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Significance

Oxytocin vesicles are released 
from the neurohypophysis into 
the bloodstream to regulate 
reproductive physiology and from 
the hypothalamus to control social 
behavior. The number of oxytocin 
vesicles exocytosed during these 
physiological processes are greatly 
potentiated by priming whose 
mechanism is not well 
understood. Here we find that 
endolysosomal two-pore channels 
(TPCs) are an integral component 
of the priming process so that in 
the absence of TPCs, plasma 
oxytocin levels and hypothalamic 
release fall to very low levels. 
TPC deletion also leads to social 
defects and suggests that TPC 
dysfunction might contribute to 
social behavioral disorders. Finally, 
since hormone replacement 
therapies are largely ineffective, 
pharmacological TPC-driven Ca2+ 
release may provide a promising 
strategy for boosting oxytocin 
signaling in social disorders.
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Oxytocin (OT) is a prominent regulator of many aspects of mammalian social behavior 
and stored in large dense-cored vesicles (LDCVs) in hypothalamic neurons. It is released 
in response to activity-dependent Ca2+ influx, but is also dependent on Ca2+ release from 
intracellular stores, which primes LDCVs for exocytosis. Despite its importance, critical 
aspects of the Ca2+-dependent mechanisms of its secretion remain to be identified. Here 
we show that lysosomes surround dendritic LDCVs, and that the direct activation of 
endolysosomal two-pore channels (TPCs) provides the critical Ca2+ signals to prime OT 
release by increasing the releasable LDCV pool without directly stimulating exocytosis. 
We observed a dramatic reduction in plasma OT levels in TPC knockout mice, and 
impaired secretion of OT from the hypothalamus demonstrating the importance of 
priming of neuropeptide vesicles for activity-dependent release. Furthermore, we show 
that activation of type 1 metabotropic glutamate receptors sustains somatodendritic OT 
release by recruiting TPCs. The priming effect could be mimicked by a direct application 
of nicotinic acid adenine dinucleotide phosphate, the endogenous messenger regulating 
TPCs, or a selective TPC2 agonist, TPC2-A1-N, or blocked by the antagonist Ned-19. 
Mice lacking TPCs exhibit impaired maternal and social behavior, which is restored by 
direct OT administration. This study demonstrates an unexpected role for lysosomes 
and TPCs in controlling neuropeptide secretion, and in regulating social behavior.

calcium | channel | NAADP | hypothalamus | neuropeptide

Oxytocin (OT) was initially described as a hormone regulating parturition (1, 2) and 
lactation (3), but it is now also well-recognized as a prosocial hormone regulating maternal 
behavior (4, 5), social recognition (6–8), and social interactions (9–14). OT is stored in 
large dense-core vesicles (LDCV) in the magno- and parvocellular secretory neurons of 
the paraventricular nuclei (PVN) and the supraoptic nuclei (SON) of the hypothalamus. 
This neuropeptide is released from hypothalamic neurons into different brain structures, 
and via the pituitary gland into the systemic bloodstream. OT neurons are multifunctional 
multisensory cells that respond to a wide variety of stimuli to fulfil their numerous roles 
described above (for review see ref. 15). However, the regulatory mechanisms underlying 
OT secretion are still unclear. Although OT secretion is known to be independently 
regulated in different neuronal compartments such as axons, soma, and dendrites (8, 
16–20), the intracellular signaling pathways underlying secretion in these complex mul-
titask neurons are still unclear.

OT release from both somatodendritic sites (16) and neurohypophysial axonal terminals 
(21) have been proposed to be dependent on Ca2+ release from intracellular stores in 
addition to Ca2+ influx via voltage-dependent Ca2+ channels. Indeed release of OT from 
pituitary axonal terminals and hypothalamus was shown to be highly dependent on the 
expression of cluster of differentiation 38 (CD38) (21, 22), a transmembrane multifunc-
tional enzyme that catalyzes the synthesis of the Ca2+ mobilizing messenger, cyclic ADP-
ribose (cADPR). cADPR which promotes Ca2+ release via ryanodine receptors (RyRs) 
from the endoplasmic reticulum (ER) (23) caused a large increase in OT release from 
isolated oxytocinergic nerve endings (21). However, CD38 also may catalyze the synthesis 
of another major Ca2+ mobilizing messenger, nicotinic acid adenine dinucleotide phos-
phate (NAADP), which specifically mobilizes Ca2+ from acidic organelles such as lysosomes 
(24, 25) via two-pore channels (TPCs) (26). However, in contrast to cADPR, NAADP 
was found not to directly stimulate OT release (21).

Somatodendritic OT secretion has also been shown to exhibit the important property 
of priming, which greatly increases the extent of exocytosis of OT-containing LCDVs 
(16). Priming in neuroendocrine cells is the phenomenon whereby an initial signal prepares 
cells for an anticipated subsequent trigger, sometimes involving the autocrine action of 
the peptide released (8, 16, 27). It is of fundamental significance in the neuroendocrine 
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system where such a mechanism mediates such phenomena as the 
OT-controlled milk-ejection reflex and the LH surge at ovulation 
(28). In hypothalamic neurons, this initial priming signal can be 
OT itself (self-priming) or other hormones or neurotransmitters 
which activate metabotropic cell surface receptors to mobilize Ca2+ 
from intracellular stores. This results in a substantial augmentation 
of the secretory response to subsequent cell activation and is 
thought to occur by recruiting a reserve pool of LCDVs to the 
plasma membrane, increasing their probability of release. It had 
been previously suggested that Ca2+ release from Ca2+ storage 
organelles primes vesicles for sustained OT release since pharma-
cological release of Ca2+ from the ER by the sarcoendoplasmic 
reticulum Ca2+ ATPase (SERCA) inhibitor thapsigargin and con-
sequential Ca2+ entry promoted priming effects (16, 29, 30).

Lysosomes are recognized as important organelles in autophagic 
macromolecular degradation and membrane repair, but they also 
contain a high concentration of Ca2+ that could be mobilized for 
cell signaling (24, 25, 31, 32). Electron microscopy has shown 
the presence of lysosomes in axon endings, dendrites, cell-bodies, 
and Herring bodies of OT neurons located in areas rich in LDCVs 
(33–35), but so far, their role in hypothalamic neurons as a source 
of Ca2+ has remained unexplored. In various cell types, endosomes 
and lysosomes release Ca2+ through the activation of the endolys-
osomal TPCs, modulated by NAADP (26, 36–39) and phosphati-
dylinositol-3, 5-bisphosphate (PI(3, 5)P2) (40, 41). TPCs belong 
to an ancient cation channel family present in numerous species 
with three known isoforms (TPC1, TPC2, and TPC3). In humans 
and rodents, only TPC1 and TPC2 are expressed, displaying dif-
ferent ionic selectivity in part depending on how they are acti-
vated: NAADP favoring Ca2+ permeation (42, 43), while PI(3, 
5)P2 favors Na+ permeation (40, 43–45). TPCs have been impli-
cated in many aspects of cell signaling, autophagy, and vesicular 
trafficking in various cell types (42, 46, 47), but despite the grow-
ing interest in these channels, their roles in the central nervous 
system remain largely unexplored (for review, see ref. 22).

Here on the basis that CD38 is a major regulator of OT secre-
tion (21), we have examined the role of endolysosomal TPCs as 
the principal targets of the NAADP branch of the CD38 signaling 
pathway and found that they play critical roles in the regulation 
of OT secretion and thus control social behavior.

Results

TPCs Are Expressed in the Hypophysis and Hypothalamus and 
Their Deletion Leads to a Dramatic Reduction in Plasma OT 
Levels. We first performed RT-qPCR both in male and female 
mice to quantify the mRNA levels of TPC1 and TPC2 gene 
transcripts in the pituitary gland and in the hypothalamus that 
contain the oxytocinergic neurons projecting to the pituitary. The 
data indicate that both TPC1 and TPC2 are equally expressed in 
the pituitary gland (Fig. 1A) and the hypothalamus (Fig. 1B) in 
male and female mice. OT being a major neuropeptide released 
from the pituitary gland, we explored if TPCs could play a role in 
OT signaling by generating mice lacking both TPC1 and TPC2 
[TPC double knockouts (DKO)], the two isoforms expressed in 
mice. These mice were viable and grew normally (48). In both 
wild-type (WT) and TPC DKO mice, we then measured plasma 
OT level as an indicator of pituitary secretory activity. Strikingly, 
we found a dramatic decrease of around 95% of OT plasma 
concentrations in both male and female TPC DKO mice when 
compared with WT mice (Fig.  1C). As expected, WT female 
mice showed higher plasma OT levels than WT male mice and 
the same was true for TPC DKO mice, although absolute levels 
were substantially reduced in TPC DKO mice. The decrease 

in plasma OT is specific to TPCs since mice lacking TRPML1 
(TRPML1−/− mice), another lysosomal cation channel, showed no 
significant reduction in OT plasma levels (Fig. 1D). Experiments 
with single TPC KO mice i.e., TPC1−/− and TPC2−/− indicated 
that both isoforms of TPC regulate the OT plasma levels with a 
more prominent role for TPC2 (Fig. 1D). This is supported by the 
high level of TPC2-GFP staining observed in the neurohypophysis 
(Fig. 1E and SI Appendix, Fig. S1) and hypothalamus (Fig. 1F 
and SI Appendix, Fig. S1) of a mouse (49) expressing the gene 
reporter green fluorescent protein (GFP) along with TPC2 gene 
(tGFP-TPC2 mice). Since in both TPC1−/− and TPC2−/− mice, 
the plasma OT levels were significantly reduced, we decided to 
focus on TPC DKO mice to investigate the role of TPCs as an 
ion channel family in OT secretion.

The reduction in OT plasma levels observed in TPC DKO mice 
(Fig. 1 C and D) could be due to either a deficit in OT synthesis 
or an altered OT secretion. Therefore, we first tested whether the 
synthesis of OT was impaired by measuring the endogenous OT 
content of the ex vivo isolated hypothalami. We found no differ-
ence in the OT content in TPC DKO males and a modest reduc-
tion in OT content in TPC DKO females, compared with WT 
mice (Fig. 1G). Furthermore, similar numbers of OT neurons 
were present in the PVN and the SON in the two strains (Fig. 1H, 
illustrated in Fig. 1I). These results clearly indicated that TPC 
deletion has little impact on OT synthesis or content of brain 
nuclei expressing the neuropeptide.

