to 100 

phospholipase C through G q/11 (Gimpl and Fahrenholz, 2001).  OXTRs are widely 101 

expressed throughout the brain with especially prominent expression in the 102 

hippocampus, amygdala, striatum, suprachiasmatic nucleus, bed nucleus of stria 103 

terminalis, piriform cortex, auditory cortex and brainstem (Bujis and Swaab, 1979; 104 

Soforniew, 1983; Young and Gainer, 2003; Meyer-Lindenberg et al., 2011; Grinevich 105 

et al., 2016; Mitre et al., 2016).  Intriguingly, OXTRs have a highly restricted pattern 106 

of distribution in the hippocampus, being predominantly expressed in pyramidal 107 

neurons within the CA2 and CA3 (Yoshida et al., 2009).  OXTR agonist has been 108 

shown to enhance synaptic transmission at Schaffer collateral-CA2 synapses (Pagani 109 

et al., 2015).  Moreover, we have recently shown that OXT can stimulate 110 

hippocampal neurogenesis via OXTRs expressed in CA3 pyramidal neurons (Lin et 111 

al., 2017).  Tsien and his colleagues have previously demonstrated that OXT can 112 

enhance hippocampal spike transmission in CA1 pyramidal neurons by increasing 113 

fast-spiking GABAergic interneuron activity (Owen et al., 2013).  Despite these 114 

findings, the physiological functions of CA2 OXTRs have not yet been clearly 115 

explained.  Social recognition memory (SRM), the ability of an individual to 116 

distinguish familiar from novel conspecifics, is critical for display of appropriate 117 

social behaviors (Insel and Fernald, 2004; Maroun and Wagner, 2016).  Because 118 

long-term SRM formation is dependent on the hippocampus (Kogan et al., 2000) and 119 

targeted activation of the CA2 has been shown to enhance SRM (Smith et al., 2016), 120 

we sought to evaluate the potential contribution of CA2 OXTRs to long-term SRM 121 

formation.  To this end, we have taken advantage of Cre/loxP recombinase-based 122 
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strategy to conditional deletion of Oxtr in excitatory neurons of mouse CA2/CA3a.  123 

Using a combination of genetic, behavioral and electrophysiological strategies, we 124 

provide direct evidence for the importance of CA2/CA3a OXTRs in the persistence of 125 

long-term SRM. 126 

  127 
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Materials and Methods 128 

Animals. Adult male C57BL/6 (10-12 weeks), homozygous Oxtr-floxed (OxtrJ/J; 129 

donating investigator: Dr. W. Scott Young III) and calcium/calmodulin-dependent 130 

protein kinase II  (CaMKII )-Cre transgenic mice were originally obtained from 131 

The Jackson Laboratory and bred in our animal facility.  OxtrJ/J mice were crossed 132 

with CaMKII -Cre mice to generate Oxtr conditional knockout (Oxtr-/-) mice on a 133 

C57BL/6 genetic background.  The heterozygous OXTR-Venus knock-in 134 

(OxtrVenus-Neo/+) mice were generated as described previously (Yoshida et al., 2009).  135 

Mice were genotyped by a polymerase chain reaction (PCR)-based method using 136 

genomic DNA isolated from tail samples as previously described (Huang et al., 2014).  137 

Mice were housed in groups of three under a 12 h light/dark cycle in a humidity- and 138 

temperature-controlled (25  1°C) rooms with ad libitum access to food and drinking 139 

water and behavioral testing occurred during the light cycle.  All experimental 140 

procedures were carried out according to the National Institutes of Health guidelines 141 

for the care and use of laboratory animals and in accordance with protocol approval 142 

from the Institutional Animal Care and Use Committee of National Cheng Kung 143 

University.   144 

 145 

Construction and production of adeno-associated virus. Adeno-associated virus 146 

(AAV) plasmids encoding a green fluorescent protein/Cre recombinase (Cre-GFP) 147 

fusion protein (Addgene plasmid #20781) or a GFP (AAV-GFP, plasmid #49055) 148 

were obtained from Addgene.  Plasmid DNA was amplified purified and collected 149 

using a standard plasmid maxiprep kit (Qiagen).  The purified plasmids were mixed 150 

into CaCl2 solution with the DNA plasmid coding AAV capsid DJ serotype and 151 

co-transfected into HEK293T cells using calcium phosphate precipitation methods as 152 
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previously described (Yang et al., 2012).  Transfected cells were harvested at 72 h 153 

after transfection and the virus was purified using the AAV purification mega kit (Cell 154 

Biolabs).  Viral titers were 5  1012 particles/ml and stored in aliquots at -80°C until 155 

use.  156 

 157 

Stereotaxic viral injection. Recombinant AAV-GFP or AAV-Cre-GFP was 158 

injected bilaterally into dorsal CA2 region using standard stereotaxic procedures.  159 

Under isoflurane (2-5%; Attane) anesthesia, concentrated virus-stock solution was 160 

injected into the targeted sites (0.5 l per site at 0.25 l/min) by using a Hamilton 161 

syringe with a 34-gauge blunted-tip needle.  The stereotaxic coordinates used were 162 

as follows [measured from bregma (in mm)]: anterioposterior -2.3, mediolateral 2.7 163 

and dorsoventral -2.0 according to the description by Franklin and Paxinos (2008).  164 

All injections were performed on 8-week-old mice and were followed by a 3-week 165 

viral incubation period before starting the behavioral experiments.  At the end of the 166 

experiment, mice used in behavioral tests were sacrificed by perfusion and the 167 

injection sites were evaluated for each animal.  Only those mice with accurate 168 

injections in both sides of the CA2 were included for analysis.  To determine the 169 

OXT-containing projecting fibers from the PVN to the stratum lacunosum-moleculare 170 

(SLM) of the CA2, AAV-Ubi-GFP (0.25 l) was bilateral injected in the PVN region 171 

[anterioposterior -0.58, mediolateral 0.2, dorsoventral -4.75 (mm)].  Three weeks 172 

later, brain sections were collected and stained with anti-OXT antibody (1:500; 173 

Millipore, AB911; RRID: AB_2157629). 174 

 175 

Fluorescent in situ hybridization. Fluorescent in situ hybridization (FISH) was 176 

performed using RNAscope® Multiplex Fluorescent Reagent Kit 2.0 manufacturer's 177 
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instructions (Advanced Cell Diagnostics; RRID: SCR_012481).  Briefly, brain 178 

sections (16 m) were fixed in 4% paraformaldehyde for 15 min and dehydrated 179 

through graded ethanol solutions (50%, 70% and 100%) for 5 min each.  Sections 180 

were subjected to reagent Pretreat 3 at 25°C for 30 min and then hybridized with 181 

probes at 40°C for 2 h in a humidified oven (ACD HybEZ™ Hybridization System).  182 

The Oxtr-O1 probe (Cat# 454011) and the CaMKII  probe (Cat# 445231) were used 183 

to target exon 3 of the Oxtr mRNA and CaMKII  mRNA, respectively.  After 184 

hybridization, brain sections were sequentially applied with a series of probe signal 185 

amplification steps, rinsed with ACD Wash Buffer twice for 2 min between each step 186 

and mounted with VECTASHIELD antifade mounting medium (Vector Laboratories) 187 

containing 4′,6-diamidino-2-phenylindole (DAPI, 1:5000; Sigma-Aldrich). 188 

 189 

Slice preparations and electrophysiology. Hippocampal slices were prepared as 190 

previously described (Yang et al., 2012).  In brief, mice were anesthetized with 191 

isoflurane and decapitated, and brains were rapidly removed and placed in ice-cold 192 

sucrose cutting solution [containing (in mM): sucrose 234, KCl 2.5, CaCl2 0.5, MgCl2 193 

7, NaHCO3 25, NaH2PO4 1.25 and glucose 11 at pH 7.3-7.4 and equilibrated with 194 

95% O2-5% CO2].  Slices (400 m) were prepared using a vibrating microtome 195 

(VT1200S; Leica) and transferred to a holding chamber of artificial cerebrospinal 196 

fluid (ACSF) [containing (in mM): NaCl 117, KCl 4.7, CaCl2 2.5, MgCl2 1.2, 197 

NaHCO3 25, NaH2PO4 1.2 and glucose 11 at pH 7.3-7.4 and equilibrated with 95% 198 

O2-5% CO2] and maintained at room temperature for at least 1 h before use.   199 

For recording, one slice was transferred to the recording chamber and continually 200 

perfused with oxygenated ACSF at a flow rate of 2-3 ml/min at 32.0  0.5°C.  The 201 

extracellular field potential recordings were performed using an Axoclamp-2B 202 
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amplifier (Molecular Devices).  Microelectrodes were pulled from microfiber-filled 203 

1.0 mm capillary tubing on a Brown-Flaming electrode puller (Sutter Instruments).  204 

The responses were low-pass-filtered at 2 kHz, digitally sampled at 10 kHz, and 205 

analyzed using pCLAMP software (Version 8.0; Molecular Devices; RRID: 206 

SCR_011323).  Postsynaptic responses were evoked in CA2 apical dendritic areas 207 

by extracellular stimulation of EC inputs in the SLM of the CA1 at 0.033 Hz with a 208 

concentric bipolar stimulation electrode as previously described (Chafai et al., 2012).  209 

The stimulation strength was set to elicit response for which the amplitude was 210 

30-40% of the maximum spike-free response.  Field excitatory postsynaptic 211 

potentials (fEPSPs) were recorded with glass pipettes filled with 1 M NaCl (2-3 M  212 

resistance) and the fEPSP slope was measured from approximately 20-70% of the 213 

rising phase using a least-squares regression.  Long-term potentiation (LTP) was 214 

induced by high-frequency stimulation (HFS), at the test pulse intensity, consisting of 215 

one or two 1-sec trains of stimuli separated by an intertrain interval of 20 sec at 100 216 

