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We previously generated oxytocin (OXT)-deficient mice and oxytocin receptor (OXTR)-deficient mice.
Impaired social behaviors were observed in these mice, so they may be useful as animal models for studying the
regulatory mechanism of social behavior by the OXT/OXTR system in the brain. In the present review, we aimed
to overview our previous works to unravel the mechanism(s) by which OXTR deficiency leads to the impairment
of social behaviors; for example, abnormalities in maternal behavior and/or social memory observed in mice
deficient in the OXTR will be presented. By analyzing the brain of the OXTR-modified yellow fluorescent protein
knock-in mice histologically, OXTR-expressing neurons were observed conspicuously in brain regions that are
related to social behaviors. We focus on the characteristics of the regions containing neurons with prominent Oxtr
gene expression in the present manuscript and discuss on the mechanisms through which OXT exerts its effects on
social behaviors.
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1. Introduction

In 1994, we started a project for generating a mouse line in which oxytocin (OXT) was deficient [OXT-knockout
(KO) mouse] by the gene targeting technique. The reproductive function of OXT in parturition and milk ejection was
widely known, but the role of oxytocin in the regulation of social behaviors had not been studied in mice by that time.
During the last two decades, functional roles of OXT and oxytocin receptors (OXTRs) in the brain have been explored,
and the central OXT-system has been implicated in the regulation of social behaviors. Furthermore, oxytocin has been
suggested to be related to the pathogenesis of certain types of psychiatric disorders including autistic spectrum
disorders (ASD), and therefore, OXT and/or OXTRs are regarded potential targets for the pharmacological treatment
of these disorders. Since the generation of OXT- and OXTR-deficient mice [1, 2], we have carried out studies to unravel
physiological roles of OXT and its receptors in the brain from an aspect of social (particularly prosocial) behavior
[3-7].

2. Identification of brain regions expressing OXT/OXTR predominantly and functional
roles of these regions in animal behavior

In the central nervous system, OXT is expressed mostly in the neurosecretory neurons in the paraventricular nucleus
(PVN) and supraoptic nucleus of the hypothalamus (SON). OXT is transported through axons to the posterior lobe of
the pituitary and secreted into the blood stream to control parturition and milk ejection. OXT-containing axons are also
distributed extensively throughout the brain, and OXT is released from the nerve endings in multiple brain regions and
exerts its effect on various neurons expressing OXTR. These brain regions are known to be related to the regulation
of social behaviors and emotion, as well as other physiological functions. A reliable antibody against OXTR was
unavailable for a long time, however, and detailed information as to the distribution of OXTR in the brain could not be
obtained.
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3. Generation of OXTR-Venus knock-in mice and elucidation of the distribution of OXTR-
expressing neurons in the brain

OXTR-modified yellow fluorescent protein (Venus) knock-in mice were generated in our laboratory to examine the
distribution of OXTR-expressing neurons in the brain and characterize their functional roles [8]. Through a detailed
analysis of brains prepared from the OXTR-Venus knock-in mice, distribution of OXTR-expressing neurons was
identified throughout the brain. OXTR-expressing neurons were widely distributed in mouse brain, especially in those
regions which are related tightly to the regulation of social behavior and emotion [8] (Fig. 1). Based on the knowledge
of the distribution of OXTR, further exploration of the OXT/OXTR system in the brain became possible.
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Fig. 1. Localization of the regions (nuclei), expressing OXT or OXTR in mouse brain, which are related to the social
behaviors and emotion Modified from Figure 1 in Katsuhiko Nishimori, Hikaku Naibunpitsugaku Vol. 39, 2013, pp. 90-95.

4. OXTR-expressing neurons in brain regions that are related to the control of social
behavior

OXTR is expressed in different neuronal types [8] depending on the regions where it is expressed; for example, it is
expressed conspicuously in serotonergic (5-HT) neurons in the raphe nucleus, gamma-aminobutyric acid (GABA)-
containing (GABAergic) neurons in the medial amygdaloid nucleus (MeA) and lateral septum (LS), dopaminergic
neurons in the nucleus accumbens, and glutamatergic neurons in the hippocampus (data not shown).

