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Ca21-dependent activator protein for secretion 2 (CAPS2) regulates dense-core vesicle (DCV) exocytosis to facilitate peptider-
gic and catecholaminergic transmitter release. CAPS2 deficiency in mice has mild neuronal effects but markedly impairs
social behavior. Rare de novo Caps2 alterations also occur in autism spectrum disorder, although whether CAPS2-mediated
release influences social behavior remains unclear. Here, we demonstrate that CAPS2 is associated with DCV exocytosis-medi-
ated release of the social interaction modulatory peptide oxytocin (OXT). CAPS2 is expressed in hypothalamic OXT neurons
and localizes to OXT nerve projection and OXT release sites, such as the pituitary. Caps2 KO mice exhibited reduced plasma
albeit increased hypothalamic and pituitary OXT levels, indicating insufficient release. OXT neuron-specific Caps2 conditional
KO supported CAPS2 function in pituitary OXT release, also affording impaired social interaction and recognition behavior
that could be ameliorated by exogenous OXT administered intranasally. Thus, CAPS2 appears critical for OXT release,
thereby being associated with social behavior.
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Significance Statement

The role of the neuropeptide oxytocin in enhancing social interaction and social bonding behavior has attracted considerable
public and neuroscientific attention. A central issue in oxytocin biology concerns how oxytocin release is regulated. Our study
provides an important insight into the understanding of oxytocin-dependent social behavior from the perspective of the
CAPS2-regulated release mechanism.

Introduction
The Ca21-dependent activator protein for secretion (CAPS) pro-
tein family consists of two members, CAPS1 and CAPS2, and
regulates the exocytosis of dense-core vesicles (DCVs) that con-
tain peptidergic and monoaminergic transmitters (Grishanin et
al., 2002; Sadakata et al., 2007a; Liu et al., 2008). We previously
identified CAPS2 as a regulator for the release of brain-derived
neurotrophic factor (BDNF) in the mouse brain. Caps2-knock-
out (KO) mice showed decreased release of BDNF and conse-
quent impairments in neuronal development and synaptic func-
tion (Sadakata et al., 2004; Shinoda et al., 2011). Notably, the KO
mice also exhibited impaired behavioral phenotypes, including
reduced sociality, increased anxiety levels, and defective circa-
dian rhythm (Sadakata et al., 2007a). Moreover, through
genomic analysis of patients with autism spectrum disorder
(ASD), we found that some Japanese ASD patients exhibited
aberrantly increased expression of an alternative splicing Caps2
isoform (Caps2-dex3) detrimental to axonal transport (Sadakata
et al., 2007a), and mice expressing Caps2-dex3 had impaired
social behavior (Sadakata et al., 2012). A possible link between
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ASD and alteration of the Caps2 gene has also been suggested by
multiple studies reporting the identification of de novo and rare
copy number variations and single nucleotide variations in the
Caps2 gene of some ASD patients (Sadakata et al., 2007b;
Christian et al., 2008; Marshall et al., 2008; Stein et al., 2010;
Okamoto et al., 2011; Girirajan et al., 2013; Bonora et al., 2014;
Aristidou et al., 2017; Grabowski et al., 2017; Grove et al., 2019).
However, it remains unclear whether the CAPS2-mediated
release mechanism is associated with physiological processes for
sociality expression. It is also unclear which secretory substance
(s) are influenced by CAPS2 deficiency, which may contribute to
the risk of ASD.

Oxytocin (OXT) is a neuropeptide that is produced in the
hypothalamus. OXT neurons project their axons to the neurohy-
pophysis, that is, the posterior pituitary lobes, to release OXT pe-
ripherally into the blood circulation as the peptide hormone;
these neurons also innervate several brain regions where they
release OXT as a neuropeptide (Ross and Young, 2009; Stoop,
2012; Baribeau and Anagnostou, 2015; Johnson and Young,
2017). Thus, OXT is involved in regulating not only peripheral
functions, including uterine contraction and lactation, but also
central nervous functions, including social, aggressive, fear, and
maternal behaviors (Knobloch et al., 2012; Marlin et al., 2015;
Hung et al., 2017; Lin et al., 2018; Hasan et al., 2019). Recently,

the effect of exogenously applied OXT on social behavior has
attracted considerable attention as a social peptide: in particular,
the administration of OXT not only restores social deficits in an
ASD mouse model (Peñagarikano et al., 2015; Sgritta et al., 2019)
but also increases emotional recognition in humans and
improves social and repetitive behavior in ASD (Kosfeld et al.,
2005; Auyeung et al., 2015). Consistent with these observations,
it has also been shown that the blood OXT concentration is
slightly lower in ASD patients than in healthy subjects (Zhang et
al., 2016) and that Oxt and Oxt receptor KO mice show abnor-
malities in social behaviors (Ferguson et al., 2000; Takayanagi et
al., 2005; Crawley et al., 2007; Lazzari et al., 2013). However, the
molecular mechanism underlying OXT release remains to be
elucidated.

We previously reported that the CAPS2 protein is expressed
in the hypothalamus and pituitary gland (Sadakata et al., 2006).
We therefore hypothesized that the deficiency of CAPS2 in mice
affects OXT release, thereby resulting in impaired social behav-
ior. In this study, we aimed to reveal whether CAPS2 is expressed
in OXT-producing neurons of the hypothalamic paraventricular
nucleus (PVN) and posterior pituitary. Moreover, by using both
Caps2 KO and OXT neuron-specific Caps2 conditional KO
(cKO) mice, we addressed whether the CAPS2 deficiency causes
impairments in OXT release and social behavior. We also