Hz.  Long-term depression (LTD) was induced by low-frequency stimulation (LFS) 217 

delivered at 1 Hz for 15 min (900 pulses).  The magnitudes of LTP and LTD were 218 

averaged the responses recorded during the last 10 min of the recording and 219 

normalized to 10 min of baseline before LTP or LTD induction.   220 

Whole-cell patch-clamp recordings were made from visually identified 221 

pyramidal neurons in the CA2 region of hippocampal slices using an Axopatch 200B 222 

amplifier (Molecular Devices).  CA2 pyramidal neurons were further confirmed by 223 

their specific intrinsic membrane properties [e.g., the presence of a delay before the 224 

firing of the first spike (Fig. 6A) and the absence of a slow after-hyperpolarization in 225 

response to a sustained depolarization] (Chevaleyre and Siegelbaum, 2010).  Data 226 

acquisition and analysis were performed using a digitizer (Digidata 1440A) and 227 
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pCLAMP 9 software (Molecular Devices; RRID: SCR_011323).  For measurement 228 

of synaptically evoked excitatory postsynaptic currents (EPSCs), a concentric bipolar 229 

stimulation electrode was placed in the SLM of the CA1 (~200 m from the CA2) to 230 

stimulate EC inputs at 0.05 Hz and the superfusate routinely contained gabazine (10 231 

M; Tocris Bioscience) to block GABAA receptor-mediated inhibitory synaptic 232 

responses.  EPSCs were recorded in voltage-clamp mode at the holding potential of 233 

-73 mV.  The composition of intracellular solution was (in mM): 135 KMeSO4, 5 234 

KCl, 10 HEPES, 0.1 EGTA-Na, 2 NaCl, 5 ATP, 0.4 GTP and 10 phosphocreatine at 235 

pH 7.2 and osmolarity 280-290 mosM.  Biocytin (0.5%; Sigma-Aldrich) was 236 

routinely included in the intracellular solution to allow post hoc staining of the 237 

recorded neurons.  During LTP experiments, synaptically-evoked excitatory 238 

postsynaptic potentials (EPSPs) were obtained in current-clamp mode at a membrane 239 

potential of -70 mV in the presence of the GABAA receptor antagonist gabazine (10 240 

M; Tocris Bioscience) and GABAB receptor antagonist CGP55845 (2 M; Tocris 241 

Bioscience).  Inhibitory postsynaptic currents (IPSCs) were performed in 242 

voltage-clamp mode with the cell held at 0 mV and in the presence of 243 

6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 20 M; Tocris Bioscience) and 244 

D-2-amino-5-phosphonovaleric acid (APV, 50 M; Tocris Bioscience) to eliminate 245 

glutamate currents with an intracellular solution containing 135 CsMeSO4 instead of 246 

KMeSO4.  LTD of IPSCs were induced by HFS, at the test pulse intensity, consisting 247 

of two 1-sec trains of stimuli separated by an intertrain interval of 20 sec at 100 Hz 248 

(Piskorowski and Chevaleyre, 2013).  To assess OXT-induced change in synaptic 249 

transmission, a highly selective OXTR agonist [Thr4,Gly7]-OXT (0.1 M; 250 

Sigma-Aldrich) was bath applied for 20 min and then washed out.  Series resistance 251 

and input resistance were monitored on-line throughout the whole-cell recording with 252 
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a 5 mV depolarizing step given after every afferent stimulus and data were discarded 253 

if access resistance changed by more than 20%.  Sample traces are averages of 10 254 

consecutive sweeps. 255 

 256 

 Three-chambered social approach assay. The three-chamber tests for sociability, 257 

response to social novelty and SRM were performed as previously described (Moy et 258 

al., 2004) with minor modifications.  The apparatus was a rectangular, 259 

three-chambered box fabricated from clear polycarbonate (60 cm  40 cm  22 cm).  260 

Dividing walls had retractable doorways that allowed access into each chamber.  The 261 

assay consisted of three testing sessions.  On day 1, mice were initially allowed to 262 

explore the three chambers freely for 10 min.  After the habituation period, a male 263 

juvenile mouse (stimulus), which had no prior contact with the subject mice, was 264 

placed in a wire cage of left or right chamber (systemically alternated) and an 265 

identical empty wire cage was placed in the other chamber.  The subject mouse was 266 

placed in the middle chamber, and then the mouse was allowed to freely explore all 267 

three chambers for 5 min (sociability test).  The time that the test subject spent 268 

investigating each chamber was measured.  At the end of the 5-min sociability test, 269 

the subject mouse was again gently guided to the center chamber while the empty 270 

wire cage was replaced with a novel unfamiliar male juvenile (4-week-old) mouse 271 

(novel 1).  The subject mouse again freely explored all three chambers for 5 min to 272 

quantify social preference for a new stranger (social novelty test).  The subject 273 

mouse had a free choice between the first, already-investigated mouse (familiar) and 274 

the novel unfamiliar mouse.  The time spent in each chamber was measured.  After 275 

social novelty test, mice were returned to their home cages.  On day 2 or day 8, 276 

1-day or 7-day long-term SRM was examined in which the familiar mouse was placed 277 
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in either the left or right chamber, and a novel unfamiliar male juvenile mouse (novel 278 

2) was placed in the cage of other chamber.  The subject mouse again freely explored 279 

all three chambers for 5 min.  The subject mouse had a free choice between the 280 

familiar mouse and the novel unfamiliar mouse for 5 min.  The behavior of the 281 

animals was videotaped, tracked and analyzed with the behavioral tracking system 282 

Ethovision (Noldus; RRID: SCR_000441) under 70 Lux lighting condition. 283 

 284 

 Five-trial social memory assay. The five-trial social test was performed as 285 

previously described (Hitti and Siegelbaum, 2014).  In brief, subject mice were 286 

individually housed for 7 days before testing to establish territorial dominance.  On 287 

the day of testing, a CD-1 ovariectomized female mouse was presented to the subject 288 

male mouse’s cage for four successive 1-min trials with a 10 min inter-trial interval.  289 

On the fifth trial, a novel CD-1 ovariectomized female mouse was presented and the 290 

duration of social investigation was recorded.   291 

 292 

Open field test. For the open field (OF) test, mice were individually placed in the 293 

center of the test chamber and left to freely explore for 10 min under a dimmed 294 

illumination (approximately 10 Lux).  The test chamber consisted of a square ground 295 

area (42 cm  42 cm) surrounded by a 42 cm high wall set on a non-reflective white 296 

plastic base.  The behavior of the animals was videotaped, tracked and analyzed with 297 

the behavioral tracking system Ethovision.  The activity was evaluated based on time 298 

spent in the center zone and total distance traveled in the OF.  The chamber was 299 

thoroughly cleaned with 70% ethanol after each trial.  The percentage of time spent 300 

in the center zone is defined as the percentage of time for the animals exploring the 301 

center 25% (21 cm  21 cm) of the chamber. 302 
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Elevated plus maze. The elevated plus maze (EPM) test was performed as 303 

previously described (Pellow et al., 1985).  The plus-cross-shaped maze was 304 

custom-made of black Plexiglas consisting of two open arms (25 cm × 5 cm × 0.5 cm) 305 

and two enclosed arms (25 cm × 5 cm × 16 cm) extending from a central square 306 

platform (5 cm × 5 cm) mounted on a wooden base raised 50 cm above the floor.  307 

Animals were placed on the center square platform facing an open arm and allowed to 308 

freely explore the maze for 5 min.  The apparatus was illuminated with dimmed light 309 

(approximately 10 Lux).  The behavior of the animals was videotaped, tracked and 310 

analyzed with the behavioral tracking system Ethovision.  The activity was evaluated 311 

based on the percentage of time spent in the open versus closed arms.  The apparatus 312 

was thoroughly cleaned with 70% ethanol after each trial. 313 

 314 

Novelty-suppressed feeding. The novelty suppressed feeding (NSF) test was 315 

performed as previously described (Gross et al., 2002).  In brief, food was removed 316 

from the home cage 24 h before testing, while water remained available ad libitum.  317 

The next day, mice were placed at the edge of an open field (42 cm × 42 cm) with a 318 

small piece of chow in the center for 10 min.  The behavior of the animals was 319 

videotaped and analyzed with the behavioral tracking system Ethovision and the 320 

latency to begin chewing food was measured. 321 

 322 

Histology and quantification. Mice were deeply anesthetized with sodium 323 

pentobarbital (150 mg/kg, intraperitoneally; Sigma-Aldrich) and transcardially 324 

perfused with 4% paraformaldehyde (PFA; Sigma-Aldrich) in 0.1 M PBS, pH 7.4.  325 

After the perfusion, brains were removed and continue to fix in 4% PFA for 24 h at 326 

4°C and then transferred to the solution containing 30% sucrose that immersed in 4°C 327 
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for at least 48 h before slicing.  Coronal brain slices containing the hippocampus 328 

were sectioned to a 20 m thickness, washed with 0.3% Triton X-100, and then 329 

incubated for blocking with solution containing 3% goat serum in PBS.  For 330 

quantitative evaluation of neuronal numbers with Nissl staining, sections were 331 

mounted directly on gelatin-coated glass slides and dried.  The slides were stained 332 

with 1.0% cresyl violet, dehydrated through a series of ethanol, cleared, and 333 

coverslipped with permount (Fisher Scientific).  Nissl staining within the CA2 334 

region was quantified in images from about 1.5 to 2.5 mm posterior to Bregma every 335 

sixth coronal section captured at 200× magnification and digitized with an Olympus 336 

