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Abstract

Arginine vasopressin (AVP) is a neuropeptide which acts centrally to modulate numerous social 

behaviors. One receptor subtype through which these effects occur is the AVP 1a receptor 

(AVPR1A). The modulatory effects of Avp via the AVPR1A varies by species as well as sex, since 

both AVP and the AVPR1A tend to be expressed more prominently in males. Beyond these 

neuromodulatory effects there are also indications that the AVP system may play a role in early 

development to, in part, organize sex-specific neural circuitry that is important to sexually 

dimorphic social behaviors in adulthood. However, to date, AVP’s role in early development is 

poorly understood, particularly with respect to its differential effect on males and females. In order 

to determine the timing and distribution of the AVP system in early brain development, we 

examined the brains of male and female C57BL/6J mice between embryonic day (E) 12.5 and 

postnatal day (P) 2 and quantified Avp and Avpr1a mRNA using qPCR and AVPR1A protein 

using receptor autoradiography. The mRNA for Avp was measurable in males and females starting 

at E14.5, with males producing more than females, while Avpr1a mRNA was found as early as 

E12.5, with no difference in expression between sexes. AVPR1A binding was observed in both 

sexes starting at E16.5, and while there were no observed sex differences, binding density and the 

number of neuroanatomical areas did increase over time. These data are significant as they provide 

the first whole-brain characterization of the vasopressin system in the embryonic mouse. Further, 

these findings are consistent with data from other species, that have documented a sex difference 

in the vasopressin system during early brain formation.
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Introduction

Arginine vasopressin (AVP) is a nine amino acid neuropeptide whose sequence is conserved 

across mammalian species and whose actions are associated with the regulation of 

homeostatic functions in addition to the modulation of behavior 1. AVP is synthesized 

mainly in the paraventricular (PVN) and supraoptic (SON) nuclei of the hypothalamus 

where it is either released into the bloodstream via the posterior pituitary gland or 

throughout the brain via its central projections 2. While there are three identified AVP 

receptors, the most prevalent in the brain and spinal cord is the AVP 1a receptor (AVPR1A) 
1. In adult rats and mice, the AVPR1A is commonly found in the somatosensory cortex (SC), 

olfactory tubercle (OT), nucleus accumbens, lateral septum (LS), hippocampus, amygdala, 

bed nucleus of the stria terminalis (BNST), hypothalamus, and ventral tegmental area (VTA) 
3,4. Its presence in these brain regions is known to be important to the modulation of a 

variety of social behaviors, including aggression, social memory, vocal communication, and 

social play 5–8.

While the vasopressin system is broadly distributed throughout the brain, the amount of 

AVP, as well as the specifics of its location and the density in AVPR1A expression, varies 

between sexes. Beyond the PVN and SON, AVP is also produced in several other brain 

regions, where it tends to be more abundant in males as compared to females. In male rats 

and mice, these regions include the suprachiasmatic nucleus, the BNST, the medial 

amygdala (MeA), the LS, and the medial preoptic area (MPOA) 9–13. Similar to 

observations of AVP, AVPR1A binding is elevated in the SC, BNST, dentate gyrus, and 

hypothalamus of adult male rats compared to female rats14. Sex-specific differences in 

AVPR1A expression have also been observed in other rodent species 15,16, suggesting that 

sex differences in the vasopressin system may be evolutionarily conserved in mammals.

While males having more peptide and/or AVPR1A than females in specific brain regions 

does not necessitate sex differences in the function of this system, there is evidence to 

support the assertion that these sex-specific anatomical differences can have behavioral 

consequences 14. That said, only a handful of studies have directly compared the vasopressin 

systems of males and females and its impact on behavior, and the data from these studies are 

mixed. For instance, in one study of Avpr1a knockout mice, it was reported that males, but 

not females, have decreases in anxiety-like behaviors 6; another study in a different line of 

these mice did not find these same effects 17. Peripheral administration of an AVP antagonist 

affects social memory in adult male rats, but not females 18,19, whereas central 

administration of an AVPR1A antagonist impairs social recognition in adult rats of both 

sexes, while having no effect in juveniles 20. Though, in juveniles, central administration of 

an AVPR1A antagonist does have sex-specific effects on play behavior, i.e. it results in a 

decrease in males and an increase in females 8, possibly due to changes to AVPR1A 

expression around the time of puberty21. Taken together these data suggest that there are 

many neuroanatomical- and species-specific effects with respect to possible sex differences 

in AVP’s modulation of behavior. Further, if the vasopressin system and its contributions to 

behavior are to be understood, there is clearly a need to consider how the age of an animal as 

well as their sex may interact.
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If we look earlier in development, evidence suggests that the vasopressin system may have 

an important role in the developing brain — perhaps helping to organize sex-specific brain 

circuits. In a study published by Yamamoto and colleagues22, postnatal administration of 

oxytocin (OXT) or an OXT antagonist to prairie voles on postnatal day (P)1, results in 

changes in AVP immunoreactivity only in males, but not females. During prenatal 

development, in rats, AVP protein and AVPR1-type receptors are found as early as 

embryonic day (E) 16 23,24. In mice, Avp mRNA is found in the hypothalamus as early as 

E13.5 25,26, while AVPR1A binding is observed at P0 in the neocortex, as well as the 

septum, hippocampus, and VTA 27. So far, the data suggest that both AVP and AVPR1A 

expression tend to increase over the course of development, and that AVPR1A expression 

tends to shift in terms of its region-specific expression 21,27,28. Perhaps due to these types of 

dynamic changes in the system, there have been few studies that have made comparisons 

across time points. Even more scarce are studies that have compared males and females 

within the same study.