Figure 1. Expression of CAPS2 in OXT and AVP neurons of the hypothalamic PVN. A, Representative images of coronal PVN sections coimmunostained for OXT (green) and CAPS2 (red, upper
row) and CAPS2 (red, bottom row). The merged images are shown. Magnified views of the boxed areas a of merged images are shown on the right. Scale bar, 100mm; magnified images,
50mm. 3V, Third ventricle. B, Triple-merged image for OXT (green), AVP (blue), and CAPS2 (red) immunoreactivity at the position�0.75 mm to Bregma. Arrows indicate OXT-immunopositive
cells with very low or undetectable levels of CAPS2 immunoreactivity. C, Number of OXT-, AVP-, and CAPS2-single-positive cells in the anterior, middle, and posterior areas of the PVN.
Anterior: OXT: 78.676 3.18; AVP: 60.56 10.25; CAPS2: 101.176 10.31. Middle: OXT: 58.836 6.87; AVP: 83.176 7.42; CAPS2: 91.56 6.6. Posterior: OXT: 11.176 1.69; AVP: 4.836 1.36;
CAPS2: 47.336 1.17. For both WT and Caps2-KO mice N= 3; 1–2 coronal sections were used for analysis of each part. D, Ratio of OXT-, AVP-, and CAPS2-double-positive cells in the anterior,
middle, and posterior areas of the PVN. Ratio of OXT/CAPS2 double positive per OXT single positive, of AVP/CAPS2 double positive per AVP single positive, and of OXT/AVP double positive per
OXT single positive are 65.176 3.94%, 36.506 6.33%, and 5.176 0.93% (anterior); 45.676 3.17%, 566 3.21%, and 6.676 1.36% (middle); and 6.346 0.6%, 1.56 0.76%, and
0.176 0.17% (posterior), respectively. One to 2 coronal sections were used for analysis of each part (WT N=3 and KO N=3). Data represent the means6 SEM. Anterior (A): Bregma �0.70
mm, medial (M): Bregma�0.90 mm, and posterior (P): Bregma�1.1 mm.
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evaluated whether exogenously applied OXT could ameliorate
the impaired social behavior consequent to a loss of CAPS2 func-
tion in mice. Collectively, our study provides the first evidence
highlighting the significance of CAPS2 in the OXT release mech-
anism crucial for social behavior.

Materials and Methods
Animals. We used male Caps2 KO mice (Sadakata et al., 2007a) and

wild-type (WT) littermate controls in this study. To generate OXT neu-
ron-specific Caps2 cKO mice by using the Oxt gene promoter-driven
Cre/loxP site-specific recombination system, we created two mouse lines,
Oxt-iCre knock-in (KI) mice (C57BL/6-Oxttm1.1(Cre)Ksak, hereafter writ-
ten as Oxtcre/1), which carry an insert sequence of the self-processing
furin-2A in front of the improved Cre (iCre) recombinase at the end of
the coding sequence of the Oxt gene, and Caps2-flox mice (C57BL/6-
Cadps2tm1.1Ksak, hereafter written as Caps2flox/1), which carry the loxP-
flanked exon6 of the Caps2 gene. We mated Caps2flox/flox female mice
with Caps2flox/1 Oxtcre/1 male mice to produce Caps2flox/flox Oxt1/1 as a
control and Caps2flox/flox Oxtcre/1 for Caps2 cKO mice. All mice used
(3–6 months old) were group housed and maintained under a 12:12

light-dark cycle. The experiments were approved by the Institutional
Animal Care and Use Committee of Tokyo University of Science (ap-
proval reference no. N18003/4, N19004/5, N20004/5). All experiments
were conducted under the Regulations for Animal Research of the
Tokyo University of Science.

Immunohistochemistry.Mice were deeply anesthetized using somno-
pentyl (Kyoritsu Seiyaku) perfused transcardially with saline followed by
4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS). Brains
and pituitaries were dissected, postfixed in 4% PFA overnight, and
subsequently immersed in 30% sucrose in PBS for cryoprotection.
Following the fixation and cryoprotection, tissues were embedded in
O.C.T compound (catalog #4583, Sakura Finetek) and frozen via a fro-
zen tissue block preparation apparatus (Histo-Tek PINO-600, Sakura
Finetek). The brains and pituitary were sectioned coronally at a thickness
of 30mm. Sections of brains were stored at �20°C in cryoprotection so-
lution (30% ethylene glycol, 25% glycerol in 1� PBS), and sections of the
pituitary were attached to glass slides (catalog #S9445, Matsunami Glass)
and stored at�80°C.

In IHC, stored brains and pituitaries were washed using PBST (0.2%
Triton in PBS) and subsequently blocked with blocking solution [5%
normal donkey serum (catalog #S30-100ML, Chemicon) in PBST] for 1

Figure 2. Distribution of CAPS2 in OXT-projecting sites of the posterior pituitary. A, Representative images of coronal pituitary sections immunostained for OXT (green) and CAPS2 (red). The
merged image is shown on the right. Scale bar, 100mm. Magnified views of boxed areas a, b, and c are shown as insets a-c on the right bottom corners. Scale bar, 50mm. B, Representative
image of a posterior pituitary section coimmunostained for OXT (green), CAPS2 (red), and eNOS (blue) is shown on the left. Scale bar, 20mm. Three magnified views for OXT/eNOS-, CAPS2/
eNOS- and OXT/CAPS2/eNOS-immunostaining of the boxed area are shown on the right. CAPS2 immunosignals are located around the areas near the e-NOS-positive blood vessel, and some
puncta immunopositive for OXT and CAPS2 are observed as adjacent to each other. Scale bar, 50mm. bv, Blood vessel. C, Representative images of pituitary sections immunostained for OXT
(green) and CAPS2 (red) in WT (upper row) and Caps2 KO (lower row). The merged images are shown on the right. Scale bar, 200mm. AL, Anterior lobe; IL, intermediate lobe; PL, posterior
lobe.
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h. Subsequently, sections were reacted with primary antibody diluted
with blocking solution overnight. Sections were washed with PBST three
times and subsequently reacted with secondary antibody diluted with
blocking solution. Then, sections were reacted with DAPI (1ng/ml; cata-
log #D1306, Thermo Fisher Scientific) in PBST for 30min and washed
twice with PBST. Finally, sections were mounted with Prolong Diamond
(Invitrogen). Digital images were obtained by confocal microscopy
(FluoView FV1000, Olympus).