Deletion or Pharmacological Inhibition of TPCs Leads to OT 
Secretion Defects from the Hypothalamus. To explain the 
large decreases in plasma OT levels, we then examined whether 
OT release was impaired. We found that in the absence of 
stimulation, the basal release from isolated hypothalami was 
reduced in TPC DKO (SI Appendix, Fig. S2). Furthermore, we 
stimulated hypothalami from male and female TPC DKO mice 
with high potassium chloride (KCl) concentrations to depolarize 
neurons and promote somatodendritic exocytosis of neuropeptide 
vesicles and found that OT release was reduced by around 50% 
for male TPC DKO and by 84% for females, compared with 
WT (Fig. 2A). Because of the fall in plasma OT levels (Fig. 1C) 
and the dramatically impaired hypothalamic OT release in TPC 
DKO mice (Fig. 2A), we performed electron microscopy of the 
neurohypophysis to examine the presence and morphology of 
secretory vesicles at the nerve endings in TPC DKO mice. Since 
nonreleased vesicles age and undergo autophagic changes, we 
quantified the morphology and autophagy of these aged vesicles 
in neurohypophysis nerve endings as an index of nonreleased 
vesicles. We scored the autophagic vesicle status as follows: grade 
0 corresponded to an absence of autophagic vacuoles within the 
ending, whereas grades 1, 2, and 3 corresponded to a progressive 
increase in autophagic vacuoles as a consequence of an increased 
number of aged OT vesicles (Fig.  2B). In agreement with the 
dramatically low plasma OT levels, neuron endings in TPC DKO 
contained more autophagic vesicles (grade 1, 2, and 3) as compared 
with WT neurons (Fig. 2C). Of note, in line with the less marked 
drop in plasma OT levels from TPC2−/− mice (Fig.  1D), the 
autophagic phenotype was less severe in TPC2−/− mice compared 
with TPC DKO mice supporting a role for TPC1 (Fig. 1C).

Next, we examined glutamate-evoked secretion of OT, since 
physiologically, OT neurons receive a synaptic glutamatergic input 
to trigger neuropeptide secretion (50). We focused on type 1 
metabotropic glutamate receptors (mGluR1) stimulation as it is 
known to trigger OT secretion (50). In our experiments on iso-
lated hypothalami, both glutamate and (S)-3,5-
Dihydroxyphenylglycine (DHPG), a selective agonist of mGluR1 
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Fig. 1. Plasma OT levels are altered in TPC knockout mice. (A) qPCR analysis in duplicate of TPC1 and TPC2 mRNA in the hypophysis of WT mice (each group n = 9 
mice). (B) qPCR analysis in duplicate of TPC1 and TPC2 mRNA in the hypothalamus of WT mice (each group n = 9 mice). (C) Plasma OT levels (male WT n = 10, male DKO 
n = 11, female WT n = 4, female DKO n = 5 mice). *Refers to differences between TPC DKO mice and their respective WT. #Refers to differences between females and 
their respective strain males. (D) Plasma levels of OT in Tpcn1−/− (TPC1−/−), Tpcn2−/− (TPC2−/−) and mucolipin1 (Trpml1−/−) KO mice (WT n = 4; TPC1−/− n = 8; TPC2−/− n = 8; 
TRPML1−/− n = 4 mice). (E) Immunostaining of TPC2-tGFP reporter (in green) revealed with the anti-GFP antibody and nuclei stained with bisbenzimide (in blue) in the 
hypophysis containing the neurohypophysis (neurohyp) and adenohypophysis (adenohyp) (n = 2 mice). (Top scale bar, 200 µm.) Lower panel represents a magnification 
of the Top panel images (white square), (scale bar, 50 µm.) (F) Immunostaining of TPC2-tGFP reporter (in green) and nuclei stained with bisbenzimide (in blue) in the 
hypothalamus. Top raw shows the PVN, SON, and third ventricle (3V). The middle row shows a crop of the PVN, and the lower row shows a crop of the SON (n = 2 mice). 
(Top Row scale bar, 200 µm.) (Middle row scale bar, 20 µm.) (Bottom Row scale bar, 50 µm.) (G) Endogenous OT content in isolated hypothalami (male WT n = 20, male DKO 
n = 20, female WT n = 7, female DKO n = 10 mice). (H) Average number of OT neurons per slice in the PVN and SON in male mice (each group n = 7 mice) and illustrated in 
I. (I) Immunostaining of OT neurons from the PVN of SON of WT and TPC DKO mice. Statistical analysis were performed with unpaired t test (A–C, G and H) and one-way 
ANOVA followed by the post hoc Dunnett’s multiple comparison test (D). Values are expressed as mean ± SEM. *P < 0,05; **P < 0.01; ***P < 0.001 and ns, nonsignificant.
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that has previously been proposed to recruit the NAADP–TPC 
pathway (31), elicited OT release to a similar degree in WT mice 
(Fig. 2D). Under the same conditions, the OT release evoked by 
DHPG was greatly reduced by around 75% in TPC DKO mice 
(Fig. 2D). To test whether the exocytic mechanisms were them-
selves impaired, we used the Ca2+ ionophore ionomycin to gen-
erate a large cytosolic Ca2+ increase, bypassing the physiological 
mechanisms to trigger secretion. Ionomycin elicited OT secretion 
in a comparable extent in both WT and TPC DKO hypothalami, 
showing no impairment in the OT exocytosis machinery per se 
(SI Appendix, Fig. S3). Our results indicate that the deletion of 
TPCs substantially prevented the release of OT, rather than dis-
rupting OT synthesis or packaging in vesicles.

Next, we examined the effects of pharmacological inhibition of 
the TPC pathway on both KCl- and agonist-evoked neuropeptide 
release from isolated hypothalami from WT mice to see if the 
effects in the TPC DKO phenocopied the effects of TPC inhibi-
tors. We antagonized NAADP-activation of TPCs either with 
Ned-19, a membrane-permeant selective NAADP inhibitor (51), 
or by blocking TPC directly with tetrandrine, a Ca2+ channel 
blocker found to be a potent TPC inhibitor (52). We also dis-
rupted the lysosomal Ca2+ storage with bafilomycin A1 (H+-V-
ATPase inhibitor) or permeabilized the lysosomal membrane with 
GPN, a lysosomotropic agent (24, 37, 53). Fig. 2E shows that, 
upon KCl stimulation, OT release was significantly reduced by 

Ned-19 (−30%), bafilomycin A1 (−50%), and tetrandrine (−80%). 
We also examined agonist-evoked OT secretion and observed a 
significant reduction in OT release evoked by glutamate in the 
presence of Ned-19 (−55%) and GPN (−30%) (Fig. 2F). Upon 
DHPG stimulation, we also found a significant decrease in OT 
release of more than 40% in the presence of Ned-19, and a reduc-
tion of almost 70% in the presence of tetrandrine, compared with 
their respective controls (Fig. 2G). These results provide strong 
evidence that TPCs are required for OT release and that gluta-
mate-induced secretion likely depends on mGluR1.

Pharmacological Inhibition of the TPC-Pathway Shows That 
Glutamate-Evoked Ca2+ Responses Are TPC-Dependent. In 
parallel with our neuropeptide release studies, we performed 
calcium imaging experiments in neurons from the hypothalamus 
to investigate whether TPCs are critical components of agonist-
evoked Ca2+ responses underlying the neuropeptide secretion. 
Neurons from acute hypothalamic slices were loaded with the 
Ca2+-sensitive probe Calbryte 520-AM (Fig. 3A), and we recorded 
the global Ca2+ responses in both parvocellular and magnocellular 
neurons of the PVN. Neurons were first stimulated with either 
glutamate (Fig. 3 B–E) or DHPG (Fig. 3 F–I) to evoke a control 
response that was then challenged with various inhibitors. We 
analyzed three parameters: i) the Ca2+ elevation by measuring 
the increase in fluorescence ΔF/F0 at the peak of the response  

Fig. 2. Pharmacological inhibition (green) or TPC deletion (red) reduced OT release. (A) OT released from isolated hypothalami after 50 mM KCl stimulation (each 
bar group n = 5 mice). *Refers to differences between TPC DKO mice and their respective WT. #Refers to differences between males and females of the same 
mouse strain. (B) Electron microscopy images labeled with neurophysin-I (15-nm gold particles) to distinguish OT-positive endings depicting autophagic grades: 
grade 0 corresponds to an absence of autophagy vacuoles within the ending, whereas grades 1, 2, and 3 correspond to a progressive increase of autophagic 
vacuoles. (C) Histograms of the electron microscopy showing the ratio of the area occupied by different grades of autophagic bodies in the neurohypophysial 
nerve endings divided by the total area of the ending (each group n = 3). (D) OT released from isolated hypothalami after 1 mM glutamate stimulation (male WT n 
= 20, male DKO n = 20) and after mGluR1 stimulation with 100 µM DHPG (each bar group n = 5 mice). (E) OT released from isolated hypothalami after 50 mM KCl 
stimulation in presence of 100 µM Ned-19, 4 µM bafilomycin A1, or 10 µM tetrandrine (each group n = 5 mice). (F) OT released from isolated hypothalami after 
1mM glutamate stimulation in presence of 100 µM Ned-19 or 50 µM GPN (each bar group n = 5 mice). (G) OT released from isolated hypothalami after 100 µM  
DHPG (mGluR1) stimulation in presence of 100 µM Ned-19 or 10 µM tetrandrine (each bar group n = 5 mice). Statistical analyses were performed with an unpaired 
t test (A and D); ANOVA 2-way (C) or ANOVA 1-way (E–G) followed by post hoc Dunnett’s test. Values are expressed as mean ± SEM ns (no significant); *P < 0.05; 
**P < 0.01; ***P < 0.001 or ###P < 0.001 (difference between female and male).

http://www.pnas.org/lookup/doi/10.1073/pnas.2213682120#supplementary-materials
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(Fig. 3 B and F), ii) the temporal course of the Ca2+ response, and 
iii) the total Ca2+ response measured as the area under the curve 
(AUC) (Fig. 3 C–E and G–I).