BX51 microscope coupled to an Olympus DP70 digital camera.  All images were 337 

imported into NIH ImageJ software for analysis.   338 

 339 

Quantitative real-time PCR (qRT-PCR). Total RNA was isolated from 340 

hippocampal CA1, CA2 and CA3 tissue lysates using a Tri Reagent kit (Molecular 341 

Research Center) and treated with RNase-free DNase (RQ1; Promega) to remove 342 

potential contamination by genomic DNA as previously described (Lin et al., 2017).  343 

Total RNA (2 g) from samples was reverse transcribed using a SuperScript cDNA 344 

synthesis kit (Invitrogen).  qRT-PCR was performed on the Roche LightCycler 345 

instrument (Roche Diagnostics: RRID: SCR_001326) using the FastStart DNA Master 346 

SYBR Green I kit (Roche Applied Science) according to the manufacturer’s 347 

instructions.  The primers used in this experiment for Oxtr were as follows: forward 348 

(5’-TTCTTCGTGCAGATGTGGAG-3’) and reverse 349 

(5’-CCTTCAGGTACCGAGCAGAG-3’).  The PCR reactions were run for 40 350 

cycles.  Each amplification cycle included denaturation at 95°C for 20 sec, annealing 351 

at 58 °C for 20 sec and extension at 72°C for 40 sec.  All reactions were repeated in 352 
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duplicate and data were analyzed by LightCycler quantification software to determine 353 

the threshold cycle above background for each reaction.  The relative transcript 354 

amount of the gene of interest, which was calculated using standard curves of serial 355 

RNA dilutions, was normalized to -actin rRNA. 356 

 357 

Golgi impregnation. Mice were deeply anesthetized with sodium pentobarbital 358 

(150 mg/kg) and transcardially perfused with 0.1 M PBS and then brains were 359 

removed and immersed in Golgi-Cox solution at room temperature for 2 weeks.  360 

After transferred to a 30% sucrose solution for 48 h, 200-μm thick coronal sections 361 

were prepared by use of a vibrating microtome (VT1200S).  The slices were 362 

subsequently alkalinized in 18.7% ammonia, fixed in Kodak Rapid Fix solution, 363 

dehydrated in alcohol, cleared with xylene, mounted onto gelatinized slides, and 364 

coverslipped under Permount (Fisher Scientific).  Protrusion number was determined 365 

blind to the treatment condition.  At least 5 pyramidal neurons from each animal (5 366 

animals per group) were chosen for analysis.  Images of dendritic protrusions were 367 

taken from the secondary branches of the apical dendrites (30-80 μm from the soma) 368 

of CA2 pyramidal neurons by using the Olympus microscope equipped with a 100 × 369 

1.25 NA oil immersion objective.  Multiple Z-stack images of neurons from the CA2 370 

region were collected with the aid of a computer-assisted neuron tracing system 371 

(Neurolucida; MicrobrightField Inc.; RRID: SCR_001775) and further reconstructed 372 

by using ImageJ software.  The numbers of protrusions were counted with 30 μm 373 

dendrite segments and presented as the number of dendritic protrusions in 30 μm.  374 

According to their morphology, protrusions were distinguished into four categories: (1) 375 

mushroom-shaped spines with a short neck; (2) stubby spines with a head but without 376 

a neck; (3) thin spines with a long neck and small heads; and (4) filopodia with no 377 
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detectable head as described previously (Tyler and Pozzo-Miller, 2003; Wang et al., 378 

2017). 379 

 380 

Immunofluorescence. OxtrVenus-Neo/+ mice were deeply anesthetized with sodium 381 

pentobarbital (150 mg/kg) and transcardially perfused with 4% PFA in 0.1 M PBS, 382 

pH 7.4.  After the perfusion, brains and spinal cord were removed and continue to fix 383 

in 4 % PFA for 24 h at 4°C and then transferred to the solution containing 30 % 384 

sucrose that immersed in 4°C for at least 48 h before slicing.  Coronal slices were 385 

sectioned to a 40 m thickness, washed with 0.3 % Triton X-100, and then incubated 386 

for blocking with solution containing 3% goat serum in PBS.  After blocking, the 387 

sections were incubated with primary antibodies against CaMKII  (1:500; Novas 388 

Biologicals, NB100-81830; RRID: AB_1145020) or striatum-enriched 389 

protein-tyrosine phosphatase (STEP; also known as PTPN5) (1:500, Cell Signaling 390 

Technology, Cat#4376; RRID: AB_1904101).  Finally, sections were washed with 391 

TBS-T (10 mM Tris-HCl, 150 mM NaCl and 0.025% Tween 20; pH 7.4) and then 392 

incubated with the secondary Alexa Fluor 568 antibody (Life Technologies) for 2 h at 393 

room temperature in blocking buffer.  The immunostained sections were collected on 394 

separate gelatin-subbed glass slides, rinsed extensively in PBS, and mounted with 395 

ProLong Gold Antifade Reagent (Invitrogen).  Fluorescence images of neurons were 396 

obtained using an Olympus FluoView FV1000 confocal microscope.  All images 397 

were imported into NIH ImageJ software for analysis. 398 

 399 

Experimental design and Statistical analysis. 400 

Experiment 1. Conditional deletion of Oxtr from CA2 pyramidal neurons. In 401 

order to examine the expression of OXTRs in hippocampal CA2 region, we used 402 
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OxtrVenus-Neo/+ mice, which express the Venus variant of yellow fluorescent protein in 403 

OXTR-expressing cells (n = 4; Fig. 1A).  We used the Cre-loxP recombination 404 

approach to conditionally delete Oxtr from hippocampal excitatory neurons by 405 

crossing mice expressing CaMKII -Cre with Oxtrf/f mice.  PCR and dual-probe 406 

FISH were used to confirm the efficiency of Cre-loxP-mediated deletion of Oxtr 407 

mRNA from CaMKII  mRNA-expressing CA2 pyramidal neurons (n = 4 mice in 408 

each group; Fig. 1B and C).  Cresyl violet staining was used to examine whether the 409 

total number of CA2 pyramidal neurons was altered by conditional deletion of Oxtr (n 410 

= 4 mice in each group; Fig. 1D).   411 

 412 

Experiments 2 and 3. Conditional deletion of CA2/CA3a Oxtr impairs the 413 

persistence of long-term SRM.  To assess the role of CA2/CA3a OXTRs in social 414 

behavior, we compared the performance of WT and Oxtr-/- mice in a three-chamber 415 

test for sociability (n = 20 mice in each group; Fig. 2A), preference for social novelty 416 

(n = 20 mice in each group; Fig. 2B), 1-day long-term SRM (n = 10 mice in each 417 

group; Fig. 2C) and 7-day long-term SRM (n = 10 mice in each group; Fig. 2D).  We 418 

also conducted a more stringent five-trial social memory assay to examine the 419 

contribution of CA2/CA3a Oxtr to SRM (WT: n = 9; Oxtr-/-: n = 7; Fig. 2E).  The 420 

detailed information can be found in Result describing Fig. 2.   421 

For experiment 3, we used Oxtrf/f mice in combination with Cre 422 

recombinase-mediated gene deletion in a localized fashion through bilateral 423 

stereotaxic injections of AAV-GFP or AAV-Cre-GFP adenoviral vectors targeting the 424 

CA2, under control of the CaMKII  promoter.  The successful transduction of 425 

AAV-Cre-GFP or AAV-GFP was confirmed by costaining for the CA2-specific marker 426 

STEP (Fig. 3A).  We compared the performance of AAV-GFP and AAV-Cre-GFP 427 
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mice in a three-chamber test for sociability (n = 12 mice in each group; Fig. 3B), 428 

preference for social novelty (n = 12 mice in each group; Fig. 3C), 1-day long-term 429 

SRM (n = 6 mice in each group; Fig. 3D) and 7-day long-term SRM (n = 6 mice in 430 

each group; Fig. 3E).  The detailed information can be found in Result describing 431 

Fig. 3. 432 

 433 

Experiments 4. Anxiety-like behavior was not affected by conditional deletion of 434 

CA2/CA3a Oxtr.  We examined whether conditional deletion of CA2/CA3a Oxtr 435 

may alter anxiety-like behavior.  Oxtrf/f mice received bilateral injection of 436 

AAV-GFP or AAV-Cre-GFP into the hippocampal CA2 region.  Three weeks after 437 

stereotaxic injection of AAV-GFP or AAV-Cre-GFP, mice were subjected to 438 

behavioral test.  Three behavioral paradigms, including the OF, EPM and NSF tests 439 

were used to evaluate changes in anxiety-like behavior (n = 10 mice in each group; 440 

Fig. 4A-E).  Quantitative real-time (qRT)-PCR analysis confirmed the loss of Oxtr 441 

mRNA expression in the CA1, CA2 and CA3 regions three weeks following the 442 

stereotactic injection of AAV-GFP or AAV-Cre-GFP (n = 10 mice in each group; Fig. 443 

4F). 444 

 445 

Experiments 5, 6 and 7. Conditional deletion of CA2 Oxtr impairs long-term 446 

potentiation.  For experiment 5, we examined whether the induction of LTP and LTD 447 

in the CA2 was affected in Oxtr-/- mice (Fig. 5A).  LTP was induced by HFS, 448 

consisting of one (WT: n = 7; Oxtr-/-: n = 9; Fig. 5B and D) or two 1-sec trains of 449 

stimuli separated by an intertrain interval of 20 sec at 100 Hz (WT: n = 6; Oxtr-/-: n = 450 

9; Fig. 5C and D) and LTD was induced by LFS delivered at 1 Hz for 15 min (WT: n 451 

