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Abstract

Oxytocin regulates social behavior via direct modulation of neurons, regulation of neural network 

activity, and interaction with other neurotransmitter systems. The behavioral effects of oxytocin 

signaling are determined by the species-specific distribution of brain oxytocin receptors. The 

socially monogamous prairie vole has been a useful model organism for elucidating the role 

of oxytocin in social behaviors, including pair bonding, response to social loss, and consoling. 

However, there has been no comprehensive mapping of oxytocin receptor-expressing cells 

throughout the prairie vole brain. Here, we employed a highly sensitive in situ hybridization, 

RNAscope, to construct an exhaustive, brain-wide map of oxytocin receptor mRNA-expressing 

cells. We found that oxytocin receptor mRNA expression was widespread and diffuse throughout 

the brain, with specific areas displaying particularly robust expression. Comparing receptor 

binding with mRNA revealed that regions of the hippocampus and substantia nigra contained 

oxytocin receptor protein but lacked mRNA, indicating that oxytocin receptors can be transported 

to distal neuronal processes, consistent with presynaptic oxytocin receptor functions. In the 

nucleus accumbens, a region involved in oxytocin-dependent social bonding, oxytocin receptor 

mRNA expression was detected in both the D1 and D2 dopamine receptor-expressing subtypes 

of cells. Furthermore, natural genetic polymorphisms robustly influenced oxytocin receptor 

expression in both D1 and D2 receptor cell types in the nucleus accumbens. Collectively, our 

findings further elucidate the extent to which oxytocin signaling is capable of influencing brain-

wide neural activity, responses to social stimuli, and social behavior.
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Using RNAscope in situ hybridization, we comprehensively mapped oxytocin receptor mRNA 

throughout the prairie vole brain. Comparison of mRNA and protein localization revealed 

localized mismatches suggesting both pre- and post-synaptic function for OXTRs. Co-expression 

of Oxtr mRNA with D1/D2 receptors in the nucleus accumbens was also examined.
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Introduction:

Oxytocin is a neuromodulatory nonapeptide that regulates social behavior and reproductive 

physiology in a wide variety of taxa through its signaling via oxytocin receptors (OXTR) 

in the brain (Froemke & Young, 2021; Grinevich & Ludwig, 2021; Jurek & Neumann, 

2018). Largely conserved through 700 million years of evolution (Donaldson & Young, 

2008), oxytocin and its analogs control egg-laying in annelids (Oumi et al., 1996), social 

preference in fish (Landin et al., 2020), and flocking in birds (Goodson, Wilson, & Schrock, 

2012). In mammals, oxytocin plays a critical role not only in reproductive and parenting 

behaviors (Numan, 2020; Rilling & Young, 2014) but also in complex social dynamics 

like consolation of conspecifics (Burkett et al., 2016), intergroup conflicts (Samuni et 

al., 2017), and interspecies bonds (Nagasawa et al., 2015). Oxytocin may also modulate 

social behaviors believed to be uniquely human, such as love (Walum & Young, 2018; L. 

Young & Alexander, 2012) and altruism. Perhaps most importantly, the oxytocin system 

is a promising therapeutic target for neuropsychiatric conditions with social dysfunction, 

including autism spectrum disorders, schizophrenia, and post-traumatic stress disorder 

(Andari, Hurlemann, & Young, 2018; Andari et al., 2021; DeMayo, Young, Hickie, Song, & 

Guastella, 2019; Charles L. Ford & Larry J. Young, 2021; C. L. Ford & L. J. Young, 2021).

Inoue et al. Page 2

J Comp Neurol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Despite its evolutionary conservation, oxytocin mediates remarkably diverse behaviors 

across species via species-specific patterns of OXTR distribution throughout the brain 

(Johnson & Young, 2017) (Larry J. Young & Zhang, 2021). For instance, OXTR signaling 

in nucleus accumbens (NAc) and prelimbic cortex (PLC) is critical for pair bonding 

in monogamous prairie voles, and monogamous and polygamous vole species differ in 

OXTR expression in these regions (L. J. Young, Huot, Nilsen, Wang, & Insel, 1996; L. J. 

Young, Lim, Gingrich, & Insel, 2001; L. J. Young & Wang, 2004). Subsequent studies in 

rodents have supported the idea that interspecies variation in social behavior results from 

variation in OXTR distribution (Campbell, Ophir, & Phelps, 2009; Francis, Champagne, & 

Meaney, 2000; A. R. Freeman, Aulino, Caldwell, & Ophir, 2020; S. M. Freeman & Young, 

2016; Rogers Flattery et al., 2021; Smeltzer, Curtis, Aragona, & Wang, 2006). A recent 

quantitative analysis of data from 13 rodent species compared in seven papers demonstrates 

that OXTR density in NAc and lateral septum predicts social group size, behavior towards 

conspecifics, and reproductive strategies (D. E. Olazábal & Sandberg, 2020). However, 

a recent study comparing OXTR distributions in monogamous and polygamous lemur 

species indicates that, in some primates, OXTR binding does not predict mating strategies, 

suggesting that other mechanisms also contribute to social behavioral diversity (Grebe et 

al., 2021). Nevertheless, differences among primates, including humans, in the brain regions 

innervated by oxytocinergic fibers or containing OXTR may contribute to certain behavioral 

differences across species (Rogers Flattery et al., 2021; Rogers Flattery et al., 2018).

Differences in OXTR distribution mediate intraspecies variations in behavior as well 

(Keebaugh, Barrett, Laprairie, Jenkins, & Young, 2015; Alexander G. Ophir, Gessel, Zheng, 

& Phelps, 2012; Ross et al., 2009). In prairie voles, single nucleotide polymorphisms (SNPs) 

in the OXTR gene, Oxtr, predict individual differences in OXTR density in the NAc, but not 

other areas, which, in turn, predicts social attachment behaviors and resilience to early-life 

neglect (Ahern, Olsen, Tudino, & Beery, 2021; Barrett, Arambula, & Young, 2015; King, 

Walum, Inoue, Eyrich, & Young, 2016). Additionally, decreased OXTR density in the lateral 

septum of male prairie voles is associated with higher rates of social investigation of females 

(A. G. Ophir, Zheng, Eans, & Phelps, 2009). In rat dams, higher densities of OXTR in 

the central nucleus of the amygdala and medial preoptic area (MPOA) are associated with 

increased maternal behaviors (Champagne, Diorio, Sharma, & Meaney, 2001; Francis et al., 

2000). Many changes in an individual’s social behavior are also be mediated by changes 

in Oxtr expression. Rats undergo an estrogen-dependent increase in Oxtr mRNA expression 

in the ventromedial hypothalamus (VMH) during pregnancy and in the MPOA and the bed 

nucleus stria terminalis (BNST) at parturition (Meddle, Bishop, Gkoumassi, van Leeuwen, 

& Douglas, 2007; L. J. Young, Muns, Wang, & Insel, 1997). OXTR density in VMH is 

highly sensitive to sex steroids, with gonadal steroids having opposite effects on OXTR 

density in VMH in mice and rats (Insel, Young, Witt, & Crews, 1993). Paternal behavior 

is also regulated, at least in part, by changes in Oxtr expression. Male mandarin voles’ 

behavior toward pups changes from infanticidal to parental after they sire offspring, a 

change that requires an upregulation of OXTRs in the MPOA (Yuan et al., 2019).