As little is known, or understood, about the developing vasopressin system, we sought to 

understand how this system emerges and changes during embryonic development in both 

males and females. This study differs from previous efforts to examine differences in the 

vasopressin system as it is the first to examine multiple embryonic timepoints, in addition to 

a postnatal time point, in both males and females. It is also the first whole-brain 

characterization of the AVPR1A distribution across embryonic mouse development. Given 

the lack of information regarding late development in embryonic mice, we chose to 

specifically focus on Avp and Avpr1a mRNA expression, as well as AVPR1A binding. 

These experiments align with some of our earlier work, which reported marked sex 

differences in the developing Oxt system, with females producing Oxt transcripts before 

males, and having greater expression of both Oxt and the Oxt receptor (OXTR) mRNA at all 

measured timepoints 29. Based on the sequence similarities of the two peptides and 

documented receptor crosstalk 30, we hypothesized that AVPR1A expression would be 

initiated around the same time as the expression of the OXTR. We further hypothesized that 

we would see elevated levels of transcripts for Avp and Avpr1a in males; this hypothesis was 

based on the known sex differences in expression of the vasopressin system in adult rodents, 

as well as previous reports regarding OXT expression 22,29. We are optimistic that the 

information gained by this study will help inform future studies on the possible 

organizational effects of the vasopressin system during fetal life and possible downstream 

behavioral effects.

Methods

Tissue collection

C57BL/6J dams between the ages of two and four months were mated with experienced 

C57BL/6J breeder males for up to two weeks until pregnant. Pregnancy was determined by 

presence of a sperm plug, considered E0.5. At the appropriate timepoint (E12.5, E14.5, 

E16.5, or E18.5) dams were euthanized via cervical dislocation and the embryos collected. 

Once removed, the embryos were decapitated and the heads fresh frozen on dry ice. P2 pups 

were also decapitated and whole heads fresh frozen. For control tissue, adult male C57BL/6J 
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brains were collected. At the time of euthanasia, a tail snip was taken from each embryo or 

pup to determine their sex using PCR for the SRY gene, as described previously 29. Tissue 

was stored at −80°C until processed. All experiments were conducted in accordance with 

protocols approved by the Kent State University Institutional Animal Care and Use 

Committee.

Avp and Avpr1a qPCR

Snout, skin, and skull were dissected away in layers from whole heads using a scalpel before 

the brain was sliced in half. Single hemispheres were sonicated, and the RNA isolated using 

TRI Reagent® (Invitrogen, Carlsbad, CA, USA; n=5 males and n=5 females from n=5 dams 

per time point and one adult male control). RNA purity and quality was verified using a 

NanoDrop™ 1000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA), and 

only samples with a 260/280 of 1.8 and above and a 260/230 of 1.6 and above were used. 

Reverse transcription and multiplex qPCR steps were combined using the QuantiFast® 

Multiplex qPCR kit (Qiagen, Hilden, Germany) and the following PrimeTime® primer-

probes (Integrated DNA technologies, Skokie, IL, USA): Gapdh(Mm.PT.39a.1), Avp 
(Mm.PT.58.7627488), Avpr1a (Mm.PT.58.43862564). Each sample was run in triplicate, 

with blank and no-template controls run on each plate. qPCR was performed using the 

Stratagene Mx3005P (Agilent Technologies, Santa Clara, CA, USA) as described previously 
29.

AVPR1A receptor binding

Whole heads/brains (n=5 males and n=5 females from n=5 dams for each time point and one 

adult male used as a positive control) were cut coronally at 15μm at −20°C on a cryostat 

(Leica 1950; Leica Biosystems, Buffalo Grove, IL, USA) and mounted onto Superfrost™ 

Plus slides (Fisher Scientific, Hampton, NH, USA). Slides were stored at −80°C until 

receptor binding was performed, at which time tissues were labeled with an 125I linear AVP 

receptor antagonist (Product ID: NEX310050UC; Perkin Elmer, Waltham, MA, USA), as 

described previously31. Briefly, slides were incubated in 0.1% paraformaldehyde for two 

minutes, then rinsed in 1X Tris buffer for 10 minutes. Slides were then incubated in tracer 

buffer (50 pM with 125I linear vasopressin antagonist, 1X Tris buffer, 0.001% bovine serum 

albumin, and 0.0005% bacitracin) for one hour. Afterwards, slides were rinsed twice in 1X 