In the presence of either Ned-19 or GPN, the maximum peak 
response was reduced (Fig. 3 B and F), and the average Ca2+ 
responses evoked by either glutamate or DHPG showed important 
changes that consisted of a reduction in both the peak amplitude 
and the AUC (Fig. 3 C, D, G, and H). In TPC DKO mice, the 
time-course of the Ca2+ responses and the AUC were also meas-
ured upon glutamate (Fig. 3E) and DHPG (Fig. 3I) stimulation. 
When compared with WT mice, the responses were significantly 
reduced in TPC DKO mice, although in a less dramatic manner 
than with pharmacological inhibitors. However, these relatively 
modest reductions in the global Ca2+ responses in TPC DKO mice 
were associated with dramatic reductions in OT secretion (Fig. 2). 
These results are consistent with a critical role for endolysosomes 
and TPCs as a source of Ca2+, rather than nonspecific global intra-
cellular Ca2+ signals (54), and highlight the importance of the 
Ca2+ source in neuropeptide secretion necessary for fine tuning 
the vesicular release mechanisms.

Lysosomes and TPCs Control the Priming of OT Vesicles by Being 
in Close Apposition with LDCVs. Numerous studies in other cell 
systems have shown that secretion is highly dependent on the 

local Ca2+ from lysosomal stores (22, 55). Thus, we next addressed 
the question of whether lysosomes, the subcellular loci of TPCs, 
are strategically positioned to constitute a relevant intracellular 
Ca2+ store for neuropeptide secretion. We first examined lysosome 
distribution in neurons of PVN and SON by performing 
coimmunostaining of LAMP2, a lysosomal marker, with OT 
vesicles. Confocal images revealed that numerous lysosomes are 
situated in close proximity to OT-containing vesicles in the soma 
of magnocellular neurons both in WT mice and TPC DKO mice 
(Fig. 4A and SI Appendix, Fig. S4). Using electron microscopy, we 
also observed that in dendrites, lysosomes are in close apposition 
with OT vesicles (Fig. 4B), which agree with a local source of Ca2+ 
signal provided by TPCs activation to trigger OT release.

Small cytosolic Ca2+ concentration changes, dependent on Ca2+ 
release from internal stores, have been demonstrated to be impor-
tant in the priming of nonreleasable vesicles into a readily releasable 
pool of vesicles, an essential process to trigger a sustained neuro-
peptide release (16, 56). In pioneering studies, Ludwig and Leng 
implicated the ER, the main intracellular Ca2+ store, in the mech-
anisms of priming (16). They used the SERCA pump inhibitor 
thapsigargin to release Ca2+ from the ER, which induced the prim-
ing of vesicles and therefore enhanced stimulus-induced neuro-
peptide secretion. We examined the role of lysosomal Ca2+ release 
in the priming mechanisms using a protocol based on the 

Fig. 3. Pharmacological inhibition (green) or deletion of TPCs (red) reduced agonist-evoked Ca2+ response in the PVN of the hypothalamus. (A) Example of confocal 
Ca2+ imaging of WT neurons before and after glutamate stimulation. Acute slices were incubated with the Ca2+ sensitive probe Calbryte 520-AM. Arrows show 
some examples of neurons responding to 1 mM glutamate stimulation. (Scale bar, 50 µm.) (B) Shows the peak amplitude and (C and D) shows the time course 
graphs of glutamate-induced Ca2+ response in presence of 100 µM Ned-19 (green line, Ctrl n = 20, Ned-19 n = 20 cells, both n = 3 mice) or 50 µM GPN (green 
line, Ctrl n = 123, GPN n = 123 cells, both n = 4 mice) in hypothalamic neurons of WT mice compared to untreated control WT hypothalamic neurons (Ctrl, black 
line),  area under the curve (AUC). (E) Glutamate-induced Ca2+ response in hypothalamic neurons of TPC DKO mice (red line, n = 47 cells, n = 5 mice) compared 
to control WT hypothalamic neurons (Ctrl, black line, n = 67 cells, n = 5 mice),  area under the curve (AUC). (F) Shows the peak amplitude and (G and H) show the 
time course graphs of DHPG-induced Ca2+ response in the presence of 100 µM Ned-19 (green line, Ctrl n = 19, Ned-19 n = 19 cells, both n = 7 mice) or 50 µM 
GPN (green line, Ctrl n = 8, GPN n = 8, both n = 5 mice) in hypothalamic neurons of WT mice compared with untreated control WT hypothalamic neurons (Ctrl, 
black line),  area under the curve (AUC). (I) DHPG-induced Ca2+ response in hypothalamic neurons of TPC DKO mice (red line, n = 57 cells, n = 14 mice) compared 
to control WT hypothalamic neurons (Ctrl, black line, n = 86 cells, n = 15 mice),  area under the curve (AUC). Statistical analysis were performed with two-way 
ANOVA followed by Sidak’s test. Values are expressed as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001.

http://www.pnas.org/lookup/doi/10.1073/pnas.2213682120#supplementary-materials


6 of 12   https://doi.org/10.1073/pnas.2213682120 pnas.org

thapsigargin-induced Ca2+ release from the ER in isolated hypo-
thalamus (16). In addition to thapsigargin, we also employed the 
TPC agonist NAADP and a new lipophilic synthetic mem-
brane-permeant TPC2 agonist, TPC2-A1-N (a NAADP mimetic) 
(43). We preincubated hypothalamic tissues with these agents 
(Fig. 4C) and measured the release of OT before (Fig. 4D) and 
after KCl depolarization (Fig. 4E). In our experiments, thapsi-
gargin alone did not stimulate neuropeptide secretion (Fig. 4D) 
but, as expected, after even a brief thapsigargin exposure for 10 
min, the release of OT evoked by KCl was increased by 25% in 
WT mice compared with the control response (Fig. 4E). Similarly, 
incubation with either NAADP or TPC2-A1-N for 10 min did 
not trigger secretion by themselves (Fig. 4D) nor decreased hypo-
thalamic OT content (SI Appendix, Fig. S5) but, strikingly, these 
TPC agonists primed KCl-induced OT secretion (+ 25% and + 
21%, respectively) in WT mice (Fig. 4E). In addition, preincuba-
tion with the NAADP inhibitor Ned-19 prevented priming evoked 
by either thapsigargin or NAADP in WT mice (Fig. 4E). 
Furthermore, in TPC DKO mice, thapsigargin, NAADP or TPC2-
A1-N treatments failed to prime the release from OT vesicles 
(Fig. 4E). Taken together, these data revealed that TPCs likely 

mediate the priming process of OT vesicles, which underlies their 
critical role in the control of neuropeptide release.

Social Behavior Is Altered in TPC DKO Mice. It is well known that 
the activity of OT neurons regulates social behavior and social 
interactions (for review see ref.  57). Because TPC DKO mice 
exhibit deficits in OT release (Fig. 2) and plasma OT levels (Fig. 1), 
we explored whether TPC DKO mice showed alterations in social 
behavior, both in females and males. To do so, we first analyzed 
the maternal behavior of TPC DKO dam mice. Although some 
controversy exists (58–60), most of the studies outline the prosocial 
effect of OT on maternal behavior (4, 5, 14, 21, 61–66). We 
performed a classical pup retrieval assay in which pups were placed 
at different corners of their home cage, and the dams’ task was to 
retrieve them and return them to the nest. During this task, the WT 
dams retrieved 94% of their pups with an average latency of 16 ± 3 
s to retrieve the first pup (Fig. 5 A and B). In contrast, TPC DKO 
dams showed a reduced number of pups retrieved (67%) with a 
substantial increase in the average latency (67 ± 18 s) to retrieve 
the first pup (Fig. 5 A and B). To determine if the maternal deficit 
of TPC DKO mice could be restored, we administrated either a 

Fig. 4. Lysosomes and TPCs control the priming of OT vesicles. (A) Confocal images in the PVN coimmunostained with OT (in green) and the lysosomal marker 
LAMP2 (in red). (Scale bars, 5 µm and 1 µm in the enlarged image.) (B) Electron micrograph of a dendrite (Den) from a SON neuron containing numerous 
neurosecretory OT vesicles (white arrows) identified by OT-associated neurophysin 1 immunoreactivity (15-nm gold particles). Lysosome distribution reveals by 
immunogold staining (6-nm gold particles) of LAMP1. Lysosomes appear surrounding the dense-cored vesicles and the membrane of electron lucent structures. 
(Scale bars, 200 nm, and 100 nm in the enlarged image.) (C) Scheme showing the priming protocol. (D) Basal levels of OT release measured in the supernatant 
after preincubation with 10 µM thapsigargin (Thapsi), 5 µM NAADP, or 10 µM of the TPC2 agonist TPC2-A1-N (A1-N) (Ctrl n = 10 mice; Thapsi n = 5 mice; NAADP 
n = 5 mice; A1-N n = 5 mice). Bars represent OT released in percentage of WT OT release without drugs. (E) OT secretion evoked by 50 mM KCl stimulation of 
the hypothalamus, following preincubation with various drugs. Bars represent OT released in percentage of WT OT release without drugs. Green bars show 
OT release in WT hypothalamus in response to thapsigargin (Thapsi) or NAADP preincubation in the presence of 100 µM Ned-19 (Ctrl WT and DKO n = 15 mice; 
thapsi + Ned-19 n = 4 mice; NAADP DKO n = 6 mice; all other groups n = 5 mice). Statistical analyses were performed with 1-way ANOVA followed by Dunnett’s 
test. Values are expressed as mean ± SEM. *P < 0.05; **P < 0.01; ***P < 0.001 and ns, nonsignificant.
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saline solution or OT (50 µg/kg) intranasally to TPC DKO dams. 
Strikingly, TPC DKO dams treated with OT now showed 100% 
success in retrieving their pups (Fig. 5A). The latency for retrieving 
the first pup also decreased significantly from 67 ± 18 s for NaCl-
treated TPC DKO mice to 13 ± 2 s for OT-treated mice (Fig. 5B), 
a value comparable to that displayed by WT (16 ± 3 s).