OXTRs localized to specific regions have specific behavioral functions. In rodents, OXTRs 

are heavily expressed throughout olfactory pathways, including the anterior olfactory area 

(also known as anterior olfactory nucleus)(S. M. Freeman & Young, 2016; Freund-Mercier 
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et al., 1987). Oxytocin signaling in the anterior olfactory area facilitates social recognition 

by enhancing the signal-to-noise ratio of olfactory information processing via top-down 

projections to inhibitory granule cells in the main olfactory bulb (Oettl et al., 2016). In 

primates, OXTRs are more densely expressed in areas responsible for visual information 

processing and attention, including the nucleus basalis of Meynert and superior colliculus 

(S. M. Freeman, Inoue, Smith, Goodman, & Young, 2014; S. M. Freeman & Young, 2016; 

Grebe et al., 2021). In the auditory cortex of maternal rats, OXTRs enhance the salience 

of pup calls and facilitate pup retrieval by regulating cortical inhibition (Marlin, Mitre, 

D’Amour J, Chao, & Froemke, 2015). OXTRs in insular cortex mediate the recognition of 

emotion in rats (M. M. Rogers-Carter et al., 2018), in the anterior cingulate cortex they 

mediate partner-directed consolation behavior in voles (Burkett et al., 2016), and in the PLC 

and NAc they regulate pair bonding in voles (Walum & Young, 2018).

Beyond its brain region-specific effects, oxytocin is a modulator of modulators; it 

coordinates activity across a network of social brain regions (Johnson et al., 2016) (Johnson 

& Young, 2017) and it influences the activity of other neurotransmitters, including serotonin 

and dopamine (Froemke & Young, 2021). OXTRs synthesized in dorsal raphe nucleus, a 

primary source of serotonergic projections, and in the ventral tegmental area, a primary 

source of dopaminergic projections, are both critical for social reward (Dölen, Darvishzadeh, 

Huang, & Malenka, 2013; Hung et al., 2017). In particular, the interplay of OXTRs, D1 

dopamine receptors (D1R), and D2 dopamine receptors (D2R) on medium spiny neurons 

(MSNs) in the striatum mediates many complex social behaviors, including social reward 

learning, pair bonding, and selective aggression. Specifically, D1R activity appears to inhibit 

pair bonding, D2R activity appears to facilitate pair bonding, and an increase in the ratio 

of D1R:D2R expression appears to underlie selective aggression in pair-bonded male voles 

(Aragona et al., 2006).

Although OXTRs have been mapped in mice using immunohistochemistry (Mitre et al., 

2016), the translational relevance of social neuroscience research in mice and rats is limited 

by these models’ social behavioral repertoire, particularly in relation to pair bonding, partner 

loss, biparental care, and empathy-based consoling behavior. In contrast, the prairie vole 

has emerged as the premier model organism for studying the neurochemistry and neural 

circuit mechanisms of these social behaviors (McGraw & Young, 2010). The prairie vole has 

already proven useful for elucidating the role of oxytocin in social behavior and cognition, 

and its utility as a model organism will continue increasing now that transgenic and gene-

editing tools once only available in mice have become available in voles (Boender & Young, 

2020; Kengo Horie, Inoue, Nishimori, & Young, 2020; K. Horie et al., 2019).

Despite the value of the prairie vole model for understanding the effects of oxytocin on 

behavior, there has been no comprehensive mapping of Oxtr mRNA expression throughout 

the vole brain. Previous OXTR localization studies in voles have relied on autoradiographic 

detection, which does not provide cellular resolution. Here, we used RNAscope in situ 
hybridization to label Oxtr mRNA throughout the prairie vole brain. We compared 

the subcellular localization of Oxtr mRNA to the localization of OXTR protein using 

autoradiography, which revealed localized mismatches suggesting a presynaptic function for 

OXTRs. We also examined the colocalization of Oxtr mRNA with mRNA for D1R (Drd1) 
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and D2R (Drd2) on cells in NAc. Additionally, we leveraged the naturally-occurring genetic 

variation in our outbred prairie vole colony to examine how SNPs known to affect social 

behavior affect Oxtr mRNA expression in Drd1-expressing compared to Drd2-expressing 

cells in NAc.

Materials and Methods:

Subjects

A total of 16 male and 16 female adult (150 – 220 days old) prairie voles (Microtus 
ochrogaster) were selected from our outbred laboratory colony at Emory that was originally 

derived from field-caught voles in Champaign, Illinois. Eight males and eight females were 

homozygous for the high Oxtr expression allele (High-Oxtr; C/C at NT213739), and eight 

males and eight females were homozygous for the low Oxtr expression alleles (Low-Oxtr; 
T/T at NT213739) as described in King et al. (2016). Voles were group-housed at 22 °C 

under a 14:10 hr light/dark cycle in ventilated 26 × 18 × 19 cm Plexiglass cages containing 

Bedo’cobbs Laboratory Animal Bedding (The Andersons; Maumee, Ohio) with ad libitum 
access to water and food (Lab Rabbit Diet HF #5326, LabDiet). All experiments were done 

in accordance with the Institutional Animal Care and Use Committee at Emory University.

Brain sectioning

Voles were euthanized by isoflurane overdose followed by decapitation, and the brains were 

removed and immediately frozen on powdered dry ice. Brains were stored at −80 °C until 

they were sectioned coronally into 14 μm sections using a cryostat, mounted onto Superfrost 

Plus slides (Fisherbrand; Pittsburgh, Pennsylvania), and stored at −80 °C.

Chromogenic RNAscope in situ hybridization for mapping Oxtr mRNA

To map Oxtr mRNA for Fig. 1–7 and Supplementary Table 1, an RNAscope 2.5 High 

Definition Red Assay (Advanced Cell Diagnostics; Newark, California) was used to 

perform chromogenic in situ hybridization of Oxtr mRNA according to the manufacturer’s 

instructions on every ten sections from four brains (one High- and one Low-Oxtr male and 

one High- and one Low-Oxtr female). For regions included in sections used for quantitative 

analysis of Oxtr genotype effects (OB, NAc, CPu, Tu, VP and SNR) at least 6 brains per 

genotype per sex were used. Briefly, slide-mounted sections were thawed and fixed in 10% 

neutral buffered formalin for 15 min prior to 30 min of treatment with RNAscope Protease 

IV. Sections were then incubated in hybridization probe specific for prairie vole Oxtr (Cat. 

No. 500721-C3) for two hours at 40 °C. Following six amplification steps, hybridized 

probes were reacted with chromogenic RNAscope RED substrate for 10 minutes at room 

temperature and then counterstained with a 50% Hematoxylin staining solution for two 

minutes at room temperature. Slides were then dried for 15 minutes at 60 °C, dipped in 

xylene, and coverslipped with EcoMount mounting medium (Biocare Medical; Pacheco, 

California). Two negative controls, one performed without a probe and one performed with a 

bacterial DapB probe (Cat. No. 310043), appeared similar and showed no specific labeling. 

All sections shown in figures were taken from High-Oxtr voles, except where indicated 

otherwise.
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Oxytocin receptor autoradiography for mRNA-protein comparison

To compare the location of Oxtr mRNA and OXTR protein, adjacent sections from the 

brains used for chromogenic in situ hybridization described above underwent OXTR 

autoradiography as previously described (Ross et al., 2009). Briefly, sections were thawed 

and then fixed for two min with 0.1% paraformaldehyde in PBS at room temperature. They 

were then incubated in 50 pM 125I-OVTA (2200 Ci/mmol; PerkinElmer; Boston, MA), a 

selective, radiolabeled OXTR ligand, for one hour. Unbound 125I-OVTA was then removed 

with Tris-MgCl2 buffer and sections were allowed to dry. Sections were exposed to BioMax 

MR film (Kodak; Rochester, New York) for five days and a QCAM CCD digital camera 

(Qimaging; Surrey, Canada) was used to capture 1200 dpi images in 8-bit gray scale. Adobe 

Photoshop CS6 (San Jose, California) was used to adjust the contrast and brightness of the 

images. Acetylcholine esterase staining was performed after OXTR binding as described 

previously to enable accurate identification of brain regions (Lim, Hammock, & Young, 

2004). All sections shown in figures were taken from High-Oxtr males, except where noted 

otherwise.