Tris buffer with 0.002% MgCl for five minutes each, followed by a third rinse with agitation 

for 35 minutes. Lastly, slides were dipped in ice cold distilled water and dried with a hair 

dryer using the “cool” setting. When slides were completely dry, they were laid with an 125I 

microscale (American Radiolabeled Chemicals, St. Louis, MO, USA) against Kodak® 

BioMax® MR film (Fisher Scientific, Hampton, NH, USA) for one week. Film was 

developed using an SRX-101A (Konica, Newark, NJ, USA) film processor. Films were 

scanned at 1200 dpi (HP DeskJet 3830; HP Inc, Paolo Alto, CA, USA) and binding density 

across the whole brain was quantified in dpm/mg using NIH ImageJ software calibrated to 

the microscale. Neuroanatomical specificity of binding was determined by comparing the 

films to cresyl violet-stained sections of the same slides used for binding, as well as fetal 

brain atlases 32,33. A 25 pixel by 25 pixel box was used for all areas measured. The box was 

placed at a pre-determined anatomical landmark and density measured on both left and right 
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side across three consecutive sections. Each measure was subtracted from the film 

background before being averaged for each animal.

Statistics

For qPCR: Cq values for Avp and Avpr1a were each subtracted from the reference gene 

(Gapdh) per well, then averaged for each sample. 2Δ-Cq values were calculated for each 

sample and normalized to the male P2 time point for both target genes. Only samples which 

amplified within 45 cycles were used. A two-way analysis of variance (ANOVA) was run 

with sex and embryonic day as the main factors, and a Tukey post-hoc analysis was 

performed where appropriate. All analyses were performed using SPSS® (IBM, Armonk, 

NY, USA). For receptor binding: One-way ANOVA tests were run at each timepoint with 

sex as the main factor.

Results

Avp and Avpr1a mRNA expression

In the expression of Avp mRNA, there was a main effect of embryonic day (F4,40=11.169, 

p<0.001) as well as sex (F1,40=5.261, p=0.027), but no significant interaction (F4,40=2.428, 

p=0.064) (Fig. 1). Specifically, a Tukey multiple comparisons analysis showed expression 

was significantly higher on E16.5 and P2 compared to the other time points and females 

were found to have less Avp mRNA than males. In our qualitative assessments, we noted 

that transcripts were first detectable in males and females at E14.5, though expression was 

initially weak. Expression rose at E16.5, wherein levels of Avp transcripts were comparable 

to levels observed at P2. A sharp decline in expression was found at E18.5, where it was 

comparable to the E14.5 timepoint.

Unlike the expression of Avp, in measures of Avpr1a mRNA there was no main effect of 

embryonic day (F4,40=2.315, p=0.074), or sex (F1,40=3.253, p=0.079), nor any interaction 

(F4,40=0.827, p=0.516) (Fig. 2). Though, it should be noted that while transcripts were 

detected in all male E12.5 samples, they were only detected in one female E12.5 sample. 

Both males and females expressed Avpr1a transcripts at E14.5, and expression remained 

consistent into E16.5. Qualitatively, mean expression was highest at P2 for both sexes. 

Despite these fluctuations in Avp and Avpr1a levels, Gapdh levels remained similar between 

sexes at each timepoint.

AVPR1A binding

No AVPR1A binding was detectable in males or females at E12.5 or E14.5, and there was no 

significant difference between males and females in any brain region at E16.5, E18.5, or P2. 

At E16.5, faint binding was detectable in both males and females in the nucleus of the 

vertical limb of the diagonal band of Broca (NVL), fornix (F), OT, indusium griseum (IG), 

and ventral hypothalamic area (Fig. 3). No area had binding stronger than 100 dpm/mg 

(Table 1.1). AVPR1A binding density increased at both E18.5 and P2, in addition to 

appearing in more areas at each timepoint. At E18.5, receptor binding was detectable again 

in the NVL and OT, with additional binding observed in the diagonal band of Broca (DBB), 

septohippocampal nucleus (SHN), medial septal nucleus (MSN), glial wedge (GW), medial 
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tuberal nucleus (MTN), and the arcuate hypothalamic nucleus (AHN) (Fig. 4). In all but the 

SHN, binding intensity was qualitatively noted above 200 dpm/mg (Table 1.2). At P2, 

AVPR1A binding was again observed in the NVL, SHN, and MSN, as well as in the nucleus 

of the horizontal limb of the diagonal band (HLDB), SC, ventral pallidum (VP), LS, cornu 

ammonis 1 of the hippocampus (CA1), hippocampal area (HA), caudate putamen (CP), and 

caudal tuberomammillary nucleus (CTMN) (Fig. 5). Qualitative observations identified that 

most areas had binding intensity above 200 dpm/mg at P2, with the exception of the SC and 

the VP of males and females, as well as the CTMN of males (Table 1.3).