To determine whether TPC DKO adult male mice could also 
have altered social behaviors, we performed the 3-chamber test 
(Fig. 5 C and D) that enables the study of social motivation with 
a limited amount of social interaction and information (67) (no 
hierarchy, contact was limited to nose-pokes and olfactory infor-
mation through holes). In the assay, TPC DKO mice spent sig-
nificantly less time than the WT mice in exploring the unfamiliar 
congener (78 ± 10 s vs. 113 ± 8 s respectively, Fig. 5C). However, 
TPC DKO mice, like WT mice, spent significantly more time in 
social contact with the visitor mouse than with an empty cup (a 

nonsocial object, Fig. 5C). Next, the interest for social novelty was 
assessed by introducing a new visitor mouse in the empty cup. As 
expected, the WT mouse showed a significantly higher preference 
for interactions with the new congener than with the familiar 
mouse (Fig. 5D). In contrast, TPC DKO mice clearly failed to 
show any particular interest toward the new visitor (Fig. 5D). OT 
administration in TPC DKO mice restored both social motivation 
and the social novelty preference to levels seen in WT mice 
(Fig. 5D). Ultrasonic vocalizations (USVs), markers of emotional 
states associated with social context and OT signaling (62, 68, 69) 
(for review see ref. 70), were also recorded in a social environment 
allowing free interactions between adult male mice. Such a behav-
ioral setting has been shown to favor the emission of acoustic 
communication in adult animals of same sex (71, 72). USVs emit-
ted were counted, and no significant difference was observed 
between TPC DKO mice and WT mice (SI Appendix, Fig. S5). 

Fig. 5. TPC deletion impaired maternal and social behaviors. (A) Proportion of pups retrieved by dams (WT n = 36, DKO n = 27, DKO+OT n = 30). (B) Latencies 
took by the dam to retrieve its first pup (WT n = 9, DKO n = 7, DKO+OT n = 10). (C) Diagram describing the social motivation test and histograms showing the 
time spent in contact with the empty pot or with the mouse visitor during the social motivation test. (D) Diagram describing the social novelty test and histogram 
showing the time spent with the familiar or the new mouse visitor during this test (WT n = 9 mice, DKO n = 10 mice, DKO+OT n = 10 mice). (E) Typical ultrasonic 
vocalizations (USVs) recorded during a free interaction between two adult males. (F) Proportion of each type of USVs emitted by the WT mice and the TPC DKO 
after intranasal NaCl administration (left and mid pie charts) and by TPC DKO mice after OT administration (right pie chart). Statistical analysis performed with 
A Fisher’s exact test, (B–D) unpaired two-tailed t test, (F) two-way ANOVA followed by a Chi-square post hoc test. Values are expressed as mean ± SEM. *P < 0.05; 
**P < 0.01; ***P < 0.001.
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USVs were then further analyzed and sorted by types as illustrated 
in Fig. 5E. While WT mice exhibited a great diversity in their 
USVs repertoire, TPC DKO mice mainly emitted short vocaliza-
tions (Fig. 5F), shown to be used either by immature animals and/
or by animals with low social incentives (71, 73). Strikingly, intra-
nasal OT administration fully restored the USV proportion of the 
repertoire in TPC DKO mice, particularly USV with frequency 
modulation (Fig. 6F), a type of vocalizations that is not uttered 
in stressful conditions.

Additionally, to assess the specificity of the behavioral effects in 
TPC DKO mice, we also performed a test for which OT has not 
been implicated, namely fear conditioning. Fear learning and 
memory, assessed using a contextual fear conditioning paradigm, 
did not reveal any genotype differences during the acquisition 
session, or during recall/extinction of freezing responses in suc-
cessive retention sessions (undertaken at 24 h, 48 h and 72 h 
delays) (SI Appendix, Fig. S6). Thus, TPC DKO mice do not have 
impaired associative learning ability when evaluated using a con-
textual fear conditioning test.

Finally, although the exact mechanism by which intranasal OT 
affects brain activity is debated (74, 75), our data indicate that 
representative social behaviors of both female and male TPC DKO 
mice are impaired and can be restored by OT administration. 
Thus, probably due to their role in OT release here, TPCs appear 
as new important regulators of social behaviors.

Discussion

This study provides evidence of the important role of TPCs in the 
social brain as a molecular component of the LDCV priming 
response. Our work has revealed i) that deletion or pharmacolog-
ical inhibition of TPCs reduces aspects of Ca2+ responses evoked 
by physiological agonists, which result in ii) a dramatic reduction 
in OT secretion from the hypothalamus and hypophysis. 
Furthermore, we showed that iii) TPC2 has a more prominent 
role than TPC1 in controlling OT secretion and that iv) TPCs 

participate in the priming process of neuropeptide vesicles. Finally, 
we showed that v) deletion of TPCs in mice leads to social defects 
that manifest in multiple domains of the animals’ social life such 
as maternal behavior, social motivation behaviors, and social com-
munication and that all these defects can be rescued by intranasal 
OT administration.

Surprisingly, despite the numerous studies on OT, the regulation 
of its secretion is still poorly understood and represents a big gap in 
our understanding of OT signaling. Ca2+ influx through N- and 
T-type voltage-gated calcium channels and NMDA receptors par-
ticipate in the OT release (30, 76), nevertheless, it has been previ-
ously shown that OT release mostly depends on intracellular Ca2+ 
stores (16, 56). Previous work focused on the ER as intracellular Ca2+ 
source. ER Ca2+ stores may be mobilized by inositol (1, 4, 5) tris-
phosphate (IP3) following G protein-coupled receptor activation 
(50), and by cADPR and other RyR modulators (21, 77). Through 
the synthesis of cADPR, the enzyme CD38 has been shown to be a 
major determinant involved in OT secretion (21, 77, 78). CD38 
has also been previously linked to lysosomes and digestive enzyme 
secretion (25). In this study, we examined the other branch of the 
CD38 pathway, which catalyzes NAADP synthesis that mobilizes 
lysosomal Ca2+ stores through TPCs activation (for review (22, 42, 
79). Our immunostaining and electron microscopy experiments 
revealed that lysosomes are strategically positioned Ca2+ stores since 
they are present at somatodendritic vesicular release sites. Next, by 
genetic or pharmacological ablation we have demonstrated that 
TPCs are major regulators of plasma OT levels and are required for 
the hypothalamic release of OT. Ultrastructural studies with electron 
microscopy provided additional evidence for the role of TPCs in 
secretion, since there was an accumulation of aged, nonreleased ves-
icles in neurohypophysial nerve endings of TPC DKO mice, con-
sistent with a failure of their release. Since pharmacological or genetic 
ablation of TPCs reduces KCl-evoked somatodendritic OT release 
and there are reports describing the Ca2+-dependency of NAADP 
synthesis in various cell types (80–84). KCl-induced cell depolariza-
tion may promote NAADP production directly through Ca2+ influx 
mediated by voltage-gated Ca2+ channel activation. However, it is 
possible that the effect is indirect and a consequence of KCl-evoked 
transmitter release if that transmitter is coupled to NAADP produc-
tion release, such as glutamate (85, 86). Given that there are extensive 
glutamatergic synapses with OT secreting neurons in the SON, we 
found that glutamate activation of mGluR1 evoked Ca2+ signals and 
OT secretion from dendrites, which was greatly reduced by Ned-19, 
a membrane-permeant selective inhibitor of NAADP-activation of 
TPCs, or when the lysosomal Ca2+ storage was abrogated by bafilo-
mycin A1 (H+-V-ATPase inhibitor), or by GPN, a lysosomotropic 
agent, These pharmacological effects were all phenocopied in TPC 
DKO mice. These results are in agreement with a previous study in 
the hippocampus, where mGluR1 activation leads to the mobiliza-
tion of intracellular Ca2+ through the production of NAADP and 
TPCs activation (31, 32). Despite the major reduction in OT secre-
tion, highlighting the crucial role of TPCs as a major source for Ca2+ 
release in this process, mGluR1-induced Ca2+ signaling was not fully 
abolished with either a NAADP antagonist or in TPC DKO neu-
rons. Indeed mGluRs are known to couple to additional Ca2+ mobi-
lizing pathways such as cADPR or IP3, which release ER Ca2+ stores 
(22, 87–89). Together, our results show the specific involvement of 
TPCs in OT secretion, and we therefore propose a model for OT 
secretion (Fig. 6) whereby glutamate, by activating mGluR1, couples 
to the NAADP pathway, and evokes Ca2+ release from endolyso-
somes by activating TPCs. This source of local lysosomal Ca2+ release 
may in turn trigger further Ca2+ release from the ER by Ca2+-induced 
Ca2+ release (CICR) to participate in neuropeptide release. In this 
model, we also proposed that TPCs could mediate a CICR 

Fig. 6. Endolysosomal TPCs control OT vesicle priming and release. Working 
model showing that glutamate, through mGluR1 activation, engages the 
NAADP pathway to stimulate Ca2+ release from endolysosomal TPCs. This 
Ca2+ response in its turns, participates in OT release likely by recruiting the ER 
Ca2+ by Ca2+-induced Ca2+ release. This scheme includes the priming working 
model we propose showing that TPCs generate the Ca2+ ionic signal to prime 
the nonreleasable vesicles into readily releasable vesicles either alone or 
by triggering a larger Ca2+ release from the ER stores (CICR). Note that for 
the priming process, the ER Ca2+ channels supporting priming remain to be 
identified. Abbreviations: mGluR, metabotropic glutamate receptor; CICR, 
Ca2+ -induced Ca2+ release; IP3R, IP3 receptors; LDCV, large dense core vesicle; 
SERCA, sarcoendoplasmic reticulum Ca2+ ATPase; VGCC, voltage-gated Ca2+ 
channel.
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mechanism since TPC2 has also been shown to be a Ca2+-sensitive 
channel (22, 55). As NAADP levels in neurons have been shown to 
be elevated by glutamate stimulation (32), NAADP and Ca2+ may 
act as coagonists of TPCs.