Fluorescent RNAscope for colocalizing Oxtr mRNA within D1R- and D2R- expressing cells

An RNAscope Fluorescent Multiplex Reagent Kit (Advanced Cell Diagnostics; Newark, 

California) was used to perform fluorescent in situ hybridization triple labeling of Oxtr, 
Drd1, and Drd2 mRNA according to the manufacturer’s instructions on sections from 24 

brains (Six High- and six Low-Oxtr males, and six High- and six Low-Oxtr females). 

Briefly, slide-mounted sections were thawed and fixed in 10% neutral buffered formalin 

for 15 min prior to 30 min of treatment with RNAscope Protease IV. Sections were then 

incubated in hybridization probes specific for prairie vole Oxtr (Cat. No. 500721-C3), 

Drd1 (Cat. No. 422581), and Drd2 (Cat. No. 534471-C2) mRNA for two hours at 40 °C. 

Sequences of prairie vole Drd1 and Drd2 and several other behaviorally relevant genes 

are available from BAC clones described previously (McGraw, Davis, Thomas, Young, 

& Thomas, 2012). Following three amplification steps, hybridized probes were labelled 

with fluorophores Alexa 488 (Drd1), Atto 550 (Drd2), and Atto 647 (Oxtr). Sections were 

coverslipped with ProLong Gold Antifade Mountant with DAPI (ThermoFisher Scientific; 

Waltham, Massachusetts) for nuclei labeling. Two negative controls, one performed without 

a probe and one performed with a bacterial dapB probe (Cat. No. 310043), appeared similar 

and showed no specific labeling. Autoradiography was performed on a small subset of 

sections from each brain to confirm that genotype predicted NAc OXTR density as expected. 

All sections shown in figures were taken from male voles.

Microscopy

A Keyence BZ-X710 microscope was used to take all in situ hybridization images. For 

chromogenic in situ hybridization, whole slides were imaged at 10x and stitched together 

using Keyence BZ X Analyzer Software. Fluorescent in situ hybridization images were 

taken with a 40x lens in four channels (blue, green, red, and infrared) using the Z-stack 

function. These images were processed using the Keyence BZ X Analyzer Software to 

merge the four channels and convert the Z-stack into a single two-dimensional image using 

the Full Focus function.
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Image analysis and statistics

For the semi-quantitative brain-wide assessment of chromogenic RNAscope in situ 
hybridization, brain regions were defined according to the seventh edition of “The Rat Brain 

Atlas in Stereotaxic Coordinates” (Paxinos, 2014). For each brain region, 80 cells, detected 

by Hematoxylin staining, were randomly selected and assessed for positive labeling of Oxtr 
mRNA. The number of cells expressing Oxtr were counted and binned into four groups: 

1–20 cells (green in Fig. 1, + in Supplementary Table 1), 21–40 cells (yellow in Fig. 1, 

++ in Supplementary Table 1), 41–60 cells (orange in Fig. 1, +++ in Supplementary Table 

1), and 61 or more cells (red in Fig. 1, ++++ in Supplementary Table 1). Brain regions in 

which Oxtr was unevenly distributed were subdivided and Oxtr was quantified separately for 

each subregion. Only the male High-Oxtr brain was used to generate Supplementary Table 

1, though this expression pattern was consistent across the other three brains except for the 

lower expression in genotype-dependent regions such as NAc and CPu of Low-Oxtr voles.

ImageJ with Fiji (version 2.1.0/1.53c; Schindelin et al., 2012) was used to quantify 

fluorescent RNAscope in situ hybridization of Oxtr mRNA. Sections were selected from 

the anterior portion of the NAc immediately posterior to the formation of the genu of the 

corpus collosum. The area selected for analysis was approximately midway between the 

anterior commissure and the ventral tip of the lateral ventricle. In each of 24 voles, 20 Drd1-

expressing and 20 Drd2-expressing cells (D1R and D2R cells, respectively) were randomly 

selected for analysis in each hemisphere, yielding a total of 40 D1R and 40 D2R cells from 

each animal. Each of the selected cells was outlined and the mean gray value for the infrared 

(Oxtr) channel measured to quantify the level of Oxtr mRNA. These values were averaged 

for D1R cells and D2R cells to yield one value per cell type in each animal. The statistical 

software Prism (version 9.2.0; GraphPad; San Diego, California) was used to conduct a 

three-way mixed model ANOVA with cell type (D1R vs. D2R) as a repeated-measures, 

within-subjects factor and with sex (male vs. female) and genotype (High- vs. Low-Oxtr) as 

between-subjects factors. A post hoc Šidák’s multiple comparisons test was used to make 

pairwise comparisons.

Results:

Brain-wide mapping of Oxtr mRNA

To investigate expression of Oxtr mRNA throughout the prairie vole brain, we performed 

chromogenic RNAscope in situ hybridization on sections extending from the olfactory bulb 

to the brainstem. Labeling reflected specific binding of the Oxtr mRNA probe as a negative 

control using an mRNA probe for the bacterial gene dapB produced no signal. In total, 

we identified Oxtr mRNA in over 250 distinct brain regions, which were assessed in a semi-

quantitative manner and catalogued in Supplementary Table 1. Semi-quantitative schematic 

illustrations of Oxtr expression at 14 points along the rostral-caudal axis are provided in 

Figure 1, where colors reflect the percentage of cells expressing Oxtr. These illustrations 

were made by overlaying representative images of mRNA labeling onto schematics from a 

rat brain atlas (Paxinos, 2014). Diffuse expression of Oxtr can be seen in numerous regions 

throughout the brain, with robust expression concentrated in specific regions.
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Regions involved in social salience and memory

Oxtr mRNA expression was particularly pronounced in areas involved in social recognition, 

reward, valence, and memory, processes thought to be important for pair bonding (Figure 2) 

(Walum & Young, 2018). Olfaction is a highly social sensory modality for rodents, and both 

the olfactory bulb and anterior olfactory area expressed Oxtr (Figure 2a,b). Oxtr mRNA was 

detected throughout the amygdala, which processes olfactory information and modulates 

valence, and expression was particularly dense in the central and basolateral regions (Figure 

2e) and the posteromedial cortical amygdala (Figure 1). Both the core and shell of the NAc, 

a critical reward center, contained high levels of Oxtr mRNA (Figure 2d), as did all regions 

of the PFC including prelimbic and infralimbic cortex, although strong expression was more 

prominent in deeper cortical layers, particularly 5 and 6, in the prelimbic cortex (Figure 

1,2c). Certain regions of the hippocampal formation, including CA2, ventral CA1, and the 

dentate gyrus, contained high levels of Oxtr mRNA, though it was primarily restricted to the 

stratum pyramidale of CA fields and the granule cell and polymorph layers of the dentate 

gyrus (Figure 6c,d, 4d, 2f).

Hypothalamic, thalamic, and septal regions

Oxtr mRNA-producing cells were identified in certain hypothalamic areas and related 

structures involved in social and reproductive behavior including the VMH (Figure 3f), 

lateral septum (Figure 3a), medial preoptic area (Figure 3c), paraventricular thalamus 

(Figure 3d), paraventricular nucleus of the hypothalamus (Figure 3e), and BNST, with more 

intense signal in the lateral division (Figure 3b). The BNST, VMH, and paraventricular 

thalamic nucleus displayed exceptionally strong expression, while the medial preoptic area 

and lateral septum contained more moderate levels of Oxtr mRNA. The paraventricular 

nucleus of the hypothalamus and supraoptic nucleus, two primary site of oxytocin synthesis, 

contained only sparse labeling (Supplemental table 1).