Discussion

In this study we have evaluated the developmental time course of the male and female 

mouse embryonic vasopressin system using qPCR for Avp and Avpr1a mRNA and receptor 

autoradiography for AVPR1A quantification. Transcripts for Avp were detectable as early as 

E14.5 in both males and females, with males having higher Avp mRNA expression than 

females. Avpr1a transcripts were detected as early as E12.5 in males, and E14.5 in females, 

but there were no sex differences within or between timepoints. Previous studies found Avp 
transcripts a day earlier than Avpr1a transcripts 25,26, which may be the case here as well, 

though we did not sample on E13.5. Binding for the AVPR1A was not detectable until E16.5 

in males and females, and expression increased at E18.5 and again at P2. The AVPR1A was 

observed throughout the brain, but no differences were evident across embryonic time 

points, between the sexes, or within brain regions. However, our qualitative observations that 

binding intensity increased across ages have also been noted in the juvenile rat21, and 

patterns of transient AVPR1A expression follow neuronal migration timelines for brain 

development in those regions 34–36.

The delay in processing AVP from its early, neurophysin-associated form may explain its 

offset expression from its receptor, a feature also observed in the developing Oxt system 37. 

However, while we observed a dissociation in the appearance of Avp as compared to the 

Avpr1a in both sexes, we previously found that prenatal transcripts for Oxt are found only in 

females 29. Based on these data, as well as previous studies showing that perinatal OXT has 

sex-specific behavioral effects in voles 22, it seems that OXT and AVP have unique 

developmental time courses during embryonic development. We speculate that they may 

contribute to sex-specific brain development, though what the precise consequences of these 

differences are, as well as the mechanism of those differences, requires further inquiry.

It is well established that in adult rodents there are sex differences in the amount of AVP 

produced, as well as in the density of AVPR1A expression, in specific brain regions10,14. 

Our data suggest that while there are sex differences in the expression of Avp, there are not 

sex differences in Avpr1a or AVPR1A density or distribution. It is however important to 

consider that the absence of a sex difference in the Avpr1a may well be an artifact of our 

sampling method and sampling intervals, which utilized half-hemispheres of fetal brain 

collected every other day. As our goal was to determine when in development the AVPR1A 

was transcribed and translated in the fetal brain, this was the most reasonable approach. 

However, it will be important for future studies to seek more targeted avenues to determine 

if there are subtle, brain region-specific, sex differences in either Avp or Avpr1a expression 
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in the fetal brain. It may also be that sex-dependent differences in the vasopressin system 

might emerge briefly closer to the time of birth, as this is a time when the vasopressin 

system is known to begin to interact with the hypothalamic-pituitary-adrenal axis 38. We also 

speculate that the high degree of variability in the receptor binding data could be the result 

of male-to-female sex ratios in utero39,40, as testosterone is known to influence expression in 

the vasopressin system13,41.

As documented in the juvenile and adult brain, we found AVPR1A binding in the LS, CP, 

SC, VP, hippocampus, and hypothalamus. Areas such as the MeA, BNST, MPOA, and VTA 

did not appear to have AVPR1A binding in any of the timepoints sampled, but it is possible 

that this could be related to length of film exposure. Nonetheless, the localization and 

intensity we see here in the AVPR1A binding is reinforced by other work completed in 

postnatal C57BL/6J mice 27. Notably, all of the above areas where binding was observed are 

associated with the neural regulation of social behavior in adults 1,14. Thus, these data 

confirm findings which suggest that AVP and the AVPR1A may have a role in the 

development of brain regions that are important to the neural regulation of social behavior. 

Perhaps contributing to the organization of the neural circuitry that is a part of the social 

behavior neural network.

The NVL, F, IG, DB, and GW are located at the midline and associated with the formation 

of the corpus callosum, which occurs with the fusion of the developing brain hemispheres at 

approximately E15 in mice. Glia arising from the midline initiate this process and help shape 

the path that neurons migrate across, eventually forming the corpus callosum 42. mRNA for 

AVP has been found at E13.5 in areas expressing factors like PAX6, which affects 

differentiation of progenitor cells into neurons or glia and is also associated with appropriate 

formation of the corpus callosum 43,44. Here, we show binding of the AVPR1A in many of 

these areas beginning at E16.5, and transcripts for Avp and the Avpr1a even earlier. This 

suggests that the vasopressin system may contribute to brain organization and connectivity 

by acting through neurons and/or glia. Further study is necessary to determine on which cell 

types the receptor is acting. Additionally, because mRNA does not always indicate protein 

levels or localization, determining and quantifying the presence of the AVP protein is also 

necessary. Nevertheless, given the conserved nature of AVP and the many roles it plays in 

the brain, it would be fitting that it would contribute to neurodevelopment through several 

avenues.

In summary, the data presented here describe the early global appearance of mRNA 

transcripts for Avp and the Avpr1a, as well as receptor density, in the fetal C57BL/6J mouse 

brain. Based on our data it is likely that the observed sex differences in the vasopressin 

system that are found across postnatal development and adulthood are initiated during 

embryonic development. It also seems that for the fetal AVP and OXT systems 29, E16.5 is a 

critical timepoint, as both the AVPR1A and the OXTR are first detectable at this time. 

However, how or if these systems interact at E16.5 to influence brain development is 

currently unknown. Direct comparison between systems is necessary to determine individual 

contributions at E16.5. Additionally, while we noted the presence of the AVPR1A in areas 

known to promote social behaviors, its expression varies between developmental stages. 