= 5; Oxtr-/-: n = 6; Fig. 5E and F) at the synapses between the entorhinal cortex and 452 
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CA2 pyramidal neurons.  453 

For experiment 6, we examined whether OXT is directly involved in the 454 

regulation of synaptic transmission in the CA2.  EPSCs were evoked in CA2 455 

pyramidal neurons in response to stimulation of EC inputs (Fig. 6A and B).  We also 456 

used N-methyl-D-aspartate receptor (NMDAR) antagonist APV (50 M) and CaMKII 457 

inhibitor KN93 (1 M; Tocris Bioscience) to confirm that [Thr4,Gly7]-OXT-induced 458 

synaptic potentiation in CA2 pyramidal neurons relied on NMDAR activation and 459 

CaMKII activity (WT: n = 8; Oxtr-/-: n = 8; KN93: n = 6 naive mice; KN92: n = 6 460 

naive mice; APV: n = 6 naive mice; Fig. 6C and D).   461 

For experiment 7, we repeated LTP experiments by performing whole-cell 462 

current-clamp recordings of CA2 pyramidal neurons (n =5 mice in each group; Fig. 463 

7A).  We also determined the effects of the selective OXTR antagonist L-371257 (1 464 

M) on basal EPSC amplitude (n = 4 naive mice; Fig. 7B) and LTP induced by a 465 

single HFS train at EC-CA2 synapses (n = 4 naive mice; Fig. 7C).  We tested the 466 

effect of [Thr4,Gly7]-OXT (0.1 M) on synaptically evoked IPSCs of CA2 pyramidal 467 

neurons (n = 4 mice in each group; Fig. 7D).  We also compared the magnitude of 468 

LTD of IPSCs induced by two trains of 100 Hz HFS delivered 20 sec apart (n = 5 469 

mice in each group; Fig. 7E).  We injected AAV-Ubi-GFP into the PVN to confirm 470 

that OXT-containing fibers locate in the CA2 (n = 4 naive mice; Fig. 7F). 471 

 472 

Experiments 8. Conditional deletion of Oxtr alters dendritic morphology of CA2 473 

pyramidal neurons.  In order to examine whether conditional deletion of Oxtr may 474 

alter dendritic geometry and spine density, we used Golgi-Cox staining to visualize 475 

individual CA2 pyramidal neurons in WT and Oxtr-/- mice and analyzed the 476 

complexity of their dendritic trees (n = 5 mice in each group; Fig. 8A-C).  The 477 
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density of dendritic spine was detected on secondary and tertiary branches of apical 478 

dendrites of CA2 pyramidal neurons (n = 5 mice in each group; eight neurons from 479 

each mouse; Fig. 8D, E).  The effect of conditional deletion of Oxtr in the proportion 480 

of dendritic spine types was also examined (Fig. 8F).  481 

 482 

Statistical analysis. In this study, only adult male mice were used to avoid 483 

variations due to hormonal fluctuations during the female estrous cycle, which may 484 

influence behavioral and electrophysiological examinations.  In some behavioral 485 

(Fig. 2), electrophysiological (Figs. 5-7) and neuronal morphological examinations 486 

(Fig. 8), age-matched Oxtrf/f mice were used as the WT control group.  In 487 

site-specific manipulation experiments (Fig. 3 and Fig. 4), Oxtrf/f mice receiving 488 

AAV-GFP injection were used as the control group and Oxtrf/f mice receiving 489 

AAV-Cre-GFP injection were used as the treatment group.  All experiments were 490 

performed on independent cohorts of mice.  No statistical methods were used to 491 

predetermine sample size, but our sample size choice was based on our previous 492 

publications (Lin et al., 2012; Hsiao et al., 2016).  Mice were randomly assigned to 493 

viral injection experiments, and investigators were blinded to the group allocation 494 

while performing cell number counting, behavioral tests, morphological analysis and 495 

electrophysiological recordings.  The data were expressed as mean  SEM.  All 496 

statistical analyses were performed using the Prism 6 software package (GraphPad 497 

Software; RRID: SCR_002798) or Statistical Package for Social Sciences software 498 

(SPSS, version 17.0).  To compare the difference between the means of two 499 

distributions, we first determined whether the distributions of values were Gaussian 500 

using the Shapiro-Wilk test.  For Gaussian distributions, we calculated p values 501 

using paired or unpaired Student’s t-test, while for non-Gaussian distributions we used 502 
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Mann-Whitney U test.  The average values of the slope of fEPSPs and the amplitude 503 

of EPSCs, EPSPs and IPSCs per time point were analyzed with the Wilcoxon-signed 504 

rank test when compared within the same group.  Because the distributions of LTP 505 

and LTD magnitudes were not Gaussian, the Mann-Whitney U test was used to 506 

compare differences between two independent groups.  The significance of the 507 

difference between multiple groups was calculated by two-way analysis of variance 508 

(ANOVA) followed by Bonferroni’s post hoc analyses.  The proportion of dendritic 509 

spine types was compared with a Chi-square test.  No experimental data were 510 

missing or lost to statistical analysis.  Number of animals used is indicated by n.  511 

Electrophysiological values across multiple slices or neurons from the same animal 512 

were averaged to yield a single value for each animal.  Probability values of p < 0.05 513 

were considered to represent significant differences. 514 

  515 
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Results 516 

Conditional deletion of Oxtr from CA2 excitatory neurons 517 

We first examined the expression of OXTRs in hippocampal CA2 region using 518 

OxtrVenus-Neo/+ mice that express the Venus variant of yellow fluorescent protein in 519 

OXTR-expressing cells.  Consistent with previous findings (Yoshida et al., 2009; Lin 520 

et al., 2017), our immunofluorescent staining data showed strong Venus expression in 521 

the CA2 of OxtrVenus-Neo/+ mice.  In addition, we found that more than 95% 522 

Venus-positive cells expressed CaMKII  immunoreactivity (Fig. 1A), indicating that 523 

OXTRs are predominantly expressed by excitatory pyramidal neurons in the CA2.  524 

To examine directly the functional and behavioral relevance of OXTRs in CA2 525 

pyramidal neurons, we used the Cre-loxP recombination approach to conditionally 526 

delete Oxtr from hippocampal excitatory neurons by crossing mice expressing 527 

CaMKII -Cre with Oxtrf/f mice.   PCR screening of mouse genomic tail DNA 528 

confirmed heterozygous (Oxtr+/-) and homozygous Oxtr (Oxtr-/-) conditional knockout 529 

mice (Fig. 1B).  In parallel, dual-probe FISH revealed that the majority of Oxtr 530 

mRNA-positive cells were CaMKII  mRNA-expressing cells and the number of 531 

Oxtr-positive cells in the CA2 of Oxtr-/- mice was markedly reduced compared to that 532 

of WT mice (Fig. 1C), confirming the efficiency of Cre-loxP-mediated deletion of 533 

Oxtr.  Histological evaluation with cresyl violet staining showed that Oxtr deletion 534 

did not significantly affect the total number of neurons in the stratum pyramidale of 535 

the CA2 compared to that of WT mice (t(6) = 1.02, p = 0.35; unpaired Student's t-test; 536 

Fig. 1D). 537 

 538 

Conditional deletion of CA2/CA3a Oxtr impairs the persistence of long-term 539 

SRM 540 
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To assess the role of CA2 OXTRs in social behavior, we first compared the 541 

performance of WT and Oxtr-/- mice in a three-chamber test for sociability, which 542 

examines the mouse's preference for a chamber containing an unfamiliar stimulus 543 

mouse in a wire cage versus a chamber containing an identical empty wire cage.  We 544 

found no significant difference between WT and Oxtr-/- mice in preference for the 545 

chamber containing the stimulus mouse.  Difference scores were similar between 546 

WT and Oxtr-/- mice in sociability test (t(38) = 0.14, p = 0.89; unpaired Student's t-test; 547 

Fig. 2A).  The preference for social novelty was then determined by measuring the 548 

preference for a novel mouse compared to the familiar stimulus mouse.  As shown in 549 

Fig. 2B, Oxtr-/- mice showed level of social novelty recognition comparable to that of 550 

WT mice.   Difference scores were similar between WT and Oxtr-/- mice in social 551 

novelty test (t(38) = 0.10, p = 0.92; unpaired Student's t-test).  When mice were tested 552 

SRM one day after the training session (1-day long-term SRM), both WT and Oxtr-/- 553 

mice revealed intact memory retention.  They both displayed a significant and 554 

similar preference for spending more time exploring the novel mouse than the familiar 555 

mouse.   Difference scores were similar between WT and Oxtr-/- mice in 1-day 556 

long-term SRM test (t(18) = 0.35, p = 0.73; unpaired Student's t-test; Fig. 2C).  In 557 

contrast, when tested SRM 7 days after the training session (7-day long-term SRM), 558 

Oxtr-/- mice showed no significant difference in the exploration time of the novel and 559 

familiar mice (t(9) = 0.57, p = 0.59; paired Student's t-test), indicating the degree of 560 

7-day long-term SRM was impaired by Oxtr deletion.  WT mice, however, spent 561 

significantly more time exploring the novel mouse than the familiar mouse (t(9) = 6.77, 562 

p = 0.0001; paired Student's t-test).  As a consequence, a statistically significant 563 

difference score was observed between WT and Oxtr-/- mice in the degree of 7-day 564 

long-term SRM (t(18) = 2.97, p = 0.008; unpaired Student's t-test; Fig. 2D).  We also 565 
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conducted a more stringent five-trial social memory assay to examine the contribution 566 

of CA2 OXTRs to SRM.  In this assay, an ovariectomized stimulus female was 567 

present to a resident male mouse for four successive trials.  On the fifth trial, a novel 568 

ovariectomized stimulus female was introduced.  Both WT and Oxtr-/- mice 569 

displayed normal SRM, as demonstrated by a characteristic decline in the time spent 570 

exploring a previously encountered female during the first four trials and a full 571 

recovery following the introduction of a novel female in the fifth trial.  A two-way 572 

repeated measure ANOVA revealed no significant effect for the interaction between 573 

genotype and test (F(4,56) = 1.73, p = 0.16; Fig. 2E).  574 

 Since Oxtr deletion in Oxtr-/- mice was not restricted to the CA2, the loss of 575 