Cortical regions

Oxtr mRNA expression in cerebral cortex was relatively diffuse, with certain regions 

containing moderate-to-high levels of expression (Figure 1). These signals were primarily 

located in cortical layers 2, 5, and 6 (Figure 4). In piriform cortex, expression was mostly 

restricted to posterior piriform cortex, with the anterior portion displaying only sparse 

labeling (Figure 1, 4c). In contrast, Oxtr mRNA coursed through both the anterior and 

posterior insular cortex (Figure 4b). Both the anterior cingulate cortex (Figure 4a) and 

auditory cortex (Figure 4d) showed relatively modest levels of Oxtr mRNA labeling overall, 

though expression was mostly restricted to, and relatively dense in, layers 5 and 6. The 

interstitial nucleus of the posterior limb of the anterior commissure, a part of the extended 

amygdala receiving dense innervation from tyrosine hydroxylase-containing fibers, can be 

seen in these images and contained very high levels of Oxtr mRNA.

Neuromodulatory areas

Certain areas in the hindbrain displayed robust Oxtr expression, including the hypothalamic 

retromamillary nucleus (Figure 5a), posterior hypothalamic nucleus (Figure 5b), and the 

alpha part of the central gray (Figure 5d). The ventral tegmental area (Figure 5a), 
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periaqueductal gray area (Figure 5c), dorsal raphe nucleus (Figure 5c), the laterodorsal 

tegmental nucleus (Figure 5d), and the nucleus basalis of Meynert (not shown) contained 

relatively sparse Oxtr expression. Barrington’s nucleus and the locus coeruleus displayed 

strong Oxtr expression, though no signal was observed in the caudal portion of the locus 

coeruleus (Figure 5d). The vagus nerve nucleus (Figure 1) also displayed strong expression.

Mismatch of Oxtr mRNA and OXTR protein

Next, we performed autoradiography on adjacent sections to compare the locations of OXTR 

protein and Oxtr mRNA. Protein and mRNA expression were closely aligned in most brain 

regions, but not all. Both OXTR protein (Figure 6a,b) and Oxtr mRNA (Figure 6c,d) were 

strongly expressed in stratum pyramidale of hippocampal CA2, but even stronger protein 

labeling in the absence of any mRNA signal was evident immediately superficial and deep 

to the stratum pyramidale (Figure 6e,f). The resolution of receptor autoradiography is too 

low to identify with certainty which layers contained this protein labeling, but the two 

layers immediately superficial to the stratum pyramidale, the stratum radiatum and stratum 

lacunosum-moleculare, as well as the stratum oriens immediately deep to the stratum 

pyramidale, are plausible options. This disparity between the locations of OXTR protein 

and Oxtr mRNA suggests that OXTRs may be synthesized in the cell body in one location 

and transported to projections in another, enabling synaptic transmission.

We also examined differences in mRNA and protein expression between voles with 

genetically determined differences in Oxtr expression (Figure 7). High-Oxtr voles expressed 

far more OXTR protein (Figure 7a) and Oxtr mRNA (Figure 7e) in NAc than Low-Oxtr 
voles (Figure 7b,f), as expected. Interestingly, a similar genotype effect on OXTR binding 

was observed in the substantia nigra pars reticulata (SNR; Figure 7c,d), which is heavily 

innervated by the striatum. However, no Oxtr mRNA-positive cells were detected in the 

SNR in voles of either genotype (Figure 7g,h), suggesting that OXTR binding in the SNR 

is on projections from another brain area, most likely the striatum where Oxtr expression is 

genotype-dependent (King et al., 2016)(Figure 7).

Colocalization of Oxtr with Drd1 and Drd2 mRNA in NAc

Finally, we investigated the colocalization of Oxtr with Drd1 and Drd2 mRNA in the NAc 

of male and female High- and Low-Oxtr voles (Figure 8a–d and Figure 8e–h, respectively). 

As in other rodents, Drd1 (Figure 8a,e) and Drd2 (Figure 8b,f) were largely expressed 

in separate cells. Oxtr mRNA labeling (Figure 8c,g) was detected in approximately 80% 

of cells. To determine how Oxtr expression varied between cell types (D1R vs. D2R), 

genotypes (High- vs. Low-Oxtr), and sexes, we measured the intensity of Oxtr labeling in a 

subset of D1R and D2R cells and analyzed the data using a three-way mixed model ANOVA 

with cell type as a repeated-measures, within-subjects factor and with sex and genotype 

as between-subjects factors. There was a main effect of genotype (F (1, 20) = 74.20, p 

< 0.0001) accounting for 70.81% of variation in Oxtr expression (Figure 9), which aligns 

closely with previous studies (King et al., 2016)(King et al., 2016). There was no main 

effect of sex, but there was a main effect of cell type (F (1, 20) = 20.90, p = 0.0002); 

although slightly more Oxtr signal was detected in D2R cells than in D1R cells, cell type 

accounted for just 2.18% of variation. Weak genotype-by-sex (F (1, 20) = 4.41, p = 0.0485) 
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and genotype-by-cell type (F (1, 30) = 4.80, p = 0.0405) interactions were also detected, 

accounting for 4.21% and 0.50% of variation, respectively, in which genotype had slightly 

larger effects on females than on males and on D2R cells than on D1R cells. A post 

hoc Šidák’s multiple comparisons test revealed significant differences in Oxtr expression 

between High- and Low-Oxtr genotypes in each sex-by-cell-type comparison (p < 0.01). 

There was also a significant difference between D1R and D2R cells in High-Oxtr males 

(p = 0.0053) with D2R cells expressing slightly more Oxtr, but there was no significant 

difference between D1R and D2R cells in Low-Oxtr males or in females of either genotype.

Discussion:

Here we provide the first detailed description of the distribution of Oxtr-producing cells in 

the prairie vole brain, and the first information on the colocalization of Oxtr mRNA with 

Drd1 and Drd2. Our comprehensive analysis of Oxtr mRNA revealed widespread expression 

of Oxtr across the brain, with enrichment in particular brain regions, indicating that OXTR 

signaling may exert more profound modulation of brain function than expected from earlier 

receptor binding studies. Oxytocin is released in response to a myriad of social stimuli 

including social touch (Tang et al., 2020), visual observation of maternal behavior (Carcea 

et al., 2021), infant vocalizations (Valtcheva et al., 2021), and even interspecies eye contact 

between humans and dogs (Nagasawa et al., 2015). Once released, oxytocin is capable 

of modulating the activity of neural networks at three levels: i) by directly depolarizing 

projection neurons, ii) by affecting the activity of interneurons that regulate local circuit 

activity, and iii) by modulating the activity of other neuromodulator systems like dopamine, 

acetylcholine, and serotonin (Froemke & Young, 2021; Putnam, Young, & Gothard, 2018). 

Our findings further expand the potential influence of oxytocin signaling as the widespread 

Oxtr expression we observed, coupled with the diverse social triggers of oxytocin release 

and the many neural processes oxytocin has been shown to affect, suggests that social 

encounters can profoundly impact brain function through oxytocin-dependent modulation of 

vast neural networks.

Our observations are consistent with previous studies labeling Oxtr mRNA in prairie 

voles, although these earlier efforts analyzed fewer anatomical regions and utilized in 
situ hybridization techniques that were far less sensitive and had lower resolution than 

those we employed in the present study (Lim, Murphy, & Young, 2004; L. J. Young et 

al., 1996). Although species differences exist, our findings are generally consistent with 

protein and mRNA analyses of Oxtr expression patterns in other species. Mitre et al. 
mapped OXTR protein in mouse brain using immunohistochemistry and showed labeling in 

many of the same regions we found Oxtr mRNA in prairie voles, including hippocampus, 

amygdala, BNST, certain hypothalamic nuclei, and certain cortical regions (Mitre et al., 

2016). There were also some differences with our findings. Intermediate to high level 

of OXTR immunolabeling was detected in the mouse PVN, SON and SCN, whereas 

only small population of cells expressed Oxtr mRNA in these nuclei of the prairie vole. 