For detecting CAPS family proteins, guinea pig anti-CAPS2 antibody
(1:100) and rabbit anti-CAPS1 antibody (1:1000) were used (Sadakata et
al., 2004, 2007b). As the other primary antibodies, we used mouse anti-
OXT antibody (1:2000; catalog #MAB5296, Abcam), rabbit antiargi-
nine vasopressin (AVP) antibody (1:2000; catalog #AB1565,
Millipore) rat anti-mCherry antibody (1:5000; catalog #M11217,
Invitrogen), and mouse anti-eNOS antibody (1:500; catalog
#610296, BD Biosciences). As secondary antibodies, we used Alexa
Fluor 488 Donkey anti-Mouse IgG (H1L; 1:1000; catalog #A21202,
Invitrogen), Alexa Fluor 488 Goat anti-Guinea Pig IgG (H1L)
highly cross-adsorbed (1:500; catalog #A11073, Invitrogen), Alexa

Fluor 555 Donkey anti-Goat IgG (H1L; 1:1000; catalog #A21432,
Invitrogen), Alexa Fluor 488 Chicken anti-Rabbit IgG (H1L;
1:300; catalog #A21441, Invitrogen), and Alexa Fluor 647 Goat
Anti-Rabbit IgG (H1L; 1:300; catalog #A21244, Invitrogen).

OXT ELISA. We used 8-week-old Caps2 KO and WT littermates
for measurements of blood OXT levels. Mice were anesthetized using
isoflurane, and then we collected blood samples from the right ventricle
of mice using a syringe treated with heparin sodium (catalog
#3334401A6077, Ajinomoto). Subsequently, blood samples were centri-
fuged at 1000� g for 15min, and the supernatant was collected as blood
plasma. We diluted plasma samples eightfold with assay buffer and
measured OXT levels using the Oxytocin ELISA kit (catalog #ADI-900-
153A, Enzo Life Sciences).

Open-field test. Locomotor activity was measured in an open field
(46� 30 cm). Each mouse (3-month-old males) was placed in the center
of the open field, and its movements were monitored for 10min using a
camera (C270N HDWebcam, Logicool). The total distance traveled, av-
erage speed, time spent at the center, and time spent at the corners were
analyzed using video tracking software (ANY-Maze, Stoelting).

Figure 3. Changes of OXT levels in the blood and pituitary of Caps2 KO mice. A, Plasma OXT concentrations as calculated using ELISA. WT (N= 10 mice): 475.996 32.42 pg/ml), Caps2 KO
(N= 13 mice): 360.926 28.08 pg/ml, p= 0.025, Student’s t test. B, Hypothalamic PVN OXT concentrations as calculated using ELISA. WT (N= 6 mice): 115.06 11.70 ng/ml, Caps2 KO (N= 6
mice): 191.416 15.66 ng/ml, p= 0.0029, Student’s t test. C, Representative images of posterior pituitary sections immunostained for OXT (green) in WT (left) and Caps2 KO (right) mice. Scale
bars: 100mm (20�), 20mm (100�). D, Mean intensity of immunofluorescence for posterior pituitary OXT. WT (N= 13 mice): 1347.996 70.04 a.u., Caps2 KO (N= 10 mice):
1623.606 59.44 a.u., p= 0.0095, Student’s t test. A total of 6–9 pituitary sections were analyzed for each mouse tested. E, Number of OXT puncta of immunofluorescence for the posterior pi-
tuitary. WT (N= 13 mice): 85.966 12.01, Caps2 KO (N= 10 mice): 161.796 20.54. p= 0.0034, Student’s t test. A total of 6–9 pituitary sections were analyzed for each mouse tested. F, OXT
puncta area of immunofluorescence for the posterior pituitary. WT (N= 13 mice): 508.116 78.15mm2, Caps2 KO (N= 10 mice): 1025.246 146.09mm2, p= 0.0038, Student’s t test. A total
of 6–9 pituitary sections were analyzed for each mouse tested. G, OXT puncta size of immunofluorescence for the posterior pituitary. WT (N= 13 mice): 5.616 0.16, Caps2 KO (N= 10 mice):
5.856 0.13, p= 0.28, Student’s t test. A total of 6–9 pituitary sections were analyzed for each mouse tested. pp, 0.05, ppp, 0.01.
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Reciprocal social interaction test. The soci-
ability of Caps2 cKO and control Caps2flox/flox

male mice (3–5 months old) were tested.
The experimental scheme for reciprocal
social interaction was primarily based on a
previous report regarding Oxt KO mice
(Ferguson et al., 2000) with modification
of single housing time and interaction time
for our mice to obtain stable and reproduc-
ible results. All experimental mice were
single housed for 2 d before the social
interaction test. A test male mouse was
placed in a cage to habituate itself for
20 min. Then, an unfamiliar male mouse
(C57BL/6J, the same genetic background
of the two test mice, 3 months old) was
introduced into the cage of the test mouse.
Social interaction trials were conducted for
3 min each and repeated three times with
an intertrial interval (ITI) of 10 min, fol-
lowed by an additional 3 min interaction
with the second unfamiliar C57BL/6J
mouse at 10 min after the third trial. Social
behavior was monitored using a camera
(C270N HD Webcam, Logicool) and ana-
lyzed for reciprocal interaction (including
sniffing, approaching, and following).

Stereotaxic surgery. For surgery, Oxt-iCre
mice and C57BL/6J mice were used. All mice
were anesthetized by intraperitoneal injection
of pentobarbital (80mg/kg of body weight;
Kyoritsu Seiyaku) and subcutaneously injected
with dexamethasone (0.2mg/kg of body
weight; 11 107–51; Nacalai Tesque) and
Rimadyl (carprofen; 5mg/kg of body weight;
Zoetis) in PBS as a pain killer, then mice were
placed in a stereotaxic apparatus (Angle Two,
Computer-Assisted Stereotaxic System, Leica Microsystems). For an-
terograde tracing of OXT neurons, recombinant adeno-associated virus
(AAV5-DIO-ChR2-mCherry; 5.2� 1012 virus molecules/ml; UNC
Vector Core) was infused into the PVN (anterior–posterior: �0.75 mm,
mediolateral:6 0.3 mm, dorsoventral:�5.0 mm).

OXT intranasal infusion. Previous reports indicated that intranasal
administration of OXT could effectively reach the brain and improve
social behavior in ASD model mice (Neumann et al., 2013;
Peñagarikano et al., 2015). In the present study, we conducted experi-
ments regarding OXT administration before performing the social
interaction test. We used 2.4 � g/l OXT (catalog #4084-v, Peptide
Institute) diluted in PBS. We intranasally administered 2.5 ml OXT
solution (6.0 mg OXT) or PBS to Caps2 cKO and control mice. It
has been reported that intranasal OXT administration reaches its
peak level in the brain in 15 min and markedly decreases after
75 min (Neumann et al., 2013). All mice were therefore treated
with OXT or PBS 20 min before the social interaction test. This ex-
perimental scheme is in accordance with a previous report involv-
ing the rescue of social abnormalities in ASD model mice
(Peñagarikano et al., 2015; Sgritta et al., 2019).