Further, it is unknown whether AVP is acting through the receptor at the times observed here 
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or if there is crosstalk from OXT, which could result in different outcomes 30,45,46. Finally, 

the extent to which the vasopressin system influences neural organization is unclear, though 

given the extent of its evolutionary conservation and early presence in the central nervous 

system, better understanding its effect in mice may also shed light on its function in other 

species.

Acknowledgements

We thank Mark Moser and the staff of the Kent State University Vivarium for their outstanding animal husbandry. 
This work was supported by the Kent State University Brain Health Research Institute Blue Award, NSF IOS 
1353859, and NIH R15HD090606 awarded to HKC.

References

1. Albers HE Species , sex and individual differences in the vasotocin / vasopressin system: 
Relationship to neurochemical signaling in the social behavior neural network. Front. 
Neuroendocrinol 35, 49–71 (2015).

2. Brownstein MJ, Russell JT & Gainer H Synthesis , Transport , and Release of Posterior Pituitary 
Hormones. Science (80-.). 207, 373–378 (1980).

3. Johnson AE, Audiger S, Rossi F, Jard S, Tribollet E, & Barberis C Localization and characterization 
of vasopressin binding sites in the rat brain using an iodinated linear AVP antagonist. Brain Res. 
622, 9–16 (1993). [PubMed: 8242389] 

4. Dubois-dauphin M, Barberis C & Bilbao F De. Vasopressin receptors in the mouse ( Mus musculus ) 
brain : sex-related expression in the medial preoptic area and hypothalamus. Brain Res. 743, 32–39 
(1996). [PubMed: 9017227] 

5. Beiderbeck DI, Neumann ID & Veenema AH Differences in intermale aggression are accompanied 
by opposite vasopressin release patterns within the septum in rats bred for low and high anxiety. 
Eur. J. Neurosci 26, 3597–3605 (2007). [PubMed: 18052969] 

6. Bielsky IF, Hu SB, Szegda KL, Westphal H & Young LJ Profound impairment in social recognition 
and reduction in anxiety-like behavior in vasopressin V1a receptor knockout mice. 
Neuropsychopharmacology 29, 483–493 (2004). [PubMed: 14647484] 

7. Paul MJ et al. Atypical Social Development in Vasopressin-Deficient Brattleboro Rats. eNeuro 3, 
(2016).

8. Veenema AH, Bredewold R & De Vries GJ Sex-specific modulation of juvenile social play by 
vasopressin. Psychoneuroendocrinology 38, 2554–2561 (2013). [PubMed: 23838102] 

9. Gatewood JD et al. Sex Chromosome Complement and Gonadal Sex Influence Aggressive and 
Parental Behaviors in Mice. J. Neurosci 26, 2335–2342 (2006). [PubMed: 16495461] 

10. Rood BD et al. Site of origin of and sex differences in the vasopressin innervation of the mouse 
(Mus musculus) brain. J. Comp. Neurol 521, 2321–2358 (2013). [PubMed: 23239101] 

11. De Vries GJ, Buds RM & Swaab DF Ontogeny of the vasopressinergic neurons of the 
suprachiasmatic nucleus and their extrahypothalamic projections in the rat brain-presence of a sex 
difference in the lateral septum. Brain Res. 218, 67–78 (1981). [PubMed: 7023607] 

12. Rood BD & De Vries GJ Vasopressin innervation of the mouse (Mus musculus) brain and spinal 
cord. J. Comp. Neurol 519, 2434–2474 (2011). [PubMed: 21456024] 

13. Van Leeuwen FW, Caffe AR & De Vries GJ Vasopressin cells in the bed nucleus of the stria 
terminalis of the rat: sex differences and the influence of androgens. Brain Res. 325, 391–394 
(1985). [PubMed: 3978433] 

14. Dumais KM & Veenema AH Vasopressin and oxytocin receptor systems in the brain: Sex 
differences and sex-specific regulation of social behavior. Front. Neuroendocrinol 40, 1–23 (2016). 
[PubMed: 25951955] 

15. Dubois-dauphin M et al. Expression of vasopressin receptors in hamster hypothalamus is sexually 
dimorphic and dependent upon photoperiod. 88, 11163–11167 (1991).

Aulino and Caldwell Page 8

J Neuroendocrinol. Author manuscript; available in PMC 2021 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



16. Wang Z Species Differences in the Vasopressin-Immunoreactive Pathways in the Bed Nucleus of 
the Stria Terminalis and Medial Amygdaloid Nucleus in Prairie Voles (Microtus ochrogaster) and 
Meadow Voles (Microtus pennsylvanicus). 109, 305–311 (1995).