Although Mitre et al.’s labeling in mice is convincing, antibodies targeting OXTRs are 

notorious for producing non-specific labeling (Yoshida et al., 2009). In humans, Oxtr mRNA 

expression appears similarly widespread and diffuse with isolated regions of high expression 

including the striatum, thalamus, hypothalamus, hippocampus, amygdala, and olfactory 
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bulbs (Bethlehem et al., 2017; Quintana et al., 2019). Notably, the high level of OTXR 
mRNA expression in human CPu and NAc is consistent with prairie vole, but not mouse 

or rat brain. There is also notable overlap of OXTR mRNA with dopamine receptor mRNA 

expression (Quintana et al., 2019).

It should be noted that species- and brain region-specific developmental changes in OXTR 

density have been reported in rodents, which our study cannot address since only adult 

animals were used. For instance, in the NAc, CPu, BLA and PVA, OXTR binding increases 

from juvenile to the adulthood in prairie voles, whereas OXTR binding is significantly 

decreased in several of the same regions as rats mature into adults (Prounis, Thomas, & 

Ophir, 2018; Smith et al., 2016). Future studies should examine developmental changes in 

Oxtr mRNA in prairie vole brain, particularly since developmental oxytocin signaling is 

thought to influence later life social behaviors in adults (Barrett et al., 2015).

Oxytocin receptor mRNA expression in select areas influencing behavior

Although widespread, it is evident that OXTRs are concentrated in certain areas that 

subserve specific functions. We observed Oxtr mRNA in many subregions of the 

hippocampus, but expression was particularly strong in dorsal CA2 and ventral CA1, 

regions studied extensively for their role in social memory. Multi-sensory social information 

is believed to be processed in dorsal CA2, then transmitted to ventral CA1 for social 

memory storage (Watarai, Tao, Wang, & Okuyama, 2021). Dorsal CA2 and its projections 

to ventral CA1 are critical for social memory encoding, consolidation, and recall (Meira 

et al., 2018; Oliva, Fernández-Ruiz, Leroy, & Siegelbaum, 2020), and OXTRs in CA2 are 

necessary for discrimination of social stimuli and formation of social recognition memory 

(Lin et al., 2018; Raam, McAvoy, Besnard, Veenema, & Sahay, 2017). Indeed, dorsal CA2 

provides strong excitatory input to ventral CA1 (Meira et al., 2018) and in mice, OXTR 

binding depolarizes CA2 pyramidal cells, which regulates the short-term plasticity of CA2-

to-CA1 synaptic transmission (Tirko et al., 2018). Ventral CA1 is believed to house social 

engrams, or memory traces for specific individuals (Okuyama, 2018; Okuyama, Kitamura, 

Roy, Itohara, & Tonegawa, 2016), and oxytocin signaling in CA1 fast-spiking interneurons 

enhances signal-to-noise ratio in CA1 pyramidal cells (Owen et al., 2013). OXTR binding 

in hippocampal subfields, particularly dorsal CA2 and ventral CA1, therefore appears to 

modulate hippocampal network activity and facilitate the flow of social information through 

the hippocampus, thus enabling social discrimination and memory.

Oxytocin signaling in the medial amygdala is also essential for social recognition in mice 

(Ferguson, Aldag, Insel, & Young, 2001), and in the central amygdala, oxytocin signaling 

modulates emotion discrimination (Ferretti et al., 2019). In prairie voles, we observed 

extensive labeling in the amygdala, with particularly strong expression in the basolateral 

and central nuclei. Interestingly, while prairie voles have high densities of OXTR binding 

in the basolateral amygdala, mice do not (Larry J. Young & Zhang, 2021). Strong Oxtr 
labeling was detected in the anterior olfactory area and granule cell layer of the olfactory 

bulb as well. OXTR signaling in the anterior olfactory area enhances social recognition 

in mice by increasing excitatory output to inhibitory granule cell interneurons in the main 

olfactory bulb (Oettl et al., 2016). This increased inhibition enhances the signal-to-noise 
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ratio of social olfactory information conveyed via mitral and tufted cell projection neurons 

from the olfactory bulb to olfactory cortex (Oettl et al., 2016). OXTR binding in the 

prairie vole anterior olfactory area is highly sensitive to estrogen, suggesting that oxytocin-

dependent salience of olfactory social cues is enhanced during mating, which facilitates 

pair bonding (Witt, Carter, & Lnsel, 1991). Very strong Oxtr expression was also observed 

in the posteromedial cortical amygdaloid nucleus, which is the only cortical target of the 

direct projection from the accessory olfactory bulb. The accessory olfactory bulb relays 

vomeronasal information. Thus, oxytocin signaling might be involved in the information 

processing of the accessory olfactory system and the influence of this system on sociosexual 

behavior.

We observed very strong Oxtr mRNA expression in the NAc, where oxytocin signaling 

is necessary for the formation of monogamous pair bonds (L. J. Young et al., 2001), and 

decreases in oxytocin signaling appear to mediate some of the effects of partner loss, 

such as passive stress coping (Bosch et al., 2016; Pohl, Young, & Bosch, 2019). There 

is emerging evidence that the neurophysiological effects of OXTR signaling in the NAc 

dynamically change with social experience. OXTR signaling in the NAc of virgins decreases 

the amplitude of spontaneous excitatory postsynaptic currents (EPSCs), while it increases 

the amplitude of electrically evoked EPSCs in an endocannabinoid-dependent manner in the 

NAc of pair-bonded voles (Borie et al., 2022). The BNST also showed very strong labeling. 

Oxytocin signaling in the BNST and NAc mediates social vigilance and the regulation of 

social approach behaviors (Duque-Wilckens et al., 2020; Williams et al., 2020). We only 

detected a sparse labeling of Oxtr mRNA in the VTA and PAG. Although there are some 

reports of OT behavioral effects on these regions (Hung et al., 2017; Song, Borland, Larkin, 

O’Malley, & Albers, 2016), to our knowledge, there is no report of robust expression of 

Oxtr in these regions. Consistent with our sparse Oxtr labeling in the adult prairie vole 

VTA, Oxtr expression in the rat VTA was decreased during development and only weak 

expression was detected in the adult (Yoshimura, Kimura, Watanabe, & Kiyama, 1996). 

Oxtr mRNA in the mouse PAG also showed decline from juvenile to adulthood (Daniel E. 

Olazábal & Alsina-Llanes, 2016). We speculate that either few Oxtr expressing neurons in 

the VTA are physiologically sufficient to exert behavioral effects in rodents, or mice have 

greater numbers of Oxtr neurons than prairie voles and OXTR signaling plays a lesser role 

in prairie vole behavior compared to mice. Notably, the vagus nerve nucleus showed strong 

labeling as well, as peripheral oxytocin signaling in the vagus nerve can influence feeding 

and drug self-administration behaviors (Everett, Turner, Costa, Baracz, & Cornish, 2021; 

Iwasaki et al., 2015), and therefore could potentially mediate some of the behavioral effects 

of intranasally administered oxytocin in humans.

We detected Oxtr mRNA expression in numerous hypothalamic nuclei. Oxytocin is 

synthesized and released primarily by the magnocellular and parvocellular neurons of 

the paraventricular and supraoptic nuclei as well as accessory nuclei (Althammer & 

Grinevich, 2017; Grinevich & Ludwig, 2021). Via their projections into the posterior 

pituitary, magnocellular neurons are the primary source of oxytocin released as a 

hormone into peripheral circulation. The anatomical origins and physiological regulation 

of oxytocin release in the central nervous system are more complicated and not fully 

understood, but certainly rely on parvocellular projections, magnocellular axon collaterals, 
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and extra-synaptic oxytocin release (Althammer & Grinevich, 2017; Grinevich & Ludwig, 

2021). Intra-hypothalamic oxytocin signaling appears particularly important. For example, 

somatodendritic release of oxytocin in the paraventricular and supraoptic nuclei is believed 

to have local autocrine and paracrine effects with important behavioral consequences (Mike 

Ludwig, Apps, Menzies, Patel, & Rice, 2016; M. Ludwig & Leng, 2006; Modi et al., 2015). 