Microscopy. A fluorescence microscope (Eclipse Ti, Nikon) equipped
with an EM-CCD camera (iXon1, Andor) and confocal laser scanning
microscope (FluoView FV1000, Olympus) were used to observe fluores-
cence images and obtain their digital data, respectively.

Statistical analysis. All digital image data were obtained and analyzed
using Fiji ImageJ. Video data of social interaction tests were blinded and
manually analyzed. Statistical data were assessed using the two-tailed
Student’s t test with Excel and two-way ANOVA, followed by the
Tukey–Kramer post hoc test using StatView (SAS Institute). Signifiers of
p values used are as follows: p. 0.05, not significant; p� 0.05; p� 0.01;
p� 0.001. Unless otherwise indicated, all data are presented as the mean
6 SEM. The number of samples used are shown in the figure legends.

Results
CAPS2 protein is expressed in OXT and AVP neurons of the
hypothalamic PVN
To address the potential of CAPS2-dependent regulation of OXT
release, we first analyzed the cellular distribution of CAPS2 in
OXT neurons of the hypothalamic PVN by IHC. CAPS2 immu-
noreactivity was highly localized to OXT-immunopositive cells
of the PVN (Fig. 1A). CAPS2 immunoreactivity was also
detected in a distinct class of neurons in the PVN that were
immunopositive for AVP, a peptide analogous to OXT but dif-
fers in 2 of 9 amino acids (Fig. 1B). We further analyzed the dis-
tribution of OXT-, AVP-, and CAPS2-immunopositive cells
along the anterior–posterior axis of the PVN. Cells immuno-
positive for OXT, AVP, and CAPS2 were mostly localized to
the anterior and middle parts of the tissue specimens ana-
lyzed, with the number of OXT-producing cells being slightly
larger than that of AVP-producing cells (Fig. 1C). CAPS2
immunoreactivity was more frequently detected in OXT cells
of the anterior (65%) than the medial part (45%), which was
reversed for AVP cells (36.5% anterior versus 56% medial;
Fig. 1D). These results suggest that CAPS2 is involved in
DCV release from a majority of OXT cells in the anterior
part and AVP cells in the medial part.

CAPS2 is localized in the posterior pituitary at the sites of
OXT neuron projection
The majority of OXT neurons in the PVN project via the hypo-
thalamic-hypophyseal tract to the posterior pituitary lobe and
release OXT as a neurohypophyseal peptide hormone from the

Figure 4. Construction of Oxt-iCre mice. A, The genomic structure of the mouse Oxt gene (top line), targeting vector (sec-
ond line), and Oxt-iCre knock-in (KI) allele (bottom line) are illustrated. The neomycin-resistance gene (neo) sequence flanked
by the Frt sequences was deleted by crossing with the Actb-FLPe mouse line that expresses a Flp1 recombinase gene under
the human ACTB promoter. B, Representative images of immunohistochemical staining for OXT (green) and Cre (magenta) in
coronal sections of the PVN. Scale bar, 100mm; 3V, Third ventricle. C, The ratio of OXT/Cre-double-positive per OXT-single-
positive cells was 93.16 3.1% (left), whereas the ratio of OXT/Cre-double-positive per Cre-single-positive cells was
84.36 2.0% (right). The numbers of animals and sections analyzed were 4 and 32, respectively (N= 4, n= 32). Data repre-
sent the means6 SEM.
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axon terminals to the blood circulation. We next investigated the
localization of CAPS2 in the pituitary, to which the presynaptic
terminals of OXT neurons are innervated. OXT immuno signals
were localized to the posterior lobes in the pituitary, whereas
CAPS2 immuno signals were distributed at high levels in the in-
termediate lobe and at medium levels in the posterior lobe (Fig.
2A), as previously reported (Sadakata et al., 2006). CAPS2-im-
munoreactive puncta were roughly localized around OXT-
immunoreactive puncta (Fig. 2A, magnified views). CAPS2
immunosignals were located around the areas near the blood
vessel immunopositive for endothelial nitric oxide synthase
(eNOS; Fig. 2B), and a portion of the OXT and CAPS2 immuno
signals were also adjacently localized around the areas in the vi-
cinity of eNOS-positive blood vessels (Fig. 2B, magnified views).
In contrast, apparent CAPS2 immunoreactivity was not detecta-
ble in the pituitary lobe of CAPS2 KO mice (Fig. 2C), supporting
our assumption that CAPS2 is produced in either hypothalamic
OXT and AVP neurons and transported along OXT or AVP
axons to the pituitary. Together, the results suggest the possible

involvement of CAPS2 protein in the mechanism underlying
OXT secretion into the bloodstream.

CAPS2 deficiency causes a reduction of OXT levels in the
blood but not the pituitary
To verify our assumption that CAPS2 regulates pituitary OXT
release into blood vessels, we compared blood OXT levels
between Caps2 KO and WT mice using an enzyme-linked
immunosorbent assay (ELISA) for OXT. The results showed
that the plasma OXT concentration was significantly lower
in Caps2 KO mice than in WT littermates (Fig. 3A; WT:
475.996 32.42pg/ml; n= 10; Caps2 KO: 360.926 28.08 pg/ml;
n= 13, Student’s t test, p= 0.025). In contrast, the OXT concen-
tration of hypothalamic PVN extracts was higher in Caps2 KO
mice than WT littermates (Fig. 3B; WT: 115.06 11.70 ng/ml;
n= 6; Caps2 KO: 191.416 15.66 ng/ml; n = 6, Student’s t test,
p= 0.0029). In addition, the IHC of pituitary OXT revealed that
the immunosignal intensity of the posterior pituitary lobe was
much higher in Caps2 KO mice than in WT littermates [Fig. 3C,