17. Wersinger SR et al. Vasopressin 1a receptor knockout mice have a subtle olfactory deficit but 
normal aggression. Genes, Brain Behav. 6, 540–551 (2007). [PubMed: 17083331] 

18. Bluthé RM & Dantzer R Social recognition does not involve vasopressinergic neurotransmission in 
female rats. Brain Res. 535, 301–304 (1990). [PubMed: 1963571] 

19. Dantzer R, Bluthe RM, Koob GF & Le Moal M Modulation of social memory in male rats by 
neurohypophyseal peptides. Psychopharmacology (Berl). 91, 363–368 (1987). [PubMed: 3104959] 

20. Bredewold R, Smith CJW, Dumais KM & Veenema AH Sex-specific modulation of juvenile social 
play behavior by vasopressin and oxytocin depends on social context. Front. Behav. Neurosci 8, 1–
11 (2014). [PubMed: 24478648] 

21. Smith CJW et al. Age and sex differences in oxytocin and vasopressin V1a receptor binding 
densities in the rat brain: focus on the social decision-making network. Brain Struct. Funct 222, 
981–1006 (2017). [PubMed: 27389643] 

22. Yamamoto Y et al. Neonatal manipulations of oxytocin alter expression of oxytocin and 
vasopressin immunoreactive cells in the paraventricular nucleus of the hypothalamus in a gender-
specific manner. Neuroscience 125, 947–955 (2004). [PubMed: 15120854] 

23. Buijs RM, Velis DN & Swaab DF Ontogeny of vasopressin and oxytocin in the fetal rat: Early 
vasopressinergic innervation of the fetal brain. Peptides 1, 315–324 (1980). [PubMed: 6892474] 

24. Tribollet E, Goumaz M, Raggenbass M, Dubois-Dauphin M & Dreifuss JJ Early appearance and 
transient expression of vasopressin receptors in the brain of rat fetus and infant. An 
autoradiographical and electrophysiological study. Dev. Brain Res 58, (1991).

25. Jing X, Ratty AK & Murphy D Ontogeny of the vasopressin and oxytocin RNAs in the mouse 
hypothalamus. Neurosci. Res 30, 343–349 (1998). [PubMed: 9678638] 

26. Diaz C, Morales-Delgado N & Puelles L Ontogenesis of peptidergic neurons within the 
genoarchitectonic map of the mouse hypothalamus. Front. Neuroanat 8, 1–19 (2015).

27. Hammock EAD & Levitt P Modulation of parvalbumin interneuron number by developmentally 
transient neocortical vasopressin receptor 1a (V1aR). Neuroscience 222, 20–28 (2012). [PubMed: 
22820266] 

28. DiBenedictis BT, Nussbaum ER, Cheung HK & Veenema AH Quantitative mapping reveals age 
and sex differences in vasopressin, but not oxytocin, immunoreactivity in the rat social behavior 
neural network. J. Comp. Neurol 525, 2549–2570 (2017). [PubMed: 28340511] 

29. Tamborski S, Mintz EM & Caldwell HK Sex Differences in the Embryonic Development of the 
Central Oxytocin System in Mice Neuroendocrinology. J. Neuroendocrinol 28, 1–7 (2016).

30. Song Z & Albers HE Cross-talk among oxytocin and arginine-vasopressin receptors: Relevance for 
basic and clinical studies of the brain and periphery. Front. Neuroendocrinol 51, 14–24 (2018). 
[PubMed: 29054552] 

31. Lee HJ, Caldwell HK, Macbeth AH, Tolu SG & Young WS A conditional knockout mouse line of 
the oxytocin receptor. Endocrinology 149, 3256–3263 (2008). [PubMed: 18356275] 

32. Paxinos G, Watson C, Koutcherov Y, Wang H, H. G Atlas of the Developing Mouse Brain at E17.5, 
P0, and P6. (Elsevier Science, 2006).

33. Schambra U Prenatal Mouse Brain Atlas. (Springer, 2008).

34. Stanfield BB, Nahin BR & O’Leary DD A transient postmamillary component of the rat fornix 
during development: implications for interspecific differences in mature axonal projections. J. 
Neurosci 7, 3350–3361 (1987). [PubMed: 2822867] 

35. Albright CD, Tsai AY, Friedrich CB, Mar MH & Zeisel SH Choline availability alters embryonic 
development of the hippocampus and septum in the rat. Dev. Brain Res 113, 13–20 (1999). 
[PubMed: 10064869] 

36. Shu T, Shen W Bin & Richards LJ Development of the perforating pathway: An ipsilaterally 
projecting pathway between the medial septum/diagonal band of broca and the cingulate cortex 
that intersects the corpus callosum. J. Comp. Neurol 436, 411–422 (2001). [PubMed: 11447586] 

Aulino and Caldwell Page 9

J Neuroendocrinol. Author manuscript; available in PMC 2021 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



37. Whitnall MH, Key S, Ben-Barak Y, Ozato K & Gainer H Neurophysin in the hypothalamo-
neurohypophysial system. II. Immunocytochemical studies of the ontogeny of oxytocinergic and 
vasopressinergic neurons. J. Neurosci 5, 98–109 (1985). [PubMed: 3880814] 

38. Evers KS & Wellmann S Arginine Vasopressin and Copeptin in Perinatology. Front. Pediatr 4, 2–
11 (2016). [PubMed: 26835440] 

39. Pei M, Matsuda KI, Sakamoto H & Kawata M Intrauterine proximity to male fetuses affects the 
morphology of the sexually dimorphic nucleus of the preoptic area in the adult rat brain. Eur. J. 
Neurosci 23, 1234–1240 (2006). [PubMed: 16553785] 

40. Vom Saal FS & Dhar MG Blood flow in the uterine loop artery and loop vein is bidirectional in the 
mouse: Implications for transport of steroids between fetuses. Physiol. Behav 52, 163–171 (1992). 
[PubMed: 1529001] 

41. de Vries GJ, Best W & Sluiter AA The influence of androgens on the development of a sex 
difference in the vasopressinergic innervation of the rat lateral septum. Dev. Brain Res 8, 377–380 
(1983).