Additionally, a recent study found that a small population of parvocellular neurons in the 

paraventricular nucleus is selectively activated by social touch, and that these cells project 

to and regulate the activity of magnocellular neurons (Tang et al., 2020). High levels of 

OXTR immunolabeling was reported in the mouse paraventricular and supraoptic nuclei, 

whereas Oxtr mRNA expression in these nuclei in prairie voles was notably less robust 

than in many other hypothalamic nuclei. Despite the small proportion of neurons expressing 

Oxtr, they may be sufficient to trigger functional effects through collateral activation of 

interconnected magnocellular neurons. The VMH, which is critical for satiety as well as 

defensive behavior (Wang et al., 2019) and aggressive behavior in both males (Karigo et 

al., 2021) and females (Hashikawa et al., 2017), contained particularly high levels of Oxtr 
mRNA. Notably, expression in the prairie vole VMH was least dense in the ventrolateral 

portion. In contrast, rats have robust Oxtr expression in the ventrolateral portion of the 

VMH, and this expression influences sexual behavior and is regulated by estrogen and 

progesterone (Bale, Dorsa, & Johnston, 1995; Schumacher, Coirini, Pfaff, & McEwen, 

1990). The medial preoptic area, which is critical for sexual behavior and both maternal and 

paternal parenting behaviors, also contained robust levels of Oxtr mRNA (Kohl et al., 2018; 

Numan, 2020; Pedersen, Caldwell, Walker, Ayers, & Mason, 1994; Yuan et al., 2019).

Many cortical areas displayed sparse labeling of Oxtr mRNA, but some, including the 

anterior cingulate and insular cortices, showed strong labeling in restricted layers, primarily 

layers two, five, and six. Oxytocin signaling in the anterior cingulate cortex is critical for 

consoling and helping behaviors in prairie voles (Burkett et al., 2016; Kitano, Yamagishi, 

Horie, Nishimori, & Sato, 2020), mandarin voles (L. F. Li et al., 2020), and rats (Yamagishi, 

Lee, & Sato, 2020). In the insular cortex, OXTR activity is necessary for rats to demonstrate 

appropriate social affective preference; that is, to approach stressed juveniles and avoid 

stressed adults (M. M. Rogers-Carter et al., 2018). The anterior cingulate and insular 

cortices share reciprocal connectivity, suggesting a mechanism by which OXTRs in these 

regions could coordinate activity between two distinct cortical areas and thus regulate 

emotion detection and behavioral responses. Notably, in humans, the dorsal anterior 

cingulate cortex and anterior insular cortex constitute the key nodes of a salience network, 

which is critical for the detection of behaviorally relevant stimuli and commonly disrupted 

in neuropsychiatric conditions (Seeley et al., 2007; Uddin, 2015). Moreover, insular cortex 

has been implicated as a central node linking social affective cues to social decision-making 

network (SDMN) which consists of brain regions such as MeA, BNST, MPOA, LS, HIP, 

NAc and BLA (Morgan M. Rogers-Carter & Christianson, 2019). Oxtr was consistently 

expressed in the insular cortex and all the nodes of the SDMN.

Mismatches in the localization of Oxtr mRNA and OXTR protein

We compared Oxtr mRNA expression to OXTR protein distribution by applying in situ 
hybridization and receptor autoradiography to adjacent sections. To our knowledge, this is 
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the first brain-wide comparison of OXTR protein (i.e., binding) and Oxtr mRNA distribution 

with cellular resolution in any species. Throughout most of the brain, protein and mRNA 

expression overlapped. There were, however, two notable instances in which we observed 

OXTR binding (i.e. protein) in the absence of mRNA, which provide compelling evidence 

that Oxtr mRNA can be located in cell somas in one region while the cells’ OXTR 

proteins reside in projections elsewhere in the brain. This has important implications for 

the application of targeted OXTR knockdown techniques, such as viral vector-mediated 

CRISPR, as genome editing in one area could eliminate OXTR signaling on distal 

projections (Boender & Young, 2020).

The first instance of misaligned protein and mRNA localization was in the hippocampus. 

The CA2 region displayed strong expression of both Oxtr mRNA and OXTR protein. The 

mRNA was restricted to the stratum pyramidale while protein labeling was evident both 

superficial and basal to the stratum pyramidale. It is important to note that OXTR binding 

patterns have been shown to vary widely between rodent species (Raggenbass, Tribollet, 

Dubois-Dauphin, & Dreifuss, 1989; Larry J. Young & Zhang, 2021). Nevertheless, in mice, 

CA2 receives afferent projections from the paraventricular nucleus of the hypothalamus, 

and CA2 pyramidal cells express robust levels of OXTRs, which maintain the long-term 

potentiation of synapses with entorhinal cortex projections (Cui, Gerfen, & Young, 2013; 

Lin et al., 2018; Yoshida et al., 2009). It is therefore plausible that the OXTR protein 

labeling we observed superficial and basal to the stratum pyramidale is located on the 

dendritic arbors of pyramidal neurons. However, other neurons could also be responsible 

for this protein signal; numerous types of interneurons throughout the hippocampus express 

OXTRs, some interneurons with somas in stratum pyramidale send projections into strata 

radiatum and lacunosum-moleculare, and the retromamillary nucleus, which had very high 

expression, has reciprocal connections with CA2 (Botcher, Falck, Thomson, & Mercer, 

2014; W. S. Young & Song, 2020). Although the origin of the OXTR protein signal we 

observed cannot be determined definitively from our images, it is clear that the proteins 

reside and act in receptive fields a considerable distance from the somas in which the mRNA 

resides. Interestingly, hippocampal OXTR binding has been reported to vary with sex and 

reproductive physiology, and speculated to be involved in sex differences in spatial memory 

and fidelity in voles (Alexander G. Ophir, 2017; Zheng, Larsson, Phelps, & Ophir, 2013), 

therefore future studies using Cre-dependent retrograde viral tracers in Oxtr-Cre prairie 

voles may provide behaviorally relevant insight into neural circuitry contributing to mating 

tactics by identifying the sources of OXTR protein in the hippocampus (Kengo Horie et al., 

2020).

The second instance of misaligned protein and mRNA localization was in the SNR, but 

this misalignment was contingent on the animal’s Oxtr genotype. We previously identified 

a set of SNPs in linkage disequilibrium in the prairie vole Oxtr gene that predicts both the 

animal’s ability to form a pair bond and the density of OXTR protein expressed in the NAc, 

CPu, OB, and anterior olfactory area (King et al., 2016). Levels of Oxtr mRNA in the NAc 

also varied in accordance with the protein (King et al., 2016). Here, we again observed 

that OXTR protein and Oxtr mRNA levels in the NAc varied with genotype. We also 

observed that High-Oxtr voles had considerable OXTR binding in the SNR, while Low-Oxtr 
voles showed no detectable binding there. More interestingly, no Oxtr mRNA signals was 
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detected either in the SNR of Low-Oxtr or High-Oxtr voles. As NAc MSNs send significant 

projections to the SNR (Matamales et al., 2009), it is likely that the OXTR protein labeling 

we observed in the SNR is from OXTRs located on the presynaptic terminals of NAc MSNs. 