OXTR function in other hippocampal or forebrain regions might also contribute to the 576 

observed defect in the persistence of long-term SRM.  To circumvent this limitation, 577 

in a subset of experiments, we used Oxtrf/f mice in combination with Cre 578 

recombinase-mediated gene deletion in a localized fashion through bilateral 579 

stereotaxic injections of AAV-Cre-GFP or control AAV-GFP adenoviral vectors 580 

targeting the CA2, under the control of CaMKII  promoter that theoretically restricts 581 

expression to excitatory neurons.  The successful transduction of AAV-Cre-GFP or 582 

AAV-GFP was confirmed by costaining for the CA2-specific marker STEP (Shinohara 583 

et al., 2012; Kohara et al., 2014) (Fig. 3A).  AAV-GFP and AAV-Cre-GFP mice were 584 

then subjected to the three-chamber social behavior test.  Consistent with the results 585 

from Oxtr-/- mice, AAV-Cre-GFP mice performed similarly to AAV-GFP mice in the 586 

sociability (t(22) = 0.43, p = 0.67; unpaired Student's t-test; Fig. 3B), social novelty 587 

recognition (t(22) = 0.96, p = 0.35; unpaired Student's t-test; Fig. 3C) and 1-day 588 

long-term SRM (t(10) = 0.81, p = 0.44; unpaired Student's t-test; Fig. 3D).  In 7-day 589 

long-term SRM test, we found that AAV-Cre-GFP mice were unable to discriminate 590 
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between the novel and familiar mice (t(5) = 0.56, p = 0.60; paired Student's t-test), 591 

whereas AAV-GFP mice were found to have more time investigating the novel mouse 592 

than the familiar mouse (t(5) = 2.68, p = 0.04; paired Student's t-test).  A statistically 593 

significant difference was observed between AAV-Cre-GFP and AAV-GFP mice in the 594 

degree of 7-day long-term SRM (t(10) = 2.31, p = 0.04; unpaired Student's t-test; Fig. 595 

3E).  Because the methodologies we have used to delete Oxtr do not rule out 596 

targeting the neighboring CA3a region, these results suggest that CA2/CA3a Oxtr 597 

deletion impairs the persistence of long-term SRM. 598 

 599 

Conditional deletion of CA2/CA3a Oxtr does not affect anxiety-like behavior 600 

It has been shown that OXT can exert anxiolytic effects via OXTRs expressed in 601 

serotonergic neurons in mice (Yoshida et al., 2009).  We thus examined whether 602 

CA2/CA3a Oxtr deletion may alter anxiety-like behavior.  Three widely used 603 

behavioral tests (OF, EPM and NSF) were used to evaluate changes in anxiety-like 604 

behavior.  In the OF test, no significant differences in total distance traveled (t(18) = 605 

0.68, p = 0.51; unpaired Student's t-test; Fig. 4A) and percentage of time spent in the 606 

central zone of the field (t(18) = 0.11, p = 0.91; unpaired Student's t-test; Fig. 4B) were 607 

observed in AAV-Cre-GFP mice compared to AAV-GFP mice.  In the EPM test, 608 

AAV-Cre-GFP mice spent same amounts of time in the open arms (t(18) = 0.59, p = 609 

0.57; unpaired Student's t-test; Fig. 4C) and the closed arms as AAV-GFP mice (t(18) = 610 

0.60, p = 0.56; unpaired Student's t-test; Fig. 4D).  In addition, AAV-Cre-GFP and 611 

AAV-GFP mice exhibited similar latency to feeding in the NSF test (t(18) = 0.24, p = 612 

0.82; unpaired Student's t-test; Fig. 4E).  To verify the efficiency and the spread of 613 

the viral infection, Oxtr mRNA expression in hippocampal CA1, CA2 and CA3 614 

subregions were examined.  qRT-PCR analysis confirmed the specific loss of Oxtr 615 



 

28 
 

mRNA expression in the CA2 (t(18) = 9.54, p < 0.001; unpaired Student's t-test), but 616 

not in surrounding CA1 (t(18) = 0.61, p = 0.56; unpaired Student's t-test) and CA3 617 

regions (t(18) = 1.28, p = 0.13; unpaired Student's t-test), three weeks following the 618 

stereotactic injection of AAV-Cre-GFP (Fig. 4F).  These results suggest that 619 

anxiety-like behavior was not affected by CA2/CA3a Oxtr deletion.  620 

 621 

Conditional deletion of CA2/CA3a Oxtr impairs long-term potentiation at 622 

EC-CA2 synapses 623 

A recent study reported that long-term SRM in rats is mediated by OXT-dependent 624 

synaptic plasticity in the medial amygdala (MeA) (Gur et al., 2014).  In addition, we 625 

and others reported previously that OXT can enhance LTP at Schaffer collateral-CA1 626 

synapses and improve long-lasting spatial memory function during motherhood 627 

(Tomizawa et al., 2003; Lin et al., 2012).  To explore further the importance of CA2 628 

OXTRs in long-term SRM formation, we then examined whether the induction of 629 

LTP and LTD in the CA2 was affected in Oxtr-/- mice.  While CA2 pyramidal 630 

neurons receive bilateral excitatory inputs from CA3 Schaffer collateral on proximal 631 

apical dendrites and the EC on distal apical dendrites, only the EC inputs to CA2 632 

neurons have been shown to be capable of undergoing a reliable LTP (Chevaleyre and 633 

Siegelbaum, 2010; Chafai et al., 2012).  We, therefore, focused on the induction of 634 

LTP and LTD at EC-CA2 synapses.  Extracellular fEPSPs were recorded in the SLM 635 

of the CA2 in response to stimulation of EC synaptic inputs (Fig. 5A).  In slices from 636 

WT mice, a single train of HFS (100 Hz, 1 sec) induced a robust LTP (50-60 min after 637 

HFS: 52.4  6.4%), whereas a significantly faster decay of LTP was observed in slices 638 

from Oxtr-/- mice (50-60 min after HFS: 21.9  4.3%, p = 0.001; Mann-Whitney U 639 

test; Fig. 5B and D), suggesting that Oxtr deletion impairs the maintenance of LTP.  640 
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In contrast, we observed no significant difference between WT and Oxtr-/- mice in the 641 

induction of LTP by a stronger tetanizing protocol, consisting of two trains of HFS 642 

(50-60 min after HFS: WT mice, 58.2  4.4%; Oxtr-/- mice, 44.8  5.6%, p = 0.31; 643 

Mann-Whitney U test; Fig. 5C and D).  However, in slices from both WT and Oxtr-/- 644 

mice, no significant LTD was observed after LFS (50-60 min after the end of LFS: 645 

WT mice, 3.5  6.9%; Oxtr-/- mice, 12.8  5.3%, p = 0.31; Mann-Whitney U test; Fig. 646 

5E and F).   647 

 We next examined whether OXT is directly involved in the regulation of 648 

synaptic transmission in the CA2.  CA2 pyramidal neurons in slices from naive mice 649 

were targeted for recording, filled with biocytin to allow post hoc reconstruction (Fig. 650 

6A).  In these experiments, EPSCs were evoked in CA2 pyramidal neurons in 651 

response to stimulation of the EC inputs.  As shown in Fig. 6B and D, bath 652 

application of the selective OXTR agonist [Thr4,Gly7]-OXT (0.1 M) for 20 min 653 

resulted in a slowly developing potentiation of EPSCs in slices from WT mice (28.4  654 

4.1%), whereas [Thr4,Gly7]-OXT failed to change EPSCs in slices from Oxtr-/- mice 655 

(2.3  3.9%, t(14) = 4.56, p < 0.001; unpaired Student's t-test).  Looking for molecular 656 

mechanisms responsible for [Thr4,Gly7]-OXT-induced synaptic potentiation, we 657 

focused on the specific roles of NMDAR and CaMKII, which have been shown to be 658 

activated after OXTR stimulation (Jurek et al., 2015; Pagani et al., 2015; van den 659 

Burg et al., 2015).  To this end, a selective NMDAR antagonist APV and a broad 660 

spectrum CaMKII inhibitor KN93 were used.  We found that APV (50 M) 661 

prevented [Thr4,Gly7]-OXT-induced synaptic potentiation (1.6  4.2%, t(12) = 4.48, p < 662 

0.001; unpaired Student's t-test).  In addition, pretreatment of the hippocampal slices 663 

with KN93 (1 M; 8.4  3.6%, t(12) = 3.52, p < 0.01; unpaired Student's t-test), but not 664 

its inactive structural analog KN92 (1 M; 30.5  3.4%, t(12) = 0.38, p = 0.71; 665 
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unpaired Student's t-test), completely blocked [Thr4,Gly7]-OXT-induced synaptic 666 

potentiation (Fig. 6C and D).   667 

 Because CA2 and CA3 dendrites co-mingle in the SLM of the CA2, the 668 

extracellular field potential recordings may not selectively monitor CA2 synaptic 669 

responses.  We thus repeated the LTP experiments in whole-cell current-clamp 670 

recordings of CA2 pyramidal neurons conducted in the presence of gabazine (10 M) 671 

and CGP55845 (2 M) to block GABAergic inhibitory transmission.  In slices from 672 