Figure 5. Labeling of OXT projecting neurons by infusing AAV-DIO-mCherry into the PVN of Oxt-iCre mice. A, Model of infusing AAV-DIO-mCherry into the PVN of Oxt-iCre (OxtCre/1) mice. B,
Representative mCherry images (red) in the PVN, median eminence (ME), and pituitary. C, Representative images for mCherry (red) in brain regions. D, Sections of the lateral septum and ven-
tral tegmental area of infected brains were analyzed by mCherry (red) and CAPS2 immunoreactivity (green). Representative magnified views are shown on the right. Scale bar, 100mm, except
for 13mm in the magnified view of D; 3V, Third ventricle; PS, posterior stalk; PL, posterior lobe of the pituitary; LS, lateral septum; NAc, nucleus accumbens.
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D; WT: 1347.996 70.04 arbitrary units (a.u.); n= 13; Caps2 KO:
1623.606 59.44 a.u.; n=10, Student’s t test, p= 0.0095]. The
number of mice (Fig. 3E; WT: 85.966 12.01; n=13; Caps2 KO:
161.796 20.54; n= 10, Student’s t test, p= 0.0034) and total area
(Fig. 3F; WT: 508.116 78.15 mm2; n=13; Caps2 KO:
1025.246 146.09 mm2; n=10, Student’s t test, p=0.0038), but
not size (Fig. 3G; WT: 5.616 0.16; n=13; Caps2 KO:
5.856 0.13; n=10, Student’s t test, p= 0.28), of OXT puncta
were increased in Caps2 KO compared with WT mice.
Collectively, these findings indicate that the loss of CAPS2 may
cause decreased OXT levels in the blood albeit increased OXT
levels in the pituitary and also in the PVN, which further sup-
ports our hypothesis regarding a CAPS2-mediated OXT release
mechanism.

OXT neuron-specific Caps2 conditional KOmice also exhibit
increased levels of pituitary OXT
To further evaluate the possibility of CAPS2 facilitating OXT
release as a regulator of DCV exocytosis, we generated OXT neu-
ron-specific Caps2 cKO) mice. First, we generated a knock-in
(KI) mouse line (termed Oxt-iCremice) in which the Cre recom-
binase was integrated into the downstream end of neurophysin-
1, a C-terminal peptide of the OXT precursor polypeptide, with
the insertion of a 2A peptide spacer to facilitate endogenous Oxt
promoter-driven expression (Fig. 4A). Cre immunoreactivity
was localized to OXT-positive cells in the PVN of Oxt-iCre mice
(Fig. 4B,C). To probe the loxP site-specific Cre recombinase ac-
tivity, we injected a recombinant adeno-associated virus 5
(AAV5) vector carrying a floxed mCherry, a red fluorescent

Figure 6. Conditional Caps2 KO in OXT neurons. A, Construction of Caps2 cKO mice. The genomic structure of the mouse Caps2 allele (top line), the basic structure of the targeting vector
(middle line), and the genome structure of the Caps2 cKO allele (bottom line). The Caps2 cKO line was generated by crossing Oxt-iCre KI mice (OxtCre/1) with Caps2 flox mice (Caps2fl/fl) (see
Materials and Methods). B, Representative images of coronal PVN sections immunostained for OXT (green) and CAPS2 (red) in control (Oxt1/1, Caps2fl/fl) (left) and Caps2 cKO (OxtCre/1,
Caps2fl/fl) (right) mice on the top and second rows, respectively. The merged images and their magnified views inside boxed areas a and b are shown on the third and bottom rows, respec-
tively. Scale bars: 100mm, magnified views 50mm. 3V, third ventricle. C, Number of OXT-positive cells in the PVN. Control (N= 3 mice): 21.186 4.01, Caps2 cKO (N= 3 mice): 21.926 3.36.
A total of 8–22 sections were used for each analysis. Student’s t test, p= 0.89. Data represent the mean6 SEM. D, Ratio of OXT- and CAPS2-double-positive cells in the PVN. Control (N= 3
mice): 59.236 12.27, Caps2 cKO (N= 3 mice): 1.646 0.67. A total of 8–22 sections were used for each analysis. Student’s t test, p= 0.0094. ppp, 0.01. Data represent the means 6
SEM.
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protein derivative, into the PVN of heterozygous Oxt-iCre
mice (OxtCre/1; Fig. 5A) and analyzed mCherry expression.
Consequently, we could detect mCherry immunoreactivity
in the neuroendocrine pathway of the neurohypophysis, i.e.,
from the PVN, medial eminence, hypothalamic-posterior pi-
tuitary stalk, and posterior pituitary lobe (Fig. 5B), as
expected. The mCherry immunoreactivity was also observed
in several brain regions, including the lateral septum, nucleus
accumbens, and ventral tegmental area (Fig. 5C), which were pre-
viously reported as the areas receiving projections from OXT neu-
rons (Knobloch et al., 2012; Grinevich et al., 2016; Hung et al.,
2017; Lin et al., 2018; Menon et al., 2018; Hasan et al., 2019) or
expressing OXT receptors (Yoshida et al., 2009; Sharma et al.,
2019). In the lateral septum and ventral tegmental area, there were
CAPS2-positive punctate signals and soma within the region pro-
jected by mCherry-positive fibers (Fig. 5D).

We next generated a Caps2 floxed mouse line in which exon6
of the Caps2 gene was flanked by the loxP sequence (Fig. 6A).
Then, OXT neuron-specific Caps2 cKO mice were generated by
crossing Oxt-iCre heterozygotes (OxtCre/1) and Caps2-flox
homozygotes (Caps2fl/fl). The resultant Cre-carrying Caps2-
floxed mice (OxtCre/1, Caps2fl/fl) showed the absence of CAPS2
immunoreactivity in OXT-positive neurons specifically in the
PVN (Fig. 6B) without changes in the number of OXT cells (Fig.
6C; control: 21.186 4.01 cells; n= 3; Caps2 cKO: 21.926 3.36
cells; n= 3, Student’s t test, p=0.89), exhibiting almost no detect-
able levels of CAPS2 expression (Fig. 6D; control: 59.23 ;6
12.27%; n=3; Caps2 cKO: 1.646 0.67%; n= 3, Student’s t test,
p=0.0094), as expected. Thus, the Caps2 cKO mouse line was
established.

We next analyzed the immunoreactivity for CAPS2 and OXT
in the pituitary of Caps2 cKO mice. CAPS2 immunoreactivity of
the Caps2 cKO pituitary was significantly reduced in the

posterior lobe but showed similar levels to
those of the control pituitary (Fig. 7A),
indicating the OXT neuron-specific sup-
pression of CAPS2 expression in cKO
mice. Notably, pituitary OXT immunore-
activity was significantly increased in
Caps2 cKO compared with control mice
(Fig. 7B,C; control: 1242.236 26.30 a.u.;
n= 13; Caps2 cKO: 1499.796 59.60 a.u.;
n= 6, Student’s t test, p= 0.0027), again
suggesting the accumulation of OXT
vesicles in the posterior lobe.