42. Nishikimi M, Oishi K & Nakajima K Axon guidance mechanisms for establishment of callosal 
connections. Neural Plast. 2013, (2013).

43. Estivill-Torrús G, Vitalis T, Fernández-Llebrez P & Price DJ The transcription factor Pax6 is 
required for development of the diencephalic dorsal midline secretory radial glia that form the 
subcommissural organ. Mech. Dev 109, 215–224 (2001). [PubMed: 11731235] 

44. Hiraoka K et al. Regional volume decreases in the brain of Pax6 heterozygous mutant rats: MRI 
deformation-based morphometry. PLoS One 11, 1–17 (2016).

45. Song Z et al. Oxytocin induces social communication by activating arginine-vasopressin V1a 
receptors and not oxytocin receptors. Psychoneuroendocrinology 50, 14–19 (2014). [PubMed: 
25173438] 

46. Song Z, Larkin TE, Malley MO & Albers HE Oxytocin (OT) and arginine-vasopressin (AVP) act 
on OT receptors and not AVP V1a receptors to enhance social recognition in adult Syrian hamsters 
(Mesocricetus auratus). Horm. Behav 81, 20–27 (2016). [PubMed: 26975586] 

Aulino and Caldwell Page 10

J Neuroendocrinol. Author manuscript; available in PMC 2021 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1: 
Graph of arginine vasopressin (Avp) mRNA levels in the brains of male and female mice on 

embryonic day (E) 12.5 (males=5, females=5), E14.5 (males=5, females=5), E16.5 

(males=5, females=5), E18.5 (males=5, females=5), and P2 (males=5, females=5). Values 

are expressed as a percentage relative to P2. There was a main effect of sampling day 

(F4,40=11.169, p<0.001), and sex (F1,40=5.261, p=0.027), but there was no significant 

interaction (F4,40=2.428, p=.064). Avp was first detectable at E14.5 in both sexes. A Tukey 

HSD test showed E16.5 and P2 were significantly higher than the other time points, but not 

different from each other. * indicates p<0.005
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Figure 2: 
Graph of arginine vasopressin 1a receptor (Avpr1a) mRNA levels in the brains of male and 

female mice on embryonic day (E) 12.5 (males=5, females=5), E14.5 (males=5, females=5), 

E16.5 (males=5, females=5), E18.5 (males=5, females=5), and P2 (males=5, females=5). 

Values are expressed as a percentage relative to P2. There was no effect of sampling day 

(F4,40=2.315, p=0.074) or sex (F1,40=3.253, p=0.079), nor was there any significant 

interaction (F4,40=0.827, p=0.516). Avpr1a was detectable as early as E12.5 in both sexes.
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Figure 3: 
Arginine vasopressin 1a receptor (AVPR1A) binding on embryonic day (E) 16.5 mice (left 

column). AVPR1A binding was performed using an 125I-tagged linear AVP receptor 

antagonist on heads/brains collected at E16.5 (microscale top right), after which the same 

sections were cresyl-stained (right column). Representative images of the film 

autoradiograms were selected from both males and females as there were no observed sex 

differences in any area. Pseudocolor (middle column) was applied using ImageJ using the 

“Cool” LUT (scale top left). Scale bar = 500μm. NVL= nucleus of the vertical limb of the 
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diagonal band of Broca, F= Fornix, OT= olfactory tubercle, IG= indusium griseum, VH= 

ventral hypothalamus
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Figure 4: 
Arginine vasopressin 1a receptor (AVPR1A) binding on embryonic day (E) 18.5 mice (left 

column). AVPR1A binding was performed using an 125I-tagged linear AVP receptor 

antagonist on heads/brains collected at E18.5 (microscale top right), after which the same 

sections were cresyl-stained (right column). Representative images of the film 

autoradiograms were selected from both males and females as there were no observed sex 

differences in any area. Pseudocolor (middle column) was applied using ImageJ using the 

“Cool” LUT (scale top left). Scale bar = 500μm. NVL= nucleus of the vertical limb of the 
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diagonal band of Broca, DBB= diagonal band of Broca, SHN= septohippocampal nucleus, 

OT= olfactory tubercle, MSN= medial septal nucleus, GW= glial wedge, MTN= medial 

tuberal nucleus, AHN= anterior hypothalamic nucleus
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Figure 5: 
Arginine vasopressin 1a receptor (AVPR1A) binding on postnatal day (P) 2 mice (left 

column). AVPR1A binding was performed using an 125I-tagged linear AVP receptor 

antagonist on heads/brains collected at P2 (microscale top right), after which the same 

sections were cresyl-stained (right column). Representative images of the film 

autoradiograms were selected from both males and females as there were no observed sex 

differences in any area. Pseudocolor (middle column) was applied using ImageJ using the 