WT mice, a single train of HFS (100 Hz, 1 sec) induced a LTP of EPSPs (50-60 min 673 

after HFS: 34.3  7.1%), whereas a significantly faster decay of LTP was observed in 674 

slices from Oxtr-/- mice (50-60 min after HFS: 1.7  3.9%, p < 0.01; Mann-Whitney U 675 

test; Fig. 7A), confirming that Oxtr deletion impairs the maintenance of LTP.  As 676 

removing OXTRs could also lead to alterations in other receptors or signaling 677 

pathways, we also examined whether acute blockade of OXTRs may block LTP 678 

induction at EC-CA2 synapses.  We first checked the effect of the selective OXTR 679 

antagonist L-371257 on basal synaptic transmission.  As shown in Fig. 7B, 680 

application of L-371257 (1 M) caused a significant 35.8  2.3% decrease in EPSC 681 

amplitude.  Furthermore, as we observed using Oxtr-/- mice, LTP of EPSP was 682 

completely blocked in the presence of L-371257 (1 M; 50-60 min after HFS: 3.1  683 

5.6%, p < 0.001; Mann-Whitney U test; Fig. 7C).   684 

Because OXTRs are also often expressed by inhibitory neurons (Yoshida et al., 685 

2009; Owen et al., 2013; Lin et al., 2017), we determined whether OXTRs control 686 

basal transmission and synaptic plasticity at inhibitory synapses.  We first measured 687 

the effect of OXT on IPSCs in CA2 pyramidal neurons.  Application of 688 

[Thr4,Gly7]-OXT (0.1 M) significantly decreased the amplitude of evoked IPSCs by 689 

48.6  5.3% and 52.3  4.9%, in neurons from WT and Oxtr-/- mice, respectively (t(6) 690 
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= 1.14, p = 0.21; unpaired Student's t-test; Fig. 7D).  Consistent with previous work 691 

(Piskorowski and Chevaleyre, 2013), we found that a HFS triggered a robust LTD of 692 

IPSC amplitude of CA2 pyramidal neurons.  There was no significant difference in 693 

the magnitude of LTD between neurons obtained from WT (50-60 min after HFS: 694 

54.3  4.9%) and Oxtr-/- mice (50-60 min after HFS: 53.1  5.2%, p = 0.81; 695 

Mann-Whitney U test; Fig. 7E).  These results indicate that the regulatory effects of 696 

OXT on synaptic transmission and plasticity at inhibitory synapses were not affected 697 

by conditional deletion of Oxtr from CA2 excitatory neurons.  Combined with viral 698 

tracing and immunostaining with anti-OXT antibody, we confirmed that PVN neurons 699 

send their OXT-containing projecting fibers directly to the SLM of the CA2 (Fig. 7F).      700 

 701 

Conditional deletion of Oxtr reduces basal dendrite complexity of CA2 702 

pyramidal neurons 703 

To examine whether Oxtr deletion may influence dendritic geometry and spine density, 704 

we used Golgi-Cox staining to visualize individual CA2 pyramidal neurons in WT 705 

and Oxtr-/- mice (Fig. 8A), and analyzed the complexity of their dendritic trees.  Sholl 706 

analysis of reconstructed CA2 pyramidal neurons revealed that Oxtr deletion had no 707 

effect on the complexity of apical dendrites (F(1, 1250) = 2.39, p = 0.12; two-way 708 

ANOVA; Fig. 8B) but significantly decreased basal dendrite branching (F(1, 764) = 709 

12.50, p = 0.0004; two-way ANOVA; Fig. 8C).  No significant change in the density 710 

of dendritic spine was detected on secondary and tertiary branches of apical dendrites 711 

of CA2 pyramidal neurons in Oxtr-/- mice compared to that of WT mice (t(8) = 0.49, p 712 

= 0.64; unpaired Student's t-test; Fig. 8D and E).  Additional analysis revealed no 713 

significant alteration in the proportion of dendritic spine types in Oxtr-/- mice 714 

compared to that of WT mice ( 2 = 1.72, p = 0.63; Chi-square test; Fig. 8F).   715 

  716 
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Discussion 717 

Our study, for the first time, reveals the critical contribution of CA2/CA3a OXTRs to 718 

the persistence of long-term SRM.  We confirm that OXTRs are enriched in the CA2 719 

of the mouse hippocampus and show that pharmacological activation of OXTRs 720 

produces synaptic potentiation through a mechanism dependent on the 721 

NMDAR-mediated activation of CaMKII.  Conditional deletion of CA2/CA3a Oxtr 722 

leads to impaired LTP at EC-CA2 synapses and produces a pronounced loss of the 723 

ability to create a persistent form of long-term SRM, without affecting anxiety-like 724 

behavior.  As CA2 and CA3 pyramidal neurons are highly intermingled at the border 725 

region (Hitti and Siegelbaum, 2014) and OXTRs are also highly expressed in CA3 726 

pyramidal neurons (Lin et al., 2017), the methodologies we have used to delete Oxtr 727 

do not rule out targeting the neighboring CA3a region.  Although we think that CA2 728 

OXTRs may be most critical for the persistence of long-term SRM, at this point this is 729 

conjecture that is not supported by direct experimental evidence. 730 

 While previous studies have underscored the importance of hippocampal CA2 731 

neurons in SRM formation (Hitti and Siegelbaum, 2014; Stevenson and Caldwell, 732 

2014), they have focused solely on the functional assessment, with only a few 733 

addressing its mode of action.  A recent study has shown that pharmacological 734 

antagonism of the vasopressin (AVP) 1b receptors in the CA2 blocked the 735 

enhancement of SRM induced by optogenetic stimulation of AVP projection neurons 736 

from the PVN, suggesting an enhancing effect of AVP on social memory formation 737 

(Smith et al., 2016).  Here, we extend these findings by demonstrating that mice 738 

lacking CA2/CA3a OXTRs have a defect in the persistence of long-term SRM.  739 

Consistent with previous work (Kogan et al., 2000), we show that adult C57BL/6 740 

mice can form robust long-term SRM for juvenile conspecifics and this memory can 741 



 

33 
 

be maintained for at least 7 days.  Our findings that memory retention was 742 

unaffected at 1 day after training but significantly impaired at 7 days after training in 743 

mice lacking CA2/CA3a Oxtr suggest that OXTR signaling is specifically critical for 744 

the persistence of long-term SRM.  These results imply the existence of a CA2/CA3a 745 

OXTR-dependent information processing phase to specifically transform a rapidly 746 

decaying memory trace into a persistent form of long-term SRM.  Although the 747 

exact mechanisms that trigger this OXTR-dependent phase remain to be elucidated, 748 

one possibility is that, during training, a OXTR-induced gene transcription and de 749 

novo protein synthesis process that may last for several hours or even days is switched 750 

on and then to ensure memory persistence.  Of note, previous studies showed that 751 

brain-derived neurotrophic factor (BDNF) can induce a late postacquisition phase in 752 

the hippocampus essential for persistence of long-term memory storage (Bekinschtein 753 

et al., 2007, 2008; Nakayama et al., 2015).  Therefore, it is possible that the 754 

molecular mechanism by which OXTRs promote persistence of long-term SRM is 755 

associated with increased BDNF protein levels.  This assertion is also supported by a 756 

study showing that intranasal administration of OXT can increase hippocampal BDNF 757 

levels in rats subjected to chronic restraint stress (Dayi et al., 2015).  Furthermore, 758 

the impact of OXTR signaling on long-term SRM is not limited to hippocampal 759 

CA2/CA3a region.  A recent study has shown that the accessory olfactory bulb 760 

(AOB)-MeA pathway also contributes to OXT’s regulation of long-term SRM in rats 761 

(Gur et al., 2014), suggesting that multiple discrete brain regions are involved in 762 

OXT-mediated regulation of long-term SRM.  763 

 OXT has been shown to modulate synaptic plasticity in multiple brain regions.  764 

We and others have previously demonstrated that OXT can enhance LTP at 765 

hippocampal Schaffer collateral-CA1 synapses (Tomizawa et al., 2003; Lin et al., 766 
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2012) and AOB mitral cell-granule cell synapses (Fang et al., 2008).  Treatment of 767 

brain slices with OXT was observed to convert LTD into LTP in the infralimbic 768 

medial prefrontal cortex (Ninan, 2011).  In addition, OXT was shown to facilitate 769 

LTD induction in the AOB-MeA pathway (Gur et al., 2014).  Here, we extend these 770 

findings by demonstrating that OXTR signaling is necessary for LTP induction at 771 

EC-CA2 synapses.  Because the role of OXTR signaling in LTP was not affected by 772 

blocking GABAergic inhibition, it is unlikely that OXT exerts its effect on LTP 773 

through a disinhibitory mechanism to drive firing in CA2 pyramidal neurons.  We 774 

further confirm that OXT agonist can induce synaptic potentiation at EC-CA2 775 

synapses.  Using the pharmacological inhibitors and Oxtr-/- mice, we indicate that 776 

OXT agonist-induced synaptic potentiation relies on the activation of OXTRs and is 777 

dependent on NMDAR and CaMKII activity.  Our data support a model in which the 778 

activation of OXTRs leads to increased intracellular Ca2+ concentration ([Ca2+]i) and 779 

thereby activates CaMKII, which promotes AMPA receptor recruitment at synapses to 780 

support synaptic potentiation.  Furthermore, NMDARs may act synergistically with 781 

the [Ca2+]i rise in mediating this synaptic potentiation.  Interestingly, activation of 782 

NMDARs and CaMKII were also described in AVP agonist-induced synaptic 783 

potentiation at Schaffer collateral-CA2 synapses (Pagani et al., 2015).  Based on our 784 