Before being exocytosed, OT vesicles need to be recruited closer 
to the plasma membrane in a mechanism called priming. This essen-
tial and distinct feature permits magnocellular neurons to adapt 
neuropeptide release to the physiological needs and supports sus-
tained neuropeptide secretion. Of note, within the hypothalamus, 
the OT secretion is principally somatodendritic, and it has been 
reported that nonreleasable vesicles are primed into readily releasable 
vesicles and triggered in an exclusive intracellular Ca2+-dependent 
manner (16). The downstream effects of the priming Ca2+ signals 
are not well understood. However, it has been proposed that the 
remodeling of the actin cytoskeleton may be involved (90). One 
source of Ca2+ for priming was identified as being the ER as hypo-
thalamic incubation with thapsigargin enhance priming but with no 
role of RyR (16). The involvement of IP3R in priming also remains 
unclear, thus, the Ca2+ ER channel responsible of priming induction 
in the presence of thapsigargin remains to be identified. Here we 
showed that lysosomal Ca2+ release is a key mediated event involved 
in vesicle priming. Indeed, using a synthetic NAADP mimetic TPC2 
agonist [TPC2-A1-N (43)] and NAADP, our results clearly indicate 
that Ca2+ mobilization through lysosomes and TPCs is important 
in priming as these agonists enhance OT secretion and failed to do 
so following pharmacological inhibition of TPCs or in TPC DKO 
mice. Additionally, our data showed that mobilizing ER Ca2+ stores 
to prime OT vesicle is also prevented by NAADP/TPC inhibition 
or deletion suggesting that a lysosomes-ER Ca2+ exchange is required 
for the priming effect (Fig. 6). This result is compatible with previous 
reports in pancreatic acinar cells and sea urchin eggs showing that 
Ca2+ release from the ER recruit the lysosomal Ca2+ demonstrating 
a bidirectional communication between ER and lysosomes (37, 81). 
Our model (Fig. 6) is supported by the recent reports showing that 
TPC2 is a Ca2+ sensitive channel that could be recruited by CICR 
mechanism (22, 55), which is in accordance with the close proximity 
we observed between lysosomes and OT vesicles in somatodendritic 
regions of the hypothalamus. Therefore, TPCs may provide the local 
Ca2+ signal needed for priming and in our model, TPCs, and espe-
cially TPC2, appear as a privileged pathway to trigger vesicle priming 
and thus increase subsequent OT secretion (Fig. 6).

In spite of the ubiquitous distribution of TPCs in the brain, study 
of the literature indicates that the role of TPCs in the central nervous 
system is largely unknown. Our study provides evidence that TPCs 
have important neurophysiological functions as they modulate the 
social brain by regulating neuropeptide secretion. In our study, we 
clearly showed that mice lacking TPCs displayed impaired maternal 
behavior, ultrasonic vocalization emissions and social recognition, 
which are social behaviors known to rely on several brain structures 
such as the prefrontal cortex, the hippocampus, the olfactory bulb, 
and the auditory cortex, all of which are reported to highly expressed 
OT receptors and to be modulated by OT release from axonal pro-
jection originating from PVN of the hypothalamus (5). In our study, 
we performed nasal-spray administration of OT, which has been 
successful in restoring normal social behaviors in TPC DKO mice. 
Although there is some debate over whether exogenous administrated 
OT could reach these brain structures (74, 75), numerous studies 
have shown that such OT administration protocols could be valuable 
to investigate OT effects on animal behavior (for review see 
refs. 15 and 91). Although we do not rule out that TPCs likely con-
trol many different neuronal processes, the simplest explanation for 
our behavioral data is to consider that TPCs are important, not only 
for somatodendritic or pituitary release of OT but also that TPCs 
can control the release of OT at nerve endings at distant sites from 

the hypothalamus, and in particular in the different brain structures 
involved in the social brain. In agreement with this possibility, it is 
striking that intranasal OT administration successfully restored the 
social behavior of TPC DKO mice, thereby revealing the peculiar 
importance of TPCs in the hypothalamic/social brain axis.

Our findings highlight the importance of lysosomes and a sig-
naling pathway that has important implications for regulating 
social behavior. Finally, targeting TPC2 with agonists may offer a 
new therapeutic approach to potentiate the physiologically timed 
endogenous local release of OT in neurodevelopmental disorders 
characterized by social interaction deficits, thus bypassing current 
problems such as receptor desensitization with exogenous OT 
replacement therapies (92).

Materials and Methods

Animals. Tpcn1/2−/− (TPC DKO) mice were generated as previously described 
(48). Mutants Tpcn1−/− (TPC1 T159) mice and Tpcn2−/− (TPC2 YHD437) mice used 
to generate TPC DKO are on a mixed genetic background of 129P2/OlaHsd and 
C57BL/6NCrl. Briefly, Tpcn1+/−/Tpcn2+/− mice resulting from crosses of Tpcn1−/− 
(TPC1 T159) (93) with Tpcn2−/− (TPC2 YHD437) (26) mice were further crossed 
for generation of WT (Tpcn1+/+/Tpcn2+/+) and DKO mice (Tpcn1−/−/Tpcn2−/−) 
and mice were born at the expected Mendelian proportion (8/128) and kept as 
separate colonies bred in our animal facility. Consequently, in our study, the WT 
mice used as controls are not littermates of TPC DKO mice. Both mice strains have 
a mixed genetic background of 129P2/OlaHsd and C57BL/6NCrl and were not 
further backcrossed. Animal care and experimental procedures complied with 
the European Communities Council Directive (CEE 86/609/EEC), EU Directive 
2017/32/EU, and the local ethics committee (Paris Centre et Sud, N°59).

RNA Isolation, RT-PCR and Real-Time PCR. Total RNA from pituitary and hypo-
thalamus were extracted using Trizol reagent (Invitrogen). RNA concentrations 
were determined by NanoPhotometer® N120 (IMPLEN). After reverse transcription 
using Super ScriptTM III Reverse Transcriptase (Invitrogen) from 1µg mRNA, 4 µL 
cDNA dilution (1:10) were added to 10µL iTaq Universal SYBR Green Supermix 
(BioRad, USA) and 0.5 mM of each specific pair primer.

Tpcn1 forward primer 5′CTGTCCTCTGGATGGAACCT3′;
Tpcn1 forward primer 5′CTGTCCTCTGGATGGAACCT3′;
Tpcn2 forward primer 5′CCCTGGCTGTATACCGATTG3′;
Tpcn2 reversed primer 5′GTCCCAGAGCGACAGTGG3′;
GAPDH forward primer 5′TGACGTGCCGCCTGGAGAAA3′;
GAPDH reversed primer 5′AGTGTAGCCCAAGATGCCCTTCAG3′ and then were 

amplified on a CFX96 Touch Real-Time detection system (BioRad) under the fol-
lowing conditions: 10-min denaturation step at 95 °C was followed by 40 cycles 
of denaturation at 94 °C for 10 s and annealing/extension at 60 °C for 30 s. The 
results were normalized to GAPDH, and relative mRNA levels were calculated 
using the ΔΔCt method and reported as fold change (relative to WT).

Generation and Analysis of tGFP-TPC2 Mice. tGFP-TPC2 mice were generated 
and analyzed as described in ref. 49 and in the SI Appendix. Briefly, the brain and 
hypophysis were frozen in Tissue-Tek O.C.T. compound (4583, Sakura), and 14-µm 
cryosections were prepared. The slices were incubated with a chicken-GFP antibody 
(Invitrogen, A10262), diluted at 1:1,000, overnight at 4 °C. After washing, the 
sections were incubated with donkey anti-chicken-Cy2 (Jackson Immunoresearch 
Cat. 703-225-155), diluted at 1:500, for 2 h at room temperature. Nuclei were 
stained for 5 min using 2 µg/mL bisbenzimide solution (Sigma, B1155) before 
mounting in Fluoromount-G (Biozol, SBA-0100-01). Images were acquired using 
a Zeiss AxioScan.Z1 slide scanner and processed using ZenBlue software.

Blood Sampling. Mouse blood samples were collected in a homemade EDTA 
tube by cardiac puncture under profound Exagon anesthesia (150 mg/kg) and 
then centrifuged to collect the plasma.

Hypothalamus Sampling and Stimulation. Whole-mouse hypothalami 
were rapidly and carefully removed from the brains and perifused with oxy-
genated artificial cerebrospinal fluid (ACSF) (see composition in the “Calcium 
Imaging” part, 5% CO2, 95% O2) for 30 min at 33 °C. Such perifusion aimed 
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to remove the potential OT secreted due to mechanical stimulation of the 
hypothalamus during the dissection and prevent the auto-stimulation effect 
of OT on its receptors. During the preincubation step, hypothalami remained 
untouched while the perfused ACSF was removed. Hypothalami were then 
immediately bathed in 200 µL ACSF for 10 min. When no drugs are added, 
the collection of the supernatant aimed to measure the basal release of OT. 
Depending on the experiment, the preincubation ACSF solution contains 
drugs: DMSO (vehicle), Ned-19 (100 µM), tetrandrine (10 µM), bafilomycin 
A1 (4 µM), and GPN (50 µM). The second step aimed to stimulate OT release. 
Hypothalami were carefully bathed for 10 min in 200 µL ACSF containing 
either KCl (50 mM), glutamate (1 mM), or DHPG (100 µM). Here, the collection 
of the supernatant aimed to measure the stimulated release of OT. At the end 
of the experiments, the hypothalami and the supernatant solutions (basal 
release and stimulated release) were collected and frozen in liquid nitrogen.

Priming Experiment. Sampling and perifusion of the hypothalamus were 
similar to those described in “Hypothalamus Sampling and Stimulation”. 
Here, the first step was stimulation of the vesicle priming with ACSF con-
taining either thapsigargin (10 µm), NAADP (5 µM), TPC2 agonist TPC2-A1-N  
(A1-N, 10 µM), or classic ACSF for the control unprimed samples. The agonist 
TPC2-A1-N was kindly synthesized and provided by Franz Bracher’s lab (43). 
If priming occurs, more vesicles would be close to the plasma membrane and 
available for secretion during a subsequent stimulation. Thus, during a second 
step, OT secretion was stimulated with high KCl (50 mM) in the absence of 
any pharmacological agent, and the amount of neuropeptide released was 
compared with the unprimed condition. The protocol is depicted in Fig. 4C.

Radioimmunoassays for OT Measurements. The extraction for OT was per-
formed at 4 °C and measured as fully described in Martucci et al., 2019 (78) and 
in the SI Appendix.