Since the cellular types of OXTR-expressing neurons were so diverse, the mechanism through which OXT takes part
in mediating or modulating the neuronal circuits may differ significantly between brain regions. However, accumulated
data obtained by our group suggest strongly that the major functional effector of neurons expressing OXTR, which
controls social memory and social buffering, are the GABAergic neurons in the LS and the MeA [9, 10].

The medial preoptic area (MPOA) is a well-known nucleus related to the control of maternal behavior. The
involvement of the LS and the bed nucleus of the stria terminalis (BnST) has also been reported in the regulation of
maternal behavior [11-13]. In these nuclei, activation of c-Fos and expression of OXTR were analyzed in the brains of
the OXTR-Venus knock-in mice (Figs. 2, 3).

The OXTR-expressing neurons were also observed in other brain regions involved in homeostatic maintenance and
behavioral regulations; these regions include the medial amygdaloid nucleus (MeA) (handling social memory), nucleus
accumbens (regulation of pair bonding in prairie voles) [14], arcuate nucleus (ARC) (food intake), and hypothalamic
areas (control centers for stress, body temperature, and body fluid and electrolytes) [8] (Fig. 1). We focused on
clarifying the function of OXTR in the context of maternal behavior and social memory, among other social and
prosocial behaviors, because the KO mice, which were generated in our laboratory (OXT-KO- and OXTR-KO mouse),
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Fig. 2. The MPOA neurons expressing OXTR: changes in the number of OXTR-expressing neurons in response to neural
activation during parturition and at the period when maternal behavior was initiated A, Representative slices containing
the MPOA of an OXTR-Venus knock-in (Venus/+) mice, during parturition, after parturition, and at anestrus stage (as
controls). The slices were immunostained with anti-c-Fos-, or anti-EGFP (Venus) antibody. B, Numbers of neurons expressing
either OXTR (Venus), c-Fos, or OXTR (Venus)/c-Fos (double positive) are shown. Reproduced from Figure 2 in Katsuhiko
Nishimori, Hikaku Naibunpitsugaku Vol. 39, 2013, pp. 90-95.
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Fig. 3. The LS neurons expressing OXTR: changes in the number of OXTR-expressing neurons in response to neural
activation during parturition and at the period when maternal behavior was initiated A, Representative slices containing
the LS of an OXTR-Venus knock-in (Venus/+) mice, during parturition, after parturition, and at anestrus stage (as controls).
The slices were immunostained with anti-c-Fos-, or anti-EGFP (Venus) antibody. B, Numbers of neurons expressing either
OXTR (Venus), c-Fos, or OXTR (Venus)/c-Fos (double positive) are shown. Reproduced from Figure 3 in Katsuhiko
Nishimori, Hikaku Naibunpitsugaku Vol. 39, 2013, pp. 90-95.

showed impairment in maternal behavior and social memory [2, 9, 10, 15]. Thus, the roles of OXTR-expressing neurons
in the regulation of social behaviors have been disclosed gradually but steadily.
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5. Functional brain regions related to the social behavior
5.1 Maternal behavior and OXTR

Impairments in maternal behavior were observed in the OXTR-KO mice [2]. First, changes in Oxtr gene expression
were monitored in brain regions, which were reported to be tightly related to the regulation of maternal behavior and
social memory, by prompting these behaviors. The MPOA, LS, BnST, SON and PVN, in which predominant OXTR-
expression was observed, were also related to the regulation of the maternal behavior (Fig. 1). In the brains of
pregnant mice, increased expression of c-Fos was observed in the MPOA and LS regions, where we also detected
increases in OXTR expression during and just after parturition, when maternal behavior was initiated. The relative
ratio of the OXTR-expressing neurons that co-express c-Fos also increased in these nuclei during and after parturition
(Figs. 2, 3).