Venus immunoreactivity assay, OXTRs appear to be mainly expressed in the stratum 785 

pyramidale and stratum oriens.  This raises an interesting question about how 786 

receptors located on the soma and basal dendrites of pyramidal neurons can control 787 

plasticity of distal inputs far away from the receptor location?  Although the precise 788 

mechanism remains unclear, a possible explanation is that OXTRs may transmit 789 

signals from the soma to distal dendrites through intracellular second messenger 790 

systems following receptor activation.  Additional studies are needed to clarify this 791 
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issue.   792 

Our analysis of neuronal morphology reveals a significant decrease in basal 793 

dendrite complexity of CA2 pyramidal neurons in Oxtr-/- mice, suggesting a 794 

compartmentalized regulation of OXTR signaling on neuronal morphology.  This 795 

finding seems to contrast with a recent study showing that deletion of Oxtr in the 796 

hippocampus promotes dendrite overgrowth in CA1 and CA3 pyramidal neurons 797 

(Ripamonti et al., 2017).  The reason for this discrepancy is unclear but could be 798 

related to the fact that CA2 pyramidal neurons have distinct anatomical or molecular 799 

features compared to CA1 and CA3 pyramidal neurons (Ishizuka et al., 1995; Dudek 800 

et al., 2016).  In analogy, we did not observe a significant change in the density of 801 

apical dendritic spines of CA2 pyramidal neurons in Oxtr-/- mice, whereas Ripamonti 802 

et al. (2017) reported that Oxtr deletion increases the density of filopodia and 803 

filopodia-like protrusions along the apical dendrites of CA1 pyramidal neurons.  804 

While it is reasonable to speculate that changes in dendritic arborization may lead to 805 

altered neuronal signaling and function, the link between the decrease in basal 806 

dendrites and the effects of OXTRs on synaptic plasticity and long-term SRM remains 807 

to be further elucidated.  It remains unclear why the complexity of basal dendrites is 808 

more prominently affected by Oxtr deletion than apical dendrites in Oxtr-/- mice.  809 

Because basal dendrites of CA2 pyramidal neurons receive dense inputs from CA3 810 

neurons (Dudek et al., 2016) and OXTRs are highly expressed in CA3 pyramidal 811 

neurons (Lin et al., 2017), it is plausible that higher responsiveness of basal dendrites 812 

of CA2 pyramidal neurons in response to Oxtr deletion is partially due to the 813 

concomitant loss of stimulating effect that comes from OXTR-expressing CA3 814 

pyramidal neurons.   815 

 Consistent with the idea that long-term memory storage relies on LTP induction 816 
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(Mayford et al., 2012; Takeuchi et al., 2013), our results demonstrated a strong 817 

correlation between hippocampal CA2 LTP and long-term SRM formation.  Our 818 

observations that Oxtr deletion impairs the maintenance of LTP at EC-CA2 synapses 819 

and the persistence of long-term SRM support the notion that the excitatory inputs 820 

from the EC to CA2 pyramidal neurons are crucial for hippocampal function and 821 

memory formation (Hitti and Siegelbaum, 2014; Dudek et al., 2016).  Indeed, it has 822 

been proposed that CA2 pyramidal neurons form the nexus of a powerful disynaptic 823 

circuit linking EC input with CA1 output to mediate key aspects of hippocampal 824 

function (Chevaleyre and Siegelbaum, 2010).  Therefore, it is likely that activation 825 

of OXTRs promotes the EC inputs to CA2 pyramidal neurons to undergo LTP that 826 

enhances the excitatory drive of hippocampal circuit for creating persistent long-term 827 

SRM traces.   828 

 While numerous studies have demonstrated that endogenous OXT has anxiolytic 829 

actions (Neumann et al., 2000; Mantella et al., 2003; Crawley et al., 2007; Yoshida et 830 

al., 2009; Neumann and Slattery, 2016), the results reported here show no significant 831 

alterations in anxiety-like behavior in mice with conditionally deleted CA2/CA3a 832 

Oxtr, as evidenced by measuring performance in the OF, EPM and NSF, suggesting 833 

that the CA2/CA3a may not be critically involved in the regulation of anxiety-like 834 

behavior by OXT.  In this context, it has been previously proposed that OXT exerts 835 

its anxiolytic effects via OXTRs expressed in serotonergic neurons of the raphe nuclei 836 

(Yoshida et al., 2009).   837 

 In conclusion, our results reveal a pivotal role for the CA2/CA3a in long-term 838 

SRM formation and suggest a mechanism by which OXTR activity induces synaptic 839 

potentiation to promote the persistence of long-term memory storage.  These 840 

findings provide important insights into the importance of CA2/CA3a OXTR 841 
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signaling in regulating the persistence of long-term SRM and suggest a new target for 842 

therapeutic approaches to the treatment of social cognition deficits, often observed in 843 

patients with neuropsychiatric disorders.   844 

 845 

  846 
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Figure Legends 1015 

Figure 1. Conditional deletion of Oxtr in CA2 excitatory neurons of the mouse 1016 

hippocampus.  A, Doubled-labeled confocal immunofluorescent images 1017 

showing the colocalization of OXTRs (green) and CaMKII  (red) in the 1018 

CA2 of the mouse hippocampus.  The inserts represent high 1019 

magnification of the boxed area.  Scale bar: 10 m.  SO, stratum 1020 

oriens; SP, stratum pyramidale; SR, stratum radiatum.  B, PCR screening 1021 

of tail-derived genomic DNA for selection of Oxtr-/- mice.  C, Dual-probe 1022 

FISH images showing the expression of Oxtr mRNA and CaMKII  1023 

mRNA in the CA2 of WT and Oxtr-/- mice (counterstained with DAPI, 1024 

blue).  Scale bar, 50 m.  Data was replicated in 4 mice.  D, 1025 

Representative photographs with Cresyl violet staining of the CA2 1026 

showing that the number of pyramidal neurons was not significantly 1027 

affected by conditional deletion of Oxtr compared with age-matched WT 1028 

mice.  Group data showing the summary results from 4 mice of each 1029 

group at 10 weeks old.  Scale bars: left, 10 m; right, 200 m.  The 1030 

total number of animal examined is indicated by n in parenthesis.  Data 1031 

represent the mean  SEM.   1032 

 1033 

Figure 2. Conditional deletion of Oxtr in forebrain excitatory neurons leads to 1034 

impair the persistence of long-term SRM.  A, Top, schematic diagram of 1035 

the three-chamber sociability test.  Bottom left, time spent in each side 1036 

chamber containing the juvenile stimulus mouse or empty wire cage.  1037 

Both WT and Oxtr-/- subject mice spent significantly more time interacting 1038 

with the cage containing the juvenile stimulus mouse than with the empty 1039 
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wire cage.  Bottom right, difference scores (stimulus minus empty) were 1040 

similar between WT and Oxtr-/- mice in the sociability test.  B, Top, 1041 

schematic diagram of the three-chamber social novelty test.  Bottom left, 1042 

time spent in each side chamber containing a familiar mouse or a novel 1 1043 

mouse, 10 min after the first exposure.  Both WT and Oxtr-/- subject mice 1044 

spent significantly more time interacting with the cage containing the 1045 

novel mouse than with the familiar mouse.  Bottom right, difference 1046 

scores (novel 1 minus familiar) were similar between WT and Oxtr-/- mice 1047 

in the social novelty test.  C, Top, schematic diagram of the 1048 

three-chamber long-term SRM test.  Bottom left, time spent in each side 1049 

chamber containing a familiar mouse or a novel 2 mouse, 1 day after the 1050 

exposure.  Both WT and Oxtr-/- subject mice spent significantly more 1051 

time interacting with the cage containing the novel mouse than with the 1052 

familiar mouse.  Bottom right, difference scores (novel 2 minus familiar) 1053 

were similar between WT and Oxtr-/- mice in 1-day long-term SRM test.  1054 

D, Top, schematic diagram of the three-chamber long-term SRM test.  1055 

Bottom, time spent in each side chamber containing a familiar mouse or a 1056 

novel 2 mouse, 7 days after the exposure.  WT, but not Oxtr-/-, subject 1057 

mice spent significantly more time interacting with the cage containing 1058 

the novel mouse than with the familiar mouse.  Bottom right, difference 1059 

score (novel 3 minus familiar) of Oxtr-/- mice was significantly less than 1060 

that of WT mice in 7-day long-term SRM test.  E, Left, schematic 1061 

diagram of the 5-trial social memory assay.  Right, both WT and Oxtr-/- 1062 

subject mice showed a similar decline in the investigation time over trials 1063 

1-4 when they were repetitively presented the familiar ovariectomized 1064 
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female CD-1 mouse and increased in the investigation time on trial 5 1065 

when they were presented with a novel ovariectomized female CD-1 1066 

mouse.  The total number of animal examined is indicated by n in 1067 

parenthesis.  Data represent the mean  SEM.  *p < 0.05, **p < 0.01 1068 

and *** p < 0.001. 1069 

 1070 

Figure 3. Conditional deletion of CA2/CA3a Oxtr impairs the persistence of 1071 

long-term SRM.  A, Top, schematic illustration of coronal sections 1072 

illustrating the microinjection sites in the bilateral CA2.  Bottom, 1073 

representative photograph showing the expression of AAV-Cre-GFP 1074 

(green) in the CA2 and immunolabeled with STEP (red) and DAPI (blue).  1075 

Scale bar: 50 m.  The inset represents high magnification of the boxed 1076 

area.  Scale bar: 20 m.  B, Top, schematic diagram of the 1077 

three-chamber sociability test.  Bottom left, time spent in each side 1078 

chamber containing the juvenile stimulus mouse or empty wire cage.  1079 

Both AAV-GFP- and AAV-Cre-GFP-treated subject mice spent 1080 

significantly more time interacting with the cage containing the juvenile 1081 

stimulus mouse than with the empty wire cage.  Bottom right, difference 1082 

scores (stimulus minus empty) were similar between AAV-GFP and 1083 

AAV-Cre-GFP mice in sociability test.  C, Top, schematic diagram of the 1084 

three-chamber social novelty test.  Bottom, time spent in each side 1085 

chamber containing a familiar mouse or a novel 1 mouse, 10 min after the 1086 

first exposure.  Both AAV-GFP- and AAV-Cre-GFP-treated subject mice 1087 

spent significantly more time interacting with the cage containing the 1088 

novel mouse than with the familiar mouse.  Bottom right, difference 1089 
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scores (novel 1 minus familiar) were similar between AAV-GFP and 1090 