“Cool” LUT (scale top left). Scale bar = 500μm. NVL= nucleus of the vertical limb of the 
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diagonal band of Broca, HLDB= nucleus of the horizontal limb of the diagonal band, SC= 

somatosensory cortex, SHN= septohippocampal nucleus, MSN= medial septal nucleus, LS= 

lateral septum, VP= ventral pallidum, CA1= cornu ammonis 1 of the hippocampus, HA= 

hippocampal area, CP= caudate putamen, CTMN= caudal tuberomammillary nucleus
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Table 1:

Table of statistical results comparing binding density (in dpm/mg) of the arginine vasopressin 1a receptor 

(AVPR1A) in the brains of male (grey band) and female (white band) mice following the application of an 
125I-tagged linear AVP receptor antagonist. No brain regions exhibited a significant difference between sexes 

at embryonic day (E) 16.5, E18.5, or postnatal day (P) 2.

1.1: Binding density (in dpm/mg) in male and female mice at E16.5

Brain Regions at E16.5 Mean dpm/mg ± SEM F p-value

*NVL
♂ 27.983 ± 24.283

F1,8=0.253 0.630
♀ 52.822 ± 47.122

F
27.946 ± 23.597

F1,8=0.444 0.526
9.926 ± 4.394

+
OT

3.066 ± 2.837
F1,8=0.246 0.635

1.365 ± 1.365

IG
7.315 ± 5.886

F1,8=0.107 0.754
4.919 ± 3.476

VH
7.988 ± 3.877

F1,8=0.079 0.786
9.743 ± 5.031

1.2: Binding density (in dpm/mg) in male and female mice at E18.5

Brain Regions at E18.5 Mean dpm/mg ± SEM F p-value

*NVL
♂ 465.768 ± 86.767

F1,8=0.182 0.309
♀ 341.529 ± 81.005

DBB
257.686 ± 46.341

F1,8=0.160 0.700
296.467 ± 85.239

+
OT

199.973 ± 83.589
F1,8=0.250 0.879

181.483 ± 82.170

°SHN
57.205 ± 30.665

F1,8=0.387 0.551
84.321 ± 31.011

°MSN
578.886 ± 76.484

F1,8=5.182 0.052
344.610 ± 68.866

GW
322.427 ± 101.484

F1,8=0.516 0.493
232.046 ± 74.511

MTN
355.453 ± 95.665

F1,8=0.690 0.430
504.847 ± 152.353

AHN
276.494 ± 34.855

F1,8=0.068 0.811
250.720 ± 118.334

1.3: Binding density (in dpm/mg) in male and female mice at P2

Brain Regions at P2 Mean dpm/mg ± SEM F p-value

*NVL
♂ 496.417 ± 107.854

F1,8=0.001 0.980
♀ 499.531 ± 54.161

HLDB 391.521 ± 93.665 F1,8=0.254 0.628
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1.1: Binding density (in dpm/mg) in male and female mice at E16.5

Brain Regions at E16.5 Mean dpm/mg ± SEM F p-value

342.072 ± 28.935

SC
57.365 ± 35.450

F1,8=0.031 0.864
65.749 ± 31.300

°SHN
164.996 ± 65.538

F1,8=0.253 0.628
201.647 ± 29.685

°MSN
213.580 ± 87.806

F1,8=0.009 0.926
204.525 ± 36.364

LS
511.830 ± 90.628

F1,8=0.350 0.567
425.296 ± 114.745

VP
66.051 ± 45.039

F1,8=0.357 0.570
116.726 ± 71.893

CA1
688.263 ± 229.733

F1,8=0.004 0.951
667.633 ± 227.383

HA
630.094 ± 212.698

F1,8=0.078 0.788
546.014 ± 214.136

CP
399.034 ± 246.019

F1,8=0.646 0.445
715.444 ± 307.249

CTMN
60.565 ± 40.039

F1,8=0.936 0.362
280.070 ± 223.271

SEM = standard error of the mean, NVL= nucleus of the vertical limb of the diagonal band of Broca, F= Fornix, OT= olfactory tubercle, IG= 
indusium griseum, VH= ventral hypothalamus, DBB= diagonal band of Broca, SHN= septohippocampal nucleus, MSN= medial septal nucleus, 
GW= glial wedge, MTN= medial tuberal nucleus, AHN= anterior hypothalamic nucleus, HLDB= nucleus of the horizontal limb of the diagonal 
band, SC= somatosensory cortex, LS= lateral septum, VP= ventral pallidum, CA1= cornu ammonis 1 of the hippocampus, HA= hippocampal area, 
CP= caudate putamen, CTMN= caudal tuberomammillary nucleus.

*
indicates area appears in all three sampling days,

+
indicates area appears in E16.5 and E18.5,

°
indicates area appears in E18.5 and P2.
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