Caps2 cKOmice exhibit impaired
sociability, which can be ameliorated by
administration of exogenous OXT
Finally, we attempted to address the ques-
tion of whether CAPS2 deficiency influen-
ces OXT-associated social behavior. Our
previous studies already demonstrated the
impairments of social interaction and
behavior in Caps2 KO mice (Sadakata et
al., 2007b) and mice with the deletion of
Caps2 exon 3 (Caps2-deletion of exon3:
dex3; Sadakata et al., 2012), although these
two model mice were expected to have
problems in DCV exocytosis for various
peptidergic and catecholaminergic trans-
mitters and peptide hormones in addition
to OXT and thus are probably defective in
many cellular and behavioral functions. To

overcome this issue, we used cKO mice. Except for decreased
time spent in the center, which is generally evaluated as a sign of
anxiety-like behavior, in terms of total distance and average
speed, cKO mice exhibited normal motor ability in an open field,
similar to that of control mice (Fig. 8A–D). In the resident in-
truder social interaction test (Fig. 8E–K), Caps2 cKO mice
showed a significant decrease of social interaction duration
(approaching, following, or sniffing) with a novel intruder mouse
compared
with that of control (Oxt1/1, Caps2fl/fl) mice (Fig. 8F; Caps2
cKO: 35.906 5.42 s; n=7; control: 76.486 9.44 s; n= 10,
Student’s t test, p=0.011). We also confirmed reduced social
interaction behavior in Caps2 cKO mice when Oxt-iCre
(OxtCre/1, Caps21/1) mice were used as a control [Fig. 8K; Oxt-
iCre heterozygous mice (OxtCre/1, Caps21/1): 59.336 4.64 s;
n= 5; Caps2 cKO mice (OxtCre/1, Caps2fl/fl): 35.906 5.42 s; n= 7,
Student’s t test, p=0.019]. In comparison, in the consecutive
social interaction test with the same intruder mouse, control
mice showed significantly decreased social interaction duration
on repeated confrontation with the same intruder, with elevated
social interaction when presented with a novel, unfamiliar mouse
(Fig. 8G). However, Caps2 cKO mice did not show significant
changes in social interaction with either familiar or novel mice
(Fig. 8G), although they showed comparable performance to that
of control mice in two of three different parameters: latency to
first interaction (Fig. 8H; Caps2 cKO: 21.586 3.38 s; n=7; con-
trol: 26.576 3.26 s; n=10, Student’s t test, p= 0.64) and sniffing
approach to heads (Fig. 8I; Caps2 cKO: 13.926 2.44 s; n=7; con-
trol: 15.326 3.18 s; n=10, Student’s t test, p= 0.32) but not tails
(Fig. 8J; Caps2 cKO: 19.166 5.06 s; n=7; control: 53.696 8.08 s;
n= 10, Student’s t test, p= 0.0053). The results suggest that Caps2
cKOmice exhibit an impairment in social behavior.

Figure 7. Changes of OXT levels in the pituitary of Caps2 cKO mice. A, Representative images of pituitary sections immu-
nostained for CAPS2 (red) in control (Oxt1/1, Caps2fl/fl) (left) and Caps2 cKO (OxtCre/1, Caps2fl/fl) (right) mice. Scale bar:
100mm. B, Representative images of pituitary sections immunostained for OXT (green) in control (left) and Caps2 cKO (right)
mice. Magnified views of boxed areas a and b on the top row are shown on the bottom row. Scale bars: 100mm, top row;
20mm, bottom row. C, Mean intensity of immunofluorescence intensity for posterior pituitary OXT. Control (N= 13 mice):
1242.236 26.30 a.u., Caps2 cKO (N= 6 mice): 1499.796 59.60 a.u. Student’s t test, p= 0.0027. A total of 6–9 pituitary
sections were analyzed for each mouse tested. Data represent the means6 SEM. pppp, 0.001. IL, intermediate lobe; PL,
posterior lobe.
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Because a prior report demonstrated
that intranasal administration of exoge-
nous OXT resulted in increased OXT lev-
els in the blood and several brain regions
(Neumann et al., 2013), we administered
exogenous OXT solution or control saline
intranasally to Caps2 cKO mice before the
social interaction test. The OXT-treated
group showed much higher social interac-
tion duration than did the saline-treated
group (Fig. 9A; Caps2 cKO1OXT:
60.896 9.16 s; n=6; Caps2 cKO1saline:
33.956 6.43 s; n=6, Student’s t test,
p=0.037). Among the three parameters,
latency to first interaction (Fig. 9B;
Caps2 cKO1OXT: 5.376 0.83 s; n= 6;
Caps2 cKO1saline: 6.876 1.58 s; n= 6,
Student’s t test, p=0.42) and sniffing
approach to heads (Fig. 9C; Caps2
cKO1OXT: 34.636 7.68 s; n=6; Caps2
cKO1saline: 20.556 4.54 s; n= 6,
Student’s t test, p=0.15) did not differ
between the two groups, whereas sniffing
to tails was significantly increased in
Caps2 cKO mice compared with control
mice (Fig. 9D; Caps2 cKO1OXT:
30.936 5.02 s; n=6; Caps2 cKO1saline:
15.746 3.29 s; n=6, Student’s t test,
p=0.030).