This observation supports the idea that OXTRs can serve presynaptic functions far from 

the anatomical location of the cells expressing the Oxtr gene (Dölen et al., 2013; Mairesse 

et al., 2015; Mitre et al., 2016; Putnam et al., 2018). It also expands our understanding 

of how SNPs in the Oxtr gene are capable of influencing oxytocin signaling throughout 

the brain. A similar genotype-dependent pattern of OXTR binding was also observed in 

the ventral pallidum, which had a few sparse Oxtr mRNA-positive cells. Like the SNR, 

the ventral pallidum receives strong direct projections from the NAc, and we suspect that 

the genotype-dependent OXTR binding we observed in the ventral pallidum of High-Oxtr 
voles is from OXTR proteins on the terminals of axons from NAc. However, as the ventral 

pallidum receives projections from both D1R and D2R MSNs while the SNR receives 

projections from only D1R MSNs (Pardo-Garcia et al., 2019), our observation of genotype-

dependent OXTR expression in these brain regions raises the question of whether the High- 

and Low-Oxtr alleles influence Oxtr expression in both D1R and D2R MSNs or only D1R 

MSNs. Given that D1R in NAc inhibits, while D2R facilitates pair bond formation (see 

below), and both MSN types express Oxtr, it would be important to determine whether 

presynaptic OXTR signaling in the VP and SNR modulates pair bonding and parental care 

as well, particularly in relation to proposed circuit mechanisms of pair bonding involving the 

release of VP from NAc inhibition to promote maternal care and pair bonding (Numan & 

Young, 2016).

Comparing localization of Oxtr mRNA with Drd1 and Drd2 mRNA in NAc

The primary projection neurons of the NAc, GABAergic MSNs, constitute approximately 

95% of all neurons in the NAc and can be subdivided into those that express Drd1 and those 

that express Drd2. Both D1R and D2R MSNs receive afferent input from a wide range of 

brain regions (Z. Li et al., 2018). Although oversimplified, the canonical notion of D1R 

and D2R MSNs is that they project to the SNR either directly via the monosynaptic “direct 

pathway” or indirectly via the multi-synaptic “indirect pathway,” respectively (Calabresi, 

Picconi, Tozzi, Ghiglieri, & Di Filippo, 2014). In the direct pathway, D1R MSNs project 

to and inhibit the SNR, which sends inhibitory projections to the thalamus, resulting in 

disinhibition of thalamocortical projections. More recent experimental evidence has shown 

that D1R MSNs can project to the ventral tegmental area and ventral pallidum as well (Yang 

et al., 2018). In the indirect pathway, D2R MSNs project indirectly to the SNR through 

a multi-synaptic pathway including the globus pallidus externa and subthalamic nucleus. 

This pathway excites the inhibitory SNR neurons that project to the thalamus, resulting in 

inhibition of thalamocortical projections.

Activation of D1R versus D2R MSNs are associated with antagonistic behavioral effects 

including reward (D1R) and punishment (D2R) (Soares-Cunha, Coimbra, Sousa, & 

Rodrigues, 2016) and pair bond formation (D2R) and maintenance (D1R) (Aragona et al., 

2006). In prairie voles, D2R activation facilitates pair bond formation, and either blocking 

D2Rs or activating D1Rs inhibits pair bond formation (Aragona et al., 2006). However, 

two weeks after pair bonds are formed, male voles display an upregulation of D1R in the 
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NAc (Aragona et al., 2006). This upregulation of D1R promotes selective aggression toward 

unfamiliar conspecifics, which serves to help maintain the pair bond (Aragona et al., 2006). 

Most importantly, pair bond formation requires activation of both D2R and OXTR in the 

NAc (Liu & Wang, 2003).

Given the influence of Oxtr gene SNPs on pair bond formation and Oxtr expression in the 

NAc, and the critical interaction of oxytocin and D1R versus D2R signaling in this region, 

we quantified and compared Oxtr mRNA expression in Drd1- and Drd2-expressing cells in 

the NAc of males and females homozygous for either the High-Oxtr or Low-Oxtr alleles. 

We found that 71% of variation in Oxtr expression in NAc was determined by genotype, 

which is remarkably close to our previous estimate of 74% (King et al., 2016). Although 

D2R cells expressed slightly more Oxtr than D1R cells, the vast majority of variation in 

Oxtr expression is determined by SNPs in the Oxtr gene. Of critical importance, these SNPs 

affect Oxtr expression more or less equally in both D1R and D2R cells.

Conclusion and future directions

Our comprehensive, brain-wide analysis of Oxtr mRNA expression revealed diffuse, 

widespread distribution throughout the brain as well as robust expression restricted to 

specific brain regions. These regions of concentrated expression suggest a mechanism by 

which oxytocin signaling can modulate the activity of neural networks throughout the brain 

in response to social stimuli. Furthermore, our comparison of Oxtr mRNA and OXTR 

protein localization in adjacent slices suggests that OXTRs may act in receptive fields after 

being transported a considerable distance from somas containing Oxtr mRNA, consistent 

with both pre- and post-synaptic signaling mechanisms. Lastly, we determined that SNPs 

in the Oxtr gene, which are predictive of an animal’s ability to pair bond, influence Oxtr 
expression in both D1R and D2R cells in the NAc. Comparative studies are needed to 

determine how these expression patterns differ from those of other organisms, especially 

other rodents and organisms with both similar and divergent behavioral repertoires. 

However, these data should inform future work in voles, particularly experiments attempting 

region-specific manipulations of Oxtr expression. Indeed, tracing experiments could help 

identify which of these oxytocin-sensitive brain regions communicate with each other, 

and site-specific knockdown of Oxtr expression could determine how oxytocin signaling 

in these regions and networks influences behavior. Additionally, we have identified many 

brain regions that express Oxtr mRNA in which the function of oxytocin signaling has not 

been studied. Exploring oxytocin signaling in these under-studied regions could yield new 

insights into how social stimuli and oxytocin signaling affect the brain and behavior.
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Key points:

1. Oxytocin receptor mRNA is diffusely expressed throughout the brain, with 

strong expression concentrated in certain areas involved in social behavior.

2. Oxytocin receptor mRNA expression and protein localization are misaligned 

in some areas, indicating that the receptor protein may be transported to distal 

processes.

3. In the nucleus accumbens, oxytocin receptors are expressed on cells 

expressing both D1 and D2 dopamine receptor subtypes, and the majority 

of variation in oxytocin receptor expression between animals is attributable to 

polymorphisms in the oxytocin receptor gene.
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Figure 1. Oxtr mRNA expression throughout prairie vole brain.
Oxtr mRNA was labeled with in situ hybridization and the percent of cells positive for 

Oxtr was calculated for each brain region. Brain regions are color coded according to Oxtr 
expression density (green for 1–25% of cells expressing Oxtr, yellow for 26–50%, orange 

for 51–75%, and red for 76–100%) in coronal sections from a rat brain atlas at 14 points 

along the rostral-caudal axis (Paxinos, 2014). For some regions (i.e. reticular formation, 

molecular layer of the hippocampus) with sparse cells containing exceptionally strong 

expression, red dots were used. Abbreviations on the left half of the images correspond 

to new nomenclature used in the seventh edition of “The Rat Brain Atlas in Stereotaxic 
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Coordinates” (Paxinos, 2014), while the abbreviations on the right half of the images 

correspond to traditional nomenclature used in previous editions. See Supplementary Table 1 

for definitions of abbreviations.
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Figure 2. Oxtr expression in regions involved in social salience and memory.
Oxtr mRNA (red) was labeled with in situ hybridization against a Hematoxylin counterstain 

(purple). The olfactory bulb (a), anterior olfactory area (AO; AOV, ventral; AOL, lateral; 

AOD, dorsal; AOM, medial; b), prefrontal cortex (c), nucleus accumbens (AcbSh, shell; 

AcbC, core; d), amygdala (e), and ventral hippocampus (f) all showed strong labeling. GrO, 

granule cell layer of olfactory bulb; Mi, mitral cell layer of olfactory bulb; aci, anterior 

commissure, intrabulbar; OV, olfactory ventricle; A24, cingulate cortex previously known 

as prelimbic cortex; A25, cingulate cortex previously known as infralimbic cortex; fmi, 

forceps minor of the corpus callosum; CPu, caudate putamen; ICj, island of Calleja; Tul, 
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olfactory tubercle; aca, anterior commissure, anterior part; CeC, central amygdaloid nucleus, 

capsular; CeM, central amygdaloid nucleus, medial; BLA, basolateral amygdaloid nucleus, 

anterior; ASt, amygdalostriatal transition area; Pir, piriform cortex; Py, stratum pyramidale; 