Immunohistochemistry. Brains were removed after perfusion of the animals 
with paraformaldehyde PFA 4% and then frozen and stored at −20 °C until immu-
nochemistry. Forty-µm-thick hypothalamic slices were obtained with a cryostat 
slicer and immediately washed with a phosphate buffered saline (PBS) solution 
(in mM: 35,4 NaH2PO4*2H2O, 160.7 Na2HPO4*2 H2O, 154 NaCl). Slices were 
then unmasked with citrate pH6 in the microwave before being first washed 
with a PBS solution. Slices were then washed twice with PBST (1L PBS + 2 mL 
Triton). A quenching solution composed of PBS + NH4Cl 50 mM was then used 
to prevent autofluorescence of the remaining PFA. Slices were washed with PBST; 
and treated with Smart 1% and normal goat serum (NGS 5%, Abcam ab7481) 
before being incubated in primary antibodies (Rat monoclonal IgG anti-LAMP2, 
Abcam ab13524, 1/1,000; Rabbit polyclonal anti-OT, Peninsula Lab T4084, 1/500) 
in Smart (1%) + NGS (5%) in PBST at 4 °C overnight. After the primary antibodies’ 
incubation, slices were washed in PBST before being incubated with secondary 
antibodies (Goat polyclonal anti-rat 568, Abcam ab175476, 1/400, and Goat 
polyclonal anti-rabbit 488, Abcam ab150081, 1/600) for 2 h. Slices were then 
first washed twice with PBS and then with PB (in mM: 35.4 NaH2PO4*2H2O, 
160.7 Na2HPO4*2 H2O) before being coverslipped with fluoromount DAPI (Abcam 
ab104139). Slices were observed under a Nikon eclipse FN1-A1R confocal micro-
scope (×40) and analyzed with the Software NIS Element AR4.50.00. Images were 
acquired by sequential scanning.

Electron Microscopy. Brains and pituitaries were removed after perfusion of the 
animals with PFA (4%) + glutaraldehyde (0.1%). The preparations were incubated 
with primary antibodies (Rat monoclonal IgG anti-LAMP1, mouse monoclonal 
anti-OT, Millipore, 4G11, mouse monoclonal IgG anti-OT-Neurophysin I) (94) for 
1 h. After incubation with the primary antibodies, the sections were incubated 
with a goat antibody against rabbit IgG or mouse IgG conjugated to gold particles 
(5, 10, or 15 nm) (BBI Solutions) for 1 h. Sections were first incubated with the 
biotinylated goat anti-rat IgG for 10 min, followed by incubation in avidin-bio-
tin-horseradish peroxidase (HRP) complex solution for 5 min. The sections were 
then washed with PBS, incubated with the goat antibody against HRP conjugated 
to 6-nm gold particles (Jackson ImmunoResearch Laboratory) for 1 h. Finally, 
the sections were contrasted with uranyl acetate and lead citrate and viewed 
using an H-7650 (Hitachi) electron microscope operated at 80 kV. For details see  
SI Appendix.

Calcium Imaging. Coronal acute slices (250-µm thickness) of the hypothalamus 
were obtained from 2 to 3-mo-old male mice. They were cut using a vibratome 
(Microm France) in a low Ca2+ ACSF containing (in mM): NaCl, 142; Hepes, 10; 
glucose, 10; CaCl2, 1; KCl, 1.5; KH2PO4, 1.25; MgCl2, 1.5 (pH 7.4, 310 to 330 
mOsm) oxygenated at 4 °C. Slices were then incubated for 1 h at 35 °C in a 
classic ACSF containing (in mM): NaCl, 126; Hepes, 10; glucose, 10; CaCl2, 2; 
KCl, 1.5; KH2PO4, 1.25; MgCl2, 1.5 (pH 7.4, 310 to 330 mOsm) and oxygenated 
continuously with a mixture of 95% O2 and 5% CO2. Slices were loaded with the 
calcium probe (Calbryte 520 AM diluted in Pluronic acid) at 10 µM for 1 h at 33 
°C in an ACSF solution oxygenated continuously with a mixture of 95% O2 and 5% 
CO2. After being incubated, slices were observed under a Nikon eclipse FN1-A1R 
confocal microscope and analyzed with the Software NIS Element AR4.50.00.

Pups’ Retrieval Test. The home cage (25 × 15 × 13 cm) is used in the experiment 
where three pups (P3 to P4) of the litter are placed in each opposite corner of the nest. 
The experiment began when the dam is placed on her nest. Time is manually meas-
ured to determine how long the mother takes to bring their pups back to the nest. 
The experiment ends after 3 min, even if no pups or not all the pups are retrieved. 
The number of pups retrieved is also evaluated.

Three-Chamber Social Behavior Test. Tested male mice were isolated 1 wk 
before the experiment. Mice were aged between 4 and 7 mo. The three-chambered 
apparatus was under 100 lux illumination, constituted of transparent Plexiglas, and 
contains three compartments (Fig. 5 C and D). The TPC DKO or WT mouse tested 
could freely explore the environment for 10 min before the experiment starts. 
The experiment was then divided into two successive tasks delayed by 5 min: the 
social motivation trial and the novelty motivation trial. During the social motivation 
trial, an unknown WT mouse was placed under a cup (the social cup) in one of the 
compartments while an empty cup (or nonsocial cup) was placed in the opposite 
compartment. The tested mouse was then placed in the central compartment of 
the apparatus and could freely explore the apparatus for 10 min. In the second trial, 
a new WT mouse was placed under the empty cup while the previous WT mouse 
used during the first trial remained under its cup (the “familiar mouse”). The tested 
mouse placed in the middle compartment could freely explore the apparatus for 10 
min. During all experiments, the number and duration of contacts were scored as 
well as exploration reflected by the scoring of rearing events using video recording 
and analyzed with the Any-maze software (Stoelting, USA).

Ultrasonic Vocalization Recordings. Adult male mice previously isolated 
for 3 wk were left alone to explore a novel arena (50 cm × 25 cm) containing 
clean bedding for 30 min before an unknown conspecific -same age, sex, and 
WT-genotype was gently introduced in the arena for a 8-min free social inter-
action during which USVs were recorded (72). As previously described in detail 
elsewhere (71), an ultrasound microphone placed above the arena allows the 
continuous recording of USVs while mice are having free and reciprocal social 
interactions. The recording and analyses were performed with Avisoft Recorder 
and SASLab Pro software from Avisoft Bioacoustics (Berlin, Germany). USVs 
were classified into 10 categories following the shape of the spectrograms 
(Fig. 5E) as well as the duration and frequency modulations of the calls.

OT Administration. The amount and concentration of OT delivered intranasally 
varies very considerably in the literature, from 9.6 µg/kg (95, 96) to 666 µg/kg in 
rodents (97, 98). and we chose an intermediate concentration of 50 µg/kg. Prior 
to behavior tests, OT (Tocris Bioscience) or NaCl for controls, was administered 
intranasally under rapid isoflurane anesthesia (5%, 0.8 mL/min O2 for 2 min) to 
allow deep and regular breathing. The animal was then put back into its home 
cage for at least 30 min before the experiment.

Statistical Analysis. Proportions were compared using the Chi squared test. 
Normality was evaluated with the Shapiro–Wilk test. When data did not follow a 
normal distribution, we used the nonparametric Mann–Whitney two-tailed test 
for independent comparisons and the signed-rank Wilcoxon test when data were 
paired. When data followed a normal distribution, we used the Student two-tailed 
t test. For multiple comparisons, 1-way or 2-way ANOVAs were used followed by 
post hoc test. Multiple comparisons of nonparametric samples were performed 
using a Kruskal–Wallis test. Each value is expressed as mean ± SEM, and signif-
icances were illustrated with the following conventions: ns P > 0.05, *P < 0.05,  
**P < 0.01, ***P < 0.001.

http://www.pnas.org/lookup/doi/10.1073/pnas.2213682120#supplementary-materials
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Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.

ACKNOWLEDGMENTS. We acknowledge the help of Anthony Poncet in data 
analysis by developing analysis programs and Philipp Wartenberg for its tech-
nical assistance. Illustration schemes were created with BioRender.com. A.G. 
was funded by a BBSRC grant Ref: BB/T01640X/1. This research was funded 
in part by the Wellcome Trust, grant number 102828/Z/13/Z UKRI (AG). For 
the purpose of Open Access, the author has applied a CC BY public copyright 
license to any Author Accepted Manuscript (AAM) version arising from this 
submission.

Author affiliations: aNeuroscience Paris-Saclay Institute, CNRS UMR 9197, Paris-Sud 
University, Paris-Saclay University, Saclay 91400, France; bUniversité Paris-Saclay, 
Université de Versailles Saint-Quentin-en-Yvelines, Inserm, Evolution of Neuromuscular 
Diseases: Innovative Concepts and Practices, Versailles 78000, France; cDepartment of 
Pharmacology, University of Oxford, Oxford OX1 3QT, UK; dINSERM UMR-S 942, Hôpital 
Lariboisière, Paris Cedex 10 75475, France; eUshimado Marine Institute, Graduate School 
of Natural Science and Technology, Okayama University, Ushimado, Setouchi, Okayama 
701-4303, Japan; fWalther Straub Institute of Pharmacology and Toxicology, Faculty 
of Medicine Ludwig-Maximilians-University, Munich 80336, Germany; gLaboratoire de 
Biochimie et Biologie Moléculaire, Hôpital Lariboisière, Paris 75010, France; hInserm 
UMR-S 1144 Universités Paris Descartes-Paris Diderot, Optimisation Thérapeutique en 
Neuropsychopharmacologie - Faculté des Sciences Pharmaceutiques et Biologiques, 
Paris Descartes, Paris Paris 75006, France; iDepartment of Pharmacy - Center for Drug 
Research, Ludwig-Maximilians University, Munich 81377, Germany; and jDepartment of 
Physiology, Anatomy & Genetics, University of Oxford, Oxford OX1 3QX, UK

1. H. H. Dale, On some physiological actions of ergot. J. Physiol. 34, 163–206 (1906).
2. W. B. Bell, The pituitary body and the therapeutic value of the infundibular extract in shock, uterine 

atony, and intestinal paresis. Br. Med. J. 2, 1609–1613 (1909).
3. I. Ott, J. C. Scott, The action of the glandular extracts upon the contractions of the uterus. J. Exp. Med. 

11, 326–330 (1909).
4. C. A. Pedersen, A. J. Prange, Induction of maternal behavior in virgin rats after 

intracerebroventricular administration of oxytocin. Proc. Natl. Acad. Sci. U.S.A. 76, 6661–6665 
(1979).

5. B. J. Marlin, M. Mitre, J. A. D’amour, M. V. Chao, R. C. Froemke, Oxytocin enables maternal behaviour 
by balancing cortical inhibition. Nature 520, 499–504 (2015).

6. R. Arletti et al., Aged rats are still responsive to the antidepressant and memory-improving effects of 
oxytocin. Neuropeptides 29, 177–182 (1995).