5.2 Social memory and OXTR

Both OXT-KO mice and the OXTR-KO mice presented impairment in social memory [2, 15] in habituation-
dishabituation and social discrimination paradigms. We analyzed expression levels of c-Fos and OXTR in the brain
regions postulated to mediate social memory when mice were exposed to social interactions. In these interactions,
individually housed male mice were exposed to the ovariectomized female mice. Ninety minutes after the social
interactions, when the activity of c-Fos was at its maximum, brains were perfused and cut, and the brain slices were
immunostained with specific antibodies. The activated regions by social interactions coincided with those areas which
are related to the control of social behaviors. More specifically, activation of c-Fos expression was observed in the MeA
of socially exposed OXTR-Venus knock-in mice (heterogeneous OXTR knock-in mice), and a considerable proportion
of the c-Fos-expressing neurons co-expressed OXTR. In contrast, in the OXTR-Venus knock-in mice (homogeneous
knock-in mice, namely, OXTR-KO mice), the results obtained with heterogeneous OXTR knock-in mice could not be
reproduced (data not shown).

6. Generation of the region-specific OXTR-KO mice

6.1 Generation of the region-specific OXTR-KO mouse and subsequent rescue of Oxtr gene

A novel line of OXTR-KO mice was generated in which Oxtr gene was knocked out in a region specific manner by
means of the Cre-loxP system. In addition, viral transfer of Cre recombinase, via an adeno-associated virus (AAV)
vector, was employed. We also developed an AAV-OXTR-IRES-Venus vector [16] to rescue the Oxtr gene in the brain
of OXTR-deficient mice in a region specific manner. The LS was analyzed for assessing maternal behaviors and the
MeA was chosen for social memory. Maternal behavior, or social memory was monitored after region specific deletion
of the Oxtr gene in Oxtr (flx/flx) mice, and then region-specific rescue of the Oxtr gene in Oxtr (-/-) mice was
examined.

6.2 Behavior of female mice with LS-specific deletion of the Oxtr gene and the effect of LS-specific rescue of the
Oxtr gene

The maternal behavior of the Oxtr (-/-) mice was restored after infection with AAV-OXTR-IRES-Venus to their LS
regions. In contrast, elimination of the Oxtr gene in the LS of Oxtr (flx/flx) mice, by infection of AAV-Cre, did not
show any impairment in their maternal behaviors (unpublished observations).

6.3 Social memory of male mice with MeA specific elimination of OXTR gene and MeA region-specific rescue
of the Oxtr gene

The social memory was impaired in Oxtr (-/-) mice, as described above, and it was restored subsequently by
infection of the MeA of Oxtr (-/-) mice with AAV-OXTR-IRES-Venus vector. The social memory was also impaired
by the conditional elimination of the Oxzr gene in the MeA of Oxtr (flx/flx) mice by infection with AAV-Cre to the
MeA (Fig. 4) (unpublished observations). Remarkably, this impairment was similar to the behavioral phenotype with
conventional Oxtr (-/-) mice. Together with the AAV-OXTR-IRES-Venus-dependent rescuing experiment (data not
shown), our data suggest the significance of the Oxtr gene expressed in the MeA on social memory. We are studying
further to elucidate the OXTR-mediated neural circuits, aiming at unraveling the mechanism through which the OXT/
OXTR system takes part in the regulation of social behaviors.
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4. Dependency of social memory formation on OXTR expression in the MeA Habituation-dishabituation test [15] was
done using Oxtr (flx/flx) male mice. AAV-Cre viral vector was injected into the MeA (MeA KO). In the control mice (Ctrl),
AAV-LacZ viral vector was injected. In another group of mice, no injection of viral vectors was made (No Injection). Student’s
t test was used for statistical analysis, and a P value of <0.05 (x) was regarded as statistically significant.
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