AAV-Cre-GFP mice in social novelty test.  D, Top, schematic diagram of 1091 

the three-chamber long-term SRM test.  Bottom, time spent in each side 1092 

chamber containing a familiar mouse or a novel 2 mouse, 1 day after the 1093 

exposure.  Both AAV-GFP- and AAV-Cre-GFP-treated subject mice 1094 

spent significantly more time interacting with the cage containing the 1095 

novel mouse than with the familiar mouse.  Bottom right, difference 1096 

scores (novel 2 minus familiar) were similar between AAV-GFP and 1097 

AAV-Cre-GFP mice in 1-day long-term SRM test.  E, Top, schematic 1098 

diagram of the three-chamber long-term SRM test.  Bottom, time spent 1099 

in each side chamber containing a familiar mouse or a novel 2 mouse, 7 1100 

days after the exposure.  AAV-GFP-, but not AAV-Cre-GFP-treated, 1101 

subject mice spent significantly more time interacting with the cage 1102 

containing the novel mouse than with the familiar mouse.  Bottom right, 1103 

difference score (novel 3 minus familiar) of AAV-Cre-GFP mice was 1104 

significantly less than that of AAV-GFP mice in 7-day long-term SRM test.  1105 

The total number of animal examined is indicated by n in parenthesis.  1106 

Data represent the mean  SEM.  *p < 0.05, **p < 0.01 and *** p < 1107 

0.001. 1108 

 1109 

Figure 4. CA2/CA3a Oxtr deletion does not affect anxiety-like behavior.  A and B, 1110 

Bar graph comparing the performance of AAV-GFP- and 1111 

AAV-Cre-GFP-treated mice on the total distance traveled (A) and the time 1112 

spent in the center (B) in the open field (OF) test.  C and D, Bar graph 1113 

comparing the performance of AAV-GFP- and AAV-Cre-GFP-treated mice 1114 
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on the percentage of time spent in the open (C) and closed arms (D) in the 1115 

elevated plus maze (EPM) test.  E, Bar graph comparing the 1116 

performance of AAV-GFP- and AAV-Cre-GFP-treated mice on the latency 1117 

to eat in the novelty-suppressed feeding (NSF) test.  F, Inset, schematic 1118 

of a hippocampal slice depicting the CA1, CA2 and CA3 hippocampal 1119 

regions dissected for Oxtr mRNA analysis.  Summary bar graphs 1120 

showing qRT-PCR of Oxtr mRNA in the CA1, CA2 and CA3 regions 1121 

from AAV-GFP- and AAV-Cre-GFP-treated mice.  Data represent the 1122 

mean  SEM.  *** p < 0.001. 1123 

 1124 

Figure 5. Conditional deletion of CA2/CA3a Oxtr impairs the induction of LTP at 1125 

EC-CA2 synapses.  A, Schematic of experimental set-up showing 1126 

stimulation electrode placed in the SLM to stimulate EC inputs and field 1127 

potential recording electrode placed in the CA2 distal apical dendritic 1128 

fields.  B, Summary of experiments showing one train of 1-sec HFS at 1129 

100 Hz induced LTP of fEPSPs at EC-CA2 synapses in slices from WT 1130 

and Oxtr-/- mice.  C, Summary of experiments showing two trains of 1131 

1-sec HFS at 100 Hz induced LTP of fEPSPs at EC-CA2 synapses in 1132 

slices from WT and Oxtr-/- mice.  D, Summary bar graphs depicting 1133 

levels of potentiation measured 50-60 min after one- or two-train of HFS 1134 

at EC-CA2 synapses in slices from WT and Oxtr-/- mice.  E, Summary 1135 

graphs of LTD induced with a prolonged LFS (900 stimuli delivered at 1 1136 

Hz) at EC-CA2 synapses in slices from WT and Oxtr-/- mice.  F, 1137 

Summary bar graphs depicting levels of depression measured 50-60 min 1138 

after LFS at EC-CA2 synapses in slices from WT and Oxtr-/- mice.  1139 
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Representative traces of fEPSPs were taken at the time indicated by 1140 

number.  Dash lines show level of baseline.  The total number of 1141 

animals examined is indicated by n in parenthesis.  Data are 1142 

represented as mean  SEM.  **p < 0.01.  1143 

 1144 

Figure 6. The selective OXTR agonist [Thr4,Gly7]-OXT induces a synaptic 1145 

potentiation at EC-CA2 synapses.  A, Left, representative confocal 1146 

image of a biocytin-stained CA2 pyramidal cell.  Scale bar: 100 m. 1147 

Right, single confocal attacks showing colocalization of biocytin (red) 1148 

and STEP (green).  Scale bar: 20 m.  Inset, whole-cell patch-clamp 1149 

recording from a CA2 pyramidal cell in current-clamp mode showing 1150 

the response to a positive step current injection (100 pA, 500 ms).  Note 1151 

that the late-onset firing was initiated by a slow depolarizing ramp.  B, 1152 

Bath application of [Thr4,Gly7]-OXT (0.1 M) for 20 min induced 1153 

potentiation of EPSCs recorded in CA2 neurons from WT, but not Oxtr-/- 1154 

mice.  C, Summary of experiments showing [Thr4,Gly7]-OXT-induced 1155 

synaptic potentiation was blocked by pretreatment of the hippocampal 1156 

slices with the NMDAR antagonist APV (50 M) or the broad spectrum 1157 

CaMKII inhibitor KN93 (1 M), but not by not its inactive structural 1158 

analogue KN92 (1 M).  D, Summary bar graphs depicting levels of 1159 

potentiation measured 20 min after [Thr4,Gly7]-OXT treatment at 1160 

EC-CA2 synapses in slices from different pretreatments.  1161 

Representative traces of EPSCs were taken at the time indicated by 1162 

number.  Dash lines show level of baseline.  The total number of 1163 

animals examined is indicated by n in parenthesis.  Data are 1164 
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represented as mean  SEM.  ***p < 0.001.  1165 

 1166 

Figure 7. OXTRs are involved in regulating synaptic transmission and plasticity in 1167 

the CA2.  A, Summary of experiments showing one train of 1-sec HFS 1168 

at 100 Hz induced LTP of EPSPs at EC-CA2 synapses in slices from WT 1169 

and Oxtr-/- mice.  B, Summary of experiments showing effect of 1170 

L-371257 (1 M) on EPSC amplitude at EC-CA2 synapses in slices 1171 

from naive mice.  C, Summary of experiments showing effect of 1172 

L-371257 (1 M) on the induction of LTP by one train of 1-sec HFS at 1173 

100 Hz in slices from naive mice.  D, Summary of experiments 1174 

showing the effect of OXT (0.1 M) on evoked IPSCs in CA2 pyramidal 1175 

neurons in slices from WT and Oxtr-/- mice.  E, Summary of 1176 

experiments showing two train of 1-sec HFS at 100 Hz induced LTD of 1177 

IPSCs in CA2 pyramidal neurons in slices from WT and Oxtr-/- mice.  F, 1178 

A representative image showing the distribution of PVN projecting 1179 

fibers in the SLM of the CA2.  Sections were counterstained with DAPI 1180 

(blue).  Inset, OXT neurons in the PVN were labeled with anti-OXT 1181 

antibody (red) and infected with AAV-Ubi-GFP.  Scale bar, 200 m 1182 

and 100 m (the inset).  SP, stratum pyramidale; SR, stratum radiatum; 1183 

SLM, stratum lacunosum-moleculare; 3V, third ventricle.  1184 

Representative traces of EPSPs, EPSCs or IPSCs were taken at the time 1185 

indicated by number.  Dash lines show level of baseline.  The total 1186 

number of animals examined is indicated by n in parenthesis.  Data are 1187 

represented as mean  SEM.   1188 

 1189 
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Figure 8. Effect of Oxtr deletion on dendritic morphology and spine density of 1190 

pyramidal neurons in the hippocampal CA2 region.  A, Representative 1191 

camera lucida tracings of hippocampal CA2 pyramidal neurons from 1192 

WT and Oxtr-/- mice.  B and C, Sholl analysis of apical (B) basal (C) 1193 

dendrites of CA2 pyramidal neurons from WT and Oxtr-/- mice.  D, 1194 

Representative images of the secondary branch of apical dendrites of 1195 

CA2 pyramidal neurons from WT and Oxtr-/- mice.  E, Summary bar 1196 

graphs depicting the density of protrusions in apical dendrites of CA2 1197 

pyramidal cells from WT and Oxtr-/- mice.  F, Representative images of 1198 

labeled spines for analysis.  Mushroom, filopodia, tine and stubby 1199 

spines are identified based on structural measures.  There was no 1200 

significant change in dendritic spine type proportion in Oxtr-/- mice 1201 

compared with WT mice.  Data represent the mean  SEM.  ***p < 1202 

0.001.  1203 


