Discussion
OXT is a neuropeptide/peptide hormone
that is considered effective in promoting
social behavior in mice and humans (Ross
and Young, 2009; Stoop, 2012; Baribeau
and Anagnostou, 2015; Johnson and
Young, 2017). To elucidate the mecha-
nisms by which OXT release is regulated,
in the present study, we focused on the
role of CAPS2, a regulator of DCV exocy-
tosis. We showed that CAPS2 is expressed
in OXT neurons of the PVN and is sub-
stantially localized to the sites (the pitui-
tary for peripheral OXT and several brain
areas for central OXT) to which the axons
of OXT neurons project and/or OXT is
released. We also revealed that Caps2 KO
mice had decreased plasma OXT levels
albeit increased pituitary OXT levels. In
the course of this study, we also generated
two mouse lines, Oxt-iCre and Caps2-flox,
through which we generated OXT neu-
ron-specific Caps2 cKO mice. Finally, we
elucidated that the removal of CAPS2 spe-
cifically from OXT neurons in mice
causes impaired social behavior, which
could be ameliorated by intranasally
administrated exogenous OXT. Together,
these results suggested that CAPS2 could
regulate the release of OXT as a social
neuropeptide/hormone and, thus, is

Figure 8. Analysis of social behavior in Caps2 cKO mice. A, Total distance (s) traveled in 10 min open field test. Caps2 cKO
(N= 9 mice; 24.786 2.25 m), control (N= 6; 25.986 1.18 m) mice. p= 0.66 (Student’s t test; open circles indicate a data
point from an individual mouse). B, Average moving speed (m/s) of mice in 10 min open field test. Caps2 cKO (N= 9 mice;
0.0416 0.0038 m/s), control (N= 6; 0.0436 0.0021 m/s) mice. p= 070 (Student’s t test; open circles indicate a data point
from an individual mouse). C, Duration (s) spent at the center of the chamber in a 10 min open field test. Caps2 cKO (N= 9
mice; 41.246 11.18 s), control (N= 6; 81.306 9.11 s) mice. p= 0.015 (Student’s t test; open circles indicate a data point
from an individual mouse). D, Duration (s) spent at the corners of the chamber in a 10 min open field test. Caps2 cKO (N= 9
mice; 291.496 23.49 s), control (N= 6; 226.366 21.41 s) mice. p= 0.16 (Student’s t test; open circles indicate a data
point from an individual mouse). E, Typical behavior in the reciprocal social interaction test. F, Duration (s) of social interac-
tion (including sniffing, approaching, and following) in the three repeated 3 min consecutive trials with 10 min intertrial
interval. Caps2 cKO (N= 7 mice; 35.906 5.42 s), control (N= 10; 76.486 9.44 s) mice. p= 0.011 (Student’s t test; open
circles indicate a data point from an individual mouse). G, Sniffing duration of the repeated social interaction test. Caps2 cKO
(N= 7), control (N= 10) mice. Data were analyzed by two-way ANOVA and the Tukey–Kramer post hoc test using StatView
and R; p= 0.0012 (repeated two-way ANOVA between control and cKO groups); p= 0.010 (Tukey–Kramer test between trial
1 and trial 3 of control mice); p= 0.98 (Tukey–Kramer test between trial 1 and trial 3 of cKO mice); p= 0.025 (Tukey–
Kramer test between trial 3 and trial 4 with novel mouse of control mice); p= 0.96 (Tukey–Kramer test between trial 3 and
trial 4 with novel mouse of cKO mice. H, Latency (s) to the first interaction of the first trial of the 3 min social interaction
test. Caps2 cKO (N= 7 mice; 21.586 3.38 s), control (N= 10; 26.576 3.26 s) mice. p= 0.64 (Student’s t test; open circles
indicate a data point from an individual mouse). I, Duration (s) of interaction with the head in the first 3 min trial. Caps2
cKO (N= 7 mice; 13.926 2.44 s), control (N= 10; 15.326 3.18 s) mice. p= 0.32 (Student’s t test; open circles indicate a
data point from an individual mouse). J, Duration (s) of anogenital interaction in the first 3 min trial. Caps2 cKO (N= 7 mice;
19.166 5.06 s), control (N= 10; 53.696 8.08 s) mice. p= 0.0053 (Student’s t test; open circles indicate a data point from
an individual mouse). K, Duration (s) of reciprocal interaction (including sniffing, approaching, and following) in the 3 min
trial was compared between Oxt-iCre heterozygous mice (OxtCre/+, Caps21/1; N= 5 mice; 59.336 4.64 s) and Caps2 cKO
mice (OxtCre/1, Caps2fl/fl; N= 7; 35.906 5.42 s). p= 0.019 indicates significant difference between two groups (Student’s t
test; open circles indicate a data point from an individual mouse). Data represent the means 6 SEM, pp, 0.05;
ppp, 0.01, n.s., Not significant.

4532 • J. Neurosci., May 19, 2021 • 41(20):4524–4535 Fujima et al. · CAPS2 Drives Oxytocin-Mediated Behavior in Mice



associated with the cellular basis required for the expression of
social behavior.

In the present study, we report the first evidence that CAPS2
facilitates DCV exocytosis of OXT, a sociality-associated secre-
tory substance, thereby potentially explaining the neural and social
behavior deficits associated with CAPS2 deficiency in mice
(Sadakata et al., 2007b, 2012) and identification of Caps2molecular
variation in ASD (Sadakata et al., 2007b; Christian et al., 2008;
Marshall et al., 2008; Stein et al., 2010; Okamoto et al., 2011;
Girirajan et al., 2013; Bonora et al., 2014; Aristidou et al., 2017;
Grabowski et al., 2017; Grove et al., 2019). Our study also
showed that CAPS2 is expressed in PVN cells expressing
AVP. As AVP is also known to be associated with social
behavior control (Stoop, 2012; Baribeau and Anagnostou,
2015; Johnson and Young, 2017), the possible connection of
CAPS2-mediated AVP release with social behavior warrants
further investigation.

CAPS2 was localized to OXT-producing cells in the hypo-
thalamic PVN, from which the pituitary and several brain areas
such as the lateral septum and ventral tegmental area (VTA)
receive OXT nerve projections. From the posterior pituitary, pe-
ripheral OXT is released as a neurohypophyseal hormone into
the blood circulation. In the other brain regions to which PVN
OXT neurons project, central OXT is likely released to activate
the central OXT signaling pathway (Knobloch et al., 2012;
Marlin et al., 2015; Hung et al., 2017; Lin et al., 2018; Hasan et