DG, dentate gyrus; Gr, granule cell layer of the dentate gyrus.
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Figure 3. Oxtr expression in hypothalamic regions.
Oxtr mRNA (red) was labeled with in situ hybridization against a Hematoxylin counterstain 

(purple). The lateral septum (a) contained moderate expression concentrated mostly in 

the ventral (LSV) portion. Oxtr was robustly expressed in the lateral division of the bed 

nucleus of the stria terminalis (STL) and the interstitial nucleus of the posterior limb of 

the anterior commissure (IPAC; b) as well as the ventromedial nucleus of the hypothalamus 

(VMH; f). The medial preoptic area (MPA; c), thalamus (d), and arcuate nucleus of the 

hypothalamus (Arc; f) displayed moderate expression while the paraventricular nucleus 

of the hypothalamus (PaLM, lateral magnocellular; PaV, ventral part; e; arrows indicate 
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Oxtr-positive cells) displayed sparse expression. LSI, lateral septal nucleus, intermediate; 

LSD, lateral septal nucleus, dorsal; MS, medial septal nucleus; STM, bed nucleus of the stria 

terminalis, medial division; aca, anterior commissure, anterior part; PT, paratenial thalamic 

nucleus; PVA, paraventricular thalamic nucleus, anterior; sm, stria medullaris; f, fornix; 

STMPL, bed nucleus of the stria terminalis, medial, posterolateral; Xi, xiphoid thalamic 

nucleus.
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Figure 4. Oxtr expression in neuromodulatory areas.
Oxtr mRNA (red) was labeled with in situ hybridization against a Hematoxylin counterstain 

(purple). The anterior cingulate cortex (A24a, A24b, A33; a), insular cortex (b), piriform 

cortex (Pir; c), and secondary auditory cortex (Au; d) all contained Oxtr primarily restricted 

to cortical layers 2, 5, and 6. M1, primary motor cortex; M2, secondary motor cortex; cg, 

cingulum; cc, corpus callosum; GI, granular insular cortex; DI, dysgranular insular cortex; 

AID, agranular insular cortex, dorsal; AIV, agranular insular cortex, ventral; DCl, dorsal 

claustrum; VCl, ventral claustrum; DEn, dorsal endopiriform nucleus; IPAC, interstitial 

nucleus of the posterior limb of the anterior commissure.
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Figure 5. Oxtr expression in other regions of interest.
Oxtr mRNA (red) was labeled with in situ hybridization against a Hematoxylin counterstain 

(purple). The ventral tegmental area (VTA; a) and dorsal raphe nucleus (DR; c) displayed 

spare Oxtr labeling while the retromammillary nucleus (RM; a), posterior hypothalamic 

nucleus (PH; b), and central gray, alpha part (CGA; d) displayed robust labeling. Arrows 

indicate Oxtr-positive cells within VTA; DA11, DA11 dopamine cells; fr, fasciculus 

retroflexus; mt, mammillothalamic tract; DRD, dorsal raphe nucleus, dorsal part; DRL, 

dorsal raphe nucleus, lateral part; DRV, dorsal raphe nucleus, ventral part; VLPAG, 

ventrolateral periaqueductal gray; mlf, medial longitudinal fasciculus; CG, central gray, 

LDTg, laterodorsal tegmental nucleus; LPB, lateral parabrachial nucleus; MPB, medial 

parabrachial nucleus; Me5, mesencephalic trigeminal nucleus; Bar, Barrington’s nucleus; 

Cb, cerebellum; scp, superior cerebellar peduncle.
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Figure 6. Oxtr mRNA and OXTR protein mismatch in hippocampus.
OXTR protein (black; a,b) was labeled with autoradiography and, in adjacent sections, Oxtr 
mRNA (red; c,d) was labeled with in situ hybridization against a Hematoxylin counterstain 

(purple). Images from adjacent autoradiography and in situ hybridization sections were 

merged (e,f) to compare protein and mRNA localization. Oxtr mRNA was restricted to 

stratum pyramidale, the principal cell layer containing the somas of pyramidal cells, while 

robust OXTR protein binding was present superficial and basal to stratum pyramidale, 

most likely in the stratum radiatum, stratum lacunosum-moleculare, and stratum oriens. 

Illustrations from the Rat brain Atlas indicate that Oxtr mRNA was enriched in the CA2 in 
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the Ammon’s horn (g,h). DG, dentate gyrus; * denotes OXTR protein in the absence of Oxtr 
mRNA. Scale bar =300μm shown in (f).
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Figure 7. Genotype-dependent Oxtr mRNA and OXTR protein mismatch in substantia nigra 
pars reticulata.
OXTR protein (black; a-d) was labeled with autoradiography and, in adjacent sections, Oxtr 
mRNA (red; e-h) was labeled with in situ hybridization against a Hematoxylin counterstain 

(purple) in High-Oxtr voles (a,c,e,g) and Low-Oxtr voles (b,d,f,h). High-Oxtr and Low-Oxtr 
genotypes predicted protein binding in the nucleus accumbens (NAc) and substantia nigra 

pars reticulata (SNR), and mRNA expression in NAc. However, no Oxtr mRNA was 

detected in the SNR of either genotype. CPu, caudate putamen; ACC, anterior cingulate 

cortex; Tu, olfactory tubercle; IS, insular cortex. Scale bars for (a-d) =1mm shown in (d), for 

(e-h) =400μm shown in (h).
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Figure 8. Oxtr mRNA colocalized with both Drd1 and Drd2 mRNA in NAc.
Drd1 (green; a,e), Drd2 (red; b,f), and Oxtr (white; c,g) mRNA were labeled with in situ 
hybridization in both High- and Low-Oxtr genotypes (a-d, e-h, respectively). Oxtr was 

expressed in both Drd1- and Drd2-expressing cells (d,h) in both genotypes. Scale bar =10μm 

shown in (h).
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Figure 9. Genotype predicts Oxtr mRNA expression in both D1R and D2R cells in NAc.
The intensity of Oxtr labeling was quantified in D1R and D2R cells of both genotypes 

(High-Oxtr and Low-Oxtr) and sexes. A three-way mixed model ANOVA revealed a 

significant main effect of genotype accounting for 70.81% of variation in Oxtr expression. 

Post hoc tests revealed significant differences in Oxtr expression between High- and Low-

Oxtr genotypes in each sex-by-cell-type comparison. ****, p < 0.0001.

Inoue et al. Page 39

J Comp Neurol. Author manuscript; available in PMC 2023 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	Introduction:
	Materials and Methods:
	Subjects
	Brain sectioning
	Chromogenic RNAscope in situ hybridization for mapping Oxtr mRNA
	Oxytocin receptor autoradiography for mRNA-protein comparison
	Fluorescent RNAscope for colocalizing Oxtr mRNA within D1R- and D2R- expressing cells
	Microscopy
	Image analysis and statistics

	Results:
	Brain-wide mapping of Oxtr mRNA
	Regions involved in social salience and memory
	Hypothalamic, thalamic, and septal regions
	Cortical regions
	Neuromodulatory areas
	Mismatch of Oxtr mRNA and OXTR protein
	Colocalization of Oxtr with Drd1 and Drd2 mRNA in NAc

	Discussion:
	Oxytocin receptor mRNA expression in select areas influencing behavior
	Mismatches in the localization of Oxtr mRNA and OXTR protein
	Comparing localization of Oxtr mRNA with Drd1 and Drd2 mRNA in NAc
	Conclusion and future directions

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.
	Figure 8.
	Figure 9.