7. M. Lukas, I. Toth, A. H. Veenema, I. D. Neumann, Oxytocin mediates rodent social memory within the 
lateral septum and the medial amygdala depending on the relevance of the social stimulus: Male 
juvenile versus female adult conspecifics. Psychoneuroendocrinology 38, 916–926 (2013).

8. H. Higashida, Somato-axodendritic release of oxytocin into the brain due to calcium amplification is 
essential for social memory. J. Physiol. Sci. 66, 275–282 (2016).

9. M. Mitre et al., A distributed network for social cognition enriched for oxytocin receptors. J. Neurosci. 
36, 2517–2535 (2016).

10. S. Kohli et al., Oxytocin attenuates phencyclidine hyperactivity and increases social interaction and 
nucleus accumben dopamine release in rats. Neuropsychopharmacology 44, 295–305 (2019).

11. S. Anpilov et al., Wireless optogenetic stimulation of oxytocin neurons in a semi-natural setup 
dynamically elevates both pro-social and agonistic behaviors. Neuron 107, 644–655.e7 (2020), 
10.1016/j.neuron.2020.05.028.

12. Y. Tang et al., Social touch promotes interfemale communication via activation of parvocellular 
oxytocin neurons. Nat. Neurosci. 23, 1125–1137 (2020).

13. T. L. Bale, A. M. Davis, A. P. Auger, D. M. Dorsa, M. M. McCarthy, CNS region-specific oxytocin receptor 
expression: Importance in regulation of anxiety and sex behavior. J. Neurosci. 21, 2546–2552 
(2001).

14. I. Carcea et al., Oxytocin neurons enable social transmission of maternal behaviour. Nature 596, 
553–557 (2021).

15. B. Jurek, I. D. Neumann, The oxytocin receptor: From intracellular signaling to behavior. Physiol. Rev. 
98, 1805–1908 (2018).

16. M. Ludwig et al., Intracellular calcium stores regulate activity-dependent neuropeptide release from 
dendrites. Nature 418, 85–89 (2002).

17. V. Tobin, G. Leng, M. Ludwig, The involvement of actin, calcium channels and exocytosis proteins in 
somato-dendritic oxytocin and vasopressin release. Front Physiol. 3, 261 (2012).

18. M. Ludwig, Dendritic release of vasopressin and oxytocin. J. Neuroendocrinol. 10, 881–895 (1998).
19. C. T. Wotjak et al., Dissociated central and peripheral release of vasopressin, but not oxytocin, in 

response to repeated swim stress: New insights into the secretory capacities of peptidergic neurons. 
Neuroscience 85, 1209–1222 (1998).

20. R. Landgraf, I. D. Neumann, Vasopressin and oxytocin release within the brain: A dynamic concept 
of multiple and variable modes of neuropeptide communication. Front. Neuroendocrinol. 25, 
150–176 (2004).

21. D. Jin et al., CD38 is critical for social behaviour by regulating oxytocin secretion. Nature 446, 41–45 
(2007).

22. L. L. Martucci, J.-M. Cancela, Neurophysiological functions and pharmacological tools of acidic and 
non-acidic Ca2+ stores. Cell Calcium 104, 102582 (2022).

23. A. Galione, H. C. Lee, W. B. Busa, Ca(2+)-induced Ca2+ release in sea urchin egg homogenates: 
Modulation by cyclic ADP-ribose. Science 253, 1143–1146 (1991).

24. G. C. Churchill et al., NAADP mobilizes Ca(2+) from reserve granules, lysosome-related organelles, 
in sea urchin eggs. Cell 111, 703–708 (2002).

25. F. Cosker et al., The ecto-enzyme CD38 is a nicotinic acid adenine dinucleotide phosphate (NAADP) 
synthase that couples receptor activation to Ca2+ mobilization from lysosomes in pancreatic acinar 
cells. J. Biol. Chem. 285, 38251–38259 (2010).

26. P. J. Calcraft et al., NAADP mobilizes calcium from acidic organelles through two-pore channels. 
Nature 459, 596–600 (2009).

27. G. Leng, J. A. Russell, The osmoresponsiveness of oxytocin and vasopressin neurones: Mechanisms, 
allostasis and evolution. J. Neuroendocrinol. 31, e12662 (2019).

28. G. Leng, C. Caquineau, M. Ludwig, Priming in oxytocin cells and in gonadotrophs. Neurochem Res 
33, 668–677 (2008).

29. V. A. Tobin, A. J. Douglas, G. Leng, M. Ludwig, The involvement of voltage-operated calcium channels 
in somato-dendritic oxytocin release. PLoS One 6, e25366 (2011).

30. M. Ludwig, J. Stern, Multiple signalling modalities mediated by dendritic exocytosis of oxytocin and 
vasopressin. Phil. Trans. R. Soc. B. 370, 20140182 (2015).

31. W. J. Foster et al., Hippocampal mGluR1-dependent long-term potentiation requires NAADP-
mediated acidic store Ca2+ signaling. Sci. Signaling 11, eaat9093 (2018).

32. V. Pandey et al., Recruitment of NAADP-sensitive acidic Ca2+ stores by glutamate. Biochem. J. 422, 
503–512 (2009).

33. J. F. Morris, R. E. Dyball, A quantitative study of the ultrastructural changes in the hypothalamo-
neurohypophysial system during and after experimentally induced hypersecretion. Cell Tissue Res. 
149, 525–535 (1974).

34. J. Krsulovic, B. Peruzzo, G. Alvial, C. R. Yulis, E. M. Rodríguez, The destination of the aged, 
nonreleasable neurohypophyseal peptides stored in the neural lobe is associated to the remodeling 
of the neurosecretory axon. Microsc Res. Tech. 68, 347–359 (2005).

35. O. Monteiro, U. K. Wiegand, M. Ludwig, Vesicle degradation in dendrites of magnocellular neurones 
of the rat supraoptic nucleus. Neurosci. Lett. 489, 30–33 (2011).

36. J. M. Cancela, G. C. Churchill, A. Galione, Coordination of agonist-induced Ca2+-signalling patterns 
by NAADP in pancreatic acinar cells. Nature 398, 74–76 (1999).

37. A. Menteyne, A. Burdakov, G. Charpentier, O. H. Petersen, J.-M. Cancela, Generation of specific 
Ca(2+) signals from Ca(2+) stores and endocytosis by differential coupling to messengers. Curr. 
Biol. 16, 1931–1937 (2006).

38. E. Brailoiu et al., Essential requirement for two-pore channel 1 in NAADP-mediated calcium 
signaling. J. Cell Biol. 186, 201–209 (2009).

39. X. Zong et al., The two-pore channel TPCN2 mediates NAADP-dependent Ca(2+)-release from 
lysosomal stores. Pflugers Arch. 458, 891–899 (2009).

40. X. Wang et al., TPC proteins are phosphoinositide- activated sodium-selective ion channels in 
endosomes and lysosomes. Cell 151, 372–383 (2012).

41. J. She et al., Structural insights into the voltage and phospholipid activation of the mammalian 
TPC1 channel. Nature 556, 130–134 (2018).

42. A. Galione, NAADP receptors. Cold Spring Harb. Perspect. Biol. 11, a035071 (2019).
43. S. Gerndt et al., Agonist-mediated switching of ion selectivity in TPC2 differentially promotes 

lysosomal function. Elife 9, e54712 (2020).
44. C. Cang et al., mTOR regulates lysosomal ATP-sensitive two-pore Na(+) channels to adapt to 

metabolic stateCell 152, 778–790 (2013).
45. S. J. Pitt, A. K. M. Lam, K. Rietdorf, A. Galione, R. Sitsapesan, Reconstituted human TPC1 is a proton-

permeable ion channel and is activated by NAADP or Ca2+Sci. Signal 7, ra46 (2014).
46. S. Patel, B. S. Kilpatrick, Two-pore channels and disease. Biochim. Biophys. Acta Mol. Cell Res. 1865, 

1678–1686 (2018).
47. C. Grimm et al., High susceptibility to fatty liver disease in two-pore channel 2-deficient mice. Nat. 

Commun. 5, 4699 (2014).
48. M. Ruas et al., Expression of Ca2+-permeable two-pore channels rescues NAADP signalling in TPC-

deficient cells. EMBO J. 34, 1743–1758 (2015).
49. A. Scotto Rosato et al., TPC2 rescues lysosomal storage in mucolipidosis type IV, Niemann-Pick type 

C1, and Batten disease. EMBO Mol. Med. 14, e15377 (2022).
50. D. J. Morsette, H. Sidorowicz, C. D. Sladek, Role of metabotropic glutamate receptors in vasopressin 

and oxytocin release. Am. J. Physiol. Regul. Integr. Comp. Physiol. 281, R452–458 (2001).
51. D. Rosen et al., Analogues of the nicotinic acid adenine dinucleotide phosphate (NAADP) antagonist 

Ned-19 indicate two binding sites on the NAADP receptor. J. Biol. Chem. 284, 34930–34934 
(2009).

52. Y. Sakurai et al., Ebola virus. Two-pore channels control Ebola virus host cell entry and are drug 
targets for disease treatment. Science 347, 995–998 (2015).

53. Y. Yuan et al., The lysosomotrope, GPN, mobilises Ca2+ from acidic organelles. J. Cell Sci. 134, 
jcs.256578 (2021), 10.1242/jcs.256578.

54. L. C. Davis, A. J. Morgan, A. Galione, NAADP-regulated two-pore channels drive phagocytosis 
through endo-lysosomal Ca2+ nanodomains, calcineurin and dynamin. EMBO J. 39, e104058 
(2020).

55. A. Galione, L. C. Davis, L. L. Martucci, A. J. Morgan, “NAADP-mediated Ca2+ signalling” in Handbook 
of Experimental Pharmacology, (Springer, 2022), pp. 1–32.

56. R. C. Lambert, G. Dayanithi, F. C. Moos, P. Richard, A rise in the intracellular Ca2+ concentration of 
isolated rat supraoptic cells in response to oxytocin. J. Physiol. (Lond.) 478, 275–287 (1994).

57. R. C. Froemke, L. J. Young, Oxytocin, neural plasticity, and social behavior. Annu. Rev. Neurosci. 44, 
359–381 (2021).

58. K. Nishimori et al., Oxytocin is required for nursing but is not essential for parturition or 
reproductive behavior. Proc. Natl. Acad. Sci. U.S.A. 93, 11699–11704 (1996).