al., 2019). We previously demonstrated that
Caps2 mRNA and protein are expressed in
many brain regions, including the septal
regions, striatum, midbrain VTA, and substan-
tia nigra pars compacta in mice (Sadakata et al.,
2006), some of which have been implicated in
social behavior. In the present study, our data
supported the involvement of CAPS2 in pe-
ripheral OXT release; however, we were unable
to provide direct evidence of its role in central
OXT release. Thus, although our findings sup-
port the role of peripheral OXT signaling in
social behavior in addition to that of central
OXT, the possibility of CAPS2-mediated cen-
tral OXT release remains to be verified. The
quantification of OXT contents by ELISA
showed that the blood plasma levels were sig-
nificantly lower in Caps2 KO than in WTmice.
In contrast, OXT immunoreactivity in the pos-
terior pituitary was higher in both Caps2 KO
and cKO mice than in their respective control
mice. Together, these observations suggest that
CAPS2 promotes OXT secretion from the pitu-
itary to the blood, although it remains neces-
sary to obtain direct evidence regarding
CAPS2-mediated OXT release, such as imaging
analysis. The accumulation levels of hypothala-
mic PVN and pituitary OXT were considerably
higher in both Caps2 KO and cKO mice than
those in their respective controls, whereas
reduced levels of plasma OXT in Caps2 KO
mice were significantly but slightly lower, at
75.8% of that of WT mice. These results raise a
question regarding how levels of blood OXT
are functionally associated with social behavior.
Notably, it has been reported that brain OXT
levels were increased after nasal as well as intra-
peritoneal administration of OXT in rats and

mice (Neumann et al., 2013) and that the release of central OXT
was triggered by social stimuli, including sexual, aggressive, and
stressful events (Veenema and Neumann, 2008), suggesting ac-
tivity-dependent changes of blood OXT and brain OXT levels,
both of which appear to be linked (Crockford et al., 2014). As
CAPS family proteins play a facilitating role at the priming step
of activity-dependent DCV exocytosis (Grishanin et al., 2002;
Speidel et al., 2005; Liu et al., 2008; Shinoda et al., 2011;
Kabachinski et al., 2016), we suggest that social contexts activate
CAPS2-mediated DCV exocytosis, consequently inducing an
increase in OXT levels beyond their basal levels in the blood
and/or brain. Nevertheless, the present study did not provide
direct evidence regarding CAPS2-dependent central OXT release
from the axon terminals of hypothalamic PVN neurons to brain
regions, although OXT levels were enhanced in the hypothalamic
PVN of Caps2 KO mice. In addition, there is a possible role of
CAPS2 in autocrine/paracrine regulation of OXT neurons and
their neighboring cells by somatodendritic OXT release (Brown
et al., 2020). Further study will therefore be needed to elucidate
this issue.

The previous studies on Oxt KO mice completely lacking
OXT release suggest that OXT is necessary for specific sociabil-
ity, including social memory, investigation, and aggressiveness in
mice (Ferguson et al., 2000; Crawley et al., 2007; Lazzari et al.,
2013). In the resident intruder tests, Caps2 cKO mice showed

Figure 9. Effect of intranasal administration of exogenous OXT on the social behavior of Caps2 cKO mice. A, Sniffing
duration in the 3 min reciprocal social interaction test at 20 min after the intranasal OXT or saline administration.
Caps2 cKO1OXT (n= 6 mice; 60.896 9.16 s), Caps2 cKO1saline (n= 6 mice; 33.956 6.43 s). pp= 0.037 indicates
significant difference between two groups (Student’s t test; open circles indicate a data point from an individual
mouse). B, Latency (s) to the first interaction of the trial of the 3 min social interaction test. Caps2 cKO1OXT (n= 6
mice; 5.376 0.83 s), Caps2 cKO1saline (n= 6 mice; 6.876 1.58 s). p= 0.42 indicates significant difference between
two groups (Student’s t test; open circles indicate a data point from an individual mouse). C, Duration (s) of interaction
to the body in the 3 min trial. CAPS2 cKO1OXT (n= 6 mice; 34.636 7.68 s), Caps2 cKO1saline (n= 6 mice;
20.556 4.54 s). p= 0.15 indicates no significant difference between two groups (Student’s t test; open circles indi-
cate a data point from an individual mouse). D, Duration (s) of anogenital interaction in the 3 min trial. Caps2
cKO1OXT (n= 6 mice; 30.936 5.02 s), Caps2 cKO1saline (n= 6 mice; 15.746 3.29 s). p= 0.030 indicates signifi-
cant difference between two groups (Student’s t test; open circles indicate a data point from an individual mouse).
Student t test and two-way ANOVA were used to compare the experimental groups. The Tukey–Kramer test was used
for post hoc analysis. Data represent the means6 SEM. pp, 0.05. n.s., Not significant.
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lower social interaction duration compared with the control
mice. In the consecutive social interaction test with the same in-
truder mouse, Caps2 cKO mice showed similar levels of interac-
tion behavior with the intruder mouse despite repeatedly
confronting the same mouse. When presented with a novel,
unfamiliar mouse, Caps2 cKO mice did not show significant
changes in social interaction with either familiar or novel mice.
Oxt KO mice also exhibited no decline of social interaction dur-
ing repeated pairing with the same familiar mice or during the
presentation of a novel unfamiliar mice (Ferguson et al., 2000).
Together, our results suggest that Caps2 cKO mice have similar
behavioral phenotypes as Oxt KOmice that were previously sug-
gested to have impairments specific to social memory (Ferguson
et al., 2000; Crawley et al., 2007). Finally, our suggestion that
CAPS2 regulates the release of social peptide OXT is strongly
supported by the evidence that intranasal treatment with exoge-
nous OXT demonstrated ameliorative effects on the decreased
social behavior of Caps2 cKOmice.

In conclusion, we demonstrated that CAPS2 is expressed in
the neurohypophyseal OXT pathway from the PVN OXT neu-
rons to their axonal projection site, the posterior pituitary, and is
also present in PVN OXT neurons that project to several brain
regions. The deficiency of CAPS2 in mice causes decreased
plasma OXT levels and, conversely, elevated pituitary OXT lev-
els, suggesting the functional role of CAPS2 in regulating proper
OXT release. In this study, we succeeded in generating a mouse
line harboring OXT neuron-specific deletion of CAPS2 (Caps2
cKO mice). Caps2 cKO mice display impaired social behavior
similar to that of Oxt KO mice, and their impaired social behav-
ior could be ameliorated by treatment with exogenous OXT.
Collectively, our findings suggest that CAPS2 is a critical factor
for OXT release, consequently being associated with social
behavior. Further evaluation of the CAPS2-mediated OXT
release mechanism will help identify whether this process may
serve as a potential target for ASD therapy.
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