59. J. T. Winslow, T. R. Insel, The social deficits of the oxytocin knockout mouse. Neuropeptides 36, 
221–229 (2002).

60. A. H. Macbeth, J. E. Stepp, H.-J. Lee, W. S. Young, H. K. Caldwell, Normal maternal behavior, but 
increased pup mortality, in conditional oxytocin receptor knockout females. Behav. Neurosci. 124, 
677–685 (2010).

61. C. A. Pedersen, S. V. Vadlamudi, M. L. Boccia, J. A. Amico, Maternal behavior deficits in nulliparous 
oxytocin knockout mice. Genes. Brain. Behav. 5, 274–281 (2006).

62. Y. Takayanagi et al., Pervasive social deficits, but normal parturition, in oxytocin receptor-deficient 
mice. Proc. Natl. Acad. Sci. U.S.A. 102, 16096–16101 (2005).

63. M. E. Rich, E. J. deCárdenas, H.-J. Lee, H. K. Caldwell, Impairments in the initiation of maternal 
behavior in oxytocin receptor knockout mice. PLOS One 9, e98839 (2014).

64. H.-J. Lee, A. H. Macbeth, J. H. Pagani, W. S. Young, Oxytocin: The great facilitator of life. Prog. 
Neurobiol. 88, 127–151 (2009).

http://www.pnas.org/lookup/doi/10.1073/pnas.2213682120#supplementary-materials
http://doi.org/10.1016/j.neuron.2020.05.028
http://doi.org/10.1242/jcs.256578


12 of 12   https://doi.org/10.1073/pnas.2213682120 pnas.org

65. C. D. Guoynes, C. A. Marler, An acute dose of intranasal oxytocin rapidly increases maternal 
communication and maintains maternal care in primiparous postpartum California mice. PLOS One 
16, e0244033 (2021).

66. C. A. Pedersen, J. A. Ascher, Y. L. Monroe, A. J. Prange, Oxytocin induces maternal behavior in virgin 
female rats. Science 216, 648–650 (1982).

67. J. Chabout, A. Cressant, X. Hu, J.-M. Edeline, S. Granon, Making choice between competing rewards 
in uncertain vs. safe social environment: Role of neuronal nicotinic receptors of acetylcholine. Front. 
Hum. Neurosci. 7, 468 (2013).

68. J. T. Winslow et al., Infant vocalization, adult aggression, and fear behavior of an oxytocin null 
mutant mouse. Horm. Behav. 37, 145–155 (2000).

69. H.-X. Liu et al., Locomotor activity, ultrasonic vocalization and oxytocin levels in infant CD38 
knockout mice. Neurosci. Lett. 448, 67–70 (2008).

70. N. Simola, S. Granon, Ultrasonic vocalizations as a tool in studying emotional states in rodent 
models of social behavior and brain disease. Neuropharmacology 159, 107420 (2019).

71. J. Chabout et al., Adult male mice emit context-specific ultrasonic vocalizations that are modulated 
by prior isolation or group rearing environment. PLoS One 7, e29401 (2012).

72. A. Faure et al., Dissociated features of social cognition altered in mouse models of schizophrenia: 
Focus on social dominance and acoustic communication. Neuropharmacology 159, 107334 (2019).

73. V. P. Medvedeva et al., Altered social behavior in mice carrying a cortical Foxp2 deletion. Hum. Mol. 
Genet. 28, 701–717 (2019).

74. G. Leng, M. Ludwig, Intranasal oxytocin: Myths and delusions. Biol. Psychiatry 79, 243–250 (2016).
75. Y. Yamamoto, H. Higashida, RAGE regulates oxytocin transport into the brain. Commun. Biol. 3, 1–4 

(2020).
76. J.-M. Israel, D. A. Poulain, S. H. R. Oliet, Oxytocin-induced postinhibitory rebound firing facilitates 

bursting activity in oxytocin neurons. J. Neurosci. 28, 385–394 (2008).
77. O. Lopatina, H.-X. Liu, S. Amina, M. Hashii, H. Higashida, Oxytocin-induced elevation of ADP-ribosyl cyclase 

activity, cyclic ADP-ribose or Ca(2+) concentrations is involved in autoregulation of oxytocin secretion in 
the hypothalamus and posterior pituitary in male mice. Neuropharmacology 58, 50–55 (2010).

78. L. L. Martucci et al., A multiscale analysis in CD38 −/− mice unveils major prefrontal cortex 
dysfunctions. FASEB J. 33, 5823–5835 (2019).

79. O. H. Petersen, Is CD38 involved in Ca2+ signalling elicited by activation of T cell receptors? Cell 
Calcium 101, 102524 (2022).

80. S.-Y. Rah, M. Mushtaq, T.-S. Nam, S. H. Kim, U.-H. Kim, Generation of cyclic ADP-ribose and nicotinic 
acid adenine dinucleotide phosphate by CD38 for Ca2+ signaling in interleukin-8-treated 
lymphokine-activated killer cells. J. Biol. Chem. 285, 21877–21887 (2010).

81. A. J. Morgan et al., Bidirectional Ca2+ signaling occurs between the endoplasmic reticulum and 
acidic organelles. J. Cell Biol. 200, 789–805 (2013).

82. R. Gul et al., Nicotinic acid adenine dinucleotide phosphate (NAADP) and cyclic ADP-ribose (cADPR) 
mediate Ca2+ signaling in cardiac hypertrophy induced by β-adrenergic stimulation. PLoS One 11, 
e0149125 (2016).

83. S. Bezin et al., Regulation of nuclear Ca2+ signaling by translocation of the Ca2+ messenger 
synthesizing enzyme ADP-ribosyl cyclase during neuronal depolarization. J. Biol. Chem. 283, 
27859–27870 (2008).

84. Z. Padamsey, L. McGuinness, N. J. Emptage, Inhibition of lysosomal Ca2+ signalling disrupts 
dendritic spine structure and impairs wound healing in neurons. Commun. Integr. Biol. 10, 
e1344802 (2017).

85. J. Gleitz, A. Beile, T. Peters, (+/-)-kavain inhibits the veratridine- and KCl-induced increase in 
intracellular Ca2+ and glutamate-release of rat cerebrocortical synaptosomes. Neuropharmacology 
35, 179–186 (1996).

86. L. Musazzi et al., Acute stress increases depolarization-evoked glutamate release in the rat 
prefrontal/frontal cortex: The dampening action of antidepressants. PLoS One 5, e8566 (2010).

87. H. Morikawa, K. Khodakhah, J. T. Williams, Two intracellular pathways mediate metabotropic 
glutamate receptor-induced Ca2+ mobilization in dopamine neurons. J. Neurosci. 23, 149–157 
(2003).

88. H. Higashida et al., Subtype-specific coupling with ADP-ribosyl cyclase of metabotropic glutamate 
receptors in retina, cervical superior ganglion and NG108-15 cells: Selective coupling of mGluRs 
with ADP-ribosyl cyclase. J. Neurochem. 85, 1148–1158 (2003).

89. H. Higashida et al., Cyclic ADP-ribose as a universal calcium signal molecule in the nervous system. 
Neurochem. Int. 51, 192–199 (2007).

90. V. A. Tobin, M. Ludwig, The role of the actin cytoskeleton in oxytocin and vasopressin release from rat 
supraoptic nucleus neurons. J. Physiol. 582, 1337–1348 (2007).

91. A. Meyer-Lindenberg, G. Domes, P. Kirsch, M. Heinrichs, Oxytocin and vasopressin in the human 
brain: Social neuropeptides for translational medicine. Nat. Rev. Neurosci. 12, 524–538 (2011).

92. V. Grinevich, I. D. Neumann, Brain oxytocin: How puzzle stones from animal studies translate into 
psychiatry. Mol. Psychiatry 26, 265–279 (2020).

93. M. Ruas et al., TPC1 has two variant isoforms, and their removal has different effects on endo-
lysosomal functions compared to loss of TPC2. Mol. Cell. Biol. 34, 3981–3992 (2014).

94. M. Castel, J. F. Morris, M. H. Whitnall, N. Sivan, Improved visualization of the immunoreactive 
hypothalamo-neurohypophysial system by use of immuno-gold techniques. Cell Tissue Res. 243, 
193–204 (1986).

95. H. Huang et al., Chronic and acute intranasal oxytocin produce divergent social effects in mice. 
Neuropsychopharmacology 39, 1102–1114 (2014).

96. K. L. Bales et al., Chronic intranasal oxytocin causes long-term impairments in partner preference 
formation in male prairie voles. Biol. Psychiatry 74, 180–188 (2013).

97. P. Kent et al., Effects of intranasal and peripheral oxytocin or gastrin-releasing peptide 
administration on social interaction and corticosterone levels in rats. Psychoneuroendocrinology 64, 
123–130 (2016).

98. I. D. Neumann, R. Maloumby, D. I. Beiderbeck, M. Lukas, R. Landgraf, Increased brain and plasma 
oxytocin after nasal and peripheral administration in rats and mice. Psychoneuroendocrinology 38, 
1985–1993 (2013).


	Endolysosomal TPCs regulate social behavior by controlling oxytocin secretion
	Significance
	Results
	TPCs Are Expressed in the Hypophysis and Hypothalamus and Their Deletion Leads to a Dramatic Reduction in Plasma OT Levels.
	Deletion or Pharmacological Inhibition of TPCs Leads to OT Secretion Defects from the Hypothalamus.
	Pharmacological Inhibition of the TPC-Pathway Shows That Glutamate-Evoked Ca2+ Responses Are TPC-Dependent.
	Lysosomes and TPCs Control the Priming of OT Vesicles by Being in Close Apposition with LDCVs.
	Social Behavior Is Altered in TPC DKO Mice.

	Discussion
	Materials and Methods
	Animals.
	RNA Isolation, RT-PCR and Real-Time PCR.
	Generation and Analysis of tGFP-TPC2 Mice.
	Blood Sampling.
	Hypothalamus Sampling and Stimulation.
	Priming Experiment.
	Radioimmunoassays for OT Measurements.
	Immunohistochemistry.
	Electron Microscopy.
	Calcium Imaging.
	Pups’ Retrieval Test.
	Three-Chamber Social Behavior Test.
	Ultrasonic Vocalization Recordings.
	OT Administration.
	Statistical Analysis.

	Data, Materials, and Software Availability
	ACKNOWLEDGMENTS
	Supporting Information
	Anchor 36



